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INTRODUCTION

Unusual relaxation phenomena of heat release have been re-
cently observed in polycrystalline copperlla/, amorphous LaZn
alloy/ 5/ and plexxglass/‘/upon cooling to helium and subhe-
lium temperatures. These phenomena are characterized by extre-
mely long time constants. While the materials mentioned above
differ in structure, it seems probable that the relaxation phe-
nomena reported by various research groups/lé/ have a common
origin. This assumption can be supported by the following facts:

i) in all the cases a simple exponential law W(t) = Wgexp(-t/r)
describes release of power W as a function of time t, where the
time constant ¥ ranges from 60 to 150 hours for different cop-
per samples, 7 equals 55 hours for LaZn and 340 hours for ple-
x1g1ass° it is noteworthy that the r”s measured for various
materials are of the same order of magnitude,

ii) from the "usual" point of view W(0) are also equally
extremely small for all the cases, 0.5 nW-g-l for Cu,
16 nW. g“l for LaZn ,and 0.6 nW.g-! for plexiglass; however,
the W(0) values may differ for various samples of the same mate-
rial, e.g., these differences may sweep three orders of magni-
tude for copper samples;

iii) the relaxation rate is independent of temperature T
below 50K at least for Cu/?/and below 4.2K for LaZn/%/. This
effect is evidently of great interest both for theory dwelling
on its athermic or quantum nature and for practice of reaching
ultra-low temperatures upon demagnetization and heat capacity
measurements as well as for design of highly sensitive heat de-
tectors.

Two hypotheses have been proposed on the nature of these
relaxation phenomena' the orthopara conversion of molecular
hydrogen trapped in the sample for LaZn//and the inelastic
relaxation of thermoelastic stresses on grain boundaries for
copper/lﬂ/. In spite of the attractive grace of the orthopara
conversion idea,there are two serious objections.Firstly,hyd-
rogen diluted in metals exists only in atomic, not molecular
form 7/,and secondly, the atomic concentration needed for ob-
served W(t) explanation amounts to 0.17 as follows from the
author”s calculation and is too great for the case with no spe-
cial treatment,

In the present paper an attempt is made to estimate the
observed value of W(0) for polycrystalline coppe er based on the
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Table idea of inelastic relaxation
of thermoelastic stresses, For

Values of parameters for the occurrence of thermoelastic

expression stresses upon cooling the sample
prame 3 7 T should be nonhon.logeneous in its
W B L = . thermal properties, e.g.,ther-
P9 mal expansion coefficients ten-
W.pWg | SO = = 7 SOr a;; (F) # const, where i,j =
T h 70 75 100 70 = 1,2,3. Really it is so in any
™ h 200 |>700 W o sample even in a single crystal,

where aj; (surface) # a;; (vo-
" lume) and, besides, dislocations
can also produce the local fluctuations of e;; . The polycrys-—
+talline copper was chosen for W(0) estimation because of its
simple model structure and the most detailed observation of the
phenomenon under discussion was made independently by several
groups. As for us we have investigated three samples from dif-
ferent copper but approximately the same purity 99.98. Sample
No.l was made of cast rapidly crystallized copper, No.2 of rol-
led copper and No.3 of cast copper with unknown conditions of
crystallization. For all of them the relaxing power of dissipa-
tion is well approximated by the expression W(t) = Wjexp(-t/r)+

+ Waexp(-t/73). The parameters of this expression for T= IK are
listed in the Table. It has been shown that the phenomenon is
fully reproducible after reheating to room temperature and

the two year storing at this temperature does not produce much
effect. The results obtained for sample | are illustrated in
fig.l. In 1980 the measurement was carried out at different tem-
peratures from 4.2K to IK and proved the athermic character of
relaxation’2’. The fact that there are at least two time cons-—
tants, not one, is of particular interest.
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Fig.l. Time dependence of fnjiza- measured for sample 1 in adia-

batic calorimeter, W(0) is the initial power dissipated per unit
mass after the first thermal switch interruption. O - measure-
ment of 1978 at T= IK; A- measurement of 1980’at T= 4,2:1K;
O- 1980, T= 1.3K after 6 hr annealing at 900°C in vacuum of
103 mm mercury pressure. Solid lines correspond to r equal 75
and 700 hours'.
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CALCULATION

For calculation of W(0) let us limit ourselves to the case
of isotropic grains and boundaries with scalar thermal expan-
sion coefficients ag(T) and a(T) ,respectively, and two elastic
parameters: Young s modulus E and Poisson’s ratio v indepen-
dent of T and the same for grains and boundaries. In addition,
we have b>>a>>d where b,a are the characteristic dimensions
of the sample and a grain,respectively, @ is the boundary thick-
ness. For our samples with masses from 10 to 25 kg this is with-
out doubt true. Thus we have two small parameters a 3 il<<1_
The estimation is performed within two steps. Firstly, #he
thermoelastic stresses arising after cooling from T_ to T, are
calculated on the basis of the temperature stresses compensa-
tion (TSC) method’8/ and then W(t), as follows from the formal
model of inelasticity /%,is found. To estimate the thermoelas-
tic stresses by TSC-method, one need to separate mentally theé
sample into boundaries and graims and to apply to their surfaces
the normal forces

T T
=~ o AT d o aT 1
1-2, 1 % a0e it ,fr Sy (1)
0 0

respectively, which remove the temperature strain and produce
the hydrostatic pressure 9j; =0'8U in grains and boundaries

E T E., Ty
o dT and - : dT, (2)
1 L 1-2 Tfo“b :

respectively, where SU is the Kronecker beta-symbol; i,j=1,2,3;
Ey, is unrelaxed Young’s modulus. After this the grains are
"glued" with the boundaries and the surface normal pressure

&

T Ty
Ell .’f = dT or Ell fa dT (3)
1-2 Ty 8 1-2 Tob

is applied to the regions of sample surface occupied by grains
or boundaries respectively and the same volume forces

Ty ey
u
d
T {asd'r asd == ﬁade 4)
0 0

which are distributed normally along the surfaces of grain-boun-
dary separation as in fig.2. Because of their opposite direction
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Fig.2. On boundary stress calcu-
lation. ! - boundary, 2 -
grains. The resulting normal
force density in each point of
interface is equal to F; - F,.
The sign "plus" corresponds to
stretching while "minus" cor-.
responds to compression.

the resulting force is

E 1
m—- f (ab -'ag)dT. (5)

The stresses produced by the surface (3) and volume (5) forces
together with (2) lead to the true thermoelastic stresses. As

a result we have now a typical problem of the theory of elastici-
ty. Further for the sake of simplicity, it is supposed that the
inelasticity is connected with the boundaries only because of
their greater disorder as compared with the grains. That is why
it is enough to find the boundary stresses. Let us consider the
central part of the sample. Each grain can be approximated by
the polyhadron. If we introduce the local Cartesian basis {XYZ}
on the boundary with Z|| @, where T is the unit vector normal
to the boundary, and the axes X and Y are in the boundary
plane then if follows from Saint-Venant”s principle that only
two components of %j; exist

o,=0zz=const and o =oyy=0 const, oyy =0 =0, (6)

1Y ®
This is not correct in the regions with the dimensions of the
order of d near the polyhadron edges but their contribution to
the relaxation is small. Furthermore we have o, = 30, and
T,
1
o, :—1 5 f ang (appendix A) so only the tangential compo-
-2 .
nent o, relaxation is taken into account below. Then the power
dissipated in the unit volume of the boundary (appendix B) is

u

T

1

wb(t)z.._l__2 oy fagdrr}z A | BB | on(-t/r), )
-2 T, 1+A r

where SE=E, -~ Egpis Young”s modulus relaxation; Ey is relaxed
Young”s modulus; A=8E/ER is the relaxation degree. The volume
of the boundaries can be expressed as

V, =3V, (da), (8)

where Vg is the sample volume. Using the sample mass M=pV,
(where p 1is density) and relations (7) and (8) we get at last
the power dissipated in the unit mass of the sample

T,
o= —2 grif 28 L oRLd 9
2 1-2u) [{Oag ] 15A or > exp(-t/r). 9)

For quantitative estimation let us substitute the values v = 0.3;
A = 8-106g-'m'3 ; E=1.1.10!1N.m"? to expression (9). A well-
known a(T) for polycrystalline copper can be used to evaluate

Ty 1K
the integral [ a,dT. As a result, we get [ a,dT =-3.107,
Ty 300K

The time constant 7 is of the order of 102 hours in our case.
From macroscopic grain-boundary relaxation experiments it is
known that A, = 0.15 %/, For our microscopic thermoelastic
stress relaxation in boundaries we can conclude that As <A<1,
We choose A = 0.2. Using the value 103 - 10-% ford ratio
which is unknown for our experiment and substituting to (9)
all the quantities mentioned above we obtain W(0)=(2 +0.2) opW.g
which agrees well with the observed values of W(0). Finally it
is necessary to multiply this value of W(0) by coefficient y<1.
This follows from the fact that at the initial step of cooling
the relexation is thermally activated and, as a result, the time
constant r 1is small and the unrelaxed thermoelastic stresses

o, are not frozen till the temperature reaches T; as can be
seen in fig.3. This remark is not of great importance, of course,
if we are interested in the order of W(0) only, but is essen-
tial for the physics of this phenomenon. According to formula
(9) the value of W(0) for the chosen material is determined
largely by the unknown quantities A and -+ However, the para-
meter A is of minor importance, so if the orders of magnitude
of —g- are roughly estimated the effect of variation in A, as

1

il : : :
well as 1n:-§— ratio, can be ignored. The value of —(al ratio can

be easily changed by thermal treatment of the sample. We have
decreased W(0) by two orders of magnitude after annealing
sample 1 at 900°C for about 6 hr in vacuum of 10-3 mm mercury
pressure. This fact supports the initial idea. It is interes-—
ting to note that the time constants were not affected by an-
nealing as illustrated in fig.l.



Fig.3. Probable time dependence
of thermoelastic stress ¢ upon
cooling. o, and oy correspond
6 to unrelaxed and relaxed stres-
R g 5
ses respectively. T; is the

"freezing" temperature of non-
0 t equilibrium thermoelastic
t > stress. Zero time corresponds

T to the beginning of relaxation
phenomenon observation.

Ty

T

vT
CONCLUSION

" We have shown that the suggested inelastic relaxation of
thermoelastic stresses can provide an energy balance of the
phenomenon observed in polycrystalline copper after cooling._

A certain assumption on the statistical feature of the aq; (r) -
field should be made for the same estimation of W(0) in amor~
phous solids. From microscopic point of view the relaxatiom is,
possible, due to the tunneling between the two adjacent energy
levels similar to the case of the time-dependent specific heat
of giasses l/.However, there are only few discrete time con-
stants in our case. If the tunneling particles are the point
defects which form the elastic dipoles, then the heat relaxa-
tion phenomenon can be explained by the existence of several
non-equivalent orientations in the thermoelastic stress field.

APPENDIX A

Calculation of o, and o,

Let us consider a part of the grain boundary at the centre
of the sample in the form of a circular plate with thickness d
and diameter C with d<<ec<<a(fig.1A). For thermoelastic
stresses to be evaluated one need to calculate the stresses
produced by the forces normal to plate surface which equal

LS

-q )dT.
= 2V ITo(a a) (14)

Fig.1A. A part of boundary in
the centre of the sample can be
considered as a thin disk in
an infinite elastic space with
the resulting normal force den-

sity

f (ah a )dT

1—2v

applied to the interface. The
axes correspond to cylindrical
coordinates.

The sum of this stress with hydrostatic one for boundaries (2),
stress produced by forces (3) and the contribution of the rest
of the sample volume due to forces (4) is the true thermoelas-
tic stress. According to (6) it is enough to evaluate the
stress due to (1A) in the centre of the plate z=p=0 (in cy-
lindrical coordinates).In Cartesian coordinates {x, |, where

i = 1,2,3, Green”s tensor for unit force applied at (0,0,0)
along the X, axis is

S Aty pa by e Byi X;+8,;%,-8
1 4 (A + 2y) rs A+p r3
where A , p are the Lame coefficients; r is the distance bet-
ween the point (0,0,0) and the point of observation. Then using
(2A) and (1A) one finds that the surface element pdpd¢ produces
at the centre the stress

iM%y (2a)

do’ - Aty 3d3 e d
2 (A +2y) (4,;2 1af)FE | A @p? L d9HYE
E, (34)
.l I(ab—a }JdTlpdpde.
1-2v

After integration of (3A) over the surfaces z=+% and substi-
tution of A=vE/(1+v)(1~-2v) and p=E/2(1 +v) one obtains, to
a zero-order in = approximation, that the forces (lA) produce
the normal stress

X

1
(ab—ag)dT. (44)
0

T
r ’, Eu 5—4V I
2 i 1-2v 8(1-v) ‘g

The factor(5 —4)/8(1-v) 1is slightly affected by v when
0.2 <v<0.4 and is taken to be 2/3 below. Now a reasonable as-—
sumption should be made about correlation between a(T) and
ag(T), which is, unfortunately, unknown for copper. It is only
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evident that a,(T)> agCKL On the other hand for single-crystal
silicon, for example, it is known that a (surface) is 2-8 times
greater than a (volume)/IZCIt is supposed that the sample sur-
face and grain boundary are, probably, similar two-dimensional
defects. Let us take ap(T)=2a (T). The justification of such
assumption is that the effect of variation of ay/a, ratio is
not of greﬁt importance as compared with the uncertainty of the

quantity — + Now we have
Ty
’ 2 EU i
o, = —-é-.l_:__z_v... fang. (54)
, : To

As follows from the Saint-Venant principle the forces (3) induce
in the sample a hydrostatic stress

T

,e ’r ”” Eu
g = oyy = -.-;1-:20 £Oang. (64)

It is easy to demonstrate that the background stress contribu-
tion from the rest of the sample volume due to the forces (4)
is of the order of (&)(4)2 «<1and can be ignored in o, and o,
estimation, Finally, summing (6A) with (5A) and (2) we have the
normal component of the boundary stress to be

T
Ll
G'n = —é- 1 _421,- {ra ngc (7A)
0

The same procedure with the use of (2A) can be performed for
calculating the tangential component 6; produced by the forces
(1A) applied to the surface p=<.As a result we get that
0{‘~15 and the thermoelastic "o, is determined largely by

(6A) Snd (). ¢hat is !

T

1
a ng. (84)
To

u

1-2,

O"z—

APPENDIX B

Dissipated Power Evaluation

It is well known that the relaxation of stress o (strain ¢ )
when the constant ¢ (og) is applied is described by the simple

8

Fig.1B. Modified Maxwell”s 2 3 7
model of inelastic solid for

thermoelastic stress relaxa- sE ER Eu
tion representation.
(| Em
+
n=,T2—A1¢A sE
L

models of Maxwell or Voight/g/.In our case we cannot assume O
or ¢ to be constants, since they relax simultaneously. To take
this into account, one needs to add to the simple models men-
tioned above one more spring as fig.!B shows, here 7 denotes
the Newtonian viscosity of the damper 1, E ,which is equal to
relaxed Young”s modulus, denotes the stiffness coeff%cient of .
the spring 2 and so on. In the initial state the springs 2 _
and 3 are stretched out while the spring 4 is compressed. This
is the case of a rapid temperature change, when the thermoelas-

T :
E 1 .
tic stress ¢ =-7—3 f adT occurs. The following relatiomns
- 2v
T
0

for the elements 1,2,3 can be written:
o) =0y =€),
o, =8E-¢2,

LB ' 1B
03_ER €0 (1B)

o g =0
5 iti0y !

€ =€3 =€1+€2¢
And for the forth element the equatiomn is |

=-0,=0y-E ¢. : : 2B
o=-o0, OEu‘ ] (2B)
After replacing ¢; and ¢, in the last relation (1B) by their
expressions through ¢ and o one obtains the initial state
relaxation equation

Ege+7’'Ee=0+r'0, (3B)
where 7°=7@+A)/(1+A); A=5E/Ep. ' :
Substituting to-(3B) ¢ from (2B) one can rewrite (3B) in the
form
e+2ré=0y/(Eg +E,). (4B)

9



Complete solution of the equation (4B) can be written in the
form

€M =Agog/(Ep+E ) + Ajexp(-t/2r),

where the constants Agand A} can be determined from the bounda-

T,
Sk E !
ry conditions ¢(0)=0 and o(w)=- . g [ adT. Then we have
« -2y g
SE
((t)=-é—2-. - 0y -[1-exp(-t/2r)]. (58)

u
The digfipated power per unit volume is W::néf . It follows from

(1B) that §1==5—3E1 . Finally after easy transformations one

obtains:

P

0 14+A

] 2
W(t):-E_: 2 tA :_ . exp(-t/r). (6B)
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Tpodumos B.H. E8~83-300
ATepMHuyeckas pejakcanug B NOUKPHCTAIUIMYECKOH MemH
HoCie OXNamJeHHs HO TelHeBhX TeMneparyp

BoiBHraeTcsa mnpefnonoxeHHe O TOM,YTO DPEJIAKCALMOHHOE BhIAEJIeHHE
Tenna ¢ GonbmHMH NMOCTOAHHEIMH BpeMeHH, HafmogaeMoe B DasIHMYHBIX
THIAX TBepAHX Tejl HDCie OXJIakIeHHs, BH3IBAaHO Heynpyroi penakca-—
uvell TepMOYINPYTIHX HanpsaxeHHii., OCHOBaHHAA Ha 3TOM OIEHKA BbI—
Aensomeica MOWHOCTH B IIOJHKPDHCTAJUTHYECKOH MeRu coriacyercs
C 3KCHepHMEeHTOM.

PaGora BmmonHeHa B JlaGopaTopHH AgepHbX npotGnem OWUAH .,

Mpenpunt 06veguHEHHOTO MHCTUTYTA AAEPHHX uccneaosaHui. flybua 1983

Trofimov V.N. E8-83-300
Athermic Relaxation Phenomenon in Polycrystalline Copper
after Cooling to Helium Temperatures

The long~time heat release relaxation phenomenon observed
in different types of solids after cooling is attributed to
the inelastic relaxation of thermoelastic stresses. Under
this assumption an estimate of the relaxing power for poly-
crystalline copper is performed which agrees with the ob-
served values. :

The investigation has been performed at the Laboratory
of Nuclear Problems, JINR.
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