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ABSTRACT: The results of an e x p e r h n e n t a l  check of the assumptions 
under lying the theory of diffusional creep [1,2]  are presented (i. e . ,  the 

assumptions that  a smal l  viscosity coef f ic ien t  exists at tile boundaries 

and that the boundaries are ef fec t ive  as vacancy  sources and sinks). 

Direct  measurements  of botmdary slip and comparison of the profiIes of 

bent  spec imens  with those predic ted  by the theory indica ted  that  the 

above assunlptious are va l id  for only a few (approx imate ly  20%) of the 

crys ta l l i tes .  This means that  pnrely diffuslouaI creep is not the donl- 

inant  mechanisl t l  involved in h igh - t empe ra tu r e  s training,  t towever,  

our results do not exchrde the possibi l i ty  of quite e f fec t ive  d i rec t ional  
self-diffusiou ill tile case of a few grains with what appears to be tile 

most favorable orientat ions re la t ive  to their  neighbors.  The shape of 

the g-o  curve seems to ind ica te  that  the p r inc ipa l  creep process in-  

volved,  under these condit ions,  is that  of d is locat ion migra t ion .  

Straining as a resul t  of d i rec t iona l  self-diffusion can proceed suc- 

cessfully only upon fu l f i l lmen t  of the fol lowing two condit ions.  
1. As was shown by Lifshits [3], in the genera l  case of a crystal  

with grains of arbitrary shape, diffusioual creep is necessar i ly  accom-  

panied by slip along the c rys ta l l i t e  boundaries.  Hence,  the macroscopic  

viscosity coef f ic ien t  (or tensor, in the case of s tructural  anisotropy) 

breaks down into the two components  r/0 and r/t, the first of which is 

de te rmined  by diffnsional processes within the grains,  while  the second 

is re la ted  to the properties of the boundaries.  If tile boundaries behave  
as a fluid layer  with the viscosity coef f ic ien t  r/s, then r/t is of the form 

rh = ~sL,'a. Here I, is the grain size and a is tile thickness of the "amor-  
ph ized"  boundary layer  which is on tile order of the in te ra tomic  dis- 

tance,  in the case of pure meta ls .  

in e s t ima t ing  the diffusional  creep rate,  the term al lowing for 
resis tance to boundary slip is nsHally neg lec ted  by assunling that  

q_L = n~L ~ 1. (I) 
qo ~loa 

It is uncertain ,a'hether this condit ion is fu l f i l led  in rea l i ty .  If  

inequa l i ty  (1) does not, in fact,  hold, creep must be restr ic ted,  not 

only by volun]e self-difflrsion, but also by bouudary slip. The creep 
rate can then be much smal le r  than the expec ted  va lue .  

2. The Nabarro-Herrhlg theory [1,2]  involves tile assumption that 

r/0 is de te rmined  solely by tile vacancy  diffllsion parameters  in the 

c rys ta l l i t e  bodies and not by tile rate of vacancy  formation at the 

boundaries.  It is uncer ta in  whether tile boundaries be tween arbi t rar i ly  

oriented crys ta l l i tes  satisfy this requi rement ,  i . e . ,  whether  they are 

capab le  of absorbing and en' , i t t ing an inf in i te  number of vacancies  
without  exper ienc ing  any a l te ra t ion  in their  structure. 

The expe r imen t .  We carr ied out o n r e x p e r i m e n t  on a ma te r i a l  

with a microstructure such that  the diffusiouaI straining of the grains 
and boundary slip could proceed independent ly .  Tiffs enabled  us 

to measure both 7"/o and ~t d i rect ly .  
The specimens  took the form of industr ial  copper rods whose trans- 

verse cross sections meas~Jred /.40 x 100 ~. The specimens were first 
annea led  at 1.060"C, after which the individual  grains occupied the 

ent i re  transverse cross sect ion of tile spec imen  (the spechrrens acquired 

a " b a n l b o o - l i k e "  strncture).  

"File grain size was 200 ~. Both tim annea l ing  and subsequent test-  
ing were condl ic ted hi a helinn~ at lnosphere.  Tile test te lnperatnre  was 

/.040 ~ 3 = C. Two series of tests were carr ied ont. In tile first series we 
inves t iga ted  creep under tension. The working length o f t b e  speci lnens 
was {~u ram. The appl ied s*resses lay ill the (2~201 �9 10 s dyn; 'cnl  ~ 

range. A correct ion was made for snrface tension, which was assumed 
to equa l  t800 dyn/cm[14].  Alter 100hr  under tension we de te rmined  

the to ta l  e longa t ion  of the specimens and the shear strains along the 
boundaries of ind iv idua l  grains.  The accuracy of the measurements  
was ~/. /L Tile measurements  were carr ied t)ut only at boundaries with 
suff ic ient ly  Iarge shearing stresses. Since boundary sl ip and diffnsional 
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straiuing in the case of "bamboo-l ike" specimens nlust proceed in- 
dependent ly ,  we de termined  the quanti ty r/siS appearing i n ( t )  direct ly 
from tile uragnitude of tile boundary slip by means of the expression 
rs: :  r/j /at .  I tere,  r s are the shearing stresses at the boundary, l is 

the boundary d i sp lacement ,  and t is the thne .  

In the second series of tests, we inves t iga ted  the creep of specimens 

after sagging under their  own weight .  Specimens of length 14 nln] 

were p laced  on two supports 12 mm apart .  The m a x i n m m  teusi le  or 
compressive stresses in the specimens were d o s e  to 7 �9 10 s dyn/cnr  ~, 

The test period was 60 hr. After this t iule  had e lapsed,  we deter iniued 

the changes in shape of the specimens hy means of an in ter ferometer .  

By compar ing  tile result ing expe r imen t a l  beam profile with the theo-  

re t ica l  profile compnted  ou tile basis of the diffusional theory, we 
were able to test the va l id i ty  of tile second assumption underlying 

the la t ter .  
Evaluat ion of the role of boundary slip, Figure 1 shows the mea-  

sured creep rate under tension as a flmction of the appl ied stress. The 

dashed curve represents the s a m e  function as predic ted by the dif- 

fusional model .  The la t ter  curve was constructed from the standard 

[1-3,5] expression 

= N  . D m ~  , ( 2 )  
k T A L  

where D is tile self-diffusion coe f f i c i em,  co is the volume of tire a tom,  

k is Boltzmann's  constant ,  T is the absolute tenlperature ,  and A is 

the spec imen thickness.  

Because of its weak dependence  on A/L, the coef f ic ien t  N was 

assumed to equal  that  obta ined in [5] for nearly cubica l  grains (N = 

= 12). The values of D were taken from [6]. The coeff ic ien t  ~10 com-  
puted from the above expression turned out to be 3.2 �9 10 ta P. 

We see from the figure that ,  for o > /.06 dyn/cm z, the re la t ion-  

ship between the creep r a t e  and the stress is described by a power law, 

so that  the s t ra in  in this range is not described by the diffusional theory. 

l:or o -< 106 dyn /cm 2, the creep rate ,  as a flmction of stress, agrees 
suff ic ient ly  weI1 wi th  theory,  a l though the expe r imen ta l  values of ~; 

exceed  the theore t i ca l  ones more than threefold.  All  our measurements  
of the boundary d i sp lacements  were confined to this l inear  range. 

Our measnreu)ents ind ica ted  that  the shear along most of tile bound- 
aries did not exceed  the measnre lnent  error. Tile absence of v is ib le  

Fig. 2 

216 



L 

o L - _  I b-c-n 
o* r rl . t  

7ig. 3 

sl ip is apparent  from the photograph (Fig. 2) showing the microst ruc-  

rare of one of the specimens  following creep.  S l ippage  was d is t inc t ly  

ev ident  only over a few of the boundaries and did not exceed  6 p even 
for specimens subjected to o = i0  s d y n / c m  2. The m i n i m u m  values 

of rls,'a, computed ,  with a l lowance  for possible measurements  errors, 
lay in the range (1 .3 -17 .5 )  �9 10 r4 P / c m  for various boundaries.  

Figure 3 shows the re la t ive  number (if0) of grain boundaries exh ib i t -  
ing this ratio of viscosi ty  coeff ic ieuts  rF l (piotred aioug the axis of 
abscissas). (For convenience  of construct ion,  we plot ted not the rat io  

= 7]sL/%a i tsel f  but rather the rec iproca l  quant i ty  a long the hor izontal  

axis. ) We see that  condi t ion (1) was flflfi l led for not more than 20~ 

of the boundaries,  and that,  for most of them,  coeff ic ients  7?, andS0 

were at least  of the same order of magni tude .  An even larger  disparity 

between inequa l i ty  (L) and expe r imen t  was noted when the exper i -  

men ta l ly  de te rmined  rl0 was nsed. 
Thus, in the case e r a  massive crystal  or arbitrary structure, the 

diffusional creep rate must be considerably smal le r  than the value 

obta ined without a l lowance  for resistance to boundary creep,  even if  

condit ion (2) is fulf i l led.  
We note that  our values of r]s/a were considerably  in excess of the 

es t imates  given in [3,5].  For e x a m p l e ,  Lifshits[,3] assumes that if the 

grain boundary is a layer  o f a m o r p h i z e d  ma te r i a l ,  tl s ~ kT /D a .  Under 

our expe r imen ta l  condit ions for copper,  this would y ie ldTls /a  ~ 7 x 
�9 101~ P /e ra ,  a va lue  four orders of magn i tude  smal le r  than those 

ac tua l ly  obta ined.  The reasou for these discrepancies  apparent ly  lies 
in the fact that,  in e s t ima t ing  r? s, the authors of [3,5]  assumed that  

boundary slip carl proceed independent ly  of the straiuing of the crys- 
ta l l i tes  themselves .  On the other hand,  Kennedy [7] discusses the 

numerous cousiderat ions which cont rad ic t  this view and shows that  

the magni tude  of the botmdary shear strains is c losely re la ted  to that  

of the strains exper ienced  by the grains themselves .  

The ef fec t iveness  of boundaries  as vacancy  sinks. In order to eva l -  
uate  the effect iveness  of gra in  boundaries as absorbers of vacanc ies  

or a toms,  we must be able  to separate  the diffusional strain from a l l  

other strains in compar ing  exper imen t  with theory. To this end le t  

us consider the diffusional s t raining of a beam with grain s ize  L and 
thickness A acted on by the moments  M. The structure of the beam 
and the positions of fl~e coordinate  axes are shown in Fig. 4a. For 

s imp l i c i ty  we assume that  the diffusional flows from the side surfaces 

are smal l ,  so that  the s t ra ining is two-d inrens iona l .  In addi t ion,  we 

assume that  the flow is s teady.  The redistr ibut ion of vacancies  im-  

m e d i a t e l y  upon app l i ca t ion  of the load is neg l ig ib ly  sma l l .  

Let us denote the expression #a  -- /i .  -- P0 by g.  Here Pa and/J .  
are the c h e m i c a I  potent ia ls  of an a tom and a vacancy  at some point 
of the crystaI and Po is the c h e m i c a l  po ten t ia l  of an atom in the un- 
stressed crystal .  If the in te rc rys ta l l ine  layers are e f fec t ive  sources 

and sinks, the boundary condit ions are 

l~y=0 = 0 ,  ~ = 0 ,  
y~A  x=O 

M o r e o v e r ~  

V~A 
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I lere ~ is sonre constant to be de te rmined  and W is the moment  
of res is tance of the cross sect ion.  As is shown in 181, lr satisfies the 

equat ion ~/1 = 0 for real  values of the stresses. 

The solntio;~ of the equatioI? impl ies  that  diffusional flows, which 

act  to rotate one grain r e l a t ive  to another,  arise in the beam (Fig. 

4t)). The angle 0 of this rotat ion is g iven  by 

cQ --'L 

0 ~ t g 0 = N ~ ,  N = ~ -  E l cth (:~) 
(2,0 ~ 

For L>-A, we have  N ~ 25.8. 
Thus, d i rec t iona l  self-diffusion gives rise only to def lect ions aloug 

the boundaries but does not strain the grains themselves .  This enables 

us to isolate the purely diffusional effects in the bending condit ions 

from the strains occasioned by other mechanisms  such as d is locat ion 

migra t ion .  
In our exper iments ,  bending took place  under the weight  of the 

spec imen  alone,  so that the stressed state in the cent ra l  portions of 

the specimens  suff ic ient ly  approximated  tile stressed s ta te  assumed in 

the above der ivat ion.  The value of this angle 0, g iven  by rl~e theo- 

r e t i ca l  fornrula for rile cond i t i o~so f  the exper iment ,  turned out to be 

1.9 ~. The c x p e r i m e n t a l e r r o r  was 0.2 ~ . Our measurements  showed that  

Oranged from 0 to 2.2 ~ for various pairs of grains. No no t iceab le  

ro ta t ion occurred at  most  of the boundaries.  The proportion of grain 

pairs with an angle 0 considerably in excess of the measurement  error 

bracket  was approx imate ly  25%. 

The above results ind ica te  that  tl~e conditions necessary for dif- 

fnsiouaI s t ra ining are not fnlf i l led for most crystalI i tes .  A considerable  

portion of the grain boundaries in our exper iments  could not be re- 

garded as inf ini te  nor could they be regarded as suff ic ient ly  e f fec t ive  

vacancy  sources and sinks. 
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