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Abstract

This study describes a new approach to the quality assessmiaroglly sprayed
carbide and ceramic coatings produced by High Velocity Oxy-Rd€OF) and Air
Plasma Spray (APS) processes. The aim of the work wasvédogdean experimental
methodology based on Acoustic Emission (AE) monitoring of a dead-weigkers
indentation to assess the degree of cracking and hence the toughthessoaiting. AE
monitoring was also applied to an industrial process as a cortribtotithe possibility

of quality assessment during the deposition process.

AE data were acquired during indentation tests on samples ahgazsit nominal
thickness 250-32%um at a variety of indentation loads ranging from 49 to 490 N.
Measurements were carried out on six different thick-filmtionga (as-sprayed HVOF-
JP5000/JetKote WC-12%Co, HIPed HVOF-JetKote WC-12%Co, as-sptayer--
JP5000 WC-10%Co0-4%Cr, conventional powder APS-Metco/9MBOAland fine
powder HVOF-theta gun ADs) and also on soft and hard metallic samples and metals.
The raw AE signals were analysed along with force and dispiehistory and the
total surface crack length around the indent determined. Alselgation of the indents
was sectioned in order to make some observations on the sulesddaage. The
results show characteristic AE time evolutions during indentatiototigh metals, hard
metals, and carbide and ceramic coatings. Within each cgtefgrcan be used as a

suitable surrogate for crack length measurement for assessitigg quality.

Finally, a preliminary observation on AE monitoring during HVQRPP5000) WC-
10%Co0-4%Cr thermal spraying was made. It was found that ABensitive to
individual particle landings during thermal spraying and therefare o principle, be

used to monitor the spray process.
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Chapter 1

INTRODUCTION

1.1 Research context

The pyramidal diamond Vickers indentation test has been used nobanhantify the

hardness of materials [1] but also to study the generation @b4inacture in brittle

materials [2-4]. Various authors have also used crack pattesnadaindentations at,
and beneath, the surface to assess the fracture toughnesanoicsg5-11], study the
hardness of plasma-sprayed coatings [12-14], and evaluate ttheatedress, adhesive
strength and fracture toughness of thermally sprayed HVOF tewmaé&ngs [15-19].

However, no specific work has studied micro-fissuring of therrpshyged ceramic
coating materials during (as opposed to after) the indentation praceédbe potential
that this gives for separation of the various accommodation meaomardround the
indenter and hence an improved understanding of the key microstruchniables

which give resistance to wear in extreme conditions.

AE is a non-destructive technique that has been used widelyonitor damage
processes in engineering materials [20], as well as for conditonitoring [21-26]. It
is well established that crack extension processes igweéa AE which can be recorded
using sensors placed on the surface of the structure or samplerekt. There have
been some limited studies of the use of AE to study fraacturang indentation, for
example by Safaet al [27] who found the total AE event count during Brinell
indentation tests to be related to the porosity of plasma sprayada coatings. They
noted that the high critical loads for this particular caa8ubstrate couple were not
enough to generate de-bonding at the interface during indentation bsutpggsted
that some of the AE sources might be due to mechanically-indlcsare of pores.
Prasacet al [28] used on-line AE monitoring along with off-line damage sssent by
SEM to corroborate the critical loads for plasma-sprayed ahmutiiania coating
systems subjected to Vickers indentation. They suggested that, twbematerial is
yielding plastically, the AE signal will be of a more continudyge with a lower
characteristic frequency content (35-40 kHz) than when the magedeacking, where
the instantaneous relaxation produces burst type AE signals awitharacteristic

frequency in the range 220-280 kHz. Vijayakurearal [29] applied high-frequency
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dynamic impacts (at 20 kHz) with a diamond pyramid indenter to plaprayed
alumina-titania coatings with and without subsequent microwaagrtent and found

the frequency of the AE signal to be in the range of 200-400 kHz foadtsprayed
coatings and 800-900 kHz for the microwave-treated coatings. Settal{30] found

that the presence of a bond coat layer of NiCrAl in paytstihbilized plasma sprayed
zirconia (PSZ) ceramic coatings suppresses AE activity gludertzian indentation,
and attributed this to surface compressive stresses inhibitiegscrSentrulet al [30]

also observed that the critical load (found based on AE endtgy)g indentation is
higher when a bond coat layer is present for both continuously and non-contnuousl

sprayed coatings.

Stoicaet al [31] and Stoica [32] give a typical example of the fraztoattern around
Vickers indentations in functionally graded HVOF WC-NiCrBSgfprring qualitative
analysis to the empirical models as reviewed by Ponton and RawB8{ to obtain
fracture toughness. They pointed out that, if micro-fissurindnénsub-surface region
takes the place of surface radial cracks at lower loadscdmgplicates the issue of
using empirical models to measure fracture toughness. Factor andnR@4-35]
observed both radial and circular cracks in thermally sprayeiihgeabut found that
most were of mixed characteristic and were not easy agaase. The uncertainty in
measuring the crack lengths in cracking from indentation [34-36] meakgsrical
fracture models (e.g. Palmgvist/radial-median) unsuitableparicular for thermal
sprayed coatings, and it is expected that AE monitoring along wittd &z
displacement transducer signals may provide a solution to titiepn, given that AE

potentially can detect events associated with cracksdyoémd beneath the surface.

In addition to AE monitoring during Vickers indentation, the relatigmabetween

measured AE features and HVOF Thermal Spray (TS) procesmgiara is also
investigated in this work. AE detection during spraying has anpatedvantage over
current conventional coating quality testing techniques such astatide, bending and
residual stress analysis, which are destructive and cannoarbed out during the
process. There are no industrial on-line coating quality mong@ystems and quality

control usually involves post-process acceptance sampling/te§test coupons.

It is widely acknowledged in the thermal spray industry thattiegisquality control

techniques and testing techniques need to be improved. New technlgjobshelp to
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understand the effects of coating process parameters on thetehstias of the coating
are therefore of value, as are new methods of coating ygaakessment with minimal

destruction.

1.2 Objective and scope of present research work

The primary aim is to find an AE based method of recognising amdatbéasing the
indentation fracture pattern of surface and critical load imthesprayed carbide and
ceramic coatings with a view to rapid coating quality evaunatA test that can be
applied quickly and efficiently, perhaps as an adjunct to the metnufsy process, and
perhaps with better resolution than can be obtained by measurdrsarfaoe cracks is
of obvious value. The sensitivity of AE offers the potential fanimally invasive
indentation tests, provided that the near-surface behaviour cartakem as
representative of the coating as a whole. The Vickers inii@mt@&chnique was chosen
because the stages of failure (i.e. surface cracks, ustdes cracks localised
deformation and pore closure and, possibly, sub-surface laterds claading to
delamination) are fairly well-studied giving a basis on which testigate how AE can
be used to monitor these processes. This study also aims to detérthie sources of
AE generated during HVOF thermal spraying can be charactensedation to final
coating structure and to the spray process parameters such aangwerse speed and

gas pressure for a given powder-particle size and sprayircést

It is anticipated that this research will ultimatelydea the establishment of AE-based
coating quality monitoring to assess residual stresses, porositgsive and adhesive
strength and other coating defects quantitatively, by observadioiie micro fracture
and plastic deformation behaviour as reflected in the AE si§ihal applications of this
non-destructive test will range from quality control to the optmg of coating

processes and process parameters.

The objectives were therefore:
a) To understand the Vickers indentation behaviour of soft and hard metals
and thermal sprayed carbide and ceramic coatings surfacBeageckin
the AE;

12



b) To recognise and characterise the Vickers indentation fragaftern of
surface; and critical load in thermal sprayed carbide and @ecaatings
using the raw AE signal;

c) To exploit the various AE features to estimate the fradimmghness of
thermal sprayed coatings;

d) To identify various AE sources during thermal spraying process.

1.3 Research methodology

No specific work has studied micro-fissuring of thermal sprayeatirgp materials

during the Vickers indentation process and the potential that vds §or separation of
the various accommodation processes. The methodology was thereftred aen a

series of observations of AE during indentation. In a subset of skelieth load and
indenter positions were recorded at the same time as the AR Wade range of

materials so that the sources of AE could be characterisedhe main tests,

observations were made on the microstructure and cracking pdtehnen the surface
and across the section of the specimens. The indentatienwest carried out at a
range of loads in order that some idea of the development of crauitegns could be
obtained, lower load tests corresponding very roughly to the eatéiges of higher
load tests. In this way it was expected that a picture of tbenamodation processes

could be built up for comparison with the observed time evolutidheoAE.

1.4 Thesis outline
Chapter 1 Introduction. This chapter gives a description of how the preserk is
inspired and addresses its contribution to the development of thepmaal coating

indentation testing methodology using AE techniques

Chapter 2 Literature Review. The first section reviews some etspef indentation
testing of materials including potential sources of AE, its apptin to thermally
sprayed ceramic coatings, and the various indentation tesystgms. The second
section summarizes the state of knowledge on AE techniques cappliadentation
testing of bulk materials and coatings including thermally spragadings. The third
section briefly describes the thermal spray process with a fatuke High Velocity
Oxy-Fuel (HVOF) and Air Plasma Spray (APS) techniques, witfea to identifying

13



sources of AE during these processes. Finally, the thasis is described identifying

the contribution to be made.

Chapter 3 Experimental Procedures. This chapter describes the expéairapparatus,
materials and methods used for the research including an&gbisdues. Two distinct
types of experiments were used, the first related to AE morgtasf the Vickers
indentation behaviour of metals and thermally sprayed carbide exachic coatings,

and the second related to AE monitoring of the thermal sprayouess itself.

Chapter 4 Results. This chapter presents experimental results frooptreloop dead-
weight type Vickers indentation testing and its AE response dougametals and
thermal sprayed carbide and ceramic coating specimensolipatsents results from

AE monitoring during the thermal spraying process.

Chapter 5 Discussion. This chapter provides an overall interpretation hef t
experimental results covering the important aspects relatdte t¥itkers indentation
behaviour of the thermal sprayed carbide and ceramic coatings amitorimg the

thermal spraying process.

Chapter 6 Concluding remarks and recommendations for future work are prdsente

Contribution to knowledge:

As far as the author is aware, no systematic attempts besa made to relate
accommodation processes during indentation to AE on thermally dpcaykide and
ceramic coatings. Furthermore, the identification of fractstages and zones during
indentation of these coatings, the identification of multippeirses in the thermal
spraying process, the development of experimental and anhlytadels for AE during
indentation and thermal spraying process, are, to the author’s kigmylsignificant
contributions. The overall outcome of improved assessment ohgagiality using on-
line AE based measurement during Vickers indentation is theréferepecific area in
which a contribution to knowledge is claimed. Additionally, a bettaterstanding of
the Vickers indentation behaviour of materials is also predemiirough a new

instrumentation technique.

14



Chapter 2

LITERATURE REVIEW

This chapter is divided into three main sections. The firstioseotviews some aspects
of indentation testing of materials including potential sourceskfis application to
thermally sprayed coatings, and the force/displacement grdfifgcal of dead-weight
indentation systems. The second section summarizes the dtatavbédge on acoustic
emission (AE) techniques applied to indentation testing of bulk ratemnd coatings
including thermally sprayed coatings. The third section briefcdees the thermal
spray process with focus on the High Velocity Oxy-Fuel (HV@#&J Air Plasma Spray

(APS) techniques, with a view to identifying sources ofdAleing these processes.

2.1 Indentation testing

2.1.1 Mechanicsof indentation and potential sources of AE

Indentation essentially consists of pressing a non-compliant erdiend the surface of
the material to be tested. The material can accommodatéindenter by elastic or
plastic deformation, local cracking, material densif@at or a combination of these
accommodation mechanisms. Most commonly, the material issesbdy the size of
the impression and/or by the cracking pattern left on the surfacettmaedenter has
been removed. There are two main approaches to the mechaniocsleatation

depending upon the whether the accommodation is by deformation octurdra

Elastic, perfectly plastic and hydrostatic pressure models bae® developed to
describe indentation [1, 37-38]. For an elastic material,indentation impression
disappears after unloading, whereas, for plastic mateeahanent deformation occurs
around the indentation [1]. Two types of plastic material accomtioodaan be
identified (seeFigure 2.1) using the slip-line field solution [39], upward extrusion of
displaced material very close to the periphery (‘piling-upf)downward depression of
displaced material around the periphery (‘sinking-in’). The ‘pilingefféct is expected
in materials which work-harden (e.g. soft metals), wherdakirg-in’ is expected in

hard materials (e.g. hard metals or brittle thick coatings).
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Piling-up Sinking-in

Original surface
Flat-punch indenters

A S

Deformed surface

Spherical indenters

Figure 2.1 2-D deformations in an elastic-perfectly plastic materieduad the
indentation produced by blunt and sharp indenters [adapted from ref. 1]

Slip-line field models calculate deformation under the indenter lloyviag plastic
deformation along available slip-lineBigure 2.2 once the yield criterion (Tresca or
von-Mises) has been met [1, 37-39]. A slip-line is a linenakimum shear stress and
the field can be seen as a curvilinear mesh of two orthogondiefaif lines radiating
from arc centres (A and B iRigure 2.2. For example, considering friction-free
deformation of an ideal plastic metal (yield str&§sby an infinitely long, hard and
undeformable flat punch, the shear stress at the edges (B)asfdthe punch will be
relatively high, and the metal in the region of A and B wilitba state of plasticity. In
other parts of the metal the overall yielding will be smillf, as the punch load is
increased, the size of the plastic region increases iatiothe indenter to penetrate.
Plastic flow occurs when the maximum shear stress reaatrégal valuek, where X

= 1.15Y or where R =Y for the von-Mises and Tresca criteria, respectivelyngsi

various indenter shapes, the material flow direction undent®ater can be assessed.

In the hydrostatic pressure model [3] as shown schematicafligure 2.3 the ductile
material accommodates the indenter due to an outwardly expanding h{idroste
(plastic region). The hydrostatic core causes the observed $gymohehe stress field
under the indenter and it leads to the development of a hemisgdhplastic zone

around the indenter outside of which the material deforms cddgti
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Indentation load, P

Direction of
plastic flow

Slip-lines

Indentation load, P

.‘ .
Direction of

Slip-lines
P plastic flow

Figure 2.2 Slip-line-field solutions for indentation of rigid-plastic halfase solid by a
frictionless (a) flat-ended 2-D punch indenter showing no piling-upirdaing-in, (b)
wedge shaped 2-D indenter showing piling-up [adapted from ref. 1].

Indentation load, P

I 2a 'I

Elastic region
Outward expanding
plastic region

Figure 2.3Hydrostatic pressure model [adapted from ref. 3].
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Point load Flat punch Sharp indenter Sphericalritete

Figure 2.4 Elastic contact pressure distribution for various indentationregstehere P
is the applied load andi2s the spatial contact dimension [adapted from ref. 1, 3]

"’I'Qp view: 611-633 plane

(a %,

Oy

033

Gi
__-—"-'-‘-

Side view:6,-633 plane

Figure 2.5 Point load Boussinesq stress field for principal normal stresses,, and
o33 () Half surface view (top) and side view (bottom) of stteggectories, (b) Principal
normal stress contours (side view), tangent to trajectoeiestd direction and points on
contours denote magnitude [3-4].

Elastic stress fields are important when considering fraeimend the indenteFigure
2.4 illustrates how the intensity of the contact stress, whichbeadescribed by the
mean contact pressung = Plara®, whereP the applied load and a dimensionless
indenter geometry constant £ 1 for axi-symmetric indenters) [3], ardis the spatial
contact dimension. Considering an isotropic linear elastic patfessubjected to a point
load, the solution for the stress field was first given by Boessj andrigure 2.5[3-4]
represents the principal normal stressgsX o022 > o33) in the Boussinesq field. These
stresses are the ones responsible for crackingeanid: tensile at all points in the field
with maxima at the surface and along the contact axis(‘hoop’ stress) is tensile
subsurfacepss is compressive everywhere. Since brittle cracks propadmaitg paths
normal to the greatest tensile stresses [4], it is egfdtiat the most fully developed
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cracks will lie on either quasi-conicad,¢-c33) or median §11-033) trajectory surfaces.
Other stress components of the contact field are, sheafos6)/2, (611-62)/2, (022~
033)/2, and hydrostatic compressiomof+ 611 + 633)/3. Whenever tension is suppressed
(e.g. immediately under the contact circle, especially sbampacts), the material may

be deformed irreversibly, leaving a residual, ‘plastic’ iegsion [4].

Loading
l+ + +
/v /v
Plastic zon Median
radial crack
Unloading

Lateral
J l cracks

Figure 2.6 Schematic of an ideal vent crack formation under point load intitemta
Fracture starts from inelastic deformation dark zone [3].

. 4~ Ring crack

1A
1
A
[
[
[
[}

| a

—p+—— Contact radius

Sub-surface conical
cracks lengths, ¢

Figure 2.7 Hertzian indentation (a) surface ring and cone fracture anadi3l tensile
and compressive stress distribution [40]

The indentation stress fields shownHFigures 2.3and2.5 can be useful in indicating

how cracks will tend to initiateFigures 2.6to Figures 2.9 Cracks can initiate from
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pre-existing flaws (Griffith [41]) or flaws induced by the indsran itself [3].
Deformation induced flaws tend to nucleate at points of intenses ste@gentration
ahead of locally impeded zones of inelastically deformed rahtrig. piling-up) [3].
Upon attaining some critical configuration, a dominant flaw bgs into a well-
defined propagating crack, and tends to propagate along trajectdnieh maintain

near orthogonality to a major component of tension [42].

Considering the Hertzian configuration (Figure 2.5, the main change as load
increases is a minor flattening of the tensile trajectories immediately below the
contact area, with extremely high stress gradients atide @ the contact [3], meaning
that the main crack-forming stress acts in a circumfexkeditection and is highest in
magnitude close to the indenter forming a surface ring ciiéigkie 2.7). Downward
propagation of surface ring cracks follows along #hg trajectories to form a fully
developed Hertzian cone crack. The peak pressure under the Kedatact [40, 43] is
Po = 3P/2za’ = (3/2x).(P)3.(4E*/3r0)?°, where the contact radias= [3roP/4E*] Y2 P

is the indentation load andg is the spherical indenter radiugEl = (1-v2)/E; + (1-
vA)IEy; andvy, viand Ey, E are Poisson’s ratio and Young's modulus for the indenter
and substrate respectively. The resulting radial tensilessfield in the test specimen
decays with distance, (ring crack radius), from the contact centrecagr) = (1-
2v).Pl2zr®. The radial tensile stress decreases rapidly with depth anillyshecomes

compressive as shown kigure 2.7.

Lawn and Wilshaw [3] described crack formation under point loading ¥ickers and
Knoop indentersFigure 2.6) including an inelastic deformation zone, opening of a
median vent (along the axial stress trajectoery, and orthogonal to the tensile stress
o11 = o22) and its growth during loading. During unloading the median vent closes
leading to the development of lateral vents (aleag trajectories and orthogonally

everywhere to the hoop stress).

Since Figure 2.6 depicts only an ideal sequence of crack events, the mediges sta

(half-penny modelFigure 2.8) may be suppressed [4] at lower loads, such that only
surface radial (PalmqvisEigure 2.9 segments form. Half-penny cracks develop on

symmetrical median planes containing the load axis, wherdasqWst cracks are

shallow radial surface cracks and extend out from the corhére sdentation.
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Figure 2.8 Ideal schematic diagram of the Vickers indentation atat&iacture model:
‘Radial-median’ or ‘half-penny’ model [adapted from ref. 33].
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Figure 2.9ldeal schematic diagram of the Vickers indentation adas&iacture model:
radial ‘Palmqvist’ model [adapted from ref. 33].

2.1.2 Vickersindentation fracture of thermally sprayed ceramic coatings
Because of their complex nature, including properties which vahydepth and multi-

phase mixture of materials of varying toughness, indentatidingesf thermally
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sprayed coatings is potentially a very rich area of study, withumber of as yet
unanswered questions on the measurement of hardness, fracture seugimuke
load/depth profile. In this study the main focus has been the cragukitegns developed
in HYOF and APS ceramic coatings. It has been suggestedjtleatching, macro-
compressive and peening effects during thermal spraying dewsajual stresses in
coating materials [44-48]. It is also knowFidgure 2.109 that through-thickness
residual strain and stress plays a very important role in te@m®&n or suppression of
cracking [48-49]. For exampld-igure 2.10b, ¢, it has been observed [31] that at the
same indentation load, the relatively high residual compressigsses in HIPed WC-

NiCrBSi coatings inhibited the extension of cracks seehdras-sprayed coating.

'
| WC-40%NiCrBSi AIST 440-C steel substrate

a :
( ) n—‘\_‘“ 100 pm —» £ mm
1000
- -
0 # e
-]
g -1000
g -2000
£ -3000
= —+ As-sprayed
S -4000 “=-HIPed at 850 deg
=
'g -5000 —e—HIPed at 1200 deg
& 50001 -+ Heat-treated at 1200 deg
-7000
-8000 ;
i WC-10%NiCrBSi |
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E 2001 e L
s O A '
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Figure 2.10 (a) Through thickness residual strain and stress distributiomebtaia
neutron diffraction technique for HVOF WC-NIiCrBSi coatings [48fatic Vickers
indentation at 490 N load on corresponding coating surfaces: (b) agg@ay (c)
HIPed at 850°C [31]

Stoica et al [31] and Stoica [32] have used the fracture pattern around Vickers
indentations in functionally graded HVOF WC-NICrBSi coating stefa Figure
2.10b, g, to make a qualitative assessment of fracture toughneasdeethese coatings
did not meet the empirical model criteda> 2a [33] (seeFigure 2.8). The empirical
models tend to be based on an idealised cracking pattern and deawttdor micro-

fissuring in the sub-surface region especially if this takesplace of surface radial
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cracks as it does at lower loads. The uncertainty insomgey the crack lengths in
Vickers indentation [34-36] makes empirical models particulaniguitable for thermal
sprayed coatings. Irregular networks of smaller cracksorigtnating at indentation
corners have been observed by other investigators [31, 34-35, 51-53hgvarki
thermally sprayed coatings. For example, Ostojic and McPh€ds3] reported ‘no

dominant cracks’ in plasma sprayed coatings even very adbe impression.

o

' Parallel to substrate

»l -

Figure 2.11 Static Vickers indentations at 9.8 N load on cross-section agnma
sprayed AlO3-3%TiO, coatings (a) conventional, and (b) nanostructured powder [54]

Figure 2.12 Static Vickers indentation at 29 N on cross-section of plagmayed
Al,03-13%TiO, coatings (a) Metco 130, (b) corresponding nanostructured [55]

Typical Vickers indentation fracture patterns for plasma saraglumina-titania
coatings consist of a network of cracks around the indentdigaré 2.11andFigure
2.12. As well as this network, radial cracks emanating fromtie opposite indent
corners, on a plane parallel to the coating-substrate interfacealso be seen. The
indentation fracture in these coatings also tends to be asyimmeltich has been
attributed by Ostojic and McPherson [53] to a macroscopic vamiatirelative density,
the presence of pores or other defects around the contact and throkgbshiesidual

stresses variation. They [53] suggested that indentation in pagiosis of the coatings
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results in localised densification about the contact site,treguih little transmission of
indentation stresses to the surrounding materials, and the cugefihef cracking to the
vicinity of the impression. Interaction with large coating pooesdefects near the
impression diagonal would then be expected to result in longeks;iaroducing a
modified Boussinesq stress field. Since the degree of porositysvaewveen coatings
(e.g. HVOF < 1.5 %, APS < 2 % [35]) as well as within @egi coating, Ostojic and
McPherson [53] also suggested that different loads would be requirpdodoice
cracking in different coatings of the same type and even filace to place in a single
coating.

W-Co-Cr

'H . :
§, Max. Principal §, Max. Principal
e. 1.5

(Rve. Crit.: 75%) (Ave. Crit.: 75%)
+3.18le+08
+1.642e+08
-2.231e+08
=9.104e+08
-1.598e+09
-2 .285e+09
=2.972e+09
-3 .660e+09

-6.337e+
-7.091e+09
-7.846e+09

Figure 2.13 Vickers indentation of HVOF ceramic coating surface under 10a,
SEM images and corresponding FEA maximum principal stresgdison [56].

To model more complex indent shapes, such as those produced by thes \fidkater
requires a numerical approach, such as FEA [56-57]. Despite soeweetical
limitations (e.g. considering elastically deformable matgeriignoring surface
roughness, and taking coating and substrate as solid and homogeneousisinater
Baunget al.[56] have managed to simulate Vickers indentation on HVOF codngs
Figure 2.13 to determine the stress distributions and critical loads & th
coating/substrate systems, relating their findings to the wddaracking profile. As

shown inFigure 2.13 the highest compressive stress occurs in the area righttihenea
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the indenter tip and the highest tensile stress occurs inetiteecof the indentation
edges and decreases along the indentation edge towards the ionesdater. This
suggests that edge cracks will initiate first at the ogasiurface, and will propagate
along the indentation edge. Also, the high tensile stredseirattea of the indentation
corners induces corner cracks to propagate radially outwards alemjagonal of the

indentation.

2.1.3 Indentation testing systems and AE measurement

The main features affecting the response of materials undertatide are the load, the
shape of the indenter, the size of the indentation and,assarl extent, loading rate [3,
58]. Traditional static and quasi-static systems have gradugillen way to
instrumented systems where load and displacement are measaréghason of time.
Hardness indentation testing systems can be classified into openlcsed loop
systems as shown in the schematic diagfigyre 2.14 In open loop systems, there is
no control of load or displacement, whereas, closed loop systems @ilutrol and

measurement of the load and/or displacement during the indertgtien

(@) Open loop (b) Closed loop

Indenter frame Damping constant
stiffness of leaf indenter frame due to the air gaps

spring, K = 1/G Damping stiffness, K of the capacitor
. constant of plate displacement-
Spring, K ontact zone, __| sensing system,;D

Dashpot, D ? |_4
Sample stiffness, S
[
Indenter mass, M Indenter mass, M

Figure 2.14Dynamic indentation model: (a) open [59], (b) closed loop [60-63]

Conventional open loop hardness indentation machines operate with a elghtl-w
counter balanced by a dashpot (or cam). A sequence of leversnan@aure 2.15
apply the stacked dead-weights to the indenter, and a dashpoi(jodet@rmines how
smoothly the indenter contacts the specimen once the weigkieased, primarily to
avoid impact [64]. In closed loop indentation systems, thereeipdtential to control
the nominal load or displacement versus time characteristi®Th5(i.e. impact free

with no under-shoot or over-shoot, as showrFigure 2.16. Open loop indentation
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systems have been in use for the past 75 years [66], where noatttamtrol of the
descent is limited to avoiding impact and subsequent mechanicabldsndffered by
the material under test depending on its elastic and plasticrpespeCalibrated open
loop dead-weight indentation systems apply the load approximately uniftonthe

nominal level, and are used in cases where the main intenegirzducing a quick and

easy measure of hardness or toughness.

(a) (b)

O Load application coilimagnet
Optical lens
Dashpo

Indente

[
% ’:I__I—_I—‘ Anvil —
»l
al

== Support springs, Kg
—=Capacitive displacement gat

]| |C

Dead-

p——————Indenter column, m

weights Specimen Steering whet
9 holde “— Th——— Contact, Sand D
§|_|§’. \/
‘S Sample
s Camr Cranks handle ~=Load frame, K
(Lever system)

Figure 2.15 Schematic of (a) open loop dead-weight indentation, (b) closed-loop
nanoindentation [63]

A Se&—— Overshoc
R lCIose(—Ioop _
o Nominal leve
Force ‘*  e— Undershoc \ Indenter
or \
Displacement
\
\ Specimen
\
Time

Figure 2.16 Schematic of indentation cycle (force-time and displace+time)

Closed loop indentation systems [60-63, 65-67] generally have displacantefdrce
control components, for example using a series of capac#srspposed to a stack of
dead-weights) to apply the force and measuring the displacement tholoagges in
capacitance. The relevant components in closed loop (e.g. iest®mn
nanoindentation) systems are showrfFigure 2.14 One example of the use of such
systems is in the dynamic indentation where the imposed drioieg fs given by =
Posexp(wt) and the displacement response of the indenter is givem(dy =
ho.exp(iwt+¢), wherePqs is the magnitude of the force oscillatidrip) is the magnitude
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of the resulting displacement oscillatian,is the frequency of the oscillation, ands

the phase angle between force and displacement signals [60].

Force, P
' Force, P Force, P

A A A
(@) T (b) T ()

Plateau

v

Depth, h Depth, h Depth, h

Figure 2.17 Closed loop indentation: Force-displacement curve during loading (a)
elasto-plastic material [68], (b) load-controlled [69], dplacement-controlled [69]

The loading response of an elasto-plastic material to sharpBerkovich, Conical,
Vickers) indentation,Rigure 2.173 is governed byick’s Law, P = Ch? whereC is a
constant dependent on elastic and plastic material propertiegelasas indenter
geometry [68]. Under load-control with constant strain rate (e.goindentation),
elastic or plastic deformation give smooth curvegyyre 2.173 but, as the load
increases above a certain threshold, a ‘displacement bufgtmin’ event occurs [68-
70] (Figure 2.17D. The initial positive slope corresponds to the response of a purely
elastic material and the first displacement burst typicakkcurs at a load that
corresponds to the maximum shear stress under the indenter afirieeosder as the
theoretical shear strength of the indented specimen material (& increased
loading above the elastic limit, the material continues tordefin both an elastic and
inelastic manner with sequences of bursts. For displacementicaattkink’ (load
burst) event occurs [69Figure 2.179.

Such series of displacement and force bursts and corresponding &E @vg.Figure
2.18and2.19 have been attributed to microstructural changes (e.g. ohpésticity,
crack formation, dislocatioror phase transformation), depending on the specific
material, loading conditions and tip geometry. For example, in ndeofation fracture
tests ‘pop-in’ events are observed, where a crack initiates ramgs gising the stored
elastic energy that has been built up in the previous loading pduadket al. [70]
have suggested that cracks propagate faster than the meckarooalirained indenter

tip can respond and the indenter tip loses contact with the naterfiace. The loss in
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contact results in a loss of the driving stress for crack gedjman until the indenter tip
regains contact at the end of the displacement burst. Subsecagnegtension then
requires a replenishing of the elastic strain that was consumealg dilme crack
extension. Consequently, Jungkal. [70] proposed a linear relationship between the
indentation load,P, and the resulting indentation stress,= (P, where( is a
conversion factor with units of GPa/mN. Since the residuakstég) influences the

crack extension or suppression, Jurgkl.[70] also proposed that the total stregs:
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Figure 2.18 AE monitored nanondentations into a 110 nm thick Ta-C film: (a) @ne d
dots correspond to AE events during loading and are coincident withténdep
displacement bursts attributed to film cracking, and (b) compabstmeen the AE
energy and the calculated released elastic energy [70].
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Figure 2.19 AE monitored indentations: (a) Hertzian indentation on polycryséealli
alumina [71], and (b) Rockwell indentation on carbon-doped PVD chromiunmgoat
[72]. The AE bursts correspond to indenter loading attributeciatierial cracking.

2.2 AE monitored indentations
Over the past three decades since the first applicatioft @fuling compression tests of

polycrystalline alumina ceramics by Lankford (1978) [73], tHeaee been numerous
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studies undertaken to understand the effect of indentation on veradasals using AE
sensors. Most observations of AE monitored indentation indicatéhthatajority of the
AE is generated during indenter loading with very little or nonenduthe holding
period, while AE may or may not be generated during unloading. AE miogitbas
been applied to indentation testing by a very large number of authogs wesiious
types of indenters andE systems Appendix A Relatively few authors have applied
the approach to thermal spray coatings, so the experience in cdlteriats is also
reviewed here with the aim of distilling out the key featwE#&E signals which are
relevant for coatings. Since the cracking pattern depends oniahatge and

indentation shape, it makes sense to divide the review l®riadand indenter type.

2.21 AE monitoring of ceramics
Table 2.1 summarises the key information related to the published work on AE

monitoring of indentation in bulk ceramic materials.

a. Hertzian (spherical) indenters

Bouraset al. [71] and Bouras and Bouzabata [74] observed that the critical toad a
which Hertzian ring and sub-surface conical cracks appear ecasnganied by high
amplitude burst-type AE signals. Bourat al. [71] found the critical load
corresponding to the final unstable crack extension to be chasadteby high
amplitude AE events while the crack extension which occurredréoagtaching the
critical load produced low amplitude AE events, while Bouras aodz&bata [74]
observed surface ring cracks with the beginning of a conical fosamikt al. [75]
found the load-displacement curves in loading to be approximatelyrlup to the point
where a ring crack occured around the indenter contact areatedetesing the AE
signal. Further loading after the detection of the first AJaa resulted in another ring
crack outside the first ring crack. Although the level efadl varied, the investigations
by Bouraset al. [71], Bouras and Bouzabata [74] and Usamal. [75] all show the
common pattern that classified Hertzian cracks (ring or cboreaks) can be detected

by burst-type high amplitude AE signals.
b. Vickers indenters

Xiaoli et al.[76], Bergner [77] and Kapoet al.[78] have also attributed the AE during

indentation of ceramics to crack extension and have investidgateeffect of porosity
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and microstructural inhomogenities on the AE. Xialal.[76] found that the fracture
toughness (measured by both Vickers indentation and a diametral ssrmapmmethod)
of SisN, was mainly controlled by the local pore distribution rather then rhean
porosity distribution and developed an empirical relations8grijon 2.2.8based on
AE event count and AE energy distribution to assess the crack exteahsgomo
indentation. Bergner [77] observed no AE on loading AIN 3wt@kYbut found
multiple events during unloading. Kapoet al. [78], working with sintered U
observed strong burst-type AE signals during loading and attributed tbesrack
initiation and propagation, while the AE signal observed during dviié twas

attributed to the extension of cracks developed during loading.

Table 2.1AE monitoring of ceramics

Specimen Indenter Indentation Load/Rate Indentation AE: Source / Ref.
system cycle AE featuresidentified
Coarse and fine grained alumina| 94WC-6Co Instron machine 0-1.35 kN Loading & Fissuration of conical| [71]
ceramics (2 and 10 um grain size) Hertzian ball, unloading crack/Amplitude
1to 14 mm rad.
Vitroceramic-alumino silicate and| WC-Co Hertzian| Instron machine- 0-1.1 kN Loading & Fissuration of conical| [74]
sintered alumina (2 and 10 pm ball, 1 and 11 model no. 1195 0-1.2 kN unloading crackAmplitude
grain size) both as receive2(x mm radius
20 x 5 mmand in an implanted
state with zirconium ions, Z(10
x 10 x 5 mm
Alumina ceramics (HD-11 and WC-Co, SiN,, Electro-mechanical | 0.01 mm Loading Crack growth/AE [75]
SSA-999s), § mm thick, 30 mm Al,05; and indentation testing | min™ signal
dia.; 3 x4 x40 min hardened steel | —Shimadzu’'s AG-
(SUJ2) spheres | 10KG machine
of 9.45 mm dia.
Pressureless sintered:!$i (17 Vickers Vickers indentation | 200 N Loading Fracture/Event count| [76]
mm dia., 2 mm thigk tester & energy
Fine-grained AIN ceramics(mm Vickers Vickers indentation | 10-50 N Loading & Fracture & lateral [77]
thick) tester unloading cracks/Amplitude,
Frequency, Event
count
Sintered UQ ceramic Vickers Vickers hardness 1.96, 2.94, Loading, Crack initiation and [78]
tester 4.9,9.8N dwelling & propagationAE
unloading Ring-down count,
peak amplitude and
energy
Ceramic-Sintered AD; Vickers Microhardness 10-500 N Loading & Deformation & [79]
tester unloading lateral cracks/
Amplitude,
Frequency, Count
Alumina 3 x 4 x 50 min Vickers Hardness testing 0.3,0.4,0.5 | Loading & Crack growth/ [80]
machine and 0.6 kN unloading Cumulative AE count
Sintered AJOz and SiC ceramics | Vickers Microhardness 9.8,19.6, 49, | Loading & Elastic waveAE [81]
(3 x4 x20 min tester 98, 196 N unloading signal, event, freq.
Sialon-based ceramic in the Y-Si{ Vickers Contact 3-20N Loading & Nucleation of median| [82]
Al-O-N system microhardness unloading radial crackEvent,
tester amplitude & energy

Using dead-weight Vickers indentation where load, AE averagelitade and
cumulative event count were recorded as a function of time, Akbati[79] reported
that AE generated by cracking in sintered@lis of higher magnitude, longer duration
and higher frequency than the corresponding signals associated pleistic
deformation. They suggested that the lower frequency (around 300ekiEz)s were
related to median cracks or radial cracks (generated duringnépaathile frequencies
between 550 and 600 kHz were associated with lateral cracks (geheharing
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unloading). Also working with AlO;, Ray et al. [80] found higher cumulative AE
counts during loading (material in tensile hoop stress) than unlog&dimgpressive
elastic strain is removed) and suggested that this was ddastocrack growth
(intergranular fracture) during loading due to the accumulated edsithess energy,
although indenter holding time (material in compressive elastiin) did not produce
any AE. Rayet al.[80] also noted that the number of AE hits increased with inicigas
indentation load leading to microscopically observed intergranuiactuire and
Palmquvist type cracks although they did not directly correlatenitk radial surface

crack opening.

Ahn et al.[81] observed many AE bursts (attributed to median and miexksy during
loading and unloading but not during holding in sinteregDAland SiC. They found
characteristic peaks in the AE spectrum fopland SiC but no spectral features
changed with the type of cracking. Yurke¢ al. [82] correlated AE records with
observations of cracking during indentation of Sialon and attributedaétivity at
lower loads with the indentation and growth of median cracks. At higieads,

extensive AE activity was found to be associated witiHfdhmation of radial cracks.

2.2.2 AE monitoring of crystals

Table 2.2 summarizes the published work in crystals again showing the findings
and methods. The distinction between ‘ceramics’ as redaweprevious section and
‘crystals’ is somewhat artificial, but this section focusasaspects of ceramic material

which specifically relate to their crystalline nature.

a. Hertzian (spherical) indenters

Guiberteatet al. [83] observed discrete AE activity in crystalline,®4 and related it to

the existence of well-defined local instabilities in thefodmation-fracture process,
including increased AE activity with increasing grain sizeam examination of cross-
sections of the indentations, the fully developed deformation-mémtofre damage
zones underneath the indenter were found to be made up of an accumulation of
microstructurally discrete events, each consisting of ina#&g shear faulting
accompanied by inter-grain microcracking. Most of the AE dgtwias concentrated
towards the end of the loading with minor AE activity during the@ading half cycle.
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Table 2.2AE monitoring of crystals

Specimen Indenter Indentation Load/Rate Indentation AE: Source /features Ref.
system cycle AE identified
Si-single crystal@.5 mm thick | Vickers Vickers 10-50 N Loading & Fracture & lateral [77]
indentation unloading cracks/Amplitude,
tester Frequency, Event count
Monophase polycrystalline WC-Hertzian ball | Indentation 0-2 kN, Loading & Deformation, [83]
aluminas (mean grain size: 3, using Instron 1.67pm st unloading fractureCumulative &
9, 15, 21, 35 and 48m), (20 x UTM, model peak AE energy
2.5x25mm 1122
Si and sapphire Berkovich, Ultra- 0-500 mN Loading & Lateral, radial, edge [84]
Spherical microindentation unloading cracks, twinningAE
system (UMIS- activity
2000)
Ceria-stabilised tetragonal WC-spheres of Universal servo- | 3000 N at Loading & Phase transformation/ [85]
zirconia polycrystal (Ce-TZP) | radius 1.2-12.5 hydraulic testing | 1.0 um & Unloading Cumulative AE
ceramic mm machine (Instron amplitude
8051)
Single crystals-NaCl, Si, Ge Vickers Microhardness 0.01-60 N Loading & Nucleation of lateral, [86]
and polycrystals-SiC, ADs tester unloading radial cracksCount
MgO crystals (1.5-2 mm thick | Vickers Vickers 0.2-5N Loading & Deformation/AE signal [87]
sample cleaved along the microindentation unloading
{001} planes) tester
Single crystal of sapphire Vickers Microhardness 20N Loading Cracking, twinning, [89]
(0001) @ x 15 x 15 min tester dislocation/Onset count
Polycrystalline AJO3 (10 pm
grain size)
P type (100) silicon wafers Nanoindenter Load controlled | 48, 120, Loading & Dislocation, radial & [90]
(500 um thick); Single crystal nanoindentation | 250 mN; unloading lateral cracksAE
of tungsten 10 mm length and 15.5 mN signal, events,
5 mm dia) amplitude
Single crystals of W (100), Nanoindenter: 50,| TriboScope 0.1-1.6 mN | Loading & Slip & Twinning/ AE [91]
MgO (100) 80, 100, 140, 160 | system, unloading signal
nm tip radius; Hysitron, Inc.
Nanoindenter (90°
included angle)
tip radius of 500
nm
Four different sapphire (AD;) | Conical TriboScope 0.1-1.6 mN | Loading & Slip & Twinning/ AE [92-93]
single crystals: Basal, C(0001); nanoindenter (90°| system, unloading signal
Rhombohedral, R(1012); and | included angle) Hysitron, Inc.
two Prismatic, A(1210), tip radius of 500
M(1010) nm; Cube corner
indenter, tip
radius of 100 nm
Beta crystalline SiC (i ~ 3.23 | Cube-corner NanoTest 25, 125, Loading and | Radial and wing cracks/ [94]
MPa.nt’ nanoindenter Instruments 225, 250 unloading AE counts, energy, rise
(Micro Materials | and 450 time, duration time and
Ltd.) mN amplitude
Single crystal of W (100) (5 Nanoindenter Load controlled | - Loading & Sample size, [95]
mm dia and 2 mm thick), nanoindentation unloading dislocation/AE signal,
Single crystal of Fe-3%Si AE energy, frequency,
substrate 08 mm x 3 mm x 80( rise time
umto4 mm x 24 mm x 4 mm
sizes

Swain and Wittling [84] investigated the cracking and twinning @écgil and sapphire
crystals where, beyond a certain threshold during loading, AEtgatdse in steps to
the final load. While unloading, no AE activity was observecepkat the final stage.
For the sapphire crystals, the on-set threshold of AE activty attributed to large-
scale plastic deformation (twinning) with limited evidenceraddial or circumferential
cracking.

Latellaet al. [85] investigated Hertzian contact damage leading to phassfarmation
of polycrystals (9 mol% ceria-stabilised tetragonal zirconiaygrgstal: Ce-TZP) of
various grain sizes. The micromechanical nature of the damagepredominantly

tetragonal-monoclinict{m) transformation on loading and microcracking on unloading.
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For the smallest grain size (1.1 um) AE activity only ocdwtering the loading cycle
whereas, for large sizes (1.6, 2.2 and 3.0 um), thereawappreciable amount of AE
activity also during the unloading cycle, which was ascribed t@tioin/extension of

microcracks or subsurface microcracks. They suggested thhlkettian compressive
field coupled with the transformation process and associated expaabidhe

precipitates inevitably raises the compressive stress fiegther during the loading
cycle ultimately restricting microcrack initiation and proatgn. On unloading, the
compressive stress field gradually reduces, so that mickognopagation proceeds
much more freely. In contrast with the loading cycle, thewgiami of the AE amplitude
curves for the unloading cycle were generally smooth, and tféseatite was attributed

to the AE activity on loading being largely associatedhwiet-m transformation.

b. Vickers indenters

Lankford and Davidson [86] found that the size of the threshold indemtatacks
could be predicted using AE event counts for different crystimgléscrystals of: NaCl,

Si, Ge and polycrystals of: SiC, A)s). AE events were also detected in the first half
second of indenter unloading, except for fairly high loads, and these attributed to
extension of the radial cracks formed during loading or initiatioatefdl cracks during
unloading. Based on the AE event count at the threshold indentationtheatbast
crack resistant material was found to be Ge followed in ordelcodasing resistance by
Si, SiC, ALO; and NaCl. Bergner [77] found that AE events occurred both during

indenter loading and unloading in Si single crystals.

Zhitaru and Rahvalov [87] used AE to observe a type of ‘prolonged ddforma
process’ in MgO single crystals, which are charactérlse the occurrence of strains
after the indenter is removed [88]. Brewl al. [89] compared the micro-cracking
phenomena in single crystal sapphire (%) and polycrystalline AO; on a
microhardness tester and the observation of AE counts showethénhatwas less
micro-crack formation in polycrystalline alumina than in singlgstal alumina. The
main contribution to the AE in single crystal sapphire were @bsgerto be
microcracking with high AE amplitude, where as the plastic dedtion due to

dislocation movements in slip planes, gave low AE amplitagelycrystalline A}Os.
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c. Nanoindenters

Swain and Wittling [84] investigated the cracking and twinning aéil and sapphire
crystals. Whereas median cracks developed in the silicongdimading (identified by
SEM examination of indent cross-section) during loading, no AE swesite detected.
During unloading, there were significant increases in AE evasgsciated with the
propagation of lateral cracks. While loading the sapphire cryg&lsactivity occurred

at higher loads whereas none was observed during unloading. Usingscojacal

techniques, radial cracks, edge cracks and uplift in the résidymession were
observed suggesting considerable twinning of the crystal had atcunder the

indentation stress.

Weihset al. [90] applied nanoindentation to P type (100) silicon wafers and annealed
single tungsten crystals, parallel to the (100) crystal tiimec In both crystals
indentation generated sharp AE signals due to radial crack fomatthe indentation
corners during loading. The displacement profile of the indenter shosleartaplateau
during loading and during unloading, and low amplitude AE signals wessiooally
detected. The upward thrust of the specimen onto the nanoindentevedbdering
unloading was attributed to lateral crack growth as well aseptnassformation in the
silicon. During indentation of the annealed tungsten single crystafas found that
initial elastic deformation was followed by yield and plastifod®ation as might be
expected. The point of yielding during loading was characterised jpateau and

associated AE was attributed to generation and motion lotditons in crystals.

Dyjak and Singh [94] investigated the initiation and propagation ofl [Gdbure
processes during nanoindentation of beta crystalline SiC. Due ¢oystealline structure
of SiC, the AE activity was discrete. After reachintheeshold load, a few discrete AE
events of lower amplitude were observed during the loading dyelepening of radial
cracks) and a higher rate of larger amplitude events vesssckeing the unloading cycle
(i.e. growth of wing cracks). In cases where there weresunable radial cracks, they
found that the threshold load for the start of the AE acticityld be used as an
indicator of fracture toughness of the material. Using the catimal AE energy
parameter, they developed an empirical relations8gxctjon 2.2.8 between the AE

energy and the radial crack length during the loading cycle.
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Bahr and Gerberich [95] investigated the relationship between igials and the

dimensions (size or geometry) of specimens of single criggtgbten and Fe-3%Si. It
was found that sample geometry affects the rise time agdeney of the AE signals,
and that samples of similar size that generate AE sifrmaisdifferent event types (e.g.
dislocations) have similar waveform characteristics. A dineelationship between
released elastic energies measured using the nanoindentationquectamd the

corresponding dislocation AE energies were observed regardlsampfe geometry or

material under investigation.

Tymiak et al. [91-93] investigated the initial stages of indentation-induced ipigst
(slip or twinning) for tungsten and MgO on a single crystal plane four different
sapphire (AlO3) single crystal planes [91-93]. Linear relationships betwedsased
elastic energies and the corresponding AE energies were atbdervall three single
crystals [91]. Two types (1 and 2) of yield point AE signalsengtected [91-93] and
patterns were attributed to slip and highly localized twinnirgpeetively. Type 1
(transient) AE patterns were observed for all the testeslatkygraphic planes and were
attributed to slip, rhombohedral twinning or twin growth. Type 2 ABEepas were
observed for the two prismatic crystallographic planes and ctadeta linear surface

features which were identified as basal twins (twin ratad@ and twin growth).

2.2.3 AE monitoring of glasses

Table 2.3 summarizes the published work on AE and indentation of glasses, here
defined as ceramic materials with low levels of cryisti&}. Since most of the work
relates to soda-lime glass, the material of study in thewig will only be mentioned

if different.

a. Hertzian (spherical) indenters

Kim and Sachse [96] found reproducible AE signals due to Hertzian cacking
during loading and lateral vent cracking during unloading. Usaimal. [97] also
observed ring and cone cracks to grow during loading. The AE aogldacreased
with decrease in the cross-head speed and indentation size sindtveietectable at the
lowest values of each experimental variable. Useiral. [97] proposed an empirical

relationship between fracture stresg) @nd the ratio of ring crack radius and contact
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radius (/a). In correlating this with AE signals they found that the largeues of

fracture stress corresponded to when AE is detected.

b. Vickers indenters

Bergner [77] investigated the characteristics of AE sigimagsnorphous slide glass and
found no AE events during loading but multiple events were observed duroagdinyg
as well as during holding where it was explained that lateagks formed. Ahret al.
[81] recorded many burst-type AE signals during loading and unloading bdtirog
holding time. The AE events were found to increase with thease in the indentation
load, and the cracks (median and micro crack) were initiated dumitegtation and
were propagated by release of residual stress during unloading thibestronger AE

signals were detected.

Lee and Kim [98] suggested that median and lateral cracles tivempossible sources of
AE because, as the indenter penetrates into the specimemethian crack extends
downwards at first then extends radially on unloading. The jumps iREhevent
counts during indenter holding time were correlated to the sudderthnmagh of the
median vent through the restraining compressive lobes to intehgefiee surface. In
addition to this, they assumed lateral cracks to be producing mioti#e level of AE
increased with load and the higher indentation loads generatedwdStammediately
after the contact between indenter and specimen, the incubatierbé&tween contact
and AE signal initiation becoming shorter at higher loads. Kim awhs [96] found
two mutually perpendicular median cracks of half-penny configurataond the
characteristics of the AE source resembled neither thatdipole nor a vertical force
drop but of a mixed type, which can be explained if the driving fdozethe
development of median cracks is governed by hoop tension as ddsyitbawn and
Wilshaw [3]. Tanikella and Scattergood [99] also found that AE sm@&snents can
provide enhanced information on crack initiation (median or latesaks) at specific

points of loading and unloading.

Following their work on the identification of critical loads dwithe Vickers test using
AE, Lee and Kim [98] and Kim and Sachse [96] proposed empimcalels Section
2.2.8 for evaluating the mechanical properties of glass or dihitle materials. Lee
and Kim [98] proposed that the cumulative AE energy is proportitméhe fourth
power of the median crack lengit),(whereas Kim and Sachse [96] proposed using the
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amplitude of the first P-wave arrival (associated wiit formation of an unloading
lateral vent crack) proportional toth power of (P-P;), where P, and P; are the

maximum and threshold load values, respectively.

The pyramidal shape of the Knoop indenter also induces radial arad tataks similar
to the Vickers. Tanikella and Scattergood [99] found that AE measuts using a
Knoop indenter were not very reproducible but that the AE can be useshttonthe
initiation of lateral cracks at specific points of loading and aailog in conjunction

with instrumented indentation systems.

Table 2.3AE monitoring of glasses

Specimen Indenter Indentation system Load/Rate Indentation | AE: Source / Ref.
cycle AE featuresidentified
Slide glassImm thick Vickers Vickers indentation tester | 30 N unloading Fracture & lateral [77]
cracks/Amplitude,
freq. & pulse length
Soda-lime glass5(x 10 x | Vickers Microhardness tester 9.8, 19.6, 49,| Loading & Elastic waveAE [81]
15 mm) 98 and 196 unloading signal, event, freq
N
Soda-lime glass Cube-corner NanoTest Instruments 25, 125, 225,| Loading and | Radial and wing [94]
nanoindenter (Micro Materials Ltd.) 250 and 450 | unloading cracks/AE counts,
mN energy, rise time,
duration time and
amplitude
Soda-lime glasslQ x 10 x | Vickers, Indenter fixed on loading 55.1 N, 50N | Loading & Cone and lateral vent [96]
1.243 cny 90 pum dia. frame via a miniature load unloading cracks/P-wave
diamond sphere cell amplitude
Soda-lime glass3(x 4 x SiN, Al,Oz and | Electro-mechanical 0.01 Loading Crack growth/AE [97]
40 mn) hard steel indentation testing — mm min® signal
spheres of 9.45| Shimazu's AG-10B
mm dia. machine
Soda-lime glass40 mm Vickers Tukon hardness tester 2-80N Loading Median & Lateral [98]
dia., 3 mm thick cracks/Ring down
count & AE energy
Soda-lime glas20 x 20 x | Knoops, Indentation using UTM 5-200 N Loading & Median, radial, [99]
3.125 mm Vickers, unloading lateral, Hertzian
Rockwell C cracks/Amplitude &
time duration
Soda-lime glass WC-Conical Indenter fixed on loading 262N Loading & Penny shaped crack/| [100-101]
frame via a miniature load unloading P &S-wave
cell amplitude

d. Conical indenters

Kim and Sachse [100] studied the generation of penny-shaped cracks of Npden
soda-lime glass plate, and found that their orientation can heasely determined
from the radiation patterns of AE, detected using a cirarlayy of eight sensors. In an
extension to this investigation, Kim and Sachse [101] proposed amagillerapproach
using dipole strength and source-time function analysis of the ticadigattern
associated with the amplitude of the first arrival AE signain a penny-shaped crack.
Tanikella and Scattergood [99] found that the AE measurement inisuglass was

highly reproducible and can provide information on Hertzian ringkciratiation.
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2.24 AE monitoring of composites
Table 2.4summarizes the published work on AE monitored indentation of a variety of

composites and polymers.

a. Hertizan (spherical) indenters

Kent et al. [102], working on polystyrene injection mouldings, found that the load at
first fracture (determined using the AE signal) proved to b@ad gndicator of the
magnitude of the orientation of polystyrene present in the surfagers of the
mouldings. Wang and Darvell [103] explored the Hertzian faildirdental restorative
composite materials, and found that an AE sensor mounted on theemabamidrel was
useful to detect the first crack while loading. Yang and H&#{105] monitored the
indentation damage of carbon fibre reinforced plastic (CFRP) aretrfietal laminate
(FML), and found that the damage information obtainable from uittptical fibre
vibration sensors was comparable in quality to AE data (amplitindiecount rate)

which was attributed to reinforcing fibre break.

Kawaguchiet al. [106] investigated the indentation fatigue properties of diass-
reinforced polyphenyleneether (GFPPE), polyphenylenesulfide (GF&RE)xyndio-
tactic polystyrene (GFSPS) thermoplastics, and found that thiee§B&n to occur early
in the loading cycle, the AE amplitude reaching its maximwatue when the load
reached its maximum. The specimen did not show ultimate fautbe maximum
load, and the load decreased gradually as the defects sudireabrBakage, micro-
voiding, change in the orientation of fibres and plastic defoamatif the matrix
propagated. Cesast al. [107] investigated damage accumulation (matrix cracking,
delamination and fibre breakage) in quasi-isotropic carbon filméoreed epoxy resin
laminate, and found that sudden arrests in the load-displacemerd due to
delamination and fibre failure were accompanied by sudden drop intibefr&lastic

energy to AE energy.

b. Vickers indenters

Rayet al. [80] found more AE during unloading than loading cycles in silicobidar
whisker (SiG,) reinforced alumina composite. Although holding time did not produce
any AE signals, Palmqvist type cracks were observed at highds. In A}O;/ SIC
composites, Ahet al. [81] found less AE during the unloading compared to the loading

cycle, possibly because the voids absorbed some energy duringdiveglcycle. Many
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burst-type AE signals due to median and micro cracks were recoumimg loading and
unloading but not during holding. AE event counts were found to increase wit
increasing indentation load, but the waveform frequency contetitgibands 50-200,
200-400, 450-550 and 650-700 kHz) was not related to the indentation load.

Table 2.4AE monitoring of composites

Specimen Indenter Indentation Load/Rate Indentation AE: Source/ Ref.
system cycle AE features identified
25wt. % SiW, whisker reinforced | Vickers Hardness tester 0.63,0.8,1.0 | Loading & Crack growth/ [80]
alumina composites3(x 4 x 50 and 1.2 kN unloading Cumu. AE count
mm
Al,03-15% vol. SiC composite3( | Vickers Microhardness 9.8,19.6, 49, | Loading & Elastic waveAE [81]
X 4 x 20 mm tester 98,196 N unloading event, frequency
Metal-matrix composites Vickers Microhardness 20N Loading Twinning, [89]
(AI/AI ,05) tester dislocation¢ount
PolystyreneZ mm thick Steel balls Indentations on 1.0 mm mift | Loading Fracture/AE signal [102]
indenters (2.4 | Instron tensile penetration
& 1.8 mm testing machine rate
radius)
Amalgam and ceramic reinforced| Hard steel ball | - 0.02 mm Loading Failure of [103]
glass ionomer cement, GI0.4- of 20 mm dia. min? compositesAE
0.8 mm thickon 30% glass fiber- signal

reinforced polyamide5(mm thick
of 10 mm dig. substrate

Carbon fiber epoxy matrix7Q x Hemispherical | Indentation on 3 mm min* Loading Fiber damage/ [104]
70 x 1.5 mm shape indenter,| Shimadzu's UTM Count rate &

12.7 mm dia. amplitude
Al laminate and carbon/epoxy Hemispherical | Indentation on 3 mm min® Loading DamageCount rate | [105]
matrix (L00 x 100 min shape indenter,| Shimadzu's UTM & amplitude

12.7 mm dia.
Glass-fiber reinforced Hertzian Indentation on 1 mm min® Loading Crack initiation and | [106]
polyphenyleneether (GFPPE), shaped Shimadzu’'s ultimate failure/AE
polyphenylenesulfide (GFPPS), | indenter Servopulser counts

syndio-tactic polystyrene
(GFSPS),1.6 x 60 x 60 mjn

Carbon fiber reinforced epoxy Hardened steel| Hydraulic Instron 0.05 mm Loading Delamination and [107]
resin laminateZ50 x 250 x 1.6 ball, 4 and 7 8033/MTS Testar Il | min? fiber failure/AE

mm mm radius system energy

Mullite matrix embedded with Vickers Instron machine 196-427N Loading & Fracture & [108]
Al,03 and tetragonal zirconia unloading decohesionEvent
polycrystal (TZP) count & amplitude
Tetragonal Zr polycrystal powder| Vickers Vickers indentation | 49-491N Loading & Crack/Event, [109]
ZrO, stabilized with 3 mol. % tester unloading Cumu. event &

Y ;03 with single crystal AlO; energy, amplitude

platelets (platelets dia. 3um) as &
reinforcing phase28 mm dia.,

4.8mm thick

Unidirectional SiC (Nicalon Vickers Microhardness Debonding Loading Debonding [110]
fibres)/Mullite compositedross- tester stress 2-12 mechanismEvents

section of 5 mm x 8 mm and 10-12 GPa

mm length

Baudinet al.[108] compared the AE characteristics due to fractuteeofullite matrix
with its CMC reinforcing particles of aluminum oxide and tetragon@conia
polycrystals (TZP). Total numbers of AE events gathered duliagling were
correlated with the total area of crack surface and found tease with increasing load
in an approximately linear fracture. Shifts in AE signal btuge distribution were
observed for all three components (mullite matrix, and aluminurdeogind TZP
particles). The low values of amplitude for TZP (comingnfrthe decohesion of the
glassy phase) shows that the total AE energy is divided betwserala numbers of

events of high amplitude whereas the high values of amplitudduionina particles and
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mullite matrix (coming from the fracture of the matrix and igas$) reflects a division

into a large number of low-energy events.

Formet al. [109] were interested in fracture toughness differences batspecimens
of zirconia matrix material with alumina platelet reinforeem AE activity associated
with cracking was at the very initial period of indentation, amal higher amplitude
bursts were attributed to the influence of the plateletse sfall numbers of AE events
during the initial elastic indentation period were attributed tctibn between the

indenter and the specimen.

Brevalet al. [89] compared the micro-cracking phenomena in a metal-matripasite
of Al/Al,O3; with glass (MgO) sintered AD;. The metal-bonded alumina (Al/ADs)
exhibited less AE counts than glass-bonded alumina (MgO-sintepeil) Ahdicating
that some of the stress is taken up by the metallic phase.Si€ gNicalon fibre)
reinforced mullite composite, Rouby and Osmani [110] found that ABteaint was
a good tool for detecting debonding and the debonding mechanism betweeaniibr
matrix was found to be governed by energy release rate and notdoalafdilure

criterion.

Replacing and rationalising the time-consuming indentation crackhlengasurement
with the AE parameters to determine the mechanical prepesficomposites and the
specific crack sequence in which they form is an important aspéwt work of Baudin

et al. [108] and Fornet al. [109]. For example, Baudiet al. [108] proposed a power

law correlation between AE and fracture toughn&exijon 2.3.8

2.25 AE monitoring of metals and metal foams
Table 2.5summarizes the published work on AE monitored indentation of metdls a
metal foams. Because there are so few studies, thesksaussed per material in the

following.
Girodin et al. [111] studied the static and cyclic Hertzian indentation of hadlen

martensitic steel (750-800 HV), and identified cracking in sptafaiarbide particles

(size ~ 10 um) observed through surface microscopy at the edge plastic zone as
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the main source of AE during loading. The AE response of embrgttedtural and
tool steels during Vickers indentation was studied by Clough and Simfi@?2]. They
classified the steels in terms of hardness: < 40 HRC, 40-50, ldRd > 50 HRC and
found no AE from the softest group with AE always being observed irmdhdest
group. The intermediate group only occasionally produced AE. SEMsiaildicated
that the AE signals were produced by the nucleation and incrdngnatath of

subsurface penny-shaped cracks in hard steels. Finally, Breaal[89] observed no
AE during Vickers indentation loading of a polycrystalline aluminattoy and

attributed this to fracture-free deformation.

Table 2.5AE monitoring of metal and metal foams

Specimen Indenter Indentation Load/Rate Indentation cycle | AE: Source/ Ref.
system AE featuresidentified
Polycrystalline aluminum alloy Vickers - 20N Loading Fracture free [89]
(Al 5083 with 3.85% of Mg): deformation/No AE
Vickers hardness of 1.1-1.6 GPa detected
Martensitic steel (X105CrMo17) | Hertzian Static or 50 Hz 4000-15000 Loading Crack initiationrXE [111]
with M7C3 eutectic carbides cyclic load MPa signal
Embrittled steel such as pressure| Vickers Manual load - Loading Nucleating & growth | [112]
vessel steel with embrittled weld control on a 10:1 of sub-surface
and embrittled tool steel2.64 cm lever arm cracks/Amplitude
thick, 7.62cm dig. mechanism waveforms
Al-based foams, e.g. aluminium- | Flat-plate MTS hydraulic 5x10°- Loading Fracture & plastic [113]
silicon foam (AISi10) and Alporas| circular machine in 1.25x10" mm yield/ Count & event
foam (AICa5Ti3) 40 x 40 x 40 cylinder displacement st & amplitude
mm) punches: 1.5| control-quasistatic waveforms
and 5 mm compression
dia.
Metcomb AIMg1Si0.6CuCr + Flat-plate MTS hydraulic 0.025 mm ¥ Loading Fracture & plastic [114]
15% ALO; foams (aluminum circular machine in yield/ Count & event
matrix composite reinforced by cylinder displacement & amplitude
Al,O; or SiC particles) with punches: 5 control-quasistatic waveforms
different Si and Mg content3Q x mm dia. compression
30 x 20 mm

Kadaret al. [113-114] used flat cylindrical punches to examine the AE respons®dur
indentation of metallic foams, e.g. aluminium-silicon foam (0% and Alporas foam
(AlCa5Ti3) and Metcomb (AIMg1Si0.6CuCr + 15% »8k). The indentation punch
stress values were correlated with AE count rates. Fdraséd metallic foams [113],
the rise time of the AE amplitude was found to be indicatvetwo different
deformation modes; fracture (low rise time) and plastic \ieigh rise time). Foam cell
wall bending was identified as causing a continuous AE signal eakecell wall
buckling with fracture or yielding was identified as causing atbdype AE signal. Cell
walls were deformed directly beneath the indenter (celapsé) and densified to form
a rigid material. A high AE count rate was found when thesstdroped at cell wall
failure at which point high AE amplitudes were observed, anibatiéd to either

fracture or the formation of cracks.
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2.2.6 AE monitoring of thin solid films
Table 2.6 summarizes the published work on AE monitored indentation of thin solid

films, noting also the substrate material.

a. Hertzian (spherical) indenters

Swain and Wittling [84Jobserved considerable AE activity followed by a major burst
during loading of a TiN film on a silicon substrate. With incheg$oad both the coated
substrate and uncoated substrate showed a series of distinct AEveuntst with little
AE activity during unloading. A TiN film coated on sapphire subst@aroduced a
major AE burst event larger than for the uncoated sapphire whashattributed to
spallation of the TiN film from the sapphire substrate byldrecand twinning. Shiwa
et al.[115] found that AE was able to detect the onset of cracking afdaTild film on

a softer silicon substrate during loading, and film delamination dumitaading. Three
stages of indentation were identified during loading: elastiporese of coating-
substrate system (stage-l), development of circular filmkargcand/or shear faulting
(stage-Il), radial cracks and extended plastic deformatignludtrate (stage-Ill). During
unloading, a further three stages were identified: elasiponse of coating-substrate
system and interfacial delamination (stage-1V), continued radhiatking in films

(stage-V) and continued interfacial delamination (stage-VI

b. Vickers indenters

Tanikella et al. [116] observed a reproducible AE signal which did not vary with
loading rate which occurred at the fracture threshold in thin amor@i@usoatings
deposited on an Incoloy substrate. Intermittent AE signals rgedaamplitude and
duration were also detected with increased indentation load but red cadiateral
cracks or de-cohesion were observed. Wadteral. [117] investigated indentation-
induced cracking patterns of DC magnetron-sputtered boron carbides@itidgs with

a Ti interlayer leading to adhesive and cohesive failure fifoensteel substrate. The
cracking patterns (e.g. crack openings, corner cracks and ca#it®) @nd their AE
activities (counts) for coatings deposited at various flow odtacetylene gas were
found to vary. lkedaet al. [118] observed the initiation and progression of micro-
fractures in polycrystalline CVD diamond films deposited on @ Sibstrate. They
found that the AE event count and energy cannot reveal the fragpheedue to
indentation, which led them to study the fracture types by amalyhe first arrival (s

mode) Lamb waves detected by four sensors. Yoatal[119-120] found AE signals
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to be very useful in identifying and measuring the Mode-I rip@elcproduced by film

bending (leading to delamination under the tensile stresdNimfid DLC coatings.

c. Nanoindenters

Jungket al. [70] studied the fracture behavior and toughness of tetrahah@iphous
carbon films deposited on silicon substrates. ‘Pop-in’ displacementséxe events
during loading were attributed to film cracking and were asstiatith AE energy.
They also proposed load-independent empirical modgdstion 2.2.8based on the
type of cracking (radial or channel) to measure the fractonghhess using AE
parameters. The fracture toughness values obtained using theatlagproach (3.3-3.7

MPa.nt?) was found to be similar to the values measured using AE pean(@.0-3.8
MPa.nt?).

Weihs et al. [90] investigated Ni films coated onto glass slides and foand
displacement plateau equal to the film thickness during loadihgs plateau was
attributed to debonding of the Ni film, and was associatel stiarp AE signals. Swain
and Wittling [84] found some AE at very low loads due to asperitprdeition and

cracking of TiN films on silicon and sapphire crystal subs$radesignificant amount of
AE activity (counts) was observed during loading, as well asesduring unloading.
Major bursts of AE activity during unloading were attributed t@aénation of the film

with no radial cracking. The buckling of the film which led toaseination occurred
during the final stages of unloading and was driven by residual cesigestresses
within the film. Daugela and Wyrobek [121] also detected ABa&gdue to nano scale
cracking during loading and adhesive failure during unloading of SN @n

polycarbonate substrate.
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Table 2.6 AE monitoring of thin solid films

Specimen Indenter Indentation system Load/Rate Indentation | AE: Source/ Ref.
cycle AE featuresidentified
Pulsed laser deposited (PLD) 110nm | Cube-corner TriboIndenter 1to9mNat | Loading Radial and channel| [70]
thick tetrahedral amorphous carbon (ta- nanoindenter 20 mN & cracking/AE
C) on (001) silicon substrate signal, energy
Filtered arc PVD TiN film (0.8 pm Spherical, Ultra- 0-500 mN Loading & Cracks, [84]
thick) on Si and sapphire substrate Berkovich microindentation unloading delamination/
system (UMIS-2000) Counts
Nickel films (1 pm thick) evaporated Nanoindenter Load controlled 130,250 mN | Loading & Delamination/AE, [90]
onto glass microscope slides nanoindentation unloading events
Filtered arc PVD TiN film (2.7 um Spherical Ultra- 0-350 mN, Loading & Cracks, [115]
thick) on Si single crystal wafer of microindentation 0-650 mN unloading delamination,
thickness 1.05 mm system (UMIS-2000) deformationRMS
amp. & coung
Amorphous SiC coatings of 5um Vickers Indentation on piezo | 0.1-8 N Loading Fracture/Amplitude | [116]
thickness deposited on an Incolal( translator (PZT)
12 mn) by using low temperature mounted to cross-
plasma-assisted chemical vapor head testing machine|
deposition (PACVD) process
DC magnetron-sputtered boron-carbide Vickers Instrumented 40, 100, 300 | Loading Adhesive and [117]
DLC coating (1, 1.5, 1.9 and 2.5 pm indentation system and 750 N cohesive failure/
thick) on 52100 steel disk with Ti AE counts
interlayer 32 mm dia. and 6.5 mm
thick)
Polycrystalline diamond films deposited Rockwell-C, Instrumented 10-30 N at Loading & Lateral, ring cracks,| [118]
by CVD on sintered SiC substrat( Vickers indentation 0.02N & ; unloading delaminationAE
mm wide and 5mm thigkMicro- 10-50 N at signal
crystalline diamond-MCD film 0.49N &
thickness of 53 um for Vickers test;
Nano-crystalline diamond-NCD film
thickness of 35 um for Rockwell-C test,
NCD film of 33 um for both test
PVD-TiN film of thickness Vickers Vickers micro- 20 N at10 Loading Mode-I ripple [119]
4pm/4um/3.5um/1um on austenitic indentation test using| mN s* fracture/
stainless steel/carbon steel/forging electro magnetic Cumulative count,
steel/pure iron deposited on substrate servo-testing Lamb wave
such as austenitic stainless steel, carbon machine amplitude
steel, forging steel and pure iron
respectively 30 x 30 x 2 min
DLC thin film by CVD of thickness 3 Vickers, Micro-indentation 35N &30N | Loading Mode-I ripple [120]
um deposited on austenitic stainless | Rockwell (0.4 | test using electro at 100 & 20 fracture/
steel B0 x 30 x 2 min mm tip radius) | magnetic servo- mN st Cumulative count,
testing machine Lamb wave
amplitude
60 nm SiN thin film on Polycarbonate | Nanoindenter | Instrumented 1000uN Loading & Nanoscale [121]
substrate indentation Unloading cracking/AE signal
Polycrystalline 3C-SiC (a poly-types Nanoindenter: | Nanoindentation in 0-7000uN Loading Fracture, [122]
with cubic structure) CVD thin films of | Cube-corner Atomic Force Deformation/
thickness 50-285 nm diamond tips, Microscope Amplitude, Energy,
radius 116 and | retrofitted with a Frequency
685 nm Triboscope system,
Hysitron Inc.
Au alloy film on glass substrate Conical PbO- Microidentation 1.4-20nms | Loading Delamination, [123]
TiO2-Z2rO2 adhesion tester 10-12mN cracking/Counts,
amplitude
MPCVD diamond coated (6 pm film Brale diamond | Indenter adapted to | 50 um/min Loading Lateral & radial [124]
thickness) on sintered s8i, substrate cone UTM, Shimadzu’'s cracks, debonding,
(15.3 mm dia., 3.1 mm thick model AG-25TA AE signal,
amplitude
Polycrystalline diamond films (30 um | Brale diamond | Indenter adapted to | 50 um mii* | Loading Fracture and [125]
thick with 10 pm grain size) deposited| cone UTM, Shimadzu’'s at discrete cleavageAE
on sintered SN, ceramic substrate; model AG-25TA load range amplitude peaks
Micro-crystalline diamond-MCD film of 0-1000 N
using MPCVD; Nano-crystalline
diamond-NCD film using HFCVD
MPCVD diamond films of thickness 200pm radius | Indentation using 0-100 N, 0- | Loading Delamination/ [126]
5um (heat-treated/untreated of as- Rockwell-C CSEM-Revetest 200 N at 30 Amplitude
deposited sample) deposited on dc scratch tester N min*
sputtered Ti-interlayer of 0.6 um thick
on Cu substratelQ x 10 X 1 min
MPCVD diamond films of 1.5 um 200 pum radius | Indentation using 0-180N at Loading Delamination/ [127]
thickness on pure substrate such as T{, Rockwell-C CSEM-Revetest 30 N min* Amplitude
Cr, Si and Ti coated on Cu substraie ( scratch tester
x 5 x 1 mnjy Sputtered Ti-interlayer of
0.6 um thickness on Cu substrate befqre
CVD process
Nitrogen-doped stainless-steel PVD Rockwell-C Indentation using 0-40 N Loading & Tensile ring cracks/| [128]
coatings (10 um thick) deposited by LSRH-Revetest unloading Amplitude & FFT

reactive magnetron sputtering

scratch tester
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Ma et al. [122] suggested that crack nucleation and growth along grain boundarie
polycrystalline silicon carbide thin films with columnar naistructure was the most
likely accommodation mechanism during indentation. AE signals aes@ys produced
just before commencement of a ‘pop-in’ but not at any other point dbaldéng curve,
which they look to be indicative of a combination of deformation aactdre processes
in films and not associated with frictional slip at the indetifgfilm contact interface.
The load at the instant of ‘pop-in’ excursion (i.e. criticaldlpand the associated AE
energy increased with film thickness. Bahr and Gerberich [BSgstigated the
relationship between the measured elastic energy using the nanafiwtetéchnique
with the AE energy during indentation of brittle thin films ®f;N on sapphire
substrates. A linear relationship between released elastgienand the corresponding

delamination AE energies was observed regardless of sgamheetry.

d. Conical indenters

Tsukamotoet al. [123] observed sudden fluctuations in load during loading of thin Au
films on a glass substrate along with synchronous AE, which tHated to the film
delamination from the substrate. Indenting at 83d 43 to the horizontal produced a
typical ‘kink’ in the load-displacement hysteresis during loadinty wynchronous high
amplitude AE which was attributed to film delamination, crackamg slip of the
indenter. Tsukamotet al.[123] also studied the adhesive strength of diamond coatings
on Si wafer substrates and showed that the substrate was theauaie of most of the

AE peaks (mainly due to deformation and cracking).

Belmonteet al. [124] compared the adhesive behaviour of diamond film coated onto
SisN4 ceramic substrates polished to two different roughnesses. Thendjrmaterial

(Ra: 0.178um) exhibited the most intense AE peak due to spalling of the filnttasd
occured at a higher load, while the ‘polished’ material: (R013 um) exhibited
delamination of the film at lower load. Amravet al. [125] investigated the fracture,
cleavage and adhesive behaviour of polycrystalline diamond ééated onto sintered
SizsN4 ceramic. Although no correlation between the star shaped raacing around
indentations and AE was attempted, the observed high amplitude peskatwibuted

to fracture, cleavage and adhesion of the diamond films whileomact with the

indenter.
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Fanet al. [126-127] and lked&t al. [118] have investigated the adhesion of diamond
films deposited on different substrates by analysis of thiealribads. Faret al. [126]
identified and compared the critical loads during loading, which dadelamination of
as-deposited and post-treated diamond films deposited on Cu substrtedi wi
interlayers. For the post-treated films, the higher anneadingerature and/or longer
annealing time were thought to lower the critical load and béiixig worse adhesion,
due to changes in the structure of the diamond film/interlayetfatbsnterface. For
diamond coatings on Ti and Cr substrates, &aal. [127] found that the indentations
caused substrate cracking prior to the failure of the film/satlestinterface. The
diamond coated Ti specimen exhibited regular AE peaks of low ityenile a very
intense AE peak was detected for the diamond coated Cr sab3ina small AE peaks
for diamond coated Ti specimens were attributed to film crackind localized
detachment. They concluded that film cracking followed by filmaehhation was
associated with high intensity AE, and a number of failure modes dmuldetected
using AE, such as substrate cracking, film cracking and lodatleeachment, and film
delamination and its propagation. In nano-crystalline diamond (NiGD)oated onto
sintered SiC substrates, Ikedial. [118] detected and separated the outer ring-shaped
cracks due to tensile stresses and inner ring-shaped crack dompeessive stresses
using AE signals. They found that delamination of NCD films wassed by Mode-I|
fracture or buckling of the film due to compressive residuakstie the film. Higher
numbers of ring shaped cracks were attributed to the weak iatiemtgr cohesive
strength of the diamond film, whereas the few radial cratk$édD film were found to

be due to the difference of the compressive residual stresses.

Stebutet al.[128] developed an on-line AE tool using instrumented indentation (depth-
time) to identify brittle, cohesive and adhesive failurechamisms of nitrogen-doped
stainless-steel thin films. The sharp and high amplitude i§Baks corresponded to
brittle and tangential ring cracking during holding, whereas woatis low amplitude

AE signals corresponded to background noise identified right througmdkatation
cycles. They found that ring cracks developed through the codticihéss but no
delaminations from the substrate were observed.
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2.2.7 AE monitoring of thermal spray coatings
Table 2.7 summarizes the published work on AE monitored indentation of thermal

spray coatings surfaces, which is the material of nedsvance to this work.

a. Hertizan (spherical) indenters

Safaiet al. [27] used Brinell indentation to characterise the porosity o$npéaand

flame sprayed alumina coatings. The amount of cracking due to parosite plasma
sprayed coatings was approximately one-half that of the flameyespraoatings,

evaluated using the average AE event counts. It was theretoreluded that a
reduction in AE event count was representative of reduced porbkige authors also
used high indentation loads to study the debonding mechanisms of spoateys

from the substrate, but did not report any finding about AE.

The influence of a bond coat on the cracking features of plagmay coatings were
investigated by Sentrudt al. [30] using Hertzian indentation. They found that a bond
coat layer of NiCrAl under plasma sprayed partially staldlizeconia (PSZ) ceramic
coatings suppresses AE activity and associated this with surtaopressive stresses
inhibiting cracks. They also observed that the critical latdefmined on the basis of

AE energy) was higher when a bond coat layer was present for bdthuomisly and
non-continuously sprayed coatings. The cracking phenomena occurring during
indentation and the associated AE activity were also influebgetthe thermal spray

process parameters.

Table 2.7AE monitoring of thermal spray coatings

Specimen Indenter Indented | Indentation Load/ Indentation AE: Source/ Ref.
surface system Rate cycle AE features
identified
Al,O3 (oxyacetylene: 15% porosity), Brinell, Coating Brinell's 5 kN Loading & Densification of [27]
Al;05 (plasma: 8-9% porosity), Ads- 10 mm surface indentation unloading poresfotal counts

13%TiO; (plasma-fused: 4% porosity), | dia.
Al05-40%TiO; (plasma-fused: 6%
porosity), AbOs-40%TiO; (plasma-
composite: 4% porosity) on mild-steel
substrate; 130 um thick coating

Top coat (500 um) of Plasma-sprayed | Vickers Coating Depth 20-300 | Loading Fracture & [28]
Al,03-40% TiO;, Al,05-13% TiO,, surface sensing N Deformation/
Al,03-3% TiO, with Ni-Al bond coat indentation: RMS amplitude
(60-80 um thick) on low carbon steel Instron 4301 and frequency
substrate{5 x 10 x5 min
Top coat (900 um) of Plasma-sprayed | Vickers Coating High- 5-15N | Loading Fracture & [29]
Al;,03-13% TiO;with Ni-Al bond coat surface frequency Deformation/
(200 pm) on low carbon steel substrate| dynamic RMS amplitude
(5 mm thick as-sprayed and micro-wave impact and frequency
treated (at 20 kHz

impact

duration of 5

minutes)
Top coat (900-1100 um) of Plasma- Hertzian Coating Servo- 10 pm | Loading Pore coalesce, [30]
sprayed Yttria stabilized zirconia (YSZ)| WC ball, surface hydraulic st load layered cracking/
ceramic coatings with and without 3.175 mm machine: upto3 Energy and Event
NiCrAl bond coat (150-200 pm thick) on dia. Instron 8502 | kN

mild steel substratéQ x 7 x 2.54 mjn
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The results from Safat al. [27] and Sentrulet al. [30] indicate that soon after the
Hertzian indenter touches the plasma sprayed surface, AE @aenitswhich could be
associated with crack nucleation beneath the indenter and someAd sworirces could
be related to sub-surface effects such as mechanically indlade of pores and/or
densification due to the compressive stresses acting belowddneter. This has been
described further by Factor and Roman [34-35] working on micro-indemtaisting of
thermally sprayed coatings with a metal matrix. When indentieget coatings, the
material beneath the indenter experiences compaction (due tmaHecompressive
stresses) facilitated by failure of weakest links. The @wtipn may involve plastic
deformation of the metal matrix leading to development of amditiresidual stresses,
failure of the matrix-reinforcement interface, or locahaking of the hard phase
particles. In thermal spray coatings, the main contributdra@artdenter accommodation

is porosity closure in the stress field of the indentation.

b. Vickers indenters

Prasadet al. [28] carried out on-line AE monitoring along with off-line damage
assessment by scanning electron microscopy (SEM) to corrobleeatetical loads for
three grades of plasma-sprayed alumina-titania coating®4A0% TiO,, Al,Os-13%
TiO,, Al,03-3% TiO,) on a carbon steel substrate with a Ni-Al bond coat. They found
that the RMS AE increased at a critical load just befoeeonset of rupture of coatings,
after which the RMS decreased. It was found that, as tfteeqtage composition of
alumina increased; the critical load decreased. Ryrthey classified the AE response
into two categories according to AE frequency; deformation mode (35-4) dhtl
fracture mode (220-280 kHz). According to Prasdadal. [28], plastic deformation
produces continuous AE with low frequency, whereas cracking producssype AE
signals.

In an extension to the work of Prasadal. [28], Vijayakumaret al. [29] used high
frequency dynamic impact of a pyramidal diamond indenter to contipaueritical load
for rupture for plasma as-sprayed and microwave-treated (postspeaealumina-
titania coatings. It was found that, during the ‘deformation mdueftequency of the
AE was in the range 200-400 kHz for as-sprayed coatings and 800-900 kHz for
microwave treated coatings. They observed that post-treafmembwave treatment in
this case) of coatings increases the micro-hardness and segocesity so that

microstructure exhibits higher resistance to dynamic impacts flonger time. Also,
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post-treatment will reduce the residual stresses which migietrvaise drive further

coating damage during dynamic impact.

2.2.8 Prospects of AE monitored indentation testing

It is clear from the foregoing review that cracks fornthaing indentation of bulk
materials and coatings generate AE. It is also cleartlieatincertainty in quantifying
and measuring the total crack lengths in indentation makes aesirapture-mechanics
based assessment of coating toughness difficult for all butsithelest cracking
patterns. It is therefore expected that correlation betweean&iHracture patterns will
lead to an improved method for coatings quality evaluafi@ble 2.8 summarizes
those empirical relationships which have been published usindréadiure toughness
and cracking pattern. The review has indicated very limited worthermally sprayed
coatings certainly much less than on thin solid films. Suclkwasthas been done, along
with structural bulk materials, such as ceramics and compasitggests that cracking
patterns will be rather complex for coatings where there dudile (metallic) and
brittle component, so challenges were expected in observing rgagiatterns.

Furthermore, the difficulty in measuring the cracking makes dse of AE for coating

guality estimation all the more advantageous.

Table 2.8Empirical formulations for AE and cracking

Material group Materials Indenter/Indentation Mechanical properties evaluation using AE Ref.
GLASS Soda-lime glass Vickers/Tukon hardness Accumulated AE energy ~ (K 2y E)CA? ‘¢’ is median [98]
tester ¢
crack lengthK_ is stress intensity factor, afidis Young's
modulus.
GLASS Soda-lime glass Vickers/ Indenter fixed on | P-wave amplitude; AE amplitud@&*of first P-wave [96]
loading frame via a arrival of the unloading crack sign#l,= a (Pn-P)";
miniature load cell where a, nis a constant of curve fie, is max. load prior
unloading,P; is threshold load for unloading cracks.
CERAMIC SN Vickers/ Vickers AE Energy/Event ratio,s = AK. 2%, Ais a constant, (76l
indentation tester 1c
K¢ is indentation fracture toughness
COMPOSITE Mullite matrix Vickers/ Instron machine | Power law: Cumulative distribution of AE everfigA) = [108]
embedded with (A/AO)'b; A’is lowest detectable AE amplitude, indék *
aluminum oxide and gives a measure of fracture toughness
tetragonal zirconia
polycrystal (TZP)
CERAMIC Al,O3 Vickers/ Microhardness The AE energy ratéJ = ng2c/ E, where g is applied [79]
tester stressg is crack Iengthq is a constant, anB is Young's
modulus
CRYSTAL MgO Vickers/ Microindentation | Stress deformation relaxatiof,= (N-Ny)/N; Ny is AE [87]
tester signal due to indenter penetration ahds AE signal
during al indentation proces)(
GLASS Soda-lime glass Cube-corner nanoindenter AE energy = 0.60Y cis radial crack length [94]
CRYSTAL beta-SiC Cube-corner nanoindente] AE ener@y202c>%, c is radial crack length [94]
THIN FILM Pulsed laser depositefl Cube-corner nanoindenter/ Radial crack, = |2/ 47k A V2 gisa [70]
COATINGS (PLD) 110nm thick | Tribolndenter [(, )2 E"“ke*‘““"]
tetrahedral sensor constank; is fracture toughness,
amorphous carbon — i
(ta-C)ponL2001) and, Channel cracl; - L/ at; Kl)'z AE ackextesion U s
silicon substrate film thickness

There are no fixed standards (except on the thickness) for ¢hefdize indentation test

specimens, although much of the reported work is on relativeifl specimens, as
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little as 0.5 mm [e.g. 77] to 1 mm thick [e.g. 77, 89-90, 115,-128 129-130].
Extending findings to real structural components requires consatedtthe fact that
AE experimental data is influenced by specimen geometry [13]Ll-TB2re are some
guidelines for specimen thickness for indentation induced crackinglefodmation.
For indentation induced cracking, the thickness should be at leasinfies the distance
radial cracking extends from the centre of the indentation, rotitees the depth of
penetration, whichever is greater [133]. For indentation induced ndefion, the
thickness should be at least 1.5 times the length of the diagonall3534 These
limitations need to be considered when designing specimengAEomonitored

indentation, although other considerations might influence speapmnetry.

2.3 Thermal spray coatings
Since the work involves thermally sprayed coatings and the miogitof the thermal

spray process, it is appropriate to review this processyoriefl

2.3.1 Thermal spray principle and sources of AE

“Thermal spraying” is a generic term used for processes Whereprayed layer is built
up by partially melting a powder in a high temperature zone (aeflanplasma) and
propelling the resulting spray towards the substrate in the forsplats [136-137].
Various thermal spraying process exist (e.g., High VeloCy-Fuel: HVOF, Air
Plasma Spray: APS, Detonation Spray: DS and Cold Spray Gas @yra@GDS) and
all are used to produce thick-film coatings to combat surfaceadaton of engineering
components by wear, corrosion and fatigue crack initiation. Theikiereergy of small
particles has been found to dissipate within the substratriadan the form of elastic
energy [138], and AE can, in principle, be used to charaetdhis because it is
generated by rapid release of strain energy within a mategal of the energy radiates
from the source in the form of elastic waves which propagatetbgematerial surface
and can be detected using AE sensors. This can be reldinghyy shown for single
elastic impacts, but the situation is more complicated in spgayhere the particles
undergo significant plastic deformation, and there are many, ggedv&rlapping events
and a number of secondary processes (such as the collapse & pgdgiomerations

and phase changes) going on [139].
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The sequence of events leading to the formation of the coatiray thgrmal spray
process is shown in schematically figure 2.2Q Virtually any material that melts
without decomposing can be sprayed, and sprayed coatings are buileupydgyer.
Although the desired thickness of the deposit may vary depending upappieation,
protective coatings are typically 100-50@ thick.

Coating

Powders at higl
Substrate l Flame velocity
hoov '
AE Sensor ‘(\w I 99900
C‘N\ 4 Spray spo T
AE Monitoring v :
System, PC VT Particles at higl Thermal Sprayin
’ system
temperature

Splat coolincrate: 10C- 600 Kps™
Figure 2.20Formation of coating by a thermal spray process

This work uses two processes, HVOF and APS. The benefits ofFftHl@r APS are
lower porosity, higher bond and cohesive strength, lower oxide contemewequired,
better retention/control over particle chemistry and phasesthendbility to produce
thicker coatings. Typical values of thermal spray procesahtas for HYOF Spray and
APS are shown iffable 29.

Table 2.9Thermal spray process variab[@87]

Variants HVOF Spray Air Plasma Spray
Heat Source Oxy-fuel combustion Plasma flame
Flame Temperature ("C) 3000-3500 10000-15000
Gas Velocity (m/s) 1500-2000 400-500
Particle Temperature ("C) 1500-2000 2700-3500
Powder Particle Velocity (m/s)| 600-800 100-200

2.3.2 High Velocity Oxy-Fuel (HVOF) spraying and HI Ping

The HVOF processes [136-137, 140] rely on continuous internal combustiofuelf a
gas with oxygen to produce a high temperature, high velocity exhaastrgam into
which powder particles are delivered. Propylene, propane and leydarg the most
commonly used fuel gases. Flame temperatures are around 300d1@mtheelocity is
hypersonic (in the range 1500-2000 ™) and it is reported [32] that uniform heat input
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and acceleration are available over almost a 12" distancepdwder material to be
used for coating is injected into a carrier gas (nitrogeggraor helium) and delivered
to the process system using a pressurised powder feeder. The opaltially melted

and propelled by the combustion gases to impact the substrateyaligierspeeds
producing highly adherent and dense coatings. The quality of thepmegl coatings is
governed significantly by the coating powder characteristiegedisas other factors like
the spray process, operating variables and substrate surfgrapien. The spray
parameters most commonly varied are oxygen and fuel flow pateder carrier gas
flow rate, powder feed rate, spray distance, and gun scan Spesd.are a number of
commercial HVOF spraying systems (JetKote, DiamondJeg00B, THETA), and

coated samples from JetKote, JP5000 and THETA-gun HVOF sprayitgmsysire

used in this study.

In thermal spray coating technology, the term Hot Isostaésdiig (HIPing) refers to a
post spray treatment of the coatings. HIPing has the advaottagiform densification
in all directions and can thus offer homogenous microstructuremvdives the
application of a hydrostatic gas pressure up to 300 MPa and heatirigrtperature of
up to 2300 K [32]. HIPing greatly reduces porosity and the hardness andesistance
of the coating are improved [31-32, 48-49].

2.3.3 Air Plasma Spraying (APS)

A Plasma is a partially ionized state of gas, produced elijepassing a plasma
generating gas through a high intensity arc struck between égtraes (arc plasma)
or by high radio-frequency excitation of the plasma gas (RF pladmaPSs, the
plasma serves as a heat source to melt the injected pomideh is then propelled as
spray onto the substrate where it deposits and forms the co@yipgral arc gases
include argon, helium hydrogen and nitrogen, which can be used indepgruteinl
combination. Usually a mixture of monoatomic gases (e.gAf)eis used to provide a
good combination of high velocity and high temperature in the plakmee f Typical
plasma temperatures are in the range of 10000 to 15000 °C, whgmeas velocities
in the range of 400-500 m'sat the nozzle exit have been reported [137]. The spray
parameters generally varied are electrical current, g@|tevorking gas flow rate, spray

distance, powder carrier gas flow rate, powder feed mategan scan speed.
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2.3.4 AE monitored thermal spraying process

On-line AE monitoring during spraying of thermally sprayed cwgtihas an advantage
over current conventional coating quality testing techniques whelalboff-line (e.g.
mechanical testing procedures such as indentation, bendingsithahtestress analysis).
There has been some research undertaken on AE monitoring diettmal spray
process such as arc spraying [141] and atmospheric plasma spiayriji4]. In their
introductory work, Bohnet al.[141] found the energy of the AE signal calculated using
an auto-correlation function to be proportional to the kinetic energy oiirtpacting
particles. Crostackt al. [142] and Lugscheidest al. [143] developed a model which
relates the particle velocity and diameter of powder peastiualith the amplitude of AE
signals. Most recently Nishinoigt al. [144] used a laser-based AE technique to study
microfracturing, delamination and cooling process during sprajfilgE features can
be successfully correlated with spray process parametersoatidgcproperties then it
may be possible to use AE as a process control parameter tovengpohesive and
adhesive strength, hardness, porosity and tribo-mechanical prepsrtieermal spray

coatings using this technique.

2.4 Identification of thesis topic

AE monitored indentation testing has provided insights into the fundamental
mechanisms involved in fracture of brittle materials. It abgrably enhances the
information on a material's AE response, particularly when usigjrumented
indentation systems. Currently, there appears to exist no cabipagxperimental
evidence concerning force, displacement and AE characteridtichg Vickers
indentations of thermal spray coatings. Some relationships ke&vedibserved between
parameters of indentation deformation, fracture and the AE skriahone of these
have been applied to thermal spray coatings. Finally, theneich to be learned about
the behaviour of multi-phase brittle materials under indentasiod, monitoring of the

AE could considerably enhance this understanding.
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Chapter 3

EXPERIMENTAL METHODS

This chapter describes the experimental apparatus, matandlmethods used for the
research. Two distinct types of experiments are describedfirtterelated to AE
monitoring of the Vickers indentation behaviour of metals and tHrnsarayed
ceramic coatings, and the second related to AE monitoring ofhdrenal spraying
process itself. First, the materials are described, alotigthe various characterisation
tools used. Next, the AE monitoring apparatus and signal procetsihgique is
described, followed by the basic Vickers indentation apparatugsamstrumentation
for obtaining time-correlated measurement of force and depthgdumilenter loading.
The analysis techniques for crack length measurement incltiigngassical approach
and the AE-based indentation fracture toughness measurement nredellsa
described. Finally, the apparatus and procedure for AE monitorintipeothermal

spraying process is presented, followed by a summary of alliemgrés.

3.1 Material selection, specimen details and characterisatiorool

Three metals and six thermally sprayed coatings were selferténtdentation testing
(Table 3.7), although the full range was only tested for the preliminapeements.
The materials were chosen to give a range of accommodaticmamsm from purely
plastic deformation through a combination of plastic deformation and pemtdtle
fracture to fracture with little or no plastic deformatiéior the main tests, two types of
thermally sprayed thick coatings were chosen, one single [jAk£2;) and the other
multi-phase (metal carbides), each coating having a wamiath the deposition
conditions and/or post-deposition treatment. Most of the coatethspeused in this
study were prepared by thermal spraying onto one side of a sulesingisting of an
AISI 440C martensitic stainless steel disc of diameter 31lamrthickness 8 mm. Prior
to spraying, the substrate was grit-blasted and cleaned augoiali international
standards [145], and the spraying process parameters were whade had been
industrially optimized for the relevant coating materialefehare a number of factors
which dictate the residual stress profile in thermal spratiragsa[48-49], but the final
pass is always different in its residual stress profile tduthe absence of the shot-
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penning effect, which is caused by the high velocity of impagbadicles on the

underlying deposit.

Table 3.1Vickers indentation test specimens

Materials Specimen details Coating Surface Microhardness
(*Industrially thickness roughness values
optimized coatings (um) (Ra, pum) (HVi96N
[Appendix B])
Metals
Copper metal 99.99% pure - 0.021+0.01 9315 HV
Aluminium metal 99.99% pure - 0.034+0.03 108+2 HV
Hardened steel Martensitic (high carbon) - 0.026%0 77119
Carbide coatings
*WC-12%Co As-sprayed 300-325 0.043+0.01 1002+159
(HVOF, JP5000)
*WC-12%Co As-sprayed 300-325 0.045+0.03 1050470
(HVOF, Jet-kote)
*WC-12%Co HiPed 300-325 0.047+0.03 1018+177

(1123K/150 MPa/1 hr)
(HVOF, Jet-kote)

WC-10%Co0-4%Cr | As-sprayed 50-60 0.134+0.07 1097+110
(HVOF, JP5000) 990+18

Ceramic coatings

*Conventional APS (Metco 9MB) 250-260 0.27+0.02 683+38

Al,O; (> 98% pure) (Gold Sputtered)

*Fine powder A}JO; | HVOF (Theta-gun) 250-260 0.096+0.02 632129

(> 98% pure) (Gold Sputtered)

X-ray diffraction (XRD) analysis was used to identify the ailste phases present in
the coatings. A Bruker AXS, Model D8 ADVANCE X-Ray diffractetar was used
operating at 40 kV and 40 mA. G radiation was used (wavelengihs 0.1542 nm)
and the goniometer was run from 5.000° to 84.997° with a step siz®@8° @0) at

15.4 seconds per step. Data were collected at room tenmgerat

In preparation for the indentation tests, specimens surface greuad and polished
using, consecutively, 15, 6 andufin diamond paste in order to reduce surface residual
stresses which can affect crack lengths during indentation [2Jalaodo remove any
obvious asperity effects. It is possible that such polishingtithinduce stresses [146]
and cause pull-outs of hard particles in a metallic matrix tlatdscratches could act as
initiation sites, perhaps giving rise to more surface éngc#uring indentations than if
the surface were unprepared. However, any effect was espectee broadly similar
for all specimens and to give more consistent results than arpangdesurface would.
The microhardness of the polished specimens was measured intmrdssess the
microstructural uniformity and for comparison with the macroscalees. The Vickers

microhardness was obtained using a calibrated Mitutoyo, MVK-Hlhmeador five
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indentations applied to the surface of specimens at 1.96 N (or 20@dg)Before each
set of microhardness measurements the calibration systenthveaked using a test
block of hardness 304HV.

The microstructure of the specimens, the surfaces for indemtétie cross-sections and
pyramidal surfaces of the indentations, the powders and the tiifg @iamond Vickers
indenter were all examined using an optical microscope (Nikah,N60 monochrome
camera), at various magnifications and, where necesssiryg a Scanning Electron
Microscope (Hitachi: S-2700) or Environmental Scanning Electhdicroscope
(Philips: XL30). Before the indentation tests, the coated sgarEnwere examined
using the microscope in order to identify the level of contrdstlifferent coated
specimens. It was found that the microstructure of the HVOE-Q&%6Co: as-sprayed
and HIPed, WC-10%Co-4%Cr: as-sprayed) coated specimens coulerbelsarly,
whereas contrast in the APS 8k (conventional powder) and HVOF A); (fine
powder) was poor. These specimens were gold sputtered (~10-20 miayti) to
increase the surface contrast level to allow focussing ofpiaemen surface using the
optical lens of the indentation testing machine. To provide addltioretallographic
information, a small section of each coated specimen (APS ¥@fH\,O3; coatings)
was crushed to remove some coating from the substrate as flakesflakes
refrigerated in liquid nitrogen, placed in a vice and broken by ben@inggenic
fracture). The broken flakes were warmed to room temperatareirgsed with acetone
and dried, before microscopic examination of the fracture, ppraand splat

morphology.

3.2 Acoustic Emission testing and measurement

3.21 AE apparatus

The AE acquisition system and set-up are showirigure 3.2a The system was
assembled in-house and comprised; AE sensors with preamplifiersignal

conditioning unit, a connector block, a data acquisition card, and a campith

LabVIEW software for controlling the acquisition and storageaté dh the PC.

The AE sensors were of type Physical Acoustics (PAC Appendix-G, Micro-80D,

based on lead zirconate titanate (PZT). These are broadbamérdife AE sensors
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producing a frequency response between 0.1 and 1 MHz with a 340ekbzant

frequency, and an operating temperature range from — 6b/{(PE.

AE pre-amplifier (c)

AE sensor with
clamp (b)

Signal
Conditioning
Unit (SCU) (d)

Figure 3.2 Acoustic Emission testing apparatus (a) PC and AE systerBrgadband
PZT AE sensor (PAC, Micro-80D), (c) Pre-amplifier (PACiese 1220A) and (d)
Signal Conditioning Unit, connector block and gain programmer

The AE sensor converts elastic waves propagating through theriahaunder
examination into a time varying voltage signal, which is knowrbeé reproducible
although the possibility of reflection of AE waves at the edgthefspecimens exists.
The sensorsHigure 3.2b) are 10 mm in diameter and 12 mm high and were held onto
the flat test specimen surface using 100 thick aluminium tape and custom made
magnetic clamps. In order to obtain good transmission of the Alsitpe surface was
kept smooth and clean and silicone high vacuum grease was used astcoufil any
gaps caused by surface roughness and to eliminate air which othigintvise impair
wave transmission. Before every test, the sensitivitghef sensor was checked by

breaking a lead pencil close to it to ensure signal detection

Preamplifiers of type PAC series 1220Rigure 3.29 were used to amplify the AE

signal to a level that can be carried by a BNC cable and dedviey an Analogue to
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Digital Converter (ADC). The amplifier had a switchaB®60 dB gain and an internal
band pass filter between 0.1-1 MHz. The preamplifier wasepeadvby a + 28 V (0.2 A)
power supply and used a single BNC connection for both power and sidmal. T
programmable 4-channel signal conditioning unit (SCU) and gain prognaghigé-
high: +6, high-low: 0, low-high: -6 and low-low: -12 dB) were of in-hoosestruction
and were used to power the AE sensors and pre-amplifiers, as shévwgurie 3.2d
Table 3.2shows the amplification level used for different studies.

A National Instruments BNC-2120 connector bloékg(re 3.2d) was used was to
carry signals from the sensor to the data acquisition sysiéms. was a shielded
connector block with signal-labelled BNC connectors and included &nhddethat it
can test the functionality of the hardware. Signals fromRE& AE sensor, linear
variable differential transducer (LVDT) and load cell werguaed through this
connector block.

Table 3.2Amplification levels of AE signals

AE monitoring Material Materials Amplification (dB)
during type @ Pre-amplifier | @ SCU
Vickers Metals Hardened martensitic steel (high C) 60 +6
indentation Aluminium 60 +6
Copper 60 +6
Carbide/ | HVOF (JP5000) as-sprayed WC-12%Co 60 0/+6
Ceramic | HVOF (JetKote) as-sprayed WC-12%Co 60 +6
coatings | HVOF (JetKote) HIPed WC-12%Co 60 +6
HVOF (JP5000) as-sprayed WC-10%Co- | 40 +6
4%Cr
APS (Metco 9MB) conventional AD; 60 -12
HVOF (theta-gun) fine powder AD; 60 +6
Thermal spraying| Carbide | HVOF (JP5000) WC-10%Co0-4%Cr 40 0
coatings

The acquisition of raw AE signals requires high performanca dammpling and
compatible computer systems, so a National Instruments (RIL6PL5 board data
acquisition card (DAQ) which has 12 bit resolution was used, assdniiib an in-
house built desktop PC as shownFigure 3.2a The board can be used to acquire
simultaneously the raw signal at up to 10 M samples/s for uputochannels (i.e. 2.5
M samples/channel) and uses a full length PCI slot. The Dél@ge input range was
set at + 42 V on the total on-board memory of 64 MB per channelbdde supports
only a 4-pseudodifferential input configuration and has maximum vojtagection of
42 V (channel-to-earth and channel-to-channel). LabVIEW softdrara National

Instruments was used to control and to obtain the raw signalstfi®i®CI-6115 board
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and in-house developed LabVIEW code [23] was used to control samgdugehcy,

number of acquired samples per channel, number of records, inpet @eetrigger

data, trigger channel and trigger level. The data in this sietg acquired at 2.5 M
samples/s for two seconds, unless otherwise stated.

3.22 AE signal processing techniques

Generally, AE waveforms (amplitude-time) are very complex difficult to use
directly to determine the condition of a system under test. Abeurof conventional
features [20] have been developed specifically (Begre 3.3 to describe non-
continuous AE, characterized by time-series burst signalgewhe amplitude usually
rises rapidly to a maximum value and decays nearly exponentiathetbackground

noise level.

1. Bipolar raw AE signal 2. Processed Signal: AE signal after taking
absolute of bipolar raw AE signal

Vabs Energy,E = Grey shaded
area of signal above threshold

Amplitude (VarsV)>0

V(1)

A - - Threshold level\y)

Background noise_iL ) Time (sec)

7/ 7
/
0/ IX

Ring-down countR=5

e B aig [ >

[]

Event duration,
tl t2 t3 t4 t5 T= t1+t2+t3+t4+t5

Figure 3.3 Schematic diagram showing calculation of the AE features:damga count
R, energyE and event duratioh

In practice, even at 2.5 MHz sampling rate, the AE assatiatth individual cracking
events may well overlap and the specimen is small enough thaea event will
probably be recorded, because of reflections from the spedo@mdaries. Thus the
AE must be regarded as representing the cumulation of a numbeerds avithin a

given time window and so only an averaged energy can be abtaittee time window.

For the purposes of making an assessment of the correlatiorebheMMteand cracking,
one can suppose that the energy associated with the signifiEarg &pproximately
proportional to the area of new crack surface formed. Continuous rbackiynoise

amplitude was found throughout the study at all indentation loads, satamatic
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analysis threshold level of 15% above the continuous background noisewasel
chosen to define significant AE activity. An AE ring-down col®twWas obtained from
the number of times that the signal amplitude crossed the pesstold in the positive
direction. The AE energy was calculated as the area underbwute of the signal

above threshold:

t
E= | (Ve V) dt it (V,
t=0
where Vg is the absolute voltagdy; is threshold voltage andis the time (above

bs— V) >0 (3.1)

threshold) from the beginning of the event, asstllated schematically iRigure 3.3
The event durationT] is the total time that the signal spends abovestiold was

calculated as follows:
T=>% (3.2)

wheret; is the individual time duration for each of the ession above thresholdR
(Figure 3.3). In such analysis, overlapping events are naindjsished from each other,
although this will only have an effect on ring-dowount and event duration, and not
on energy. The frequency spectrum of the raw Alaigvas also calculated (using
Welch’'s power spectral density method [23-25]) tetablish any frequency
characteristics of the AE generated. Prior to aignad processing all data were

corrected for gain in the data acquisition systsmgiEquation 3.3 [25].

A= 20I0g(U % ij 3.3)

whereA is signal gain expressed in dB adg/U; is the ratio of output to input signal

amplitudes.

3.2.3 AE transmission in small test specimens

Since the test specimens are relatively small hadrtdentation process is continuous,
it is necessary to determine the characteristicAfwave propagation in the coated
AISI 440C stainless steel discs of diameter 31 mmd thickness 8 mm. Such a
calibration allows an assessment of the approxineagoral resolution with which AE
events can be determined, as well as understarafiggtime or frequency domain

characteristics introduced by the specimen.

The characteristics were determined by placing Brs@nsor near the circumference of

the specimen on the coated surface, much as laceg during the experiments, and
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recording AE from a simulated source. A pencil wathin-house machined guide was
used to generate simulated AE sources by breakid anm diameter and 2-3 mm
length 2H pencil lead [147] (the so-called Hsu-Bé#l source) at three different
locations as shown iRigure 3.4, and data were sampled at 2.5 MS/s for two seconds

for each test, and a total of 5 tests were doeactt location.

TOP VIEW

Moment applied to break lead

Teflon guide
Pencil break
locations

Ne s

2H pencil lead

0.5 mm diameter;s

2-3 mm length

AE sensor

Collar parallel to
surface

\.2

Figure 3.4 AE characteristics in small test specimen usingiatpmpulse source
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showing the rise-time of 20s, and (d) AE energy and decay time at all threatlons
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Figure 3.5ashows the key features of the recorded AE sidioala typical pencil lead
break at location 2 (which did not vary much foe thther tests). The power spectrum
(Figure 3.5b) shows responses between 200 and 400 kHz, witlatbest peak at 340
kHz (resonant frequency) which reflects the chandstics of the sensor (as shown in
the calibration certificateAppendix ¢. The AE signal rise time varied between 20 and
30 ps Figure 3.59 whereas the decay time varied between 8 and 1(Figsre 3.5d)
and the variation in total AE energy and AE dedayetwas small. Given that the
pencil break represents a step unload, its frequenatent and decay characteristics

can be used to establish a datum for the spectnginirae resolution.

3.3 Vickers indentation tester and instrumentation

A conventional Vickers macrohardness testing machuas used with loads ranging
from 49 to 490 N, applied to a diamond Vickers mge. It was found that debris from
the coated specimens adheres to the area arountiptlfeigure 3.6 and so the
indenter was cleaned after each indentation bysprgsit into a weak proprietory
adhesiveigure 3.6b).

Figure 3.6 SEM image (top view of tip) of new diamond Vickenslenter: (a) debris
concentrated and spread around tip after inderasgprayed HVOF (JP5000) WC-
12%Co coatings at 490 N load, and (b) indenterr afteaning with mild adhesive.
Arrow shows the indenter tip

The Vickers indentation testing machine is showrkigure 3.7 (W&T Avery Ltd.),

and its instrumentation is shownhigure 3.8 The machine was designed to work open
loop according to international standards [134-13&hg a constant dead-weight, the
load being selected by adding weights to a stackeduence of levers and cams picks
up the stacked weight(s), and a dashpot smootleedabcent of the indenter once the

weight is released manually. As with all indentatitests, the specimen surface is
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focussed using a microscope objective lens pritwading, which ensures a fixed small
initial gap between the indenter and specimen serfA 15 second dwell time was used
before unloading as specified by international didads [134-135].

Figure 3.7 Instrumented Vickers indentation experimentaluge-

A load cell based on a strain gauge transducer avithpacity of 2.45 kN in tension or

compression (Model RLU, RDP Electronics Ltd, UK)sa#sed to measure the reaction
force in the specimen as the indenter descendswAnbise, high precision strain gauge
amplifier (Model: S7DC, RDP Electronics Ltd, UK) svaised to convert the load cell

output to voltage. The load cell was laid on th&dyo anvil of the indentation machine,

and the specimen was laid on the top surface offotie cell, leaving a clearance of 0.2
mm to bring in the indenter. The load cell waskrated by loading and unloading a
range of dead-weights and the resulting curveasvshnFigure 3.9
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Figure 3.9 Load cell calibration

A calibrated spring return

inductive displacemeanhsducer (LVDT, Model: GT 1000-

1.25, RDP Electronics Ltd, UK was used to measim® indenter head vertical

displacement. The LVDT

had a range of £1.0 mm dritg of 0.25% and uncertainty of

calibration of 1.25um). It was mounted in a holder to present the aumeato a

cantilever bar attached to the indenter head asrshszhematically inFigure 3.1Q
Power was supplied to the LVDT from a 15 V DC/50@ (Model: TML 15215C,
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Traco Power, UK) unit and a calibrated in-line D@pifier (Model: STAC, RDP
Electronics Ltd, UK) was used to provide the sigmabportional to indenter

displacement.

Indenter head
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Figure 3.10Design and set-up of LVDT holder

3.4 Vickers indentation measurements

All the indentation tests were carried out operplesth an AE sensor mounted on the
specimen surface. In a sub-set of the tests, ttentation was instrumented to include a
measurement of the force and the displacement.pen doop indentation tests no
feedback is used between force and depth (or displant) during loading cycle. The
approach taken here was to measure the AE sigdalisanthe force and depth against
time during the indentation to understand the @ses that might occur in a production
environment using a simple open-loop test. The i@ps was assembled as shown in
Figure 3.7. Data acquisition software as describedattion 3.2.vas used to record
the stream of data from up to three input chanfietse+: channel 1, displacemeht-

channel 2 and acoustic emissidnchannel 3) as a function of timé.(For fullly
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instrumented tests, the LVDT (channel 2) was used &igger channel and, otherwise,

data acquisition was triggered through the AE ckawith 40 ms pre-trigger.

Image

Lens
Vickers Indenter v

Surface focussing planes

Image focussing gapy

Maximum depthhy,

Figure 3.11Principle used to measure the indentation dispiace and force

For AE based instrumented testing, the specimems placed directly on to the inbuilt
plinth and the AE sensor placed on the coated seurfive indentations were carried
out at each of the ten loads and the AE signalsrded during loading of the indenter.
No AE signal was detected during indenter unloadamgany of the specimens at any of
the indentation loads. The duration of the applicabf the test force was 15 seconds

but AE was only observed during the first two setofor all loads tested.

The principle used for measuring the indentati@pldicement and force during loading
is illustrated inFigure 3.11 The inbuilt microscope was used to focus theaserfand
the image focussing gaps( and maximum depthhg) was measured using the LVDT
transducer. Release of the load following the imémmissing process triggered the
LVDT transducer as the indenter passed the suftamessing planeS). The load cell
time history starts when the indenter touches gecisnen (aiC) and ends when the
indenter stops (aE), although some oscillation was detected in tred loell at this
position. Consequently, the indentation deth) could be determined from the load

and displacement time histories.

In the fully instrumented tests, data from the ¢hsensors (load cell, LVDT and AE)

data were acquired synchronously at 2.5 MS/s &ecnds. The data from the load cell
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and the LVDT did not need to be sampled at suclgh sampling rate, which was
dictated by the need to record raw AE data. Theeetthe load-displacement data were
low-pass filtered digitally at 1 kHz for the loadlicand 0.1 kHz for the LVDT.

As mentioned earlier, the indentation force waseoked to oscillate at the end of the
descent, with the oscillations damping over a tohearound 1 second. Dead-weight
indentation can be modelled using™ @rder differential equation where solution is a
damped oscillationAppendix . A measure of the contact stiffness could be made

from the overall slope of the loading force-dispglament P-h) curve.

The mechanical loading energi.f of indentation was assessed from the area under

the force-displacement loading curve (Equation:3.4)

h=h,

E = j Fdh (3.4)
h=0

whereF is the loading force antdlis the displacement from the beginning of the lngdi

(i.e. after the indenter contacts the surfaceiljusrated schematically iRigure 3.11

900 -

800 -

700 — 49.03N

—98.06 N

—147.09 N
—196.12 N
——245.15N
—294.18N
——343.21N
—392.24 N
—441.27 N
—490.3N

600-
500-
4001
3001

200

Indenter head displacement (um)

100

Figure 3.12Displacement of indenter with no specimen in place

The indenter displacement curve has two phasesglthie loading cycle, one between
release and contact and one between contact aab s&ttling. Figure 3.12 shows

displacement-time curves with no specimen benela¢hindenter and the average
velocities ranged from 225 to 630n s* depending on the load. With the specimens

beneath the indenter the average approach velatityhe specimen surface was
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measured at 85 to 385 p, slepending on the loadable 3.3shows the international
standards for the approach velocity of indenter® hain consequence of this analysis
is that the approach speed of the indenter wily wgnificantly with load and this may

affect the response, particularly for more brittlaterials.

Table 3.3Requirements and standards on Vickers hardness test

Standards Indenter approach velocity, Load Time ofpplication of Ref.
the full test load
JISR 1610 Gradual contact [58]
DIN 51-225 F <49.03N 0.3-8 sec [58
-- 300 pm set [64]
BS EN ISO 6507-3: 1998| 50-200 pm Se(F < 1.96 N) <=10 sec [134]

50-200 pm set (1.96 < F < 49.03 N) | 6-8 sec
50-1000 pm set (F>=491t0 981 N) 13-15 sec

BS EN ISO 6507-1: 1998] 200 pm 3ec 2-8 sec [134]
ASTM: E-384-89 15-70 pm S&c 10-15 sec [148]
BS 5411-6: 1981 15-70 pm set 10-15 sec [149]

ISO 4516: 1980

Experimentally, there are two ways to measure itatermm depth, one using
instrumentation techniques (e.g. LVDT), which measuhe actual maximum depth (or
experimental depthy,, Figure 3.13 at peak load. The second way is to measure the
impression diagonals (geometrically measured déptisigure 3.13 using an optical
microscope after complete indenter removal relyamgthe known geometry of the

indenter to infer the depth.

e Residual diagonal, 2a
| |
|
|
|
|
|
|
|
|

Piling-up

Figure 3.13Vickers indentation depths wherg s maximum indentation depth ang h
is contact depth

As shown inFigure 3.13 the contact depttn) is lower than the actual maximum depth
(hm) in ‘sinking-in” and vice-versa in a ‘piling-up’ echanism. The residual geometrical

depth was measured from the geometry of the imjpressing Equation 3.5 [38]:

_2a
h == (3.5)
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where, 2a=

@ is the average diagonal size. The geometrical meamsnt

technique of indentation depth is also subjectdditaonal error due to elastic recovery
in some materials leading to reduced impressioe @ indent. The percentage
difference between actual maximum depth) (@and geometrically measured depith) (
was calculated using Equation 3.6:

%A = (%} x100 (3.6)

At least five indentations were made for each laad the macrohardness (HV) was
determined by measuring the two diagonals of ther@ssion after indenter removal

(indentation hardness), excluding any diagonalksaand using Equation 3.7 [134]:

(2a)*
whereP is the applied load in Newtons. Indentations vwapaced greater than 2.5 times

HV:O.189{ P } (3.7)

the diagonal apart [135], to avoid any interacti@miween the surface and sub-surface
fractures of neighbouring indentations. Before eael of indentation testing the
calibration system of the indentation machine vessetd using a standard test block (35
mm x 20 mm x 10 mm) which had a hardness of 76 24¥92

3.5 Surface crack length measurement and sub-surface damage ass®ment

The conventional method of measuring the cracktfeagound indentations is to take
the average of the radial crack lengths at cormgirgy a direct straight-line method. The
method simply determines the average diagonal (giwéuding radial cracks,@ and

subtracts half the average impression diagonal aiz€2a + 2a,)/ 4, so thatla, the

average of the radial crack lengths at the fouemdorners, is given by, =c-a.

Because the cracks were branched in all casedifingronethod was used in this study
as shown irFigure 3.14 on the basis that it is the overall extent of cragkduring
indentation that is indicative of the volumetriawigge and reflects the brittleness of the
surface region. This is a particularly importanstigiction in less homogeneous
materials where the corners of the impression nwgcae with relatively tough or

relatively brittle parts of the microstructure.
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Figure 3.14Scheme for measuring the total surface crack kengt

Accordingly, the surface crack length was measurediiding radial cracks at corners,
edge cracks, ring-shaped cracks and other smaks@ound the indentation as shown
in the schematic diagram iRigure 3.14 As illustrated inFigure 3.14 (left), crack
lengths in the surface plane between points A andeBe assessed using a profiling
method by adding together the serrated crack pathit ulengths,

ln =X + X+ X, +X,. The minimum unit length was determined by the

resolution of the micrograph (here 2 uf). The total surface crack length was then

obtained from the sum of the two diagonal sizes pluthen resolvable crack lengths:
Ltotal = Zl yn (38)

Also, for comparison with conventional approachigs,the average of radial crack
lengths at the four indent corners was determimebtihe dimensiorg, calculated from
[7]:

c=I +a (3.9)
There are, of course, other sub-surface crackshwhre not measurable using the
optical microscope without sectioning and are tfugee not included in the above
technique. However, since the primary purpose adsuegng surface crack length is to

correlate it with indentation load and AE featurth$s is not an insurmountable
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difficulty. Surface crack length measurements werade on an optical microscope
(Nikon, with N50 monochrome camera) at various nifagation levels (5%, 10x, 20x,
40x) appropriate to the size of indentation. Theckrlength measurements were made

just after each set of indentations, as some creaksclose up with time (called time-
aging).

Whereas it was not a primary measurement, sometatiens (e.g. as-sprayed HVOF
WC-12%Co) were cross-sectioned using a low speadhalid saw to provide an
assessment of the sub-surface damage in ordehtmesa understanding of the way in
which the material accommodates the indentatioecfiipally, cross-sectioning should
help identify if classical indentation crack regsres described iBection 2.1such as
‘surface-radial or Palmqgvist cracks’ and ‘sub-scefaradial-median or Half-Penny
cracks’ were present and to what extent surfacerghons can serve as a measure of

the total amount of cracking [11, 17].

An example position for the cross sectioning isvah@chematically irfFigure 3.15
The samples, which included many indentations anside of the coated surface, were
mounted using cold embedding resin, sectioned atfidhed, and, whereas it was not
possible to section a specific cross section ofsingle indentation, it was possible to
view a number of indentations in each section. Thospection of the sections
permitted a semi-quantitative assessment of thecwsffof loading on the three-
dimensional crack distribution and an observatidn other ways in which the
microstructure accommodates the indentation, sadleasification by reduction in the

amount of porosity.

Sink-in zone

Cross-section plane

Edge cracks

Radial cracks

Figure 3.15Schematic diagram of Vickers indentation crosgiseing
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The sample was vacuum impregnated in a Struersdepsystem using a transparent,
low viscosity Struers Epofix resin and then cutyvaeear to an indentation at a given
load using a low speed diamond saw, cutting indibection from the coating towards
the substrate, to avoid delamination. Polishing wvdase carefully to reach the
indentation cross-section using increasingly finie [gvith 220 (or, 68im), 600 (or, 26
pm) and 1200 (or, }8m) size, Struers MD-Piano system] and a diamonutdgrg disc.
Once the required indentation was reached, theosegtas finally polished with
diamond paste (6, 1 and Oiim) to enable a sharp cross-sectional view of the
indentation sub-surface zone. The vacuum impregmagchnique [150-151] enables
the low viscosity resin to reach most of the sweflicked cracks and pores, and, upon
solidification, the resin acts as reinforcement obef during and after sample
preparation and reduces the possibility of furtti@mage during cutting and polishing
of the area of interest. The diamond bond used IrABNO ensures an even material
removal from both hard and soft phases and avaoigsasng of soft phases or chipping
of brittle phases during grinding. Following grindi and during polishing, the cross-
sections were regularly monitored under an optimoédroscope. Finally, the cross-

sections were examined using a Scanning Electrandgitope (SEM).

3.6 Vickers indentation fracture toughness measurement

As explained inSection 2.1.1there are two main classical models (‘Half-penagt
‘Palmqvist’) which underlie the determination ofcKers indentation fracture. In this
study, an analysis has been carried out based ese tklassical models and an

alternative approach has been identified.

3.6.1 Classical approach

According to the various published analyses ofitigentation of brittle materials, the
main types of cracking observed are either surfad&l cracks (Palmqvist cracks), or
radial-median cracks (Half-penny cracks). Niharal [7] have distinguished between
the two in terms of the classical dimensiamd, and ¢ described inSection 2.1.1
Palmquist crackd, /a < 2.50r ¢/a < 3.5 and half-penny cracks/a = 2.5 [11]. In this
study, the average value lgffa andc/a were well within the Palmqvist régime, and this
was also supported by the absence of sub-surfatal-raedian cracks. Shetst al.

[10] have devised an empirical model for Palmqeisticks, which allows the fracture
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toughness (in units MPaff) of the coating to be determined from the load aratk

dimensions:

whereP is the indentatlon load (in Newtons)js the average indent half-diagonal size
and |, is the average of the radial corner crack lengbuth in metres. The above
formula for the determination of fracture toughnassumes that the surface is initially

stress free.

3.6.2 Alternative approach

In their review on the formulation of standardisgdlentation fracture toughness
equations Ponton and Rawlings [33] have developeserges of generic fracture
toughness equations (based on Palmqgvist and Haffyperack models), to describe the
relationship between the surface radial crack Renigtindent half diagonala, and
indentation loadP. They recommended ‘generic equations’ (GEs) wisehmarise

much of the practice observed, but all essentisly a crack length measurement and,

implicitly utilise the relationshib<I :‘/’UA‘/E [4]. Here, the GE has been modified to
replace the average radial-corner crack lergtiwith either the total surface crack
length L, the AE ring-down counR, the total AE energye or the total AE event
duration T to give a modified generic equation for AE-basedcture toughness

estimation Kyc) for Palmquist type cracks:

K, =k L\/_} (3.11a)

_ P
Ky, =K {—a. R} (3.11b)

whereX is one of variableR, E or T andk_ andkae are empirical constants which can
be determined for any given indenter/specimen/ABtesy combination. The
dimension ofkag depends on the dimension Xfa is in metresL is in metresR is a
number,E is in Volt.seconds and is in seconds. As mentioned in the introductiois i
expected that the AE arises from crack extensiamtgss and therefore it might be

expected that the AE record and total crack lemgiihoe correlated.
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3.7 AE monitoring during HVOF thermal spraying

This experiment involved an HVOF (TAFA JP-5000, Mon Coatings Ltd., UK)
thermal spraying system using spherical and pordiG-10%Co-4%Cr powders
(AMPERIT® 558.074) of size 45/1%m (seeFigure 3.1, an AE sensor, data
acquisition system (discussedSection 3.2and an experimental rig for in-process AE

monitoring shown irFigure 3.17andFigure 3.18

Figure 3.16 SEM images of WC-10%Co-4%Cr powders

Table 3.4HVOF spraying parameters

Spraying system | Oxygen flow | Kerosene flow Spraying Spraying rate
(I min®) (I min®) distance (nm) (gmin™)
JP5000/HVOF 920 0.27 and 0.20 380 80

Table 3.5Experimental matrix (AE monitoring of HVOF thernsgiraying process)

Fuel Pr. High Pressure (P1): 0.27 litre miff (fuel) | Low Pressure (P2): 0.20 litre mift (fuel)
Slit width A B C D A B C D
@Bmm)| 2mm) | (Imm) | (0.5mm) | (3mm) | (2mm) | (I mm) | (0.5 mm)
HVOF 250 250 250 250 250 250 250 250
gun speed 500 500 500 500 500 500 500 500
(mm/sec) 750 750 750 750 750 750 750 750

The test was devised to observe whether or notar slignal could be recorded while
the substrate material is being coated, and whethersignal is distinguishable from
that associated with the continuous backgroundendidixed set of parameters with no
air jet cooling for the HVOF spraying system wassdn Table 3.4) and the process
parameters were varied as summarisetiaible 3.5 four spray gun lateral speeds (250,
500, 750 mm séY and two kerosene fuel flow rates, 0.27 and 0@ Imin*
corresponding to two levels of fuel pressure, Rd RR. The spray was directed through

a series of slit arrangemenppendix D labelled as follows; A: 3 mm 10 mm, B: 2
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mmx 10 mm, C: 1 mnmx 10 mm, D: 0.5 mnx 10 mm, and discussed in more detalil

below.

Masking¢-sheet
with slits

AE sensor
with clamp

AE pre-amplifier

HVOF gun scannini |
direction on lathe guide k.

Figure 3.17 Experimental set-up: AE monitoring during JP5000Q# WC-10%Co-
4%Cr thermal spraying in coating chamber (Monitoatihgs Ltd, UK)

PAC Broadband PZT sensor:
PAC Micro-80-D

(0.1-1.0 MHz), R= 332kHz;

Pre-amplifier (PAC 1220A)

12 bit NI, PCI-6115 DAQ,
and AE 4-channel system,
SCU;
Sampling rate 2.5MHz/2 sec

Computer

Figure 3.18Schematic diagram of AE monitoring during thersalaying process

The masking sheet, coating substrate and holdex wmade of mild steel sheet of size
300 mmx 500 mmx 3 mm thick and the mask had an array of varyindthwslits of
height 10 mm cut into it using a Ferranti MF600 d&ser CNC machine tool. Each
row of the array consisted of a set of one paiculidth of slit, equally spaced with a
27 mm edge-to-edge gap across the width of the iffggbendix ). The substrate and
holder were both securely clamped to a stand aarshio Figure 3.193 and an AE
sensor was located in the middle of the grit-bldstigbstrate on the reverse side to that

being sprayed as shownhigure 3.19h and held in place using a magnetic holder with
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silicone grease. It was verified that no measurAlllevas transmitted from the mask to

the substrate using a simulated source (pencildesak test [151]).

Figure 3.19(a) Fixture of maskin-sheet, stand, coating satestwvith rubber bush and
nut-bolt (2.5 mm gap between sheets) and (b) Looatf AE sensor behind coating
sheet

Apart from the above-mentioned experimental mafspraying through slits), an
experiment was carried out using continuous mykitaHVOF thermal spraying to
compare with the AE signal through slits, and gevemore industrially realistic
assessment. To this end, a brief test was cartielyospraying with 200 mm ségun
scanning speeds on a flat mild-steel substrate5fdayers. From the multilayer
experiments, two rectangular specimens of sizem#2x 58 mm (100 mm séogun
speed) and 72 mm x 27 mm (200 mm“sgan speed) each of thickness 3 mm were cut
for indentation testing. In preparation for the enthtion test, both specimens were
ground and fine polished to a mirror finish. Affere polishing, the coating thickness

was between 50 and Gdn.

3.8 Summary of experiments

Overall three types of measurement were perforrety instrumented indentations,
AE monitored indentations and thermal spray proeaesitoring. Fully instrumented
indentation was carried out on copper, aluminiuardbned steel, as-sprayed HVOF
(JP5000) WC-12%Co coatings. AE monitored indentatreas carried out on five
coating types: as-sprayed HVOF (JetKote) WC-12%di®ed HVOF (JetKote) WC-
12%Co, as-sprayed HVOF (JP5000) WC-10%Co0-4%Cr, ARA8tco, O9MB) ALO;
(conventional powder) and HVOF (theta-gun),@d (fine powder). AE monitored
HVOF (TAFA JP5000) thermal spray process monitorvals carried out using WC-
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10%Co-4%Cr powders. The experimental matrix for itieentation tests is shown in

\E

Table 3.6
Table 3.6Vickers indentation experimental matrix
No. Materials/ Experimental Number of Measured quantities (force,
Indentation surface variables, P repeats per displacement, AE, surface
(indentation load crack length)
loads, N)
1 Hardened steel 49, 98, 147, 196, 5 Force, displacement and AE
245, 294, 343, 392
441 and 490
2 Aluminium 292 and 490 5 Force, displacement and 4
3 | Copper metal 292 and 490 5 Force, displacemenf&nd
4 as-sprayed HVOF/JP5000 | 49, 98, 147, 196, 5 Force, displacement and AE
WC-12%Co coating / 245, 294, 343, 392 surface crack length
coating surface 441 and 490
5 as-sprayed HVOF/JetKote | 49, 98, 147, 196, 5 AE, surface crack length
WC-12%Co coating / 245, 294, 343, 392
coating surface 441 and 490
6 HIPed HVOF/JetKote WC-| 49, 98, 147, 196, 5 AE, surface crack length
12%Co coating / coating 245, 294, 343, 392
surface 441 and 490
7 as-sprayed HVOF/JP5000 | 49, 196 and 343 1 AE
WC-10%Co0-4%Cr coating
coating surface
8 Conventional AJO; coating | 98, 147, 196, 245, 5 AE, surface crack length
(APS/Metco, 9MB) / 294, 343, 392, 441
coating surface and 490
9 Fine powder AIO; coating | 98, 147, 196, 245, 5 AE, surface crack length

(HVOF/theta gun) / coating
surface

294, 343, 392, 441
and 490
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Chapter 4

EXPERIMENTAL RESULTS AND ANALYSIS

This chapter presents the experimental resultstlynos the AE response from open
loop dead-weight Vickers indentation testing ofrthal sprayed ceramic coatings. First,
general observations are made from the fully imsémted indentation tests on coated
and uncoated specimens using load and displacetrargducers alongside an AE
sensor. General observations include the micrdstreicindentation deformation and
fracture, surface crack lengths, indentation sufasa damage assessment and raw AE
signal analysis (frequency and time domain) and devived features. These
observations inform the handling of the AE datarfrthe main set of experiments.
Finally observations from AE monitoring during threal spraying of one of the sample

sets are also presented.

The chapter is arranged into four main sectionalinig, respectively with:

* Fully instrumented indentation of as-sprayed HVQPP5000) WC-12%Co
coatings, hardened steel, copper and aluminium

* AE monitored indentation of HVOF (JetKote) WC-12%i@dhe as-sprayed and
HIPed conditions and HVOF (JP5000) WC-10%Co-4%Catiogs in the as-
sprayed condition

* AE monitored indentation of APS (Metco, 9MB) and 6N (theta gun) sprayed
Al,O3 coatings

* AE monitoring of the thermal spray process for HY@P5000) WC-10%Co-
4%Cr

Finally, the results are summarised in prepardtiomhe discussion.

4.1 Fully instrumented indentation testing

The purpose of this set of experiments was to kskathe relationship between load,
displacement and AE during indentation of metald aretal-ceramic combinations.
Accordingly, four materials were chosen for exartior@ commercially pure
aluminium and pure copper (99.99%), a high hardséssl (762-792 HV) and an as-
sprayed HVOF (JP5000) WC-12%Co coating of the typelied in detail infSection

4.2 The Cu and Al were both considerably softer amdenuniform than the other two

78



specimens, and were of similar macrohardness. Alke, only accommodation
mechanism expected in the pure metals was plastarrdation, whereas, for the other
two specimens, other accommodation mechanismsoagehbe, including fracture at the
micro-scale and macro-scale. The microstructurghef as-sprayed HVOF (JP5000)
WC-12%Co coatings is described in detailSaction 4.2but for the present purpose,
these can be considered as two-phase materialgimioigt hard WC and YC particles

of approximate size 1-6 prigure 4.1 contains various micrographs of a polished and
etched surface of the hardened steel showing rgugptheroidal carbide particles of
approximate diameter 1-2 um and volume fractiomiadd).15 dispersed in a martensite

matrix, which itself probably probably contains sosmaller temper carbides.

AccV SpotMagn Det WD F————— 100 um
200kv 52 243x GSE 89 0.7 Torr 0.5 Torr

X N .
AccV SpotMagn Det WD —— 5 AccV SpotMagn  Det WD
L 200KV 5.2 4000x__BSE 94 05 Torr 0.5 Torr 20.0kV 4.2 16000x BSE 9.3 0.5 Torr 0.5 Torr

-~

Figure 4.1 Surface of hardened steel showing martensiticlatid coarse carbides: (a)
unindented area, (b) Vickers indentation at 49@a&d| (c) and (d) corresponding back
scattered ESEM images of boxed area in indentatianving the dark separation zone
(microvoids) between carbide particles and martensiatrix due to indentation

4.1.1 Loading force-displacement profile

Figure 4.2 andFigure 4.3 show sample force-displacement profiles for the@ayed
HVOF WC-12%Co coatings and hardened steel overrdhge of indentation loads
tested. These profiles are essentially bi-curvdmevith two characteristic slopes
separated by an arrest (‘knee’) which occurs amtdafter contact of around of 25 pm

for the harder materials and 45 um for the softatemals, and a force of around 100 N

79



15kgf-A2030000.bin

5kgf-A1030000.bin

correspond to the effective indentation stiffnesigpe 1 being reasonably constant

(Figure 4.4). The two slopes (around 3.5 N/um and 8 N/um, shawFigure 4.5
irrespective of load, and slope 2 being rather nvar@ble for different indentations.
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Figure 4.2 Vickers indentation force-displacement curves &m-sprayed HVOF
(JP5000) WC-12%Co coatings at (a) 49 N (b) 147)\24& N (d) 294 N (e) 392 N and

(f) 490 N Indentation load
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Figure 4.3 Vickers indentation force-displacement curveshfardened steel at (a) 49 N

(b) 147 N (c) 245 N (d) 294 N (e) 392 N and (f) 49@nhdentation load.

Sample force-displacement curves for the hardetssd are shown ifrigure 4.3 Apart

from the somewhat anomalous result for the 147 démbation load, these are rather

similar to the curves for as-sprayed HVOF (JP500M@-12%Co coatings except that

the arrest is of a generally different shape ardiscat a slightly higher force of around

94 N, although similar displacement of around 25. [Time slopes of the two lines (4
N/um and 8 N/um) are broadly similar to those Far &s-sprayed HVOF (JP5000) WC-

12%Co coatingsrigure 4.5
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Generally, the nature of the arrest is fairly cetesit, corresponding to a step increase in
force at the 25 um displacement, of magnitude aBOutN Figure 4.6 remaining
relatively constant at all loads, and being soméwhaller and more consistent for the
softer materials. The damped oscillatory motionhef indenter at the end of each load-
displacement curve is discussed in more detait fatehis section. It might be noted
that the 49 N curve does not show an arrest afotbe and displacement never reach

the critical values of 90 N and 25 um, respectively

Figure 4.7 shows the force-displacement curves for the twib metals which were
only tested at 294 and 490 N indentation loads. Miost striking difference between
these curves and the ones for the harder matésialte lower slopes of the two lines
(Al: 2.0 N/um and 4.5 N/um and Cu: 1.9 N/um and M/QAm) and the fact that the
arrest occurs at a larger depth (Al: 45 pm and4Zyam).
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Figure 4.5Comparison of force-displacement slopes
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Figure 4.7 Vickers indentation force-displacement curvessioit metals (Al and Cu) at

294 N and 490 N indentation load

Figure 4.8 shows magnified views of the loading arrest fobnedterials at 294 and 490
N loads. Taken with the observations above, thaggest that, at a force of around 90
N (almost independent of the material type), thsran instability which results in a
sharp increase in force, sometimes accompanied bgdaction in displacement.
Because the reduction in displacement, if it occussrather small (1-2 pm) and,
because the force is a fixed one, it is possikdé ttie arrest is something to do with the

load placement mechanism in the machine. Irresgedi this, the material response

before and after the arrest is clearly different.
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Figure 4.8 Comparison of force-displacement profiles at thest at 294 N and 490 N

based on the observations aldvieh

Figure 4.9 summarisesa schematic model,

allows the identification of three distinct stagésndentation and the energy associated

with each. In Stage I, load and displacement areilmear and the curve terminates at

P,

h.. Stage Ill commences af;Ph; and continues until the indenter settling poignt P
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Rh

hm. The approximate overall work associated with 8tags thereforeW, =Tand

(Pm_PIII)(hn_ ll)
2

that associated with Stage Il M/, =R, h+ . The total energy

involved in forming the impression is therefdde+ W, , although it does not

necessarily follow that all of this energy is masif as acoustic emission, or that the
proportion of the mechanical energy converted toMlEbe constant within or between
indentations. Specifically, it is expected that ammodation mechanisms which
involve plastic deformation will generate little ARvhereas those which involve

fracture or micro cracking will generate signifita#k.

P, Force (a) P, F‘orce (b)

A
Pm e e, e, e, e, e, e e e e e — - p— Pm — . — — — — — — — — — —

i
!
! Stage Il
!

|
S E— AveraPe slope 2

=Y /- | N

AF I Actual cur‘J:/e in stage Il Stage Il Wi

O D 2 _ I N
! ! Stage | I
! Average slobe 1 w, |
! : !
g ! > T ; >

he ™ N
h, Displacement h, Displacement

Figure 4.9 Schematic models for an open loop dead-weight &fckndentation: (a)
force-displacement-h) curve during loading, wherg,Rs the terminal force and,hs
the maximum depth, and (b) measurement schemettdmhechanical energy

Since the arrest is distinct, the values gf &d R are determined, for all force-
displacement curves by fitting two straight linestbe two distinct bilinear curves on
either side of the arrest and determining the f&igge (AF ) between these two curves at
the arrest. The intersection point of one end efdtraight lines on either side of arrest
(Figure 4.10 with the force-displacement curve determinesdberdinates of force

and displacement.

Figure 4.11shows a typical force-time and displacement-timeve, in which it can be
seen that the final stages of indentation are #socwith damped oscillation of the
force and the displacement. The small amplitudthefdisplacement oscillations make

these difficult to analyse, but Fourier analysigh# oscillating part of the force curve
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yielded the main harmonic frequency for each cushgwn inFigure 4.12 plotted
againstP’Y2. The slope of this curve yields an indentatioffrstss for each material

indicative of its terminal settling positioAgpendix F.
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Figure 4.12 Angular frequency of damped oscillation (durindenter settling)

4.1.2 Indentation depths
Figure 4.13 shows experimental and geometrical indentationthdefas described in
Section 3.3 for each material and each load, each point sigpwhe average and the

range over the five indentations.

1607 o As-sprayed HVOF (JP5000) WC-12%Co )

@ —-®--Hardened steel
S 140 1 -.m-- Copper e
5 — & — Aluminium S S
€ 1204 e y=x e
£ 100 - S
< "_" @/ .
£ g { Piling-up
g Sinking-in p o
°
= 60 - {fiﬁ \
é 40 4 - #k experimental depth = geometrical depth
.q:) ,ii"
S 20 &
] X3

O o T T T T T T T 1

0 20 40 60 80 100 120 140 160

Geometrical depth, h=2a/7 (microns)

Figure 4.13Comparison of experimental and geometrical indemtadepths

The geometrical depth was determined from the isgio@ size using Equation 3.5 and

is compared with the experimental maximum depth smesd from the force-
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displacement curveF{gure 3.13. Two types of material accommodation can be
identified Figure 3.13, according to whether values fall above or belbea/liney = x,
which indicates neither ‘piling-up’ nor sinking-inAs expected, the soft metals (Al, Cu)
show piling-up, whereas, the two hard materials (#22Co coatings and hardened
steel) show sinking-in as can be seen in the miaplyin Figure 4.14 Figure 4.15
shows the percentage difference between experiimgepsh and geometrical depth for
WC-12%Co and hardened steel, which increases w#l. IAs can be seen, there is a
general increase in the difference with load algiosome results (e.g. 147 N for

hardened steel) fall outside the trend.

200 pm

Figure 4.14Vickers indentations at 490 N load showing pilungin (a) aluminium and
(b) copper; sinking-in (c) hardened steel and (sbsprayed HVOF (JP5000) WC-
12%Co coatings
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Figure 4.15Percentage difference between Vickers indentatapiit

4.1.3 Relationship between work of indentation and AE energy

Figure 4.16 shows that, for a given load, the mechanical w@ding Equation 3.4)
associated with the indentation loading procesagét and Stage llIFigure 4.9) is
similar for the as-sprayed HVOF (JP5000) WC-12%@atings and hardened steel
specimens for both Stages | and Il and that Sthggenerally increase with load. For
the two soft metals, the work is similar and Staggenerally has lower energy and
Stage Il higher energy than the harder materiadsgiven load.

Figure 4.17shows the total AE energy plotted against the tothanical indentation
work for each load. As can be seen, the AE enesgpygnificantly greater for the hard
materials and these show a general increase in WeéEgye with indentation work,

although there is considerable scatter within thither features of the AE, e.g. total

duration, show similar evolution with work of indation.
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4.1.4 Loading force, depth and AE relationship

Because the total indentation work and total AErgyneare not closely related and the
sequence of AE during loading was examined morsetyo To do this, representative
examples have been chosen to show typical timeutonl features which are then
calculated for all data. Sinary little or no AE was detected for the two swoietals,
only examples of the two other hard materials aseussed here. The analysis takes
into account optical micrographs of the Vickersenthtions Figure 4.18 and the

relevant time evolutions of load, displacement eawd AE.

As-sprayed HVOF (JP5000) WC-12%Co coatings
S5 AR T TN T £

Hardenksteel

s B

200 pm

Figure 4.18 surface views of Vickers indentations on as-sptay®OF-JP5000 WC-
12%Co coatings (a) 245 N, (b) 392 N, and hardetesl &) 294 N and (d) 490 N

In all the following figures in this section, the@ipt where the indenter touches the
specimen is shown with a red down-arroyy é&nd at the point where the indenter
reaches its lowest point is shown with a red upwar(). The displacement-time
history records when the indenter load was releaaid this is shown with a green
down-arrow (), and the arrest which indicates Stage Il is shauth a blue up-arrow
(7). Figures 4.19and4.20show detailed representations of the force, digptent, AE
amplitude time evolution along with a magnifiedwief the ‘knee’ for 245 N and 392
N loads on the as-sprayed HVOF (JP5000) WC-12%@&zisen. The micrograph
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(Figure 4.18 shows sinking-in with macro-scale cracking andjeed¢racking, with
generally larger corner cracks in the 392 N indéma It should be noted that the
indentations shown ifrigure 4.18 do not necessarily correspond to those shown in
Figures 4.19and4.2Q Figures 4.21and4.22 show the corresponding AE, force and
displacement data for 294 N and 490 N loads forhidwelened steel. The micrographs
also show a sinking-in mechanism although, in @sttwith the as-sprayed HVOF
(JP5000) WC-12%Co, there is no macro-scale cracking
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Figure 4.22 Vickers indentation of hardened steel at 490 Ndilog) force-time,
A comparison oFigure 4.19(a) 4.20(a) 4.21(a)and4.22(a)shows the distribution of
AE to be quite variable both in time and magnitadough, in most cases, there is
relatively little AE in Stage | and almost noneeafindenter settling. The magnified

magnified view ofP-h curve showing three stages, (e) magnified vietinie series

displacement-time and AE voltage



views [Figure 4.19(d) 4.20(d) 4.21(d)and 4.22(d) show Stage II, as defined by the
load step, mapped onto the magnified AE time sedpd it can be seen that, in some
cases at least, there is concentration of AE ardtade Il, itself characterised by a

flattening of the displacement-time graph.

It is also evident fronfFigures 4.19to 4.22 that AE is rather sparse on first contact of
the indenter with the specimen. In order to qugntife effect, the time gap was
measuredKigure 4.23 for each AE record by identifying the point ofntact, C1, as
determined by the first appearance of a load sighale a threshold of 0.1% above the
specimen holding force and the first appearancéEbfibove a threshold level of 15%
above the continuous background noise level atRgfure 4.24 shows this time gap
measured for all indentations at all loads, andwvshtinat, despite considerable scatter,
AE appears generally earlier in the as-sprayed H(@I#5000) WC-12%Co coating
than in the hardened steel, at low loads, wheteatme gap is similar at high loads.
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Figure 4.23 Measurement scheme of the time gap: Vickers iradiemt of hardened
steel at 196 N load showing the indenter touchhrg gpecimen at point C1 and the
occurrence of first AE above threshold at point C2.
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Figure 4.24Time gap against indentation load

The stages identified for the force-displacementefFigure 4.10 were used to divide
up the AE record into three separate sections (€igure 4.25, using the stage
sectioning algorithm described Figure 4.26 and the AE features calculated within

each of the Stages (I, Il and III).
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Figure 4.25 Example of separation of Stages (I, Il and 11Qnfr the force-time signal
[as-sprayed HVOF (JP5000) WC-12%Co coating at 39@aN]

In the main series of experiments, there is norceobforce and displacement and so a

means needs to be found to analyse the AE witheituse of a force-displacement
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record. In many cases, three clear zones can béfidd in the AE record and, where
they can, these zones appear to be associatedtivditstages identified above (e.g.
Figures 4.20 and 4.22. The zone boundaries were identifieFigure 4.2
automatically by first smoothing the absolute ra# gignal using an average of 2000
data points and then applying an automated thrdsbbl60% below the peak AE
amplitude of the total 2 second record, chosemabits upward crossing (upcross time
index, tu) identified the Zone A — Zone B boundary and imwvdward crossing
(downcross time indexd) the Zone B — Zone C boundary. If there is mowmntbne

upcross and downcross, then no distinct zoneslardifiable.

Figure 4.27and4.28show the operation of the algorithm for exampléere zones can
and cannot be identified. Where three separateszooeld be identified, AE features
were calculated within each of the AE zones (A, 8l &). Figure 4.29 shows the
numbers of indentations which exhibited clear AlBe) and it is clear that hardened
steel showed zones for many more of the indentti@3 of 50) compared to as-
sprayed HVOF (JP5000) WC-12%Co coatings (9 of 50).
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Find time index corresponding to tl =1,
P, and P, in AE signal t2 = tinei ndexP1;
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tinmei ndexP3 = find(force)>P3 y2(stage Il1) = y(t2:t3);
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Sectioni ng of Zones
Smooth the raw AE signal
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Figure 4.26 Main algorithm and scheme used to section the édond by stages and
zones
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Figure 4.27 Absolute AE signal time series from Figures 4.1 &.20 (both as-

(i) Raw AE signal

(ii) Corresponding smoothed AE ignal (i)

sprayed HVOF-JP5000 WC-12%Co coatings): (a) 24mdNdstinct zones, criteria of
distinct zones broken due to more than one crossaigthe threshold), (b) 392 N
(showing all three zones: A, B and C)

102



(b)

Absolute amplitude (V)

Absolute amplitude (V)

(i) Raw AE signal

(i) Corresponding smoothed AE signal (i)

x 10 A1-30kgf030000.bin x 10° A1-30kgf030000.bin
4
L6l | 12}
141 R
10
120 R s
Py
3
1+ B 2 8f R
g Threshold = 60%
o8 k! ° below peak amplitude
3 6f Y 9
2
0.6/ g £
0.4 - 4+ w
2
7 75 8 85 9 95 10 105 11 115
Time index (number) « 10° Time index (number) « 10°
x 10° A3-50kgf030000.bin x 10° A3-50kgf030000.bin
12 T T T : . . -
B 21 |
1k |
\ B
Threshold = 60%
08} B s below peak amplitude
3
c 2
3 |tu= 556233 td=579098
0.6 / 7 g
2 1f 1
E
5
k]
0.4 R e
A
0.2 \ q
o " . o . . . .
0 02 04 06 08 1 12 14 16 18 2 45 5 55 6 65 7 15 8 85 9
Time index (number) x 10° Time index (number) X 10°

Figure 4.28 Absolute AE signal time series from Figures 4.21 4.22 (both hardened
steel): (a) 294 N (no distinct zones, criteria @ftidct zones broken due to more than
one crossings of the threshold), (b) 490 N (showilh¢hree zones: A, B and C)
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Figures 4.30and 4.31 show the AE energy and duration, respectively|ysed per

stage and per zone. It is clear that, in the ca$ese clear zones can be identified, the

zone and stage analyses coincide reasonably well.
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Figure 4.30Zone AE energy plotted against stage AE energy
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Figure 4.31Zone AE duration plotted against stage AE duration

Figure 4.32 (i) show the AE energy and duration partitioned pereziwr those cases

where sectioning was possibleigure 4.32 (ii) shows the AE energy and duration
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sectioned per stage for each case. Comparing Figtre 4.17, it would appear that
Zone C for steel gives a more consistent evolutiith mechanical energy. Little can be
observed for as-sprayed HVOF (JP5000) WC-12%Coirggmtsince those signals

which could be partitioned were confined to twodsa
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Figure 4.32Zone and stage AE features: (i) zones and (igestestotal P-h area

4.2 AE monitored Vickers indentation testing of WC-Co coatings

The coatings investigated were; as-sprayed HVOiKéle) WC-12%Co, HIPed HVOF
(JetKote) WC-12%Co and as-sprayed HVOF (JP5000) M¥%Co0-4%Cr. This section
presents the results for the microstructure, thitase and subsurface fracture patterns,
and analysis of the raw AE signals. The analysithefAE signals follows the findings
of Section 4.1in that AE features are calculated per zone ie<aghere zones can be

identified and the total AE features are calculdtedall indentations.

4.2.1 Microstructural characterisation
For WC-12%Co, the raw powder particles exhibited thgpical angular shape of

sintered and crushed powders with a size distobutietween 15 and 50n and mean
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particle size of about 3@m [32]. For WC-10%Co0-4%Cr, the raw powder particlese
typically of spherical shape with a size distribatbetween 15 and 486n. As shown in
the SEM images taken at random locatioRgyyre 4.33, the polished surfaces are
guite smooth, with a homogeneous microstructurelitihel surface connected porosity,
and no evidence of non molten or semi molten dagicThe carbide particles are
relatively angular. Notwithstanding the poor costrahe HIPed WC-12%Co does not
appear much different to the as-sprayed, althotlybraoatings with similar materials
[32] have noted lower porosity, and a greater leselhomogeneity in the HIPed
microstructure. The WC-10%Co0-4%Cr material is neheyally distinguishable from
the WC-12%Co.

XRD analysis of the both as-sprayed HVOF (JP50@tKate) WC-12%Co coatings
(Appendix E:Figure E.2 and E.4) showed then predominantly tataio the primary
tungsten carbide/C) phase with some of the harder secondary phagsteem carbide
(W,C) and a very small amount of metallic tungstéi).(The HIPed HVOF WC-
12%Co coatings Appendix E:Figure E.5), exhibited significant changes from the
pattern of the as-sprayed coating. Although thenrphiase was again primary tungsten
carbide WC), someetacarbides Co,W,C) formed by the interaction of the Co matrix
and WC. None of the recorded peaks could be retatdte secondary tungsten carbide
(W,C) phase or metallic tungstetW). The as-sprayed HVOF WC-10%Co-4%Cr
coatings Appendix EFigure C.6) predominantly contained WC with snzatiounts of

W,C, chromium Cr) and cobalt€o), and therefore had more in common with the as-

sprayed WC-12%Co than the HIPed material.
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Figure 4.33 The surface morphology of WC-Co coatings: (a) @syged HVOF
(JP5000) WC-12%Co (coating materialSaction 4.}, (b) as-sprayed HVOF (JetKote)
WC-12%Co, (c) HIPed HVOF (JetKote) WC-12%Co, and é&-sprayed HVOF
(JP5000) WC-10%Co0-4%Cr

4.2.2 Vickersindentation derived properties

Figure 4.34shows the cracking patterns around typical inderiatfor a representative
selection of loads and coating type. The surfaaettfire pattern includes radial cracks at
the four corners, edge cracks (or edge chippingy cracks and other small cracks
around the indentation, as illustrated in the satendiagramFigure 3.15 All cracks

visible were measured according to the scheme ibeskcin Section 3.5

For as-sprayed HVOF (JetKote) WC-12%Co coatinggures 4.34a, b, radial
cracking from all or any of the four corners of thdentation was seen for loads of 98
N upwards, whereas, at 49 Ridure 4.343, only minor cracks around the perimeter
(edge cracks) and on the surface of the indentatiene found. In contrast, the HIPed
HVOF (JetKote) WC-12% Co coating showed only mealsier edge cracks and other
small cracks around the indentation with no visibdelial cracking for any of the
indentations at any of the loadBiqures 4.34c, 9. Similarly, the as-sprayed HVOF
(JP5000) WC-10%Co0-4%Cr coatings showed only mebkuradge cracks with no
radial cracks being observed at any of the lo&ttpifes 4.34e, ).
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HIPed HVOF (JetKote) As-sprayed HVOF (JetKote)

As-sprayed HVOF (JP5000)
WC-10%Co0-4%Cr coatings

WC-12%Co coatings
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Figure 4.34Typical Vickers indentation cracking patterns KWOF WC-Co coatings
(a) as-sprayed WC-12%Co 49 N, (b) as-sprayed WC&®%90 N, (c) HIPed WC-
12%Co, 49 N, (d) HIPed WC-12%Co, 490 N, and (d)igih pressure, P1 at gun speed
100 mm & and (f) low pressure, P2 at gun speed 200 mnas-sprayed WC-%10Co-
4%Cr both at 343 N

Since the contact of the Vickers indenter is sp@agt four planar surfaces and, since
the indenter takes a finite amount of time to comerest during indentation, the
possibility of AE emanating from cracks propagatigjow the surface needs also to be
considered as well as how the surface cracks nbghéxpected to grow with time
during the indentation. The fracture pattern in\&IC-Co coatings studied here also
tends to be asymmetric, which is attributed to acnwscopic variation in relative

density (i.e. the presence of pores or other defaobund the contact) [53] and the
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relative coarseness of the microstructure. In @aldr, the propagation of cracks does
not emanate equally from all four corners (€igure 4.343 as is generally observed in

homogeneous glass and ceramic materials.

Figure 4.35shows cross-sectional views around indentatiortHeras-sprayed HVOF
(JetKote) WC-12%Co coating, one at each of theddatb N and 441 N, where areas
with sub-surface densification and lateral cracks be seen. The cross-sectional image

at 147 N load also showed lateral cracks wittelitibnsification.

The regions beneath the indenter (densified regiad)away from indentation zone can
be compared using the rectangular areas identifiettie micrographs, the porosities
immediately under the indenter being 0.15% for2h& N and 0.80% for 441 N loads.
The corresponding average porosities in the aredsajvay from the indentation were
4.5% and 3.5% for the 245 and 441 N loads, respaygti The densified zone (which
can be imagined to be approximately spherical reetdimensions) corresponds with
the compressive stress lobe as discussed by La@nSamin [2] and, whereas the
degree of densification does not account for alltied visible surface depression
produced by the indenter in these cross-sectionscould contribute to the
accommodation and densification could generate ie. extent and orientation of the
lateral cracks appears to vary with load, judgirant the limited evidence that can be
seen inFigure 4.35 For the 245 N load, the lateral crack has mutiplanches both in
the lateral and vertical directions and the ovdeaibth is almost the size of the indent
half diagonal. For the 441 N load, the lateral deteation crack can be seen to emerge
onto the surface at a distance over twice the indegonal, running at a depth almost

equal to the indentation depth.
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Figure 4.35 SEM images of Vickers indentation cross-sectiohasssprayed HVOF
(JetKote) WC-12%Co coatings showing the ‘sinkingamd mesh of lateral cracks
around the indenter and sub-surface damage, (aN2¢i (b) 441 N.

Once the indenter has landed, the surface of théncpbends plastically (“sink-in”
zone) around the periphery of the indenter, thplatement of material being taken up
by plastic flow around hard particles accompanigdalrertain amount of cracking of
the particles under the tensile stresdegure 4.359. The other mechanism clearly
visible in Figure 4.35is sub-surface lateral cracking, not dissimilaitsrmorphology to
the edge cracks seen on the upper surface. Thallyadeveloped sub-surface lateral
cracks for both loads appear to originate at trse lnd a surface layers extend in a plane
parallel to the surface [53] and may eventually gmesome distance from the

indentation.

Other events which may appear in the AE recordigielfracture of hard phase particles
[35] beneath the pyramidal surface of the inderdad a typical case at 441 N load is
shown inFigure 4.36 It may be that crushing and cracking of hard phzesticles [35]

is the initiating event for the development of sulface lateral cracks of the type seen
in Figure 4.35
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As-sprayed HVOF (JetKote)

HIPed HVOF (JetKote)

As-sprayed HVOF (JP5000)
WC-10%Co0-4%Cr coatings

WC-12%Co coatings

WC-12%Co coatings

Figure 4.36 SEM images of top view of pyramidal surface ofanthtions of WC-Co
coatings: (a) at 441 N load showing indent diagoatltip, and (b) at higher
magnification showing a WC particle ¢ 6um) crushed under the load; (c) at 441 N
showing full view of indent corner and edge showithvarrow, and (d) showing edge
crushed under the load; (e) at 196 N (100 riingun speed, high pressure, P1), and (f)
343 N (at 200 mm’sgun speed, low pressure, P2)

The effect of microstructural variation can be se@ethe micro- and macro-hardness
values Table 4.1). The average macrohardness (five indentationsaah load) was
highest for the WC-10%Co0-4%Cr coatings, and leasttlie as-sprayed WC-12%Co.
The microhardness values (again five indentatiostsdw, as expected, a wider
variation, especially taking account of the facittthe load is constant. It is a little
surprising that the values do not rank in the samg as the macro-hardness tests, but
this may not be significant.
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Table 4.1Vickers indentation hardness of HYOF WC-Co coating

Materials Microhardness Macrohardness
(HVi96n
As-sprayed HVOF (JetKote) WC-12%Co 1050+70 T5BH¥ 19490 N
HIPed HVOF (JetKote) WC-12%Co 1018+177 839+ 48,5Mo
As-sprayed HVOF (JP5000) WC-10%Co0-4%Cr (high presdl) 1097+110 977+ 19 HVig.aa3 n
As-sprayed HVOF (JP5000) WC-10%C0-4%Cr (low pressBe) 990+18 915+ 79 HVjg.343

4.2.3 AE signals

This section presents AE signals of as-sprayed H{@&fKote) WC-12%Co, HIPed
HVOF (JetKote) WC-12%Co and as-sprayed HVOF (JPHOMML-10%Co0-4%Cr

coatings, and the analysis follows the findingsSefttion 4.1in that AE features are

calculated per zone in cases where zones can Ingifiele Figure 4.37 shows the

number of indentations which exhibited clear AE e®rfcriteria described iRigure

4.26), and the most striking aspect is that HIPed HQ#tKote) WC-12%Co and as-
sprayed HVOF (JP5000) WC-10%Co0-4%Cr coatings shaweedistinct zones at any of
the loads. The as-sprayed HVOF (JetKote) WC-12%@aved distinct zones for most

of the loads (43 of the 50 indentation in starktcast to the behaviour of nominally

similar material in the fully instrumented tesEsgure 4.29.

B As-sprayed HVOF (JetKote) WC-12%Co (43/50)

0O HIPed HVOF (JetKote) WC-12%Co (0/50)

/0 0O As-sprayed HVOF (JP5000) WC-10%Co-4%Cr (0/6) -

Number of indentations with 3 distinct zones
o = N w N (6]
} | | | |
o |
5 |o
o |
1 1
o T
o) © | |
| |
| |

0 00 00 0 0
147 96 343 92 41

Indentation load, P (Newton)

5 5 5 5 5 5 5
3
IO 0 0
1 245 294 3 4 490

Figure 4.37WC-Co coatings: Number of indentations with distiAE zones A, B, C
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Figure 4.38 shows typical time- and frequency-domain plots ésrsprayed HVOF
(JetKote) WC-12%Co coatings, showing the clear gomgdent at most of the loads.
The spectra show most of the power to be in thelamds at 100 kHz to 250 kHz and
300 kHz to 400 kHz with a minor component discemitetween 550 kHz to 650 kHz.
Other than this, little can be seen immediatelyligiinguish the spectra apart from a
series of high frequency spikes at 49 N load wischttributed to noise and corresponds

to a long period in the 2-second record where mmesvare perceptible above the noise.
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Figure 4.38 Typical AE signal structures (amplitude and fragrg during indentation
at loads: (a) 49 N (b) 196 N (c) 343 N and (d) #B[as-sprayed HVOF (JetKote) WC-
12%Co coatings]

Figure 4.39shows a more detailed representation of the A ts@ries for one case

where the signal did noFigure 4.399 and one case where the signal dilggre
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4.39hH meet the zoning criteria in as-sprayed HVOF (&K WC-12%Co coatings.
Clearly, the dispersion of the signalkigure 4.39ais not as widespread as it is in other
signals (i.eFigure 4.19 which do not meet the criteria.
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Figure 4.39 Absolute AE signal in time series (as-sprayed HVI@Eote WC-12%Co
coatings): (a) 245 N (criteria of distinct zonesk®n due to more than one crossings of
the threshold), (b) 490 N (showing all three zoAe® and C from Figure 4.38d)

Figure 4.40 shows examples of frequency spectra for each eftihee zones, while
Figure 4.41 shows the ratio of power in the low frequency b&50 kHz) to the
power in the high frequency band (250-750 kHz)dach of the zones for each of the
loads. This ratio does not show any particulargoatbetween loads or zones.
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Figure 4.40 AE spectra for the distinct zones (A, B and C)mafentation identified in
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Figure 4.41Power ratio in as-sprayed HVOF (JetKote) WC-12%Gatings

For HIPed HVOF (JetKote) WC-12%Co, as-sprayed HVQ@QPF5000) WC-10%Co-
4%Cr coatings Kigure 4.42to 4.44) AE activity is not evenly spaced in time, and
similar behaviour was seen for all loads, with isiidct zones of AE being separable at
any of the loads.
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Figure 4.43Typical AE signal structures (amplitude and fraguyd during indentation
of as-sprayed HVOF (JP5000) WC-10%Co0-4%Cr coatatgsads: (a) 49 N and (b)
343 N [100 mm $ gun speed at high pressure, P1]
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Figure 4.44 Typical AE signal structures (amplitude and fraguyd during indentation
of as-sprayed HVOF (JP5000) WC-10%Co0-4%Cr coatatgwads: (a) 49 N and (b)
343 N [200 mm 3 gun speed at low pressure, P2]

Figure 4.45 shows a more detailed representation of the ABasigime series for
HIPed HVOF (JetKote) WC-12%Co and as-sprayed HVOF5000) WC-10%Co-
4%Cr coatings, both examples breaking the zoniiigri due to multiple crossings of
the threshold. These signals are a contrast evémetexample of as-sprayed coatings
which does not meet the zoning criteffidgure 4.399.

Figure 4.46 shows the ratio of frequency power for HIPed HV(QIetKote) WC-
12%Co and as-sprayed HVOF (JP5000) WC-10%Co-4%Citaxan be that the HIPed
coating (and, possibly, the WC-10%Co0-4%Cr) hagyaicantly higher high frequency
component than other coatingsidure 4.41). The ratio of low to high AE frequency
does not show any pattern with indentation load.
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Figure 4.45 Absolute AE signal in time series from Figures2dahd 4.44: (a) 490 N
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4.2.4 AE featuresand total surface crack length

Figure 4.47 shows total surface crack length),(total AE ring-down countR), total
AE energy E) and total AE event duratio) plotted against indentation load for as-
sprayed HVOF (JetKote) WC-12%Co coatings. As casden, each of these features

increases in roughly the same way with load.

Figure 4.48shows the same AE features calculated for eatiheothree zones for each
of the individual indentations. As can be seen fiéigures 4.48a, b, cit is zone C
which shows the clearest increase in AE featurdéis wad. Focussing on AE energy, it
can be seen, in particular, that the zone C enieaygases quite steeply with load, and
that it becomes the largest part of the AE indéma¢nergy at loads above about 245
N. Figure 4.48d shows the total AE energy, and those for zone8 Aand C plotted
against total surface radial crack length, andragtis clear that zone C energy gives

the sharpest indication of radial crack length.
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Figure 4.47 Effect of indentation load (P) on total surfacaakr length (L) and AE
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coatings]

Figure 4.49 shows total surface crack length),(total AE ring-down R), total AE

energy E) and total AE event duratiom) against indentation load for HIPed HVOF

WC-12%Co coatings and, as can be seen, all of EhéeAtures broadly remain constant

with load but increase between 343 N and 392 Naneimg roughly constant thereafter

but with significant scatter.

Figure 4.50shows total AE energy plotted against total swfaack length for HIPed

HVOF (JetKote) WC-12%Co coatings, which shows aeganpositive correlation,

although there is considerable scatter in eachpetex for a given indentation load.
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Figure 4.51shows total AE energyEf against indentation load for as-sprayed HVOF
(JP5000) WC-10%Co0-4%Cr coatings (only one indeomatt each load and surface
crack length was not measured). From the limitddrmation, it seems that these

coatings do not show any behaviour which can béndisished from either the as-

sprayed or HIPed WC-12%Co coatings.
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4.3 AE monitored Vickers indentation testing of ALO3 coatings

This section presents the results for the microsire, fracture pattern, and analysis of
the raw AE signals and frequency spectrum of th& firetco, 9MB) A}O3; and HVOF
(theta gun) AIOs coatings. The analysis of the AE signals agdiovie the findings of
Section 4.1in that AE features are calculated per zone iresashere zones can be
identified and the total AE features are calculdtedall indentations.

4.3.1 Microstructural characterisation

The processed powders used had size ranges of ia4er the APS AlO;, and 1-5
pm for the HVOF AJO; coatings. Both of the powders had an angular enedular
morphologyFigures 4.52a, b The SEM images of the sprayed surfdeigres 4.52c,
d) show that the molten alumina droplets have spsggficantly and it is not possible
to distinguish any non molten or semi molten p&tic The coating cross-sections
(Figures 4.52¢, ¥ show a higher porosity for the APS,8% (conventional) than HVOF
Al;O5 (fine powder). The liquid nitrogen freeze fractumeages Figures 4.52g, h
show the splats, porosity, and some through thiekti@eear cracks in the coating. The
splat size appears to be similar in the two coatidgspite the very different powder

sizes, and the splats appear more lamellar butt#essive in the APS material.

XRD analysis Appendix E Figures E.7 and E.9) shows the two alumina powtters

consist essentially of corundum {Al,Os3). The pattern of the APS ADs (conventional
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powder) coatingAppendix E:Figure E.8) shows it predominantly to contgisAl O3

(due to rapid solidification) with some corundumegumably due to partial melting of
the powder. The pattern of the HVOF,8% (fine powder) coatingAppendixE Figure

E.10) shows it predominantly to contain corundurthwery little j -Al,Os.
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Powder morphology
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Figure 4.52A1,0; powder and coatlngs (a) and (b) powders, (c)(dhtypical surface
topographies exhibiting definite splat morphologith densely packing splats, (e) and
(f) through thickness coating cross-sections (g) €@ liquid nitrogen freeze fracture
image of coating splat morphologies, revealingtsplaresence of porosity, and through
thickness linear cracks
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4.3.2 Vickersindentation derived properties

SEM observation of the indentations of the;@®J coatings revealed two strikingly
different responsedrigure 4.53 The indentations of the APS A& (conventional)
coatings showed a high degree of crushing fracame: spallation and the pyramidal
impressions were barely discernible in contrastaliothe other coated specimens
examined. Because of the nature of the cracks @desind spalled asymmetrically
around indentations), it was not possible to maastack lengths either using the direct
straight line or profiling method for the APS 8k coatings. In contrast, the HVOF
coated indented samples showed visible radial argckom all four corners at all
loads, and the surface fracture pattern includegke ectacks around the indentation.

Surface crack lengths were measured as describdtefother coatings.
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APS-Metco, 9MBAI,0; (conventional HVOF-theta gun Al,O; (fine powder)
powder) coatings coatings

(©

(d)

Figure 4.53 SEM images showing typical Vickers indentationc&iag patterns of
Al,O3 coatings at loads (a) 98 N (b) 245 N (c) 392 N &)d490 N [Arrows indicate
centre of indentation for APS coatings and red edbttectangles indicate area of
spallation]
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Although the quality of the image was poor under ¢iptical microscope, indentation
diagonals could be measured sufficiently to deteenthe macrohardness values. The
resulting average values of the five indentationseach load along with the
microhardness (five indentations) as showTale 4.2 As can be seen, the hardness
values are essentially the same for both coatings as before, the macrohardness is
somewhat lower than the microhardness and thisoissistent with a decrease in

hardness with increasing load.

Table 4.2Vickers indentation hardness of8k coatings

Materials Microhardness (HVy.gs N Macrohardness
(Gold Sputtered) (Gold Sputtered)
APS-Metco, 9MB conventional AD; coatings 683+38 588 + 42 H¥ 490 n
HVOF-theta gun fine powder AD; coatings 632+29 584 + 64 H¥ago n

4.3.3 AE signals
Figure 4.54shows the number of indentations which exhibitedrcAE zones (criteria
described irFigure 4.26, with 32 of the 45 APS and 39 of the 45 HVOF imidd¢ions

showing zoning.

B APS (Metco, 9MB) Al203 (32/45)
2 O HVOF (theta gun) Al203 (39/45)

Number of indentations with 3 distinct zones

245 294 343 441 490

Indentation load, P (Newton)

Figure 4.54Al,05 coatings: Number of indentations with distinct Aénhes A, B and C

Figures 4.55and 4.56 and Figures 4.57 and 4.58 show time series and spectra for

example indentations on the APS and HVOFE3lcoatings, respectively. These data
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were treated in the same way as those for the otteings and the summary plots of

AE features are shown later in the section.
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Figure 4.55 Example AE signal structures (amplitude and fregyge during
indentation of APS-Metco, 9MB AD; (conventional) coatings at loads: (a) 98 N (b)
245 N (c) 392 N and (d) 490 N
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(i) Raw AE signal (i) Corresponding smoothed AE ignal (i)
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Figure 4.56 Absolute AE signal time series (APS-Metco, 9MB,@{ conventional
coatings): (a) 392 N (criteria of distinct zonesk®n due to more than one crossings of
the threshold), (b) 392 N (showing all three zoAe® and C from Figure 4.55c)

132



(b)

(©

(d)

15

0.5

Amplitude (V)
=)

-0.5

-1.5

15

0.5

Amplitude (V)
o

-0.5

-15

15

0.5

Amplitude (V)
o

-0.5

-1.5

15

0.5

Amplitude (V)
o

-0.5

-15

NanoAluminal0-4010000.bin

Time (s)

NanoAlumina25-2010000. bin

0.4 0.6 0.8 1
Time (s)

NanoAlumina40-5010000.bin

Time (s)

NanoAlumina50-1010000. bin

0 0.2

0.4 0.6 0.8 1 1.2 1.4 16 18
Time (s)

Figure 4.57 Example AE signal

indentation of HVOF-theta gun AD; (fine powder) coatings coatings at loads: (a) 98 N

(b) 245 N (c) 392 N and (d) 490 N
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(i) Raw AE signal (ii) Corresponding smoothed AE ignal (i)
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Figure 4.58 Absolute AE signal time series (HVOF-theta gun@l fine powder
coatings): (a) 490 N (criteria of distinct zonesk®en due to more than one crossings of
the threshold), (b) 245 N (showing all three zoAe& and C from Figure 4.57b)

Figures 4.59and4.60 show the ratio of power in the low frequency b&250 kHz)

to the power in the high frequency band (250-75Q)kfér APS and HVOF AD;,
respectively. Again, the ratio for the whole AEissremains around unity and does not
show any particular pattern with load, except fgpassible trend towards increasing
ratio with load in the APS coating.
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Figure 4.59Power ratio in APS-Metco, 9MB AD; (conventional) coatings
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Figure 4.60Power ratio in HVOF-theta gun ADs (fine powder) coatings

Figure 4.61 shows total AE ring-down counij, total AE energy ) and total AE
event durationT) against indentation load for APS,8k (conventional) coatings and,
as can be seen, each of these features showsea cathplex variation with load. The

pattern for AE energy for those signals which cobélzoned Kigure 4.62 was not
much clearer.
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4.3.4 AE features and total surface crack lengths

Figure 4.63 shows total surface crack length),(total AE ring-down countR), total
AE energy E) and total AE event duratiof) against indentation load for the HVOF-
theta gun AIO; (fine powder) coatings and, as can be seen, nbtleeAE features
show a patrticular pattern with load, although thialtsurface crack length increases in

an approximately linear fashion.
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Figure 4.64 shows the AE energy separated between the thmeszdégain, the AE
energy does not show a particular pattern with ,Idagt, in common with other

materials, the zone C energy becomes the largesbpthe AE indentation energy at

higher loads.
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4.4 AE monitoring of HVOF thermal spraying process

This section deals with the AE signals recordednduHVOF (TAFA JP5000) spraying
of WC-10%Co-4%Cr powder. As with the monitoringinélentations, the AE signals
were acquired at full bandwidth so that spectrallsis could be carried out on the raw
signal and also so that time domain characteristimsld be examined up to the

waveform resolution.

4.4.1 AE noise during spraying process

To differentiate between the signals generatedtdutame noise and powder particle
impact, three reference conditions were used, thesgy (a) spraying with flame and
powder particles not directed at the sample (bpypg with flame only onto the
sample (no powder), and (c) spraying with flameyonbt directed at the sample.
Figure 4.65shows time and frequency domain plots of a 2-sgécenord taken under
each conditions (a), (b) and (c). The raw AE spealrshow similar characteristics with
distinct spikes below the analogue filter frequentyl00 kHz. To investigate the low
frequency characteristics of the signals, it wasraged over 10000 points using a root-
mean square (rms) algorithm (i.e demodulation). Téwults Figure 4.66 show a
characteristic frequency of 100 Hz. The rms valoé entire 2 second records for
conditions (a), (b) and (c) were 5.579%10.s, 5.387x10 V.s and 5.642x1HV.s. The
similarity of the characteristics of the three atiods suggests that the background

noise is largely airborne.

Accordingly, the remaining analysis is carried out data which has been high-pass
filtered at 200 kHz. The effect of this filteringut be seen ifigure 4.67, which show
averaged (rms averaging time of 0.004 s) signalyspg through a slit alongside inter-
pass background before and after filtering. The H@@eriodicity is clearly visible in
the filtered signal and filtering breaks down tlegipdicity and reduces the rms noise by
a factor of about 3 whilst only reducing the sighgla factor of about 0.8 (i.e. about a

factor of 2.5 improvement in signal-to-noise ragiNR).
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particles not directed at the sample (b) sprayiittp Wame only onto the sample (no
powder), and (c) spraying with flame only not diestat the sample.
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Figure 4.66 RMS signal structure (amplitude and frequency)Z@econd noise record
during HYOF WC-10%Co-4%Cspraying with flame and powder particles not dieelct
at the sample (from Figure 4.65a)
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Figure 4.67 AE signal recorded during HVOF WC-10%Co-4%@H spraying (both
flame and powder) onto substrate through slit-Ang® x 10 mm) at 500 mm séc(a)
RMS signal before filtering, and (b) RMS signakafhigh-pass filtering at 200 kHz.

4.4.2 AE from thermal spraying through dlits

Figure 4.68ashows two examples of high-pass filtered signalsspraying directly
onto the substrate through a set of slits. Pul§esnplitude around 0.6-0.7 mV (high
pressure, P1) and 0.3-0.4 mV (low pressure, P&)clkearly visible above an inter-pass

background of amplitude around 0.2 mV.
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(i) High pressure, P1 (i) Low pressure, P2
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Figure 4.68 AE signal recorded during HVOF WC-10%Co-4%i@H spraying (both
flame and powder) onto substrate through slit-Ar({® x 10 mm) at 500 mm sé¢
(Background section-BGN, PULSATILE sections)

As expected, differentemporal structures for thAE were detected when spraying
through slits of different size, the example of-ali(3 mm wide) is being shown in
Figure 4.68a Every pulse in the AE signal corresponds to thetiposof a slit, there
being 14 pulses per traverse of the specimen. Becthe record length is 2 seconds
(i.e. 2 layers at 500 mm ségun speed), the second group of pulses is assdaidth
the return of the gun on its subsequent travehgegap between the two groups being
associated with the slit offset distance of 150 nidach pulse also shows a gradual
increase in amplitude followed by a fall associatétth the passage of the circular spray

spot across the slitFigure 4.68a (column ii) also shows that the AE amplitude
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decreases by almost half when spraying across ahee sl4 slits if the pressure is

reduced by 25%Figure 4.68b shows the corresponding rms signals (10000-point
average) andrigure 4.68c shows theslit-passing frequency determined from the
pulsatile sections.

4.4.3 Correlation between process parameters and signal-to-noise ratio

Varying the gun transverse speed should alter pineyed particle flux per unit area
(given slit width) landing on to the substrate, andreasing the slit width should
increase the total flux landing on the substrat@ne pass. In order to examine the
strength of the high-pass filtered signals and/asation with process parameters, the
signal-to-noise ratio (SNR) was calculated using  uagign:
RMS,

ulsatile

RMS,

SNR= , where RMSyisatile and RMSyisatile+noise COrrespond

RMS,

ulsatile+ noise ulsatile

to RMS of slit-passing sequences and overall sigeabpectively. The SNR shown in
Figure 4.69plotted against slit width for each of the procpasameters. As expected,
the SNR increases with increase in the width ofstiespraying pressure and decreases

with increasing gun transverse speed.
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Figure 4.69Signal-to-noise ratio against slit width for varyispeed and pressure
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4.5 Summary of the experimental test results

4.5.1 Fully instrumented indentation of materials

Force-displacement profiles are essentially bilingath two characteristic slopes
separated by a distinct arrest for all loads al8/&l. Comparison of experimental and
geometrical indentation depths is useful in idemid the material accommodation
mechanism (i.e. ‘piling-up’ or ‘sinking in’). Theofce-displacement curve indicates
three distinct loading stages (I, Il and IIl) ame tstage Ill mechanical energy increases
with loads. Plastic deformation in copper and ahiom produced little or no AE,
whereas hardened steel and thermally sprayed ceremaitings produced significant
amounts of AE, which generally increased with totelentation mechanical energy.
About 66% of the hardened steel indentations bily about 18% of the as-sprayed
HVOF (JP5000) WC-12%Co indentations exhibited an A€ord that could be
separated into distinct zones. Where zoning wasilplesthe AE corresponding to a

zone correlated well with the AE associated withaaling stage.

452 AE signal during Vickersindentation of thermally sprayed coatings

Those indentations exhibiting clear zones (A, B &)d the AE features in zone C
becomes the largest part of the AE at higher Idadsoating materials such as as-
sprayed HVOF (JetKote) WC-12%Co, APS (Metco, 9MB),(34 (conventional
powder), HVOF (theta gun) ADs (fine powder). For HIPed HVOF (JetKote) WC-
12%Co, as-sprayed HVOF (JP5000) WC-10%Co0-4%Cr mgsitiindividual AE peaks
are not evenly spaced and are all of irregular dgugd, and similar characteristics was
seen for all loads, and no distinct zones wererabpmat any of the loads. The ratio of
power in the low frequency band (0-250 kHz) to ploever in the high frequency band
(250-750 kHz) for the whole AE series and for eaththe zones largely remains
constant with loads. HIPed HVOF (JetKote) WC-12%&Sowell as as-sprayed HVOF
(JP5000) WC-10%Co0-4%Cr has significantly higherhhfgequency component than

other carbide coatings. .

4.5.3 Vickersindentation fracture pattern of thermally sprayed coatings
The surface fracture pattern of as-sprayed HVOBQJ0B) WC-12%Co, as-sprayed
HVOF (JetKote) WC-12%Co and HVOF (theta gun)@y (fine powder) includes

radial cracks at the four corners, edge crackg, aracks and other small cracks around
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the indentation. In contrast, the HIPed HVOF (Jé&KaNC-12% Co and as-sprayed
HVOF (JP5000) WC-10%Co0-4%Cr coatings showed ontyeettacks and other small

cracks around the indentation with no visible radiacking at any of the loads. The

surface fracture pattern APS (Metco, 9MB).®@d (conventional powder) coatings

showed a high degree of crushing fracture and apail and its pyramidal impression

was badly discernible in contrast to all the otbeated specimens examined. Those
coating materials with visible surface cracks meagushow approximately linear

increase with loads. Cross-sectional views arondédntation for the as-sprayed HVOF
(JetKote) WC-12%Co coating produced, there apptarnse areas with sub-surface

densification, lateral mesh of cracks and lateetduhination cracks.

4.5.4 AE monitoring during HVOF thermally spraying

The raw AE spectra of background noise during HV@F5000) WC-10%Co0-4%Cr
thermal spraying show similar characteristics wdistinct spikes below the analogue
filter frequency of 100 kHz, and the characteristequency for air borne noise record
at 100 Hz. The SNR increases with increase in tickhvof the slit, spraying pressure

and decreases with increasing gun transverse speed.
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Chapter 5

DISCUSSION

This chapter provides an analysis and interprataifdhe experimental results covering
AE based monitoring of the indentation behaviourcoftings and of the thermal
spraying process. The foregoing chapter has eskeddli the key features of the AE
record and the observed post-test cracking patterdshis chapter is mainly concerned
with assessing the extent to which AE can be used more convenient measure of
mechanical behaviour and fracture toughness ofirggmthan conventional means. It
starts with discussing the interaction of the Viskimdenter with the materials studied
and the information that this generates about nrechbhproperties. Next, the place of
AE in monitoring the indentation process is disedgssFinally, the role of AE

monitoring the quality of coatings during the spnayprocess is assessed.

5.1 Vickers indentation behaviour and fracture toughness

This section is confined to assessing the extenwhach the indentation residual
impression can be used as a conventional and atlteenmeans of fracture toughness
measurement of coatings both of which techniquesciwhrely heavily upon
metallographic assessment. It is clear from théasarmetallographic evidence and also
the comparison between measured and geometricti @&gction 4.1 that piling-up is
the dominant accommodation mechanism at all indentaloads for copper and
aluminium whereas sinking-in is the dominant precés thermal sprayed ceramic
coatings. The hardened steel sample occupies &opobetween the two extremes. In
the most brittle materials, accommodation is byndsling of the surface to the extent

that cracking cannot be entirely be quantified tatlographic means.

These findings are summarised kigure 5.1 Clearly, in the materials studied, the
cracking behaviour is generally much more compleantis assumed for either the
classical models of Palmqvist (Nihara [8]) or med{hawn and Fullef9]) cracking.
Figure 5.2 summarises the behaviour of the materials studietkr indentation, along
with the metallographic observations and literateakies of the fracture toughness and
also the measured hardness. Clearly, there ismplesirelationship between hardness

and cracking pattern, although the amount of cragks probably related to toughness
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and its distribution depends both on toughness hamdogeneity. In the hard, multi-
phase materials, inhomogeneity means that the afebighest fracture toughness do
not always correspond to the areas where crackingre and the size and distribution
of the phases, their respecti¥g. values, and the existence of brittle surfaces @t

boundaries) will all influence the cracking pattern

- ) . Plastic deformation/micro void
Plling-up. plastic deformation formation/carbide cracking
No piling-up o
or sinking-in Sinking-in
Copper/Aluminium % KX
Category-1 Hardened steel Category-2
Sinking-in with edge chipping Sinking-in with edge chipping Improper indent impression with
and radial cracking sinking-in, edge chipping,

spallation, little radial cracking
~—/

)X

HIPed HVOF (JetKote) WC-12%Co,
As-sprayed HVOF (JP5000)
WC-10%Co-4%Cr coatings As-sprayed HVOF (JetKote) WC-12%GCp, APS (Metco, 9MB) ALO; coatings

As-sprayed HVOF (JP5000) WC-12%Cp,
HVOF (theta gun) A}O; coatings

Category-3 Category-4 Category-5

—

Figure 5.1 Category of Vickers indentation residual impressio

In the high-carbon steel, the carbida® much harder than the tempered martensitic
matrix so that any plastic deformation gets cormeg@tl in the matrix and is impeded by
the carbides [152], leading to amccommodation mechanism includingastic
deformation and carbide cracking [111]. The detaiilthis mechanism are not visible at
the magnifications used in this work, although s@wielence of cracking at the carbide-
matrix interface is visible for some of the largearticles (e.gFigure 4.1). Since no
macro cracks (other than those referred above) wisilgle on the surface around the
indentation edges or corners, it is supposed Hewvery fine distribution of the brittle
phase leads to generate micro-cracking in the arkhgghest tensile stress. Since the
stress is tensile over the entire indentation egection 2.}, and the maximum
principal stress at the indentation corner is tensi is expected that micro-cracking

will be present in these areas.
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. \/ Single phase soft metal
o Alumnium/Copper Ky.> 200 MPa.r?
=} HV = 1082 HV (Al)
5 HV = 93+5 HV (Cu)
3
g ooé
%- Hardened 000 0000 Iron carbide: 1-2 um spherical
7 martensitic steel :::::::::: Ky~ 30 MPa.mf? [153]
HV =771 + 1¢
v 0000000000
AS'SE;S%%%SVOF Powder: 15-45 pum spherical/porous
WC-10%C0-4%Cr Coating thickness: 50-60 pum
: ases in coating: , Co, Cr
coatings Ph - ing: WC, Co, C
K1ic~ 4-5MPa.nv? (on surface) [154]
HV = 10974110, 9901
<
2
o
% HIPed HVOF (JetKote 3 Powder: 1-50 um angular/irregul
=y WC-12%Co coatingd’ Coating thickness: 300-325 pm
= Phases in coating: WC, M, CqW,C, Co
g HV = 1018+177
R
@
g_).
As-sprayed HVOF T e Powder: 15-50 pm angular/irregular
(JP5000) WC-12% G T : Coating thickness: 300-325 um
coatings, d""’ Phases in coating: WC, \@
As-sprayed HVOF Kic~ 5.20.7 MPa.nf?(on cross-section) [17]
¥ (JetKote) WC-12%C Kic~ 4+1 MPa.n{?(on cross-section) [17]
coatings HV = 1002+159 (WC-12%Co, JP5000)
HV = 1050+70 (WC-12%Co, JetKote)
Powder: 1-5 um angular/irregular
I HVOF (theta gun) Coating thickness: 250-260 um
< Al O3 coatings Phases in coatingf,/yAI 203
S Kyc~ 2.5%0.57 MPa.n{2 (surface unknown) [155]
) HV = 632+29
3
% Powder: 10-45 pm angular/irregular
= Coating thickness: 250-260 pm
73 g&g)(mego Phases in coatingy /) Al,0;
v coatin 553 Kic~ 2.330.36 MPa.ni? (surface unknown) [155]

HV = 683+38

Figure 5.2 Summary of metallographic observations and relernsthanical properties

Based on the surface and cross-sectional microsadyservations of the indentations
on the various coatinghapter 4, the probable evolution of cracking during an
indentation can be summarisedRigure 5.3 It is reasonable to expect that the finer
surface cracking patterns at higher loads are septative of the early stages of
cracking at heavier loads. Taking this informatioto account allows the identification

of tensile cracking of edges and corners to asrth@r mechanism in the WC-Co and
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WC-Co-Cr coatings with varying degrees of interasracking at its most significant
in the APS A{Os.

Rough surface in contact
with indenter due to edge

/ cracking
-

‘Sinking-in’

. mechanism

Vickers indentation
cross-section

Near surface tensile
stress zone

Crushing of splats and
cracks between splats
leading to lateral cracks Spherical
densified zone or

compressive lobe

Sink-in zone,visible in Radial cracks, opening and Edge cracks (or, edge chipping), visible
sprayed coatings at all becoming subsumed in the around impressions at all loads,
indentation loads impression as the indentation becoming subsumed in the impression
develops as the indentation develops

As-sprayed HVOF (JetKote, JP5000) WC- HIPed HVOF (JetKote) WC-12%Co, APS (Metco, 9MB) )
12%Co, HVOF (theta gun) AD; coatings ~ As-sprayed HVOF (JP5000) WC- Al ,0s coatings
10%Co-4%Cr coatings

Figure 5.3 Schematic diagram showing development of an irsdiEmt impression in
ceramic coatings (top: sectional view, bottom: plaaw).

As categorized aboveFigure 5.1), the Vickers indentations of coatings fracture
differently and it is by no means certain that ttassical approachF{gure 2.9 and
Section 3.6.Lof using radial crack length to deduce fractureghness measurement
will be valid when some (or all) of the crackingdstributed in relatively short edge
cracks.Figure 5.4a shows the basis of the classical approach to tatlen fracture
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toughness measurement. In this approach, one avthassumptions is made about the
sub-surface shape of radial cracks. In the firdhete (Nihara [8]), the length of each
radial crack is taken to be visible length,and the depthh, is assumed to be

proportional to the impression depth. This ultinhateads to a relationship between

fracture toughness, crack size, load and impressmaK,. = kp{ } In the second

P
ayl,
approach (Lawn and Fuller [9]), the radial cracks assumed to form part of a single

crack whose length € includes the impression diagonal and where dépjhs half

the length. This leads to proportionality, = km{ P }

3/2
C

(a) Surface radial cracks

/\

TOP VIEW

(o) SIDE VIEW
(Semi-elliptical shaped edge crack)

TOP VIEW 7

l
Edge cracks

CROSS-SECTION VIEW
(Edge crack depthm)

Ratio of semi-elliptic crack
Median cracks dimension m/l,<<1

Palmqvist cracks

CROSS-SECTION VIEW ) -
‘lyn measured using profiling method

alternative approach, Figure 3.14
‘I" and ‘¢’ measured using straight line method (classical @ggr, Figure 2.9) ( PP 9 )

Figure 5.4 Schematic diagrams of Vickers indentation residogiression for crack
prone materials: (a) Plamqgvist and half-penny n®dsl Nihara [8] and Lawn and
Fuller [9], (b) edge crack model

Figure 5.4bshows an extension of the fracture mechanics nfodeldge cracks. Using
the classical crack régimes in Vickers indentatitacture tests Section 2.1.)1 the
average crack-to-indent rati/@ around 0.43+0.08 for as-sprayed HVOF/JetKote WC-
12%Co, 0.45+0.08 for as-sprayed HVOF/JP5000 WC-1@%€C38+0.21 for HVOF-
theta gun AIO; fine powder), suggests Palmqvist rather than nmediacks, and this is
supported by the absence of sub-surface radialanextacks in the SEM images of as-
sprayed HVOF (JetKote) WC-12%C&€ction 4.2 It is reasonable to assume that
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similar mechanics hold for edge cracks with stiesisg dependent upon the load and
penetration depth. Using a similar assumption & BRlalmqvist model (i.e. that crack
depth,m, is proportional to impression size), the touglsnesn be deduced to be given

Zlyn

byK, = ke[L} There is no reason to suppose that k, but, for combination
of edge and radial cracks, the relationship betwead and total surface crack length

can still be considered to be an indication oftinee toughness.

Figure 5.5illustrates the application of this analysis te toatings studied in this work.
Column A uses the classical Palmqgvist approachtlaméverage radial crack length for
these coatings which exhibited any radial crackidging the classical constant of

proportionality, k, =0. 0319e.g. Shettyet al. model [10]), a value of fracture

toughness can be obtained for the as-sprayed H\0@&Kdgte) WC-12%Co and as-
sprayed HVOF (JP5000) WC-12%Co coatings ast@® MPa.mf?> and 9.%1.0
MPa.nt’?, respectively. For the same coating material (V2@%Co as-sprayed
HVOF/Diamond Jet METCO), Limat al. [17] have determined a value of 5017
MPa.nt’? (Palmqvist based Shetéy al. model [10]) and 4+1 MPa.fi(Palmqvist based
Nihara model [8]), although it might be noted tlfair indentations were made on a
cross-section of the sample (as opposed to omiitace) and the fracture toughness for
sprayed coatings is known to be anisotropic [15,166]. Furthermore, Limat al.[17-
18] have mentioned that the fracture toughnes${¥®OF as-sprayed WC-Co coatings
determined using an indentation direction perpandic to the coating-substrate
interface is considerably higher than that for mdé&ons parallel to the coating-
substrate interface, thought to be the result ofkwvéonding (cohesive strength)
between splats and the orientation of inter-sptainidaries relative to opening stresses.
Finally, Factor and Roman [35] doubt the validiyimdentation tests carried out on
cross-sections of coatings, because the coatingribss is supported by the metallic
substrate on one side and by mounting resin onother, leading to an artificially
constrained system in comparison with likely actsatvice loadings. For as-sprayed
WC-10%Co0-4%Cr, Manet al.[154] observed radial cracks and have reportedlaev
of 4-5 MPa.n{?, although they did not indicate the direction mfléntation and what

fracture model they used.
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Assuming the Palmqvist model, the fracture tougbrfes the HVOF-theta gun AD;
(fine powder) coatings studied here was+8.5 MPa.nf2 For a similar coating
material (HVOF A}Os, powder size unknown), Bolekt al. [155] have given a value
of 2.5:0.57 MPa.nf?, although they did not indicate the direction odiéntation and
what fracture model they used. For APS (Metco 9MB)O; (conventional powder)
coating, where a measurementkf was not possible in this work, Bole#t al. [155]
have given a value of 2.88.36 MPa.nf? although, again, powder size, indentation

direction and fracture model were not specified.

Column B inFigure 5.5 shows the application of a combined radial andeecigck
model to all of the coatings studied (except the&sAR,03). The upper plot (a) shows
the relationship between total surface crack lemgiti total surface edge crack length
and, as can be seen, the ratio of total:edge vaeé&seen unity and about 2. More
importantly, the plot ofav/L againstP yields a straight line from which the fracture

toughness can be determined. In order kg, to be comparable with the value of
k, for Palmqvist cracks, it is necessary to dividettstal crack length by 4 (in order to

normalise per edge or per corner) diable 5.1shows the resulting values &, using

edge and radial cracks (where these exists) arel @dgks only.

For the coatings on which the classical approadhidche used (i.e. those which
displayed radial cracks), the values Kf_indicated by the alternative approach are
generally lower and inclusion (or not) of radiabcks makes little difference to the
indicativeK,.. The alternative approach does not change theingnif toughness
between the three coatings and gives values tleatagéiner more compatible with the
literature values. Finally, the alternative apploaccentuates the toughness difference
between the two versions of as-sprayed WC-Co, altregiich helps to explain the

differences in AE behaviour (see next section).

For the HIPed HVOF (JetKote) WC-12%Co coating, Wwhoan be expected to show
improved fracture toughness over the as-sprayetingo32], the absence of radial
cracks, means that the classical approach cannatsed. However, the alternative
approach gives a value of 7.4 MP&ntompared with 4.6-5.2 MPa'fh for the

equivalent as-sprayed coatings.

151



The difficulty in quantifying typical radial cradkngths in APS AIO; coatings has also
been commented on by Lt al. [51] and Sharmat al. [157]. However, the results
shown here indicate that total surface crack lenggh be used to rank fracture
toughness in coatings. What now needs to be esit@loliis whether AE can be used as a

more convenient measure of total surface crackleng
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(A) Crack length indicator-1
Average surface radial crack length
(classical approachSection 3.6.1)

(B) Crack length indicator-2
Total surface crack length
(alternative approach, Section 3.6.2)

Ignoring other cracks
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Figure 5.5 Two approaches in Vickers indentation fracturegtmess assessment;
Column A: crack length indicator-1 (classical amie), and column B: crack length

indicator-2 (alternative approach)
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Table 5.1Summary of classical and alternative approachudradoughness of coatings

Materials

Classical approach
(using average surface
radial crack length)

Alternative approach
(using total surface crack
length)

Alternative approach
(using total surface crack

length excluding total surface

Kic (MPa.nt?) Ky (MPa.nt’?) radial cracks)
K1 (MPa.nt?)

As-sprayed HVOF 8.81+0.47 4.6+0.3 5.2+0.3
(JetKote) WC-12%Co
As-sprayed HVOF 9.07+1.02 7.1+0.1 7.4+0.5
(JP5000) WC-12%Co
HIPed HVOF (JetKote) No radial cracks 7.4+0.2 7.4+0.2
WC-12%Co
APS (Metco, 9MB) AJO; | Cracks not measureable Cracks not measureaple Lnatkneasureable
(conventional powder)
HVOF (theta gun) AlO; 5.50+0.53 3.4+0.1 4.3+0.1

(fine powder)

5.2 AE based crack and fracture toughness measurement

As was seen isection 5.1the total surface crack length provides a rankihffacture

toughness for all of the materials in which a measi crack length can be obtained at

the micrscopical resolution chosen. As crackingobses more distributed into smaller

and smaller units, measurement of total crack kemgpidly becomes impractible.

Furthermore, the measurement of surface crackitigrpa at the end of a test is not

necessarily indicative of all of the cracking, pararly as the modes become more

complex. Therefore, this section is confined teeassg the extent to which AE can be

used as a more convenient measure of fracture mesghthan the classical and

alternative crack-length based approaches discudsmg.

The fully instrumented indentation tests clearlypkd in associating the AE events

with the spatial location of the indenter. AE ewenay or may not be focussed onto

particular parts of the indentation, but a systénatvestigation using load-based

staging and AE-based zoning criteria indicate type$ of AE time evolution; where no

clear zones can be identified and where clear zoap9e identified. When zones are

identifiable, these can be mapped onto the loadébatages, although the presence of

stages does not necessarily indicate the presénromes.

Table 5.2 summarises the percentage appearance of zonesadbr of the materials

investigated. For the cases where cracking can émsuned, it appears that zoning is

associated with a large total crack length andaghgearance of radial cracks. The fact

that zoning also appears in the two samples wheeectack length could not be

154




measured suggests that it is the presence of Hisagmh amount of cracking that leads

to zoning of the AE. This is consistent with cramki being a discontinuous

accommodation process, unlike plastic deformatidrickvis more continuous, and is

also consistent with the literature on homogenewoaserials [e.g. 77-81] where the

radial cracking is seen to be discontinuous and thaeads to burst-type AE at

particular critical loads.

Table 5.2Summary of qualitative and quantitative indentatiategory

Materials

Indentation
residual impression
category & main
cracking type
(ref. Figure 5.1)
(Qualitative)

Statistics showing
% of indentation
with distinct AE
zone A, B, C
(Ref. chapter 4)

Prevalence of radial
cracking
(slope of line in m/N,
ref. Figure 5.5a,
column A)

Prevalence of edge
cracking
(slope of line in
m/N, ref. Figure
5.5a, column B)

Prevalence of total
(slope of line in
m/N, ref. Figure
5.5a, column B)

D

d

Hardened steel Not gqaefsgﬁgb?e 33/50 = 66% Not measurable Not measurable Not medsural
WC-12%Co (as- Category 4 7
sprayed Radial & edge 9/50 = 18% g,gofxlo énil' |8x106 %,asloxloe
HVOF/JP5000) (3 largest) (3° largest) (3" largest)
WC-12%Co (as- Category 4 7
sprayed Radial & edge 43/50 = 86% 2.60x10 219x10° 2.79x10°
HVOF/JetKote) (2" largest) (2" largest) (2" largest)
WC-12%Co (HIPed Category 3 o 1.32x10° 1.32x10°
HVOF/JetKote) Edge only 0/50 = 0% None (4™ largest) (4" largest )
WC-10%Co0-4%Cr Category 3
(as-sprayed Edge only 0/6 = 0% None Not measured Not measure!
HVOF/JP5000)
(CXJ;g/;eMng?gl Oalébf/%) %?)t;?agirzn‘r) 32/45 =71% Not measurable Not measurable Not measurab
Fine powder AlO; Category 4 30/45 = 86% 4.09x10 2.48x10° 4.12x10°

theta gun adial & edge B argest argest argest
(HVOF/th ) Radial & ed ° (21 ) (21 ) (2 )

Of the records that exhibited AE zoninfjgure 5.6 shows that zone A always

represents a small proportion of the total AE eypdegso of the other measures, ring-

down count and event duration), and that zone Bados the highest proportion at low

loads, with zone C containing the highest at madeix@higher loads. The fact that zone

C shows the biggest change with load would sugestcracking during indentation is

better discriminated using zone C, although zor@t&n contains the highest intensity

of cracking events. The zoning of AE signals, amel associated energifigure 5.6)

might be useful in understanding the evolution aature of cracking events but the

fact that it has been observed in less than haliefecords examined makes it difficult

to form general conclusions.
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Figure 5.6 Comparison of zone AE energy: (a) zone A, (b) ZBraand (c) zone C

The fracture energyG., associated with a unit area of new fracture serfia given

2

by: G, :%, whereEy is Young’'s modulus. It is therefore reasonablexpect that

cumulative AE energy throughout the indentationaisneasure of total crack area
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2
produced multiplied by the (constant) value—%:— for the materialFigure 5.7 shows
the total AE energy plotted against total surfacack length for those materials on
which a measurement could be made, each labell¢d the fracture toughness
determined from the alternative approadralfle 5.1). As can be seen, the lowest

toughness material shows the lowest slope, buthleatatio of slopes of the two quality

. . K2 . .
zones is not in proportion teElf nor toK,. . This is almost certainly due to the fact that

the overall slope of cracks in the 8% is much simpler than in the WC-Co material and
a far broader range of materials, including sommdgeneous ceramics would need to
be studied to in order to elucidate this fully.

¢ As-sprayed HVOF WC-12%Co (JetKote)
8 - m HIPed HVOF (JetKote) WC-12%Co
A HVOF theta gun AlI203 (fine powder)
As-sprayed HVYOF WC-12%Co g\_]PSOOO)
7 Ky ~ 4.6:0.3 —— Linear (HVOF theta gun AI203 (fine powder))
MPa.m2 ——Linear (As-sprayed HVOF WC-12%Co (JetKote))

— K JE,~9.2x1C
02.26-7x

KiJEy ~ 8.7x10

Total AE energy (x1e-7 V.s)
N

3 Ky~ 3.4:0.1
MPa.m'?
2 A y = 1072.1e-7x
1 - [
0 74:- T T T T T T 1
0 0.0005 0.001 0.0015 0.002 0.0025

Total surface crack lengths, L (m)

Figure 5.7 Quality zone map of coating fracture propertiesalt surface crack length
plotted against total AE energiy( for HVOF Al,O3; = 138 GPa [155]Ey for HVOF
WC-12%Co = 230 GPa [48])

The above analysis suggests that total AE energymake a useful proxy measure for
total crack area for material of a given fractuoeighness and Young’s modulus.
Supposing that crack depths are approximately aahsfE could then be supposed to

give a measure of total surface crack length, ab ttie equation given iRigure 5.5

column B can be modified &, =k, {i} (Section 3.6.R Figure 5.8 shows plots

a/E

of aW/E against indentation load along with the associdttest-fit straight lines and
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[a.E1/2], ain metres, Ein V.s

Table 5.3shows the values of the slopes and their coroglatoefficients alongside the
corresponding values for the AE ring-down counte Tact that these correlations are
reasonably good indicates that the AE approachbeacalibrated against the crack-
length based assessment to allow an assessméet tolighness for the materials where
an AE record is available and crack length could i@ measured-igure 5.9 shows

toughness values froffable 5.1 (total surface crack length) plotted against thesise

of the slope of the AE ring-down count or AE ener%{3 and }{3 , along with the
R E

associated best-fit calibration (notably higher A energy) betweerK,.and ring-

down count and energy, respectively. For thgOAimaterial, a different calibration was
expected and this was achieved by simple proporiiahle 5.4summarises the results,

indicating the values oK, determined from crack length (where this was péssénd

from AE ring-down count or AE energy. The valueskgf determined from AE energy

show the expected ranking of the fracture toughwéthe materials. Those from AE

ring-down count show a similar ranking.

L, " AS-Spra\;ezBH\*/éF (JetKote) WC-12Co @ 1.8)(10:- = APS (Met:o:QBM;;(AIZOS Conv. powder) ® ]
oo’y s nomi |t e SABMRANNS :
1.6x10" B = 1.41672E-10, R = 0.88875 % } T £ 14x1074 W HVOF (theta gun) Al203 (Fine powder) B
Lax107] 2 rg;%% E\f(a)F Fgaftgggeglwc- 209? ] I_-I; Lowag7] B L82393E-10,R =0.8509 ]
1.2x107 1 § Loxto" % ” |
1.0x107 % 8.0x10° ] 1 | [
8.0x10°- B [ . g 6.0x10° = % i
6.0x10° . } pd 'f T Nz 4.0x10° 1 } |
2.0x10° i B % {' t ] S oot . ; : .

0.0 -T ¥ . : . . 0 100 200 300 400 500
0 100 200 300 400 500 Indentation load, P (Newton)

Indentation load, P (Newton)

Figure 5.8 AE based (using modified generic equation) ind@stafracture toughness
estimation Kag) using AE energyH): (a) WC-Co and (b) AD; coatings [lower the
slope of best fit line, higher the fracture tougtsje
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Table 5.3AE based fracture toughness measurement of material

Materials Slope B whenX = Correlation Slope B whenX Correlation
R (ring-down) coefficient () =E (energy) coefficient ()
Carbide coatings
As-sprayed HVOF (JetKote) 8.07x10° 0.9910 3.49x1%’ 0.9743
WC-12%Co
As-sprayed HVOF (JP5000) WQ-8.57x10° 0.9570 1.41x1¢° 0.8887
12%Co
As-sprayed HVOF (JP5000) WQ-6.33x10° 0.9656 1.94x10™ 0.9177
10%C0-4%Cr (100 mm/s, P1);
As-sprayed HVOF (JP5000) WQ-4.57x10° 0.8262 1.15x10" 0.9757
10%C0-4%Cr (200 mm/s, P2)
HIPed HVOF (JetKote) WC- 3.81x10° 0.8982 1.04x10™ 0.8891
12%Co
Ceramic coatings
APS (Metco, 9MB) AJO; 1.17x10° 0.9501 2.30x1¢° 0.7805
(conventional powder)
HVOF (theta gun) AlO; (fine 6.94x10° 0.8435 1.82x10™ 0.8509
powder)
Metal
Hardened steel | 8.65x%0 [ 0.9739 | | 177x1¢ | 0.7965
84 8+
74 L} i 74 L E
64 6
S‘T 5 E gA 54 E . slope = 3x10°
; 2] ’,/"""slope:9x10'10 ; n Corr. coeff. = 0.54678
\2«0 o] Corr. coeff. = 0.96073 %3<
<] <]
14 14
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Figure 5.9 Calibration for WC-Co coatings: Fracture toughnesisies plotted against
the inverse of the slope of the (a) AE energy AlB)ring-down count

Table 5.4AE based fracture toughness measurement of thgrsathyed coatings

Material Ky (MPa.m'?) Ky (MPa.m™™) Kic (MPa.m™?)
whenX =R whenX =E whenX =L

As-sprayed HVOF (JetKote) WC-12%C¢ 3.72 2.58 4.6
As-sprayed HVOF (JP5000) WC-lZ%C(P 3.50 6.38 7.1
As-sprayed HVOF (JP5000) WC-10%C¢-4.74 4.64 -
4%Cr (100 mm/s, P1);
As-sprayed HVOF (JP5000) WC-10%C¢-6.56 7.83 -
4%Cr (200 mm/s, P2)
HIPed HVOF (JetKote) WC-12%Co 7.87 8.65 7.4
APS (Metco, 9MB) AJOz (conv. powder) | 2.02 2.62 -
HVOF (theta gun) AlOs (fine powder) 3.40 3.30 3.4

As pointed out in the literature review, a numbkawathors [e.g. 79] claim that the AE

frequency spectrum can be used to distinguish lestweracking and deformation
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during indentation. In the current work, the ragfgpower in the low frequency band (0-
250 kHz) to the power in the high frequency banBio¢Z50 kHz) did not show any
pattern between loads. The HIPed HVOF-JetKote W&%Q@& and, to a lesser extent,
the as-sprayed HVOF (JP5000) WC-10%Co-4%Cr coatixdpbited stronger high

frequency components than other coatirigigyre 5.10, and it may not be coincidence
that these two coatings did not contain and racliatks, nor did they AE show any

zoning. This area clearly needs further work beforg conclusions can be drawn.

B As-sprayed HVOF WC-12Co
3.0 ©® HIPedWC-12Co

As-sprayed WC-10Co-4Cr (100 mm/sec, P1)
1 w As-sprayed WC-10Co-4Cr (200 mm/sec, P2)
25 APS AI203 (conventional powder)
~¥7 <« HVOF AI203 fine powder)
T
o 2.0
O
—
o
S 1.5 l
! J ¢ ]
b 10 Py
e 1o £ 1 ] 3
) s 9 l 1 ;4
0.0 T T T T T T T T T
0 100 200 300 400 500

Indentation load, P (Newton)

Figure 5.10Comparison of frequency power ratio for all cogtinaterials

5.3 AE based thermal spray process monitoring

This section discusses an AE-based approach totonioigi coating formation during a
continuous thermal spraying process. As was sedPhapter 4(Section 4.4)the slit
experiments have demonstrated that spray-substregeaction generates measurable
AE, although it is by no means certain that indist particle impacts will be
observable either by the time- or amplitude-resotubf the method. It is therefore of
interest to develop a modeAgpendix G describing the approaching particle density,
size and velocity distributions as an aid to anatygshe data from slit and slit-free

experiments.

A cross-section of the spray can be assumed t@icoatconstant density of particles of
constant size, travelling at constant velocity tmgathe surface and the total particle
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kinetic energy passing through a slit determine@ &snction of time. Based on these

assumptions the energy raie, associated with the kinetic energy of particles
impinging on the substrate through the slit carchleulated from a simple kinematic

model,Appendix GUsing the model, the energy rate is given by:

E(t) = % r'npowder V2 (AST(t)J (51)

where mpowaeriS the powder mass flow rat¥, is the average particle speedjs the

spray spot area and, (t) is a trigonometric function of time given Appendix G

A representative AE record is compared with thecudated kinetic energy rate in
Figure 5.11 In the calculation; the diameter of the sprayt spas taken as 10 mm, the
gun transverse speed 250 mm’sebe powder flow rate 80 g mtrand the velocity of
sprayed powder particles 800 m $eThe length of time taken for the spray gun tospas
a slit at the speed of 250 mm dds 0.052 sec. It is clear froffigure 5.113 that the
pulse is, in fact, wider than the calculated tireggure 5.11h This could be due to
fanning of the spray, i.e. a non-uniform particEnslity distribution over a wider spot

size and/or diffraction effects at the slits.

The AE energy was calculated as the area undemltselute of the signal above
threshold using Equation 3.1. Since the continuoaiskground noise amplitude was
present throughout the process at all spraying itiond, an automatic analysis
threshold level of 15% above the continuous baakghonoise level was chosen to
define significant AE activity due to coating fortizan. Figure 5.12compares the total
kinetic energy of particle impact with the AE engtbrough slits of various sizes and
spray gun transverse speeds, suggesting that, thetanding the fanning/diffraction
effect, the model gives a reasonable approximatidghe measured AE energy (i.e. that

the calculated kinetic energy is proportional te theasured AE energy).
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Figure 5.11(a) AE signal at a single slit of width 3mm wheW®F (TAFA JP5000)
WC-10%Co0-4%Cr is sprayed at 250 mm Segun speed, high pressure, P1, (b)

calculated kinetic energy raEgedistribution due to particle impact through slitvadth
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Figure 5.12 Calculated kinetic energy of particle impact @dttagainst measured AE
energy with spray gun transverse speed for eacsiztis at high pressure, P1

The use of AE for monitoring the thermal sprayisgcomplicated due to overlapping
impact signals and noise within the coating chaniidd-144]. Nevertheless, it is
obvious that the model, with appropriate modifiocas, will serve as a useful analytical
aid for continuousn-situ quality monitoring, since the incident impact egepf the
powder particle helps facilitate the bonding of twating inter-splat cohesion. The
complimentary nature of the information availableni process monitoring and from

semi-destructive testing (i.e. indentation) addim@ension to the use of the technique.
Figure 5.13shows a record of AE produced in continuous naylél spraying without

the use of slits. As can be seen, the AE enerdyinvd layer goes through a maximum

(circled inFigure 5.13 as the spray spot passes over the sensor poitibe middle
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of the back of the sample. As well as this, thera general increase in AE energy for
the first three layers which then remains constarthe number of layers builds up and

this cannot be attributed to changes to sensoitisétysas the back face of the substrate

warms up.
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1 PR O 7N /'3. \
4 | JPLIon N \\_‘, \ &
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Figure 5.13 AE energy distribution during 5-layer continuoysag/ing with no air jet
cooling (JP5000 HVOF WC-10%Co0-4%Cr, lower pres®2gon a flat 3 mm thick and
500 mm long mild-steel substrate at 200 mni'seansverse gun speed for a series of 4
ms record lengths; 0.5 mm maximum coating thickfi2€ss scanning time per layer]

On the basis of the foregoing, it seems that partimpingement on the substrate
constitutes a significant source of AE but this lddoe expected to be around the same
intensity for each of the passes. The physicaédbfice between the surface with single
pass and multi-pass spraying is showfigure 5.14 The relevant differences are:

» the substrate is thicker

» the substrate has a higher temperature

+ the substrate is of a different material

The main source of residual stress during deposi8@w,, the so-called ‘quenching
stress’ [158]:

o, =a,(T, -T,)E, (5.2)
wherea_,T,,, T,and E.are the deposit coefficient of thermal expansicamdlla
melting temperature, substrate temperature and siteptiffness, respectively. This
qguenching stress could conceivably cause crackirtge layer being deposited which

would be manifest as AE during the pass. HoweWes,dontribution would be expected
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to decrease as the substrate warms up, and iddfeeneot the explanation for the

increased AE in multi-layer deposition, seeffrigure 5.13

(a) (b)

Layer being deposited
Layer being deposited
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b I
Upto4

layers, eac
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€ thick
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Substrate

3.1-3.4 mm|

v

Figure 5.14 Diagram showing difference in substrate for sing#ss and multi-pass
thermal spraying

Bansalet al. [159] have taken a typical value of flame heax f{d MwW/n?) and
calculated (amongst other things) the thermal gratdin the substrate during HVOF
deposition. This calculation suggests that the ekitne substrate is heated significantly
over the ambient to a depth of aroundB.. Assuming a similar penetration in the
current process would mean that thermal mismatass#s in the substrate associated
with shock flame heating in the depositing layeruldoaffect most of the immediate
underlying HVOF layer, but relatively little of angeeper layers. It can therefore
tentatively be suggested that the additional AEninti-layer deposition is associated
with thermal shock of the underlying depositiondes; an effect that might be expected
to get greater for the first few layers and ceasgrow thereafter. It is therefore possible
that AE monitoring may, as well as providing infaton on the particle-surface
encounter mechanism, might also offer some infalnmabn the quality of the coating

through its response to shock heating.
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Chapter 6

CONCLUSIONS AND RECOMMENDATIONS

In this work two types of tests were conducted, At®nitoring during Vickers
indentation and during thermal spraying. Of theke, more significant contribution is
in the understanding of indentation behaviour thgtoanalysis of AE measurements for
which the large body of work cited in the literaweview provided a sound technical
basis. Although the work on AE monitoring during@timal spraying is of a preliminary
nature, a novel approach using AE sensor to motlitemmal spray process has been
demonstrated. The main conclusions are given bdialewed by recommendation for

future work.

6.1 Conclusions

Main conclusions from indentation fracture, crack lengtia fracture toughness

» Total surface crack length provides as good arcatitin of fracture toughness
as the classical approach based on radial cragkhehis provides a way
forward for determining the fracture toughness dftle materials where no
radial cracks are developed.

* An alternative approach for determining fractunegioness for coating materials
has been developed. Using this approach, the folpwalues are suggested:
3.4+0.1 MPa.rH? for HVOF (theta-gun) AlDs
4.60.3 MPa.H? for as-sprayed HVOF (JetKote) WC-12%Co
7.1+0.1 MPa.rH? for as-sprayed HVOF (JP5000) WC-12%Co
7.420.2 MPa.i? for HIPed HVOF (JetKote) WC-12%Co coatings

These figures are in good agreement with the feailave published values.

Main conclusions from fully instrumented Vickers indeatatests
» Plastic deformation in the form of ‘piling-up’ relsial impressions in soft metals
(copper and aluminium) produced little or no AE,emdmss brittle fracture in the
form of ‘sinking-in’ residual impressions in hardeh steel and as-sprayed
HVOF (JP5000) WC-12%Co coatings produced signiti¢eh
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AE may or may not be focussed onto particular Stagfethe indentation as
defined by the force-displacement record. Theleritardened steel showed a
higher degree of zoning of AE than did the WC-12%@atings and this is
attributed to its finer microstructure and the rilgttion of hard particles in a
more ductile matrix.

Main conclusions from AE based crack and fracture toegemeasurement

All of the AE features can be used as a surrogateotal surface crack length
and total surface crack length (using profiling hoet at fixed resolution) offers
an improved measure of crack prevalence than iwadit approaches for the
coatings studied.

For materials where cracks are not visible at tkedf resolution chosen (e.g.
APS ALOs; coatings and hardened steel), a full measure afkcpaevalence
would require fractal dimension analysis whichime consuming offering a
motivation for AE-based crack monitoring.

By using AE features (notably energy) as a suredat total surface crack
length the system can be calibrated against thghteess values obtained from
crack lengths, giving the following AE based fraettoughness values:

3.3 MPa.nY? for HVOF (theta-gun) AlO;

2.6 MPa.nY? for APS (Metco, 9MB) AlO;

2.5 MPa.nY?for as-sprayed HVOF (JetKote) WC-12%Co

6.3 MPa.nY? for as-sprayed HVOF (JP5000) WC-12%Co

4.6 MPa.nY? for as-sprayed HVOF (JP5000) WC-10%Co0-4%Cr, 100snRi
7.8 MPa.n? for as-sprayed HVOF (JP5000) WC-10%C0-4%Cr, 100snR2
8.6 MPa.nY? for HIPed HVOF (JetKote) WC-12%Co coatings

The ratio of low to high AE frequency bands does sttow any pattern with
indentation load, although it is possible that A&guiency changes with the type

of cracking present, as claimed by other reseascher

Main conclusions from the AE monitored HVOF thermahgprocess

For spraying through slits, the measured AE enasgygorrelated with the
calculated kinetic energy of particles, showingt ttiee signal associated with
particle impingement can be seen in the face ofidemnable airborne noise.

For continuous multi-layer spraying the generaklexf AE energy increases as

the number of layers (and sample temperature)asee A feature which can be
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drawn that the difference is due to cracking omdehation in underlying layers,

which may give an additional measure of coatinditjua

6.2 Future work recommendations

Future work should be aimed at refining the investigatioagied out during this

project

* Whereas, the calibration approach relating suréaaek size to AE energy was
successful, its validation would benefit from aalled study including surface
and sub-surface examination at a variety of magmifins in a set of model
materials with closely-controlled microstructures.

* A more closely-controlled indentation process, udahg AE monitoring may
help to resolve some of the anomalies betweendtagks and AE zones.

* The work on thermal spray monitoring is in its imég and more experiments on
spraying through masks where the number of pastitéending is limited,
coupled with detailed metallography of the surfagk help to establish more

clearly the relationship between AE signature gidtgormation.
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Appendix A

Appendix A: AE systems used to study indentation

Table A.1 AE system used to study indentations on ceramics

AE data acquisition system AE sensor No. of sensej( Sensor Sensor frequency Gain: Pre- Ref.
location band / *Resonant amp/*SCU
Piezoelectric transducer (Briel | Piezoelectric 1, indentation surface 0-0.2 MHz/*200-300 40 dB/*0/50 dB [71]
& Kjaer) kHz
Piezoelectric transducer (Bruel | Piezoelectric 1, indentation surface 210 kHz 40 dB/*20 dB [74]
& Kjaer)
- AE sensors 2, near sample but on base | - - [75]
plate
D/E 3000 system - 1, indentation surface - - [7
HIFREACE / Tektronix DSA Broadband 1, opposite to indentation 50 & 100 MHz - [77]
601A ultrasonic point surface
focus transducer
of Panametrics
V390, V3194
LOCAN 320 system from PAC PZT, 1, indentation surface *150 kHz 40 dB [78]
AE sensor
AE system from NF Corp. Piezoelectric 1, opposite to indentation 0-1 MHz/*140 kHz 40 dB/*60 dB [79]
surface
Spartan AT Piezoelectric 1, indentation surface 0.1-1.0 MHz/*125 kHz 40/60 dB [80]
AE Fracture Wave Detector Broadband - - 40 dB [81]
(FWD, Model FM-1) transducer
(DWC B1025)
Locan 320 system from PAC - - - - [82]
Table A.2 AE system used to study indentations on crystals
AE data acquisition system AE sensor No. of sensgj( Sensor Sensor Gain: Pre- Ref.
location frequency amp/*SCU
band /
*Resonant
HIFREACE / Tektronix DSA | Broadband 1, opposite to indentation 50 & 100 MHz - [77]
601A ultrasonic point surface
focus transducer of
Panametrics V390,
V3194
Locan 320 system from PAC Piezoelectric 1, indentation surface - - [83]
AECL105, UK /Digital AE sensor, M304A | 1, opposite to indentation 10 kHz-1 40 dB/*60-75 dB | [84]
Oscilloscope (Fuji Ceramics) surface MHz/*300 kHz
Mistras 2001 AEDSP-32/16,| - - - - [85]
PAC
- Piezoelectric 1, indentation surface 100 kHz-1 - [86]
MHz/*160 kHz
Locan 320 system, PAC Piezoelectric 1, indentation surface 3 kHz-1.2 MHz | - [89]
Tektronics digital storage Piezoelectric 1, opposite to indentation 10 kHz-1 MHz *250 times [90]
scope surface amplitude
TriboAE system, Hysitron Hysitron AE 1, indentation surface 0.1-1.1 MHz - [91-93]
Inc. indenter sensor
AMSY-5 AE sensor 1, underneath the specimep 100-400 kH - [94]
Tektronics digital storage PAC S9229 1, indenter is a sensor 625 kHz 100/1000 dB [95]
scope
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Table A.3 AE system used to study indentations on glass

AE data acquisition system AE sensor No. of senssj( Sensor frequency | Gain: Pre- Ref.
Sensor band / *Resonant | amp/*SCU
location
AE Fracture Wave Detector | Broadband - - 40 dB [81]
(FWD, Model FM-1) transducer (DWC
B1025)
AMSY-5 AE sensor 1, underneath the | 100-400 kHz - [94]
specimen
- Broadband sensor | 1, opposite to 20 kHz-1 MHz 80 dB [96]
indentation surface
- AE sensors 2, near sample but | - - [97]
on base plate
AET-5000 Piezoelectric 1, indentation 125-250/*175 *80 dB [98]
surface kHz
Digitizing Oscilloscope, HP | Piezoelectric 1, indenter mounted| 100-900/*200 - [99]
model no. 54501A translator (model: in a fixture on the kHz
8152A2, Kistler, end of PZT
Ambherst, NY)
- Broadband sensor 8, opposite to 10 kHz-2 MHz 60 dB [100]
indentation surface
- Broadband sensor 8, opposite to - 60 dB [101]
indentation surface

Table A.4 AE system used to study indentations on composites

AE data acquisition system AE sensor No. of sense)( Sensor | Sensor frequency | Gain: Pre- Ref.
location band / *Resonant | amp/*SCU
SPARTAN AT Piezoelectric | 1, indentation surface 0.1-1.0 MHz/*125 | 40/60 dB; *30 dB [80]
kHz
AE Fracture Wave Detector | Broadband - - 40 dB [81]
(FWD, Model FM-1) transducer
(DwcC
B1025)
LOCAN 320 system from Piezoelectric | 1, indentation surface 3 kHz-1.2 MHz *0/60 dB [89]
PAC
In-house built AE apparatus,| - - - - [102]
Univ. of Surrey
- AE 1, sensor mounted on - - [103]
Piezoelectric | indenter mandrel
sensor
SPARTAN-AT, PAC R15, PAC 1, indentation surface - *40 dB [104-105]
MD-1100S AE system AE sensors 1, sensor mounted on - - [106]
indenter
PAC PCI-DSP4 AE system Piezoelectric 4, indentation surfaces | - - [107]
PAC R15
sensor
AET-5000 PAC type 1, indentation surface 100-1000 kHz 60 dB/*0/40 dB| [108]
WD
LOCAN AT6 - 1, opposite to 50-1000 kHz 40 dB, *20 dB [109]
indentation surface
- - 1, opposite to - - [110]
indentation surface

Table A.5 AE system used to study indentations on metalswatdllic foams

AE data acquisition AE sensor No. of sensor(s), Sensof Sensor frequency Gain: Pre- Ref.
system location band / *Resonant amp/*SCU

System calibration by Piezoelectric 1, opposite to - *76 dB [112]
Frank Breckenridge indentation surface

DAKEL-XEDO-3 AE LB10A AE 1, indentation surface 100-600 kHz *94, *90 & [113-114]
system transducer *70dB

169




Table A.6 AE system used to study indentations on thin ddtas

AE data acquisition | AE sensor No. of sensor(s), Sensof Sensor frequency Gain: Pre-amp/*SCU Ref.
system location band / *Resonant
TriboAE system, Hysitron AE 1, indenter is a sensor | 100-2000 kHz/*130 | - [70]
Hysitron Inc. indenter sensor| kHz
ASCO: AE system Piezoelectric - - - [72]
from Vallen
Tektronics digital Piezoelectric 1, opposite to 10 kHz-1 MHz *250 times amplitude [90]
storage scope indentation surface
AECL105, UK AE sensor, 1, opposite to 10 kHz-1 MHz/*300 | 40 dB/*60-75-100 dB [84]
/Digital Oscilloscope | M304A (Fuiji indentation surface kHz [115]
Ceramics)
HP 54501A Piezoelectric 1, sensor mounted to 100-900 kHz/*200 *40 dB [116]
Digitizing translator : moveable cross-head kHz
Oscilloscope Kistler
8152A2
Vallen AMSY4 AE AE sensor - - - [117]
system
Compu Scope, Piezoelectric, 4, mounted on fourend | - 60 dB [118]
CS12100 Gage PAC, Type surfaces
Applied Science PICO
GAGE Applied, Inc. | PICO: PAC 4, opposite to *450 kHz 60 dB [120]
indentation surface
NanoScope lIl, Bandwidth AE | 1, indenter mounted in 8 0.1-2 MHz *60 dB [122]
Digital Instruments sensor special holder with a
Co. miniature AE sensor
AE analyzer AE sensor 1, indenter is a senso - - 23]1
Piezoelectric - - - - [125]
transducer (Bruel & [124]
Kjaer, Denmark)
ANSY 4, AE system | Broad band 1, sensor on indenter *160 kHz 40 dB [128]
from Vallen piezoelectric, shaft
DECI/ SE
150-M

Table A.7 AE system used to study indentations on thermalyspoating

AE data acquisition | AE sensor No. of sensor(s), Sensofr Sensor frequency Gain: Pre- Ref.
system location band / *Resonant amp/*SCU

AC 175L AETC Piezoelectric 1, indentation surface | - *94 dB [27]
AET-5000 Broad band piezoelectric 1, opposite to - - [28]

indentation surface
AET-5500 Piezoelectric PICO transducer, PAC 1, imdgon surface - - [29]
AET-5500 - 1, indentation surface 10 kHz-1 MHz / *40 dB [30]
*250 kHz
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Appendix B

Appendix B: Thermal spray process parameters

Table B.1Thermal spray process parameters (Vickers indemtégist specimens)

Thermal Spraying Gun

Industrially optimized spray conditions and powders

JP5000 HVOF
(as-sprayed) [32]

Spray material

WC-12%Co (sintered and crushed)

Oxygen flow 940 I/min
Powder size 15-50 pm
Kerosene flow 0.37 I/min
Spray distance 380 mm
JetKote HVOF Spray material WC-12%Co

(as-sprayed & HIPed)

Spray conditions

Coatings studied were industriafiimized by
Deloro Stellite, UK. Spraying process parameters
are not available due to propriety reason.

9-MB Metco Air Plasma
Spraying (APS) [160]

Spray material

Powder size
Arc current
Arc voltage
Primary gas
Secondary gas
Spray distance

Conventional alumina (AD; > 98.0%)

10-45 um
500 A

70V

37.6 I/min (Ar)
7.11/min (H)
80 mm

Theta-gun High Velocity
Oxy-Fuel (HVOF) [160]

Spray material

Fine powder alumina (AD; > 98.0%)

Powder size 1-5um
Oxygen flow rate 893 I/min
Kerosene flow rate 0.32 I/min
Acetylene flow rate 43 I/min
Spray distance 150 mm

171



Appendix C

Appendix C: AE sensor calibration certificate

AE SENSOR CALIBRATION CERTIFICATE

Sensor Name:  MICRO-800 Test Date:  7/28/03 Max. Value (dB): -6095
Sensor S/N: 91 Tested By: NM. Peak Freq.(kHz): 332.03
Comment:

-60.0

-70.0~

48 -§0.0-

=90.0+

~100.0- i I | T P | i i
0.00 0.10 0.20 0.30 0.40 0.50 0.60 0.70 0.80

Sensitivity dB ref 1V/ubar MHz

PAC Cedifies thal this sensor meets all pedormance, environmentaland physical standads establehed in applicable PAC speciications
Callbration methodology based on ASTM standand E576- *Guids for Determining tha Reproducihiiity of Acoustic Emission Sansor Response.”
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Appendix D

Appendix D: Thermal spray masking sheet with slits

Spraying gun scanning direction over 14 slits

v
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=S 1000000001
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H ] ]

Slit D:
0.5 mm x 10 mm
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Appendix E

Appendix E: XRD patterns of thermal spray powders &ad coatings
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Figure E.1 XRD pattern of WC-12%Co (JP5000) powder [32]
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Figure E.2 XRD pattern of as-sprayed HVOF (JP5000) WC-12%G@atings [32]
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Figure E.4 XRD pattern of as-sprayed HVOF (JetKote) WC-12%0Gatings [32]
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Figure E.7 XRD pattern of AJO; conventional powders
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Appendix F

Appendix F: Dynamic indentation model

sprina § [—]

Dashpotc

y(®) ‘

Figure F.1 A mechanical model of open loop indentation systeafier landing the
specimen surface (under-damped linear vibratiorssarfe-degree-of-freedom system

Mass,m

An open loop indentation system shownFigure F.1 has mainly three mechanical
components. Those components are dashpot, maskeasgdring which are arranged in
series. Damping that produces a damping force ptiopal to the mass's velocity is
referred to as viscous damping, and is graphicadlyresented by a dashpot. Mass
represents the load applied through indenter amthgspepresents the stiffness of
material on which the indenter is landing duringlantation process. To study the
displacement and load profile as a function of tithe dynamic response of constant
dead-weight type macrohardness indentation systam tb be determined during

loading phase of the indenter (i.e. after the inelelands on the specimen).

The damping forces of these types are proportiiméhe velocity of the load and act
opposite to the direction of motion. As the indenéads on the specimen surface (i.e.
during loading stage), the velocity of the inderdees from the approach velocity to

zero, being decelerated by the ploughing resistahtiee material.

The final settling of the indenter can be regarde damped system, governed by the

equation of motion:

my"(t) = -k.y(t) —c.y'(t) (F1)
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wherem s the indentation mass in kilogramjs a damping constant (characteristic of
the flow properties of the material Ms m'), k is the spring stiffness (characteristic of
the elastic properties of the materialNnmi') andy(t) is the indenter penetration depth
into the specimen. Both andk will depend on the geometrical form of the indente
[59]. The equation of motion can be written usihg tanalogy of a simple harmonic

oscillator:

y'(t)+ 286,y 1)+ B.2yt) =0 (F2)

k c -
where 5, = ,/— , &= and the characteristic roots are:
m

2./km
r, =5, (—51 &? —1) (F3)
When £ <1, the roots are complex conjugatgs,= 5, (—Ei iwll—fz), and the system

is said to be underdamped, and the motion congair@@monic component.

The general solution of the differential equationthe underdamped case is:
y(t) = €%[G,.CogB,. 1+ G. Sit5,. ) (F4)

Using the initial conditions:

Y(t), = ¥, (i.e. displacement of indenter in materiat &0 is yo) (F5)

%[y(t)]t:O =V,; (i.e. initial velocity of indenter att =0 isV,) (F6)

v =y, Cosg, )+ 22 L2 Sin s, 1 (F7)
d

which is a sinusoidal of frequengy =3 1-&?, whose amplitude shows a
characteristic decay time ofl— Translating this into material terms, the indente

n

would be expected to settle with an oscillatiomérency proportional to 2.
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Appendix G

Appendix G: Kinematic model of particle impact through slit

As was seen in Chapter ($ection 4.4)the slit experiments have demonstrated that
spray-substrate interaction generates measurablal&®ugh it is by no means certain
that individual particle impacts will be observatdiher by the time- or amplitude-
resolution of the method. It is therefore of intreo develop a model describing the
approaching particle density, size and velocityriigtions as an aid to analysing the
data from slit and slit-free experiments. A crosst®n of the spray can be assumed to
contain a constant density of particles of conssu, travelling at constant velocity
towards the surface and the total particle kinegtiergy passing through a slit
determined as a function of time. A formulation fbe effective spraying area through
a slit and the distribution of kinetic energy ofrjgedes landing on the substrate are
described below.

Figure G.1 illustrates a spray spot of radiuR, passing over a fixed slit at a given
lateral speedys. In any time interval the increase and decreaseffiective area’, of the
thermal spray spot overlapping the slit determittess number of sprayed particles

landing on the substrate in the time step.

Centre of slit

Reference

starting point Reference

Edge-2 end point

A
v

T = (2R+y)/\,

Figure G.1Kinematics of the spray spot scanning a slit

As shown inFigure G.1, the effective area of spray passing through lihensreases

after the spray spot leading circumference crogse&dge-1 of the slit until the centre
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of the spray spot (O) is at the centre of the(g)it Thereafter, the effective area starts
decreasing until the trailing circumference of #jgay spot passes Edge-2 of the slit.
The increment and decrement in the ‘effective amg#ll’ therefore be a symmetric
function, and can be formulated using the schenakidigram shown ifrigure G.2 The
angle of arc subtended at the slit Edges 1 ana: 2 & J, respectively, and each is a

function of time, or of the position of the sprgposwith respect to the fixed slit.

Slit

ﬁ

Effective spraying area
at this position

Spray spot

A

Edge-2

y
Figure G.2 Kinematics of the spray spot scanning a slit améormulation

In the general case where the leading circumferdiasepassed Edge-2, the effective
area,Aq(t), is given by the shaded area illustratedFigure G.2 This area can be
expressed as the difference between two circulps @ehere the chords are BB' and

B1B'1 in Figure G.2 Therefore, the effective area:

A (1) :@[Rz{z (6(9-5()~(siea( Y- siea( )] 1)

The functionsé(t) and 4(t) can be obtained by recognising that the anglan(d o)

increase from O t@ as the spray area centre traverses the Edge-Edyed?2.
Setting a time datunt;(= 0) when the spot encounters Edge-14(at0) and passes (at

0 = ) in time, Ty , it is possible to determine the andlé) from the gun transverse

speedyVg, the slit width and the spot radius ($égure G.1):

g5
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forOstlsz—R,Tg - 2R
V, V

9 9

The angled(t) can be written in an exactly analogous fashioggpkthat the position

trails that ford(t) by an amount equal to the slit width, i.e. a titpe= Vl:

g

ot) = bl gb G3
-3 s

For formulating the number of sprayed powder plsigpassing through the slit, it is
assumed that the powder particles are sprayedghrthie gun with a constant flux, the
powder is of uniform diameter and density and th@dient particle density across the
spot is uniform. Thus, the number of sprayed pladipassing through the slit depends
on the slit width ¥), gun speed\{y), the powder mass flow rate, the flame spray spot

area f) and the powder particle kinetics [density, (adius ¢), and velocity Y)].

If the powder mass flow rate (g $BC iSmpowser, and the mass of one

particlem, :gﬂﬁ’p, then the number of particles approaching the it second

mpowder

is:N: . The number of particles passing through the slit pecosd is
m
P
. t . .
thereforeNs (t) = %” N, where Ns(t) is a function of time, and this can be converted

to a mass flow rate impinging on the targét, of r'n= f\ls(t).n],, and so the energy

rate, Eassociated with the kinetic energy of the particdes

£ =g = g A0 e S o[ A0 9

Assuming that a constant proportion of this kinetergy is recorded at the sensor, the

function E(t) ought to be of similar shape to the AE energy eubserved as the

spray passes over a slit.
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