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Measurement of Thermal Diffusivity and
Anisotropy of Plasma-Sprayed Coatings
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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 Nash 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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1. INTRODUCTION

Directional thermal properties of plasma-sprayed coatings are important
both because of their correlation with the coating microstructure [ [-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 20 times 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 [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 etal. [34]
They assumed as the sample a perfectly insulated cylinder, receiving at
t =0 a Dirac 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=0.139/1, , (n

where e is the sample thickness and 7, 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 coeflicients 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 hg over its front, back, and lateral faces, respectively (Fig. 1).
We assume that at /=0 its temperature distribution can be expressed as
the product of a function of r and a function of =. 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 ¢/R, r./R, and the Biot numbers hg R/A, hoe/i, and h.e/i, 4
being the thermal conductivity of the sample material.

a: geometry b: identification method
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Fig. 1. Shematic diagram of the flash technique adopted in this work.
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An intermediate time ¢5,, is defined as the time period corresponding
to a temperature rise to five-sixths of the maximum temperature. The
corresponding Fourier number is

12‘/‘5=[1!5/6/C’2 (2)

A curve of 1,,,/t5,,= f(1%,) has been obtained by modeling for different
values of r¥,. It has been shown numerically [35] that such a curve is
independent of the five parameters ¢/R, r./R, hg R/4, hye/4, and h e/ over
a wide range of practical cases and can be approximated by the following
expression:

t s t 2
1%,=0.968 — 1.6382 (L> +0.6148 <;—_> (3)

Is6 {56

The procedure to obtain the thermal diffusivity is thus the following: The
experimental temperature evolution curve is normalized and the values of
1,, and 15, recorded. Equation (3) is then used to obtain ¥, and then
Eq. (2) gives the thermal diffusivity a.

Other choices are possible for the intermediate time periods such as
1,5 and 1,,; 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 ¢ and length
much larger than the thermal propagation during the measurement. Its
face-normal thermal conductivity is 4, the thermal conductivity along the
x axis is 4, 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
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Fig. 2. Schematic diagram of the strip monitoring technique
adopted in this work.

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

OT(x, 1) . 0°T(x, 1)
pc

a7 T T p(x, 1) (4)
where
@ —hmdx[T(x, )= T,]
C = — = 5
P D= -5o S dv ()

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(x, 1) — T., the diffusivity = 4/pc, and the approximation m/S = 2/e for
a thin strip, one obtains

T 2h ., 10T
> T T'=s——
oxs  Je a ot

(6)

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 T,(¢), and the strip to be thermally long,

T'(x,0)=T(x,0)—T,=0
T'(0, 1) = T(0, 1) — T. = T (1) (7)

T'(x,t)=0 for x—
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and perform a Laplace transform, we obtain

o <£+%>9=0 (8)

oxt \a e

where p is the Laplace variable and 6(x, p)=j'(‘," T'(x, t) exp(—pr) dr.
By defining 8,(p)=6(0, p) and 8,(p) = 0(l, p), we obtain from Eq. (8)

02(1’)__ E Vgl 2\ 05
BI‘P)_CXP[_ (a“ ;.e> ] ®)
or
L (820p) _E 2hi?
n (91(1?))_0 * je (10)

The procedure for evaluating the thermal diffusivity is then the following:
The Laplace transforms of the experimental curves T,(1) and T,(r) are
computed, In*[8,(p)/6,(p)] is plotted vs p, and the slope gives /?/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,(¢)} decreasing at the end of
the recording]

6 1
[pmin»pmux]=[ ’ ] (11)

’mux 'min

where 1., is the maximal duration of the temperature recording and ¢
corresponds to a value of T,(7) equal to 5/100 of its maximum value.

min

2.2.2. Sensitivity to the Different Parameters .

[deally, this method should be unaffected by the level of the surface
loss coefficient /. In practice, we now show that the sensitivity Z,; of the
measurement to A/4 is usually much smaller than the sensitivity Z, to the
thermal diffusivity a. One obtains by differentiation

2 SL0(p)/B:(p)] p*

Zu= oa =3(p% 1 2p)03 XPL

p*+20)*]  (12)

and
_1a8:(p)/6,(p)) _
METh B(hfA) (p* +2b)

where p* = ({%/a) p and b= (hi/A)({/e).

—<exp[ —(p* +2b)**] (13)
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In our case, the samples have a thickness e =1 mm, a natural con-
vection loss coefficient /1=5W-m~2-K ' and i=1W-m '-K~! for
zirconia and 10W.-m 'K "' for tungsten. We thus obtain, for the

zirconia coating,

b=0.02 for /=2mm
b=0.125 for /=5mm

For tungsten, one obtains

b=0.0125 for /=5mm
b=0.05 for /=10mm

Figure 3 shows the corresponding sensitivities to a and #/Z for b=10.002
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*>1, or p>(a/l®) for our interval. We thus obtain, for zirconia
(¢=5x10""m?-s "),

p>0.125 if /=2mm

p>002 if /=5mm
0.7 . . e
b-0.002
7 - - b=01

Fig. 3. Computed sensitivity coellicients for the
strip monitoring method.
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and. for tungsten (¢ = 5x10 *m*.s '),

p>06 if /=5mm
p>0.15 if /=10mm

It should be noted from the above considerations and from Eq. (11) that
we must have 6/r,,,. > a/l*, or 1., <6/°/a. One must thus make sure that
the heating time and the distance / betwcen the monitored spots are
compatible with each other.

3. DESCRIPTION OF THE 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 SG100, with a No. 129
cathode and a No. 145 anode. c¢jection gas No. [13. The power was
33.3kW (900 A and 37 V). The arc gas was argon and the auxiliary gas
helium (32% helium, with SOL-min ' for argon and 23.6 L -min ' for
helium). The standofl distance during projection. over a surface of
120 x 160 mm*, was 76 mm. Spraying was carried out through suitable
masks (either a 100- x 12-mm slit or circular holes of 10- and 20-mm
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-mm thickness were obtained with
zirconia-8 % yttria powder of granulometry 22.5-45 ym; Amperit, 825.1;
powder flow. 22g-min '; and powder-carrying argon gas flow,
6.6L -min '. The torch was laterally scanned at 0.5m-.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--74 um:
powder flow, 32 L -min '; 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, 10 um. 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] is
projected over the full 10-mm-diameter face of the sample. The back tem-
perature history (peak temperature elevations were typically between 5 and
10 C) is monitored by an InSb infrared detector, germanium filtered to
select the 2- to 5.5-um 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-mm-diameter samples. The temperature was sensed
by contacting the sample back face with high-thermoelectric power
{360 uV- C " at 20 C) p- and n-doped Bi,Te, 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 N1238IS
InSb detector

Lasermetrics 9200
YAG laser

Nicolet 310

oscilloscope O
Preamplifier, INA

DC-100 Khz Ithaco 1201 {INA-INB)- gain
INB, amplitier

HP 6234 A |
power supply

Fig. 4. Sctup used at our institute for the face-normal thermal
diffusivily measurements.




534 Houlbert, Cielo, Moreau, and Lamontagne

IR Ass N1186IS
bottom-locking
InSb

Micrometric —
displacement Preamplitier l
Resistance
healer Sample
~ 4 Nylon
hd tips
i |

HP 6234 A
power supply

Nicolet 310 INB |
HP 6284 A oscilloscope

power supply Ithaco 1201

O amplifier

INA-INB) - gain
N " { ) gai
Uniblitz SD 1000

shutter drive timer

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? 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 I. Test Measurements on Stainless Steel

Thermal diffusivity (10 *m?*-s ")

Test No. Normal Lateral
1 370 391
2 367 3.52
3 3.67 3.80
4 371 3.65
Mean 3.69 N
SD, o 0.02 0.15

distance of 10 mm between the two monitored spots. The p interval used
for our evaluation was 0.04-0.06. The results are given in Table L.

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 standard deviation for the
lateral diffusivity measurements is eight times larger than for the normal
diffusivity.

5.2. Zirconia Samples

5.2.1. Normal Diffusivity (Flash Method)

The normal diffusivity was evaluated both with the apparatus available
at LEMTA and with our institute’s setup. Measurements at LEMTA 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
conduction for the Bi,Te, detector. Table Il gives the results obtained on
4 repeated measurement runs.

Table II.  Resulis Obtained for Zirconia, Normal Diffusivity.
with the LEMTA Setup

f, lse Normal thermal Diffusivity
Test No. (ms) (ms) (10" "m*-s ")
{ 159 297 5.90
2 153.5 280 597
3 150 270 6.02
4 151 271 5.96
Mean, a 5.96

SD, o 0043=07%4d
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Fig. 6. Plasma-sprayed zirconia: cxperimental
thermograms for the mecasurement of normal ther-
mal diffusivity.
Table III. Results Obtained for Zirconia, Normal Diffusivity,
with the IMI Setup
s g Normal thermal Diffusivity
Test No. (ms) {ms) (10 "m*-s
Sample No. I (thickness ¢ =0.792 mm)
1 159.5 290 5.47
2 159.5 290.5 5.48
3 159 290 5.51
4 158.5 284 542
Mean. a 5.47
SD.o 003=06%a
Sample No. 2 (thickness ¢ = 0,730 mm)
1 130 237 5.72
2 132.5 2315 5.51
3 130.5 237 5.67
4 133 2385 549
Mean, a 5.60
SD.o 01=18%a
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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
5nm-min ‘. We found by repeating tests with increasing coating thickness
that a gold-palladium thickness of 0.15 um 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 !, 1,,=89ms and f5,=229ms; and Sample 2,
1, ,=685ms and t5,=183.5 ms.

5.2.2. Lateral Diffusivity (Strip Monitoring Method)

For the lateral thermal diffusivity measurements, a zirconia band of
100 x 12-mm? 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.

0.20

0.3 i ' ! ' : 1 T )
0.30 . 4

B :
C.2% \\ l

= 0.1

0.05
|
0.00 :
end of healing }
Oob 13 A 1 1 L -4 i
¢} ) 10 1o 20 25 30 35 40

t.s

Fig. 7. Plasma-sprayed  zirconia: experimental
thermograms for the measurement ol tateral thermal
diffusivity: $-s hecating; /=2 mm.
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Table IV. Results for Zirconia, Latcral Diffusivity

Lateral thermal diffusivity (10" m*.s ")

Test No. Ist configuration  2nd configuration
1 595 8.77
2 8.34 7.23
3 747 7.06
4 7.48 6.92
Mean, a 7.3 1.5
SD.o 0.9 0.7

« In the second configuration, the heating time was 60 s and the dis-
tance between the sensing points 5 mm. The signals are shown in
Fig. 8. The diffusivities, as obtained with a 0.04-0.16 Laplace-
variable interval, are shown in Table IV.

For reference, a third configuration was also tested, for which the sensitivity,
according to the theory, is inadequate: The heating time was 60 s; the dis-
tance between sensing points, 2 mm (one should thus have p > 0.125); and
the Laplace-variable interval, 0.04-0.16. The results were a=57-
100"m?-s 'and 0=0.8-10 *m?.s "

x Omm

end of healing

051 | . i ! L i ! '
0 20 40 60 B8O 100 120 140 160 180

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

1o log Normal thermal Diffusivity
Test No. {ms) (ms) (10°°m?.s™ ")
[ 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 Diffusivity (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.

0.8

0.6

T/Tmax

0.0 t——

1 ! i t L ! S
-0.02 0.00 0.02 0.04 006 008 010 0.2

Ls

Fig. 9. Plusm-a-sprayed tungsten: experimental
thermograms for the measurement of normal ther-
mal diffusivity (first projected sample: ¢ = 0.8 mm).
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Table VI. Results for Nearly 0.8-mm-Thick Tungsten. Normal Diffusivity,
with the IMI Setup

[ 5o Normal thermal Diffusivity
Test No. {(ms) (ms) (107*m>.s ')

Sample No. 1 (thickness ¢ = 0.791 mm)

1 2275 37.58 335

2 2290 37.70 332

3 2255 37.20 338

4 2290 37.65 331
Mean. a 334
SD. o 003=08%a

Sample No. 2 (thickness ¢ = 0.830 mm )

| 21.35 35.65 401

2 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 002=04%a

T.V

end of heating
B 1 H
o] 10 20 50 40 6H0 66

1 1

Ls

Fig. 10. Plasma-sprayed tungsten: experimental
thermograms for the measurement of lateral thermal
diffusivity: 20-s heating: /=10mm. First sample
(e=0.8 mm).
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Table VII. Results for Nearly 0.8-mm-Thick Tungsten,

Lateral Diffusivity

Lateral thermal diffusivity (10 *m*.s ')

Test No. Ist configuration  2nd configuration
! 222 19.0
2 19.9 18.3
3 19.6 18.6
4 19.3 227
5 214 19.7
Mean, a 20.5 19.7
SD. s L1 1.6

5.3.2. Lateral Diffusivity (Strip Monitoring Method)

The tungsten strip sample, of 100 x 12-mm? 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 5Smm, for which one should have p>0.6. In
both cases, we adopted a Laplace-variable interval of 0.15-0.25. The results

are given in Table VII.

Table VIIL. Results for Nearly 1.3-mm-Thick Tungsten, Normal Diffusivity,

with the LEMTA Setup

[ s Normal thermal diffusivity
Test No. (ms) (ms) (10 ®m*.s° ")
Sample No. 1 (thickness ¢ = 1.314 mm)
1 40.0 67.3 5.43
2 41.4 70.0 5.28
Mean, a 5.36
SD.a 008=14%a
Sample No. 2 (thickness ¢ = 1.274 mm)
1 37.8 63.0 5.32
2 3895 65.4 522
Mecun, g 5.27

SD, ¢

0.06=095% a
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Table IX. Results for Nearly 1.3-mm-Thick Tungsten, Normal! Diffusivity,
with the IMI Setup

s [ Normal thermal diffusivity
Test No. (ms) {ms) (107 *m?.s~ ")

Sample No. 3 (thickness ¢ = 1.293 mm)

1 358 58.0 5.51

2 359 58.2 5.50

3 358 58.2 5.54

4 36.1 58.6 5.48

5 36.0 58.5 5.51
Mecan, a 5.51
SD.o 002=035%a

Sample No. 4 (thickness ¢ = 1.394 mm)

1 419 67.1 5.35

2 419 67.1 5.35

3 41.7 66.6 5.35

4 41.7 66.9 5.40

b 415 66.5 5.41
Mean, a 5.37
SD. o 003=05%a

.V

:end of healing
- o [ S L 1 H
0] 10 20 30 40 50 60

t,s

Fig. 11. Plasma-sprayed tungsten: experimental
thermograms for the measurement of the lateral
thermal diffusivity: 20-s heating; /= 10 mm. Second
sample (¢ = 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")

Gt

[V -

Mecan, a
SD.a

237

5.4. Tungsten Samples: Thickness, ~1.3 mm

5.4.1. Normal Diffusivity (Flash Method)

The second set of tungsten samples, of a thickness close to 1.3 mm,
was tested for the face-normal thermal diffusivity, again using the flash
setups available both at our institute and at LEMTA. The LEMTA tests
were performed on two samples, both of 20-mm diameter and thicknesses
given below. Table VIII contains the results.

The IMI tests were performed on two 10-mm-diameter samples. The
diffusivities are in Table IX.

3.4.2. Lateral Diffusivity (Strip Monitoring Method)

The tungsten strip sample, of 100 x 12-mm” size and nearly 1.3-mm
thickness, was heated for 20s, with a distance between sensing points of
10 mm. The corresponding experimental signals are shown in Fig. 11. The

Table XI. Average Thermal Diffusivities Obtained in the Different Cases
Avg. normal thermal diffusivity (m® s~ ') Avg. lateral
Sample thermal diffusivity
type LEMTA setup IMI setup (m*.5°")
Zirconia $.96x 107 1:547x10 7 1:(7.3+09) 107
(without Au-Pd) 2:5.60x 107 2:(7.5+07)10°7
(with Au-Pd)
Tungsten 389x10 © 334x107¢ (20.5+1)10°¢
¢x08 mm (thickness, 0.82 mm) (0.79 mm) and
401-10 *(0.83 mm)
ex13mm 1:536x10 © 3:551x10°° (239+2)10°°
2:527x10°*° 4:537x10 °

IR
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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 um 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. Systematic errors due to surface losses should be avoided by our
data processing method.

Results obtained for the lateral thermal diffusivity were less repro-
ducible, probably because of the surface loss fluctuations both within
cach signal and relative to each other. The overall precision was, however,
improved by averaging over a number of tests, while systematic errors
rclated to bad evaluations of the distance between the sensing spots were
avoided with our micrometric displacement method.
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