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LIST OF SYMBOLS

b Burger’s vector of a dislocation, taken as the distance between closest rows of
atoms.

e Velocity of elastic waves: ¢, ¢, ¢;, values for extensional, transversal and longi-
tudinal waves; also a constant.

d Logarithmic decrement.

e Logarithmic constant = 2.718... .

f Vibration frequency at the temperature 7' :f,, value at the temperature T,

of maximum energy dissipation; f,, relaxed value of frequency at the tempera-
ture T'; fun,o, limiting value of f, at very high temperatures.
h Planck’s constant.

l Dislocation lenght.

k Boltzmann constant.

m  Linear density of a dislocation.
1 Time.
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P. G. BORDONI

Lenght of a kinked segment of a dislocation.
Axis parallel to the dislocation line.
Axis normal to the dislocation line.

Energy per unit lenght which opposes the motion of a dislocation; E, coastant
term in the series expansion of E(y).

Funetion of the ratio (H,/2H,) considered in Donth’s theory.

Computed value of the activation energy; H,,H,, Hg, values given by Mason,
Weertman, Seeger’s formulae; H,, energy of a single kink; H,, critical energy
for a couple of kinks.

Elastic modulus; M, My, velaxed and unrelaxed values.

Volume density of dislocations.

Coefficient of resonance (quality factor) of a solid. Usually the inverse value Q!
is taken as & measure of energy dissipation; (', value of Q-' at the peak.
Total relaxation strenght; S,, &, values for extensional and longitudinal vibrations.
Absolute temperature; T,,, temperature of maximum energy dissipation.
Vibration energy.

Experimental value of the activation energy for the relaxation effect; 11, value
for the Niblett and Wilks peak; W, central value of a spectrum of activation
energies.

Attenuation funetion for a single relaxation time; Y,, ¥,. values computed for
the centers of a time- or of an energy-spectrum.

Attenuation coefficient of vibration amplitude with space.

Temperature coefficient of frequency =- — olog f/oT.

Parameter characterizing the width of a Fuoss-Kirkwood spectrum.

Density of relaxation strenght in a dislocation spectrum; §,, maximum value
of 4(7).

Increment of some physical quantitv; AU, increment of vibration energy;
AW, increment of activation energy.

Strain; eg, €a,, elastic and anelastic components.

Parameter characterizing the width of a rectangular spectrum == }logz,/r,:
Debye’s temperature.

Wavelenght.

Second Lamé’s constant.

Computed frequency of dislocation motion; v,, limiting value of » at very high
temperatures.

Volume density of a solid.

Stress; o, Peierls’ stress when thermal and guantum mechanical fluctuations
are disregarded.

Characteristic time of a relaxation effect, at the temperature T; 7,, limiting
value of v at very high temperatures; 7 central value of a relaxation spectrum;
7., 75, values at which the density d(z) iz 1/4/2 of its maximum value §,;
7, limiting value of 7 at very high temperatures.

1. — Introduction.

The first experimental evidence of a relaxation effect due to the dislocations
was found a few years ago in some low-temperature measurements of the
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DISLOCATION RELAXATION AT HIGH FREQUENCIES 45

dissipation of elastic enmergy in lead, copper, aluminium and silver [A-1] (1).
An exhaustive investigation of the effect in copper employing both polyecrys-
talline specimens and single crystals, was successively made by NIBLETT
and 'WILKS [A-4, A-8], by CASWELL [A-11] by Parf [A-13] by THOMPSON,
Grass and HoLmEs [A-14, A-17], by Nuovo, VErDINT and the A.[A-15, A-16].
Measurements were also made on aluminium, by HurcHINsoN, HuTTON and
Frumer [A-5, A-6, A-12] and by EinsPrRUCH and TRUELL [A-9]; on lead by
BoEMMEL and Masox [A-2, A-7]. The same effect wags recently found in
gold, palladinm and platinum by Nvovo, VERDINI and the A. [A-18], and
in gold-silver alloys by the same AA. and Barpuccr [A-19].

The first attempt to give a theorethical model for the dislocation motions
to which the effect is related, was made by Mason [B-2, B-4] assuming that
a dislocation line between two pinning points could be removed from its
potential well, and that the stresses due to the elastic waves wounld make
the potential well asymmetrical, giving rise to a macroscopic anelastic strain
and produeing a relaxation effect. This model lays perhaps too mueh emphasis
on the effect of impurity content, and was discussed by WEERTMAN [B-3, B-5]
and by SEEGER [B-8], who suggested that the dislocations may be confined
to certain ecrystallographic directions by the Peierls’ stresy, and may form
pair of kinks, under the combined action of the thermal fluctuations and of
the applied stress. The energy required by the formation of a kink pair is
an intrinsic property of dislocations, and this removes the main difficulty
of MAsoN’s model. The computation of the fundamental parameters associated
with the relaxation effect has been successively improved by SERGER, DoNTH
and Prarr [B-9, B-10], who have shown that the relation between the relax-
ation frequency and the temperature does not require any special hypothesis,
but is derived from the theory of stochastic processes.

The present review of the actual knowledge on dislocation relaxation is
divided in two parts. In the first the experimental evidence of a ther-
mally activated relaxation effect due to the dislocations is discussed, together
with the theoretical explanations which have been proposed for this effect.

Tn the second part, all the basic parameters associated with the effect are
considered in detail, and their experimental values are compared with those
given by the theory. The influence of thermal and mechanical treatments, of
impurity content, of high energy irradiation and of strain amplitude are also
examined from a quantitative standpoint. Unsolved or unexplored sides of
dislocation relaxation are brought to view by this analysis and hints are
derived for future investigation.

(*) The Section A of the bibliography lists the esperimental contributions; the
theoretical papers are collected in Section B.
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46 P. G. BORDONI

ParT 1. - Evidence of a disloecation relaxation.

2. — Experimental results.

When the dissipation coefficient -1 is measured as a function of the
temperature for a resonant specimen of a f.c.e. metal (%) a peak is generally

10.0,-10°

Commercial
Lommercial

0 50 100 150
Temperature (°K )

Fig. 1. - Relaxation peak in commercial and chemieally pure polyerystalline lead:
vibration frequency ~ 10 kHz[A-1].

(2} The anelastic behaviour of a solid may be evaluated by dinamic measurements
either on standing waves or on travelling waves. The coefficient ()~! obtained in the
first case is proportional to the ratio of the energy AU dissipated in half a cycle
to the stored energy U
L AU

1, Av
O " =mn i

The coefficient ¢ ™' gives also the tangent of the phase angle between a sinusoidal
stress and the corresponding strain.

Experiments on travelling waves of wave lenght 1 give the attenuation coefficient «
which measures the decrease of vibration amplitude with space. Both types of meas-
urements are equivalent, as far as the anelastic behaviour of solids is concerned, the
parameters Q" and « being related by the equation

01 = aimt.

The largest number of data on dislocation relaxation has been obtained by meas-
urements on resonant systems: hence 0~ will be taken in the following as a measure
of the anelastic behaviour.
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DISLOCATION RELAXATION AT HIGH FREQUENCIES 47
found in the experimental curve at a temperature which is considerably lower
than the room temperature when the vibration frequency is in the acoustic or
ultrasonic range. The temperature T,, and the height of the peak @' may differ
considerably from onemet-
al to another, even when
the vibration frequencies
have almogt the same val-
ue. For instance in lead ¢
and copper for a vibration
frequency near to 10kHz
the temperature T,, has
the value 35 °K for the 2
first, and 82 °K for the
second (Figs. 1, 2). The
difference between the !

values of Q" for the same
metals is even larger,
as the height of the peak
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is abouit 7-10~* for the Temperature (°K )
former, whilst it exceeds
400-10-% for the latter.
Differences of the same
order are found between the attenuation peak observed in aluminium (Fig. 3)
for a vibration frequency near 40 kHz and the peaks of silver, gold, palladium
and platinum (Fig. 4).
60 1G° A common characteristic of
° all the above peaks is that
g they are a very stable feature
of the low temperature
dissipation measurements, no
appreciable differences being
found between measurements
in successive runs. Moreover
the temperature T, correspond-
ing to each vibration fre-
quency has a characteristic
value for each metal, which is
little or not atfected by thermal
and mechanical treatments, by
impurity content, by high
energy irradiation and by vi-
bration amplitude, as it will

Fig. 2. — Relaxation peak in technically pure polyerys-
talline copper: vibration frequency ~ 10kHz[A-16].

4.0

20 o

0 100 200

Temperature(*K)

300

Fig. 3. - Relaxation peak in chemically pure
polyerystalline alumininm (99.9%,): vibration fre-
quency ~ 40 kHz[A-1].
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48 P. G. BORDONI

s Fig. 4. - Relaxation peak in poly-
250-10 . . :
crystalline specimens of chemically
A pure silver (99.809,), f~ 50 kHz;
200 N gold (99.889,), f~ 16 kzH; palladium
¢ J Au (99.919), f ~ 88 kHz: platinum
(99.89%), f~ 112 kHz [A-18].
150
/
100 : ' be shown later. It must also be
g Pd \p noticed that for copper, silver and
50 gold the peaks are very high, @,
] <. being many times larger than the
0 energy dissipation measured at

0 50 100 150 200 250 300

room temperature.
Temperature €K )

From the first experiments on
lead it was evident that when
measurements are made at different frequencies, the temperature of the dis-
sipation peak increases with frequency (Fig. 5). This result was confirmed
by BOEMMEL’S measurements on the same material [A-2] and by all the
measurements made on the other metals in which the effect has been found,
as it is clearly shown by Fig. 6 in which are collected the experimental
curves obtained for copper in a wide frequency range (1.8kHz - 6.4 MHz).
The measurements are accurate

enough to show that the logarithm  gg y
of the vibration frequency f, is l g o | Pb
proportional to the inverse temper- 25 4
ature of the peak T, / 3" harmonic
0 50 100 150
4 50110
M I fn = — ITI T ? M Pb
m . z o
NI A L
sy i nd . oMfes
where ¢, and ¢, are two positive ° 2 harmonic {*W/res )
b o Needle points
constants. OL‘ — = g T
As it was pointed out by MaAsoN 10‘0(-10"5 00 55
[A-2, A-4] this frequency dependence g /
of the temperature of maximum 25 o
dissipation indicates a thermally . /
50 . 'j)
™ harmonic{ * Ngedle ponts
. , . o Wires
Fig. 5. - Y¥requency dependence of 25 -
the temperature of maximum dissipa- £
tion in chemically pure polyerystalline ° L
lead: frequency of the first harmonic 0 50 100 150
~ 10 kHz [A-1]. Temperature (K)
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DISLOCATION RELAXATION AT HIGH FREQUENCIES 49

activated relaxation effect, associated with a characteristic time v which de-
pends upon the temperature according to an Arrhenius equation

(2) T = T, eXp T

?

where W is the activation energy and 7, gives the limiting value of the charac-
teristic time at very high temperatures. This hypothesis explains not only

5
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Fig. 6. - Frequency dependence of the temperature of maximum dissipation in technically
pure polycrystalline copper. Curve A, frequency 1.8 kHz; B, 13 kHz; C, 45 kHz;
D, 550 kHz; K, 2.7 MHz; F, 6.4 MHz [A-16].

the observed dependence of Q™ upon frequency and temperature, but also
the temperature dependence of the resonant frequency.

In fact the theory of relaxation effects shows that the energy dissipation
depends upon T and f through the product f-r according to the equation

i)

{3) Q' = 0,'sech [In (2nfz)] = Q' sech (ln (‘anz‘(, exp

4 - Supplemento al Nuovo Cimento.
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50 P. .. BORDONI

The dissipation reaches its maximum value when 2xfr = 1. Then for a given
vibration frequency f,, the corresponding temperaturve T, of the peak is
obtained multiplying (2) by 2=f,, putting 7, instead of T and equating to
unity

_— )
4) In f,, T In (277,) .

Equation (4) is the same as the experimental relation (1), provided the proper
values are taken for the activation energy
and the limiting time

a)

‘V = 11'01
(3)

Frequency

Ty = (2a)texp [— 6] -

The relaxation theory predicts also

.- b) that the resonant frequency of a given
Q . . .
§—\'\_— vibration mode of the specimen must
5,_7 change with temperature according to the
* | relation
!
f—"h

6) - =

®
é C) Qfl VV !
3] m .
§ S {1 -+ tgh <ln 2nft, exp {ﬁ] )} ,
z J

|

Temperature

where f, is the relaxed value of the res-
onant frequency. Equation (6) doesnot ac-
Fig. 7. - a) Temperature dependence count for the monotonic frequency changes
of frequency due to thermal dilata-  qye to theeffect of thermal expansion on
tion. b) Temperature dependence of . . .
frequency for a thermally activated the SlZf} of the specimen and onh the elastic
relaxation effect. ¢) Temperature de- Moduli. When the latter variation is added
pendence of dissipation for a ther- tothatrepresented by (6), aninflexion point
mally activated relaxation effect. mustbe found in thefrequency-temperature
curve at a temperature very near to T,
as it may be scen by Fig. 7, adding the values of frequency given by the
curves a) and b).
In accordance with the theory, the experimental frequency-temperature
curves exhibit an inflexion point corresponding to the temperature of max-
imum damping. As it is required by (6) the inflexion is more pronounced

o
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DISLOCATION RELAXATION AT HIGH FREQUENXNCIER 51

in those metals which have a larger value of %, as it iy the case with
copper (Fig. 8).

— f Cu
400110° —w; 15100
g Hz
1 —15000
300
\ f
\0
¢ \ 14800
2
114800
100
14700
0 14600
0 40 80 120 160
Temperature (°K)
Fig. 8. - Inflexion point in the frequency-temperature curve at the temperature of

maximum dissipation for technically pure polyerystalline copper {A-16].
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Fig. 9. - Inflexion point in the frequen- Fig. 10. — Inflexion point in the frequen-
cy-temperature curve at the temperature cy-temperature curve at the temperature
of maximum dissipation for chemically of maximum dissipation for chemically
pure (99.889) polycerystalline gold [A-20]. pure (99.809,) polyerystallinesilver [ A-20].
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52 P. G. BORDONI
The inflexion is clearly seen also in gold (Fig. 9) and in silver (Fig. 10).
notwithstanding the limited temperature range covered by the experimental

150 10°*

o unannealed

‘_‘/ annealed / \._L o _ _‘_0_0_4/4

— S
0 50 100 150 200 250
Temperature(°K)
Tig. 11. - Reduction of the relaxation peak due to anneal; influence of a 2-hours

treatment at 175 °C on commercial polycrvstalline copper: vibration frequency
~ 30 kHz [A-17.

data. In palladium and platinum, whose dissipation peaks are smaller and
flatter (Fig. 4) the inflexion is less evident, whilst in lead and silver the

peaks are so small (Figs. 1, 3) that the measurements are not accurate enough
to show a frequency relaxation which does not exceed 10—,

200116°

150

0 50 100 150
Temperature (°K)
Fig. 12. - Dependence of he height of the relaxation peak upon the annealing temper-
ature in high purity (99.9999,) oxygen-free polycrystalline copper. Curve A, after

straining 8.49%; B, after 1 h anneal at 180 °C; C, after 1 h anneal at 350 °C; vibration
frequency ~ 1 kHz[A-8].

33
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To conclude the general discussion of the experimental results, it must
be shown that the relaxation effectis due to the dislocations. To this purpose
the influence of thermal and mechanical treatments must be c¢onsidered

30046
' - A Ag
q I
200 o& *
¢ :
B/'\
3* e
100 PN o Ao’
c | N, o
Q\ .:.,ﬂ?_.(_ e - e
e’ Pt R R P R EERTTRL TR
0 50 100 150 200 250 300

Temperature (K)

Fig. 13. - Dependence of the height of the relaxation peak upon the annealing temper-
ature in chemically pure (99.809,) polycrystalline silver. (turve 4, before anneal; I3,

after a 4-hours treatment at

175 °C; O, after an additional 5-hours treatment at 225 °(/;

vibration frequency =~ 56 kHz[A-20]

together with the measurements which have been made on single crystals.
It has been found that any treatment which reduces the number of disloca-
tions, such as anneal, decreases the height of the peak, as it shown in

Fig.11 for a not very pure
copper specimen. The
reduction of Q" depends
upon the annealing tem-
perature: if this temper-
ature is high enough, the
peak may be cancelled,
as it is shown by Figs. 12
and 13 for copper and
silver.  The effect of
anneal can be followed
through the time-changes
of frequency at constant
temperature when the
final temperature of the
treatment has been reach-
ed (Fig. 14). The in-
crease of frequency shows
a corresponding decrease

o
i)
©

17800

he / -

17,700 /

Y

17600

Frequen,

17,500

17400 __
0 1 2 3 4
Hours

Fig. 14. - Influence of anneal on polycrystalline silver
(99.80%). Increase of the resonant frequency with time
at the constant temperature of 225 °C'[A-20].
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Fig. 15. - Linear dependence of the resonant

frequency upon temperature in polyerystal-

line silver (99.809;), after a 5 hours anneal
at 225 °C[A-20].

of the number of dislocations active
in the relaxation process, and explains
the reduction found in the low-temper-
ature peak. After a complete anneal,
when the peak has been cancelled, the
frequency-temperature curve no longer
exhibits any trace of the inflection
due to the relaxation effect (fig. 15).

On the other hand, any treatment
which inereases the number of disloca-
tions, such as cold work, increases
also the height of the peak, when this
is already present (Ifig. 16), or reintro-
duces it, if the material has previously

undergone a complete anneal (Figs. 17, 18). It may be added that the anneal-
ing temperature required to cancel the peak is considerably higher than room

temperature, for all metals in
which the effect has been found.
As it way pointed out by SEEGER
|B-8], this excludes that the re-
laxation can be due to the re-o-
rientation of divacancies or similay

defects created Dby the plastic
deformation which anneal out
rapidly at room temperature,

and suggests that the peaks ave
produced by the motion of dislo-
cation segments.

Fig. 16. — Increase of the height
of the peak with the amount of
cold work in polyerystalline silver
(99.809,). Curve d, after a moderate
cold rolling; curve B, after a further
cold rolling to ¢ of previous thickness;
vibration frequency ~ 56 kHz [A-201
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All the previous measurements were made on polycrystalline specimens.
However the grain structure cannot be responsible for the dissipation peaks,
owing to their low temperature. The experimental proof of this has been

A e
° F )w*”"/
"”':o. *~y '
0 50 100 150 200 250 300

Temperature (K)

Fig. 17. — Increase of the height of the relaxation peak with the amount of cold work
in polyerystalline copper (99.979,). Curve A, strained 0.179); B. strained 5.59;
vibration frequency ~ 0.4 kHz [A-8].

obtained by the A. [A-1] by CASWELL [A-11] and by PARE [A-13] who have
found the dissipation peuak in copper single crystals., Within the limits of
experimental accuracy, the temperature T,, corresponding to a given fre-

30010°
q Ag
204 /\ 5
. V-

100 - el

A \\._/ ‘::,\g‘ ——"

—\ PP et

-t —0— -
.o-o—
0 50 100 150 200 250 300

Temperature (K)

Fig. 18. - lucrease of the height of the relaxation peak with the amount of cold work

~

in polyerystalline silver (99.809(). Curve ., after a 5 hours anneal at 225°C;
B, after 2.79%, permanent strain; vibration frequency ~ 56 kHz [A-20].

quency f, is the same for polycrystalline specimens and single crystals and
the effect of annealing treatments and cold work is also qualitatively the
same for both types of materials (Fig. 19). This shows that the cause of the
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56 P. (. BORDONI

dissipation maximum must be directly related to the geometrical imperfec-
tions of the crystal lattice and not to the grain structure.

100 416°
Cu
01
(A)-135%
(BY-30%
50 (C)-48%
(D) - Cross-rolled
]
= T A T
0 40 80 120 160 200 240 280

Temperature (°K)

Fig. 19. — Relaxation peak in copper single crystals (99.9999) for various amounts
of cold work. Vibration frequency ~ 40 kHz[A-11].

3. — Theory of dislocation motion.

In order to explain how the dislocations can give rise to a thermally activ-
ated relaxation effect, some model must be found for their motion under
the combined action of thermal fluctuations and mechanical stress. The

Minimum energy
posihons

Dislo-
calion

A

(a) (&) ()

Fig. 20. — Mechanism for the dislocation motion according to Masox (B-2, B-4].

next step is to relate the motion of all the dislocations with the forma-
tion of an anelastic strain. The formal theory of relaxation can be succes-
sively applied to this strain to find the frequency- and temperature-dependence
of the energy dissipation.

In the model proposed by MasoN [B-2, B-4] a dislocation line isx pinned
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at points .1, B by impurity atoms (Fig. 20e). The lowest-energy position
corresponds to a straight segment, but other equilibrium positions may exist
of somewhat higher energy, in which the dislocation is kinked (Fig. 205).
The central part of the dislocation is then displaced in the glide plane of an
amount &, equal to the distance between closest lines of atoms in the same
plane. Owing to the Peierls’ stress, a dislocation must overcome a potential
barrier H to go into the nearest equilibrium position (Fig. 20¢). To compute
this barrier, MAsoN assumed that the whole dislocation segment between
the pinning points moves together. If the x axis is taken parallel to the dislo-
cation line, and y normal to it, the potential per unit lenght E(y) which
opposes the motion of a dislocation may be represented between y = — b/2 and
y = -+ b/2, by

opb®  2my

cosS

(7) Bly) = By~ cos 7,

where o, = 1/b(0E[¢y), ., is the Peierls’ stress required to force the dislo-
cation through the steepest part of the potential, when thermal and quantum
mechanical fluctuations are disregarded. Neglecting the changes in dislo-
cation lenght, the height H, of the potential barrier for this model, which
is given by the maximum value of I-[E(y)— E(0)], that is

%
- R

(8) H,
7

is proportional to the dislocation lenght {. This would lead to a strong depend-
ence of the temperature of the peak on the parameters which control I, that
iy the dislocation density
and the impurity content.
As no such dependence is
observed experimentally,
some modification must be
introduced in MasoN’s mod- '
el, considering types of !
dislocation motions not con- [
trolled by the dislocation
lenght [.

As it has been pointed
out by WEERTMAN [B-5] it  (2) (0 (©)

is not necessary for th . . . . .

. sRary ®  Pig. 21. - Mechanism for the dislocation motion
whole dislocation segment to according to WErrTMAN [B-3, B-5] and to SEEGER
move at once in going from [B-8, B-10].

8 B 8

A A A
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one equilibrinm position to another. A small kinked segment of lenght I'<< 1
may move over the potential barrier, a lower limit for ' being given by the
lenght 2 of a kink pair (Fig. 21). Taking Maso~Ns's estimate for w

(9) w = (ﬁ)

and inserting 2w in equation (8) in the place of I, an approximate value is
found for the energy H, required by the formation of a kink pair

10 H, — bﬁ(a—g)l
{10) M u

where p = shear modulus.

According to equation (10), the formation of a kink pair bas an «intrinsic »
character, its energy being independent of the particular lenght of dislo-
ation lines and of their interaction with impurity atoms. Hence this model
is better suited to explain the relaxation effect then the «rigid motion»
model associated with the energy (8). However the derivation of (10) is some-
what lacking in mathematical rigour, as the maximum value of potential (7)
iy applied to a kinked line which is not parallel to the direetion of maximum
energy; moreover the approximate value (9) is taken as the lenght of a kink,
and the changes in dislocation lenght are neglected.

A more satisfactory computation of the energy associated with the for-
mation of kinks has been given by SEEGER [B-8]. The starting point is the
differential equation for the shape of an unpinned dislocation line, whose
minimuim energy position is parallel to the x axis

.7/

82y dF(u) +bo+m
- ) 9

(11) E() ),
where ¢ = resolved shear stress in the glide system; m = density per unit
lenght. The periodic potential per unit lenght E(y) may be represented by (7)
for any value of y, a further refinement in the representation of E(y) being
not significant in the present state of theory (*). As opb?[2n < F,, the latter
value will be substituted to F(y) on the left side of (11). Then in the static
ase, with no external stresses (o = 0) the equation becomes

dy  o3b . 2my

de®*  H, b

(®) All the potential minima have now the same value, the dislocation being
unpinned. The period has been taken equal to .
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DISLOCATION RELAXATION AT HIGH FREQUENCLES 59

A solution of (12) represeunting a single kink of amplitude b in the positive
direction of the y axis iy given by

. (?mfﬁ)” |
E ) f

The displacement y tends asymptotically to zero when « tends to — oo and
to b when « tend to +4oo. Comparing (13) with the estimate (9) for the
kink width 1, it is found that the latter corresponds to a dislocation displace-
ment differing by less then 0.04b from its final value (%).

A straight dislocation line lying along one of the lines y =nb (=0, 1, 2, 3 ...)
has the energy E, per unit lenght. 'When the line is no longer straight, the
energy is increased owing to the contemporary change in lenght and to the
presence of the sinusoidal term in equation (7). If the angles made by the
dislocation with the z-axis are small, the first part of the encrgy increase
is proportional to (dy/dx)® while the second part is proportional to (1 — cos 27y /b)
The energy H; of a single kink may then be computed inserting (13) into

13 1 (fr)—%tr—1 Je\'
(13) yur = g IAP

the expression

e dy\® = o%b2 2avyy
(14) f{E E‘, <a;l> + 9, (1 — €08 ﬁlr) )} dr
This gives for H, (%)
0) /T) O'Uy B
15 H,. = 2|/ = . b3 |22},
(15) k 7] 5a (,u)

To compute the energy H, associated with the formation of a kink pair
SEEGER assumes that the energies of two half-kinks corresponding to a displace-
ment y = b/2, add approximately to the encrgy H, of one complete kink,
which is given by (15). This amounts to say that the position of maximum
energy through which a dislocation segment has to pass when forming a pair
of kinks is approximately reached when the central part of the kink pair is
on the crest of the potential barrier, midway between two equilibrium posi-
tions. Moreover there is an attractive force between the kink pairs, which
is particularly strong for small separations d of the kinks. This force is due
to the fact the total lenght of the kinked dislocation diminishes if the kinks
come together by -sideways motion, and eventually annihilate each other.
An opposite action is exerted by the applied xhear stress; if ¢ is the resolved

() Tt must be remembered that o%p%/27 - Ik,.
(®) Following Srraer [B-8] the value ;h2/5 is taken for .
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value in the glide system, it exerts a force ¢+b per unit lenght of the disloca-
tion which tends to increase the slipped area in the glide plane on one side
of the dislocation line. For every value of the applied stress, there is a
critical separation d, corresponding to an unstable equilibrium of the kink
pair under the combined action of the applied stress and of the mutual
attraction. The energy associated with the attraction computed for d =4,
must be added to H, to obtain the total energy barrier H, which opposes
the formation of a kink pair. An approximate computation of d_ gives for
the total energy [B-8]

(16) Ho—mie E In (16"2)} ,

l o

A basic difference between the above equation and the expressions (8) and
(10) is that the energy barrier given by (16) depends upon the applied stress.
However ¢ enters the energy H, only in a logarithmic term, and the strain
value for most of the measurements is from 10~* to 10-¢ The ratio o/u is
of the same order as the strain, while the ratio o,/u associated with relaxation
measurements is generally found to be near 5-10-%. The value of the last
term in (16) is from 2.0 to 3.0 and a value 2.5 may be taken as a satis-
factory average for most experimental conditions [B-11]. This gives for H,

0\ 4
(17) H,=35H, =125 iuba (i> ,

which differs only by the factor 1.25 from the value (10) given by WEERTMAN (%).
It may be observed that H, tends to infinity when the applied stress tends
to zero. This does not mean that kink pairs are not formed when there is
no applied stress, but that they annihilate very soon after their formation.

To compute the frequency » of formation of kink pairs as a function of the
absolute temperature T' is a rather difficult problem. All the above theories
avoid this difficulty assuming that v may be represented by an Arrhenius
equation

H
(18) Y = %, eXp {_ %TJ ’
where H is the energy of the potential barrier opposing the dislocation motion
given by (8), (10) or (17) according to the model considered and to the anal-

(®) In Mason’s treatment of Seeger’s theory the factor 1.25 of eq. (17) is replaced
by 2.0 as he takes the value ;h?/2 for E, instead of ;0?/5 as itis done by SEEGER;
see [B-11], p. 270, eq. (9.61).
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ysis of its motion; v, is the vibration frequency of a straigh rigid dislocation
line, near its position of minimum energy.

The value of v, is immediately obtained for small oscillations (y < b/2)
from equation (11) putting ¢%*y/ox* =0 and o =0, and substituting to the
sinusoidal funection its argument

d*y

19) m e

+ 2mopy = 0.

Taking ob* for the linear density m, as suggested by ESHELBY (%) (p = volume
density) and introducing the velocity e, = (u/o) of shear waves (*)

¢ o\t
9 ) == = | —
(20) " V?ﬁ(u) )

The frequency v given by (18) and (20) must be interpreted as the average
namber of kink pairs which are formed by a single dislocation in a time in-
terval much larger than »1.

When no applied stress is present, on the average the same number of
-kink pairs will be formed on both sides of a dislocation line in its glide
plane. The average dislocation position coincides then with the straight
equilibrium position of minimum energy, and no macroscopic strain is origi-
nated. An applied shear stress, much smaller than Peierls’ stress, acting
in the glide system of the dislocation, will cause the kinks to get furthev
apart on one side, and nearer to each other on the opposite side, making
their statistical distribution no longer symmetrical with respect to the dislo-
gation line. The average position of the dislocation with respect to time is
no more a straight line, but it is displaced towuards the gide in which the
applicd stress favors the production of kinks. A macroscopic strain ix then
produced by the asymmetry of the average dislocation motion. This strain
is cerfainly not of an elastic type, as a finite time of the order of v is required
by the dislocations to approach a new statistical distribution after a stress
is suddenly applied.

The above remarks are of a purely qualitative type. The anclastic character
of the strain due to the dislocations could be established on a quantitative basis
showing its linear dependence on the applied stress and its exponential depend-
ence on time, after a stress is suddenly applied. Both properties are sum-

(") See J. D. EsurLsy: Proc. Roy. Soc. London, A 197, 396 (1249).

(%) 8uEsER [B-8], p. 660 (17), takes (E,/m)} for ¢;. On the other hand he gives
the estimate ;b2/5 for E,. Then his expression for y, differs by a factor 4/5 from
€q. (20). The latter coincides with Mason’s value [B-11], p. 271.

-
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marized by o stress-strain relation of the type (%)

(21) e(t) = J—%{l%—%?{l——exp {—%

”, for £>0,

where &{t) is the total strain corresponding to a suddenly applied stress 7,
M is an elastic modulus; ¢,, ¢, are the elastic and anelastic fraction of the
strain, No attempt is made in SEEGER’S theory to derive equation (21)
from the analysis of the model of dislocation motion. Such an attempt could
eventually be made considering the average dislocation motion and the aver-
age equilibrium position under an applied stress. It is obvious that the
formation of kink puairs is symmetrical with respect to such a position, owing
to its average character. This means that the effect of applied stress which
favors the production of kinks on one side is counteracted near the dislo-
cations by a distribution of elastic stresses due to their average displacement
which must therefore be proportional to the applied stress. The exponential
dependence upon time shown by (21) can also be explained observing that
the average dislocations motion towards a new equilibrium position, has an
entirely statistical character, being controlled by the thermal fluctuations.
The average motion is therefore irreversible, and the number of dislocations
which in a given time make a given step towards the new equilibrium po-
sition must necessarily be a fixed fraction of the total number of dislocations.
which have not yet made the same step. Hence the strain-time relation is
of an exponential type, as required by (21).

Once a relation of the type (21) has been proved or adopted, the formal
theory of thermally activated relaxation effects shows that the temperature
dependence of the dissipation and of the resonant frequency is represented by
equations (3) and (6), and the theoretical treatment of the effect is complete
from a semiquantitative standpoint. A further analysis of the anelastic strain
due to the dislocations motion is however needed to find & relation between
the potential barrier H (given by equations (8), (10) and (17)) and the activ-
ation energy W of equation (2). A similar relation is also needed between
the relaxation time 7, considered in the same equation and the frequency v,
of dislocation motion, computed according to (20). Thiy analysis is replaced
in SEEGER’s theory by the reasonable assumptions [B-8]

W=H
(22)

-1
Ty = 27m,.

In MasoN’s theory some of the above difficulties were avoided making use
of rate theory; a similar treatment has more recently been given by SEEGER,

() See P. G. BorpoNt, Suppl. Nuove Cimento, T, 144 (1950).
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DoxTH and PrArr [B-10] which do not assume the validity of the Arrhenius
equation (18), but try to compute the energy exchanges between disloca-
tions and lattice by means of the Kolmogoroff equation for diffusion processes.

The model for dislocation motion is the same that has been adopted by
SEEGER, and the case of a suddenly applied stress is considered. As it has
been already pointed out, when the energy of a pair of kinks exceeds a
critical value, the two kinks are pulled apart by the applied stress. Owing
to the statistical character of the energy exchanges between dislocations and
lattice, the behaviour of the formers can be represented by the diffusion of their
representative points in energy space. It may be observed that the density
of such points must vanish when their energy exceeds the critical value for
the applied stress. The average time required by the dislocation to reach
this critical energy H, is the relaxation time. The estimation for the cnergy
barrier H,, is

41/2 (02‘5 7o
I V=R 8 S W § L
:rz]‘ sn y) 803’

which is near to one half of the value given by (17).
The relaxation time of equation (2) is then given by (%)

o
23 o=2H, |1 — —
( ) H k ‘ 80‘3

16 b ;
24 T = —~— - exp[—F
(24) Vo ager P AL
where Fy is a function of the two variables (2H,/kT) and (H_/2H,). The nu-
merical values of F; are given by DoNTH in a graph.
The maximum dissipation €' is also related to the volume density N,
of dislocations of lenght ! by the approximate relation
3N,
1o 0T
(25) On =~ 51 -
From a qualitative standpoint it is guite remarkable that the temperature
dependence of the relaxation time is not exponential, owing to the factor
(k-T)* in equation (24) and to the relation between F, and 2H,/kT which
is not exactly linear. However for small stresses the ratio H_|2H, given
by (23) is very near to unity. In this case the graph of the function F, is
represented with good accuracy by

4H
26 =12 %,
(26) Fi=1—"

(%) The coefficient of the exponential in eq. (24) is larger by a factor 2.4 than the
coefficient (2z/3)-1 computed by means of the eq. (15) of the paper [A-16]. This dif-
ference is due to a different estimate for £, and c,.

e
~
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Moreover the variations of the function (k7T) with temperature are small
in comparison with those of the exponential term for all the temperatures of
interest in the relaxation effect. If an intermediate temperature is chosen
to compute the time factor in the right member of equation (24) (for instance
T =100 °K), the temperature dependence of relaxation time given by the
theory of SEEGER, DONTH and PFAFF can be represented with a satisfactory
approximation by the simple equation

T /a0 100k ¢, | kT

27) T

The above equation shows that from a numerical standpoint this theory differs
very little from the simpler one formerly given by SEEGER. As far as the
activation energy is concerned, the difference between the value 4H, taken
in (27) and that 3.5 H, given by (17) is not physically signiticant, owing to the
uncertainty in Peierls’ stress. The same happens with the relaxation times

Tasrr L. - Physical properties of some f.e.e. metals involved in the relaration theories.
Metal o (g em3) b (em) 1 ep (em 871y | g (dyn em-?) ohiu
Copper 8.96 2.55-10-8 2.26-103 4.6-10" 4.2-i0-1
Silver 10.49 2.88 1.6 2.9 6.0
Gold 19.3 2.88 1.2 2.85 8.6
Palladium 12.02 2.74 2.04 5.0 10.3
Platinum 2}.45 2.76 1.7 6.1 3.2
Aluminium 2.70 2.85 3.08 2.64 5.0

computed for the two theories: of course in thiy case the comparison must
be made between the logarithms, owing to the exponential character of equa-
tions (2) and (27). The values of the fundamental parameters required to

compute 7,' according to (20) and (22), are listed in Table I. In the same

Tanre 11, - Comparison between the values of In 15t compuled by means of the Seeger's
theory and of the Seeger, Donth and Pfaff’s theory.

| In 73! o
Metal e 0
Seeger theory S.D.P. theory difference

Copper 26.84 25.97 3.3
Silver 26.55 25.59 3.7
Gold 26.44 25.32 4.4
Palladium 27.12 | 25.49 6.3
Platinum 26.37 ‘ 25.06 5.1
Aluminium 27.13 : 26.52 2.3

61
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Table are also given the values of o)/u computed by means of (17) and (22),
from the experimental value of W.

As is shown by Table II, the differences between the logarithms of 7,°
computed according to the Seeger’s theory and to the S.D.P. theory are quite
small. It may be added that the deviations of the exact relation (24) from the
Arrhenius equation are too small to be detected with certainty even when the
experiments are performed in a wide frequency range. From a numerical stand
point the SEEGER's theory and the diffusion theory are equivalent, the main
advantage of the latter residing in the smaller number of hypotheses required
and in the possibility of evaluating the density of dislocations which give
rise to the relaxation effect.

PArr II. — Fundamental parameters of dislocation relaxation and influence
of different treatments.

4. — Activation energy and characteristic 10"
frequency.
Al
The validity of equation (4) may be & \

tested plotting the logarithm of frequency \ * Linspruch and Truell
against the inverse T of the temperature \\ - g”’c’"".s"” and Fiimer
of the peak: the experimental points must \ \ oo
then lie on a straight line. The metals 0 L\‘L
on whieh the dissipation peaks have been \\
measured on specimens having the same \
purity and the same history, in a fre- 0 A
quency range wide enough to make this '-IQ
control physically significant are alumin- ~ W-0107 eV
ium, copper, silver, gold, palladium and < 49
platinum. For all these metals no system- \
atic deviation from a straight line has
been found, the slight scattering of exper- "
imental points being of the same order
of the experimental accuracy (Figs. 22, \\

10] \\
Fig. 22. - TFrequency dependence of the X\
temperature of maximum dissipation in poly- o |
ervstalline  aluminium : activation energy 0 0002090400(50008 001 0p12

0.107 eV [A-9]. k)’

3 3 - Supplemento al Nuorve C{menlo.
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23, 24). The data obtained for copper are particularly significant,” owing
to the wide frequency range covered by the measurements (from 1.8 kHz to
6.4 MHz) and to the fact that they were made not only on the same
material, but actually on the same sample. Fig. 23 shows that the

1540°

™~ ]
\ Cu

~

=

> \ W 0123 ev
o |]

N

£

o
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w
P
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070 080 080 100 110 120 130 1404¢°
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Fig. 23. - Frequency dependence of the temperature of maximum dissipation in

technically pure polyerystalline copper: activation energy 0.122 eV [A-15, A-16].

parameters 7, and W have the same value for the flexural vibrations (lowcr
frequencies) and for the longitudinal vibrations (higher frequencies), as
the corresponding sets of experi-
mental points lie on the same line.
In fact for each type of vibrations
the distance between the experi-
mental points is large enough to
show an eventual difference in the
slope or position of the straight
lines drawn separately through the
points belonging to each type of
vibration.

‘When the logarithm of frequency
is multiplied by %, as it is done in

Fig. 24. - Frequency dependence of the
temperature of maximum digsipation in
silver, gold, palladium and platinum.
Activation energios in eV: Ag, 0.124;
Au, 0.158; Pd, 0.260; Pt, 0.192 [A-18].
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Figs. 23, 24 the slope of the line gives the activation energy. The values
obtained in this way are listed in Table IIT, together with the correspond-

TapLe I11. — Fundamental paramelers of the releralion effecl.
w w2 Debye 20,1V
Metal frequency o9l —
(eV) (s~1) (s-) T4 b
‘ 0.122 B 11 = 101 1 y
Copper (£0.005) 3.8 10 67-10 4.2-10- 0.6
sl 0.124 - ) )
Silver (4:0.005) 40 45 6.0 0.04
\ 0.158 _ - 5o
Gold (40.002) 0.7 35 8.6 22
Palladi 0.260 2.0 57 :
alladium (-£0.013) 12. 57 10.3 0.3
Plati 0.192 0.06 7 3.2 2
atinum (--0.006) .0 47 3.2 23
Alumini 0107 0.13 82 0 24
Alumini G 82 5. 2.
minium (4 —) !

ing accuracy estimated from the scattering of experimental data. In the
same Table are also given the values of 7,'/2x computed from the inter-
cept of the straight lines of Figs. 22, 23, 24, with the frequency axis, aceord-
ing to equation (2) and to the relation 2xf,r =1. Hence 7,* :1}_{% 27tf1n s
and 7,27 = f.,. For comparison purposes the frequency associated with
the Debye temperature & has been computed for each metal from the equation
r = k9/h, and is given in the next columm (1),

It iy quite remarkable that the values taken by W in different metals are
nearer to each other than could possibly be expected. This seems to sapport
the idea of WEERTMAN and SEEGER, that the dislocation motion responsible
for the effects, is associated with some intrinsic property of the dislocations,
the differences between the potential barriers being small in crystals having

("} The Debyve frequencies associated with the different {ypes of waves could be
computed from the theory of specific heath of crystals, taking into account the Bril-
louin correction for wave lenghts of the same order as the lattice constant. However
the values given in Table II1 are accurate enough to be compared with z,7%/2x.

%Y

©
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the same structure. This result shows the interest of extending the in-
vestigation to erystals with a different structure.

The experimental value of 7, '/2x isin every case smaller than the Debye’s
value. This is quite reasonable as the latter frequency is the highest that can
be propagated in a periodic lattice. It must however be remembered that long
before the melting point is reached the dislocations responsible for the relax-
ation effect are no longer active, as it is proved by the experiments on anneal
(Figs. 11, 12, 13). To be physically significant the comparison ought to be
made taking the value of the relaxation time not for an infinite tempera-
ture, but for the highest temperature that each metal can reach without
cancelling the relaxation effect. To this purpose further experiments are
needed on the influence of anneal on metals of known impurity content.

The ratio of the Peierls’ stress to the shear modulus can be computed ac-
cording to SEEGER’S theory from equations (17), (22); and from the experimental
values of W. The values obtained in this way (Table ITI) are all higher than
those obtained in static experiments. The explanation which has been given
for copper, in which this difference was first noticed, can be applied to all
the metals having the same structure. It has been observed [B-8) that a
great portion of the dislocations dont lie along close-packed directions. There-
fore their effective Peierls’ stress which is observed in static experiments, is
several orders of magnitude smaller than ¢j. This explanation removes the
objection made by WEERTMAN [B-5], that the formation of kink pairs cannot
be responsible for the relaxation effect, as the values of o) computed by
means of (10) or (17) are too large. It was suggested [A-11, A-13, B-8] to
test SEEGER’S theory using the values of o)/ given by Table I1I to compute
the dislocation frequency v, by means of (20); this value could then be com-
pared with that obtained experimentally for 7, '/2z. However the meaning of
this comparison ix not quite clear, as the preceeding theoretical discussion shows
that the value of ¥, given by (20) is probably of the xame order as 7, '/2%, but
does not necessarily coincide with it. A more significant test can be obtained
eliminating op/p from (17) and (20), and observing that the expression o H [vebin
is an invariant for all mefals. If we make the reasonmable assumption that
the unknown ratio between », and 7,'/27 has the same value for all the
metals having the same structure, the above expression must also be inva-
riant when the experimental values of W and 7, '/2z are substituted to H,
and v,. The last column of Table TII shows that this is not the case, and
that the evaluation of the relaxation time is actually the less satisfactory
part of the theories of dislocation motion.

A further comparison has been made between the experimental data for
copper and the theory of SEEGER, DoNTH and PFAFF. A central point
has been chosen on the line of Fig. 23, to compute the function F; and the
ratio 2H,/kT for the two cases H, [2H, =1 and H_[2H, = 0.9. The frequency

766
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of maximum attenuation has been evaluated as a function of the tem-
perature by means of equation (24) and of the relation 2zf,r =1. The com-
parison between the average

experimental line and the 2510°
theoretical points is shown in
Fig. 25. The agreement may
be congidered satisfactory: how- 20 \
ever the theoretical points .
lie on a line somewhat steeper ¢
than the experimental one.
A glight correction of the val-
ues taken by the function F,
seems therefore to be required
to obtain a better agreement
between theory and experiment.

Cu

N

5. — Relaxation spectrum.

If the relaxation effect
were due to the sum of many 0 05
elemenfary effects with the
same values for the activation Fig. 25. - Comparison befween the experimental
data and the theory of Reeger, Donth and TPfaft
the experimental dissipation f(‘)r technically pure pnly(’v.l'ysfalllhlle copper. Full

. . circles, computed values for H . /2H,=1; crosses,
curves would coincide with computed values for H./2H,=0.9. Heavy line,
those computed by Zener for average of experimental data[A-16].

a single relaxation time ('%).

From equations {3) and (4) the ratio of Q-' to its maximum value @,"
can be expressed in a way independent of the frequency of measurement,
as a function of the variable W L™ [T ' —T7"]

L0, 15 2010°
[ANYY)

energy and relaxation time,

O W
72 = sech —

9
(~8) ‘(l);z] I\:

)] 1
T T
where T, is the temperature of maximum dissipation for a given frequency.

Taking for W the values given by Table IIT, the experimental ratio
Q0" has been comparved with the curve (28). Tn every case the experi-

('2) It must also be assumed that the ratio between the dislocation frequency and
the parameter v ' which characterizes the relaxation of maeroscopie anelastic strain
is the same for all the dislocations. However this seems rather obvious from a physical
standpoint.

~
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mental lines are much broader than the theoretical curve for a single relax-
ation time, as it is shown by Figs.

26, 27 for the typical cases of copper
and gold.
hoﬂg?"ﬁg; Since the hypothesis
X Ve R of a single relaxation time
@ 8 [ | 4 o
08 Q- p | ® cu must be discarded, the
' o 8o ,' \\ ° &A’ two simplest assumptions
pe = / \ o that can be made arve:
¢ / \ o® °
06 [P \ o
8o l, \ s e a) all the elemen-
Cooge / \\ e tary relaxation effects are
04 / \ T associated with the same
// \\ s . value of 7, but their
y \ e activation energies are
a2 7 A == different:
/ \ :
/ \
b) all the
-6 -4 -2 0 2 4 6
w-k-(T-T")

elemen-

tary relaxation eflects
Pig. 26. - Values of 07905 as a function of W-k-1-

(Tt — 1Y for polyerystalline copper. Open ecircles,

have the same activation
experimental points; dotted line, Zener’s dissipation

energy W'but the values
for 7, are different.
i X ! i Owing to the exponent-

curve for a single relaxation time [A-1€]. . . .

ial relation (2) between 7

and W, a constant loga-

rithmic density of relaxation times between 7, and 7, corresponds to a con-

stant linear density for energies between the values (W—AW) and (W AW).

Ax it has been shown [A-16], the value of @' iy given for an energy spec-

10

\ . Au
! \

I !

0.5 o

o

\
/ \
0 |
-10

Fig.

5
w.g (T .T")

27. — Values of 070! as a function of W-L-t-(T;* — T-1) for polyerystalline
gold. Full circles, open circles and crosses, experimental points; dotted line, Zener's

dissipation curve for a single relaxation time [A-18].
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trumn with constant linear density by

I

29 gt—=
(2%) 2T A

= . AW
kT tet [) - Sinh T ] ,
where N iy the total relaxation strenght (M,— M,)v/ M, -M,, M,, M,being
the unrelaxed and relaxed values of elastic modulus; 2AW is the width of
the energy spectrum of center W; Y, is the attenuation function for a single
relaxation time computed for the centre of the relaxation speetrum

(30) Yy = sech [In (27f7)] = sech [In (2afr, exp [ W/kT] 1-

The dissipation given by (29) has been compared with the experimental

results for copper, taking for W the value given by Table III and choosing

1.0 T " B

: N
08 $ 3 ¢
™\
8/ \ < Cu
06 |—— ~ Vd 0
\\ D

04— N
IR .

0 50 100 150 200
Temperature (°K)

I'ig. 28. - Comparison belween experiment and theory for a relaxalion specirum

with 1" variable and 1, constant. Curves A, (', measurements on polycrystalline copper

at 13kHz and 1 MHz. Curves B, D: computed values. W and 7, are given by
Table IIT; AT =:0.019 eV [A-16].

AW in order to make the theoretical curve as near as possible to the exper-
imental dissipation values measured at about 13 kHz. The same values
of W and AW have been employed to compute the dissipation for the same
material at o frequency of 1 MHz., Fig. 28 shows that for the high fre-
quency vibrations the computed curve is much narrower than the experi-
mental one, and therefore the hypothesis a) does not scems to agree with
the experimental data.

A more satisfactory result is obtained from the hypothesis b) of a con-
stant logarithmic density of the values of 7,. This hypothesis corresponds
to a constant logarithmic density of times for every temperature, and the

]
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dissipation is given by [A-16]

(1) Q-1 = 2 tg 1 [T, sinh o],
¥

=

where S has the same meaning as in the previous equation; = {In 7,/7,,
7, and 7, being the upper and lower limits of the times spectrum, and Y,
is given by

(32) Y, = sech [In (27f7)] = sech [In 2xf7, exp [W /kT))]

As it is shown by Fig. 29 it is possible to find a value of the parameter y
characterizing the band width (y = 2.70) which makeg the theorethical curves
to agree fairly well with the experimental ones both at low and high frequency.
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Fig. 29. - Comparison between experiment and theory for a relaxation spectrum
with TV constant and 7, variable. Curves A4 and € are the same as in Fig. 28;
curves f3, D have been computed for 5n=2.70 [A-16].

To complete the comparison between the hypotheses on the different types
of spectra it may observed that in the case b) the ratio Q~'/Q; " depends
only upon the variable Wk~ [T ' — T"'], according to equation (31), as in
the case of a single relaxation time. Hence when the experimental values
of 97'/Q, " are plotted ay a function of the above variable, the points corre-
sponding to all the vibration frequencies must lie on the same curve as it
happens with the experimental points of the Figs. 26, 27. On the other
hand this property is characteristic of the time spectra with constant energy.
In fact equation (29) shows that for an energy spectrum the dissipation de-
pends not only upon W-k~'[T.'— T7'] but also directly upon T and there-
fore upon the frequency of measurement. It may be concluded that the
elementary relaxation effects responsible for the dissipation peaks differ in



DISLOCATION RELAXATION AT HIGII FREQUENCIES 73

the value of 7, but have the same value of the activation energy. To explain
this result some modification is required in the present theories of dislocation
motion, as v, must obviously depend from o parameter which does not affect
the value of the energy.

It is not surprising that the agreement between equation (31) and the
experimental data becomes poorer when the distance from the peak increases.
In fact the lower values of dissipation are considerably affected by the shape
of the relaxation spectrum, which is only roughly represented by a constant
logarithmic density. Moreover the effect of other causes of dissipation,
different from dislocation relaxation, is more severely felt when the dissipa-
tion due to the latter cause is small.

It has been shown that no detailed Q'] cwl ]
information on the structure of the 08 |2 RS
spectrum can be expected from meas- gg | | / i_‘
urements on relaxation effects, as their /

« resolving power » with respect to the 04\ A

spectral lines is comparatively poor (!3). 02 4 C
Sonwe additional information about the L B

shape of the relaxation spectrum can -8 6 -4 -2 o :2 *4 6 8
however be obtained, observing that 2 W-k(TmT)

the experimental points of Figs. 26, 27 r%ﬂ‘ L ( !
are not symmetrical with respect to 10 —

the peak, the points on the lower tem- g4 /\ b ’
perature side being somewhat higher | / ; 5

than the corresponding points on the 08 ) P/lr " 7
other side. As the differences are not 04 AL 1IN

large, it may be assumed that the 02 /] r \\

main peak is associated with the sym- // ™
metrical part of the curve fitting the 8 T8 4 2 0 +2 +4 65 B
experimental points. This symmetrical n =<

curve is quite well reprexented by the Fig. 30. - @) Comparison between the

function simmetrized values of dissipation in

copper obtained from Fig. 26 (open
. Q! Wil I circles) and the dissipation computed
(33) -1 sech l?’ s (—T_,, - 71'7)‘ J fora Fuoss-Kirkwood spectrum {;:=0.392,
' ' ! heavyline). ) Fuoss-Kirkwood speetrum
for y=-0.392 and rectangular spectrum
having the same total relaxation strenght

sents the spectrum width, is unity for and a bandwidth y=2.7 [A-16].

where the parameter », which repre-

(13) Nee P. G. Borpoxi: Theory of reluration effects with a continuous spectrum.
Proceedings of the I11 T.C.A. Clongress, Stuttgart (September, 1959).

~
™~
r~
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2 single relaxation time, and vanishes for an infinite speetrum. According
to the theory given by Fuvossg and Kirxwoob () the relaxation spectrum
density 6(r) which gives rise to the dissipation (33) is given by

) 5 S8 cos (yz/2) cosh (y In 1/7)

(34) () =T cost (yau/2) + sinh® (y Int/7)

As it is shown by Fig. 30a the agreement between the theoretical line com-
puted from {33) with v = 0.39 and the experimental peints obtained from
the symmetrization of Fig. 26 is good, even for values of Q7'Q ' as low
as 0.3, The same computation has been made for the other metals whose
diggipation measurements were accurate enough, and the values found for
the parameter y are collected in Table IV. The relaxation times 7,, 7, for
which the height of the gpectrum is 1/4/2 of the maximum height have been
computed in every case, and their ratios are listed in Table IV. ‘When the
values of 7./7, are related to the freatments undergone by the metfals it is
found that the wider spectra correspond to a larger amount of cold work.

TasLe IV. - Relacation speclra.
I Metal / Silver Gold \ Palladium Platinum Copyper
( o 0.266 0.345 0.284 0.426 0.390
ST / 335 57 ‘ 205 18 28

6. — Frequency relaxation.

The experimental data concerning the temperature dependence of the
resonant frequency for copper [A-16] are accurate enough to allow a compar-
ison between the measured values of (f — fo)/fy and those computed according
to the relaxation theory. As in equation (6), f is the frequency at the tem-
perature T, while f, is the relaxed value of the resonant frequency.

The above ratio can be obtained from the experimental data subtrae-
ting from the frequency measured at the temperature T, the frequency com-
puted with a linear extrapolation from room temperature measurements.
In this way the monetonic frequency changex due to the eifeet of thermal
expansion are cancelled and only the effects of relaxation arve left (%).

(1) Nee R. M. Fross and J. (. Kirkwoon: Journ. Chem. Phys., 63, 383 (1941).
(*3) Tor the slight ervors introdnced by the linear extrapolation see [A-16].

o
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The equation (6) is no longer valid, the effect being due to a relaxation
spectrum of considerable width, as it has been shown by the dissipation meas-
urements. For a constant logarithmic density of times, the ratio (f — f)/f,
iy. given by

. f—1f Sl 1 cosh [y — Wi (T, — T-)])
{35) = —— 4+ —In- . o i
fo 202 4y cosh[y A4 WEH(T, — -9

It must be noticed that (f—fy)/f, for vanishing 7' isx independent of the width
) of the spectrum, and equals §/2 as in the case of a single relaxation time.
The same does not happen for the maximum dissipation €' which is a func-
tion of the spectrum width,

and iy given by 10+ 10°
N te-'(sinhy) S o8
;N tei(sinhgy) S
(36) ‘Qm = 5’ '7 R 06 ° Cu
- / - K 0
0.4 At /
according to (31). _x'}\‘;{\
The equivalent of equation 0.2 (L) }%
(35) cannot be obtained in - o T .

-0 -8 -6 4 -2 0 +*2 *4 +6 8 40

closed form for a Fuoss-Wirk- 5.5
wood spectrum; however it is g T
. o g A
eagily proved that the limiting \ Cu
value of (f—f,)/f, when T van- 08 > N 1
ishes is still /2, whilst the g | [k 9
maximum dissipation depends ’ dT b\i{.\,
upon the spectrum width as in 02 N
. . >
the former case, and is given by L
-0 -8 -6 -4 -2 0O +«2 +4 +6 +8 +10
0.8 18"
NN
- T Cu
(3‘) Qm '}'52 0.6
] . 04 ) 5
Fhe experimental values of fo o, |/
R 0.2 4"
(f— f)[f, ave plotted in Fig. 31 ¢><>‘~\‘k‘1 .
for three different types of vi- T~

-0 -8 -6 -4 -2 0 +2 +4 +6 +8 10

brations. The corresponding A .
€ 1 » wok (- 77)

dissipation curves are also
plotted in the same scale for IMg. 31. - TFrequency-relaxation aud dissipation
comparigon purpoxes. Two fo'r dlﬂ'el‘?lllf v‘lbratmn. frequencies.  Abscissae
facts are immediately observed: ]F k(T T ()rdnmfes, @~ and (f N f")/f"'

’ Upper curves, 1.8 kllz; middle curves, 13 kHz;
@) the total frequency relax- i er curves, 1 Mz  Polyerystalline copper,
ation iy much smaller for technically pure [A-16].
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longitudinal vibrations (lower diagram) then for the flexural vibrations of
plates and rods (intermediate and upper diagram); b) for longitudinal
vibrations the total frequency relaxation is smaller than the corresponding
Q-', in contrast with equations (36) and (37).

It is not difficult to explain «) observing that the dislocation motion
changes the shape of the solid rather than its volume. As it was suggested
by ZENER it may be agsumed that the compressibility modulus is not affected

by the relaxation effect. The clas-

10 O sical relations between the elastic
NN moduli give then rige to the follow-
08 \ \\ 5 ing equation between the relaxation
06 /\*\/ ( Cu strenght 8§, for 1ongitudigal vibra-
] \ ] tions and the corresponding value
04 \ S, for flexural or extensional vibra-
% ( f—fo ) \\\\ . tions
0.2 NN .
R (38) 8, =28,
AN l “ered’
6 -4 -2 0 <2 +4 +6

10 where ¢, ¢,, ¢, are the velocities for
By A torsional, extensional and longitu-
08 x dinal waves. Taking for them the
D N Cu values given by the literature, the
06 value 0.19 is found for the ratio
2ty \ S8, in good agreement with the
04 [° \ experimental curves of Fig. 31. This
result shows the interest of o more
02 | . N extended experimental investigation
- of this point, as the property of not
Iy B 5 5 4 affecting the C(.)ml.n'ession modulus
W (1) seems to be quite important for the
mechanism of dislocation motion.
Fig. 32. - Comparison beiween the experi- Point b) is somewhat less easy

mental rolaxation of frequency, in techni-  to explain as it is in open contra-
cally pure copper. at 13 kHz (Curve .1)

and the theoretical curves for a constant be remembered that the .
logarithmie density (B, =270 (', :=3.5) ' ! measure-

or for a Fuoss-Kirkwood spectrum (1, 5. ments were made on polycrystalline
= 0.392) [A-16]. copper. The stress due to the high

frequency vibrations may be consid-

ered as the sum of a purely longitudinal stress and of a more complex
stress changing from grain to grain, owing to the large elastic anysotropy
of copper crystals and to their random orvientation. The latter stress does

diction with theory; it must however
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not correspond to any appreciable macroscopic force, because of the ran-
domness of grain orientation, and therefore has no influence upon the
vibration frequency. On the contrary the elastic energy associated with
the same stress is not negligible in comparison with the energy asso-
ciated with the longitudinal part, and must be taken into account when
the total dissipation is evaluated. Hence the dissipation is larger than
the value corresponding to a purely longitudinal stress, as it is found in
the lower diagram of Fig. 31. The comparison between the experimental
values of (f —f,)/fy and those computed for a constant logarithmic density
or for a Fuoss-Kirkwood spectrum (Fig. 32) shows that the latter type of
spectrum gives a better approximation, as it is found in dissipation meas-
urements.

7. — Subsidiary dissipation peak.

A second peak was found by NIBLETT and ‘WiLKs below the temperature
of the main dissipation maximum, in high purity (99.9999%,) polyerystalline
copper, at vibration frequencies between (.38 and 1.1 kHz, as it is shown
by Figs. 12, 17 [A-4, A-8]. From the original measurements the separation of
the second peak from the main one does not seem to depend upon mechan-
ical or thermal treatments, neutron irradiation or strain amplitude. The
same peak is also clearly shown at somewhat higher temperatures by PARE’s
measurements on copper single crystalg of the same purity (99.9999%,) for a
frequency range between 3.7 and 5.6 kHz [A-13]. In measurements made
at higher frequencies the N.W. peak is less clearly exhibited, beingrather
a flat « bump» on the low temperature side of the curve (Fig. 8) even when
the measurements are made on high purity specimens (Fig. 19). In the
last measurements the separation of the two peaks is smaller than in the
low frequency experiments.

The above results show that the N.W. peak is due to a thermally acti-
vated relaxation effect, with an activation energy W’ smaller than the energy W
of the main peak. To evaluate W’, the N.W. peak must be separated from
the main maximum. This can be done computing the (cosh~') of the experi-
mental values of Q_'/Q~' and plotting it as a function of W-k='[T," — I-].
According to the previous remarks on the shape of the relaxation spectrum
and on the Fuoss-Kirkwood approximation, the curves obtained in this way
are straight lines near the main maximum and on the high temperature side,
where the effects of the secondary maximum arve little felt. The N.W. peak
can be isolated taking the difference between the straight line, obtained by
extrapolation of the values near the main maximum, and the low-ten-
perature branch of the experimental curve. The hyperbolic secant of these
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gives the dissipation due to the N.W. peak. Fig. 33

clearly shows the increase of the temperature T, of the subsidiary peak

90-
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Tig. 33. — Niblett and Wilks peak. Folyerystal-
line copper technically pure. Curve .1, 15 kHz;

B, 1.91 MHz[A-16).

with the frequenecy f,. Similar
compntations have been made for
other measurements, and the fre-
guencies have been plotted in a
logarithmie scale against (7,,) ! in
Fig. 34. The experimental points
are placed on a straight (solid)
line, and their agreement with
the values obtained by other
experimenters is reasonably good
[A-13]. The activation energy
computed from the slope of the
line has the value W'= 0.041 eV
being about < of the energy found
for the main peak in the same
metal (Table III). The value of
(7,)~! computed from the inter-
cept of the experimental line with
the frequency axis is smaller for

the N.W. peak than for the main peak. As it is shown by Fig. 34, the vibra-
tion frequencies corresponding to the two peaks coincide at room temperature.

3

Y]VQ"

Cu

~ o

20
T. (XY

30 40-10°

Fig. 34. — Frequency dependence of the temperature of the N. W. peak (line 1) and

of the main pealk (line B) in polycrysialline copper. Open circles [A-167;
(A-8, A-13). 11/ =0.041 eV [A-16].
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The comparatively low value found for W’ supports SEEGER'S explanation
of the second peak [B-8]. In f.c.c. metals the dislocations lines which are
responsible for the low temperature attenuation lie in the {111} glide planes
along one of the close-packed directions, and have Burger’s vectors 4{110>.
The angle between the dislocation line and the Burger’s vector may then be
either 4-60°, or 0°. Theory shows that the energy for the formation of a
kink pair must be different for the two cases, and according to (17) and (22
this gives rige to different values for the activation energy of the relaxation
effect.

It may be added that recent investigations in silver, gold, palladium and
platinum [A-18, A-20] have shown that the low-temperature side of the atten-
uation enrves is always higher than the other side when the measured values
are plotted as a function of W k[T, ' — T-1], as it is shown by Fig. 27 in
the case of gold.

This result seems to indicate the presence of a subsidiary dissipation max-
imum near to the main one. The N.W. peak is therefore a rather general,
if not very evident, feature of the dissipation-temperature curves for f.c.c.
metals. Further experiments at lower frequencies may consent the separation
of the two peaks, as their activation energies arve probably different, as it has
been found in copper.

8. — Influence of anneal, cold-work, impurities, strain amplitude and neutron
irradiation.

Experiment shows that the non-linear behaviour of metals is closely related
to the thermal and mechanical treatments. On the other hand the effects
of these treatments and of neutron irradiation are strongly dependent upon
the impurity content. It is therefore convenient to consider together the
influence on the relaxation effect of all the above causes, notwithstanding
their apparent eterogeneity.

It has already been shown that an anneal at moderate temperatures reduces
the height of the relaxation peak: in addition to this effect an increase of
the room temperature dissipation is produced when the temperature of the
treatment is raised. The second effect is generally not found in impure
metaly, as it was the case with some of the copper and silver specimens on
which the first measurements were made [A-1]. In this case the peak can be
easily cancelled by anneal, obtaining a low value of dissipation even at
room temperature, as it is shown by Fig. 11 in the case of commercial copper
after a 2 howrs treatment at 175 °C. A similar treatment (1 hour at 180 °(Y)
seems to be less cffective in cancelling the peak in high purity (99.9999,)
copper (Fig. 12). If the temperature of the treatment is raised, the peak
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disappears but a considerable increase is noticed in the dissipation at room
temperature, as it is also shown for a somewhat less pure copper (99.9659%,)
by curve A of Fig. 17. All the above experiments were made on polycrys-
talline specimens; however CASWELL [A-11] and THoMPsoN and HoLMEs [A-17]
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Fig. 35. — Influence of anueal on pol- Fig. 36. ~ Influence of anneal on poly-
verystalline  technically pure copper. crystalline technically pure copper. .4,
.1, after machining; B, after 16 hours after machining; B, after 2 hours at
at 138 "C[A-16]. 225 °C; €, after an additional treatment

for 1 hour at 242 °C[A-1¢].

have found that both effects of anneal are present in single crystals, and
the same happens with polyerystalline 99.809, pure silver, as it shown by
Fig. 13.

To get further informatiot about the two effects of anneal, the dependence
of the resonant frequency and of ¢! upon temperature has been systemat-
ically investigated for polycrystalline 99.809%, pure copper after different ther-
mal treatments [A-16]. The reduction of the height of the peak is the only

”
=
-
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effect produced when the temperature of anneal does not exceed 225 °C (Figs. 35,

36, curves A, B).

The same treatment reduces also the infleetion of the

frequency-temperature curve, without changing 7,. The above changes in dissi-
pation and frequency are easily explained assuming that the number of
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Fig. 37. - Influence of anneal on poly-

crystalline technically pure copper. A,
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Fig. 38. - Influence of anneal on poly-
crystalline technically pure copper.

A, after machining; B, after 1 hour at
600 °C' [A-16].

dislocations active in the relaxation effect is decreased by a low temperature

anneal,

‘When the annealing temperature exceeds 225 °C, a more drastic reduction
of the peak is obtained, but the shape of the dissipation carve is entirely
changed, and the room temperature dissipation is increased; in the same
time the frequency is raised by an amount independent of temperature (Fig. 36,
37, curves C; Fig. 38, curve B). After an high temperature anneal (1 hour

9

6 — Supplemento al Nuovo Cimento.
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at 600 °C) the frequency and the dissipation are very sensitive to the strain
amplitude, even for straing of the order of 10-" (Fig. 39). The same ampli-
tude dependence produced by an high temperature anneal has also been
tound in copper single crystals [A-117 and in polycrystalline silver [A-201.
It may be observed that the curves C
in the dissipation diagrams of Figs. 36,

0

N\\\ A / 37 and the curve B in the same dia-
. Cu gram of Fig. 38, were obtained for
-50 "> < 5 strains of the order of 103 and can
‘ffl%gfg) ™~ / therefore be considered as the limiting
L2 values of the dissipation for vanishing

-109 s - strain.
AN At the present time no theory exists
15010 ) which adequately describes all the
-0 S(ram2 3 410 effects of an high temperature anneal.
22 From the temperature of the treat-
20 ment it could be suspected that some
8 %% B et - of these effects are due to recrystal-
’ \:‘/,,,——"” Cu lization, but it must be remembered
16 '/’" that the high value of room tempera-
14 /1 A ture dissipation has been found also
12—# < in single crystals. As it has been
10t e S pointed out [A-11], the dissipation
08|0 T RRRET measured after a high temperature
Strain anneal seems to be independent of

Fig. 39. - Strain amplitude dependence frequency, “.lt least In the range covered
of rfrequenor‘y and dissipation at room by the available data ((0'5-:_40) kHZ))'
temperature, in polycrystalline techni- 10 Would certainly be interesting to
cally pure copper. .1, after machining; know if the temperature-independent

B, after 1 hour at 600 °C'[A-16]. increase of frequency shown by Figs. 36,

37, 38 which makes the explanation
of the effect more difficult, is also observed in single crystals.

All the available experimental data show that the peak is not only reduced
by a low-temperature anneal but also slightly shifted towards the lower tem-
peratures, as it may be seen from Figs. 11, 12, 13, 35, 36, 37. This indi-
cates that the relaxation effects more easily cancelled are those due to the
dislocations associated with higher values of relaxation times. In fact, after
the treatment, the centre of the relaxation times spectrum is lower than before,
as it is shown by the slight decrease of TI',,. Measurements on copper have
shown that 7, may be reduced by a factor of 0.6; larger changes in the times
spectrum can be expected in silver, in which the temperature shift of the
peak is very evident (Fig. 13) according to recent experiments [A-20].

70
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The effect of different amounts of cold work upon the height of the main
and subsidiary peak has been investigated by NIBLETT and WILKS in 99.9999%,
pure polycrystalline copper [A-8]. When the prestrain is of the order of 0.19
the peaks are hardly noticed; their height increases with the amount of the

prestrain, whilst the room temperature
attenuation is reduced (Fig. 40). When
the prestrain exceeds the value 29, the
amplitude of both peaks becomes approxi-
mately independent of the amount of
prestrain. A similar investigation has
been made by CASWELL on a 99.9999,
pure copper single crystal [A-11]. The
results agree with the preceding ones,
the amount of permanent strain required
to reach the maximum height of the
peak being somewhat higher in the latter
ease, as it is shown by Fig. 19. Moreover
CASWELL’s experiments show that cross-rol-
ling has a more pronounced effect on
the height of the peak than continued
rolling in one direction. This may be
possibly due to the fact that cross-rolling
activates different sets of slip planes.

The dependence of maximum digsipation upon prestrain,

8
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Pig. 40. - Dependence of Q" upon

cold work for a 99.9999, pure poly-

crystalline copper [A-8]; curve A4,

strained 0.1%; B, 0.59%; C, 2.29%,;
D, 8.49.

an be explained

qualitatively [B-8] observing that the dislocations active in the relaxation
effect are approximately parallel to a densely packed direction. This is only
a small fraction of the total number of dislocations; as their number increases
with increasing prestrain, the active fraction generally decreases, owing to the

-5
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g. 41. — Dependence of ¢! on gold atom-

ic 9%, in a cross-rolled copper crystal [A-11].

~
0
=

elastic forees between dislocations.
These forces the
number of dislocations and push
them into directions different
from the close packed ones.
For a small amount of cold
work the increage in the total
number of dislocations predomi-
nates, and the height of the peak
increases. However the total
number of dislocations parallel
to close-packed directions soon
reaches a safuration value under
the controlling effect of the

increase with
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elastic interaction, and the peak becomes independent of the amount of
prestrain.

The effects of cross-rolling have also been compared for several copper
crystals containing a different amount of gold [A-11]. As it shown by Fig. 41
the height of the peak is very sensitive to the presence of gold atoms, being

300’ Cu

201

1 i i e :
o] S0 109 150 200 250
Temperature (K)

Fig. 42. ~ Dissipation in polyerystalline copper €9.6999, pure, strained 6.6%, and
neutron irradiated (5-19'¢ y.v.t.) [A-8].

reduced to about } of its value in the 99.9999, pure crystal, by 0,065%,
atomic 9, of gold, and being almost cancelled by 0.5 atomic 9, gold. The
original measurements [A-11] show that this reduction of the peak takes place
without any change in its temperature, in complete agreement with the fun-
damental hypotheses of dislocation theory, which have been discussed above.
The number of foreign atoms seems to control the number of dislocations
active in the relaxation effect, but has little or no influence on the activation
energy and on the time 7,.
400410° The influence of a fast neutron
bombardament on dissipation has been
investigated on a 99.9999, pure poly-
20 crystalline copper for a radiation flux
of 5:10'® n.v.t. [A-8]. A substantial
reduction of the height of the peak
0 80 100 150 200 250 30 is found, together with a slight shift
Temperature K) towards the lower temperatures, as
after an anneal. This may be seen
copper 99.9699, pure, neutron irradiated corflpalilng the peak height of Fig. 4_12’
(5-10' n.v.t.), and subsequontly strained ~ Which is of the order of 35-107, with
5.19 [A-8]. the peak for the same specimen (poly-

300 Cu

100

Fig. 43. - Dissipation in polycrystalline
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crystalline copper 99.9999, pure) before
the irradiation, whose height, given by
Fig. 12, is about 240-10-°., 'When the
sample is strained after irradiation, the
height of the peak may be larger than
for the unirradiated material (Fig. 43).
Other measurements made on a poly-
crystalline specimen of commercial
copper (purity not stated) for a smaller
irradiation flux (5-10'" n.v. t.) are in
qualitative agreement with those of
Fig. 42 [A-17]. However the peak re-
duction is only of 20%, and no tem-
perature shift is found when the two
curves are superposed, as it may be
seen from Fig. 44. The neutron bom-
bardment seems to have a larger effect
on high purity copper crystals which
have previously undergone a complete
anneal at 650 °C. The high attenua-
tion found at room temperature after
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Fig. 44. — Dissipation in technically pure

polyerystalline copper. The unirradiated

values have been reduced by a factor
of about 209, [A-17).

anneal is reduced to 1/10 of its value by an irradiation flux on only 2-10'2
n.v.t. while a small relaxation peak is faintly shown (Fig. 45). At the
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same time the room temperature frequency is increased by an amount of
about 29,. This result supports the hypothesis that high energy irradiation
can reduce the number of active dislocations, as it is done by anneal and
by inereasing impurity content, but does not affect the basic parameters W
and W'. Moreover the influence of irradiation seems to be strongly dependent
upon the presence of foreigh atoms, being rather small for impure metals.

9. — Relaxation peak in alloys.

The experimental investigation of the relaxation effect has been recently
extended to a complete system of gold-silver alloys, which has been chosen
owing to the complete solubility in the solid phase, due to the favourable
ratio of the atomic diameters (1.0014 for silver-gold).

To make the results more easily comparable, all the specimens have under-
gone the same thermal and mechanical treatments, and their size has been
chosen in such a way
the all their resonant
frequencies are near to
20 kHz. As it is shown
by Fig. 46 the peak is
clearly exhibited by the
systems with a small
concentration of foreign
atoms, and reduces to
/ a flat bump when the

400.10°

300

atomic concentration ap-

200 proaches 50%. This may
be clearly seen in Fig. 47,
where the height Q' of

the peak is plotted as a

function of the atomic

100

\

PRS-

100

200

Temperature CK)

300

percent of gold.

On the silver side
the values of Q' have a
maximum for a concentra-
tion of about 2 atomic 9%,
of gold, the height of
the peak for this alloy
being more than twice

that for pure silver. This

Fig. 46. - Dissipation in silver-gold alloys: resonant
result shows that a small

frequency ~ 20 kHz[A-1%].
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concentration of impurities may favor the formation of active dislocations by
cold work. This explanation agrees with the fact that the room temperature
velocity of extensional waves ¢, has a minimum for the same alloy (Fig. 48),
owing to the larger number of disiocations which can move freely at that
temperature. It must also be noticed that the temperature coefficient of fre-
quency shows an anomalous behaviour for the same concentration.

30040~

150

: /} -

200

0 S ————— ey 0
0 20 40 60 80 100

Atomic % Au

Pig. 47. - Values of 0., and T,, as a function of gold atomic 9, in silver-gold alloys.
g ! £ Y/ g \

Open civeles, computed values of T, {A-18].

For small concentrations of gold it is quite interesting to compare the
Q. '-concentration curve of Fig. 47, with the similar curve of Fig. 41, for
a small concentration of gold in copper crystals. It is not surprising that o
maximum for €' is not found in the second curve. In fact owing to the
less favorable ratio of the atomic diameters (1.1283 for gold-copper), cor-
responding to a stronger lattice distortion for the same atomic concen-
tration, the maximum for gold-copper alloys can eventually be expected
for gold concentrations smaller than 0.065 atomiec percent, and therefore
may have escaped the notice of the experimenters. On the other hand, it
is also possible that the maximum in the @, '-concentration curve may only
be found for atomic ratios very near to unity. For this reason it would be
interesting to extend the investigation to small concentrations of silver-gold
on the gold side, between the last alloy considered in Fig. 45 (80 atomic 9
gold) and the pure metal.

The temperature T, of the peak for a vibration frequency of about 20 kHz
risex gradually with the gold concentration from the value 71.5 °K for pure
silver to 135 °K for pure gold. This is an additional proof of the intrinsic
character of the activation energy and of 7, which are very little influenced

w
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Fig. 48. - Values of the extensional velocity ¢, and of the frequency-temperature
coefficient = —381Inj/87T measured at room temperature, as a funetion of gold

atomie 9, in silver-gold alloys [A-18].

by the presence of foreign atoms. These atoms seem to be effective only in
controlling the number of active dislocations and therefore the height of the
peak, as it is shown by the @ '-concentration curve of Fig. 47.
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Fig. 49. - Depeadence of 117 on the gold atomic 9, in silver-gold alloys. Dotted
line, linear dependence: heavy line, assumed dependeace [A-13].
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The aectivation energies for the different silver-gold alloys have not yet
been measured directly. An estimate for the values of W has been obtained
assuming that the energy-concentration curve turns the coneavity towards
the concentration axis as it happens with the velocity ¢, of Fig. 46, and
as it is suggested by the negative deviations from the Vegard’s law shown
by the lattice constant (°).

The values of W obtained in this way are given in Fig. 49 as a function
of the atomic concentration of gold. It will be interesting to check these
values with the direct m>asurements of the activation energies for the same

alloys.

10. — Conclusions.

The theoretical and experimental investigation on the relaxation effect,
althought limited to {. c. c. metals, has given substantial contributions to the
knowledge of the dislocation behaviour.

The intrinsic character of the mechanism which gives rise to the motion
of dislocations near their equilibrium positions has been established beyond
doubt by the experiments on the influence of anneal, cold work impurity
content and neutron irradiation. This result bas suggested a very satisfac-
tory model for dislocation motion: the formation of kink pairs, whose po-
tential barriers and characteristic frequency depend only upon the physical
parameters of the single dislocations, and ot on their density or on the
presence of foreign atoms.

Conversely, the last two parameters have been found very eflective in
controlling the number of active dislocations, as it is shown by the influence
of thermal and mechanical treatments, of impurity content and of neutron
irradiation on the height of the relaxation peak.

Annther general property which has been established iy that the volume
of the specimens is independent of dislocation motion. It may be added that
the dislocations of a given metal have been found to differ between them
rather in their characteristic frequencies than in their potential barriers.

The dislocation relaxation in f.c.c. metals has not yet been completely
explored. Further information on the effect in single ecrystals will be
helpful in defining the fypes of dislocations responsible for the two dissi-
pation peaks. It would also be interesting to relate the relaxation effect
to some direct evidence of the presence of the dislocations, such as ean be
obtained from X-rays or electron diffraction experiments. Additional infor-

(1% C. 8. BarrwTi: Structure of Metels (London, 1953, p. 222,
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mation is required to explain the influence of high temperature anneal upon
dissipation and frequency.

However the present review points out the opportunity of focussing the
attention on the entirely unexplored field of non-f.c.c. metal crystals. It
is felt that a systematic investigation of the effect in this field can be as
effective as was the previous investigation on the f. c. ¢. metals in improving
our knowledge of the dynamical behaviour of dislocations.

The Author is very grateful to Prof. M. Nuovo and Dr. L. VERDINI of
the Istituto « O. M. Corbino » for their valid contribution to the present paper.
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