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The thermal diffusivity of free-standing tungsten and zirconia plasma-sprayed 
coatings was measured in the directions parallel and perpendicular to their sur- 
face. The parallel thermal diffusivity was evaluated by a double-sensing Laplace- 
transform technique and compared to the perpendicular values obtained by 
the flash technique. Ratios between the parallel and the perpendicular thermal 
diffusivity values were in the range of 1.1 to 1.5 for zirconia and 4 to 6 for 
tungsten. The results are discussed in terms of the coating thickness and 
microstructure. 
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I. I N T R O D U C T I O N  

Directional thermal properties of plasma-sprayed coatings are important  
both because of  their correlation with the coating microstructure [ 1-3] and 
because they often affect perpendicular thermal diffusivity measurements 

[4, 5]. 
Thermal  properties of plasma-sprayed coatings, usually in the direc- 

tion perpendicular to the surface, have been investigated by a number  of 
authors [3 -19] .  The layered microstructure of plasma-sprayed coatings 
and the observation of perpendicular thermal diffusivity values which are 
typically 2 to 20t imes smaller than the thermal diffusivity of the same 
materials in a well-compacted state suggest a high degree of thermal 
anisotropy in plasma-sprayed coatings. Recent measurements [20]  on 
metallic and ceramic coatings provided, however, relatively low thermal 
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anisotropy values, in the range of 0.8 to 2, if the measured values of the 
parallel and perpendicular thermal diffusivity are compared. 

A variety of techniques is available for the measurement of the thermal 
diffusivity in a direction either parallel or perpendicular to the sample 
surface [21, 22]. A method using a laterally confined heating source on 
the sample front and two radially separated thermocouples was initially 
developed by Donaldson and Taylor 1-23-25]. This approach is, however, 
convenient mostly with relatively thick samples. Spot-heating thermographic 
techniques [26, 27] are useful mainly for the determination of thermal 
anisotropy in the plane parallel to the sample surface; their extension to 
three-dimensional (3-D) thermal anisotropy evaluation [26] is affected by 
a number of experimental uncertainties, namely, by surface losses. Similar 
surface loss problems, particularly with thin samples, as well as focusing 
and alignment difficulties, are encountered with the converging-thermal 
wave method [28-30]. Similar considerations are valid for line-heating 
techniques [31]. Methods using a multiplicity of fine thermocouples 
precisely spaced with respect to the heater [32] are strongly affected by 
positioning uncertainties. A simpler approach was recently presented [33] 
where two thermocouples are spaced apart along a thin strip heated by a 
contact heater. In this case, one can minimize by proper data reduction the 
sensitivity to surface losses and obtain a good sensitivity to the thermal 
diffusivity over a wide range of Biot numbers. 

This paper describes the measurement of the thermal diffusivity of free- 
standing tungsten and zirconia plasma-sprayed coatings in the directions 
parallel and perpendicular to the surface. For the perpendicular direction 
the classical flash technique is used. For the measurement of the parallel 
thermal diffusivity, a double-sensing method [33] was adopted, where the 
two thermocouples are replaced by a single, focused infrared detector, 
which is alternately positioned over the two sensing positons situated a few 
millimeters apart along the thin sample. By using a micrometric positioner, 
we could thus obtain a high precision in the sensor distance independently 
of the optics-limited sharpness of their focus, while avoiding thermal per- 
turbations from contact thermocouples. 

2. DESCRIPTION OF THE THERMAL MEASUREMENT 
METHODS 

2.1. Thermal Diffusivity Measurement in the Direction Normal to 
the Surface by a Flash Technique 

The well-known flash method relies on the generation of a thermal 
pulse on one face of a thin sample and on the observation of the temperature 
history on the opposite face. 
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The basic approach was originally proposed by Parker et ai. [34] 
They assumed as the sample a perfectly insulated cylinder, receiving at 
t - -0  a Oirac thermal pulse uniformly over one face. By solving the thermal 
equation for the temperature on the opposite face, one obtains for the 
thermal diffusivity 

a = O. 139e"/t ,,2 ( 1 ) 

where e is the sample thickness and tt,_, is the time period corresponding 
to a temperature rise to half of the maximum temperature at the back of 
the sample. This method is simple, but it is affected by the thermal losses 
over the sample faces. A number of procedures [35] are possible to 
account for the thermal losses. Most often, the surface loss coefficients are 
evaluated and an iterative approach leads to the value of the thermal 
diffusivity. 

We have followed a variation of this technique developed by Degiovanni 
[35], which both is simple and does not require a previous evaluation of 
the loss coefficients. A homogeneous and in-plane isotropic cylindrical 
sample of thickness e and radius R is assumed with surface loss coefficients 
ho, h~, and ha over its front, back, and lateral faces, respectively (Fig. 1). 
We assume that at t = 0 its temperature distribution can be expressed as 
the product of a function of ," and a function of z. The subsequent bidirec- 
tional heat propagation in the sample is calculated by separation of 
variables and the solution is obtained as a double series. The expression for 
the temperature at a point r= r~  on the back face depends on the five 
parameters e/R,  r j R ,  and the Biot numbers hRR/2 ,  hoe/)., and heel2, 2 
being the thermal conductivity of the sample material. 

a: geometry b: identification method 
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Fig. l .  Shematic diagram of the flash technique adopted in this work. 
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An intermediate time t5/6 is defined as the time period corresponding 
to a temperature rise to five-sixths of the maximum temperature. The 
corresponding Fourier number is 

* _ ") 
t s,6 - at s/6/e" (2) 

=. f ( /5 /6 )  has been obtained by modeling for different A curve of tl/2/ts, 6 * 
values of I5/6.* It has been shown numerically [35] that such a curve is 
independent of the five parameters e/R, re~R, hR R/2, hoe/)., and heel), over 
a wide range of practical cases and can be approximated by the following 
expression: 

t*~6=O.968-1.6382(tl /2]+O.6148(tJ ':2] z (3) 
\ / S / 6 . ]  \t5/6.] 

The procedure to obtain the thermal diffusivity is thus the following: The 
experimental temperature evolution curve is normalized and the values of 
t~. 2 and 15r6 recorded, Equation (3) is then used to obtain t* and then 5/6, 

Eq. (2) gives the thermal diffusivity a. 
Other choices are possible for the intermediate time periods such as 

t): 3 and /--3 with equivalent results. The reproducibility of the results has 
been shown by modeling to be within 0.5 and 3 %. In our case, this method 
is used to evaluate the axial diffusivity of thin anisotropic samples. The 
approach is still applicable because the thermal pulse is uniformly injected 
over the full sample face, so that heat propagation is unidirectional. 

2.2. Thermal Diffusivity Measurement in the Direction Parallel to 
the Surface by a Strip Monitoring Technique 

2.2.1. Description of  the Technique 

We followed the approach recently developed by Hadisaroyo et al. 
[33] to evaluate the lateral thermal diffusivity of the plasma-sprayed 
coatings. The basic approach is the following (Fig. 2): A heat pulse is 
injected over one end of a strip. Temperature is monitored at two positions 
along the strip. Through signal processing, the thermal diffusivity along the 
strip and the Biot number are obtained. The overall procedure is now 
described. 

As shown in Fig. 2, the sample is a strip of thickness e and length 
much larger than the thermal propagation during the measurement. Its 
face-normal thermal conductivity is )`l, the thermal conductivity along the 
x axis is 2, and the volume heat capacity pc. Heat losses with a coefficient 
h are assumed to be uniform over its upper and lower surfaces. The strip 
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heat injection h 

I}a 

Fig. 2. Schematic diagram of the strip monitoring technique 
adopted in this work. 

is thin enough so that the Biot number Bi =he~2± is smaller than unity. 
Heat propagation can thus be assumed to be unidirectional along the x 
direction, and the surface losses q~ can be distributed through the volume, 
so that the temperature T(x, t) monitored at time t in the position x 
follows the equation 

where 

OT(x, t) . 02T(x, t) 
- z - - + p ( x ,  t) (4) pc Ot 0x 2 

q9 - h m  d ~ [ T ( x ,  t) - T . ]  
p(x,  t ) =  - S  d~. = S dx (5) 

S being the strip cross section, m the perimeter of such a section, and 
T~ the temperature of the surrounding air. By introducing T'(x ,  t ) =  
T(x, t ) - T ¢ ,  the diffusivity a = 2 / p c ,  and the approximation m/S_~2/e  for 
a thin strip, one obtains 

82T ' 2tl 1 8T '  
T' - (6) 

Ox 2 2e a 8t 

If we now introduce the boundary conditions requiring the strip temperature 
to be equal to the ambient temperature before heating, the temperature at 
x = 0 to follow a given expression Tl(t),  and the strip to be thermally long, 

T' (x ,  O) = T(x, O) - T~ = 0 

T'(O, t ) =  T(O, t ) -  T~ = T~(t) (7) 

T ' ( x , t ) = O  for x - - * ~  
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and perform a Laplace transform, we obtain 

° 
O.x"- + ).el 

where p is the Laplace variable and O(x, P) = ~o'- T'(x, t ) e x p ( - p t ) d t .  

or  

(8) 

By defining O~(p)=O(O, p) and 02(p)=O(I, p), we obtain from Eq. (8) 

02(p) exp - p (9) 
O,(p) ~.e / A 

(02(p)~ 12 2hl'- 
= - - p + - -  (10) In-" \Or(p)/  a 2e 

The procedure for evaluating the thermal diffusivity is then the following: 
The Laplace transforms of the experimental curves Tj(t) and T2(t) are 
computed, ln'-EO2(pJ/O~(p)] is plotted vs p, and the slope gives 12/a and 
thus a. It should be noted that Eq. (10) is independent of the actual shape 
of the injected heat pulse. 

The practical limitations of this method are due to the finite duration 
of the recorded signal and to the limited signal/noise ratio at the beginning 
of the recording. In view of these limitations, we chose as the working 
interval [valid in the case of a temperature T~_(t) decreasing at the end of 
the recording] 

[ 6 1 ]  
[Pmin' Pmax] = t ~ , ~ ' t ~ ,  (11) 

where t~,~x is the maximal duration of the temperature recording and tm~. 
corresponds to a value of T~_(t) equal to 5/100 of its maximum value. 

2.2.2. Sensitivity to the Different Parameters 

Ideally, this method should be unaffected by the level of the surface 
loss coefficient h. In practice, we now show that the sensitivity Zh/~. of the 
measurement to h/2 is usually much smaller than the sensitivity Z,, to the 
thermal diffusivity a. One obtains by differentiation 

c~[02(p)/O,(p)] p* 
Z , ,=a Oa - 2 ( p .  + 2b)o.sexp[-(p* + 2h)°5 ] (12) 

and 
h 8(O,(p)/O~(p)) - b  

Zh,;=-: - e x p [ _  (p* + 2b)o.5] 
' z ~(h/2) (p*+2b)  °5 

where p* = (12/a)p and b = (hl/2)(l/e). 

(13) 
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In our case, the samples have a thickness e ~ 1 mm,  a natural con- 
vection loss coefficient h ~ 5 W . m  -'-K ~, and 2 ~ l W . m  t . K - ~  for 
zirconia and 1 0 W . m  
zirconia coating, 

~.K t for tungsten. We thus obtain, for the 

b = 0 . 0 2  for l = 2 m m  

b = 0 . 1 2 5  for l = 5 m m  

For tungsten, one obtains 

b = 0.0125 for / = 5 m m  

b = 0.05 for ! = 10 mm 

Figure 3 shows the corresponding sensitivities to a and h/2 for b = 0.002 
and h = 0.1. The curves are not strongly affected by the value of b. One can 
note that for short values of the time (large values of p*}, surface losses 
have little influence, while for longer times (small values of p*) the effect 
of surface losses is more important. We have correspondingly chosen 
p * > l ,  or p>(a/I 2} for our interval. We thus obtain, for zirconia 
( ~ / ~ 5 x  1 0 - T m 2 - s  I), 

p > 0 . 1 2 5  if / = 2 m m  

p > 0 . 0 2  if / = 5 m m  

x: 
,,q 

0 .2  

/ 
0 1  

0 . 0  
0 

1 r - c  - -  

b~O.O02 
b = 0 . 1  

i - t  . . . .  i 

2 4 6 8 

p°  

Fig. 3. Computed sensitivity coefficients for the 
strip monitoring method. 
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and, for tungsten ( a ~ 1 5 × 1 0  ~'m-'.s ~), 

p > 0 . 6  if / = 5 m m  

p>O.  15 if / = l O m m  

It should be noted from the above considerations and from Eq. (11) that 
we must have 6/t ...... > a / I  2, or t ...... < 61"-/a. One must thus make sure that 
the heating time and the distance / between the monitored spots are 

compatible with each other. 

3. D E S C R I P T I O N  OF T H E  SAMPLES 

The samples were produced by plasma-spraying, in air, the coating 
over a copper substrate (copper thickness, 2.4 mm: previously sandblasted 
with 24-grit alumina under a pressure of 30 psig) and then eliminating the 
substrate. 

The plasma-spraying torch was a Plasmadyne SGI00, with a No. 129 
cathode and a No. 145 anode, ejection gas No. 113. The power was 
33.3 kW (900 A and 37 V). The arc gas was argon and the auxiliary gas 
helium (32% helium, with 5 0 L . m i n  ~ for argon and 23 .6L .min  ~ for 
helium). The standoff distance during projection, over a surface of 
120x l60mm- ' ,  was 76ram. Spraying was carried out through suitable 
masks (either a 100-× 12-ram slit or circular holes of 10- and 20-ram 
diameter) to shape the sprayed area better. The substrate was cooled with 
a nitrogen jet, while the front surface was air-blasted to eliminate aerosols. 

Zirconia coatings of nearly 0.8-ram thickness were obtained with 
z i rconia-8% yttria powder of granulometry 22.5-451~m; Amperit, 825.1, 
powder flow, 22 g .min  ~; and powder-carrying argon gas flow, 
6.6 L . m i n  ~. The torch was laterally scanned at 0.5 m . s  ~. Tungsten 
coatings of 0.8 and 1.3 mm were obtained under the same conditions, with 
99.5% pure tungsten powder Metco NS61: granulometry, 30 7411m: 
powder flow, 32 L . m i n  ~; powder-carrying argon gas flow, 10.6 L .min  ~" 
and torch scanning speed, 0.2 m .  s 

The coating samples were subsequently separated from the substrate 
by chemical etching, during 2 h, in a 50% water solution of nitric acid, 
which does not substantially attack either zirconia or tungsten. We verified 
on similar samples that the mass of the sprayed deposits did not change 
after a 2-h immersion and that no significant oxidation took place, as 
observed by comparing the infrared transmission spectra of zirconia before 
and after immersion. The thickness fluctuations over the disk-shaped 
samples were of the order of the surface roughness, 101tm. Thickness 
fluctuations over the longer, strip-shaped samples were slightly higher, of 
the order of 30 um. 
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4. DESCRIPTION OF THE EXPERIMENTAL SETUP 

4.1. Normal Diffusivity Measurement (Flash Method) 

Tests were performed both with a setup assembled at our institute and 
with the apparatus available at LEMTA in Nancy, France. Our setup is 
shown in Fig. 4. A YAG laser pulse of nearly 0.6-ms duration and 0.5 J is 
projected over the full 10-ram-diameter face of the sample. The back tem- 
perature history (peak temperature elevations were typically between 5 and 
10 C) is monitored by an lnSb infrared detector, germanium filtered to 
select the 2- to 5.5-I~m spectral band. The LEMTA apparatus uses nearly 
3-ms-long, 1500-J light pulses produced by arc-discharge tubes, which were 
projected over the 20-ram-diameter samples. The temperature was sensed 
by contacting the sample back face with high-thermoelectric power 
13601~V- C i at 20 C) p- and n-doped Bi2Te.~ plates separately applied 
on the sample surface. Electrical conduction takes place through the 
sample in the case of tungsten, while in the case of zirconia a thin silver 
coating is applied to the back of the sample. 

4.2. Lateral Diffusivity Measurements (Strip Monitoring Method) 

The method described in Section 2.2 requires temperature measure- 
ments simultaneously at two positions along the strip. In practice, it is 
difficult to obtain identical sensors and to estimate precisely the positions 
of, and thus the distance between, the centers of gravity of the sensed 
areas. We thus used a single infrared temperature sensor pointed to one of 
the two positions to acquire the first signal, then we displaced micrometri- 
cally the sensor along the strip to the other position and repeated the 
measurement to acquire the second signal (Fig. 5). Although heat flows 

IR ASS N12381S 
InSb detector 

mple < '~ Lasermetncs 9200 
i YAG laser 

~- ~, - 

Nicolet 310 

DC-100 Khz Ilhaco 1201 INA-INB), gain I~ I 
ampliliet I - J 

HP 6234 A [ J [ 
power supp y J 

Fig. 4. Setup used at our institute for the face-normal thermal 
diffusivity measurements. 
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bottom-looking 
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,=.J L Micrometric 
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Resislance I I 
healer \  L ~  ~ample 

\ / ./ , ,  A ~  Nylon 
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U " U 
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l j 
Uniblitz SD 1000 I I "1 
shutter drive imer / 

,INA 
I Ithaco 1201 I 

amplifier 

(INA-INB). gain I 

Fig. 5. Setup used at our institute for the face-parallel thermal 
diffusivity measurements. 

may be different in the two measurements due to ambient temperature and 
surface loss fluctuations, this approach has the advantage of providing an 
exact absolute evaluation of the distance / between the sensed spots. 

Heat injection is performed through a Minco heating resistance lap- 
bonded over one end of the strip sample. The temperature sensor is an 
InSb detector mounted on a micromechanical positioner. Peak temperature 
elevations were typically between 30 and 40°C, except for the case of the 
5-s heating time on zirconia, where the peak temperature was of the 
order of 3°C. A programmable timer triggers the heater and provides a 
synchronization signal giving the initial time reference. The setup is cloth- 
protected against ambient temperature fluctuations. 

5. RESULTS 

5.1. Preliminary Verification on an isotropic Material  (Stainless Steel) 

To test the validity of our thermal anisotropy measurements, we first 
measured the normal and lateral thermal diffusivity of a 1.515-mm-thick 
stainless-steel plate. The normal diffusivity was measured with our 
institute's setup on a 10-mm-diameter sample, while the lateral diffusivity 
was measured on a 300 x 14-mm 2 strip of the same material, using the strip 
monitoring method described above with a heating time of 80s and a 
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Table !. Test Measurements on Stainless Steel 

Thermal diffusivity ( 10 -~' m". s - i) 

Test No. Normal Lateral 

Mean 
SD, a 

1 3.70 3.91 
2 3.67 3.52 
3 3.67 3.80 
4 3.71 3.65 

3.69 3.72 
0.02 0.15 
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distance of 10 mm between the two monitored spots. The p interval used 
for our evaluat ion was 0.04-0.06. The results are given in Table I. 

We have thus verified that our two methods for the measurement  of 
the normal  and lateral thermal diffusivity give the same results to within a 
few percent. It will also be noticed that the s tandard deviation for the 
lateral diffusivity measurements  is eight times larger than for the normal  
diffusivity. 

5.2. Zirconia Samples  

5.2.1. Normal DiffusiviO' (Flash Method) 

The normal  diffusivity was evaluated both with the apparatus  available 
at L E M T A  and with our  institute's setup. Measurements at L E M T A  were 
performed on a sample 20 mm in diameter and 0.81 mm in thickness. The 
sample back face was covered with a thin silver coating to provide electrical 
conduct ion for the Bi2Te 3 detector. Table II gives the results obtained on 

4 repeated measurement  runs. 

Table I1. Results Obtained for Zirconia, Normal Diffusivi*.y, 
with the LEMTA Setup 

t t , t56 Normal thermal Diffusivity 
TestNo. (ms) (ms} 110 7m'~-s ~) 

1 159 297 5.90 
2 153.5 280 5.97 
3 150 270 6.02 
4 151 271 5.96 

Mean,~ 5.96 
SD, ~ 0.043 = 0.7%~ 
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Fig. 6. Plasma-sprayed zirconia: experimental 
thermograms for the measurement  of normal ther- 
mal diffusivity. 

Table III. Results Obtained for Zirconia, Normal  Diffusivity, 
with the IMI Setup 

t~, ts ~, Normal  thermal Diffusivity 
Tes tNo .  (ms) (ms) (10 7m- ' . s  ~) 

Sample No. I (thickness e = 0.792 mm I 

1 159.5 290 5.47 
2 159.5 290.5 5.48 
3 159 290 5.5 I 
4 158.5 284 5.42 

Mean, 6 5.47 
SD, tr 0.03 = 0 .6% 

Sample No. 2 (thickness e = 0.730 mm ) 

1 130 237 5.72 
2 132.5 237.5 5.51 
3 130.5 237 5.67 
4 133 238.5 5.49 

Mean, 6 5.60 
SD, a 0.1 = 1 .8%~ 
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At our institute, two similar samples of 10-mm diameter were tested. As 
zirconia is translucent, particularly in the infrared detector band, thin 
gold-palladium coatings were sputtered on both faces at a rate of 
5 nm - m i n t .  We found by repeating tests with increasing coating thickness 
that a gold-palladium thickness of 0.15 ~m made the sample opaque and 
stabilized the thermal response. The experimental signals are shown in 
Fig. 6, and the corresponding results are given in Table III. We mention for 
reference that without the gold-palladium coating, the following results 
were obtained: Sample l ,  t~_ ,=89ms and t .~6=229ms; and Sample2, 
t~ _~ =68.5 ms and t5.6= 183.5 ms. 

5.2.2. Lateral Di/..'[itsit,ity (Strip Monitoring Method) 

For the lateral thermal diffusivity measurements, a zirconia band of 
100× 12-mm 2 size and nearly 0.75-mm thickness was produced. Two 
configurations were chosen for the tests. 

• In the first configuration, a heating time of 5 s was chosen, with a 
distance of 2 mm between the sensing points. We performed four 
tests (without moving the sample between each test), which gave 
the signals shown in Fig. 7. The Laplace-variable interval was 
chosen as 0.158-0.25. The corresponding diffusivities are given in 
Table IV. 

O.,Sb 

01 . ~ ( ] 

012 [) 

[] 120 

0.1~) 

0 . 1 0  

O.Ob 

0 . 0 5  

r ~ ~ 1 r 

e n d  o f  h e u L i n g  

i l t ~ t • l 

'.~ 10  ~ b 2 0  2 !~ 3 0  3 b  4 0  

Fig. 7. Plasma-sprayed zirconia: experimental 
thermograms for the measurement of lateral thermal 
diffusivity: 5-s heating; /= 2 mm. 
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Table IV. Results for Zirconia, Latcral Diffusivity 

Lateral thermal diffusivity ( 10 7 m-". s - ~) 

Test No. Ist configuration 2nd configuration 

Mean, 5 
SD, a 

I 5.95 8.77 
2 8.34 7.23 
3 7.47 7.06 
4 7.48 6.92 

7.3 7.5 
0.9 0.7 

• In  the second conf igura t ion ,  the hea t ing  t ime was 60 s and  the dis- 
tance  be tween  the sens ing  poin ts  5 mm.  The  s ignals  are s h o w n  in 

Fig. 8. The  diffusivities, as o b t a i n e d  with a 0.04--0.16 Laplace-  
var iable  interval ,  are s h o w n  in T a b l e  IV. 

Fo r  reference, a third con f igu ra t i on  was also tested, for which the sensi t ivi ty,  
a cco rd ing  to the theory,  is i n a d eq u a t e :  The  hea t ing  t ime was 60 s; the dis- 
t ance  be tween  sens ing  points ,  2 m m  (one shou ld  thus  have p > 0.125); a n d  
the Lap lace -var iab le  interval ,  0.04q3.16. The  results were 6 = 5 . 7 -  
I0 7 m 2 - s  l a n d a = 0 . 8 . 1 0  8 m 2 . s  i 

0 r a m  

2 I) . 

e n d  o f  I ' ~ e a t i n g  

0 20  40  60  80  100 ; 2 0  140 160 180 

I , s  

Fig. 8. Plasma-sprayed zirconia: experimental 
thermograms for the measurement of lateral thermal 
diffusivity: 60-s heating; ! = 5 mm. 
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Table V. Results for 0.82-mm-Thick Tungsten, Normal Diffusivity, 
with the LEMTA Setup 

539 

tl., t5 ~, Normal thermal Diffusivity 
Test No. (ms) (ms) (10-6m : . s  -I) 

I 21.85 36.90 3.89 
2 21.95 37.20 3.89 

5.3. Tungsten Samples: Thickness, ~ 0.8 mm 

5.3.1. Normal D([h~sit, i O' (Flash Method) 

The first set of  tungsten samples, of a thickness close to 0.8 mm, was 
tested for the face:normal thermal diffusivity by using the flash setups 
available both at our institute and at LEMTA. The LEMTA tests were 
performed on a 0.82-mm-thick, 20-mm-diameter sample. The results are 
given in Table V. 

At our institute, 2 samples of 10-mm diameter and slightly different 
thicknesses (see below) gave the experimental signals shown in Fig. 9 and 
the results given in Table VI. 

1.0 

0.8 

0 6  

0.4 

0.2 

0.0 - -  

t 

-0.02 0.00 0.02 

r r T 

0.04 0.06 
t 1 

0 .08  0 .10  0 .12  

t . s  

Fig. 9. Plasma-sprayed tungsten: experimental 
thermograms for the measurement of normal ther- 
mal diffusivity (first projected sample: e ~ 0.8 ram). 
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Table VI. 

Houlbert, Cielo, Moreau, and Lamontagne 

Results for Nearly 0.8-mm-Thick Tungsten, Normal Diffusivity, 
with the IMI Setup 

t~, t 5 ~, Normal thermal Diffusivity 
TestNo. (ms) (ms) (10 "m2-s  J) 

Sample No. I (thickness e =0.791 mm) 

1 22.75 37.55 3.35 
2 22.90 37.70 3.32 
3 22.55 37.20 3.38 
4 22.90 37.65 3.31 

Mean. a 3.34 
SD, cr 0.03 = 0.8 %, a 

Sample No. 2 (thickness e = 0.830 mm ) 

I 21.35 35.65 4.01 
~ 21.35 35.70 4.02 
3 21.60 36.25 3.99 
4 21.35 35.75 4.03 

Mean, a 4.01 
SD, a 0.02 = 0.4 % a 

a 

10 2 0  5 0  ,lC !J0 6f) 

t.~s 

Fig. 10. Plasma-sprayed tungsten: experimental 
thermograms for the measurement of lateral thermal 
diffusivity: 20-s heating; / =  10mm. First sample 
(e ~ 0.8 mm). 



Thermal Diffusivity and Anisolropy of Coatings 541 

Table VII. Results for Nearly 0.8-mm-Thick Tungsten, 
Lateral Diffusivity 

Lateral thermal diffusivity 110 ~' m-" • s J I 

Test No. Ist configuration 2rid configuration 

Mean. h 
SD, a 

22.2 19.0 
19.9 18.3 
19.6 18.6 
19.3 22.7 
21.4 19.7 

20.5 19.7 
I.I 1.6 

5.3.2. Lateral D(/.'[itsit,ity (Strip Monitorhtg Method) 

The tungsten strip sample, of 100 x 12-ram 2 size and nearly 0.8-mm 
thickness, was heated for 20 s and the distance between sensing points was 
10 mm. The corresponding experimental signals are shown in Fig. 10. This 
was the preferred configuration. For reference, we also tested a second 
configuration for which the theory gives a worst sensitivity: a distance 
between sensing points of 5 mm, for which one should have p >  0.6. In 
both cases, we adopted a Laplace-variable interval of 0.15-0.25. The results 
tire given in Table VII. 

Table VIII. Results for Nearly 1.3-mm-Thick Tungsten, Normal Diffusivity, 
with the LEMTA Setup 

t~ : t s .  Normal thermal diffusivity 
Test No. (ms) (ms) (10 ~'m-'.s ~) 

Sample No. I [thickness e =  1.314 mm) 

I 40.0 67.3 5.43 
2 41.4 70.0 5.28 

Mean, ~ 5.36 
SD, a 0.08 = 1.4% 

Sample No. 2 (thickness e = 1.274 mm) 

I 37.8 63.0 5.32 
2 38.95 65.4 5.22 

Mean, ~ 5.27 
SD, a 0.06 = 0.95 % h 
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Table IX. 

Houlbert, Cielo, Moreau, and Lamontagne 

Results for Nearly 1.3-mm-Thick Tungsten, Normal Diffusivity, 
with the IMI Setup 

t~ 2 t~ 6 Normal thermal diffusivity 
Test No. (ms) (ms) (10 ~ 'm- ' -s - ' )  

3 
4 
5 

Mean, ti 
SD, rr 

1 
2 
3 
4 
5 

Mean, 
SD, a 

Sample No. 3 (thickness e = 1.293 mm) 

35.8 58.0 5.51 
35.9 58.2 5.50 
35.8 58.2 5.54 
36.1 58.6 5.48 
36.0 58.5 5.51 

5.51 
0.02 = 0.35 % ~i 

Sample No. 4 (thickness e = 1.394 mm) 

41.9 67.1 5.35 
41.9 67.1 5.35 
41.7 66.6 5.35 
41.7 66.9 5.40 
41.5 66.5 5.41 

5.37 
0.03 = 0.5 % ti 

T 1 1 T T 

: end  of hea t ing  
t t t 

10 20 30 40 bO 60 

t , s  

Fig. i l .  Plasma-sprayed tungsten: experimental 
thermograms for the measurement of the lateral 
thermal diffusivity: 20-s heating; / =  10 mm. Second 
sample (e~  1.3 mm). 
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Table X. Results for Nearly 1.3-mm-Thick Tungsten, 
Lateral Diffusivity 

Test No. 

Lateral thermal diffusivity 
Ist configuration 
(10 ~' m-" .s-  I) 

Mean, h 
SD, a 

23.7 
24.5 
26.9 
21.2 
23.1 

23.9 
1.9 

5.4. T u n g s t e n  S a m p l e s :  T h i c k n e s s ,  ~ i . 3  m m  

5.4.1. Normal D!ffitsivity (Flash Method) 

T h e  s e c o n d  set of  t u n g s t e n  samples ,  of  a t h i c k n e s s  c lose  to 1.3 m m ,  

was tes ted  for  the  f a c e - n o r m a l  t h e r m a l  diffusivi ty,  a g a i n  us ing  the  f lash 

se tups  a v a i l a b l e  b o t h  at  o u r  i n s t i t u t e  a n d  at  L E M T A .  T h e  L E M T A  tes ts  

were p e r f o r m e d  o n  two  sample s ,  b o t h  of  2 0 - m m  d i a m e t e r  a n d  t h i cknes se s  

given be low.  T a b l e  VI I I  c o n t a i n s  the  results .  

T h e  I M I  tes ts  were  p e r f o r m e d  on  two  1 0 - m m - d i a m e t e r  samples .  T h e  

diffusivi t ies  a re  in T a b l e  IX. 

5.4.2. Lateral D([./'usivity (Strip Monitorh~g Method) 

T h e  t u n g s t e n  s t r i p  s am p l e ,  of  100×  12-mm-" size a n d  nea r ly  1 .3-mm 

th ickness ,  was  h e a t e d  for  20 s, w i th  a d i s t a n c e  b e t w e e n  s ens ing  p o i n t s  of  

10 mm.  T h e  c o r r e s p o n d i n g  e x p e r i m e n t a l  s igna ls  are  s h o w n  in Fig. 1 1. T h e  

Table XI. Average Thermal Diffusivities Obtained in the Different Cases 

Sample 
type 

Avg. normal thermal diffusivity (m-". s - t ) 

LEMTA setup IMI setup 

Avg. lateral 
thermal diffusivity 

Ira" - s ~) 

Zirconia 5.96x10 7 1:5.47x10 7 1:[7.3+0.9)10 -7 
(without Au-Pdl 2: 5.60x 10 -7 2:17.5+0.71 10 - 7  

(with Au-Pd) 
Tungsten 3.89 x 10 6 3.34 x 10 ~' 120.5 + 11 10 6 

e ~ 0.8 mm (thickness, 0.82 ram) 10.79 mm) and 
4.01 • 10 ~' 10.83 mml 

e ~ l . 3 m m  1:5.36xl0 6 3:5.51x10 ~' (23.9+2110 6 
2:5.27 x 10 " 4:5.37 x 10 ~' 

,4q) 15 3-11 
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lateral thermal diffusivities as computed with a p interval of 0.15-0.315 are 
given in Table X. 

5.5. Summary of the Thermal Diffusivity Measurements 

Finally, we summarize in Table XI the average diffusivities obtained in 
the different cases. 

5.5.1. Thermal Anisotropy Calculation 

By taking the ratio of the above lateral and normal thermal diffusivities, 
one obtains the following anisotropy values and maximal deviations: 
zirconia, 1.3 + 0.2; tungsten, 0.8 mm thick, 5.5 + 0.6; and tungsten, 1.3 mm 
thick, 4.4 + 0.5. 

6. DISCUSSION AND CONCLUSION 

The results obtained show that the thermal anisotropy of plasma- 
sprayed tungsten coatings is much higher than that of zirconia coatings. This 
was expected, as the influence of the particle-to-particle thermal resistance is 
higher for a high thermal conductivity material, such as tungsten, than for 
zirconia. It should be recalled [-17] that the normal thermal conductivity 
in plasma-sprayed tungsten coatings is due mainly to particle-to-particle 
interfaces. 

The normal thermal diffusivity of tungsten coatings appears to be 
significantly correlated with their thickness. This is probably due to the 
increase in the coating temperature during spraying: Thicker coatings heat 
up to higher temperatures during spraying, resulting in a lower particle-to- 
particle thermal resistance. The lateral thermal diffusivity being less affected 
by the particle-to-particle thermal resistance, the net result is a higher 
anisotropy for thinner coatings. 

There appears to be a significant difference in the normal thermal 
diffusivity values obtained at LEMTA with zirconia samples having no 
Au-Pd coating compared to the IMI results obtained on samples with thin 
opaque coatings. This is due, at least in part, to optical penetration for the 
flash light. The results suggest a value of the order of 30 Fire for such an 
optical penetration depth. This is in rough agreement with spectral trans- 
mittance tests we performed in the near-IR region on thin plasma-sprayed 
zirconia coatings. For these reasons, we have disregarded the bare-sample 
results in our anisotropy calculations. 

The reproducibility of our normal thermal diffusivity measurements 
appears to be satisfactory, differences from sample to sample being due 
probably, in part at least, to structural differences within the different 
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samples.  Sys t ema t i c  e r ro rs  due  to surface losses shou ld  be avo ided  by ou r  
da ta  p rocess ing  me thod .  

Resul ts  o b t a i n e d  for the lateral  the rmal  diffusivity were less repro-  

ducible,  p r o b a b l y  because  of  the surface loss f luc tua t ions  bo th  within  

each signal  and  re la t ive  to each  other .  The  overa l l  prec is ion  was, however ,  

i m p r o v e d  by a v e r a g i n g  ove r  a n u m b e r  of  tests, while sys temat ic  e r rors  

related to bad e v a l u a t i o n s  of  the d i s tance  be tween  the sensing spots  were  
avo ided  with  o u r  m i c r o m e t r i c  d i sp lacemen t  method .  
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