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1. Introduction 

The great  s t rength of nuclear magnet ic  resonance is that  the resonance signal is charac ter is -  
t ic  of a par t i cu la r  nucleus being studied. As a resul t ,  nuclear magnet ic  resonance can be used to measure 
proper t ies  which belong exc lus ive ly  to the nuclei whose proper t ies  are of in terest .  Secondly, the 
surrounding of a nucleus may a f fec t  NMR proper t ies  l ike sp in - la t t i ce  re laxa t i on  t ime.  Accord ing ly ,  NMR 
can be used to study the env i ronment  of the nuclei prov id ing microscopic  i n fo rma t ion  of a tomic  mot ions.  
In the fo l low ing ,  we repor t  of e f fec ts  of d is locat ion mot ion  in meta ls  on the NMR sp in - la t t i ce  re laxa t ion  
t ime,  f r om which microscopic  observat ion about the d is locat ion dynamics can be obta ined.  Whenever a 
d is locat ion changes its posi t ion in the crysta l ,  the surrounding atoms have also to move,  thus causing 
t ime  f luc tua t ions  of the quadrupolar  f ie ld that  dominates the observed sp in - la t t i ce  re laxa t ion  behaviour .  

We have concent ra ted  on plast ic  de fo rma t ion  exper iments  w i th  a constant  st ra in r a t e~ .  This 
type of exper imen t  is governed by Orowan's equat ion (1): 

L 
= ¢ bPm ~---- , (1 

m 

assuming a the rma l l y  ac t i va ted ,  j e rky  mot ion  of mobi le  d is locat ions of densi ty p . The mot ion  may be 
considered to be j e r ky - l i ke ,  i f  the actual  jump t ime T i is smal l  compared to the mean t ime of stay ~m at 
an obstacle.  In Eq. (1), (~ denotes a geomet r i ca l  fac to r ,  b symbol izes the magni tude of the Burgers vec to r  
and L is the mean jump distance between obstacles which are considered to be un i fo rm.  C lear l y ,  a l loy ing 
int roduces ex t ra  barr iers  to the mot ion  of d is locat ions.  There fore ,  during plast ic  de fo rmat ion  of a b inary  
solid so lut ion such as AI-1 at% Zn, moving dis locat ions are hindered in the i r  gl ide plane by two types of 
obstacles: forest  d is locat ions and solute atoms. The theory  of obstacle s t rengthening can be compl i ca ted ,  
and Nabarro  (2)(3) has shown how the impor tan t  features can be dist inguished. Never the less,  i t  has been 
recognized f rom the t ime of the ear l iest  theor ies tha t  i t  is d i f f i cu l t  to es t imate  the segment length of a 
d is locat ion l ine tha t  advances during plast ic f low.  NMR techniques can prov ide exper imen ta l  i n fo rmat ion  
about the length of a moving d is locat ion l ine segment.  

2. Theoretical Backqround 

A few years ago, we showed that  pulsed nuclear magnet ic  resonance is a useful tool  to study 
d is locat ion dynamics in both ionic and meta l l i c  systems. I t  turned out that  in pr inc ip le three sets of 
microscopic i n fo rma t ion  about the d is locat ion mot ion  can be deduced f rom exper iments :  (i) the mean 
jump distance of moving dis locat ions;  (i i) the mean t ime of stay between two consecut ive jumps of 
mobi le  d is locat ions;  ( i i i )  the mobi le  d is locat ion densi ty as a f rac t ion  of the to ta l  d is locat ion densi ty .  

The exper imen ta l  method is essent ia l ly  based on the in te rac t i on  between nuclear e lec t r i c  
quadrupole moments  and e lec t r i c  f ie ld  gradients at  the nucleus. Around a d is locat ion in a cubic crys ta l  
the symmet r y  is dest royed and in terac t ions  between nuclear e lec t r i c  quadrupole moments  and e lec t r i c  
f ie ld gradients ar ise. Whenever a d is locat ion changes its posi t ion in the crys ta l ,  the surrounding atoms 
have also to move,  thus causing t ime f luc tua t ions  of the quadrupolar  spin Hami | t on ian  for  spins w i th  ] 
> 1/2 . 

While de fo rming  a sample w i th  a constant  st ra in ra te  ~, the sp in - la t t i ce  re laxa t i on  ra te  in a 
weak,  ro ta t ing ,  appl ied f ie ld H.  of the resonant nuclei  is enhanced due to the mot ion  of d is locat ions.  The 

• . ] . . 

resul t ing expression for the re laxa t ion  ra te  induced by d is locat ion mot ion  is g iven by: 
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% 1 
( = H12 + H qbbL & ' (2) 

where Acj depends on the mean-squared e lec t r i c  f ie ld grad ient  due to the stress f ie ld of a d is locat ion of 
uni t  leng't'h. H , n  is the mean local  f ie ld in the ro ta t ing  f rame,  b is the magni tude of the Burgers vec tor ,  
¢ is a g e o m e t ~ a l  fac to r  and L is the mean jump distance. Ara and H in  = can be de termined separate ly  
f rom spin-echo NMR measurements.  Hence, for  a given pVastic de ' format ion ra te  ~ , the nuclear 
sp in - la t t i ce  re laxa t i on  ra te  is p ropor t iona l  to the inverse of the mean jump distance L.  Relat ionship (1) 
has been used to de te rmine  L as a func t ion  of s t ra in.  For  deta i led i n fo rma t ion  on this method,  re ference 
should be made to our rev iew a r t i c le  (4). The mean jump distance w i l l  be analyzed in terms of Fr iede l  
and M o t t - N a b a r r o  ' s ta t i s t i cs "  The word 's ta t is t ics '  has been quoted f rom the rev iew a r t i c le  by Kocks et  
al. (8), a l though this expression does not come f rom the or ig ina l  source (2). 

5. Experimental 

To avoid skin e f f ec t  d is to r t ion  of the NMR signal,  the NMR exper iments  were car r ied out on 
rec tangu lar  fo i ls  of size 27 m m x  12 mm x 40 m. Po lyc rys ta l l i ne  samples w i th  a grain size of the order 
of 100-200 ]Jm were used. The s tar t ing ma te r i a l  for  the samples was (a) 5N a lumin ium and (b) 5N AI" 1 
at% Zn. A f t e r  homogeniz ing procedure at 550 °C for  2.5 days, the mate r ia l  was ro l led out to thin foi ls 
w i th  a thickness of about 40 m and has been cut by spark erosion to the sample size given above. 

Then, the samples (a) consist ing of u l t rapure  a tumin ium were annealed a second t ime  at  290 
°C for  1 hr. The a lumin ium-z inc  ahoy was annealed at  550 °C for  1 hr , quenched in wa te r  for  5.5 hrs at  
360 °C and quenched in ice wa te r .  

In the NMR exper imen t ,  the sample under inves t iga t ion  is p las t ica l ly  de formed by a servo- 
hydrau l ic  tensi le machine (Zonic Technical  Lab.  Inc., C inc innat i )  of which the exc i t e r  head XCI  TE 1105 
moves a dr iv ing rod w i th  a constant  ve loc i t y .  The movemen t  is con t ro l led  by a d ig i ta l  funct ion generator  
which serves the master  con t ro l l e r  of the excite~-)qead. 

While the specimen was deforming,  - ' A ]  nuclear sp in - re laxat ion  measurements were carr ied 
out by means of a Bruker  pulse spec t romete r  SXP 4-100 operat ing at  15.7 MHz corresponding to a 
magnet ic  f ie ld of 1.4 T con t ro l led  by an NMR s tab i l i ze r  (Bruker  B-SN 15). 

The NMR head of the spec t romete r  consist ing of a f l a t  r f  coi l  of s i lver  and tuning e lements 
and the f rames in which the rod moves fo rmed toge ther  a uni t  which was inserted between the pole 
pieces of the e lec t ro -magne t  of the spec t rometer .  Dur ing the de fo rmat ion  exper iments ,  the act ing load 
and the resul t ing plast ic  de fo rma t ion  are measured separate ly  and s imul taneously .  I n fo rma t ion  of the 
exper imen ta l  set-up can be found in (5). 

The NMR exper iments  discussed here were carr ied out at  T=77 K. A t  such a low tempera tu re  
nuclear spin re laxa t i on  e f fec ts  because of d i f fus ive a tomic  mot ions are negl ig ib le.  The se l f -d i f fus ion 
coe f f i c i en t  as wel l  as the impur i t y  d i f fus ion of Zn in a lumin ium,  are published in the l i t e ra tu re  (6)(7). 
Use of these data in the E inste in-Smoluchowsky re la t ion  (connect ing the d i f fus ion coe f f i c ien t  D w i th  the 
mean t ime  of stay of an a tom between two d i f fus ion jumps), proves tha t  AI and Zn atoms are ac tua l ly  
immob i le  at 77 K. The co r re la t i on  t imes for  d i f fus ive a tomic  jump~ are much large~ than typ ica l  values 
of the wa i t ing  t ime  of mobi le  d is locat ions,  which are about 10-~s for  & = 1 s - ' .  Consequent ly ,  an 
observable con t r ibu t ion  of d i f fus ive a tomic  mot ions to the measured sp in - la t t i ce  re laxa t ion  ra te  does not 
o c c u r ,  

Transmission e lec t ron  micrographs were taken by using a gEM 200 CX.  D isk - type  specimens 
were obta ined f rom the deformed foi ls  by spark cu t t ing  to m in im ize  de fo rmat ion .  The samples were 
e lec t rochemica l l y  th inned in pol ishing equ ipment  at room tempera tu re  in a solut ion of 49% methanol ,  
49% n i t r i c  acid and 2% hydroch lor ic  acid. 

4. Results and Discussion 

4.1. Mean 3ump Distance of Moving Dis locat ions in AI 

As descr ibed by Eq. (2), f r om the magni tude of the slope of the curve (T. -1)~ vs ~ the mean 
1 jump distance L can be obta ined provi_d~d the o ther  parameters  are known. The s t r ~ n  c~ependence of L 

has been obtained f rom measuring Tlp as a func t ion  o f e .  The results are depicted in F ig.  1. I t  has to 
be emphasized tha t  the mean jump distance L measured by NMR in pure Al  has to be in te rp re ted  w i th  
care in terms of the mean slip distance and s ta t is t i ca l  slip length (A .). As common ly  found in annealed 

S f .c.c,  meta ls  and in al loys, a cel l  s t ruc ture  is developed in At a f te r  de[format ion at  77 K. As a resul t ,  the 
mean slip distance of d is locat ions is main ly  de te rmined by the cel l  size when the cel l  s t ruc ture  is we l l  
developed.  Consequent ly ,  the slip length w i l l  be much larger  than the mean jump distance measured by 
NMR ( 0 . 0 9 p m  for  e > 7%). To expla in this d i f fe rence,  i t  has to be rea l ized that  a]~l moving dis locat ions,  
present both in the cel l  boundary and in the in te r io r  region of the cel l ,  a f f ec t  the sp in - la t t i ce  re laxa t i on  
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FIG. 1: The mean jump distance measured 
by NMR as a funct ion of strain in (a) u l t ra  
pure AI and in (b) AI-1 at% Zn. Each data 
point  represents the average value over 5 
measurements. The error  bar indicates the 
deviat ion wi th in  ~ set of L data at a par t i -  
cular c (& = 1.6 s - ' ,  T = 77 K). 

rate.  Assuming two d i f fe rent  sets of corresponding mobi le dis locat ion densit ies, p .  in the in ter ior  of the 
. . . . .  | 

cell  and P2 inside the cel l  wal l ,  the tota l  spin la t t i ce  re laxat ion rate can be wr i t t en  ast 

(T I~)D = (T~p)(1)  + (1--)Tlp (2) , 

where (3) 

( ! ) (I) Pl ( I )(2) P2 
and - -  

T1 p ~ L1 p T1 p N L2 p 

and pl  + pA = p.  Since L 1 >> L2, the to ta l  sp in- la t t ice re laxat ion rate measured by NMR is largely 
determinedZby the jump distance reside the cel l  wal l .  The mean jump distance of dislocat ions measured 
by NMR is therefore re lated to the spacing of the forest d is locat ion tangles in the cel l  boundary. A t  the 
beginning of de format ion  the storage of dislocat ions fo l lows s t r i c t l y  geometr ica l  or s ta t is t ica l  rules. I f  
the mean jump distance is proport ional  to the mean slip distance (or slip l ine length) which decreases 
w i th  increasing strain in pure f .c.c,  metals,  i t  means that  

1 
E ~ ~ (4 )  

From Fig. 1 we f ind indeed that  the inverse of the mean jump distance varies l inear ly w i th  strain 
according to Eq. (4). 

To invest igate whether the observed mean jump distance has the r ight  order of magni tude, we 
consider forest  dislocat ions as re la t ive ly  weak local ized obstacles for d is locat ion mot ion) i.e. the 
dis locat ion bends through a large angleeqbCth in its v ic in i ty .  Assuming Fr iedel  s tat is t ics (8), the e f fec t i ve  
obstacle spacing X e can be re lated to average inter-obstacle spacing ), according to: 

X,, = (q -~)  1/3 X (5) 
Xe = d  f 

where f is a measure of the obstacle strength (= cos qbc). On the other hand the e f fec t i ve  f low stress can 
be wr i t t en  as 

1:1 =CLp b ¢ ~  F , (6) 

i.e. the appl ied stress diminished by the athermal  forest resistance and the interplane resistance. 
Al though there exists some dispute concerning Eq.(6), whether  the f low stress is contro l led by in teract ion 
between pr imar ies or forest d is locat ion density OF, exper imenta l  work suggests that  the f low stress in 
pure f .c.c,  in stage II is contro l led by forest dislocat ions or that  forest contr ibut ions are always in a 
constant ra t io  independent of the dis locat ion d is t r ibut ion (9). The exper imenta l  value of (~ for  a lumin ium 
is 0.16 (10) assuming that  the f low stress is ful ly contro l led by dis locat ion intersect ions w i th  forest 
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2/3 0.295 takingX = 13 -I/2. dislocations. From Eq. (6) and Eq. (5) follows f =(~ = In our samples, the flow 
stress was found to increase from the yield stress of 10 MPa to 79 MPa at e = 10%. The effective 
obstacle spacing 8 ~ (Eqs. (5)(6))is predicted to be proportional to I/~..i Henee,~ e is expected to decrease 
by a factor of .e Indeed, this has been confirmed by the NMR measurements" at the "beginning of 
deformation LNM R was found to be 0.7pm decreasing to 0.09pm ate = 10%. 

b,.2, Mean 3ump Distance of Moving Dis locat ions in AI-1 a t% Zn, 

In Fig.  1 the mean jump distance measured by NMR in A] -  1 at% Zn is i l lus t ra ted  ~ a funct ion of strain,  
The sp in - la t t i ce  re laxa t i on  ra te  was de termined at  a constant  st ra in ra te  ~ = 1.6 s - ' .  The shape of the L 
vs e curve is qui te s imi la r  to the curve obta ined for  u l t rapure A].  The mean jump distance L at  the 
beginning of de fo rma t ion  is somewhat  smal ler  in the a l loy  compared to u l t ra  pure a lumin ium.  This can be 
expected since there exists an increase of the f low stress caused by the solute atoms. This increase ~2 
was found to be 0.5 MPa, 

Again w i th  Fr iede l  s ta t is t ics  as a s tar t ing  point ,  the increase of the f low stress can be 
w r i t t e n  analogous to Eq. (6): 

T2 f2 3/2 p b = 1 ' (7) 

where I is the mean spacing of neighbour ing atoms above or below the gl ide plane- 

I = b___ ( 8 )  

]n this loca l - fo rce  model ,  only those solute atoms in the two planes immed ia te l y  ad jacent  to the slip 
plane con t r ibu te .  Subst i tu t ing 0.5 MPa for  T? and c = 0.01, the obstacle s t rength f? is ca lcu la ted to be 
0.003. This indicates that  forest  d is locat ions-are strong obstacles compared to so lu te-atoms.  Analogous to 
Eq. (5), the e f f ec t i ve  obstacle spacing can be w r i t t e n  as: 

b l = -  = 0 . 0 4 p m .  (9)  
e /2f2 c 

A plausible connection between X (effective forest dislocation spacing), ] and the measured 
jump distance L~M ~ can be based on the foeIlowing model: all moving dislocations in e the alloy, delayed 
at intersections'~[f.h" either forest dislocations or solute atoms, affect the spin-lattice relaxation rate. 
Assuming two different sets of corresponding mobile dislocation densities, P l and p?, respectively, the 
total spin-lattice relaxation rate can be decomposed into two contributions analogous "to Eq. (3). One can 
envision that at the yield stress level for the ease of the dilute alloy a small fraction of the mobile 
primary dislocations must move through the weak obstacle field presented by the solutes before 
encountering forest disIocations~ the effective solute spacing is much smaller than the forest dislocation 
spacing. The mean jump distance LNM R can be written as: 

1 Pl P2 
= + - -  ( 1 0 )  

LNM R ~.e p ]e p 

in order to ver i f y  this expression we have to make the necessary assumption that  the 
d is locat ion m ic ros t ruc tu re  is the same in u l t ra  pure a ]umin ium and in the d i lu te  A ] - I  a t% Zn a l loy  at a 
cer ta in  value of e .  In v iew of  the method of analyz ing s t ra in - ra te  change exper iments  by Van Den Beuke] 
and co-workers  (11), this impl ies that  a p lo t  of 1 /LNM R vs 1 /LNM R of u l t ra  pure a ]umin ium is a s t ra ight  
l ine w i th  a slope equal to one. For  the a l loy  i t  w i l l H a v e  an in te rcep t  w i th  the ord inate  of  magni tude 1/1 
whereas for u l t ra  pure a lumin ium this l ine w i l l  go through the or ig in.  In f ig.  2 1/L~.IM_ vs 1/L N. _ e 
u l t ra  pure AI is depic ted for  both the a l loy  and the pure mate r ia l .  The value o f ' ]  I~ound fro~nrVll~he 
in te rcep t  is equal to 0.25 pm.  F rom a compar ison between this exper imen ta l  f ind ieg and the value 
pred ic ted  using Fr iede l  s ta t is t ics  (Eq. (9)), i t  can be concluded that  ac tua l l y  in each d is locat ion jump a 
number of e f f ec t i ve  solute atoms Corder of 10) are bypassed, in steady state,  Fr iede l  s ta t is t ics  assume 
tha t  a d is locat ion released at  one obstacle must, on average, pick up exac t l y  one. This seems to be in 
con f l i c t  w i th  the expe r imen ta l  results obtained.  

Apply ing Mo t t -Naba r ro  stat is t ics (2) as a d i f f e ren t  approach, we f ind that  the e f f ec t i ve  
obstacle spacing is described by-" 
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2/3 
I e = (4.--~-b I) l , 

I 

where the maximum internal stress averaged over the space of radius 1/2 around each solute is : 

c In (1 /c )  

(11) 

(12) 

6 represents the misf i t  parameter  (= 0.02) and in the local ized-force model 1 is related to the 
a tomic- f rac t ion  concentrat ion c of solute by equation (8). From equation (11) , the e f fec t ive obstacle 

e . . . .  spacing, is calculated to be 0.15pm which is in reasonable agreement wi th the exper imental  tndicatlon of 
0.25 pm. (Fig. 2). 

(I~" l 

/ /  

? ? ,p ( ( ' / . ) - - *  

L~M R ( A t )  != ( p r o  °1) 

FIG. 2: inverse mean jump distance L . .  
• . INIMII< 

vs the same quant i ty of LNM R in ul t ra pure 
aluminium. 
(a): U l t ra  pure A], (b): AI-1 at% Zn. 

According to our assumption9 I is the e f fec t ive  spacing between solute atoms and is 
independent of strain. Furthermore,  X e is ~he ef fect ive separation of forest dislocations in the solid 
wi thout  solute atoms and has the same strain dependence in the al loy as in the ul t ra pure mater ia l .  To 
ver i fy  equation (10) we set ) ,^  equal to the value found in ul t ra pure aluminium (= 0.7 p m )  and take for 
I the predicted value of 0.1~ ~m. Further,  the two d i f ferent  f ract ions of mobile dislocation densities in 
Eeq. (10) are assumed to be proport ional to the corresponding rat io 's of the e f fec t ive  planar obstacle 
densities. 

At  the beginning of deformat ion LNM R is predicted to be 0.16 ]Jm according to 

1 0.014 0.96 
- -  + (13) 

] 

LNMR Xe e 

which is in agreement wi th exper imental  observations (Fig. 1). At  higher deformat ion LNM R in the al loy 
wi l l  approach X as found in the ul tra pure mater ia l .  At  higher deformat ion the rat io '  b f " the  e f fec t ive  

• . e  . , obstacle densities, solutes and forest dislocations lowers probably only by a factor  of 10 leading to a 
higher value of L~.lkAp in the al loy than in the ul t ra pure mater ia l .  However,  just the opposite has been 
observed (Fig. 1).'TISYs" can be explained as fol lows: when primaries move through a random f ie ld of solute 
atoms before encountering forest dislocations, the dislocation mobi l i ty  is decreased re la t ive to that 
possible at the same stress level compared to a ul t ra pure mater ia l .  [n order to keep up wi th a f ixed 
applied strain rate ~ (Eq. (1)), the di lute al loy may have p~  greater than for the pure crystal .  
Consequently, at a corresponding strain the al loy has to have a"higher stress level than the ul t ra pure 
crystal ,  i t  means that the e f fec t ive  obstacle spacing )'e (Eq. (5)) in the al loy at higher deformat ion stages 
can become smaller than X observed in the u l t ra pure mater ia l .  This discussion ignores the ef fec t  of 
solutes on the stacking feault energy of aluminium (cell structure format ion).  Nevertheless, TEM 
observations of the present di lute al loy system show a cel l  structure quite simi lar to the structure found 
in u l t ra pure AI (see Fig. 3). 
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FIG. 3: Stereo-electron micrograph of A]=I at% Zn, deformed at 77 K unti l  fracture, 
g = 020, stereo angle 22 °, stereo impression [201]o 

5. Conclusion 

Pulsed nuclear magnetic resonance is shown to be a complementary new technique for the 
study of moving dislocations in AI-Zn alloys. Spin-latt ice relaxation measurements clearly indicate that 
f luctuations in the quadrupo]ar f ield caused by moving dislocations in AI-Zn are di f ferent than those in 
ultra pure Ah The mean jump distance found in ultra pure A] can be explained using Friedel statistics for 
describing the interaction between moving dislocations and forest dislocations. In the alloy system a 
combination of both Mott-Nabarro statistics for the interaction with solute atoms and Friedel statistics 
for the interaction with fore~ dislocations has been applied. In fact, only fair ly strong obstacles at very 
low concentrations ( c =10- ) seem to fal l  inside the range where Friedel statistics are just i f ied. Forest 
dislocations are probably a borderl ine ease. In contrast, Labusch (12), presenting a more complete 
solution of the stat ist ical problem of hardening, finds that Friedel statist ics are rarely justi f ied. 

Acknowledgement 
The work is part of the research program of the Foundation for Fundamental Research on Matter 
(F.O.M.-Utrecht) and has been made possible by financial support from the Netherlands organization for 
the Advancement of Pure Research (Z.W.O.-The Hague) and the Deutsche Forschungsgemeinschaft, FRG. 

References 

1. E. Orowan, Z. Phys. 89, 634 (1934). 
2. F. R. N. Nabarro, in" The Physics of Metals: 2 Defects9 P. B. Hirsch, ed., Cambridge Un.Press, 

p. 152,1975. 
3. F. R. N. Nabarro, Phil. Mag. 35, 513 (1977). 
4. 3. Th. M. De Hosson, O. Kanert, A. W. Sleeswyk, in: Dislocations in Solids, F. R. N. Nabarro, ed., 

Vol. 6, pp 441-534 (1983), North Holland, Amsterdam. 
5. H. J. I-lackelSer, O. Kanert, H. Tamler, J. Th. M. De Hosson, Roy. Sci. lnstr. 54, 341 (1983). 
6. A. D. Le Claire, J. of Nuclear Materials 69&70, 70 (1978). 
7. N. L. Peterson, 3. of Nuclear Materials &9&7O, 3 (1978). 
8. U. F. Kocks, A. S. Argon, M. F. Ashby, Progress in Materials Science, Vol. 19, pp. 40 (1975). 
9. P. B. Hirsch, in: The Physics of Metals: 2 Defects, P. B. Hirsch, ed ,  Cambridge Un. Press, p. 189, 

1975. 
10. Z. S. Basinski, Phil. Mag. 40, 393 (1959). 
11. G. J. Den Otter  and A. van den BeukeJ, Phys. Star. Sol. (a) 55, 785 (1979). 
12. R. Labusch, Aeta Metall.  20, 917 (1972). 


