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(7) ABSTRACT

Adevice and method are provided for measuring the thermal
conductivity of rigid or flexible, homogeneous or
heterogeneous, thin films between 50 um and 150 um thick
with relative standard deviations of less than five percent.
The specimen is sandwiched between like material, highly
conductive upper and lower slabs. Each slab is instrumented
with six thermocouples embedded within the slab and flush
with their corresponding surfaces. A heat source heats the
lower slab and a heat sink cools the upper slab. The heat sink
also provides sufficient contact pressure onto the specimen.
Testing is performed within a vacuum environment (bell-jar)
between 107> to 107° Torr. An anti-radiant shield on the
interior surface of the bell-jar is used to avoid radiation heat
losses. Insulation is placed adjacent to the heat source and
adjacent to the heat sink to prevent conduction losses. A
temperature controlled water circulator circulates water
from a constant temperature bath through the heat sink.
Fourier’s one-dimensional law of heat conduction is the
governing equation. Data, including temperatures, are mea-
sured with a multi-channel data acquisition system. On-line
computer processing is used for thermal conductivity cal-
culations.

18 Claims, 6 Drawing Sheets
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DEVICE AND METHOD FOR MEASURING
THERMAL CONDUCTIVITY OF THIN
FILMS

CLAIM OF BENEFIT OF PROVISIONAL
APPLICATION

Pursuant to 35 U.S.C. §119, the benefit of priority from
provisional application No. 60/083,971, with a filing date of
May 1, 1998, is claimed for this non-provisional application.

ORIGIN OF THE INVENTION

The invention described herein was jointly made by
employees of the United States Government and a NASA
Grant employee during the performance of work under
NASA Grant No. NGT-1-52122.

BACKGROUND OF THE INVENTION

1. Field of the Invention

This invention relates to a device and a method for
measuring the thermal conductivity of thin films of
materials, and more particularly a method and device for
measuring the thermal conductivity of rigid or flexible,
homogeneous or heterogeneous, thin films between 50 um
and 150 um thick with relative standard deviations of less
than five percent.

2. Description of the Related Art

NASA is developing Temperature Sensitive Paints
(TSP’s) for global non-intrusive detection of boundary layer
transition in flow over the surface of wind tunnel research
models. The TSP sensitivity should be large enough to
resolve the smallest amplitude and the highest frequency
fluctuations, since the transition process involves unsteady
fluctuations. Based on linear steady-state heat transfer
analysis, one of the steps to improve the paint sensitivity is
minimizing the thermal conductivity of the paint. The TSP
applied to wind tunnel research models is typically 25 um to
125 um thick with an additional 25 um thick primer layer.
The TSP’s are typically composed of metal complexes in
polymer binders. A thermal conductivity measuring device
is needed to measure thermal conductivity of the TSP’s and
accompanying primer layer, which are typically between 50
um and 150 um total thickness.

Existing thermal conductivity measuring devices are suit-
able only for very thin (<20 um) or very thick (>6.25 mm)
specimens. Ultrasonic principles have been used to measure
film thicknesses less than 20 um, but such principles require
a priori knowledge of the material’s specific heat and density
to determine the thermal conductivity. These devices target
silicon dioxide films suitable for microelectronics,
micromechanics, micro-optics, and semiconductor process-
ing. Devices marketed to measure thicker specimens (>6.25
mm), such as insulations, composites, cloth, natural fibers
such as wood, generally have difficulty attaining one-
dimensional conduction. The alternating current technique
measures thermal conductivity of bulk gases, but a modified
technique measures thin films and is referred to as the 3-w
technique, discussed in D. G. Cahill, H. E. Fischer, T.
Klitsner, E. T. Swartz, and R. O. Pohl, “Thermal Conduc-
tivity of Thin Films: Measurements and Understanding”,
American Vacuum Society, 1989. Other techniques have
also been used to make thin film thermal conductivity
measurements: thermal comparators, such as described in R.
W. Powell, “Experiments using a simple thermal comparator
for measurement of thermal conductivity, surface roughness
and thickness of foils or surface deposits”, J. Sci. Instrum.,
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1957; specialized film geometries, such as described in B. T.
Boiko, A. T. Pugachev, and V. M. Bratsychin, “Method for
the determination of the thermophysical properties of evapo-
rated thin films”, Thin Solid Films, 1973; laser calorimetry,
such as set forth in D. Ristau, and J. Ebert, “Development of
a thermographic laser calorimeter”, Appl. Opt., 1986; and
flash radiometry, such as set forth in N. Tsutsumi, and T.
Kiyotsukuri, “Measurement of thermal diffusivity for poly-
mer film by flash radiometry”, Appl. Phys. Lett., 1988. The
steady-state test methods described in ASTM Standards
E1530-93 and D5470-95 are applicable to stacked thin-film
specimens that are homogeneous. Stacking would be
required for thin films 50 um 150 gm thick. Thermal
conductivity varies with thickness so stacking introduces
measurement inaccuracies. The steady state test method
described in ASTM Standard E1225 is applicable to
homogeneous, opaque specimens and has a thermocouple
design, which introduces inaccuracies into the thermal con-
ductivity measurement.

The conventional types of thermal conductivity meters
have the problems of heat losses, contact resistance losses,
and large inaccuracies. Furthermore, existing mathematical
(empirical) models for determining the thermal conductivity
of thin films are not very reliable, especially over a wide
range of pressures and temperatures. Therefore, a measure-
ment technique is needed to measure, both steady state and
transient, the thermal conductivity of thin films of materials,
such as paints, that are 50-150 um thick, with relative
standard deviations of less than five percent.

SUMMARY OF THE INVENTION

Accordingly, it is an object of the present invention to
provide a thermal conductivity measurement device and
method that can measure thermal conductivity of films 50
um to 150 um thick.

It is another object to provide a thermal conductivity
measurement device and method that can measure thermal
conductivity of films 50 um to 150 um thick with relative
standard deviations of less than five percent.

It is another object to provide a thermal conductivity
measurement device and method that minimizes heat losses.

It is a further object to provide a thermal conductivity
measurement device and method to simulate test tempera-
tures in the range of =200 C. to 100 C.

It is a further object to provide a thermal conductivity
measurement device and method to simulate test pressures
up to five atmospheres.

It is yet another object to provide a thermal conductivity
measurement device and method that provides a uniform
heat transfer area to the specimen.

It is yet another object to provide a thermal conductivity
measurement device and method that provides a large,
uniform heat transfer area to the specimen via well-polished
surfaces.

It is yet another object to provide a thermal conductivity
measurement device and method that operates in both steady
state and transient heat conduction modes.

It is yet another object to provide a thermal conductivity
measurement device and method that has minimal lateral
conduction loss.

It is yet another object to provide a thermal conductivity
measurement device and method that has a very low oper-
ating test environment pressure.

It is yet another object to provide a thermal conductivity
measurement device and method that has a test environment
pressure between approximately 107> to 107° Torr.
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It is yet another object to provide a thermal conductivity
measurement device and method having ease of fabrication
and use.

Other objects and advantages of the present invention will
become more obvious hereinafter in the specification and
drawings.

In accordance with the present invention, a device and
method are provided for measuring the thermal conductivity
of rigid or flexible, homogeneous or heterogeneous, thin
films between 50 ym and 150 um thick with relative standard
deviations of less than five percent. The specimen is sand-
wiched between like material, highly conductive upper and
lower slabs. Each slab is instrumented with six thermo-
couples embedded within the slab and flush with their
corresponding surfaces. A heat source heats the lower slab
and a heat sink cools the upper slab. The heat sink also
provides sufficient contact pressure onto the specimen. Test-
ing is performed within a vacuum environment (bell-jar)
between approximately 10~> to 107° Torr. An anti-radiant
shield on the interior surface of the bell-jar is used to avoid
radiation heat losses. A temperature controlled water circu-
lator circulates water from a constant temperature bath
through the heat sink. It is also preferable to use insulation
adjacent to the heat source and adjacent to the heat sink to
prevent conduction losses. Fourier’s one-dimensional law of
heat conduction is the governing equation. Data, including
temperatures, are measured with a multi-channel data acqui-
sition system. On-line computer processing is used for
thermal conductivity calculations.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 is a schematic diagram of the specimen set-up and
environment;

FIG. 2 is a schematic diagram of thermocouple installa-
tion;

FIG. 3 is a schematic diagram of the heat flow mechanics;

FIG. 4 is a graphical representation of the temperature

difference across a specimen versus thickness of the speci-
men for various thermal conductivities;

FIG. 5 is a schematic diagram of the overall thermal
conductivity measurement lay-out; and

FIG. 6 is a graphical representation of thermal conduc-
tivities for various materials.

DETAILED DESCRIPTION OF THE
INVENTION

Referring now to the drawings and more particularly to
FIG. 1, the specimen set-up and environment of the present
invention are shown and referenced generally by numeral
10. Two slabs 12 and 14, 12 being the upper and 14 being
the lower, are used to sandwich the test specimen 16. The
same material is used for both slabs 12 and 14 and the
material should be highly conductive, preferably aluminum.
A cylindrical cross section is preferred. Specifically, two
aluminum, Type-2024, 51 mm (2 in) diameter by 51 mm (2
in) long slabs have been used successfully experimentally, as
are preferred. The specimen sides 18 and 20 of the slabs 12
and 14 are polished, preferably to 5 microns, to maximize
surface contact. Where the measurement of the thermal
conductivity of a paint is desired, the paint and associated
primer can be sprayed directly onto the surface of a slab,
preferably the upper surface of the lower slab 14.

Each slab 12 and 14 is instrumented with six thermo-
couples 22: four surface thermocouples (one thermocouple
embedded in each of the top and bottom surfaces and one
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thermocouple embedded on each of the diametrically oppo-
site sides at half slab) and two embedded thermocouples
equidistance along the axial center line of each slab. Each
thermocouple is mounted flush with its corresponding slab
surface. For a 51 mm (2 in) diameter by 51 mm (2 in) long
slab, the center line thermocouples would be positioned
12.74 mm (0.5 in) from each of the top and bottom surfaces
of each slab. The size, time response and resolution of the
thermocouples are important. ANSI Type T (Copper-
Constantan 36 AWG wire) thermocouples are preferred.
Further details of the thermocouple installation in the slabs
12 and 14 are shown in FIG. 2. The hole 70 for each
thermocouple wire is filled with a filler of the same con-
ductivity as the slabs 12 and 14. An insert is used to allow
for flush mounting of thermocouple 22 located adjacent to
specimen 16. For a 2 in. long, 2 in. diameter slab, a hole size
of Y44 in. diameter is typical. FIG. 2 is a schematic, and is
not a “to scale” representation.

A heat source 24, preferably a 31.4 watt foil heater, is
attached to a copper disk 26 on which the bottom slab 14
rests. A copper block 28 is placed on the top of upper slab
12 to provide sufficient contact pressure onto the specimen
16. The copper block 28 also acts as a heat sink and has an
internal circular groove passageway 30 in which copper
tubing, preferably % in, is inserted and soldered into place
to circulate cooling water.

Several design features are incorporated to minimize heat
loss. The aforementioned structure and sandwiched speci-
men 16 are placed in and thermal conductivity tests are
performed inside a bell-jar 32 evacuated to a very low
pressure, between approximately 107> and 1075, to avoid
convective heat losses. The entire interior surface of the bell
jar 32 is coated with an anti-radiant material 34, such as
aluminum foil, to avoid radiation heat losses. Conduction
losses from the bottom of the foil heater 24 are minimized
by an insulated pad 36, preferably foam.

Referring to FIG. 3, the heat transfer mode is one-
dimensional (1-D) conduction (infinite slab), where heat
transfers from the higher to the lower temperature region
across the specimen. Fourier’s law of heat conduction is the
governing equation. Thermal conductivity of the specimen
16, k. (w/(m° K)), is defined by the heat flux q (watts/m?)
through the specimen, the temperature difference across the
specimen, AT, (°K), and the thickness of specimen, Ax_ (m).
The equations are:

k=(gAx)/(AT) ®

where q is given by:
@

kAT,
q=05[‘ !

N kAT, ]
Ax1

Ax,

and wherein k; (w/(m® K)) and k,, (w/(m° K)) are the
thermal conductivities of the lower and upper slabs
14 and 12 respectively, AT, (°K) and AT, (°K) are
the temperatures of the lower and upper slabs 14 and
12 respectively, Ax; (m) and Ax, (m) are the dis-
tances between the two center line thermocouples of

the lower and upper slabs 14 and 12 respectively.
To calculate the ideal heat flux g, in the system, one can
calculate the voltage and the current that is applied to the
heater 24. If there is no heat loss of any kind in the system,
the ideal heat flux g, should equal the calculated heat flux in
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the upper and lower slabs 12 and 14. The arrows 40 in FIG.
3 show the heat flow direction. The equation for the ideal
heat flux g; is:

kAT,

g= Ay =

Kk AT,

u 3
—— =) &

Ax,

where V and I are the voltage and current, respectively,

supplied to the heater.

The calculated theoretical plots, shown in FIG. 4, for
different thermal conductivity suggest that the temperature
difference across the specimen 16 decreases with specimen
thickness for high conductivity materials. This small tem-
perature difference may pose a measurement problem for
such materials, especially if the resolution limit of the
thermocouples is reached. Therefore, thermocouples with a
sufficiently small size and high resolution must be used in
order to accurately measure the small temperature differ-
ences.

FIG. 5 is a schematic representation of the overall layout
50, of the thermal conductivity measurement device. A
temperature controlled water circulator 52 is used to circu-
late water from a constant temperature bath through heat
sink 28. The set-point temperature of the bath is determined
by the test temperature, and is such to enable an accurate AT,
measurement across the specimen. The coolant flow rate is
set to maintain the block temperature at the same tempera-
ture of the bath. When necessary, additional weights can be
placed on the copper block 28 for high pressure testing. The
pressure on the specimen 16 is determined from the weights
of the upper slab 12 and the copper block 28. All tempera-
tures are measured with a multi-channel data acquisition
system 56, such as a Fluke Hydra system and processed
using on-line computer 58 processing. Steady-state heat flux
through the specimen 16 is determined from the average
temperature gradients in the upper and lower slabs 12 and 14
respectively. The thermal conductivity of the slab material is
obtained from a standard reference, such as, for Aluminum-
2024, the Alloy Digest, Aluminum-2024 Material Data
Sheet, published by Engineering Alloys Digest, Inc., August
1973. For transient heat conduction experiments, the heat
input is measured from the voltage and current supplied to
the heater 24. Insulation 60 and 64, such as foam, is used to
prevent conduction losses. A support structure 62 provides
support for the columnar assembly.

The thermal conductivities of four standard thin-film
materials; Kapton®-HN, Kapton®-MT, Teflon®, and
Borofloat™glass; were determined (steady state) with the
experimental arrangement shown in FIG. 3. In these tests, a
very thin layer of thermal grease was applied between the
specimen and the upper and lower slabs 12 and 14 respec-
tively to provide good contact. Table I summarizes the
manufacturers’ and measured thermal conductivity values
for the samples measured. The agreement between the two
values is within +5%. These thermal conductivity values
were repeatable within acceptable uncertainty limits.

TABLE 1
Manufacture Measured

Specimen Thickness Manufacture Spec. Value
Name () Name k, (w/m° K)  k; (w/m® K)
1. Kapton ®- 76 Du-Pont[10]  0.145-0.155 0.148
HN (reference

Du-Pont-

Kapton
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TABLE I-continued

Measured
Value

k, (w/m® K)

Manufacture
Spec.
k, (w/m° K)

Thickness
(pem)

Manufacture
Name

Specimen
Name

Material
Data Sheet,
1995)
0.46-0.52
(reference
Du-Pont-
Kapton
Material
Data Sheet,
1995)
1.027-1.113

2. Kapton ®-
MT

76  Du-Pont[10] 0.449

3. Borofloat ™
Glass

1110 Schottt Corp. 1.0922

An uncertainty analysis was performed to determine
system performance and system calibration using the data
acquired from the Kapton®-HN standard specimens. The
analysis was done in several steps using modern experimen-
tal design analysis.

First, the dominating sources of error were identified
using general uncertainty analysis. The governing equation
is:

(g=k AT JAx) ®
The uncertainty equation is:
Ug{(0q/ak ) U, Y +{(8a/oAT ) Unrs P H (000080 ) U T2 (5)

where U, denotes the uncertainty of that variable, AT, is
the temperature difference (°K) through the specimen,

Ak, is the thermal conductivity (W/m° K) of the

sample, and Ax, is the specimen thickness (m).
Taking the derivatives and simplifying,

Utk Ul ) +(Usr AT +Uns/Asr) O

where g and AT, are relatively large numbers compared to

Ax,, thus Ax, is the dominating variable in this mea-
surement.

Next, the effect of the change in the thickness of the
specimen 16 was identified. The method used was to obtain
three replicated analyses on the same sample, each contain-
ing 30 data points. The test (steady-state) was conducted
using three different thicknesses, 1, 3, and 5 mils, of
Kapton®-HN . Table II summarizes the standard deviation
results.

TABLE 1I
Kapton ®  Kapton ®  Kapton ®-
Sample HN 25 gm  HN75um HN 125 ym Manufacture
Thickness 1 mil) (3 mils) (5 mils) value
k, (w/m® K) 0.144 0.148 0.156 0.145-0.155
Std. DEV. 0.002 0.002 0.002

The schematic of FIG. 5 was also used to measure (steady
state) the thermal conductivity of TSP’s. Two proprietary
TSP specimens of the same material having film thicknesses
of 75 um and 100 ym were prepared on a copper coupon 1
mm thick. The copper coupon was used to provide some
rigidity to the TSP films, and to facilitate both preparation of
the film outside the test set-up and transfer to the test set-up.
Since the thermal conductivity of the copper coupon is
several orders of magnitude greater than that of the TSP film,
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the temperature difference across the coupon was assumed
to be negligible as compared to that across the TSP. The
average value of k, was found to be 0.41+0.02 (w/m° K) for
these specimens. FIG. 6 shows graphical results for the two
TSP’s as well as for Kapton®-LT, Teflon® and Pyrex®
Glass.

Although the invention has been described relative to
certain specific embodiments thereof, there are numerous
variations and modifications that will be readily apparent to
those skilled in the art in light of the above teachings. It is
therefore to be understood that, within the scope of the
appended claims, the invention may be practiced other than
as specifically described.

What is claimed as new and desired to be secured by
Letters Patent of the United States is:

We claim:

1. A device for measuring the thermal conductivity of a
sample, comprising:

an upper slab and a lower slab, said upper slab adjacent

to the upper surface of said sample and said lower slab
adjacent to the lower surface of said sample, said upper
and lower slabs sandwiching said sample in a columnar
arrangement, said sample and said slabs forming a
sandwiched assembly;

a heat source for heating said lower slab;

a heat sink for cooling said upper slab and for providing
contact pressure onto said specimen;

said upper and lower slabs, said heat source, and said heat
sink forming a sandwiched assembly;

a plurality of thermocouples embedded within and flush
with the surfaces of said upper and lower slabs, for
measuring the temperature difference across said
specimen, further wherein said plurality of thermo-
couples comprise, at least, one thermocouple embed-
ded at the center of each of the upper and lower
surfaces of said upper and lower slabs, one thermo-
couple embedded at the center of each of the diametri-
cally opposite outer exposed surfaces of said upper and
lower slabs, and two thermocouples embedded equi-
distance along the axial center line within each said
upper and lower slabs;

insulation means placed at each axial end of said sand-
wiched assembly to prevent conduction losses;

a measuring chamber enclosing said sandwiched assem-
bly and said insulation means, said measuring chamber
comprising a vacuum environment having a pressure
between approximately 10~ to 10~° Torr;

an anti-radiant shield disposed on the entire interior
periphery of said measuring chamber;

a temperature controlled water circulator for transferring
and receiving water from said heat sink; and

a multi-channel data acquisition means for acquiring and
supplying data to an on-line computer processing
means; wherein said on-line computer processing
means processes said data.

2. The device of claim 1, wherein said sample is a thin

film having a thickness between 50 ym and 150 um.

3. The device of claim 1, wherein said surfaces of said
upper and lower slabs adjacent to said sample are polished
to 5 microns.

4. The device of claim 1, wherein said upper and lower
slabs are aluminum.
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5. The device of claim 1, wherein said heat sink is a
copper block having internally flowing cooling water, said
copper block positioned adjacent to the upper surface of said
upper slab.

6. The device of claim 1, wherein said heat source is a foil
heater.

7. The device of claim 1, further comprising a copper disk
between said foil heater and said lower slab.

8. The device of claim 1, further comprising a conductive
material applied between said specimen and corresponding
adjacent surfaces of said upper and lower slabs to aid surface
contact between said slabs and said specimen.

9. The device of claim 1, further comprising additional
weight applied to said upper slab, thereby increasing the
pressure applied to said sample.

10. A method for measuring the thermal conductivity of a
sample, comprising the steps of:

sandwiching said sample between an upper slab and a

lower slab in a columnar arrangement, said upper slab
adjacent to the upper surface of said sample, and said
lower slab adjacent to the lower surface of said;
providing a heat source for heating said lower slab;
providing a heat sink for cooling said upper slab and for
providing contact pressure onto said specimen;

said upper and lower slabs, said heat source, and said heat

sink forming a sandwiched assembly;
placing an insulation means at each axial end of said
sandwiched assembly to prevent conduction losses;

enclosing said sandwiched assembly and insulation
means with a measuring chamber, said measuring
chamber comprising a vacuum environment having a
pressure between approximately 107> to 107 Torr, said
measuring chamber further comprising an anti-radiant
shield on its entire interior periphery;

circulating cooling water through said heat sink using a

temperature controlled water circulator;

measuring the temperature difference across said speci-

men using a plurality of thermocouples embedded
within and flush with the surfaces of said upper and
lower slabs, further wherein said plurality of thermo-
couples comprise, at least, one thermocouple embed-
ded at the center of each of the upper and lower
surfaces of said upper and lower slabs, one thermo-
couple embedded at the center of each of the diametri-
cally opposite outer exposed surfaces of said upper and
lower slabs, and two thermocouples embedded equi-
distance along the axial center line within each said
upper and lower slabs;

acquiring data using a multi-channel data acquisition

means;

supplying data from said data acquisition means to an

on-line computer processing means for data processing.

11. The method of claim 10, wherein said sample is a thin
film having a thickness between 50 ym and 150 um.

12. The method of claim 10, wherein said surfaces of said
upper and lower slabs adjacent to said sample are polished
to 5 microns.

13. The method of claim 10, wherein said upper and lower
slabs are aluminum.

14. The method of claim 10, wherein said heat sink is a
copper block having internally flowing cooling water, said
copper block positioned adjacent to the upper surface of said
upper slab.
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15. The method of claim 10, wherein said heat source is
a foil heater.

16. The method of claim 10, further comprising the step
of providing a copper disk between said foil heater and said
lower slab.

17. The method of claim 10, further comprising the step
of applying a conductive material between said specimen

10

and corresponding adjacent surfaces of said upper and lower
slabs to aid surface contact between said slabs and said
specimen.

18. The method of claim 10, further comprising the step
of applying additional weight to said upper slab, thereby
increasing the pressure applied to said sample.
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