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Summary 

The thermal and electrical conductivities of three copper-zinc alloys annealed at 
high temperatures, and of two copper-gold alloys, were measured over a wide range 
of low temperatures, and their lattice component of thermal conductivity was deduced 
in the range 2-90 OK. It 'appears that the high lattice thermal resistance at liquid 
helium temperatures previously found in copper-zinc alloys is a function of solute 
content rather than of concentration of conduction electrons and that this resistance 
can be reduced by high-temperature annealing. This extra resistance is thus due to 
dislocations locked in stable arrays by the presence of solute atoms, and not due to 
changes in the electronic band structure on alloying. 

The lattice thermal conductivity of copper-gold alloys at liquid oxygen temperatures 
is limited by the scattering of phonons at the gold atoms; which are much heavier than 
the copper atoms. The magnitude of the thermal resistance is consistent with the 
theory of isotope scattering in dielectric solids. 

1. INTRODUCTION 
It has previously been found that the thermal conductivity at liquid helium 

temperatures of a number of silver alloys (Kemp et al. 1954, 1956) and some 
copper alloys (White and Woods 1955; Kemp et al. 1957) can be expressed in 
the form 

x=AT+BT2. . ................... (1) 

This is in accord with theory (Klemens 1954, 1956). The first term describes the 
electronic thermal conductivity, limited at these temperatures because of the 
scattering of the con.duction electrons by lattice imperfections (in these alloys 
mainly by ~olute atoms), and is related to the residual electrical resistivity Po by 

A=Ljpo, ...................... (2) 

where L=2 .45 x10-8 WQjdeg2 is the Sommerfeld value of the Lorenz number. 
The second term describes the lattice thermal conductivity, limited at these 
temperatures because of the scattering of phonons by the conduction electrons 
and by dislocations. These give rise to lattice thermal resistivities WE and W D 
respectively, both of which vary as T-2, so that 

W g = W E+ WD=ljBT2. . ............... (3) 

Observations of the lattice thermal conductivity at lowest temperatures 
thus yield a measure of WE + W D' It is generally observed that We increases 
on plastic deformation (Estermann and Zimmerman 1952; Kemp et al. 1956 ; 
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Kemp et al. 1957), and this increase can be ascribed to the introduction of 
dislocations on deformation. It does not follow, however, that W D is negligible 
for annealed specimens. 

In Figure 1 values of liB = (WE + W D)T2 are plotted as a function of solute 
concentration (and thus of the concentration of conduction electrons) for various 
silver and copper alloys. These alloys had been deformed and then annealed 
above the recrystallization temperature. Also shown are the theoretical values 
of WE for pure silver and copper, as well as liB for a very dilute alloy of iron in 
copper (White and Woods 1955). 

If one were to assume that these annealed specimens are appreciably free 
from dislocations, one would have to ascribe the variation in liB to a variation 
in WE' One would expect WE to vary with electron concentration (Klemens 
1954), though this variation cannot be predicted, since reliable information 
about the electronic band structure is lacking. One would, however, not have 
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Fig. I.-Values of lIB for various annealed alloys: x, Ag-Pd and Ag-Cd (Kemp et al. 
1956); 0, Cu-Ni (Estermann and Zimmerman 1952); 8" Cu-Fe (White and Woods 1955) ; 
8, Cu-Zn (Kemp et al. 1957); </>, Cu-Zn (present work); ., theoretical values for WE T2 

(Klemens 1954). 

(lxpected to find such a strong variation with electron concentration, nor the 
cusp-like minimum at the electron concentration of the pure metal. It appears 
that liB does not depend on electron concentration, but rather on the number of 
impurity atoms, irrespective of their valency. 

This suggests that the variation of liB is due not only to a variation of WE' 
but mainly to an increase of W D with increasing impurity content. This would 
imply that a number of dislocations are locked by the impurity atoms, and cannot 
be removed by normal annealing just above the recrystallization temperature. 
The number of dislocations thus locked in a stable configuration seem to depend 
mainly on the impurity content, with some dependence on the nature of the 
impurity. 

This supposition was tested as follows: 

(a) When the impurity is another monovalent metal, the concentration of 
conduction electrons is not affected by alloying, so that WE should have the same 
value as for the pure metal. Any increase in the value of liB over that for an 
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alloy of similar electron concentration but smaller number of impurity atoms must 
thus be ascribed to locked dislocations. Two copper-gold alloys (7·5 and 16·5 
per cent. Au per atom*) were measured, and their values of liB were indeed found 
to be comparable to those of copper-zinc alloys of similar solute content, rather 
than to alloys of similar electron concentration. 

(b) An attempt was made to remove some of these locked dislocations by 
annealing as close as practicable to the melting point. Three copper-zinc alloys 
(2, 5, and 10 per cent. Zn) were annealed at 850 °0, some 150 °0 below the melting 
point, with due precaution to prevent loss of zinc by evaporation. It was found 
that there was a change in B, so that this annealing treatment apparently did 
remove some dislocations. However, the new value of Wg still exceeds the 
theoretical value ofW E' as well as the value of Wg found by White and Woods 
for their very dilute alloy, so that it is concluded that this annealing treatment 
removed only a fraction of the dislocations. 

II. OOPPER-GOLD ALLOYS 

Two specimens of copper-gold alloys (7·5 and 16·5 per cent. Au respectively) 
were prepared by Messrs. Garrett, Davidson, and Matthey in the form of rods, 
8 cm long, 0·5 cm in diameter, annealed at 750 °0 for 1 hr. Their thermal 
and electrical conductivities were measured and their lattice thermal con­
ductivities were deduced from (1) and (2) in a manner previously described 
(Kemp et al. 1956; Kemp et al. 1957). The electrical resistivities and low 
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Fig. 2.-Thermal conductivity K and lattice thermal conductivity Kg as a function of 
temperature for Cu-7·5% Au (curve A) and Cu-16·5% Au (curve B). 

temperature electronic thermal conductivities are given in Table 1, together 
with Apo, the observed Lorenz number. The total thermal conductivities and 
lattice thermal conductivities are shown in Figure 2. 

The electrical resistivities are in general accord' with earlier measurements 
(e.g. Johansson and Linde 1936). At these low concentrations of gold, the alloy 
is a random solid solution; the higher concentration of gold (16·5 per cent.) 
was chosen so as just to avoid possible complications due to long-range ordering. 

* All compositions are stated in atomic percentages. 
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The lattice conductivities are shown in Figure 2 (b). Two resistance 
mechanisms are clearly discernible. At low temperature's Xg ocT2, and the 
resistance is thus due to electrons and dislocations. This resistance will be 
discussed in Section IV. At bigh temperatures Xg ocT-I, indicating that the 
lattice waves are scattered by point imperfections. 

Alloy Po 

Theoretica.l .. -
Pure copper .. -
Cu- 7'5% Au .. 3·53 
Cu-16'5% Au .. 7·04 
Cu- 2% Zn .. 0'56. 
Cu- 5% Zn .. 1·20 
Cu-IO% Zn .. 1'9~ 

TABLE 1 
ELECTRONIC CONDUCTION DATA 

I Poo-Po I P2D3-PO 

(/L n cm) 

- -
0·28 1·67 
0·38 1·84 
0·34 1·85 
0·31 1·71 
0·33 

I 

1·80 
0·37 1·95 

A Apo 
(W cm-1 deg- 2) (W n deg-2) 

- 2·45 X 10-8 

- -
6·81 X 10-3 . 2·40x 10-8 

3·58x 10-3 2·52x 10-8 

4·25x 10-2 2·39 X 10-8 

1·98 X 10-' 2·37X 10-8 

1·24 X 10-2 2·42 X 10-8 

The most numerous point imperfections are the gold atoms. These are 
much heavier than the copper atoms. There is also a difference in ionic radii, 
but it can be shown from the theoretical expressions for the phonon scattering 
cross section (Klemens 1955) that in this case the mass difference is the major 
source of scattering. 

The thermal resistance due to foreign atoms, differing from the atoms of 
the parent material only with respect to their mass, is given by 

W=O~;~:2(d.:rnT, ' ................ (4) 

where a3 is the atomic volume, v the phonon velocity, h Planck's constant, 
1f, the impurity concentration, M the mass of a parent atom, and M +dM the 
mass of an impurity atom. If the concentration of impurity atoms becomes 

TABLE 2 
IMPURITY LATTICE RESISTANCE IN COPPER-GOLD ALLOYS 

Alloy e: (W/T)calc. (W/T)obs. 
(W-1cm) (W-1cm) 

Cu- 7·5% Au .. 0·200 0·68 0·4 
Cu-16'5% Au .. 0·331 1·12 0·5 

larger, so that the average atomic mass is appreciably affected by them, the 
quantity n(tiMIM)2 in (4) should be replaced by e='E.na(Ma-M)2/M2, where 

a 
M 'E.naM a' the summation being over all atomic species. 

a 

Values of WIT calculated from the above theory are compared in Table 2 
with values of the point imperfection resistance derived from that section of 
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the curve of Xg versus T where xI! ocT-I, that is, from the values of Xg at liquid 
oxygen temperatures. The observed values of WIT are smaller than the 
calculated ones by a factor which increases with increasing gold content. 

This discrepancy is to be expected if it is remembered that the perturbation 
treatment must fail when the perturbation becomes too strong. The quantity 
E is a convenient parameter describing the strength of the perturbation. The 
present theory was derived on the assumption E~1, which is not so in the present 
case. The next order of perturbation would lead to a term in the resistance 
proportional to E2. One may still expect the perturbation treatment to converge, 
since E <1. The term in E2 would have a different temperature dependence 
from that in E (W would vary between T and T2). 

The present experiments are not of sufficient accuracy to test such deviations 
from linear temperature dependence of W. If one thus puts empirically 

WIT=aE-bE2, •••••••••••••••••••• (5) 

and determines a and b from the data o~ Table 2, then the coefficient a should 
agree with the predictions of equation (4). 

From the present data, one obtains a=3, b=5, while from equation (4) 
a=O ·68/0 ·200=3 ·4. Thus, considering the inaccuracy of the deduced values 
of Xg at these higher temperatures, and the nature of the extrapolation of WIT 
to small values of E, the agreement between theory and observation is quite 
satisfactory. 

This may be contrasted with the disagreement between theory and observa­
tions in respect to values of WIT due to the scattering of phonons by atoms of 
different isotopic mass. Slack (1957) has used (4) to calculate WIT due to 
isotopic scattering for a number of dielectric solids, and compared them with 
measured values of the point imperfection resistance. The measured resistances 
exceeded the calculated values in all cases; in one case (germanium) by a factor 3, 
in other cases by even larger factors. In many cases there are, undoubtedly, 
other point imperfections which are important as phonon scatterers, but Slack 
concluded from his collected data that (4) probably underestimates the isotopic 
scattering by a factor of order 3. Since the present results, without extrapolation, 
yield a discrepancy in the opposite sense, and after extrapolating according to 
(5) give fairly good agreement with theory, it is unlikely that the theory should 
underestimate the isotope scattering by such a large factor. It seems more likely 
that the isotopic variation is not the principal source of point scattering of phonons 
in any of the materials studied so far. . This, of course, raises the question of 
what type of point defect could be present in germanium to account for the 
thermal resistance but which does not influence the electrical conduction 
properties. 

III. OOPPER-ZINO ALLOYS 

Three specimens of copper-zinc alloys (containing 2, 5, and 10 per cent. 
Zn respectively) were prepared by Messrs. Garrett, Davidson, and Matthey in 
the form of rods, 8 cm long, 0·5 cm in diameter. After drawing, the specimens 
were annealed at 850 °0 for 4 hr. In order to prevent loss of zinc by evaporation 
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during annealing, the specimens were enclosed in closely fitting sheaths of the 
same material. 

As in the case of the copper-gold alloys, the thermal and electrical con­
ductivities were measured and the lattice thermal conductivities deduced. 
Electrical resistivities, low temperature electronic thermal conductivities, and 
Lorenz numbers are given in Table 1. The thermal conductivities and lattice 
thermal conductivities are displayed in Figure 3. 

The lattice conductivities of these three alloys are higher, both in the low 
temperature (-XgOCT2) and the high temperature (XgOCT-l) regions, than those 
of similar alloys annealed at 500 °0 and measured by Kemp et aT. (1957). It 
is not possible to compare directly the high temperature (point imperfection) 
resistances, as there was some difference in zinc content, and a corresponding 

T 2-0 
Cl 
W 
o 
T 
::; 
u 

~ 
~ 1'0 

(a) 

10 

20 30 40 50 60 70 80 90 100 
T (OK) 

1'0 

.. 
~ 0>01 

(bl 

Fig. 3.-Thermal conductivity x and lattice thermal conductivity Xg as functions of 
temperature for Cu-Zn alloys annealed at 850 °0; numbers denote percentage zinc content. 

difference in Po' However, in the case of the 5 and 10 per cent. alloys it is possible 
to compare the ratios WpIPoT, where WpocT is the lattice thermal resistance 
due to point imperfections. If W p and Po are due only to the scattering of 
phonons and electrons by zinc atoms, this ratio should be constant. In fact, 
it had been noted in the case of the previous specimens that W pi PoT decreased 
with increasing zinc content. It is now observed that W plPoT is significantly 
lower in the highly annealed specimens than in the old specimens. Whether 
this is due to the removal by high temperature annealing of point imperfections 
with a higher value of WplPoT than the value for zinc atoms, or due to some 
rearrangement of the zinc atoms themselves, cannot be decided at present. 

IV. Low TEMPERATURE LATTICE THERMAL RESISTANCE 

Values of IjB=(W E+ W D)T2 measured for the copper-gold alloys and the 
three highly annealed copper-zinc alloys are given in Table 3, together with the 
values of the other copper alloys previously measured (see also ]'ig. 1 (b)). 
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It can be seen from these results that the addition of monovalent gold to 
copper, though it should not alter the concentration of conduction electrons, 
does in fact increase the resistance to a value comparable to that for alloys 
containing from 10 to 30 per cent. zinc. The extra resistance is thus probably 
due to dislocations, the dislocation density being governed by the number of 
impurity atoms, irrespective of their valency. 

It is also seen that a high-temperature anneal can remove some of these 
dislocations. Thus in a 2 per cent. Zn alloy, W D is reduced from a value of 
4-6 x 102 to 1· 3-2,8 X 102 (depending on whether one chooses for WE the 
theoretical value 7x102, or White and Woods' observed value of 5·5x102). 

Similar reductions are obtained in the alloys of higher zinc content: from 
7 X 102 to 5 X 102 for 5 per cent. Zn and from 13 X 102 to 7 X 102 for 10 per cent. Zn. 

TABLE 3 
LATTICE THERMAL RESISTANCE AT LOW TEMPERATURES 

Alloy Annealed at (WE+ WD)T" 
(W cmdeg3 ) 

Ou- 1'63% Zn 500 °0 11 X 10" 
Cu- 2% Zn 850 °0 8-3x 10" 
Ou- 5-4% Zn 500 °0 14 X 10" 
Cu- 5% Zn 850 °0 12 X 10" 
Cu-l0% Zn 500 °0 20 X 10" 
Cu-lO% Zn 850 °0 14 X 10" 
Cu-20% Zn 500 °0 20 X 10" 
Ou-30% Zn 500 °0 20 X 10" 
Cu- 7-5% Au 750 °0 18 X 10" 
Ou-16-5% Au 750 °0 22 X 10' 
Ou- 0-06% Fe 530 °0 5-5x 10' 
Cu-theoretical value for 

WE 7 X 10' 

An estimate of the number of dislocations removed by high-temperature 
annealing and remaining after annealing can be made from their lattice resistivity, 
using theoretical values (Klemens 1955) for the scattering of phonons by disloca­
tions. For copper 

W DT2=3'2 X 10-10N W-l cm deg3, •••••••••••• (6) 

where N is the number of dislocation lines per cm2• Thus, for example, a 
2 per cent. alloy, having a lattice resistance of W DT2,....,2 X 102 remaining after 
annealing, has a residual dislocation density of N,....,5 X 1011 cm-2• 

However, there is considerable uncertainty in the absolute values of disloca­
tion densities thus deduced. Estimates of the densities of additional dislocations 
in cold-worked materials (e.g. Kemp et al. 1957) seem excessively high compared 
with what is known about these densities from other sources, such as stored 
energy and X-ray line shape, though other methods of determining dislocation 
densities are also not very reliable. Relative values of dislocation densities 
obtained from their thermal resistance should be more reliable. It thus appears 
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that many alloys, except the most dilute, always contain a large number of 
dislocations, even after annealing. For example, in a cold-worked specimen 
of Ou-1· 6 per cent. Zn, W DT2 is decreased by 9 X 102 W -1 cm deg3 on annealing 
at 500 00. A further reduction of 3 X 102 is effected by annealing at 850 00, 
but there probably still remains a resistance of similar magnitude. Thus, the 
number of dislocations is reduced only by a factor 3 on annealing at 500 00, 
and' by a further factor from 2 to 3 on annealing at 900 00, leaving perhaps 
15 per cent. of the original number of dislocations still in the material. It thus 
appears that the behaviour of alloys on plastic d~formation must be substantially 
different from that of pure metals. 

V. ACKNOWLEDGMENTS 

The authors wish to thank Mr. W. J. M. Boyd, of Messrs. Garrett, Davidson, 
and Matthey, for his invaluable assistance in preparing and annealing the alloy 
specimens, and Mr. J. W. Smyth for technical assistance. 

VI. REFERENCES 

ESTERMANN, I., and ZIMMERMAN, J. E. (1952).-J. Appl. PhY8. 23: 578. 
JOllANSSON, C. R., and LINDE, J. O. (1936).-Ann. Phy8., Lpz. 25: 1. 
KEMP, W. R. G., KLEMENS, P. G., SREEDHAR, A. K., and WHITE, G. K. (1954).-Proo. Phys. Soo., 

Lond. A 67: 728. 
KEMP, W. R. G., KLEMENS, P. G., SREEDHAR, A. K., and WHITE, G. K. (1956).-Proo. Roy. Soo. 

A 233 : 41. 
KEMP, W. R. G., KLEMENS, P. G., TAINSR, R. J., and WmTE, G. K. (1957).-Acta Met. 5: 303. 
KLEMENS, P. G. (1954).-AUBt. J. Phys. 7: 57. 
KLEMENS, P. G. (1955).-Proo. Phys. Soc. Lond. A 68: 1113. 
KLEMENS, P. G. (1956).-" Encyclopedia. of Physics." Vol. 14, Pt. 4. (Springer: Berlin.) 
SLAOK, G. A. (1957).-Phys. Rev. 105: 814. 
WmTE, G. K., and WOODS, S. B. (1955).-Oanad. J. Phys. 33: 58. 

c 




