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Abstract

A number of physical and ITlechanical
properties of ITlaterials used in low tempera
ture applications are described with references
to both theory and cOITlpiled data. These pro
perties, which fall into three ITlain groups,
thermal, electrical, and mechanical, are given
for pure metals, alloys, and a few nonmetals.
In essence, this paper is a review of concepts
and available data for low temperature engineer
ing applications of nonsuperconductors.

1. Introduction

The field of applied superconductivity
has seen tremendous progress in the past
several years and much grander achievements
seem waiting just over the horizon. Quite
naturally, a great deal of effort has been devoted
to understanding and improving supercondueting
materials for many diverse applications. The
investigation of other components of low tem
perature systems, however, has not been as
evident but, clearly, the designers and builders
of such systems must constantly make decisions
regarding the suitability of various nonsuper
conducting materials for application at low tem
peratures.

In this paper some old as well as new
inforITlation on a nUITlber of the more important
properties of metals, alloys and a few non
metals are presented. The properties fall into
three ITlain groups, therITlal, electrical, and
mechanical. Within each group, a number of
properties, ranging from the commonplace to
the relatively bizarre, are discussed. Where

The use of trade names in this paper of specific
products is essential to a proper understanding
of the work presented. Their use in no way
implies any approval, endorsement, or recom
mendation by NBS.
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it is practical, both a data compilation and a
general introductory text are referenced for a
given property. These references include
many compilations of the NBS Cryogenics Divi
sion, wherein other publications are referenced.
Frequently, a number of compilations exist in
which a given property is treated. In Sections
II, III, IV, and V only one or two of the most
recent compilations are listed, but in Section
VII a reasonably complete table of such com
pilations and their contents is given.

A good deal of existing information on
thes e properties is not of much us e to the
designers of large magnets. For instance,
many physics experiments have been done,
over a restricted temperature range, on alloys
of no technological importance, which resulted
in information mostly of value to the under
standing of metals. Therefore, such informa
tion is not included in this paper, and the dis
cus sion that follows relates only to materials
which are used, or are likely to be used, in
low temperature designs in the near future.

In Sections II, III, IV, and V, the various
properties are described. In Section VI, some
conclusions and suggestions for needed work
are presented. In Section VII, a tabular des
cription of the referenced data com.pilations is
given.

An excellent descriptive text for all of
the properties discussed herein is the book by
Rosenberg:

II. Thermal Properties

In general cryogenic applications, some
of the most severe engineering problem.s are
related to therm.al properties of materials. The
time and amount of cryogenic fluid required to
cool a structure and the pos sible catastrophic
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General behavior of the thermal con
traction for several clas s es of materials.

heat of materials for which QI is known.

Figure I shows some broad generaliza
tions about the behavior of various materials
and Fig. 2 shows measured curves for a num
ber of important materials. The curves of Fig.
2 are all from Corruccini and Gniewek 3 except
the one for 304L stainless steel, from Arp et a1.6

and the TFE curve, which is from an extensive
new compilationS of the properties of six poly
mers of technological importance.
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A. Thermal Expansion

Thermal expansion data are invariably
presented in one of two forms: the total expan
sion referred to room temperature

effect of combining large temperature gradients
and large thermal expansion coefficients are
typical problems which must be considered. Of
particular importance to magnet design, where
current densities tend to be high, is the problem
of removing heat from the interior of coil struc
tures. This may be a transient problem, as
with superconductors, or a steady state one, as
with resistive cryogenic magnets.

The most l'ecent general reference in the
field of thermal expansion is a new text by B.
Yates.a Other publications of interest are a com
pilation by Corruccini and Gniewek,3 which is
the most complete work available on both metals
and nonmetals up to 1961, and several later
papers which present additional data on engineer
ing alloys,4,5,6 epoxies,? and other nonmetallics~

The measurement of thermal expansion to
the precision required for engineering applications
is relatively eas y. This precision is effectively
the limit of material variability and is ~ 0.1 %. It
is pos sible to make meas urements with a preci
sion near 1 part in lOB for the length change.

Measurement of properties at 4 K only is
really not sufficient for modern problems. Li
quid neon is already used with a large cryogenic
aluminum magnet at NASA-Lewis, and it is quite
likely that the future will see use of liquid hydro
gen, slush hydrogen and supercritical helium
(5-6K). Furthermore, in non-static operation,
parts of a system may perform wide excursions
in temperature and it is important to understand
the possible effects of these excursions.

6L
L

L (T ) - L (29 3K)
L(293K)

( I )

(3)

A straightforward thermodynamic deriviation of
QI leads to the result 1

where Y is the Griineisen constant, Cv the
specific heat at constant volume, V. and 13 the
bulk modulus. As we will see in Section IV, this
relationship can be used to estimate the specific

or the expansion coefficient For most materials, the curve is quite
regular and predictable. If, however, a trans
formation takes place on cooling, such as the
martensitic transformation, then the curve will
be complex. Some specialized materials such
as the filled epoxies and alloys of the iron-nickel
system can be produced with a wide range of
possible values of 6L/ L. Thus, these materials
are useful for matching thermal expansion
values of dissimilar materials, e. g., Kovar
seals. Some nonmetals. such as Bakelite, match
metallic expansion values very well and this is
one reason they are frequently used. Magnetic
fields are observed to have a negligible effect on

(2)I dL
L dTQI =

4YY



the expansion properties of m.ost m.aterials of
the types considered here. The iron-nickel
alloys, however, do show a significant m.agneto
striction effect.

O,-------r-----.----=:::::;;:;:iilll'l

is available, there is some need for an up-to
date compilation on nonm.etals in general and
for some experim.ental work on the newer com
posite materials. The possible complexities
of this latter group, particularly their anistropic
behavior, should not be taken lightly.
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Fig. 2. Therm.al contraction curves for specific
m.aterials.

B. Thermal Conductivity

The two volume text edited by R. P. Tye 9

is a good general reference that gives both
theoretical and experimental information on
thermal conductivity of solids and gases. The
most recent and complete compilation on the low
temperature thermal conductivity of technicall y
useful materials is the new NBS monograph by
Childs et al. ~o which is now in press.

Unlike thermal expansion, thermal
conductivity is ver y sensitive to the state of the
material, 1. e., the number and type of impurities
and defects and the degree of alloying and heat
treatment. Because of this, one should be ex
tremely suspicious of "average ll curves for a
given material. Experiments to determine
thermal conductivity are quite difficult to per
form with accuracy. Thus, typical low tempera
ture thermal conductivity measurements are
usually accurate to within ± 5 - 10%. Relatively
high precision (1-2%) can be achieved but the
apparatus becomes elaborate and the measure
ments very time consuming. As we will see
later, it is often pos sible to predict the thermal
conductivity fairly well from the electrical
resistivity.

The theory of thermal conductivity is
complex in that many separate mechanisms
are operating simultaneously to transmit energy
through the material. The basic quantity of
interest is the thermal conductivity, A, as
defined by the heat transfer equation, which, in
its simplest one dim.ensional form, is

where, conventionally, 6 is the heat current in
watts, A is the crossectional area in cm 2

, T is
in Kelvin and thus A has the units of watt/ cm K.
In general the therm.al energy in a material is
transported both by the lattice vibrations (phonons)
and by the conduction electrons. These two
modes operate as thermal resistors in parallel,
such that the total therm.al conductivity is

There are a num.ber of im.portant generali
zations which can be m.ade concerning thermal
expansion. Most of these have been demonstrated
by Clark4 and are reproduced here. Large
changes in composition are required to signifi
cantly affect the therm.al expansion. Thermal
treatm.ent or the condition of an alloy has little
effect unless it produces a structural change.
The expansion coefficient at room. tem.perature is
a good indicator of the total length change to low
temperatures. This result is very im.portant to
those with limited low tem.perature measurem.ent
facilities. It holds for nonmetals as well as for
metals and alloys and the predicted length change
generally is good to ± 5%. One further general
ization of some importance is that, for design
applications, one can consider all contraction
as essentially finished by the time the material
reaches 20 K and, in fact, m.ost of the contrac
tion is effected by around 77 K.

6 = A (T) A dT ,
dx

(4)

(5)

Although most of the necessary informa
tion on thermal expansion at low temperatures
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where the subscript g is the conventional desig
nation for the lattice com.ponent (gitter is German
for lattice). Each of these two contributions are
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Fig. 4. Thermal conductivity values below room
temperature for several classes of
materials. For pure metals in particular
the curves are drastically affected by
purity.
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For most pure conductors, the effect of
a magnetic field on the thermal conductivity is
very similar to its effect on the electrical con
ductivity, such that one can be predi~ed from

(6)

Tie

(b)

o-2 -I

Log Tie

(0)

impurity) + W (electron - defect).

In Fig. 4 are curves, primarily from the
monograph of Childs et al.10 for a number of
materials. They are chosen to be representa
tive, as far as possible, of a class of materials.
The low temperature conductivities of pure metals,
in particular, may easily vary over two or more
orders of magnitude depending on purity.

The lattice contribution, Ag' is small in pure
metals, but may be significant in alloys, and in
nonconductors (where A e = 0) it represents
the total contribution. Typical curves for die
lectric materials are shown in Fig. 3a. Figure
3b shows typical behavior of metals and alloys in
which the electronic component is predominant.
For nondilute alloys the lattice contribution be
comes significant and the hump in the curve
disappears. The curves of Fig. 3 are plotted
vs T / e where e is the Debye temperature for
the substance in question. While Debye tempera
tures are well known for elements;- 1 practically
no data exist for other materials of interest here.
Note that the maximum value of A is about the
same for the two sets of curves. The impure
dielectrics tend to have lower A values than the
impure metals by several orders of magnitude.

Fig. 3. General behavior of the low temperature
thermal conductivity of two classes of
solids. a. Dielectrics, in which the
lattice component gives the total contri
bution, and b. Metals, in which the
electronic component predominates in
all but the most impure.
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in turn made up of a number of separate com
ponents, reflecting the modes by which energy
may be lost in transit. These are series addi
tive such that the thermal resistivity, W, of,
say, the electronic branch may be written,
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t Note that this Y is not the Gruneisen constant
used in the discussion of thermal expansion.

As was the case with thermal conductivity,
the low temperature specific heat of a conductor
has contributions both from the electrons and
from the lattice. At most temperatures the
lattice component is by far the larger. Theory
gives,

where H is the enthalpy and T the absolute
temperature. From an engineering point of
view, enthalpy is the more useful concept since
it represents the amount of thermal energy
which must be removed from a structure in
order to cool it from room temperature.

where B is the volume expansion coefficient, S
the bulk modulus and V the sample volume.
This difference is small at low temperatures but
becomes significant as the temperature ris es.
It is necessary to keep this difference in mind
because theory always gives Cv and experimellts
measure C p . Thus at low temperatures we
have,

(9)

(8)

(7)C dT,
P

T

H-Ho =S
o

C - C = B 2 S VTP v

C v = Y T +aD (e/T)

where C v is the specific heat at constant volume,
D ( e/ T) is the Debye function for the lattice
contribution and a and Yare constants.t The
Debye function and the Debye theory for specific
heat are discussed in detail in the general ref
erences. For our purposes it is sufficient to
point out that the Debye function varies at T 3 at
low temperature and becomes constant at high
temperature, such that C has the Dulong and
Petit value of 3 R where v R is the gas con
stant (8.314 J/molK). Further,

Measurement of specific heat by any of
several comparative techniques is relatively
easy. An absolute measurement is difficult.
The compiled data are usually accurate to, at
best, 1% below 20 K and are somewhat better
above that temperature. As we shall see in
Section IV, it is possible to relate the specific
heat and the thermal expansion such that one
can be predicted from the other, usually with
adequate precision for design purpos es.

at constant pressure, C p ' and also tabulate
values of the enthalpy, H, relative to some
arbitrary temperature, usually chosen as
absolute zero. The relationship is

A given engineering alloy may show a dif
ference by a factor of two in A at low temperature,
depending on heat treatment and manufacturer .15

If the heat treatment is specified, a variation of
10-15% in A should be expected from sample to
sample. Often, the thermal conductivity can be
predicted from the electrical resistivity and the
Lorenz ratio for that class of materials.

C. Specific Heat

There are surprisingly few measure
rnents available on engineering alloys over the
low temperature range. More are needed. It
is also about time to start looking at the com
posite materials, particularly metal matrix, in
some detail. Work also needs to be done on all
conductors to determine whether or not the
thermal magnetoresistance tracks the electrical
magnetoresistance.

the other. This phenomenon of magnetoresis
tance is discussed in more detail in Section III
and the Lorenz ratio predictive scheme is given
in Section IV. It is important to note here that
the effect may be very large for some pure
metals with the thermal resistance at 4 K in
creasing by a factor probably in excess of 100
for very pure copper at H = 100 kOe 12 and by
6 X 104 for a gallium single crystal at T = 1 K,
H = 13.7 kOe.13 In a similar vein, very pure
metals show a low temperature size effect in
thermal conductivity, i. e., the thermal resis
tivity increases as the specimen dimensions
approach the mean free path. The work on this
topic is reviewed by Brandli and Olsen.14 Note
that size effects are no longer laboratory
curiosities; common metals (Cu, AI) are avail
able with purity values such that the mean free
path of the electrons is in the range O. 1 - 1.0
mm, quite respectable dimensions even in an
engineering s ens e.

The book by Gopal 11 is a fine general
reference to the theoretical and experimental
aspects of low temperature specific heat
measurements. The NBS monograph on low
temperature specific heat by Corruccini and
Gniewek16 and the general compilation of low
temperature properties edited by Johnson17 con
tain most of the existing data; the latter pres ents
it in graphical form. The massive compilation
of properties edited by Touloukian 18 contains
specific heat data, but does not emphasize the
low temperature region. Unlike many other
properties discus sed in this paper, very few
specific heat measurements have been reported
on engineering alloys.

Most compilations give the specific heat
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This relationship is usually well obeyed.

Stoln_ Copper
Ste.1

TFE AluminumBeryllium
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As mentioned earlier, rneas urements, at
all temperatures, need to be made of the more
recently developed materials such as composites.
Alloy data are also needed for many of the en
gineering alloys, to which the additivity rules
above do not apply due to phase changes or due
to a multiplicity of components. Data are also
needed on various other materials such as
grease s and bonding agents, some of which have
been shown to behave anomalously at low tem
peratures.

Here we will briefly outline a few other
topics related to thermal properties of materials.

"'0 Relative Enthalpy ("10)

8
M ;v' N

-' 2

Fig. 6. Change of specific heat with tempera
ture for a number of materials. Note
that the vertical scale is logaJ.\i.thmic.
The numbers give the enthalpy as a
percentage with the room temperature
value defined as lOO%.

D. Miscellaneous Thermal Properties

temperature than the thermal conductivity,
thermal equilibrium occurs very quickly at low
temperatures, i. e., the thermal diffusivity,
discussed in Section IV, becomes very large.
This also means, of course, that small heat
inputs to ins ulated parts of a low temperature
apparatus will result in large temperature rises.

D
O

(10)

TIe

0.8

As is the case with thermal expansion,
the specific heat, to the precision of interest
here, is not particularly sensitive to the state
of the specimen. In general, the simple theories
are well obeyed. Some materials do show
anomalies? but none in which we are interested
here. Similarly, there is no reason to expect a
magnetic field to affect the specific heat.

There are some interesting generalities
and consequences connected with the specific heat
behavior. One is that the specific heat of an
alloy near room temperature can be reasonably
well predicted by taking a linear combination
of the specific heats of the constituents weighted
according to relative abundance (Kapp-Joule rule).
At low temperatures one can either proceed
according to the above method or use a weighted
average of the e values. These methods all
assume that no phase changes take place as a
result of the alloying. Because the specific heat
falls much more rapidly with decreasing

Fig, 5, Theoretical behavior of the lattice
specific heat from the Debye theory.

Q2

The complete curve for the lattice speci
fic heat is shown in Fig. 5. The linear elec
tronic component usually does not become signi
ficant until quite low temperatures. For copper,
the two terms become equal at about 4 K which is
T / e ,.., 0.01. The bar graph of Fig. 6 shows
relative values for some common materials;
note the logarithmic scale. Also shown in Fig, 6
is the percentage of thermal energy remaining
at each temperature, with the room temperature
value defined as 100%. These numbers are cal
culated from the enthalpy tables ,16
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Thes e are phenomena of concern to magnet
builders and I hope the references will provide
a sufficient path to further information.

Thermometry Many solids are used
for thermometric applications at low tempera
tures: carbon, germanium and silicon, platinum,
several dielectrics and various therrrlOcouple
combinations. The diversity of materials has
come about because all have severe disadvan
tages. They may be too fragile or too expensive
or not reproducible or have characteristics
which are magnetic field dependent or require
difficult or expensive instrumentation, etc.
The actual application of solid state thermo
meters at low temperatures is a very tricky
business because of the care required to insure
that the thermometer is at the same tempera
ture as the part being monitored. A good
tr eatment of some of the problems is provided
by Hust in his paper on the thermal tempering
of electrical leads from thermometers .20 The
field of cryogenic thermometry in general is
reviewed in a recent paper by Rubin 21 which
contains more than two hundred references to the
literature.

Thermocouples are quite commonly used
for low temperature thermometry when magnetic
fields are not present. They offer the advan
tages of small size, low heat capacity, low cost
and high accuracy. Two very recent NBS pub
lications should be helpful to thermocouple
us er s, the monograph on standard thermocouple
types at low temperatures 22 and a paper on the
"gold-iron" materials developed specifically for
the helium-hydrogen range.:3 3

The only solid state thermometers that
are totall y independent of magnetic field ar e the
dielectric types. Thin carbon film resistors
may also be field insensitive, but they are now
onl y in the developmental stage. Carbon radio
resistors, while not totally independent of field,
are often used for a rough temperature measure
ment. Also, a great deal of information is
available on their field behavior if corrections
are desired. 24

Thermopower The thermopowers of
some technical alloys have been measured. The
measurement is usually made in conjunction with
a thermal conductivity experiment s inc e the
added effort is not great. The data have no direct
application in the engineering sense, although the
thermopower occurs in the theoretical derivation
of the Lorenz ratio. The reader interested in
this work will find the general introductor y text
by MacDonald 2F

, a helpful starting place. A
typical experiment on several aerospace alloys is
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des cribed by Hust, et al. 2 6

Kapitza Resistance The transfer of
heat from a solid to highly conducting liquid
helium II near the lambda point is observed
to be impeded by a thermal resistance which
is a property of the solid and/or its surface
state. In fact, this resistance is usually the
limiting factor in heat transfer under these
conditions. The temperature region where
this effect is important is quite limited (1_2K),t
but many advanced apparatus designs use
superfluid helium cooling. The effect is not
well understood and is currently being studied
by several groups. The interested reader will
find the article by Snyder 27 and the references
therein a more than adequate guide to the rather
scanty literature.

III. Electrical Properties

Knowledge of low temperature electrical
properties of materials is ess ential for a num
ber of quite diverse reasons. First, pure
normal metals, such as copper and aluminum,
are invariably used to stabilize superconductors
and, in some cas es, as the (cryogenic) conductor
its elf for both dc and ac applications. Second,
where time-varying fields are encountered, such
as in pulsed magnets and machinery, eddy cur
rent effects may occur, not only in the conduc
tors, but in the support support structure as
well, which may result in undesirable heating.
In other instances, such as levitation schemes,
slowly decaying eddy currents are desired. It
is also necessary to know the effects of low
temperatures on various properties of dielectrics,
such as breakdown strength, if optimum designs
are to be achieved. Electrical properties
measurements, particularly dc resistivity, can
also be used to monitor purity and degree of
strain in pure metals, to determine the amount
of precipitation hardening and amount of alloying
in structural alloys and as a very easy means of
predicting the thermal conductivity (s ee Section
IV).

A. Metallic Resistivity, dc

The text by Meaden 28 has become almost
a das sic in this field. It contains exc ellent
introductory material as well as a large amount
of data. Three NBS publications, the two com
pilations by Hall 29 ,30 on pure metals and the

t Kapitza resistance again becomes important
when He:3 is added to the He II to attain very
low (mK) temperatures as in dilution refrigera
tors.



This relationship is called Matthies s en I s rule. It

RRR = R(273 K)I R (4K). (11)

paper by Clark et al. 31 on engineering alloys,
give most of the available low temperature data.
Several other compilations are described in the
table of Section VII, but engineering alloy data
are surprisingly scarce.

(14)~ (pic). c.
ill

T«8

P
impurities

Figure 7 shows the wide variation of
resistivity which may be found for a given
metal, in this case copper, depending on the
state of the metal. All data are from A. F.
Clark except that for the Kondo alloy. 3 5 Figure
8 shows typical resistivity curves for a number
of commonly used metals and alloys.

is obeyed reasonably well by most metals,
although occasional, usually small, deviations
are· seen.

where ci is the concentration in ppm of the
impurity i. Tables of (P I c)i for various
impurities in several metals are given by
Blatt 34 and an updated table for aluminum is
given by the author .32 The preceding dis cus
sion applies in detail onI y to dilute alloys. If
the alloys are nondilute, then the behavior as a
function of concentration of the alloying ele
ment depends strongl y on the phas e diagram of
the alloy. Generally, ordered alloys give lower
resistivities than disordered. Meaden 28 gives
an excellent discussion of the situation.

The temperature independent part of
the resistivity, Po' may contain contributions
from many sources such as chemical impurities,
point defects, dislocations, grain boundaries,
etc., and much effort has been devoted to sep
arating and studying these contributions. The
most common, and best understood of these,
are chemical impurities and the contribution
in (2 cml ppm of each separate impurity adds to
the total as

with a more complex behavior between the two
limits. This theory fits the data quite well
for many common metals.

The intrinsic resistivity is usually
assumed to be given by the Bloch-Gruneisen
theory which predicts

(13 )
PiCXT, T>8

Magnetic fields have a severe effect on
the resistivity of pure metals and a much
smaller effect on alloys. In general, the field
causes the resistivity to increase, the relative
increase being greater the higher the purity.
This increase may continue with increasing
field to the highest fields meas ured and for all
purities, as is the cas e with copper, or the
resistivity may become nearly field independent

(12 )P (Tl = Pi (T) + Po

The resistivity of most metals and alloys
decreases as the temperature is lowered. Us
ually the approximation is made of a simple sum of
a temperature dependent, or intrins ic, resistivity
due to the lattice vibrations of the metal and a
temperature independent part due to impurities
and defects, so that

The resistivity of pure metals in particular
is affected by a bewildering variety of mechan
isms, some of which will be briefly discussed
here. To understand the full problem in all its
complexity, see the review paper by the author
on resistive mechanisms in aluminum. 32 Be
caus e of these complications, compiled data are
effectively useless in predicting the low tempera
ture resistivity of pure metals; it must be mea-
s ured each time. The us ual quantity meas ured
is the residual resistance ratio, or RRR, de
fined as

The philosophy behind this quantity is that R(273K)
of a nominally pure metal is determined essentially
entirely by the thermal vibrations of the lattice
while R(4K) is determined entirely by the im
purities and defects. Thus, the higher the ratio,
the more pure the metal. As an example of the
range of RRR which may occur, consider the case
of copper. We have made polycrystalline copper
wires with RRR '" 8000 by a purification techni-
que which uses a high temperature anneal in an
oxygen atmosphere.12 By the same technique
we have made single crystal copper specimens
with RRR = 60 000. Normal ETP copper has
RRR '" 50 and alloying may drop it to RRR = 2 or
less.

Electrical resistivity experiments are
among the easiest to perform of all measure
ments on solids. With most metals it is pos
sible to attain a meas urement uncertainty of
O. 10/ or better over the entire temperature
range with a little care, and engineering measure
ments with 1% uncertainty are routine. However,
the measurement of resistivity on very high
purity metals near 4 K is difficult, and, in fact,
can only be done successfully by rather elaborate
techniques. 33
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as is the case with high purity aluminum. Many
texts show so-called Kohler diagrams in which
the magnetoresistance of many metals is plotted
versus some quantity proportional to HI P (T).
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Fig.. 8. Resistivity of several common metals
at low temperatures.

In general, these plots are somewhat dated, and
it is best to go to the literature for design data
for a particular metal. Another paper by the
author, to be pres ented at this conference, dis
cusses the magnetoresistance of copper and
aluminum in detail.36 An important point,
discussed in that paper, is that it is the resis
tivity at field which is important in choosing a
metal and not the magnetoresistance, !:J.RI R. As

Fig. 7. Low temperature behavior of the
electrical resistivity of a number of
"pure" coppers and copper alloys.

10 30 400

TEMPERATURE,K

6xIOO

10
1

~

l<f
E
0

Brass
q
::L Be
>- 10°
t:
>
t-

E (/)

0 Cu (AMZIRC) (/)

~ 101 I.&J
a::

:l -oJ

>- «
t:

u
101

a:: AI (1100)> t-
t- U
(/) I.&J

-oJ
(/) I.&J
loU
a::

10
2 Cu(OFHC)

-oJ
«
u
a::

102 Cu (OFHC)t-
u
loU
-oJ
loU

103

506



When d> ..e. > c the situation becomes more
cornplex, requiring use of the anornalous skin
effect theory and its complex calculations.1 The
problem has not been solved in complete gen
erality, but when ..e. » 15 the surface resistance,
under a number of as sumptions, becomes

This is the region of interest for ac power
transmission and pulsed magnet systems. Alloy
materials usually have essentially dc charac
teristics under these conditions. However, in
cold support structures, one must consider the
possibility of eddy current heating which can
cause large temperature excursions and tend to
promote dimensional instability. Eddy current
problems are treated in detail in many texts on
electricity. The book by Lammeraner and Stafl 38

gives calculations for a number of realistic
situations.

Here P is the dc resistivity, ~ 0 the permeabi
lity of free space (since we are dealing with
nonmagnetic materials), and w = 21T f, where
f is the frequency of the ac signal. At low
frequencies C > d, we have an essentially uni
form current distribution and dc theory applies.
If ..e. > d, the dc size effect must be considered.
When d> c> ..e. we use the classical skin effect
theory where the current is confined to a sur
face layer and thus the ac resistance increases
with increasing frequency and the effective re
sistance of the surface layer is

(15 )

( 17)

( 16)
1

Z = (~o w pi 2) 2" •

z = [ J3 ~2
o

Pure metals are commonly used as the
stabilizing material in twisted-stranded super
conducting cables for ac applications. The
situation here is much more complex than the
dc case in that one must make a trade-off be
tween eddy current losses, dc resistivity and
thermal conductivity. Each application seems
to demand a new evaluation. My purpose here
is to point out the characteristics of pure nor
mal metals under common use conditions, which
often require very thin conductors with long
bulk mean free paths for the electrons. Three
parameters are important: the electron mean
free path, ..e.; the sample dimension, d; and
the classical skin depth from electromagnetic
theory,

Stresses induced in high purity copper and
aluminum by coil winding or by the magnetic
field are observed to anneal out after some time
at room temperature. Few experiments exist
on this effect.

an example, high purity (RRR = 8000) copper
has a IJ. R/R of near 120 at 100 kOe but its actual
resistivity at 100 kOe is significantly lower than
that of oxygen free copper (RRR = 200) with
IJ. R/R ~ 5.

We still need information on several as
pects of pure metals and alloys. A small amount
of work has already been done, and more is
needed, on pure metals reinforced with fibers or
other inclusions such that the high purity of the
matrix is not affected. An example of a resis
tivity measurement on these materials is the re
port by McDanels 37 on copper reinforced with
tungsten fibers. Some measurements should be
made of the magnetoresistance of pure conduc
tors under stress and on the effect of the field on
electrical properties of structural materials,
such as stainless steel, used in magnet winding.
Recent information indicates that the magnetore
sistive behavior of pure metal strips should be
looked at for pos sible field direction anisotropies.

As we have tried to point out above, the
pure metals do not give much opportunity for
generalized statements regarding their electri
cal properties. On the other hand, the technical
alloys investigated by Clark et al.31 do show a
regularity of shape of the P versus T curves
such that, given the room temperature resistivity
of an alloy, it is possible to predict the entire
curve to within about 5%. Of course, if phase
changes such as martensitic transformations
occur, the curve becomes complex and must be
measured.

In the pure metals, size effects ,14 due to
electron mean free paths on the order of conduc
tor dimensions, become important. Thes e effects
give an added resistivity which is (probably) in
dependent of temperature and which may re
present better than half of the total measured
resistivity in wires as larfie as 1 mm in diameter.
The contribution, of course, becomes much
larger in thin strips and filaments. Application
of a magnetic field removes a good part of this
additional resistivity - an effect which has not
yet been studied in any detail and which is one of
our current projects.

B. Metallic Resistivity, ac

Here we are concerned with effects occur
ring in the low frequency region, say f < 500 Hz.

where (p..e.)oo is a number which is assumed to
be a constant for the metal and is the product
of the bulk resistivity and the bulk mean free
path i. e., in an infinite specimen. The
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A. Thermal Diffusivity

Thermal diffusivity is frequently pre
sented as a separate property in low tempera
ture compilations, although it is, in fact, a
combination t defined by

where d is the density. The diffusivity, a, is in
es sence a measure of how rapidly the substance
approaches thermal equilibrium after a pertur
bation. Thus, a is an important quantity when
one is concerned with transient behavior. Note
that, as the temperature decreases, a usually
becomes very large because A is not as
greatly affected by temperature as C which
tends to decrease by many orders of £agnitude.

interesting feature of this result is that the
surface resistance no longer depends on the
purity of the metaL This expression gives a
higher resistance than Eq. 16 because fewer
electrons are contributing to the current. All
this is not an exercis e in frivolity; the condition
L> 5 under which the anomalous skin effect
theory should be used can occur at quite low
frequencies. A rp 39 has calculated that for
aluminum at 4 K with RRR = 14 000, the theory
is necessary if f > 4 Hz, with RRR = 45 000 it
is necessary if f> 0.1 Hz.

To my knowledge, little work has been
done on the effect of high magnetic fields on the
ac properties of the high purity metals. It
seems certain that the effects will be large and
this is work which should be done soon.

a Aid C
P

( 18)

B. Thermal Expansion - Specific Heat

t In high temperature research, the thermal
diffusivity is the measured quantity and the
thermal conductivity is the one calculated.

The table of Section VII indicates those
compilations in which the thermal diffusivity is
presented separately.

( 19)
HV - V

T 0

V
T

in which Q 0 and k are, theoretically, con
stants, to determine the temperature dependence
of Q o for a number of metals and alloys. Qo
turns out to be nearly constant with temperature
and k is quite small at low temperatures, so
that the k H term is negligible. They further
use room temperature data on specific heat and
thermal expansion data to make quite acceptable
predictions of the low temperature specific heat
of a wide range of alloys. They do not discuss
the errors to be expected in general, but the
technique seems to be one which could be very
useful for engineering applications.

By considering the thermodynamic
properties of 'solids one can arrive at two rules.
relating the volume expansion and the enthalpy,
H, the Griineisen40 rules. That these two
quantities should be related is not surprising;
they both are determined by the thermal state
of the lattice. The experimental validity of the
relationship has been proven quite well for pure
metals. Clark and Kropschot 41 use the equation

There are a number of relationships
between the properties discussed in the last two
sections, which are frequently helpful to the
user. Generally, they define a useful combina
tion of properties, such as the thermal diffusivity,
or a predictive scheme in which a difficult to
measure quantity is determined from the measure
ment of an easy one, such as with the Lorenz
ratio. Usually the results of the predictive
schemes are sufficiently accurate for engineering
applications.

Information on low temperature electrical
properties of dielectric materials are scattered
here and there throughout the literature. The
compilation by Schramm et aLB on plastics and
the references therein provide a good source of
data. Here we present some rather generalized
statements relating most directly to polymers but
usually true for other dielectrics as well.

The low temperature electrical data of
interest are on such quantities as dielectric
constant, loss tangent, dielectric strength and
volume resistivity. The dielectric constant
tends to be reasonably temperature independent
below about 200K. The loss tangent goes through
a number of oscillations with decreasing tem
perature down to 200- 300 K and appears to de
crease uniformly below that, although very little
information exists below about 100 K. The
dielectric strength may either remain constant
or increase quite rapidly as the temperature is
lowered from room temperature, depending on
the materiaL The same general behavior is
seen for the volume resistivity although the data
are ver y limited. (

IV. Relationships Between Physical Properties

C. Dielectric Properties
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C. Lorenz Ratio data compilations abound, as do uncompiled
publications.

V. Mechanical Properties

It is reasonable to assume that the elec
tronic contribution to the thermal conductivity
and the electrical conductivity should be related,
since the conduction electrons are the carriers
in both cas es. The equation expres sing this
relationship is the Wiedemann-Franz-Lorenz
law

47

Fig. 9. Typical Lorenz ratio values for
various materials. Note the scale
is offset and changed at one point
on the vertical axis.

6

l2

Two review papers on mechanical pro
perties were presented at an earlier Brook
haven conference, one on metals 44 and one
on nonmetals.45 An ASTM publication refer
enced earlier 19 also contains several articles
of a general nature. Detailed texts on low
temperature mechanical properties also exist.46

,

The two compilations containing the most low
temperature data on engineering alloys are the
Cryogenic Materials Data Handbook48 and the
Materials Properties Data Handbook.49 Other
sources of data are shown in the table of Sec
tion VII. In many instances, extensive com
pilations exist on low temperature properties
of particular materials, such as the work on
copper and alloys by Reed and Mikese1l 5o and
the recent article on aluminum by Reed.51

12

What I intend to present here is a dis
cussion, at a very elementary level, of the
more important of the common mechanical
properties for low temperature work. Curves
showing typical behavior will be presented.

N
Z L"1:~----- .....J70~3:!9.!.A~I -:
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With this topic we enter a somewhat
different realm than that of the previous sections.
The measurement of mechanical properties has
had quite a different history than that of physical
properties. The emphasis has tended to be on
tests to compare existing materials and not so
much on the determination of rules and equations
by which general classes of behavior can be
described. This is not to imply that theoretical
work does not exist in this area, but the pro
blems are extremely complex and the simplifica
tions necessary to make them tractable usually
preclude applications to engineering materials.
In many instances the important variables in a
proces s, such as crack initiation, are not well
understood, and thus much of the available ex
perimental information tends to be restricted
to very specific materials and circumstances.
A bewildering array of "standard" tests exist
for about 25 mechanical properties of solids, and

where, by simple theory, the Lorenz ratio, L,
should be a constant. Sommerfeld calculated
the free electron theory value to be L o = 2.443
X 10- 8 V2

/ K 2
• Needless to say, L is not

altogether constant, but it is the most constant
of the trio, A, P, L. For some simple metals
L is also apparently independent of magnetic
field, although this is one of the areas which
still needs much more investigation. In any
event, if one knows the L vs T curve for a given
alloy group, and the electrical resistivity vs T
for a particular alloy, it is quite possible to
predict the thermal conductivity with sufficient
accuracy for many applications. Typical curves
of L vs T for various substances are shown in
Fig. 9. The behavior of pure metals is indicated
by the curves for Al and Cu; as purity increases,
the minimum drops and moves to lower tempera
tures. Predictive schemes using the Lorenz
ratio are discussed by Powell 19 and by Hust and
Clark.42 A compilation of Lorenz ratio data as
a function of temperature for a wide variety of
metallic materials has been completed recently
by Hust and Sparks.4 3
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Other types of tensile tests are also
compiled in the literature. The most common
are the notch tensile tests and the flexural
strength tests. These tests and their signifi
cance are described in standard texts on mech
anical properties.5

3

flow stress and tensile strength with decreasing
temperature, with some increase in ductility.
The bcc metals, while also showing increased
strength, show drasticall y decreasing ductility
and a transition to brittle behavior as the tem
perature is lowered. The hcp metals, with
the exception of titanium, tend to have generally
low ductility even at room temperature. The
ductile-brittle transition temperature is affected
by many variables and it is usually these vari
ables that determine the serviceability of an
alloy for low temperature us e. Several author s
dis cus s materials s election problems in detail
detail. 44,47,52 Also of considerable impor
tance in applications is the behavior of welds in
the various alloys; the alloy itself may be quite
acceptable for use at cryogenic temperatures
but the welds are not.44 Often data on weld
tensile tests are pres ented in the compilations.

b..
<t
"LL

enen
LaJ
a::
~
fJ)

Figure 11 shows typical stres s - strain
curves for various materials at 20 K. The
curves are from the Cryogenic Materials Data
Handbook.48 The jog in the AISI 304 curve,
representing a strain region over which no work
hardening occurs, is probably as sociated with
one of the martensitic transformations which
occur in 300 series stainles s steels. Cold
working of the metals gives significant increases
in the maximum stress. Figure 12 shows the
typical behavior of fcc and bcc metals as a
function of temperature. Some generalizations
are pos sible here. The stronger materials,
particularly the nonmetals, tend to be most
brittle. The fcc metals show an insrease in

t All of the definitions use the engineering
stress, 1. e., the initial cross section area and
initial length of the specimen are used in the
computations of a and E:.

Here we include all of the properties
generally as sociated with a clas sical tensile
test. A very generalized stres s - strain diagram
is given in Fig. 10. This particular shape,
typical of alloys and some plastics, will serve
to define the terms used in the data compilations.
As force is applied to the material, a region of
elastic behavior first occurs as shown by the
line AB of Fig. 10. The slope of this line de
fines the Youngs modulus, or modulus of
elasticity, for the material. t As the stress is
increased, the material enters a plastic region,
at a point called the proportional or elastic
limit (B). The stres s then reaches a maxi-
mum and declines until the specimen fractures.
The maximum stress (point D in the figure 
some plastics may have multiple maxima, in
which case the greatest stress is used) is the
tensile strength. The yield strength is the
stress at which the specimen has undergone
some small plastic deformation, typically 0.2%
(called the "offset"), as at point C (some
authors use the first maximum, such as point
D, as the yield stress and some don't define
it at all). Breaking strength is the stress at
fracture (point E). Similar diagrams made in
compression or torsion serve to define similar
quantities such as the compressive modulus
and the shear modulus, respectively. Other
quantities of interest can also be determined
from the stress-strain curve. Ductility, the
measure of the amount of plastic deformation
which can occur before fracture, is given by the
elongation (the distance BE), and toughness, a
measure of the energy required to stress the
specimen to fracture, is given by the area
under the stress-strain curve.

A. Tensile Properties
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Fatigue strength data for several
materials
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Fig. 13.

The data are from the Cryogenic Materials Data
Handbook.48 Again, some general behavior
characteristics can be stated. Metals which do
not become brittle exhibit a greatly increased
fatigue life as the temperature is lowered. Metals
with a ductile-brittle transition behave exactly as
ductile materials above the transition and show a
very narrow range of fatigue strength below that,
tending to fracture almost immediately, or not at
all, depending on the stress level. Little low
temperature information is available on nonmetals.

4

Low temperature fatigue data are availa
ble for alarge numbe r of metallic mate rials, but
usually only down to liquid nitrogen temperature
(77 K). A typical fatigue strength plot for a few
materials is shown in Fig. 13•
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Fatigue and creep describe the behavior
of metals under loads below those which cause
fracture in a tensile test. Fatigue is the gradual
failure of a material under cyclic application of
stress. Creep is the increase of strain with
time under constant load. A similar, but less
often discussed, property is stress relaxation
which is the decrease of stress with time under
constant strain. A majority of the in-service
failures at low temperatures occur, under fatigue
or creep loading conditions.

2
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Fig. 12. Tensile behavior of bcc and fcc metals
as a function of temperature.

Fig. 11. Typical stress - strain curves for a
number of materials at 20 K.
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versus various parameters relating to specimen
size or versus temperature. Kc is related to the
fracture stress and

The fatigue mechanism involves the
initiation and growth of microcracks in the
materials. The growth proces s is quite well
understood theoretically but the same is definitely
not true of the initiation of the cracks G = K 2 IE

c c (21 )

A general compilation of low temperature
creep data on engineering materials is not avail
able. Several stages of creep occur, and the
process is highly temperature sensitive. The
most likely low temperature process in metals is
the logarithmic, or primary, creep which occurs
below about 0.4 T m where T m is the melting
point. Here the creep work hardens the metal
and the creep rate decreases rapidly. Above
0.4 T m the creep tends to become linear with
time. In the cryogenic temperature region this
situation is likely to occur only for metals used
as seals, such as indium, or otte r low melting
point metals used in special applications. Creep
also occurs in polymers at low temperatures.
The theoretical treatment is somewhat different~7

As one would expect, creep is worse in the poly
mers such as TFE, which remain flexible at low
temperatures.

Creep data typically are presented as
curves of strain versus time, at a particular
constant stress, at several temperatures.

C. Fractur,e Toughness

A number of testing procedures use
notches as stress concentrators. Notch tensile
strength and impact strength test data are avail
able for many materials. The concept of fracture
toughness has only fairly recently been developed
into a test procedure. Here the idea is to dupli
cate, as far as possible, actual crack conditions
in a material and then determine the critical
crack length and stress which will cause the
crack to propagate. Cracks of various siLes can
exist within a material and still not require
removal from service; it is only when the cracks
start to grow that the probletns becotne critical.
The field of fracture toughnes s from theory to
testing methods is reviewed in a relatively recent
ASTM publication on the subject64 and in the text
by Wigley4'i'. The tests have considerable
potential for helping in the design of new and more
reliable nondestructive testing techniques, since
fracture toughness tests closely approximate the
actual in-service behavior of the material.

The basic test involves introducing a
crack in a material and detertnining its growth as
a function of stress and temperature. The two
parameters usually presented are the critical
stress intensity factor K c ' also called the frac
ture toughness, or the crack resistance force G c '
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where E is the Youngs modulus of the material.
G c is thus related to the rate of energy release.

It is only recently that fracture toughness
tests have been standarized and much of the early
data must be treated with some caution. One
should read the introduction to the Cryogenic
Materials Data Handbook4

8 before using the data
therein. The behavior of Kc with temperature is
complex; it depends on specimen size and shape
as well as the basics of the propagation. Thus,
it is not possible to present any generalizations
of behavior. Each material must be measured
and evaluated separately.

VI. Summary

I have attempted here to provide an over
all picture of the properties of nonsuperconducting
materials. A Significant amount of data exists on
a surprising number of materials, but there are
also large gaps in our knowledge which should be
filled before long. The general clas s of com
posite materials requires a great deal of work.
These materials have many properties which
make them ideal for support structures at cryo
genic temperatures, applications in large temp
erature gradients and for high strength conductors.
Another field in need of more investigation is the
measurement of the change of various physical
and mechanical properties under intense irradia
tion at low temperatures. The study of crack
propagation at low temperatures is a relatively new
field in which reliable specimen-independent tests
are needed. The electrical properties of struc
tural and stabilizing materials as sociated with
superconductors need to be carefully evaluated,
particularly in the presence of time-varying
magnetic fields.

In tnany instances, data exist in the
literature, particularly in relatively obscure
reports. There is a definite need for cotnpila
tions and critical reviews of tnany properties,
perhaps in the form of updating of existing
cOtnpilations. This is, at best, a thankless task
but one which is invaluable to the "consutner".

The Cryogenic Data Center of the Cryo
genics Division of NBS at Boulder, Colorado
80302, will produce custom bibliographies on
various subjects at nOtninal cost. The stored
information is not complete in the field of mechan
ical prope rties but it is complete and current

regarding physical properties and cryogenic devices.



VII. Tabulation of Data Sources

Table 1 presents a general survey of
the available sources of low temperature data
on the properties discussed here. Hopefully,
it contains all of the major, readily acces sible,
compilations. Also included are a number of
papers which are not true compilations but
which contain information on a number of
materials and which were referenced in the text.

The use of the table is obvious, the num
bers refer to the reference list at the end of the
paper. Also included are titles of the references
to facilitate the reader's choice for a particular
application.

Some effort has been made to avoid com
pilations which duplicate completely the pre-
s entation of another, either in content or form
but this is difficult to accomplish. Thus, it is
suggested that before one tries to take a weighted
average of data for a given property, he should
be certain to che-ck the actual sources.
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Table 1
Summary of Properties and Materials Treated in the References

LOW TEMPERATURE PHYSICAL PROPERTIES LOW TEMPERATURE MECHANICAL PROPERTIES

Specific
Heat

Thermal TherITlal and Kapitza
Expansion Conductivity Enthalpy Resistance

Notch Modulus
Lorenz Electrical DieLectric Yield Tensile Fracture Stress of Impact Fatigue

Diffusivity Ratio Resistivity Properties Strength Strength Toughness Strain Elasticity Strength Creep Strength

TechnicaL Alloys· 3,4,6,
Ferrous 48,49.

55

48.49, 48
55

48.49 48,49.55 48.49,
55

Technical Metals
and Alloys: Non
Ferrous

Elements

3.4,6,
17,48,
49,55

3.17

10,17.18. 16,49. 18,49,55 43 31,49

48.49.55 55

10,17.18, 16.17, 18.49,55 43 H,31,

26.48.49 49,55 48.49,
55 55

10,17,18 16.17, 27 18 43 28,29,
18 30,32

48.49

48,49.
50

51

48,49,
55

48,55 48.49,48,49.50
55 55

51

48.49.
50,55

51

48.49

48,49,
50

51

Plastics 3,8.45,
48

8. 10,1"1 8,16,
17 8,45.

48,49 8,45, 45.48,49 8.48,
49 49

45

Composites:
Metal Matrix

Composites: 45
Nonmetal Matrix

Glasses and/or 10,17 16,17
Quartz

Epoxies 7,45

Greases 10

Varnishes 10 16,17

Solders 10 16

Graphites 3,6,17, 10,17,49 16,17, 27
and/or 49 49
Ceramics
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45 45,48 45,48

45

49

45,48

45
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