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ABSTRACT

The adeption of the NRDL flesh method to the measurement of the thermal
diffusivity of metals and ceramics at high temperatures is described. A high
intensity short duration light pulse from a xenon flash lamp is absorbed in
the front surface of a thermally Insulated specimen a few millimeters thick
and the resultant temperature higtory of the rear surface is measured by =
lead sulfide cell radiation detector or e thermocouple, displsyed on an -
oscilloscope and photographed by s Polaroid lLand camera, The thermal diffu-
slvity of the material is determined from this temperature versus time curve
provided the theoretical bhoundary conditions are experimentally satisfied,
Measurements of the thermal diffusivity of Armco iron, molybdenum, titanium,
zirconia, and alumine have been made up to 12009C, 13000C, 1700°C, 1100°C and
1100°C, respectively,

This technical documentary report has been reviewed and is approved,

K E Brathhrd ~
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Technical Director
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Directorate of Materials snd Processes

iii



IRTROIUCTION. o o « o «
EXPERIMENTAL - METALIS . .
RESULTS - METALS. . « . .
EXPERIMENTAL - CERAMICS .

RESULTS - CERAMICS. .« & @

DISCUSSION AND CORCLUSIONS,

REFERENCES .+ o « o & « &

TABLE OF CONTENTS

iv

PAGE

Qo 1 a0 FoWw

10



FIGURE

10

LIST OF FIGURES

Dimensionless plot of rear surface temperature history. . .
Schemstlic diagram of experimental arrangement for metals, .
Photograph of experimental arrangement for metals . . . . .

Fhotographic trace of the rear surface temperature rise,
Trigeger transient and reference baseline are at the lefi. .

Thermal diffusivity of Armco iron versus temperature (data
points shown by triangles were obteined in the resistance
ﬁlma'ce). » L] L ] - - L] L] - L] L3 L ] L] L] L] L ] - L ] - - - - - - L ] -

Thermal diffusivity of molybdenum versus temperature (dats
rointe shown by triangles were cbtained in the resistance
mma'ce). . - - L] L] » L] - L] a - L] - - L] - - - - - L] L] L] L] L]

Thermal diffusivity of titanium versus tempersture, ., . . .

Thermal diffusivity of zirconia versus temperature (Norton
mix 302, magnesia-stabilized). . o & « o 4 o 2 4 o s & » o

Thermal diffusivity of "pure”, extruded alumina (density =
3'831'- m/cm3) » L] - L - Ll * L 2 - L] - L] - * L] L] - L] [ ] - L] » -

Thermal diffusivity of "pure" pressed alumine {density =
30911"m/cm3)..vo-.-.c.-c.ncoo-..lo.

PAGE
11
12

13

1k

15

16

17

18

19



Esptnadls

Approved for Public Release



IRTRODUCTION

The flash method of determining thermal diffusivity, developed at NRDL,]'
has been applied in measurements on metals up to 1"{00°C, end on ceramics up to
1100°C., This method consists essentlially of the absorption of & very short
pulge of radiant energy in the front surface of a specimen and the ecording of
the resultant temperature history of the rear surface,

In the ideal case of a perfectly insulated specimen with a constant
abgorptivity across its surface, unlformly irradiated with a pulse of thermal
energy short compared with the time required for heat to flow through the
material, the back surface temperature history is given by

Ty g)/Tp = 1+ 2 i(-l)Il exp( -nZn2at/1°) (1)
’ n-l

where T(L %) repregents the instantaneous back surface temperature rise at
time t, ° ' T, is the maximm back surface temperature rise, @ is the thermal
diffusivity in cm /sec s, L 1s the specimen thickness in cm and n represents
successive integers. At the time, t3/p, where T(p, t) = 0.5 Ty, Equation (1)
reduces to

1.37 12
"2, /2
Hence, the thermal diffusivity of a material can be determined from the specimen

thickness and the time in seconds required for the back surface temperature to
reach one-half of its maximm wvelue,

Q= = 0.139 1%/t, /2 (2)

The success of the method depends upon adequately meeting the boundary
conditions which lead to Equation (1). Figure 1 is a dimensionless plot of
Equation (1) and represents the form that the back surface temperature history
of the gample will take if these boundary conditions are satisfactorily met,

A departure of the data from this curve illustrates that these conditions heve
not been met and invalidates the data,

A condition vital in the use of Equation (1) is that the front surface of
the sample must be uniformly irradieted with & pulse of thermal energy in a
time which is short compared to the rise time of the back surface temperature,
To accomplish this, a xenon flash lamp is used as the source of that thermal
pulse, The lamp used is a G, E. Type 524 through which 600 Joules are
diacharged., The pulse is esgsentially completed in 500 microseconds whlle the
time to one-half of the maximm of the rear surface temperseture is for the most
part 50 to 300 milliseconds. It should be noted in Equation (2) that for a
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given material the rise time of the rear surface temperature is a function of
the square of the sample thickness., A sample thickness sufficient to satisfy
this condition of a short pulse duration, compared to the rise time of the
temperature at the rear surface, should be used, However, for a given amount
of input energy, the maximm temperature rise attained, T, is an inverse
function of the thickness of the sample, and in order to maximize the temperature
change a thin sample should be used., These two restrictions on semple thickness
have been satisfied in the cases reported here by a thickness of approximately
one to two millimeters, Samples were used which varied from 0.90 to 2.63 mm in
thickness without variation in the results., In addition to the time considera-
tions of the irradiance, the distribution of that irradiance on the front
surface of the sample is important as noted earlier, It is a simple procedure
to obtain uniform irradiation on a small flat surface from a flash lamp but it
is a boundary condition which must nevertheless be setisfied, otherwise the shape
shown In Fig. 1 may be distorted. In the cases reported here the 2-inch diameter
helical lamp was placed without optics only a few centimeters from the sample,
Two tests were made to check for uniform irradiance., PFirst a diffusing glass
was placed between the lamp and the sample and a comparison made with datsa
taken without the glass. There were no detectable differences in the curves
thus obtained. Secondly, these curves were compared with Fig, 1, with the
result that they indicated satisfactory agreement with the theoretical tempera-
ture history. The other boundary condition imposed on Equation (1) is that the
specimen be perfectly insulated, The degree to which this is satisfied within
the time limits of interest iz indicated by the decay rate of the back surface
temperature after the maximm, Tp,, is attained, Because of these factors, the
semple holder should be designed so ag to minimize all heat losses, Conductive
heat losses are minimized by supporting the sample on a small area, Provided
appropriate care is exercised by the experimenter, conduction heat losses, as
well as convective heat losses, are negligible because of the short times
involved in the flash technique. Radiative heat losses at high tempersatures
cannot be eliminated and therefore could constitute the greatest problem in

the satisfaction of this boundary condition.

This method of diffusivity measurements has been successful at ambient
temperatures in airl and up to 1000°C in an argon atmosphere2 using & reslstance
furnace and a thermocouple as the rear surface temperature detector. There were
numercus problems which were anticipated when it was planned to carry this type
of measurement to higher temperatures. Foremost among these was the question
concerning the most satisfactory mesns of attaining temperatures above 1000°C
in small gamples.



EXPERIMENTAL - METALS

Radio frequency induction heating is the most convenient means of heating
emall]l metal samples to high steady state temperatures, In addition to satisfying
the requirement of producing high temperatures in metals, this form of hesting is
very fast and temperature equllibrium is reached quite rapidly. Induction heating
has another advantage in that by using ceramic supports, only the metal sample
1tegelf attains the high temperature, The radiating surface area is therefore less
and consequently the walls of the vacuum chamber are easier to keep cool, thereby
facilitating the use of rubber seals,

The experimental apparatus used in these measurements is shown schematically
in Fig. 2 and photographically in Fig., 3. The induction heater coil leads are
fed intc the vacuum chamber and form a coll with an inside diameter of about one
Inch, The sample is held in position in the coll by s mount machined from lavs
and baked to a ceramic, Shields of baked lava prevent heating of the chamber
walls by radiation from the sample, Fused guartz is used for the top window
because the large thermal gradients close to the hot sample would crack glass
windows. The steady state temperature at which measurements are made 1g indicated
by thermocouple leads which are fastened to the edge of the sample and fed out of
the vacuum system, An optical pyrometer is used at temperatures above which
platinum/platinum-rhodium thermocouples will perform., A glass lens below the
sample focuses the center portion of the rear of the sample on an uncooled lead
sulfide cell which measures the surface temperature history over a range from
300°C to 1800°C, The lower temperature cut-off was caused by the fall off in
spectral gensitivity of the cell to radiation from lower temperature bodies while
the upper temperature limit was caused in the cases reported by the evaporation
of the sample material, which reduced the transmission of the quartz window and
lowered the intensity of the pulse of energy falling on the front of the sample.
In any detection system the linearity of the response must be considered over
the range of interest, The linearity of the lead sulfide cell is adequate since
the temperature change of the sample due to the pulse is not more than a few
degrees, I% should be noted that a knowledge of the detector sensitivity or the
thermal input to the sample is not regquired because only ty/o, is involved in
Equation (2) and this time can be obtained from the data curve which is
proportional to the temperature rise and the calibrated sweep of the oscillo-
scope,

The detector is connected differentially through e load selector end balance
control unit to the differential preamp of an oscilloscope, The nse of differ-
ential detector circuitry is necessary to minimize the effects of the extremely
high magnetic field which surrounds induction heating coils. One very grest
sdvantage of the lead sulfide cell for sensing the rear surface temperature
history is the elimination of the high gain D.C. preamplifier which is necessary
shead of the oscilloscope if a thermocouple is used for thls purpose., A trigger
delay circuit is used to fire the flash lamp after the oscilloscope sweep has
been triggered. This is necessary in order to have a base line on the print from
which to measure the change in the detector output voltage,



RESULTS - METALS

Figure L is a Polaroid Land print of the oscilloscopic display of the
detector output. When the shepe of the temperature rise is compared with
Fig. 1, the agreement indicates the boundary requirements have been satisfied
by the semples reported here, Since heat losses from the sample would show
up &s & decay in the detector output after the initlal rise, 1t is evident from
thie print that the thermal pulse trzvels through the sample in a time which 1is
extremely short compared with the time required for the sample to return by heat
logsses to the equilibrium temperature at which the measurement 1s masde, Non-
uniform illumination of the front surface would distort the knee of the curve.

A print similer to Fig, 4 is made for each temperature at which a measure-
ment is desired, The output from the detector section ranged bhetween 2 and 50
millivoits, The time base on the prints used in these measurements wms elther
20 milliseconds/cm or 50 milliseconds/cm. This time is determined, as was
previously mentioned, by the thickness of the sample and by the thermal
diffusivity of the materiel., The time, tléz is obtained with the aid of a
reading device which divides the distance between the steady state temperature,
To, and the maximum temperature, Tp, in half and which has a calibrated scale to
read the distance from the time the lamp is fired, which shows up as a transient
on the print as is seen in Fig. k.

Measurements have been made withthis system on Armco iron, molybdenum,
and titanium, Figure 5 is a plot of the thermal diffusivity of Armco iron
vergus temperature., Data obtained with the resistance furnace and the argon
atmosphere= are showm along with the data obtained as reported here., It ie
noted that the Curie Point and the B-y transitlion temperatures are 30 degrees
“lower than those published for pure iron, These data essentially agree with
results obtained by Sidles and ].')e.n.’ne.‘t,ﬁ:o:m.3 except for the temperature shifts
noted above. Because of this difference, considerable care was teken in the
measurement of these temperatures, A Leeds and Rorthrup type K potentiometer
was used to check the thermocouple output., All dats obtained in this set of
experiments were internally consistent so the reasons for the differences with
other measurements are still unknown,

Figure 6 presents the thermal diffusivity of molybdemum versus temperature
and agsin includes data obtained in the resistance furnace.? These data are
presented to 1llustrate that this method of diffusivity measurement is indepen-
dent of the type of heating or the kind of temperature sensing method employed
as long as the boundary conditions for Equation (1) are mainteined,

The results obtained for titanium are given in Fig, 7. The break in the
curve corresponds ﬁo the transformation to the B phase which has been reported
to occur at 883°%C.% The estimated accuracy of these measurements is + 5 percent,



EXPERIMENTAL - CERAMICS

The best means of heating ceramics to high temperatures for these measure-
ments is not nearly as obvious as that for metals., There are seversl means
available, none of which is as convenient as induction heating, Perhaps the most
obvious means is heating by conduction, Because of the theoretical boundary
conditions imposed by the flash technique the front and the rear surfaces near
the center of the sample must not be in contact with the supporting structure.

In order to reduce the effect of lateral conductive heat losses the sample diameter
should be approximately an order of magnitude greater than the thickness., A

disc of low thermal conductivity material heated by conduction from the edges

will have a serious temperature depression in the center of the sample at tempera-
tures where radiant heat losses start to become an important consideration.

Because of the ease with which these measurements were made on metals using
the induction furnace, the same facility was initially tried in the measurements
on ceramlcs, OSeveral configurations of graphite heating rings were tried in an
effort to heat the sample uniformly. The most successful sample holder, from the
standpoint of a uniform specimen temperature, was a long cylindrical one with the
sample at the midpoint, The temperature depression was minimized in this case
by radiant heating from the cylinder walls. However, the irradiance level pro-
duced by the flash lamp at the surface of the specimen is seriously reduced with
this arrangement. The radiation emitted by the heating cylinder was avoided in
the detection system by focusing the photoconductive cell onto a small area at
the rear surface of the specimen,

It appeared from this effort that a more direct means of heating could be
superior to an indirect means., On this basis considerable effort was put into the
setting up of an apparatus vherein the sample was heated in alr by an oxy-hydrogen
flame, This type of heating is attractive because extremely high temperatures
can be attalned in air quite easily. The sample was supported between two ceramic
rods and held at the short focal point of an ellipical mirror, The flash lamp
was placed at the long focal polnt with an occulter near the sample to block the
direct radiation from the lamp. It was necessary to place the lamp at a distance
from the sample because of the heat from the flame. The torch was almed through
a two-inch hole in the twelve-inch diameter mirror. A variety of torch tips and
flames was used in attempting to get an even distribution of temperature across
the face of the sample, It was found that with more than one flame there was a
low temperature line on the sample at the boundary between the two gas flows.

For this reason it was necessary to use only one flame to heat the sample, Various
gas pressures and flame characteristics were tried and it was found necessary to
use & low pressure, slow velocity flame in order to heat the sample uniformly.

The lead sulfide detector was again used to give the rear surface tempers-
ture rise. In the arrangement of components as described sbove it was necessary
to place the detector about 20 degrees from the normal to the sample, Since the
rear surface temperature rise is of the order of one degree the temperature
variations of the sample must be considerably less in order to give a reasonable



signal to noise ratio, This proved to be the limiting factor in this setup.
Fven after variations due to air currents were minimized there remained random
variations in signal which were traced to the burning of impurities in the
hydrogen flsme, These variations constituted an ingufficient signal to noise
retio to give satisfactory results.

In order to demonstrate the feasibility of this technique as applied %o
ceramics, it was decided to make some measurements in the temperature range
availsble by the use of resistance heaters, The resistance furnace used earller
was used in these measurements with a new sample holder and wlth a tungsten
heater, The sample holder was designed so as to minimize any temperature
depression in the center of the sample as discussed earlier, The rear surface
temperature detector used with this apparatus was a chromel-alumel thermocouple.
The thermococuple wires were of sufficient size to be rigid and vere filed to a
point, The junction was formed at the rear of the sample by pressing these
pointed wires, which were separated by about two millimeters, against a one mil
silver or platinum foil. The thermocouple output was amplified by a Burr-Brown
differential amplifier (model 1303) and fed into a Tektronix type 53/54D preamp
on the 531 oscilloscope,

It became obvious in these initisl measurements on ceramics that the
boundary conditions necessary for valid results were not satisfied, This was
most pronounced in the case of a very dense alumina sample, The detector output
was nearly what would be expected without the presence of a sample at all, that
is, an abrupt rise and then a rapid decay. TIn ceramics the pulse of thermal
energy is not absorbed in the front surface of the sample but rather is
absorbed throughout the sample, This transparency in ceramlcs varies tremendously
with the type of ceramic and with the dengity of the particular sample, Conse-
quently, in order to use the flash technique on ceramics they must be coated
with a materisl which will absorb the energy from the flash and will transmit
this thermal pulse to the ceramic, This coating must be thin sco that the transit
time of the pulse through the coating is negligible with respect to that through
the sample, This coating must be well bonded to the sample in order to transmit
the pulse. The most promising approach seemed to be the vacuum evaporation of a
metal ontc the sample face, Platinum was chosen because its melting point is
well above the temperature at which the furnace would operate and beceuse of its
inertness, Platinum is a very difficult metal to evaporate and consegquently
the coatings obtained had sufficient holes to prevent the satisfaction of the
boundary condition of total front surface sbsorption. The most complete surface
coverage was obtained by plating the ceramics with Hanovia Platimum Bright (No,
05}, By repeated applications a coating was obtained that satisfied the require-
ments, One precaution which must be taken when using this technique is to be
certaln thet the Hanovia liquid is not sbscorbed into the ceremic before it is
fired, (This does occur except in the densest of the ceramics and constitutes
a probasble source of error for many samples,)} Although thie method of coating
has worked satisfactorily for these samples In the limited temperature range,
it is by no means the answer to the gemeral problem of ceramic transparency.



RESULTS - CERAMICS

Figure 8 presents the thermsl diffusivity as a function of temperature of
a high purity magnesia-stabilized zirconlia which was furnished by the Norton
Company. To verdfy that this material was completely stabilized x-ray
diffraction patterns were taken on the material as it was received and after 1t
had been heated to sbove 2000°C, There were no detectable changes in the
structure indicating complete stebilization. Figure 9 is a plot of the thermal
diffusivity_versus tempersture for an extruded alumina sample whose density is
3.834 gm/cm®, Figure 10 ghows this type of data for a pressed specimen of alumina
vith a density of 3.91% gm/cm3,



DISCUSSION AND CONCIUSIONS

The NRDL flash technique for measuring thermsl diffusivity can be extended
to metals and ceramics at high temperatures, In the case of metals, or other
materials with a sufficiently low electrical resistivity, a straightforward
procedure has been devised, Radio frequency induction heating provides a rapid
and convenient method of attaining high equilibrium temperatures in these
thermally insulated test specimens, The upper temperature limit in a vacuum
is determined by the eveporation of the test material onto the window of the
vacuum chamber, Radiation detectors, such as lead sulfide photoconductive
cells, provide a very simple and accurate means of sensing the rear surface
temperature history at high temperatures without interscting with the surface
they are measuring. They also provide adeguate sensltivity so that the low
level, high gain d.c. preamplifier normally used for thermocouples is not
required. Radistion detectors located a considerable digtance away from the
Tlash lamp and the electrical fields associated with heating the sample are
relatively free from stray voltage plclkup. The ratic of lncreased power
received on the detector per degree surface temperature rise to the total power
recelved 1s spproximately inversely proportional to the absolute temperature.
This means that an increasing large bucking voltage must be used to balance out
the steady signal voltage prior to the flesh, Also the increased hest dissipe-
tion in the photoconductive cell wlll cesuse its temperature to rige and its
gensitivity to drop unless effective cooling of the cell is provided, It
would probably be desirable at the very high temperatures to use a phototube
or a photomiltiplier with its response limited to the short wavelength teil of
the spectrel distribution curve to monitor the rear surface tempersture,

Ceramics are inherently more difficult to measure by this technigue. Their
low electrical conductivity precludes the use of induction heeting, If they
are heated by conduction from the edges their low thermsl conductivity and
high emittance make it Impossible to obtaln a wniform equilibrium tempersture
across the face of the thin test specimen, Direct heating of the whole surface
by & gas flame fluctuastes too mich to permit an accurate meassurement of the
smell signals induced by the flash. It has yet to be determined whether
direct radistlion heating of the whole surface by a high intensity carbon arc
source will be steady enough for this purpose,

The most successful method of heating of those tried has been the argon
filled wire-wound resistance furnace. The sample is placed far enough back into
the holder that it is heated by radiation and convection across the surfaces
a8 well as by conduction from the edges., The wire-wound resigtance furnsce hes
& practical upper limit around 1500°C. Above this temperature the best results
might be obtained by inserting the gpecimen in a gilicon carbide tube and
heating the tube directly by resistance heating or by placing it in an induction
furnace, In elther case the specimen should be located deep enough to provide
good surface heating., However, this is done at the expense of sensitivity due
to the decrease in the amount of light from the flash lamp that can be
intercepted by the specimen,



The second problem with ceramic materials 1s that they are often semi-
transparent, One boundary condition that must be met with this technique
is that the energy is absorbed in a very small depth at the surface, This
requires that an opague coating be applied that will hold up at the required
temperature end will not diffuse into the gpecimen, Although an opague front
surface coating was obtained wsing Hanovia Platinum Bright (Ro. 05), this
material contains sufficient gold so as to limit its temperature range of
usefulness to about 900°C, Hanovia Platinum Paste (Fo. 6082) contains only
platimm with & binding material and will operate up to 1500°C., This paste is
also less apt to cause errors due to diffusion into the ceramic because of its
thick consistency,

Yet another problem is the transparency of the material at long wavelengths
vhere the front surface due to its initially high temperature rise may radiate
through the specimen, This is minimized by lowering the peak power input to
the specimen, I there is a large enough radiation transfer within the specimen
at the equilibrium temperature that the mean free path for the photons is
greater then the dimensions of the specimen the thermal diffusivity is no longer
a meaningful term, The thermal conductivity will then depend on the thickness
of the gpecimen.

It vas anticipated that radiation cooling might be sufficiently high to
make it impossible to achieve a flat region at the top of the rear surface
temperature history curve, There was no problem on any of the tests made so
far including the molybdemm at 1700°C,

As mentioned in previous adaptations of the flash {echnique, the method
has several advantages which should be mentioned, e.g., cooling losses can be
neglected, very small size specimens can be utilized and the data reduction is
quite simple,
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Fig., 1 Dimensionless plot of rear surface temperature history
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Filg. 4 Photographic trace of the rear surface temperature rise,
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