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Abstract--In an attempt to produce a mechanically strong thermal insulator for use at cryogenic tem- 
peratures, the variations with applied load of the thermal conductances of stacks of thin layers of stainless 
steel, tool steel, razor-blade steel, phenolic laminate and brass were measured in vucuo at room and liquid 
nitrogen temperatures. Each conductance is shown to consist of two components, one a constant due to 
radial heat leaks by conduction and radiation, the other proportional to the load raised to a power 
between 0.5 and 1. The latter component is found to vary inversely as the number of interfaces, and is 
discussed briefly from the point of view of existing theories. The mechanical and thermal properties of 
multilayer columns are shown to compare well with those of existing insulators, though some possible 

drawbacks are discussed. 

NOMENCLATURE 

area ; 
contact conductance per unit area ; 
specimen diameter ; 
strip width ; 
Young’s modulus; 
thickness of specimen layers ; 
equivalent thermal conductivity; 
bulk thermal conductivity; 
free height of stack ; 
Meyer hardness ; 
exponent of P in conductance equation ; 
number of layers in specimen stack ; 
number of asperities per unit area ; 
load per unit area ; 
gas pressure ; 
heat flux ; 
radius of curvature of disk ; 
absolute temperature ; 
yield strength ; 
distance perpendicular to plane of con- 
tact ; 
emissivity ; 
gas mean free path ; 
Stefan-Boltzmann constant. 

Subscripts 
0, zero load ; 

G, gas ; 
R, radiation ; 

S, solid ; 

J-9 total. 

INTRODUCIION 

THE THERMAL contact resistance of an interface 
between two solids has been the subject of a 
number of recent investigations, mainly from the 
point of view of maximizing heat transfer, as in 
nuclear fuel elements, aircraft and satellite 
joints, annealing rolled steel, etc. The literature 
has been reviewed extensively in references [l] 
and [2]. The present work involves an approach 
from a different angle, that of cryogenic thermal 
insulation. 

In recent years several low temperature insu- 
lating systems of very high efficiency (the so- 
called “superinsulations”) have been developed, 
but all suffer from the disadvantage of low 
mechanical strength. A comparatively small 
compressive load can irreversibly reduce the ef- 
fective thermal resistivity of such materials by a 
factor of up to 100 [3], with possibly disastrous 
results to the insulated systems. The phenomenon 
of thermal contact resistance offers a possible 
solution to the problem; the elastic modulus of 
a number of plane interfaces in series is between 
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1 per cent and 10 per cent of a solid piece of the 
same material [4]. The insulating properties 
would depend on the thermal resistance of each 
interface and the number of interfaces. 

The present investigation was an attempt to 
maximize the thermal resistance per unit length 
(equivalent thermal resistivity) due to each of 
these factors, to discover any interference be- 
tween the two factors and to observe the varia- 
tion of resistance with applied load at room and 
cryogenic temperatures. The amount of pre- 
vious data on multiple thermal contacts is very 
limited. Measurement of the series thermal 
resistance of up to 20 interfaces between stainless 
steel and liquid sodium has been attempted with- 
out finding a measurable resistance [5]; the 
resistances of copper-steel-steelcopper and 
copper-nicral-nicral-copper series of interfaces 
have also been measured [6] and a dependence 
of resistance on thickness of individual layers 
observed. The work most closely bearing on the 
present problem is that of Mikesell and Scott [7], 
who performed measurements on columns of 
metal disks at cryogenic temperatures. They 
concluded that such systems offered consider- 
able promise as thermal insulators, having 
equivalent conductivities of as low as 2 per 
cent that of the bulk material. They also observed 
that the equivalent thermal resistivity varied 
approximately as the inverse square root of the 
individual plate thickness, a result which was 
felt to need verification if applied to other 
materials. They did not investigate the effect of 
variation of surface properties, nor attempt a 
theoretical analysis of their results. 

practical importance was the dependence of the 
solid conductance per unit area of a single inter- 
face C, on individual layer thickness h. Ideally 
all the other specimen parameters should have 
been kept constant for this investigation, and 
with this end in view four sheets of brass shim- 
stock of different thickness from the same source 
were used. (Table 1 shows that these conditions 
were fulfilled fairly well for the number of asperi- 
ties per unit area n and the surface hardness M, 
though the surface roughness was high for the 
0.058 mm specimen). However, with the limited 
resources available, it proved difficult to separate 
the effects of surface hardness and bulk thermal 
conductivity k,. The specimens finally chosen 
were of tool steel (of low ks and high M), razor- 
blade steel (of low ks and very high M) and 
laminated resin (of very low ks and M). Finally, 
the variation of thermal conductance of four of 
the specimens was investigated at liquid nitrogen 
temperatures. 

Specimens 
The specimens used were obtained from the 

following sources : Firth Vickers “Staybrite” 
F.S.T. stainless steel, Firth Brown “Speedicut 
14” tool steel, Tufnol “Carp” fabric laminated 
phenolic resin, “Ever Ready” stainless steel 
razor-blade blanks and Macready’s Metals 
shimstock brass. 

EXPERIMENTAL WORK 

The Staybrite stainless steel specimens and 
brass specimens were assembled from 1.9 cm 
diameter disks cut from sheet with a special 
punch. Slight curvature was produced by the 
punch in many of the disks, the effect of which 
was minimized by assembling the layers at 
random. 

Mikesell and Scott found that the thermal The tool steel disks were supplied cut to 1.9 cm 
resistance of N contacts in series was propor- diameter by the manufacturer. 
tional to N. As this is not really self-evident (and The razor-blade blanks supplied by the manu- 
is untrue for “superinsulations”), it was felt facturer were cut to shape but with edges not 
that the present experimental work should be- ground. The property of particular interest was 
gin by checking this result, as ultimately all other their very high hardness. As this was only im- 
conclusions depend on the relation of the total parted after the sheet had been cut into blanks 
resistance to N. Thin stainless steel disks were it was necessary to use their peculiar form. 
used for these measurements. Also of great The laminated resin specimens were assembled 
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from squares cut with a guillotine, as the punch 
was found to damage this sheet. 

Full details of specimen properties are given 
in Table 1. 

Measurement of surface properties 
Measurements of surface hardness were made 

on all specimens (except the phenolic laminate) 
using a Vickers micro-indenter and projection 
microscope. Satisfactory impressions couid not 
be obtained with the laminate material, and the 
value quoted is converted from the manufac- 
turer’s Rockwell number. For each specimen 
several measurements were made on each side 
of a single disk or rectangle. This was repeated 
for several similar areas and the overall arith- 
metic mean taken. Measurements are given as 
values of Meyer hardness M (i.e. the ratio of 
load to projected area of indentationtsee 
Table 1. 

Surface roughness and the wavelength of 
microscopic asperities were measured with a 
Talysurf profilometer (Rank Taylor Hobs& 
Ltd.). The centre-line-average roughness was 
read off the instrument’s electronic integrating 
meter and a chart recording of the actual sur- 

face profile was obtained simultaneously. The 
average wavelength of the microscopic asperi- 
ties was found by counting the number of peaks 
per unit length of surface on the chart recording. 
A number of layers of each material were 
examined, and each was measured in two 
mutually perpendicular directions on either 
side. From these figures a CLA value for rough- 
ness and a mean number of asperities per 
unit area, n, were calculated for each specimen 
(see Table 1). The maximum wavelength cut- 
off in the Talysurf instrument is @8 mm as 
normally used. It is thus impossible to register 
waviness if its wavelength exceeds this figure. 
To investigate the presence of waviness the 
specimen under measurement was held against 
a steel block of surface-plate finish by two steel 
straps in order to remove buckle. A reference 
stylus then moved over an optical flat as a datum 
while the profilometer needle moved over the 
specimen and the difference in levels between 
the specimen and the flat was recorded on the 
chart. No real evidence of waviness was found 
for any of the specimens, though residual buckle 
was present in several. 

Two comments on the measurements must be 

Table 1. Properties qf‘specimens at 293‘ K , 

Material Composition k, -h n CLA 
(%) (W cm-’ degK_‘) (mm) (kgLm2) (I&) (cm-‘) roughness 

(1O-4 cm) 

Staybrite F.S.T. 

Speedicut 14 

Carp 

Ever Ready blade 
blanks 

Brass cu 70, Zn 30 

C 0.07, Si 06, 
Mn 0.8, Cr 18, 
Ni 9 

C 0.6, Cr 3.5, 
V 0.65, W 14 

fabric laminated 
phenolic resin 

C 1, Cr 12-13, 
Mn 1, Si 0.1, 
P 0.02, s 0.01 

0.15 0.056 320 106 4750 o-37 

0.10 0.672 496 360 2460 0.65 

0@035* 0.178 39 to 44 76 28.4 043 

0.23 0.108 820 - 6900 0,062 

0.96 0.413 214 95 3ooo o-21 
0,282 203 60 3290 1.18 
@140 182 156 3300 0.25 
0.058 145 143 3440 0.48 

* Perpendicular to plane of sheet. 

3B 
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made. Firstly, due to the shape of the razor-blade 
blanks, no profiles could be obtained in a trans- 
verse direction, and the figures given are aver- 
ages in the longitudinal direction only for both 
sides. Secondly, the extremely low value of n for 
the laminate specimens was self-consistent: no 
smaller asperities were observed even at the 
limits of magnification (50000 x vertical, 100 x 
horizontal). 

Measurements of the radius of curvature (R) 
were by indirect means. The free height L of a 
column of N disks of diameter D was measured. 
Simple geometry then gives 

o2 
R = 8(L,fN - h) 

In the case of the laminate specimens, D was 
taken as the length of the diagonal. No such 
measurements were attempted for the razor- 
blade blanks. The measured values of R (see 
Table 1) are, of course, average, and do not imply 
that particular disks were spherically curved. 

DESCRIPTION OF APPARATUS 

The thermal conductance apparatus (see Fig. 
1) has been described in detail elsewhere [S] 
and only a brief account of it will be given here. 
The heat sink was a hollow copper cylinder which 
could be filled with liquids or liquefied gases 
appropriate to the temperature range under 
consideration. A hollow tube passed through the 
heat sink and contained a shaft through which 
load was transmitted to the specimen assembly 
which was supported by an adjustable platform 
suspended from the base of the heat sink. Speci- 
men chamber and heat sink were enclosed in a 
copper vacuum jacket, and the whole apparatus 
surrounded by a Dewar flask containing the 
appropriate liquid for stabilizing the thermal 
environment. The temperature of the heat sink 
could be varied by reducing the pressure above 
the boiling liquid it contained. To this end, it 
was connected to a rotary vacuum pump and a 
manostat. The tube containing the load-bearing 
shaft served also as the sink-fluid pumping line, 
and for this reason stainless steel bellows were 

used at its upper and lower extremities to allow 
vertical movement of the shaft while preserving 
vacuum integrity. Load was applied to the shaft 
by a lever and hanging weights arrangement 
(see Fig. 1): this “dead-weight” method has the 
advantage ofmaintaining a constant load despite 
thermal changes in specimen geometry. 

RG. 1. Thermal condu&wce apparatus. 

Two specimens of each material were used in 
each measurement with a heater between them 
(see Fig. 2). The specimens contained the same 
number of interfaces and it was assumed that 
their behaviour under load was identical. If a 
single specimen had been used, as in a normal 
thermal conductivity apparatus, the stray heat 
leak through the heater support would have been 
of the same order of magnitude as the heat flux 
through the specimen. The heater used was a 
100 kQ wire potentiometer track embedded in 
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a copper block, and power was supplied to it at 
up to 80 V from a specially developed circuit [9]. 
Thus the necessary current was very small and 
the heat leak could be minimized by using very 
line leads. 

Fluid reservoi 

FIG. 2. Specimen chamber, 

The resistance of the heater was initially 
measured with a Wheatstone bridge at room 
temperature and 77°K. The heater current was 
determined by balancing the potential drop 
across a standard resistor in series, and hence 
the power dissipated in the heater was deduced. 
The e.m.f.s of the copper-constantan differen- 
tial thermocouples used for thermometry were 
balanced to lo-’ V with a Diesselhorst poten- 
tiometer having thermoelectric-free accessories. 
Stray thermal e.m.f.s were backed off initially by 
a compensator. 

Experimental procedure 
Specimen lengths varied from 2 to 7 cm 

according to the number of layers available. 
Once a specimen was in position on the appara- 
tus, constantan heater leads and thermocouple 
wires were attached. For the disk specimens, 
special brass end-plates with “horns” were 
made to carry the thermocouples, which were 
wound on the horns over a thin layer of lacquer 
for electrical insulation. With the phenolic 
laminate specimen, end plates of laminate were 
used and of course needed no electrical insula- 
tion. The thermocouples for the razor-blade 
stacks were attached directly to the platform 
and heaters. All electrical leads were 40 S.W.G. 
and spirally coiled to decrease heat leaks. The 
radiation shield was assembled, the vacuum can 
Woods-metalled in position and the vacuum 
system exhausted to between 10e3 and 10m4 torr. 

For room temperature measurements the heat 
sink was filled with acetone through the siphon. 
(It was necessary to use a volatile liquid for ease 
of subsequent removal by pumping.) The vacu- 
um flask was raised round the apparatus and 
filled with water: the specimen heater was 
switched on and adjusted to produce a tempera- 
ture drop of up to 3 degK across each specimen. 
Twenty-four hours were allowed for the system 
to attain the steady state before taking measure- 
ments. After a change in applied load, it required 
from 6 to 12 h to restore equilibrium. Measure- 
ments were usually made at the rate of two a 
day. 

At liquid nitrogen temperatures the procedure 
was somewhat different. Both the vacuum 
jacket and refrigerant system were exhausted 
initially. The outside was first cooled by slowly 
raising the Dewar flask filled with liquid nitro- 
gen. Helium exchange gas was then admitted to 
the vacuum system to precool the heat sink, 
and finally the exchange gas was pumped away 
and liquid nitrogen siphoned into the heat sink. 
Relaxation times to attain the steady state at 
liquid nitrogen temperatures were from 13 to 3 h. 

In the case of the tool steel and the razor- 
blade steel specimens at room temperature the 
initial load was a low weight in order to retain 
the specimen in position, and the initial increase 
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of pressure was the first to which these specimens 
had been subjected. In all the other runs the 
maximum pressure was applied to the specimens 
for 24 h before measurements began, in order to 
ensure a fully elastic response. 

For the electrical resistance measurements the 
ends of the specimens were electrically insulated 
from the rest of the apparatus. Room tempera- 
ture measurements were made with the poten- 
tiometer; those for the 77°K system were made 
with an Avometer. In all cases electrical measure- 
ments were made after thermal measurements in 
case thermal equilibrium was upset by Joule 
heating. 

It was originally intended to make electrical 
measurements on the brass disks also, but when 
this was attempted it was found that reversal 
of the current produced changes of up to 100 
per cent in the potential difference across the 
specimen. This is tentatively attributed to the 

rectifying action of copper oxide films on the 
contacts. 

The thermal and electrical conductance results 
are plotted in Figs. 3-X. 

Accuracy of measurements 
Assuming the masses of the weights and the 

effective length of the moment arm were known 
accurately, the error in the applied pressure 
arose from two sources: errors in measuring 
specimen cross-sectional areas, and elastic reac- 
tion in the bellows. The first of these was a 
systematic error in any one run and did not 
affect the relative accuracy of results in that run. 
It might have amounted to as much as 10 per 
cent in the case of the disks and rather less for the 
others. The error due to the bellows varied with 
the applied load. Attempts to measure it by using 
a germanium crystal in place of the specimen as a 
strain gauge were unsuccessful. Rough measure- 

0 266 contacts 

* 385 contoch 

a 491 cootacts 

A 600 contacts 

v 502 contocts, 77*K 

FIG. 3. Slainless steel. total conductance. 
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51 contacts 

-- 
20 40 60 

F: kg cm-’ 

FIG. 4. Tool steel, total conductance. 

f, kg cmm2 

5 IO 5 102 5 103 IO 
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O2 
5 100 5 IO 5 102 

f, kg cm-’ 

15 - 

/ 
IO - 

5- 

/ 

0 

103 contacts . 

0 Lood decreasing 

l Load increasing 

v 
I I 

IO 20 ---h 
t? kg cm-’ 

FIG. 6. Phenolic laminate, total conductance. 

l 1st increase of load 

A 1st decrease of load 

0 2nd increase of load 

A 2nd decrease of load 

I I I 
5 IO 15 

p. kg cm-’ 

FIG. 5. Tool steel, electrical conductance. FIG. 7. Razor-blade steel, total conductance. 
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p, kg cm-’ 

FIG. 8. Brass, total conductance. 

ments at room temperature suggested that a force 
of about 5 kg was required to compress the 
bellows fully, but of course the elastic force would 
have been larger at low temperatures. In fact 
loading was always conducted so that the 
bellows were at medial extension after the initial 
load; thereafter the extension was of the order of 
0.1 mm. 

Errors in the thermal conductance measure- 
ments were simply those in the electrical mea- 
suring instruments. Heater power dissipations 
were determined to better than f 0.5 % abso- 
lutely and to better than +0.1x relatively. 
Temperature differences were measurable to 
+ 3 % or better in the worst cases at low tem- 
peratures, and to better than ) 1% at room 
temperature. Electrical conductance measure- 
ments were accurate to + 5 % or better at 77°K 
and to 10.1 ‘A at room temperature. 

DISCUSSION OF RESULTS 

Components of total thermal conductance 
The measurements actually made in the 

thermal conductance experiments were those of 
temperature difference across the specimens and 
total heat input. It is now necessary to consider 
the various paths between the heat source and 
sink which this energy could have taken. The 
possible paths in parallel through the specimen 
include conduction and radiation through the 
interfacial fluid. Also there are the possibilities 
of radial convection, conduction and radiation, 
besides conduction through the electrical leads. 

The total solid conduction through the speci- 
men, (C,),, can be split into two series compo- 
nents due to the constriction conduction across 
interfaces and conduction through the bulk 
material, i.e. for the ith layer, 

f&= %(&)i+~(&)i C2) 
i=o ix0 ’ ’ 

Approximate values of C, can be predicted 
from reference [l]. If these are compared with 
the values of k, and h in Table 1, it can be seen 
that the second term of equation (2) is unlikely 
to exceed 10 per cent of the first, and will in 
most cases be of the order of 1 per cent. We may 
then write as a fair approximation 

(C,), = C&N. (3) 

Convection in the interfacial fluid, or between 
the specimen and walls of the chamber, need not 
be considered at these low gas pressures as the 
Grashofnumber is less than 2000 [lo]. Due to the 
smallness of the interfacial gap and the long 
mean free path of the gas molecules, fluid con- 
duction at these pressures should be free- 
molecular and therefore negligible compared 
with solid conduction (see below). There is strong 
experimental support for this from references 
[l l] and [12]. In each case a sharp fall in contact 
conductance to a constant value was reported as 
the gas pressure decreased. Skipper and Wootton 
[ll] reported this fall as being complete at 10 
torr for helium at 3OO”C, while Shlykov and 
Ganin [12] found no change below 1 torr for 
air at about 200°C. 

The maximum values of heat conductance per 
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unit area due to radiation across the interfacial 
gap (C,) can be calculated from Stefan’s law 
as 0.6 mW cm- 2 degK- ’ at room temperature 
and 0.01 mW cm- ’ degK- ’ at 77°K. These are 
negligible compared with the conductance re- 
sults per contact obtained. It would appear, then, 
that in the present experiments the only heat- 
transfer mechanism of importance through the 
specimen is the solid conductance. 

In the absence of other heat paths the con- 
ductance-pressure graphs would be expected to 
extrapolate to zero conductance at zero load. It 
is evident from Figs. 3,4,6-8, however, that they 
do not. The values of the intercepts Co vary 
between 3 and 10 mW degK- ’ (see Table 2). The 
explanation for this large variation must lie in 
the mechanisms of the radial heat leaks (those 
through the electrical leads can be shown to be 
negligible). 

Convection is negligible at these vacua. To 
determine the part played by radiation, consider 
Fig. 9. One end of the specimen of length L and 
radius D/2 is at temperature T,, the other at T, 
(where TI > T,). Heat is lost from the sides of the 

specimen to the radiation shield which is at 
temperature T,. If the axial temperature distribu- 
tion in the specimen is assumed linear, the 
temperature T, of an element dz distant z from 
the sink will be 

T, = T2 + ;(TI - T2) (4) 

As (TI - T,) < 3 degK, we can say that TI w 
T2 = T and (TI - T,) + T ; then from equation 
(30) of reference [12], 

d& = 47cD dzf(e)oT3(Tz - T2) (5) 
L 

a=J 

4rcDf(s)aT3(T1 - T2) 
R L 

zdz (6) 

= AD~(E~cT~(T~ - T,)L. (7) 

For diffuse reflection between two coaxial 
cylinders [ 141, 

f(E) = 
El&2 

~2 + UW2)(1 - ~2h 
(8) 

where D1, D, are the diameters of cylinders of 
emissivities sl, s2 respectively (s2 # 1). 

Table 2 

Material Deformation N Mean 
temp. drop 

(degK) 

Staybrite F.S.T. 

Speedicut 14 

Carp 

Ever Ready blade blanks 

Brass 0.413 mm 

Brass 0.282 mm 

Brass 0.140 mm 

Brass 0.058 mm 

293 elastic 4.540 0.67 
17 elastic 4.8 1.0 

293 plastic 1.1 1.0 
293 elastic 6.2 0.87 

17 elastic 3.1 0.74 

296 elastic 10.2 1.0 1.3 
72 elastic 2.9 072 103 2.4 

296 plastic 8.3 1.0 1.6 
296 elastic 8.3 0.82 303 1.6 

72 elastic 2.8 1.0 3.0 

296 elastic 

295 elastic 0.5 0.65 

294 elastic 0.5 0.65 

296 elastic 0.5 0.54 

3.5 0.88 

see Fig. 3 1.0 
502 2.9 

1.8 
51 1.8 

2.3 

75 1.4 

109 0.6 

100 0.6 

103 0.4 
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RO$ii”i~Chl 

G 

Ll 

Heot sink 

G 

*--_D--* 

Heater 

r, 1 5-r Lower 
specimen 

FIG. 9. Specimen chamber, showing radial heat leaks. 

The emissivity of the specimen, being that of a 
large number of rough edges, is probably near 
unity. Taking the emissivity of the copper radia- 
tion shield as 0.02, then f(e) is approximately 
0.06. Equation (7) then gives values of 4 mW 
degK_’ for the total radiation heat leak from 
the largest specimens at room temperature, 
assuming similar temperature distributions over 
each of a pair of specimens. This is too small to 
account for the observed variation of C,. 

There remains radial conduction through the 
gas. Gaseous conduction at normal pressures is 
independent of gas pressure, while at high 
vacuum it is proportional to the pressure. There 
is an intermediate region of pressure, known as 
the transition region, where conduction is by a 
combination of both mechanisms. The transition 
region is characterized by Knudsen numbers 
between 10 and 0.1 [15]. The Knudsen number 
Kd is the ratio of the molecular mean free path /1 
to some characteristic length, in this case the 
radial separation of specimen and radiation 

Figure 10 shows the transition region for the two 
cases of present interest, air at 293°K and helium 
(exchange gas) at 77”K, and the calculated 
thermal conductances per unit area CG for 
free-molecular and kinetic-theory flows. It is 
permissible to use interpolated conductances in 
the transition region [ 161. 

P (torr) 

FIG. IO. Radial heat leaks through gas. 

1 

1 

_.I 
IO 

Considering again Fig. 9, the rate of heat lost 
by gaseous conduction from an element dz 

d& = 2710 dzC,(T, - T2). (9) 

From equation (4), 

a,=i , 2~&i(T1 - Tz) z dz 

(10) 
J L. 

0 

QG = nDC,(T, - T,)L/2. (11) 

Again assuming similar temperature distribu- 
tions over each of a pair of specimens, the total 
rate of heat lost is 2QG. As the experimental 
vacuum varied from experiment to experiment 

over the range 5 x 10d4 to 5 x 1O-3 torr, it can 
be seen that the variations in CG are sufficient 
to explain the range of values of Co for specimens 
of different sizes. Also explained is the approxi- 
mately 30 per cent variation in Co for two dif- 

shield, which is l-8 cm for the disk specimens. ferent pressures for the room temperature results 
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of Fig. 4. C,, is, in accordance with the above 
argument, invariant with the load, and so may be 
subtracted from all values of the total conduct- 
ance to give the solid conductance. 

DISCUSSION OF SOLID CONDUCTANCE, DATA 

Following the argument of the previous sec- 
tion, the intercepts Co were subtracted from the 
total conductances. The differences, the solid 
conductances, are plotted as conductance per 
contact per unit area against applied pressure in 
Figs. 1 l-15. It should be noted that in Fig. 11 
there are no significant differences between the 
results from stacks of different numbers of 
contacts, i.e. the assumption of a constant con- 
ductance per contact is justified. 

For surfaces in contact which conform closely 
on a macroscopic scale there is a well established 
expression for contact resistance [18] : 

G 4Pn 

k,= ?cM J(k) (12) 

in the symbols of the present paper where Cg is 
the limiting value of C, for conforming surfaces. 
In the present experiments the surfaces conform 
most closely when, (a) the layers are most nearly 
flat initially, i.e. small R, (b) the layers are 

relatively flexible i.e. h and E are low, and (c) the 
applied pressure is greatest. The following values 
of 

Cs C, nM 
G=k, H 4Pn 

were obtained at the highest a‘pplied pressures. 

Staybrite 4.3 
Speedicut 1.1 
Carp 55 
Ever Ready Blades 0.79 
0.413 mm brass 0.21 
0.282 mm brass 0.65 
0.140 mm brass 0.64 
0.058 mm brass 0.81 

With two exceptions, which will be discussed 
first, these values are of the order expected. For 
the “Staybrite” the most probable explanation 
is that the effective value of n was greater than 
quoted in Table 1. For the “Carp” the value of 
ks in the local phenolic material at the surface 
was probably very much higher than the aver- 
age value of the laminate and this controls the 
contact conductance. 

The effect of pressure on conformity and hence 
contact conductance can be estimated as fol- 
lows. Consider two strips of material, of width d 

3- 

O- 

6- 

0 600 contacts 
l 491 contacts . 
A 365 contacts 

A 266 contacts 

I I I 
20 30 50 

e kg cm-’ 

FIG. Il. Stainless steel, room temperature solid conductances 
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---- Theoretical 

10-3 
5 IO 5 

C kg cm-z 

FIG. 12. Tool steel, room temperature solid conductance 

p, kg cm-’ 

FIG. 13. Phenolic laminate and razor-blade steel, room 
temperature solid conductance. 

and curvature R across the width, pressed to- 
gether between flat anvils ; the elastic theory of 
bending gives 

area of macroscopic contact 

area of strip 
=X5=1 

- & (131 

and 

CS 

c:,= 
X 

actual contact pressure 

> 
= 

apparent contact pressure 

Therefore 

JX (141 

Eh3 
&I---- 

3PRd’ 
(15) 

This assumes that the deflection of the layers 
remains elastic, and a very simple shape of 
initial deformation. However in general it would 
be expected that 

Eh3 
e 1 - constant PRdZ (161 

Qualitatively the results for various thicknesses 
of brass layers bear this out. It is difficult to carry 
the analysis much further quantitatively because 
the precise shape of the deformations of layers 
is not known. Further experimental work could 
establish this. The fall of Cs with reduction of 
P will of course be more rapid than Holm’s 

0.17 
I I I 

IO 20 40 

p. kg cm+ 

FIG. 14. Brass, room temperature solid conductance. 
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prediction that C, cc Pm, where m = 4. This is 
confirmed by the experimental results (Table 2). 

Electrical co~~ctance results 
The main purpose of the electrical con- 

ductance measurements was to observe whether 
similar mechanisms were operative in both 
electrical and thermal solid conductance. Figure 
5 suggests that this is in fact the case both at room 
and liquid nitrogen temperatures. The slopes of 
the graphs are 0.93 and 0.82 respectively, com- 
pared with 0.89 and 0.74 for the corresponding 
thermal measurements, 

I, I 1 I I I I 

F: kg cd 

FIG. 15. Low temperature solid conductance. 

The apparent Lorenz number is N lo5 times 
the calculated number at 77X, and N lo6 times 
the calculated Lorenz number at room tempera- 
ture. The reason for this is almost certainly the 
presence of an oxide film, whose thermal con- 
ductivity would be of the same order as that of the 
bulk material but whose electrical conductivity 
would be very low. No measurement of the film 
thickness has been attempted. 

CONCLUSIONS 

application to thermal i~sulut~o~ 
The thermal conductance per unit area per 

unit Iength, or equivalent thermal conductivity 
K, can be written for a long multilayer stack 

under vacuum conditions as K approximately 
equals Csh. Plots of K vs. P afford a useful basis 
of comparison between insulations (see Fig. 16). 
The most promising performance, both at room 
and liquid nitrogen temperature, is that of the 
phenolic laminate. 

F 0262mm brass 
G 0~14Omm brass 
H C+58mm brass 

f: kg cm“ 

FIG. 16. Equivalent thermai conductivities. 

In Table 3 the ratios of k, to K at room tem- 
perature and P = 10 kg cmV2 are shown. These 
may be taken as a measure of the insulating 
efliciency of the stacks. If log (k,/K,,) is plotted 
against log ks, the points appear to be a reason- 
ably good fit to a straight line of slope 2 (see 
Fig. 17), implying that K,, is proportional to 
k$. No theoretical reason for this relationship 
is apparent, and in view of the fact that other 
important parameters (e.g. hardness) are not 
kept constant, it may be that the relation is 
fortuitous. If it is a real effect, however, it would 
indicate that little improvement in the efficiency 
of the insulation would result from choosing 
materials of lower bulk thermal conductivity. 

From a practical point of view the variation of 
insulating efficiency with thickness of individual 
layers is of some importance. As the other para- 
meters are held more or less constant in the case 
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Table 3 

Support (multilayer K,, Y k,lK,, 
unless otherwise stated) (mW cm-’ degK_‘) (kg cmmZ) 

Y/K,, 
(10’ kg degK W-’ cm-‘) 

Staybrite F.S.T. 3.1 8200 41 22 

Speedicut 14 4.4 15000 23 34 

Carp 0.66 770 5.4 12 

Ever Ready blade blanks 4-2 52 

Brass 0,413 mm 6.0 3300 160 5.5 

Brass 0.282 mm 22 3300 44 1.5 

Brass 0,140 mm 11 3300 87 3.0 

Brass 0.058 8.2 3300 117 4.0 

Solid Dacron 1.5 1400 1 9.3 

Solid Mylar 1.5 700 1 4.7 

Solid* titanium alloy 60 10000 1 1.7 
(4AI4Mn) 

* Average value between 20°K and 300°K 

FIG. 17. Conductivity ratio vs. bulk conductivity. 

of the brass specimens there is justification for 
plotting ks/KIo vs. h for these (Fig. 18). The 
curve with a minimum is what would be ex- 
pected from the interaction of two mechanisms, 
one the increase in resistance with number of 
contacts per unit length, the other being the 

increase in resistance per contact with thickness. 
The exact position of the minimum would pre- 
sumably vary with the material, and could not be 
predicted without a knowledge of the variation 
of Cs with h. It would seem safest, in the light 
bothofthepresent resultsandofthoseofMikesel1 
and Scott, to use the thinnest material available. 

A comparison figure of merit sometimes used 
for cryogenic supports is the ratio of yield 
strength Y to thermal conductivity. The yield 
strengths of multilayer stacks in compression are 
those of the bulk materials. Values of Y and 

Y/K10 are shown in Table 3, together with 
figures for the best materials used hitherto [20]. 

1 I I I I I I I I 
0 04 0.2 0.3 o-4 

h, mm 
FIG. 18. Brass. conductivity ratio vs. thickness. 
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On this basis the use of multilayer stacks in 
compression appears quite promising. 

One final point which should be discussed is 
the radiant heat exchange with an insulator of 
this type in practice. A realistic situation might 
be a stack of length 10 cm with 100 contacts per 
cm and boundary temperatures T1 and T,, being 
300 and 77°K respectively. The radiative heat- 
transfer rate OR for such a system is given by 
Vance [3] as : 

QR (T’: - Td;) 
- = (r (N - 1)(2 - E) A 

(17) 

For 0 < E Q 1,23 < &jA Q 46 pW cm-‘. The 
higher figure would apply to the laminate and 
would be of the order of the solid conductance 
per unit area for P equal to 10 kg cmm2. 

The mechanical design of insulators embody- 
ing multilayer stacks is not within the scope of 
this work. It might be mentioned, however, that 
research on the mechanical properties of these 
stacks [43 has indicated that their effective 
elastic modulus in compression is low under 
small loads (where the predominant process is 
flattening of the buckle of the individual disks), 
but approaches that of the bulk material as the 
load is increased. 

The above discussion suggests general prin- 
ciples for the design of insulation supports, for a 
given P, and overall length. 
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R&un~Afin d’obtenir un isolant thermique pour les temperatures cryogeniques, qui possede une rt- 
sistance mkcanique, on a mesurt dans le vide les variations en fonction de la charge appliqute des conduc- 
tances thermiques d’empilements de feuilles minces d’acier inoxydable, d’acier a outils, d’acier pour lames 
de rasoir, de r&sine phenolique et de laiton a la temperature ambiante et a celle de l’azote liquide. On 
montre que chaque conductance se decompose en une composante constante, due aux pertes de chaleur 
radiates par conduction et rayonnement et une autre proportionnelle a la charge a une puissance comprise 
entre 0,5 et 1. Le dernitre composante est inversement proportionnelle au nombre d’interfaceb et on discute 
britvement ce resultat du point de vue des theories existances. Les proprietts mecaniques et thermiques des 
colonnes multicouches sont comparables a celles des isolants existants, bien que quelques inconvenients 

soient possibles. 

Zuaammeofaaaung-In einem Versuch, einen mechanisch festen, thermischen Isolator zum Gebrauch bei 
kryogenen Temperaturen herzustellen, wurden die b;nderungen der Wlrmeleitfahigkeit von Stapeln 
diinner Lagen aus Stainless Steel, Werkzeugstahl, Rasierklingenstahl, Phenolschichten und Messing unter 
aufgebrachter Last im Vakuum bei Zimmertemperatur und bei der Temperatur des fliissigen Stickstoffs 
gemessen. Es zeigt sich, dass jede Leitfahigkeit aus zwei Komponenten besteht : einem konstanten Anteil 
infolge radialer Warmeverluste durch Leitung und Strahlung und einem zweiten, der einer Potenz zwischen 
0.5 und 1 der aufgebrachten Last proportional ist. Die letztere Komponente verlndert sich umgekehrt wie 
die Zahl der Trennschichten; sie wird kurz nach Gesichtspunkten bestehender Theorien diskutiert. Die 
mechanischen und thermischen Eigenschaften der Vielschichtenslulen lassen sich gut mit jenen beste- 

hender lsolatoren vergleichen, doch sind einige miigliche Nachteile in Betracht gezogen. 

AEEOTP~HII-C qesbro coaAaHm MexaHmecKK npoworo Tennouoro uaons’eopa ~JUI swnonb- 
BOBPHKFI npn KpuoreHkinx TeMnepaTypax nposeneun KccneAoBaHkiK BJIHI~HW~~ HarpyaoK Ka 
TenJlOnpOBOAHOCTb AJISI 6onbmoro KOJlWieCTBa MaTepWJIOB B BHAe TOHKEX CJlOeB (HepWa- 
BeIo~eftCT~K,uHCTpyMeHTaJrbHOftCTaJrK,CTaJIKAn~6pKTBeHHHXneaBK~,~HOnaK6poHan) 

B saKyyme npw KoMHaTHofi TemnepaType II TeMnepaType HtuAKoro aaora. IIoKaaaao, 9To B 
Ka%AOM Cny~aee~~eKTKBH~TennOnpOBOWIOCTbCnaraeTC~KaAByXCOCT~nRlorqHX:oAHa- 
nOCTOlZHHaJ3, 06yCJIOBJIeHHaR yTeqKO8 TenJla TenJIOnpOBOAHOCTbIO A WEiJlyqeHBeM, Apyrafi 
nponop~noHaaIbHaRHarpyaKe~cTeneHM 0~0,5AO 1. 3TOTnOCJIeAHHlf KOMnOHeHT, KOTOpHti, 

KaKHattAeHO,O6paTHOnpOnOp~HOHa~eH~HC~ynOBe~XHOCTe~pa~Ae~a,KpaTKoO6Cy~AaeTC~ 
C TOqKU 8peHIll-i Cy~eCTByIOIQKX TeOpkifi. nOKaaaHO,9TO MHOrOCJIOiHafi KOi'IOHHa o6raAaer 
XopOILWdlI MeXaHWIeCKWMH EI TepMHYeCKSiMK CBOflCTBaMLi n0 CpaBHeHHn, C KaBeCTHbIMH 

HS3OJIRTOpaMH.PaCCMOTpeHH HeKOTOpHe HeAOCTaTKHTaKHXMaTepHanoB. 


