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Abstract.-  Dynamic modulus and i n t e r n a l  f r i c t i o n  measurements have been 
c a r r i e d  ou t  on A1 samples d i r e c t l y  dur ing creep deformation. The measu- 
rements have been accompanied by observat ions i n  transmission e lec t ron  
microscopy. Creep curves, dynamic modulus and TEbI data have been u t i l -  
i zed  f o r  analyses w i t h  the $(Q) func t ions  g i v i n g  the d i s t r i b u t i o n  o f  
d i s l o c a t i o n  segments both mobi le and non-mobile. 

1. In t roduc t ion . -  The behaviour o f  metals dur ing deformation, as i n  creep, i s  condi- 

t i oned  by the  evo lu t ion  o f  the  d i s t r i b u t i o n  f u n c t i o n  $ ( R )  o f  f r e e  dislocationsegments 

I n t e r p r e t a t i o n s  i n  t h i s  f i e l d  had thus t o  r e f e r  more o r  less  s p e c i f i c a l l y  t o  t h i s  

subject:  i n  p a r t i c u l a r  reference can be made t o  the papers o f  Gasca rjeri-rJix /l/ and 

o f  Lagneborg e t  a1./2/ where the mat ter  i s  t rea ted  i n  d e t a i l .  

Observations g i v i n g  in format ion on $(Q) have been c a r r i e d  ou t  by H.V. t ransmis- 

s ion  e lec t ron  microscopy /3/ .  

In format ion may a lso  be obtained by dynamic modulus and Q-' measurements made d i -  

r e c t l y  dur ing deformation: i n  a preuious paper /4 /  we considered i t  w i t h  p a r t i c u l a r  

reference t o  the average d i s l o c a t i o n  segment lengths probably a t  the  o r i g i n  o f  the 

Q-'peak K /5,6/: here those considerat ions are extended t o  seek f o r  i n d i c a t i o n s  on 
1 

the nature o f  the $ ( R )  funct ions as we l l  as on other  parameters such as e f f e c t i v e  

frequency i n  the thermal overcoming processes i n v o l v i n g  d is loca t ions  and d i s l o c a t i o n  

segments c o n t r i b u t i n g  t o  modulus re laxa t ion .  

2. Experimental.- Observations were made on A1 99.99% w i t h  the f o l l o w i n g  analys is :  

Fe S i Cu Zn Mg 

0.0003 0.0017 0.001 5 0.0002 0.0008 wt% 

The specimens were rectangular  w i t h  sec t ion  0.1x0.2 cm2: The i r  l eng th  ranged between 

10 and 20 cm. A f t e r  r o l l i n g  and c u t t i n g  the specimens were submitted t o  heat ing 
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t reatments  a t  640°C f o r  10 hrs leading t o  grain s i z e s  - 0.1 cm. 

An inverted torsion pendulum, as  used by o ther  authors during deformation /7,8/ 
-5 

served f o r   and dynamic modulus measurements. Amplitudes were of the  order  of 10 , 

No amplitude dependence was noticed. Errors r e l a t i n g  t o  Q-' and M data a r e  - 1%. 
d 

In t h i s  paper reference i s  made t o  creep t e s t s  ca r r ied  out  a t  150°C with loads 
2 1 .3  Kg/mm . For TEM observations specimens were thinned by e l e c t r o l y t i c  polishing. 

. Results.- As mentioned, r e s u l t s  concern specimens of A1 deformed by creep a t  150°C 

Creep curve and corresponding dynamic modulus and in te rna l  f r i c t i o n  behaviour during 

deformation a r e  given in f i g .  1 

Fig. 1: Internal  f r i c t i o n ( o ) ,  dynamic 
rnodulus(e) and elongation(-) vs. time 
during crsep:  temperature 150°C, load 
1 .3  Kg/mm , frequency = 6 Hz. 
Dashed l i n e  aiagram represents  the 
(Q;'+ q i l )  behaviour calculated from 
r e l a t i o n  ( 4 )  ( see  t e x t ) .  

The dynamic moduli a r e  expressed by t h e  r a t i o s  7.1 /M t4ua being the  modulus be- 
d ua' 

fo re  deformation a t  room temperature. The concordance between t h e  t rends of M and d 
q-'may be r e l a t e d  t o  changes i n  s t r u c t u r e  connected with damping under f u l l y  o r  par- 

t i a l l y  relaxed conditions. The unrelaxed modulus, from which t h e  modulus defec t  i s  

obtained, does not necessar i ly  correspond t o  i l u a .  I t  seems thus worth taking i n t o  

account as  modulus defec t  f o r  t h e  discussion 

AFld/M = (M - Nd)/Mux 
UX (1 )  

I.1 being taken a s  unknown unrelaxed modulus which can be evaluated from the  Q-' 
U X 

behaviour by considering contr ibut ions t o  t h e  experinlental in te rna l  f r i c t i o n  coef- 

f i c i e n t  as  follows: 
- 1 -1 -1 -1 

Q,,P = Q, i % l  + Q, 
(2 )  

- 1 9,' i s  the  background damping which wi l l  be considered constant .  Qd i s  t h e  damping 

d i r e c t l y  connected with viscous a e f o r m s t i o ~  f o r  which the  following r e l a t i o n  i s  

considered va l id  /g / :  - 1 
Qd = Cb with C = 0.1 VG/kT2~rv 

V = ac t iva t ion  volume, G = shear modulus, v = vibrat ion frequency. 

i s  the  damping connected with relaxed s t r u c t u r e s ,  proportional t o  AM /M  through d 



a c o e f f i c i e n t  p corresponding t o  UT f o r  S.L.S.; 1.1 i s  < o r  > 1  before (Pld+ ['I ) and 
U 

a f t e r  ( M  411 ) ~ - ' ~ e a k , w i t h  T r e l a x a t i o n  time. Thus 
d  -1 -1 -1 -1 -1 

Qexp = Qd + QH f Qb = Ck + P (Mux- Hd)/MUx + Qb (4 )  
- 1  

Taking Qb = 1 0 - ~ ,  which corresponds t o  the i n t e r n a l  f r i c t i o n  c o e f f i c i e n t  before 
-1 

deformation, the re  r e s u l t s  Q-' 
exp + Qb 

2 p(NUX- Md)/l luX f o r  1.1 = 0.2 and 11 = 0.95 MUa 
UX 

Wi th in  the  e r r o r s  the Q-' term depending on the  viscous deformation appears n e g l i g i b l e .  
d  

The dot ted l i n e  diagram i n  f i g .  1  has been drawn in t roduc ing  i n t o  (4) the  sa id  Q;! 
p, Mux values f o r  C n e g l i g i b l y  smal l :  corresponaing values o f  AMd/t4 a t  four de- 

formation l e v e l s  are w r i t t e n  i n  t a b l e  l. 

The r e s u l t s  o f  TEN observat ions are represented by the data i n  t a b l e  1  and by the  

histograms i n  f i g .  2; the deformation stages t o  which densi t ies,  histograms,etc. 

r e f e r  are l a b e l l e d  by a, 8 ,  y, 6 i n  f i g .  1. 

I .  10' (cm) 

Fiy.  2: a),b)-Histograms ( f rom TEI.1) o f  d i s l o c a t i o n  f r e e  lengths (a . for E G a, b  f o r  
E 5 6 i n  f i g .  1 ) .  Curves ca lcu la ted  w i t h  func t ions  7a)-,  7b):..., 7c)---(see d i s -  
cussion). c)-TEM i l ic rograph showing d i s l o c a t i o n  segmentation (stage 6 i n  f i g . ] )  

E% p cm-z R cm Ai*ld/M Table 1  

a 0.5 9  X l o g  5 I O - ~  0.15 D is loca t ion  dens i t y  p, 

1  l o g  3 x 1 0 - ~  0.04 
average d i s l a c a t i o n  

6 1.1 f r e e  leng th  G and 
y 1.3 2 X 109 2 X I O - ~  0.06 modulus de fec t  AMd/fiI 

3  l o g  1  I O - ~  0.07 
a t  the deformation E. 

6 1.4 

- -2 - 
Apart from minor co r rec t ions  the d i s l o c a t i o n  dens i t i es  are (d) , d (? 20%) being 

the average d i s l o c a t i o n  d is tance i n  the  p r o j e c t i o n  view under the  e lec t ron  micro- 

scope. Average d i s l o c a t i o n  f r e e  lenghts and histograms r e f e r  t o  the f r e e  segments 

which can be resolved along each d is loca t ion ,  as i l l u s t r a t e d  i n  f i g . 2 ~ ) .  

TEN r e s u l t s  r e f e r  t o  specimens which were n o t  submitted t o  deformation dur ing the 
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obse rva t i ons :  d i f f e r e n c e s  w i t h  r e s p e c t  t o  t h e  p i n n i n g  c o n d i t i o n s  under s t r e s s  and 

d u r i n g  de fo rma t i on  can t h u s  be expected whereas i t  w i l l  be assumed t h a t  t h e  d i f f e -  
L 

rences concern ing t h e  t o t a l  number o f  d i s l o c a t i o n s  pe r  cm a r e  o f  m ino r  cha rac te r .  

4. Discussion.-  Resu l ts  a r e  d iscussed w i t h  re fe rence  t o  t h e  d i s l o c a t i o n  segment d i s -  

t r i b u t i o n  represented by t h e  f u n c t i o n  @(R).  +(R)dR g i ves  t h e  number o f  f r e e  segments 
3 

per  cmJ i n  t h e  range R  - R + dR d u r i n g  deformat ion .  

2 e l a t i o n s  based on +(R) which a r e  taken i n t o  c o n s i d e r a t i o n  a r e  those o f  d i s l o c a -  

t i o n  d e n s i t y  p ,  modulus r e l a x a t i o n  &!l / i l  and deformat ion  r a t e  k /2,4/. 
. m 

d  , Rm 

2 rm 
2 = 4 ~ b R  / vd  exp - I HO-kyae +(R,t)dR ( 5 ~ )  

'aGb/a - 
q = 3.1 a  parameter depending on t h e  backst resses,  o r i e n t a t i o n ,  etc. ,  5 a  f a c t o r  

t h a t  g i v e s  t h e  amount o f  r e l a x a t i o n ,  R = J ~ ~ R + ( R ) ~ R / J ~ ~ + ( R ) ~ R ,  vd  and tio v i b r a t i o n  

f requency and a c t i v a t i o n  energy f o r  t h e  t h e r m a l l y  a c t i v a t e d  n o t i o n  o f  d i s l o c a t i o n s ,  

o  t h e  e f f e c t i v e  s t r e s s  equal  t o  a-aGb/R, o  a p p l i e d  s t ress ,  a s t r e n g t h  cons tan t  i n  
e  

t h e  range O.6t1.27 taken = l  /10/. 3n account o f  t h e  dependence o f  t h e  a c t i v a t i o n  

area A on t h e  e f f e c t i v e  s t r e s s  a  /11/ t h e  exponential f ac to r  i s  considered equ iva lent  t o  
e  

ab/ kT 
exp(-Ho/kT) ae (6 )  w i t h  a=Ao e  

3esides those concern ing t h e  +(R) f u n c t i o n s ,  ques t i ons  can be p u t  on t h e  v i b r a -  

t i o n a l  f requency, on t h e  upper l i m i  t o f  i n t e g r a t i o n  Rm,on the r e l a x a t i o n  f a c t o r :  

whether t h e  f requency corresponds t o  t h e  Debye one ( v  ) o r  t o  t h e  one o f  v i b r a t i o n  D 
o f  d i s l o c a t i o n  segments (v,,b/R); whether t he  upper l i m i t  i s  m o r  Gb/a, i . e .  whether 

mob i l e  d i s l o c a t i o n s  c o n t r i b u t e  o r  n o t  t o  t h e  modulus r e l a x a t i o n ;  whether <=l, i .e .  

n e a r l y  a l l  d i s l o c a t i o n s  a r e  r e l a x e d  e . yw i th  r e s p e c t  t o t h e  peak observed by Esnouf eta1 

/14/ a t  %130°C(%1 Hz )o r  whether a r e  o n l y  i n  p a r t  re laxed,  e.g. w i t h  5=5 i f  f u l l  r e -  

l a x a t i o n  i s  r e l a t e d  t o  peak K /5,6/ w i t h  spread o f  r e l a x a t i o n  t imes.  
1  

I n  a  p rev ious  paper/4/ + ( R )  was assumed t o  be Gaussian, i . e .  

I n  t h i s  paper we take  i n t o  c o n s i d e r a t i o n  t o g e t h e r  w i t h  (7a)  a l s o  o t h e r  f u n c t i o n s  

used by Lagneborg e t  a l .  / 2 / ,  i .e .  

I n t r o d u c i n g  these f u n c t i o n s  i n t o  t h e  equat ions  (5a)  and (5b) t h e  unknown para- 

meters A .  and B.  a r e  ob ta ined  as a  f u n c t i o n  o f  t h e  d i s l o c a t i o n  d e n s i t i e s  and modulus 
l l 



defects experienced. The parameters so obtained have been in t roduced i n t o  equation 

(5c)  and the deformation ra tes  so ca lcu la ted  f o r  two cases which appear worth o f  i n -  

t e r e s t  are represented by the  broken l i n e  diagrams i n  f i g .  4 f o r  comparison w i t h  the  

experimental data. 
- --p-- 

F ig .  4: Deformation r a t e  vs. t ime 
+ = experimental data 
A - corresponding t o  f u n c t i o n  (7a) 
o - corresponding t o  f u n c t i o n  (7b) 
U -  corresponding t o  f u n c t i o n  (7c) 
--- H = 30Kcal/mole; a = 1 ~ 1 0 - ~ d ~ n a  

vo = v  sec- sec-'); 5 = 5. 
d 

H. = ~ f l ~ c a l / n o l e ;  a = ixlo-'dyne 
v = vDb/L; 5 = 1. d 

The energy H = 20 Kcal/mole has been r e l a t e d  t o  p ipe d i f f u s i o n  along the  d i s l o -  
0 

c a t i o n s / l l , l Z / ;  H = 30 Kcal/mole corresponds t o  the energy f o r  creep a t  our t e s t  
0 

temperature /11,13/. 

The curves have been ca lcu la ted  by assuming t h a t  both mobi le non-mobile d is loca-  

t i o n s  can con t r ibu te  t o  modulus re laxa t ion :  p u t t i n g  Gb/o as upper l i m i t  o f  i n tegra -  

t i o n  i n t o  (5b) creep ra tes  some orders o f  magnitude lower r e s u l t .  

Values o f  the A.  and B .  parameters and o f  the average lengths R ,  f o r  the two 
l 1 

cases considered i n  f i g . 4  are given i n  t a b l e  I1  f o r  two deformations. 

TABLE I1 

For these two deformations diagrams corresponding t o  the funct ions used w i t h  the 

parameters given i n  t a b l e  I1  and f o r  H = 30Kcal/mole are drawn i n  f i g . 2 ,  fo r  com- 
0 

par i son  w i t h  the experimental d i s t r i b u t i o n  histograms which were obtained n o t  dur ing 

deformation. Calcu lat ions a re  l i m i t e d  up t o  deformations o f  1.4% because i n  TEi4 sub- 

boundary and boundary format ion i s  observed a t  7arger deformations (see a l s o  /4 / )  
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5. Conclusions.- The f a c t  t h a t  the experimental data can be approached w i t h  H = 30 
0 

Kcal/mole, vd = vD, 5 = 5 i s  cons is ten t  w i t h  t h e  assumption a l ready done i n  previous 

papers /5,6/ t h a t  peak K ,observed i n  correspondence o f  K@ peak, i s  connected w i t h  
1 

d is loca t ions .  

The d i f fe rences  w i t h  t h e  var ious $(!L) func t ions  used f a l l  w i t h i n  the e r r o r s .  

The d i s t r i b u t i o n  func t ions  used are comparable t o  those o f  the d i s l o c a t i o n  seg- 

ments observed i n  TEM a f t e r  the var ious deformations, even i f  dur ing  deformation 

displacements towards l a r g e r  average f r e e  lengths r e s u l t  from t h i s  analys is .  
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