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Burge r ' s  vec to r  of a dislocation,  t aken  as the  dis tance between closest rows of 
a toms.  
Veloc i ty  of elastic waves ;  %, ct, c~, values  for extensional ,  t ransversal  and longi- 
t ud ina l  waves ;  also a constant .  
Loga r i t hmic  decrement .  
Loga r i t hmic  cons tan t  2.718 . . . .  
Vibra t ion  f requency  at  t he  t empe ra tu r e  T :Ira, va lue  at the  t empera tu re  T,~ 
of m a x i m u m  energy diss ipat ion;  ]0, re laxed va lue  of f requency at  the tempera-  
tu re  T ;  /re.o, l imi t ing  value  of ],~ at  ve ry  high tempera tures .  
P l anck ' s  constant .  
Dis loca t ion  lenght .  
B o l t z m a n n  constant .  
L inear  densi ty  of a dislocation.  
Time.  
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sion of the  A.S.3f. 
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w Lenght of a kinked segment of a dislocation, 
J: Axis parallel to the dislocation line. 
y Axis normal to the dislocation line. 

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

I,' 1 Function of the ratio (tfcr/2Hk) considered in Donth's  theory. 
H Computed value of the activation energy; H M,Hw, t t  s, values given by Mason, 

~Veertman, Seeger's formulae; Hk, energy of a single kink; .H~r, crilical energy 
for a couple of kinks. 

M Elastic modulus; Mn, M v, relaxed and unrelaxed values. 
N o Volume density of dislocations. 
Q Coefficient of resonance (quality factor) of a solid. Usually tile inverse value (2 ~ 

is taken as a measure of energy dissipation; O~,  value of Q-~ at the peak. 
S Total relaxation strenght; S~, ,~'~, values for extensional and longitudinal vibrations. 
T Absolute temperature; Tin, temperature of maximum energy dissipation. 
U Vibration energy. 
W Experimental  value of the activation energy for the relaxation effect; W', value 

for the Niblett and Wilks peak; W, central value of a spectrum of activation 
energies. 

Y Attenuat ion function for a single relaxation time; Y,, Yw, values computed for 
the centers of a time- or of an energy-spectrum. 

a Attenuat ion coefficient of vibration amplitude with space. 
fl Temperature ceeffieient of frequency = : -  ~ log ]/~T. 
7 Parameter characterizing the width of a Fuoss-Kirkwood spectrum. 
~(~) Density of relaxation strenght in a dislocation spectrum; ~ ,  maximum value 

of 6(~). 
A Increment of some physical quant i ty ;  A U, increment of vibration energy; 

AtV, increment of activation energy. 
Strain; ~a, s~, elastic and anelastic components. 
Parameter characterizing the width of a rectangular spectrum =: �89 log~-2/rl: 
Debye's temperature. 
Wavelenght. 

/~ Second Lam6's constant. 
v Computed frequency of dislocation motion; re, limiting value of v at very high 

temperatures. 
Volume density of a solid. 

0 t-'eierls' stress when thermal and quantum mechanical fluctuations a Stress; %, 
are disregarded. 

r Characteristic time of a relaxation effect, at the temperature T; ~0, limiting 
value of r at very high temperatures; ~ central value of a relaxation spectrum; 
rl, r2, values at which the density 6(r) is 1/V/2 of its maximum value 6,,; 
u limiting value of u at very high temperatures. 

1. - Introduct ion.  

The  first e x p e r i m e n t a l  e v i d e n c e  of a re laxa t ion  effect  due to  the  d i s locat ions  

w as  f o u n d  a f ew years  ago in  s o m e  low- temperature  m e a s u r e m e n t s  of  th e  



DISLOCATION R.F, LAXATION AT I I IGt t  FREQUENCIES 45 

dissipation of elastic energsT in lead, copper, Muminium and silver [A-l] (1). 
An exhaustive investigation of the effect in copper employing both polycrys- 
talline specimens and single crystals, was successively made by NmLET~ 
and ~r [A-4, A-8], by CASWELL [A-11] by P ~  [A-13] by THOHPSON, 
GLASS and HOLMES [A-14, A-17], by Nuovo, VEI~DINI and the A. [A-15, A-16]. 
Measurements were also made on aluminium, by HUTCHINSON, HUTTON and 
FIL•EIr [A-5, A-6, A-12] and by EINSPRVC~ and TRUELL [A-9]; on lead by 
BOEM-~EL and MASON [A-2, A-7]. The same effect was recently found in 
gold, palladium and platinum by ~NL~ovo, VE~])~I and the A. [A-18], and 
in gold-silver alloys by the same AA. and :BARDUCCI [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 would make 
the potential well asymmetrical, giving rise to a macros(.opie anelastic strain 
and producing a relax:~tion effect. This model lays perh.'~ps too much emphasis 
on the effect of impurity content, ~nd was discussed by WEEI~TM~N [B-3, B-5] 
and by SnE(~ER [B-8], who suggested that  the dislocations may be confined 
to certain crystaUographic directions by the Peierls' stres~ and m'~y 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 3[xsox's model. The computation of the fundamental parameters associated 
with the rel~txation effect has been successively improved by SEEGEtI~ ~DONTK 
and PFAFF [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 preseut review of the actual knowledge on dislocation relaxation is 
divided in two parts. In the first the experimental evidence of a ther~ 
really activated relaxation effect due to the dislocations is discussed, together 
with the theoretical explanations which have been proposed for this effect. 

In 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 aud mechani(.al treatments, of 
impurity content, of high energy irradi,~tion and of strain amplitude are ~Iso 
examined from a quantitative standpoint. Unsolved or unexplored sides of 
dislocation relaxation are brought to view by this analysis ~nd hints are 
derived for future investigation. 

(~) The Section A of the bibliography lists tlle esperimental contributions; the 
tlLe~)retical papers are collected in Section B. 
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PAICT I . -  Evidence of a dislocation relaxation. 

2. - Experimental results. 

W h e n  t h e  d i ss ipa t ion  coeff ic ient  Q-~ is m e a s u r e d  us ~ f u n c t i o n  of t h e  

t e m p e r a t u r e  for a r e s o n a n t  spec imen  of a f .c.c,  m e t a l  (2) a pe:~k is g e n e r a l l y  
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Fig. 1. - Relaxation peak in commercial and chemically pure polycrystalline lead: 
vibration frequency ~ lO kHz [A-l]. 

(~) The anelastic, behaviour of ~ solid may be evaluated by dinamic measurements 
either on standing waves or on travelling waves. The coefficient 0 -1 obtained in the 
first case is proportional to the ratio of the energy A U dissipated in half a cycle 
to the stored energy U 

A U 
~ ) - 1  - - -  ~ 1 _ _ _ .  

U 

The coefficient 0 -1  gives also the tangent of the phase angle between a sinusoidal 
stress and the corresponding strain. 

Experiments on travelling waves of wave lenght / l  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-1 and a being related by the equation 

0 - I  = ~)..~-~. 

The largest number of data on dish)cation relaxation has been obtained by meas- 
urements on resonant systems: hence 0 -1 wilt be taken in the followinp' as a measure 

of the anelastic behaviour. 
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ultrasonic range. The t empera tu re  T,,~ and the height of the peak Q~* 

found in the experimental  curve at a t empera tu re  which is considerably lower 
than  the room tempera tu re  when the  vibrat ion f requency is in the acoustic or 

may  differ 
considerably from one met- 
al to another ,  even when 
the  vibr~tion frequencies 
have Mmost the  same val- 
ue. For  instance in lead 
and copper for a vibrat ion 
f requency near  to 10kHz  
the  t empera tu re  Tm has 
the value 35 ~ for the 

first, and 82 ~ for the 
second (Figs. 1, 2). The 
difference between the 
values ofQ~ 1 for the  same 

metals is even larger~ 
as the height of the peak 
is ,~bout 7.10 -~ for the 
former~ whilst i t  exceeds 
400.10 -5 for the lat ter .  
Differences of the same 
order ~re found between 
for ~ vibr~tion f rcquency 
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Fig. 2. - Relaxation peak in technically pure polyerys- 
t~lline copper: vibras frequency ~ l0 kHz [A-I6]. 

the  a t t enua t ion  peak observed in aluminium (Fig. 3) 
near  40 kHz and the peaks of silver, gold~ palladium 

:~ At o 

0 100 200 300 
Te,nperature ( 'K ) 

Fig. 3. - Relaxation peak in chemically pure 
poly(~rystalline aluminium (99.9~ vibration fre- 

quency ~_ 40 kIIz [A-I ]. 

and p la t inum (Fig. 4). 
A eomnlon characterist ic  of 

�9 the  ~bove peaks is t lmt  
they ~re a very  st~ble fea ture  
of t h e  low t e m p e r a t u r e  
dissipation measurements ,  no 
appreciable differences being 
found between me~surements 
in successive runs. ~ o r e o v e r  
the  t empera tu re  T.~ correspond- 

ing to each v ibra t ion  fre- 

quency has ~ characterist ic  
wdue for each metal ,  which is 
l i t t le or not  affected by thermal  
and mechanical tre~tments~ by 
impur i ty  content ,  by high 
energy imtdia t ion  :rod by vi- 
bra t ion  amplitude,  as it  will 
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2so.~ 

200 

Q-, 

150 

100 

5O 

0 
0 50 100 150 200 2'.50 300 

TemperaTure ~K ) 

Fig. 4. - Relaxation peak in poly- 
crystalline specimens of chemically 
pure silver (99.80~ ] ~_ 50 kHz; 
gold (.q9.88~ J ~_ 16 kzH ; p~lladium 
(99.91 ~ ] _~ 88 kHz: platinum 

(99.89~o), ]--~ l l2 kIlz [A-18]. 

be shown later .  I t  mus t  also be 

noticed t h a t  for copper, silver and  

gold the peaks are very high, Q.~X 

being m a n y  t imes larger than  the 

energy dissipation measured at  

room t empera tu re .  
F r o m  the  i~rst exper iments  on 

lead it  was evident  t h a t  when 

measurements  are made a t  different frequencies,  the  t empera tu re  of the  dis- 

s ipation peak  increases with f requency (Fig. 5). This result  was confirmed 

by  BOEMSIEL'S measu remen t s  on the  same mate r i a l  [A-2] and by  all the  

measurements  made  on the  o ther  meta ls  in which the  effect has  been found,  
as it  is clearly shown by  Fig. 6 in which are collected the  exper imen ta l  

curves obta ined for copper in a wide f requency range ( 1 . 8 k H z §  6.4 MHz).  

The measuremen t s  are accura te  

enough to show t h a t  the  logar i thm 
of the  v ibra t ion  f requency ]m is 
p ropor t iona l  to the  inverse temper -  

a ture  of the  pe:~k T~ 

01 
(1 )  in  1.. = - ~ -  + , ~ ,  

J-m 

where cx and e2 are two posit ive 

cons tants .  
As it  was poin ted  out by  5fxso-~ ~ 

[A-2, A-4] this f requency dependence 

of the  t e m p e r a t u r e  of m a x i n m m  

dissipat ion indicates a thermal ly  

Fig. 5. - Frequency dependence of 
the temperature of maximum dissipa- 
tion in chemically pure polycrystalline 
lead: frequency of the first harmonic 

10 kH.z [A-I]. 
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~tctivated retaxation effect~ associated with a characteristic time v which de- 
pends upon the temperature ~wcording to ~m Arrhenius equation 

(2) v = ~ o e x p  ~ , 

where W is the activation energy and % gives the limiting value of the charac- 
teristic time at very high temperatures. This hypothesis explains not only 
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Fig. 6. - Frequency dependence of the tempers ture  of maximum dissipation in technically 
pure polyeryst~lline copper. Curve A, frequency 1.8 kHz;  t~, 13 kHz;  C, 45 kHz;  

D, 550kHz;  E, 2.TMHz; 1,' 6 .4~Hz[A-16] .  

the observed dependence of Q-1 upon frequency and temperatur% but also 
the temperature dependence of the resonant frectueney. 

In fact the theory of relaxation effects shows th~tt the energy dissipation 
depends upon T and ] through the product ] .v according to the ecLuation 

(3) O-~ = O~i sech [ln (2z~]v)] = Q~l sech [ln (2~]% exp I~W~T]) ] . 

4 - Supplemento al Nuovo Cimeato. 
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The dissipation reaches its maxinmm value when 2nJr -- 1. Then for a given 
vibration frequency f,,~, the corresponding' temperature T,,, of the peak is 
obtained nmltiplying (2) by 2nf,,, ~ putting" T,,~ instead of T and equating to 
unity 

W 
(4) in J.~ = -- kZ~ -- In (2~Vo) �9 

Equation (4) is the same as the experimental relation (1), provided the proper 
values arc taken for the activation energy 

~ and the iil]]iting time 

(5) 
r ~  = (2=) -~ exp [-- c,,] . 

The relaxation theory predicts also 
~ l  b) that  the resonant frequency of a given 
> . . _  vibration mode of the specimen must 

change with temperature according to the 
~" [ relation 

g 
c) 

Temperature 

Fig. 7. - a) Temperature dependence 
of frequency due to thermal dilata- 
tion. b) Temperature dependence of 
frequency for a thermally activated 
relaxation effect, c) Temperature de- 
pendence of dissipation for a ther- 
mally activated relaxation effect. 

(6) 
/0 

Og'~ {1 q- t gh (ln 2n1% exp [ ~ ] ) }  ~2- 

where ]0 is the relaxed value of the res- 
onant frequency. Equation (6) does not ac- 
count for the monotonic frequency changes 
due to the effect of thermal expansion on 
the size of the specimen and oll the elastic 
moduli. When the latter variation is added 
to that represented by (6), an inflexion point 
must be found in thefrequeney-temperature 
curve at a temperature very near to T,~ 

as it may be seen 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 
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in  t hose  m e t a l s  w h i c h  h a v e  :t l a r g e r  v a l u e  of t?2~, as  i t  is t h e  ease  w i th  

coppe r  (Fig.  8). 
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I*'ig. 8. - inflexion point  in the frequeney-temperahn'e curve at  the temperahtre  of 
maximum dissipation for technically pure polycrystall ine eoppe, r I-A-16]. 
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Fig. 9 .--[nf lexion point  in the frequen- 
cy-temperature curve at  the temperature  
of maximum dissipation for chemically 
pure (99.88~ polycrystal l ine gold [A-20]. 
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Fig. 10. - Inflexion point  in the frequen- 
cy-temperature curve at the temperature 
of maximum dissipation for ehemieMly 
pure (99.80%) polycrystal l inesi lver  [ A-20]. 
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The inflexion is clenrly seen %lso in gold (Fig. 9) and in silver (Fig. 10). 

notwithst,~nding the limited temperature  range covered by the experimental 

15( 
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Fig. ]I. -- Redttction of the relaxation peal{ due to anneal; influence of a 2-houl's 
treatment at 175 ~ on commercial polycrystalline copper: vibration frequency 

30 kHz [A-l]. 

data. In palladium and platinum, whose dissip:~tion pe~tks ~re smaller and 

flutter (Fig. 4) the inflexion is less evident, whilst in lead and silver the 

peaks are so small (Figs. 1, 3) tha t  the measurements  are not accur,tte enough 

to show ~ f requency relax,~tion which does not  exceed ] 0 - t  

200" .I(5' 
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Temperature (~ 

Fig. 12. - Dependence of he height of the relaxation peak upon the annealing temper- 
ature in high purity (99.999%) oxygen-free polycrystalline copper. Curve A, after 
straining 8.4~o; B, after 1 h anneal at 180 ~ C, after 1 h anneal at 350 ~ vibration 

frequency ~ 1 kHz [A-8]. 
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To conclude tile genera l  discussion of the exper imenta l  results~ it  mus t  

be shown tha t  the  re lax~t ion effect is due to the disloc~tions. To this purpose 

the influence of t he rma l  and mechanical  t r ea tmen t s  nms t  be  considered 

300.10 -5 
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200  

100 

r. .  A Ag 

- ~ o  
C "%. " ~  - '~ '~. . . . . . . . . . . . .  . , . . 4 "  

0 50 100 150 200 250 300 
Temperature ~<) 

Fig. 13. - ])ependenee of the height of the relaxation peak upon the annealing temper- 
ature in chemically pure (99.80%) polycrystalline silver. Curve A, before anneal; B, 
after a 4-hours treatment at 175 ~ C, after an additional 5-hours treatment at 225 ~(~; 

vibration frequency ~ 56 kHz [A-20] 

toge ther  wi th  the  measu remen t s  which have  been  m,~de on single crystMs. 

I t  has been  found t tmt  any  t r e a t m e n t  which reduces the  number  of disloca- 
tions, such as anneal,  decreases the height  of the peak,  as i t  shown in 

Fig. 11 for a not  ve ry  pure  

copper specimen. The 172o0 
reduct ion of Q,~ 1 depends 
upon tile anneal ing tern- Hz 

pera ture :  if this  temper-  ~7,700 
a ture  is high enough, the  
peak  m a y  be cancelled, 

as it  is shown by  Figs. 12 ~,~"Z600 
and 13 for copper  and 
silver. The effect of ~" 

anneal  can be followed 
th rough  the  t ime-changes  17,500 

of f requency a t  cons tan t  

t e m p e r a t u r e  when the  
final t empe ra tu r e  of the  lZ400 ( 
t r en tmen t  h,~s been  reach- 

ed (Fig. 14). Tile in- 

crease of f requency  shows 
a corresponding decrease 

2 
Hours 

Fig. 14. - Influence of anneM ou polycrystalline silver 
(99.80%). Increase of tile resonant frequency with time 

at the constant temperature of 225 cC [A-20]. 
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Fig.. 15. - Linear dependence of tho resonant 
frequency upon temperature in polyerystal- 
line silver (9.%80%), after a 5 hours atmeal 

at 225 ~'t; [A-20]. 

of the number  of dislocations act ive 

in the relaxation process, and explains 

the reduction found in the low-temper- 

ature peak. After  a complete anneal, 

when the peak has been caneelled~ the 

f requency- temperature  curve no longer 

exhibits any trace of the infleetion 

due to the relaxation effect (fig. 15). 

On the other  hand, ~my t re~tment  

which increases the number of disloca- 

tions, such an cold work, in(,reases 

also the height of the peak,  when this 

is already present  (Fig. 16), or reintro- 

duces it, if the material  has previously 

undergone a complete auncal  (Figs. 17, 18). I t  may  be added tha t  the amma t- 

ing tempera ture  required to cancel the peak is considerably higher than room 

temperature,  for all lnetaIs in 
which the effect has been found. 250.1t 

As it was pointed out by SF~E(a,m I~' 

[B-8], this excludes tha t  the re- 

laxatimt van be due to the re-o- 200-  
rientation of divaeaneies or similar 

defects created l)y the plastic 

deformation which anneal out 
rapidly at room temperature,  150 

and suggests that  the peaks arc 

produced by the ntotion of dislo- 

cation segments. 100 

Pig. 16. - Increase of the height 50 
of tile peak with the amount of 
cold work in polyerystalline silver 
(99.80%). Curve A, after a moderate 
cold rolling; curve ./L after a further 

0 
cold rolling to w of previous thieklmss; -5 
vibration frequency ~' 56 kHz [A-20]. 

B 
A. 

& 

f 
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All, the previous n teasurements  were made  on poty(,rystallinc specimens. 

However  the grain s t ruc ture  cannot  be responsible for the dissipation peak% 

owing" to thei r  low tempera tu re .  The exper imenta l  proof of this has been 

40 
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k, 

' ' ' ; 
50 100 150 2 250 3 0 

Temperature ~K) 

Fig. 17. - Increase of the height of lhe relaxation pe:~k with the amount of cold work 
in polycrystalline copper (99.97%). Curve _,1, strained 0.1~%; 1r strained ,5.,5 ~ 

vil)ratimt frequency ~ 0.4 kliz [A-S]. 

obta ined  by  the A. [A-l] by  {LkSWEL]~ [A-11] ~md by  P:u{g [A-13] who h~ve 

found the dissipation peak  in copper  single crystals.  Wi th in  the limits of 

exper imenta l  a ccurat,y, the t empe ra tu r e  T,,~ corresponding to a given fre- 

soo.~c~ 
q' 

2O( 

I0C 
\ 

Ag 
b 

I 
i 

1oo 15o 
Temperature (~ 

0 50 200 250 300 

Fig. 1S. - Increase of the height of the relaxation peak with the amount of cold work 
in polycrystalline silver (99.80%). Curve A, after a 5 hours anneal at 225~ 

B, after ~.o 7%, permanent strain; vibratior~ frequency ~ 56 kttlz [A-20]. 

queney J,,~ is the  s~me for polycrystal t ine specimens and single crystals  and 

the  effect of anneal ing t r e a t m e n t s  and cold work is also q[ualitatively the 
same for bo th  types  of mater ia ls  (Fig. 19). This shows tha i  the cause of the 
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dissipation nlt~ximum mus t  be  direct ly re la ted  to the  geometr ica l  imperfec-  

tions of the  crysta l  la t t ice  and  not  to the gr~in s t ructure .  

100 [ld ~ 

~T A (  CL~ 
D)  o / \ (A~-~.3~ 

/ \ (~-  3.o so / ', Cc )- 4.8 % 
(O) "Cross-rolled 

0 40 80 120 160 200 240 280 
Temperature (~ 

Fig.  19. - Relaxation peak in copper single crystals (99.9~J9%) for various amounts 
of cold work. Vibration frequency _~ 40 kHz [A-11]. 

3.  - T h e o r y  o l  d i s l o c a t i o n  m o t i o n .  

I n  order to expl,~in how the dislocations can give rise to a thermal ly  ,te~iv- 
a ted  rel~x,~tion effect, some model  mus t  be  found for thei r  mot ion  under  
the  combined ~ction of t he rma l  f luctuat ions and mechanical  stress. The  

Minimum energy 

/ / / &  
/ I 3 

(a) (0) (c) 

Fig, 20, - Mechanism for the dislocation motion according to l~l,~soN [B-2, B-4]. 

nex t  s tep is to re la te  the  mot ion  of all the  di'slocations with the forma-  
t ion of an ~nelastic strain.  The fo rmal  theory  of re laxa t ion  can be succes- 

sively applied to this s t ra in to find tile f requency- and tempera tu re -dependence  
of the  energy dissipation. 

I n  the model  proposed by  ~:tso~" [B-2~ B-4] a dislocation line is pinned 
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at  points A, B by  impur i ty  atoms (Fig. 20a). The lowest-energ T position 
corresponds to a s traight  segment, bu t  other  equilibrium positions may exist 
of somewhat higher  energy, in which the disloe~tion is kinked (Fig. 20b). 
The central  par t  of the dislocation is then  displaced in the glide plane of an 

amount  b, ec[ual to the distance between closest lines of atoms in the same 
plane. Owing to the Peierls '  stress, a dislocation must  overcome a potent ia l  
barr ier  H to go into the nearest  equihbrium position (Fig. 20c). To compute 
this barrier,  )[AS0~ r assumed tha t  the whole dislocation segment between 
the pinning points moves together.  If  the x axis is taken  parallel to the dislo- 
cation line, and y norm~fl to it, the potent ia l  per uni t  lenght E(y) which 

opposes the mot ion of a dislocation may be represented between ?! = - -  b/2 and 
y -  + b/2, by  

a~ ~ b 2 2Jry 
(7) E ( y ) =  E o -  ~ cos 

2 b ' 

where a ~  1/b(~E/@) .... , is the Peierls'  stress required to force the dislo- 
cation through the steepest  par t  of the potential ,  when thermal  'rod quantum 
mechanical f luctuations are disregarded. Neglecting the (.hanges in dislo- 

cation lenght, the height Hz~ of the potent ia l  barr ier  for this model, which 
is given by  the maximum value of 1 . [E(y ) - -E(O)] ,  tha t  is 

(8) H~I = a~ 
:Z 

is proport ional  to the dislocation lenght 1. This would lead to a strong depend- 
ence of the t empera tu re  of the peak on the panLmeters which control  l, that. 
is the dislocation densi ty 
and the impur i ty  content .  
As no such dependence is 
o b s e r v e d  e x p e r i m e n t a l l y ,  
some modification nmst  be 
int roduced in 5fASO~'S mod- 
el, considering types of 
dislocation motions not  con- 
trolled by the dislocation 
len~'ht /. 

As it  has been pointed 
out by  "VVEEI~TMAN [B-5] i t  
is not  necessary for the 
whole dislocation segment to 
move at once in going from 

B B B / 
A A A 

(a) (o) (c) 

Fig. 21. - Mechanism for the dislocation motion 
according to "~r [:B-3, B-5] and to Sn~ ~R 

[B-S, B-10]. 
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one equilibrium position to another.  A small kinked segment of lenght l ' <  1 

may  move over the potent ia l  barrier,  a lower linfit for l' being given by  the 
lenght 2w of a kink pair  (Fig. 21). Taking 5Lksoxs's est imate for w 

( 9 )  w = b L~ , 
Go 

and insert ing 2w i~1 equat ion (8) in the place of l, an approximate value is 
found for the energy g w required by  the formation of a kink pair 

( ~ o )  H,,, . -  ~,~b~ \~/, 

where # -- shear modulus. 
According to equat ion (10), the form~tion of a kink pair has an (( intrinsic )~ 

charaeter~ its ener~" being independent  of the part icular  lenght of dislo- 
cation lines and of their  in teract ion with impur i ty  atoms. Hence this model 

is be t t e r  suited to explain the re laxat ion effect then  the ((rigid motion ~) 
model associated with the energy (8). However  the deriwttion of (10) is some- 
what lacking ill mathemat ical  rigour, as the maximum value of potent ia l  (7) 

is applied to a kinked line wlfich is not  parallel to the direction of maxi lnum 
energy;  moreover  the approximate value (9) is t aken  as the lenght of a kink~ 
�9 rod the changes in dislocation lenght are neglected. 

A more satisf~('tory computat ion of the energy asso(.iated with the for- 
mat ion  of kinks has been given by  SE1~GEF, [B-8]. The start ing poil)t is the 
differential equat ion for the shape of an unpinned dish)cation lin% whose 
mininmm energy position is parallel to the x axis 

~.2y dE(y) 3:y 
(11) E(y) ?,x2 = -dy + ba + m 3t" ' 

where a -  resolved shear stress in the glide system; m - - d e n s i t y  per unit  
lenght.  The periodic potent ia l  per unit  lenght E(y) may be represented by  (7) 
for any value of y~ a fur ther  refinement in the representa t ion of E(y) being 

not  significant in the present  s tate  of theory (:~). As (~~ 44 Eo, the la t ter  
vMuc will be subst i tuted to E(y) on the  left  side of (11). Then  in the static 
case, with no external  stresses (a = 0) the equation becomes 

(12) d~y (r~ 2zy 
dx ~ -- E0 sin b 

(3) All the pot entiM minima have now the same value, the dislocation being 
,u~piu~ed. Tile period has been taken equal ~o b. 
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A solution of (12) represent ing a single k ink  of ampl i tude b in the posit ive 

direct ion of the  y axis is given by  

(13) tg '-~ exp x . 
= 7 Eo : J/ 

The displacement  y tends asymptot icaUy to zero when x tends to - - c ~  and 

to b when x t end  to + c ~ .  Comparing (13) with the es t imate  (9) for the 

k ink  width  w, i t  is found tha t  the  l a t t e r  corresponds to a dislocation displace- 

men t  differing b y  less then  0.04b f rom its final value (a). 

A s t ra ight  dislocation line lying along one of the lines y -- t~b (>+ = 0, 1, 2, 3 ...) 

has the energy Eo per  uni t  lenght.  "When the line is no longer straight,  the 

energy is increased owing to the con tempora ry  change in lenght  and to the 

presence of the  sinusoidal t e rm  in eciuation (7). I f  the  angles made by  the 

dislocation with  the  x-axis are small, the  first pa r t  of the energy increase 
is propor t ional  to (dy/dx) 2 while the second pa r t  is propor t ional  to (1 - -  cos 2zy/b) 

The energy /L~ of a single k ink  m a y  then 1)c computed  insert ing (13) into 

the  expression 

~ 2 ~  " 

This gives for f t .  (~) 

05) 

To compute  tile energy H s associated with the fo rmat ion  o[ a kink 1)air 

SEEt~EI~ assumes t ha t  the energies of two half-kinks corresponding to a displace- 
men t  y = hi2, add approx imate ly  to the energy H ,  of one complete  kink, 
which is g iven by  (15). This amounts  to say t h a t  the posit ion of m a x i m u m  

energy through which a dislocation segment  has to pass whmx forming a pair  
of kinks is approxim' t te ly  reached when the central  pa r t  of the kink pair  is 

on the crest  of the  po ten t ia l  barrier,  nfidway be tween  two equilibrium posi- 
tions. 5'[oreover there  is an a t t r ac t ive  force be tween  the kink pairs, which 

is pa r t i cu la r ly  strong for small  separat ions d of the kinks. This force is due 

to the fac t  the  to ta l  lenght  of the k inked  dislocation diminishes if the kinks 

come toge ther  by  sideways mot ion,  and eventual ly  amfitfilate each other. 

An opposite act ion is exer ted  by  the applied shear stress; if a is the resolved 

(4) It  must be remembered that a~ ,7. Eo. 
(5) Following ~].'.E,~ER [B-S] the value pb~/5 is taken for E 0. 
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value in the  glide system, i t  exer ts  a s a .b  per  uni t  lenght  of the disloc~- 

t ion which tends to increase the slipped area in the  glide pl,me on one side 

of the dislocation line. For  every value of the  applied stress, there  is % 

critical separa t ion  d~r corresponding to an uns table  equil ibrium of the k ink  

pa i r  under  the  combined act ion of the  applied stress and of the mu tua l  

~t t ract ion.  The energy associated with  the a t t r ac t ion  computed  for d -  dr 

m u s t  be  added to /tk to obta in  the to ta l  energy bar r ie r  Hs which opposes 
the  fo rma t ion  of a k ink  pair .  An qpproximate  computa t ion  of de, gives for  
the  total, energy [];-8] 

A basic difference be tween  the  above equ'~tion and the  expressions (8) and 

(10) is t h a t  the  energy bar r ie r  given by  (16) depends upon the  applied stress. 

However  a enters  the  energy H s only in a logar i thmic term, and the  s t ra in  

value for mos t  of the  measu remen t s  is f rom 10 -s to 10 -G. The ra t io  a]# is 

of the  same order as the strain, while the ra t io  a~ associated wi th  r e l axa t ion  

measu remen t s  is general ly found to be  near  5.10 -~. The value of the  l as t  

t e r m  in (16) is f rom 2.0 to 3.0 and a va lue  2.5 m a y  be t a k e n  as a satis- 

fac tory  average  for mos t  exper imenta l  conditions [B-11]. This gives for H s 

07) //.,, ~H ] 0 5  2 (a~ ' = 3.0 I." . . . .  ~ # b  3 \ # ]  

which differs only by  the  fac tor  1.25 f rom the value (10) given by  WEE~TSr~t~ ~ (6). 

I t  m a y  be observed t h a t  / / s  tends  to infinity when  the applied stress tends  
to zero. This does not  mean  tha t  k ink  pairs are not  formed when  there  is 
no applied stress, bu t  t ha t  they  annihi late  ve ry  soon af ter  thei r  format ion .  

To compute  the f requency r of fo rmat ion  of k ink  pairs ~s a funct ion of the  
absolute  t e m p e r a t u r e  T is a r a the r  difficult problem. All the  above theories  

avoid this difficulty assuming t h a t  ~ m a y  be represen ted  by  an Arrhenius  

equa t ion  

(18) v = v . .exp  l---~k-T] , 

where H is the  energy of the  po ten t i a l  barr ier  opposing the dislocation mot ion  

given b y  (8), (10) or (17) according to the  model  considered and to the  anal- 

(6) 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 itb2/2 for E0, instead of i~b~/5 as it is done by SwatteR; 
see [B-11], p. 2"i0, eq. ((.).61). 
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ysis of its mot ion ;  v0 is the  v ibra t ion  f requency of a straigh rigid dislocation 
line, near  its posi t ion of m i n i m u m  energy.  

The value of Vo is immedi,~tely obta ined  for small oscillations (y << b/2) 

f rom ec~u~tion (11) pu t t ing  ~-y/Ox~= 0 a~nd a = 0, and subst i tu t ing to the  
sinusoidal funct ion i ts  ~rgument  

d27] ,) o 

Taking ob "~ for the l inear densi ty  m, as suggested by  ESHF~I~J~Y (:) (s -= volume 

densi ty)  and introducing the ve loc i ty  c , - -  (#/C)~ of shear waves (~) 

( 2 0 )  ",, = 

The  f requency v given by  (18) and (20) mus t  be in te rpre ted  as the ~verage 

number  of k ink  pairs which are fo rmed b y  a single dislocation in a t ime in- 

te rva l  much  larger than  ~-~. 

"When no applied stress is present ,  on the average the  same number  of 

kink pairs will be formed on bo th  sides of a disloeution line in its glide 
plane. The average  dislocation posi t ion coincides then  with the s traight  

ectuilibrium position of min immn energy, aml no m~eroscopic strain is origi- 

natcd.  An applied shear stress, much  smaller t han  Peierls '  stress, act ing 

in the glide sys tem of the  dislocation, will cause the  kinks to get fu r ther  

apa r t  on one side, a, nd nearer  to each other  on t im opposite side, making 

timir stat is t ical  d is t r ibut ion no longer symmetr ica l  wilt1 respect  to the dislo- 
cat ion li~e. The ~tverage position of the  dislocation with respect  to t ime is 

no more a s t ra ight  line, bu t  i t  is displaced towards  the  side in whi(~h the 
applied stress favors  the  product ion of kinks. A macroscopic s t rain is then  
produced by  the  a s y m m e t r y  of the  average dislocation motion.  This strain 
is certainly not  of an  elastio type,  as a finite t ime of the  order of v-~ is required 

by  the dislocations to approach a new stat is t ical  dis t r ibut ion af ter  a stress 
is suddenly applied. 

The above remarks  are of a purely  qual i ta t ive  type.  The anelastic charac ter  

of the s t rain due to the dislocations could be establ ished on a quant i t a t ive  basis 

showing its  l inear dependence on the  aI)plied stress and i ts  exponent ia l  depend- 

ence on. t ime, a f ter  a stress is suddenly applied. Bo th  propert ies  are sum- 

(7) See J. D. ESI1ELBY: Proc. Roy. Soc. Lo~ulon, A 197, 396 (1949). 
(s) ~J~F~r [B-8], p. 660 t17), ta,kes (E~/m)�89 for ct. On the other hand im gives 

the estimate t~b'~/5 for E 0. Then his expression for ~o (lifters by a~ factor ~/5 from 
eq. (20). The latter coincides with Mason's vMue[B-11], p. 271. 



62 P. G. BORDONI 

marized by  a stress-strain relat ion of the type  (9) 

(21.) e ( t ) = ~  1 + - -  1 - - e x p  --  , for t > 0 ,  
Gel 

where e(t) is the total  strain corresponding to a suddenly applied stress ~; 
M is an elastic modulus; sol , e~.~ are the elasi~ie and anelastie fract ion of the 
strain. No a t t empt  is made in SgEaE~S theory  to derive equation (21) 
f rom the analysis of the model of dislocation motion.  Such an a t t empt  could 

eventual ly be made considering the  ~verage dislocation mot ion and the aver- 
age equilibrium position under  an applied stress. I t  is obvious tha t  the 
format ion of kink pairs is symmetr ical  with respect  to such a position~ owing 
to its average character .  This means tha t  the effect of applied stress which 

favors the  product ion of kinks on one side is counterac ted  near the dislo- 
cations by  a distr ibution of elaeti~ stresses due to thei r  average displacement 
which must  therefore  be proport ional  to the applied stress. The exponential  
dependence upon t ime shown by  (21) can also be explained observing tha t  
the average dislocations motion towards a new equilibrium position, has an 
ent irely statistical character~ being controlled by  the thermal  fluctuations. 

The average mot ion is therefore  irreversible, and the number  of dislocations 
which in a tziven t ime make a given step towards the new equilibrium po- 

sition must  necessarily be a fixed f ract ion of the to ta l  number  of dislocations 
which have not  ye t  made the same step. Hence the strain-time rel.ation is 
of an exponenti~l t~p% as required by  (21). 

Once a relat ion of the type  (21) has been proved or adopted~ the formal  
theory of thermal ly  ac t ivated  re laxat ion effects shows tha t  the t empera tu re  
dependence of the dissipation and of the resonant  f requency is represented by  
equations (3) and (6), and the theoretical  t r ea tmen t  of the effect is complete 
f rom a semiquant i ta t ive  standpoint .  A fur ther  analysis of the ~melastie strain 
due to the dislocations motion is however  needed to find a re la t ion between 
the potent ia l  barr ier  H (given by  equations (8), (1.0) and (17)) and the %etiv- 
at ion energy IV of equat ion (2). A similar relat ion is also needed between 

the re laxat ion t ime Zo considered in the same equation and the f requency J'o 
of dislocation motion~ computed according to (20). This analysis is replaced 

in SEEG~t~'S theory  by  the reasonable assumptions [B-8] 

W = H 
(22) 

To 1 ~ 27g~,0. 

In  3I.(so~"s theory  some of the above difficulties were avoided making use 
of ra te  theory ;  a similar t r ea tmen t  has more recent ly  been given by SEEGEE~ 

(9) See P .  G. BORDONI, Suppl. Nuovo Ci~ento, 7, 144 (1950). 
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1-)ONTK and PF.aF~ [B-10] which do not  assume the val idi ty of the  Arrhenius 
equation (18)~ bu t  t ry  to compute  the energy exchanges between disloca- 
tions and lat t ice by  means of the Kolmogoroff equat ion for diffusion processes. 

The model  for dislocation mot ion  is the same tha t  has been adopted by  
SEEGEa, and the ease of a suddenly applied stress is considered. As i t  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  
representat ive points in energy space. I t  m~y be observed tha t  the density 

of such points must  vanish when thei r  energy exceeds the critical value for 
the  applied stress. The average t ime required by the  disloc~tion to reach 
this critical energy Hr is the  re laxat ion  time. The es t imat ion for the energy 
barr ier  //'r is 

(23) H , ~ - -  2H,~ - -  ~(~ = ~-]/'~---r "~ 1 - -  ~(~ 
7~1 OYg 

which is near  to one half of the value givett by  (I7). 
The re laxa t ion  t ime of equat ion (2) is then  given by  (10) 

16 bt# exp [ - - F / I  ( 2 a )  = ' 

where _F1 is a func t ion  of the  two variables ( 2 H k / k T )  and (Hr The nu- 
mericM values of F1 are given by Do~:TK in a graph.  

The max imum dissipation Q+; ~ is also related to tile volume density No 
of dislocations of lenght 1 by  the approximate  relat ion 

24 

F rom a qual i ta t ive st~mdpoint i t  is quite remarkable  tha t  the t empera tu re  
dependence of the re laxat ion t ime is not  exponential~ owing to the factor  
( k ' T )  -1 in equat ion (24) and to the relat ion be tween F1 and 2 tL~ /kT  which 
is not  exact ly  linear. However  for  small stresses the ratio //r given 

by  (23) is ve ry  near  to uni ty .  In  this case the graph of the funct ion /v 1 is 
represented with good accuracy by  

4Hk 
(26) F 1 = 1 - -  

k T "  

(10) The coefficient of the exponential in eq. (24) is larger by a factor 2.4 than the 
coefficient (2sB)-i computed by means of the eq. (15) of the paper [A-16]. This dif- 
ference is due to a different estimate for E o and ct. 
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l~r the variat ions of the funct ion (kT)  -~ with temperature  are small 

in comparison with those of the exponential  t e rm for all the temperatures  of 

interest  in the relaxation effect. I f  an intermediate  temperature  is chosen 

to compute the time f~etor in the r ight member  of equation (24) (for instance 

T = 100 ~ the temperature  dependence of relaxation time given by  the 

theory  of SEEGEI~ ;DoNTtI and PFAI~F can be represented with a satisfactory 

approximat ion  by the simple equation 

16 b4/t exp [4//k] 
(27) v =  ~/5~a.e.100. k ct [ k T J "  

The above equation shows tha t  from a numerical standpoint  this theory differs 

ve ry  little f rom the simpler one formerly given by SEEaER. As far as the 

act ivat ion energy is concerned, the difference between the value 4H~, taken 

in (27) and tha t  3.5 H~,. g i v e n b y  (17)is not physically significant, owing to the 

uncer ta in ty  in Peierls'  stress. The same happens with the relaxation times 

Tam.v.I. -- Physical properties o/ so~e f.~.e, m.etcds i~tv,9h, ed i~ the rela.~'(~tio~, theories. 

Metal ,~ (gcm :~) b (era) ('t (cm s 1) !~ (dyn era-'-') a~,//t 

Copper 
Silver 
Gold 
Palladium 
Platinum 
Aluminium 

8.96 
10.49 
19.3 
12.02 
21.45 

2.7O 

2.55" 10 s 
2.88 
2.88 
2.74 
~ 
2.85 

2.26' If* 5 
1.6 
1.2 
2.04 
1.7 
3.08 

4.6.1011 
2.9 
2.85 
5.0 
il l  
2.64 

4.2. i0 4 
6.0 
8.6 

10.3 
3.2 
5.0 

computed for the two theories: of eourse in this case the comparison must  

be made between the logarithms, owing to the exponentiM character  of equa- 

tions (2) and (27). The values oi the fundamenta l  parameters  required to 

compute  To ~ according to (20) and (22)2 are listed in Table I. In  the same 

TAI3LE I[. -- Compariso~ between the values o / In  rg 1 computed by mea, m~ o] tlw Seeger's 
theory a~d o] the Seeffe.r, l)or~th a~,l I)/a]]'s tl, eory. 

Metal 

Copper 
Silver 
Gold 
PMladium 
Platinum 
Aluminium 

]~ T~ I 

Seeger theory 

26.84 
26.55 
26.44 
27.12 
26.37 
27.13 

S.D.P. theory 

25.97 
25.59 
25.32 
25.49 
25.06 
26.52 

% 
difference 

3.3 
3.7 
4.4 
6.3 
5.1 
2.3 
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Table are also given the values of a~ computed by means of (17) and (22), 
from the experimental  value of W. 

As is shown by Table I I ,  the differences between the logarithms of To -1 
computed according to the Seeger's theory  und to the S.D.P. theory are quite 
small. I t  m~y be ~dded tha t  the deviations of the exact  relation (24) from the 
Arrhenius equation a.re too small to be detected with cer tuinty even when the 
experiments  are performed in a wide f requency range. F rom a numerical  s tand 
point  the SEE~ER'S theory and the diffusion theory  arc equivalent,  t h e  main 
~dvantage of the la t te r  residing ir~ the smaller number  of hypotheses required 
and in the possibility of evalunting the density of dislocations which give 
rise to the re laxat ion effect. 

PAINT II. - Fundamental parameters of dislocation relaxation and influence 

of different treatments. 

4. - Activation energy and characteristic 
frequency. 

The val idi ty of equat ion (4) may be 
tes ted plot t ing the logari thm of freciuency 
against the inverse T~,~ ~ of the tempera ture  
of the peak: the e• points must  
then  lie on a, s traight  line. The metals 
on which the dissipntion peaks h~ve been 
me~sured on spe(4mens ha.ring the s~me 
pur i ty  and the mm~e history, iu a fre- 
quency range wide enough to make this 
control  physically significtmt are alumin- 
ium, copper, silver, gold, palladium and 
plat inum. For  all these metals no system- 
~tic deviation front a straight line has 
been found, the slight scat ter ing of exper- 
imental  points being of the same order 
of the experimental  accuracy (Figs. 22, 

Fig. 22. - Frequency dependence of tile 
temperature of maximum dissipation in l)ol3- 
crystalline :~luminium : activation energy 

0.107 eV [A-9]. 
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23, 24). The data  obtained for copper are p~trticularly significant,: 'owing 
to the wide f requency range covered by  the measurements (from 1.8 kI-Iz to 

6 .4MHz)  and to the fact  tha t  they  were made not  only on the same 
material ,  bu t  actually on the same sample. Fig. 23 shows tha t  the  

1-5"10 ~ , 

1.3 

~U 

(19 

L17 

W - 0.122 

0.70 (~80 0.90 1130 1.10 

eV 

1,20 1.30 1.40 -I0 ~ 

r2' CK)" 

Fig. 23. - Frequency dependence of the temperature of maximum dissipation in 
technically pure polycrystalline copper: activation energy 0.122eV[A-15, A-16]. 

parameters  T0 and W have the same value for the flexural vibrations (lower 
frequencies) and for the longitudinal vibrations (higher frequencies), as 

2.5 

2.0 

1.5 

tO 

10 ~ 

O.5 

? 

1.0 t5.'1(3 ~ 

the  corresponding sets of experi- 
menta l  points lie on tile s a m e  line. 
In  f~wt for each type  of vibrat ions 
the distance between the experi- 
mental  points is large enough to 
show an eventm~l difference in the 
slope or position of the straight  
lines drawn separately through the  
points belonging to each type  of 

vibrat ion.  
lVhen the logari thm of f requency 

is multiplied by  k~ as it is done in 

Fig. 24. - ]~requeuey dependence of the 
temperature of maximum dissipation it, 
silver, gohl, palladium a~ld platinum. 
Activation enero~ios 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 act ivat ion energy-. The values 

obtained in this way are listed in Table III~ together  with the correspond- 

TABLI," Ill .  - Fu.~damcMal l)arameter,~ of llu' rda.,'alio, e/fed. 

Metal 
I 

W 

(eV) 
~o~/2~ 

(s -~ ) 

l)ebye 
frequency 

(~-~) 
cr~ //t 

2~,'t W 

l 

0.122 
C(,pper (• 3.8 �9 1011 67.10 u 4.2.10 ~ 0.6 

0.124 
Silver (4:0.005) 40 45 6.0 0.04 

0 A s s  1 
Gold 0.7 ! ,35 s.6 ~ 2.2 ( : o.oo2)  , ! 

0.260 
Palladium t2.o 57 ] 0.3 0.3 (:[:0.013) 

0.192 
Platinum 0.06 47 3.2 23 (~:0.O06) 

0.107 
Aluminium 0. ] 3 82 5.0 24 ( •  --)  

ing ~u, cumcy estim~ted from tim sc~tttering of experimenta.1 d~ta. In  the 

same Table are also given the values of v2~/2~ computed from the inter- 
eept of the straight lines of Figs. 22, 23, 24~ with the frequency a.xis~ accord- 

ing to equation (2) and to the rel~tion 2 7 ~ ] , , ~ = 1 .  Hence ~o ~ =lim2s/, ,~, 
T--~ co 

and T[l /2z  ],~.o. For  comp~rison purposes the frequency associated with 

the 1)ebye temperature  .0 h~s been computed for each meta l  from the eqm~tion 

v = k O/h~ mid is given in the next  columm (~). 

I t  is quite renl~rkable tha t  the vMues taken by W in different metals ~re 

ne~rer to each other than  could possibly be expected. This seems to support 

the idea of "WEERTSL, k~ ~ and SEEGEn~ tha t  the dislocation mot ion responsible 

for the effects~ is associ~ted with some intrinsic proper ty  of the disloc~tions, 

the differences between the potential  barriers being small in crystals having 

('~) The l)ebye frequencies a~ociated with the different lypes of wa~.es could be 
computed from the lhe~ry of specitic heath of crystals, taking into account ltle Bril- 
h)uin correcti,,n for wave lenghts of the same order as the la.ttiee constant. H.wever 
the values given ill Table I l l  are accurate enough t(> be (.ompared with ~+;-1/2m 
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the same structure.  This result  shows the interest  of extending the in- 
vest igat ion to crystals with a different s tructure.  

The experimental  value of %1/2:r is in every case smaller than  the Debye 's  
value.  Tlfis is finite reasonable as the la t te r  f requency is the highest t ha t  can 
be propagated  in a periodic lat t ice.  I t  must  however  be remembered tha t  long 
before the melt ing point  is reached the dislocations responsible for the relax- 
a t ion effect are no longer activ% as i t  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 re laxat ion  t ime not  for  an infinite tempera-  
ture ,  bu t  for the  highest  t empera ture  tha t  e~ch meta l  can re~ch wi thout  
cancelling the  re laxat ion effect. To this purpose fur ther  exper iments  are 

needed on the  influence of anneal  on metals of known impuri ty  content .  
The  rat io  of the Peierls '  stress to the shear modulus can be computed ac- 

cording to SEEGER'S theoLT from equations (17)~ (')2)1 and from the exper imental  
values of W. The v~rlues obtained in this wa.y (Table I I I )  are all higher t h an  
those obtained in static experiments.  The explanat ion which has been given 
for copper~ in which this difference was first noticed~ can be applied to all 

the  metals  having the same structure.  I t  has been  observed [B-8] tha t  a 
great  por t ion of the dislo(.ations dont  lie along close-packed directions. There- 
fore their  eiTective Peierls'  stress which is observed in static expcriments~ is 

o This explanat ion removes the several orders of magni tude smaller than  a v. 
object ion made by  "WEEI~T)IAN [B-5], tha t  the format ion of kink pairs cannot  

be responsible ior  the relaxat ion effect, as the values of a~, computed by  
means of (10) or (17) are too large. I t  was suggested [A-11, A-13, B-8] to  
tes t  SEEGEIFS theory  using the values of no/# given by Table I I I  to compute  
the dislocatimt f requency ro by means of (2t)); this value could then  be com- 
pared with tha t  obtained experimental ly for %~/2~z. However  tile meaning of 
this comparison is not  ctuitc clear~ as the preveeding theoret ical  discussion shows 
tha t  the value of Vo given by (20) is probably of the same order as rol/2~r, but  
does not  necessarily (.oincide with it. A more signifi(.ant test  (.an be obtained 

eliminating a~ from (17) and (20), and observing tha t  the expression etH,/vob~tt 
is an invar iant  for all metals.  I f  we nlake the reasonable assumption tha t  
the unknown rat io be tween vo and zd~/2u has the same value for all the 
metals  having the same structure,  the above expression must  also be inva- 

r iant  when the exper imental  values of W and ~o~/2~ are subst i tuted to H~ 
and vo. The last column of Table I l I  shows tha t  this is not  the case, and 
tha t  the evaluat ion of the relaxat ion t ime is actual.ly the less sat isfactory 

par t  of the theories of disloc:~tion motion.  
A fu r the r  comparison has beell made between the exper imental  da ta  for 

copper and the theory  of SEEGEIr ])ONTIt and PFAFF. A centra l  point  
has been chosen on the line of Fig. 23, to compute the funct ion F~ and the 
rat io 2Hk/kT for the two cases H,.,/2H~. = ] and H,.~/2H~. = 0.9. Tile f requency 
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of m a x i m u m  a t t enua t i on  5as 

pera tu re  by means  of eqm~tion 

parison be tween  the  average  
exper imenta l  line and the  2.5 

theoret ical  points is shown in 

Fig. 25. The ag reement  m a y  

be considered sat isfactory:  how- 2~ 

ever  the theoret ical  points  
lie on a line somewhat  s teeper  

t han  the exper imenta l  one. }:t5 
A slight correct ion of the va.1- 

ues t aken  by  the  funct ion F~ 

seems therefore  to be required 
to obtain ~ b e t t e r  agreement  _= tO 

between theory  and experiment .  

5.  - R e l a x a t i o n  s p e c t r u m .  

I f  the  re laxa t ion  effect 

were due to the sum of m a n y  
e lementary  effects wi th  the 

same values for the  ac t iva t ion  

energy and re laxa t ion  t ime,  

the exper imenta l  dissipation 

curves would coincide with 
those (.omputed by  Zener  for 
a single re laxa t ion  t ime  (~). 

been eva lua ted  as a funct ion of the  tern- 

(24) and of the relat ion :.)n],j = 1. The corn- 

0.5 

\ Cu 

\ 
\ 

0 0.5 tO 15 2.0-I0' 
T: C.)  ~ 

Fig. 25. - Comparison befween the experimental 
data and the theory of Seeger, l)onth and Pfaff 
for technically pure polyerystMline copper. Full 
circles, comi)uted values for HcJ2H~=I; crosses, 
computed values f~n' tfr Ileavy line, 

average of experimenlal data[A-16]. 

F r o m  eqm~tions (3) and (4) the ra t io  of Q-~ to its m a x i n m m  value Q~t 
can be expressed in ~ w~y independent  of the f requency of measurement ,  
as it funct ion  of the  var iable  W ' k - ~ . [ T ~  ~ - T  -~] 

where T,,~ is the  t e m p e r a t u r e  of m a x i m u m  dissipation for a given f requency.  

Taking for W the values given by  Table  I I I ,  the  exper imenta l  rat io 

Q-1/42~,[~ has been  compared  with tile curve (28). In  every case the  experi- 

(~) It must also be assumed that tile ratio between |he dislocation frequency atu{ 
the parameter T-* which characterizes the relaxation . f  macroscopic anelaslic strain 
is the same for all ~ho dislocations. [lowever this seems rather ol)vim]s from a physical 
standpoint. 
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m e n t a l  l ines  a re  m u e h  b r o a d e r  t h a n  t h e  t h e o r e t i c a l  cu rve  for  a single r e l ax -  

a t i o n  t in le ,  as i t  is shown b y  F igs .  26, 27 for  t h e  t y p i c a l  cases  of coppe r  

a n d  gold .  

Since  t h e  h y p o t h e s i s  

of a s ingle r e l a x a t i o n  t i m e  

m u s t  be  d i sca rded ,  t h e  

oB ~ -  = ~ ~ ~ ,  Cu t w o  s i m p t e s t  a s s m n p t i o n s  

"~ "*+ I ~ tha, t c an  be  n l a d e  a re :  
e 

~ ! ~ ~  
0.6 ~ - ~ : o ,  o I ~ ~ o a) a.ll t h e  e l emen-  

~176176176 I ~ ~176 o t a r y  r e l a x a t i o n  effects  a r e  
o / I ~ 

0.4 I ~ ~ a s soc i a t e d  w i t h  t h e  s ame  
o8 / \ ~ , v a l u e  of To but,  t h e i r  

/ ~  ~ 
\ a c t i v a t i o n  ene rg ies  a re  

a2 / \ ~ ~ d i f fe ren t ;  / \ 
/ \ 

b) a l l  t h e  c l emen-  

-6 -4 -2 0 +2 +4 +6 t a r y  l ' e l a . x a t i o n  e f f e c t s  
W.k' . (r2-r  ') h a v e  t h e  s ame  a ( , t i va t ion  

ene rgy  l I : l bu t  t h e  va.lues 
Fig. 26. - Values of 0-1/();~,  as a flmctiou of W.k  1. for  T0 a re  d i f fe ren t .  
. ( T / l _ .  ,/,-1) for polycrystall ine copper. Open circles, 
experiInenta.1 points;  dot ted line, Zener's dissipation Owing ' to  t h e  e x p o n e n t -  

curve for a single relaxation t ime [A-lel .  i a l  r e l a t i o n  (2) b e t w e e n  r 

a n d  W, a c o n s t a n t  loga-  

r i t h m i c  d e n s i t y  of r e l a x a t i o n  t i m e s  b e t w e e n  r~ a n d  ~o co r re sponds  to  a, con- 

s t a n t  l i nea r  d e n s i t y  for  energ ies  b e t w e e n  the  va lue s  ( W - - A I t ' )  a n d  ([~-~+ A W ) .  

As i t  ha s  b e e n  shown [A-16], t he  v a l u e  of .O-' is g i v e n  for  an  e n e r g y  spec-  
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t,'ig. 27. - Values of ( ) -1 / , ) -1  ~', m as a hmcti<m of W.k--1.(T;; * -  T 1) for polyerystall ine 
gold. Ful l  (.ireles, open eirele~ and erossea, experimental  points; dot ted line, Zener's 

dissipation curve for a single relaxation t ime [A-18]. 
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t rum with (.onstant linear density by  

(29) (2 x = 2 A W k T t g  -t Y .  sinh kT ' 

where ~ is the total  re laxat ion strenght  (Mv--M~)/~/Mv.M~, My, M~ being- 
the unrelaxed and relaxed values of elastic modulus; 2AW is the width of 
the  energy spectrum of center  W; Yw is the a t tenua t ion  funct ion for a single 
re laxat ion t ime computed for the centre of the relaxat ion spectrum 

(30) F~  = se(,h [tn (2,~/u ] = se(.h [h~ ('_',~]r0 exp [ IT/7~'T] ] .  

The dissipation given by  (29) has been compared with the experimental  
results for copper~ taking for W the value given by  Table I I I  and (,hoosing 
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0.6 

0.4 
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o-' 
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Fig. 28. - (lomparison belween experiment ~n(l theory for a rolaxaiion sl~eetrum 
with 1V variable and % constant. Curves A, C, measurements on polyerystalline eopi)or 
at 13kHz and 1Mtlz. Curve, s B, D: computed values. W and % are given by 

Table III;  AW=:0.019 eV [A-16]. 

All" in order to make the theoret ical  curve as near as possible to the exper- 
imental  dissipation values measured at  about  13 kHz.  The same values 

of |V and AW have been employed to compute  tile dissipation for the same 
mater ia l  at a freetuency of 1 ~ t t z .  Fig. 28 shows tha t  for the high fre- 
quem:y vibrat ions the (.omputed curve is much n.~rrower than  the experi- 
menta l  one, and therefore  the hypothesis  a) does not  seems to agree with 
the exper imental  data.  

A more satisfactory result  is obtained f rom the hypothesis b) of a con- 
s tant  logarithmic density of the values of %. This hypothesis  corresponds 
to a constant  logarithmi(' density of t imes for every  temperature ,  and the 
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dissipation is given by [A-16] 

(31) Q--1 - -  ~Y t,g--1 [Yr  sinh ~1], 

where S has the same meaning as in the previous equation;  ~] = l ln ~..,/r~, 
~.. and v~ being the upper  and lower limits of the times spectrum, and Y 

is given by  

(32) Y, = seeh [ln (2~]~)] = seth [In 127t]~0 ext)[IV/kTj)]  . 

As it  is shown by Fig. 29 it  is possible to find n value of the parameter  ~/ 
characterizing the band width (~ = 2.70) which makes the theorethical  curves 
to agree fairly well with the exper imental  ones both  at low and high frequency.  

1.0 

0.8 

0.6 

0.4 

0.2 

02 / 

50 100 150 200 
Temperature (~ 

Fig. 29. - Compar i son  be t w een  e •  and  theory  for ,~ r e l axa t ion  s p e c t r u m  
w i t h  W c o n s t a n t  a n d  To var iab le .  Curves  A a n d  C are t h e  same as in Fig. 2S: 

cu rves  B,  D h a v e  been  c o m p u t e d  for ~ = 2 . 7 0  [A-16]. 

To conlplete tile comparison between the hypotheses  on the different types 

of spectra it  may  observed tha t  in the case b) the ratio 0-~/0~ 1 depends 
only upon the variable Wk-I[T~, 1 -  T-I], according to equation (31), as in 
the case of a single re laxat ion time. Hence when the experimental  values 
of Q-~[Q,~I are plot ted as a funct ion of tile above variabl% the points corre- 
sponding to all the  vibrat ion frequencies must  lie on the same curve as it  
happens with the exper imental  points of the Figs. 26, 27. On the other 
hand this p roper ty  is characterist ic of the t ime spectra with constant  energy. 
In  fact  ec~uation (29) shows tha t  for an energy spectrum the dissipation de- 
pends not  only upon W.k=~[T(, ~ -  T -~] but  also directly upon T and there- 
fore upon the f requency of measurement .  I t  may be concluded tha t  the  
e lementary  relaxat ion effects responsible for the dissipation peaks differ in 
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the value of Vo bu t  have  the  S~mle value of the ac t iva t ion  energy. To explain 

this result  some modification is required in the present  theories of dislocation 

mot io% as % mus t  obviously depend f rom a paxameter  which does not  affect 

the value of the energy.  
I t  is not  surprising t ha t  the  agreement  be tween equat ion (31) and the 

cxper inlenta l  da ta  becomes poorer  when the distance f rom the peak  increases. 

I n  fact  the  lower values of dissipation are considerably affected by  the shape 

of the re laxat ion spectrum, which is only roughly represented by  a cons tant  

logari thmic density.  Moreover  the effect of other  causes of dissipution~ 

different f rom dislocation relaxat ion,  is more severely fel t  when the dissipu- 

t ion due to the l a t t e r  cause is small. 

I t  has been  shown tha t  no detai led 

information on the s t ructure  of the 

spec t rum can be expected  f rom meas-  

urements  on r e h x a t i o n  effects, as their  

(( resoNing power )) with respect  to the  

spectral  lines is compara t ive ly  poor (~). 

Some addi t ional  informat ion  abou t  the  

sh~tpe of the re laxat ion spect rum can 

however  be obtained,  observing t ha t  

the exper imenta l  points of Figs. 26, 27 

are not symmetr ica l  with respect  to 

the peak, the points on the lower tem- 

pera ture  side being somewhat  higher 

than  the  corresponding points on the 

other  side. As the  differences are not  
larg% it ulay 1)e assumed tha t  the 
main peak  is associated with the  sym- 
metr ical  pa r t  of the curve fit t ing the 
exper imenta l  points.  This symmetr ica l  

curve is quite welt represented by  the  
funct ion 

(33) Q~z seth - 

where the p a r a m e t e r  y, which repre- 

sents the spec t rum width, is uni ty  for 
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Fig. 3 0 . -  (6) Comparison between the 
simmetrized values of dissipation in 
copper obtained from Fig. 26 (open 
circles) and the dissipation computed 
for a Fuoss-Kirkwood spectrum (;, = 0.392, 
heavyline), b) Fuoss-Kirkwood spec|rum 
for 7~0.392 and Iectangular spectrum 
having the same total relaxation strenghi 

and a bandwidth ~=2.7 [A-16]. 

(la) See 1'. G. BORI)ONI: Theory o/ relax(ttio~t e//ects with (~ co,tbvu, ous spectru,~. 
Proceedings of the I1] I.C.A. Congress, Stuttgart (September, 1959). 
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~ single re laxat ion time, and vanishes for an infinite spectrum. According 
to the theory  given by  Ft~oss and KII~KWOOD (~4) the relaxat ion spectrum 
densi ty  8(r) which gives rise to the  dissipation (33) is given by  

(a.i) 
~(r) _ 7'~ cos (y.n/2) eosh (~ In ~!~) 

cos 2 (y~/2) -b sinh 2 (y hi r/Y) " 

As it is slmwn by  Fig. 30a the a.greement between the theoret ical  line com- 

pu ted  Dora (33) with y = 0.39 a.nd the exper imental  points obt~ined from 
the  symmetr iza t ion  of Fig. 26 is good, even for values of Q-~/Q~ as low 
as 0.3. The same computa t ion  has been made for the other  metals whose 
dissipation measurements  were accurate  enough, ~md the vMues found for 
the  pa ramete r  ), are collected in Table IV. The relaxat ion t imes r , ,  ~2 for 
whi('h the height of the speetrmn is 1/~/:2 of the maximum height have been 
computed  in every case, and thei r  ratios are listed in Table IV. When the 
values of r~/r~ ~re re la ted to the t r ea tments  undergone by  the recta.Is i t  is 
found that  the wider spectra correspond to a larger amount  of (,old work. 

TASL~ IV. - l:ela:ratio~t spectra. 

Meta l  Si lver  Gold P a l l a d i u m  P l a t i n u m  Copper  

7 0.266 0,345 0.284 0.426 0.390 

rs/v I ] 335 57 205 18 28 

6 .  - F r e q u e n c y  r e l a x a t i o n .  

The exper imenta l  dat~ concerning the tempera ture  dependence of the 
resonant  fre(luent T for copper [A-16] aa'e accurate  enough to allow a compar- 

ison between the measured values of (]--Jo)/fo and those computed a(,cordin~ 
to the re laxat ion theo13r. As in eqm~tion (6)~ [ is the f requency at the tem- 
pcr~tture T, while ],, is the relaxed value of the resonant  frequency.  

The al)ove ra.tio can be obt%ined from the  exper imental  dat~ subtra~'- 
t ing f rom the f requency measured a.t the  tempera.ture T, the freclueney com- 
pu ted  with a l inear extrnpolat ion f rom room tempera ture  measurements .  
In  this way the monotonic  f requency changes due to the effect of thermal  
expansiou arc cancelled and only the effects of relaxation are left  {'~). 

(11) 6ee R. 3[. F u o s s  ~Ild. J .  (',. KIRKV~'O(>D: Jour~. Chem. Phy,s., 63, 385 (1,q41). 
(15) Fo r  t h e  s l igh t  errors  i n t r o d u c e d  by  the  l inea r  e x t r a p o l a t i o n  see [A-16]. 
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The eq[uation (6) is no longer valid, the effect being due to a relaxat ion 
spe(.trum of considerable width, as it  has been shown by the dissipation meas- 
urements.  For  a constant  log:trithmi(' density of times, the rat io (]--]o)/],, 
i s  given by 

(35) f -  f,, ,','11 l cosh [~/ W k - '  ( 1 ' , , , ' -  T- ' ) ]  / 
/,, - -  . j }~ + ~ l , ,  c,,s), I,j + )Vk-' (T,;;'--r '):l/" 

I t  must  be noticed tha t  (f--fo)/fo for v~mishing T is indeI)endent of the width 
-q of the spectrum, and equals S/2 as in the ease of a single relaxat ion time. 
The same does not  happen for the maximmn dissipation Q,,~ whi('h is a rune- 

l i o n  of the spe('trum width, 
and is given by 

(36) Q,;,~ "~' tg-~(sinh q) " S 
- 1/ . 

ac(,or(lillo" to (31). 

The e qu iw len t  of equat ion 

(35) cannot  be obtMned in 
closed form for a Fuoss-Kirk- 
wood spectrum; however  it  is 
easily proved tha t  the limiting 

value of (f--]o)//,, when T van- 
ishes is still S/2, whilst the 
maximum (lissip~ttion depends 
upon the si)e('truln width ;ts in 
the former <.ase, and is given by 

1.0. 

(37) Q,,,' = ) , ~ - ,  . 

The exper imental  values of 

(f--/o)/fo are plot ted in FiIz'. 31. 
for three different types of vi- 
brations. The corresl)ondino' 
dissipation (,urves are also 
plot ted in the same sc.~le for 
( ,omparison pu rposes .  Two 

facts are immediately observed: 
a) the to ta l  f requency relax- 
�9 is much smaller for 
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te(.hni('ally pure [A-16]. 
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longitudinal vibrations (lower diagram) then for the itexural vibrations of 
plates and rods ( intermediate and upper diagram);  b) for longitudinal 
vibrations the to ta l  f requency relaxat ion is smaller than  the corresponding 

Q,7,1, in r with equations (36) and (37). 
I t  is not  difficult to explain a) observing tha t  the dislocation mot ion 

changes the shape of the solid ra the r  than  its volume. As it was suggested 
by ZgxEg it may be assumed tha t  the cmnpressibility modulus is not  affected 

by the relaxat ion effect. The elas- 
1.0 
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si(.al relations between the elastic 
moduli give then  rise to the follow- 

o /  Cu 
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to 

ing equat ion between the relaxation 
strenght  SL for longitudinal vibra- 
tions and the (.orresponding value 
So for flexural or extensional vibra- 

tions 

et 
(38} ,% " ' 

e;ei 

where et: c~, vz are the velocities for 
torsionat, extensional and longitu- 
dinal waves. Taking for them the  
values given by the fi terature,  the 
v,due 0.19 is found for the rat io 
S d S  ~ in good agreement  with the 
exper imental  curves of Fig'. 31. This 
result  shows the interest  of a more 
extended experimental  invest igat ion 
of this point, as the proper ty  of not  
affecting the compression modulus 
seems to be quite impor tan t  for the 
mechanism of dislocation motion.  

Poin t  b) is somewhat less easy 
to explain as it  is in open eontra- 

diction with theory;  it  must  however  
be remembered  tha t  the measure- 

ments  were made on polycrystall ine 

Fig. 32. - Comparison between tile experi- 
mental rolaxation of frequency, in techni- 
('ally pure copper, at 13 kllz (Curve .I) 
and the theoretical curves for a constant 
logarithmic density rB, ,t--2.70; (', ~=:3.5) 
or fro' a Vuoss-Kirkwood spectrum (D, ;, 

= 0.392)[A-16I. (,opper. 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 changino' from grain to grain, owing to the large elasti(, 'mysotropy 
of r ('rystals and to their  random orientation.  The la t te r  stress does 
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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 
vibrat ion 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 par t ,  and nmst  be taken into account  when 
the to ta l  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 comp,t.rison between the experimental  

values of (~--]o)/]o and those computed  for a constant  logarithmic density 
or for a Fuoss-Kirkwood spectrum (Fig. 32) shows tha t  the la t te r  type  of 
spectrum gives a be t t e r  approximation,  as it  is found in dissipation meas- 
urements .  

7. - Subs id iary  dissipation peak.  

A second peak was found by ~IBLETT and 'VVlLKS below the tempera ture  
of the main dissipation maximum, in high pur i ty  (99.999Yo) polycrystall ine 

copper, at  v ibrat ion frequencies be tween 0.38 and 1.1 kHz, as it is shown 
by Figs. 12, 17 [A-4, A-8]. F rom the original measurements  tile separation of 

the second peak from the main one does not  seem to depend upon mechan- 
ical or thermal  t rea tments ,  neu t ron  irradiat ion or strain amplitude. The 
same pe,~k is also clearly shown at  solnewh~t higher tempera tures  by PAm~'s 
measurements  on copper single crystals of ti~e same pur i ty  (99 .999%)for  't 
f requency range between 3.7 and 5.6 kHz [A-13]. In  measurements  made 
at  higher frequencies the N.W. peak is less clearly exhibited, being ra ther  
a fiat <~ bump )) on the low tempera tu re  side of the curve (Fig. 8) even when 
the measurements  are nmde on high puri ty  specimens (Fig. 19). In  the 
last measurements  the separat ion of the two peaks is snmller than  in the 
low frequency experiments.  

The above results show th:~t the ~.~u peak is due to a thermally acti- 
va ted  rela.x~tion effect, with an act ivat ion energy )I:' smaller than  the energy W 
of the main peak. To evaluate W' ,  the N.Vr peak must  be separated from 
the main maximum. This can be done computing the (cosh -~) of the experi- 
menta l  values of Q~I/Q_I and plot t ing it  as a funct ion of I V . k - ~ [ T :  ~ - -  T-~]. 

According to the previous remarks on the shape of the re laxat ion spectrum 
and on the Faoss-Kirkwood approximation,  the curves obtained in this way 
are straight lines near  the main maximum and on the high tempera ture  side, 
where the effects of the  secondary maxinmm are l i t t le felt. The N.W. peak 

can be isolated ta.king the difference between the  s traight  line, obtained by 
extrapolat ion of the values near  the main maximum, and the low-tem- 
perature  branch of the experimental  curve. The hyperbolic secant of these 
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vMues multiplied by Q,,~I gives the dissipation due to the N.W. peak. Fig. 33 

clearly shows the increase of the t empera tu re  T'~ of the subsidiary peak 
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I'ig. 33. - Nib!ett and Wilks peak. Polyerystal- 
line copper technically pure. Curve J ,  15 kIIz; 

B, 1.91 MHz [A-16]. 

with the f requency J,,,. Similar 
computat ions  have been made for  
other  me~tsurements~ and the  fre- 

quencies have been p lo t ted  in a 
�9 ! 1 log.'arithmic scale against (T~)-  in 

Fig. 34. The experimental  points  
are placed on a straight (solid) 
lin% and thei r  agreement  with 

the values obtained by  o ther  
experimenters  is reasonably good 
[A-13]. The act ivat ion energy  
computed from the slope of the  

line has the value W'~-- 0.0~1 eV 
being about  { of the energy found 
for tile main peak in the same 

metal  (Table I I I ) .  The value of 
(T'o) -1 computed from the inter-  
cept of the exper imental  line with 
the f requency axis is smMler fo r  

the N.W. peak tha.II for  the main pea.k. As it  is shown by Fig. 34~ the vibra- 
t ion frequencies correspondin~ to the  two peaks coincide at  room tempera tu re .  
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Vig. 34. - Frequency dependence of the temperature of the N.W. peal: (line A) and 
of the main peal: (line B) in polvcry~lalline copper. ~}pen circles [A-16]; crosses, 

(A-S, A-13). 1 |":0.041 eV [A-161. 
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The comparat ively  low value found for W' supports SEEGER'S expl:mation 
of the second peak [B-8]. In  f.c.c, metals  the dislocations lines which are 
responsible for the low tempera ture  a t t enua t ion  lie in the {111} glide planes 
along one of the close-packed directions, and have Burger 's  vectors  ~{110). 
The angle be tween the dislocation line and the Burger 's  vec tor  may  then  be 
ei ther  •  ~ , or 0 ~ Theory shows tha t  the energy for the format ion of a 
kink pair must  be different for the two canes, and according to (17) and (22) 

this gives rise to different values for the act ivat ion energy of the relaxat ion 
effect. 

I t  may be added tha t  recent  investigations in silver, gold, palladium and 
plat inum [A-18, A-20] have shown tha t  the low-temperature  side of the at ten-  
ua t ion  curves is always higher than  the other  side when the measured values 
are p lo t ted  as a funct ion of W.k-~[T,~ ~ -  T-~], as it  is shown by Fit~'. 27 in 

the case of gold. 
This result  seems to indicate the presence of a subsidiary dissipation max- 

immn near  to the main one. The N.W. peak is therefore a ra ther  general, 

if not  very  evident,  feature of the dissipation-temperature curves for f.c.c. 
metals. Fur the r  experiments a t  lower frequencies nm.y consent the separation 
of the two peaks, as their  activation energies are probably different, an it has 
been found in copper. 

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

irradiation. 

Exper iment  shows t tmt  the non-linear behaviour  of metals  in closely related 
to the thermal  and mechanical  t rea tments .  On the other  hand the effects 
of these t rea tments  and of neu t ron  irradiat ion are strongly dependent  upon 
the impuri ty  content .  I t  is therefore  convenient  to consider together  the  
influence on the relaxation effect of all the  above causes, notwithstanding 
their  apparent  eterogeneity.  

I t  has already been shown tha t  an tmneal at  moderate  tempera tures  reduces 
the height of the re laxat ion pe~k: in addit ion to this effect an increase of 
the room tempera ture  dissipation is produced when the tempera ture  of the 
t r ea tmen t  is raised. The second effect is generally not  found in impure 
metMs, as it  was the case with some of the copper and silver specimens on 
which the first me~surements were m~de [A-1]. In  this c~se the peak c~tn be 
easily cancelled by  anne,~l, obt,~ining a low wdue of dissipation even ~t 
room tempera ture ,  as it  is showH by Fig. 11 in the  case of commercial  copper 

af ter  a 2 hours t r ea tmen t  at  175 ~ A similar t r ea tmen t  (1 hour  at  180 ~ 
seems to be less effective in cancelling the peak in high pur i ty  (99.999o/o) 
copper (Fig. 12). If the tempera ture  of the t r ea tmen t  is raised, the peak 
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disappears bu t  a considerable increase is noticed in the  dissipation at  room 

tempera tu re ,  as it is also shown for  a somewhat  less pure  copper  (99.965%) 

by  curve A of Fig. 17. M1 the  above exper iments  were made on polycrys- 

tal l ine specimens;  however  CASWELL [A-11] and THOMPSOn" ~nd HOL)IES [A-17] 
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after machining; B, after 2 hours at 
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for I hour at 242 ~ [A-16]. 

have  found t h a t  bo th  effects of anneal  are present  in single crystals,  and 

the  same h,~ppens with polye~Tstalline 99.80% pure  silver, as i t  shown b y  

Fig. t3.  
To get  furtiLer informat ion  abou t  the  two effects of anneal, the  dependence 

of the resonant  frequency and of Q-1 upon t empe ra tu r e  has been  sys temat -  

ically invest igated for polycrystal l ine 99.80~o pure copper a f t e r  different ther- 

mal  t r e a t m e n t s  [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 ~ (Figs. 35, 
36~ curves A~ B). The same treatment reduces also the inflection of the 
frequency-temperature curve, without changing Y0. The above changes in dissi- 
pation and frequency are easily explained assuming that  the number of 
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Fig. 37. - Inf luence  of a n n e a l  on p e l s -  
c rys t a lSne  t echn ica l ly  pure  copper .  A, 
a f t e r  m a c h i n i n g ;  B,  a f t e r  5 hou r s  a t  
146 ~ C, a f te r  an  a d d i t i o n a l  t r e a t m e n t  

for 6 hours  a t  243 ~ [A-16]. 

Fig. 38. - Inf luence  of a n n e a l  on poly-  
c rys ta l l ine  t echn ica l ly  pu re  copper.  
A, a f te r  r a ach in ing ;  B,  a f t e r  1 h o u r  a t  

60O ~ [A-16]. 

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

When the annealing temperature exceeds 225 ~ a more drastic reduction 
of the peak is obtained~ but the shape of the dissipation curve 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 

6 - S u p p l e m e n t o  a !  N u o v o  C i m e n l o .  
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at  600 ~ the frequency and the dissipation }~re very  sensitive to the strain 
amplitude, even for strains of the order of 10 -7 (Fig. 39). The same ampli- 
tude dependence produced by  an high tempera ture  anneal  has also been 
found in copper single crystals [A-11] and in polyctTstall ine silver [A-20]. 
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Fig. 39. - S t r a in  a m p l i t u d e  dependence  
of f r equency  and  d iss ipa t ion  a t  room 
t e m p e r a t u r e ,  in po lyc rys t a l l ine  techni -  
cal ly pu re  copper .  A,  a f te r  m a c h i n i n g ;  

1r a f te r  1 h o u r  a t  6f10 ~'C. [A-16]. 

I t  may  be observed tha t  the curves C 
in the dissipation di~tgrams of Figs. 36, 
37 and the c u r v e B  in the same dia- 

gram of Fig. 38, were obtained for 
strains of the order of 10 -s and can 
therefore be considered as the limiting 
values of the dissipation for vanishing 
strain. 

At the present t ime no theory exists 
which adequately describes all the  

effects of an high tempera ture  anneal. 
F rom the tempera ture  of the t reat-  
ment  it could be suspected tha t  some 
of these effects are due to recrystal-  
lization, bu t  it  must  be remembered 
tha t  the high value of room tempera-  
ture dissipation has been found also 
in single crystals. As it has been 
pointed out [A-11], the dissipation 
measured after  a high tempera ture  
anneal seems to be independent  of 
frequency, at least in the range covered 
by the available data  ((0.5--40) kHz)) .  
I t  would certainly be interest ing to  
know if the temperature- independent  
increase of f requency shown by Figs. 36, 
37, 38 which makes the explanat ion  

of the  effect more difficult, is also observed in single crystals. 
All the available exper imenta l  da ta  show tha t  the  peak is not  only reduced 

by  a low-temperature  anneal  bu t  also slightly shifted towards the lower tem- 

pera tures ,  as it  may  be seen from Figs. l l ,  ]2, ]3, 35, 36, 37. This indi- 
cates tha t  the  relaxat ion effects more easily cancelled are those due to the  
dislocations assoHated with higher values of r d a x a t i o n  times. In  fact ,  a f te r  
the t rea tment ,  the centre of the relaxat ion times spectrum is lower than  before, 
as it  is shown by the slight decrease of T,,,. ~easuremen t s  on copper have 
shown tha t  T0 may be reduced by a fac tor  of 0.6; larger changes in the times 
spectrum can be expected in silver, in which the tempera ture  shift of t h e  
peak is very  evident  (Fig. 13) according to recent  experiments  [A-20]. 
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The effect of different amounts  of cold work upon the height of the main 
and subsidiary peak has been invest igated by ~IBLETT and WILKS in 99.999% 
pure polycrystall ine copper [A-8]. When  the prestrain is of the order of 0.1% 
the peaks are hardly noticed;  their  height increases with the amount  of the 
prestrain,  whilst the room tempera tu re  

a t t enua t ion  is reduced (Fig. 40). When 
the  pres t ra in  exceeds the value 2%, the 
ampli tude of bo th  pe%ks becomes approxi- 
mate ly  independent  of the amount  of 
prestrain.  A similar invest igat ion has 
been nlade by CASWELL on a 99.999% 

pure copper single crystal  [A-11]. The 
results agree with the preceding ones, 
the amount  of pe rmanent  strain required 

to reach the maximum height of the 
peak being somewh:~t higher in the  l a t t e r  
case~ as i t  is shown by Fig. 19. ~r 
CASWEI,L'S experiments  show tha t  cross-for  
ling has a more pronounced effect on 
the height of the peak than  continued 
roiling in one direction. This may be 
possibly due to the fact  theft cross-rolling 
act ivates  different sets of slip planes. 
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Fig. 40. - l)ependence of Q~* upon 
cohl work for a 99.999~ pure poly- 
crystalline copper [A-8]; curve A, 
strained 0.1%; B, 0.5% ; C, 2.2% ; 

D, s.4%. 

The dependence of maximum dissipation upon prestrain,  can be explained 

quali tat ively [B-8] observing tha t  the dislocations active in the relaxat ion 

effect are approxim~tely parallel to a densely packed direction. This is only 
small fract ion of the totnl  nunlber of dislocations; as their  number  incre~ses 

with increasing prestrain,  the active fr~ction generally decreases, owing to the 

(A) 99999%Pure copper 
1 , (B) O.055At,%Gold dopedcopper 

q~ [C)Q25 Ate, Gold doped copper 

0 40 60 120 160 200 240 280 
Temperofure (~ 

Pig. 41. - Del)endence of 0~* on goht atom- 
ic ~ in a cros~-rollod copper crystal [A-I 1]. 

elastic forces be tween dislocations. 
These forces increase with the 
number  of dislocations and push 
them into directions different 
f rom the close packed ones. 

For  ~ small amount  of cold 
work the increase in the to ta l  

number  of dislocations predomi- 
nates, and the height  of the peak 

increases. However  the to ta l  
number  of dislocations parallel 
to close-packed directions soon 
reaches a satu,'~ttion value under  
the controllin, '  effect of the 
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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 
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Fig. 42. - Dissipation in p~lycr~=stalline copper s163176 pure, strained 6.6~ 
neutron irradiated (5.10 '~ ,.v.t.) [A-8]. 

and 

reduced to about �89 of its value in the 99.999% pure crystal, by0 ,065% 
atomic % of gold, and being almost cancelled by 0.5 atomic ~ gold. The 
original measurements [A-Il l  show tha t  this reduction of the peak takes place 
without  any change in its temperature,  in complete agreement with the fun- 
dumental  hypotheses of dislocation theory, whi th  hnve been discussed above. 
The number of foreign atoms seems to control the Immber of dislocations 
active in the relaxation effect, but  has little or no influence on the ~ctivation 

energy and on the t ime u 
400 )~ The influence of a fast  neutron 

300 / \  Ca bomb~rdament on dissipation has been 

200 

1o0 

Temperate ~') 

Fig. 43.- Dissipation in polycrystatline 
copper 99.9.q9~ o pure, neutron irradiated 
(5' 10 ~8 n.v.t.), and subsequently strained 

5.10/o [A-8]. 

investigated on a 99.999% pure poly- 
crystalline copper for a radia t ion flux 
of 5.1018 n . v . t .  [A-8]. A substantial  
reduction of the height of the peak 
is found, together with a slight shift 
towards the lower temperatures~ as 
~fter an annea l  This may be seen 
comparing the peak height of Fig. 42, 
which is of the order of 35.10-5~ with 
the peak for the same specimen (poly- 
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crystalline copper 99.999 % pure) before 
the irradiation, whose height,  given by 
Fig. 12~ is about  240.10 -~. When the 
sample is strained af te r  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 
i r radiat ion flux (5.10 iv n. v. t.) are in 

quali tat ive agreement  with those of 
Fig. 42 [A-17]. However  the peak re- 
duction is only of 2 0 0 ,  and no tem- 

pera ture  shift is found when the two 
curves are superposed~ as it  may  be 
seen from Fig. &4. The neu t ron  bom- 

bardment  seems to have a larger effect 
on high pur i ty  copper crystals which 
have previously undergone a complete 
anneal  at 650 ~ The high at tenua-  
t ion found ~t room tempera tu re  ~fter 

I I I I I / ~  .u,,-.OJ.,~l 
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Fig. 44. - Dissipation in technically pure 
polycrystalline copper. The unirradiated 
values have been reduced by a factor 

of about 20% [A-17]. 

~nneal is reduced to 1/10 of its value by  an i r radiat ion flux on on].y 2-1012 
n. v. t. while ~ small relaxat ion peak is fa int ly  shown (Fig. 45). At the  
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~2,ooo[_ !'< . . . ' ~  /_~_  700 

1 1 , 8 0 0 ~ ' ~  --J< ---P-~l - i~--Z-~" !''% 500 ,.,.. 

i A4noa,e J --/ '+. .  J / 

t . ~  ~ o o , ~ / - - '  - -- " [ - o o _ ~  

I ,  7 _ / .  i~1 I I I I'-] i I 

0 40 80 120 160 200 
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Fig .  45.  - I n f l u e n c e  of  n e u t r o n  i r r a d i a t i o n  u p o n  f r e q u e n c y  a n d  di~,cilialion of a 

99.9,q9% pure copper crystal, previously annealed [A-I ' / ] .  
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same time the room temperature frequency is increased by an amount of 
about 2%. This result supports the hypothesis that  high energy irradiation 

can reduce the number of active dislocations, as  it is done by ~nneal and 
by increasing impurity content, but does not affect the basic parametet's W 
and W'. ~oreover  the influence of irradiation seems to be strongly dependent 
upon the presence of foreign "ttoms, being rather small for impure metals. 

9. - Re laxat ion  peak in al loys.  

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 

400.10  -5 

300 

Q-1 

2% Au ~ Au 

20 % A~ 

60~Au 

200 

100 

o 
o lOO 200 300 

Temperclfure (~ 

Fig. 46. - Dissipation in silver-gold alloys: resonant 
frequency ~_ 20 kltz [ADS]. 

chosen in such a way 
the aU 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 
atomic concentration ap- 
proaches 50%. This may 
be clearly seen in Fig. 47, 
where the height Q~I of 
the peak is plotted as a 
function of the atomic 

percent of gold. 
On the silver side 

the values of Q~I have a 

maximum for a concentra- 
tion of about 2 atomic % 
of gold, the height of 
the peak for this alloy 
being more than twice 
that  for pure silver. This 
result shows that  a small 
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concentra t ion of impurities may  favor  the format ion of active dislocations by 
cold work. This explanat ion agrees with the  fact  tha t  the room tempera tu re  
velocity of extensional  waves e has a minimum for the  same alloy (Fig. 48), 
owing to the larger number  of dislocations which can move freely at  t ha t  
tempera ture .  I t  mus t  also be not iced tha t  the  t empera tu re  coefficient of fre- 
quency shows an anomalous behaviour  for the same concentra t ion.  

3oo-10'-- , . 

0 20 40 60 80 
Ii ~ 

lOO 

Atomic ~ Au 

,150 

r.(70 

100 

Fig. 47. - Values of Q~I atut Tm as a function of gold atomic %. in silver-goht alloys. 
()pen circles, computed values of 7'~ t A-18]. 

For  small concentrat ions of gold it  is quite interest ing to compare the 

Q~l-concentrat ion eurye of Fig. 477 with the similar curve of Fig. 41, for 
a sm~dl concentra t ion of gold in copper crystals. I t  is not  surprising tha t  a 
maximum for Q,:I is not  found in the  second curve. In  fact  owing to the 
less favorable rat io of the  atomic diameters  (1.1283 for gold-copper), cor- 
responding to a stronger lat t ice distort ion for the  same atomic concen- 
trat ion,  the max imum for gold-copper alloys can eventual ly be expected 
for gold concentrat ions smaller t han  0.065 atomic percent ,  and therefore  
may have escaped the notice of the  experimenters .  On the other  hand, it 
is also possible tha t  the maximum in the Q~-concen t r a t i on  curve may only 

be found for a tomic rat ios very  near  to uni ty .  For  this reason it  would be 
interest ing to ex tend  the invest igat ion to small concentrat ions of silver-gold 

on the gold side, between the last alloy considered in Fig. 45 (80 atomic % 

gold) and the pure metal .  
The t empera tu re  T,,~ of the peak for a vibrat ion frequency of about  20 kHz 

rises gradually with the gold concentra t ion from the value 71.5 ~ for pure 
silver to 135 ~ for pure gold. This is an additional proof of the intrinsic 
character  of the act ivat ion energy and of u which are very  little influenced 
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F ig .  48. - V~lues of the extensional velocigy c~ and of the frequenc.y-temperature 
coefficient f l = - - 6 1 n / / ~ 7 '  measured ~t room ~emperature, as a function of g~)ht 

atomic %, in silver-gold alloys [A-18]. 

- -  2,640 I I I 
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b y  t h e  p r e s e n c e  of f o r e i g n  a toms .  T h e s e  a t o m s  s eem to  be  ef fec t ive  on ly  in  

c o n t r o l l i n g  t h e  n u m b e r  of a c t i v e  d i s l oca t i ons  a n d  t h e r e f o r e  t h e  h e i g h t  of t h e  

peak ,  as  i t  is shown b y  t h e  Q / , L e o n c e n t r a t i o n  cu rve  of F ig .  47. 
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Fig. 49. - Depe:~dence of W on the gohl atomic %, in silver.gold alloys. 
line, linear dependence: heavy line, assumed depende.me [A-lg]. 
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The act ivat ion energies for the different silver-gold al.loys have not  ye t  
been measured directly. An est imate for the values of W has been obtained 
assuming tha t  the energy-concentrat ion curve turns the concavity towards 
the concentra t ion axis as it  happens with the veloci ty  c~ of Fig. 46, and 
as it  is suggested by the negat ive deviations from the Vegard's law shown 
by the la t t ice  constant  (~6). 

The vMues of W obtained in this wt~y are given in Fig. 49 as a funct ion 
of the atomic concentrat ion of gold. I t  will be interest ing to check these 
values with the direct  m '~surements  of the activ~tion energies for the same 
alloys. 

1 0 .  - C o n c l u s i o n s .  

The theoret ical  and experimental  investigation on the relaxat ion effect, 
a l thought  limited to f. c. e. metals, has given substant ial  contr ibutions to the 
knowledge of the disloct~tion 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 impur i ty  
content  and neut ron irradiation.  This result  has suggested a very  satisfac- 
tory  model for dislocation mot ion:  the formation of kink pairs, whose po- 
tentiM barriers and characterist ic f requency depend only upon the physical 

parameters  of the  single dislocations, and not on their  density or on the 
presence of foreign atoms. 

Conversely, the last two parameters  have been found very  effective in 
controlling the n~mber of active dislocations, as it  is shown by the influence 
of thermal  and mechanical  tret~tments, of impur i ty  content  and of neut ron 
irradiat ion on the height of the re laxat ion  peak.  

An~)ther generM proper ty  which has been established is t ha t  the volume 
of the specimens is independent  of dislocation motion. I t  may  be added tha t  
the dislocations of -~ given metM have been found to differ between them 
ra ther  in their  characterist ic frequencies than  in their  potent!al  barriers. 

The dislocation relaxation in f. c. c. metals  has not  ye t  been completely 

explored. Fur ther  information on the effect in single crystals will be 

helpful in defining the types of dislocations responsible for the two dissi- 

pat ion peaks. I t  would also be interest ing to relate  the relaxat ion effect 
to some direct  evidence of the presence of the dislocations, sueh as cnn be 

obtained from X-rays or electron diffraction experuneats .  Additional infor- 

(16j C. S. BARR~.T'i': ,~trudure ~.~] Metcl.~ tLond~m, 195:~), p. 222. 
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marion is required to explain the influence of high temperature a~neal upon 
dissipation and frequency. 

However the present review points out the opportunity of focussing the 
attention on the entirely unexplored field of non-f.e.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. c. metals in improving 
our knowledge of the dynamical behaviour of dislocations. 

The Author is very grateful to Prof. ~ .  Nl~ovo and Dr. L. VEI~DINI Of 
the Istituto (~ O. ~ .  Corbino )) for their valid contribution to the present paper. 
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