
 
 
 
 

Heriot-Watt University 
Research Gateway 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 

 

AE Monitoring and Analysis of HVOF Thermal Spraying Process

Citation for published version:
Faisal, NH, Ahmed, R, Reuben, RL & Allcock, B 2011, 'AE Monitoring and Analysis of HVOF Thermal
Spraying Process', Journal of Thermal Spray Technology, vol. 20, no. 5, pp. 1071-1084.
https://doi.org/10.1007/s11666-011-9620-6

Digital Object Identifier (DOI):
10.1007/s11666-011-9620-6

Link:
Link to publication record in Heriot-Watt Research Portal

Document Version:
Early version, also known as pre-print

Published In:
Journal of Thermal Spray Technology

General rights
Copyright for the publications made accessible via Heriot-Watt Research Portal is retained by the author(s) and /
or other copyright owners and it is a condition of accessing these publications that users recognise and abide by
the legal requirements associated with these rights.

Take down policy
Heriot-Watt University has made every reasonable effort to ensure that the content in Heriot-Watt Research
Portal complies with UK legislation. If you believe that the public display of this file breaches copyright please
contact open.access@hw.ac.uk providing details, and we will remove access to the work immediately and
investigate your claim.

Download date: 23. May. 2023

https://doi.org/10.1007/s11666-011-9620-6
https://doi.org/10.1007/s11666-011-9620-6
https://researchportal.hw.ac.uk/en/publications/97bb27e7-7381-4ddc-99de-e68e5ef08ede


AE Monitoring and Analysis
of HVOF Thermal Spraying Process

N.H. Faisal, R. Ahmed, R.L. Reuben, and B. Allcock

(Submitted November 1, 2010; in revised form December 15, 2010)

This work presents an in situ monitoring of HVOF thermal spraying process through an acoustic
emission (AE) technique in an industrial coating chamber. Single layer thermal spraying on substrate was
carried out through slits. Continuous multilayer thermal spraying onto the sample without slit was also
conducted. The AE was measured using a broadband piezoelectric AE sensor positioned on the back of
the substrate. A mathematical model has been developed to determine the total kinetic energy of
particles impacting the substrate through slits. Results of this work demonstrate that AE associated with
particle impacts can be used for in situ monitoring of coating process. Results also show that the
amplitude and AE energy is related to the spray gun transverse speed and the oxy-fuel pressure. The
measured AE energy was found to vary with the number of particles impacting the substrate, determined
using the mathematical model.

Keywords acoustic emission, HVOF, monitoring, multilayer
spraying, non-destructive testing, particle impact,
thermal spray

1. Introduction

Acoustic emission (AE) monitoring during thermal
spraying of powder particles has an advantage over cur-
rent conventional coating quality testing techniques such
as indentation, bending, thermal cycling test, and residual
stress analyses, which are of a destructive nature and
cannot be used for in situ process monitoring purpose. In
this work, the relationship between measured AE features
and high-velocity oxygen fuel (HVOF) thermal spray
process parameters is investigated. In thermal spraying
process wherein the sprayed layer is built up by partially
melting the coating powder material in a high-temperature
zone (a flame or plasma) and propelling the molten
droplets onto the substrate in the form of splats (Ref 1, 2),
the kinetic energy of small particles has been found to
dissipate within the substrate material in the form of
elastic energy (Ref 3). The AE can in principle, be used to
characterize such strain energy because it is generated by
rapid release of strain energy within a material (Ref 4-7).
Part of the energy radiates from the source in the form of
elastic waves (Ref 3) which propagate over the material
surface and can be detected using AE sensors (Ref 8).

This can be relatively simply shown for single elastic
impacts (Ref 9), but the situation is more complicated in
spraying where the particles undergo significant plastic
deformation, as there are many, perhaps overlapping
events and a number of secondary processes (such as the
collapse of particle agglomerations and phase changes)
occurring during the coating process (Ref 1, 10-12).

Very little to discuss but there has been some research
undertaken to study thermal spray process other than
HVOF such as arc spraying (Ref 13) and atmospheric
plasma spraying (Ref 14-19) using AE techniques. For
example, Bohm et al. (Ref 13) found the energy of AE
signal calculated using auto-correlation function propor-
tional to kinetic energy of impacting particles. Crostack
et al. (Ref 14, 15) developed a model which relates the
particle velocity and diameter of powder particles with the
amplitude of AE signals, whereas, Lugscheider et al.
(Ref 16) evaluated the particle impact AE signal to
spraying gun position. More recently, Nishinoiri et al.
(Ref 17), Enoki and Nishinoiri (Ref 18), and Taniguchi
et al. (Ref 19) used noncontact laser AE technique to study
microfracturing, delamination, and cooling process during
atmospheric plasma spraying. There are other nonde-
structive testing techniques used to monitor thermal spray
process, such as thermography (Ref 20) and thermal-wave
interferometry (Ref 21). More recently, a more integrated
approach was presented (Ref 1, 22) to study the in-flight
particle and deposit state during thermal spray process.
These advances in nondestructive in situ process monitor-
ing will permit a high standard of quality control and will
allow for enhanced reliability for thermally sprayed coat-
ings. Since these nondestructive techniques mentioned
above have limitations in exact identification of the occur-
rence of cracking and delamination in the coatings and as
discussed above AE can be used to monitor this process. If
AE features can be successfully correlated with spray pro-
cess parameters and coating properties then it may be
possible to use AE as a process control parameter to

N.H. Faisal, R. Ahmed, and R.L. Reuben, Department of
Mechanical Engineering, School of Engineering and Physical
Sciences, Heriot-Watt University, Edinburgh EH14
4AS, UK; N.H. Faisal and R. Ahmed, College of Engineering,
Alfaisal University, Riyadh 11533, Kingdom of Saudi
Arabia; and B. Allcock, Monitor Coatings Ltd, Monitor House,
2 Elm Road, West Chirton Industrial Estate North, Tyne &
Wear NE29 8SE, UK. Contact e-mail: R.Ahmed@hw.ac.uk.

JTTEE5

DOI: 10.1007/s11666-011-9620-6

1059-9630/$19.00 � ASM International

Journal of Thermal Spray Technology

P
e
e
r

R
e
v
ie

w
e
d



improve cohesive and adhesive strength, hardness, porosity,
and tribo-mechanical properties of thermal spray coatings.

This article therefore describes a method of monitoring
and analyzing the sources of AE generated during single and
continuous multilayer HVOF thermally sprayed particle
impact onto the substrate. Hence, it gives a measurement of
thermally sprayed particle impact behavior which could not
be tested using conventional methods. For this reason, as a
first step, this study investigated the AE signals in relation to
the final coating structure and to the spray process param-
eters such as gun transverse speed and gas pressure for a
given powder-particle size and spraying distance.

2. Experimental Apparatus and Procedure

The experiments consisted of single sensor AE moni-
toring of HVOF thermal spray process in an industrial

coating chamber. Single layer coating was produced at
four gun transverse speeds and two gas pressures for a
given powder-particle size and spraying distance. In
addition, an experiment was carried out using continuous
multilayer spraying at a lower pressure for a given
powder-particle size and spraying distance to compare
with the AE signal through slits, and give a more indus-
trially realistic assessment. A limited number of sprayed
particles were examined for splat landing characteristics
using scanning electron microscopy (SEM).

2.1 AE Data Acquisition System

An experimental rig for in-process AE monitoring is
schematically shown in Fig. 1. The system was assem-
bled in-house and comprised; an AE sensor with a
preamplifier, a signal conditioning unit (SCU), a con-
nector block, a data acquisition card (DAQ), and a
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A Spray spot area

As (t) Trigonometric spray spot area function of time

E Acoustic emission energy
_EðtÞ Kinetic energy of powder particles as a function

of time

Ec Deposit stiffness

mp Mass of one powder particle

_m Mass flow rate of powder particle impinging on

the target

_mpowder Powder particle mass flow rate
_N Number of particles approaching the slit per

second
_NSðtÞ Number of particles approaching the slit as a

function of time

r Powder particle radius

R Spray spot radius

Rdc Ring-down count

t Time

T Slit passing (scanning) time

Te Event duration

Th Time (for angle of arc subtended at the slit Edge

1)

Tm Lamella melting temperature

TS Substrate temperature

V Average powder particle speed

Vg Lateral speed of HVOF spraying gun

Vabs Absolute voltage

Vt Threshold voltage

y Slit width

z Center of slit

Greek Symbols

h(t) Angle of arc subtended at the slit Edge 1 as a

function of time

d(t) Angle of arc subtended at the slit Edge 2 as a

function of time

q Density of powder particle

rq Quenching stress

ac Deposit coefficient of thermal expansion

Subscripts

abs Absolute

c Coating deposit

dc Ring-down count

e Event

g HVOF gun

m Lamella melting

p Powder particle

q Quenching

s Slit

S Coating substrate

t Threshold

Abbreviations

ADC Analog-to-digital converter

AE Acoustic emission

CNC Computer numerical control

DAQ Data acquisition card

HVOF High-velocity oxygen fuel

IIR Infinite impulse response

PAC Physical Acoustics Corporation

PZT Lead zirconate titanate

RMS Root mean square

SCU Signal conditioning unit

SEM Scanning electron microscopy

SNR Signal-to-noise ratio



computer with software for controlling the acquisition
and storage of data in the PC. The AE sensors were of
type Physical Acoustics (PAC Micro-80D) based on lead
zirconate titanate (PZT). These are broadband differ-
ential AE sensors producing a frequency response
between 0.1 and 1 MHz with a 340 kHz resonant fre-
quency, and an operating temperature range from �65
to +177 �C. The AE sensor converts elastic waves
propagating through the material under examination
into a time varying voltage signal. The sensor was
10 mm in diameter and 12 mm high and was held at the
back of flat substrate surface using 100-lm thick alu-
minum tape and custom made magnetic clamps. In
order to obtain good transmission of the AE signal, the
surface was kept smooth and clean, and silicone high-
vacuum grease was used as couplant to fill any gaps
caused by surface roughness and to eliminate air which
might otherwise impair wave transmission (Ref 23, 24).
Before every test, the sensitivity of the sensor was
checked by breaking a lead pencil close to it to ensure
signal detection (Ref 23).

Preamplifier of type PAC series 1220A was used to
amplify the AE signal to a level that can be carried by a
BNC cable and converted by an analog-to-digital con-
verter (ADC). The preamplifier had a switchable 40/60 dB
gain and an internal band pass filter between 0.1 to
1 MHz. The programmable SCU and gain programmer
(+6, 0, �6 and �12 dB) were of in-house construction and
were used to power the AE sensor and pre-amplifier by a
+28 V (0.2 A) power supply unit. The amplification level
used was 40 dB at preamplifier and 0 dB at gain pro-
grammer unit. A National Instruments BNC-2120 con-
nector block was used to carry signals from the AE sensor
to the data acquisition system. The acquisition of raw AE
signals required high-performance data sampling and
compatible computer systems, and a National Instruments
(NI), PCI-6115 board DAQ which has 12 bit resolution
was used, assembled into an in-house built desktop PC.
The board can be used to acquire simultaneously the raw
signal at up to 10 M samples/s for up to four channels (i.e.,
2.5 M samples/channel) and uses a full length PCI slot.
For thermal spraying through slits, the data were acquired
at 2.5 M samples/s for 2 s record length, whereas, for
continuous multilayer thermal spraying without slit, the

data were acquired at 2.5 M samples/s for a series of 4 ms
record length.

2.2 HVOF Thermal Spraying

This experiment involved an HVOF (TAFA JP5000,
Monitor Coatings Ltd., UK) thermal spraying system
using agglomerated, sintered WC-10%Co-4%Cr spherical
and porous powders (AMPERIT� 558.074, Table 1, Ref
25) of size 45/15 lm, apparent density of 4.7-5.6 g/cm3

(Fig. 2). The test was devised to observe whether or not a
clear signal could be recorded while the substrate material
is being coated, and whether this signal is distinguishable
from that associated with the continuous background
noise. A fixed set of parameters (Table 2) with no pre-
heating of the substrate and no air jet cooling for the
HVOF spraying system was chosen, and the process
parameters were varied as summarized in Table 3: four
spray gun lateral speeds (250, 500, 750 mm/s) and two
kerosene fuel flow rates, 0.27 and 0.20 l/min corresponding
to two levels of fuel pressure, referred as P1 and P2,
respectively. The spray was directed through a series of slit
arrangements (Fig. 3) labeled as follows: (A) 3 9 10 mm,
(B) 2 9 10 mm, (C) 1 9 10 mm, and (D) 0.5 9 10 mm. In
continuous thermal spraying the AE signal is expected to
be relatively constant in magnitude with no obvious
bursts, due to the accumulative effect of many impacting
particles. Hence, in order to study the fundamental

Fig. 1 Schematic diagram of AE monitoring during thermal spraying process through slits in an industrial coating chamber

Table 1 Powder properties (Ref 25)

(a) Physical properties
WC-10%Co-4Cr AMPERIT� 558.074
Density 4.70-5.60 g/cm3

Particle size distribution
(size and percentage)

18-22 lm (10%)
29-37 lm (50%)
50-60 lm (90%)
88 lm (<100%)

(b) Element composition
Cobalt, Co 9-11%
Carbon, C 5-6%
Chromium, Cr 3-5%
Iron, Fe £0.3%
Oxygen, O £0.2%
Tungsten, W Balance
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processes, and to reduce the number of particle impacts
per unit time, a pre-determined array of slits were placed
between the spray gun and the substrate (Fig. 1).

The masking sheet, coating substrate, and holder were
made of mild-steel sheet of size 300 9 500 9 3 mm thick
and the mask had an array of varying width slits of height
10 mm cut into it using a Ferranti MF600 CO2 laser
computer numerical control (CNC) machine tool. Each
row of the array consisted of a set of one particular width
of slit, equally spaced with a 27 mm edge-to-edge gap
across the width of the mask (Fig. 3). The substrate and
holder were both securely clamped to a stand, and an AE
sensor was located in the middle of the grit-blasted sub-
strate on the reverse side to that being sprayed (Fig. 1),
and held in place using a magnetic holder with silicone
grease. It was verified that no measurable AE was trans-
mitted from the mask to the substrate using a simulated
source (pencil lead break test). Apart from the above-
mentioned experimental matrix (spraying through slits),
an experiment was carried out using continuous multilayer
HVOF thermal spraying to compare with the AE signal
through slits, and give a more industrially realistic
assessment. To this end, a brief test was carried out by
spraying with 200 mm/s gun scanning speeds on a flat
mild-steel substrate for five layers. Considering the oper-
ating temperature of the piezoelectric AE sensor (�65 to
+177 �C), the temperature of the substrate was regularly
checked for all sets of experiments (temperature remained
within operating higher limit, much below 100 �C). The
microstructure of powders and surfaces of coatings were
examined using a scanning electron microscope (Hitachi:
S-2700).

3. Results

The experiments carried out here produced three dis-
tinct types of results: AE noise during thermal spraying
process, AE from thermal spraying through slits, and
correlation between process parameters and AE signal-to-
noise ratio (SNR). Representative examples of SEM
micrographs of powder particles and splats are shown in
Fig. 4. Partially melted powder particles of WC-10%Co-
4Cr shown in Fig. 4(a) were collected carefully while
thermal spraying without any substrate in front of the
spraying gun. Figure 4(b) shows splat formation during
thermal spraying process, whereas, Fig. 4(c) shows the
coating build-up.

3.1 AE Noise During Thermal Spraying Process

To differentiate between the signals generated due to
flame noise and powder particle impact, three reference

Fig. 2 SEM images of agglomerated, sintered WC-10%Co-
4%Cr powders (AMPERIT� 558.074): (a) low magnification and
(b) high magnification

Table 2 HVOF system and spraying parameters

HVOF spraying system TAFA JP5000
Oxygen flow, l/min 920
Kerosene flow, l/min 0.27 and 0.20
Spraying distance, mm 380
Spraying rate, g/min 80

Table 3 Experimental matrix (AE monitoring of HVOF thermal spraying process)

Fuel Pr. High pressure (P1): 0.27 l/min Low pressure (P2): 0.20 l/min

Slit width
A

(3 mm)
B

(2 mm)
C

(1 mm)
D

(0.5 mm)
A

(3 mm)
B

(2 mm)
C

(1 mm)
D

(0.5 mm)

HVOF 250 250 250 250 250 250 250 250
gun speed (mm/s) 500 500 500 500 500 500 500 500

750 750 750 750 750 750 750 750
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conditions were used, those being (a) spraying with flame
and powder particles not directed at the substrate, (b)
spraying with flame only onto the substrate (no powder),
and (c) spraying with flame only not directed at the sub-
strate. Figure 5 shows raw amplitude time (magnified view
showing the temporal features) and frequency domain
plots of a 2 s record taken under each conditions (a), (b),
and (c). The frequency spectrum of the 2 s raw AE signal
was also calculated (using Welch�s power spectral density
method, Ref 23, 26) to establish any frequency charac-
teristics of the AE generated. The raw AE spectra showed
similar characteristics with distinct spikes below the ana-
log filter frequency of 100 kHz. The occurrence of these
frequency components below 100 kHz was due to the very
noisy environment in the coating chamber which meant
that these frequencies were attenuated but not rejected,
which is typical of the roll-off, and function of the shape
factor of the band pass filter. The amplitude of these lower
frequency components was an order of magnitude lower
than the power spectral density of raw spraying signal
recorded during coating formation, and these frequency
components were ultimately removed via the 200 kHz
high-pass filter. Hence, these lower frequency components
did not form a part of the analysis of spraying data in both
spraying through slits and continuous spraying. To inves-
tigate the low-frequency characteristics of the signals, it
was averaged over 10,000 points using a root mean square
(RMS) algorithm (i.e., demodulation). The results (Fig. 6)
show a characteristic frequency of just over 100 Hz. The
RMS values of entire 2 s records for conditions (a), (b),
and (c) were 5.579 9 10�4 VÆs, 5.387 9 10�4 VÆs and
5.642 9 10�4 VÆs. The similarity of the characteristics of
the three conditions suggests that the background noise
was largely airborne.

Accordingly, the remaining analysis is carried out on
data which has been high-pass filtered at 200 kHz, using
infinite impulse response (IIR) digital filter of Chebyshev
Type I filter design (setting at fifth order low pass digital
Chebyshev filter and 0.9 peak-to-peak ripple in the pass-
band). The effect of this filtering can be seen in Fig. 7,
which show averaged (RMS averaging time of 0.004 s)
signal spraying through a slit alongside inter-pass back-
ground before and after filtering. The 100 Hz periodicity is
clearly visible in the nonfiltered signal and filtering breaks
down the periodicity and reduces the RMS noise by a
factor of about 3 while only reducing the signal by a factor
of about 0.8 (i.e., about a factor of 2.5 improvement in
SNR).

3.2 AE from Thermal Spraying Through Slits

Figure 8(a) shows two examples of high-pass filtered
signals for spraying directly onto the substrate through a
set of slits. Pulses of amplitude about 6-7 mV (high pres-
sure, P1) and 3-4 mV (low pressure, P2), are clearly visible
above an inter-pass background of amplitude about 2 mV.

As expected, different temporal structures for the AE
were detected when spraying through slits of different
size, the example of slit A (3-mm wide) is being shown in
Fig. 8(a). The RMS signals showed a sudden amplitude
rise (Fig. 8b), as soon as particles are impacting on the
substrate. The start and end of pass through slits can be
easily determined, helping evaluation of signal to spraying
gun position. Every pulse in the AE signal corresponds to
the position of a slit, there being 14 pulses (corresponding
to the number of slits) per traverse of the specimen. As the
record length is 2 s (i.e., 2 layers at 500 mm/s gun speed),
the second group of pulses is associated with the return of

Fig. 3 Schematic of thermal spray masking sheet (mild steel) of thickness 3 mm with an array of slits
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the gun on its subsequent traverse, the gap between the
two groups being associated with the slit offset distance of
150 mm. Each pulse also shows a gradual increase in
amplitude followed by a fall associated with the passage of
the circular spray spot across the slit. The last and the first
pulse (relatively weaker than other peaks) between two
pulsatile sections (Fig. 8a, column i) appears due to
scattering of spray particles onto the substrate edge near

one of the extreme edge (right side) of the masking sheet.
Figure 8(a, column ii) also shows that the AE amplitude
decreases by almost half when spraying across the same 14
slits if the pressure is reduced by 25%. Figure 8(b) shows
the corresponding RMS signals (10,000-point average).

3.3 Correlation Between Process Parameters
and Signal-to-Noise Ratio

Varying the gun transverse speed should alter the
sprayed particle flux per unit area (given slit width)
landing on to the substrate, and increasing the slit width
should increase the total flux landing on the substrate in
one pass. In order to examine the strength of the high-pass
filtered signals and its variation with process parameters,
the SNR was calculated using Eq 1:

SNR ¼ RMSpulsatile

RMSpulsatileþnoise �RMSpulsatile
; ðEq 1Þ

where RMSpulsatile and RMSpulsatile+noise correspond to
RMS of slit-passing sequences and overall signal, respec-
tively. The SNR shown in Fig. 9 plotted against slit width
for each of the process parameters. As expected, the SNR
increases with increase in the width of the slit, spraying
pressure and decreases with increasing gun transverse
speed.

4. Discussion

The result section indicated the AE characteristics
associated with the noise and particle impact during
thermal spraying process and clarified the evolution of
signal to spraying gun position and SNR between various
process parameters. The discussion in this section is con-
fined to assess the extent to which AE can be used as a
more convenient measure of particles impact, both during
single layer spraying through slits and multilayer contin-
uous spraying without slits.

4.1 Kinematic Model of Particle Impact Through
Slit

As was seen in previous section, the slit experiments
have demonstrated that spray-substrate interaction gen-
erates measurable AE, although it is by no means certain
that individual particle impacts will be observable either
by the time- or amplitude resolution of the method. It is
therefore of interest to develop a model describing the
approaching particle density, size, and velocity distribu-
tions as an aid to analyzing the data from slit and slit-free
experiments. A cross section of the spray can be assumed
to contain a constant density of particles of constant
average size,* traveling at constant average velocity**
toward the surface and the total particle kinetic energy

Fig. 4 SEM images of HVOF sprayed WC-10%Co-4%Cr
powder particles and splats: (a) partially melted powder particles
before landing the substrate (carefully collected while spraying
without any obstacle or substrate in front of the gun), (b) frag-
mented powder particle forming splat onto the grit blasted mild-
steel substrate, and (c) top view of accumulated splats forming
single layer coatings onto the grit blasted mild-steel substrate

*The actual size will depend on the size distribution of powder
particles in the spray.

**The actual velocity will depend on the size and location of
individual powder particles in the spray.
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Fig. 5 Raw AE signal structure (amplitude and frequency) for 2 s noise record during HVOF WC-10%Co-4%Cr spraying at high
pressure P1 at three reference conditions: (a) spraying with flame and powder particles not directed at the sample, (b) spraying with flame
only onto the sample (no powder), and (c) spraying with flame only not directed at the sample. The time domain signal (column i) is the
magnified view showing temporal features, for example, magnifying between 1 to 1.0004 s of the 2 s record
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passing through a slit determined as a function of time. A
formulation for the effective spraying area through a slit
and the distribution of kinetic energy of particles landing
on the substrate are described below.

Figure 10 illustrates a spray spot of radius, R, passing
over a fixed slit at a given lateral speed, Vg. In any time
interval the increase and decrease in ‘‘effective area’’ of
the thermal spray spot overlapping the slit determines the
average number of sprayed particles landing on the sub-
strate in the time step.

As shown in Fig. 10, the effective area of spray passing
through the slit increases after the spray spot leading cir-
cumference crosses the Edge 1 of the slit until the center
of the spray spot (O) is at the center of the slit (z).
Thereafter, the effective area starts decreasing until the
trailing circumference of the spray spot passes Edge 2 of
the slit. The increment and decrement in the ‘‘effective

area’’ will therefore be a symmetric function, and can be
formulated using the schematic diagram shown in Fig. 11.
The angle of arc subtended at the slit Edges 1 and 2 are h
and d, respectively, and each is a function of time, or of the
position of the spray spot with respect to the fixed slit.

In the general case where the leading circumference
has passed Edge 2, the effective area, As (t), is given by the
shaded area illustrated in Fig. 11. This area can be ex-
pressed as the difference between two circular caps, where
the chords are BB0 and B1B01 in Fig. 11. Therefore, the
effective area:

AsðtÞ ¼
1

2

� �
R2f2ðhðtÞ � dðtÞÞ � ðsin 2hðtÞ � sin 2dðtÞÞg
� �

ðEq 2Þ
The functions h(t)and d(t)can be obtained by recognizing
that the angle (h and d) increase from 0 to p as the spray
area center traverses the Edge 1 and Edge 2. Setting a
time datum (t1 = 0) when the spot encounters Edge 1 (at
h = 0) and passes (at h = p) in time, Th, it is possible to
determine the angle h(t) from the gun transverse speed,
Vg, the slit width and the spot radius (see Fig. 10):

hðtÞ ¼ p
t1
Th

� �
¼ p � t1 � Vg

2R

� �
; for 0 � t1 �

2R

Vg
; Th ¼

2R

Vg

ðEq 3Þ
The angle d(t) can be written in an exactly analogous
fashion, except that the position trails that for h(t) by an
amount equal to the slit width, i.e., a time ty ¼ y=Vg:

dðtÞ ¼ p
t1
Th

� �
� p

ty

Th

� �
; for

y

Vg
� ty �

y

Vg
þ 2R

Vg

� �

ðEq 4Þ
For formulating the number of sprayed powder particles
passing through the slit, it is assumed that the powder

Fig. 6 RMS signal structure for 2 s noise record during HVOF
spraying at high pressure P1: (a) time domain for spraying with
flame and WC-10%Co-4%Cr powder particles not directed at
the sample (from Fig. 5a, column i) and (b) corresponding fre-
quency domains for each of three RMS conditions (from Fig. 5a,
5b, 5c: column i)

Fig. 7 AE signal recorded during HVOF WC-10%Co-4%Cr
full spraying (both flame and powder) onto substrate through slit
A (3 9 10 mm) at 500 mm/s and high pressure P1: (a) RMS
signal before any filtering and (b) RMS signal after high-pass
filtering at 200 kHz
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particles are sprayed through the gun with a constant flux,
the powder is of uniform diameter and density and the
incident particle density across the spot is uniform. Thus,
the number of sprayed particles passing through the slit in
a time T (see Fig. 10) depends on the slit width (y), gun
speed (Vg), the powder mass flow rate, the flame spray
spot area (A), and the powder particle kinetics [density
(q), radius (r), and speed (V)].

If the powder mass flow rate (g/s) is _mpowder; and the
mass of one particle mp ¼ 4

3 pr3q; then the number of
particles approaching the slit per second is: _N ¼ _mpowder

mp
:

The number of particles passing through the slit per sec-
ond is therefore _NsðtÞ ¼ AsðtÞ

A
_N; where _NsðtÞ is a function of

time, and this can be converted to a mass flow rate
impinging on the target, _m; of _m ¼ _NsðtÞ �mp; and so the
energy rate, _E associated with the kinetic energy of the
particles is:

_EðtÞ ¼ 1

2
_mV2 ¼ 1

2
mpV2AsðtÞ

A

_mpowder

mp

¼ 1

2
_mpowderV

2 AsðtÞ
A

� �
;

ðEq 5Þ

where _mpowder is the powder mass flow rate, V is the
average particle speed, A is the spray spot area, and As(t)
is a trigonometric function of time. Assuming that a con-
stant proportion of this kinetic energy is recorded at the
sensor, the function _EðtÞ ought to be of similar shape to
the AE energy pulse observed as the spray passes over a
slit. A cross section of the spray can be assumed to contain
a constant density of particles of constant size, traveling at
constant velocity toward the surface and the total particle
kinetic energy passing through a slit determined as a
function of time. Based on these assumptions the energy
rate, _E; associated with the kinetic energy of particles

Fig. 8 AE signal recorded during HVOF WC-10%Co-4%Cr full spraying (both flame and powder) onto substrate through slit A
(3 9 10 mm) at 500 mm/s (background section—BGN, PULSATILE sections)
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impinging on the substrate through the slit can be calcu-
lated from a simple kinematic model using Eq 5.

A representative AE record is compared with the cal-
culated kinetic energy rate in Fig. 12. In the calculation it
was assumed that the diameter of the spray spot was
10 mm (average diameter of spray spot measured from the
width of deposited layer after spraying the substrate
without slits), the gun transverse speed was 250 mm/s, the
powder flow rate was 80 g/min (at high pressure, P1) and
the average velocity of sprayed powder particles was
800 m/s. To calculate the number of particles passing
through the slit per second, the particle size (diameter)
was taken as 50 lm whereas the density was taken as
5000 kg/m3. The length of time taken for the spray gun to
pass through a slit at the speed of 250 mm/s was
T = 0.052 s. It is clear from Fig. 12(a) that the pulse is
wider than the calculated time (Fig. 12b). This could be

due to the fanning of spray, i.e., a nonuniform particle
density distribution over a wider spot size and/or turbulent
distortion of flow, and penumbra effects at the edges and
through thickness of rectangular slits. In addition, it could
also be possible that some of the sprayed particles (molten
or partially molten) nearby the edge of the spray spot were
solidified while spraying, and others bounced from the
substrate. In such cases, the impact of these can manifest
as AE with no observable deposition outside the spray
spot area, except evidence of some fragmented splat for-
mation just outside the spray spot area (e.g., Fig. 4b).

Fig. 9 Signal-to-noise ratio against slit width for varying speed
and pressure

Fig. 10 Kinematics of the spray spot scanning a slit

Fig. 11 Kinematics of the spray spot scanning a slit and its
formulation
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The AE energy was calculated as the area under the
absolute of the signal above threshold (Fig. 13) using Eq 6
(Ref 23):

E ¼
Z t

t¼0

Vabs � Vtð Þdt if ðVabs � VtÞ>0 ðEq 6Þ

where Vabs is the absolute voltage, Vt is threshold voltage,
and t is the time (above threshold) from the beginning of
the event. The event duration (Te) is the time between the
first count and the last count, whereas, ring-down count
(Rdc) is the number of times the signal exceeds a counter
threshold. In such analysis, overlapping events are not
distinguished 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
corrected for gain in the data acquisition system using
Eq 7 (Ref 27).

A ¼ 20 log U0=Uið Þ; ðEq 7Þ

where A is signal gain expressed in dB and U0/Ui is the
ratio of output to input signal amplitudes. Since the

continuous background noise amplitude was present
throughout the process under all spraying conditions, an
automatic analysis threshold level of 15% above the
continuous background noise level was chosen to define
significant AE activity due to coating formation. Figure 14
compares the total kinetic energy of particle impact with
the AE energy through slits of various sizes and spray gun
transverse speeds, suggesting that, notwithstanding the
fanning effect, the model gives a reasonable approxima-
tion to the measured AE energy (i.e., that the calculated
kinetic energy is proportional to the measured AE
energy).

Figure 15 determines the measured AE energy per
number of powder particles landing on the substrate
through slits of various sizes at high pressure (P1), sug-
gesting that it largely remains constant at various spray
gun transverse speeds. Although it is expected that the AE
energy per number of particles passing through the slit to
remain constant with gun speed (Fig. 15), there is some
variation in the AE energy with gun speed which would be
the result of natural variations in AE signal and assump-
tions made in quantifying the number of particles passing
the slit. However, this variation in AE energy per number
of particles passing through slit at varying gun speed is
minimal for the 3 and 2 mm slit widths, which indicate that

Fig. 12 (a) AE signal at a single slit of width 3 mm when HVOF
WC-10%Co-4%Cr is sprayed at 250 mm/s gun speed, high
pressure P1, (b) calculated kinetic energy rate _EðtÞ distribution
due to particle impact through slit (Eq 5) and number of particles
passing through the slit per second, _NsðtÞfor slit size: 3 9 10 mm

Fig. 13 Schematic diagram showing calculation of the AE fea-
tures: energy E, event duration Te, and ring-down count Rdc.
(This is schematic of a processed signal, i.e., AE signal after
taking absolute of bipolar raw AE signal)

Fig. 14 Calculated kinetic energy of particle impact plotted
against measured AE energy with spray gun transverse speed for
each slit sizes (first slit in a row) at high pressure P1
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the coupling of AE data and mathematical model is within
acceptable limits. There is a slightly higher variation in
AE energy per number of particles passing through slits
for the 1 and 0.5 mm slit widths, which will be due to the
greater influence of slit size to particle size ratio passing
through these smaller slits, and the fact that any deviation
in the time of flight of particles from a straight line will be
more sensitive for smaller slit sizes due to the interaction
of powder particles within the spray stream. Similarly, the
penumbra effect will be more significant per unit slit width
as the slit size decreases. It also needs to be appreciated
that the magnitude of AE energy indicated in Fig. 14 and
15 is expected to increase as the slit location moves closer
to the AE sensor (middle of substrate) due to a reduction
in signal attenuation; however, the trend of comparison in
Fig. 14 and 15 is expected to remain the same.

4.2 AE-Based Continuous Multilayer Thermal
Spray Monitoring

This section discusses an AE-based approach to mon-
itoring coating formation during a continuous multilayer
thermal spraying process. The use of AE for monitoring
the thermal spraying is complicated due to overlapping
impact signals and noise within the coating chamber (Ref
13-19). Nevertheless, it is obvious that the model discussed
above, with appropriate modifications, will serve as a
useful analytical aid for continuous in situ quality moni-
toring, since the incident impact energy of the powder
particle helps facilitate the bonding of the coating�s inter-
splat cohesion.

Figure 16 shows a record of AE produced in continu-
ous multilayer spraying without the use of slits.� As can be
seen, the AE energy within a layer goes through a maxi-
mum (circled in first layer in Fig. 16), due to effect of
attenuation (Ref 26) as the spray spot passes over the
sensor position in the middle of the back of the sample. In
addition, there is a general increase in AE energy for the
first three layers which then remains constant as the
number of layers builds up, and this cannot be attributed
to changes to sensor sensitivity as the back face of the
substrate warms up.

On the basis of the foregoing discussion, it seems that
particle impingement on the substrate constitutes a sig-
nificant source of AE, however, this would be expected to
be around the same intensity for each pass of spraying.
The physical difference between the surface with single
pass and multi-pass spraying is shown in Fig. 17. The rel-
evant differences are:

1. The deposition efficiency increases as the substrate
temperature increases with multiple passes, due to
higher adherence of impacting particle at higher sub-
strate temperatures (Ref 28). As the numbers of par-
ticles adhering to the substrate or underlying coating
material increase, the AE contribution would be ex-
pected to initially increase as the substrate warms up.�

However, this increase in AE will level-off after few
passes of spraying once the thermal equilibrium is
established.

2. The coating is thicker due to multi-pass spraying, so
the mismatch in the thermal and mechanical proper-
ties of coating and substrate will be minimized after
couple of passes of spraying, leading to the levelling-
off the AE energy signal.

3. The residual stress will change both at macrolevel and
also the quenching stress level due to changes in
temperature and coating build-up.

The main source of inter-splat residual stress during
deposition is, rq, the so-called ‘‘quenching stress’’ (Ref 29-
32) is given by Eq 8:

rq � acðTm � TsÞEc; ðEq 8Þ

where ac, Tm, Ts, and Ec are the deposit coefficient of
thermal expansion, lamella melting temperature, substrate
temperature, and splat stiffness, respectively. This

Fig. 16 AE energy distribution during five layer continuous
spraying with no air jet cooling or preheating (HVOF
WC-10%Co-4%Cr, lower pressure P2) on a flat 3-mm thick and
500-mm long mild-steel substrate at 200 mm/s transverse gun
speed for a series of 4 ms record lengths; 0.5 mm maximum
coating thickness [2.5 s scanning time per layer]

Fig. 15 AE energy per number of particles passing through first
slit in a row at high pressure P1 against varying gun speed

�Each data plot in Fig. 16 represents 4 ms of AE record length.

�The substrate and coating has a higher temperature due to
repeated thermal input from flame and impacting particles until a
steady state of thermal equilibrium is reached.
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quenching stress could conceivably cause micro- and
macrocracking in the deposited layer, which would mani-
fest as AE energy during spraying.

Bansal et al. (Ref 33) have taken a typical value of
flame heat flux (1 MW/m2) and calculated (among other
things) the thermal gradient in the substrate during HVOF
deposition. This calculation suggests that the skin of sub-
strate is heated significantly over the ambient to a depth of
about 50 lm. Assuming a similar penetration in the cur-
rent process would mean that thermal and mechanical
mismatch stresses in the substrate associated with shock
flame heating in the depositing layer would affect most of
the immediate underlying HVOF layer, but relatively lit-
tle of any deeper layers. It can therefore be suggested that
the additional AE in multilayer deposition is associated
with thermal shock of the underlying deposition layers, an
effect that might be expected to get greater for the first
few layers and cease to grow thereafter. It is therefore
possible that AE monitoring may, as well as providing
information on the particle-surface interaction mecha-
nism, might also offer some information on the quality of
the coating through its response to shock heating. In
industrial practice, engineering components are thermally
sprayed in a continuous multilayer mode with cooling, so
the development of this AE-based on-line monitoring will
need to acknowledge the effect of very large numbers of
particles, and will have to be done in conjunction with
postspraying tests to identify cohesive and adhesive
strength, hardness, and residual stress.

5. Conclusions

Even though the operating conditions explored in this
study were limited to the gas pressure, transverse speed,
and slit width considered in this study, a novel approach
using an AE sensor to monitor the HVOF thermal spray
process has been demonstrated. The following conclusions
can be drawn:

1. For spraying through slits, the measured AE energy is
correlated with the calculated kinetic energy of par-
ticles using a mathematical model, showing that the

signal associated with particle impingement can be
seen in the face of considerable airborne noise.

2. The AE energy per unit number of particles landing
on the substrate through slits largely remain constant
for various gun transverse speeds, indicating a good
coupling of AE signal and mathematical model.

3. For continuous multilayer spraying the general level
of AE energy increases as the number of layers (and
sample temperature) increases. A feature which can
be associated with changes in deposition efficiency,
residual stress, and mismatch of coating and substrate
material properties, which may give an additional
measure of coating quality.

4. For spraying through slits, the start and end of pass
through slits can be easily determined, helping eval-
uation of AE signal to spraying gun position.
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