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I .  THEORETICAL STRENGTH OF CRYSTALS.

O nce i t  was known tha t crystals are made up o f a pe riod ic  array o f 
atoms and tha t de fo rm ation  takes p lace by s lip , the m agnitude o f the shear 
stress requ.ired to  produce p lás tic  de fo rm ation  could  be determ ined e a s ily . 
The the o re tica l strength o f crystals was firs t ca lcu la ted  by Frenkel fo r a 
s im p le  rec tangu la r la ttic e  F ig . I .  The shearing forcé

Fig. I. Slip of a rectangular lattice.

required to  m ove the top plañe o f atoms over the bottom  plañe w il l  be 
p e r io d ic , since fo r d isp lacem ents u<b/2 the la tt ic e  resists the applied 
stress but fo r u<b/2 the la tt ic e  forces assist the app lied  stress, and the 
s im p lest func tion  w ith  these properties is a sinusoidal re la tion  o f the 
fo rm

x »  Xm sin (2iru/£>) s T ^ iru /Z ) I .

where Tm is the m á x im u m  stress a t a d isp lacem ent u -b/A , y is the shear 
m odulus, b the spacing o f atoms in the shear d ire c t io n . For sm all d isp lacem ents 
the e la s tic  stra in g iven by u / a ,  where a  is the spacing between the planes, is 
equal to  fro m  Hooke's la w , so that
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Since b - a f the theo re tica l strength ol a perfect crystal is o f the order of 
V* / I 0 .  Refined ca lcu la tio n s  using a m ore re a lis tic  expression fo r the 
shearing fo rcé  as a func tion  o f d istance in  the s lip  plañe have shown that 
Tm ' s 'Z 30 '  ^  ’ s c l ear ^ a t  perfect single crystals should be ra ther strong 
and d i f f  i cu 11 to  de fo rm , ye t i t  is observed expe rim en ta l ly  tha t annealed 
crystals are soft and easy to deform  at very low stresses in the range 
1 0 °  p - IO -4  ¡ .e .  several orders of m agnitude below the theo re tica l 
v a lu é .

2 . THE CONCEPT OF A D IS LO C A T IO N .

This d iscrepancy o f 10,000 or so between theory and experim en t was 
sa tís fa c to rily  exp la ined , ¡ust before the last w ar, by three scientists 
w ork ing  in d ep e nd e n tly . Tay lo r, O rowan and Polanyi postulated that 
instead o f a crysta l shearing a ll the atoms in a g iven plañe at the same 
t im e , the same end result was produced by shearing the c rys ta l, a l i t t le  
b it  at a t im e . There w i l l  o f course be a disturbance of the la tt ic e  between 
the sheared and unsheared región o f the crystal and i t  is the m ovem ent 
o f these im p e rfe c tion s , or d is locations as they are now c a lle d , at low  
stresses tha t leads to p lás tic  d e fo rm a tio n .

In recent years i t  has been possible to produce crystals in the fo rm  of 
fibres w ith  e x tre m e ly  sm all d iam ete rs . These crysta ls, ca lled  whiskers, 
are o tten free from  d is locations and have w ithstood tensile  stresses up to 
~ E / 2  0, where E is Young's m odulus, w ith o u t breaking o r even y ie ld in g . 
F ig . 2 shows the tensile  properties o f a copper w hisker, from  w h ich  i t  is 
ev id en t tha t such whiskers are strong when they are d is lo ca tio n -fre e  but 
tha t the strength vanishes as soon as s lip  and m o b ile  d is locations are created

A  schem atic  th ree -d im ens iona l d iagram  i11ustrating the propagation o f 
a d is lo ca tio n  is g iven in F ig . 3 and it  can be seen tha t when the slipped 
región has spread co m p le te ly  across the s lip  plañe the top h a lf o f the crystal 
is d isp laced one a to m ic  spacing b ¡n the s lip  d ire c tio n  re la tive  to the 
bo ttom  h a lf o f the c rys ta l. I t  can also be observed that the d isp lacem ent is 
constant over the slipped area u n til i t  suddenly drops to zero at the d is lo ca ti 
l in e .  The norm al crystal s tructure , e la s tic a lly  strained o f course, therefore 
exists everyw here but in the im m ed ia te  v ic in ity  o f the d is loca tion  l in e .



In genera l, the d is loca tion  lin e  makes an angle o f between 0 and 90 
w ith  the d isp lacem en t, or Burgers vec to r, b . However, the two extrem e 
cases have been g iven special a tten tion  because any d is loca tion  can be 
resolved in to  components at righ t angles, and also because such d is locations 
represent characte ris tic  d istortions of the crystal structure .

F ig . 2 . D c fo r m a tio n  cu rv e  o f  a  d islo ca tio n - 
free cop p cr cry sta l.

When the d is loca tion  lin e  lies perpendicu lar to its Burgers vecto r b i t  is 
ca lle d  an edge d is lo ca tio n , and when i t  lies pa ra lle l to b i t  is ca lled  a screw 
d is lo c a tio n . The a to m ic  structure o f an edge d is loca tion  is shown in F ig . 4
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Fig. 3. P r o p a g a tio »  <»f slip  in a sim p le  cu bic  stru ctu re .

where an ex tra  h a lf-p la n e  o f atoms is present above the s lip  p lañe .
This h a lf-p la n e  was o r ig in a lly  on the outside surface but has been 
pushed in to  the in te r io r o f the c rys ta l. Most of the d is to rtion  is located 
near the edge o f the extra  h a lf-p la n e , henee the ñam e. When the extra  
h a lf plañe is above the s lip  plañe i t  is ca lled  a positive  edge d is loca tion  
and when i t  is below  i t  is ca lled  a negative  edge d is lo ca tio n . Around a 
screw d is lo ca tio n  F ig . 5 , the planes o f atoms form  a sc re w -like  or h e lica l
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F ig . 4 .

surface, and i f  the h e lix  advances one plañe when a c lockw ise  path is 
taken along the screw axis, i t  is term ed a righ t-hand  screw; i f  the 
reverse is true , i t  is a le ft-h a n d  screw.

An im p o rta n t property o f a d is loca tion  lin e  is the va lué  o f the Burgers 
ve c to r b . This is constant along the whole o f the lin e  and denotes the 
m agnitude and d ire c tio n  o f the d isp lacem ent of the slipped portion o f a 
crysta l w ith  respect to the unslipped p a rt. A  precise d e fin it io n  of the
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ve c to r ¡s obta ined by com paring a Burgers c irc u it  enclosing a d is loca tion  
w ith  a c rys ta llo g ra p h ica lly  equ iva len t c irc u it  in the perfect c rys ta l. An 
e qu iva le n t d e fin it io n  is obtained i f  the c irc u it  is f irs t carried out in the 
perfect c ry s ta l. The closed c irc u it  is shown in F ig . 6 (a) fo r a perfect 
c rys ta l; the corresponding c irc u it  fo r the im p e rfe c t crystal Fig 6 (b ), 
fo llo w in g  prec ise ly  the same sequence o f la ttic e  vectors, fa ils  to c ióse. 
The closure ve c to r is the Burgers vec to r o f the d is loca tion  b and ind ica tes

*/

(n)  (b)

F i g .  6 .  B u rg ers circu it.
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the m agn itude  and d ire c tio n  o f d isp lacem ent o f the crystal by the m ovem ent 
o f the d is lo c a tio n . However, i t  is c le a r that the d e fin it io n  depends on the 
d ire c tio n  o f the c irc u it ;  i f  the d ire c tio n  o f the c irc u it  is reversed, the sense of 
the closure ve c to r and henee b is also reversed. It is therefore necessary to choose 
one d ire c tio n  along the d is loca tion  lin e  as p o s itive . The most com m on convention 
is tha t represented by F^/lRH and describes the s itua tion  fo r a Burgers c irc u it  
taken in the r ig h t-h an d  sense f irs t around the d is lo ca tio n , when the Burgers vecto i^ 
connects the fin ish  o f the c irc u it  (F) to the start (S) in the perfect c rys ta l. D eW it 
has sum m arized the use o f the d iffe re n t conventions.

I t  is usual to express the Burgers ve c to r o f a d is loca tion  in a p a rticu la r 
crystal structure in terms o f ce ll co -o rd ina tes . For the f . c . c .  la t t ic e , fo r exam p le , 
a u n it d is lo ca tio n  produces shear d isp lacem ent equ iva len t to tha t from  a cube 
com er to  a face cen tre , and the ve c to r tha t describes i t  has components a / 2 ,  
a/2, 0, where a is the la tt ic e  param eter. This m ay be w ritte n  cl /2 [110], from  
w h ich  the s lip  d ire c tio n  { jlO ^  and strength o f the d is lo ca tio n , i . e .
Jbj --Ja /4 (I + I + 0) = a/yj2, is easily  ob fa ined .

4 . D IS LO C A T IO N  GLIDE A N D  CLIMB

When a d is lo ca tio n  moves across a s lip  p lañe, as shown in F ig . 3 i t  w i l l  be 
no ticed  tha t the same shear d isp lacem ent equal to the Burgers ve c to r b is 
produced by pos itive  and negative  edge d is locations m oving in opposite d irec tions , 
and screw d is loca tions m oving  at r igh t angles to the edge d is loca tions . A  basic 
fea tu re  o f s lip  by the propagation o f d is locations is tha t the s lip  plañe is defined by 
the plañe con ta in ing  both the lin e  o f the d is loca tion  and its Burgers ve c to r b . This 
fea ture  gives rise to an im p o rta n t d iffe rence  between the m otion  o f an edge a id  
tha t o f a screw . The edge d is loca tion  is restricted to g lid e  in  one s lip  plañe o n ly ,

Dislocation
Fig» 7 . Cross-slip o f a screw dislocation.

*
R. de Wit, Acta Met. 3 1965, lZ3 1210.



whereas the screw d is loca tion  having its lin e  pa ra lle l to the Burgers vec to r 
can, in p r in c ip ie , move on any la ttic e  plañe traced by the screw axis on 
w h ich  there is a su ffic ie n t shear stress. In genera l, however, the screw 
d is locations m ove in ce rta in  crys ta llograph ic  planes, e .g .  ( I I I )  planes in 
f . c . c .  m e tá is , but u n like  edge d is locations the screws can g lid e  out of 
the o rig in a l s lip  plañe and move on another having a s lip  d ire c tio n  in 
com m on w ith  the o rig in a l p lañe . This process, Ü lustrated in F ig . 7 is 
known as cross-s lip .

Extra 
Half-Plañe

A lthough  the edge d is loca tion  is restricted to m oving  conserva tive ly  in 
one plañe defined by the lin e  and the Burgers vec to r (w ith  the density o f 
m a te ria l in the plañe conserved during the m o tio n ), i t  can move non- 
conse rva tive ly  by c lim b  in a d ire c tio n  norm al to the s lip  p lañe, as shown 
in F ig . 8 . The extra  h a lf-p la n e  o f atoms o f the edge d is loca tion  can be 
made to lengthen or shorten by adding atoms to or rem oving atoms from  
the edge o f the h a lf-p la n e . This can occur i f  atoms m ig ra te  from  la tt ic e  
sites near the d is loca tion  in to  sites on the edge o f the h a lf-p la n e , so tha t 
the d is loca tion  c lim bs  down; i t  fo llow s tha t vacan t sites are created in 
the la t t ic e  away from  the d is lo ca tio n . Conversely, vacancies can m ig ra te  to 
the edge o f the h a lf-p la n e  causing i t  to c lim b  up as they are a n n ih ila te d . The 
d is lo ca tio n  can therefore Jet as e ith e r a source or a sink fo r vacancies. In 
p ra c tic e , the vacancies w il l  not a rrive  at the d is loca tion  at the same instant 
or u n ifo rm ly  and henee the edge o f the h a lf-p la n e  o f atoms w i l l  not l ie  in a



p a rtic u la r s lip  p lañe ; instead some sections w i l l  l ie  in  one plañe and other 
sections in paral leí ne ighbouring planes. The short length of d is loca tion  
not ly in g  in the same s lip  plañe as the m a in  d is loca tion  but having the same 
Burgers ve c to r is ca lle d  a ¡og.

5 . CONSERVATIVE A N D  N O N -C O N S E R V A TIV E  M O T IO N

The process o f c lim b  requires the m ovem ent o f atoms to or from  the 
d is lo ca tio n  l in e .  Such non-conservative  m otion  o f an edge d is loca tion  is 
com m on at e levated  tem peratures where there is a high concentra tion  of 
vacancies and s u ffic ie n t therm al a c tiv a tio n  fo r d iffu s io n . C lim b  therefore 
plays an im p o rta n t ro le in the softening o f crystals hardened by de fo rm a tio n , 
quench ing , or irra d ia tio n , as discussed in  Section 10. It  is possible, however, 
fo r ¡ogs to  be produced at tem peratures too low  fo r appreciab le  d iffus ion  and 
fo r edge d is loca tions to move non co nse rva tive ly . This happens when ¡ogs are 
form ed on g lid in g  d is loca tions.

W ith  increasing p lás tic  de fo rm a tio n , s lip  occurs on more than one s lip  
system , e .g .  in f . c . c .  m etá is more than one type o f ( l l l )  plañe operates, 
and since the s lip  planes o f the p rim ary  system in tersect the s lip  planes o f 
the secondary system , g lid in g  d is locations m ay have to in tersect d is loca tions 
Crossing the s lip  p lañe on another system . Any d is loca tion  threading the p rim a ry  
s lip  plañe is ca lle d  a forest d is lo ca tio n . Two exam ples w il l  su ffice  to ¡Ilús tra te  
the geom etry  o f ¡ogs form ed in this w ay . F ig . 9 shows the in tersection  o f edge 
d is loca tions having Burgers vectors at righ t angles to each o the r. The d is loca tion  
AB is increased in length by M  the m agnitude o f the Burgers ve c to r o f the 
d is lo ca tio n  in te rsecting  i t .  N o  ¡og is form ed in  the d is loca tion  XY  because the 
Burgers ve c to r AB is p a ra lle l to the lin e  o f the d is loca tion  X Y . I f  the two 
in te rsec ting  d is loca tions have pa ra lle l Burgers vectors, then a ¡og is produced 
in each d is lo ca tio n  equal in length to the m agnitude o f the Burgers ve c to r o f the 
o the r. F ig . 10. shows a p a rtic u la r ly  im po rtan t exam ple  o f in te rsecting  
d is loca tions , because one o f them  is a screw d is loca tion  and a ll the ¡ogs 
produced are edge in characte r.

Jogs in puré edge d is locations do not a ffe c t the g lid e  o f the m ain  
d is lo ca tio n  l in e .  An exam ina tion  o f F ig . 9 shows tha t the ¡og PP' is a 
p iece  o f edge d is lo ca tio n  tha t can re a d ily  move conserva tive ly  in  the plañe 
in w h ich  the ¡og lie s . However, as can be seen in F ig . 31 a ¡og in  a screw
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Fig* 9 ,Jog formation )jy intersecting 
cdgc dislocations. (After liead.)

d is loca tion  is an edge d is loca tion  and, since this g lides in the plañe 
con ta in ing  its lin e  and Burgers ve c to r, the on ly  way i t  can move conserva tive ly  
is a long the screw -d is loca tion  ax is . I f  the screw d is loca tion  g lides forward 
tak ing  the ¡og w ith  i t ,  then the ¡og is forced to  c lim b  since i t  moves 
perpend icu la r to  its  Burgers ve c to r. As pointed out in the previous section , this 
is a non -co n se rva tive  process in vo lv in g  the fo rm a tion  o f e i'ther vacancies or
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[Courtesy Mcfírme-UUl.
Fig. Jog formation by intersecting 
screw dislocations. (After Read.)

in te rs tit ia ls  depending on w h ich  way the ¡og is forced to c l im b .  A  ¡og tha t moves 
in  such a d íre c tio n  tha t i t  produces vacancies is ca lled  a vacancy ¡og; i f  i t  moves 
in  the opposite d íre c tio n  i t  ¡s an ¡n te rs titia l ¡og . This is one way in w h ich  po in t 
defects are produced du ring  p lás tic  d e fo rm a tio n .

So fa r we have considered on ly  e lem en ta ry  ¡ogs or those w ith  a he igh t equal 
to  one a to m ic  p lañe spacing, but i t  is possible to have com posite  ¡ogs where the ¡og



he igh t ¡s several a to m ic  plañe spacings. Such ¡ogs can be produced, fo r 
e xam p le , by part o f a screw d is loca tion  cross-slipp ing from  the p rim ary  
plañe to  the cross-slip  p lañe , as shown in  F ig . I I .

Cross-Slip

‘ Primary
Slip
Planes

( a )  (b )

Fig. II • Formation of: (a) a múltiple jog; (b) a dislocation dipole.

In th is case, as the screw d is locd tion  g lides forward i t  tra ils  the com posite ¡og 
beh ind, since this canno'r g lid e  in  the forward d ire c tio n . As a resu lt, two 
p a ra lle l d is locations o f opposite sign are created in  the wake o f the m oving  
screw, as shown in  F ig . I I ,  this arrangem ent is ca lled  a d is loca tion  d ip o le .
D ipo les form ed as debris behind m oving  d is locations are frequently  seen in  e lectrón  
m icrographs taken from  deform ed crystals and an exam ple  is shown in Fig 36.

6 . ELASTICITY PROPERTIES OF A  D IS LO C A TIO N

To c a lcú la te  the energy associated w ith , and the d is to rtion  surroundingy 
a d is lo ca tio n  i t  is usual to  consider the d is loca tion  as conta ined in  a continuous 
m éd ium  tha t is everywhere e las tic  and iso tro p ic . It  then fo llow s tha t the stress 
and d isp lacem ents f ie ld  derived on th is assumption w il l  be va l‘id on ly  fo r sm all



strains and w i l l  break down a t the centre o f the d is loca tion  where the 
strains are la rg e . Henee i t  is necessary to de fine  a core to  the d is loca tion  
at c u t-o f f  radius r ^ (  b) inside w h ich  e la s tic ity  theory is no longer 
a p p lic a b le .

Continuum model of a screw 
dislocation.

A  screw d is loca tion  can therefore be considered F ig . 12 as a 
c y lin d r ic a l shell o f length  l  and radius r .  A  d isco n tin u ity  o f d isp lacem ent 
exists o n ly  in  the z  -d ire c t io n ,  i . e .  pa ra lle l to the d is lo ca tio n , and 
defines a n ti-p la n e  stra in such tha t the d isp lacem ent in the re -  y  p lañe is 
u=  V=  0, and tha t in the 2-d ire c t io n  is w= b . The e las tic  stra in thus 
has to  accom m odate  a d isp lacem ent ^  = b around a length 2 ifi*. In an 
e la s tic a lly  iso trop ic  crystal the accom m odation  must occur equ a lly  a ll 
around the shell and ind ica tes the s im p le  re la tion

W = [ b / 2 * ]  tan-1 [ í / / x ]  = b0/ 2,T

in  cartesian , z )  and po la r ( r ,  0,2 ) co -o rd ina tes , resp ec tive ly .
The corresponding (shear) strain y$ g = ( yzq) = b/ 2  ff^cind shear stress 
iq z { -  = ub/2’fT’ f w h ich  acts on the end faces o f the c y lin d e r,
w ith  <f__  a n d r-fl equal to ze ro .yj*
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A lte m a tív e ly ,  the stresses are g iven by

^  = ' yb / 2 * [ y / ¿  + í/2) ]  '

W ’ V = + y 2 ]

a ll o ther stresses being ze ro . The f ie ld  o f a screw d is loca tion  is therefore 
pure ly  one o f shear, having rad ia l sym m etry w ith  no dependence on 0 .
This m a the m a tica l descrip tion  is re lated to the structure of a screw w hich  
has no extra  h a lf-p la n e  o f atoms and cannot be id e n tif ie d  w ith  a p a rticu la r 
s lip  p lañe .

An edge d is loca tion  has a more com p lica ted  stress and strain f ie ld  
than a screw. The d is to rtion  associated w ith  the edge d is loca tion  is one 
o f plañe s tra in , since there are no d isplacem ents along the z  -a x is , i . e .  
y¡ = 0 . In plañe defo rm ation  the only stresses to be determ ined ar^ the 
norm al stresses °yy  along the #  and V axis, respective ly , and the
shear stress w h ich  ácts in the d ire c tion  o f the y -a x is  on planes 
perpend icu la r to the ~ - a x is .  The th ird , norm al stress az = v(a x  + c,J/)  ̂
where v is Poisson's ra tio , and the o ther shear stresses ^yz ar\árzx  are ze ro .
In po la r co-o rd ina tes r ,  & , and z, the stresses are â  , andT .

Even in the case o f an edge d is loca tion  the d isp lacem ent b has to  be 
accom m odated around a ring o f length 2 irJ? so that the strains and the 
stresses must conta in  a term  B/2 irc*. M oreover, because the atoms in the 
región 0 <  0 4. ir are under compression and those in  the región ir ^  0 A 2 ir  
are in tensión, the stra in f ie ld  must be o f the form  (b/2ro* ) / (© ) ,  where 
f  (0) is a func tion  such as sin 0  tha t changes sign when 0 changes from  0 
to 2 tc. It  can be shown, in fa c t, tha t the f ie ld  is described by the stress 
func tion

O o 1
i> = -  Dp I n r s in  0 = -  Di/ In (x  + y  )5 

where D =  p b /2 ir( l -  v) and the stresses are g iven by

ap = a0 = -  (D sin 0)/í»j xr  = (D eos 0 ) /  r  4 .

Because d i f f e r e n t  symbols are used f o r  normal and shear s tr e s s e s *  th e  second  
s u f f i x  in  th e n o ta tion  f o r  normal s t r e s s  can be dropped tíithou t Xoss o f  
o la r i t y  and th e normal s t r e s s e s  w ritten  o^  o , ‘ o ^ . 

*  D efined  in  a normal t e n s i l e  t e s t  as th e r a t io  o f  th e s tra in  in  th e  
tra n sv erse  d ir ea tio n  t o  th a t in  th e a x ia l d ir e c t io n .



in po la r co -o rd ina te s , and

2
OX = -  D?/{3^ +

in cartesian co -o rd in a te s .

The above equations show that the stresses around d is locations fa ll o ff as If r  
and henee the stress f ie ld  is long-range  in na tu re . D is loca tions therefore strongly 
in te ra c t w ith  each o ther e la s tic a lly .  For a screw d is loca tion  the stress f ie ld  has 
rad ia l sym m etry  and consequently the forces between pa ra lle l screw d is locations 
are centra l fo rces. In the case o f edge d is locations the forces are not centra l 
forces.

From the known e las tic  properties i t  is possible to ca lcú la te  the energy 
associated w ith  a d is lo ca tio n  lin e .  The e las tic  strain energy o f a screw d is loca tion  
can be obta ined by tak ing  the strain energy in an annular ring around the 
d is lo ca tio n  o f radius J* and thickness dr  to be (1 /2 ), (b/2*$^m 2 wr . dr .
The to ta l stra in energy per u n it length o f d is loca tion  is then obta ined by ¡n teg ra ting  
from  j*q , the core radius, to ** , the outer radius of the stress f ie ld ,  and is

E -  {\ib^/4v)) |  dr/r=  ( y b^/4 v ) ^ ln  ^ •
J v 0 °  '

W ith  and edge d is lo ca tio n  this energy is m o d ified  by the term  (I -  v ) and henee is 
'N*,50%  greater than a screw. For a u n it d is loca tion  in a typ ica l crystal r o ' “>3 x 10“ ® c m , 
T'-Q, x 10"4 cm , In £r / r ’ol=9 .2 ,  so tha t the energy o f a d is loca tion  is a p p ro x im a te ly y  

b^ per u n it length  or w b ^ ~ 5  eV per atom  p lace threaded by the d is lo ca tio n .
To this va lué  m ust o f course be added the energy o f the core of the d is lo ca tio n , 
w h ich  has been estim ated to be 2 ~ I eV per atom  leng th .

2
Equation 6 shows tha t the energy of a d is loca tion  depends on b , and henee 

d is loca tions w ith  the sm allest b are e n e rg e tica lly  favoured, w h ich  accounts fo r the 
s lip  d ire c tion s  found in  com m on crysta l structures. From stra in-energy considerations 
i t  is also re a d ily  seen tha t two d is locations o f opposite sign (+b and -b ) on the same 
s lip  p lañe reduce th e ir  energy to zero when they move together and a n n ih ila te  each 
o ther; there is there fo re  a fo rcé  o f a ttra c tio n  between them  tha t re lieves the strain 
energy o f the la t t ic e .  Converse ly, two d is locations o f the same sign w i l l  repel e°ch  
o the r, because the stra in energy o f two d is locations on m oving  apart would be

I 4.

2»
V, )  a y

I f l y
= iV  (»

2) y nxif
77u

éf(x - y 2)
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2 x  b , whereas i f  they com bined to fo rm  one d is loca tion  of Burgers 
ve c to r 2b, the stra in energy would then be (2b)^ = 4b2 ; a forcé  of 
repulsión thus exists between the m . The forcé is, by d e fin it io n , equal 
to change in energy w ith  position and for screw d is locations is s im p ly  
F -  W b ^ /2  TfiJ where v  is the distance between the two d is loca tions.
Since the stress fie lds  around the screw d is locations have c y lin d r ic a l 
sym m etry the forcé of in te rac tion  depends on ly on the distance apart, 
and the above expression fo r F applies equal ly  w e ll to paral leí screw 
d is locations on neighbouring s lip  planes.

The forces between paral leí edge d is locations are com p lica ted  by the 
angu la r-dependence  o f the stress f ie ld .  In add ition  to the forcé F 
d irec ted  along the lin e  ¡o in ing  th e ir centres (the centra l forcé tha t fo llow s 
the stra in-energy arguments given above), there is also a forcé tending 
to a lte r the 9 co -o rd ina te  of one d is loca tion  re la tive  to the o the r. Thus, 
edge d is locations o f the same sign on neighbouring s lip  planes w il l  tend to 
a lign  themselves one above the o ther, so that the expanded región beneath the 
one d is loca tion  somewhat compensates the compressed región above the other 
d is loca tion  F ig . 13. Such an arrangem ent o f d is locations constitu tes a sm all 
angle boundary, since a w a ll of d is locations is the easiest way to ¡oin together 
two crystals w ith  sm all m iso rien ta tions, as shown in F ig . 13. By this 
arrangem ent the long-range stresses from  the ind iv id ua l d is locations are 
cance lled  out beyond a distance of the order of h from  the boundary, where 
h is the d is loca tion  separation in the boundary.

Fig. I3.« Small-angle boundary.



C le a r ly , tw o edge d is locations o f opposite sign w i l l  not want to 
lin e  up above each o the r, and ín e q u ilib r iu m  they w i l l  take up a position 
at 45° to each o th e r. A l l  these processes low er the strain energy o f the 
la t t ic e ,  some lead ing  to  a reduction in d is loca tion  dens ity , and consequently 
are m echanism s tha t operate during recovery a fte r d e fo rm a tio n . The process 
o f a lig n m e n t o f d is loca tions in w a lls  is p a rtic u la r ly  im p o rta n t in  the 
annealing  o f severely deform ed crysta ls, cnd is known as p o ly g o n iz a tio n .

The presence o f po in t s ingu la rities  Ín the la t t ic e , i . e .  solute atom s, 
in te rs tit ia ls , and vacancies, also gives rise to e las tic  stresses tha t can 
in te ra c t w ith  the stress f ie ld  around a d is lo ca tio n . The sim piest fo rm  o f 
this in te ra c tio n  is due to the s iz e -e ffe c t, in w h ich  a solute a tom  of 
radius r ~  1 (̂1 + e) is considered to s it in a hole of radius j«q in  an 
e la s tic a lly  iso trop ic  m é d iu m . For a m is f it  param eter tne atom
w il l  produce a sym m etrica l d is to rtion  o f the surrounding m a tr ix  e ithe r 
positive  or n eg a tive , depending on w hether i t  is b igger or sm a lle r than 
r ^ ,  and w i l l  in te ra c t w ith  the hydrosta tic  com ponent of the stress f ie ld  
around a d is lo c a tio n . The in te rac tio n  energy is the work done against th 
loca l stress f ie ld  in producing the d is to rtion  and is g iven by

e

E j = p A7 7.

3where = 4 ^ ^ ^  is the vo lum e change associated w ith  the solute a to m .
For an edge d is lo ca tio n  p  is g iven by the stress equations previously de rived , 
and henee fo r an a tom  situated at a po in t (/©) in íhe f ie ld  o f a positive  edge 
d is loca tion  gives

Et = (4 /3 ) {( l + v ) / ( l  -  v ) } íb a .03 [sin 6 / * ]  8 .

The m á x im u m  va lué  o f S jre a ch e d  when R = i*» b, *  = 1 /3 , and sin 0 -  I,
¡s E j r 8 e ib V 3 ;  w ith  € as 0 .0 5  and ib 3 = 4 e v ,  the in te ra c tio n  energy is 

e V .

To a f irs t app rox im a tion  íhe  atom  does not in te ra c t w ith  a screw d is loca tion  
since there is no d ila t io n  around the screw. However, a second-order d ila tio n  
exists around a screw tha t g ives rise to a non-ze ro  in te rac tio n  fa l l in g  o ff w ith

*H, Pleiderer, A, Seeger, and E, Kronev, Z. Naturforsoh, 1960 15, 758.
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distan ce fro m  the d is loca tion  accord ing  to l / r  • In real crysta ls, however, 
an isotrop ic e la s tic ity  w i l l  lead to  f irs t-o rd e r s ize -e ffec ts  even w ith  screw 
d is locations and henee a substantial in te rac tio n  is to be expected . A  second, 
d iffe re n t, type o f e la s tic  in te rac tio n  can ex is t w h ich  arises from  the fa c t tha t 
the e las tic  constants o f the solute a tom  d if fe r  from  those o f the solvent a to m . 
Such an inhom ogene ity  in te rac tio n  has been analysed+ ^ both fo r rig id  and 
soft spherica l regions; the fo rm e r corresponds to a re la t iv e ly  hard im p u rity  
a tom  and the la tte r  to a vacan t la tt ic e  s ite . I t  is gene ra lly  be lieved  tha t the 
Inhom ogene ity  e ffe c t dom inates the size e ffe c t fo r  va can cy /d is lo ca tio n  
in te rac tions .

2

7 . O R IG IN  OF D IS LO C A TIO N S

From the previous discussion i t  is c le a r tha t most m a te ria ls  conta in  
d is loca tions . A  d is loca tion  density o f 10^ cm  of d is loca tion  lin e  per cm ^ 
is ty p ic a l o f soft w e ll-an n ea le d  m e ta l crystals and 10^ •  10^  e rn /e rn ^  fo r 
h e a v ily  deform ed crys ta ls . The mechanisms whereby the density increases 
from  I0ó to  10^2 c m /c m ^  during  de fo rm a tion  w i l l  be d e a lt w ith  la te r, but 
here we consider the o rig in  o f d is locations and not th e ir  m u lt ip lic a t io n .

I t  m ig h t be thought tha t d is loca tions, lik e  vacancies, are crystal 
defects having  a f in ite  the rm odynam ic  e q u ilib r iu m  concentra tion  a t a g iven 
tem pera ture  above 0 °K . However, i t  is re a d ily  shown that the d is loca tion  
is th e rm o d yn a m ica lly  unstable and should anneal o u t. This in s ta b ility  stems from  
the fa c t tha t the large d is to rtion  associated w ith  the d is loca tion  gives rise to  a 

■f la t t ic e  strain energy tha t raises the in tem a l energy o f the crysta l b y ’ 10® eV per 
cm  le n g th . Entropy changes in  the crystal are n e g lig ib le  compared w ith  th is 
large stra in energy and henee, a lthough g e o m e tr ic a lly  feas ib le , d is locations 
ex is t as th e rm o d yn a m ica lly  unstable la t t ic e  defects .

This behaviour contrasts w ith  tha t o f a vacancy , w h ich  can exist in  
appreciab le  concentrations in  the rm odynam ic e q u ilib r iu m . I f  the energy o f 
vacancy fo rm a tion  is E^ the num ber n o f vacancies among ^c rys ta l sites 
is g iven by

n = AN exp [ - E f / k  r ]  

o r the fra c tio n a l concentra tion

*R, Bullough and R,C, Neman,  P h il.  Mag. ,  1962,  7, S29. 
* *  R. Bullough and R.C, Neman.  J, Phya. Soo. Jopan,  1963, 18, Suppl. I I I , 27*
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o = n flt a A exp [- EjA t ]  9 .

where ^ is  a v ib ra t io n a l entropy te rm  usually taken to  be cióse to u n ity . For 
m ost m e tá is  le V , as 
po in t about one site 
in  size w i th -  I022 a tom  sites, there w i l l  be 10^® la ttic e  vacancies a t 
tem peratures cióse to  ?m. I t  also fo llow s fro m  equation 9 tha t

Table I .  Valúes <eV) o f EnergiesRequired to  Form (Ef) and 

Move ( ®n) V acancies in  Some M etals and A llo y s , toge ther w ith  the

S e lf-D iffus ion  Energy (Ep)

Ag Au Cu A l N i Mg Fe Mo W AuZn N iA l

E f  1.03

? o ,8Ed 1.91

0 .9 8
0 .8 2
1.81

1 .0 - l . l
1.0-1.1 
2 .0 -2 .2

0 .7 6
0 .62
1.38

1.4
1.5 
2 .9

0 .9
0 .5
1.4

2.13
0 .7 6
2 .9

2 .4
1.3
3 .7

3 .3
1.9
5 .2

0 .4 3
0 .4 7
0 .9

1.05
2 .4
3 .4

n < | fo r E f  50 Tm o r ~ 4 e V  per a tom  fo r a lu m in iu m ; henee on ly  defeets w ith  a 
sm a ll va lué  o fE /c a n  ex is t in  s ig n ific a n t numbers in  therm al e q u ilib r iu m  a t a g iven 
tem pe ra tu re . This estím ate  also shows tha t in te rs tit ia l- ty p e  po in t defeets, fo r  w h ich  
E»  — 4eV (since a h igh  stra in energy is required to push the neighbouring  atoms apart in  
order to  lodge an a tom  in  an in te rs tit ia l s ite ), usual ly  occur in  very low  concentra tions 
¡n crysta ls , even a t h igh tem pera tures. Such defeets, u n like  vacancies, are thus 
un im po rta n t in  so lid -s ta te  reactions. I n tersti t i al s in  excess o f the e q u ilib r iu m  
concen tra tion  m ay be fo rm e d , how ever, by bom bard ing the m eta l w ith  h igh-energy 
¡rrad ia tio n  such as neutrons o r ® -p a rtic le s . The fast-m oving  pa rtic les  occas iona lly  
c o llid e  w ith  the atom s o f the structure knock ing  them  o ff th e ir la t t ic e  s ite , so tha t 
eventua l ly  they becom e lodged in  an in te rs tit ia l s ite .

shown in Table I and henee ¡ust below  the m e ltin g  
in  I04 is va ca n t. This means tha t in  a crysta l I cm*’



Crystal G row th

A  d is lo ca tio n  is a g e o m e tr ic a lly  feasib le  d e fe c t, and a lthough the rm od yn am ica lly  
unstable, isessen tia l to  ce rta in  processes o f crystal growth and chem ica l cata lysis 
on crysta l faces. From F ig . 14 fo r exam ple , i t  can be seen tha t a crystal conta in ing  
a screw d is loca tion  tha t emerges on a su itab le  extem al face has a ledge o r step which 
provides sites fo r centres o f chem ica l a c t iv ity  on the fa ce . I t  is possible fo r atoms 
to be deposited on or evaporated from  such ledges w ith o u t destroying the usefulness 
o f the s ite , but w ith  increasing distance from  the po in t o f emergence of the 
d is locations m ore atoms have to be added to  make a com p le te  revo lu tion  and this 
leads to  the fo rm a tion  o f a growth sp ira l, as shown in F ig . 15, the rate o f growth 
o f crystals is therefore increased and henee the growth o f crystals is favoured by the 
presence o f d is loca tions.

Fig. 14.

[('fiur/t'.sij Farada./ So.ifhj. 
Tile end o f a screw dislocation. (A/ter Frank.)

N o n -E q u ilib r iu m  C ooling

By coo ling  a crystal very ra p id ly  from  a tem perature somewhat below its 
m e ltin g  p o in t, e .g .  by quenching a m eta l in to  w a ter, i t  is possible to re ta in  the 
high concen tra tlon  o f vacancies tha t exists in therm odynam ic e q u ilib r iu m  at the 
high tem pera ture  in supersaturated so lu tion . On ageing a t room or s lig h tly  e levated 
tem pera ture , the concentra tion  o f vacancies above the e q u ilib r iu m  concentra tion  
( ~ I0 " I4 )  a t room tem pera ture , d iffuse about inside the c rys ta l. Some o f the vacancies
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[Courtesy Roynl Society. 
Fig.15 Growth pyramid due to a single scrcw dislocation.

(After Burlón, Cabrera, and Frank.)

escape to the surface o f the crystal (gra in  boundary o f a po lycrysta l) and are 
Iost, some are a nm h ila ted  a t d is locations thereby producing c lim b , and others 
group in to  c lusters. These changes can be detected by studying the changes in 
physical propertieS/ such as length and e le c tr ic a l re s is tiv ity , as a function  of 
ageing t im e , and fro m  the k in e tics  o f the process im po rtan t parameters can be 
obta ined section 9 .

A ll these processes reduce the excess p o in t-d e fe c t concen tra tion , but 
the most e ff ic ie n t  m ethod is to  p rec ip íta te  the vacancies to  fo rm  a large



vo id  w ith in  the c rys ta l. P lanar aggregates one a to m lc  laye r ¡n thickness 
are co m m on ly  fo rm ed , and as these aggregates grow the dísc-shaped vo id  
e ven tua lly  becomes unstable and collapses. The process gives rise to a 
p rism a tic  d is loca tion  loop, as shown in  F íg . 16. The Burgers vecto r o f this 
d is lo ca tio n  lies perpend icu la r to the plañe o f the loop and is equal in m agnitude 
to  the spacing o f the la tt ic e  planes on w h ich  i t  lie s . The d is loca tion  loop can 
continué  to grow by c lim b  as a result o f the add ition  o f more cnd more vacancies 
to ¡ogs on the d is loca tion  Une. I t  is re a d ily  shown tha t a vacancy concentra tion  
a , ~ I 0  w ould g ive~*IO  loops o f 300 R d ia . per c m ^ . This c re a te s ^ lO ^  
c m /c m ^  o f d is loca tion  lin e ; henee w ith  more m oderate , but n o n -e q u ilib r iu m , 
co o lin g , such as would occur in casting , i t  is not unreasonable to c re a te '*'*10^ 
c m /c m  . The vacancies usua lly  aggregate on to the c lose-packed ( I I I )  planes 
o f the £ . c . c .  structure , the stacking sequence is then changed from  ABCABCABC to 
ABCABABCA where the arrow ind ica tes the position o f the stacking fa u lt .  I t  is 
therefore ev id en t tha t the d is loca tion  loop endoses an area o f stacking fa u lt  tha t 
has associated w ith  i t  an ex tra  energy y íe rg s /c m ^ ) known as the s ta c k in g -fa u lt 
energy.

Fig. 16. Frank sessile dislocation.



M echan!cal and Thermal Stress

The crea tion  o f a d is loca tion  in  a región o f a crystal tha t is perfect 
c le a r ly  ¡nvolves s lip  over part o f the s lip  plañe in tha t c rys ta l. For such 
homogeneous nuc lea tion  o f d is lo c a tio n  the theo re tica l shear strength of 
a perfect la t t ic e  must be reached w h ich , as we have seen is— p /3 0 .
Since the energy o f a d is loca tion  is several e lectrón  vo lts  per a to m ic  plañe threaded 
by the d is lo ca tio n , therm al a c tiva tio n  cannot help  in the nuc lea tion  process.
The p ro b a b ility  of a therm al flu c tu a tio n  of energy E , tak ing  place is exp

/  kT] and henee, since kT~~\/40eV a t room tem pera ture, therm al a c tiva tio n  
w ould  not reasonably provide > 2 -3  eV ; this energy is much less than tha t o f a 
sm all d is loca tion  loop a few  atom  spacings in d ia m e te r. M oreover, even i f  such a 
loop could be established by some rare s ta tis tica l even t, i t  would require an 
app lied  stress cióse to the theo re tica l shear stress to expand.

A lthough  the app lied  stress is w e ll below  the theo re tica l shear stress, i t  
is nevertheless possible to raise the stress to this leve l in loca l regions o f the 
c rys ta l. For e xam p le , therm al stresses s u ffic ie n t to create d is locations m ay be 
set up in coo ling  m a te ria ls  tha t are poor heat conductors i f  a tem perature grad ient 
o f 10^ d e g C /cm  is produced in  a m a te ria l w ith  a c o e ffic ie n t o f therm al expansión 
o f *H 0 - 5 /d e g C . Stress concentrations can also arise at im p u rity  atoms and 
p rec ip ita ted  pa rtic les  o f su ffic ie n t m agnitude to necleate d is locations heterogeneously. 
A  p a r tic u la r ly  s trik in g  dem onstration o f this is the p rism a tic  punching o f d is loca tion  
loops fro m  inclusions as a result o f the stresses produced by d iffe re n tia l expansión 
or vo lum e change in a p re c ip itó te  during co o lin g . These stresses can be re lieved  by 
the generation o f p rism a tic  d is loca tion  loops at the p re c ip íta te , w h ich  propagate out 
along a g lid e  c y lin d e r from  the p re c ip íta te . The stresses in the v ic in ity  o f a 
p re c ip íta te  are most lík e ly  to be compressive; henee, to re lie ve  the stress requires 
the m ovem ent o f m a te ria l outward away from  the surface ad jacent to the inc lus ions.
In this case the loops generated would be equ iva len t to  p la te le ts  o f in te rs titía l a tom s. 
C onversely, i f  the inc lus ión  contracts more than the m a tr ix , a series o f prispnatic 
loops e q u iva le n t to  vacancy p la te le ts  w ou ld  be punched ou t. The f irs t expe jim ents  
to dem ónstrate th is punching e ffe c t were perform ed by Jones and M itc h e ll,  who 
embedded glass spheres in specimens o f s ilve r ch lo rid e , but m any exam ples o f 
punched-ou t d is loca tions have since been observed using th in - f i lm  transmission e lec trón  
m ic roscopy .

In real m a te ria ls  o ther stress concentrations such as cracks, tw ins, surface 
flaw s, & c . ,  are also capable o f nuc lea ting  d is loca tions.

D,A. Jones and J.W. M itch e ll ,  P h il . Mag. 1958, Zt l .
4
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8 * OBSERVATIONS o f  c r y s t a l  im p e r f e c t io n s .

In recent years many methods have been developed fo r observing d is loca tions, 
stacking fau lts , and even po in t defects in crystals; these inc lude  e tc h -p it t in g , 
decora tion  w ith  im p u rity  atoms and p rec ip íta les , and m icroscopy methods in vo lv in g  
e ith e r, X -ra ys , or gas ions.

Etch P itt in g .

Etching techniques reveal d is locations F ig . 17 by producing sharp pits at the 
points a t w h ich  d is locations emerge from  the surface o f crysta ls. The d ire c t 
correspondence between a d is loca tion  core and an e tc h -p it  was proved in i t ia l ly  
by e tch ing  surfaces e x h ib it in g  growth spira ls, and la te r by Vogel e t a l . , + who 
showed tha t the spacing (h) o f pits in a low -a n g le  t i l t  boundary o f known t i l t  
angle (& ) was in agreem ent w ith  that predicted fo r the spacing o f d is locations 
(h = b /9 )  from  d is loca tion  theory, section 6 .

The m echanism  govem ing the fo rm a tion  o f an e tc h -p it  at a d is loca tion  
is not c o m p le te ly  understood. Im p u ritie s  segregated to  d is loca tion  have an 
im p o rta n t e ffe c t on the e tch ing  behaviour and are probably essential fo r the 
in it ia t io n  o f the p it ,  but "c le a n " d is locations created by de fo rm ation  can be 
e tched, in d ic a tin g  tha t im p u rit ie s , at least in the c rys ta l, are not essential and 
tha t the im p o rta n t param eter is the loca l la ttic e  strain energy associated w ith  the 
d is lo c a tio n . Im p u rity  ions in the e tch ing  reagent are however essential to  p it  
fo rm a tio n , and, since the p it must deepen faster than i t  w idens, a l ik e ly  
m echanism  invo lves the absorption o f im p u ritie s  on the sides o f the p it  to poison 
the surface steps and slow down the rate o f d issolution there .

A  d if f ic u l ty  associated w ith  the e tc h -p it  technique is to ensure tha t pits 
do in fa c t correspond w ith  the points o f d is loca tion  em ergence. I f  the density 
o f d is locations is h igh , i t  is possible tha t only one e tc h -p it  w il l  show up a t a 
c lose ly associated group o f d is locations because o f the lim ita tio n s  of loca l 
reso lu tion . I t  is also possible tha t im p u rity  clusters and not d is locations w il l  g ive  
rise to p its . However, w ith in  these lim ita tio n s  the method is very useful fo r the

+F.L. Vogel, W. G. Pfann, H. E. Covey and F.F. Thomas, Ph/s. Rev. 1955, 90, 489.



24.

d e te rm ina tio n  o f d is lo ca tio n  densities and d is trib u tio n  in m a teria ls  w ith  low 
d is loca tion  contents, i . e .  < lO ^ /c m ^  by e tch ing  successive sections through 
the c ry s ta l. The m ovem ent o f d is locations can also be fo llow ed  by repeated 
e tch ing  o f a crystal a fte r successive s tra in ing . The site of a d is loca tion  at 
rest in a crysta l appears as a sharp-bottom ed p it ,  as shown in F ig . 17 but i f  
the d is lo ca tio n  is moved by a p p lica tio n  o f a stress and the specim en etched 
aga in , the new site o f the d is loca tion  is shown up sharply, w h ile  the oíd p it  
from  w h ich  the d is lo ca tio n  has moved develops in to  a f la t-b o tto m e d  p it .
Since the e tc h -p it  does not pin the d is lo ca tio n , the technique has been used 
ex tens ive ly  fo r the m easurem ent o f d is loca tion  v e lo c ity  üand its  dependence 
on stress a id  tem pera ture  section 10 where y is the distance moved by 
d is loca tion  d iv id ed  by the duration of the stress pulse.

Decoration Technique

The fa c t tha t there is an e lastíc  in te rac tio n  between the strain f ie ld  of 
a d is loca tion  and tha t surrounding a solute atom  or p re c ip itó te  is u ti liz e d  in 
the decora tion  technique fo r revealing d is loca tions. The decoration process 
is usua lly  e ffec ted  by h e a t-tre a tin g  the specimen to enable a second phase 
to p rec ip íta te  p re fe re n tia lly  on the d is loca tions. In m e ta llu rg y , p re c ip ita tio n - 
hardening a lloys  have been exam ined , the p rec ip íta te  revea ling  d is locations 
on the m eta l surface, but in  genera l, most o f the work has been carried out on 
o p t ic a lly  transparent crysta ls .

The techn ique has proved p a rtic u la r ly  useful in studying s ilic o n , where 
the decora tion  is produced by d iffus ing  copper in to  the s ilicon  crystal at 900°C 
so tha t on co o ling  to room tem perature the copper p recip ita tes on d is loca tions.
When the s ilico n  crysta l is exam ined o p tic a lly  by in frared ra d ia tio n , the 
d is lo c a tio n -fre e  areas transm it the in fra -re d  lig h t but d is locations decorated 
w ith  copper are opaque. The firs t observations of d is locations em ployed decora tion  
by means o f pa rtic les  o f p h o to ly tic  s ilve r in transparent crystals o f s ilv e r b rom ide 
and c h lo r id e . In th is case, the s ilve r decoration occurs s im p ly  as a result of 
exposure to  lig h t and no heating is required , thus e lim in a tin g  the m a in  disadvantage 
o f the techn ique , w h ich  is the m o d ific a tio n  o f the d is loca tion  arrangem ent 
during h e a t-tre a tm e n t.



Initial
dislocation

position

(b)

Fig. 17. Etch-pits showing m otion o f  an individual dislocation loop in a 
lithium fluoride crystal. (After Gilman.)



25.

Electron M icroscopy

Electron m icroscopy has now become a w e ll-es tab lished  technique fo r 
studying defects in crysta ls . Essentia lly, this invo lves the preparation o f 
th in  crysta l sections o f the order o f 3 0 0 0 ^  th ick  and exam in ing  them  
in  transm ission in the e lectrón  m icroscope operating at 100 k V . Various 
methods have been developed to obta in specimens s u ff ic ie n tly  th in  to 
transm it e lectrons; these in c lu d e : ( i)  producing th in  sections («0.001 in . )  
by e ith e r ro llin g , spark erosion, d iam ond sawing, or u ltrason ic c u ttin g , 
su itab le  fo r f in a l th inn ing  by chem ica l or e le c tro ly t ic  po lish ing , and

[Ciiurtrxii hist. Phystcs and Plnjsical Sociehj.
Fig. 18, An optical analoguc illustrating the formation o f parallel and 

rotation moiré patterns. (After Pashley.)

( i i )  deposition from  the vapour phase on to a su itab le  substrate.
The instrum enta l resolution o f modem e lectrón  microscopes i s '5 

but the reso lution in the im age is much poorer than this because of 
e las tic  and ane lastic  sca tte ring  o f e lectrons in the specim en. I t  is 
therefore not possible to observe d ire c t ly  the a to m ic  arrangem ent around



dis locations excep t in  c r/s ta ls  w ith  large la ttic e  spacing. Such observations 
have been made on th in  crystals o f p la tinu m  phtha locyan ine fo r w h ich  the 
a to m ic  spacing is ~  12 X . N evertheless, d is locations can be observed ¡n 
m etáis where the spacing is o n ly ^ 2  $1 by m agn ify ing  the a to m ic  d isp lace - 
ments around the de fec t by means o f a m o iré -p a tte rn  techn ique . The 
p rin c ip ie  o f the m ethod is illus tra ted  in F ig . 18 fo r the analogue o f two 
overlapp ing  g ra tings. The m o iré  pattern represents the "b e a t" pattern that 
results from  the two patterns going in and out o f register in  a pe riod ic  fashion 
I f  two la ttice s  w ith  s lig h tly  d iffe re n t spacingsáj and d£ are a llow ed to 
ove rlap , the "p a ra lle í11 m o iré  pattern then has a spacing D as shown in F ig . 
by D = ^¡¿2/ j  D- ^ 2 *  A lte rn a tiv e ly  a ro ta tion  m o iré  pattern can be 
produced by overlapp ing  two la ttices  o f the same spacing but rotated re la tive  
to each o ther by an angle a . In this case, the m o iré  pattern has a 
spacing # g iv e n  by ^  = d/a.

el ect  rons

f inal

image

Fig. Í9. Mechanism of diffraction contrast.
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There are many exam ples of the m o ire  technique applied to the study 
of p re c ip ita te /m a tr ix  in terfaces, grain and sub-grain boundaries, and 
o riented deposits on substrates. These app lica tions are lim ite d , however, 
by the s tringent requirem ents o f the m ethod . In genera l, there fore, the 
e lec trón  m icroscope is not used to resolve the la ttic e  planes d ire c tly  but 
instead d is locations and other defects are made v is ib le  in the instrum ent 
by means o f Bragg d iffra c tio n  o f the electrons in the strain f ie ld  around the 
d is loca tion  co re . This m echanism  of d iffra c tio n  contrast may be understood 
by reference to F ig . 19 w h ich  shows the ray d iagram  fo r electrons passing 
through the o b jec tive  lens o f the m icroscope. A ll rays leaving  the specimen 
in a p a rtic u la r d ire c tio n  are brought to a po in t o f focus in the back foca l 
plañe o f the o b jec tive  lens; this gives an e le c tro n -d iffra c tio n  pattem  o f 
the specim en from  w hich  i t  is possible to dete rm ine  the o rien ta tion  o f the 
c rys ta l and the ffi'kl ) planes d iffra c tin g  the e lectrons. The d iffra c tio n  
pattern and the im age are m agn ified  by two fo llo w in g  p ro jec to r lenses in 
the m icroscope. For norm al b rig h t—fie Id  m icroscopy an aperture is inserted 
in  the b a ck -fo ca l plañe centred over the m ain  transm itted beam to a llo w  the 
in c id e n t beam to  pass through to the p ro jec to r lenses but to b lock the 
d iffra c te d  rays. I t  fo llow s tha t contrast arises in  the b r ig h t- f ie ld  e lectrón  
op tica l im age when regions o f the specimen d if fra c t (or re fle c t) electrons 
s trong ly , since a large part o f the in c id en t beam is then d iffrac te d  away 
and b locked by the ob jec tive  aperture F ig . 19 . The planes d iffra c tin g  
e lectrons are those tha t obey the Bragg law and fo r 100-kV electrons 
( X ^ O .0 4  X ) ,  9 —Io and henee in a perfect crystal the planes are those 
tha t are a lm ost pa ra lle l to the e lectrón  beam . For a crystal conta in ing  a 
d is loca tion  i t  is possible, using a gon iom eter specimen stage, to arrange 
fo r the general crystal o rien ta tion  to devia te  from  the exact Bragg setting 
fo r re fle c tio n  and henee to transm it a strong e lectrón  beam , w h ile  in the 
neighbourhood o f the d is lo ca tio n , but to one side, the re fle c ting  planes 
are t i lte d  in to  the re fle c tin g  pos ition . Such a región therefore d iffrac ts  
strong ly re la tive  to the surrounding perfect crystal and gives rise to a 
región o f low  in tens ity  in the im a rje . This reg ión , usually ~  100 A  in 
w id th , is the d is loca tion  im age .

The t i l t in g  of the re fle c tin g  planes near the d is loca tion  core necessary 
to g ive  a d is loca tion  im age can be seen in F ig .20 . |t  also fo llow s that
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the d is lo ca tio n  im age  does not co inc ide  w ith  the actual d is loca tion  lin e .
The precise nature o f the im age depends on the d iffra c tin g  cond itions and 
varíes w ith  the d iffe re n t re fle c tin g  planes tha t can opérate; under certa in  
cond itions i t  is v is ib le . This cond ition  arises when the re fle c tin g  planes are 
not t i lte d  in to  the Bragg setting by the presence o f the d is lo ca tio n . F ig . 20 
shows tha t th is state o f a ffa irs  prevails when the crystal planes re fle c tin g  the 
e lectrons conta in  the Burgers ve c to r b; i f  g is a ve c to r norm al to the 
re fle c tin g  planes (ftkl), then the in v is ib i l i ty  cond ition  is g iven by g .b  = 0.
The ve c to r g = I/ áyfol is the rec ip roca l la ttic e  vec to r n o rm a lly  used in 
d iffra c tio n  theo ry .

S tacking fau lts  also g ive  rise to d iffra c tio n  contrast e ffe c t. This is 
because the s ta c k in g -fa u lt d isp lacem ent vec to r R, defined as the shear 
pa ra lle l to the fa u lt  in  tha t part o f the crystal below  the fa u lt  re la tive  to 
tha t above the fa u lt ,  w h ich  is regarded as f ix e d , gives rise to a phase 
d iffe rence  o = 2irg.R in  the e lectrón  waves d iffrac te d  from  e ith e rs id e  of 
the fa u lt .  The resu ltan t d iffra c te d  beam from  the fa u lt  depends on the 
depth o f the fa u lt  in  the specim en, so tha t the contrast observed is e ithe r 
u n ifo rm ly  b rig h t o r dark i f  the fa u lt is pa ra lle l to the specimen surface, or 
takes the fo rm  o f in te rfe rence  fringes running p a ra lle l to the in tersection  
o f the fo il surface w ith  the plañe con ta in ing  the fa u lt .  Such fringes are 
g en e ra lly  known as d isp lacem ent fringes, and can occur whenever there is a 
d isp lacem ent o f the la tt ic e  across an in c lin e d  p lañe, such as takes p lace at 
tw ins, p rec ip ita tes  and gra in boundaries.

An im p o rta n t a p p lica tio n  o f th in - f i lm  transmission e lectrón  m icroscopy 
is in studying the d is trib u tio n  o f d is locations in crystals a fte r various therm al 
and m echan ica l treatm ents and the in te ractions between d is loca tions. In 
p a r t ic u la r ,  contrast theory is used in the de te rm ina tion  o f the Burgers 
ve c to r o f any d is lo ca tio n s . It  has a lready been m entioned tha t the contrast 
due to a d is loca tion  becomes ze ro , i . e .  the d is loca tion  is in v is ib le ,

* This CTriterion i s  baaed on the known dinplacements around dislocations 
derived from isotrop ic e la s tic ity ,  and is  also valid for  sligh tly  
anisotropic crysta ls, Houever, some interm etallic compoimds are strongly 
anisotropic e .g . brass, and the in v isih ility  criterion breaks dotm for  
such materials (see A,K. Fleadt M.H. Lorettot and P. Humble, Physica 
Status Solidi, 19^7, 50t SOS 521).



(a) (b)
Fig, 20. Xilting o f reflecting planes around a screw dislocation, orientcd to 

produce: (a) contrast; (b) invisibility conditions.

when g .b .  = 0 . It  fo llow s there fore, tha t i f  the o rien ta tion  o f the 
specim en is changed u n til the d is loca tion  goes out o f contrast w ith  
a single strong re fle c tio n  g opera ting , w h ich  m ay be determ ined from  
the se lected-area  d iffra c tio n  p a ttem , then b lies in  the re fle c tin g  plañe 
fo r w h ich  g is the rec ip roca l la ttic e  ve c to r. In genera l, th is in fo rm a tion  
is su ffic ie n t to enable b to  be de te rm ined , since b w i l l  be the shortest



Ia tt ic e  ve c to r in  the plañe id e n tif ie d  by g . However, i f  another
va lué  o f g can also be found to g ive  in v is ib i l i ty ,  by fu rthe r t i l t in g  o f 
the specim en, then b lies  along the lin e  o f in tersection  o f the two re fle c tin g  
planes id e n t if ie d . For exam ple  I f  fc| Z|) and 2^2) are *wo 
re fle c tin g  planes tha t g ive  in v is ib i l i ty  then b = c Júvw] Is g iven by

£uvw] ~ V j

fo r  a crystal structure o f any sym m etry .

The d isp lacem ent ve c to r R o f a stacking fa u lt  can be determ ined in a 
s im ila r  way since g . R = 0 is the c rite rio n  fo r s ta c k in g -fa u lt in v is ib i l i ty .
In p rac tice  i t  is m uch easier to f u l f i l  the cond ition  g iv in g  zero contrast 
from  the stacking fa u lt  even when g.R  Y  0 . This cond ition  w i l l  arise 
when the d isp lacem en t ve c to r R moves the im ag ing  re fle c tin g  planes norm al 
to themselves by a distance equal to a m ú lt ip le  o f the spacing between the 
planes nd, and since g = \/d this cond ition  is g iven by g.R  = n, where n 
1 ,2 ,3 , & c.

9 . D IS LO C A TIO N S  AN D S TAC KIN G  FAULTS 

IN  TYPICAL METALLIC STRUCTURES

In a previous section  we have considered some o f the fundam ental 
d is lo ca tio n  properties p r im a r ily  based on a s im p le  cub ic  structüre . Real 
m a te ria ls  c ry s ta lliz e  w ith  m ore com p lex  structures and in  these the dis­
loca tions are also som ewhat m ore co m p le x . In this section the com m on 
m e ta ll ic  structure w i l l  be considered.

Face—Centred C ub ic Structure

U n it D is lo c a tio n .

I t  is observed expe rim en taH y tha t in  m etá is w ith  f . c . c .  structure 
s lip  takes p lace  on a ( I I I )  plañe in  a O l0 >  d ire c tio n . The shortest



la tt ic e  ve c to r in this structure is one ¡o in ing  a cube com er atom  to a 
ne ighbouring face -cen tred  a tom  and defines the observed s lip  d ire c tio n ; 
a d is loca tion  w ith  this Burgers ve c to r a /2  (110) is ca l le d a  perfect or 
u n it d is lo ca tio n . F ig . 2 I shows the structure o f an edge d is loca tion  in 
the f . c . c .  la t t ic e ,  from  w h ich  i t  is apparent tha t, in contrast to  the 
s im p le  cub ic  structure , the extra  h a lf-p la n e  is now corrugated Fig 21.
The corrugated plañe o f atoms is made up from  a pa ir o f { 110 } -ty p e  
a to m ic  planes tha t occur in an ababab sequence, and consequently 
g lid e  o f the u n it d is loca tion  necessitates the m ovem ent o f a pa ir o f extra 
h a lf-p la n e s .

Shockley Partia l D is loca tions.

In p ra c tice , i t  is possible fo r the two { l io }  pl anes o f the pa ir 
o f extra  ha lf-p lanes  to g lid e  separa te ly. It  then fo llow s that the s lip  
d isp lacem ent produced by one o f the extra ha lf-p lanes  w il l  not correspond 
to  a w hole  la tt ic e  ve c to r, but instead to a pa rtia l la tt ic e  vec to r; henee the 
d is loca tion  producing i t  is ca lled  a pa rtia l or Shockley pa rtia l d is lo ca tio n .
I t  also fo llow s tha t the la tt ic e  in  the wake of the m oving partia l d is loca tion  
w i l l  not have the co rrect f . c . c .  s tacking, but w il l  conta in  a stacking fa u lt .  
This stacking fa u lt  is shown in F ig . 2 l as the ribbon between the two pa rtia l 
d is locations w ith  Burgers vectors b2 and b3 re spec tive ly . By rearranging the 
structure in  the core o f the d is loca tion  in this w ay, the severity o f the 
d is to rtion  can be m in im iz e d  by spreading the la ttic e  disturbance over a plañe 
ra ther than concentra ting  i t  along a lin e  through the c rys ta l. The energy 
gain m ay be estim ated using F ig . 21 i f  i t  is considered tha t a u n it d is loca tion  
w ith  Burgers ve c to r b| dissociates in to  pa rtia l d is locations w ith  vectors b2 
and b3 accord ing to the reac tion .

b —f  b j  + bg

A  spec ific  e jo m p le  o f this reaction fo r d is locations in the ( I I I )  p lañe is

a/2 ¡JÓT]— a /6 [2lll + <*/6 [ll2]
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The co rrec t Índ ices fo r the vectors invo lved  in such reactions can be deduced 
from  a stereogram o f the s tructure . However, i t  is worth noting  tha t the 
d is loca tion  reaction  is ( i)  a lg e b ra ic a lly  co rrec t, since the sum of the 
components o f the Burgers ve c to r on both sides o f the reaction  are equa l, 
as shown by

a /2  0 ,O , T ] - *  a/ 6 £2 + i j ,  a/ 6 (^T + 1^ <x/ó\_l + 2J

and ( i i )  e n e rg e tic a lly  favou rab le , since the in it ia l d is loca tion  energy is 
p ropo rtionq j to b |^  (= e?/ 2) and the energy of the resultant partia ls  to 
b2 + bg = < ^ /3 . The p a ir o f partia ls  is coupled together by the stacking 
fa u lt  and the co m p le te  extended d is lo ca tio n , as the con figu ra tion  is c a lle d , 
g lides as a s ing le  e n tity  in the plañe o f d issoc ia tion , i . e .  the s lip  p lañe .

The to ta l energy E f o f the extended d is loca tion  depends on the w id th  
o f the s ta ck in g -fa u lt ribbon U , according to

Et  = £ j + E,2 + e \2 + ^

where ^ | / ^ 2  are ener9 'es t^e in d iv id u a l pa rtia ls , ^  ' s in te rac tion  
energy between them  and yW is the energy o f a u n it length o f fa u lt w ith  
w id th  W. The w id th  o f the fa u lt may be estim ated from  a know ledge o f the 
s ta c k in g -fa u lt energy o f the m e ta l.  When the distance separating the partia ls  
is W, the fo rcé  o f e la s tic  repulsión, per u n it length , between them is o f the 
order of

U(b2 . bg) ve?

2iru 24w

and i f  the s ta c k in g -fa u lt energy is Y ,  the forcé per u n it length tending to 
bring  the partia ls  toge ther is also y. The e q u ilib r iu m  spacing is then g iven by

2 
w = Va 

24 wy I I .
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For copper and a lum in íum ,t¿  is thought to be ~  5 and I a to m ic  spacings 
re sp e c tive ly .

M otion  o f Partía is.

In general the d issociation o f a d is loca tion  confines the m ovem ent o f 
the partía is  to g lid e  in  the plañe conta in ing  the stacking fa u lt ;  i f  the partía is 
moved out o f the plañe o f the fa u lt ,  they would leave behind a h igh-energy 
surface o f  m is f it ,  w ith  energy probably as large as the gra in-boundary 
energy Y g .b .  (or 550 e rgs /cm ^ fo r copper). The only way extended 
d is locations can change th e ir s lip  plañe is by firs t constric ting  to re -fo rm  a 
u n it a / 2  {N O ) d is lo ca tio n , fo llow ed  by d issociation o f an in tersecting  p lañe . 
This cross-slip  o f an extended d is loca tion  can occur on ly  i f  the overa ll 
d is loca tion  is screw in  characte r and a possible sequence o f events is illus tra ted  
in F ig . 22 . I t  is im ag ined  tha t the d is loca tion  has been constricted along a

/ Wa Cross Slip 
Plañe

Partíais Primary Slip
Constricted Plañe

Fig. 22. Crosa-slip of a dissociated screw dislocation.

short length because the extended d is loca tion  is held up a t some barrie r ¡n 
the la t t ic e ,  and then the app lied  stress forces the partia ls  toge the r. The 
re -fo rm ed  u n it d is loca tion  dissociates in the cross-slip  plañe and then glides 
as a new extended d is loca tion  in the ( I I I )  p lañe . The constric tion  necessary 
fo r the cross-slip  process w il l  be aided by therm al a c tiv a tio n , and henee the
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tendency to  cross-slip  decreases w ith  decreasing tem pera ture . The constric tion  
¡s also m ore d i f f ic u l t  to fo rm , the w ide r is the separation o f the partía is ; henee 
cross-slip  is less frequent in m etáis of low s ta c k in g -fa u lt energy.

Frank Partia l D is loca tions .

In the above exam p le , the Burgers ve c to r of the pa rtia l lies in the fa u lt  
plañe and henee i t  is capable o f g lid in g . However, when the vec to r does 
not lie  in  the fa u lt  plañe i t  cannot g lid e , and henee i t  is sessile. Such a 
d is lo ca tio n , in troduced by Frank, can be produced by rem oving part of a close- 
packed laye r o f atoms from  the crystal by aggregating excess vacancies, 
produced fo r exam ple  by quenching from  a high tem perature, to form  a d isc- 
shaped vo id  tha t subsequently collapses to g ive  an edge d is loca tion  loop F ig . 16. 
A lte m a tiv e ly ,  a Frank pa rtia l d is loca tion  can be form ed by inserting part of 
an ex tra  la ye r o f atoms obta ined by aggregating in te rs titia ls  (produced, fo r 
e xam p le , by irra d ia tio n  w ith  high-energy partic les) between two norm al planes 
o f a tom s. In each case, the Burgers ve c to r o f the d is loca tion  is a/3 [ l l l j ,  
i . e .  norm a l to the ( I I I )  plañe o f the fa u lt  and equal in m agnitude to the spacing 
o f the c lose-packed planes. A lthough  such d is locations cannot g lid e , then can 
c lim b  by the add ition  or rem oval o f vacancies or in te rs titia ls  re sp e c tive ly .

The Frank d is loca tion  loop o f e ithe r type contains a stacking fa u lt .  For 
the vacancy loop, by rem oving a laye r o f atoms, e .g .  a ^B -la ye r, the stacking 
sequence changes from  the norm al ABCABCABC to ABCACABC. ^o r the 
in te rs ti t ia l loop, by inserting  a B -la ye r the sequence becomes ABCBABC. These 
fau lts  are ca lle d  in tr in s ic  and e x tr ins ic  stacking fau lts , re spec tive ly . S im ila r ly ,  
an A -  o r C - la ye r could be removed instead o f a B -laye r to g ive  o ther in tr in s ic  
fa u lts , and an A - la y e r  inserted between B- and C -layers or a C -la y e r between A - 
and B -layers to g ive  o ther e x tr in s ic  fau lts . Wjnen describing stacking fau lts  i t  is 
conven ient to use the n o ta tion , due to Frank, where the symbol A  denotes any
trans la tion  between a to m ic  planes in the sequence A ^  B ------ ^  C ------- A
tha t g ives the norm al stacking sequence A  A  A  A  fo r an f . c . c .  c rys ta l, and V  
denotes any trans la tion  c  — }  B — ► A --— C that would g ive  AAAS7AAAfor 
the in tr in s ic  fa u lt  sequence and A A W A / a f ° r ex trins ic  fa u lt  sequence.

I t  is ev id en t tha t a stacking fa u lt  can be form ed e ithe r by means o f a 
p a rtia l shear c/6 {112/ on a plañe or by the aggregation of po in t

*
F.C. Frank,  "Symposium on Plástic Deformation o f  Crystalline Solida"t 

p . 89. 1950: Washington D.C. (Office o f  Technical Services, U.S. Dept. 
o f  Conmerce).
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defects on such a p la n e ^  A single o. / 6 (112) shear produces an in tr in s ic  
fa u lt  in d ica ted  by ABCACABC or J^AAVAAA, w h ich  ¡s g e o m e trica lly  
e qu iva le n t to tha t produced by the collapse o f a single p la te le t o f vacancies.
I f  a second shear is perfom^ed on the plañe above the firs t the stacking 
sequences becomes ABCACBCA o rA A A V V A A  and an ex trins ic  
stacking fa u lt  is fo rm ed , Vvh ich  is e qu iva len t to that produced by e ith e r 
aggregatipc) a ring le  p la te le t o f in te rs titia ls  on a close-packed plañe or a 
second p la te le t o f vacancies on the in tr in s ic  fa u lt produced by the firs t 
p la te le t o f vacancies. The schem atic structure o f such a double d is loca tion  
loop is shown in F ig . 17 and exam ples o f s in g le -fa u lte d  (Frank) loops and 
d o u b le -fa u lte d  loops have been observed in quenched a lu m in iu m . The 
observation o f dou b le -fau lte d  loops ind icates tha t i t  is e n e rg e tica lly  more 
favourable  to  nuclea te  a Frank sessile d is loca tion  loop on an existing  
in tr in s ic  fa u lt  than random ly in the perfect la t t ic e , and i t  therefore fo llow s 
that the energy o f the doub le , or e x tr in s ic , fa u lt is somewhat low er than 
tw ice  tha t o f the in tr in s ic  fa u lt ,  i . e .  y e x t. K. 2 y in t .  This has been 
con firm ed  by loop -annea ling  experim ents, as discussed on page 47.

I f  the shear a/b 0 1 2 )  ou* P^ane ^  plañe above A  the
stacking sequence becomes ABC A l BACTB and a coherent tw in  is produced.
The tw in  is thus e qu iva len t to a series o f in tr in s ic  stacking fau lts  on neighbouring 
planes. In p r in c ip ie , such a tw in  could be produced by the aggregation o f 
vacancy p la te le ts  on neighbouring planes; F ig . 17 shows that two in tr in s ic  
fau lts  on neighbouring planes produce an ex tr in s ic  fa u lt ,  and the add ition  of a 
th ird  in tr in s ic  fa u lt would produce a coherent tw in , w h ich  would be e n e rg e tica lly  
favourab le  since y tw in  < Y ¡ n t . <  y e x t . .  I t  is possible, however, to reduce 
the energy o f the crystal fu rthe r by aggregating the th ird  laye r o f vacancies 
between the two previously form ed neighbouring in tr in s ic  fau lts  according to 
the fo llo w in g  sequence

ABCABCABCABC perfect crystal

ABCACABCABC single ( in tr in s ic ) fa u lt  
4 , 4 ,

ABCACBCABC double (ex trins ic ) fa u lt

ABCA BCABC perfect crystal
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ra ther than the tw in  fa u lt

♦ W
ABCACBABC coherent tw in

The aggregation o f vacancies to produce perfect crystal by means o f a ^  
th re e -la y e r sequence has been observed in s low ly quenched a lu m in iu m  
and in  a lu m in iu m -m a g n e s iu m  a lloys+ .

Lom er-C o ttre lI Sessile D is lo ca tio n .

Sessile, i . e .  im m o b ile , d is locations m ay also be form ed by the 
in te ra c tio n  o f two g liss ile  (m o b ile ) d is loca tions. A typ ica l exam ple is the 
¡n te rac tion  between d is locations on in tersecting  { l l l ]  pl anes, such as 
those g lid in g  in the ( I I I )  and ( l l l )  planes. The two u n it d is locations are 
dissociated accord ing  to (F ig .  23).

a A  [Olí] + a / ó [ l l 2 ]

in  ( l l l )  and

a /2 [ioi] —=*■ a /6  [ 2 l l ]  + a /ó  [112]

in  ( l l l ) ,  and under su itab le  conditions i t  is possible fo r the partia ls  to 
com bine accord ing  to

c y 'ó [Í2 Í]  + q/6 [ 2T1]  — *  a / 6  [ l io ]

leav ing  the o ther two partia ls  unaffected by the reac tion . The new partia l 
w ith  ve c to r a/6 {110]  is ca lled  a s ta ir-rod  d is lo ca tio n , since i t  lies along 
the lin e  o f in te rsection  o f two stacking fa u lts . It  is a very low -energy 
d is loca tion  w ith  |b |  =<2/ 2 / 6  and since its Burgers vec to r does not l ie  in 
e ith e r o f the { l l l }  planes but in  the (100) plañe i t  is sessile. Together 
w ith  the coupled partia ls  the s ta ir-rod  d is loca tion  forms what is com m only 
ca lle d  a L om er-C o ttre lI b a rrie r. Such barriers have been observed by 
e lec trón  m e ta llog raphy  in stainless steels tha t have low s ta ck in g -fa u lt

* J,W, Edington and D.R. W est, P h il. Mag, I96$t 14, 603t
*  i>. Rritzinger, R.E. Smallman and P,S. Dóbeon, Acta Met, 1968, 16, in the presa.
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[Courtesy JS'orth-IIolíand Publishing Co.

Fig. 23 Lomer-Cottrell barrier formed by the interaction of an extended dis­
location 011 the (111) plañe, DBC, with one on the (111) plañe ABC. The dis­
locations and stacking faults are given by lines and shading; the lettering 
refers to the Burgers vectors ir» terms of the Thompson relation (see below). 
(Aftcr Knhlmann- Wilsdorf.)

energ ies, and are im p o rta n t in  some theories o f w ork-ha rden ing  in 
f . c . c .  crysta ls .



Thompson Reference Tetrahedron.

A ll  the d is loca tion  structures observed in f . c . c .  crystals can be 
conven ien tly  discussed in  terms of a s im ple  geom etrica l re presentaron 
firs t proposed by Thompson, and since ca lled  the Thompson te trahedron. 
This tetrahedron is constructed from  the fou r d iffe re n t (M il planes such 
that the edges o f the tetrahedron lie  along 0 1 0 }  d irec tions in these 
planes, as shown in  F ig . 24 . The faces are labe lled  at th e ir m id -p o in ts

B

A C

0
Fig. 24 . The Thompson tetrahedron ABCD. The tetrahedron 

is also shown on the left opened out.

by a p yand 6, and the ve rtices opposite these faces by A , B ,C , and 
D (D being be low  the plañe A BC ). The faces o f the tetrahedra m ay be 
considered as ( I I I )  g lid e  planes and the edges g lid e  d irec tions , equal in 
length to  a a / V 2, w h ich  is the m agnitude o f the Burgers ve c to r o f a 
u n it d is lo ca tio n  b = a / 2 {110^ . The Burgers vectors o f the various 
d is locations can then be represented in  the fo llo w in g  m anner:

*N, Thompsont  Proa . Fhys. S oo.t 1953,  0 > L  e e ,  481.
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(1) U n it d is locations o f the type a / 2  ( l i o )  by the edges AB, BC,
& c . ,  the le tte rs  and the order in w h ich  they are w ritte n  covering the 
tw e lve  cases.

(2) Shockley pa rtia l d is locations in to  w h ich  the u n it d is locations 
are d issocia ted , by B a, aC, B y , yC , & c. In any one s lip  plañe -  a , 
fo r exam ple  -  we have Ba + Co = o D , the sum o f two displacements is 
equal to  the negatíve o f the th ird .  The d issociation reaction  g iven by 
equation 10 can then be represented by

BC --------^ Ba +  aC

where BC represents the u n it d is locations in the a plañe and Ba and a C 
the two Shockley partia ls  produced by the d issoc ia tion . I t  can easily be seen 
tha t in  any g iven  ( l l l )  plañe there are six possible d issociation reactions.
The le tte r in g  o f the pa rtia l d is locations can be carried  out co rre c tly  (fo r 
in tr in s ic  fau lts) app ly ing  Thompson's ru le , w h ich  states tha t fo r an observer 
situated outside the reference tetrahedron, look ing  down on the s lip  plañe 
in the pos itive  d ire c tio n  o f the d is lo ca tio n , the righ t-hand  pa rtia l bears the 
Rom án-G reek symbol and the le ft-h a n d  pa rtia l the G reek-Rom an sym b o l.

The cross-slip  reaction  discussed previously can be represented in  this 
no ta tion  by a dissociated screw d is lo ca tio n , say, Ba + « C  in the a p lañe , 
cross-slipp ing in to  the í  plañe by f irs t constric ting  in to  the u n it d is loca tion  
BC and then d issocia ting  in  the 6 plañe in to  the partia ls  B6 and íC  
accord ing to

B a + aC —...-  } BC ------- * B 6 + 6 C

(3) The Frank p a rtia l d is loca tion  has its Burgers ve c to r perpendicu lar 
to the ( l l l )  p lañe on w h ich  i t  lies and is represented by aA, $B, y C , or
5 D . Loops o f edge d is loca tion  form ed on ( l l l )  planes by the condensation o f 
vacancies are com m on ly  observed in quenched f . c . c .  m e tá is , as shown in 
F ig . 17. O fte n  the stacking fa u lt  can be removed by a shearing stress across the 
plañe o f the fa u lt ,  g iv in g  rise to  the spontaneous nuc lea tion  a id  growth o f a 
Shockley p a rtia l in  the fa u lt  p lañe . In this case, the Shockley pa rtia l combines 
w ith  the Frank pa rtia l to  g ive  a u n it d is loca tion  accord ing to a reaction  of 
the type

A a  + a B -------* AB



The u n it d is lo ca tio n  lies on the °  plañe w ith  Burgers ve c to r AB and 
henee is a p rism a tic  d is loca tion  lo o p ; the h igher strain energy o f the 
p rism a tic  is compensated by the e lim in a tio n  o f the stacking fa u lt .
The reaction  is there fore  p a rtic u la r ly  favourab le  in m etáis w ith  high 
s ta c k in g -fa u lt energy.

(4) S ta ir-rod  d is locations w h ich  exist a t the in tersection  o f stacking 
fau lts  on in te rsec ting  f l l l }  planes can also be represented by the 
Thompson te trahedron . The sim plest is form ed a t an acute -ang led  
in te rsec tio n , fo r exam ple  between d is locations on the S p lañe and 
the a plañe F i g . 2 3 . D is locations on the 5 plañe and a plañe can 
d issociate accord ing  to

A B --------► A  6 +  óB (on the 6 plañe)

BD--------V B a +  °0  (on the a plañe)

and when the two Shockley partía is S B and B ^ in te ra c t, a s ta ir-rod  
d is loca tion  w ith  Burgers ve c to r 6a = a / 6  O lO ^  w il l  be produced.
This d is lo ca tio n  has very  low  energy and is puré edge because 6a is 
pe rpend icu la r to its  lin e  BC; i t  is therefore sessíle. I f  the o ther pa ir 
o f partía is  in te ra c t then the resu ltant Burgers vec to r o f the s ta ir-rod  
w i l l  be ( A 6 + aD) w h ich  is o f h igher energy and o f the form  a /3  
{ | | 0 > . This ve c to r m ay also be w ritte n  in  Thompson's no ta tion  as 
A ® /  ^D  and is a ve c to r equal to tw ice  the length jo in ing  the m id -p o in ts  o f 
A a  and 6 D .

Table 2. D is loca tion  Vectors in  the F .C .C .  La ttice
Type Burgers V ec to r Symbol Kelahve bnergy

U n it d is lo ca tio n a/ 2 <II0> AB 1

Shockley p a rtia l q/6 (H2> A6 1/3

Frank p a rtia l </3 {IN> 60 2 /3

S ta ir -ro d  a t acute bend a/6 <11 o> a i  = afi + B? \/9
S ta ir-rod  a t obtuse bend a/3 <I00> BC/fiC = B6 + C 2/9
S ta ir-rod  a t acute bend a/3 <011> A a /A D = A6-+tiD 4/9
S ta ir-rod  a t obtuse bend ?6 <30l> AB/5a = A«+es 5/9
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Fig. Formation of defect-tetrahedron. (a) Frank sessile dislocation loop 
(6) dissociation of Frank partíais; (c) defect tetrahedron. (After Smallman.)



For the in te rsection  a t an obtuse angle o f A $  and B a the  Burgers 
ve c to r o f the s ta ir - ro d  is (A  <¡ + Ba) or A B /ó a a n d  has a ve c to r o f the 
fo rm  qf'6 (  30fy . The p a rtia l B 5 m ay also in te ra c t w ith  C a to g ive  
B C / w ith  a Burgers ve c to r o f  the form  a /3  The various types
o f d is lo ca tio n  tha t could  exist in  the f . c . c .  la tt ic e  are tabu la ted , Table 2 
toge ther w ith  th e ir  Burgers vectors and re la tiv e  energies.

D e fec t Tetrohedron.

In m etá is  w ith  low  s ta c k in g -fa u lt energy, such as gold  or s ilv e r, th ree- 
d im ensiona l defects m ay be form ed in  the shape o f a tetrohedron o f stacking 
fau lts  on t i  n i  planes w ith  a/6 {110^ s ta ir-ro d  d is locations along the edges 
o f the tetrohedron F ig . 23

There are a t least two ways in w h ich  such tetrahedra m ay be fo rm e d .
Perhaps the easiest to  understand is from  the d issociation o f a Frank pa rtia l 
d is lo ca tio n , as o rig in a l ly  proposed by S ilcox  and H irsch. Suppose, fo r 
e xam p le , a Frank loop form s on a ( l l l )  p lañe by the aggregation o f vacancies 
and to low er its  energy is tr ia n g u la r in shape w ith  edges pa ra lle l to the three 
O lO ^  d ire c tion s , AB, BC, and C A , in  the ( l l l )  p lañe . A  frank d is loca tion  
w ith  Burgers ve c to r a / 3  ( l l l )  ,  o r óD i f  i t  form s on the 6 plañe o f the Thompson 
te trohedron , can low er its energy by d issociating  in to  a Shockley p a rtia l and a 
s ta ir-ro d  accord ing  to

6D------  ̂ 6y + YD (fo r the d is loca tion  along AB)
¿D *— t 6a + aD (fo r the d is loca tion  along BC)
¿D------1 + gD (fo r the d is loca tion  along CA)

where the d is locations w ith  Burgers vectors Syr Sa, and 60 are s ta ir-rod  
d is locations and those w ith  vectors yD, a D , and $D are Shockley partia ls  
g lis s ile  in  the Y ,  a ,  and 8 planes re sp ec tive ly . G e o m e tr ic a lly , as 
shown in  F ig . 25 this means tha t each o f the three Shockley portia ls  g lides 
away fro m  the o r ig in a l plañe o f the loop leav ing  behind a s ta ir-ro d  a t the 
position  fo rm e rly  occupied by the Frank loop, and crea ting  new stacking 
fa u lt  on the three in te rsecting  8 ,  and Y planes. A t the lin e  of 
in te rsection  o f the or B, S - Y  /  °nd  Y -® planes the Shockley partia ls  com bine

V. Silcox and P.B. Hirsch,  Phil, Mag. l9E0t 4t 72.



to  produce three a dd itio n a l s ta ir-ro d  d is loca tions, y a , afl, and The
d e fe c t then consists o f a tetrahedron o f stacking fau lts  w ith  s ta ir-rod  
d is locations a long its  s ix edges.

•k
More re ce n tly , deJong and K oeh ler have proposed tha t in  quenched 

specimens the tetrahedron form s by growth rather than by d issoc ia tion , and tha t 
the nucleus fo r a tetrahedron is a sm a ll, th ree -d im ensiona l vacancy c lus te r.
The sm allest c lus te r tha t is able to co llapse to a fo u r-a to m  tetrahedron and 
subsequently grow by the absorptíon o f vacancies is a h exa -vacancy . Then, since 
on ly  s in g le , d i - ,  and tr i-va ca n c ie s  are present in  a specimen im m e d ia te ly  
a fte r quench ing , the nuc lea tion  o f a tetrahedron requires the fo rm a tion  o f a te tra - 
vacancy by d i-v a c a n c y  coalescence or a single vacancy w ith  a tr i-v a c a n c y , w h ich  by 
com b ina tion  w ith  a d i-v a c a n c y  gives a h exa -vacancy . Support fo r  the growth 
m echanism  is now qu ite  strong, since tetrahedra approaching 3000 R in  size have 
been observed in  g o ld , w h ich  is much la rger than the 400-500 A  expected fro m  
the d issocia tion  m echan ism , and few  tetrahedra are observed+ in quenched 
specimens tha t have been up-quenched to I00°C  where the te tra -vacancy  com p lex  
is unstab le . Recent observations^ have also shown tha t the tetrahedra grow in 
the presence o f an excess vacancy concen tra tion .

A lthough  tetrahedra probably fo rm  by growth fo llo w in g  a quenching 
tre a tm e n t, the tetrahedra produced by de fo rm ation  no doubt fo rm  by a 
d issoc ia tion  m echan ism .

Measurem ent o f S tack ing -F au lt Energy.

Com pared to  incoherent in terfaces and boundaries ( i . e .  free surfaces 
and gra in  boundaries) the energies o f coherent boundaries, ( i . e . ,  tw ins 
and stacking fau lts ) are qu ite  low , because there the a to m ic  structure~is very 
much less d isordered. The surface energy o f a m eta l is g iven a pp rox im a te ly  
by the re la tion  Yg-'W b /8  and the g ra in -boundary energy has been estim ated 
in  Section 6 to be Y g .b .  y b /2 0 , or about o ne -th ird  tha t o f the surface energy.

*
M. de Jong and J. S. Koehler,  Phya. Pev.t iPfíZ, 1291 40, 49, 

+R' Segall and L. Clarehrouah,  Phil, Mag. s I9f4, 9, 865, 
^I . Johneton,  P.S. D oh son and RtE. Smallman, impublished work.



For copper, the experim en ta l valúes are YS«H750 e rgs /cm 2 and Y g .b .  550 
e rg s /cm 2 . The s ta c k in g -fa u lt energy is therefore expected to  be Ys . f .  ** 100 
e rg s /cm 2 and, in  fa c t,  valúes fo r d iffe re n t m etáis and a lloys  range fro m  a few  
e rg s /cm 2 a f ew hundred e rgs /cm 2 .

The energy o f a stacking fa u lt  can be estim ated from  tw in -boundary 
energies since a stacking fa u lt  ABCACABC m ay be regarded as two overlapp ing 
tw in  boundaries CAC and A C A , across w h ich  the next-nearest neighbouring 
planes are w rong ly  stacked. In f . c . c .  crystals any sequence o f three a to m ic  
planes not in  the ABC or CBA order is a stacking v io la t io n  and is accom panied 
by a d is to rtiona l energy c o n tr ib u tio n . A  tw in  has one p a ir o f second nearest 
neighbour planes in the wrong sequence, two th ird  neighbours, one fourth  ne ighbour, 
and so on; an in tr in s ic  stacking fa u lt  has two second nearest neighbours, three 
th ird , no fou rth  nearesí neighbour v io la tio n s , and an e x tr in s ic  fa u lt  has two second 
nearest ne ighbour, fo u r th ird , and three fourth  v io la tio n s . Thus, i f  n e x t-n e x t 
nearest neighbour in te rac tions are considered to make a re la t iv e ly  sm all 
co n tribu tio n  to the energy, then an approx im ate  re la tion  y |  = YE = 2 YT ' s 
expected to  be obeyed, The results g iven in Table 3 show tha t th is is a reasonable 
app rox im a tion  in  most m e tá is , a lthough fo r some m etáis such as n icke l the 
agreem ent is poor.

Table 3 Twin Energies, S tack ing -F au lt Energies and D is loca tion  

W idths o f Some Common F .C .C .  Metals

M etal YT/ e rg s /cm 2 y s . f  . ergs/cm 2 wA>

Ag 15 20 9 .0

Au 33 45 3.1

Cu 22 -  32 80 3 .5

N i 26 -  51 240 2.1

A l 71 135 1.08
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The free  energies o f in terfaces can be determ íned fro m  the e q u ilib r iu m  
fo rm  o f the t r ip le  ¡unction  where three in te rfaces, such as surfaces, gra in 
boundaries, o r tw íns, m e e t. For the case o f a gra in  boundary in tersecting  
a free surface, shown in  F ig . 26then

y g .b .  = 2ys eos 9 /2 ,

and henee Y g .b .  can be obta ined by measuring the d ihedra l angle 0 and 
know ing  Y s .  S im ila r ly ,  measurements can be made o f the ra tio  o f tw in -  
boundary energy to  the average g ra in-boundary energy, and in cases 
where an absolute va lué  o f the la tte r  is know n, an estím ate o f YT ai d 
thus Ys>f .  can be made Table 3 . In genera l, the abundance o f annealing 
tw ins observed in  f . c . c .  m etá is and a lloys is a good q u a n tita tive  guide to 
the fa u lt  energy, and shows fo r exam ple  tha t YAl>Y Cu>Y<*ferass*

H igb* reso lu tion  e lec trón  transmissiorl m icroscopy has now made i t  
possible to  observe d ire c t ly  stacking fau lts  and w id e ly  dissociated 
d is loca tions in  various crysta ls and an estím ate o f Y$,f# can be made from  
such observations. I t  is not possible, hpw ever, to obta in  re lia b le  valúes 
m e re ly  by m easuring the w id th  o f an extended ribbon , since the w id th  is 
sensitive  to  lo ca l stress cond itions in  the th in  f o i l .  Instead, i t  is necessary 
to m ake measurements on e q u ilib r iu m  s ta c k in g -fa u lt configura tions such 
as those observed in  d is loca tion  networks ly in g  in  ( l l l )  planes in  f . c . c .  
c rys ta ls . When an extended d is loca tion  on the a -p la ñ e  w ith  Burgers ve c to r 
DC------> D« + <*C F ig . 22 interseets a d is loca tion  on the 6 -p la n e  w ith

F ig . 26.



ve c to r CB —■■■■■ f  C 6 + 6 B, the d is locations constric t a t the in tersection  
and then CB dissociates in  the ® plañe to C « + ° B  com b in ing  
spontaneously w ith  the ® C o f the intersected d is loca tion  to produce the 
d is lo ca tio n  a B. This pa rtia l aB is then pu lled  down in  the a plañe and 
the resu ltant d is loca tion  network takes the fo rm  shown in F ig . 27 of 
extended and contracted nodes; when the com m on partía is  o f two extended 
d is locations lie  on the same side o f the node an extended node is fo rm ed, 
but when they lie  on opposite sides, the node is con trac ted . From a 
m easurem ent o f e ith e r the radius o f curvature R or the w id th  W o f an 
extended node i t  is possible to obta in  a measure o f the s ta c k in g -fa u lt energy 
o f the m e ta l or a llo y .  T h is fo llow s because the forcé  per u n it length tending 
to stra ighten the d is loca tion  lin e  a t the node (F = T /ft,  where T is the lin e  
tensión and R the radius o f curvature) is balanced by the opposing forcé  
per u n it  length Y due to the stacking fa u lt  tending to con trac t the node. In 
e q u ilib r iu m  the radius o f curvature o f the node is g iven by

R = T /  y«,yb2/ py

where fe depends on the characte r o f the d is loca tion  a t the node.

The node m ethod suffers from  being lim ite d  to m a teria ls  having 
y / y b  K 3 x  I0 "3,  the upper l im i t  fo r w h ich  extended nodes are observed 
in  the m icroscope. For valúes o f Y/í* b up to 10 2 a method based on 
the observation o f fa u lt  tetrahedra has been proposed w h ich  in  its present 
fo rm  invo lves the m easurem ent o f the m á x im u m  size o f s ta c k in g -fa u lt 
tetrahedron and the m ín im u m  size o f Frank loop form ed by d e fo rm a tio n .
I t  is assumed tha t Frank loops are form ed from  a g liss ile  d is loca tion  
con ta in íng  a sessile jog and i f  the Frank loop is less than a c r it ic a l size 
i t  w i l l  d issociate by the reaction  discussed on page 41 to fo rm  a s tack ing - 
fa u lt  te trahedron . The energy path invo lved  in this d issociation has been 
analysed and the ca lcu la tio n s  a llo w  a va lué  o f Y / u b  to be determ ined 
from  the m á x im u m  edge length o f the tetrahedron ( L j ) .

For in te rm e d ía te  and hígh s ta c k in g -fa u lt energy valúes a method
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Fig. 27> Formation of extended nodes. (After Whelan.)

based on the annealing  o f fau lted  d is loca tion  loops has been developed by 
S m allm an and his co -w orke rs . O n heating a m eta l fo i l con ta in ing  such 
loops, vacancies are em itted  and the loops shrink by c l im b ,  The d riv in g



forcé fo r  the c lim b  process arises fro m  the lin e  tensión o f the d is loca tion  
and the stacking  fa u lt  and is g iven  by

Fc = 1 ^ / 4 * ]»  (I -  v ) j  In j r / t j  + y 12.

A t large loop sizes the con tribu tion  from  the fa u lt  fa r outweighs tha t due to the 
d is lo ca tio n , so tha t Fc y ,  and in  p rin c ip ie  the s ta c k in g -fa u lt energy can be 
de te rm ined  fro m  measurements o f the c lim b  rate o f fau lted  d is loca tion  loops.
In th in  fo ils  i t  is observed tha t the d iffus ion  o f vacancies to the fo il surface 
Controls the c lim b  o f d is loca tion  loops and fo r large fau lted  loops the annealitng 
rate is g iven  by

(dr/dt)p  -  - 2 * 0 / b  In ^ A j { exP (y B *A t ) -  l j  13.

where D -  a^ vexp  is the c o e ff ic ie n t o f s e lf-d iffu s io n , and i:  the
fo i l th ickness. The pre exponentia l factors in the rate equation can be obta ined 
by contro l experim ents on unfau lted  d is loca tion  loops and a va lué  o f y l s f  = 135 -fc. 
20 e rgs /cm  has been deduced fo r the in tr in s ic  s ta c k in g -fa u lt energy. S im ila r 
annealing  experim ents on e x tr in s ic a lly  fau lted  loops in  a lu m in iu m  g ive  Y^ s r =
180 ± 20 e rgs /cm  .

D is loca tions in Hexagonal Structures

In a hexagonal c lose-packed structure the most c lose ly  packed p l° "e  
o f atoms is the basal p lañe (0001) and the most c lose ly packed d irec tions <1120/, 
w h ich  o f course lie  in  the basal p lañe . The sm allest u n it la tt ic e  '
<II20> and henee the usual s lip  d is loca tion  has a Burgers ve c to r a /3  U I2 U / and 
a lides in  the (0001) p la ñe . O th e r d is loca tions do ex is t, however, and these can 
be represented in  a no ta tion  s im ila r  to tha t fo r the f . c . c .  structure , but us.ng a 
double tetrahedron instead o f the s ing le  tetrahedron discussed fo r f . c . c .  structures. 
The double tetrahedron ,  is shown in  F ig . 23 and its use leads to the fo llo w .n g  s im p le

types o f d is lo ca tio n : ^

( i)  S ix pe rfec t d is locations w ith  Burgers vectors in  the basal p lañe 
along the sides o f the tr ia n g u la r base ABC . They are AB, BQ C A , BA, CB 

and A C .

*A. Berghezan,  A. Fourdeux and S. AmelinePx,  Acta Met. 19PI, 9. 464



( i i )  S ix p a rtia l d is locations w ith  Burgers vectors in  the basal plañe 
represented by the vectors A i ,  Bo ,  C o ,  and th e ir negatives. These 
d is locations arise from  d issociation reactions o f the type

A B -------V A  o + o B

( i i i )  Two perfec t d is locations perpend icu la r to the basal plañe 
represented by the vectors ST and TS o f m agnitude equal to the c e ll he igh t 
c .

( iv )  Partia l d is locations perpend icu la r to the basal plañe represented 
by the vectors <*S, o T, S<* , T o o f m agnitude c /2 .

(v) P artia l d is locations represented by vectors AS, BS, CSf A T , BT, 
and C T. A lthough these vectors represent a d isp lacem ent from  one a to m ic  
s ite  to ano the r, the resultant d is locations are im p e rfe c t because the two 
sites are not ¡d e n tic a l.  Such d is locations could  even tua lly  dissociate 
accord ing  to

A S ---------- } A  o + o S, i

but since the resu ltan t Burgers ve c to r are m utua l ly  perpend icu la r, the 
s ta b il ity  o f AS cannot be decided on the basis o f energy p roportiona l to 
the square o f the Burgers v e c to r. The energies o f the various d is locations 
are g iven  on a re la tiv e  scale in

Table 4 .________D islocations in the Hexagonal C .P . Structure
Type AB A <r ST <rT AS

D ire c tio n  .

Strength

Energy

[ l l2 0 ]

a

a2

LÍ100]
a /3

a ^ /3

[oool]
c

c2 = Sa^/3

(booQ
c /2

2a2/3

[22 0 3 ]

V (q2/ 3  + c 2/ 4 )  

a2
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Fig. 2 8 . Double tetrahedron for hexagonal lattices. 
(After Berghezan, Fourdeux, and Amelinckx.)
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I f  instead o f the idea l ax ia l ra tio  c /a  = 1.633 the real va lué  is used, 
then the valúes o f ST, T o , and AS w i l l  be increased by a sm all am ount 
fo r c /a  g reate r than ideal and reduced fo r c /a  less than id e a l.

There are m any s im ila r it ie s  between the d is locations in the h .c .p .  
and f . c . c .  structure and, as a consequence, i t  is not necessary to discuss 
them  in great d e ta il.  However, i t  is in s truc tiva  to consider the two basic 
processes o f g lid e  and c lim b .

D is loca tio n  G lid e .

A  perfec t s lip  d is loca tion  in the basal plañe AB = a /3  [ l l2 0 ]  and 
this can dissociate in to  two pa rtia ls  separating a ribbon o f stacking fa u lt  by a 
reaction

AB 1 f  A  o +■ o B

This is id e n tic a l w ith  the reaction  in the f . c . c .  la t t ic e  and the w id th  o f 
the s ta c k in g -fa u lt robbon is again inverse ly p roportiona l to the s tack ing - 
fa u lt  energy. There are very few measurements o f y fo r hexagonal m etá is 
but care fu l observations by means o f the loop -annea ling  techniques show 
tha t Y fo r z in c  is 140 e rgs /cm ^ and fo r m agnesium  125 e rg s /cm ^ . D is loca tions 
in these m etá is  are therefore not n o rm a lly  w id e ly  d issociated. A  screw 
d is lo ca tio n  ly in g  along a CT2Í0] d ire c tio n  is capable of g lid in g  in  the three 
d iffe re n t g lid e  planes but the extensión in the basal plañe w i l l  be s u ffic ie n t to 
m ake basal g lid e  easier than e ith e r pyram ida l (1011) or p rism a tic  (1010) g lid e . 
Pyram idal and p rism a tic  g lid e  w i l l  be m ore favoured at high tem peratures in 
meláis w ith  very  h igh s ta c k in g -fa u lt energy. I t  is also observed tha t non-basal 
s lip  is favoured in m etá is w ith  c /a  <  1 .633.

D is loca tion  C lim b .

In hexagonal la ttic e s , i f  vacancies aggregate as a p la te le t,  as shown 
in  F ig . 2 9 the resu ltant co llapse o f the disc-shaped c a v ity  would bring two 
s im ila r  layers in to  co n ta c t, w h ich  is a s itua tion  in co m p a tib le  w ith  c lose -pack ing  
and ind ica tes  tha t s im p le  Frank d is locations are possibly e n e rg e tic a lly  unfavourable 
in  h .c . p .  la ttic e s . This un favourab le  s itua tion  can be removed by e ith e r o f two
*
P,S. Dob8on and R. E. Smaltman,  Proo, Roy, Soc. 1966, 2,9.7, 423.
«7. Harris and B. Maaters,  ibid . ,  1966 (aJ 292, 240,
R. Hales, R.E, Smaltman,  and P.S, Dobson,  ib id ,,  1968, ¿71 the presa.
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p¡g#29 % Dislocation-loop formation in hexagonal latticeB.

m echanism s, in  F ig . 29(c) the stacking o f a B la ye r is changed to  a C p os ition . 
The Burgers v e c to r o f the d is loca tion  loop w i l l  be of the oS type and the energy 
o f the fa u lt  w i l l  p robably be high because o f the three next-nearest neighbour 
v io la t io n s . In F ig . 29 (d) the loop is swept by a pa rtia l d is loca tion  w h ich  
changes the stacking o f a ll the layers above the loop according to the ru le  
A — * B ” " *  C A .  The Burgers ve c to r o f the loop is o f the type AS, fro m  the 
d is lo ca tio n  reaction  A  o + oS  ■ —) AS, and the associated stacking 
fa u lt  should have an energy somewhat less than the previous exam ple  because 
there is o n ly  one next-nearest neighbour v io la tio n  in the stacking sequence. In 
z in c  these fa u lte d  d is lo ca tio n  loops are capable o f growth or shrinkage by 
c lim b in g  during  the a dd ition  o r rem oval o f po in t defects to  the d is loca tion  lin e , 
as studied in  some d e ta iI fo r z in c  by Dobson and S m a llm an .

10. THE STRENG THENING  OF METALS

Ideal C rysta ls.

The ease w ith  w h ich  m eta l crystals can be p la s tic a lly  deform ed a t 
stresses m any orders o f m agnitude less than the theo re tica l strength 
( = p b/2j[a  ) is q u ite  rem arkab le . This property is due to the g lid in g

High-energy 
stacking fault I

(c)

A -
B-
A -
B-
A -
B-
A -
B-

Low-energy 
i stacking fault]
.----------B---------L

-c-
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criA—

-A-
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a b i l i ty  o f a d is loca tion  in  a p e riod ic  crystal structure as illus tra ted  in 
F ig . 30. A t sym m etrica l positions in the la t t ic e , ind ica ted  in  F ig . 24 
the d is loca tion  is in  neutra l e q u ilib r iu m , because the a to m ic  forces ac ting  
on i t  from  each side are ba lanced. As the d is loca tion  moves from  these 
sym m etrica l la tt ic e  positions some im ba lance  o f a to m ic  forces does ex is t, 
but th is is q u ite  sm a ll, p a r tic u la r ly  in  w ide d is locations where the transition 
fro m  the slipped to the unslipped región is spread over severaI (e .g .  f iv e  or 
m ore) a tom  distances in the crystal F ig . 31 • The w ide r the d is loca tion  the 
more nea rly  do the a to m ic  forces ac ting  on the d is loca tion  fro m  e ith e r side 
ca n ce l. The perfec t crysta l la ttic e  therefore offers very l i t t le  resistance to 
the m otion  o f ad is loca tio rv  and henee i t  is capable o f m o v ing , lik e  an 
e las tic  w ave, a t ve ry  high speeds through the c rys ta l.

D ire c t m easurem ent o f d is loca tion  v e lo c ity  "0 have now been made in 
some crystals by means o f the e tch -p itt in g  techn ique; the results o f such 
expe rim en t are shown in F ig . 32 . Edge d is locations move faster than screws 
and the v e lo c ity  o f both varíes rap id ly  w ith  app lied  stress t  according to

o o o ¿ <> <»

“  v \ r  i "

B («>

[Courtexy !'< ¡ jam ón l'rexs.

Fig. 30. Equilibrium positions for a dislocation. (After Gtlman.)
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Fia. ^  . Wide and narrow edge dislocations. (After Cottrell.)

where tq  is the stress fo r u n it speed and n is an index tha t varies fo r 
d if ie re n t m a te r ia ls . The in d e x n is usua lly  low  ( ~  2) fo r in tr in s ic a lly  
hard, c o -v a le n t crystals such as germ an ium , between 10 and 40 fo r  b . c . c .  
crysta ls, and h igh (^2 0 0 ) fo r in tr in s ic a lly  soft f . c . c .  c rys ta l. A  c r it ic a l 
stress is required to  start the d is locations m oving  and denotes the onset o f 
p lás tic  d e fo rm a tio n . The y ie ld  stress detected in a m aqw copic tensile  test 
is a re la t iv e ly  insens itive  mensure o f the onset o f p lástic  de fo rm ation  and is 
re la ted  to  the d is lo ca tio n  m oving  a t some fin í te v e lo c ity  (e .g .~ *  100 A /s e c ) .  
C a lcu la tions  o f the in fluence  o f tem perature on v e lo c ity  fo r several d iffe re n t 
m a te ria ls  in d íca te  tha t the low er the test tem perature the h igher is the stress



[Coitrtesy “ J. A P h y a i c s

Fig. 32 Dislocation speeds in LiF. 
(After Johnston and (filman.)

leve l required to produce the same fí ni te v e lo c ity ,  w h ich  is consistent w ith  
the increase in  y ie ld  stress w ith  decreasing tem pera tu re . In genera l, the 
d is loca tion  m o b ility  is re la ted to the tem perature-dependence o f the stress 
fo r  g lid in g  and is sm a ll fo r f . c . c .  crystals but large in most o ther crysta ls, 
p a r tic u la r ly  a t low  tem peratures.

In contrast to the theo re tica l strength, t m f the in tr in s ic  strength o f a 
crysta l is the stress to m ove an ex is ting  d is loca tion  in  an otherw ise perfect 
c ry s ta l. This stress depends sens itive ly  on the w id th  V o f a d is lo ca tio n , since 
we have seen tha t w governs the d is loca tion  m o b ility ,  and the s im p le  
sinusoidal fo rce -d is tance  re la tionsh ip  used in section I to ca lc ú la te  Tm ' s



given by Peierls and Nabarro as being of the fo rm

15.

w ith

W = w b /2  "(I -  v )  Tm = « (I -  v )

where a is the in te rp la n a r spacing and V is Poisson's ra t io , ind icates tha t 
the tw o opposing factors a ffe c tin g  W are ( i)  the e las tic  energy o f the 
c rys ta l, w h ich  is reduced by spreading the e las tic  strains ou t, and ( í i)  the 
m is f it  energy, w h ich  depends on the num ber o f m isa ligned atoms across 
the s lip  p lañe . M etals w ith  close-packed structures have d is locations 
tha t are extended in  c lose-packed planes; m oreover, since these planes 
are the most w id e ly  spaced, i . e .  have a sm all b / a  fa c to r, the a lig nm en t 
forces are weakest between th e m . These m etáis have h igh ly  m ob ile  
d is locations and are in tr in s ic a lly  so ft. In contrast, d ire c tion a l bonding in  
crysta ls tends to produce narrow d is locations, which leads to in tr in s ic  hardness 
and b rittleness . Extreme exam ples are the co -v a le n t crystals such as diam ond 
and S ilicon and ce ram ic  crysta ls . Eshelby+ has shown that the m o b ility  o f a 
d is lo ca tio n  is g iven by

S = 4" (&> /b )  exp £ -2  irc,/bj 16

where W (= K d/2<$ is the w id th  o f the d is lo ca tio n , and o  is the shear modulus 
in  the g lid e  d ire c tio n  on g lid e  planes o f spacing d .

Because o f th e ir  in tr in s ic  softness, most m etáis and a lloys in  com m erc ia l 
a p p lica tio n  are hardened by p lac ing  obstacles in the paths o f g lid e  d is locations 
to  h inde r th e ir  m o tio n . The most com m on obstacles are la ttic e  defects such as

4
R,E. P eierle, Proó, Phys. Soo.t 1040,  52, 34,
F,R,N, Nabarro,  ibidt 19471 591 256.

*J, E8helbyt Pkit, Mag. 1949,  40, 905,



o ther d is locations (a lthough a d is loca tion  weakens a perfect crystal the 
add ition  o f m ore d is loca tion  brings about a strengthening, because the 
d is locations m u tu a lly  obstruct one another), gra in boundaries, and im p u ritie s  
or solute a tom s.

Real C rysta ls.

The m ovem ent o f in d iv id u a l d is locations has been discussed in 
sections 2 and 4 . The am ount o f s lip  produced by a s in g le -u n it d is loca tion  
is sm all and in  p rac tice  the p lás tic  de fo rm ation  o f crystals must in vo lve  
the m ovem ent o f ve ry  m any d is locations; fo r exam p le , a s lip  step, v is ib le  
under the lig h t m icroscope as a s lip  lin e , must be at least 3000 A  in 
he igh t and henee*- 1000 d is locations must have g lided  in a g iven s lip  band.
In genera l, the to ta l shear stra in produced w i l l  be the sum o f the contribu tions 
fro m  a ll the in d iv id u a l d is locations tha t have m oved. Suppose in  F ig .33 
tha t, instead o f a s in g le -u n it d is loca tion  there are

T

T

---------------- L |--------------*-
F ig . 33. Shear produced by glicling 

dislocations.

pL|l-2 d is locations m ov ing , where P is the density o f d is locations defined 
as the num ber o f d is locations threading u n it área o f the specim en. I f  these

*p ia aleo defined as the tota l length o f  dielocatione in unit 
volume,  i . e . pom o f  dislocation Une per c m i . e . p/om^.



m ove co m p le te ly  across the crystal the shear stra in w il l  be

Y = P L|L2(b /L 2)

but i f  the average distance each d is loca tion  moves is x  then the average 
shear stra in w i l l  be

Y = P L 1L2(b /L 2) ( ¿ /L | ) = Pbx |7 .

I f  the d is locations m ove 10 ^ c m .  w h ich  ^s the size o f an average sub-grain 
then the m á x im u m  strain produced by 10 d is locations per cm 2, the density 
usua lly  observed in  annealed crysta ls, is on ly  a fra c tio n  o f 1% ( y = 10® x 3 x I0“ ®x I0"" ) 
even i f  they are a ll capable o f g lid in g . In p ra c tice , p lástic  strains o f > 100% can be 
achieved and to  produce these large strains the in -g row n d is loca tion  must 
m u lt ip ly  during  s tra in in g . Some o f the mechanisms whereby d is locations o rig in a te  
have been ou tline d  in  Section 7 . However, to exp la in  the m ovem ent o f large 
numbers o f d is locations in  a g iven  s lip  band the concept of a d is loca tion  source 
has been in tro du ce d .

The p r in c ip ie  o f the d is loca tion  source, f irs t discussed by Frank and R ead,* 
is illu s tra te d  in F ig . 3 4 .  The d is loca tion  lin e  PQ of length I  lies in  a s lip  plañe 
represented by the plañe o f the paper and is held at both ends by some sessile 
la tt ic e  fea tu re  such as a d is loca tion  node or m ú lt ip le  ¡og. Under the ac tion  of 
an app lied  shear stress the d is loca tion  bows ou t, as shown in F ig .34 the radius 
o f curvature  decreasing w ith  increasing stress T according to the re la tion  R = M b/r . 
The d is loca tion  adopts a se m ic ircu la r fo rm  F ig . 34 when T = v b / l  and 
w ith  fu rthe r increase in  stress the d is loca tion  lin e  expands as shown in (c) and (d ). 
Between positions (c) and (d) parts o f the loop tha t approach each o ther below  the 
lin e  PQ m eet and a n n ih ila te  each other to fo rm  a closed loop . By this process the 
o rig in a l d is lo ca tio n  source is regenerafed inside a continuous loop . The process can 
therefore be repeated and a series o f loops generated, each loop producing u n it 
s lip  as i t  expands in  the s lip  p lañe .

D ire c t observa t i ons have shown tha t in  m etáis w ith  high s ta c k in g -fa u lt 
energy, e .g .  b . c . c .  m etá is and in ion ic  and co -v a le n t m a te ria ls , a m o d ific a tio n  
o f the Frank-Read source m echanism  operates. In this case the source d is loca tion

*F. C, Frank and W,T, Read,  "Phys. Rev, 1950, 79, 722,



57.

(a) (b)

(c) t

¡s fo rm ed by the repeated cross-slip  o f lengths o f screw d is loca tions, as shown 
in  F ig . 36 . The source, anchored by m ú lt ip le  jogs ly in g  in  the cross-slip  p lañe , 
expands in  the m anner described above. The screw components o f the expanding



g lid e  loop are capable  o f cross-slipp ing again to  form  a new source and 
the w hole process can be repeated by cross-g lide m u lt ip lic a t io n .  In this 
way a s ing le  d is lo ca tio n  loop is able to expand, m u lt ip ly ,  and spread to 
ne ighbouring  paral le í s lip  planes to produce a w ide s lip  band.

D is loca tions are able  to m u lt ip ly  by c lim b  as w e ll as g lid e , provided 
tha t a supersaturation o f vacancies is present in  the v ic in ity  o f the d is loca tion  
The p re c ip ita tio n  and c lustering  o f vacancies in  the la ttic e  g ive  rise to 
m ono layer ca v itie s  tha t subsequently collapse to d is loca tion  loops, as already 
discussed. When the vacancies p rec ip íta te  on d is locations tha t are in i ti al ly  in 
o r near, puré screw o ríen ta tion , h e lica l d is locations are form ed by c lim b  as 
o r ig in a lly  suggested by Seitz . The helices m ay be considered, fo rm a lly , as

F ig . 3 5 . Cross-glide m ultip lica tion  of dislocations. (After Oilman.) 
result o f the in te ra c tio n  o f a row o f p rism atic  loops w ith  the o rig ina l screw 
d is lo ca tio n , as shown in  F ig . 36. When the vacancies p rec ip íta te  on to an 
edge d is lo ca tio n  a c lim b  source m ay opera te. The operation o f such a

F. Seitz ,  Adoanoes in VhyaicB, 19521 l t 43.



loop

\C’ourlesy Acadentie Press. 

F ig . 36 . (After Smallmrtn and Rikuvi.)

Bordeen-Herring source is the c lim b  equ iva len t o f the s lip  source proposed 
by Frank and Read. The source d is loca tion  pinned a t its ends moves in  a 
plañe perpend icu la r to  the Burgers ve c to r, i . e .  by c lim b , as a result o f

F ig . ^ *  (Afler Smallman and Eikum.)



vacancies condensing on to i I ,  and no t, as in  the s lip  case, by the 
m ovem ent in  the plañe con ta in ing  the Burgers v e c to r. The process is 
shown sch e m a tica lly  in F i g .  37. Bordeen and Herring d id not discuss 
the nature o f the anchoring points o f the source d is lo ca tio n , but the 
source must end on d is locations having a screw com ponent i f  i t  is to 
rem ove m ore than one plañe o f a tom s. This new type of source was ^ 
o r ig in a lly  detected and investiga ted by W estm acott, Barnes and Sm allm an 
and has since been observed by several other workers.

A llo y  H arden ing.

The a dd itio n  o f solute atoms to a crystal increases the stress to move 
a d is lo ca tio n  and thereby causes hardening. The increase in g lid e  stress 
arises fro m  several causes, one o f the m ain  contribu tions being the in te rac tio n  
o f the added a tom  w ith  g lid e  d is locations through th e ir e las tic  strain f ie ld .
The exten t o f the hardening depends, however, on the d is tribu tion  o f a llo y in g  
atoms and fo r a random sol¡d so lu tion is weak because, on the average, the 
fo rcé  exerted by an atom  against the d is loca tion  is countered by an equal 
and opposite forcé  on the d is loca tion  from  an atom  behind i t .  In contrast, 
a non-random  d is trib u tio n  o f solute gives rise to a greater hardening. Such a 
d is tr ib u tio n  is produced by ageing the a llo y  a t a su itab le  tem perature to a llo w  
the atom s to  d iffuse  and segretate e ith e r ( i)  on d is locations or ( ¡ i)  in to  sm all 
groups or c lusters. C lustering  com m on ly  occurs fo llo w in g  the ageing o f a 
supersaturated so lid  so lu tion  and the hardness associated w ith  the process is 
known as p re c ip ita tio n -h a rd e n in g .

The segregation o f solute atoms to d is locations takes p lace to re lie ve  
the d is to rtion  tha t surrounds a g iven solute atom  in the perfect la t t ic e .  Thus, 
a substitu tiona l solute a tom  b igger than the solvent atom  w il l  tend to segregóte 
to  sites in  the expanded región below  the extra  h a lf-p la n e  o f an edge d is loca tion  
and sm all substitu tiona l atoms to the compressed reg ión; in te rs tit ia l atoms w i l l  
tend to segregóte in to  the large in te rs tit ia l site below the h a lf-p la n e .

The phenomenon o f the sharp y ie ld  po in t in  iron or m ild  steel has been 
a ttr ibu ted  to  the segregation o f carbón and n itrogen atoms to d is loca tion  in  
iro n . F ig . 38 is a ty p ic a l stress/strain curve showing tha t the stress drops 
sharply fro m  the upper y ie ld  p o in t A  to the low er y ie ld  po in t B, to be fo llow ed

*K.H. Weatmacottt R.S. Bornes and R.E. Smallmant Phil. Mag. 19621 7% 1585.



by the y ie ld  e longa tion  BC when a m acroscopic band o f de fo rm a tio n , known as 
a Luders band, propagates down the tensile  specimen a t app rox im a te ly  constant 
stress, before the specimen work-hardens, C D . C o ttre ll and B ilby+ proposed tha t, 
a fte r annea ling , d is locations in  iron are im m o b iliz e d  by atmospheres o f carbón 
o r n itrogen atoms and on stra in ing  are unable to move at the stress at w h ich  a 
free  d is loca tion  w ould n o rm a lly  g lid e . On raising the stress to the u ltím a te  
y ie ld  p o in t the d is locations are tom  away from  th e ir atmospheres and once 
fre e , the stress to  continué  d is loca tion  g lid e  is low er than tha t to  start g lid e .
I f  an overstrained specim en (curve 2) is im m e d ia te ly  retested, no y ie ld  po in t 
is observed because the d is locations are free from  im p u rity  lo ck ing  and s im p ly  
continué  th e ir  g lid e  m o tio n . However, i f  a specim en is aged (e .g .  10 m in  or m ore 
a t I00°C  fo r iron ) to  a llo w  the im p u r ity  atoms to segregóte again on the 
d is loca tions, the y ie ld  p o in t reappears on stra in ing (curve 3 ). This process is 
known as s tra in -age ing  and the increase in  strength associated w ith  the retum  of 
the y ie ld  p o in t is known as s tra in -age—hardening. It  is now known that the

F ig . 38.

C o ttre ll-B ilb y  theory holds on ly  fo r cond itions o f weak lo ck in g , i . e . ,  very 
short ageing tim e s . This p o in t is discussed in  m ore de ta iI in  the section 
on po lycrysta ls  on page 71 .

A.R. C ottrell and B,A, Bilby,  Proa, Phya. Soc.t 1949, £4], 62, 49,



The segregaron o f solute atoms in  the la ttic e  gives rise to p re c ip ita tio n  
o r d ispers ion -harden ing . Common exam ples in p rac tice  are to be found 
in  many a lu m in iu m  a lloys , w h ich  are f irs t quenched from  "** 500°C to 
re ta in  the solute e lem ents, p a rtic u la r ly  copper, in supersaturated solid 
so lu tion  and then aged a t ~  I50 -200°C  to p rec ip íta te  the solute atoms 
in  a co n tro lle d  m anner. For lig h t ageing treatm ents the copper atom s, 
fo r e xam p le , c lus te r in to  p la te le ts  coherent w ith  the { |0 0 }  planes o f the 
a lu m in iu m  m a tr ix , but on subsequent ageing the clusters, or zones as 
they are c a lle d , grow in to  incoherent zones and f in a l ly  d e fin ite  p rec ip ita tes .

In i t ia l ly ,  the strength o f the a llo y  is that o f a supersaturated solid 
so lu tion  and the con tribu tions to the strength are those that arise in general 
fo r  so lid  so lu tions. The shear strain a t a distance of ** from  a solute atom  
o f radius is z r^ / r^  and this gives rise to an average in te rna l stress 

=ue<3, where c  is the solute concentra tion  and t  (= I/a da / d e )  
the m is f it .  M o tt and N abarro  id e n tify  this in te rna l stress w ith  the flo w  
stress o f the a llo y  when the m in im u m  radius o f curvature to w h ich  
d is locations can be bent by the in te rna l stress is sm a lle r than the mean 
separation d o f the stress centres, w h ich  in this case are solute atom s.
The m in im u m  radius o f cu rva tu re , R, is re lated to the lin e  tensión o f the 
d is loca tion  and the stress va lué  by

T¿b = TR 18.

w h ich  fo r T ^ j j j b ^  g ives b/4c; ty p ic a lly  e = 0 .1 , o  = 0 .0 2 , 
and henee « í^^lO O b. In so lid -so lu tion  a lloys or a lloys conta in ing  very 
f in e ly  dispersed p re c ip ita te s , d  is very sm all ( " * b / ' / ^  ) and therefore the 
loca l stress fie ld s  are not s u ff ic ie n tly  large to bend a d is loca tion  around 
each in d iv id u a l stress centre (F ig . 39). The lin e  cannot fo llo w  the sharply 
changing stress f ie ld  and henee has to override the stress f ie ld .  Thus, under 
stress, a f i ni te length L o f d is loca tion  lin e  has to move to a llo w  the centre 
to  m ove through a d istance ^  from  one e q u ilib r iu m  position to the n e x t. 
The lin e  experiences a non-van ish ing  stress o f m agnitude

t<? = T^4/4Laeyc o  19.

*
N. P. Mott and F. F. N. Nabarro, "Peport o f  a Conferenoe on Strength o f  
Solide*t p .I 1948: London (Physioal Society).
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(a)

(b)
F|g, 39. Interaction of dislocation with procipitatcs.

A  som ewhat larger va lué  o f We<y¡s obta ined i f  L is taken to be the 
radius in to  w h ich  the average in te m a l stress bends the d is lo ca tio n . Such 
a theory predicts tha t so lid -so lu tion  hardening is d ire c t ly  p roportiona l to  
the solute concen tra tion  and this is gen e ra lly  observed in  p ra c tic e . 
However, the theory overestim ates the f lo w  stress in  f . c . c .  a llo ys , but 
gives m ore nea rly  the co rrec t m agnitude in  b , c . c .  a llo ys .

A d d itio n a l con tribu tions to the flo w  stress can arise fro m  solute atom s: 
( i)  by v ir tu e  o f an inhom ogene ity  in te rac tio n  w ith  the d is lo ca tio n , and 
( i¡ )  fro m  the presence o f short-range o rder. The fo rm e r has been considered



by F le ischer+ in  terms o f the d iffe rence  in shear modulus between the 
solute a tom  and the m a tr ix , to account fo r the hardening in copper- 
and silve r-based a lloys  by a com b ina tion  o f size in te ra^ tio n  w ith  screw 
d is locations and shear m odulus. However, recent work shows tha t 
the F le ischer analysis o f so lu tion -harden ing  is not a pp licab le  to s ílve r- 
base a llo ys . In the case o f ordered a llo ys , long-range order is overcom e 
by the m o tion  o f supei^d is locations but when short-range order exists in 
a h a llo y  the passage o f a single d is loca tion  w il l  destroy the loca l order 
across the s lip jdane , producing a m ore nearly  random h igher-energy 
co n fig u ra tio n . Thus, i f  yp is the disordering energy per u n it área o f 
s lip  p lañe , this w i l l  be the work done ' n rnoving a u n it length o f d is loca tion  
across u n it  d istance o f the s lip  plañe x b , and henee

t  = yD A  20 *

It  is considered tha t short-range ordering is responsible fo r a s ig n ifica n t 
part o f the y ie ld  stress o f a -b rass .

P rec ip ita tion  o ften  f irs t takes p lace by the fo rm a tion  o f sm all clusters 
o f solute atoms o r zones tha t are coherent w ith  the m a tr ix , and henee are 
cu t by d is locations m oving  in  the m a tr ix  la t t ic e .  This behaviour is 
con firm ed  by e lec tron -m ic roscope  observations. C le a rly , i f  the dimensions 
o f the zones or p rec ip ita tes  is sm all in  the d ire c tion  of c u ttin g , the strength 
w i l l  be tem pera tu re -dependen t. In genera l, there fore, the y ie ld  stress at 
this stage is govem ed by the stress necessary to fo rcé  d is locations through 
the p re c ip itó te , con tribu tions to w h ich  m ay arise from  the e las tic  stra in f ie ld  
near the p re c ip íta te , the disordering o f the p rec ip íta te  structure when the 
m a tr ix  d is loca tions pass through, and any d iffe rence  in e las tic  modulus or 
s ta c k in g -fa u lt energy between the p rec ip íta te  and the m a tr ix .

+H,L. Fleischer, Acta M et,, 1961, 9, 996; 1963t 11, 203; J, Appl, Physias,  
1962, 33, 3504,

M. M, Hutchinson and R,W,K, Honeycombe,  Metal Sci, J .,  1967, l ,  70,
44

P,B. Hirsch and A, K elly, Vhil, Mag., 1965, 12, 881,



The e las tic  stra in provides a s ig n ifica n t con tribu tion  to the y e ild  
stresses in  a lloys such as a lu m in iu m -co p p e r con ta in ing  zones, often 
term ed G .P . zones a fte r G u in ie r and Preston who firs t detected them , 
o r p rec ip ita tes , and co p p e r-b e ry lliu m  a lloys , where the p rec ip ita tes are 
coherent w ith  the m a tr ix  la t t ic e ,  and this is g iven by

T =  2 u c f  2 1 .

where e = l / a  da/de is the m is f it  o f the p a rtic le  in the m a tr ix  and 
/  is the vo lum e  fra c tio n  o f p re c ip itó te  or dispersed phase. The m áx im um  
co n tribu tio n  arises when the partic les  reach a c r it ic a l dispersión such that 
the d is locations are able to bend around in d iv id u a l pa rtic les , i . e .
R = ¿HOOb, (F ig . 39 ) .  However, even fo r such dispersions the d is locations 
have to cu t through the p rec ip ita tes and are subject to considerable short-range 
in te rac tio n s . These in vo lve  d is rup tion  o f the a to m ic  bonds at the surface and 
inside the p rec ip ita tes  such that the flo w  stress is g iven by

T = 22.

Here i s a rneasure o f the disorder created by the d is loca tion  and includes 
the energy o f the add itiona l m a tr ix -p re c ip ita te  form ed by shear, the 
disorder energy due to change o f nearest-neighbour atoms across the s lip  p lañe , 
and the energy o f any in te rface  d is locations fo rm ed . This type o f chem ica l 
hardening^is im p o rta n t in a lum in ium -based  a lloys  w ith  s ilve r and z in c  and in 
N im o n ics  w ith  N i_ A I p rec ip ita tes , where the p a r t ic le /m a tr ix  m is f it  is s m a ll. 
An add itiona l con tribu tio n  to the flo w  stress m ay arise from  the d iffe rence  in 
s ta c k in g -fa u lt energy Y  ̂ between the m a tr ix  and the p a r t ic le ,+ p a rtic u la r ly  
in  a lloys where the o ther sfrengthening mechanisms do not p redom ínate . The 
e ffe c t arises from  the d iffe re n t d is loca tion  w id th  inside the p a rtic le  and in  the 
m a tr ix  and prediets a va ria tio n  in the flo w  stress w ith  p a rtic le  size according to

T = o&y 2 3 -
S • T •

*
Trade ñame o f  Eenry Wiggin and Co. Ltd. ,  

+P.B. Eirsoh and A. Kellyt Loo. Cit.
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F i o . 41 .Schematic strcss/straiu curve from f.c.c. crystal, showing 
3-stage hardeniug.



where L is the separation between the pa rtió les . W ith  such a dispersión 
the specim en is said to be overaged. As shown in  F ig .40 when the 
d is location  by-passes the p a rtic le  a d is loca tion  loop is le ft  around i t ,  
and w ith  the passage o f successive d is locations m a n / such loops are 
fo rm e d . Thus, concurren tly  w ith  the decrease in  y ie ld  stress the rate o f 
w ork-ha rden ing  increases i f  the partic les  are s u ff ic ie n tly  strong, because 
o f the tu rbu len t f lo w  around them . These loops also produce a stress in  
the p a rtic le  w h ich  is much h igher than on the s lip  plañe as a w ho le .
This e ffe c t, in w h ich  the partic les ac t Iike  rig id  pegs across the s lip  p lañe, 
was firs t discussed by Fisher, Hart, and Pry and is known as the (F .H .P .)  
e ffe c t.  The l im it in g  strength o f the a llo y  is con tro lled  by this e ffe c t, 
since i f  the pa rtic les  arew eak they y ie ld  or break under the stress from  
the p ile -u p  o f loops. V ery  strong solids w ith  strengths o f the order of 
10” *  y can be produced w ith  10% vo lum e fra c tion  o f pa rtic les , in  a very 
f in e ly  dispersed fo rm .

W ork-Hardening

In genera l, the m u lt ip lic a t io n  o f d is locations during p lástic  de fo rm ation  
increases the stress necessary fo r d is loca-ion  m o tio n . This is known as 
w ork-ha rden ing  and the m agnitude o f the hardening depends sensitive ly  on 
the d is trib u tio n  o f d is loca tions. For a crystal oriented fo r s lip  on a single 
fa m ily  o f s lip  planes, the d is locations m oveion pa ra lle l s lip  planes when 
the in it ia l y ie ld  stress is exceeded. Under such conditions on ly s lig h t w o rk - 
hardening occurs, as shown by the easy-g lide  región or Stage I in the typ ica l 
stress/strain curve fo r a f . c . c .  single crystal (F ig . 41 ) .  The exten t o f 
Stage I is sm all and y—0 .0 1 -0 .1 depending on o rie n ta tio n , tem pera ture, and 
p u rity  o f the specim en; in  close-packed hexagonal crysta ls, however, in 
w h ich  s lip  occurs m a in ly  on basal planes, easy g lid e  is much more extens ive .
In easy g lid e  the d is locations m ostly g lid e  out o f the crystal at the free surface, 
as ind ica ted  by the s lip - l in e  pattem  w hich  is o f fin e  s lip  w ith  very long s lip  
lines com parab le  w ith  the d iam e te r o f the specim en. This stage is te rm ina ted  
because o f the occurrence o f sm all amounts of s lip  on secondary systems 
in te rsecting  the p rim a ry  g lid e  planes; these d is locations are ca lled  forest 
d is loca tions . The secondary s lip  m ay be ac tiva ted  by the stress concentrations 
produced where p rim a ry  g lid e  d is locations have p ile d -u p  against previously 
stopped d is loca tions, im p u rity  p a rtic le s , and even the oxide f i lm  on the 
surface, or because the crysta l ro ta tion  re la tive  to the stress axis tha t takes



p lace  during  d e fo rm a tion  brings a second s lip  system in to  a favourable
o r ie n ta tio n . Crystals oriented to  g lid e  on two s lip  systems (F ig .42 )
from  the s ta rt, usua lly  begin p lás tic  de fo rm ation  w ith  stage I I ,
o m itt in g  stage I c o m p le te ly . W hatever the reason, this tu rbu le n t, ra ther
than la m in a r f lo w , o f d is locations leads to a stage o f strong w o rk -
harden ing , in d ica te d  in F ig . 41 as stage I I .  The w ork-harden ing  rate
in  this stage, also ca lle d  the linea r-ha rden ing  reg ión, is dr/dy = 0 | | ^ lO ^ y
and is a pp ro x im a te ly  independent o f tem pera tu ra . Three-stage hardening
is also observed in  b . c . c .  m e tá is , but the w ork-harden ing  rate is a l i t t le
less than in  f . c . c .  crysta ls, i . e .  0 ¡ j ^  u /5 0 0 . Several mechanisms fo r
s ta g e -ll hardening have been proposed, in w h ich  the flo w  stress is con tro lled
e ith e r by long-range  stresses from  p ile d -u p  groups of d is locations or by
in te rac tions  w ith  forest d is locations1̂  by sessile ¡ogs on g lid in g  d is loca tions, +
o r by bow ing out o f lengths o f d is loca tion  in  the n e tw o rk .^  The hardening
rate depends on the arrangements o f d is locations assumed. A t present, d e ta iled
e lec trón  m ic roscop ica l cbservations on the nature o f the d is loca tion  structure
in  deform ed crysta ls are a v a ila b le  on ly fo r copper, but general observations
on o ther f . c . c .  crysta ls and some b . c . c .  crystals have revealed d ipo les, tangles,
and ce ll structures s im ila r  to those found in copper. W ork-harden ing  models
based on a n o n -u n ifo rm  d is trib u tio n  o f d is locations alone are a pp lica b le  and
tha t proposed by H ir s c h ^  fo llo w in g  an e lec tron -m ic roscope  study o f copper,
is o u tline d  here.

E lectron m ic roscop ica l observations show that in stage I bands o f d ipoles 
are form ed (F ig . 43) e longated norm al to the p rim a ry  Burgers ve c to r d ire c t io n . 
The ir fo rm a tio n  is associated w ith  iso la ted forest d is locations and in d iv id u a l 
d ipoles are-*l pm i n length  and a few  hundred Angstroms w id e . D iffe re n t 
patches are arranged a t spacings o f*- 10 im  along the lin e  of in te rsection  o f a

A Seeger, "D isto-ations and Meohanicál Proparties o f  Crrjstale”,  p. 243, 
1957: New York and London (John Wiley).
At

Z.S. Basinski,  Phil. Mag. 1959, 4, 383.
*P.B. fíirsah, ib id , 19621 7, 67, See also N.F. Mott, Trans. Met. Soo. 
A.I.M .E. 1960, 218, 962.
tD. Kuhimann-Wiladorf, Trans. Met. Soo. A.I.M .E. 1962, 224, 1047.
**P.B. fíirsoh and J. Steeds. nThe Relation beU)een Struoture and Meohanioal 
Properties o f  Metalsn,  Vol. J, p .39. 1963: london (H.M. Stationery O ffice).
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P.B. Hirsóh, ib id . ,  p .48.
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F i g . 12. Steieograpliic projectionH of: (a) slip planes A -D  and dircotions 
(b) tcrminology of slip planes. (Aftcr Chrebrovgh and Ilargreaves.)

secondcr/ s lip  p lañe w ith  the p rim ary  s lip  p lañe . W ith  increasing stra in m 
stage I the size o f the gaps between the d ipo le  clusters decreases an 
therefore the stress required to push d is locations through these gaps mcreases.



The room tem pera ture  w ork-ha rden ing  rate in  stage I i s — l/5000  in 
f . c . c .  and M / I 0 ,  000 ¡n b . c . c .  crysta ls . Stage II begins (F ig . 43) 
when the app lied  stress plus in te rna l stress resolved on the secondary 
systems is s u ff ic ie n t to ac tíva te  secondary sources near the d ip o le  clusters. 
The resu ltíng  loca l secondary s lip  leads to loca l in te rac tions between 
p rim a ry  and secondary d is locations both in the gaps and in the clusters o f 
d ipo les , the gaps being f i l le d  w ith  secondary d is locations and short lengths 
of o ther d is loca tions created by in te rac tions , e .g .  L om er-C o ttre ll 
d is locations in f . c . c .  crystals and & ( j0 0 )  - ty p e  d is locations in b .c . c .  
crysta ls . D is loca tion  barriers are thus form ed surrounding the o rig in a l 
sources.

In stage II (F ig . 4 3 ) ¡t ¡s proposed in  the m odel tha t d is locations 
are stopped by e las tic  in te ra c tio n  when they pass too cióse to an ex is ting  
tangled región w ith  high d is loca tion  dens ity . The long-range in terna l 
stresses due to the d is locations p ilin g  up behind are p a r tia lly  re lieved  by 
secondary s lip , w h ich  transforms the d iscrete p ile -u p  in to  a región o f 
h igh d is lo ca tio n  density con ta in ing  secondary d is loca tion  networks and 
d ipo les . These regions of high d is loca tion  density act as new obstacles 
to d is lo ca tio n  g lid e , and since every new obstacle is form ed near one 
produced a t a low er s tra in , tw o -d im ens iona l d is loca tion  structures are 
b u ilt -u p  fo rm in g  w a lls  o f an irre g u la r ce ll s tructure . W ith  increasing 
strain the num ber o f obstacles increases, the distance a d is loca tion  g lides 
decreases, and therefore the s lip - l in e  decreases in stage I I ;  si i p— line  
m e ta llog raphy  ind ica tes tha t the length L o f s lip  Iin^s in stage II 
varies accord ing to the re la tion  L = ^ y -y *  ) where Y is the stra in at 
the onset o f stage II and A  is a co ns ta n t^1 0 _ 4 c m . In this m odel, the 
w ork-ha rden ing  rate depends m a in ly  on the e ffe c tiv e  radius o f the 
obstacles, considered to be a constant fra c tion  ^ o f the d iscrete  p ile -u p  
length  on the p rim a ry  s lip  system, and is g iven by 0 | |  = fc l/ 8n, For 
a f . c . c .  crysta l w ith  o rie n ta tio n  in the centre o f the stereographic u n it 
tr ia n g le  k —  1/12 and 9 || ~  y /30 0 .

The onset o f stage I I I ,  or pa rab o lic , hardening is strongly tem pera tu re - 
dependent and m e ta llog raphy  shows that the length o f the s lip  lines increases 
su bs tan tia lly , the s lip  lines being in terconnected w ith  short cross-slip  lines . 
The w ork-ha rden ing  rate is low er than in stage I I ,  m a in ly  because screw
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D is lo ca tio n  structure in  deform ed copper s ing le  c rys ta l: a) i n Stage I ;  
b) a t the beg inn ing  o f Stage I I ;  c) a t the end o f Stage I I ;  d) in  Stage I I I .
(A fte r  Steeds.)



d is locations can cross-slip  and so by-pass the obstacles tha t hindered 
d is lo ca tio n  m otion  in the previous stage. E lec tron -m e ta llo g rap h ic  
observations on sections o f deform ed crystal in c lin e d  to the s lip  plañe 
F ig . 43 (d) show the fo rm a tion  o f a ce ll structure in  the form  o f boundaries, 
a pp ro x im a te ly  pa ra lle l to the p rim ary  s lip  plañe of s p a c in g ^ l -  3pm , 
plus o ther boundaries extending norm al to the s lip  plañe as a result o f 
cross-s lip .

Polycrysta ls.

M etals n o rm a lly  used conta in  a large num ber of random ly oriented 
grains, or crysta ls, separated by gra in  boundaries. F ie ld - io n  m icroscopíca l 
observations show tha t these boundaries are only ■— 2 atoms th ic k ; across 
them  the atoms are disordered and transfer th e ir a lle g ian ce  from  the one 
crystal to the o the r. The boundary m ay be considered as a surface 
con ta in ing  an array o f d is locations, these arrays having a s im p le  structure 
in the case o f lo w -a n g le  boundaries and a m ore com p lex  structure in  the 
case o f the m ore usual h ig h -a n g le  boundaries, where the d is locations are 
so cióse toge ther that i t  is d if f ic u l t  to d istinguish one from  another.

A t in te rm ed ía te  and low  tem peratures, p o lyc rys ta llin e  m etáis deform  
p la s tic a lly  by s lip  w ith in  the in d iv id u a l graíns; each grain rem ain ing  
¡oined to its neighbours in  such a way tha t i t  deforms to a shape d ic ta ted  
by them  and 5n co n fo rm ity  w ith  tha t of the specimen as a w h o le . To 
achieve this i t  is necessary fo r g lid e  to occur sim ultaneously on several 
d iffe re n tly  oriented s lip  systems; the crystal must g lid e  on at least f iv e  
g e o m e tr ic a lly  independent s lip  systems, a lthough i f  extensive cross-slip  
is a va ila b le  the operation o f three non -cop lana r, non-orthogonal s lip  
d irec tions can produce an a rb itra ry  s tra in . In m etáis w ith  f . c . c .  structure 
there are two independent shear systems in each s lip  p lañe, g iv in g  a 
to ta l o f e ig h t; and in  b . c . c .  m etáis the num ber is even g reate r. These 
m etá is  there fore  have su ffic ie n t g lid e  systems fo r p o lyc rys ta llin e  d u c t i l i ty .
By contrast, m etá is w ith  n on -cub ic  structure , in te rm e ta llic s  and ceram ics 
are o ften  hard and b r it t le  in  p o lyc rys ta llin e  fo rm  because each grain n o rm a lly  
deform s by g lid e  on less than the required num ber o f systems; henee to achi 
the necessary general p la s tic ity  a dd itiona l "ha rd " s lip  systems have to



opera te, e .g .  non-basal s lip  or tw inn ing  in  hexagonal m e tá is . F o rtuna te ly , 
these hard g lid e  systems often show a strong tem pera ture-dependence, 
p robab ly due to  the Peierls stress, w h ich  enables such m a te ria ls  to be 
p la s tic a lly  deform ed a t h igh tem peratures, i . e .  hot w orked.

The ¡m portance o f gra in boundaries as a source o f strengthening is 
in d ica te d  by the increased y ie ld  and flo w  stress o f polycrysta ls compared 
w ith  s ing le  c rys ta ls . In fa c t,  m any m ateria ls  are observed to obey the 
Petch re la tio n sh ip .

o = o 0 + kd~1 25 .

where °  is the tens ile  flo w  stress fo r a g iven strain ^  is the average grain 
d ia m e te r, ° q is in te rp re ted  as a fr ic t io n  stress resisting d is loca tion  m o tio n , 
and fe is a constan t. This re la tionsh ip  can be exp la ined  by considering the 
d iffe re n ce  between s lip  in  a s ing le  crystal and in  a po lyc rys ta l.

When a x ia l tens ile  stress o ¡s app lied  to a single c rys ta l, the shear 
stress produced on the most favou rab ly  oriented s lip  plañe is t  =  o / m  , 
where m is an o rie n ta tio n  fa c to r w ith  a m ín im u m  va lué o f 2 . I f  a 
po lycrys ta l behaves s im p ly  as a c o lle c tio n  o f random ly oriented free crystals 
then the tens ile  f lo w  stress would be cjiven by a re la tíon  o = mx f w ith  
an average va lu é  fo r m w h ich  Sachs ca lcu la ted  fo r f . c . c .  structures to  be 
2 .2 .  This s im p le  behaviour is not possible, however because o f the need to 
m a in ta in  c o n tin u ity  between grains; this leads to  de fo rm ation  on less favou rab ly  
orien ted  grains and an m va lué  greater than the Sachs va lué  and equal to 3.1 
accord ing  to  T a y lo r .+

Such a tre a tm e n t takes no account o f gra in size and this must be 
considered because d is locations a rriv in g  a t a free surface in  a s ing le  crysta l

G, Sacha, Zt v»cLJ, 1928, 72, 734» 

*G ,I . Taylor, «T. In et . Metala, 1938, 62, 307.
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can em erge, whereas in  a po lycrysta l the d is locations cannot fre e ly  
cross a gra in boundary (F ig . 4 4 ). A rm strong et al have considered 
th is p rob lem  and th e ir  trea tm en t is la rge ly  fo llow ed  here. I f  Tq 
is the stress a s lip  band could  sustain i f  there were no resistance to 
s lip  across the gra in  boundary, i . e .  a fr ic t io n  stress approx im ate ly  
equal to the c r it ic a l shear stress o f a free single c rys ta l, and t  is the 
h igher stress sustained by a s lip  band in a p o lyc rys ta l, then ( t -  t q )  
represents the resistance offered by the boundary, w h ich  reache a 
lim it in g  va lué  when s lip  is induced across the boundary in  the next 
g ra in . The in flu en ce  o f gra in  size can be exp la ined i f  the length o f 
the s lip  band is proportiona l to d. Thus, since the stress concentra tion  
a t a shc^rt d istance ** fro m  the end o f the s lip  band is p roportional to 
( 4 ^4 r )2/ the m á x im u m  shear stress a t a distance r  ahead o f a s lip  band 
ca rry ing

Slip Band T
— Grain Boundary

Source

44Fig. i (irain-boundary blocking u fa  slip lmnd.

an app lied  stress T in  a po lycrysta l is g iven by ( *  -  tq )  C<¥4 $  and 
lies in  the plañe o f the s lip  band. I f  th is m á x im u m  stress has to reach a 
va lué  Tm ax °Pera^e a neW source a t a d is ta n c e r , then

R, Arm strong, I ,  Codd, R.M, Douthwcríte and N,J. P etóh , P k i l , Mag, 1962, 7, 45,
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 ̂ t  _ t o  ̂ _ t m ax

or rearranging

i  - i
r  = i n + ( t  2 r  ) d 0 max

w h ich  m ay be w ritte n  as

T = T0 + V  26.

I t  then fo llow s tha t the tensile  flo w  curve o f a polycrysta l is g iven by

_  i
«■ = m ( tq  + kgd 2) 27.

and henee, from  the Petch equation

a o = m To an<̂ k = m̂ B

N o w , ¡ust as there is an o rien ta tion  fa c to r on a m acroscopic scale in 
deve lop ing  the c r it ic a l shear stress w ith in  the various grains o f a po lycrysta l 
so there is a loca l o rie n ta tio n  fa c to r in  operating a d is loca tion  source ahead 
o f a b locked s lip  band. The s lip  p lañe o f the source w il l  no t, in genera l, 
l ie  in the plañe o f m áx im um  shear stress, and henee i  w i l l  need to 
be such tha t the shear stress required to operate the new source must 
be generated in the s lip  plañe o f the source. In genera l, the o rien ta tion  
fa c to r dea ling  w ith  the o rie n ta tio n  re la tionsh ip  of ad jacen t grains w il l  be 
d iffé re n t from  tha t a ris ing  from  the m acroscopic effeets o f s lip -p la n e  
o rie n ta tio n  re la tiv e  to  the axistfstress, so th a t*  = . For
s im p lic ity  A rm strong e t al assumed tn* = m <pnd henee the param eter fe in  
the Petch equation is gíven by fe = w 2 to í * 2 .

I t  is c le a r fro m  the above trea tm en t tha t the param eter fe depends 
essen tia lly  on tw o m a in  fac to rs . The f irs t is the stress to operate a 
source d is lo ca tio n , and this depends on the exten t to which the d is locations



are locked by ¡m p u rily  atoms or po in t defects . Strong lock ing  im p lies  
a large unp inn ing stress and henee a large fe . The reverse is true fo r 
weak lo c k in g . The second fa c to r is conta ined in  the param eter rn w h ich  
depends on the num ber o f a va ila b le  s lip  systems. A  m u lt ip l ic i ty  o f s lip  
systems enhances the poss ib ílity  fo r p lás tic  de fo rm ation  and so im p lies  a 
sm a ll fe. A  lim ite d  num ber o f s lip  systems a va ila b le  would im p ly  a large 
va lué  o f fe. I t  then fo llow s tha t; ( i)  fo r f . c . c .  m etá is fe w i l l  genera lly  
be s m a ll, i . e .  there s on ly  a sm all g ra in -s ize  dependence o f the flo w  
stress, ( i i )  fo r  h .c . p .  m etá is fe w i l l  be large because o f the lim ite d  s lip  
systems, and ( ¡ i i)  fo r  b . c . c .  m etáis fe w il l  be large because o f the 
strong lo c k in g . O f p a rtic u la r im portance  in  b . c . c .  m etáis is the va ria tion  
w ith  gra in size o f the low er y ie ld  tensile  stress0!/ i . e .  the stress to  propagate 
a Luders band ( F ig .38 ) in  a tensile  specim en. This is usually expressed as

ay = aQ + kyd - i

i
where fe J/is the appropria te  va lué  o f fe (=qc; r 2) .

On this theo ry, the term  ky is a measure o f the stress to  un lock a 
d is loca tion  from  its  atmospheres and, since the b ind ing  o f a solute atom  to 
a d is loca tion  is short*range in  nature and henee e ffe c tive  on ly  over an 
a to m ic  distance o r so, should depend sens itive ly  on tem pera ture . A  lin e a r 
re la tíon  between the low er y ie ld  stress, oy ,■ and the rec ip roca l o f the 
square root o f the gra in size is observed fo r a ll the re frac to ry  m etáis w ith  
b . c . c .  s tru c tu re . However, ky is found to be dependent on tem perature 
on ly  in the ea rly  stages o f ageing, as fo r exam ple , a fte r quenching or on 
re -ageing  fo llo w in g  o ve r-s tra in ing + W ith  continued ageing ky becomes 
tem pera tu re -independen t, as shown in F ig . 45 . The in te rp re ta tion  o f ky 
therefore depends on the degree o f s tra in -a g e in g . In l ig h t ly  aged ¡ron the 
d is locations are w eak ly  locked by solute atoms and the y ie ld  process takes 
p lace by unp inn ing  the d is locations from  th e ir im p u rity  atmospheres. Under these 
c o n d i t i o n s i s  strongly dependent on tem pera tu re . In genera l, however, the 
d is locations in  w e ll-an n ea le d  iron are strongly locked by im p u rit ie s , and

*R.M, Fieher and A.R. C ottrell, ”The Relation between Structure and 
Mechanical Properti-eBnt Vot. I I ,  p.455. 1963: Lcndon (R.M.S,0 .) ,

*T,C, Linctley and R,E. Smallmant Acta Met,¿ Z963t 11, 361.



som etí mes take the fo rm  o f d e fin ite  p re c ip ita te s . Under these cond itions 
the y ie ld in g  can propagate fro m  gra in  to  gra in  e ith e r; ( i)  by p u llin g  away 
fro m  the anchoring points i f  the p rec ip ita tes  are s u ff ic ie n tly  coarsely spaced, 
o r (¡ i)  by c rea ting  d is locations a t a gra in  boundary where the stress co nce n tra ron  
resu lting  fro m  the s lip  band is h ighest, ra ther than unpinn ing d is locations 
ins ide  the g ra ins . Both these processes are re la tiv e ly  insensitive  to tem perature  
so tha t a tem pera tu re -independen t ty  w i l l  be ob ta ined , as observed. The 
strong tem perature-dependence o f the y ie ld  stress then arises from  the term
contribu ted  by p rec ip ita tes  and other d is locations, as w e ll as the Peierls- 
N abarro  la t t ic e  stress.
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Fig. 45. Variation of ku with temperature.

O nce free  d is locations are crea ted , the y ie ld -p o in t phenomenon is 
accentuated by the rapid increase in  d is locations by the cross-g lide  
m u ltíp lic a t io n  process. The sharp y ie ld  phenomenon may therefore be 
represented in  the fo llo w in g  m anner. As the specimen is loaded up to 
the low er y ie ld  stress the num ber o f m o b ile  d is locations is zero a t <rQ/ 
the stress to  cause d is lo ca tio n  m o tio n . A t some h igher stress a few  d is locations 
are released a th e rm a lly  e ith e r from  gra in boundaries o r from  the p rec ip ita tes 
tha t anchor the m , a t regions o f h igh stress concen tra tion . The v e lo c ity  o f



d is loca tion  depends sens itive ly  on stress, and henee w ith  fu rthe r increase 
¡n stress some d is loca tion  m u lt ip lic a t io n  occurs; this stage would 
correspond to the p re -y ie ld  m ir ro -s tra in  o ften observed in  these m e tá is .
The num ber o f d is locations p a rtic ip a tin g  is s m a ll, so tha t p lás tic  f lo w  is 
lim ite d  and, since the tens ile  m ach ine cross-head is m oving  a t a constant 
ra te , the stress increases to a va lué  where the d is loca tion  v e lo c ity  becomes 
q u ite  h ig h . A t  a c r it ic a l stress, corresponding to the upper y ie ld  stress, 
sudden intense m u lt ip lic a t io n  occurs, because o f the high stress v a lu é . 
However, the d is loca tion  density is re la ted to the stra in rate by an equation 
o f the fo rm  £ = PbP ,  where ^  is the d is loca tion  v e lo c ity ,  so tha t the 
product Pt> becomes greate r than tha t needed to deform  the crystal at the 
app lied  stra in ra te . Thus a low er average v e lo c ity  o f d is locations is 
required to m a in ta in  a constant stra in ra te , and as the change in  stress 
fo r a g iven change in v e lo c ity  is la rge, a substantial y ie ld  drop results.

In this a lte m a tiv e  m odel o f y ie ld in g , im p u rity  atoms are s t il l 
necessary fo r the occurrence o f the y ie ld  p o in t, since by causing the in it ia l 
d is trib u tio n  o f d is locations to be locked , the num ber o f d is locations tha t 
can con tribu te  to*the de fo rm ation  process a t the stress ° q i . e .  the stress 
needed to move fresh o r unlocked d is locations at a reasonable v e lo c ity ,  is 
l im ite d .  Lock ing , however, is not the on ly  requ irem ent, as both rapid 
m u lt ip lic a t io n  o f d is locations and a large dependence o f d is loca tion  
v e lo c ity  on stress are also necessary fo r p rom inent y ie ld  d rop. In over-aged 
m a te r ia l, the d is locations are a lI essentia lly  unlocked and on reloading 
the sam ple m any free d is locations can p a rtic ipó te  in the in it ia l 
d e fo rm a tio n . Consequently, the stress -  and henee the d is loca tion  v e lo c ity  -  
does not reach a high va lué ; the transition  from  the e las tic  to  the p lástic  
State is , the re fo re , more g radua l. D uring s tra in -age ing  the im p u rity  atoms 
d iffuse to free  d is loca tions, re lock ing  them  by fo rm ing  C o ttre ll atmospheres 
fo llo w in g  lig h t age ing, o r p rec ip ita tes a fte r extensive ageing; the stage is 
then reset fo r  a new y ie ld  phenom enon.


