JTTEES 21:23-40
DOI: 10.1007/s11666-011-9680-7
1059-9630/$19.00 © ASM International

<

Residual Strain and Fracture Response
of Al,O; Coatings Deposited via APS
and HVOF Techniques

R. Ahmed, N.H. Faisal, A.M. Paradowska, and M.E. Fitzpatrick

pamaInay Jead

(Submitted April 3, 2011; in revised form June 12, 2011)

The aim of this investigation was to nondestructively evaluate the residual stress profile in two com-
mercially available alumina/substrate coating systems and relate residual stress changes with the fracture
response. Neutron diffraction, due to its high penetration depth, was used to measure residual strain in
conventional air plasma-sprayed (APS) and finer powder high velocity oxy-fuel (HVOF (0-gun))-
sprayed Al,O; coating/substrate systems. The purpose of this comparison was to ascertain if finer powder
AL O3 coatings deposited via 0-gun can provide improved residual stress and fracture response in
comparison to conventional APS coatings. To obtain a through thickness residual strain profile with high
resolution, a partially submerged beam was used for measurements near the coating surface, and a beam
submerged in the coating and substrate materials near the coating-substrate interface. By using the fast
vertical scanning method, with careful leveling of the specimen using theodolites, the coating surface and
the coating/substrate interface were located with an accuracy of about 50 pm. The results show that the
through thickness residual strain in the APS coating was mainly tensile, whereas the HVOF coating had
both compressive and tensile residual strains. Further analysis interlinking Vickers indentation fracture
behavior using acoustic emission (AE) was conducted. The microstructural differences along with the
nature and magnitude of the residual strain fields had a direct effect on the fracture response of the two
coatings during the indentation process.

Recent advancements in the high velocity oxy-fuel
(HVOF) technique have made it possible to deposit much
finer ALO; powders (0-gun) at much lower temperatures
than those achieved by plasma spraying processes (Ref 6,
7). This has the effect of limiting phase transformations
during coating deposition, which along with the higher
velocity and lower temperature of HVOF can influence
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1. Introduction

Thermal spraying of alumina (Al,O3) powders is widely
used in surface modification technology to improve the
performance and quality of engineering components in
harsh environments requiring thermal, electrical, and wear
resistance. A major factor dictating the performance
(notably cohesive and adhesive strengths) of thermal
spray coatings is residual stress, generated during coating
deposition due to the fast quenching of coating powder
particles and differences in the coefficient of thermal
expansion (CTE) of the coating/substrate system (Ref 1-
3). Phase transformations during coating deposition fur-
ther influence this stress field (Ref 4, 5).
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residual stress. Investigations relating to the influence of
powder particle size on the residual stress of thermal spray
coatings have indicated that the decrease in powder par-
ticle size increases the residual stress in thermal spray
deposits (Ref 8, 9). Measurement of residual strains in
these thermal spray coatings is critical for modeling and
designing improved components. The influence of coating
powder characteristics, spraying process, and spraying
process parameters on the residual stress field of Al,O3
coatings has also been the topic of recent investigations
(Ref 10-18).

Nondestructive through thickness residual strain mea-
surements in thermal spray coatings is possible via the
high penetration depth achieved by the neutron diffrac-
tion technique (Ref 2-4). In addition to neutron-based
strain measurements, there have been some other limited
studies on the use of nondestructive techniques to study
the structure-property relationships, e.g., using acoustic
emission (AE) to investigate the fracture response during
indentation of plasma-sprayed Al,O; coatings; where pore
coalescence, fracture, deformation, debonding, and den-
sification in coatings have been investigated (Ref 19, 20).
The influence of thermally sprayed cermet and ceramic
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Nomenclatures
a Average Vickers indentation half-diagonal size Y Phase of material composition
Ay Ratio of signal gain € Elastic strain
c Average radial crack length c=/,+a c Stress
dnki Lattice interplanar spacing v Poisson’s ratio
), Strain-free lattice interplanar spacing
E Acoustic emission energy
Eq Elastic modulus of specimen Subscripts
E.g Elastic moduh.ls of coating and substrate abs Absolute
E, Reduced elastic modulus .
K Fracture toughness ¢ Coating
kne  AE.based empirical constant t Final
AE -based empirical constan hki Lattice planes
L Total surface crack length .
. . I  Indentation

I Average surface-radial crack length .

. ip Input
P Indentation load .

Center of specimen maxMaximum
P D . p ; ) op Output
D2 .1stance rom center of specimen R Residual
R Ring-down count .
s Specimen or surface
R, Surface roughness
hy Final penetration depth
Rimax Ma.X1.mum penetration depth Abbreviations
/ Original length
T Event duration AE Acoustic emission
AT Temperature change APS  Air plasma spray
t Time C Through thickness coating section
Uyp Output signal amplitude CS Coating surface
Uy Input signal amplitude CTE Coefficient of thermal expansion
Vabs Absolute voltage dB Decibel
Vi Threshold voltage HVOF High-velocity oxygen fuel
X Change in length S Substrate section near surface
ESEM Environmental scanning electron microscopy
Greek Symbols XRD X-ray diffraction

o Phase of material composition
OCTE Coefficient of thermal expansion

coating materials on the indentation behavior has also been
a topic of research in recent investigations (Ref 21-24).

The aim of this study was to ascertain the relative
changes in the residual stress profile and fracture response
in two commercially available thermally sprayed Al,Oj
coatings. This comparison was based on conventional APS
and finer powder HVOF (0-gun) coatings to ascertain if
finer powder coatings can provide improved residual stress
and fracture response. Residual stress results are related
to AE-monitored Vickers indentation fracture behavior
with a view to providing an indirect measure of the coat-
ing’s quality.

2. Materials and Methods

2.1 Coated Test Specimens

The properties of the processed Al,O; powders used
and coating deposition conditions are listed in Table 1.
The processed powder used sizes which ranged between
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10 and 45 pum for the APS Al,O; (conventional powder)
coatings and 1-5 pm for the HVOF AlL,O3 (fine powder)
coatings, both of which had angular and irregular mor-
phology (Fig. 1). Thermal spraying was done using 9 MB
for APS and 0-gun for HVOF coating using industrially
optimized process parameters (Ref 7) to produce an
average coating thickness of 250 pm, deposited on one
side of AISI 440C martensitic stainless steel (C: 0.86-1.20;
Mn: 1.0 max.; Si: 1.0 max.; P: 0.04 max.; S: 0.03 max.; Mo:
0.75 max.; Cr: 16.0-18.0; Fe: balance) discs of diameter
31 mm and thickness 8 mm. Prior to spraying, the sub-
strate was grit-blasted and cleaned to improve coating
adhesion.

For the nanoindentation testing, the coated specimens
surface and cross section surface were ground and pol-
ished using SiC paper and diamond paste to an average
surface roughness (R,) of 0.27 £ 0.02 for APS and
0.096 £ 0.02 for HVOF coatings. For the Vickers inden-
tation test (Ref 25), the coated specimen surfaces were
ground and polished to an average coating thickness of
220 pm.

Journal of Thermal Spray Technology



Table 1 Thermal spray process parameters

Thermal spray gun

Spray conditions and powders

9-MB Metco Spray material Conventional alumina
(APS) (ALLO3 > 98.0%)
Powder size 10-45 pm
Arc current 500 A
Arc voltage 70V
Primary gas 37.6 L/min (Ar)
Secondary gas 7.1 L/min (Hy)
Spray distance 80 mm
Coating thickness 250 pm
6-Gun Spray material Fine powder alumina
(HVOF) (ALO3 > 98.0%)
Powder size 1-5 pm
Oxygen flow rate 893 L/min
Kerosene flow rate 0.32 L/min
Acetylene flow rate 43 L/min
Spray distance 150 mm
Coating thickness 250 um

Fig. 1 Powders: (a) 10-45 um for APS AlL,O; (conventional
powder) coatings for APS and (b) 1-5 pm for HVOF Al,O; (fine
powder) coatings

2.2 Microstructural Characterization

Coating microstructure was investigated via cryogenic
fracture in liquid nitrogen to reveal coating porosity and
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splat morphology. Coating flakes were removed from sub-
strates which were refrigerated in liquid nitrogen and bro-
ken by bending in a direction perpendicular to the coating
surface. The microstructure of the coatings was examined
by environmental scanning electron microscopy (ESEM).
Coating porosity on polished cross sections was measured
using image analysis software (Buehler OmniMet®).

2.3 Nanoindentation Measurements

Nanoindentation experiments at 100 mN load were
carried out to obtain the elastic modulus and hardness
using a calibrated TriboIndenter® (Hysitron Inc., MN)
equipped with a Berkovich indenter. Experiments were
conducted using a force-displacement sequence. For each
loading-unloading cycle, loading and unloading lasted
15 s, respectively, and a dwell time of 5 s at each peak load
was used. Ten measurements were performed on each
coating surface and 40 on each cross section, which were
distributed in four lines of 10 measurement points each, at
50, 100, 150, and 200 pum, respectively, from the coating’s
surface. Similarly, 20 measurements were performed on
each substrate cross section near the interface, which were
distributed in two lines of 10 measurement points each, at
50 and 100 pm, respectively, from the interface. Indenta-
tions were spaced >2.5 times the diagonal apart (Ref 25),
to avoid any interaction between the sinking-in, piling-up,
surface and subsurface lateral cracks of neighboring
indentations (Ref 22). The raw data were then used to
construct the load-displacement plot and evaluated based
on the Oliver and Pharr method (Ref 26).

2.4 X-ray Diffraction and Measurement of Neutron
Diffraction Residual Strain and Stress

X-ray diffraction (XRD) analysis was used to reveal the
crystalline phase composition of the coatings. A Bruker
AXS, Model D8 ADVANCE X-Ray diffractometer was
used operating at 40 kV and 40 mA. Cu K, radiation was
used (wavelength, 4=0.1542 nm) and the goniometer was
run from 5.0° to 84.9° with a step size of 0.009 (20) at
15.4 s per step.

Neutron diffraction strain measurements were per-
formed at the UK ISIS Facility, using the ENGIN-X strain
measurement diffractometer (Ref 2-4). This is a pulsed
neutron diffractometer equipped with slits and collimators
to achieve small gage volumes (Ref 27). The experiments
were conducted in vertical scan mode (Fig. 2) to measure
through thickness residual strain profile of the coating-
substrate system and the gage volume height of the order
of 300-400 pm was used (Ref 28). The details of the ver-
tical scan method are described elsewhere (Ref 2). Strain
measurements were performed at the center of the spec-
imen (at p;) and also at a radial distance, r=5 mm (at p,)
from the center, as shown schematically in Fig. 2.
Although the measurement locations in the specimen
were changed, the distance to the detectors (Bank 1 and
Bank 2) was always the same. To achieve a through
thickness residual strain profile with high resolution, a
partially submerged beam was used for measurements
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Fig. 2 Schematic of measuring residual strain using neutron diffraction

near the coating surface, and a beam submerged in the
coating and substrate materials near the coating-substrate
interface. Further details of the partially submerged beam
technique to measure strain at a volume resolution finer
than the height of the gage volume can be appreciated
from Edwards (Ref 28). By using the fast vertical scan and
careful leveling of the specimen using theodolites, the
coating surface and the coating-substrate interface was
located with a resolution of about 50 pm.

The residual strain was obtained from the shift in
individual Al,Oj3 (o, v) and Fe (o) peaks for the coating
and substrate materials, respectively, using a single peak
fitting routine (Ref 29). The peaks chosen for the strain
analysis within each coating material were such that the
peaks had none or minimum overlap with other peaks.
The strain-free lattice parameter (dj,,) for the coating
material was obtained by carefully removing the coating
from the substrate and crushing the deposit to form a
powder. This powder was then put in a vanadium tube and
its lattice parameter measured. The strain-free lattice
parameter for the steel substrate was measured at the
uncoated surface of the substrate disc. The direct elastic
strain in the material at the measured direction was cal-
culated from Eq 1:

0
dhkl - dhkl

Enkl = , (Eq 1)
i

where dj; is the measured interplanar lattice spacing and
d),, is the stress-free interplanar spacing for the material.
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The elastic stress was calculated from these strain values
using the through thickness elastic modulus value.

2.5 Vickers Indentation Fracture
and AE Measurements

This set of experiments consisted of producing inden-
tations using a conventional Vickers hardness testing
machine at nine different loads between 98 and 490 N
with a single AE sensor mounted on the coated surface.
Five indentations were produced at each load and the
total surface crack pattern was subsequently measured for
all indentations. Further details of this measurement
technique can be found elsewhere (Ref 21-23).

For the purposes of making an assessment of the corre-
lation between AE and cracking, one can suppose that the
energy associated with the AE is approximately propor-
tional to the area of new crack surface formed. Continuous
background noise was present throughout the study, so an
automatic analysis threshold level of 15% above the con-
tinuous background noise level was chosen to define sig-
nificant AE activity. This threshold level was based on the
signal-to-noise ratio of AE data recorded during various
experiments conducted in this study. The AE energy (E)
was calculated as the area under the absolute of the signal
above threshold (Fig. 3) using Eq 2 (Ref 21):

t
E— / (Vaos — V)t if (Vaps — V)50,

t=0

(Eq 2)
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where V. is the absolute voltage, V, is threshold voltage,
and ¢ is the time (above threshold) from the beginning of
the event. The event duration (7) is the total time that the
signal spends above threshold, and ring-down count (R) is
the number of times the signal exceeds a counter thresh-
old. In such analysis, overlapping events are not distin-
guished from each other, although this will only have an
effect on ring-down count and event duration, and not on
energy. Prior to any signal processing all data was cor-
rected for gain in the data acquisition system using Eq 3
(Ref 30).

Asg =20 10g<ll]](')p>7 (Eq 3)

ip
where A, is signal gain expressed in dB and U,,,/Ujp, is the
ratio of output to input signal amplitudes.

According to the various published analyses of the
indentation of brittle materials, the main types of cracking
observed are either surface-radial cracks (Palmqvist
cracks), or radial-median cracks (Half-penny cracks).
Nihara et al. (Ref 31) have distinguished between the two
in terms of the classical dimensions a, /,, and c: Palmqvist
cracks, lJa < 2.5 or c/a £ 3.5 and half-penny cracks,
c/a 2 2.5 (Ref 32). In this study, the average value of /,/a
and c/a were well within the Palmqvist régime. Shetty
et al. (Ref 33) have devised an empirical model for
Palmqvist cracks, which allows the fracture toughness (in
units MPa m'?) of the coating to be determined from the
load and crack dimensions (Eq 4):

Ky = 0.0319 {i} (Eq 4)

avh]’

where P is the indentation load (in N), a is the average
indent half-diagonal size, and /, is the average of the radial

Journal of Thermal Spray Technology

corner crack lengths, both in meters. The above formula
for the determination of fracture toughness assumes that
the surface is initially stress free.

3. Results

3.1 Coating Microstructure

Scanning electron microscopic images of the APS and
HVOF Al,O; coatings are presented in Fig. 4. The
sprayed surfaces (Fig. 4a and 4b) show that the molten
Al,O5 droplets have spread significantly and it is not
possible to distinguish any nonmelted or semimolten
particles. Polished coating cross sections (Fig. 4c and 4d)
show a qualitatively higher porosity for the APS Al,O5
(conventional) than HVOF AL O; (fine powder). Coating
porosity was measured as 2.8% =+ 0.64 and 8.8% = 2.0 for
the HVOF and APS coatings, respectively. The thickness
of individual splats corresponding to a lamella was typi-
cally between 1 and 2 um. A columnar grain structure was
observed in individual lamellae.

3.2 Nanoindentation Testing

The results obtained from the Oliver and Pharr method
(Ref 26) will be invalid if the area function used to cal-
culate the contact area between the indenter and the
material in this model is incorrect (Ref 34). To verify the
applicability of the Oliver and Pharr method (Ref 26), it is
necessary to calculate the (h¢hnay) ratio from the load-
displacement (P-h) curve, where h; is final penetration
depth (residual) and /i, is maximum penetration depth.
The value of this ratio should lie below 0.7 to obtain
reliable results from the Oliver and Pharr method
(Ref 26). The average values of (hg/hnyax) ratio for the
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coating and substrate system in this study were 0.64 for
APS and 0.69 for HVOF at 100 mN indentation load.

Following the Oliver and Pharr method, the results of
the nanoindentation testing are presented in Fig. 5. The
hardness, elastic modulus, and maximum indentation
depth values quoted are the averaged measurements
which were performed on the coating surface, and on four
lines distributed along the cross section in the coating and
two lines along the cross section in the substrate. The
hardness results (Fig. 5a) indicate the upper layers of the
HVOF Al,Oj; coating have higher values than the APS
Al,O5 coating with little or no effect of the deposition on
the stainless steel substrate. The measurements of elastic
modulus (Fig. 5b) indicate the upper layers of HVOF
Al,O; coating have higher values than the APS Al,O;
coating with a higher elastic modulus for APS Al,Os-
coated stainless steel substrate.

3.3 X-ray Diffraction Analysis

Figure 6(i) shows the XRD spectra of the AlL,O; pow-
der and corresponding coating surface. The spectra show
the two Al,O3 powders to consist of corundum (a-Al,O3).
The pattern of the APS Al,O3 (conventional powder)
coating shows it predominantly to contain y-Al,O5 (due to
rapid solidification) with some corundum, presumably due
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to partial melting of the powder. This is consistent with
recent investigations (Ref 35) where the phase content of
plasma-sprayed Al,O3; coatings at various deposition
temperatures indicate a predominantly y-Al,O3 phase.
The pattern of the HVOF Al,O; (fine powder) coating
shows it predominantly to contain corundum with very
little ’Y-A1203.

3.4 Neutron Diffraction Measurement of Residual
Strain and Stress

A typical neutron diffraction spectrum is shown in
Fig. 6(ii), which indicates the diffraction pattern in the
coating near the coating-substrate interface. The differ-
ence in the range of d,; spacings recorded between
Fig. 6(ii, a) and 6(ii, b) was due to the different chopper
settings used to capture the required sections of the dif-
fraction pattern. Figure 7 and 8 shows the residual strain
and stress measurements obtained for both coatings, the x
axis of which is plotted on a logarithmic scale to highlight
the differences in coating strain with depth. Strain results
in the APS coating were averaged across the three dif-
fraction peaks of the y-Al,O5 phase (Fig. 6i, b and 6ii, a)
which predominantly formed the APS microstructure. The
trend of residual strain of all three y-Al,O3 peaks identi-
fied in Fig. 6(ii, a) was similar, and hence averaged values

Journal of Thermal Spray Technology
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Fig. 5 Nanoindentation results of APS and HVOF (AlLO;
coatings and steel substrate) coated specimens: (a) hardness, and
(b) elastic modulus (CS: coating surface, C: through thickness
coating section, S: substrate section near interface)

are presented in Fig. 7 and 8. The residual strain in the
HVOF coating was measured for the o-Al,O3 phase
(Fig. 61, ¢ and 6ii, b) which predominantly formed the
HVOF microstructure. These results indicate that the
average coating and substrate residual strain and residual
stress varied significantly with spraying process and powder
size. An average value of elastic modulus (E;) was used
where measurement depth location of residual strain and
reduced elastic modulus (E;) measurement did not match.
The residual stress values presented here (Fig. 7b and 8b)
were based on approximate Poisson’s ratio values of
v = 0.231 for sintered Al,O3 and v = 0.30 for stainless steel.

For measurements at both the center of the specimen
(as shown in Fig. 2) at location p;, and for measurements
at a distance 5 mm from the center of the specimen at
location p,, the average residual strain and residual stress,
in the HVOF coating changes from tensile to compressive,
whereas the average residual strain and residual stress in
the APS coating is tensile balanced by a corresponding
compressive stress in the substrate. Similar results at both
locations (p;, p,) indicate that the measured strain
behavior using the neutron diffraction technique was
reliably indicative of the stress field in the coating/sub-
strate system.

3.5 Vickers Indentation Fracture and AE

Scanning electron microscopic observations of the
Vickers indentations and associated raw AE signals of the
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Fig. 6 (i) X-ray diffraction pattern of Al,O3; powder (APS) with
corresponding deposited coatings: (a) spray powder, (b) APS
coating, and (c) HVOF coating. The pattern for HVOF Al,O;
powder was similar to APS Al,O3 powder as shown in (a), and
hence is not presented here; (ii) neutron diffraction pattern near
the coating-substrate interface in coating: (a) APS Al,O3, (b)
HVOF AlL,O; (the arrows indicate the peaks identified for and
residual strain measurement)

Al,O5 coatings revealed two different responses, shown in
Fig. 9. The indentations of the APS Al,O5 (conventional)
coatings showed a high degree of crushing fracture and
spallation, and the pyramidal impressions were barely
discernible in contrast to all the other coated specimens
examined (Fig. 9a, column i). Because of the nature of the
cracks (meshed and spalled asymmetrically around
indentations), it was not possible to measure surface crack
lengths either using the direct straight line or profiling
method (Ref 22, 23) for the APS Al,O3 coatings. In con-
trast, the HVOF-coated indented samples showed visible
radial cracking from all four corners at all loads, and the
surface fracture pattern included edge cracks around the
indentation (Fig. 9a, column ii).

Figure 9(b) shows typical time-domain plots for both
Al,O5 coatings tested (APS and HVOF). The most dis-
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Fig. 7 Neutron diffraction for Al,O; coatings at specimen
location p; (center): (a) residual strain and corresponding (b)
residual stress

tinct features were a single sharp large peak from the APS
Al,Oj3 coatings compared to a lower peak in HVOF Al,O3
coatings. These distinct features were used to divide up
the AE amplitude-time record into three separate sections
(A, B, and C), using the zone sectioning algorithm (Ref
21, 23). The AE-based zone boundaries were identified
automatically by first smoothing the absolute raw AE
signal using an average of 2000 data points and then
applying an automated threshold of 60% below the peak
AE amplitude of the total 2 s record, chosen so that its
upward crossing identified the zone A-zone B boundary
and its downward crossing the zone B-zone C boundary. If
there is more than one upward cross and downward cross,
then no distinct zones are identifiable. Where three sep-
arate zones could be identified, AE features were calcu-
lated within each of the AE zones (A, B, and C). Figure 10
shows the numbers of indentations which exhibited clear
AE zones, and it is clear that HVOF showed zones for
more of the indentations (39 of the 45, i.e., 86%) com-
pared to APS (32 of the 45, i.e., 71%). The frequency-
domain showed most of the power to be in the two bands
at 100-250 kHz and 300-400 kHz with a minor component
discernible between 550 and 650 kHz. Other than this,
little was seen to distinguish the spectra.

Figure 11(a) shows total AE features as defined above
[e.g., energy (E), event duration (7), and ring-down count
(R)] plotted against indentation load for APS ALO;
coatings and, as can be seen, each of these features shows
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Fig. 8 Neutron diffraction for Al,O; coatings at specimen
location p, (5 mm offset from center): (a) residual strain and
corresponding (b) residual stress

a rather complex variation with load. It can be observed
that the AE energy increases with load until 245 N, fol-
lowed by a sudden decrease, after which the AE energy
broadly remains constant. Figure 11(b) shows total AE
features and total surface crack length (L) measured using
profiling method (Ref 22, 23) against indentation load for
the HVOF Al,Oj; coatings and, as can be seen, none of the
AE features shows a particular pattern with load, although
the total surface crack length increases in an approxi-
mately linear fashion.

4. Discussion

4.1 Coating Microstructure

The microscopic investigation revealed pores, voids,
un-molten particle, nonbonded intersplat areas, and ver-
tical cracks in splats (some distinct features highlighted in
Fig. 12). A columnar grain structure was also observed in
much of the individual lamellae, which was consistent with
previously reported results for plasma-sprayed Al,Oj
coatings (Ref 5, 10, 35, 36). The columnar structure occurs
as the crystallization of lamella occurs in strongly non-
equilibrium conditions and the molten material loses heat
mainly by conduction to the underlying material in a
direction perpendicular to the plane of the underlying
material, as indicated previously by Forcey and Iordanova
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(Ref 37). They proposed that the crystallization will start
from a base layer within the splat and proceed rapidly in
the opposite direction to the heat flow, i.e., from base of
the splat to the top surface, giving a fiber texture
(columnar structure). A more recent study which consid-
ered the fiber and texture direction within the splats by
Shinoda et al. (Ref 38) has indicated that for YSZ coat-
ings, the conventional expectation of columnar structure
growing in a plane of heat extraction, i.e., which had
orientation perpendicular to the substrate, cannot fully
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explain the discordance between the column growth and
fiber axis in splat formation. Hence, although the heat
extraction direction is generally responsible for a colum-
nar texture, other factors especially in ceramics such as
YSZ e.g., preferred crystallographic orientations (micro-
texturing) within splats also play a dominant role.

The splat thickness appears to be similar in the two
coatings despite the very different powder sizes (1-5 pm
for HVOF and 10-45 pm for APS Al,Os), but the splats
appear more lamellar but less cohesive (layer gaps
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between splats) in the APS coatings. Similarly un-molten
particles feature in the microstructure of the HVOF
coating, which is consistent with the relatively low heat
input and higher particle velocity of HVOF (Ref 39).

4.2 Coating Morphology

The XRD analysis of the two Al,O3; powders indicated
no difference between them, both being predominantly
a-Al,O3. The XRD showed that the APS Al,O3 (con-
ventional powder) coating consisted mostly cubic y-Al,O3
(due to rapid solidification) with some hexagonal a-Al,O3
in the coating, mainly residue from unmolten or partially
molten spray powder (Ref 5, 10). The XRD pattern of the
HVOF Al,O; (fine powder) coating shows it predomi-
nantly to contain a-Al,O5 with little y-Al,O3 indicating
very limited phase transformation for this coating process.

For plasma-sprayed Al,O; coatings, Musalek et al. (Ref
36) investigated the splat morphologies, with a view to
understanding the zones of subsurface stress concentrators,
e.g., pores, vertical cracks in splats or oxides; whereas, Hao
et al. (Ref 35) investigated the microstructure and prop-
erties of plasma-sprayed Al,O5 coatings which were sig-
nificantly influenced by the deposition temperature. As
was seen in Fig. 12(a), the constraining of splats led to the
formation of submicroscopic fragmentation or vertical
cracks of splats and their coalescence resulted in typical
brittle failure for APS Al,O3. The HVOF Al,O; (Fig. 12b)
coating appears to have fewer gaps or voids between splats,
indicating relatively higher bond strength.

4.3 Nanohardness and Elastic Modulus

The nanohardness results (Fig. 5a) suggest that the
spraying conditions using APS and HVOF techniques
produced little or no effect on the hardness of the substrate,
whereas the upper layers of the HVOF coating had a higher
average value than the APS coating. This difference in the
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average hardness can be attributed to the considerably
lower degree of phase transformation in the HVOF coat-
ings (Fig. 6). This could also lead to potential differences
between the measured elastic values. However, other fac-
tors such as intersplat bonding (cohesive strength), residual
stress and porosity also contributed to the differences in the
elastic modulus of two coatings. This is consistent with
investigations in other materials, where the applied stress
has been shown to alter the hardness of materials (Ref 40).

The measurements of elastic modulus (Fig. 5b) suggest
that the top layers of HVOF Al,O; coating had a higher
elastic modulus than APS Al,Oj; coating. High standard
deviations in through thickness nanoindentation mea-
surements (hardness, elastic modulus, and maximum
indentation depth, Fig. 5) also suggest a significant effect
of the complex coating morphology. The elastic modulus
results of the substrate, near the coating-substrate inter-
face, suggest that the spraying conditions using APS had a
slight increase in the average modulus values compared
to HVOF techniques, although the average (APS/steel
substrate: 186 + 12 GPa, HVOF/steel substrate: 176 +
16 GPa) of both coating substrates is still within the
standard deviation. The effect of deposition condition on
the average substrate modulus possibly arose due to the
higher deposition temperature during APS spraying. High
magnification images of etched-steel substrate near the
interface indicated negligible differences in the micro-
structure of both steel substrates. Also, the hardness did
not show significant differences between the near-inter-
face hardness of the steel substrate between the two
coating processes, indicating that carbide and microstruc-
tural transformation was not significant, which will be
consistent with the observed microstructure. Hence, it is
difficult to relate this change in modulus of near-interface
modulus of steel on possible microstructural transforma-
tions in steel during coating deposition. It is therefore
postulated that the higher apparent modulus of steel near
the coating-substrate interface in APS coating was caused
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length

by the largely compressive residual stress in the steel
substrate (Fig. 7 and 8). Other investigations (Ref 40)
have indicated that elastic modulus measurement can be
influenced by residual stress, which can be attributed to
the differences in the real and measured indentation
contact areas. Hence, as the hardness is calculated based
on the area of contact and modulus slope of the unloading
curve, they do not follow similar trends in the near-
interface substrate region.

Nanoindentation modulus measurements were used for
the transformation of residual strain to stress as they
reflect the dependency of the modulus on the coating
microstructure. The dependency of diffraction modulus on
one of the microstructural features (porosity) in plasma-
sprayed coatings was previously investigated by Gnaeu-
pel-Herold et al. (Ref 41) for IN625 coatings. They
indicated in their work that as the porosity level increased
with the coarsening of powder particles, the diffraction
modulus decreased. In this study, the porosity was
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measured as 2.8 &+ 0.64 and 8.8 £ 2.0 for the HVOF and
APS coatings, respectively. Indentation modulus mea-
surements (Fig. 5b) indicate this dependency on porosity
among other microstructural features. At the load of
100 mN, the Berkovich indentation (approximately
8.4 um impression diagonal) was landing on 3-4 splats
(typically splat thickness was ~1-2 pm) indicating that any
porosity between splats would have an effect on the
modulus measurement. Even if a constant nonporous bulk
value of diffraction modulus were used, although it would
change the absolute values of stress, the relative difference
between the stress measurements between the two coating
layers will remain the same as that of the strain differences
(Fig. 7a and 8a).

4.4 Coating Residual Strain and Stress Profile

As was seen in Fig. 7 and 8, the residual strain and
stress profiles in the HVOF Al,O5 coating changed from
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tensile to compressive, whereas in the APS Al,O5 coating
the residual stress is largely tensile. These values illustrate
the combined effect of phase transformations, thermal
mismatch, peening effect, quenching of lamellae and dif-
ference in the coefficient of thermal expansion (octg) of
the coating/substrate system (Ref 1-5, 10-12, 14-17).

On the basis of physical mechanisms dictating the
residual strain behavior, there are four major factors
which contribute to the through thickness residual strain
profile in these coatings. These factors, based on the dif-
ferences in the coating deposition temperatures, velocity
and size of coatings particles between the APS and HVOF
coatings are discussed below:

4.4.1 The Role of Deposition Temperature. Macro-
residual stress occurs due to the differences in the CTE of
coating and substrate materials. Different approaches
have been adapted in the published literature to model the
influence of this mechanism of strain generation, which
vary from the bending Almen test (Ref 42) to mathe-
matical (Ref 2) and numerical models (Ref 13, 43). A sim-
plified mathematical approach uses the mathematical
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equation for the evaluation of this residual stress (o)
component using Eq 5 (Ref 2, 44):

Ocs = Ec,s ()_lc - aCTEC,SAT)
where* E_¢ and acrg represent the elastic modulus and
CTE of the coating layer and substrate materials. The
term x// represents the net strain due to constrained con-
traction and AT represents the temperature change. For
the case of APS Al,O3; and HVOF Al,O; coatings con-
sidered in this investigation, although the material prop-
erties considered in the above equation can be considered
similar for both coatings, AT will be higher for the APS
coatings due to its higher deposition temperature in
comparison to the HVOF coating (Ref 39). This will lead
to higher macro-compressive stress in the APS coating
as** ocrpe < dcres (Ref 45). The residual stress in
HVOF coatings was predominantly compressive, which is
consistent with Eq 5. Measured values of residual stress in
APS coatings (Fig. 7 and 8), and also reported values of
residual stress measurement in the published literature
(Table 2) in Al,O5 coatings, however, indicate a tensile
residual stress, and this is supported by the observations of
microcracking. This is inconsistent with this predicted
strain behavior on the basis of CTE and deposition tem-
perature differences (Eq 5).

4.4.2 The Role of Quenching Stress. The quenching
stresses, which appear within individual splats, are caused
by the constrained contraction of the solidifying splat as it
cools, since its contraction is constrained by the underlying
lamella or material. This again is a function of tempera-
ture of individual splats and also size of powder particles.
As stipulated above, the deposition and hence the lamella
temperature will be higher in the APS coatings, which will
lead to higher average quenching stress. This will result in
a higher value of quenching residual stress (tensile) in the
APS coatings. The smaller size of powder particle in
HVOF coatings will increase the density of intersplat
boundaries and hence result in quenching stress relaxa-
tion, on the assumption that there will be less straining due
to a lower constraining contact area between individual
splats (as splat diameter will be lower in HVOF), and also
less constraint between neighboring splats due to
increased splat boundary density. Another mechanism of
stress generation which relates to the pore morphology
indicates that the decrease in powder particle size
increases the residual stress in thermal spray deposits
(Ref 8, 9). This effect is attributed to the higher surface
area to particle volume ratio of smaller particles, resulting
in changes in the pore and intersplat morphology, which
resists stress relaxation in the deposited layer. In the
investigation by Coats and Krawitz (Ref 8) on WC-Co
coatings, it was concluded that with the increase in
powder particle size the tensile stress in the Co and the

(Eq 5)

*Subscripts ¢ and s relate to the materials properties for the coating
layer and substrate, respectively.

#rgerp of ALO3 (7.10 x 107°°C™! to 10.5 x 107°°C™! at tem-
peratures of 127-1327 °C, respectively (Ref 46) and 440-C steel
(average value of 11.2 x 107° °C~! in the temperature range of 20-
600 °C (Ref 46).
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compressive stress in the WC decreased. However, these
investigations (Ref 8, 9) related to the influence of powder
size on the residual stress were conducted for a given
coating process and hence do not provide a direct com-
parison for the current investigation, as the coating
method and powder size were different.

4.4.3 o — v Phase Transformation. As indicated in
Fig. 6(i), there was a higher degree of o« — vy phase
transformation in the APS coatings. As indicated in pre-
vious literature (Ref 10), the density of a-Al,O5 is higher
in comparison to y-Al,Oj3. This means that there is a small
volume increase in the oo — 7y phase transformation
(crystal structure for a-Al,Os5: hexagonal, crystal structure
for y-Al,Os: cubic) (Ref 10). This increase in volume will
provide a relaxation mechanism at intersplat boundaries
for the APS coatings, leading to lower residual tensile
strain. However, based on the measured values of tensile
residual strain, this indicates that the contribution of
residual strain from this phase transformation was less
significant than the deposition temperature and quenching
stress discussed above.

4.4.4 Peening Effect. The peening effect in the HVOF
process, due to the relatively high particle velocity, is
understood to cause compressive residual stress in thermal
spray coatings. A simple calculation of kinetic energy per
unit area of splat for the two coating powders and pro-
cesses indicate that for a typical (Ref 39) average particle
velocity of 300 ms ™! for 45 um APS powder, and 800 ms™*
for the 5 ym HVOF powder, the kinetic energy per unit
area of splat (assuming splat thickness of approximately
2 um for the APS and 1.5 pm for the HVOF splat) as
observed in SEM images (Fig. 12) will be almost an order
of magnitude higher in the HVOF process. This, coupled
with the higher hardness of the HVOF powder particles at
the time of impact due to its lower temperature, as
observed by the un-molten particles, will further increase
the peening effect and impart higher compressive residual
stress on the underlying layers in the HVOF coatings. In
the current investigation, a similar trend can be observed
for the compressive residual strain in the HVOF coating.

4.5 Vickers Indentation Behavior and Residual
Siress

This section is confined to discussing indentation
accommodation behavior, fracture toughness, motivation
for AE-based indentation fracture monitoring, and the
effect of preexisting residual stress on coating failure
during indentation.

4.5.1 Indentation Behavior. Two different cracking
patterns around indentations can be seen in Fig. 9(a) for
both Al,Oj3 coatings. In the thermally sprayed ceramic/
cermet coating materials, indentation accommodation is by
crumbling of the surface (based on a “‘sinking-in”” mecha-
nism) to the extent that cracking cannot be entirely quan-
tified by metallographic means (Ref 21-23). Cracks within
elastic stress field [Boussinesq field (Ref 47)] can initiate
from preexisting flaws (Ref 48) or flaws induced by the
indentation itself (Ref 47). On attaining some critical con-
figuration, a dominant flaw develops into a well-defined
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propagating crack, and tends to propagate along trajecto-
ries which maintain near orthogonality to a major compo-
nent of tension in the Boussinesq field.

Using the finite element method, Baung et al. (Ref
49) simulated Vickers indentation behavior on HVOF
WC-Co coatings to determine the indentation stress
distributions and critical loads, relating their findings to
the observed cracking profile around the indentation.
The finite element simulation indicated that the highest
compressive stress occurs in the area right beneath the
indenter tip and the highest tensile stress occurs in
the center of the indentation edges and decreases along
the indentation edge toward the indentation corner. This
suggests that edge cracks will initiate first at the coating
surface, and will propagate along the indentation edge.
Also, the high tensile stress in the area of the indenta-
tion corners induces corner cracks to propagate radially
outward along the diagonal of the indentation. There-
fore, edge and corner cracks in Fig. 9(a, ii) for HVOF
Al,O5 coatings can be explained based on the above
discussion.

Stoica et al. (Ref 50) used the fracture pattern around
Vickers indentations in functionally graded HVOF WC-
NiCrBSi coating surfaces to make a qualitative assessment
of fracture toughness because these coatings did not meet
the empirical model criteria (Ref 51) (¢ > 2a). The
empirical models tend to be based on an idealized crack-
ing pattern and do not account for microfissuring in the
subsurface region, especially if this takes the place of
surface-radial cracks as it does at lower loads. The
uncertainty in measuring the crack lengths in Vickers
indentation makes empirical models particularly unsuit-
able for thermal sprayed coatings (Ref 52). Irregular
networks of smaller cracks not originating at indentation
corners have been observed by other investigators (Ref 50,
52-54) working on thermally sprayed coatings. For exam-
ple, Ostojic and McPherson (Ref 54) reported “no domi-
nant cracks” in plasma-sprayed Al,O3 coatings even very
close to the impression. The indentation fracture in these
coatings also tends to be asymmetric, which has been
attributed by Ostojic and McPherson (Ref 54) to a mac-
roscopic variation in relative density, the presence of
pores or other defects around the contact and through
thickness residual stresses variation. It has been suggested
(Ref 54) that indentation in porous regions of the coatings
results in localized densification about the contact site,
resulting in little transmission of indentation stresses to
the surrounding materials, and the confinement of crack-
ing to the vicinity of the impression. Interaction with large
coating pores or defects near the impression diagonal
would then be expected to result in longer cracks, pro-
ducing a modified (Boussinesq) stress field. Comparison of
Fig. 9(a) (column i and ii) indicates that modification of
Boussinesq stress field is more dominant in APS than
HVOF Al,Oj; coatings. Since the degree of porosity varies
between coatings (Fig. 4c and 4d) as well as within a given
coating, Ostojic and McPherson (Ref 54) also suggested
that different loads would be required to produce cracking
in different coatings of the same type and even from place
to place in a single coating.
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4.5.2 Indentation Fracture Toughness. Based on typi-
cal microscopic images shown in Fig. 9(a), and as sche-
matically categorized in Fig. 9(c), the Vickers indentations
of the coatings fracture differently and it is by no means
certain that the classical approach (either Palmqvist or
Half-penny crack models) (Ref 51) of using radial crack
length to deduce fracture toughness measurement will be
valid when some (or all) of the cracking is distributed in
relatively short edge cracks (Ref 21-24). From the present
Vickers indentation fracture observation, it seems rea-
sonable that coatings fracture differently, because APS
Al,O; coatings usually consists of y-Al,O5 (Fig. 6i, b) with
relatively similar splat morphology (Fig. 12) and will give
a low mechanical performance compared with HVOF
Al,O5 coatings which usually have a-Al,O3, because the
mechanical performance of y-Al,O3 is lower compared
with that of a-Al,O3 (Ref 10). Using the classical crack
régimes in Vickers indentation fracture tests, the average
crack-to-indent ratio (measured /,/a about 0.88 + 0.21 for
HVOF-6-gun Al,Oj3 fine powder), suggests Palmqvist ra-
ther than median cracks. Assuming the Palmqvist model,
the fracture toughness for the HVOF-0-gun Al,O; (fine
powder) coatings studied here was 5.5 + 0.5 MPa m'2
For a similar coating material (HVOF Al,O3, powder size
unknown), Bolelli et al. (Ref 12) have given a value of
2.5+ 0.57 MPa m'?, although they did not indicate the
direction of indentation and what fracture model they
used. For APS (Metco 9MB) Al,O3 (conventional pow-
der) coating, where a measurement of K;. was not possi-
ble in this study, Bolelli et al. (Ref 12) have given a value
of 2.33 £ 0.36 MPa m'?, although, again, powder size,
indentation direction, and fracture model were not speci-
fied.

4.5.3 AE-Based Indentation Fracture Monitoring. As
cracking becomes more distributed into smaller and
smaller units, measurement of total crack length rapidly
becomes impractical, offering a motivation for AE-based
indentation crack monitoring. The uncertainty in quanti-
fying and measuring the total cracking surface in inden-
tation makes a simple fracture-mechanics-based
assessment of toughness difficult for all but the simplest
cracking patterns. It is therefore expected that correlation
between AE and fracture patterns will lead to an im-
proved method for material quality evaluation. As was
seen in Fig. 11, at most of the indentation loads (6 out of
9) the AE energy for APS Al,Oj3 coatings is higher than
that for HVOF Al,Oj coatings, which is due to the com-
bined effect of microstructural morphology, low fracture
toughness and residual tensile stress. The AE-based
analysis suggests that total AE energy can make a useful
proxy measure for total crack area for material of a given
fracture toughness and elastic modulus (Ref 21-24).

For the cases where cracking can be measured (in
HVOF Al,O3 coatings, Fig. 11b), it appears that zoning is
associated with a large total crack length and the
appearance of radial cracks. The fact that AE zoning also
appears in another sample (in APS Al,O; coatings) where
the crack length could not be measured suggests that it is
the presence of a significant amount of cracking that leads
to the zoning of the AE. This is consistent with cracking
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being a discontinuous accommodation process, unlike
plastic deformation which is more continuous, and is also
consistent with the literature on homogeneous materials
(Ref 55-57) where the radial cracking is seen to be dis-
continuous and that it leads to burst-type AE at particular
critical loads.

Of the records that exhibited AE zoning, Fig. 13 shows
that zone A always represents a small proportion of the
total AE energy (also of the other measures, ring-down
count and event duration), and that zone C contained the
most energy at moderate to higher loads. The fact that
zone C shows the biggest change with load would suggest
that cracking during indentation is better discriminated
using zone C, although zone B often contains the highest
intensity of cracking events. The zoning of AE signals, and
the associated energy (Fig. 13) might be useful in under-
standing the evolution and nature of cracking events but
the fact that it has not been observed in all records
examined makes it difficult to form general conclusions.

Supposing that crack depths are approximately con-
stant, AE could then be considered to give a measure of
total surface crack length, so that the Eq 4 can be modified
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Fig. 13 Zone AE energy: (a) APS Al,O; coatings and (b)
HVOF Al,Oj3 coatings
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Fig. 14 AE-based (using modified generic equation) indenta-
tion fracture toughness estimation using AE energy (E) for APS
and HVOF AL O; coatings (lower the slope of best-fit line,
higher the fracture toughness)

(Ref 22, 23) toK . = kaE ﬁi , where kg is an AE-based
empirical constant which can, in principle, be determined
for any indenter-specimen-AE system combination.
Figure 14 shows plots of av/E against P along with the
associated best-fit straight lines and the values of the
slopes (lower the slope of best-fit line, higher the fracture
toughness, e.g., for HVOF Al,O3 coatings) and their
correlation coefficients alongside the corresponding values
for the AE energy. The fact that these correlations are
reasonably good indicates that the AE approach can be
calibrated against the crack length-based assessment to
allow an assessment of the toughness for the materials,
where an AE record is available and crack length could
not be measured (Ref 23).

4.5.4 Combined Effect of Indentation Stress and Pre-
existing Residual Stress on Coating Failure. Apart from
the elastic stress field (Boussinesq field) due to indenta-
tion, a preexisting residual stress field in a material can
strongly affect mechanical performance (such as fatigue
strength, delamination, fracture toughness, and wear
resistance) which influences the reliability and lifetime of
components (Ref 58). There is no simple relationship
between cracking pattern and total stress distribution
during indentation, but combined indentation stress (oy)
and preexisting residual stress (oR) can affect the inden-
tation response of materials significantly (Ref 58, 59).
However, using the “same load indentation” approach
(Ref 60), a preexisting residual tensile stress (Fig. 7 and 8,
preexisting residual tensile stress higher for APS Al,O;
coating) at the surface is expected to facilitate the pene-
tration of the indenter, whereas a preexisting residual
compressive stress is expected to reduce the penetration of
the indenter.

The combined effect of indentation stress and preex-
isting residual stress in thick hard coatings have been
investigated by Chen et al. (Ref 59) using the finite ele-
ment, method where it was suggested that the indentation
compressive stress diminishes with preexisting residual
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tensile stress, which leads to an enlarged plastic zone and
gives apparent high penetration. Whereas, with a preex-
isting residual compressive stress the maximum indenta-
tion compressive stress is increased, causing less plastic
deformation and giving rise to lower penetration. Since
indentation pressure is compressive just below the
indenter tip and perpendicular to the applied surface, the
existence of tensile residual stress (relatively higher for
APS Al,O5 coating, Fig. 7 and 8) in the surface will
increase the magnitude of shear stress leading to surface
failure beneath the indenter as was seen in the form of
localized mesh and spallation (Ref 53, 54) for APS Al,O;
coating (Fig. 9a, 1). However, relatively less preexisting
tensile residual stress in the surface for HVOF Al,O;
coating reduced the coating failure in the form of localized
mesh and spallation, dominating the effect of indentation
stress field (Boussinesq field) failure, as was seen in the
form of typical corner radial and edge cracking (Ref 21-24,
31-33, 47, 51, 58) (Fig. 9a, ii).

It is also known that a through thickness preexisting
residual stress profile plays a very important role in the
extension or suppression of cracking (Ref 2, 3): for
example, it has been observed that at the same Vickers
indentation load, the relatively high preexisting residual
compressive stresses measured by neutron diffraction in
HIPed WC-NiCrBSi coatings (Ref 2) inhibited the
extension of cracks seen in the as-sprayed coating (Ref
50). Considering the existence of preexisting tensile
residual stress (in upper layers) for the APS Al,O3
coating (Fig. 7 and 8), Vickers indentation is expected to
induce significant and large cracking and therefore rela-
tively high AE energy (Fig. 9b, ii and 11). It is also
known that porosity plays an important role in thermally
sprayed coatings fracture during indentation (Ref 24). To
characterize the effect of porosity in plasma- and flame-
sprayed Al,Oj3 coatings Safai et al. (Ref 19) used an AE
feature (event count) and suggested that the amount of
cracking due to porosity in the plasma-sprayed coatings
can be approximately one-half that of the flame-sprayed
coatings, and suggested that a reduction in AE event
count can be representative of reduced porosity. Con-
sidering the differences in the porosity (2.8 + 0.64 and
8.8 + 2.0 for the HVOF and APS coatings, respectively),
Vickers indentation is expected to induce significant and
large cracking and therefore relatively high AE energy
for APS coatings.

Comparing the microstructure morphology, phase
composition, neutron diffraction residual stress profile
and AE energy, and from the present Vickers indenta-
tion fracture observation, it seems reasonable that APS
Al,O5 coatings will give a low mechanical performance
compared with HVOF ALOj; coatings. Among other
methods (Ref 61), one of the methods used to estimate
residual stress in brittle materials is indentation cracking
(typically performed for estimating indentation fracture
toughness) (Ref 60). A recent review (Ref 24) concludes
that a number of investigations examine the critical load
of cracking using AE during indentation, and therefore
there is scope for residual stress measurement with
proper calibration. However, the indentation technique
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of residual stress measurement cannot be applied to a
material showing a strong dependency of the residual
stress on its direction (anisotropic materials, e.g., coat-
ing/substrate system) as the indenters basically give an
average response of the near surface residual stress state
only.

5. Conclusions

For the two different thermal spray deposition tech-
niques, process parameters and powder sizes explored in
this study, a combined approach using liquid nitrogen
freeze fractographic analysis, neutron diffraction residual
strain measurement, and AE-based Vickers indentation
fracture monitoring has been demonstrated. The following
conclusions can be drawn:

e It is concluded that the through thickness residual
stress profile in the APS Al,Oj coating was mainly
tensile, being lowest at the interface with the substrate
whereas the HVOF Al,O; coating had a compressive
tensile residual stress at the interface which becomes
tensile approaching the coating surface.

e TFour factors contributed to the differences in the
residual strain behavior of the APS and HVOF
coatings: lamella temperature, particle velocity, par-
ticle size, and microstructural differences. Among
them, the effect of particle size was quantitatively
specified whereas the other factors of lamella tem-
perature and velocity were qualitatively compared.

e The microstructural differences along with the nature
and of the residual strain fields and coating mor-
phology had a direct effect on fracture response of the
two AlLOj; coatings (APS and HVOF) during the
indentation process.

e It can be confirmed that AE-monitored indentation
experiments may be a feasible addition to classical
fractographic analysis to study fracture behavior of
thermally sprayed coatings. For materials where
cracks are not visible at the fixed resolution chosen, a
full measure of crack prevalence would require fractal
dimension analysis which is time consuming offering a
motivation for AE-based crack monitoring.
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