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Radiation damage caused by neutron irradiation was studied in vanadium 

containing various amounts of oxygen by transmission electron microscopy, 

tensile testing and hardness measurements.. The major motive of the study 

was to delineate the role of an interstitial impurity (namely oxygen) on 

radiation damage in vanadium. Irradiation of polycrystall ine samples con- 

taining 60-640 wt. ppm oxygen was carried out at 105'~ to a dose of 
2 1 . 2 ~ 1 0 ~ ~  n/cm (E>1 MeV) and tensile tests were carried out at room tempera- 

ture fol lowing irradiation and post-irradiation anneal ing. ~ower yield 
. . 

stres's measurements indicate that neutron irradiation results in greater 

radiation hardening for specimens with 1 arger oxygen concentration. A1 so, 

the further increase in strength upon post-irradiation anneali.ng (radiation- 

anneal hardening) is enhanced by increasing oxygen content. . It was concluded 

that the radiation-anneal hardening was caused by trapping of oxygen at 

the radiation-produced defect clusters. Similar behavior was exhibited by 

measurements of microbrdness. 

Radiation-produced defect clusters were studied by transmission 

electron microscopy in as-irradiated and post-irradiation-annealed single 
2 

. r 

crystal vanadium irradiated to a dose of 1 .4x1019 n/cm (E>1 MeV) at 95'~. 

1t 'was found that the number density of' defect clusters increases with 
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increasing oxygen content and the average size decreases with increasing 

oxygen content. Upon post-irradiation annealing the defect clusters grow 

in size and decrease in density but the coarsening tendency is reduced for 

material containing higher oxygen concentrations. It is be1 ieved that 

oxygen acts as a nucleating agent' for the defect clusters and stabilizes 

the clusters upon post-irradiation annealing by being trapped at the 

clusters. 

Strain aging studies carried out on unirradiated. and irradiated 

vanadium by tensile testing at room temperature indicate that the strain 

aging tendency increa3es with increasing oxygen concentration in both 

uni rradi ated and irradiated vanadi um. However, comparison between 

irradiated and unirradiated materials indicates a reduced tendency for 

strain aging in the irradiated vanadium as measured by time of reappearance 

of yield drop. It is contended that the delay in reappearance of. the yield 

drop is a manifestation of trapping of oxygen atoms at the radiation- 

produced defect clusters before they can reach dislocations and cause strain 

aging. 

Dislocation channels were observed by transmission electron microscopy 

in as-i rradi ated and post-i rradi ati on-anneal ed speci mens deformed at room 

temperature, irrespective of oxygen content. The mechanism of channeling 

formation is still uncertain. However, the mechanism involving annealing 

of defect clusters by heat of plastic deformation appears plausible. 



I. INTRODUCTION 

A metal subjected t o  neutron bombardment undergoes changes i n  i t s  

physical and mechanical propert ies.  I n  recent years there has been con- 

s iderable i n t e r e s t  i n  t r y i n g  t o  i n t e r p r e t  the changes upon neutron 

i r r a d i a t i o n  i n  terms o f  the defect  s t ruc tu re  produced. U n t i l  a few years- 

ago most o f  the' research on rad ia t i on  damage i n  metals was centered on the 

face-centered cub ic .  ( f .  c. c. ) metals. I n  recent years, however, increasing 

a t t e n t i  on has been devoted' t o  r ad i  a t i  on e f f ec t s  i n  body-centered cubic 
:, . 

(b.c. c. ) metals and a1 loys. I n  pa r t i cu l a r ,  r e f r ac to r y  metals have been 

invest igated 'because o f  h igh temperature app l ica t ions.  Among these, 

niobium and vanadium are o f  specia.1 i n t e r e s t  because o f  t h e i r  low neutron 

cros's sections. 

: I n  the b.c.c. r e f r a c t o r y  metals the I n t e r s t i t i a l  impur i t y  content . i s  

o f  major importance s ince marked changes i n  physical and mechanical 

proper t ies  occur . w i t h  . i n t e r s t i t i a l  impur i t i es  (e.g. , O,C,N) .  heref fore, i t  

i s  o f  i n t e r e s t  t o  know how neutron bombardment w i l l  a l t e r  the p roper t ies  

o f  b.c.c. r e f r ac to r y  metals w i t h  various impur i t y  contents. The i n t e r -  

s t i t i a l  impur i t y  chosen i n  t h i s  study i s  oxygen. The e f f ec t s  o f  neutron 

i r r a d i a t i o n  i n  vanadium doped w i t h  oxygen are important from both funda- 

mental and appl ied po in ts  o f  view. 

A. Fundamental Asp,ects 

1. Or ig in  - o f  radiat ion-anneal hardening (RAH) - - and Stage - I11 anneal  in^ 
I 

Radiation-anneal hardening (RAH) , i n  b. c. c. metals i s  def ined as the 



increase in yield stress upon post-irradiation annealing. Stage I 1 1  

annealing in b.c.c. metals i s  the annealing stage observed in the 

vicinity of 0.2 Tm, where Tm i s  the me1 ting temperature in degrees Kelvin. 

Since Stage 111 and RAH occur over the same temperature range, the two 

phenomena are assumed to stem from the same atomic rearrangements. 

  he' earl i e r  observations of RAH were interpreted i n terms of i n -  

t r ins ic  defects produced by radiation. S l  nce then, other authors have 

observed similar 'effects in b.c.c. metals. There i s  s t i  11 a controversy 

over the mechanism of RAH and Stage I11 in b.c.c. metals. some investiga- 
. . 

tors, however, be1 ieve that RAH and Stage I 1 1  are caused by ?xtri nsi t  . . . . 

defects ( i  n ter i t i  t i a l  impurities) being trapped by radiation-produced 

defects and defect clusters and not due t o  migration of intr insic defects 

such. as vacancies or sel f- interst i  t i  a1 s produced by. l rradiation. 

There i s  some evidence in the work performed in this ,  laboratory to  
. . 

suggest that the extrinsic mechanism i s  more probable, based on internal 

friction and electrical resist ivi ty measurements on vanadi um doped with 

oxygen. The present study i s  an attempt to give better insight into the 

mechanism of RAH and systematically delineate the role of in te rs t i t i a l  
. . 

impurities. . . 

2. 'Radiati,on-produced defect clusters 

a. Nucleation and density and size distribution The bombardment 

of metals with neutrons creates vacancies and in te rs t i t i a l s  which cluster 

together to form defect clusters and dislocation loops resolvable in an 

electron microscope. The nucleation of defect clusters i s  an important 

factor. I t  i s  of fundamental interest  to know whether defect clusters 



nucleate homogeneously o r  heterogeneously and the in f luence o f  i n t e r -  

s t i  t i a l  impur i t i es  on the nucleat ion o f  defect  c lus ters .  

The densi ty and s ize  d i s t r i b u t i o n  o f  defect  c l u s t e r s  govern t he  y i e l d  

s t ress and the d u c t i l i t y  of mater ia ls,  a matter  o f  importance from the basic 

as we l l  as design po in ts  o f  view. I n t e r s t i t i a l  impur i t y  atoms may have a 

considerable e f f e c t  on the s i ze  and dens i ty  o f  defect  c lus ters .  Th is  study 

i s  intended t o  achieve a b e t t e r  understanding o f  the in f luence of i n t e r -  

s t i  t i a l  impur i t i es  and pos t - i r r ad ia t i on  annealing on, the dens i ty  and s ize  

d i s t r i b u t i o n  o f  defect  c lus te rs  and t o  re1 ate them t o  mechanical proper t ies .  

3. S t r a i n  aging phenomenon 

Body-centered cubic metals contain ing i n t e r s t i t i a l  impuri t i e s  e.xhi b i  t' . . 

.. . 

an increase i n  y ie ld '  and flow stresses i n  a ~ r e ~ d e f o r m e d  mater ia l  upon . . . 

. . 

aging a t  su i t ab le  temperatures. The in f luence  o f  i n t e r s t i t i a l  impur i ty  
. . . , 

content. and neutron i r r a d i a t i o n  on the s t r a i n  aging tendency i s  :being . . . ,  

s tudied f o r  vanadium as a func t ion  o f  oxygen concentrat ion. 

B. Appl ied Aspects 

A1 though vanadium as the base metal f o r  c ladding mater ia l  f o r  l i q u i d -  

metal fast-breeder reactors (LMFBR' s) 1 ooks unfavorable a t  t he ,  present t ime 

because o f  i t s  a f f i n i t y  f o r  oxygen dissolved i n  . l i q u i d  sodi.um cool ant,. i t  ' i s  

a prime candidate f o r  the con t ro l led  thermonuclear (CTR) f i r s t  wa l l  mater ia l  

because o f  i t s  favorable neutronics. The proper t ies  t h a t  make i t  a t t r a c t i v e  

f o r  t h i s  app l i ca t ion  are: (a )  moderately h igh mel t ing po in t ,  (b) low f a s t  

neutron reac t ion  cross section, ( c )  shor t  h a l f  1 i f e  o f  isotopes produced 

upon i rradi a t i  on, hence 1 ow induced r a d i o a c t i v i t y  , (d) 1 ow shutdown decay 



power, and ( e )  favorabl e r ad ioac t i  ve waste management. 

Other cons idera t ions  f o r  t h e  choice o f  vanadium i n this inves t iga t ion  
. . 

are :  ( a )  i t  i s  ava i l ab le  i n  r e l a t i v e l y  high p u r i t y  and ( b )  t h e  major 
5 2 radioact ive  i so tope  of  vanadium ( V  ) has a r e l a t i v e l y  s h o r t  h a l f l i f e  

(3.76 minutes) and the re fo re  does, not pose any s e r i o u s  problems i n  hand1 i ng 

of  i r r a d i  a ted  samples. 
.. . 

In i t s  app l i ca t ion  f o r  LMFBR' s o r  CTR's, vanadium wil l  be subjec ted  

t o  neutron i r r a d i a t i o n  and i t s  mechanical i n t e g r i t y  and dimensional 

s t a b i l i t y  a r e  of importance from t h e  point  of  view of design and s a f e t y .  

These cons idera t ions  con t r ibu te  t o  the  motivation f o r  this study. 

In t h i s  d i s s e r t a t i o n  six c l o s e l y  re1 a ted  aspects  of neutron rad ia t ion  

damage of p o l y c r y s t a l l i n e  and s i n g l e  c r y s t a l  vanadium and the subsequent . 

behavior of  i r r a d i a t e d  samples upon deformation wi l l  be repor ted .  They . . 

a r e  
1. Radiation-anneal hardening i n  p o l y c r y s t a l l i n e  t e n s i l e  

samples doped w i t h  three l e v e l s  o f  oxygen using t e n s i l e  
t e s t s .  

2 .. Radi a t i  on-anneal hardening i n s i n g l e  c r y s t a l  vanadi um . . "  

doped w i t h  oxygen using microhardness measurements. 

3. Transmi s s i  on e lec t ron  m i  c rosc ipy '  (TCM) of a s m 8 i  r r ad i  ated 
and post- irradiated-annealed s i n g l e  crysta.1 vanadium- 
oxygen. 

4. S t r a i  n aging behavior of  i r r ad i  a t ed  and uni r r ad i  a t ed  
vanadi um oxygen- samples. 

5. Dislocat ion channels produced upon deformation of as- , . 
i r r a d i a t e d  and post- irradiat ion-annealed samples. 

6.. ' Microstructure of material  deformed a t  room temperature 
and a t .  1 iquid  ni trogen temperature. p r i o r  t o  i r r ad i  ati .on , 
a s  revealed by transmission e lec t ron  microscopy.. 



I I. LITERATURE REVIEW 

There has been an increasing interest in recent years in radiation 

damage in metals in general and b.c.c. metals in particular, and conse- 

quently there is a large accumulation of literature in this field. This 

survey is an attempt only to set background for the present study. The 

1 iterature review. will be divided into the following sections: (a) 

~echanisms of radiation damage, (b) ~adiation hardening mechanisms, (c) 

Experimental. observations of radiation hardeni.ng, (d) Radiation-anneal 

hardening (RAH) and Stage I11 annealing, (e) Direct observation of defect 
. . 

,7 . 
'ciusters, (f.) Dislocation channel ing and (g) Strain aging. . . 

. . 
A. Mechanisms of Radiation Damage 

. . 

Numerous authors (1 -1 2) have contributed to the present understanding 

of mechanisms of radiation damage. In this section only a brief' quali- 

tative treatment.of some of the important aspects of radiation damage 

theory will be presented. An energetic particle, say a fast neutron .with 

energy greater than 1 MeV (E>1 MeV) moving through matter, loses energy by 

( a )  elastic collisions with lattice atoms and ( b )  excitation and ionization 

of atoms through charge interaction. The first is capable of displacing 

atoms from their normal positions resulting in vacancies, interstitial s 

and -rep1 acements . The second is of 1 i ttl e importance in metals , appearing 

only as heat..   he atom struck by the neutron (primary knock-on) may re- 

ceive sufficient energy not only to displace .it from.its lattice site but 

also to cause additional displacements when it strikes other atoms (secon- 

dary displacements). Usually, therefore, each primary collision in.i tiates 
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a  cascade o f  c o l l i s i o n s  r e s u l t i n g  i n  vacancies i n  excess o f  thermo- 

dynamic equ i l ib r ium.  The displaced atoms o f ten  stop a t  i n t e r s t i t i a l  

s i t e s  o r  nonequi 1 i b r i  um posi ti ons, provided they do no t  recombine w i t h  

a ne ighbor ing vacancy. A vacancy and i t s  previously associated atom, 

now located i n t e r s t i t i a l l y  elsewhere i n  the l a t t i c e ,  i s  ca l l ed  a displace- 

ment pa i r .  I f  the energy t ransfer red i n  a c o l l i s i o n  i s  less than l the d is -  

placement energy o r  when the energet ic p a r t i c l e  makes a glancing c o l l i s i o n  

w i t h  the atoms, the s ta t ionary  atom experiences an increased amp1 i tude 

o f  ' v ib ra t ion .  , These exc i ted atoms. t r ans fe r  energy t o  neighboring atoms 

i n  the o r d e r  o f  a v i b ra t i ona l  per iod ( 1 0 - l ~  t o  sec) , resu l  t i i g  .:. 

i n  more o r  less v i o l e n t  a g i t a t i o n  b r i e f l y  a f f e c t i n g  a l l  atoms i n  the . . 

v i c i n i t y .  This i s  known as a "thermal spike" ( I ) . .  As decay through 

d i ss i pa t i on  o f  energy (heat)  re turns the region t o  equ i l ib r ium,  the thermal. . , 

spike w i l l  cause no permanent damage i n  metals. However; the metal w i t h i n  

the spike i s  held a t  a h igher pressure (1,3) by the su r round ing la t t i ce ;  

r e s u l t i n g  i n  p l a s t i c  deformation a t  the center o f  the spike s u f f i c i e n t  t o  
. , 

genera$e d i s l oca t i on  loops w i t h  r a d i i  o f  40 8 t o  50 8. ~ h e s e  loops w i t h i n  

the spikes w i l l  be re ta ined as the  thermal spike cools on ly  i f  the cool ing 

pa t te rn  does no t  reverse the loop growth process o r  the loop' becomes en- 

tangled dur ing the formation o f  the spike. 

Another spike' e f f e c t  proposed i n  the form o f  a displacement spike by 

 rinkm man (6) i s  , produced . a t  the end o f  the t r a j e c t o r y  o f  a f a s t  moving . . 

atom when the mean f r e e  path between displacement c o l l  i s i ons  becomes 

approximately equal t o  an .atomic spacing.. When the energy o f  the primary 

knock-.on becomes less  than a t r a n s i t i o n  value (50-23,000 eV depending on 



atomic number) the p a r t i c l e  i s  very r a p i d l y  brought t o  r e s t  amfd an i n -  

tense shower o f  secondary displacements which are no t  independent o f  each 

other. The atoms a're violemkly ra ised t o  the molten s ta te  w i t h  tu rbu len t  

flow 'and complete rearrangement, r ap id  quenching and reso l  i d i  f i c a t i  on occur 

over a very shor t  time. The r e s o l i d i f i e d  r e g i o n i i s  subs tan t i a l l y  i n  

r e g i s t r y  w i t h  the surrounding l a t t i c e  s ince the:.parent l a t t i c e  acts as 

nucleus f o r  c r y s t a l l i z a t i o n .  It has been suggested t h a t  vacancies and 

i n t e r s t i t i a l s  more o r  less completely anneal i n  t h i s  region (6) w i t h  

damage showing as small d i s loca t ion  loops. 

S i  1 sbee (13) f i r s t  ca l l ed  a t t en t i on  t o  the. importance of focusing 

e f f ec t s  i n  r ad ia t i on  damage be~ause o f  the c r y s t a l l i n i t y  o f  metals. Seeger' 

(10) and Seeger and Essmann (11) pointed ou t  thatl:the focusing e f f e c t  d i s - '  

cussed by S i  lsbee migh t  lead t o  generation and propagation o f  dynamic 

crowdi ons.. Dynamic crowdions d i  f f e r  from focusons proposed by S i  1 sbee (1 3)  

i n  t h a t  they t ranspor t  no t  only energy (and momentum) b u t  a lso matter'. 

Seeger proposed t h a t  the primary and secondary knock-ons col  1 i de w i t h  

almost any atom towards the end o f  t h e i r  paths, t r ans fe r r i ng  small mu l t ip les  

o f  displacement energies 'which are  s u f f i c i e n t  t o  produce a la rge  f r a c t i o n  

o f  the displacements ' i n  the form o f  dynamic crowd.ions (shown i 'n Figure '1). 

This r esu l t s  i n  a, l oca l  h igh dens i ty  o f  vacant s i tes ,  surrounded by a few 

nearby i n t e r s t i  t i a l s  and a substant ia l  number of d i s t a n t  i n t e r s t i  t i a l s  

separated from v,acanci es by the crowdion ,mechanism. . A simi 1 a r  mechanism 
. . 

proposed by seeger and Essmann (11) i s  c a l l e d  the replacement chain, whlch 

involves a sequence o f  replacement c o l l i s i o n s  i n  which a moving atom s t r i k e s  

and d isp laces 'a  l a t t i c e  atom bu t  i s  trapped i t s e l f  i n  the l a t t i c e  s i t e ,  thus 
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CLOSED REPLACEMENT 
PROPAGATI NG 

COLLISIONS DYNAMICALLY 
FRENKEL PAIR / 

ENERGY TRANSPORT 
BY FOCUSll NG 
COLLISIONS 

Figure 1. Schematic representat ion o f  format i  on o f  dynamic crowdi ons ( a f t e r  

Seeger . ( 10) ) , . . 



rep lac ing the s t ruck atom a t  the s i t e .  The s t ruck atom undergoes the 

same process w i t h  a t h i r d  atom and so on, r e s u l t i n g  i n  a chain o f  re-  

pl.acements w i t h  an i n t e r s t i t i a l  coming t o  r e s t  a t  the end o f  the chain. 

Crowdions and rep1 acement chains 1 eave behind vacancy-ri ch regions i n  

the displacement spikes whi le  the i n t e r s t i t i a l s  come t o  r e s t  a t  f a r  d i s -  

tances from the vacancy-rich o r  depleted zones. 

Another mechanism o f  importance i n  which energy may be l o s t  i n  

subthreshold i n t e r a c t i o n  due t o  the regu la r  arrangement o f  atoms i n  

metals i s  c a l l e d  channeling. I n  channeling, the moving atom i s  def lec ted 

i n t o  .open channels between the atom rows, where i t  undergoes gl.ancing 

c o l l i s i o ~ s  w i t h  atoms along the wa l l s  o f  the channel (14). One evidence 

o f  channeling i s  the anomalously h igh penet ra t ion o f  ions bombarded on 
. . 

s i ng le  crysta1.s as compared t o  t h a t  f o r  amorphous forms o f  the same 

mater ia l  (15). Oen and Robinson (16) have t rea ted  the channeling 

phenomenon i n  d e t a i l .  Noggle and Oen (17) bombarded s ing le  c r y s t a l  gold 

f i l m s  w i t h  51 MeV iod i f ie  ions. They observed-14 times less damage when 
1 I 

the don beam was d i rec ted  along channeling d i r ec t i ons  than when the beam ' . 

was unaligned. However, the i o n  beam must be a1 i gned t o  w i t h i n  one o r  

t w o  degrees and thus i t  seems u n l i k e l y  t h a t  many r e c o i l i n g  atoms w i l l  

emerge from a l a t t i c e  s i t e  i n  a d i r e c t i o n  appropr iate f o r  channeling. 

Besides, the neighboring atoms would tend t o  block the struck.:atoms from 
I 

the .channels . 
For a schematic diagram o f  r ad ia t i on  damage, see Figure 2. 

I 
I 
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3 Tertiary knock-on pat 

' Impurity atom 

Figure 2.. Schematic representation o f  rad ia t ion  damage ' in  metals ( a f t e r  Smith ( 1 2 ) )  



B. Radiat ion Hardening Mechanisms 

I t has been we l l  establ ished t h a t  neutron i r r a d i a t i o n  causes an i n -  

crease i n  resistance t o  p l a s t i c  deformation as i s  evidenced by the increase 

i n  y i e l d  s t ress and indentat ion hardness. The basis f o r  models o f  rad ia-  

t i o n  hardening i s  t h a t  i r r a d i a t i o n  introduces b a r r i e r s  i n  the form o f  'de- 

fec t  c lus ters ,  which impede, the motion o f  d is locat ions.  The ba r r i e r s  may 

be displacement spikes, depl i i ted zones, d i s l oca t i on  loops o r  aggregates of 

vacancies o r  i n t e r s t i t i a l s .  

I n  the dispersed b a r r i e r  model, the b a r r i e r s  are assumed t o  be 

randomly d i s t r i b u t e d  on the s l i p  plane o f  the d is locat ions.  During p l a s t i c  

deformation, these ba r r i e r s  a c t  as obstacles t o  the movement o f  d is locat ions.  

va r ious  versions o f  the dispersed b a r r i e r  model have been developed. 

Orowan (18) eval uated the shear 's t ress r a t  which a d i s l oca t i on  w i  11 bow 

around strong b a r r i e r s  separated by a distance a,, as i l l u s t r a t e d  i n  Figure 

3. It i s  given by 

idhere G i s  th.e shear modulus .and b i s  the Burgers vector. Holmes (19) pre- 
. . 

sented the expression f o r  the c r i t i c a l  shear s t ress ( ~ i ~ u r e  4) 

. . 

where Fc i s  the c r i t i c a l  fo rce  f o r  breaking through the b a r r i e r s  a t  absolute 

zero, Ft i s  an add i t iona l  force f a c i l i  t a t i n g  surmounting the ba r r i e r s  due 

t o  thermal v ibra t ions,  and f, i s  the average b a r r i e r  spacing on the s l i p  



Figure 3. Schematic of stages in passage of a dislocation between widely- 
separated obstacles--0rowan's mechanism of hardening 

. . 



plane. Fle ischer (20) considered the ba r r i e r s  t o  be centers o f  t 'e t ra-  

gonal d i s t o r t i o n  due. t o  vacancy o r  i n t e r s t i t i a l  disks. He obtained 

where 

and ni and di are the volume dens i ty  and the diameter, respect ive ly ,  o f  

d isks  i n  the i - t h  s i ze  i n te r va l .  

Foreman and Makin (21) performed a computer analysis o f  d i s l oca t i on  

motion through a 'random planar ar ray o f  po in t  obstacles. For weak .bar r ie rs ,  

the c r i t i c a l  shear s t ress was i n  agreement w i t h  the expression der ived by 

Fr iede l  (22) 

where n i s  the number o f  ba r r i e r s  per u n i t  area. For strong bar r ie rs ,  
A . .  

they found (21) 

I n  another computer study, Foreman (23) determined the c r i t i c a l  shear 

s t ress t o  be 

where A and, B are constants and ro i s  the d i s l oca t i on  core radius. Kocks. 
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Figure 4 .  Dislocation l ine in a field of barriers dispersed in a s l ip  plane (after 
Holmes (19 ) )  



(24)  using a combination of ' s t a t i s t i c a l  theory and graphical analysis f o r  

the case of in f in i t e ly  strong barr iers  found the c r i t i c a l  shear s t r e s s  t o  

be close to  tha t  given i n  Equation (6) .  

Westmacott (25)  i nvesti gated the hardening i n  quenched a1 uminum due 

tod i s loca t ion  loopS and voids. For dislocation' loops of diameter d and 

volume density n ,  the yield s t r e s s  increase was given by 

which agrees . w i t h  the expressions obtained by Friedel (22)  and Kroupa and 

Hirsch (26) w i t h  = 7.3 and 16, respectively. Westmacott -- e t  a l .  (27) 

pointed out tha t  the nearest neighbor separation a fo r  a random dis tr ibu-  

t ion of n par t ic les  per u n i t  volume of diameter d should be 

but ,  the fac tor  of 0.5 was not confirmed i n  t h e c o m ~ u t e r  analysis by 

Foreman (28). Other expressions fo r  a based on various defini t ions are  

given by Kocks (29) .  

Seeger ( 5 )  developed a theory of radiation hardening tha t  incorporated 

the .thermal activation of sl i p .  His treatment leads t o  the expression fo r  

the c r i t i c a l  shear s t r e s s  

where Uo and xo are  energy and distance parameters, respectively, i n  an 



assumed energy p r o f i l e ,  - k  i s  Bol tzmann's constant, T i s  absolute tempera- 

ture,  v0 i s  the frequency w i t h  which i d i s l oca t i on  attempts t o  overcome a 

ba r r i e r ,  d i s  the s t r a i n  rate,  and u i s  a constant missing i n  the o r i g i n a l  

paper, as pointed out  by Schwi nk and Grieshammer (30). N i s  the number o f  

d is locat ions per u n i t  volume pressing against  the nA b a r r i e r s  per u n i t  

area. As above, G i s  the  shear modulus and b i s  the Burgers vector. I n  

der i v ing  Equation (10) the i n t e r b a r r i e r '  d istance.  was taken as 

i n  accord w i t h  Equation ( 5 ) ,  fo l l ow ing  Fr iede l  (22,31). Equation (10) 

p red ic ts  a square-root dependence o f  T on rad ia t i on  dose Q (assuming 

= and the predominant e f f e c t  of nA i s .  i n  thef ' i . rs , t*  fac tor  ) . It a lso 

p red ic ts  . . a temperature dependence o f  the form 

T T i '  (L) 0 .= 1 - (- , )  
T  
0 To 

where n = 213 and T, and To are funct ions o f  the  parameters T n Equation (,I 0) .  

By comparison, F le ischer ' s  theory (32) p red ic ts  = 112 i n  Equation ( l l a ) .  

The c r i t i c a l  .shear s t ress i s  sometimes . . considered' to cons is t  o f  two par ts ,  

vi'z. 

T = T  * (T) + ra (I 1 b)  

where ra i s  independent o f  temperature and represents a long-range i n t e r -  

ac t ion  between s l i p  d'islocations and be r r i e r s  and T* (T) i s  the temperature 

dependent component which represents a short-range i n t e r a c t i o n  o r  the s t ress  



required t o  overcome the Pe ie r l s  stress (33). Such a  simple reso lu t ion  

o f  T i n t o  two components does not  appear t o  be unambiguously pred ic ted by 

Equation (1 0). 

The gra in  s i ze  dependence o f  the y i e l d  's t ress i f  o f ten  represented by , 
the ~ e t c . h  (34) r e l a t i o n  

where 2dG i s  the average g ra in  diameter and oo and k are constants. This 
Y  

expression i s  used below t o  co r rec t  f o r  va r ia t ions  i n  g ra in  s i ze  i n  

comparing resul, t s  o f  various invest igators .  

An important question i n  r ad ia t i on  hardening i s  the way i n w h i c h  the 

, '  ba r r i e r s  t o  d i s l oca t i on  motion i n  the un i r rad ia ted  metal (U ba r r i e r s )  

combine w i t h  those .produced,.upon i r r a d i  a t i on  ( I  b a r r i e r s )  . Tucker and 

Wechsler (35) have given, a  treatment o f  two poss ib le  cases: 

U and I ba r r i e r s  acting, independently 1 -  - -  
The ne t  shear stress. ac t ing  on a  d i s l oca t i on  . , l i n e  a t  the I b a r r i e r  

upon y i e l d i n g  i s  T - r U ,  where rU i s  the c r i t i c a l  shear s t ress f o r  the un- 

i r r a d i a t e d  mater ia l .  An analysis s im i l a r .  t o  t h a t ,  g i v i ng  Equation (2) 

y i e l d s  

2 F ~  1 - 0" = 2 - T "  = 6i; (13) 

where oI  and oU are y i e l d  stresses f o r  the i r r a d i a t e d  and un i r rad ia ted  

mater'i a1 , respect ive ly  , and T I  and rU a r e  corresponding shear stresses. 

The i n t e r b a r r i e r  distance between I b a r r i e r s  alone i s  rI  , and the c r i t i c a l  
. , 

fo'rce requ i red  t o  surmount the I bar r i e r s  i s  FI = ('Fc - F ) i n  a  manner t I .  



analogous t o  Equation (2). I f  the  diameter o f  the I bar r i e r s  i s  dI and 

they are d i s t r i b u t e d  randomly w i t h  a  volume dens i ty  nI, aI may be w r i t t e n  

where I i s  a constant close t o  u n i t y  incorporat ing geometrical considera- 

t i ons  as discussed by Kocks (29). I f  the b a r r i e r s  are present. i n  a  

d i s t r i b u t i o n  o f  sizes, then 

where the subscr ip t  i denotes quan t i t i e s  pe r t a i n i ng  t o  the  i - t h  s i ze  

i n t e r v a l .  Then Equation (1 3) becomes 

2. U and I b a r r i e r s  ac t i ng  j o i n t l y  --- 
Now the  i n t e r b a r r i e r  d istance becomes 

where nu and dU are the  dens i ty  and s i ze  o f  the U ba r r ie rs ,  and .T i s  an 

ef. fect l .ve c r l  t i c a l  force. Then 



Since oI = oU when nI = 0 

L 

For a d i s t r i b u t i o n  o f  sizes, the expression analogous t o  Equation (16) i s  

It i s  i n s t r u c t i v e  t o  note t h a t  Equations (16) and (20) are no t  o f  the 

same form except when uu<<oI. For neut ron- i r rad ia ted n i ob i  um, Tucker and 

Wechsler (35) found a somewhat b e t t e r  f i t  t o  Equation (20) based on TEM- . 

observable defect c lus ters .  For both cases, the b a r r i e r s  strengths were 

2 determined t o  be ' i n  the tange F = (0.5 - 0.8)Gb . This corresponds t o  

strong b a r r i e r  hardening, i .e. t o  F values. close t o  the bowing-around force 

ind ica ted  by  orem man and Makin (21 ) and Kocks (24) t o  be about 0.86b2 f o r  

a random d i  s t p i  but ion o f  ba r r ie rs .  

The expression. most o f t en  used t o  describe rad ia t i on  hardening i s  

2 
which i s  obtained from Equations (13) and (14) by s e t t i n g  FI = KIGb , where 

a=l f o r  bowing around i n f i n i t e l y  strong bar r ie rs .  As before, i f  the  

ba r r i e r s  are present i n  a d i s t r i b u t i o n  o f  sizes, we have 



C.  Experimental Observations o f  Radiat ion Hardening 

I n  e a r l y  experimental observations o f  r ad ia t i on  hardening, p a r t i c u l a r  

emphasis was placed on the dependence o f  y i e l d  stress on rad ia t i on  dose. 

B l e w i t t  -- e t  a l .  (36) observed t h a t  the y i e l d  stres's o f  copper increased as 

2 the cube r o o t  o f  the dose over the range 1016 t o  lo2' n/cm . However, 

' ~ i e h l  (37) and Rukwied and Diehl  (38) found a square-root dependence a t  

low doses, fo l lowed by a lower hardening r a t e  (satura t ion)  a t  higher doses. 

S im i la r  observations were reported f o r  i r o n  by Seidel (39) , Diehl e t  a1 . 
(40), McRickard (41 ) , and ~ o ~ f o r d  and Hu l l  (42). 

I n  more recent work, i nves t iga to rs  have attempted t o  co r re la te .  the 

y i e l d  s t ress w i t h  the dens i ty  and s ize  d i s t r i b u t i o n  o f  defect  c lus te rs ,  as 

we1 I as w i t h  the rad ia t i on  dose. For 'neutron- i r radiated niobium, Tucker 

and Wecksler (35) and Loomis and Gerber (43) observed t h a t  the square-root 

dose dependence pe rs i s t s  on ly  up t o  about 7 x 1 0 ' ~  n/cm2, fo l lowed by a 

sharply decreased. r a t e  o f  .hardening. From the analysis o f  defect  c l  usters, 

. '  both invest igat ions ind icated t h a t  the i n t e r b a r r i e r  spacing (def ined f o r  

example, by Equation (15)).  decreased r a p i d l y  as a func t ion  o f  dose a t  

fi r s t ,  bu t  a t  h igher doses the decrease was less  rapid.  ,However, Looniis 

and Gerber (43) reported that ,  p a r t i c u l a r l y  f o r  higher-oxygen samples, 

the hardening r a t e  increased again for  s t i  11 higher doses (above about 

2 4 x 1 0 ' ~  n/cm ), w i t h  an attendant f u r t h e r  decrease i n  i n t e r b a r r i e r  spacing. 

They in te rp re ted  the rad ia t i on  hardening o f  niobium t o  be due t o  defect  

c lus te rs  smaller than 70 8. 
I n  a review paper on rad ia t i on  hardening i n  b.c.c. t r a n s i t i o n  metals, 

Wroniki -- e t  a1 . (44) concluded t h a t  source hardening (decreased operat ion o f  



d i s l oca t i on  sources) operates up t o  10'' .n/cm2, bu t  a t  h igher doses, . '  

f r i c t i o n  hardening ( i n h i b i t i o n  o f  . d i s l oca t i on  motion) i s  superimposed on 

t h i s .  On the o ther  hand,  vans -- e t  a1 . (45) concluded f o r  n iob i  um t h a t  

f r i c t i o n  harden1 ng was the primary fac tor , ,  which. increased w i  t t i  increasing 

i r r a d i a t i o n  temperature. 

I n  vanadium, Sh i ra ish i  e t  a1 . (46) and ~ o r e k  -- e t  a1 . (47) observed 

the rad ia t i on  hardening t o  f o l l ow  a square-root dose dependence a t  lower 

doses, .above which sa tu ra t ion  was observed. However, rad ia t i 'on  hardening 

19 2 
: d i d  no t  show a tendency f o r  sa tu ra t ion  up t o  4x10 . n/cm (E > 1 MeV) i n  

. . 

the  work o f  Smoli k and Chen .(48). Smidt (49) appl ied Equation (21) t o  

microhardness measurements on 0.002-i nch-th i  ck f o i  1 s , where dI was the 

average defect  c l u s t e r  diameter and nI the t o t a l  dens i ty  o f  a1 1 sizes. 

Good agreement was ob ta ined  w i t h  Kq/K2 equal t o  0.55. On t h e  other hand, 

~ h i r a i s h i  - - .  e t  a l .  (46,50) found the observed rad ia t i on  hardening t o  be a t  

1 east several times greater,  than could be accounted f o r  by Equation (22) ' . .  

w i th .  K i / K 2  1. 

The e f f e c t  o f  i r r a d i a t i o n  on the temperature dependence o f  y i e l d i n g  

has . been . s tudied i n  Cu (51-57). Fe (58-60), s tee l  (61); Mo (62-64), 

Nb (58,65-68), and V (47,48,69-71). For vanadium, Arsenaul t (69) and 

Smoli k and Chen (48) found roughly the  same. increase i n  y i e l d  s t ress upon 

i r r a d i a t i o n  f o r  a l l  t e s t  temperatures, as was also observed by Wechsler 

e t  a1 . fo? niobium (68). I n  terms o f  Equation (11 b) , t h i s  means t h a t  ' a l l  -- 
o f  the rad ia t i on  hardening resfdes i n  ra and none i n  r*. On the o ther  hdnd, 

~ r s e n a u l  t and Pink (70) found an increase,  decrease, and no change, i n  the 

temperature dependence o f  y i e l d  s t ress  dependkg on low ( < 90 w t  ppm) , 



medium ( < 300 w t  ppm) , and high (880 w t  ppm) oxygen coticentrations, 

respectively. Wechsler -- e t  a1 . (71 ) a1 so observed an increase in thermal 

s t r e s s  (T*) upon neutron i rradiat ion for  low-oxygen (70 w t  ppm) vanadium, 

particularly a t  1 ow temperatures. ' However, the resul ts  for  higher oxygen 

alloys are  more complicated. I t  has been suggested (72) tha t  the i n -  

creased temperature dependence upon i rradi a t i  on i s  more pronounced for  

higher purity materials, but additional work i s  needed t o  establ ish the 

point. A further complication, as shown i n  the work of BoZek -- e t  a l .  (47), 

i s  tha t  T, and T* may both be affected by i rradiat ion i n  a way tha t  depends 

on radiation dose. , Bozek and Elen (73) studied. the dose dependence of 

ac t i  vati on vol ume of neutron-i rradi ated vanadi urn and concl uded t h a t  the 

changes in activation volume upon irradiat ion are dependent on oxygen con- 

t en t  and i rradiat ion temperature.   he ef fec t  of i n ters t  i t i  a1 impuri t i  es 

t o  increase radiation hardening was pointed out in a ' short  comnuni cat i  on 

by Hasson and Arsenault (74). 

The influence of i r radiat ion temperature on the hardening behavior of 

refractory b.c.c. metals' and alloys was discussed by Moteff e t  a l .  (75) -- 
and resul ts  are given for  some elevated temperature i r radiat ions of Mo, 

Mo - 0.5% Ti, Nb, and Nb - 1% Fr. Also, Rau and Moteff (76) performed 

tens i le  and TEM t e s t s  on tungsten irradiated a t  bout 70°C. Using Equation 

(21), they determined 2K1/K2 t o  be 0.19. 

D. Radiation-Anneal Hardening and Stage I I1 Anneal i n g  

As has been pointed out i n  the l a s t  section, neutron i rradiat ion causes 

an increase i n  yield s t ress  o f  metals. Moreover i n  b.c.c. metals there i s  

a striking further  increase upon post-irradiation annealing which is  



designated as  r a d i a t i  on-anneal hardening (RAH) . This hardeni ng takes  

pl ace upon post- i  r radi  a t i  on anneal ing a t  lower temperatures before re-  

covery towards the  pre-i r r ad i  a t i o n  value s e t s  i n  upon higher temperature 

annealing. Makin and Minter (77) f i r s t  observed this penomenon i n  

niobium containing 1600 w t  ppm oxygen and neutron i r r a d i a t e d  t o  a dose 

of 1 x 1 020 (E>1 MeV). They found t h a t  post- i  r r ad i  a t i  on anneal s between 

100°C and 200°C caused the  y i e l d  s t r e s s  t o  inc rease  and uniform elonga- 

t i o n  t o  decrease. The y i e l d  stress began t o  decrease a t  about 350°C 

and recovery t o  p re - i r r ad ia t ion  s t r eng th  was complete a t  about 600°C. 

Makin and Minter (77) a t t r i b u t e d  t h e  radiat ion-anneal  hardening a t  100 - 
200°C t o  the migration B f  vacancies produced during i r r a d i a t i o n  t o  d i s -  

loca t ions  on the bas i s  of the a c t i v a t i o n  energy (1.3 - + 0.1 e ~ )  obtai,ned 

from t h e  radiat ion-anneal  hardening r a t e s  a t  d i f f e r e n t  temperatures. 

Radiation-anneal hardening i n  niobi um was a1 so ,  stuclied by Otir e t  a1 . 
(78). They observed radiat ion-anneal  hardening peaks a t  150°C and 300°C, 

which they a t t r i b u t e d  t o  oxygen and carbon migrat ion,  r e spec t ive ly ,  t o  

radiation-produced d e f e c t  clusters, thereby s t rengthening them a s  b a r r i e r s  

t o  s l i p  d i s loca t ion  n~crtion. O h r  -- e t  a l .  (78) pointed ou t  t h a t  the  ac t iva-  

t i o n  energy o f  1 .3  - + 0.1 eV reported by Makin and Minter (77) agrees  with 

the energy f o r  oxygen d i f fus ion  of  1.17 eV (79). 

Radi ation-anneal hardening has a1 s o  been reported f o r  Mo (64.80-82), 

W .  (76.,82), Fe . (66) , and V (46,48-50,71,83-86). I t  i s  i n t e r e s t i n g  , however, 

t h a t  experiments on o t h e r  samples o f  these  same metals ,  e .g. ,  Fe (87) ,  

V (46,48), and V-Ti (86) ,  have f a i  1 ed t o  reveal radi  ation-anneal hardening. 

I f  radiat ion-anneal  hardening i s  a t t r i b u t a b l e  t o  t h e  t rapping of  i n t e r s t i t i a l  



impuri t i e s  a t  r ad i  a t i  on-produced defect  c lus te rs  , as has been suggested . 

(78,86,88), whether o r  no t  radiat ion-anneal hardening i s  observed w i  11 

depend on the presence of su f f i c ien t  i n t e r s t i t i a l  impur i t i es  i n  sol  i d  

so lu t i on  i n  the as- i r rad ia ted materi  a1 s. I n  a sense, then, rad ia t ion -  

anneal hardening i s  an analogue of stain-anneal hardening o r  s t a i n  aging 

(88). Other possi b i  1 i t i e s  suggested i n  the 1 i te ra tu re  are t h a t  rad ia t ion -+  

anneal hardening may be due t o  agglomeration o f  defect  c lus te rs  o r  i n t e r -  

s t i  t i a l  i m p i r i  t i e s  (46) o r  t o  condensation o f  vacancies onto d l  s locat ions 

(81 1. 
R e s i s t i v i t y  and i n te rna l  f r i c t i o n  measurements i n  i r r a d i a t e d  and cold- 

worked metals have been used t o  provide an understanding o f  the o r i g i n  o f  

radiat ion-anneal hardening. The e l e c t r i c a l  r e s i s t i v i t y  i n  cold-worked and 

i r r a d i a t e d  b.c.c. metals shows a pronounced annealing stage a t  about 0.2 

Tm where T, i s  the me l t i ng ,  temperature i n  O K .  This stage i s  designated 

as Stage I11 annealing by analogy w i t h  copper. The o r i g i n  . o f  ' s tage I 1 1  i n  

b.c.c. metals has been a t t r i b u t e d  t o  migrat ion ,o f  i n t r i n s i c  defects ( s e l f -  

i n t e r s t i  t i a l s  , d i - i n t e r s t i t i a l  s, vacancies, divancies, etc.  ) (80,89-98) o r  

t o  i n t e r s t i t i a l  impur i t y  migrat ion (45,49,71,72,88,99-111) . 

! 1 Peacock and Johnson (91 ) in te rp re ted  the stage 111: recovery  o f  

e l e c t r i c a l  r e s i s t i v i t y  i n  neut ron- i r rad ia ted molybdenum and n iob i  um as due 

t o  vacancy migrat ion t o  i n t e r s t i t i a l  impur i t y  atoms o r  t o  r ad i  ation-produced 

deifect c lus ters .  However, N i  houl (93) on the basis o f  h i i  analysis o f  

Peacock and Johnson's (91) data found t h a t  they obeyed second-order k i ne t i c s ,  
t 

suggesting t h a t  recovery was due t o  migrat ion o f  se l  f - i n t e r s t i t i a l s  t p  

vacancies. Sta ls  and Nihoul (94) and Schul t z  (95) then in te rp re ted  Stage I 1 1  
1 

I 



anneal i n g  i n  n iob i  um as being due t o  s e l f - i n t e r s t i t i a l  migrat ion. 

Perepezko e t  a l .  (96) invest igated Stage I11 r e s i s t i v i t y  recovery i n  co!d- 

worked and neutron-S r r a d i  ated vanadi um and found an ac t i va t i on  energy o f  

0.8 eV, which l e d  them t o  conclude t h a t  recovery was caused by ann ih i l a t i on  

, 
o f  some species of l a t t i c e  defects ( i n t r i n s i c  defects)  r a the r  than t o  the 

r e d i s t r i b u t i o n  o f  i n t e r s t i t i a l  impur i t ies .  

Rosenfield (107) f i r s t  pointed ou t  t h a t  since the ac t i va t i on  energies 

determined by various authors f o r  Stage I 1 1  i n  b.c.c. metals are q u i t e  

simi 1  a r  t o  energies f o r  i n t e r s t i t i a l  impur i t y  m i  g ra t ion,  the recovery was 

con t ro l led  by the impur i t ies ,  and i t  was indeed shown by Kothe and Schlat  

(102), D in te r  (103), and Cuddy (104) t h a t  i n  cold-worked mater ia ls  con- 

t a i n i n g  very low impur i ty  content, Stage I 1 1  i s  absent. ~ u r t h e r  s ~ ~ ~ o r t  

f o r  a t t r i b u t i n g  the  Stage I 11 anneal i ng and rad i  a t i  on-anneal hardening t o  

ext r l ins ic  fac to rs  ( i n t e r s t i  ti a1 impu r i t i es )  i s  gained by various studies 

on e l e c t r i c a l  r e s i s t i v i t y  and' i n t e rna l  f r i c t i o n  o f  niobium by W i  11 i ams 

e t  a1 . (99) who ind ica ted  t h a t  oxygen i s  the mobile agent responsible f o r  -- 
the pos t - i  r r a d i  a t i  on anneal i ng stage on the basis o f  (a) anneal i ng stage 

at.100-200°C i n  niobium does no t  occur unless oxygen ' is  present, (b) ,de- 

crease i n  r e s i s t i v i t y  i s  accompanied by a  decrease i n  Snoek i n te rna l  

f r i c t i o n  peak s p e c i f i c a l l y  due t o  oxygen, (c )  r e s i s t i v i t y  decreases below 

p re - i  r r a d i  a t i o n  value, (d) the ac t i va t i on  energy f o r  the anneal i ng stage , 

i s  1.2 eV (99) i s  i n  good agreement w i t h  t h a t  o f  oxygen jumping i n  n iob i  um 

Stanley -- e t  a l .  (110) studied the e f f e c t s  o f  i n t e r s t i t i a l  impu r i t i es  

(oxygen) on anneal i n g  o f  neutron-i  r r a d i  ated vanadi um and found (a )  magnitude 
t 

. . 
. . 



o f  r e s i s t i v i t y  annealing stage was 1 arger f o r  vanadium w i t h  h igher oxygen 

and carbon content, (b )  an ac t i va t i on  energy o f  1.2 2 0.1 eV which cor- 

responds t o  oxygen migrat ion i.n vanadium (79), ( c )  Snoek peak due t o  oxy- 

gen and carbon decreased upon pos t-i r r a d i  a t i  on anneal i ng a t  about 1 80°C. 

  ore o r  less simi 1 a r  conclusions were drawn by M C I ~  wai n e t  a1 . (83) on 

neutron- i r r a d i  ated vanadi um. 

There i s ,  however, a cont inuing debate i n  the technical  l i t e r a t u r e  

(97,98,111) as t o  whether radiat ion-anneal hardening and Stage I 1 1  'anneal- 

i n g  are due t o  i n t r i n s i c  radiation-produced defects o r  t o  impur i t i es .  One 

of the goals o f  the present study, i s  t o  he lp  resolve the question by 

studying these phenomena i n  vanadium as a func t ion  o f  oxygen impur i t y  con- 

centrat ions.  I t  i s  seen below t h a t  our r esu l t s  tend t o  support the view 

t h a t  impur i t i es  are an important f a c t o r  i n  radiat ion-anneal hardening and 

Stage I 1 1  annealing. 

E. Defect Clusters - D i rec t  Observation 

When a metal i s  bombarded w i t h  neutrons, vacancies and i n t e r s t i  t i a l s  

are created i n  the displacement cascade regions. This defect  s t ruc tu re  i s  

more complex than i n  quenched metal s where only vacancies are  retained.  

The agglomeration o f  defect  c l us te r s  i n t o  s izes resolvable by transmission 

e lec t ron  microscopy (TEM) i s  i n f  1 uenced by various factors.  ?he homologous 

i r r a d i a t i o n  temperature c l e a r l y  inf luences the m o b i l i t y  o f  the  defects 

produced dur ing i r r a d i a t i o n  and hence t h e i r  agglomeration. The reac to r  

ambient temperature may be wide ly  d i f f e ren t  f o r  d i f f e r e n t  metals on a 

homo1 ogous temperature scale. The defect  concentrat ion produced upon 



i r r a d i a t i o n  and the neutron energies a1 so a f f e c t  the agglomeration. The 

neutron spectra may vary from reactor  t o  reactor ,  which may cause changes 

i n  agglbmeration. I n  fac t ,  the c o n f l i c t i n g  observations o f  the nature o f  

defect  c lus te rs  i n  copper may have been explained p a r t l y  on t h i s  basis. 

The p u r i t y  o f  the metal i s  a1 so an important fac to r .  Impur i ty  atoms may 

ac t  as heterogeneous nucleat ion s i t es ,  reduce the loss of energy i n  sub- 

thresh01 d manner by causing dechannel i ng and defocusi ng and cause t rapping 

of defects. 

Apart from i r r a d i a t i o n  temperature, neutron energies and spectra, and 

i.mpuri t y  of the metal , pos t - i r r ad ia t i on  annealing i n f l  uences the defect  

c l u s t e r  agglomeration by prov id ing mobi 1 i ty t o  the defects and enhancing 

the agglomeration. I n  some cases, pos t - i  r r a d i a t i o n  anneal i n g  i s  necessary 

i n  order t h a t  the c lus te rs  may grow and be resolvable by TEM.. Even' i n  

cases where defect  c lus te rs  are v i s i b l e  by TEM i n  the as - i r rad ia ted  con- 

d i  t i on ,  i t  may be necessary t o  perform p o s t - i r r a d i a t i  on anneal i n g  i n  order 

f o r  them t o  agglomerate t o  sizes which can be analyzed ' for  t h e i r  nature 

( i n t e r s t i t i a l  o r  vacancy), although, they may have been changed i n  the 

process o f  annealing. 

Transmi ssion e lec t ron microscopy (TEM) has been extens ive ly  used f o r  .*.- 

the d i r e c t  observation o f  defect  c lus te rs  i n  i r r a d i a t e d  metals. Since the 

f i r s t  study i n  1959 by S i l cox  and Hirsch (112), there has been considerable 

i n t e r e s t  i n  the subject. Consequently there i s  an enormous amount o f  

l i t e r a t u r e  ava i lab le  on the subject, However, due t o  l i m i t e d  scope o f  t h i s  

thesis,  the review w i l l  be l i m i t e d  t o  d i r e c t  c l us te r s  i n  b.c.c. metals 

w i t h  b r i e f  mention o f  some e a r l y  studies on copper and aluminum. For defects 



in quenched metals and general aspects o f  theory and review the reader 

i s referred t o  references (1 13-1 34). 

~ i l c o x  and Hirsch (112) f i r s t  reported observation of black spots or 

di s l  ocati on loops in copper i rradiated t o  doses . in the range of 6.7 x 10 17 

t o  1.4 x loz0 n/cm2 (E>1 Ple~) a t  temperatures of 35OC and 60-100°C, 

respectively. The loops were believed to .  be due t o  vacancies clustering 

in the displacement spikes and subsequent collapsing into discs. Radiation 

hardening was attributed t o  dislocations cutting the forest of loops. This 

was the f i r s t  reported observation of radiation damage in metals by TEM. 

Subsequently black dots have been reporte'd in various irradiated and 

que'nched metals. 

In a detailed study on neutron irradiated copper, Makin -- e t  a l .  (135, 

136) found that irradiation leads t o  two kinds of defects: resolvable 

loopsand small defect clusters ( <  258) observed as black dots. The size 

distribution function (number of defects per unit volume in a size interval 

i .e., number cmw3 R- l )  was found to decrease mor)otonically with increq~ing 

size of clusters. With increasing dose the concentration of loops of 

given size decreased and the size of 1 argest loops increased, suggesting 

that loops grow /n  size by absorption of point defects and do not nucleate 

a t  their final size. The concentration of loops of a given size increased 

with increasing dose a t  a rate smaller t h a n  l'inear. In copper containing 

0.1% silver the loop dens i t y  was found t o  be roughiy four times larger for 

the same dose than in'pure 'copper (136) which 'suggests that  the impurities 
. 2 

act as nucleation s i t es  for defect clusters. For other studies on copper, 

see references (1 37-143). 



In aluminum, Silcox (144) and Thomas and Whi tton (145) fa i led  t o  

1 observe loops even a f t e r  i r radiat ion to  10'0 n/cm2 , whereas Bierlein and 

Mastel (146) were able t o  reveal loops i n  specimens i r radiated up t o  a 
2 dose of only 3 x 1018 n/cm . The concentration of these loops was found 

to  increase wi t h  increasing dose. Westmacott -- e t  a1 . (147) found 1 oops in 

a1 uminum irradiated by f iss ion fragments, suggesting tha t  nucleation 

probability i s  strongly damage-rate dependent. 

The 1 i terature  w i t h  regard t o  TEM observations i n  b. c. c. metal s has 

been amply reviewed by Tucker (67) and i n  the proceedings of recent con- 

ferences (148-151). I t  suf f ices ,  therefore,  t o  simply c i t e  the relevant 

references f o r  iron and several of the ' b.c.c. refractory metals. For Nb 

and V ,  however, we shal l  describe the l i t e r a t u r e  in more de ta i l .  Thus:  

Iron: Hull and Mogford (1 52), Eyre (1 53) , Eyre and Bart1 e t t  
(1 54), Bryner (1 55 ,I 56), Ohr (1 57), Masters (1 58 ,I 59) . 

. .  . 
Tungsten: Lacefield e t  a1 . (160), Rau and Moteff (76),  Rau 

e t  a l .  (161), E k k a .  and Moteff (162), Sikka and Moteff 
. 

TT6V 

Molybdenum: Kerrid e e t  a l .  (164), Mastel e t  a i .  (165), Downey 
and Eyre (80 3 , Meakin and ~ r e e n f i e l d 7 1 6 6 ) ,  Brimhall e t  a l .  
(167,168), Brimhall and Mastel (169), Rao and Thomas n 7 n ,  
Maher and Eyre (171), Eyre and Downcy (172), Maher and 
Eyre (1 73), E r e  e t  a1 . (174), Moteff e t  a1 . (75), and 
Brimhall (175 ! . 

Defect c lus te rs  were f i r s t  observed in niobium by Tucker and O h r  (176) 

following i rradiat ion t o  2 x 1018 n/cm2 (E>1 MeV) a t  50°C. In l a t e r  work 
. . 

(35;58,67,78,177), the density and s i ze  dis t r ibut ion of defect c lus te rs  

were observed following i rradiat ion a t  50°C to  various doses from 2.2 x 10 17 

2 to  4.4 x 1018 n/cm (E>1 MeV) and upon post-irradiatibn annealing up t o  

600°C. The resu l t s  of Tucker and Wechsler (35) indicated tha t  the to ta l  



. . de fec t  c l u s t e r d e n s i t y  fncreased from 1.3 x  1015 cmm3 f o r  a  dose o f  2.2 

x  l o J 7  n/cm2 (E>1 MeV) t o  7.4 x  cm-3 f o r  1.8 x  1018 n/cm2 (E>1 MeV). 
. . 

The s i ze  d i s t r i b u t i o n  curves showed a peak i n  a i l  cases. Loomis and 

Gerber (43) i nves t iga ted  the e f f e c t  o f  oxygen on defect  agglomeration i n  

2  niobium i r r a d i a t e d  t o  4  x  10'' n/cm a t  30-50°C and found t h a t  oxygen has 

a  pronounced e f f e c t  on the diameter and densi ty o f  defec t  c lus te rs  and 

loops and on r a d i a t i o n  induced hardening. These authors found the s i ze  

d i s t r i b u t i o n  func t ion  monotonical l y  decreasing' w i t h  increasing s ize.  

Rau and Ladd (178) f i r s t  i nves t iga ted  r a d i a t i o n  damage by TEM i n  
2  s i ng l e  c r ys ta l  vanadium irradiated t o  a f luence o f  5.4 x n/cm a t  % 

70°C. , Fol 1  owing i r r a d i  at ion,  anneal s  were c a r r i e d  ou t  a t  temperatures 

ranging from 330 t o  1175OC. I n  as - i r rad ia ted  mate r ia l  the average estima- 

ted  s i ze  o f  c l u s t e r  was reported as 25-50 R and estimated dens i t y  as 10 16 

3  t o  per  cm . Upon annealing a t  330°C, 510°C, 650°C, 815OC and 1175OC 
16 3 the average s i ze  and c lus te rs  dens i t i es  were 75 8 and 1.2 x  10 , /cm , 

125 R a n d  4.6 x  1 0 ~ ~ / c m ~ ,  175 8 and 9.7 x  1 0 ~ ~ / c m ~ ,  400 1! and 2.1 x  

14 . 3  cm3 and 500 8 and 1.1 x  10 /cm , respect ive ly .  

16 3  Smi d t  (49) observed a  defec t  c l u s t e r  dens i ty  o f  3 . 7 .2  0.7 x 10 /cm 

a f t e r  i r r a d i a t i o n  a t  55OC t o  1  x  n/cm3 (E>1 MeV). The i i z e  d i s t r i b u -  

t i o n  func t ion  exh ib i ted  a peak when p l o t t e d  against  diameter o f  c l us te r .  

The average diameter was found t o  be 28.6 - + 2.0 8. Upon anneal i n g  fo r  2  

hrs: a t  420°C. the dens i ty  o f  3.8 - + 0.8 x  1016 and a  s i ze  o f  34.6 2 2.0 8 
14 3 was repor ted and a t  600°C anneal a  dens i t y  o f  9.7 x  10 /cm and a  s i ze  o f  

180 - .  + 5.0 8 was observed. Upon higher temperature anneals ( >  750°C) no 

defect  c l us te r s  were observed. 



Sh i ra i  sh i  -- e t  a1 . (50) i r r a d i a t e d  99.8% pure vanadi um t o  a fl uence o f  

8.2 x 10'' n/cm2 a t  2 0 0 0 ~  and observed a defec t  c l u s t e r  dens i t y  of 1.4, x 

1 6  3 14 10 /cm and an average, diameter o f  70 i n  as - i r rad ia ted  and 2.1 x 10 / 
3 cm and 300 8, respect ive ly ,  f o r  600°C pos t - i  r r a d i a t i o n  annealed speci- 

mens. 

E l  en (1  79) i.nves ti gated commercial p u r i  ty  vanadi um (99.7%) i r r a d i  ated 

t o  7.2 x l o J 9  equ iva lent  f i s s i b n  neutrons per cm2 a t  80PC and observed 

3 2.3 x 1016 defect clusters/cm o f  average s i ze  70 8 i n  as- i r rad ia ted,  2.4 

16 3 16' 3 x 10 /cm and 86 61 i n  200°C-anneal ed, 1 .7 x 10 /cm and 92 8 i n  40O0C- 

15 3 annealed, 3.1 x 10' 5/cm3 and 157 61 i n  500°C-annealed and 1.8 x 10 /cm 

and 229 f l  i n  570°C-annealed specimens, respect ive ly .  No c l us te r s  were 

observed .upon anneal ing a t  10O0C. ~ o r e k  and Elen (73) i r r a d i a t e d  vanadium 

t o  1 x 10' n/cm2 (;E>l M&) a t  1 50-250°C and a t  250-3500~. For t h e  lower 

i r r a d i a t i o n  temperature, they observed a de fec t  c l u s t e r  dens i t y  of 2 x 10 16 

cm'3 and an average s i ze  o f  30 8, .whereas for  t he  higher i r r a d i a t i o n  tempera- 

ture ,  the densi ty  was lower (5  x 1015 an,d the average s i ze  l a r g e r  , ,, 

(80 61). For the h igher  i r r a d i a t i o n  temperature, they a lso  repor ted la rge:  

p l  a t e l e t s  which they a t t r i b u t e d  t o  impu r i t y  p r e c i p i t a t e  pa r t i c l es .  

Sh i r a i sh i  e t  a1 . ( 4 6 )  reported an average d e f e c t  c l u s t e r  diameter o f  

16 3 30 8 and a dens i ty  of 5 x 10 /cm i n  vanadium conta in ing 190 ppm oxygen 
2 i r r a d i a t e d  t o  2.4 x 10'' n/cm (E>1 MeV) a t  7Q0C. * .  The loop densi ty de- 

15 3 creased t o  "L 1 x 10 /cm upon post  i r r a d i a t i o n  anneal i n g  a t  ,600°C and the 

1 a r g e s t  loop d l  ameter was observed t o  be 150 4 ,  f o l  lowing a pos t - i  r r a d i  a t i o n  

anneal a t  Q 530°C. 

The r o l e  o f  i n t e r s t i t i a l  impu r i t i e s  i n  vo id  f o n ~ t i o n  i n  vanadium has 



also been studied by various invest igators  (180-182). A t yp i ca l  study 

by Carlander -- e t  a1 . . (180) ind icated a 'marked decrease i n  the diameter and 

number dens i ty  of voids w i t h  increasing oxygen content from 0.02 t o  0.09 

w t .  percent. They a lso observed a bimodal vo id  s i ze  d i s t r i b u t i o n  i n  the 

higher oxygen ma t e r i  a1 . 
I n  vanadium, Rau and Ladd (178). and Smidt (49) analyzed .the loops re-  

maining a f t e r  a pos t - i r r ad ia t i on  anneal a t  about 600°C t o  be o f  i n t e r -  

s t i t i a l  nature whereas Elen (179) and Sh i ra ish i  -- et, a1 . (50) found l a rge  

loops t o  be o f  vacancy type. 

Shi r a i  shi  -- e t  a1 . (46)' found defect  d l  us t e r s  t o  be o f  i n t e r s t i t i a l  

'nature w i t h  a/2 . < I l l >  Burger vector, i n  specimens i r r a d i a t e d  t o  7.5 x 10 17 

2 t o  5.0 x 1019 n/cm and pos t - i r r ad ia t i on  annealed t o  500, o r  550°C. How- 

2 ever, i n  the specimen i r r a d i a t e d  t o  1.0 x lo2' n/cm and annealed t o  550°C 

the , large d i s l oca t i on  1 oops were analyzed t o  be vacancy 1 oops having a 

Burgers vector  o f  a/2 < I l l >  on' (111 1 plane. 

It i s  evident from the above review o f  TEM observations f o r  vanadium 

t h a t  wide var ia t ions  i n  r e s u l t s  have been obtained. One source o f  t h i s  

v a r i  abi 1 i t y  i s the impur i t y  content o f  the various vanadi um mater i  a1 s 

employed. There. has been no systematic study o f  the e f f e c t  o f ' impur i t ies  

on defect  c lus te rs  i n  vanadium, and t h i s  has provided an add i t i ona l  

mot i va t ion  f o r  the present work. 



F. ~ i s l o c & i o n  Channel i n g  

Dis locat ion channeling i s  a  process by which s l i p  d i s loca t ions  

e l iminate  defec t  c lus te rs  o r  d i  s ioca t ion  loops 'produced upon i r r a d i a t i o n  

o r  quenching. This r e s u l t s  i n  a  defec t - f ree band o r  channel along the 

s l  i p  plane.  isl location channeling was predicted by C o t t r e l l  (183) and 

f i r s t  observed i n  neutron i r r a d i a t e d  copper by Greenf ie ld and W i  1  sdorf 

(184), Seeger (185), ,and Essmann and Seeger (, l86). The subject  was 

recen t l y  reviewed by Wechsler (187). 

Sharp (188) invest igated d i s l oca t i on  channeling i n  neut ron- i r rad ia ted 

copper as a  func t ion  o f  deformation'temperature, neutron dose, and s t r a i n .  

He observed a  strong correspondence between the channels and surface steps 

a t  s l i p  bands, and reported t h a t  2  t o  3 d i s loca t ions  move down the  

channels per s l i p  plane. I n  the case o f  Cu-8% A1 a l l o y  c rys ta ls ,  however, 

. ' .Br imhal l  and Mastel (189) observed t h a t  d i s l oca t i on  channels do n o t  occur, 

which was a t t r i b u t e d  t o  the low stacking f a u l t  energy causing extended 

d is loca t ions  and i n h i b i t i o n  o f  cross-s l  i p .    evert he less ,' d i s l o c a t i o n  

channel i ng  i s  qu i te '  widely observed i n  i r r a d i a t e d  and i n  quenched meta ls ,  

as ind ica ted  by the fo l lowing:  

I r r a d i a t e d  metals: Cu (184-186,188,190), Mo (62,165; 
169,175),' Nb (35,58,68,78,177,191), 
V (46,50,192), Fe (153,154), and 
Re (193). 

Quenched metals: A1 (1  94-1 99) and Au (200-201 ) . 
I n  alnlost a1 1  o f  the channeling observations the t race  o f  the channel 

plane i n  the surface o f  view w.as cons is tent  w i t h  the recognized s l i p  plane 

for  t h e  metal under inves t iga t ion .  ' I n  Cu, f o r  example, channels correspond 



t o  (111) planes and i n  Mo and Nb t o  (110) o r  (112) planes. 

It i s  sometimes possible t o  i d e n t i f y  the c r ys ta l  lographic or ienta-  

t i o n  of the channel plane and determine the Burgers vec'tor o f  the s l i p  

d is locat ion,  by using d i f f r a c t i o n  cont rast .  By-examining transmission 

e lec t ron micrographs, the amount o f  shear displacement and the number of 

d i s loca t ions  per channel may be determined. I n  neutron-. irradiated Nb 

Tucker -- e t  a l .  (191) found t h a t  the shear s t r a i n  was about 1.2 - 3.7, and 

1-3 channeling d is loca t ions  passed per atomic plane i n  agreement w i t h  

Sharp's r e s u l t s  (188). 

The e f f e c t  o f  annealing has a lso been studied on samples tha,t were 

i r r ad ia ted  and deformed. Sharp (188) found t h a t  anneals f o r  one hour a t  

200 '~  and 250'~ d i d  no t  cause any s~bmicroscopic d i r e c t  c l us te r s  w i t h i n  

channels o r  widening o f  channels. 

Huang and Acsenault (192) found mid-r ibs i n  some o f  the channels o f  

h igh p u r i t y  samples which' were explained as being due t o ,  two channels 

forming para1 l e l  t o  each other, the second channel forming as a r e s u l t  of , 

\. 

a d i s l o c a t i o n  sdurce being ac t i va ted  by stress f i e l d  of dynamic p i le -up 

occurr ing dur ing the  formation o f  the f i , r ' s l  cb~drlrlel. 

The presence o r  absence o f  d i s loca t ions  w i t h i n  the.channe1 i s  a 

question o f  some i n te res t .  I n  general, only a few d is loca t ions  have been 

observed w i t h i n  channel s. D is loca t ion  tangl  es and debr i  s were observed 

a t  channel in tersect ions i n  niobium (191). Smidt and Mastel (202) ob- 

served tangl  ed arrays o f  d i s loca t ions  i n  neut ron- i r rad ia ted and deformed 

i r on .  . However, the neutron-produced c lus te rs  were i n v i  s i  b l  e i n  t h e i r  

study. Channeling was deduced from the f a c t  t h a t  tangled arrays of 



d is loca t ions  o f  f i n i t e  widths were observed along c r y s t a l  lograph ic  

d i rec t ions .  Huang and Arsenaul t (1 92) observed d i s l oca t i on  channels and 

d i  s l  ocat ion arrays w i t h i n  channels which &re independent o f  oxygen con- 

cent ra t ion.  

The occurrence o f  channeling i n  radiation-anneal-hardened mater ia l  

i s  ambiguous. I n  Nb Tucker -- e t  a l .  (191) found t h a t  no channels were 

produced i n  a sample radiat ion-anneal hardened a t  350°C f o r  1 hr ,  wh i le  

 hi r a i s h i  -- e t  a1 . (50) observed channels i n  vanadium pos t - i  r r a d i a t i o n  

annealed a t  400°C f o r  1 hr. 

The removal ,of defect, c lus te rs  o r  d i s l oca t i on  loops i n  the, path o f  

moving d is loca t ions  has been explained by various mechanisms. According 

to' one mechanism the channels are produced by sweeping aside the defect  

c l us te r s  i n  the manner o f  a snow-plow. This mechanism can be discounted 

because i t  suggests h igher de fec t  c l u s t e r  dens i t i es  near the channel wa l l  , 
which has not '  been observed i n  most cases. Another mechanism t h a t  re1 i e s  

on the a n n i h i l a t i o n  o f  de fec t  c lus te rs  by ant i -defec ts  does no t  seem 

p laus ib l e  i n  view o f  Sharp's (188) observat ion t h a t  d i s l oca t i on  channel i,ng 

takes place upon deformation a t  4OK i n  i r r a d i a t e d  copper which minimizes 

the importance o f  atomic d i f f us i on .  

Mechanisms o f  h i  s loca t ion  channeling have been discussed (203) i n  

which d i s l oca t i on  loops are incorporated i n t o  the s l i p . d i s l o c a t i o n .  How- 

ever t h i s  requ i res  t h a t  the loop and d i s l oca t i on  have t h e  same o r  opposite 

Burgers vectors and t h a t  the loop i n t e rac t s  w i t h  the d i s l oca t i on  on the 

s l i p  plane. However, as Sharp (188) has pointed out ,  many loops w i l l  have 

Burgers vectors inc luded t o  the prfmary s l i p  plane. 



Another mechanism of d is loca t ion  i n te rac t i on  r e s u l t i n g  i n  loop 

ann ih i l a t i on  i n  f.c.c. metals was proposed by Foreman and Sharp (204) 

and i s  shown i n  Figure 5. This mechanism involves coalescence o f  a  

pr ismat ic  loop i n t o  the s l i p  d i s l oca t i on  r e s u l t i n g  i n  a  s l i p  d is loca t ion  

w i t h  a  semic i rcu lar  hump. Such conf igurat ions have been seen i n  quenched 

s ing le  c rys ta ls  o f  aluminum. A s i m i l a r  mechanism was proposed by Strudel 

and Washburn (205.). 

There T s  another mechanism proposed f o r  channel i ng according t o  whi ch 

the defects are  removed by ad iabat ic  heat ing due t o  the l o c a l  r ap id  re -  

lease o f  the energy o f  p l a s t i c  deformation. This mechanism has been d is -  
. . 

cussed b r i e f l y  and appl ied t o  d i s l oca t i on  channeling i n  Nb by Tucker e t  

a1. (191). - 

G. S t ra i n  Aging 

Body-centered cubic metal s  contain ing i n t e r s t i t i a l  impur i t i es  e x h i b i t  

a  sharp y i e l d  drop and an increase i n  y i e l d  stress when pre-deformed 

mater ia l  has been aged f o r  a  s u f f i c i e n t  t ime a t  an appropriate temperature. 

C o t t r e l l  and B i  1  by (206) t reated the phenomenon t heo re t i ca l  1  y  based on 

segregation o f  impur i t i es  t o  form atmospheres around the d is locat ions.  

Dis locat ions surrounded by the atmospheres can be t o r n  away from them only  

by app l i ca t ion  o f  s u f f i c i e n t l y  h igh stress. When t h i s  c r i t i c a l  s t ress i s  

reached, the s l  i p  d is locat ions become h igh l y  mobile, producing s u f f i c i e n t  

p l a s t i c  deformation t o  permit  the usual hard t e n s i l e  machine t o  unload 

somewhat. This i s  r e f l ec ted  i n  a  decrease i n  f l ow  s t ress from the upper 
i d 

y i e l d  s t ress t o  the lower y i e l d  stress., i .e. , .a y i e l d  d r o p  i s  observed. A 



Ffqure 5 .  Schematfc representation of d i s l oca t i on  channeling mechanism proposed 

by Foreman and sharp (204) 



specimen which i s  unloaded i n  t h i s  cond i t i on  contains f r ee  d is loca t ions  

and, on imnediate reloading, shows no y i e l d  drop. But i f  the specimen 

i s  aged a t  a s u f f i c i e n t  temperature f o r  the i n t e r s t i t i a l  impu r i t i es  t o  

m i  g ra te  and form new. sol  u te  atmospheres around h i  s locat ions , the y i e l d  

drop returns.  C o t t r e l l  and B i l b y  (206) found t h a t  i n  the i n i t i a l  stages 

the r a t e  o f  accumulation o f  impur i t i es  i n  the d i s l oca t i on  core region i s  

propor t iona l  t o  the two-th i rds power of the time. They neglected, how- 

ever, the 4,mpurity f low by d i f f u s i o n  due t o  concentrat ion gradients and 

the dep le t ion of impur i t i es  from the bu lk  mater ia l  as the aging process 

proceeds. Bullough and Newman (207) made a  more thorough theore t i ca l  

analysis o f  the formation o f  equ i l i b r ium atmospheres around the d is -  

locat ions.  

~l t e r n a t i  vely, Johnston and G i  lman (208) have deduced from observa- 

t i ons  i n  L i  F s i ng le  c r ys ta l s  t h a t  grown-in d is loca t ions .  remaf n  .locked and 

t h a t  p l a s t i c  f l ow i s  i n i t i a t e d  by heterogeneous nucleat ion and rap id  m u l t i -  

p l i c a t i o n  o f  new d is locat ions.  . Hahn (209) extended t h i s  theory  t o  account 

f o r  y i e l d i n g  i n  b.c.c. metals. According t o  t h i s  theory th ree .  condi t ions 

must be s a t i s f i e d  f o r  the occurrence o f  a y i e l d  drop: (1) i n i t i a l  d i s -  

l oca t i on  densi ty mu-t be small, (2) the d i s l oca t i on  ve loc i t y .mus t  no t  i n -  

crease ' too r a p i d l y  w i t h  increasing stress,  and (3)  the d is loca t ions  must 

mu1 t i p l y  rap id ly .  The f i r s t  and most important cond i t i on  can be achieved 

simply by " lock ingt1  the d i s l oca t i on  by impur i t y  i n t e r a c t i o n  i n  b.c.c. 

metals. 

The i n i t i a l  observations o f  the  s t r a i n  aging phenomenon were l i m i t e d  

t o  i r o n  and steels,  bu t  l a t e r  t h i s  phenomenon. was observed i n  o ther  b.c.c. 



metals, e.g., W (210,211), Ta (212), and Nb (212-215). I n  vanadium, 

Bradford and Carlson (216) inves t iga ted  the r o l e  o f  oxygen i n  s t r a i n  

aging and observed .discontinuous y i e l  d ing i n  'temperature ranges o f  150" 

t o  175°C and also. 350°C t o  400°C. The magnitude and i n t e n s i t y  of 

se r ra t ions  i n  the s t r ess - s t r a i n  curve were found t o . v a r y  considerably 

w i t h  oxygen content.. From s t r a i n  aging experiments employing ,a. r e t u r n  o f  

y i e l d  po in t  c r i t e r i o n ,  the d i f f u s i n g  species responsib le f o r  t h i s  e f f e c t  

was shown t o  have an a c t i v a t i o n  energy near l y  equal t o  t h a t  o f  oxygen 

o r  carbon i n  vanadium. 'It was found t h a t  low-temperature ser ra t ions could 

be d i r e c t l y  a t t r i b u t e d  t o  oxygen, bu t  the t e n s i l e  and : y ie ld  st rengths 

a t ta ined  minimum ra the r  than maximum values i n .  t h i s  temperature range which 

i s  t yp i ca l  o f  s t r a i n  aging behavior. 

Ke i th  and 1;erson (217) f ound  t h a t  oxygen and n i t rogen  cause s t r a i n  

aging i n  e l ec t r o - re f i ned  vanadium a t  300" t o  400°C as evidenced by maxima 

i n  y i e l d  and t e n s i l e  st rengths and by Snoek i n t e r n a l  f r i c t i o n  peaks. 

Thompson and Carl  son (21 8) s tud ied s t r a i n  aging i n vanadi um due t o  n i  t r o -  

gen. I n  the temperature range o f  300" t o  400°C, serrated s t r ess - s t r a i n  

curves and maxima i n  t e n s i l e  strength, y i e l d  s t rength  and stra in-hardening 

c o e f f i c i e n t s  were found. An a c t i v a t i o n  energy . o f  37.3 - + 3.7 Kcal/mole 

was obtained from s t r a i n  r a t e  dependence o f  the  s t ra in-ag ing peak and 

36.2 - + 4.5 .Kcal/mole f r o m - y i e l d  p o i n t  r e t u r n  method. These values agree . 

we l l  w i th"  the ac t i va t i on  energy o f  d i f f u s i o n  o f  n i t rogen i n  vanadium, 34.1 

Kcal/mole (79,102) i n d i c a t i n g  t h a t  n i t rogen  i s  ,associated w i t h  the s t r a i n -  

aging e f f e c t s  observed i n  vanadi um. 

Edington -- e t  a1 . (21 9) i nves t iga ted  s t r a i n  aging o f  vanadi um by 



mechan'ical proper t ies  measurements and transmission e lec t ron m i  croscopy 

and found four  d i s t i n c t  stages of aging which were a t t r i b u t e d  t o  the 

d i f f u s i o n  o f  oxygen and/or carbon t o  the  d is locat ions.  The observations 

ind icated t h a t  d is locat ions are f u l  l y  locked by C o t t r e l l  atmospheres a f t e r  

an aging treatment o f  60 min a t  100°C. A1 so, they are unpinned on re-  

s t r a i n i n g  a f t e r  agi.ng f o r  less  than 60 minutes , bu t  f o r  longer aging 

times, new d is locat ions are created on re-s t r a i  nf ng. Segregation o f  i m -  

p u r i t i e s  a t  d is locat ions was contended t o  be the mechanism f o r  progressive 

increase i n  strength and a general r i s e  i n  the s t ress -s t ra in  curve. I n -  

crease i n  work hardening r a t e  observed on re - s t r a i n i ng  a f t e r  long aging 

times has been a t t r i b u t e d  t o  an increase i n  the number o f  ac t i ve  d is -  

l oca t i on  sources compared w i t h  the number observed a f t e r  shor ter  aging 

times. A f t e r  a very long aging time, general sof tening was observed which 

was explained as being due t o  coarsening o f  p r e c i p i t a t e  p a r t i c l e s  on pre- 

s t r a i n  d is locat ions.  

The bombardment o f  metals w i t h  high-energy p a r t i c l e s  can be expected 

t o  produce poi.nt defects, mainly vacancies and i n t e r s t i t i a l  s , and l oca l  

regions o f  severe damage.  he excess vacancies produced by the i r r a d i a t i o n  

can a i d  the d i f f u s i o n  process . in  metals. The accelerated d i f f u s i o n  and 

possib le t rapp ing o f  d i f f u s i n g  species can cause changes i n  the s t r a i n -  

aging behavior o f  i r r a d i a t e d  metals. F u j i  t a  and Damask (106) compared the 

r e s i s t i v i t y  changes i n  i r r a d i a t e d  and un i r rad ia ted  quenched iron-carbon 

a l l o y  and found f i v e  annealing stages i n .  i r r a d i a t e d  metal against  two i n  

the uni  r rad ia ted  metal. They concl uded t h a t  carbon atoms are temporari l y  

trapped by radiation-produced po in t  defects and the t rapp ing occurs on ly  a t  



a temperature higher than t h a t  a t  which metastable carbide  can form. No 

r e s i s t i v i t y  decay associa ted  w i t h  formation of metastable carbide  was 

observed i n  specimens i r r a d i a t e d  t o  s u f f i c i e n t  dosage t o  t r a p  a l l  carbon 

a toms. 

In a previous study,  Wagenblast and Damask (220) found t h a t  i r r a d i a -  

t i o n  accelera ted  the disappearance o f  carbon from so lu t ion  i n ,  i r o n  by 

about three orders  o f  magnitude over the thermal r a t e .  Radiation- 

enhanced removal from sol  i d  so l  ut ion o f  n i t rogen i n  a l  pha i ron  was re- 

ported by s t a n l e y  (221). 

Bement (222) inves t iga ted  e f f e c t s  o f  neutron i r r a d i a t i o n :  on i ron-  

ni trogen and found t h a t  upon i r r a d i a t i o n  t h e  s t r a i n  aging tendency was re-  

duced because o f ' t h e  reduction i n  the number of  n i t rogen atoms i n  s o l i d  

s o l u t i o n  con t r ibu t ing  t o  s t r a i n  aging. Ohr _... e t  ._ a1 . (66) . a l s o  reported a 

decrease i n  s t r a i n  aging response i n  i r r a d i a t e d  Fe-N, which is  cons i s t en t  

w i t h  the removal o f  ni trogen from s o l i d  s o l u t i o n  a s  i t  becomes trapped a t  

radi  a t i  on-produced de fec t  c l  us ters . 
, . Inves t iga t ing  the e f f e c t s  o f  i r r a d i a t i o n  on t h e  s t r a i n  aging behavior 

o f  Zircaloy-2 by measuring the parameter AU/U ( t h e  r a t i o  of inc rease  i n  

flow s t r e s s  t o  flow s t r e s s  a t  which the t e s t  was terminated) ,  Veevers and 

Rotsey (223) and Veevers e t  a l .  (224) found t h a t  the s t r a i n  aging decreased 

upon i r r a d i a t i o n .  I t  was suggested t h a t  the  d e f e c t s  produced i n  Zircaloy-2 

by f a s t  neutron i r r a d i a t i o n  trapped oxygen atoms and prevented s t r a i n  

aging . 
In t h e  present  work, s t r a i n  aging due t o  oxygen i n  vanadium is de- 

creased upon . i r r a d i a t i o n ,  .whi:ch. is  again cons i s t en t  w i t h  the t rapping of  



oxygen a t  r a d i  a t i  on-produced d e f e c t  c l u s t e r s .  A p r e l  imi  nary d e s c r i p t i o n  

o f  t h i s  observation was given by Wechsler and B a j a j  (225).  



111. MATERIALS AND EXPERIMENTAL PROCEDURES ., 

A. Origin of Materials 

Vanadi um used fo r  radiation-anneal hardening and strain-aging speci - 
mens was supplied by U.S. Bureau of Mines, Boulder City, Nevada through 

the courtesy of T. A. Sullivan. The material was in the form of electro- 

refined dendii t i c  crystals .  The composi t io~ of as-received material i s  

gi ven in Tab1 e 1. The chemical analysis was carried out, a t  Ames Laboratory. 

The material used for  s ingle  crystal  specimens for  mi crohardness 

measurements, transmtssion electron microscopy and dislocation channeling 

studies was suppl ied by Argonne National Laboratory. The chemi cal analysi s 

of t h i s  materi a1 is  a1 so given in Table 1. 

B. .Preparation of Tensile ~ampl es 

since the investigation involves the e f fec t  of oxygen on radiation 

damage in vanadium, specimens with three d i f fe rent  oxygen contents were 

prepared. The as-received materi a1 was designated as low-oxygen materi a1 

and two other oxygen concentrations were obtained by co-arc me1 t i  ng vanadi um 

metal and pre-weighed amounts of V205 in a ge t t e r r e  argon atmosphere. The 

material was cast  into 100 gm fingers,  which were then swaged into 0.100- 

inch-diameter rods. Two-inch long pieces were cut from the rods and 

machined in to  t ens i l e  specimens of one-inch gage length and 0.08-inch gage 

diameter using a t racer  machining process t o  give specimens of precise 

dimensions and shape. The specimens were then electropol i.shed in 20% 

H2S04-80% methanol solution a t  20 volts and 2.0 amps current a t  room 



Table 1. Chemical analyses o f  as - rece ivedmate r ia l  i n  weight p a r t s  per 
m i l l  i ona 

Source E l  ement 
U.S. Bureau o f  Mines Argonne Nat ional  Laboratory 

n o t  detected 

.a 
Other i m p u r i t i e s  l ess  than detec tab le  spectrographic 1 i m i  t s .  



temperature. The specimen was ro ta ted  a t  a slow speed dur ing pol ishing.  

The pol ished specimens were then successful ly  r insed  i n  water, acetone 

and alcohol and dried. The specimens were then c a r e f u l l y  wrapped i n  

b tantalum f o i l s  i n  3 separate batches and annealed a t  900 C f o r  12 hours 

a t  a pressure o f  about, t o r r .  Fol lowing the anneal, the analysis of 

oxygen, n i t rogen, and hydrogen was ca r r i ed  ou t  by gas fus ion analysis and 

C , N i  , and Fe contents were determined by wet chemical methods. Other 

impur i t i es  were analyzed by spectrographic techniques. Grain s i ze  o f  the 

specimens was determined by analyzing micrographs obtained a t  80X. , The 

analyses and g ra in  sizes are given i n  Table 2. 

C. Preparation o f  S ing le  Crystal  Rods 

Sing1 e c r ys ta l  rods were grown f r o m  3116-i nch swaged po ly-crys ta l  1 i ne  
. . 

rods, which had been pre-doped w i t h  oxygen by the method described above. 

The c r ys ta l s  were grown i n  a Mater ia ls  Research Corporation.el.ectron-beam 

f loat ing-zone r e f i n e r ,  Model EB2-93. The u n i t  consists o f  a scanner : 

assembly encased i n  a s tee l  chamber which i s  evacuated using mechanical 

and d i f f us i on  pumps equipped w i t h  f reon and l i q u i d  n i t rogen cold-traps. 

The blank o f  pressure i n  the specimen chamber before zoning was 2-4 x 10'' 

t o r r .  . The swaged rod was mounted on the scanner assembly i n  ~ - ~ r o o v e  

mounts and passed through an aperture i n  a cy l indr ica l ly -shaped el 'ectron 

gun assembly. The e lec t ron gun, attached t o  a stage t h a t  moved v e r t i c a l l y  

and p a r a l l e l  t o  the specimen a x i ~  was composed o f  a 2-mm-diameter annular 

f i l ament  o f  0.5 mm diameter tungsten.wire-enl losed i n  a molybdenum beam- 

focusing p i  11 box. Focusing of the e l ' e t t ron  beam was accompl i shed by .'two 



Tab1 e 2. Chemical analyses of polycrystal 1 i ne tensi 1 e samples in 
weight parts per million 

Low Med i um High 
oxygen oxygen oxygen 

El emen t sample designation 

V-60 V-205 V-640 

Interstitial 
impurities 

Substitutional 
impuri tiesa 

Average grain 
size i n  rnm 0.024 

a~otal of. other substitutional impurities, 100 ppm. 



grounded molybdenum annular p la tes  4  mm apar t  equal ly  spaced t o  e i t h e r  

s ide o f  the f i lament.  The e lec t ron beam power supply was capable o f  a  

va r iab le  voltage t o  1 0  k i l o v o l  t s  and a beam current  o f  500 m i  11 iamperes. 

'The swaged rods were prepared f o r  s i ng le  c r y s t a l  growth by removing 

several m i l s  from the surface using a  chemical po l i sh ing  s o l u t i o n  o f  

H2So4: H20: HNO3 i n  proport ions of i:l :l . The rods t o  be grown and the 

seed c r ys ta l  w i t h  o r i en ta t i on  c lose t o  [I491 were mounted v e r t i c a l l y  

w i t h  a  separation o f  about 3 mm between them. The rod was mounted i n  the 

V-groove o f  the upper f i x t u r e  and the seed c r ys ta l  was mounted i n  the 

lower f i x t u r e  w i t h  spr ing s tee l  wires screwed t o  the f i x t u res .  This 

'method o f  mounting reduces the thermal stresses produced i n  the c r ys ta l  

due t o  heat ing and subsequent cool ing. 

The rod and seed c r ys ta l  were concen t r i ca l l y  a l igned w i t h  the aperture 

i n  the e lec t ron  gun assembly and were para1 l e l  t o  the d i r e c t i o n  o f  t rave l .  

A f t e r  a l ign ing,  the chamber was t l o i e d  and evacuatibn ca r r ied  ou t  t o  a  

pressure o f  2-4 x  t o r r .  

The power supply was operated so as t o  maintain a  po ten t i a l  d i f fe rence  

o f  about 2  kv between the tungsten f i lament  and the rod, y i e l d i n g .  a  beam 

current  o f  about 100 mA. The f i lament  was maintained a t  temperatures 

lower than the molten zone o f  the rod i n  order t o  minimize contamination 

from tungsten. This was evidenced by the co lo r  o f  the f i lmen t  and a t h i n  

deposi t  o f  vanadium seen on the f i lament. The deposi t  caused the f i lament  

t o  sag and reduced i t s  l i f e .  I n i t i a l l y ,  the e lec t ron  gun was posi t ioned 

a t  the gap between rod  and t h e s e e d  so as' t o  mel t  the lower end o f  the 



rod onto the seed crystal. .  Then the gun p o s i t i o n  was adjusted from 

outs ide the vacuum chamber t o  mel t  the upper end o f  the seed c rys ta l .  

The length o f  the molten zone, which i s  determined by the surface tenslon 

o f  the metal , beam current ,  beam voltage and beam focusing p i 1  1 box 

design, was adjusted t o  (1-1.5) times the diameter o f  the rod by ad just ing 

the beam current .  A f t e r  these adjustments, the electroniigun was se t  t o  

t r ave l  automat ical ly  i n  an upward d i r e c t i o n  a t  a speed o f  approximately 

12 .inches per  hour. During:.:mel t i ng ,  the pressure i n  the specimen chamber 

rose t o  4-6 x t o r r .  As the rod s o l i d i f i e d ,  i t  had the o r i en ta t i on  o f  

the seed s ing le  c r ys ta l .  A f t e r  a s ing le  c r y s t a l  o f  about 7-inch length  

was grown, the cur rent  was turned o f f  and the c r ys ta l  was then allowed t o  

cool t o  the room temperature i n  vacuum. The surface o f  the s i ng le  'c rys ta l  

was general l y  smooth. 

The rods thus obtained were then analyzed f o r  ax i a l  o r i en ta t i on  using 

Laue back r e f l e c t i o n  xiray techniques w i t h  a film-to-camera distance o f  

3 cm. The o r f en ta t i on  o f  the 3 rods i s  given i n  Figure 6. 

The s ing le  c r ys ta l  rods thus. obtained (one 7-inch rod o f  each o f  
. 0 

th ree oxygen concentrat ions) were cut  i n  two and machined t o  1. 3.5 mn 

diameter. The rods were then c u t  i n t o  ?. 9-mm-long pieces and s 1-mm-thick 

s l i c e s  using a high speed c u t t i n g  wheel. From the 9-mm-long pi'eces, 

compression specimens 8-mm 1 ong x 3-mm diameter were prepared by mechanical - 
l y  po1,ished on both sides t o  0.5-mn-thi'ck specimens. for  microhardness 

measurements and transmission e lec t ron  m'icmscopy. 

The compression specimens and the s l i c e s  were then cleaned and wrapped 

i n  tantalum f o i l s  i n  separate packages and annealed a t  900°C f o r  ?. 20 hr. 



o V-5OOppm OXYGEN' 
a V-300ppm OXYGEN . . ' 

A V-95ppm OXYGEN 

Figure 6.. Orientations .of s ingle crystal  rods on a 

standard stereographic- t r i a n g l e .  



Fol 1 owl ng anneal i ng , the specimens were analyzed. ' The .analysis is  g i  ven 

i n  Table 3.. , 

D. Irradiation procedures 

1. Tensile samples 

The pol ycrystal 1 i ne tensi 1 e specimens used for  radi ation-anneal 

hardeni ng and s t r a i  n-agi ng studies were irradiated by::packing them into 

three aluminum capsules w i t h  perforated ends stacked one over the other 

w i t h  a thermocouple i n  the middle capsule for  temperature recording. The 

capsules were placed i n  an aluminum can w i t h  a 0.030-inch-thick Cd l i n e r  

t o  shield off  97% of the thermal neutrons. The i rradiat ion was carried 

out i n  the Ames Laboratory Research ~ e a c t o r  (ALRR)  i n  the V-1 f a c i l i t y  

w i t h  reactor heavy water i n  contact w i t h  the' specimens. A temperature of 

106°C was recorded during.the reactor operation (45" - 55OC dur ing  reactor 

shut down). ~ i c k e l  f o i l s  were included i n  each package i n  close proximity 

to the specimens t o  monitor the f l  ux. ' The average f l  uence was determined 
2 to  be 1.2 x 10" n/cm (E>1 MeV). . Following de-encapsulation the specimens 

. . 

were observed t o  have a surface corrosl'on .layer which was removed using a 

d i lu te  n i t r i c  acid solution. 

2. Compression, TEM, and microhardness samples 

. ' The ' i r radiat ion of these s ingle crystal  specimens was carried out by 

enclosing them in vanadium capsules which were he1 i a rc  we1 ded and sealed. 

 h he f lux values are. estimated t o  be accurate t o  an absol.ute e r ror  o f  
30% and re la t ive  er ror  of l e s s  than 10%. 



Table 3. Chemical analyses o f  s i n g l e  c r y s t a l  TEM and compression samples 
i n  weight  p a r t s  per  m i l l i o n  

Low Med i um High,  
oxygen oxygen oxygen 

El  ement Sampl e  Des i g n a t i  on 

V-95 V-300 V-500 

I n t e r s t i t i a l  
i m p u r i t i e s  

S u b s t i t u t i o n a l  
i m p u r i t i e s a  

a ~ o t a l  o f  o the r  s u b s t i t u t i o h a l  i m p u r i t i e s ,  < 100 ppm. 



The. capsules were then stacked i n  3 t i e r s  i n  a ~ d - l i n e d  aluminum can 

using an aluminum stacking j i g .  Three n icke l  f l u x  monitors placed i n  

contact  w i t h  the capsules were used. f o r  f l u x  determination. A thermo- 

couple was welded t o  a dunmy sample used f o r  temperature measurement. The 

i r r a d i a t i o n  was performed i n  the V-1 f a c i l i t y  o f  the ALRR. An i r r i d a t i o n  

temperature o f  95OC was obtained, and the average f l  uence was determined 

2 t o  be 1.4 x 1019 n/cm (E>1 MeV). The samples were removed from the  re-  

ac to r  a f t e r  required neutron exposure and a f t e r  a wa i t i ng  per iod o f  2-3 

weeks de-encapsul a t i o n  was' done' t o  remove the specimens. 

E. Tensi le, Compression and Hardness Tests 

Tensi 1 e t es t s  f o r  rad i  ation-anneal -hardening and s t ra in -ag i  ng experi - 
ments were performed on a 10,000 l b  capaci ty I ns t r on  t e s t i n g  machine 

equipped w i  t h  an' automatic 1 oad-elongation char t  recordi  ng system. The 

t e s t s  were performed a t  room temperature and a s t r a i n  . r a t e  . o f  1.66 x 

- 1 sec . 
The tens i  1 e samples f o r  the rad i  a t i  on-anneal - hardeni ng study were 

gripped i n  threaded c o l l  e t  g r i  ps made o f  heat- t rea ted  p r e c i p i t a t i o n  harden- 
. . 

able s ta in less  s tee l .  The samples were s t ra ined  i n  a frame attached t o  

the lower crosshead. 

The s t r a i  n-agi ng samples were gripped i n t o  114-i nch diameter , 112- 

inch  long s ta in less  s tee l  gr ips.  The g r i p  sect ion o f  the sample was f i r s t  

s l ipped i n t o  an 0.10-inch diameter threaded .hole and the g r i p  was then 

squeezed through 1. 0.10 inch undersized d i e  t o  achieve e f f e c t i v e  gr ipping.  

A p u l l  rod attached t o  the load c e l l  and a frame attached t o  the lower 



.. crosshead were used t o  s t r a i n  the sample. 

Compression tes ts  on s i ng le  c r ys ta l  samples f o r  the d i s l oca t i on  

channeling study and on un i r rad ia ted  cold-worked samples were a lso  per- 

formed w i t h  the 10,000 l b  capaci ty Ins t ron  machine equipped w i t h  a 

compression load c e l l ,  surface ground s ta in less s tee l  p latens,  and a j i g  

t o  f a c i l i t a t e  low temperature tes ts .  MoSe was used as the ' lub r i can t .  

A1 1 t es t s  were performed a t  a s t r a i n  r a t e  o f  1.66 x sec-I a t  room 

temperature o r  a t  l i q u i d  n i t rogen temperature. 

M i  crohardness measurements were . ca r r ied  ou t  on as- i  r r a d i  ated and post- 

i r radiat ion-annealed specimens 0.5 mm t h l c k  and 3 mn diameter. The speci- 

mens were amounted i n  quick-mount r e s i n  and cast  i n t o  molds. The molds 

were then removed and pol ished f l a t  on the ends and rendered p a r a l l e l  t o  

w i t h i n  - + 0.001 inch. The molds were then placed on the. p la t fo rm o f  the . . 

microhardness tes te r .  

The hardness measurements were ca r r i ed  ou t  using a Kentron micro- 

hardness t es te r  equipped w i t h  a 136" diamond pyramid indenter. A load o f  

1 kg was appl ied f o r  % 10 sec t o  make an indentat ion on the.  specimen. A t  

l e a s t  three measurements were made on each specimen. Standardization was 

ca r r i ed  ou t  using reference blocks. 

A f t e r  the indentat ion.  was 'made. the average length  o f  the diagonals 

o f  the indentat ion was measured i n  f i l a r  u n i t s  using a f i l a r  eyepiece and 

a ?OX, 135 mm object ive.  The diagonal length  i n  f i l a r  u n i t s  was then 

converted i n t o  microns. The diamond pyramid hardness. number was then de- 

termined using tables suppl ied w i t h  the equipment; tak ing  the app l ied load 

i n t o  considerat ion. 



F. Post- Irradi a t i  on Anneal ing  Procedures 

Tensi l e  specimens for radi a t i  on-anneal hardening measurements were 

post-i rradiation-annealed in a dual chamber high vacuum anneal i ng furnace 

shown in ~ i ~ u r e  7. Chamber 1 which 1 ies inside t h e  furnace i s  made of a 

stainless steel tube and i s  connected, to a Ul tek h i g h  vacuum system 

consisting of a mechanical pump-ion pump (capacity 200 l lsec) vacuum 

system. Chamber 2 l i es  outside the furnace, i s  connected to Chamber 1 by 

an o-ring seal,  and consists of two quartz tubes, one inside the other. 

The inside tube can be pushed into Chamber 1 maqnetical ly,  using a nickel 

piece epoxied to i t s  far  end. The specimens were placed into the inside 

tube lengthwise and were pushed into the heating tone of a Lindberg s p l i t  

furnace (capab3e of providing temperatures up to 1 200°C) af ter  requi red 

temperature and vacuum (better than torr )  had been attained. The 

temperature was measured using a . P t - P t  13% Rh thermocouple located in 

close proximity to the specimens. Isochronal anneals a t  various tempera- 

tures were performed for 9 duration of one hour measured af ter  the equilibr 

rium temperature was reached fol'lowing the pushing of the specimens into 

the hot zone.' In some annealing runs, unirradiated control specimens, , 

were annealed wi t h  the irradiated specimens. 

The low temperature ( u p  to  200°C) anneals for strain-aging specimens 

were performed in a st irred silicone oi l  bath equipped w i t h  an on-off 

temperature control system. The h i g h  temperature anneal s were carried out 

i n  a tube furnace. The specimens ( w i t h  grips) were sealed into quartz 

tubes under >vacuum of to r r  or better. The temperature was measured 

using a chromel-alumel thermocouple and was control led w i t h i n  5 30C. 



F I g u n  7. Dual chamber high vacuum annealing furnace used f o r  post-irradiation anneals 



The compression, TEM and microhardness specimens were annealed in a 

tube furnace, the specimens being 'sealed into quartz tubes under a 

vacuum of 10'' torr or better. The annealing temperature was constant to 

within - + 3OC. ; 

G .  Preparation of Samples for Dislocation Channeling Studies 

Single crystal compression samples of three oxygen contents were de- 

formed 5% and 12% a t  room temperature, following irradiation as descri.bed 

previously. One sample of each oxygen content was deformed 5% under 

compression after a post-irradiation anneal a t  400°C and one sample was 

deformed 12% after a post-irradiation anneal a t  300°C. MoSp was sprayed 

on the compression platens to provide lubrication and a strain rate of 

1.66 x sec-I a t  room temperature was used. Following the, deformation 

the samples were cut into slices Q 0.8 mn thick using a high speed cutting 

saw using water w i t h  5% green oi 1 as coolant-1 ubri.cant. The slices were 

then mechanically polished on both sides into Q 0.5 mm thick samples for 
I .  

subsequent pol i shi ng for transmi ssi on electron mi croscopy. One 1 ow-oxygen 
. . .  

. . 

sample was compressed to a strain of 5% a t  1 iquid, nitrogen temperature and 

then sliced and polished, into TEM samples. 

One single crystal sample of each oxygen content was, deformed before 

irradiation to 5% strain a t  room temperature and one specimen each t o  5% 

strain a t  1 i q u i d  nitrogen temperature. These samples were also' prepared 

for TEM examination. The samples were then irradiated t o  1.4 x 10'' "lcm 2 

( E > 1  MeV) w i t h  other single crystal samples as described elsewhere. For a 

complete scheme of TEM examination of samples, see Figure 8. 
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Figure 8. Scheme of transmission electron microscopy of single crystal material 



H. Transmission E lect ron Microscopy 

1. Sample preparat ion 

For transmission e lec t ron microscope (TEM) examination the 0.5 mm x 

3  mm diameter samples had t o  be e lec t ropo l  ished t o  'e lec t ron transparency. 

This was accomplished i n  two stages. I n  the f i r s t  stage the sample was 

loaded i n t o  a  t e f l o n  holder which exposed the cen t ra l  po r t i on  ( s  2 mm 

diameter) o f  the specimen t o  the po l i sh ing  so lu t ion.  The po l i sh ing  was 

done by j e t t i n g  (on both s ides) 20% H2S04, 10% HN03, 70% methanol 

so lu t i on  through s ta in less  s tee l  j e t s  (which ac t  as cathode as w e l l )  

using a  p e r s a l t i c  pump. The e lec t ropo l ish ing was ca r r i ed  ou t  a t  room 

temperature a t  20V and 100 mA current  f o r  1. 8 min. This process produced 

' . a  d i sh  i n  the cent ra l  po r t i on  o f  the specimen about 5OP th ick .  I n  the 

second stage, the sample was he ld  i n  p lex ig lass tweezers w i t h  an embedded 

plat inum electrode which made contact w i t h  the specimen. A n i cke l  cathode 

was used and po l i sh ing  was car r ied  out  i n  uns t i r r ed  20% H2So4, 80% 

methanol so lu t ion.  The progress o f  pol  i sh ing  was observed continuously 

through a 3X . microscope . and l i g h t  source a t  opposite ends o f  a  glass con- 

t a i n e r  made o f  f l a t  glass sheets f o r  good viewing. The po l i sh ing  was 

terminated by shu t t ing  o f f  the supply o f  cur rent  as soon as a  hole was 

observed i n  the specimen. Fol lowing the po l ish ing,  the sample was cleaned 

w i t h  d i s t i l l e d  water, acetone, and ethanol, and then d r i ed  and stored i n  

a desiccator. 

2. Microscope operat ion 

The microscope bbservat i  ons were made a t  Materi  a1 s  Science Div is ion,  



Argonne National Laboratory, i n  an e l  ectron microscope operat ing a t  200 

k i l o v o l t s  and equipped w i t h  a  goniometer stage capable o f  30" t i 1  t and 

360" ro ta t ion .  A 1  i q u i d  n i t rogen t r a p  was used a t  the sample chamber t o  

reduce sampl'e contamination. Before each per iod o f  examination the 

microscope was a1 i gned. 

The microscope was ca l ib ra ted  f o r  the r o t a t i o n  o f  d i f f r a c t i o n  pa t te rn  

w i t h  respect t o  the micrograph and f o r  the magnif icat ion, which was re-  

l a t e d  t o  intermediate and ob jec t i ve  lens currents.  The p ic tu res  were 

taken a t  magni f icat ions between 40,000 and -68,000. The microscope p la tes 

were p r i n ted  t o  g ive normal p o s i t i v e  p r i n t s  w i t h  the emu,lsion s ide o f  the 

p l a t e  fac ing the emulsion s ide o f  the p r i n t  paper. 

3. ' Spot counting procedure 

The defect  c l  usters and d i s l oca t i on  1  oops observed i n  e lec t ron  micro- 

graphs were analyzed f o r  s i ze  d i s t r i b u t i o n  and densi ty determination. 

 he s ize  and d i s t r i b u t i o n  o f  c lus te rs  were determined f o r  various specimens 

w i t h  the a i d  o f  Zeiss ~ i r t i c l e ' s i z e  Analyzer TGZ3. The e lec t ron  microscope 

p la tes were. enlarged t o  g ive magni f icat ion$ o f  about 100,000 t o  300,000. 

The p a r t i c l e  s i ze  analyzer i s  a  semiautomatic instrument i n  which' an i r i s  

diaphragm i s  imaged by a  lens and 1 i g h t  source ou t  o f  the plane o f  p l ex i -  

glass p la te .  The micrograph i s  placed on the p l a t e  and by ad just ing the 

i ri  s d i  aphragm the diameter o f  the c i  r c u l  a r  1 i ght spot penet ra t ing through 

the micrographs can be changed and i s  adjusted t o  correspond w i t h  the 

ind iv idua l  c lus ters .  Each aperture i n t e r v a l  o f  the i r i s  diaphragm i s  

cor re la ted w i t h  a  counter which records where the  foot-swi tch i s  depressed. 



The c l us te r  i s  counted i n  a given s ize  i n t e r v a l  and the puncher marks 

the c l us te r  as counted. 

From the counter readings the s ize  o f  the c lus te rs  was reduced t o  

actual  s i ze  and then s t a t i s t i c a l  analysis was ca r r i ed  out  t o  determine 

average s ize  and standard deviat ion,  using conventional s t a t i s t i c a l  

formul ae. 

I. Determination o f  Density and Size D i s t r i b u t i o n  
o f  Defect Clusters 

The volume densi ty o f  the defect  c lus te rs  was determined by counting 

the number- of defect  c lus ters  on an en1 arged micrograph. On the average 

about 1200 c lus te rs  were counted i n  each micrograph. I n  order t o  de- 

termine the volume o f  the f o i l  under observation, i t  was necessary t o  

est imate the thickness o f  the f o i l .  The thickness was determined by 

counting the thickness contours ( i n  b r i g h t  and/or dark f i e 1  d) obtained 

under the same operat ing d i f f r a c t i o n  vector 5 = ~200,. The ex t i nc t i on  

distance cal cu l  ated i n  a manner described by Hirsch -- e t  a1 . ( 1  23) f o r  an 

accelerat i .ng voltage o f  200 kev was determined t o  be 510 1. 
A l l  the micrographs used f o r  t h e a n a l y s i s  o.f dens i ty  and s i ze  d is -  

t r i b u t i o n  were taken under a two beam condi t ion w i t h  6 = <200> and devia- 
-+ 

t i o n  vector S = 0. The 3 was chosen as <200> so t h a t  a1 1 <'I 11, type 

defect  c lus te rs  would be v i s i b l e ,  s ince then 3.6 i s  always nonzero. The 

thickness o f  the f o i l s  ranged from 1500 t o  3000 f l .  The plane o f  the f o i l  

was determined from the e lec t ron d i f f r a c t i o n  pa t te rn  o f  the 'area and was 

assumed t o  be t o  the e lec t ron beam. I n  a l l  the f o i l s  examined 

f o r  dens i ty  and s ize  d i s t r i b u t i o n ,  the f o i l s  were ro ta ted  and t i 1  ted  i n  



such a way t h a t  the f o i l  normal was <loo>. The cond i t ions o f  mi,croscope 

examination were made i den t i ca l  t o  f a c i l i t a t e  the comparison o f  t he  

resu l  t s .  

The s i ze  d i s t r i b u t i o n  funct ion,  n ' ,  expressed i n  number o f  defec t  

3 c lus te rs  per cm per  8,  was determined by counting the  number o f  c lus te rs  

per u n i t  volume i n  a s i ze  i n t e r v a l ,  d iv ided by the i n t e r v a l  s i ze  i n  f i .  
A histogram o f  the s i ze  d i s t r i b u t i o n  func t ion  versus the defect  c l u s t e r  

s i ze  was then p l o t t e d  and smooth curves were drawn j o i n i n g  the peaks o f  

the histogram. 

It should be pointed ou t  t h a t  there  are various e r ro rs  invo lved i n  

the dens i ty  determination. The major source. o f  e r r o r  i s  the determinat ion 

o f  f o i l  thickness. Other sources o f  e r r o r  i nc lude  loss  o f  defects t o  

the surface, over1 ap o f  defects, operator judgment and d i f f i c u l t y  i n  

reso lv ing  smal ler  s i ze  defects from the background, especial l y  i n  t h i c k e r  

. . f o i l s .  



I V .  EXPERIMENTAL RESULTS 

A. Radiat ion Hardening and Radi ation-Anneal Hardening 

1. Po lyc rys ta l l  i ne  t e n s i l e  samples 

Polycrystal  1 ine  samples o f  vanadi um conta in ing 60 ppm, 200 ppm, and 
2 640 ppm oxygen ,' i rrad ia ted  t o  1 .2 x 10'' nlcm (E>1 MeV) a t  105OC, were 

cleaned f i r s t  i n  d i l u t e  n i t r i c  ac id  t o  remove any surface corrosion layer.  

Isochronal anneals were then ca r r i ed  out  on separate i r r a d i a t e d  and un- 

i r r a d i a t e d  samples for  one hour a t  temperatures from 120°C t o  600°C a t  

. i n te rva ls  o f  about 25OC. One-hour,. anneals were a lso ca r r ied  ou t  a t  650°C, 

700°C, and 800°C. For each anneal, two i r r a d i a t e d  samples o f  each o f  the 

three oxygen contents were used. The t e n s i l e  t e s t s  were performed .on an 
. . 

I ns t ron  machine a t  room temperature a t  a s t r a i n  r a t e  o f  1.67 x per  sec. 

The r e s u l t s  o f  t e n s i l e  t e s t s  on p o l y c r y s t a l l i n e  vanadium w i t h  three 

l eve l s  o f  oxygen are shown. i n  Figure 9, where lower y i e l d  s t ress i s  

p l o t t e d  against  isochronal annealing temperature. Figure 9 a lso  shows 

the y i e l d  s t ress o f  un i  r r a d i  ated mater i  a1 s , which were annealed under 

simi 1 a r  condit ions. The lower y. ie l  d s t ress was determined i n .  conventional 

manner, from s t ress -s t ra in  curves (0.2% o f f se t ,  where y ie l 'd drop.was no t  

observed). 

It i s  c l ea r .  from Figure 9 t h a t  un i r rad ia ted  specimens are l a r g e l y  

'1n what fo l lows, the designation V-60 i s  used t o  r e f e r  t o  vanadium- 
60 w t  ppm oxygen mater ia l ,  and s i m i l a r l y  f o r  mater ia l  o f  o ther  oxygen con- 
centrat ions. See Tables 2 and 3. 



Figure 9. Lover yield stress vs annealing temperature fcr unirradiated and 
irradiated polycrystall i ne samples. Irradiation dose and 

2 temperature: 1 . 2 x 1 0 ~ ~  nlcm ( E > 1  MeV) at 10ECC. Test tempera- 
ture 300°K, annealing tine, 1 hr 
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unaffected by the anneals and that the yield stress increases due t o  

irradiation. I t  can be observed from Figure 9 that the yield stress of 

i rradi ated materi a1 s increases wi t h  increasing oxygen concentration. For 

V-60, the yield stress increases from 11.6 kpsi t o  23.6 kpsi upon irradia- 

tion, whereas for V-640 the corresponding values .are 19.8 kpsi and 40.3 

kpsi , respectively. 

. Figure 9 also shows t h a t  the lower yield stress,  increases further 

upon anneal i ng the i rradi ated materi a1 s (radiation-anneal hardening , RAH) 

for the three types of vanadium, and that RAH increases w i t h  increasing 

. oxygen content of the specimens. This i s  more clearly revealed in Figure 

10 where the difference between lower yield stresses for i.rradiated and 

unirradiated .specimens are plotted against isochronal anneal ing temperature. 

One can see that for V-60 the increase in yield stress upon post-irradiation 

annealing amounts to 4.0 kpsi whereas for V-640 an increase of % 9.5 kpsi 

i s  .observed. From Figures 9 and 10 one sees that the RAH occurs up to 

about 400°C and beyond this temperature the yield . . stress recovers towards 

the original value for unirradiated material and this recovery i s  completed 

a t  about 700°C. The yield stresses in Figure 9 exhibit a fa i r  amount o f  

scatter ,  which i s  believed t o  be due largely t o  surface corrosion on 

vanadium as a consequence'of specimen contact with reactor heavy water of 

the reactor during irradiation. 

The increase in the yield stress upon irradiation i s  accompanied by a 

decrease I n  the uniform elongation and elongation to fracture for a l l  three 

oxygen levels in vanadium. For V-640, for example, the uniform elongation 

decreases from 20% f n the unirradiated conditibn t o  zero in as-irradiated 
' I  
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Figure 10. Difference between 1 ower yield stresses for i rradiated and uni rradiated pol y- 

crystal 1 i ne specimens vs anneal i ng temperature 



condi ti on. The corresponding va l  ues f o r  the elongat ion t o  f r ac tu re  are 

30% and 9% fo r  uni r rad ia ted  and i r r a d i a t e d  s,ampl es, respect ively.  . S i m i  1  ar  

observation; on reduct ion i n  uniform and f r ac tu re  elongations upon i r r a d i a -  

t i o n  were made f o r  vanadium w i t h  lower oxygen contents.. However, the 

amount o f  reduct ion decreases w i t h  decreasi ng oxygen content. Upon 

anneal i n g  i n  the temperature range where radia ti on-anneal hardeni ng occurs 

(up t o  400°C), there i s  l i t t l e  change i n  uniform elongation, and the 

elongat ion t o  f r ac tu re  shows considerable scat ter .  

An attempt was made t o  determine the e f f e c t  o f  i r r a d i a t i o n  and anneal- 

i n g  on reduct ion i n  area. For t h i s  purpose a  number o f  f rac tu red  samples 

were examined by scanning e lec t ron  m i  croscopy (SEM) . From .the micrographs 

o f  the f r ac tu re  surface, values o f  reduct ion i n  area were calculated.  No 

meaningful conclusion could be drawn because o f  the sca t t e r  i n  the resu l t s ;  

however, i t  was c lear  t h a t  the f r ac tu re  was mostly d u c t i l e  (character ized 

by la rge  reduct ion i n  area a t  f r ac tu re )  f o r  i r r ad ia ted  as we l l  as rad ia t ion -  
- 

anneal -hardened mater ia l .  Figure 11 shows t y p i c a l  SEM micrographs o f  

f r ac tu re  surface o f  V-640. Figure l l a  shows the f r ac tu re  surfa,ces o f  un- 

i r r a d i a t e d  mater ia l  and Figures 11 b  and 1  l c  show i r r a d i a t e d  and rad ia t ion -  

anneal - hardened mater ia l  , respect ively.  The corresponding reduct ion i n  

area values -are a lso ind icated i n  Figure 11. 

Upon i r r a d i  a t i  on, the r a t e  o f ,  s  t r a i  n-hardeni ng i s  reduced i n  vanadi um. 

This reduct ion i s  more pronounced f o r  V-640 than f o r  mater ia l  w i t h  lower 

oxygen content. Upon annealing the i r r a d i a t e d  mater ia l  t o  400°C the 

s t r a i n  hardening r a t e  shows a  s l i g h t  decrease f o r  V-60 and V-ZOO and re-  

mains . v i r t u a l l y  unchanged a t  a  very low r a t e  f o r  V-640. 



Figure 11. Scanning electron micrographs o f  'fractlired surfaces 

o f  -vanadi um--640 ppm oxygen samples: (a )  un- 

i r r a d i a t e d ,  (b )  as- i r radl  ated, , (c )  post- 

1 w a d i  a t i  on anneal ed a t  3 9 5 O C  
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. R.A. = 100% 

I rradi ated and Annealed 
395°C for 1 hr. 
R.A. = 89% 



2. Single c r ys ta l  microhardness samples 

Microhardness measurements were ca r r i ed  out on pol  ished surfaces of 

0.5 mm th i ck ,  3 mm diameter s l i ces .  The s ing le  c r ys ta l  samples contain ing 

95, 300, and 500 w t  ppm were tes ted i n  as- i r rad ia ted [ i r r a d i a t e d  t o  

2 1.4 x 10' n/cm (E>1 MeV) a t  95OC] and post - i  r r a d i  a t i o n  annealed con- 

d i  ti ons. The pos t-i r r a d i  a t i on  isochronal anneal s f o r  one hour - a t  tempera- 

tures up t o  1000°C were car r ied  ou t  i n  a s t a t i c  vacuum o f  1 x l o m 7  t o r r  o r  

-be t te r .  The hardness measurements were ca r r ied  out  using a 136' diamond 

indenter w i t h  a load o f  1 kg app l ied f o r  10sec .  A t  i e a s t  three measure- 

ments were ca r r l ed  out  on each specimen. 

Figure 1'2 sumnari zes the resu l t s  o f  m i  crohardness measurements. I n  

t h i s  f igure,  diamond pyramid hardness number i s  p l o t t e d  against  isochronal 

anneal i ng temperature f o r  i r r a d i a t e d  specimens. The dot ted 1 tries represent- 

i n g  the microhardness measurements f o r  un i r rad ia ted  vanadium o f  s i m i l a r  

chemical composition are taken from Bradford and Carlson's work (226). 

From Figure 12 i t  can be observed t h a t  microhardness increases upon 

i r r a d i a t i o n  and t h a t  the ' increase i n  hardness increases w i t h  increasing 

oxygen content. V-500 undergoes an increase of 37 . DPH . wh i le  V-95 ex- 

pesiences an increase o f  ,on ly  18 DPH. 
1 

Figure 12 a lso shows t h a t  there i s  a f u r t h e r  increase i n  hardness upon 

pos t - i r r gd ia t i on  annealing (RAH) which reaches a peak a t  Q 300°C f o r  V-500 

and V-300. However, V-95 undergoes less  RAH. Upon annealing above 400°C, 

the hardness tends , to  approach the un i r rad ia ted  value and the  recovery i s  

complete a t  about 800°C. 

Figure 12 thus i ndi c,ates two e f f ec t s  o f  increasing oxygen content: 



150- 
500 ppm OXYGEN, IRRAD. 

300 ppm OXYGEN, IRRAD. 

I I O -  

100 - 
500 ppm OXYGEN, UNIRRAD. 

70 - 

95 ppm OXYGEN, IRRAD. 
60 - 

50 - 

Fiqure 12. Diamond pyramid hardness vs anneal i ng temperature for 
unirradiated and irradiated single crystal samples. 
Irridation dose 1.4 x 1019 n/cm2 (E>l MeV) a t  9 5 0 ~ .  Un- 
irradiated hardness values from Bradford and Carl son (226) 



(1) increasing radiation hardening in as-irradiated material, and ( 2 )  . . 

increasing RAH. These two observations are' consistent wi t h  the results 

described above and shown in Figure 9 for tensile tests on polycrystalline 

sampl es. 

In order to correlate the internal structure of the material w i t h  the 

mechanical properties, transmission electron microscopy (TEM) was carried 

out on single crystal samples treated under, conditions similar t o  those 

for the samples described above i n  connection w i t h  mi crohardness measure- 

ments. The resul t s  'are described in the next section. 

0.  Transmi ssion Electron Microscopy 

1. Density and size distribution of defect clusters 

Figure 13 shows radiation-produced defect clusters as black spots for 

V-95 as-i rradi a t ed  and post-irradiation annealed a t  200 - 600°C. . The 

specimens annealed a t  800°C and 1000°C did not reveal any defect clusters; 

however, there was evidence of some precipitation, presumably of oxide of 

vanadium. A t  f i r s t  glance, the Figures 13 (a) - (d)  reveal no striking 

change i n  the size of the defect clusters as a result of annealing tempera- 

ture up  to 400°C. Beyond 400°C, however, the defect clusters grow in size 

considerably and the density i s  reduced. ~etermination of the defect 

cluster density size-distribution function, n ' ,  for as-i.rradiated and post- 

i rradiation-annealed specimens indicates that indeed there i s  a change in 

the defect cluster di s t r i  bution occurring upon post-irradiation anneal ing. 

Figure 14  represents a. plot of n' versus defect cluster size for three 

samples as measured on a Zeiss particle Size Analyzer. One can see from 



(a)AS-IRRADIATED (b) 200°C (c) 298OC 

Figure 13. Defect clusters in as-irradiated and post-irradi ation- 
annealed vanadium - 95 ppm oxygen. Irradiation dose, 
Q, 1 .4x10'~ n/cm2 (E>1 MeV). Irradiation temperature, 
* 95OC. Isochronal annealing tine, 1 hr. 5 = 800,. 

Namal t~ f o i  1 , <loo> 



~ i ~ u r e  14. Defect  c l u s t e r  densi ty  s i z e - d i s t r i b u t i o n  funct ion,  n' , vs defect  c l u s t e r  

s i z e  i n  as- i  r rad ia ted  and p o s t - i r r a d i a t i  on-anneal ed 1 h r  a t  ind icated  

temperatures vanadium - 95 w t  ppm oxygen 



VANADIUM- 95 ppm CXYGEN 

d: c , DEFECT CLUSTER SIZE (8) 



Figure 14 t h a t  with increase in annealing temperatures the peak of the 

distribution curve shif ts  towards larger size and t h a t  density of the 

clusters [represented by the area under the distri'bution curve) i s  .re- 

duced. This i s  quite apparent for annealing temperature of 400°C. 

Figure 15 displays radi ation-produced defect cl us ters in as-i rradi ated 

and post-irradiation annealed V-300 samples. The size of the defect 

clusters appears to remain unchanged upon annealing up  t o  300°C. This i s  

borne out by Figure 16 which shows size distribution curves for V-300 

samples. Upon annealing a t  temperatures of 400°C and higher, the size 

of the clusters increases. 

Figure 17 shows micrographs obtained from TEM examination of V-500 

samples , irradi ated and post-i rradiation anneal ed. Figure 18 shows' cor- 

responding size distribution curves. I t  i s  apparent from Figures 17 and 

18 that the size and density of t.he clusters do no.t change significantly 

up  t o  an annealing temperature of 400°C. . . 

As in the case 'of V-95, anneals a t  800°C and 1000°C were carried o u t  

for V-300 and V-500 also, and some precipitation was observed. 

Table 4 summarizes the results of analysis of defect clusters .carried 
- 

out on TEM micrographs. I t  provides the average size, dc, standard 

deviation, oc, total density, n ,  of defect clusters and interbarrier dis- 

tance, a. The average size, a,, i s  defined as 





Ff gum 16. Defect cluster density size-distribution function, n '  , vs defect cluster 
size i n  as-irradi ated and post-f rradiation-annealed 1 hr. a t  indicated 
temperatures vanadium - 300 w t  ppm oxygen 



VANADIUM -300 ppm OXYGEN 

6.0 

d , DEFECT CLUSTER SIZE (%I 
C 



(a)AS - IRRADIATED (b) 200°C (c) 301°C 

Figure 17. Defect clusters in as-i rradi ated and pos t-i rr.adi ation- 
annealed vanadium - 500 ppm oxygen. Irradiation dose, 

1 . 4 ~ 1 0 ' ~  n/cm2 (E>1 MeV). Irradiation temperature, 
Y 95OC. Isochronal annealing tine, 1 hr. = <200, . 
Normal to fai 1 , <I 00, 



Figure 18. Defect  c l u s t e r  densi ty  s i z e - d i s t r i  but ion funct ion,  n '  , vs 

defect  c l u s t e r  s i z e  i n  as- i  r r a d i  ated and post-i  r r a d i  a t i  on- 

annealed 1 hr a t  ind icated  temperatures vanadium - 500 w t  
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VANADIUM - 500 ppm OXYGEN 

d , DEFECT CLUSTER SIZE (%I 
C 



Tab1 e 4. Defsct  c l u s t e r  parameters from TEM micrographs f o r  as- i  r r a d i  ated and pos t - i  r r a d i a t i o n -  
ann'zal ed s i  ng l  e c r y s t a l  vanadi um 

Sample Annaal i ng Aver,age Standard Total.  To ta l  area To ta l  loop I n t e r -  
temp. d l  ameter dev ia t i on  dens i t y  per  u n i t  1 ength per  b a r r i e r  

vol  ume ' u n i t  vo l .  d i  stance 

As-i  r rad.  
200 
305 
400 
501 
599 

V-500 As- i  r rad.  7 3 15 . 23.64 10.4 5.45 7.6 
200 7 1 14 23.42 9.6 5.21 7.8 
30 1 7 9 ..I 5 22.70 11.7 5-67, 7.4 
400 7 6 ' 19 20.46 9.9 4.88 8.0 
501 157 60 3.46 7 ..7 .1.71 , 1 3 .'6 
601 271 9 1 0.70 4.5 0.58 23,O 



3 where n j  i s  the number of defects per cm in the jth size interval, d .  i s  
J 

the defect cluster diameter a t  the' center of the jth size interval and N 

i s  the number of intervals. The standard deviation, oc, which i s  a 

measure of deviation from the average cluster size, .  i s  defined as 

Standard Deviation, a = fj(dj-aC)' 
j=l 

where f .  i s  the fraction of defect clusters in the jth size interval. 
J 

The effect of oxygen concentration and post-irradi a t i  on annealing on 

the average defect cluster size i s  illustrated in Figure 19. We see that 

t h e  as-irradi ated ifc decreases with increasing oxygen concentration. 

Furthermore, upon isochronal anneal ing, ac stays fa i r ly  constant a t  f i  r s t  , 

b u t  a t  higher temperatures, i t  increases rapidly. The temperature a t  which 

the defect clusters begin to coarsen increases with increasing oxygen con- 

centration. Thus, ac begins to increase a t  300°C for the V-95 material, b u t  

the coarsening does not oecur appreciably until 500°C i s  reached for the 

V-500 material. I t  i s  also apparent from a comparison of the defect 

cluster size distribution curves in Figures 14,  16 and 18, that the dis- 

tribution curves become narrower with increasing oxygen concentration. A 

comparison of the standard deviations of the defect cluster sizes (oc,  

Table 4) also indicates th is  fact. 

Another important factor i s  the density, n ,  or number of defect clusters 
3 of a l l  sizes per cm . Figure 20 shows that n increases with increasing 

oxygen concentration in the as-irradi ated material. A1 so, n decreases upon 

isochronal post-irradiation annealing. The onset of the decrease in n occurs 



Figure 19. Average diameter, ac, o f  rad ia t ion-  

pr~oi;llrceJ defect clusters vs annealing 

temperature 
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ANNEALING TEMPERATURE (OC) 

Figure 20. Density o f  defect clusters, n, vs annealing tempera- 
ture for single crystal ,samples 



a t  h igher temperatures as the oxygen concentrat ion i s  increased. 

As was described above, a quan t i t y  o f  some s i g n i f i  cance . i n  the analy- 

s i s  o f  r ad ia t i on  hardening i s  the average i n t e r b a r r i e r  distance on a plane, 
- 
a .  This may be expressed as 

A p l o t  o f  a versus annealing temperature i s  shown i n  Figure 21. We see 

t h a t  a decreases w i t h  increasing oxygen concentrat ion and increases upon 

pos t - i  r r a d i  a t i on  anneal i ng. However, as ' f o r  n and ac separately, the i n -  

crease i n  a occurs most r e a d i l y  f o r  the lowest oxygen mater ia l .  

2. Special features 

It i s  worthwhile t o  mention several special features a r i s i n g  from 

apparent nor~rdndomness I n  the spa t i  a1 arrangement and d i s t r i b u t i o n  o f  defect  

c lus ters .  Figure 22 exh ib i t s  a t  A a region where defect  c lus te rs  are 

bunched together along a l i n e  adjacent, t o  a r e l a t i v e l y  defect -c lus ter  f r ee  

region i n  an as- i r rad ia ted V-300 sample. We may speculate t h a t  a d is loca-  . 

t i o n  segment was i n i t i a l l y  present a t  A a t  which the defect  c lus te rs  were 

1 ocated p r e f e r e n t i a l l y  and adjacent t o  which some denudation occurred. I t  

i s  a lso possib le t h a t  the d i s l oca t i on  segment was s t i l l  present a t  A but  was 

ou t  o f  cont rast  f o r  the d i f f r a c t i o n  vector  employed. Figure 23 , a l so  displays 

a ptiotomi crograph f o r  the as- i  r r a d i  ated V-300 materi  a1 . A t  A, again, there 

i s  a h igh concentrat ion o f  defect  c lus te rs  apparently along a d i s l oca t i on  

l i n e .  Some deple t ion o f  defect  c lus te rs  appears t o  have occurred a t  A, 



- 
Figure 21. plot of interbarrier spacing, a, vs annealing , ,  ' 

temperatures for single crystal samples 
. containing three levels of oxygen 
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Figure 22.  T.ransmission electron micrograph of V-300 single crystal in as- 
irradiated condition. Region A indicates a 1 i near arrangemnt of 
defect clusters adjacent to a denuded region 





Figure 23. Transmission electron micrograph of V-300 single crystal in as- 
irradiated condi tion, showing 1 i near arranqements of defect 
clusters at A and C 





seemingly from both sides o f  the l ine .  A t  B and C denudation has also 

occurred, but  p r imar i l y  from only one side o f  the d is locat ion l ine.  

Figure 24 i 11 ustrates another in te res t ing  feature. A t  f i r s t  glance 

the defect c lusters may appear t o  be randomly distr ibuted. A careful  

exami n a t i  on, however, reveals tha t  the c lusters are frequently a1 igned 

along an arc o r  loop ( f o r  example, a t  A, B, and C) o r  i n  a cha in- l i  ke 

manner a t  D and E. The micrograph i n  Figure 24 re fe rs  t o  an as- i rradiated 

V-300 sample, but the feature under discussion here was observed i n  other 

samples i nc l  udi ng pos t-i r r a d i a t i  on-annealed ones. 

C. S t ra in  Aging 

The s t r a i  n-agi ng study was carr ied out on pol ycrysta l  1 i ne tensi  1 e 

samples s im i l a r  t o  those used f o r  the radiation-anneal hardening study. 

The strain-aging experiments were carr ied out  on both i r rad ia ted  and un- 

i r rad ia ted  specimens. The purpose o f  t h i s  study was t o  determine the 

e f f e c t  o f  neutron i r r a d i a t i o n  on the strain-aging behavior o f  vanadium and 

t o  compare the r e s u l t  w i th  unirradiated material. It was also o f  in te res t  

t o  delineate the r o l e  o f  i n t e r s t i t i a l  impuri t ies,  pa r t f  cu la r l y  oxygen, on 

the strain-aging behavior o f  i r rad i  dted vanadi urn. 

The tes ts  used f o r  t h i s  study were load-unload-anneal-reload tests. 

The sample was deformed t o  a cer ta i  n s t r a i n  beyond e l  a s t i  c 1 i m i  t, i t  was 

unloaded, annealing was performed, and the sample was then reloaded. This 

was repeated f o r  a number o f  annealing treatments on the same sample. Both 

isothermal and isochronal annealing treatments were performed. Isothermal 

anneals were carr ied out  a t  175OC t o  correspond t o  the center o f  the r i s i n g  

por t ion of the radi  a t i  on-anneal hardening curves f o r  vanadium (Figure 9). 



Figure 24. Transmission electron micrograph o f  V-300 single crystal in as- 
i rrad t ated condition. Letters A-E indicate regions where 
defect clwsters appear to be arranged in chain-like fashion 
alonb; an arc 





The load-elongation p l o t s  were converted i n t o  t r u e  s t ress  - t r u e  s t r a i n  

diagrams, us i  ng the conventional formulae f o r  conversion o f  engi neering 

s t ress  and s t r a i n  i n t o  t r ue  s t ress  and s t ra in .  

Figure 25 shows resu l t s  o f  s t ra in-ag ing t es t s  f o r  V-60. The top  

p o r t i o n  o f  the f i g u r e  represents a  t r u e  s t ress  - t r u e  s t r a i n  diagram f o r  

un i  r r a d i  ated mater i  a1 and bottom p o r t i o n  t h a t  f o r  i r r a d i  ated material,. 

The anneals were ca r r i ed  out  . a t  a temperature o f  175°C. The times i n -  

d ica ted on the curves are actual  times o f  anneal s  a t  175OC dur ing un- 

load ing and no t  the cumulative times. 

It can be observed from Figure 25 t h a t  the tendency f o r  s t r a i n  

hardening i s  g rea t l y  reduced i n  i r r a d i a t e d  mater ia l  as evidenced by much 

smal l e r  increase i n  s t ress  l e v e l  upon i sothermal anneal i ng and s t r a i n i n g  

f o r  i r r a d i  ated materi  a1 (20 kps i  t o  '30 kpsi ) than un i r r ad i  ated materi  a1 

(10 kpsi t o  30 kps i ) .  Whereas f o r  un i r rad ia ted  mater ia l  . . .  the  y i e l d  drop . 

re turns  a f t e r  30 minutes. o f  anneal ing t ime ( v e r t i c a l  arrow top f i gu re )  , f o r  

i r r a d i a t e d  mater ia l  the y i e l d  drop re turns a f t e r  12 h r  (second 1 2 .  b r  . 

anneal , v e r t i c a l  arrow bottom f igu re ) .  Thus the s t ra in-ag ing tendency 

(reappearance o f  y i e l d  drop) i s  delayed i n  case o f  i r r a d i  ated mater i  a1 . 
Figure 26 shows resu l t s  o f  s t r a i n  aging t e s t s  on V-200. One can see 

t h a t  the  appearance o f  y i e l d  drop i s  delayed i n  i r r a d i a t e d  mater ia l  t o  7 

h r  as compared t o  5  min f o r  un i r rad ia ted  mate r lp l  . S im i l a r  r e s u l t s  were 

obtained f o r  V-640 i n  which case the y i e l d  drop appears a f t e r  30 min o f  

anneal i n g  i n  i r r a d i a t e d  mater ia l  , whereas i t  occurs a f t e r  on ly  30 sec p f  
anneal i n  case o f  un f r rah i  ated mate r ia l  (Figure. 27). 
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Figure 25. True stress vs t r u e  s t r a i n  f o r  uni r radiated (above) 

and i r r a d i a t e d  (below) specimens o f  'vanadium - 60 w t  
ppm oxygen i sothermally annealed a t  1 7 5 0 ~ .  I r r a d i  a- 

. . t i i n  dose, 1.2i1019 n/cm2 (E>I MeV) at 105°C 



Figure 26. True stress vs true strain for unirradiated (above) 
and lrradiated (below) specimens o f  vanadlum - 200 w t  
ppm" oxygen isothermally annealed at 175OC. . Irradiation 

. . dose, 1 . 2 ~ 1 0 ~  n/ctn2 ( E > 1  . M ~ V )  at 105OC 



F i  gure 27 .. True stress.  vs true strain for uni rradi ated (above) 
and irradiated,. (below) specimens o f '  vanadi urn - 
640 w t  ppm oxygen isothermally annealed at 175OC. 
Irndiation dose, 1 . 2 ~ 1 ' 0 ~ ~ '  n/cm2 ( E > I  MeV) at  105'~  
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Table 5 below summarizes the aging times f o r  'reappearance o f  y i e l d  

drop f o r  uni r r a d i  ated and i r r a d i  ated materi  a1 s.' 

Table 5. Aging t ime (sec) f o r  reappearance o f  y i e l d  drop.  

Mater ia l  Uni r r a d i  ated I r r a d i a t e d  

The fo l low ing  conclusions can be drawn from ~ i g u r e s  25-27: 

1. Neutron i r r a d i  a t i  on reduces the tendency o f  i t r a i  n hardening. 
. . 

2. Neutron i , r r ad ia t i on  delays the appearance o f  the y i e l d  drop, thus. 

reducing the s t r a i  n-agi ng tendency. 
' 1  

3. With increasing oxygen content  the s t r a i  n-agi ng ten'dency increases 

i n  both uni r r a d i  ated and i rrad ia ted  materi  a1 . 
. . 

As mentioned above, isochronal t es t s  were a lso performed dur ing the 

. s t r a i  n-agi ng study. The isochronal anneal i ng treatments were ca r r i ed  ou't 

fori a durat ion o f  1 hr. 

Figures 28-30 show t h a t  i n  un i r rad ia ted  mater ia l  there i s  decrease i n  
. . .  

the flow s t ress upon annealing a t  about 500°C., The decrease i n  the flow 
. . . . r 

st ress from the stress i n '  preceding deformation' increases w l  t h  increasing I I 

oxygen. The same behavior i s  apparent i n  the case o f  i r r a d i a t e d  mater ia l .  



Figure 28. True stress rs t r u e  s t r a i n  f o r  uni r rad ia ted  (above) and i r r a d i a t e d  

(below) specimens o f  vanadium - 60 ppm oxygen isochronal ly  annealed 

f o r  1 b r .  I r r a d i a t i o n  dose, 1 .2x101' n/cm2 (E>1 MeV) a t  10S°C. 

Arrow po in ts  t o  an i n s t a n t  re loading 





Figure 29. Truc stress vs t rue  s t r a i n  for.  ~ rn i r rad ia ted  (above) 
and i r r a d i a t e d  , (bel'ow) specimens o f  vanadi urn - 
200 ppm oxygen isochroniil ly annealed f o r  1  hr .  

I r r a d i a t i o n  dose, 1 . 2 ~ 1 0 ' ~  n/cm2 (E>1 MeV) a t  . 

' 

105OC 
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Figure 30; True stress vs true strain for unirradiated (above) 
and irradiated (be1 ow) specinens of vanadi um - 640 , 
ppm oxygen isochronally annealed for 1 hr. 
Irradiation dose, 1 . i x 1 0 ~ ~  n/cm2 ( E > 1  MeV) a t  1 0 5 0 ~  

' ' 
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However, i n  case o f  i r r a d i a t e d  mater ia l  there  were no y i e l d  drops 

observed f o r  V-60. I n  V-200 (Figure 29) y i e l d .  drops were observed bu t  

were no t  we l l  defined. I n  case o f  V-640 (Figure 30), however, y i e l d  drops 

were observed i n  curves f o r  201 and 253°C anneals. The temperature region 

between 150 and 300°C appears t o  be o f  s ign i f i cance  here. Beyond 300°C 

no y i e l d  drop. was observed i n  any o f  the  three k i nds  o f  mater i  a1 s. 

To determine the r o l e  o f  s t r a i n  l e v e l  i n  appearance o f  y i e l d  drop o r  

i n  increase i n  s t ress  upon isothermal annealing, the  fo l l ow ing  experiments. 

were performed. Separate samples o f  a l l  th ree kinds o f  mate r ia l s  were 

s t ra ined  about 3%, 6%, and 8% p r i o r  t o  a 2-hr anneal a t  1 7 5 " ~ .  The r e s i l  t s  

o f  these t es t s  are  represented i n  Figures 31-33 and can be summarized as 

f o l  1 ows: 

1 . Samples o f  V-60 and V-200 s t ra ined  about 3%, annealed a t  175°C 

f o r  2 h r  and res t ra ined  showed no y i e l d  drop o r  increase i n  s t ress .  V-640, 

however, showed a marked y i e l d  drop and Increase i n  st ress.  

2. V-60 s t ra ined about 6% annealed a t  175OC f o r  2 h r  and res t ra ined 

showed no y i e l d  drop o r  increase i n  stress. However, V-200 and V-640 

showed y i e l d  drops and increase i n  stress. The magnitude o f  the  y i e l d  

drop f o r  V-640 was l a r g e r  than f o r  V-200. 

. .  3. A l l  th ree kinds o f  mater ia ls  showed increase i n  s t ress  .upon 

r e s t r a i n i n g  b u t  on ly  V-640 and V-300 show y i e l d  drop, and the  magnitude o f  

increase was 1 arger f o r  vanadi um w i t h  h igher oxygen concentrat ion. 

4. Upon annealing f o r  longer times y i e l d  drop and/or increase i n  

s t ress  were observed i n  a l l  th ree kinds o f  mate r ia l  even a f t e r  on ly  3% 

p r i o r  s t r a i n .  



Figure 31. True stress vs true strain' for .irradiated vanadium 
strained Q 3% prior to annealing a t  1 7 5 O C  for 
specified times 





Figure 32. True stress vs true strain for irradiated vanadium . 

strained Q 6% prior t o  annealing a t  . 9 7 5 O C  for 
specified times 





Figure 33. True stress vs t r u e  s t r a i n  f o r  i r r a d i a t e d  vanadium 

strained % 8% p r i o r  t o  annealing a t  1 7 5 O C  f o r  

speci f ied times 
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D. Surface S l i p  Markings 

Single c r ys ta l  samples o f  vanadium - oxygen were deformed a t  room 

temperature and were observed i n  the scanning e lec t ron  m i  croscope (SEM) . 
~ i g u r e  34a shows the scanning e lec t ron  micrograph o f  a. po r t i on  o f  un- 

i r r a d i a t e d  V-95 sample deformed about 12%. Figure 34b d i  spl  ays some 

mater ia l  deformed a f t e r  i r r a d i a t i o n  t o  the same s t ra i n .  It can be ob- 

served t h a t  i n  case o f  i r r a d i a t e d  mater ia l  the s l i p  markings are sharp, 

deep and ra the r  i nhomogeneously d i  s t r l  buted a1 ong the. length  o f  the sample, 

whereas the s l i p  l i n e s  i n  un i r rad ia ted  mater ia l  are no t  so c l e a r l y  v i s i b l e  

a t  the same magni f ica t ion o f  l O O O X  as f o r  the i r r a d i a t e d  V-500 sample. I n  

F i  gure 35a inhomogeneously d i s t r i b u t e d  para1 1 e l  s l  i p 1 i nes can be observed 

whereas Figure 35b' shows a group o f  p a r a l l  e l  s l i p  1 ines in tersected by a 

coarser s l i p  band, which s p l i t s  i n t o  two, moving from l e f t  t o  r igh t . .  ~ i ~ -  

ure 35c displays two i n te r sec t i ng  s l ipsystems.  I n  t h i s  case o f f s e t s  i n  

s l i p  l i n e  A due t o  s l i p  l i n e  B can be seen a t  X. 1.t can be -seen t h a t  the 

s l i p  l i n e s  are no t  ,equal ly  spaced i n  Figure 35. 

The i nhomogeni ty o f  deformation i n  i r r a d i  ated mater ia l  - i s probably 

responsible f o r  the decrease i n  work hardening r a t e  and uniform and 

f r ac tu re  elongations i n  i r r a d i a t e d  mater ia ls.  

It has been.demonstrated by various authors (186,188,192) t h a t  t h e  

surface s l i p  markings on i r r a d i a t e d  samples correspond t o ,  d i s l oca t i on  

'channels as observed by transmission e lec t ron  microscopy. 

E. D i  s 1 oca t i  on Channel i ng 

When 'a neut ron- i r rad ia ted mater ia l  i s  p l a s t i c a l l y  deformed and. ob- 

served by transmission e lec t ron microscopy , i t  reveals channels t h a t  are 



Figure 34. Scanning electron micrographs o f  vanadium - '95 w t  ppm oxygen single crystals 
deformed 12% in compression at  room temperature: (a)  un' rradi ated specimen, 

b) i rkdidted to 1.4 x 10' ,g/cm2 (E>l MeV) a t  9 5 O C  prior to straining .. 





Figure 35. Hfgh magnification scanning electron micrographs o f  sl i p  1 ines i n  . 
I rradiated and deformed vanadium - 500 ppm oxygen single crystal 





cleared o f  defect clusters i n  a matrix which retains i t s  as-irradiated 

appearance. These cleared channels generally coincide wi th the traces 

o f  expected s l i p  planes and hence i t  i s  reasonable t o  consider the channels 

as being the resu l t  o f  the motion o f  glSde dislocation. These channels are 

ca l l  ed "dislocation channels. I' Subsequent deformation i n '  the cleared 

channels i s  enhanced re la t ive  to  the rad ia t i  on hardened matrix resul t ing 

i n  stress concentrations. The channels observed by TEM are bound by the 

surface 6f the f o i  1 and the channel wall. The channel plane i s  the plane 

para l le l  t o  the channel wall and the channel trace d i rect ion i s  the 

direct ion along the l i n e  o f  intersect ion o f  the channel plane and the 

surface plane o f  the f o i l .  

As described i n  Chapter I1 I, plas t i c  deformation o f  i r radiated s,i ngle 

crystal  vanadium wi th three oxygen contents was carr ied out a t  s t ra ins o f  

5% and 12% a t  room temperature. Single crystal  materi a1 post-i r radiat ion 

annealed a t  300°C and 400°C was a1 so p las t i ca l l y  deformed t o  5% and 12% 

strains, respectively. I rradiated vanadium - 95 ppm ovgen was deformed 

t o  5% s t ra in  a t  l i q u i d  nitrogen temperature f o r  fur ther  exmhination. A l l  

the material described above was then prepared i n t o  TEM fof 1s f o r  observa- 

t ion. 

1. General appearance and or ientat ion 

FOgure 36 shows channels i n  a V-95 single crystal  specimen deformed 

12%. Two intersectfng channels denoted by A and 0 can be observed. The 

operating re f lec t ion  f o r  the micrograph i s  m 1 ]  and the plane o f  the f o i l  

i s  (111). The trace d i rect ion f o r  channel A i s  approximately [Ion and 



Figure 36. Dislocation channels i n  vanadium - 95 w t  ppm owgen 
single crystal ,  post-irradiir-ti on deformed 12% i n  
compression a t  room temperature. Intersecting 
channels can be observed a t  A and R 





for B [lTO]. Since channels i n  Figure 33 appear to be devoid of defect 

clusters, the channel walls may be assumed to be perpendicular to the plane 

of view. Hence i t  i s  deduced that the planes of the channels A and B are 

(la ) and (1 1 3 ,  respectively. The channels are of nearly uniform width 

of about 1800 8. 
One can observe i n  Figure 36 that the defect density near the channel 

wall i s  the same as it i s  i n  the matrix. An increased density along the 

channel wall s would indicate the snow-plow mechanism where the channel ing  

dislo~ations sweep the defect clusters aside and deposit them a t  the chan- 

nel wall. 

Furthermore, i f  many dislocations penetrate the wall, they would . 

annihilate the defect clusters. This can be observed a t  few places i n  

Figure 36. A t  X and Y,  for example, one can see dislocations penetrating 

the channels and the defect cluster density i n  the region around the dfs- 

location is reduced, b u t  this i s  only a localized effect. 

One notes i n  Figure 36 that there i s  a dislocation tangle a t  the 

intersection of channels A and B. I t  can be seen that the tangle i s  a 

result af intersection of dislocations moving along two distinct s l ip  

pl anes . One can a1 so observe dislocations associated w i t h  channel wall s . 
On the top l e f t  hand position of the figure one sees dislocation segments 

associated w i t h  both walls of the channel A. In channel B, however, dis- 

locations are mainly along one wall of the channel. A t  the bottom r i g h t  

position of the figure, which shows relatively thick section of the 

specimen, one can see dislocation tangles and a knot-li ke appearance i n  

channel A which seems to have been offset by a channel (not well-developed) 



running parallel to channel B. Another offset of about half the width 

~f channel A due to  channel B can be clearly seen a t  the intersection 

of the two channels. 

Figure 37 shows TEM micrograph of V-300 deformed 5% a t  room tempera- 

ture. The figure shows three para1 le l  di  slocati on channel s A1 , %, A3 

and a fourth channel B intersecting them. The channels i n  Figure 37 do 

not l i e  exactly perpendicular t o  the plane of the fo i l ,  b u t  are inclined 

to it. Therefore i t  appears as if the channels are not completely cleared 

of defect clusters. The micrograph shows a re1 atively thick section of 

the foil.  The plane i n  which the channels l i e  i s  probably (110) which i s  

about 13' from (1331. The widths of the channels i n  Figure 37 vary fram 

about 700 8 to about 1150 8. A t  X and Y, dislocation debris can be ob- 

served. A few dislocation segments can also be observed i n  Figure 37. 

The channel trace directions have been determined to  be [30fl and C321] 

fmm the d l  ffraction pattern. 

Figure 38 shows dislocati on channels i n  V-500 materi a1 fol lowing post- 

irradiation deformation to about 5% i n compressi on. A h i g h  concentration 

of s l ip  dislocations can be seen i n  the channels, 

2. Effect of strain on dislocation channels 

As described earlier, samples were deformed a t  room temperature to 

5% and 12% strain following irradiation. In this range of strain, $he 

width of the dislocation channels generally increases w i t h  strain as 

measured on the TEM micrographs; however t h i )  conclusion i s  only tentfttive, 

since the channel width i s  not constant even i n ,  the .ranre sample. 



Figure 37. Dislocation channels iri vanedium - 300 wt ppm ougen single crystal, 
post-'rradiation deformed 5% in compression at room.temperature. 
Dislocati~n debris can be seen at X and Y 





Figure 38. Dislocatlen channels in vanadium - 500 w t  ppm oxygen single crystal, post- 
irradiation deformi 5% in compression a t  'room temperature. A high 
dens1 ty o f  slip dislocations can be seen within the channels 



The number o f  channels observed increases wi th increasing s t ra in  

i n  the range of 5% t o  12%. The number of dislocations and dislocat ion 

tangles inside the channels a1 so increases wi th increasing strain. 

3. Effect o f  oxygen on dislocation channels 

No de f in i te  conclusion can be drawn regarding the e f fec t  o f  oxygen 

on the width o f  the channels and on the number o f  channels produced wi th 

the same s t ra in  because o f  very l im i ted  amount o f  material which can be 

examined by TEM. However the amount o f  oxygen has an e f fec t  on the dis- 

locations and dislocat ion tangles inside the channels. The dislocat ion 

tangles were observed i n  a l l  three kinds o f  samples but the occurrence o f  

tang1 es was more common i n  V-500 than i n  V-95 materi a1 . 
An example o f  dislocation tangles i n  the V-95 material .deformed 12% 

i s  shown i n  Figure 39. On the l e f t  hand top of the picture, which shows 

a re la t i ve ly  thinner section o f  the f o i l ,  the channel i s  rather clear 
\ 

whereas i n  the bottom r i g h t  hand corner massive . , d is locat ion tangles can 
' I  I 

be observed inside the channel. The channel trace directions i n  Figure 

39 are [Ion and m~] .  

4. D i  st ocat i  on channel i ng i n  rnateri a1 post-i rkhdi a t i  on deformed a t  779K 

Single crystal  V-95 material was post-i r radiat ion deformed 10% i n  

compression a t  l i q u i d  n i tmgen temperature ( 7 7 9 )  and examined by TEMI The 

low temperature deformation produced twtns i n  the materi a1 as evidenced 

by c l icks  heard during the tes t  and joggy load-elongation curves. Nexer- 

theless, i n  the s i x  f o i l s  prepared and examined by TEM, no region wi th 

t w p  could be observed. However, dislocat ion channels were observed I n  



X l g u r e  39.- Dislocation chanrds i n  vanadium - 95 w t  ppm oxygen single crysta l  , 
pos t-i r rad i  a t lon deformed 12% i n  compression a t  room temperature 



some regions. One such channel i s  shown i n  Figure 40. It can be 

observed t h a t  the width o f  the channel does not remain constant along i t s  

length, varying instead from 1250 8 t o  about 3350 11. I n  the r i g h t  hand 

bottom section o f  Figure 40, there are a few defect c lusters l e f t  behind 

ins ide the channel. The plane o f  the f o i l  i n  Figure 40 i s  (100) and 

channel t race d i rec t ion  i s  [013]. A t  A defect c lusters l i n e d  along a 

d is locat ion can be observed. A t  B one sees a bowed-out d is locat ion 

possibly pinned a t  defect clusters. 

Figure 41 shows another region o f  a V-95 sample deformed a t  7 7 O K .  

The channel t race d i rec t ion  i s  flla i n  the (1 10') surface observed under 

[ O O n  operating vector. I n  t h i s  f igure, bowed out  dis locat ions extending 

across the channels can be observed a t  various places. Para1 l e l  dis- 

locations outside the channel are also evident i n  Figure 41. It can be 

seen tha t  on ly  one wal l  o f  the channel i s  wel l  defined and no t  a l l  the 

defect c l  usters are completely removed from the channeled reg1 on. 

5. Dislocat ion channel i n g  i n  post-irradiation-annealed samples 

Single crysta l  samples o f  vanadi urn o f  three oxygen contents were 

post- i r rad iat ion annealed a t  300°C and 4W°C f o r  1 h r  and were deformed 

about 12% and 5% a t  room temperature. TEM examination o f  the f o i l s  re- 

vealed the presence o f  d is locat ion channels i n  a l  1 three kinds o f  material . 
As an example, Figure 42 shows channels i n  V-500, post - i r rad iat ion annealed 

a t  300°C f o r  1 h r  and deformed about 12% i n  compression a t  room temperature. 

Dislocat ion channels l y i n g  along [la], [Ion and. [Oln can be observed on 

a (111) f o i l  plane observed under [lTO] d i f f r a c t i o n  vector. The wal ls o f  



Figure 40. Dislocation channel i n  vanadi urn - 95 w t  ppm oxygen single crystal ,  post- 
i r rad ia t ion  deformed 1% l n  compression at  1 lqul d n1 trogen temperature 



Figure 41. Dlslocatlon channel i n  vanadium - 95 w t  ppm oygen single crystal ,  post- 
i r rad ia t ion  deformed 10% i n  compression a t  I iquid nitrogen temperature 



Figure 42. Dislocation channels in vanadium - 500 w t  ppm oxygen single crystal, post- 
irradiation anneeled at 300aC for one hour and deformed 12% in 
compressian a t  room temperature 





the channels i n  Figure 42 are not  very well-defined. Dislocat ion seg- 

ments along the wal ls and ins ide  the channels can be observed a t  various 

places. 

Figure 43 shaws a d is locat ion channel i n  V-95 material, post- 

i r r a d i a t i o n  annealed a t  300°C f o r  1 h r  and deformed 12%. Massive d is-  

loca t ion  tangles can be observed a t  top r i g h t  hand comer o f  the f i gu re  

i n  the th icker  section o f  the f o i l ,  whereas the channel i n  the th inner  

section (bottom l e f t )  i s  r e l a t i v e l y  clear. 

Figure 44 shows a region o f  V-500 post- i r rad iat ion annealed a t  400°C 

f o r  one hour and deformed 5%. One can observe dis locat ions and tangles 

i n  the micrograph. The tangles, however, are arranged along two para1 l e l  

paths which are r e l a t i v e l y  denuded o f  defect c lusters and give the 

appearance o f  d is locat ion channel s . 
The essenti a1 features o f  d is locat ion channeling i n  materi a1 post- 

i r r a d i a t i o n  annealed and deformed can be summarized as fol lows : 

(1) The channel walls are not wel l  defined. 

(2) There are many dis locat ions and tangles ins ide channels. 

(3) I n  many cases defect c lusters are observed ins ide  the channel. 

An example i s  shown i n  Figure 45. 

F. TEM o f  Material Deformed Pr io r  t o  I r r a d i a t i o n  

Figure 45 shows a micrograph o f  V-95 sample deformed 5% a t  room 

temperature, i r rad ia ted  t o  1.4 x 10'' n/cm2 (€>I MeV) a t  95OC and ex- 

ami ned. One can observe d i  s l  ocat i  ons 1 i ned preferenti a1 l y  i n the [020] 

d i  r e c t i  on, w i  t h  the dislocations occurrf ng i n  bunches. Massive d is locat ion 



Figure 43. Dislocation channel i n  va~adium - 95 wt ppm oxygen single crystal, 
post-irradiation annealed a t  300°C for crne hour and deformed ,12% 
in compression at  room temperature 





Figure 44. Dislocation tangles in vanadium - 500 ppm 

oxygen single crys tat , pos t-i rradi ati on anneal ed 
at 400°C for one hour and deformed 5% in 
compression at  room temperature 





Figure 45. Cislacation channels i n  vanadium - 500 w t  ppm oxygen slngf e crystal ,  
post-irradiation annealed a t  300°C fo r  one hwr and deformed 12% i n  
compression a t  room temperature. Defect clusters are abserved inside 
the channels 





debris can be observed a t  X. A careful examination o f  the micrograph 

reveals denudation around the dislocations. This i s  seen more c lear ly  

i n  Flgure 47 f o r  V-300 sample, where the dislocations are l ined along 

[Oln or Ella directions on a (111) plane. Here again the dislocations 

occur i n  groups and are nonunifoVtnly distributed. Figure 48 shows a 

micrograph of V-500 sample deformed p r i o r  t o  i r rad ia t ion  as described 

above. Only a few dislocations can be observed (e.g., a t  A, B and C) 

but the denudation around the dislocations i s  much more apparent. 

Figure 49 shows a micrograph o f  V-95 sample deformed 5% a t  77OK 

(1 iqu id  n i  tmgen teiperature) i r rad ia ted t o  1.4 x 10'' n/cm2 (E>1 MeV) a t  

95OC and examined. A comparison o f  Figure 49 with Figures 13a and 4 3 ,  

reveals many differences. Figure 13a shows material i r radiated i n  tne 

annealed cdnd i t io i  and figrike 43 shows mdterial d e f o k d  5% a t  mom 

temperature p r i o r  t o  i r radiat ion.  

As against Figure 43, Figure 46 shows segments o f  dislocations dis- 

t r ibuted rather  uniformly over the f i e l d  o f  view, The average s f r e  o f  

the defect clusters (which appear as f u l l y  developed loops) i s  larger  i n  

Figure 46 than i n  Figures 13a and 43. The temperature o f  deformation 

appears t o  have a major e f fec t  on the dislocat ion structure as the 

comparison o f  Figure 43 wi th 46 shows. The dislocations occur i n  groups 

l ined along a few preferent ial  direct ions i n  material deformed a t  room 

temperature (Figure 43) as against small segments d i s t r i  buted a1 1 over. 

Figure 49 shows a micrograph o f  a V-95 s ing le  crysta l  sample deformed 

5% i n  compression a t  77OK ( l i q u i d  nitrogen temperature), i r rad ia ted t o  

1.4 x 1019 n/cm2 (E>1 MeV) a t  95OC, and thinned and examined. It i s  
e 



Figure 46. Transmtssion electron nicrograph of V-95 single crystal deformed 5% a t  
2 room tenperature and irradiated to  1 . 4 ~ 1 0 ' ~  n/cm (E>1 MeV) a t  95OC 



Figure 47. Transmission electron micrograph of V-300 single crystal deformed 5% in 
2 compression at room teverature and irradiated to 1 . 4 ~ 1 0 ' ~  n/cm ( ~ > 1  MeV) 

a t  95OC 



Figure 48. Transmission electron micrograph o f  V-500 single crystal deformed 5% i n  
2 compression a t  room temperature and i r radiated to  1 .4x1019 n / m  ( ~ > 1  MeV) 

a t  95'C 



Figure 49. Transmission electron micrograph o f  vanadium - 95 ppm oxygen single crystal 
deformed 5% in compression a t  7 7 O K  and irradiated to 1 . 4 ~ 1 0 ' ~  n/cm2 (E>1 MeV) 
a t  9 5 O C  



interesting to compare Figure '49 (V-95 deformed a t  77OK and i rradi ated) 

w i t h  Figures 46 (V-95 deformed a t  room temperature and irradiated) and 

13a (V-95 annealed and irradiated) . These three photomicrographs appear 

together i n  Figure 50 for ease of comparison. We see that the defect 

clusters appear as fully developed loops i n  the material deformed a t  77OK 

prior to irradiation (Figure 50a), whereas the defect clusters appear 

mostly as black spots i n  the room-temperature deformed and irradiated 

material (Figure 50b) and annealed and 4 rradiakd materi a1 (Figure 50c). 

I t  i s  a1 so apparent from Figure 50 that the average size of the defect 

clusters i s  larger for the 7 7 O K  deformed material (Figure 50a) than for 

.ei ther the room-temperature deformed material (Figure 50b) or the annealed 

.materi a1 (Figure 50c). Furthermore, there i s  a distinct difference be- 

tween the di  s l  ocati on structures i n  the 77OK deformed and room-temperature 

deformed materi a1 s. Figure 50a indicates that the sl i p dislocations are 

fairly uniformly distributed and are mostly wavy and convoluted i n  the 

material deformed a t  77OK. By contrast, the s l ip  dislocations i n  Figure 

50b are bunched together i n  tangles and appear t o  have straighter segments 

i n  the room temperature deformed material, 

Figure 51 displays micrograph of V-500 deformed 5% a t  77OK, irradiated 

and examined. The plane of the foi'l is (311) and the diffraction vector 

i s  [I l a .  Here again, dislocation segments distributed over the field of 

view can be observed. The clusters appear to segregate along the dis- 

location segments. The defect clusters are smaller i n  size than those i n  

Figure 49, b u t  a comparison w i t h  material irradiated i n  annealed condition 

(Figure 17a) shows an imrease i n  size (average size 73 8 i n  Figure 17a and 



Figure 50. Transmission electron micrograph af vanadium - 95 ppm ovgen single crystals i n  
the following conditions (a) deformed 5% i n  compression a t  77°K and i r radiated,  
(b) deformed 5% i n  compression a t  room temperature and irradiated, and (c)  
anneal ed and irradiated 



Figure 51. Transmission electron mi cmgraph o f  vanadium - 500 ppm oxygen si ngl e crystal 
deformed 5% i n  compression a t  77°K and i kad ia ted  to 1 . 4 ~ 1 0 ' ~  njcm2 (E>1 MeV) 
a t  9 5 O C  



144 8 i n  Figure 51). 

The photomicrographs f o r  V-500 material i n  the three condi t ions  

(deformed a t  7 7 O K  and irradiated, deformed a t  room temperature and 

i r r a d i  ated, and annealed and i rrad i  ated) are shown i n  juxtaposi t ion i n  

Figure 52, 

Figure 53 shows a s ize d i s t r i b u t i o n  curve p lo t ted  as percentage o f  

defects i n  a sfze in te rva l  against the size i n  f o r  V-95 and V-500 de- 

formed 5% a t  7 7 O K  p r i o r  t o  i r rad ia t ion .  An increase i n  the peak s ize  o f  

the clusters i n  comparison t o  tha t  f o r  material i r rad ia ted  i n  the 

annealed condit ion i s  apparent. The average s ize o f  the c lus ter  i s  also 

indicated i n  Figure 53. 



Figure 52. Transmission electron micrograph o f  vanadium - 500 ppm oxygen stngle crystals i n  
the f o l l  owing conditions: (a) deformed 5% i n  compression a t  77*K and i r radiated,  
(b) deformed 5% i n  compression a t  room temperature and irradiated, and (c) 

annealed and i rradiated 



Figure 53. - S i z e  d is t r ibu t ion  curves f o r  vanadium - 95 ppm oxygen and vanadium - 
500 ppm oxygen single crysta ls  i n  the fallowing conditions: (a )  
annealed and i r radiat 'ed  and (b) deformec 5% i n  compression a t  7 7 O K  

and i r r a d i  a ted 
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V. DISCUSSION 

A. Defect Clusters 

One o f  the major object ives o f  t h i s  study i s  t o  determine the i n -  

f luences o f '  an i n t e r s t i t i a l  impur i t y  , namely oxygen, on the defect  c lus te rs  . 

observed i n  as- i  r rad ia ted  and pos t - i  r r a d i a t i o n  annealed vanadi um. Figures 

13, 15 and' 17 show the TEM micrographs o f  vanadi um contain ing 95, 300 and 

500 ppm oxygen, respect ively.  Table 4 and Figure 20 summarize the defect  

c l u s t e r  densi t ies,  n, from which i t  i s  c l ea r  t h a t  the defect  c l u s t e r  

dens i ty  increases w i t h  increasing oxygen concentrat ion. Figure 54 i s  a 

p l o t  o f  n versus the concentrat ion o f  impur i t i es  i n  as- i r rad ia ted mater ia l  

where the concentrat ion re fe r s  t o  oxygen alone, O+N+C and O+N+C+H, using 

values given i n  Table -3 expressed i n  terms o f  atomic par ts  per  m i l l i o n .  . . 

It can be observed from ~ i g u r e ,  54 t h a t  n i s  sens i t i ve  t o  the i n t e r s t i . t i a 1  

impuri t.y content, p a r t i  cu l  a r l y  a t  the lower concentrat ion 1 eve1 s. . . 

Defect c lus te rs  i n  i r r a d i a t e d  vanadium have been observed by o ther  

authors also, although no t  as a systematic func t ion  o f  the i n t e r s t i t i a l  

impur i t i es .  A.summary o f  the resu l t s  . . of'some o f  the o ther  authors i n  

add i t i on  t o  r e s u l t s  o f  the present study i s  presented i n  Table 6 where 

the  rad ia t i on  var iab les  (dose and temperatures), i n t e r s t i t i a l  i m p h i  ty con- 

c e n t r a t i  ons reported, observed defect  c l  us te r  dens i t i es  and average s i ze  

o f  the defect  c l us te r s  are reported. It i s  d i f f i c u l t  t o  compare the r e s u l t s  

o f  various inves t iga to rs  because o f  many d i f ferences i n  the rad ia t i on  and 

mater i  a1 v a r i  abl es i nvol ved. 

The i r r a d i a t i o n  condi t ions employed by Smidt (49) , however, were no t  



Figure 54. Defect cluster density vs concentration clf interstitial impurities for as- 
irradiated vanadium. Concentrations refer to oxygen alone, 0 + N + C 

and 0 + C + N + H in atomjc ppm 
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Tab1 e 6. Defect c l  uste.r,: densi t y  and average s i ze  i n  as- i  r radiated-.  vanadi um 

Dose I r r a d i a t i o n  I n t e r s t i  ti a1 . As-i r r a d i  ated Average Reference - - - -  

I tem (n/cm2,~>1 MeV) temperature impur i t y  Conc. defec t  c l u s t e r  size d c ( ~ )  
( " a  kt. P P ~ )  dens i ty  , n 

0 C ' N  H 

19 5 5 112 57 . 3 3 
16 

A 1.0~110 3 ..7x10 29 Smidt (49) 

70 . Sh i r a i sh i  et 
a l .  (50) - 

% 30 Sh i r a i sh i  et 
a l .  (47) - 

Q 30 Sh i r a i sh i  et 
a l .  (47) 

16 
E 5 . 0 ~ 1 0 ~ ~  80 Unspecif ied 2 .3~10  70 Elen (179) 

29 ' 53 128 20 1016 - 10 l7 25-50 Rau and  add 
(178) 

2x1 o1 G (0.33-1 .O)xlO l9 150-250 1 10 300 200 30 ' Bozek and E l  en 
(73) 

H . 1 . 0 ~ 1 0 ~ ~  250-350 110 330 200 2x1 o1 30 Borek and Elen 
(73) 

19 15 I 1 . 4 ~ 1 0  9 5 95 37 3 3 .6 .6x10 125 Present Study 

J 1 . 4 ~ 1 0 ~ ~  9 5 305 29 5 2 1 .8~10  
16 80 Present Study 

19 95 500 30 6 3 2.4x1016 K '  1 . 4~10  73 Present Study 



grea t l y  d i f f e ren t  than those o f  the present study. Smidt observed a 

defect  c l u s t e r  density of 3.6 x 1016 cmJ and an average s ize  o f  29 fl  
(I tem A, Table 6) i n  vanadium i r r a d i a t e d  t o  a dose o f  1.0 x loi9 n/cm 2 

. . 

( ~ > 1  MeV) a t  55OC.   he chemical analysis o f  vanadium reported by Smidt 

( the vendor's analysis)  was 112, 57, 3, and 3 w t .  ppm o f  0, C, N, and H, 

respect ive ly  , corresponding atomic concentrations f o r  0, O+C+N and 

O+C+N+H o f  357, 609, and 761 at. ppm, respect ively.  For these concentra- 

t ions,  Figure 54 pred ic ts  a defect  c l us te r  density o f  about (8-9) x 10 15 

cm-3 and thus i t  appears t h a t  the defect  c l u s t e r  densi ty observed by Smidt 

. i s  about 4 times higher than i t  t o  be expected f r o m  the vendor's analysis 

according t o  present study. 

It i s  worthwhile t o  pursue t h i s  matter f u r t h e r  and compare the hard- 

. . ness Values reported by Smidt (49)  and t h a t  o f  the. present s tudy.  The 

d i  . amond . pyramid hardness o f  uni  r r a d i  ated vanadi um reported by Smidt i s  

'I 18 DPH as compared t o  about .57 DPH f o r  un i r rad ia ted  V-95 mater ia l  o f  

comparable p u r i t y  (concentrations o f  302, 470 and 622 at .  ppm f o r  0, 

O+C+N, and O+C+N+H, respect ively)  as shown i n  F igu re  12. 

Bradford ;and Carlson (226) and Lor ia  (227) have reported the dependence 

o f  diamond pyramid. hardness on oxygen concentration. Bradford and Carl son's 

curve (Reference 226, Figure 2) of DPH as a funct ion o f  oxygen concentrat ion 

(o ther  i n t e r s t i  t i a l  impur i t i es  a t  150, 5 and 1 w t .  ppm f o r  C, N and H, 

respect ive ly)  pred ic ts  a value o f  about 60 DPH f o r  mater ia l  used by Smidt 

containing 112 w t .  ppm oxygen as compared t o  the observed va lue o f  11 8 DPH. 

Lor ia  (227) has reported the fo l lowing equation 

DPH = 47 + 600 Co + 790 C, + 900 C, 



where Co, Cc, and Cn are the concentrat ions o f  0, C and N, respect ively,  

i n  weight percent. Applying t h i s  equation t o  Smidt's analysis o f  112, 

57 and 3 w t .  ppm f o r  0, C, and N, respect ively,  we ob ta in  a hardness o f  

58 DPH, again t o  be compared w i t h  the reported value o f  118 DPH. Using 

Lo r i a ' s  equation f o r  V-95 materi.al (analysis given i n  Table 3)  we obta in  

a hardness o f  56 DPH, which agrees w i t h .  the value f o r  95 w t  ppm oxygen on 

Bradford .and Carlson's curve and the value o f  58 and 60 DPH measured i n  

the present study a f t e r  pos t - i  r r a d i  a t i  on anneal i n g  a t  1 OOO°C ' (F igure 12). 

The. above b r i e f  discussion seems t o  i nd i ca te  t h a t  the  higher hardness and 

defect  c l us te r  dens i t y  o f  Smidt8 s vanadium compared t o  those o f  the present 

study may be due t o  an actual  impur i t y  concentrat ion o f  h i s  vanadium which 

i s  h igher than given i n  the vendor8.s analysis. 

The defect  c l  us te r  dens i t ies  observed by Sh i ra ish i .  -- e t  a1 . (46,50), Rau 

and Ladd (178) and Elen (179) are d i f f i c u l t  t o  compare w i t h  the r e s u l t s  o f  

the present, study because o f  d i f ferences i n  r ad i  a t i on  condi t ions and p u r i t y  

o f  mater ia l .  Sh i ra ish i  -- e t  a1 . (50) observed a defect  c l us te r  dens i ty  o f  

1.4 x 1016 c i 3  f o r  a dose o f  8.2 x 10'' n/cm2 ( I tem B, Table 6) ,  which 

appears t o  be ra ther  low .for 'the dose used, bu t  t h i s  may be due .to the 

ra the r  h igh i r r a d i a t i o n  temperature o f  180-220°C. The defect  c l us te r  

dens i t i es  reported by Shi r a i s h i  -- e t  a1 . (46). El en (179). Rau and Ladd (178) 

and ~oc'ek and Elen (73) (Items C-H, Table 6)  seem roughly consistent  w i t h  

the present work (Items I - K ,  Table 6), bu t  no exact comparison can be made 

f o r  the reasons s ta ted above. However, the r e s u l t s  o f  t h i s  study alone i n -  

d i ca te  qu i t e  c l e a r l y  t h a t  the d i f f e r e n c e ~  i n  i n t e r s t i t i a l  impur i t y  con- 

cent ra t ions are responsible i n  p a r t  f o r  the va r ia t ions  i n  n values reported .. 

. . 



i n  the l i t e r a t u r e  f o r  i r r a d i a t e d  vanadium. 

Figure 19 shows t h a t  the average defect  c l us te r  s ize,  q, tends t o  

decrease w i t h  increasing oxygen concentrat ion i n  as-i  r r a d i  ated vanadi um. 

The increased dens i ty  and decreased s ize  o f  defect  c lus te rs  w i t h  i n -  

creasing oxygen concentrat ion po in ts  toward the in f luence o f  oxygen as the 

nucleat ing agent. Single oxygen atoms o r  small aggregates o f  oxygen atoms 

may ac t  as nucleat ion s i t e s  f o r  the formation o f  defect  c lus ters .  Since 

the number o f  nuc le i  i s  l a rge r  i n  higher oxygen mater ia l ,  the number o f  

r ad i  a t i  on-produced po in t  defects per defect  c l us te r  i s  small e r  and conse- 

quent ly  the ind iv idua l  defect  c l us te r s  are smal ler  i n  size. I t  must be 

remembered, however, t h a t  the atomic dens i ty  o f  defect  c lus te rs  i s  con-. 

s iderab ly  lower than the atomic dens i ty  o f  oxygen atoms. I n  fac t ,  as shown 

i n  Table 7, the r a t i o  o f  oxygen atoms t o  defect  c lus te rs  increases , f rom 

about 3000 f o r  V-95 t o  5000 f o r  V-500 mater ia l .  

It i s  o f  i n t e r e s t  t o  ca lcu la te  whether s u f f i c i e n t  number o f  - p o i n t  

defects are expected t o  be produced upon i r r a d i a t i o n  t o  g ive r i s e  t o  the 

observed defect  c l u s t e r  densi t ies.  It should be pointed ou t  here t h a t  no 

attempt was made i n  t h i s  study t o  determine uniquely whether the defect  

c l us te r s  are o f  i n t e r s t i t i a l  , vacancy o r  mixed nature. The determi nat ion 

o f  character o f  defect  c lus te rs  requires a  ca re fu l  app l i ca t ion  o f  d i f f r a c -  

t i o n  'contrast theory and stereo microscopy. I n  c e r t a i n  cases ambiguous 

resul  t s  have been obtained even i n  the best  o f  c i  rcumstances. 

I n  neutron-i  r r a d i  ated copper, f o r  example, some inves t iga to rs  (1  37 ,I 38, 

228,229) reported t h e .  c lus te rs  t o  be o f  vacancy type, wh i le  another group 

o f  i nves t iga to rs  (230,231 ) , using the same analysis technique, concluded 



Table 7. Atomic densi t ies  of oxygen atoms, no,  and defect cl usters , 
n.  As-i rradi ated condition 

n 

Purity , ( ~ m - ~ )  

tha t  they are  of i n t e r s t i t i a l  nature. In s t i l l  another case, both types 

of defect c lus te rs  were reported (232). For neutron-irradiated vanadium 

Elen (179) analyzed the defect c lusters  and concluded tha t  the i r radiat ion 

"resul ts  in a high density of .arrays of presumably i n t e r s t i t i a l  c lus te rs  

of about 70 1" (see Item E ,  Table 6).  ~urthennore.  a f t e r  annealing a t  

400-600°C, 1 arge vacancy loops lying on' (111 1 planes w i t h  a Burgers 

vec to ro f  112 a. <I11 > were observed. Bocek and El en (73), however ,, re- 

ported that  the damage consists of a mixed population of small vacancy and 

i n t e r s t i t i a l  loops. Smidt (49) determined the nature of the loops in 

vanadium irradiated t o  1 x 10'' n/crn2 (E>1 MeV) a t  50°C and post-i rradiation 

annealed a t  600°C, using constrast  and t i l t i n g  experiments. He found the 

large loops to  be of i n t e r s t i t i a l  nature in agreement w i t h  Shiraishi -- e t  a l .  
2 (46) for  vanadium irradiated to  5 x 1019 n/cm (E>1 MeV) and annealed a t  

500°C o r  550°C. However, i n  a specimen ' i r radiated t o  1 x lo2' n/cm2 



(E>1 MeV) and annealed a t  550°C, Sh i ra ish i  e t  a1 . (46) analyzed the  loops 

t o  be o f  vacancy nature. I n  short,  then, we conclude t h a t  the determina- 

t i o n  o f  the nature o f  radiation-produced defect  c lus te rs  are not  con- 

c lus ive  i n  metals i n  general and i n  vanadium i n  pa r t i cu la r .  

Although the nature ( i n t e r s t i t i a l  o r  vacancy) o f  defect  c lus te rs  i s  

controversia l ,  i t  has been we1 1 establ ished by various invest igators  (46, 

49,179) t h a t  the .defect c lus te rs  i n  neutron-i r r a d i  ated vanadi um are 

pr ismat ic  { I11 1 ,  1/2 a. rill, d is loca t ion  loops ,'presumably o f  c i r c u l a r  

shape. Assuming t h i s ,  we may estimate the number o f  atomic s i t e s  (vacancy 

o r  i n t e r s t i t i a l )  making up the defect  c lus ters ,  by ca l cu la t i ng  the  t o t a l  

areas o f  defect  c l  usters per u n i t  vol ume o f  the sample, A,, and d i v i d i ng  

by. the  areal densi ty o f  atoms on the (111) plane. 

The t o t a l  area o f .  defect  c lus te rs ,  i s  given by 

where, as before, n.  and f .  are densi ty and f r ac t i ona l  numbers, respect- 
: J J 

i ve l y ,  o f  defect  c lus te rs  i n  the  s ize  i n t e r v a l  j centered a t  diameter d 
j ' 

and j i s  the densi ty o f  defect  c lus te rs  o'f a l l  sizes. Ac i s  tabulated 

i n  Table 4 and p lo t t ed  i n  Figure 55. It can be seen t h a t  the values of A, 

do..not vary i n  a regular  manner w i t h  oxygen concentrat ion and, even upon 

annealing up t o  400°C, A, stays f a f  r l y  constant a t  about (10 + 1)  x 

l o 3  an-'. The densi ty  o f  atomic s i t e s  o n  { I111 planes i s  given by 



Figure 55. Total defect cluster area per unit volume, AC, vs post-irradiation- 
anneal i ng temperature fo,; si  ngle crystal vanadi urn containing various 
concentrations of oxygen . . . 





Taking a, = 3.026 8 for the la t t i ce  parameter (226), we obtain 

Pa = 6.3 x 1014 c i 2 .  The effective density, then, of vacancy or inter- . 

s t i t i a l s  making up a l l  the defect clusters (assuming that a l l  the defect 

clusters are of one type) i s  

For a rough estimation of the density of displacements produced upon 

irradiation we may interpolate from Elen's value (179) of 6.9 x 10 2 1 

3 2 displacements per cm for vanadium irradiated to  7.4 x 10'' n/cm (E>O MeV) 
2 or 5.0 x 10'' nlcm (E>1 MeV) assuming a fission spectrum. For the dose 

2 of 1.4 x 10'' n/cm (E>1 MeV) used in present study, a displacement density 

of 1.9 x 'lo2' displacements per cm3 i s  deduced. Comparing this  density 
. . 

with the one in ~ ~ u a t i o n  35, we see that i f  only one' displacement in 
2 1 18 (1.9 x 10 ) /(6.3 x 10 ) = 300 .contributes a.vacancy or in te rs t i t i a l  to .. 

the defect cluster,  a sufficient area o.T defect clusters i s  produced to 

agree with the observed density and size distribution of as-irradiated : 

materi a1 . 
The fact that A, in Figure 55 does not show any regular dependence on 

oxygen concentration can be rationalized by realizing that A, i s  a measure 

of the number of radiation-produced point defects absorbed into defect 

clusters. I t s  val ue should not  depend on the' oxygen concentration, which' 

' has..its major effect on the nucleation of the defect clusters. I t  i s  

interesting t o  note that A, does not begin t o  decrease upon post-irradia- 

tion anneal ing unti 1 the annealing temperature of 500°C i s  reached even 

for V-95 (Figure 55), although the total defect cluster density, n ,  has . 



a1 ready decreased a t  400°C t o  43% o f  i t s  maximum value (Figure 20) and 

the average defect c l u s t e r  size, a,, has already increased a t  400°C t o  

45% o f  i t s  maximum value (Figure 19). This suggests t ha t  the reduct ion 

i n  n and the growth o f  defect c l u s t e r  s i ze  dc upon annealing up t o  400°C 

occurs by the migrat ion o f  p o i n t  defects from the smal ler  t o  the l a r g e r  

defect  c lus te rs  , wi thout  any s i g n i f i c a n t  ann ih i l a t i on  a t  various sinks.. 

An examination o f  Figures 19 and 20 reveals t ha t  the as- i r rad ia ted 

values o f  the t o t a l  densi ty (Figure 20) and average s ize  (Figure 19) o f  

the defect  c lus te rs  p e r s i s t  t o  a higher temperature upon annealing as the 

oxygen concentrat ion'  i s  increased. ~ h u s ,  i t  can be seen i n  Figure 20 t h a t  

n begins t o  decrease f a i r l y  r a p i d l y  a t  400°C f o r  V-95 whereas 500°C i s  

requ i red f o r  extensive annealing o f  V-500 mater ia l  suggesting t h a t  oxygen 

tends t o  s t a b i l i z e  the defect  c lus te rs  and t h a t  greater  amounts o f  oxygen 

are segregated a t  the defect  c l us te r s  i n  the higher. oxygen mater ia l .  The 

t o t a l  l i n e  length  o f  the defect  c lus te rs  per u n i t  volume i s  given by 

Table 4 and Figure 56 g ive L, fo r  as - i r rad ia ted  and pos t - i r r ad fa t i on  - 

annealed mater ia ls.  LC i s  equal t o  2.9 x l o l o ,  4.3 x 10'' and 5.5 x 10 10 

cme2 f o r  V-95, V-300 and V-500 mater i  a1 s , respec t i ve ly  , i n  the as-i r r a d i  ated 

cond i t i on  whereas the corresponding t o t a l  dens i t i es  o f  oxygen atoms (Tab1 e 

7) are 2.2 x lo1', 7.0 x 10'' and 11.5 x 10'' oxygen atoms per  cm3. This 

corresponds t o  the number o f  oxygen atoms per  8, o f  d i s l oca t i on  loop length  

o f  about 8, 16 and 21 f o r  V-95, V-300 and V-500, respect ive ly .  Considering 
, , 

the distance between atoms along the d i s l o c a t i o n ~ l o o p  l y i n g  on a (111) plane 



Figure 56. Total defect cl u s t ~ r  1 oop 1 ength , LC vs post-i rradiation annealing 
temperature for s i  nglz crystal vanadi um contai ning varf ous concentrations 
o f  oxygen 





a. w i t h  Burgers vector  7 [ I 1  11 t o  be equal t o  the in tera tomic  distance 

along <110>, i e . ,  mo = 4.28 1, the number o f  oxygen atoms ava i lab le  

per atom along the d i s l oca t i on  l i n e  i s  33, 70 and 91, respect ive ly .  Th is  

ind icates t h a t  more oxygen i s  ava i lab le  per u n i t  length  o r  per atom along 

the d is loca t ion  loop i n  the higher oxygen mater ia l ,  which might we l l  be 

responsible f o r  the increased s t a b i l i t y  o f  defect  c lus te rs  against  

annealing w i t h  increased oxygen content. 

, . 

B. Radiat ion Hardeni ng . . 

The e f f e c t s  o f  neutron i r r a d i a t i o n  on the strength o f  vanadium con- 

t a i n i n g  various amounts o f  oxygen was determined by using lower y i e l d  s t ress 

measurements on pa l yc r ys ta l l i ne  samples and indentat ion hardness measure- 

ments (diamond pyramid hardness) on s i ng le  c r ys ta l  samples. The s i ng le  

c r y s t a l  samples were prepared. from- the same materi  a1 as. was .used f o r  defect  

c l us te r  dens i ty  and s ize  d i s t r i b u t i o n  studies described above. 

Figure 57 summarizes the r e s u l t s  o f  various studies on lower y i e l d  

s t ress -  values as a funct ion o f  oxygen concentrat ion f o r  un i r rad ia ted  
. . 

vanadium po lycrys ta ls .  The numbers adjacent t o  the p l o t t e d  po in ts  r e f e r  t o  

the i.tems i n  Table. 8, which gives in format ion concerning the  chemical 

composition, g ra in  size, s t r a i n  ra tes and y i e l d  stresses reported i n  the 

1 i t e r a t u r e  and from the present study. . It i s  seen t h a t  the .  values do n o t  

co r re l a te  general ly  w i t h  oxygen concentrat ions s ince so ,many o ther  var iab les  

are a lso involved. Some.attempt was made t o  co r rec t  f o r  g ra i n  s i ze  and 

s t r a i n  ra te ,  r e a l i z i n g  t h a t  such cor rect ions can on ly  be approximate; For 

the co r rec t ion  o f  g ra in  s ize,  the Petch r e l a t i o n  . . 
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Figure 57. Y i e l d  stress vs oxygen c o n c e n t r a t i o n  f o r  uni r r a d i  ated vanadi urn reported 
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Table 8. Yield s t r e s se s  f o r  room temperature t e s t s  on vanadium polycrystals  i n  the  unirradiated 
condition 

(1) (2 )  (3)  (4) (5)  (6 (7 )  
I tem I n t e r s t i  t i  a1 Impurity Grain S t ra in  Yield S t ress  Yield S t ress  Reference 
no. concentration s i z e  r a t e  as  measured correcteda 

I w t  ppm) (m) (10-4 sec- l )  (kpsi )  ( kpsj 

1 60 . 1-6 30-40 2-8 0.024 . 1..67 .I.!..$ . . 10.3 This study 

2 205 2-6 50 10-12 0.142 1.67 . 12.8 12.8 T h i s  study 

3 640 2-6 60-80 15-18 0.146 1 ..67 19.8 . 19.8 This study A 

V 
d 

4 b 20 1 6 .  < l o  b ' 6.47 b E l  ssner  and 
~ o r z  (232) 

4.2 ~l exander and 
Carl son (233) 

10.7 Wechsl e r  - e t  
a l .  (71) - 

7 660 2 9 9.145:' 1.67 21.3 21.3 Wechsler - e t  
a l .  (71) 

not given 1 .O-1.2 5.6' Arsenaul t and 
P i n k  ( 7 0 ) ~  

a ~ o r r e c t e d  f o r  gra in '  s i z e  and s t r a l  n r a t e ;  see text.  
b ~ a r i  ous oxygen concentrati ons empl oyed ; see  t e x t  
'corrected f o r  s t r a i n  r a t e .  only. 
d~ompress i  on t e s t s .  



Table 8. (Continued) 

I tem I n t e r s t i t i a l  Impurity Grain S t ra in  Yield S t ress  Yield S t ress  Reference 
no.. concentrati on s i z e  r a t e  a s  measured correct  eda 

(wt P P ~ )  (mn) ( 1 0 - 4 s e c - l )  (kpsi)  \ ~ c p s i  ) 

9 -300 130 K 5 not given 1.0-1.2 

:10 240 41 32 .6 0.016 2.83 

13.7' Arsenaul t and 
P i n k  ( 7 0 ) ~  

23.3 Sh i ra i sh i  et 
a1 . (50) - 

16.3 Shira ishi  - e t  
a l .  (50) A - u 

IU 
37.2 Sh i ra i sh i  - e t  

a1 . (50) - 
13  136 95 166 . 7 c 0.120 0.83. 38.0 > 37.3 Smoli k and. 

.. . --. - . --- -. - - - Chen (48) 

14 586 78 77 < 1 0.120 0.83 26.5 25.7 . Smolikand 
. . 

. . .  Chen (48) 
21.2 ~o?ek - - .  e t  a l .  

(47) 
16 110 200 330 . 0.050 2.. 55 16.3 15.3 ~ o F e k  and 

Elen (73) 

17' 266 320 520 9 0 :I74 3.3 34.7 34.0 Venetch e t  
a l .  (84)- - 



was used, where u i s  the y i e l d  st ress,  o0 and k are  constants and dG i s  
Y 

one-hal f  the g ra i n  diameter. I f  dl and dp are  the  dG fac to rs  f o r  a given 

mater ia l  , then the corresponding y i e l d  stresses are re1 ated by 

For t e s t s  a t  273OK, k as a func t ion  o f  oxygen concentrat ions i s  
Y 

given by 

according t o  Lor ia ,  Ke i th  and Rowe (234) who studied the e f f e c t  o f  0, N 

and C on the t e n s i l e  proper t ies  o f  vanadium o f  various g ra i n  sizes. A 

i n  above equation was found t o  be 4.73 kps i  cm per w t  percent oxygen, 

8 = 0.049 k p s i  FIII-'/~, and Co i s  t he  concentrat ion o f  oxygen. Thus, equa- 

t i ons  38 and 39 were used t o  co r rec t  f o r  g ra i n  s i ze  d i f fe rences.  The 

s t r a i n  r a t e  cor rec t ions were made using the f o l  lowing, re1 a t i  on 

"2 L . . 
I n -  = S l n ~ -  

1 €1 

where ol and o2 are y i e l d  stresses corresponding t o  s t r a i n  ra tes  i1 and i2, 

respect ive ly ,  and S i s  the s t r a i n  r a t e  sensi t i v i  ty  parameter. Carlson and 

Alexander (235) repar ted a value o f  S = 0.0237 f o r  room temperature t e s t s  

on vanadium contain ing 264 w t .  ppm oxygen. This value was used, assuming 

t h a t  the s t r a i n  r a t e  s e n s i t i v i t y  i s  independent o f  oxygen concentrat ion a t  

the l e v e l s  shown i n  Table 8; Uslng Equations 38 and 40 we co r rec ted  the  , 



as-measured yield s t resses  i n  Table 8 t o  values appropriate t o  a grain 

s ize  of 0.144 mn (the grain s i ze  fo r  our V-205 and V-640 material ; see 
. . 

Table 2) and our s t r a in  rate  of 1.67 x sec-I . I t  is  seen i n  Table 

8 tha t  the corrections to  the yield stress values due t o  differences i n  

grain s ize  and s t ra in  rates are n o t  very large, and the wide variations 

i n  yield s t r e s s  values shown i n  Figure 57 s t i l l  remain. 

Elssner and ~ o r z  (232) studied the ef fec t  of nitrogen and oxygen on 

the yield s t r e s s  of electro-refined vanadium obtained 'from U.S: Bureau of 
* 

Mines, Boulder City, ~ e v a d a .   his is  the same source as for  vanadium 

used in the present study (See chapter 111). They obtained the relation- 

s h i p  f o r  room temperature tests 

2 i41) u(kg/mm ) = 5.0 + 52.0 Cn ( a t .  I )  + 50.0 Co ( a t .  %) 

where Cn and Co are  the concentrations of nitrogen and oxygen, respectively. 

After a recrystal l izat ion anneal t h e i r  vanadium contained 20 w t  ,ppm nitro- 

gen. Substituting th i s  value and converting hield s t r e s s  into kpsi, the 

following relation i s  obtained . for  y ie ld  stress as a function of oxygen 

concentrati on: 

~ ( k p s i )  = 7.2 t 0.0222 Co ( w t  ppm) . 
The above relationship i s  plotted i n  Figure 57. 

. .  . The yield s t r e s s  values obtained i n  the present study are also plotted 

i n  Figure 57 (points 1 , 2 and 3) .  Points 2 and 3 refer '  t o  samples w i t h  a 

grain s ize  of about '0.144 mrn, whereas the sample for  point 1 had a grain 

s i ze  of 0.024 mm (Table 2).  Correcting the yield s t r e s s  of V-60 for  grain 

s i ze  in  the manner described above resul t s  i n  a value of 10.3 kpsi  (from 



11.6 kps i ) ,  which f a l l s  on a  s t r a i g h t  l i n e  w i t h  po in ts  2  and 3  as shown 

i n  Figure 57. This l i n e  agrees we l l  w i t h  the one obtained by Elssner and 

Horz (232). The small d i f ferences may be due t o  d i f ferences i n  concen- 

t r a t i o n s  o f  impur i t i es  other than oxygen, o r  t o  d i f ferences i n  g ra in  

s t ruc ture ,  Elssner and Horz repo r t  t h a t  t h e i r  mater ia l  had an "almost 

idea l  bamboo structurei i  w i  t h  specimen ax is  a1 ong , < l  l o >  , whereas our 

,samples had an equiaxed g ra i n  s t ruc ture .  

The y i e l d  stress values as a  func t ion  o f  neutron i r r a d i a t i o n  f o r  

po l yc r ys ta l l i ne  mater ia l  invest igated by various authors are summarized 

i n  Table 9  f o r  comparison. It, i s  seen t h a t  the rad ia t i on  hardening 

observed by various inves t iga to rs  var ies extensively. ~ o r e k ,  -- e t  a1 . (47) 

studied the dose dependence o f  the y i e l d  s t ress o f  vanadium contain ing 

f a i r l y  h igh i n t e r s t i t i a l  contents ( I tem 15, Table 8) and a lso 3000 w t  

ppm yttr ium,, which i s  expected t o  a c t  as an i n te rna l  ge t t e r  f o r  f n t e r -  

s t i  t i a l  impur i t ies .  They observed . . an increase i n  y i e l d  s t ress upon 

i r r a d i a t i o n  which var ied . . as the square-root o f  , .., .. the  dose f o r  i r r a d i a t i o n s  . ' 

ca r r i ed  ou t  a t  150-2500~ (see Figure 58). 1t i h o u l d  be noted t h a t  the 

i r r a d i  a t i on  temperatures were i n  the range where rad i  ation-anneal hardening ' . . 

takes place, as seen i n  I /  Figures 9, 10 and 12. , ~ o r e k ,  and Elen (73) studied 

the dose dependence o f  r ad ia t i on  hardening , again a t  1  50-250°C i n  vanadi um 

conta in ing somewhat lower concentrat ions o f  i n t e r s t i t i a l  impu r i t i es  ( I tem 

16, Table 8) bu t  w i thout  any y t t r i u m  addi t ion.  The y t t r i um- f ree  mater ia l  

exh ib i ted  less rad ia t i on  hardening than mater ia l  contain ing 3000 w t  ppm 
I t  

y t t r i u m  (Figure 58). The present work (Figures 9, 10 and 12) ind icates 

t h a t  r a d i a t i o n  hardening increases w i th .  increasing .oxygen concentrat i*.  . I 



Table 9. E f f e c t  o f  i r r a d i a t i o n -  on the y i e l d  s t ress  o f  vanadium po lycrys ta ls .  Room temperature ., 

tes ts .  Various invest igat ionsa 

Oxygen Dose I r r ad i az i on  Y ie l d  I tem No. , Reference 
Concentrat i  on Temperature Stress ' Table 8 .  

(wt. P P ~ )  ( lo19. n/cm2) ( O C )  (kps i  

0  1  This study 6 0  11.6 
1.4 105 23.6 

205 0  . .  12.8 2  This study 
1.4 1  0'5 .29.7 

3 640 0 19.8 This study 
1.4 105 40.3 

Wechsler e t  a1 . (71 ) 

Wechsler e t  a1 . (71 ) 

5.6 8 Arsenaul t and Pink . ' 

20.6 (70) 

300 0 13.6 9 .  Arsenaul t and'Pink 
2 .  60- 1 00 35.2. (70) 

240 0 26.8 10 Sh i ra i sh i  e t  a l .  (50) 
8.2 180-220 46.5 

190 0  .17.6 11 Sh i r a i sh i  . e t  a1 . (50) -- 
0.02 70. 20.2 

' ~ o i e s  and y i e l d  stresses are t aken  from publ ished p l o t s  i n  m o s t  cases and are approximate. 



Table 9. (continued) 

.'., 
oxygen Dose . I r r a d i  a t i o n  Y i e l d  Item No., Reference 

Concentration Temperature Stress Table 8 
(wt.  P P ~ )  n/cm2) .("C> (kpsi 

Sh i ra ish i  -- e t  a1 . (46) 

Smol i k and Chen. (48) 



T.able 9. (continued) 

oxygen Dose 
Concentration 

(wt. ppm) (1019 n/cm2) 

I r rad ia t ion ,  
Temperature 

("C)  

Y ie ld  
Stress 
(kpsi 

Item No. , Reference 
Table 8 

Venetch e t  a l .  (84) 



Figure 58. Increase i n  yield stress upon irradiation, AO, vs square mot of 
A rradi ation dose, ..-a', reported by vari ous iniesti gatdrs 
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It appears t h a t  the e f f e c t i v e  i n t e r s t i t i a l  impur i t y  concentration i n  

: vanadium contain ing 3000 w t  ppm y t t r i u m  studied by ~ o r e k  e t  a1 . (47) was 

reduced due t o  ~ t t r i u m ,  as expected. It i s  seeni in  Figure 58 that ,  i n  

general , the rad i  a t i o n  hardening observed by various inves t iga to rs  shows 

wide var ia t ions  which are a t t r i b u t e d  t o  the di f ferences i n  mater ia l  

( p u r i t y  , gra in  s i ze  and s t ruc tu re  ,-:prior heat treatments) and rad ia t i on  

(dose, f l  ux, i r r a d i a t i o n  temperature) variables. 

Figure 59 shows the increase i n  y i e l d  s t ress as a func t ion  o f  square 

r o o t  o f  oxygen concentrat ion ( i n  w t  ppm) and the square r o o t  o f  the  sum o f  

oxygen, .n i t rogen and carbon concentrat ion ( i n  w t  ppm) f o r  our V-60, V-205 

and V-640 po lyc rys ta l  1 i ne  materi  a1 . The. i ncrease i n  r ad ia t i on  harden1 ng 

w i t h  increasing i n t e r s t i t i a l  impur i t y  concentrat ion i s  evident from t h i s  

- f i gu re .  

S i m i  1 a r  measurements o f  r ad ia t i on  hardening were made by measuring 

indentat ion hardness upon i r r a d i a t i o n  i n  s ing le  c r ys ta l  mater ia l  contain ing 

95, 300 and 500 w t  ppm oxygen. Figure 60 i s  a p l o t  o f  r e s u l t s  obtained. 

It i s  seen, again , t h a t  r ad ia t i on  hardening increases w i t h  i.ncreas.i ng 

impur i t y  concentration. Figure 60 a lso shows resu l t s  obtained by Smidt (49) 

upon i r r a d i a t i o n  to  1 x 10'' n/crn2 (E>1 MeV) a t  55'C. I t  was s ta ted  above 

t h a t  the  hardness value o f  118 DPH observed f o r  un i r rad ia ted  mater ia l  seems 

t o  i nd i ca te  a. h igher i n t e r s t i t i a l  impur i t y  concentrat ion than given i n  the 

vendor's analysis. Nevertheless, the increase i n  hardness upon i r r a d i a t i o n  

was on ly  18 DPH, which seems consistent  w i t h  the oxygen concentrat ion o f  

112 w t .  ppm (see Table 6) i n  comparison t o  our resu l  t s .  I n  Figure 60 a p o i n t  

i s  a1 so p l o t t e d  which shows Smidt' s  observation. corrected f o r  d i  f ference i n  



Figure 59. Plot o f  increase in stress upon irradiation, ~ 9 ,  vs square root 
a f  i rrtersti t ial  concentrations $or polycrystal 1 i ne vanadium. Con-' 
centrations refer to o.#ygen al'one and 0 + N + C in wt. pprn and atomic 
pprn, respectively 
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Figure 60. P l o t  o f  increase i n  diamond pyramid hardness upon i r r a d i a t i o n ,  AH, vs 

. . 
square root  o f  oxygen concentratlon i n  w t  ppm f o r  single crysta l  vakadium 



dose i n  h i s  i r r a d i a t i o n  (1.0 x 10'' n/cm2) and ours' (1.4 x 10'' n/crn2) 

u i i n g  a power hardening dependence as ind icated by ~ o t h k  e t  a1 . (47) 

and shown i n  ~ i ~ u r e  58. It may be f o r t u i t o u s  t h a t  Smidt's AH value 

agrees so we l l  w i t h  the  value obtained i n  the present study, since h i s  

measurements were ca r r i ed  out  on 0.002 i n .  (0.051 mm) t h i c k d . f o i l s  us ing 

a 50 gram load, whereas we used 0.5 mm t h i c k  samples and a 1 ki logram 

load. Furthermore, the vendor's analysis ind icated 57 w t  pp'm carbon for 

Smidt's mater ia l  compared t o  our carbon contents o f  37, 29 and 30 w t  ppm 

f o r  V-95, V-300 and V-500 mater ia l ,  respect ive ly  '(see Table 3). 

I n  order t o  co r re l a te  r a d i a t i o n  hardening w i t h  defect  c l  us te r  dens i ty  

and s ize  d i s t r i b u t i o n ,  Smidt (49) has used the f o l l ow ing  empir ical  formula 

r e l a t i n g  increase i n  hardness, AH, and increase i n  y i e l d  stress,  AU, upon 

i r r a d i a t i o n :  

AH DPH . 2.1 --.--- DPH - = 3.0 -f b 

40 k g / m  kps i 

In te rpo la t i ng  from Figure 59 we f i n d  t h a t  AU = 14.0, 18.2 and 19.7 kpsi  .. 

f o r  V-95, V-300 and V-500 mater ia l ,  respect ive ly .  The observed AH values 

f o r  the three mater ia ls  (Figure 60) were 18.5, 34.8 and 38.5 DPR, re-:;.. .:.,:. 

' spect ive ly .  Thus, we deduce values o f  AH/AU o f  1.3, 1.9 and 2.0 DPHIkpsi 

t o  be compared w i t h  Smidt's value o f  2.1 DPH/kpsi . We appl ied the  small 
. . 

co r rec t ion  t o  a l low f o r  d i f ferences i n  dose f o r  our y i e l d  s t ress measure- 

2 2 ments (1.2 x 10'' n/cm ) and hardness measurements (1.4 x 1019 n/cm ) uslng 

the $'I2 dependence. This reduces t h e  AH/AU values by a f a c t o r  o f  

(1.211 .4) ' l2  t o  1.2, 1.76 and 1.85 DPH/kptl f o r  V-95, V-300 and V-500 



respect ively,  which ind icates t h a t  the values f o r  the r a t i o  nH/eo f o r  

V-300 and V-500 are less  by about 15% than . indicated by Smidt's (49) 

empir ical  r e l a t i o n  i n  Equation 43. 

C. S t r a i n  Aging 

There are two theor ies most general ly  accepted which exp la in  s t r a i n  

aging i n  b.c.c. metals. The f i r s t  .one i s  the "d is loca t ion  - locking theory" 

proposed by C o t t r e l l  and B i l  by (207) according t o  which the sol  Ute atoms 
' 

p i n  the d is locat ion,  u n t i l  under the appl ied s t ress the d is loca t ions  break. 

away from the so lu te  atmosphere, r e s u l t i n g  i n  'increased number o f  mobile 

d is locat ions and leading t o  the observed y i e l d  po in t .  The other  theory 
, . ,  

due t o  Johnston and Gilman (208) was extended t o  b.c.c. metals by Hahn . 

(209). It i s  ca l  l e d  "d is loca t ion  mu1 t i p 1  i c a t i o n  theory" whereby the d i  s- 

locat ions surrounded by the so lu te  atmosphere remain locked and the y i e l d  

p o i n t  i s  the r e s u l t  of r ap id  m u l t i p l i c a t i o n  of .  mobile d i s l oca t i on  and the 

s t ress dependence o f  d i s l oca t i on  ve loc i ty .  E i t he r  of the two theor ies  can 

exp la in  the. observed resu l t s  , since the main. p o i n t  o f  i n t e r e s t  i s  the 

p inn ing of d i s loca t ions  by the so lu te  atoms. 

I n  Table 5, the times fob reappearance o f  y i e l d  drop.  have been 1 i s t e d  

f o r  un i r rad ia ted  and i r r a d i a t e d  samples. It can be observed t ha t ,  the t ime 

f o r  reappearance o f  y i e l d  drop decreases w i t h  increas ing oxygen f o r  both 

un i  r r a d i  ated and i r r a d i a t e d  materi  a1 . According t o  the  C o t t r e l l  -Bi 1  by 

theory, the number o f  so lu le  a t o k  m ig ra t ing  t o  the dislocat.inns i s  pro- 

por t iona l  t o  t2l3, where t i s  the t ime f o r  reappearance o f  y i e l d  drop. ' The 

C o t t r e l l  -Bi 1  by theory p red ic ts  



n 1  /3 ( D ~ ) 2 / 3  t2 /3  N ( t )  = 3(7) 0 kT 

where N ( t )  i s  the number. o f  solute' (oxygen') atoms segregated 'per u n i t  , 

3  length  of d i s l oca t i on  l i n e .  No i s  the number o f  so lu te  atoms per cm , 

D i s  the d i f f u s i o n  constant, k  and T  are Boltzmann's constant and tempera- 

t u r e  o f  anneal i n  O K ,  respect ively.  c  i s  re la ted  t o  the strength param- 
. . 

e te rs  and i s  given by 

where G i s  the shear .modulus, b  i s  the Burgers vector, v i s  Poisson's 

r a t i o ,  r i s  the rad ius .  o f  the solvent  atom and r ( ' l +~ )  t h a t  o f  the so lu te  

atom. 

c  can a1 so be .expressed as 

as suggested by szkopfak and El  i asz (236), where dv i s  the change i r i  

l a t t i c e  volume due t o  presence o f  i n t e r s t i t i a l  atoms. A t  a  p a r t i c u l a r  

aging temperature, N ( t )  i s  propor t iona l  t o  ~ ~ t ~ / ~ .  For the v a l  i d i  t y  o f  

the  C o t t r e l l - B i l b y  theory, ~~t~~~ should be constant f o r  the t h w e  types o f  
. .. , 

2 l 3  . -  vanadi um sampl es. Table 1 0  1 ist~;.N?~.t ... .;. va lues ;  fb r  :wni rradiated.: and 
-. ... . 0 

i r r a d i a t e d  vanadium, . . where t a t  175OC i s  the t ime f o r  reappearance ' o f  the -' 

y i e l d  drop. 
., ' 

From Table 10 i t  can be seen t h a t  N o t 2 I 3  for  & i r r ad ia ted  vanadium o f  

three oxygen contents i s  f a i r l y  constant as predicted by the  ~ o t t r e l l  -Bi 1  by 

theory. N o t 2 I 3  f o r  i r r a d i a t e d  mater ia l  i s  a lso 'reasonably constant. - ... 
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Table 10. . N o t 2 I 3  values f o r  i r r a d i a t e d  and un i r rad ia ted  vanadium 

Sampl e  
N . O  t2l3 sec 2/31 

Uni r r a d i  ated I r r a d i a t e d  

a ~ h e  un i  r r a d i  ated 1  ow oxygen materi  a1 was: prepared i n a  separate 
batch. It contained 37 w t .  ppm oxygen and had an average g r a i n  diameter 
0.113 mm. 

The var ia t ions  may be due t o  va r ia t ions  i n  the d i s l oca t i on  s t ruc tu re  

caused by the presence of d i s l oca t i on  chan ie l  s  . 
Before exp la in ing the reasons f o r  delay i n  the reappearance o f  y i e l d  

drop i n  the i r r a d i a t e d  mater ia l ,  l e t  us ca l cu la te  the number o f  atoms 

segregating per d is loca t ion  l i n e  g i v i ng  r i s e  t o  the y i e l d  po in t .  An 

average value o f  N o t 2 l 3  c a n  be taken as 1.6 x  1 0 ~ ~ c m - ~ s e c ~ / ~  f o r  i n -  

i r r a d i  ated mater i  a1 . 
the  values f o r ' f a c t o r s  D, 6, B, v and AV were taken as 8.79 x  1 ' 0 - l ~  

2 3  -24 3  cm l sec  a t  175'C, 4.76 x  10 kg/mm2, 2.62 #, 0.36 and 4.6 x 10 cm., 

respect ively.  AV was ca lcu la ted using the Bradford and Carlson (226) 

l ' a t t i c e  parameter f o r  vanadium conta in ing oxygen, extrapol  a t i  ng t o  the  r a t i o  

o f  i n t e r s t i t i a l  t o  vanadium atoms equal t o  0.5 o r  33.3 a t  % oxygen. Substi-  
%. 

t u t i n g  the above fac to rs  i n  Equation 44, one a r r i ves  a t  the value of 

5 3.85 x  10 atoms segregating. per  cm.of d i s l oca t i on  l i n e  o r  0.0385 a'toms 



per 8. I f  we consider atomic spacing along the l i n e  t o  be equal t o  

b  = 2.62 Id, then we have 0.038 x  2.62 = 0.1 atoms per atomic spacing, o r  

one. atomic s i t e  i n  ten  i s  occupied by oxygen, which g ive r i s e  t o  y i e l d  

drop. Although t h i s  number appears q u i t e  l'ow, the observations made by 

Bradford and Carlson (226) on s t r a i n  aging a t  175OC agree reasonably we l l  

w i t h  our observations. They observed a reappearance o f  the y i e l d  drop i n  

vanadium contain ing 265 w t .  ppm oxygen i n  5.4 minutes, which corresponds 

t o  a  0.18 segregated atoms per atomic spacing. 

The re ta rda t ion  i n  reappearance o f  y i e l d  drop caused by neutron 

i r r a d i a t i o n  i s  qu i t e  c l ea r  from Table 5  and Figures 25-27. It i s  con- 

c l  uded' t h a t  the re ta rda t ion  i s  caused by the migrat ion o f  oxygen atoms . a t  

f i r s t  t o  the radiation-produced defect  c lus te rs  where they are trapped. 

The oxygen atoms migrate t o  d is locat ions on ly  a f t e r  the defect  c l us te r s  be- 

come saturated and therefore  the oxygen atoms p a r t i c i p a t e  i n  the s t r a i n -  

aging l a t e r  than. i n  un i r rad ia ted mater ia l .  , A question ar ises hers as t o  

the distance t h a t  an oxygen atom has t o  be moved t o  reach a defect  c l us te r  
1 :*I , . 

o r  a  d is locat ion.  From the s i ng le  c r ys ta l  TEM'iobservations extended t o  
4 

polycrystal  1  i ne  specimens, the volume densi ty o f  de fec t  c lus te rs  can be 

approximated, and therefore  the spacing between the defect  c l u s t e r s ,  , 

S '  = ( ~ / n ) l / ~  can be calkulated. Table 11 l i s t s  the approximate c l us te r  

densi ty  and cal  cu l  ated c l  us te r  spacings f o r  the three materi  a1 s  obtained 

from ex t rapo la t ion  o f  de"si ty values o f  a  singl 'e c r ys ta l  mater ia l  annealed 

To determi ne the spkci ng between d i  s l  oca t i  ons , the number densi t)i' o f  

the d i s l oca t i on  should be known. I n  b.c.c. metals the d i s l oca t i on  d e ~ s i t y  



Table 11. I n t e r - c l  us te r  spaci ng i n  i rrad ia ted  vanadi um 

Mater ia l  n  = Volume dens i ty  Spacing between 

( c d 3  ) c lus te rs  S '  = ( l / n )  113 

(8) 

Vanadi um-60 - ppm oxygen 

1.28 x  Vanadium-205 ppm oxygen 427 8 
' 2.5Ox1oi6 Vanadi urn-640 ppm oxygen 342 '8-: 

increases w i t h  increasing i n t e r s t i t i a l  content as sh@n by ~ o t h e .  (212) i n  

t an ta l  um, by ~ e '  (237) i n  n i ob i  um and ~homas and Leak (238) i n  a1 pha i ron .  

I n  the experiments described here, the y i e l d  drop i n  the  mater ia l  w i t h  

h igher oxygen content occurs a t  lower s t r a i n  than i n  mater ia l  w i t h  low 

i n t e r s t i t i a l  content. ~ h i . s  e f f e c t  thus counteracts the e f f e c t  . o f  i n -  

creased dens i ty  o f  d is locat ions due t o  increased i n t e r s t i t i a l  content. A 

representat ive densi ty i n  b. c. c. metal . a t  the s t r a i n  under considerat ion 

9 here can be taken as 10 t o  1010cm-2 imply ing an average spacing between 

d is locat ions o f  about 1000 t o  3200 R, which i s  l a r g e r  than the spacing be- 

9 tween defect c lus te rs  (Table 7). The d i s l oca t i on  dens i t i es  o f  10 t o  10"  . . 

are overestimates because 1 arge regions o f  the i r r a d i a t e d  and deformed 

mater ia l  are expected t o  experience l i t t l e  s t r a i n  due t o  the in f luence o f  

d i s l bsa t i on  channel ing. Therefore i t  can be assumed t h a t  oxygen atoms 

migrate t o  the defect  c l us te r s  f i r s t  (s ince a  smaller number' o f  jumps i s  

requ i red t o  reach the defect  c lus te rs ) ,  where they are t rapped and do no t  

p a r t i c i p a t e  i n  s t r a i n  aging u n t i  1  the defect  c lus te rs  a re .  saturated. I t  can 



be shown t h a t  a l l  the oxygen ava i lab le  i n  the samples does no t  get  

trapped, because i f  t h i s  d i d  occur, the y i e l d  drop would no t  return.. 

Cochardt -- e t  a l .  (239) have pred ic ted t h a t  the 'number o f  atoms t h a t  an 

edge d i s l oca t i on  can accommodate per  atomic s i t e  f o r  carbon i n  alpha i r o n  

i s  8. Assuming 'the same value f o r  oxygen . in  vanadium, one can ca lcu la te  

the amount o f  oxygen required t o  saturate a l l  the defect  c l us te r s  i n  the 

three kinds o f  mater ia l ,  knowing the average defect  c l u s t e r  diameter. 

The average defect  c l u s t e r  o r  d i s l oca t i on  1  oop d i  ameter extrapolated from 

s ing le  c r ys ta l  observations (on samples .annealed one hour a t  200°C) are 

155 61, 94 61, and 70 8 f o r  V-60, V-205 and V-640 mater ia ls,  respect ively.  

The-amount o f  oxygen required t o  saturate these c lus te rs  i s  ca lcu la ted 

t o  be 112 a t .  ppm, 161 ,at. -ppm .and 234 at .  ppm, respect ive ly ,  and the 

f rac t ions  o f  oxygen removed are 0.59, 0.25 and 0.12, respect ively.  From 

t h i s  i t  can be concluded t h a t  there i s  more than enough oxygen ava i lab le  

t o  p i n  the d is locat ions a f t e r  the defect  c l us te r s  o r  d i s l oca t i on  loops 

have been saturated. The times dur ing which the t rapp ing occurs are 
5  4  2 1.6 x .10  sec, 5.6 x  10 sec, and 3.30 x 10 sec f o r  V-60, V-205 and V-640 

. . 

materi  a1 s  , respect ive ly  (these times are the cumul a t i  ve times o f  anneal i n g  

before y i e l d  drop reappears). It i s  c lea r  from the above t h a t  the t ime 

required t o  remove 112 a t .  ppm oxygen from V-60 mater ia l  i s  much longer 

. . than t h a t  requ i red t o  remove 234 a t .  ppm oxygen from V-640 materi.al . This 

i s  i.n a  q u a l i t a t i v e  agreement w i t h  r esu l t s  o f  McIlwain e t  a l .  (83), which 

show t h a t  the annealing t ime requ i red a t  175OC t o  p r e c i p i t a t e  a  given amount 

o f  oxygen decreases w i  th. increasing oxygen concentrat ion. 

I n  the bottom por t ions o f  Ffgures 25-27 the  t r u e  stress - t rue-  s t r a i n  



curves f o r  i r r ad ia ted  V-60, V-205 and V-640 mater ia ls  are shown. A care- 

f u l  examination o f  these curves shows t h a t  . i n  the f i r s t  few steps of de- 

formation (before the t ime  f o r  the reappearance of y i e l d  drop) there i s  

softening o f  the mater ia l  ( f l ow  stress decreases i n  the next  loading'  

a f te r  anneal i ng) . 
The softening cont inues, to  more deformation steps i n  V-60 t h a n . i n  

V-205 and V-640 mater ia l .  The sof ten ing can be explained on the basis o f  

d i  s locat ion channel ing. I n  the i n i t i a l  stages o f  deformation, the channels 

, p lay an important r o l e .  The deformation occurs by the process o f  widening 

o f  the channel, u n t i l  they become saturated w i t h  d is locat ions.  These, d i s -  

locat ions g i v e . r i s e  t 0 . a  back s t ress so t h a t  no new d is loca t ions  can g l i d e  

i n  the channels and new channels form. I n  case o f  V-640 mater ia ls  the d i s -  

l oca t ion  dens i ty  i s  high; therefore  the channels saturate sooner t h a n  f o r  

the other two mater ia ls.  Once the y i e l d  drop reappears, d i s l oca t i on  pinning 

and unpinning predominate over channel i ng . . . The l oad-unl oad-anneal -re1 oad 

experiments should no t  be confused w i t h  radiat ion-anneal hardening . experi  - 
ments. I n  the l a t t e r  case the r o l e  o f  channeling i s  nonexistent, s ince the 

lower y i e l d  stress upon f i r s t  . loading i s  measured. 

Figures 28-30 show the t r u e  stress - t r u e  s t r a i n  curves f o r  isochronal 

anneals. The top por t ions o f  Figures 28-30 show the behavior o f  un i r rad ia ted  

mater ia l .  There i s  a general reco jery  which sets i n  a t  about 450-500'~ 

(0.32-0.34 Tm) i n  a l l  the three mater ia ls  an'd the y i e l d  drop i s  l o s t .  This 

recovery can be explained t o  be due t o  oxygen going back i n t o  so lu t i on  and 

leaving the d i s l oca t i on  s i tes ,  and a lso t o  ann ih i l a t i on  o f  d i s loca t ions  

themselves as a r e s u l t  o f  formation o f  a t t r a c t i v e  junct ions,  which causes a 



reduction of dislocation 1 ine 1.ength. Similar observations have been made 

by Stephens and Form (210) in tungsten a t  about 0.34 Tm. 

The behavior of irradiated material is. not so easy to .explain.  here 

appear to  be three d i s t inc t  regions: 150 to  300°c, 300 to 500°c, and 500'~ 

and above. The 'recovery stage about 5 0 0 ~ ~  i s  similar to  tha t  observed for  , . 

uni rradia'ted material. The f i r s t  region i  s  characteri zed by appearances 

of yield drops, although they are  not very well defined in the case of the 

two low i n t e r s t i t i a l  alloys. In this region the oxygen i s  being trapped by 

defect c lusters  and dislocations giving r.ise to  yield drops. A t  the tempera- 

tures where clear  yield drops are  observed in V-200 ppm oxygen and V-640 

ppm oxygen, the oxygen has enough mobility to  reach dislocations and pin 

them. 

The region between 300'~ and 500°c, where s t r e s s  drops and then in- 

creases until  the third stage se t s  in ,  i s '  a r e su l t  of many processes occur- 

ring simultaneously and ' i t  i s  d i f f i c u l t  t o  separate the i r  contributions. I t  

will suff ice here to  point out the processes tha t  may contribute t o  th i s  

stage. They are: 1)  trapping of oxygen by defect c lus te rs ,  2 )  segregation 

of oxygen a t  dislocations,  3)  redissolution of oxygen in the matrix, 4) re- 

duction in the number density of dislocation c lus te rs ,  5) recovery of poly- 

gonization, 6)  annihilation of dislocations,  and 7 )  dislocation channeling. 

The ef fec t  of prior s t r a i n  on s t r a in  aging in irradiated material i s  mani- 

fested in Figures 31-33. In Figure 31, i t  . i s  seen tha t  a pr ior  s t r a in  of 

about 3% followed by a 175'~ anrieal for  2 hr produces a yield drop only in 

the V-640 sample and not in the other two. I t  i s  contended tha t  2 hr a t  

175'~ i s  suf f ic ien t  time. for  oxygen to  satura,te t h e  defect c lus te rs  (not 



anni h i  1  ated by d i s l o c a t i o n  channel i n g )  i n  V-640 dnd migra te  t o  d i s l o c a t i o n s  

and e f f e c t i v e l y  p i n  them. Besides, t he  V-640 sample w i l l  have h igher  d i s -  

1  ocat ion  d e n s i t i e s  than the  o the r  two mate r ia l s .  Therefore oxygen atoms 

have t o  make fewer jumps t o  reach the  d i s l o k a t i o n s  because: ca) the  d is tance 

between oxygen atoms i s  shor ter  (b )  t h e  d i s l o c a t i o n  densi ty '  i s  h igher.  

It can be seen i n  Figure 3 2 ' t h a t  a t  6% s t r a i n  V-205 samples a l so  ex- 

h i b i t  a  y i e l d  drop a f t e r  1 7 5 ' ~  anneal f o r  2 hr,  s ince now the  d e n s i t y  of 

de fec t  c l u s t e r s  i s  reduced (due t o  anni h i 1  a t i o n  by d i s l o c a t i o n  channel ing) 

and the  dens i t y  o f  d i s l o c a t i o n s  i s  increased. Therefore, oxygen atoms 

had enough t ime t o  sa tu ra te  the  remaining d e f e c t  c l u s t e r s .  V-60 mate r ia l  

does n o t  show a  wel l -def ined y i e l d  drop f o r  t h e  same treatment. 
. . 

F igure  31 (bottom) shows t h a t  a  second anneal o f  6  h r  a t  1 7 5 ' ~  f o r  

t h e  V-60 sample produced an increase i n  f l o w  s t r e s s  even a f t e r  a  p r i o r  

s t r a i n  of 3%. This i s  due t o  the  m ig ra t i on  o f  oxygen t o  d e f e c t  c l u s t e r s  

causing st rengthening (RAH) . S i m i  J d r  behavior i s  observed f o r  V-205 and 

.V-640 i n  Figures 31-33. F igure 31 shows t h e  s t r e s s - s t r a i n  curves upon 
I 1  . . 

i n s t a n t  r e l o a d i n g - o f  samples. The ex~eriments1,were performed t o  see i f  t h e  

Haason-Kel ly '  (240) ef fect .  was present.  The same experiments were done 

on u n i r r a d i a t e d  ma te r ia l  (no t  shown here).  There i s  was no evidence o f  t he  

Hasson-Ke l ly ,e f fec t  i n  vanadium. Some . . o f  t h e  r e s u l t s  of s t r a i n  aging i n  

i r r a d i a t e d  vanadium have been presented by Wechsler a n d  B a j a j  (225). 

O. D i s l o c a t i o n  Channeling 

As has been described i n  Chapter 11, t h e  term " d i s l o c a t i o n  channel ing" 
I '  

r e f e r s  t o  the  process o f  removal o f  radiat ion-produced de fec t  c l u s t e r s  by 

subsequent p l a s t i c  deformation. ~ i g u r e s  36-38 show . the d i s l o c a t i o n  channels 



i n  vanadium contain ing 95, 300 and 500 ppm oxygen, respect ive ly .  In  

general , no major d i f fe rences were evident  i n  d i s l oca t i on  channels i n  

vanadium contain ing 95-500 ppm oxygen. 

D is locat ion channels and inhomogeneous deformation o f  i r r a d i a t e d  

c r ys ta l s  have been reported previously,  i n  p a r t i c u l a r  i n  r e f r a c t o r y  b.c.c. 

metals by Tucker -- e t  a1 . (67,191) i n  niobium and Huang and Arsenaul t (192) 

and Sh i ra i sh i  e t  a l .  (50) i n  vanadium.- I n  the present study, d i s l oca t i on  

channels have been observed i n  vanadium independent o f  the oxygen content, 

which i s  i n  agreement w i t h  the r e s u l t s  o f  Huang and Arsenault  ('192). F ig-  

ure  36 shows a t y p i c a l  channeling phenomenon i n  V-95 mater ia l  where the 

channels are e s s e n t i a l l y  devoid of the de fec t  c lus te rs .  A t  the  channel 

in tersect ions,  however, one can observe d i s l oca t i on  tangles. The d i s -  

l o ca t i on  tangles are no t  on ly  present a t  the  i n t e r sec t i on  o f  the channels, 

bu t  w i t h i n  the channels as we1 1, independent of the  oxygen concentrat ion 

as i s  evJdent I n  Flgures 37-39 f o r  V-300, V-500 and V-95, respect ive ly .  

The d i s l oca t i on  dens i ty  w i t h i n  the channels genera l ly  increases w i t h  i n -  

creasing oxygen content and the thickness o f  the f o i l  under observation. 

This i s  a1 so i n  agreement w i t h  r e s u l t s  o f  Huang and Arsenaul t (192). 

Figure 36 shows an i n t e res t i ng  feature.  I n  the center  o f  Figure 36 and 

a t  the r i g h t  hand bottom one can see i n t e r sec t i ng  channels w i t h  o f fse ts .  

The o f f s e t s  provide some measure o f ' t h e  amount and d i r e c t i o n  of the shear 

displacement produced by the d i s l oca t i on  producing the channels. A t  the 

i n t e r sec t i on  i n  the center  of the f igure ,  the . I .  o ' f fse t  I , .  i s  about h a l f  the wid th  

o f  channel (1500 8)  i n  the [lv] d i rec t ion ,  and a t  the bottom. r i g h t  i t  i s  

.about the wid th  .o f  the channel running from top t o  bottom. These o f f se ts  



correspond t o  about 1-2 d is locat ions moving along the channels per atomic 

plane, which is .  i n  agreement w i t h  estimates provided by Sharp (188) and 

Tucker -- e t  a l .  (67,191) i n  copper and niobium, respect ive ly .  

The concentrat ion of the s t r a i n  w i t h i n  .the channel r e s u l t s  i n  the 

coarsening of s l i p  l i n e s  observed on pol ished surfaces o f  i r r a d i a t e d  metals, 

as i s  seen i n  Figures 34 and 35 i n  vanadium. Tucker -- e t  a1 . (67,191) .have 

shown from the observation of channel 'boundary in tersect ions that ,  a1 though 

the s t r a i n  i s  inhomogeneously d i s t r i b u t e d  as a whole i n  i r r a d i a t e d  metals, 

the  s t r a i n  w i t h i n  the channel i s  d i s t r i b u t e d  uni formly.  Although no such 

in tersect ions were observed i n  the present study, the ra the r  uni form width 

of a given. channel and a lso the constancy o f . t h e  width on both sides of the 

in te rsec t ion  suggest t h a t  the s t r a i n  i s  d i s t r i b u t e d  uni formly and t h a t  the 

source o f  d i s loca t ions  producing the s l i p  d is loca t ions  i s  the same and no 

new source operates a,t the in te rsec t ion  of the channels., The in te rsec t ions  

o f  channels i n  Ffgure 37 do no t  reveal o f f se t s  very c l ea r l y .  This i s  due 

t o  the f a c t  t h a t  the channel plane i s  no t  perpendicular t o  the e lec t ron 

beam d i rec t ion .  ~ h ' i s  a lso i s  the reason why the channels do no t  appear 

completely cleared of the radiation-produced defect c lus ters .  Another 

reason f o r  the apparent absence o f  the o f f s e t  may be the s im i l a r  magnitude 

o f  the s t r a i n  associated w i t h  the i n te r sec t i ng  channels. 

D is locat ion channeling has a lso been observed i n  pos t - i r r ad ia t i on  

annealed samples i n  the present s tudy. .  Tucker e t  a1 . (67,191) conc1,uded 

t ha t  i n  niobium, pos t - i r r ad ia t i on  annealed f o r  two hours i n  the temperature 

range near 400 '~  where maximum rad ia t i on  anneal hardening ii observed, there 

i s  1 i t t l e  evidence o f  d i s loca t ion  channel i n g  and considerable d i s l oca t i on  



structure jn regions rich in defect clusters. The decreased tendency 

for dislocation channel formation was taken as evidence that post- 

irradiation annealing in some way makes the removal of defect clusters 

more difficult by slip dislocations. Tucker et al. (191) suggested that 

interstitial impurities migrate to radiation-produced defect clusters 

during annealing, strengthen them and cause the slip dislocations to bow 

around the defect clusters instead of breaking through them. In the 

vanadium used in this study, however, dislocation channels were observed 

in the post-irradiation-annealed condition (annealed at 300'~ and 400'~) 

independent of oxygen content. The essential differences between channels 

in post-irradiation-annealed and as-irradiated material are that for the 

post-prradiation-annealed material : (a) channel wall s .are not we1 1 defined, 

(b) there are many more tangles and dislocations inside the channels, and 

(c) defect clusters were observed inside the. channels. The above three 

observations can bc explained on the basis that the defect clusters in the 

post-Irradiation-annealed material are re1 ativ,ely strong and provide more 

resistance to sl ip dislocations during their pa~sege through the matrix. 

The dislocations get pinned at the defect clusters resulting in tangles or 

move around them leaving the defect clusters inside the channels. During 
I ' I  C 

the observation of dislocation channels caution should be exercised in 

choosing the area for observations. As.an example, one may erroneously 

conclude from Figure 44 that there are no dislocation channels in the material 

and only dislocation tangles are present. The area under observation shows 

many tangles and no well-defined channel denuded of defect clusters. Other 

areas In the same sample, ,however, show channels which are relatively well 



defined. The presence of dislocation channels in post-irradiation-annealed 

vanadium is in agreement with the observations of Shiraishi et a1 . (50) 
who observed channels in vanadium post-irradiation annealed at 400'~. 

Figure 40 shows a dislocation channel in irradiated vanadium deformed 

at liquid nitrogen temperature. The channel appears to have a wedge shape 

and the inside of the channel is cleared of the defect clusters.   ow ever, 
the channel wall is not we1 1 -defined and some clusters can be observed 

inside the channel at the top left-hand side. The width of the channel in 

V-95 deformed at 77'~ appears to be larger than in the same material de- 

formed at room temperature. However, Sharp (188) has found the reverse to 

be true for copper. No.explanation can be given for this effect at the 

present' time because of 1 ack of available information. 

In the process of formation of dislocation channels the most important 

step is the el imination of defects by gl ide dislocations. Various mechanisms 

. . have been proposed for this event. The following mechanisms are worth 

consideration: 
4 

a) Sweeping .of the defect clusters 

b) Annihilation of defects .by anti-defects 

c) Elimination by dislocation-cluster interaction . , 
. . 

d) Annealing of the defect clusters by heat of plastic deformation. 

The mechanism of sweeping of the defect clusters by dislocations in a 

manner of a snowplow can be rejected for the case of channels in irradiated 

vanadium since the concentrations of defect clusters near the wall of $he 

channels is about the same as in the matrix. 

The annihilation of defect clusters by anti-defects involves generation 



-.. 

o f  de fec ts  o f  opposi te nature  by moving d i s l o c a t i o n s  (vacancies. i f  the  

de fec t  c l u s t e r s  a re  i n t e r s t i t i a l  loops and v ice-versa)  . This mechanism' 

i s  u n l i k e l y  i n  view o f  t he  observat ion by 'sharp i n  which d i s l o c a t i o n  

channel i n g  was observed i n  copper deformed a t  4 ' ~  where atomic d i f f u s i o n  

i s  minimal. I n  the  present  case, channels were observed i n  i r r a d i a t e d  

vanadium deformed a t  1 i q u i d  n i t r o g e n  temperature as shown i n  ~ i g u r e s  40 

and 41 .. 
Various mechanisms have been proposed by which t h e  s l i p  d i s l o c a t i o n s  

i n t e r a c t  w i t h  the  de fec t  c l u s t e r s  ( d i s l o c a t i o n  loops), incorpora te  them 

i n t o  s l i p  d i s loca t ions ,  convert  them t o  g l i s s i l e  con f igu ra t i on  o r  a l t e r  

: the  shape t o  f a c i l i t a t e  e l im ina t ion .  I f  t h e  d i s loca t ion '  loop and the  s l i p  

d i s l o c a t i o n  have the  same o r  opposi te Burgers vectors, t h e  l oop  can be 

. p a r t i a l l y  incorporated i n t o  t h e  s l i p  d i s l o c a t i o n  by a mechanism proposed 

by Saada and Washburn (203). However, n o t  a l l  t he  loops w i l l  have Burgers 

vectors i n  the  favorab le  o r i e n t a t i o n s  was po in ted o u t  by Sharp (1.88). 

S t rude l  and Washburn (205) have proposed another mechanism o f  i n t e r a c t i o n  

o f  d i s l ' oca t i on  loops w i t h  moving d i s l o c a t i o n s  i n  f .c .c .  metals. Foreman 

and Sharp (204) have a l s o  pr*oposed a mechanism f o r  f .e.c. metals which i s  

shown i n  Figure 5 i n  Chapter 11. 

A mechanism o f  e l i m i n a t i o n  o f  de fec t  c l u s t e r s  by heat o f  deformation 

has been proposed' by Tucker e t  a l .  (191). According t o  t h i s  mechanism the  

de fec t  c l u s t e r s  can be e l im ina ted  by the  l o c a l  heat 'produced by t h e  i n -  

homogeneous deformation. It has been s a i d  above t h a t  t he  shear s t r a i n s  

produced dur ing  t h e  channel fo rmat ion  are  o f  t he  order  o f  1.8. The increase 

i n  temperature du r ing  p l a s t i c .  deformation can- be ca l cu la ted  knowing the  shear 



stress and shear s t r a i n  and assuming adiabat ic.  condi t ions.  The ca lcu la ted 

temperature r i s e  f o r  V-500 i s  about 1 1 0 ~ ~ .  For example, for  V-500 mater ia l  

2 the shear s t ress T can be approximated as 32.6 Kg/m . Assuming t h a t  on 

the average 1.5 d is locat ions operate per plane, then the shear s t r a i n  y 
. . 

produced i s  1.5 x n /  fi since b = . G ( a / 2 )  and El101 spac ing, is  f i a / 2  

where a i s  the l a t t i c e  parameter. The energy o f  p l a s t i c  deformation per 

. u n i t  volume i s  then 

Vanadium has a spec i f i c  heat o f  about 0.116.'cal/g.deg (2;41,). 

Therefore, under ad iabat ic  condi t ions the temperature r i s e  would be 

1 1 0 ~ ~  i f  a l l  the energy o f  p l a s t i c  deformation converted t o  heat. This 

increase o f  1 1 0 ~ ~  above room temperature i s  i n s u f f i c i e n t  t o  cause the 

ann ih i l a t i on  o f  defect  c lus te rs  w i t h i n  the channels. However, the above 

ca l cu la t i o r~  dssumes t ha t  the energy o f  p l a s t i c  deformation i s  d i s t r i b u t e d  

un i formly  among a l l  the atoms i n  the channels. I f  one assumes t h a t  the 

energy i s  d iss ipated under ad iabat ic  condi t ions among the atoms i n  a volume 

i n  the prox imi ty  o f  the defect  c lus te rs  comprising a f r a c t i o n  o f  the volume 

o f  atoms i n  channel, the loca l  increase i n  temperature would be enough t o  

anneal the defect  c lus ters .  For example, assumi'ng the f r a c t i o n  t o  be one 

tenth, the r i s e  i n  temperature would be about 1 1 0 0 ~ ~  which i s  more than 

s u f f i c i e n t  t o  ann ih i l a t e  the defect  c lus te rs .  

Although no d e f i n i t e  mechanism o f  e l im ina t ion  o f  defect  c lus te rs  can be 

forwarded because o f  the complexity o f  the process, the mechanism o f  annealing 

o f  defects by heat o f  deformation seems q u i t e  p laus ib le .  More care fu l  work 



needs to be done to verify the concept. 

The formation of dislocation channeling i.s of major importance in 

mechanical properties of irradiated materials. The irradiated materials 

deform inhomogeneously in channels, consequently the work hardening rate 

and the uniform elongation are reduced. The loss of uniform elongation 

is of concern with regards to the use of materials in nuclear environments. 

E. Radiation-Anneal Hardening ' 

Figure 21 shows a plot of hardness versus post-irradiation annealing 

temperature for vanadium containing three levels of oxygen. Figures 9 and 

10 show plots of yield stress and difference in yield stress between 

irradiated and uni rradiated vanadium containing 'three oxygen 1 eve1 s versus 

anneal ing temperature. From Figures 9, 10 and 12 it can be concluded . . that 

the radiation-anneal hardening in vanadium increases with increasing oxygen 

concentration. This result tends. to support the interpretation made earl ier . ' 

by Ot~r. -- el dl. (78) for Nb that RAH i s  due to trapping of interstitial im- 

purities at radiation-produced defect clusters, in contrast to interpreta- 

tions based on the motion of lattice vacancies (77,81). 

Figure 61 shows diamond pyramid hardness plotted as a function of post- 

irradiation annealing temperature from the present study and from the work 

of Smidt (49). Again we see that Smidt's hardness values are higher than 

those of present work, despite the fact that the interstitial concentration 

(609 at. ppm for O+C+N) was roughly comparable to that for our V-95 material 

(622 at. ppm for O+C+N) . However, when the increase in hardness is plotted 

(Figure 62), Smidt ' s radiation-anneal hardening curve is reasonably consistent 

with that obtained in the present study. 



Q -------- ------- &.--A- A - 
Z V-95,  UNIRRAD. 

a 
D OPEN CIRCLES-SMIDT, (~=1.0x1019n/cm 

25 (E.1 Mev). 55' C 

CLOSED SYMBOLS- THIS STUDY, 
@ =  1.4 x 1 0 ~ ? n / c r n ~  (E>I Mev).95OIC 

Figure 61 . Diamond pyramid hardness vs post- i rradi at1 on-anneal 1 ng 
temperature for single crystal vanadfum used in this study. 
FS gure 'a1 so shows . results . o f  Smidt (49) 



Figure 62. Increase i n  diamond pyramid hardness above un- 
i r r a d i  ated val ue, AH, vs pos t-i r r a d i  a t i  on-anneal i ng 

temperature f o r  single c rys ta l  vanadium used i n  

l h i s  study. . ~ l g u r t !  a lsv ihiws resul-ts o f  Smldt (48) 
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Figure 63 shows r e s u l t s  of y i e l d  stress measurements upon post- 

i r r a d i a t i o n  anneal i ng  .obtained i n  the present study and those obtained by 

other authors. The general shapes o f  the curves are qu i t e  s i m i l a r  w i t h  two 

exceptions. ~ i r s t  Smolik and Chen (48) d i d  not  observe any rad ia t ion -  

anneal hardening f o r  t h e i r  mater ia l  designated as Lot  A. ( I tem 13, Table 8) 

i r r ad ia ted  t o  4.0 x 1 0 ' ' ~  n/cm2 a t  1'07%. These r e s u l t s  are  cons is tent  

w i t h  the observations o f  Sh i ra ish i  e t  a1 . (46), who reported reducing 

amounts of RAH w i t h  increasing dose and no RAH f o r  a  dose o f  1.0 x  10 2  0  

2 n/cm2 (although they d i d  observe a  small amount o f  RAH f o r  5  x  10'' n/cm ) .  

Secondly, Sh i ra ish i  -- e t  a l .  (46) observed a small d i p  i n  the RAH curve a t  

about 2 0 0 ~ ~ .  This i s  s i m i l a r  t o  the observation o f  Ohr e t  a l .  (78) f o r  

neutron i r r a d i a t e d  Nb. The d i p  i n  the RAH curve was in te rp re ted  by Ohr 

e t  a1 . t o  de l ineate  two separate RAH peaks, one due t o  oxygen and. the other -- 
.due t o  carbon. For the case o f  vanadium, however, the  oxygen and carbon 

peaks should be unresolved since the ac t i va t i on  energies f o r  d i f fus ' i on  of 

oxygen and carbon i n  vanadium are almost equal ; namely, 1.25 eV fo r  oxygen 

and 1.18 eV f o r  carbon, respect ive ly  (79).  

Based on the measurements of y i e l d  stress and. the ,densi ty and s ize  

d i s t r i b u t i o n  o f  defect  c ius ters ,  i t  i s  possib le t o  evaluate kl/k2 as 'g iven 

i n  Equation 22, v i z .  

The f ac to r  invo lv ing  the sum over i i s  equal t o  the average i n t e r b a r r i e r  

d istance a as given i n  .Table' 4 and p l o t t e d  i n  Figure 21 f o r  the V-95, V-300, 



Figure 63. Yield stress vs post-i rradi ation-anneal ing temperature 
for neutron-i rradi ated pol ycrystal 1 i ne vanadi um reported 
'by various investigators 
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and V-500 s ing le  c r ys ta l s  However, the po l yc r ys ta l l i ne  samples used f o r  

y i e l d  stress measurements contained 60, 205 and 640 w t .  ppm 0. To determine 

the a corresponding t o  these oxygen leve ls ,  the f o l l  owing quadrat ic  equation 

was used t o  i n t e rpo la te  and ext rapo la te  ii f o r  60, 205 and 640 w t  ppm oxygen: 

The values o f  a, b, and c were determined f o r  Co = 95, 300 and 500 w t  ppm 

oxygen and then a was evaluated from Equation .49 f o r  60, 205 and 640 w t  

ppm oxygen. Figure 64 shows the p l o t  o f  oxygen concentrat ion versus f o r  

various temperatures. Knowing the values o f  T a t  various temperatures 

- u .from Figure 10, K1/K2 could e a s i l y  be from FIgure 64 and A U  = oI , 

3 obtained. The values o f  G and b used f o r  the ca lcu la t ions  were 4.76 x .  10 

2 k g / m  and 2.62 61, respect ively.  Figure 65 shows a p l o t  o f  K1/K2 versus 

pos t - i  r r a d i a t i o n  anneal i ng temperature f o r  polycrys t a l l  i ne samples. From 

Figure 65 i t  can be seen t h a t  K1/K2 increases w i t h  increasing temperature 

of annealing f o r  a l l  th ree kinds o f  vanadium, and t h a t  K1/K2 increases w i t h  

increasing oxygen concentrat ion from 60 w t  ppm t o  205 w t  ppm. However, f o r  

vanadium contain ing 640 w t  ppm oxygen Kl / K p  i s  very close t o  o r  s l  i g h t l y  . . 

lower than t h a t  f o r  205 w t  ppm oxygen. 

From Figure 65 i t  can be seen t h a t  K1/K2, which i s  proport ional  t,o the  

b a r r i e r  strength, increases from a value o f  (Q 0.36 - 0.45) and approaches 

the value o f  1.0 f o r  the three mater ia ls.  The increase i n  K1/K2 w i t h  post- 

t r r a d l a t l o n  annealing suggesks t he  strengthening o f  the, defect  c l us te r s  

upon annealing. It i s  be1 ieved t h a t  the impuri t i e s  (mainly oxygen) migrate 

t o  the.  defect c lus te rs  and strengthen them as b a r r i e r s  t o ,  the d is locat ions.  



Figure 64. Interbarrier distance versus oxygen concentration 

for asirradiated and post-irradi ationranneal ed 
vanadi urn 
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Figure  65. P l o t  o f  K1/K2  versus  p o s t - i r r a d i a t i o n  anneal ing  tempera ture  



As the temperature o f  anneal i n g  increases, more and more. oxygen atoms 

' m i  g ra te  t o  the defect  c l  us t e r s  . 
It can a lso  be seen t h a t  a t  l e a s t  t o  a temperature o f  about 400°C, 

K1/K2 f o r  V-60 l i e s  below t h a t  o f  V-640 and V-205 mater ia l ,  suggesting 
. . 

t h a t  the strengthening i n  V-60 due to. .migrat ion o f  oxygen i s  smal ler  than 

i n  V-640 and V-205 mater ia ls.  However, K1/K2 f o r  V-640 i s  equal to ,  o r  

s l i g h t l y  smal ler  than t h a t  f o r  V-205 up t o  a temperature o f  400°C. The 

reason f o r  t h i s  could be two-fold. F i r s t ,  the s l i g h t  d i f fe rence  may be 

due t o  experimental s ca t t e r  i n  measurement o f  y i e l d  s t ress and defect  

c l  us te r  dens i t ies  . secondly, the.  defect  c l  us t e r s  become saturated w i t h  

oxygen and can accommodate no more oxygen atoms ava i lab le  a t  t h a t  tempera- 

ture.  Therefore, the K1 /K2 parameter does no t  change s i gn i  f i  can t l y  a1 though 

more oxygen i s  avai lable;  o r  even i f  more oxygen p rec ip i t a tes  on the defect  

c lus ters ,  the s t rength o f  the c lus te rs  as. ba r r i e r s  t o  d i s l oca t i on  motion 

1 
. . remai ns unchanged. . ~ 

. . 



I nves t i  g a t i  on on some aspects o f  r ad i  a t i o n  damage i n  vahadi um con- 

t a i n i n g  various 'amounts o f  i n t e r s t i t i a l  impu r i t y .  (namely, oxygen) i r r ad ia -  

19 2 ted  t o  a f luence o f  about 1x10 . n/cm (E>1 MeV) a t  a temperature o f  95- 

105% leads t o  the fo l lowing conclusions. 

1. ' The i r r a d i a t i o n  w i t h  f a s t  neutrons causes an increase i n  

y i ' e ld  stress and hardness i n  vanadium. The increase i n  

hardness i s  dependent on the oxygen content o f  vanadium, 

i n  t h a t  the increase i n  y i e l d  stress and hardness i s  
' 

1 arger i n  materi  a1 containing higher concentrations o f  

oxygen. 

2. There i s  a f u r t h e r  increase i n  y i e l d  s t ress and hardness 

upon pos t-,I r r a d i  a t i  on anneal i ng up t o  temperatures o f  about. 

400°C. This increase i n  y i e l d  stress and hardness, 

termed radiation-anneal hardening, increases w i t h  increasing 

oxygen content. Recovery t o  the p re - i r r ad ia t i on  y i e l d  

s t ress and hardness i s  completed a t  about 700-800°C. 

3. The radiation-anneal hardening ii~ s.tagti! I11 i s  caused by 

migrat ion o f  oxygen t o  the radiation-produced defect  c lus ters .  

The p r e c i p i t a t i o n  o f  oxygen on the defect  c l 'usters 'converts 

them from weak ba r r i e r s  t o  impenetrable barr iers .  

4. Transmission e lec t ron  microscopy~~.:6f defect. c l  us t e r s  i n  

2 s i  ngie c r ys ta l  vanadi um i r r a d i a t e d  t o  1 . 4 ~ 1 0 ~ ~  nlcm 

(E>1 MeV) a t  95OC and pos t - i r rad ia t ion  annealed a t  various 

temperatures::s hows.: tha t :  . . . . 
. . 



A. I n  the .as- i r radiated condit ion, the number o f  defect  

'3  c lus te rs  per cm increases w i t h  increasing oxygen 

content and the average s ize  o f  defect  c lus te rs  

decreases w i th  i ncreasi ng oxygen content. 

B. Upon pos t-i r r a d i  a t i on  anneal i ng , defect  c lus te rs  

increase i n  s ize  and decrease i n  density.. The 

temperature o f  coarsening of defect  c lus te rs  increases 

w i t h  increasing oxygen concentration. 

5. St ra in  aging studies on un i r rad ia ted and i r r ad ia ted  vanadlum 

containing various amounts o f  oxygen ind ica te  that :  

A. The time o f  reappearance o f  y i e l d  drop increases w i t h  

decreasing oxygen content i n  uni r rad ia ted  mater ia l .  

The t ime o f  reappearance o f  y i e l d  drop i s  longer i n  

i r r a d i  ated than i n  uni r r a d i  ated materi  a1 . This 1 eads 

t o  the conclusion t h a t  i r r a d i a t i o n  causes re ta rda t ion  

i n  s t r a i  n-agi ng tendency ( 1 . .  reappearance . o f  ~ i e l  d 

drop i s  delayed). 

B.   he' re ta rda t ion  o f  s t r a i n  aging tendency increases w i t h  

decreasing oxygen content i n  vanadi um. 

C. The delay i n  reappearance of y i e l d  . drop . i n  i r r ad ia ted  

vanadi um i s  caused by t rapping o f  ,oxygen at. the.  defect  

c l  us t e r s  . 
6. Dis loea t i  on channels cleared o f  radiation-produced defect  

c lus te rs  are produced upon deformation o f  as- i r rad ia ted and 

post- irradiat ion-annealed vanadium. No major d i f ferences 



have been observed i n  channeling wi th  oxygen content 
. . 

o f  vanadi um. No c l  ear mechanism o f  d i  s l  ocat i  on channel i'ng 

can be del ineated. A mechanism o f  annealing o f  defect  

. clusters by heat o f  deformation ,seems plausible.  
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