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INFLUENCE OF PLASTIC DEFORMATION ON ALUMINIUM
THERMAL CONDUCTIVITY IN MAXIMUM RANGE

By H. MISIOREK, T. ZAKRZEWSKI AND J. RAFALOWICZ
Institute for Low Temperature and Structure Research, Polish Academy of Sciences, Wroclaw*
(Received June 7, 1980, revised version received October 13, 1980)

The deviation of the temperature dependence of thermal conductivity for plastic
deformed aluminium from Cezairliyvan and Wilson’s models is stated. The influence of the
degree of deformation on temperature maximum, thermal conductivity maximum and ideal
and impurity thermal resistivity components is shown.

PACS numbers: 72.15.Eb, 44.10.+1i, 61.70.—r

1. Introduction

Under the influence of metal plastic deformation linear defects are produced. These
defects (dislocations) have a considerable effect on almost all physical and some chemical
properties of metals. '

The influence of plastic deformation on a metal’s thermal conductivity was investigated
earlier in [1-3]. The diminishing of the absolute value of the thermal conductivity coefficient
with the growth of the degree of plastic deformation was observed there.

The present paper is the continuation of the investigations described in [3].

2. Experimental results and discussion

Measurements of the temperature dependence of thermal conductivity of A(T) were
made by the stationary method in the temperature range 4.2-50 K [4].

The investigated samples supplied by the Skawina smelting works were aluminium
rods 3 mm in diameter and 75 mm in length and of 6N, 5N, 4N and 3N purities.

The properly prepared samples described in [3] and [4] were plastically deformed by
extension at liquid nitrogen temperature. Deformed aluminium samples were kept in
liquid nitrogen. The samples were warmed up to room temperature during mounting in the
experimental chamber of the cryostat only for a short time (2 to 4 hours).
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The investigated aluminium samples were plastically deformed with three different
degrees of deformation in the range from 39 to 16 9. The extensions applied to samples
were of the order of 10 to 100 kG/mm?.

The dependence of thermal conductivity A on temperature T" for aluminium of 6N
and 3N purities deformed with different degrees are presented in Fig. 1. The subsequent
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Fig. 1. Thermal conductivity vs temperature curves for plastic deformed 6N and 3N purity aluminium in

the maximum range (6N purity: I — recommended in [5], 2 — non-deformed, 3 — 6.6 % of deformation,

4—10.4%, 5 —16.1%; 3N: 2" — non-deformed, 3’ — 3.0%, 4 — 5.0%, 5 — 10%. a — straight line
passing through the A7) maxima)

curves denote samples (6N): 2 — non-deformed, 3 — 6.6% of deformation, 4 — 10.49%,
5 16.1%; (3N): 2" — non-deformed, 3’ — 3% 4 — 5% 5 — 10%. The families of
MT) curves for aluminium samples of purities SN and 4N occur between the A(T") curves
of 6N and 3N aluminium purities and are not shown because of the lack of place. To
compare the recommended by [5] A(T) curve I is plotted. The straight line (a) taken from
[6], crossing through the maxima coordinates of A(T) for the samples of 6N and 3N chem-
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ical purities, are presented. The A(T) upper curves for 6N purity in Fig. 1 put in order
according to the recommended straight line which proves that the 6N purity aluminium
after different degrees of plastic deformations is described by the thermal conduct1v1ty
equation elaborated by Cezairliyan [6]:

=( T %) , )

where

m+1 :
o = oc"( A ) : @)

The o”, n, B and m are four characteristic constants for a given metal and —m determines
the slope of the straight line @ passing through the thermal conductivity maxima. Equation
(1) involves an assumption about the f impurity dependence of the parameter o’ and the
interaction existing between the ideal and impurity thermal resistances. The lower group
of A(T) curves concerns the 3N purity aluminium samples and is similar to AT) of AN
purity aluminium. Curve 2’ shows the deflection of the A(T) maximum towards higher
temperature with respect to the recommended straight line @ instead the curves 3’ 4’ and 5
have their maxima displaced with respect to 2’ to lower temperatures. Similar deflections
have been observed for A(T) of 5N and 4N aluminium purities.
0 .

In Fig. 2 the T/A dependence of T %S_”Z) for the 6N and 3N purities of alumi-

nium deformed with a different degree of plastic deformation is shown. I denotes Debye’s
integral of the fifth order. The detailed description of lines is (6N): 2 —6.6%,3—10.4%,
4—16.1%; 3N): 2" —3%, 3 — 5%, 4 — 10%. The broken line 7 was specially chosen
for non-deformed aluminium. The straight line plot of the dependence in Fig. 2 corresponds
to the simplified version of the Wilson formula [7]

- -1 Qo 6 oo 0\ /T\*
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where g, is the residual electrical resistivity, L, — Lorenz number, 6 — Debye’s tempera-
ture, n, — the number of electrons per atom. For the 6N purity just below 20 K and for
the 5N, 4N and 3N purities below 30 K one may observe the deviation of experimental
points from straight lines both for the samples of different chemical purity and for the
ones with different plastic deformation. The introduction of the next term from Wilson’s

dependence:
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Fig. 2. Investigation of Wilson’s dependence for deformed 6N and 3N purity aluminium (6N purity:
1 — non-deformed, 2 — 6.6%, 3 — 10.4%, 4 — 16.1%; 3N: 1’ — non-deformed, 2’ — 3.0%, 3’ — 5.0%,
4 — 10%)

where I, denotes the Debye integral of the seventh order, makes, especially for doped
aluminium samples to some degree, the agreement between the theory and experiment
[4] better. But some differences still remain. The term with 7' describes nonelastic low-angle
scattering and with T* elastic high-angle electron on phonon scattering.

The samples of different chemical purity may show the deviation from the formulae
(3) and (4) probably because of the existence of the U processes

[

W,=D-e °T. )
9 denotes Debye’s temperature, D — the coefficient indicating the limiting value of thermal
resistivity, @ — number with value about unity. But in work [8] the author states that U
processes ought to be important for lattice resistivity only at higher temperatures (at 0
temperatures they stand 60-70% of the whole thermal resistance).
On the other side, the A(T) dependences of aluminium samples after plastic deforma-
tion show deviation from formulae (3) and (4). These deviations are probably caused by
some new microscopic mechanism of scattering electrons on dislocations. Till now there
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was no theory of the scattering of electrons on dislocations but there was one for the scatter-
ing of phonons on dislocations [9]. It is not yet known what kind of thermal resistivity
term connected with dislocations ought to be added to the equations (3) and (4) to obtain
the satisfactory agreement between theory and experiment.
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Fig. 3. Temperature of the thermal conductivity maximum vs the degree of plastic deformation

In Fig. 3 the dependences of the temperature of thermal conductivity maximum
T, on the degree of plastic deformation & are presented. It is evident that there exists
a considerable slow linear 7, rise with ¢ growth for the 6N to 4N aluminium purities.
The straight line has the form

T, =7y-e+b. (6)

For the aluminium purity from 6N to 4N y has a small constant value: y = 0.096 and the
b = 9.60 for 6N purity. For the aluminium 3N purity the slope of a straight line (6) grows,
then y = 0.422 and b = 26.60.

Plastic deformation seems to be most effective according to the 7,(¢) graph for 3N-
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purity aluminium. A heavily doped aluminium sample may effectively block the move-
ment of dislocations which, in this way, are frozen with a considerable concentration.
In Fig. 4 the dependences of the logarithm of thermal conductivity of 4, at maximum
temperature on the degree of the plastic deformation of & have been plotted.
The equation of the straight line was obtained

log i, = —3J-e+c. @)
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Fig. 4. The logarithm of the thermal conductivity maximum vs the degree of plastic deformation

The log A,(¢) plots are nearly parallel (except for 4N purity) for aluminium of 6N to 3N
purity. The values of 6 and c coefficients for 6N to 3N purity aluminium amount correspond-
ingly: § = —0.249; —0.222; —0.132; —0.258, ¢ = 191.0; 96.0; 28.5; 19.9. In Fig. 4,
contrary to Fig. 3, a steeper slope of the straight line describing the 3N purity aluminium
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sample is not observed. This means, that the 4, is in a similar and quite distinct manner
affected by the degree of deformation of different purity aluminium samples while 7,
changes in the most evident way for the 3N purity aluminium.

The simplified description of equation (3) has the form

B
= 2
W=al"+ . ®

This equation is valid for the temperature range 0 << 7' <C 1.5 Ty,

The influence of the degree of plastié deformation ¢ on the coefficient of o in the ideal
thermal resistivity component has been presented in Fig. 5. The o coefficient grows with
the increase of the deformation degree of ¢ in a nonlinear manner and it is larger for more
doped samples. The dependence of the ideal thermal resistivity component on the degree
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Fig. 5. Coefficient of the ideal thermal resistivity component vs the degree of plastic deformation

of plastic deformation means that vibrations of the crystal lattice are disturbed by disloca-
tions. This fact is some form of deviation from Matthiessen’s Rule.

Fig. 6 demonstrates the dependence of the impurity component of thermal resistivity
B coefficient on the degree of deformation of .

This dependence is described by the straight line equation

logf=4-&+d. ©)
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Fig. 6. The logarithm of the coefficient of the impurity thermal resistivity component vs the degree of
plastic deformation

The coefficients of Eq. (9) for samples of 6N to 3N purity take on the values: 4 = 0.374;
0.279; 0.167; 0.350, d = 0.031; 0.087; 0.51; 1.16. The slope of Eq. (9) changes non-
-monotonically and this makes the physical interpretation difficult.

3. Conclusions

The deflection of A(T) maxima towards low temperatures for aluminium samples
after plastic deformation and for alloyed ones to the direction of higher temperatures
(Fig. 1) was stated.

For doped samples as well as for plastic deformed ones the simplified Wilson’s model
for thermal conductivity is valid in the ranges 5-20 K (Fig. 2).

The heavily doped aluminium samples (3N) shows a steeper linear increase of temper-.
ature maximum on degree of plastic deformation (Fig. 3).

The thermal conductivity at the temperature maximum is a linear function of degree
of plastic deformation (Fig. 4).
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The coefficient of the ideal part of thermal resistivity grows non-linearly with the degree
of plastic deformation (Fig. 5).

The logarithm of the coefficient of the impurity component of thermal resistivity
increases linearly with the degree of the growth of deformation (Fig. 6).
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