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Thermal wave testing of 
plasma-sprayed coatings and a 
comparison of the effects of coating 
microstructure on the propagation of 
thermal and ultrasonic waves 

P. M. PATEL,  D. P. A L M O N D  
School of  Materials Science, University of Bath, Ctaverton Down, Bath, A yon, UK 

A thermal wave technique for the non-destructive examination of plasma-sprayed 
coatings is described. Measurements of molybdenum NiAI and aluminium coatings are 
presented to demonstrate that the technique can be used for defect detection, coating 
thickness determination and thermal property evaluation. The effects observed are 
shown to be attributable to thermal wave interference in the coating material. A semi- 
quantitative model of the coating microstructure is presented to compare its effects on 
the propagation of ultrasonic and thermal waves. The model predicts the coating 
material's very high attenuation of ultrasonic waves and a very low attenuation for 
thermal waves. This is taken to explain the success of thermal waves, and the failure of 
ultrasonic waves, in producing measurable interference effects in plasma-sprayed coatings. 

1. Introduction 
Thermal spray coatings are becoming increasingly 
important in many high technology industries for 
the production of the specific surface properties 
required by engineering components [1]. Coatings 
are sprayed for wear or corrosion resistance, 
thermal or electrical insulation, reclamation of 
worn machine parts and for conservation of expen- 
sive raw materials. Hard surface coatings of 
tungsten carbide/chromium carbide are currently 
used for their good wear resistance characteristics. 
Materials such as alumininm are being flame 
sprayed to provide protection from environ- 
mental corrosion. Coatings of  M-CrAW (where 
M is nickel, cobalt or iron) and zirconium oxide 
are being applied to afford resistance to the hot 
corrosive environments found in gas turbines. 
Ceramic coatings (e.g. alumina) are becoming 
widely used for their electrical and thermal insu- 
lation properties. 

The quality assurance of thermally sprayed 
coatings is currently hampered by the absence 

of a satisfactory non-destructive testing tech- 
nique. A technique is needed that will determine 
the integrity (i.e. the presence of coating delami- 
nations or adhesion defects) and the thickness of a 
coating on a component. At present, stringent 
quality control practices and in-service tests are 
employed to ensure that a given coating meets 
specified requirements. Some of the prerequisites 
of a suitable non-destructive inspection technique 
can be formulated as those satisfying the follow- 
ing criteria: 

1. being non-contactive and non-destructive; 
2. providing thickness determination and defect 

detection; 
3. being applicable to the wide range of geo- 

metrical configurations found in engineering 
components. 

These requirements would seem to be met by a 
suitable interferometric technique. Such a tech- 
nique necessitates the use of a wave which will 
propagate, relatively unattenuated, through a 
thickness (typically 200/,trn) of coating material. 
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Optical interference is obviously impossible as the 
materials usually sprayed are opaque. Ultrasonic 
wave interference is not generally observed in 
these coatings [2] because of  the high attenuation 
of  these waves by  sprayed coating material. Cox 
et  al. [2] reported an attenuation of ~ 500 dB cm -1 
and showed that this prevented the formation of  
ultrasonic interference effects. Green [3] and 
Luttkkala [4] have demonstrated that  thermal 
waves may be used for the testing of  sprayed 
coatings and Busse and Eyerer [5] have shown 
them to be of  value for the examination of  
polymeric coatings. In this paper we show that  
these thermal waves exhibit the required inter- 
ference phenomena in thermal sprayed coatings. 
In order to understand the success and failure of  
thermal and ultrasonic waves, it is necessary to 
examine the effect of coating microstructure on 
the propagation of these two types of  wave. 

Coating microstructure is described in the next 
section; this is followed by a discussion of thermal 
waves and experimental results which demonstrate 
interference effects in sprayed coatings. Finally, a 
semiquantitative analysis is presented to explain 
the differences in the effects of  coating micro- 
structure on the propagation of ultrasonic and 
thermal waves. 

2. Coating microstructure 
The deposition of plasma-sprayed coatings can be 
divided into two stages: (1 ) the  melting of the 
coating material in the high-temperature (10 000 K) 
plasma arc flame; (2) the subsequent projection of  

T A B L E I A tabulation of the typical microstructural 
features observed in thermally sprayed coatings 

Microstructural features Reference 

Finite porosity. Spherical pores (1/~m), very 
thin elongated pores (0.01 to 0.1 ~m), formed [6, 7] 
by volume shrinkage and microcracking under 
thermal stresses 

Layered arrangements of coating material. 
Layers separated by the thin elongated pores. 
Very fine grain structure in these solidified [8] 
coating layers 

Random areas of contact between these 
coating layers [ 8] 

Possibility of metastable phases, e.g. AI~O 3 [6, 7] 

A thin amorphous structure very near the [9, 10] 
coating substrate interface 

Variation in grain structure from columnar 
near the coating/substrate interface to equi- [11] 
axed near the surface 

the molten particles in a high-velocity gas stream 
(N2/Ar) towards a roughened substrate. The 
required coating thickness is built up by a succes- 
sion of  passes of  the substrate through the spray. 
This mode of  deposition generally introduces 
porosity,  cracks, delaminations and fluctuations 
in coating thickness. Fig. 1 shows, schematically, 
some of  the typical microstructural features 
observed in optical and scanning electron micro- 
graphs of  plasma-sprayed coatings and other 
thermally sprayed coatings. Table I summarizes 
these features; actual micrographs of some coating 
structures can be found in the references given 

Randomly oriented 
grain structure  

l Spherical pores 

z~ ~ ~ Coating < ~ , ~  ~ ~ l a y e r s  ~ < 
J (5-1o pm) ~-- Thin elongated pores / ~ : ~  

'~ ( 0.1 pm ) [ ~  0 

t Directional 
grain growth 

Thin amorphous Fragmented 
coating layers SUBSTRATE coating material 

Figure 1 A schematic representation of some typical microstructural features found in thermally sprayed coatings. 
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Figure 2 (a) and (b) The amplitude and 
phase variation of the thermal wave 
with the parameter x/~, at time instant 
cot = 0. 

in the table. The formation of these features is 
inherent to the solidification process which is 
essentially a very rapid cooling of molten spherical 
particles of  the coating material and the flattening 
of these droplets as they strike the substrate. 
Cooling rates of 10 6o C sec -1 are easily attained 
by this deposition method. 

3. Thermal  waves 
Currently, there is an increasing interest in optically 
generated thermal waves due to the development 
of techniques such as photoacoustic spectroscopy 
[12] and photoacoustic microscopy [13]. Pre- 
viously non-optical methods of thermal-wave 
generation have been used for thermal dfffusivity 
[14, 15] and coating-thickness measurements [3]. 

When a periodic heat source is applied to the 
surface of a sample (e.g. from a modulated light 
beam or a periodically heated resistor), this leads 
to a temperature modulation that propagates into 
the sample as a heavily damped wave, a thermal 
wave. Equation 1 [ 16] represents mathematically, 
a one-dimensional thermal wave, of  angular fre- 
quency co, propagating in the positive x-direction, 
see Fig. 2a. 

T(x,  t) = To e -x/u e ](~t- x/,) (1) 

where ]" = (-- 1) 1/2, co = 2zrf, f is the modulation 
frequency, /~ = (2a/co) 1/2 = (a/lrf)l/2; the thermal 

diffusion length, and a is the thermal dfffusivity. 
It can be seen from Equation 1 that the amplitude 
of the thermal wave, T(x,  t), decreases exponen- 
tially with distance, x, into the sample. The 
thermal diffusion length, ~, is the distance over 
which the magnitude of the thermal wave decays 
to 1/e of its initial value, To, and its phase changes 
by one radian (57~ Fig. 2b shows the phase angle 
variation with x/g. This figure illustrates that the 
phase angle depends only on the physical and 
thermal properties of  the sample. A useful feature 
of  a thermal wave is that its decay rate,/~, can be 
controlled by varying the modulation frequency. 
This provides a depth profiling capability [17, 18] 
for probing solid matter, see Fig. 3a. 

Thermal waves will undergo reflection or 
scattering processes when they encounter regions 
of different thermal characteristics [19], (see 
Fig. 3b); in the same way as electromagnetic or 
ultrasonic waves at regions of different refractive 
index or acoustic impedance. This, and their wave- 
like properties, suggest that thermal waves might 
be used as an alternative waveform for performing 
interferometry in thin coatings. To observe such 
interference effects in a coating the thermal wave- 
length must be comparable to coating thickness 
and the wave must suffer little attenuation in its 
passage through the coating material. 

The surface temperature of a sample, exposed 
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Figure 3 (a) A schematic illustration of the depth probing nature of low- and high-frequency thermal waves. (b) Thermal 
wave scattering from a region of different thermal characteristics in the path of the propagating wave. 

to a modulated light source, will be dependent 
on, (1)the optical and thermal properties of  the 
sample, and (2) the effects of sample geometry on 
heat flow. Bennet and Pattey [20] have analysed 
thermal wave interference in a coating on a 
thermally thick substrate. Their general expression 
for resultant surface temperature reduces to: 

~)s (1--r)I~ ] 
= ko --Re -~L (2) 

for metallic coatings, where the optical absorption 
depth, 1//3, is very small ~< 0.1/~m; the skin depth. 
In the above expression Io is the incident optical 
intensity, r is the optical reflection coefficient of 
the surface, L is the coating thickness and k is its 
thermal conductivity, a is the complex thermal 
wave vector, and R is the thermal wave reflection 
coefficient for the coating substrate interface. 
R is given by 

R = (1 --b)/(1 + b) (3) 
where 

[(pck )b__l 1/2 
b = [(pck),l (4) 

p is the density, c the specific heat capacity, and 
subscripts s and b refer to the surface coating and 
backing (substrate) materials, respectively. 

Figs. 4a and b show the changes in signal and 
phase, caused by the interference effects, plotted 
against the thermal thickness, asL. as is given by 
(1//0 and is related to cr by 

1 
o = (1 +/)as =- (1 + j ) - - .  (5) 

g 

A variety of techniques can be used [21-23] 
to observe thermal wave interference effects. In 
this study, photothermal radiometry, PTR [23], 
was chosen because it is a simple non-contactive 
technique satisfying the requirements mentioned 
in Section 1. In PTR the changes in surface tem- 

perature are detected by an infrared detector. A 
practical problem [24] is that variations in the 
surface reflectivity, that might be caused by 
unimportant marks or blemishes, can affect the 
amount of the fight that is absorbed and, as a 
result, the amplitude of the detected signal. The 
phase of the signal, given by the term in square 
brackets in Equation 2, will be unaffected by the 
variation in the amount of absorbed optical 
energy. For this reason we will concentrate on 
the changes in the phase angle of  the detected 
signal. The dependence of  phase angle on coating 
thickness and the presence of adhesion defects is 
outlined below and illustrated in Fig. 5. 

3.1. Thickness change 
Thermal wave interference produces changes in 
the phase of the detected signal which depend 
on the wave number and the coating thickness, 
asL, as has been illustrated in Fig. 4b. The magni- 
tude of the phase change varies with both the par- 
ticular asL value, determined by the modulation 
frequency, and the coating substrate reflection 
coefficient. Thus part or all of a locus of the type 
shown in Fig. 4b will be traced by phase-angle 
measurements of coatings of varying thicknesses 
(Fig. 5a). This provides a means of  assessing the 
thickness of a coating. 

3.2. Defect de tec t ion  
At an adhesion defect, the thermal wave reflection 
coefficient changes from the coating/substrate 
value to that of the coating/air defect system. The 
change in phase angle, resulting from the change in 
reflection coefficient, is shown schematically in 
Fig. 5b. Thus adhesion defects can be detected by 
this change in phase angle that they produce. 

4. Experimental system 
Fig. 6 is a schematic diagram of the experimental 
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Figure 4 (a) and (b) The vari- 
ations in the normalized signal 
and phase angle as a function of 
the thermal thickness asL, the 
product of the thermal wave 
number and the coating thick- 
ness, for different interface re- 
flection coefficients R, (adapted 
from [20]). 

system used in this study. The light source was a 
5W argon ion laser (Coherent Innova 90-5)with 
an unfocused beam diameter of 1ram at its 1/e 
point. The laser beam was amplitude modulated 
by a mechanical light chopper (Brookdeal 9479) 
which provided a workable frequency range of 5 
to 800 Hz. An infrared thermal detector (Mullard 
tri-glycine sulphate) monitored the thermal 
emissions from the illuminated spot on the sample. 
A 3 m m  thick bloomed (10gm) germanium lens 
was used to focus the thermal radiation on to the 
detector element. The lens also acted as a filter, 
which was necessary to prevent the reflected laser 
light reaching the detector element. The detected 
signal was then processed by a lock-in analyser 
(EG and G 5206) to monitor the amplitude and 
phase of the input signal. All data acquisition 
and sample translation were controlled by a 
Commodore (PET) 3032 microcomputer. 

Three types of samples were prepared to test 
the predictions of  the analysis in Section 3. These 
samples were: 

1. self supporting molybdenum coatings of a 
variety of thicknesses; 

2. stepped thickness coating of nickel aluminide 
(thicknesses of  15 to 195/lm) sprayed on a 3 mm 
thick mild steel substrate; and 

3. an adhesion defect in an aluminium sprayed 
coating on a steel substrate. 
A fuller description of sample preparation tech- 
nique is given by Cox [25]. 

5. Results and discussion 
Fig. 7a is a normalized plot of the phase-angle 
measurements obtained for the self-supporting 
molybdenum coatings. In these, and the measure- 
ments which follow, the normalized phase angle 
represents the phase shifts associated with thermal 
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Figure 6 A block diagram of the experimental test system. 

wave interference effects in the coating material. 
This phase angle can be obtained from the exper- 
imentally recorded phase angles as shown below: 

Un = U s -  Uref, (6) 

where Us is the experimentally observed phase 
angle of the test piece and Uref, the phase angle 
recorded by the system for a thermally thick 
sample ( p ~ L )  under the same operating con- 
ditions. In this thick sample thermal wave inter- 
ference effects are absent. The agreement of the 
experimental data, Fig. 7a, with the theoretical 
curve, generated using an air-backing reflection 
coefficient R of 1, is very good. The figure also 
demonstrates the reduction in thickness resolution 
with increasing coating thickness. Measurement of 
coatings of larger thicknesses would necessitate the 
use of thermal waves of a longer wavelength. 
These would be produced by using lower modu- 
lation frequencies than the 15Hz used here. 

Fig. 7b shows a normalized phase-an~e plot 
of  the data obtained for the NiA1 stepped coating 
thickness sample. Again a good fit with theory is 
obtained. The curve, generated by the parameters 
listed in the figure, provided the best overall fit to 
the experimental data. Conventional flash method 
measurements [26] of  thermal conductivity and 
diffusivity for this coating material are also shown 
in the figure. The good agreement between the 
two sets of results shows the potential value of the 
thermal wave technique for obtaining the thermal 
properties of the coating materials. 

Fig. 7c shows the variation of signal and phase 
across the adhesion defect, measured at several 
different chopping frequencies. The presence of 

the defect can clearly be seen at low modulation 
frequencies (long thermal wavelengths) in both 
the signal and phase measurements. The traces 
indicate the greater sensitivity of phase-angle 
measurements to the presence of subsurface 
defects [27, 28]. The defect disappears at 60Hz 
in the signal traces but is still present in the phase- 
angle trace at this frequency, and continues to be 
present to about 160Hz. These results also indi- 
cate that the depth of a defect below the surface 
may be determined from its signature at different 
modulation frequencies [17,27, 28]. 

All the above observed phase-angle changes are 
attributed to thermal wave interference in the 
coatings. The occurrence of thermal wave inter- 
ference effects accounts for all the potential 
advantages of  the photothermal method over 
ultrasonics, as a technique for testing these 
coatings. 

The observations of interference phenomena 
for thermal waves and their absence for ultrasonic 
waves shows that the attenuation of thermal 
waves by coating material is very much lower than 
that found for ultrasonic waves. To explain this we 
must consider the propagation of ultrasonic and 
thermal waves through coating material. Thermal 
sprayed coatings might be modelled by over- 
lapping layers of coating material separated by 
thin air gap regions. The arrangement shown in 
Fig. 8a is a first approximation to this coating 
structure. A basic structure unit can be identified 
as that shown in Fig. 8b. Since the layers of coat- 
ing material are typically 5 to 10/Jm, we can make 
the assumption that both ultrasonic and thermal 
waves are negligibly attenuated as they travel 
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through them. Any attenuation caused by the 
structure, as a whole, is attributed to transmission 
losses across the 0.1 #m air gaps. 

The sound intensity transmission coefficient, 
A t, for the three layer system shown in Fig. 8b, 
is given by [29]: 

For thermal waves the equivalent expression for 
(At) can be obtained by taking the square root of  
the right-hand side of Equation7, Z1 < Z 2  and 
setting Z~ = Z3 and k2L < t,  as before 

{ (At)therma 1 ~ (9) 
1 + (Z2k2L/2Z1) 2 

4ZIZ2 
A t = (Z 1 + 23) 2 cos2k2 g + [Z2 + (Z1Z3/Z2)] 2 sin2kxL 

where Z i = p i c  i is the acoustic impedance of  
medium i, ( i =  1 ,2 ,3) ,  Pi is the density of 
medium i, c i the longitudinal wave velocity, 
k2 the wave number in medium 2, and L the 
thickness of medium 2. 

Equation 7 can be simplified by making the 
approximations Z~ = Z3, Z~ >> Z2 and k2L ~ 1 to: 

1 
(At)ultra ~ 1 + (Z lk2L/2Za)  2 " (8) 

(7) 

This quantity will then represent the amplitude 
transmission coefficient for these waves. The 
reason for the first modification to A t is that in 
photothermal studies, the amplitude of the 
thermal waves, the temperature, is monitored 
rather than the intensity. The reason for the 
second, that ZI  ~ Z 2  for the thermal waves and 
Z1 >> Z~ for ultrasonic waves, lies in the different 
definitions of the impedance for the two types of 
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T A B L E I I Experimental and physical parameters for the calculation of the thermal and ultrasonic wave attenuation 
coefficient for the structure shown in Fig. 8b 

Physical and Physical and 
experimental parameters Thermal experimental parameters Acoustic 

Coating thermal 1 1.22 X 10 -s Coating acoustic 
impedance (m s KW -1) Z~ = klo~ - f~/s (1--]) impedance (kgm -2 sec -~) Z1 = p~c~ ~ 4 x 107 

Air gap thermal 1 _ 0.05 Air gap acoustic 
impedance (m 2 KW -1) Z2 = k~as f lzs  (1 --]) impedance (kg m -2 sec -t) Z2 = Pscs ~ 4 X 102 

Air gap L = 0.1 L = 0.1 
thickness (~m) 

Thermal k s = = 4 X 102 25 ~/s 
wave  n u m b e r  

of air at 25 Hz (m -~) 2 X 103 

Z s 5 X 10 -2 
- -  4 X 103 
Z 1 1.22 X 10 -s 

k~L (2 X 103) X 10 -7 ~ 2 X 10 -4 

i ]~,2 
( A t ) t h e r m a l  = 1 + (Z2-L,2Zt)2,Ks/] ~-, 0.93 

Air gap 
thickness (/~m) 

Acoustic 
wave number 
of air at 10MHz (m -1) 

Z1 

Z2 

k2L 

(A t)ultrasonic = 

2~rf _ 21r X 107 
k 2 - c2 4 • 102 

1.6 X l0 s 

4 X 107 
_ _  ~ l0 s 
4 X l0 s 

(1.6 X 10 s) X 10 -7 - 1.6 X 10 -2 

1 10 -6 
1 + (Z,k2L/2Z2) 2 

wave. For thermal waves thermal impedance is 

defined as [16]: 

Z = 1 /ko  = ( 1 - - / ) ( 4 p C k l r f )  -1/2, 

where p, C and k are the density, heat capacity 

and thermal conductivity of the medium and f is 
the frequency of the thermal wave. This expres- 

sion can be derived by the direct analogy of the 

temperature and heat flux with electric potential 

and current. Physically, this means that for a low 

thermal conductivity medium, such as air, the 
thermal impedance is large. This contrasts with the 

acoustic impedance which is small for such a low 

density medium. 
Table II summarizes the necessary data for the 

evaluation of At,  for typical coating parameters 
and experimental conditions. The wave numbers 
shown are for the 25Hz thermal waves and 
10MHz ultrasonic waves [30] that have been 
found to be suitable for testing these coatings. It 
can be seen from this table that ratios of imped- 
ances (Z2/Z1 or Z1/Z2) ,  which appear in the 
thermal and acoustic expressions for A t , differ by 
about two orders of magnitude. Similarly the wave 

numbers, for the two types of wave in the air gaps, 
differ by about two orders of magnitude where- 
as they are of similar magnitude in the solid layers. 

The combination of these two effects results in the 
terms in the denominators of the expressions for 

At,  being large for ultrasonic waves and small for 
thermal waves. As a consequence, the same struc- 
tural unit is found to be highly attenuating for 

ultrasonic waves but  virtually transparent for 
thermal waves. 

The above analysis indicates that a 0.1 pm air 

gap would account for about 60 dB of ultrasonic 
attenuation. This amounts to an attenuation of 
60000dB for a centimetre thickness of coating 
material consisting of a stack of the 10 gm struc- 
tural units of  the type shown in Fig. 8b. This 

figure is two orders of magnitude larger than the 
values of 500 dB cm -1 reported by Cox e t  al. [2, 

30]. This can be attributed to the obvious 
deficiency in our simple model of an absence of 

contact between layers of coating material. Such 

contacts must be present to hold the coating 
together and are clearly evident in SEM studies of 
coating material (see references in Table I). These 
contacts will, of  course, reduce the at tenuation 

from the maximum levels calculated here. It would 
be difficult to modify our model to incorporate 

the effects of the multiple contacts between layers 
found in real coating material. However, we 

believe that the model accounts, in principle, for 
the simultaneous very high ultrasonic attenuation 

and apparent transparency of coating material to 
thermal waves. Although this sensitivity of thermal 
waves to air gaps facilitates thermal wave inter- 
ferometry for coating thickness determination; it 

also leads to a comparative insensitivity to the 
presence of sub-micron width adhesion defects at 
the coating/substrate interface. 

This work has shown that low-frequency 
thermal waves offer significant advantages to 
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ultrasonic waves for the penetration of  materials 

consisting o f  stratified media. The advantages 

originate in the difference in the fundamental  

mechanisms which govern the propagation of  the 

two types of  waves. It has been shown that a thin 

air layer can be simultaneously highly attenuating 

to ultrasonic waves and virtually transparent to 

thermal waves. This facilitates the quantitative 

study, by thermalwave interferometry,  of materials 

which present practical problems to established 

ultrasonic techniques. The technique is non- 

contactive and has been demonstrated to deter- 

mine the thickness, the presence o f  defects and the 

thermal properties o f  a variety o f  plasma-sprayed 

coatings. 
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