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Effect of Electron I r rad ia t ion  on Mechanical Properties 
, . 
" . '  

of Aluminum Single Crystals a t  800K.'. 
: . 

K. Ono, M. Meshii and J. W. Kauff- 

. Materials Research Center and Department of Materials Science 

Northwestern University, Evanston, I l l i n o i s  

Aluminum single c rys ta l s  of 99.999% i n i t i a l  pur i ty  were i r rad ia ted  a t  , 

' 

800K with 1 MeV electron's t o  t o t a l  dose, of 1.2 1 8 x 1017 el/cm2. The flow 

s t r e s s  was measured a t  770K over the s t r a i n  r a t e  range 5 x t o  4 x low3 

and increased with i r radiat ion.  A l a rge r  increase f o r  the higher s t r a i n  

ra te  was observed. The increase i s  interpreted t o  be due t o  i n t e r s t i t i a l s  

which have migrated t o  dislocations and have been absorbed heterogeneously 

by making superjogs o r  kinks, which produce resis tance t o  motion of the 

dislocations. A n  interruption of t ens i l e  t e s t  f o r  a short  time resul ted 

. , 

. . 
i n  a yield drop which was found only i n  the i r rad ia ted  c rys t a l s . .  This 

yield drop may be due t o  the Cot t re l l  locking of the i n t e r s t i t i a l s  which 

, . 
were freed from impurity trapping s i t e s  by glide dislocations.  Annealing 

a t  room temperature resulted i n  recovery of the hardening caused by the 
, 

- i r rad ia t ion .  Migration of vacancies o r  divacancies t o  the dis locat ion 

, having i n t e r s t i t i a l .  jogs . . .., 
. , . . .  . , . , . , , . . .  . ". . . . . .  

. 
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may produce the recovery. 

. . 



INTRODUCTION 

The ef fec t  of par t ic le  i r radia t ion  on various physical 

properties of metals has been investigated from many aspects. The 

basic process involved is, a t  l e a s t  i n  part ,  due t o  the creation of 

vacancies and i n t e r s t i t i a l s ;  

Effects of neutron i r radia t ion  on the mechanical properties 

of metals have been studied qui te  extensively and have been estab- 

(1) l ished a s  resul t ing from the presence of defect aggregates. 

However, l i t t l e  a t tent ion has been paid, thus f a r ,  t o  the  hardening 

ef fec t  of 'electron i rradiat ion,  which can produce the simplest types 

of defect,-., single vacancies and i n t e r s t i t i a l s .  

. sui table  energy of electrons was employed t o  obtain simple types of 

defect. 

(4 The most extensive work t o  date was performed on copper 

single crystals  with. 4 MeV electrons a t  i r radia t ion  temperatures 

between 77OK and 293%. The c r i t i c a l  shear s t r e s s  was increased by 

the irradiation, but no change i n  r a t e  of work-hardening was observed., 

It has been suggested from the dependence of the hardening on the 

. . i r radiat ion temperature tha t  homogeneously nucleated clusters of 

randomly migrating point defects 'were responsible f o r  the process. 
. . .. , 

. . ' It can be shown, however, by using the theory of electron-nucleus 

6 . . . ' . . ' j  . .  col l is ion and the experimentally determined value of the threshold 

(6) energy' f o r  displacement, t ha t  almist half  of the col l i s ions  due t o  
. . .  

. . 5 .  

, . 
' . 4  MeV '.electrons have enough .energy t o  create  d t i p l e  defects. 

. ~ . . . .  . . . . . 
'. 8 . . . .  . - . . . . .'.:. _ ' . . . . 
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Thus it may be necessary t o  modify the conclusion (.4) 

tha t  the hardening produced by the electron i r rad ia t ion  i s ' d u e  t o  

the introduction of isolated i n t e r s t i t i a l  vacancy pairs.  

The present investigation was aimed a t  the hardening e f f e c t  

of the simpler defect s t ructure produced by a lower energy of 

' incident electrons. Because of the d i f f i cu l ty  i n  handling the very 

, th in  c rys ta l s  required f o r  electron penetration, aluminum was selected 

. . 
due t o  i t s  r e l a t ive ly  la rge  penetration distance. 

. . Recovery of electron induced r e s i s t i v i t y  of aluminum a f t e r  

a low temperature i r rad ia t ion  i s  known t o  occur i n  three major stages, 

a s  in  copper. Stage I recovery includes recovery substages below 55OK, 

Stage 11 is between 5SeK and 1'750K and 'Stage I f f  i s  between 1750K and 

270°K. These a r e  responsible f o r  r e s i s t i v i t y  changes of 84%, 6% and 

(7) lo%, respectively, of the t o t a l  change due t o  i r r ad ia t ion  near  4.2OK. 

A s  i n  copper, Stage I recovery i s  due t o  recombination of close-pairs 

and i n t e r s t i t i a l  migration and Stage I1 i s  a t t r ibuted  t o  release of 

impurity trapped i n t e r s t i t i a l s .  Although the nature of Stage I11 

recovery i s  ye t  t o  be established, we favor vacancy migration of some 

type, as w i l l  be discussed l a t e r .  

Close pa i rs  of vacancies and i n t e r s t i t i a l s  a r e  by no means 

s tab le  a t  the i r rad ia t ion  temperature of 800K; i n t e r s t i t i a l s  move 

f r ee ly  and. recombine with vacancies o r  migrate t o  t r aps  or,  sinks, 

namely impurity atoms and dis locat ions. .  The remaining immobile 

vacancies, whose pairing i n t e r s t i t i a l s  have migrated t o  the t raps  o r  

' . sinks, s tay dispersed in the matrix. By subsequent t e n s i l e  tes t ing,  

one can d i s t ingu ih the  responsible hardening mechanisms with the  above- 

mentioned defect configuration i n  mind. 



. . . , 

, 

. . , . 
, ' EXPERIMENTAL PROCEDURE 

Aluminum single crys ta ls  of 99.9995% i n i t i a l  purity, 30 cm 

long, were grown by the strain-anneal method. Sheet specimens of 

0.8 x 6 x 38 mm were cut from as-grown crys ta ls  and annealed a t  

4000C f o r  twenty-four hours. The orientat ions of the crys ta ls  were 

determined by the back ref lect ion Laue method and a r e ,  shown i n  Fig. 1." 

'The specimens were then electropolished i n  an ethyl-alcohol- 

. . perchloric acid (4:l) so lu t ion . to  a f i n a l  thickness of - 0.75 mm. 
. .  . 

Irradiat ions were performed i n  the Northwestern University Van de 

Gi-saff with an electron energy of (1.0 + 0.1) M~v.'  A schematic 

drawing of the cryostat used is  shown i n  Fig. 2. The electron beam 

t o  i r r ad ia te  a specimen area of 15 x 6 mm. A beam current of 

- 10 pa and not 'more than 25 pa was maintained. A current integrator  
. . 

was used t o  measure the t o t a l  dosage. Thus the i r radia t ion  time t o  

2 a t t a i n  a dose of 1017 el/cm was about an hour. 

Temperature of the specimen during i r radia t ion  was measured 

. : 
, . by a calibrated copper-constantan thermocouple, and the specimen was 

. . ,  kept below 8OOK. The specimen was s e t  i n  the 'specimen chamber of the 
, . 

. , 

, ' cryostat which was f i l l e d '  with helium gas and then immersed i n  l iqu id  
. . 

. - 
nitrogen. The electron beam was introduced in to  the chamber through 

. - 
, . 

. . , , ' two iron f o i l s  ( to t a l  thickness of 0.076 ram) and a l iqu id  nitrogen 
, , 

layer  of 1 mmthickness. The cryostat was designed t o  allow tens i l e  

. t e s t s  a t  77OK'after the i r radia t ion  without moving o r  heating the 

OThe crystals  of the or ientat ion A were used f o r  the  e a r l i e r  
experiments with a f a s t e r  s t r a in  r a t e  and those of or ientat ion B 
f o r  the l a t e r  experiments with a slower strain rate.  

, 
. *  



specimen. S t r e s s  was mzasured by en e l e c t r i c a l  s t r a i n  gauge ioad c e l l  

and the r e l a t i v e  displacement of specimen gr ips  was measured by a 

d i f f e r e n t i a l  transformer transducer'. The outputs were l e d  t o  c a r r i e r  
.) 

ampli f iers  and subsequently t o  an X-Y recorder. The s t r e s s  and s t r a i n  . 

2 s e n s i t i v i t i e s  were + 2g/mm and t 5 x repectively.  The r a t e s  of . \ 

s t r a i n  employed here 2 - 4  x  10-3 sec-I and 5 x loe4 see-'. 

In  pract ice ,  a s e r i e s - o f  i r r z d i a t i o n  experiments was ca r r i ed  

out  on specimens of the  same or ienta t ion.  I r r ad i a t i on  was done on a 

specirnen which had been s t ra ined t o  0.3 - 1.5% of g l i de  s t r a i n  a t  7 7 O K  

before the  i r r ad i a t i on .  After  the  i r r ad i a t i on  the  t e n s i l e  t e s t  was 

continued, thus enabling us t o  examine t h e . e f f e c t  of i r r a d i a t i o n  on 

hardening with tke  same d i s loca t ion  configmation. I n  some instances,  

second and t h i rd . i r r ad i a i i ons  were ca r r ied  out  a f t e r  a  sna3.l s t r a i n  

which followed the  previous i r r ad i a t i on .  The e f f e c t s  of i n t e r rup t i ng  

the  t e s t  and unloading were extimined i n  both i r r ad i a t ed  and unirra-  

d ia ted specimens. 'Gihen' the  t e s t  was in terrupted,  the  load wzs main- 

tained t o  about 90% of the  f l o g  s t r e s s  whicn i s  known t o  be enough t o  

d i f f e r e n t i a t e  t he  unloading e f f ec t .  To study t he  e f f e c r  of 

annealing, the  l i q u i d  nitrogen bath was emptied ;ad t he  specimen was 

allowed t o  w a r m  up. After  recooling, the  subsequent t e n s i l e  t e s t  

wds performed at' 7 '7OK.  During the  i r r ad i a t i ons  as well as the  anneal- 

ing treatment, specimens were i n  the  unloaded condition. Resolved . 

shear stress-shear s t r a i n  curves were calcula ted by t he  standard 
. .  , . . 



I 

Typical s t ress-s  t r a i n  curves of i r rad ia ted '  and u n i r r ~ d i a t e d  
. . 

c r y s t a l s  t es ted  a t  ??OK a r e  shown i n  Fig. 3.  
Q). 

Tne,shear s t r e s s  and s t r a i n ,  a t  which, tine i r r a d i a t i o n  was 

carr ied out, ranged from 140 g/m2 t o  216 g/mrn2 k d  from 0.32 t o  1.5 b 

respectively.  

An ' increase i n  flow :; tress .,<as alvays found a f t e r 6  i r r a d i -  

a t ion ,  and the  amount of the  increzss was capendent on t o t a l  e lec t ron  

dose and the  r a t e  of s t r a in .  The  f r a c t i o n a l  increase  i n  resolved 

' shear s t r e s s  with respect  t o  the  s l ec t ron  dose i s  p lo t ted  i n  Fig. 4. 

A l a r g e r  increase wzs observed f o r  t he  higher s t r a i n  r a t e .  

For example, with a s t r a i n  ro t e  of 5 x loe4 sec-l, t he  f r a c t i o n a i  

increase  i n  the  shear s t r e s s  was about 6%, but it w a s  aSout 20% f o r  

2 - 4 x loe3 sec-I a t  the  same dose of 1 .2  x lo1? el/cin2. 

Although tine e f f ec t  of i r r a d i a t i o n  on tne  r a t e  of xork- 

hardening was no t  very apparent, a s l i g h t  increase  i n  the  rate of 

work-hardening w a s  observed i n  the  ea r ly  s tzge of deformation. As 

t he  deformation proceeded t o  the  s tage of more rapid  work-hardening, 

. however, the  di f ference between s t r e s s - s t r a in  curve6 of i r r a d i a t e d  

and unir radia ted c r y s t a l s  became smaller. Table I shows tine r a t e  of 

work-hardening before and a f t e r  t h e  i r r ad i a t i on ,  together  with e l ec t ron  
. . 

dose and t h e  s t r a i n  a t  which t he  specimen was i r r ad i a t ed .  

A sharp y ie ld  point  o r  y i e ld  drop was no t  found a t  t h e  
. .  . 
. beginning of p l a s t i c  deformation a f t e r  i r r ad i a t i on .  

, , ., .  . . After  a small s t r a i n  of 0.2 - 0.7% following t h e  i r r ad i a -  
. . . . ,  . . 

. . - , . t ion,  however, an in te r rup t ion  of the  t e n s i l e  t e s t  without unloading 



2 
resulted i n  an unexpectedly la rge  yield drop of about 2 - 10  g/mm 

or  o f  a few percent of the flow . s t r e s s  . f o r  the interrupt ion period 

of 5 sec - 5'min a t  77OK, as shown, i n  Fig. 5. The corresponding. 

experiment was carried out i n  unirradiated crystals , '  but the yield 

drop f a i l ed  t o  appear f o r  the same condition. The interrupt ion 

yleld drop a f t e r  the i r rad ia t ion  was l a rge r  f o r  the higher s t r a i n  

rate.  After continuing the t e s t ,  another interrupt ion was examined 
. . 

. . . . . . .  a t  the interval  of 0.3 - 2.55% shear s t ra in .  The y ie ld  drop,:was again . - .  

found. Since the experiments on the e f f ec t  of interrupt ion time' on 
. .  . 

, . 
. . . . 

the yleld drop were carried out with varying parameters, d i r e c t  

comparison could not be made. However, experimental r e s u l t s  under 

similar condi.tione indioate t h a t  an interrupt ion period longer than 
. .. 

. . t en  seconds r e su l t s  i n  l i t t l e  increase in the magnitude of the effect .  
. . 

. , The yield drop due t o  the unloading was found t o  be s imilar  

f o r  both i r radiated and unirradiated crystals .  This y ie ld  drop was 
. . 

2 observed with ' the unloading above a shear s t r e s s  of 300 g/mm , which 
' 

is  smaller than t h a t  reported by e a r l i e r  investigators.  (9) 

The hardening e f fec t  of multiple i r r ad ia t ions  on a crys ta l  

i s  shown by broken curves i n  Fig. 3. The f rac t ional  t o t a l  increase 
, . 

J i n  shear s t r e s s  was notably l a rge r  a t  the same in t eg ra l  dose than . . . .  -. 
that which is expected from a single  i r radiat ion,  a t  l e a s t  i n  the 

case. of the f a ~ t e r  s t r a i n  rate.  . 

. . .  . . Annealing of a specimen t o  room temperature was carr ied 

. out a f t e r  the  e f f ec t  of the fourth i r rad ia t ion  was measured. The 

r e su l t  i s  shown in Fig. 6. The annealing time was about twelve 

hours. . The flow s t r e s s  decreased 15  % which is about half of the 
.. . . . -. . , 

. . 
. . .. . . . 

. . 
, .. 



total increase due to the previous irradiations. Further annealing 

at room temperature after 4% strain did not lead to an additional 

decrease 'in flow stress except the .recovery which is normally observed. 



Change i n  Rate of Vork-Hardening 
due t o  Electron I r r ad i a t ion  

Electron Dose 

( el/cm2) 

1.2 1017 

1.2 

8.0 

1.2 . 
1.2 

Rate of Work Hardening (kg/mm2) S t r a in  a t  the  
i r r ad i a t ion  (o/o) 

1:46 

1.k 
0.81 

0.75 

0 31 

before 

. 1.4 

1- 5 
1.1 

1.5 

1.2 

Strainlra te  
sec  

2 - 4 10-3 
tl 

a 

5 loo4 . 
u 

after 

1.5 

2.5 

2.0 

2.4 

2.5 



DISCUSSION 

A. Distribution of Defects a f t e r  Irradiation.. 

The. average energy bf elqctrons a t  the middle of the 

(10) specimen was calculated t o  be 0.8 MeV from the standard f o d a  . 
 he ' displacement cross section, ad, of a primary recoil  atom: i s  

obtained by integrating the McKinley-Feshbach.approximati0n (U) f o r  

the di f ferent ia l  cross section between the displacement threshold 

. . energy, T , and the maximum energy, 
d Tm, which can be transmitted t o  

an atom by an incoming electron, giving 
r 

where Z is the atomic nurnber,B is the ra t io  of the velocity of an 
0 

electron t o  tha t  of l ight ,  and cr = 2/137. 

With the energy of electrons, used i n  t h i s  study, Tm is 117 eV. 
- 

( 6) The value of Td was experimentally determined by Lucasson and Walker 

t o  be 32 eV. A calculation with these values gives dd = 15.4 x l ~ ~ ~ ~ c r n ~ .  

Lucasson and ~ a l k k r ( ~ )  have concluded that the ~ e i t  a-~oe+er 

model fo r  multiple defect production(5) i s  most suitable f o r  the 

case of aluminum. With t h i s  model, the displacement cross seotion 
. . .  

i a  calculated t o  'be 15.9 x ~ O - ~ ~ C I U ~ ,  a t  an electron energy of 

. ' 0.8 MeV. ... . '  . . . . . . 
. . . . , . .  . , . .  . 



The difference between the two cross sections i s  due t o  . 

I ,secondary,recoil  atoms which would r e s u l t  i n  the formation of two 

I vacancies, some of which may form divacancies. In the present case,. 
'3 - 

I . . the difference is only a few percent of the t o t a l -  cross  section and 

thus the divacancies must be l e s s  than a few percent of the t o t a l  

defects. The concentration of tr ivacancies must be negligibly small,: 

but, since T,/T~ is about 3.7, few of them should be formed. 

The concentration of the defects'  'produced can be calculated 

by C = "ad (2) 

where n i s  the t o t a l  number of electrons per u n i t  area. Because 'of 

the f in i t e '  thickness of the specimens, it was necessary to integrate  

Eq. . (2) along the'specimen thickness. A t ' t he  f ron t  and the back 

- surfaces of the specimen, the energy of electrons differed by about 
. . 

0.1 MeV from t h a t  i n  the middle of the specimen. This value corres- 

2 . ponds t o  a change . . in  the displacement cross section of 2 2.5 x cm . 
In  t h i s  energy range, the change i n  ad i s  f a i r l y  close t o  l i n e a r  with . 

,. respect t o  the electron energy. The in t ens i ty .o f  the  electron beam 

a lso  decreases as the beam passes through the specimen. From the  da ta  

, given by Marshall .and Ward, (I2) changes of the  beam in tens i ty  i n  , . 

- 
aluminum with a n i n c i d e n t  beam energy of 0.9 MeV can be approximated as 

. .where no and.n a r e  the t o t a l  number of electrons per u n i t  area a t  the  
, ' 

thickness of zero and X mm, respectively. The in t ens i ty  of electrons, 
. . 

thus, decreased t o  . : .: , 72% of the or ig ina l  value a t  the  back surface 
. . .  

of ' the specimen. Therefore, it is assumed t h a t  the  d is t r ibut ion  of 



' ,  

, defects i s  homogeneous throughout the specimen. .. 

The average concentration of the defects produced i s  

obtained by integrating Eq. (2) over the specimen thickness, giving 

In our present investigation Cave i s  not  the concentration of the  

defects present a s  most of recovery of the radiation-induced 

r e s i s t i v i t y  i s . d r e a d y  completed a t  the i r rad ia t ion  temperature of 

80°K, as mentioned above. The concentration of d i - i n t e r s t i t i a l s  and 

other  i n t e r s t i t i a l  c lus te rs  which would be formed a t  the impurity 
. . ,. . 

L . trapping s i t e s  i s  negligibly small, since the instantaneous concen- 

t r a t ion  of f r e e  i n t e r s t i t i d s  i s  very small and the number of t r aps  

' is greater  than the i n t e r s t i t i a l s  which have been trapped a t  impurity 

atoms (13) 

By assuming tha t  a vacancy and an i n t e r s t i t i a l  contribute 
. , 

t o  the r e s i s t i v i t y  change by a comparable amount and t h a t  i n t e r s t i t i a l e  

which have migrated t o  dislocations contribute t o  the  r e s i s t i v i t y  by 

a negligible amount, the numbers of the i n t e r s t i t i a l s  which have. 

. . migrated t o  the dislocations,  the impurity trapped i n t e r s t i t i a l s ,  and 

the vacancies dispersed in  the matrix can be estimated t o  be lo%, 6% 

and 16% of Cave, respectively. 

. . 
, . . . In  the present experiment, the specimens were deformed 

. .  . . . . 
. . 
. -. .. before the i r rad ia t ions  by a small apount. Therefore, the density of 

. . 
. . . ,' ' ' . . 

, : .. ,1 dislocations i s  about '10 /cm 
. . . . (I4). lllthouih the densi ty  of dislo- 
. . 
, ' cations i n  t h e  previous r e s i s t i v i t y  experiments was not reported; i t  

. . 

would have been comparable t o  o r  even l a rge r .  than one in the annealed 
. . 

pol'ycrystalline alumin& wire. Thus, it may be possible t h a t  the  



number of i n t e r s t i t i a l s  which have migrated to  the dis locat ions i s  

l a rge r  i n  the present experiment than the above estimate. The 

increase, however, would not be l a rge r  than a f a c t o r  of two, consid- 

ering the 'data  on i r radiated cold-worked and annealed copper (15) .- 
' B. Interpretat ion of the Observed Hardening 

Dispersed vacancies can contribute t o  hardening through 

(16) ' ' the i r  d i 1 a t a t i o . d  f i e l d  and modulus change, as discussed by Mott , 
.I ~abarro(''), and ~leischer( '*).  The concentration of the  vacancies, 

however, i s  on the order of f o r  the present case and a reasonable 

. . choice of constants shows t h a t  the e f f ec t  i s  r e a l l y  negligible.  Another 

. . -possible source of hardening, v&., dislocation tangling due t o  the . 

interaction gliding dislocation and excluded 

since the reaction is  very unlikely under the ex is t ing  conditions. As 
~. . . 
. . vacancies a r e  immobile a t  the t e s t ing  temperature, coagulation of 

vacancies a t  the gl ide dislocations w i l l  not take place. 

Solid solution hardening due t o  impurity trapped i n t e r s t i -  

t i a l ~  cannot explain the observed effect .  Since the volume change of 

a Frenkel pa i r  i s  estimated t o  be 1.25 atomic volume from the data  of 

Blewitt, Coltman and Klabunde (20) with a Frenkel p a i r  r e s i s t i v i t y  of 

3.4 pQ-cm per atomic percent(6), volume change of an i n t e r s t i t i a l  

would be 1.75 atomic volume when we assume relaxation around a vacancy 

t o  be 0,5 atomic volume. The estimated concentration of the  inter-  

. . 
. . stitials i s  on the order of low8, so the hardening e f f e c t  is negl igible  

. . 
i f  the volume change is spherical(16). If a tetragonal d i s to r t ion  of 

. en i n t e r s t i t i a l  i s  present as assumed by Fleischer(21), the magnitude 
' 

of hardening by the - tetragonal d is tor t ion  Zs about the  same as the  
. . . . .  . .  . , .  . 

. . "  
a .  

. , . ,  .' 
. . . . 



present result .  H i s  calculation, however, did not include thermal 

vibrations which a re  very important f o r  such a short range e f fec t  as 

the dis locat ion-interst i t ia l  interaction. Therefore, the calculation 

overestimates the hardening e f fec t  when it is  applied t o  our case, 

' t ha t  is, 800K as  the t e s t  temperature. Moreover, the impurity 

trapped i n t e r s t i t i a l s  w i l l  be freed from the trapping s i t e s  and 

migrate to  a dislocation, when they experience la rge  enough interact ion 

, 
with the dislocation. Assuming the binding energy, B, t o  be roughly 

, 0 .1  e ~ ( ~ ) ,  it i s  shown i n  the Appendix t h a t  the impurity trapped ' 

i n t e r s t i t i a l s  within about 50 A of a s l i p  plane w i l l  be released from 

the s i t e s  by a moving dislocation. Consequently, strong so l id  
, . 

.solution hardening cannot be expected i n  terms of the impurity 

trapped i n t e r s t i t i a l s .  

The only remaining source of the hardening is  the inter-  

s t i t i a l ~  which have migrated t o  dislocations during the i rradiat ion.  

15 3 The number of i n t e r s t i t i a l s  a t  the dislocations i s  about 9.5 x 10 /cm 

2 with the electron dose of 1.2 x 1017 el/cm , and i s  the same order of 

magnitude a s  the number of atomic s i t e s  along the dislocations. 
. . 

It has not been c lear  how i n t e r s t i t i a l s  behave a t  disloca- 

tions.. I f  they can be absorbed eas i ly  a t  di.slocations of an edge 

orientation, the dislocations w i l l  climb up uniformly by a few atomic 

.distances (22)e There w i l l  be l i t t l e  change i n  the nature of the .' - '  

:. dislocations. Therefore, l i t t l e  o r  no hardening can be expected. 

An interpretat ion of the interruption yield drop, a s  w i l l  

be discussed l a t e r ,  seems' to  suggest t h a t  i n t e r s t i t i a l s  cannot be 

absorbed immediately at  the dislocations, instead, ' they form an 
.. . .  , . . . . . . 

:. . . .  . 
. . ,  . G . . '  



atmosphere a t  the dislocations. I f  t h i s  i s  the case, the i n t e r s t i t i a l s  

may precipitate by forming superjogs on the dislocations when a 

c r i t i c d  supersaturation i s  reached#. The resul t ing dislocation is 

l e s s  mobile than a  s t ra ight  dislocation and a  hardening e f fec t  i s  

expected. The heterogeneous climb of the dislocation may be enhanced 

, here, since the specimens a re . s t r a ined  by a small amount pr ior  t o  

(14) ,,. i r radia t ion  :....:... Weertman has shown tha t  he l ica l  dislocations a re  

.. . . . the equilibyium form regardless of the i n i t i a l  or ientat ion of dislo- . ' . ; : 

cations a f t e r  a  d e f o - t i ~ n ' ~ ~ ) .  Some of the superjogs a r e  e f f i c i e n t  

arichoring points which contribute t o  formation of tangled dislocations. 

Others w i l l  be dragged along with the dislocations(19). A s  long as 

the s ize of the superjogs i s  of the order of only several atomic 

distances, thermal activation may a s s i s t  the superjogs i n  jumping from 

(24) one position t o  the next by an atomic distance . 
Although an estimate of hardening e f fec t  due t o  the  formation 

. of .tangled d.islocation' cannot be made, the ef fec t  due t o  the dragging 

of a superjog may be estimated. by assuming tha t  the thermally activated 

, motion of the superjogs i s  responsible f o r  the observed hardening. 

If we s e t  the act ivat ion energy f o r  the  process t o  be U, a 

1 1 r a t e  of shear s t r a in  ; can be given by (25 

where,N i s  the number of dislocation segments bounded by superjogs i n  
. 

a uni t  volume, A i s  the area swept out by a dislocation i n  one jump, 

. . 
Vhe si tuat ion i s  similar t o  tha t  discussed i n  reference 19. It should 

. .. be noted, however,. t ha t  i n t e r s t i t i a l s  and s tat ionary dislocations a r e  
involved here, whereas vacancies and gliding dislocations were treated. 

. . .  . .. . . 



13 .-1 
b i s  the  Burgers vector,  v, ' i s  the  freqdency f a c t o r  (10 . scc '), 

. k, the  Boltzrrann' s constant  ecd T ,  the temperature. When we take - the  average dis tance between the  superjogs t o  be 4 and t he  d i s lo -  

cat ion densi ty  p ,  N i s  ~ ~ 4 - l .  This i s  taken s ince  t h e  t o t a l  length  

of the  d i s loca t ion  i n  u n i t  volume i s  given by 2p(26), and A = 8b. 

The 'act ivat ion energy U can then be wr i t t en  a s  

u = uo - v ( z 1  - 7) (6) ' 

where U, i s  the  ac t iva t ion  energy f o r  a  jump without the  ex te rna l  

s t r e s s ;  and T and 2' a r e  the  shear s t r e s s e s  before and a f t e r  the  

i r r ad i a t i on ,  respectively.  v  i s  an ac t i va t i on  volume which i s  given 

2 .  by v = b & X  where X i s  a jumping d i s t a c e . .  'Since X = b and v  = b 4 ,  

Eq. (6) may be rewri t ten  as: 

2  ; = 2pb v, e x p [ v ( ~ '  - 7) - u,]/kT 
. 

Assuming v, and U, t o  be independent of y ,  we obtain t he  

ac t iva t ion  volume a s  a  function of s t r a i n  r a t e ,  y, and t he  shear 

s t r e s se s  T'  and T: 

where AT = T'  - 7, which i s  the  change due to. i r r a d i r t i o n .  
. . 

. .  . 2 
. < . , 

Fmm the experiments, w e  have AT = 36 ./mm and  AT^ = 1 0  g/mm 2  
. . 1 

~. 2 . 
,. ." . 

f o r  the  e lect ron dose of 1.2 r 1017 el/cn . Since Y1/Y2 = c1/c2, we 
.. n i s  

I ' . .  . . . . . -  . . obtain v  = 1 x l ~ - ~ ~ c k ~ ' o P  4 = 2.9 x 10%. If we s u b s t i t a t e  these  
~. 

. . . . . . values together with p = 1 0  8 and v, = 1013 i n t o  Eq. ( 6 )  we obtain 
- .  

,.0.15 eV f o r  the  value of  U,. For t he  present case, t he  number of the  

i n t e r s t i t i a l s  which, have arr ived a t  t he  edge d i s loca t ion  of length  4 
2 i s  about 6.6 x 1 0  . If we assume about 10% of them form a superjog, 



c . . i t s  s i ze  i s  about 8b i n  both height and width. The s i ze  of t he  

superjog may be l a r g e r  o r  s m l l e r  t hz r  t n i s ,  but  ther,e i s  no poss ible  

, way t o  determine it accura.tely. As t o  the  ac t i va t i on  energy f o r  . 

motion of the  superjog, it can be estimated, a t  l e a s t  t o  sone extent ,  

i f  we have data on the  s t r e s s  necessary t o  rfiove a  d i s loca t ion  on o the r  

than close-packed The theory of the  P e i e r l s  s % r e ~ s ( ~ ~ )  i s  to6 

incomplete t o  p red ic t  t h i s ,  however. On the  basis of experlnents we 

, have an indicat ion t h a t  the  s t r e s s  i s  higher on non-close-packed p lmes .  

Thus, we must be content with t he  f a c t  t h z t  the  above value of U, i s  

no t  mreasonable when comparing it t o  an ac t i va t i on  energy f o r  d g r a t i o n  

of an i n t e r s t i t i a l .  

A s  pointed ou t  e a r i i e r ,  the  nature of Stage I11 has no t  been 

understood c lea r ly .  Various models have been proposed f o r  Stage 111 

recoiery,  as recen t ly  discussed by Sosin and ~ i a c h a i ( ~ ) .  None of them, 

however, can explain a l l  of the  observed fea tures  of 'Stage III. A l l  

of the  i n t e r s t i t i a l  models a r e  i n  c o n f l i c t  with the  present obssrvation 

f o r  the  following reasons: 1) The observed hardening can o r ~ y  be 

. . - 
explained by assuming t h a t  a  pa r t  of t h e i r  vaczncy cour.ter?arts a r e  

l e f t  i n  the  matrix, which would contr ibute  t o  the  res idua l  r e s i s t i v i t y  

a f t e r  Stage 111. No such res idual  r e s i s t i v i t y  i s  a c t u a l l y  observed (697) 

2) Furthermore, theore t ica l  ca lcu la t ions  p red ic t  t h a t  a body centerel! 

. ' .  i n t e r s t i t i a l  o r  a  crowdion i s  not a s t ab l e  configuration (28329) Thus, 

the two- in te r s t i t i a l  model (7,15), which appears t o  explain the  k i n e t i c s  

of r e s i s t i v i t y  recovery a f t e r  i r r ad i a t i on ,  i s  not j u s t i f i e d ,  and f u r t h e r  

's tudies a r e  necessary t o  understand t he  nature of Stage I11 f u l l y .  

However, the  decrease i n  flow s t r e s s  observst  a f t e r  t he  room temperature 



annealing i n  the present experiments can be best  explained by migration 

of vacancies o r  divacancies which re su l t  i n  destruction of the inter-  

stitial jogs. 

C. I n t e m p t i o n  YSelding 

We w i l l  now discuss the yield drop resul t ing  from an inter-  

ruption of the tens i le  t e s t .  The phenomenon has been reported on 

polycrystalline aluminum and also other  f.c.c. metals a f t e r  s t ra in ing  

t o  cer tain amounts (5% o r  more) a t  low temperatures (8,30931). It 

has been interpreted t o  be due t o  the Cot t re l l  locking of disloca- 

t ions by the i n t e r s t i t i a l s  which a re  formed during the straining, by 

the following reasons: 1) the magnitude of the yield drop was l a rge r  

f o r  a  l a rge r  amount of prestrain,  2) only the defect mobile a t  the 

test ing temperature was an i n t e r s t i t i a l ,  and 3)  s t ress-s train curves 

a f t e r  the yield point were ident ical  t o  tha t  obtained i n  the absence 

1 .of aging. In the present experiment, the interrupt ion yield drop . 

which i s  observed a t  the ear ly s t a g e o f  deformation i n  only the 

. . .  . . ., - .  i r radiated crystals ,  has very similar character is t ics ,  namely, the 

. , short aging time and the shape o f  the yielding phenomenon(8). Since 

the s t r a in  r a t e  dependence of the yield drop is a l so  observed, it 

appears tha t  the Cot t re l l  e f fec t  of point defects is responsible f o r  

the observed yield drop, although the aging k ine t ics  has not been 

. . .  . . ~ - 
, 

.A. 
.studied enough t o  give a def in i te  time law. s ince unirradiated 

. .- 
'# . *  .. , ' . .  , 

. . . . .  crystals  have not shown a yield drop a t  the ear ly  stage of deformation 
. . .  . .. . 

. . 
. - 

'with comparable interruption time and the vacancies a r e  immobile a t  
' 

the temperature of test ing,  the defects responsible must be t h e  

i n t e r s t i t i a l s  formed by the i rradiat ion.  Therefore, the i n t e r s t i t i a l s  

1 '  which a r e  released f r o m  the trapping s i t e s  a t  impurity atoms by the 

. .- ... . I.. ..... .,. . ... . ._ .._ _._ . . ..._ - ... . -. .. ..... .. . n,,, 



. . 
g l i d e  d i s l o c a t i o n s  a r e  suggested t o  be responsib le  f o r  the  y i e l d  dro?. 

If all the  impuri ty trepped i n t e r s t i t 5 a l s  have been re leesc?  

from the  s i t e s  and a t t r e c t e d  t o  t h e  d i s l o c a t l o ~ ~ s ,  t h e  number of t h e  

17 2 
i n t e f s t i t i a l s  f o r  an e lec t ron  dose of 1 .2  x 1 0  el/cm i s  about  

15 6 x .10 cm3, 'which compared t o  t h e  number of  s i t e s  a long  edge dis-' 

15  -3 l o c a t i o n s  of  3 . 4  x 1 0  cm . This  nunber of  i n t e r s t i t i a l s  s t r o n g l y  

depends, of course, on t h e  i n t e r a c t i o n  and the  d i s t r i b u t i o n  of  the  . . . 

trapped i n t g r s t i t i a l s  and d i s l o c a t i o n s  and no t  all of then? w i l l  be 

a t t r a c t e d  t o  t h e  d i s loca t ions .  Assuming the  volume change of  ul 

i n t e r s t i t i a l , '  Av, i s  spher ica l ,  t he  energy of t h e  e l a s t i c  i n t e r -  

ac t ion .UI ,  between the  i n t e r s t i t i a l  and an edge d i s l o c a t i o n  i s  
- 

(32) given by : 

- Gbliv s i n  a u ,  - - - 
TT R 

where R and a a r e  the  po la r  coordinates  about t h e  d i s l o c a t i o n .  

U i s  about 1.2 ev when R = b  and s i n  a = 1. With t h i s  i n t e r -  max 

a c t i o n  energy and the '  e s t i p t e . . c f  t h e  binding energy between an 

i n t e r s t i t i a l  and an  impurity. atom, i t  i s  shown i n  the  Appendix t h a t  

about 20% of t h e  impurity trapped i n t e r s t i t i a l s .  a r e  r e l eased  f rdrn 

t h e  s i t e s  when an i r r a d i a t e d  c r y s t a l  i s  s t r a i n e d  i n  shea r  by 0.5 %. 

. 
! Once they a r e  re leased,  they a r e  expected t o  migrate t o  d i s l o c a t i o n s .  

Thus, t h e  y i e l d  d r o p . o f ' t h e  observed mgni tude  can be caused due t o  
. Q 

. . 
: :the C o t t r e l l  locking by t h e  i n t e r s t i t i a l s .  

, . . . 

In  the  above d iscuss ion,  w e  have assumed t h a t  i n t e r s ' t i t i a l s  

a r e  no t  absorbed immediately a t  super j  ogs on d i s l cc  a t i o n s  .. , This  

, seems va l id ,  a t  l e a s t  f o r  t h a  time i n t e r v a l  of t h e  t e s t  i n t e r r u p t i o n .  
4- 

. . . , *  . I.. - 
S* ' . . . . 

. . 18 . . .. - 
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If' our assu;nption i s  c o r r e c t ,  a y i e l d  drop would not be observed . 

. a f t e r  a prolonged t e s t  i n t e r r u p t i o n ,  but  an increase i n  t h e  flow 

s t r e s s  should be expected. ~ x ~ e r i r n & t s  on t3is p o i n t ,  will be 

c a r r i e d  out  in. t h e  nea r  fu tu re .  
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FIGURE CAPTIONS 

Fig. 1 ,  Axial orientations of crystals tested. 

Fig. 2. Schematic drawing of the cryostat. 

Pig. 3, Typical stress-strain curves ,of irradiated and unirradiated 
crystals. 

Fig. 4. Fractional increase in shear stress against electron dose, 

Fig. 5. Effect of test interruptions in an irradiated crystal. 

Fig. 6. Effeut of annealings at room temperature. 



Suppose an impurity trapped i n t e r s t i t i a l  is a t  the  

origin and an edge dislocation which l i e s , o n  a s l i p  plane y = yo 

runs p a r a l l e l  t o  the  z-axis. When the dislocation i s  at xo, the  

interact ion energy of E~.' (9) gives . 

2 2 
UI = A s i n  a h '  = A y,/(x, + yo ) 

where A ,= ~bdv/rr. 

The probabili ty of release of the i n t e r s t i t i a l  with the  above 

interaction can be written as 

P = v exp(- Em - B + u i ) / k ~ .  (8.2) 

13 
. . 

Taking u = 10 /sea, Em = 0.12 ev and B = 0.1 ev, (7) t he  probabil i ty  

i s  unity f o r  Ui = 0.02 ev a t  77OX, which corresponds t o  R = 60b f o r  

s i n  a = 1. This implies tha t  impurity trapped i n t e r s t i t i a l s  a re  

freed only from s i t e s  near dislocations. 

During a small s t r a i n  in terva l  before t e s t  interruption, . 
however, dislocations move , rather  extensively. The sJrain r a t e  y 

i s  equal ' to  v,pb where v, i s  an average velocity of the  dislocations 

vhich is  about 3.5 x 10-~cm/sec i n  our case. 

. . Suppose a dislocation'moves on y = yo from x = - t o  + 
, I .  . 

, . 
Than the t o t a l  probabili ty of release,  pt;' can be given by an 

. . .. . . . . , .  . .  integral  : . . 

" . = J P d t . '  . '  , . pt. . . 
. . 100 . . . . . . . 

Noting- ,.' vo , =  dx/dt,' . 
, . e ,  . . 
. . ' . 



l and substituting (~.1) ~ 
I 

The function i n  the i n t e g r a l  f a l l s  off rapidly and a graphical 

integration gives Pt = 1 f o r  yo = 48 A. Therefore, the  i n t e r s t i t i a l s  

a re  released from the  trapping s i t e s  when they a re  within about 50 A 

. . above and below the  s l i p  plane. 

When we have a s t r a i n  in terva l  of 0.5%, t o t a l  area swept 

by dislocations can be given by ~ y / b  = 1/570 A - ~ .  Thus, about 20% of 

all the i n t e r s t i t i a l s  can be expected t o  contribute t o  the  inter-  

ruption yield drop phenomena. 

In t h i s  calculation, raridom motion of dislocations'  i s  

assumed, which tends t o  overestimate the  t o t a l  area swept. This 

assumption, however, i s  reasonable since dislocations leave t h e i r  . 

" i n i t i a l  s l i p  planes ratherrandomly i n  aluminum as  observed by 

t r a n s ~ s s i o n ~ ~ e l e c t r o n  microscopy. . 

. . 
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