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The s t r e s s  o- F due to f r ic t ion forces  in copper-based  solid solutions was determined.  Under 
the conditions of the procedure  used to measure  aF, on the basis of the half-wave hys te res i s  
with polycrysta l l ine  samples ,  the value of d: qF = o'F 0 + KFd-(1/2), where aF0 is the res i s t ance  
to dislocation motion in an alloy having an infinite g r a i n s i z e , a n d K  F is a constant.  It is shown 
that oF0 is governed by the interact ion of moving dislocations with impuri ty  atoms in the case 
of a s ta t is t ical ly  d i sordered  atomic distr ibution.  A study was made of the effects  of various 
fac tors  on aF and of the nature of the changes in aF0 caused by alloying. 

i .  The res i s t ance  to dislocation motion (~'s) is known to be higher in alloys than in pure meta ls .  The 
contribution of various fac tors  to the increase  in ~s during the alloying is governed by the nature  of the 
alloying elements ,  the alloy composition, and the alloy s ta te .  
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Fig.  1. Concentrat ion dependences of o- F and a~ on the following solid solutions: a) Cu-Ni ;  b) Cu .L. 0 
- G e ;  c) Cu-A1; d) C u - Z n .  1) O'F0; 2) grain d iamete r  of 100/~; 3) 55 #; 4) 25 #; 5) 13-15 #. 

F ig .2 .  Dependence of qF on the grain size in copper -based  al loys,  a: C u - N i .  1) 5.0; 2) 15.3; 3) 
50.0; 4) 60.0; 5) 83.0 at .% Ni. b: C u - G e .  1) 1.0; 2) 3.0; 3) 5.0; 4) 7.0; 5) 9.0 at.% Ge. c: Cu-A1.  
1) 0.5; 2) 1.1; 3) 3.5; 4) 6.0; 5) 10.5; 6) 12.5; 7) 18,0 at .% A1. d: C u - Z n .  1) 5.0; 2) 10.0; 3) 15.0; 
4) 20.0; 5) 25.0 at .% Zn. 
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Fig.  3. Dependence of the 
p a r a m e t e r  KF on a F : 1) 
C u - N i ;  2) C u - A I ;  3)~ 
- Z n ;  4) C u - G e ;  5) Cu-Mno 

In solid solutions having a s ta t i s t ica l ly  d i sordered  a tomic d i s t r ibu-  
tion the i nc rea se  in the r e s i s t a n c e  to dis locat ion motion 0"f) which occurs  
upon alloying is due, according to cur ren t  theory  (see, e.g. ,  [1, 2]), to the 
in teract ion of moving dislocat ions with a toms of the alloying e lements .  
The functional re la t ionship  between Tf, the concentra t ion of the dissolved 
e lements ,  and the a tomic  p rope r t i e s  of the alloyed components  has been 
calculated only for  b inary  al loys;  different theor ies  have predic ted  different 
re la t ionsh ips .  Mott and Nabar ro  [1] found a l inear  i nc rease  in Tf with in-  
c reas ing  concentra t ion of the solid solution (CB), while according to the 
theory  of F l e i s che r  [2] the quantity Tf is p ropor t iona l  c 1/2 

] 3 , "  

We repor t  he re  an exper imenta l  study of the effect of al loying on the 
r e s i s t a n c e  to dis locat ion motion in c o p p e r - b a s e d  solid solutions for  the 
case  of a s ta t i s t ica l ly  d i so rde red  a tomic dis t r ibut ion.  

The  M o t t - N a b a r r o  theor ies  a re  usual ly  suppor ted  by exper imen ta l  data on the changes in the yield 
point of single c ry s t a l s  and po lycrys ta l l ine  s amples  which occur  during alloying.  However ,  these changes 
a r e  due not only to the r e s i s t a n c e  to dis locat ion motion,  but also to the s t r a in  hardening which occurs  dur -  
ing the a t ta inment  of the mac roscop i c  yield point (see, e.g. ,  [3-5]). Nor is it always poss ib le  to compare  
the theoret ica l  values  of ~-f with the theore t ica l  r e s i s t a n c e  to the beginning of plas t ic  deformat ion  (in p a r t i c -  
u l a r ,  because  of the s h o r t - r a n g e  o rde r  in a l loys) .  In o rder  to study the effect of alloying on the value of Tf 
in any solid solution, we used a method of de termining ~f which is based on the m e a s u r e m e n t  of the f r ic t ion  
fo rce  of the moving dis locat ion.  

2. The r e s i s t a n c e  to dis locat ion motion which resu l t s  f r o m  the in terac t ion  of the dis locat ion with 
a toms of the alloying e lements  should be the s ame  in the fo rward  and r e v e r s e  d i rec t ions .  Accordingly,  this 
r e s i s t a n c e  en ters  the s t r e s s  ~'F due to f r ic t ion fo rces  (which includes all fo rces  which change sign when the 
dis locat ion r e v e r s e s  direct ion) .  The value of ~'F, on the other  hand, can be de te rmined  quite s imply ,  e.g. ,  
f r o m  ha l f -wave  h y s t e r e s i s ,  f r o m  the equation 

1 

where  T l is the s t r e s s  at the instant at which the load is r emoved ,  and ~'2 is the s t r e s s  at which r e v e r s e  
p las t ic  deformat ion  begins during the unloading. 

F r o m  the ha l f -wave  h y s t e r e s i s  we can de te rmine  the s t r e s s  aF due to f r ic t ion of the moving d i s loca -  
tion in polycrys ta l l ine  m a t e r i a l s  a l so .  In this case ,  however ,  as will be shown below, the value of o- F should 
depend on the gra in  s ize  d because  the deformat ion  of one gra in  must  match that of another .  

When we apply an externa l  s t r e s s  al, and the deformat ion  is t r a n s f e r r e d  f r o m  gra in  to gra in ,  the 
posi t ion of any dis locat ion in a p lanar  accumulat ion can be desc r ibed  by 

z~ = ~F~ + ~K + D~ro d-'/~, (2) 

where  o- F and a~  a r e  the r e s i s t a n c e  to dis locat ion due to f r ic t ion  fo rces  and to conserva t ive  fo r ce s ,  r e -  0 �9 x 
spectively, Do'Ffl-(1/2) is the r e s i s t a n c e  to dis locat ion motion due to the gra in  boundar ies ,  and D is a con- 
stant. 

During unloading, the reverse motion of the dislocation begins when the external stress falls to a 
value 

% = ~K --  ~,% -- D~,~o d-'!~. (3) 

It follows f r o m  Eqs.  (2) and (3) that we have 

1 r = ~- (z, -- ~2), (4) 

where  

~F = Jro + Dzpo d-'/~ = ~po + f i e  d -'/~. (5) 

At low deformat ion  t e m p e r a t u r e s  the s h o r t - r a n g e  o rde r  and the dislocat ion blocking should not con-  
t r ibute  to T F or CrF, for  two reasons :  f i r s t ,  in o rde r  to de te rmine  ~'F and O'F we r eco rd  the s t r e s s  at the b e -  
ginning of the dis locat ion motion in the di rect ion opposite the motion during loading, i .e . ,  in a plane in which 
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notation is the s ame  as  in Fig.  1. 
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the sho r t - r ange  o r d e r  has been des t royed .  Second, at low t e m p e r a t u r e s  diffusive harding cannot occur .  
Under these  conditions T F and qF0 thus const i tute the r e s i s t a n c e  to dis locat ion motion in the case  of a s t a -  
t i s t ica l ly  d i so rde red  a tomic  dis t r ibut ion.  Since ~'F and o-F0 in pure  meta l s  a r e  s e v e r a l  o rde r s  of magnitude 
below the values in a l loys ,  we can a s s u m e  that ~-F and O-F0 a re  due to the in terac t ion  of a moving dis locat ion 
with a toms of the alloying e lement .  

3. We studied the solid subst i tut ional  solutions C u - N i ,  Cu-A1,  C u - G e ,  C u - Z n ,  and C u - M n  having 
var ious  gra in  s i ze s .  The s t r e s s  qF was de te rmined  f r o m  the ha l f -wave  h y s t e r e s i s  on the bas i s  of Eq. (4). 
The samples  were  deformed by extension at r oom t e m p e r a t u r e  at a ra te  of 10 -3 sec - l ,  The mic roscop ic  
deformat ion  was m e a s u r e d  within 2 �9 10 -~ by  s t r a in  gauges .  S t ress  O'F was m e a s u r e d  a f t e r  a deformat ion  of 

-< 10 -3, s ince only up to e = 10 -3 is a F independent of the d e g r e e  of deformation;  i .e . ,  he re ,  it is only in 
this range  that the dis locat ions which a r i s e  during the deformat ion  do not contr ibute to (r F.  

F igure  1 shows the changes observed  in (r F when copper  is al loyed with nickel ,  zinc, a luminum,  and 
ge rman ium;  we see  that cr F depends not only on the concentrat ion of the alloying e lement  but a lso  on the 
g ra in  s i ze .  The dependence of o- F on d is desc r ibed  by (r F = o" F + KFd-(1/z), where  the p a r a m e t e r  K F de -  
pends l inear ly  on (rF0 (Fig. 2). For  all  the al loys the exper imenta l  points conform to a common s t ra igh t  
line in the plot of K F vs O-F0 (Fig. 3). These  r e su l t s  conf i rm the a rguments  based  on the model  for  d e t e r -  
mining o F . 

It  should a lso  be noted that in the al loys having a poor ly  defined s h o r t - r a n g e  o rde r  the s t r e s s  7f is 
equal to the r e s i s t a n c e  to the beginning of p las t ic  deformat ion .  

Accordingly,  we can compare  the theore t ica l  values  of ~-f with the s t r e s s  aF 0 due to the in terac t ion  
of a moving dis locat ion with a toms of the alloying e lements .  

4. F igure  1 (curves 1) show the changes in (r F when the copper  is al loyed with var ious  e lements ;  
we see  f r o m  Fig.  1 that the composi t ion dependence of aF0 is nonl inear ,  i .e . ,  cannot be desc r ibed  by the 
M o t t - N a b a r r o  theory .  On the other hand, in a plot of O-F0 vs ci~/2 this dependence turns out to be l inear  
(Fig .4 ,  cu rves  1). In other words ,  the changes in OF0 resul t ing  f r o m  the alloying a r e  qual i ta t ively those 

AL$ 

predic ted  by the F l e i s che r  theory ,  according to which we have 

760 (6) 

where  5 = 115G/(1 + (15Gl/2)] -aSbl ;  5 b = (1/a)(da/dcB); 5 G = (1/G)(dG/dcB); o~ > 16 for  aa  edge dislocation,  
o~ < 16 for  a s c rew dislocation,  a is the la t t ice  constant,  and G is the shear  modulus.  

F igure  5 shows O'F0/C~2 as a function of the p a r a m e t e r s  53/2 53/2 = 1[SG/(i + (](5GI/2)]-35bla/2, (the 
b ' s 

e x t r e m e  values for  s c rew dis locat ions) ,  and 5~( 2 = I [6G/(1 + (15GI /2 ) ] -  166bin/2 (extreme values  for  edge 
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dislocations)~ In plots of aF0/C~/2 vs 5'/2 and o'F0/c~/2 vs ~/2 we do not find a common dependence. A good 
s 

correspondence is observed only with the parameter ~/2. Accordingly, the quantity ~F0 is governed by the 

interaction of the stress field of moving dislocations with the distortion fields around dissolved atoms. 

On the other hand, there is a good correlation between T/c~ 2 and the parameter ~s for the macro- 
scopic yield point T of polycrystalline solid substitutional solutions based on copper and silver (and their 
single crystals) [2]~ It was concluded in [2] on the basis of these results that the increase in the resistance 
to dislocation motion observed during alloying in these alloys is due not only to atomic mismatch (~b) but 
also to the mismatch between the elastic moduli of the components (~G)" The difference observed between 
the descriptions of the macroscopic yield point and the resistance to dislocation motion (aF) can apparently 

0 be explained by assuming that the former is governed by the stress required for the propagation of a Luders 
-Chernov band front rather than the motion of an individual dislocation. 

CONCLUSIONS 

i~ The stress aF due to friction forces has been determined in several copper-based solid solutions. 
Under the conditions of the procedure used to measure O~F, on the basis of the half-wave hysteresis, the 
value of r F depends on the grain size d in a manner described by the Perch equation. 

2. The s t r e s s  (~F due to fr ict ion forces  in alloys having an infinite grain  size is due to the in te rac -  
0 

tion to moving dislocations with atoms of the alloying elements .  

3~ The value of aF 0 changes in proport ion to the square root  of the concentration of the alloying ele-  
ment and is governed by the interaction of moving dislocations with the distort ion field near  the dissolved 
a toms.  
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