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THERMAL CONTACT RESISTANCE IN
THERMOPHYSICAL MEASUREMENTS

V. V. Kurenin UDC 536.,2

The author describes the basis for an experimental correction to the thermal contact resistance
(TCR) in investigation of thermal conductivity and thermal diffusivity of solids, using specimens
in the form of plates, Relations are obtained for thermal deformation of specimens and the con-
tact pressure to compensate for thermal deflection,

The use of a permanent agssembly of thermocouples in the contact plates of a thermal measurement cell
simplifies the operation of the thermophysical instrument, increases its reliability, and by means of calibra-
tion allows error due to parasitic thermocouple emf's to be eliminated. However, there then arises an addi-
tional error due to thermal contact resistances {(TCR) of the specimen with the thermal measurement cell, In
most cases, in investigating the thermal conduectivity and diffusivity of materials with A = 0.5 W/(m+°K) one
must introduce a correction for the TCR, determined experimentally on a specimen of known thermal conduc~
tivity, or on a metallic specimen whose thermal conductivity is considerably less than the resistance of the
test specimens. For a number of practical considerations one usually prefers the second method, which is
based on the hypothesis that the TCR depends only on the cleanliness of preparation of the surfaces in contact,
the contact pressure, and the type of lubrication, and is independent of the thermal conductivity of the materi-
als in contact.

It is known that heat is transmitted through a contact zone due to conduction by two methods: through the
place of immediate (actual) contact of the bodies, and through the medium filling the space between rough pro-
tuberances. The conductances of the medium oy and of the actual contact @) are in parallel, and therefore
the specific conductivity of the contact can be expressed as the sum of the specific conductivities [1]
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where Y is the relative gap; for polished surfaces under normal conditions Y = 3,33; and
k= _ 15107 for. My + oy < 10 pm.
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As can be seen from Eqgs. (1) and (2), the first component of the conductivity is. determined only by the proper-
ties of the filling medium and the cleanliness of preparation of the surfaces, while the second depends only on
the conductivities of the contact materials. The contact plates of thermal measurement cells are often made
of aluminum alloy, and therefore in the calibration test it is in contact with copper, and in the specimen tests, witha
specimen ofplastic, for example. The average thermal conductivities A yforthe aluminum —copper and the alumi-
num ~plastic pairs differ by a factor of 600, varying from 233to 0.4 W(m - °K). Hence it follows that one should use
a copper specimen to determine the TCR correction only under specific conditions when the medium conduc-
tivity e will predominate in the contact conduction. Calculations using Eqs. (1) and (2) for typical conditions
achieved in thermophysical instruments are shown in Table 1. It can be seen that optimal conditions for spec-
imen contact are obtained with ahigh degree of cleanliness inthepreparation of the surfaces v5-v? and with
relatively low contact pressures p = (1—2)* 10° N/m?, and with required use of liquid lubricant, If that is so,
no additional correction is needed, even in the preparation of the surfaces V6 due to the difference in thermal
conductivities of the contact materials in the calibration and actual tests. The residual error APg = 9-10 ©
2.K/W is insignificant for specimen thermal resistances of Pgp = 20-10° tm?.K/W.

The data of Table 1 can be used in designing thermophysical instruments and specifying requirements
for specimen preparation.

The experimental investigations show that the TCR is very unstable at low pressures p < 50 10° N/m?,
This is associated with possible contamination of the surface in preparing the test, the presence of microde-
fects on the contact surfaces, and withanuneven lubricant layer, Therefore, it is especially important to investi-
gate TCR experimentally under typical measurement conditions.

At temperatures from —150 to 400°C for dense materials, type PFMS-4 gilicone oil is used success-
fully, for higher temperatures of TCR one can reduce the gases — argon and helium. In investigating metallic
materials at medium temperatures it is appropriate to use liquid metal lubricants of eutectic In—Ga type. How-
ever, the latter requires careful handling, and cannot be recommended for wide use, In investigation of porous
materials one cannot use liquid lubricants, since these, entering the material, can markedly alter its proper-
ties. Some improvement in the contact in such cases can be achieved by using dry lubricants based on finely
disperse powders of good conductor material, e.g., graphite, aluminum, or silver,

TABLE 1. Calculatlon of TCR for Various Pairs of Materials
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Type [ Residual error
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of lu=\  coptact materials é S58 m i M
bri- | ZEE i.e N TEEE
cant, < |BTE WAM® -°K){ &~ &) vb l v7 I v8
# | Atuminum~ Copper. v6 | 3045( 2083 | 1,9
g A SITOWAmM.K) | 283 | y7 | 5314|2630 | 1,95
- § Ay =370 W/Am«°K) v8 [10406) 4672 | 0,66 | 1,35 0,65 | 0,3
<G -
S | Aluminum~ -Prastic v6 | 2015| 3,6 | 3.3
S lAmy TL70W/Am-K)y | 0,4 | v7 | 33141 45 1 1.9
B | Ay = 0.2 WAm.K) v8 |10406| 8 0,96
~<
~ | Atuminum~—Copper y6 115228} 2083 | 0,57
8 | Am =170 W/Am-K) | 283 | y7 [26569 2630 | 0,34
= 8§ |Amy =370 WAm-°K) 8 52030 4672 | 0,18 | 0,09 | 0,03 | 0,01
°x .
¥ = | Aluminum~Plastic v6 |15228| 3,6 | 0,66
85 |Am =170WAm-K) | 0.4 | y7 [265694 4,5 | 0,87
B3 |Ame =02 WAm-K) v8 |52030( -8 0,19
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Note- The calculations were made for values of the parameters:
=2-105 N/m% o = 2200 10° N/m% Y = 3.33; V¢ (hay = 8.2um);
v7 (hgy = 4.7 pm); V8 (hay = 2.4 pum)
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Fig. 1. Distribution of TCR over the speci-
men surface,

To confirm the possible use of Eqs. (1) and (2) to calculate TCR for low contact pressures we investi-
gated TCR on the DK-acA-400 instrument [2] in the temperature range — 100 to 400°C with air and type
PFMS-4 oil filling the contact zone, A measurement was made on one, two, and three copper plates with identi-
cal cleanliness of preparation, which corresponded to two, three, and four contact layers. With each of the
above numbers of specimens we made three tests over the entire working temperature range, each time with
a new specimen, In this way we eliminated the influence of parasitic thermocouple emf's, singled out the TCR
of the two copper plates, and estimated the instability of the TCR typical of the working conditions. The tests
were made on specimens of diameter 15 mm with preparation cleanliness V7 at a pressure of 2-10° N/m?,
The TCR remained practically unchanged over the whole temperature range and turned out to be equal to that
for dry contact: (1+ 0.7) - 10 * m?+°K/W;and (0.4 £+ 0.25) - 10" m?°K/W for wetted PFMS-4 oil, Calculation
using Eqgs. (1) and (2) for identical contact conditions gave 1.05- 104 and 0.32- 10"* m?- K/ W, respectively, in-
dicating the good agreement with the experimental data. However, it can be seen that the TCR instability is
quite large., In introducing corrections to TCR in the calculation formulas for the thermal conductivity, the
noneliminated part of the error, allowing for the two contact layers of the specimen, for dry contact (de) will be
APge = 1-10"  m?. *K/W and APy = 0.35 -10~* m?- °K/W for wetted oil.

In addition to microroughness elements on the contact surfaces, the TCR is also influenced by the pres-
ence of the micrononuniformities, various types of deviations of the surface shape from plane-parallel,

In general, micrononuniformity sources are errors in fabrication, nonuniform wear, and mechanical and
thermal deformations of the contact plates of the thermal measurement cell and specimen, Errors due to
manufacture and wear are easily controlled by very simple means, for example with straight-edge templates,
or by taking impressions on a flat surface. Mechanical and thermal deformations usually arise during the test
and it is considerably more difficult to detect them. For design and operation of thermophysical instruments
it is important to establish the allowable deviations in the shape of the contact surfaces of the thermal mea-
surement cells. The presence of concavity or convexity on the contact plate of the thermal measurement cell
introduces a systematic error into the measurement, and it is therefore desirable to investigate the possibility
of allowing for this by the same methods as were used to eliminate TCR due to microroughnesses. Our inter-
est in practice is to consider the influence of concavity and convexity of a maximum value of 0.1 to 0.2 mm,

The presence of a gap of some shape w(r) between the surface of the specimen and the isothermal con-
tact plate is equivalent to introducing an additional TCR with the same law for distribution over the surface

Po(r)=w(r)hy -

We consider a specimen in the form of a planar circular plate, over the edge of which TCR is distributed in
parabolic form (Fig. 1)

Peire — Ppp

P()=—p B+ B,

At the edge of the specimen the TCR is determined by the microroughness, and at the center it is deter-
mined by the maximum bending. We shall make later calculations for Pgjpe = 0.4° 10 ¢ m?+°K/W and Pp, =13-
10”4 m?+°K/W, which corresponds to a maximum bending of 0,2 mm and to filling of the contact layer with
PFMS-4 oil with Ay, = 0.15 W/(m-°K). Because of the symmetry we shall consider only one half of the speci-
men with a single contact layer. The total thermal resistance of this system can be obtained approximately by
subdividing it with adiabats_ (P%) and isotherms (P%; ). Here the true value of the resistance Py must lie be-
tween the values Pg and Pj.
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Analysis shows that for subdivision by adiabats the thermal conduction of the system can be calculated
by the formula

R
+ 2 -
A?: = 25 g P P rdr = AR 1ﬂ< PClrc+ Psp ) s
d (__cu%*_m 724 P_+ Py ) (Peire— By) B+ Rp
and the specific thermal resistance is given by the expression
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For subdivision of the system by isotherms, correspondingly, we obtain
R
Alcs QT‘S o~ _;dr _ TR ln( Pcirc)
5 (-————Clr'CRZ ™M 2 + Pm) Peir—Py Py
and
i : nR? . 1 Pc\T!
Py =P —_— = ——n{ £ .
e + Ne IS)P +[Pcircf—PC H(Pm}] (4)

It can be seen from Eqgs. (3) and (4) that the specific values of TCR do not depend on the specimen
radius. In addition, in the calibration test with a copper specimen, when P’Sp <« Pgipes the results of the cal-
culation with the two formulas give identical results:

Pi=Pu=P,
From Eqgs. (3) and (4) we can determine the TCR due to macrononuniformities
P=P5—Pyp . (5)
Py =PSR): (6)

The calculation of the TCR of the macrononuniformities from the calibration test with a copper specimen, and
also with the different subdivision systems, gives the following results: Pyy = 3.6 107 m®-°K/W; P4 = 6.2°
1074 m?-°K/W, Pg = 3.6 10" 4 m?-°K/W.

For a specimen with an optimal thermal resistance of P'S =20’ 10 m?-°K/W, the error due to macro-
nonuniformities lies in the range 18-31% and must be corrected for in the formula, When we introduce the cor-
rection (0~ 2.6) - 107 m?- °K/W, the noncorrected error is Py, depending on which of the two estimates Eq.
(5) or Eq. (6) lies closer to the real case, A numerical calculation on a computer for specimens of 15 mm di-
ameter and an optimal thermal resistance of P'sp = 20- 107 m2.°K/W has shown that the estimate of TCR for
subdivision by adiabats practically coincides with the real TCR, which is obtained by considering the two-
dimensional temperature field in the specimen. Thus, for materials with thermal conductivity A, = 0.2
W/(m-°K) and A, = 1.4 W/(m*°K) the calculation gave a TCR of Pg theory1 = 6.2~ 107 m%°K/W and P theoryt
= 5,910 4 m?-°K/W, respectively.

From the results obtained we can recommend Egs. (3) and (5) for specimens with P'Sp = 20- 104 m?.
°K/W to find the limiting value of the noneliminated error due to macrononuniformities, and here the value will
not be overestimated too much for A < 10 W/(m-°K).

Thus, Egs. (3) and (5) can be used to choose the technical limits for fabricating the contact plates and
determining their allowable wear in operation, It should be noted that the formulas obtained remain valid even
for a convex contact surface, when Pgjye > Py

As was mentioned earlier, another source of macroirregularities is thermal deformation of the specimen.
This arises when there is a temperature drop through the specimen thickness. Gaps appear between the con~
tact plates of the thermal measurement cell and the specimen, and the thermal contact becomes nonuniform,
which leads also to the appearance of an additional TCR at the specimen boundary, In some cases the thermal
deflection of the specimen can reduce or completely eliminate the applied compression of the specimen be-
tween the contact plates. It is known from thermal stress theory [3] that the deflection of the central point of
a freely supported circular plate is equal to:
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TABLE 2. Calculation of Thermal Deflection and Compensating

Pressure
A 4
| Be10° ’ P.10%, -
. E-1078, Yl W/hAm- 2, oy o | Pe107S,
Material k, mm) (m Y w,, pm 8P, %
Amorphous
polymers 15 10 0,2 1 50 84 11 0,56
Reinforced ,
polymers 150 3 0,3 1 30 25 6 1,7
Glass 600 0,1 5 5 10 0,17 0,1 5,6
Ceramic 2000 1 7 5 7 1,7 1,6 | 190
- 2
w, — MR (7)
Ens

With a iinear temperature distribution through the plate and temperature drop ¢ in it, the specific bend-
ing moment is [3]:

b

M, =BE j\ (%) xdx =

2

BE®K2
T

By substituting Eq. (8) into Eq. (7) we can find the thermal bending of a circular plate

W, = POR® (9
2h
Assuming that the thermal bending wr is equivalent to an additional flat layer of the same thickness with
the thermal conductivity of the oil, the relative error in measuring the thermal resistance of the specimen is
determined to be

8P — _ Wik
Py At

The compressive stress can be found by comparing the thermal deflection wp and that of a freely supported
circular plate wp under a uniformly distributed load (pressure) p. The mechanical deflection is [41:

- PR 4
Wp = — 1 . 10
p=— L ( + M) (10)
The cylindrical rigidity D appearing in Eq. (10) is:
3
D= _Ew . (11)
12(1—p)

Taking account of Egs. (9)-(11) we find the contact pressure compensating for the thermal deformation of the
specimens
8pHEn?
T Y (12)
‘ 3R* (W-4p —5)
Taking into account that the Poisson coefficient for most materials lies in the range 0.15—0.45, we can write
Eq. (12) in a form convenient for use

p= (o.6~~ 0.9)pOE (%)2. (13)

By way of example Table 2 shows the results of calculating the relative error 6 P and the compensating pres-
sure p for materials with various physical and mechanical properties. The calculation was done for 15~mm-
diameter specimens with a temperature drop of ¢ = 30°K and with the contact zone filled with PFMS-4 oil with
Am =0.15 W/(m+°K). It can be seen from Table 2 that in the investigation of amorphous and reinforced poly~
mers one must always provide for applied compression of the specimen, while for rigid materials - glasses,
ceramics, ctc., one cannot provide the stress required to avoid thermal deflection; but it is useful, in any case,
to apply a pressure of (1-2) - 10° N/m? to stabilize the contact resistance.

The basic formulas, Egs. (3), (9), and (13), canbe used also for flat specimens of more complex shape —
squares, hexagons, with the proviso that for these one must substitute the effective radius found from the con-
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dition that specimen areas be equal,

NOTATION

1,X, ambient coordinates; R, h, specimen radius and thickness; hayy, hay,, average heights of micro-
roughnesses of the contact surfaces; w(r), deflection at the point r; wr, wp, deflections of the specimen cen~-
ter from thermal deformation and from pressure; M, bending moment; D, cylindrical rigidity; E, 4, Young's
modulus and Poisson coefficient; op, strength limit of the more plastic material; 8, temperature coefficient of
linear expansion; 4, temperature drop in the specimen; p, pressure; Y, k, relative coefficients in calculating
@m3 A, Mp, AM1 ?\Mz,—ﬁ/{, thermal conductivities of the specimen, the oil, the contact materials, and the aver-
age thermal conductivity of the pair of materials in contact; ag, @y, @M, specific thermal conductivity of the
contact, the medium, and the actual contact; Pgps thermal resistance (TR) of the specimen; AP, noneliminated
part of the TCR error due to the difference in properties of the contact materials; APgp, APge, random er-
rors in determining the corrections to the TCR for the dry and wet contacts, Piives Pm, TR due to macronon-
uniformities at the edge and the center of the specimen; Py, PZ.’ PE’ true value and approximate values of TR,
obtained by subdivision by adiabats and isotherms, consisting of one half the specimen and the gap due to mac-
rononuniformities; P&, PiV[ TR of the system consisting of one half of a copper specimen and layer with sub-
division by adiabats and isotherms; P&, PC, Pc,theory; TR of the gap obtained by approximate subdivision by adia-
bats, isotherms, and numerical solution; A%, Alz, total thermal conductivity of the system specimen ~ layer

with subdivision by adiabats and of the layer with subdivision by isotherms; AP and 0P, absolute and relative
errors in measurement of thermal resistance of the specimen; P’sp, TR of half of the specimen,
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