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INTERNAL FRICTION BEHAVIOUR OF COLD-WORKED COPPER IN THE Hz-RANGE 
DURING STEPLI KE HEAT1 NG 

E. TrEger, G .  Sokolowski and K. Liicke 

Institut fZlr AZZgemeine MetaZZkunde und MetaZZphysik der RWTH Aachen, F.R.G. 

Abstract - A steplike heating after low temperature deformation 
of copper has been used to separate the reversible relaxation 
processes during the temperature step from the irreversible 
pinning effects during the isothermal annealing times. The 
substructure of pinninq stage I1 and the behaviour of the 
damping peaks are discussed. 

I - INTRODUCTION 

At about 1 Hz and during heating after low-temperature deformation 

copper exhibits a superposition of the Hasiguti peaks and se~reral pin- 

ning stages (Fig.1) /1,2/. The correlation between the damping peaks 

and the pinning stages has been emphasized /3-5/ and it was not ex- 

cluded that the subdivision into the pinning stages IIA and IIB might 

only be due to the maximum in the differentiated modulus curve that 

represents the modulus defect of P2 (lower part of Fig.1) /3/. Indeed, 

Seyed Reihani et al. /6/ found a single stage I1 from 100 to 200 K, 

measuring the modulus of deformed copper at 20 K after isochronal 

anneals. However, the 30 K-steps used allowed only a very rough diffe- 

rentiation of the modulus and details like the subdivision into stages 

IIA (144 K )  and IIB (195 K) might have been missed. Therefore, in the 

present experiments 10 K-steps were used to obtain a more precise 

differentiation. Further a stepwise method of heatinq after deformation 

was applied to separate the temperature-dependent relaxation effects in 

the steps from the time-dependent pinning or depinning effects durinq 

the isothermal annealing times. 

I1 - EXPERIMENTAL PROCEDURE 

At about 2 Hz modulus and decrement were measured with an inverted 

torsion pendulum /7/ after 7% tensile deformation at about 100 K. The 

samples of 99.999% ASARCO-copper were annealed for 2 h at 1.173 K in 

oxidizing and reducing atmospheres /2/. For the measurement two me- 

thods of heating were used: (i) linear heating with 0.87 K/min at a 

strain amplitude of 2x10-~ and (ii) stepwise heating with a mean heat- 
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ing rate of 0.8 K/min at a strain amplitude of 1x10-~. The second me- 

thod is described schematically in Fig.2. The lower part depict the 

temperature step. During 1 minute the temperature was increased by 

AT = 10 K. Due to this rapid heating the mechanical noise inside the 

pendulum cryostat was increased, so that the measuring amplitude was 

limited to 1x10-~. The temperature step was followed by an isothermal 

anneal for 13 minutes. Two changes of decrement 6 and modulus G were 

observed (middle and upper part of Fig.2): (AS)step and (AG) step during 

the steps, (As ) isoth and (AG)isoth during the isothermal anneal. In or- 

der to reproduce the heating time of 1 minute it was only possible to 

obtain AT = 10 within 2 2 K, e.g. not all steps had the same height. 

Therefore it is necessary to normalize the observed changes to the 

height of each step. This corresponds to a rough differentiation with 

respect to temperature: 

- - 1 AG 1 AG 
'total = 'step + gisoth - E ( E )  step --(-) G AT isoth ( 1 )  

Similar quantities can be derived from the decrement changes. 

FiQ: Decrement - 
(upper part) and 
differentiated 
modulus (lower 
part) after 7% 
tensile deform- 
ation at about 
100 K for the 
reduced sample 
R. 1 (full curves) 
and the oxidized 
sample 0.1 (dotted 
curve) durina li- 
near heating. Time 

Fig.2: Schematic diagram 
for stepwise heating; 
time dependence of tem- 
perature (lower curve), 
of decrement (middle 
curve) and of modulus 
(upper curve) . 

I11 - EXPERIMENTAL RESULTS 
Results during linear heating are pedicted in Fig.1 for the oxidized 

sample 0.1 (dotted curves) and the reduced sample R.l (full curves). 

In the upper part the decrement curves show the Hasiguti peaks P2 and 

P3 with different height for both samples and an additional peak Px 

for R.1. The differentiated modulus curves in the lower part aive 



marked differences for stage I11 in both samples: small stages I11 
A 

and IIIC for 0.1 and a very large stage IIIB for R.1. 

For about the same mean heating rate a comparison of the differentiated 

modulus curves during linear heating (dotted curves) and during step- 

wise heating (gtotal according to Eq.(l), full curves) is given in the 

next figures: for the samples 0.1 and 0.2 in Fig.3 and for R.l and R.2  

in Fig.4. The curves for both methods of heating coincide, the existing 

differences are mainly due to the coarser method of differentiation in 

the case of stepwise heating. The density of measuring points used for 

the linear heating results is higher by a factor of 4. A similar agree- 

ment was found for the decrement curves. 

Fig. 3 : Differentiated 
modulus for linear heat- 
ing (dotted curve) and 
stepwise heating (full 
curve) for the oxidized 
samples 0.1 and 0.2 

0 1 llneor 
0 2rteplnke. total 
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I / 
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Fig.4: Differentiated 
modulus for linear heat- 
ing (dotted curve) and 
stepwise heating (full 
curve) for the reduced 
samples R. 1 and R. 2 

--jJ 

For the samples 0.2 (dotted curve) and R. 2  (full curve) the quantity 

gstep is depicted in the upper part of Fig.5. The pinning stages of 

the reduced sample R . 2  can be seen even during the steps. This indica- 

tes that here during the 1 minute-steps of temperature increase al- 

ready changes in the state of pinning occur. The maxima in these cur- 

ves correspond to the modulus defects of the damping maxima. The 

lower part of Fig.5 gives gisoth from the isothermal anneals. It can 

be recognized from the comparison with the upper curves that disloca- 

tion pinning, e.g. the minima in the g-curves, occurs mainly during 

the isothermal annealing times. Further for R.2 over the whole tempe- 

rature range pinning is found (gisoth < 0). For 0.2, however, at 226 K 

and between 2 7 8  K and 2 8 8  K there exists no pinning (gisoth = 0). 

-300 2W 300 400 
Temperature IK1 
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Fig.6: Isothermal  decre- 
ment changes 
1 / b  (Ab/AT) isoth 

f o r  t h e  oxid ized  sample 
0.2 (do t t ed  curve)  and 
t h e  reduced sample R.2 
( f u l l  cu rve ) .  

Fig.5: g  = -I/G(AG/AT) 
f o r  t h e  s t e p s  (upper p a r t )  
and f o r  t h e  i so thermal  
annea l ing  t imes (lower 
p a r t ) ;  ox id ized  sample 
0.2 (do t t ed  curve)  and re -  
duced sample R. 2 ( f u l l  curve)  

The i so thermal  changes of decrement, e.g. l / b  (AG/AT)isoth, a r e  shown 

i n  Fig.6. I n  t h e  do t t ed  curve f o r  0.2 one can recognize f o r  P2 
(Tmax = 

170 K )  an i nc rease  of  decrement up t o  160 K t  followed by a decrease  

wi th  a  maximum decreas ing  r a t e  a t  188 K.  Above P2 an inc rease  and de- 

c r e a s e  of P3 (Tmax = 230 K )  e x i s t s ,  bu t  t h e r e  i s  a  gene ra l  decrease  

of decrement (1 / b  (A&/AT) isoth < 0) . For R. 2  ( f u l l  curve)  t h e  changes 

of P2 a r e  smal le r  than  i n  0.2, because t h i s  sample has a  smal le r  peak 

P2 ( s e e  Fig. I ) . The inc rease  of P3 (Tmax = 220 K )  has  a  maximum a t  

213 K and t h e  maximum decreas ing  r a t e  i s  observed a t  238 K.  Px (Tmax= 
273 K )  has  i t s  maximum i n c r e a s e  a t  272 K and i t s  maximum decreas ing  

r a t e  a t  294 K. 

(i) For about t h e  same mean hea t ing  r a t e  t h e  method of s tepwise  heat-  

i ng  (gtotal i n  Fig.3 and 4 )  g ives  t h e  same behaviour of t h e  d i f f e r en -  

t i a t e d  modulus. Thus both methods reproduce t h e  well-known cha rac t e r -  

i s t i c  d i f f e r e n c e s  of i n t e r n a l  f r i c t i o n  behaviour a f t e r  deformation 

between oxid ized  and reduced samples /2 / .  

(ii) For t h e  subdiv is ion  of t h e  s t a g e s  11 and IIB we w i l l  cons ide r  
A 

sample 0.2,  which has t h e  l a r g e r  peak P2. I n  F ig .5  both s t a g e s  a r e  



separated by a maximum in gisoth at 171 K. This represents, at least 

in part, the decrease of P2. The fact that this maximum does not co- 

incide with the maximum decreasing rate of P2 at 188 K in Fig.6 is 

certainly due to the superimposed pinning of stage IIB. The advantage 

of the present method is, that the isothermal changes of decrement 

have been measured and can be used to obtain the corresponding modulus 

changes. For the maximum in g isoth between the stages IIA and IIB we 

have gisoth = gisoth(pinning) + gisoth(P2), where the second contribu- 
tion represents the modulus change due to the decrease of P2. It is 

obvious that giosth(P2) > 0. From Fig.6 we find for T > 160 K that 
1/6 (A6/AT)isoth < 0. Thus we get for the maximum in gisoth at 171 K: 
(AS/AG/G) isoth > 0). For P2 it will be assumed that it is caused by 
the interaction of stage IIA-defects with the dislocation, e.g. the - - 
relaxation is due to the diffusion of these defects with the moving 

dislocations /2,3,5/. Two models have been discussed for the decrease 

of P2 / 5 / :  (i) The disappearance of the stage IIA-defects from the 

dislocations (depinning, ( A S / A G / G ) ~ ~ ~ ~ ~  > 0) and (ii) pinning by stage- 
I1 -defects ( ( A G / A G / G ) ~ ~ ~ ~ ~  B < 0) . The observed ratio (A6 /AG/G) isoth < 0 
corresponds to model (I), which is additionally supported by the ob- 

servation that after an 80 K-electron-irradiation the irradiation- 

induced pinning and the damping peak P2 associated with this pinning 

recover by irreversible depinning at 170 K / 8 / .  For model (i) we have 

/8/ 

(AG/AG/G) isoth = T/WT (2 

This relation can be used to obtain gisoth(P2). The peak-temperature 

of 171 K for the intermediate maximum between IIA and IIB corresponds 

to the peak temperature of P2 (Tmax = 170 K). Therefore for the peak 
- 4 value we have w-r = 1 and (AG/AT) isoth = -1.2~10 gives gisoth (P2) = 

0.32~1 o - ~  at 171 K. Thus the contribution of pinning alone, e.g. gisoth 
(pinning) is obtained by shifting the peak value of the intermediate 

- 4 maximumat 171 K from-1x10 to-1.32~10-~. At 171 K thengisoth 

(pinning) still represents an intermediate maximum between IIA and I1 B' 
therefore, according to the present knowledge about the mechanism and 

decay of P2 it must be concluded that for cold-worked copper well- 

separated substages IIA and IIB appear in the present experiment. At 
- 4 

gisoth = -2x10 the width of the intermediate maximum is 30 K, just 

the temperature interval used in /6/. For this reason it is possible, 

that this maximum between IIA and IIB could not be recognized there. 

(iii) The increase of decrement on the low temperature side of pinninq 

stage IIIB confirms the correlation between the stage IIIB-defects 

and the relaxation peak Px /2,9/. The decrease of Px during pinning 
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stage IIIB can be interpreted by the formation of multiple-defect 

pinning points, that do not participate in the relaxation process of 

Px and thus decrease the relaxation strength of Px. 

(iv) An increase of the relaxation strength of P2, P3 and Px is found 

from 1/G (AS/AT)isoth on their low temperature flanks. A decrease be- 

gins at about the peak temperatures. Both facts indicate that all these 

peaks represent the superposition of pinning, relaxation and a de- 

crease of relaxation strength. 

(v) In the reduced sample besides of the pinning stages IIA, IIB and 

IIIB a continuous pinning background is observed from 130 K to 317 K. 

For the oxidized sample no pinning is found at 226 K and from 278 to 

288 K. 

REFERENCES 

M. Koiwa and R.R. Hasiguti; Acta Met. 11 (1 963) 121 5. 
E. Troger, K. Lucke, G. Schroeder and G. Sokolowski; in "Inter- 

nal Friction and Ultrasonic Attenuation in Solids", Ed. C.C.Smith, 

Pergamon Press (1980) 79. 

G. Sokolowski and K. Lucke; in "Internal Friction and Ultrasonic 

Attenuation in Crystalline Solids", Ed. D.Lenz and K.Lucke, 

Springer-Verlag (1975) Vol.11, p. 392. 

K. Lucke, A. Schnell and G. Sokolowski; Nuovo Cimento 33 (1976)167. 
K. Lucke, A. Schnell and G. Sokolowski; in "Internal Friction and 

Ultrasonic Attenuation in Solids", (R.R. Hasiguti and N-Mikoshiba, 

Ed.) University of Tokyo Press (1977) 99. 

S.M. Seyed Reihani, I. Esuoud and G. Fantozzi; Scripta Met. 12 
(1978) 627. 

A. Schnell, G. Sokolowski and H. Brumme; J. of Physics (1 976) 

833. 

A. Schnell, G. Sokolowski and K. Lucke; Crystal Lattice Defects 8 
(1980) 201. 

F.P. Marx, G. Sokolowski and K. Lucke; J. de Physique 9 (1981) 
C5-241. 


