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Radiation damage in vanadium doped with oxygen
Ram Bajaj

Under the supervision of Monroe S. Wechsler
From the Department of Materials Science and Engineering
Iowa State University
Radiation damage caused by neutron irradiation was studied in vanadium -
containing various amounts of oxygen by transmission e]ectron microscopy,
tensile testing and hardness measurements.- The major motive of the study
waé'to delineate the role of an interstitial impurity (namely oxygen) on
radiation damage in vanadium. Irradiation of polycrystalline samples coh-
taining 60-640 wt;‘bpm oxygen was carried out at 105°C to a dose of
1.2x10]9 n/cm2 (E>1 MeV) and tensile tests were carriéd out at room tempera-
ture following irradiation and pbst—irradiation annealing. Lower yield
stress measureménts indicate that neutron irradiation results in}greater
radiation hardening for specimens with larger oxygen concentration. . Also,
the further increase in strength upon postfirradiation annealing (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 6f microhardness. |
Radiation-pkoduced defect clusters were studied by transmission
electron microscopy in as-irradiated and post-irradiation-annealed single

19 2

crystal vanadium irradiated to a dose of 1.4x10 n/cm (E>1 MeV) at 95°C.

It was found that the number density ofidefect clusters increases with

TN
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increasing oxygen content and the average size decreases with increasing
oxygen content. Upon post-frradiation annealing the defect c]uster§ grow
in size and decrease in density butvthe coarsening tendency is reduced for
material containing higher oxygen concentrations. It is bejieved that
oxygen acts as a nué]eating agent for the defect clusters and stabilizes
the clusters upon post-irradiatioh annealing by being trapped at the
clusters. |

Stréin aging studies carried out on unirradiated‘and irradiated
vanadium by ténsi]e testing at room temperature indicate that the strain
aging téndency incfeaSes with‘increasing oxygen concentration in both
unirkadiated and irradiated vanadium. 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 feappearance 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 6bserved by transmission electron ﬁicroscopy
in as-irradiated and post-irradiation-annealed specimens deformed at room
temperature, irreépective of oxygen content; The mechanism of channeling
formation is still uncertain. Héwever, the mechanism invo]ving annealing

of defect clusters by héat of plastic deformation appears plausible.



I. INTRODUCTION

- A metal subjected to neutron bombardment dndergoes changes in its
physical and mgthanica] properties. In recent years there has béen con-
siderable interest in trying to interpret the changés upon neutron
irradiétion in terms of the defect structure produced. Until a few years
ago mdst of the research on radiation damage in metals was centered on the
face-centered cubic.(f.c.c.) metals. In recent years, however, increasihg
attention has been devoted to radiation effects in body-centeféd cubic
(b.c;c.) metals and alloys. In particular, refractory metals have been
investigated because of high teméeraturé applications. Among these,
niobium and Vanadium are of'special interest bgcause of their low neutron
cross sections. | o

In the b.c.c. refractory mefals the interstitial impurity coﬁtent,is
of major importance since marked changes in physical and mechaniéa1 _
~_ properties occur with interstitial impurities (é.g., 0,C,N). Therefore, if
is 6f interest to know how neutron bombardment will alter the properfies
of b.c.c. refractory metals with various impurity contents. The inter-
stitial impurity chosen in this study is oxygen. The effects of neutron
irrédiation in Qanadium doped with oxygen are important from both funda-

mental and applied points of view.

A. Fundamental Aspects

1. Origin of radiation-anneal hardening (RAH) and Stage III annealing

Radiation-anneal hardening (RAH) .in b.c.c. metals is defined as the



increase in yield stress upon post-irradiation annea]ing. Stage III
annealing in b.c.c. metals is the annealing stage observed in the
vicinity of 0.2 Tﬁ’ where Tm is fhe melting temperature in degrees Kelvin.
Since Stage III and RAH occur over the same temperature range, the two
phenomena are assumed to stem from the same atomic rearrangements.'

The earlier observations of RAH were interpreted in terms of in-
- trinsic defects produced by radiation. Since then, other‘au%hofs have
observed simiiarieffects in b.c.c. metals. There is stil]’a-cdntroversy
over the mechanism of RAH and Stage III in b.c.c. metals. Some 1nvest1ga-
tors, however, believe that RAH and ‘Stage III are caused by extr1ns1c -
defects (interstitial 1mpur1t1es) be1ng trapped by radiation-produced
defects and defect clusters and not due to migration of intrinsic defeets
» ‘such as vacanc1es or self-interstitials produced by irradiation. |

There is some evidence in the work performed in this 1aboratory to '
suggest that the extrinsic mechanism is more probable, based on 1nterna1
frictiqn and electrical resistivify measurements on vanadium d0ped'W1th
oxygen. The present study is an attempt to give beftef insight'infb the
mechanism of RAH and systematically delineate the role of interStitia1‘.

impurities.

2. Radiation-produced defect clusters

a. Nucleation and density and size distribution " The bombardment

of metals with neutrons creates'vacanciesland interstitials WHich cluster
together to form defect clusters and dislocation loops resolvable in an
electron microscope. The nucleation of defect clusters is an important

factor. It is of fundamental interest to knew whether defect clusters



nucleate homogeneously or heterogeneously and the influence of inter-
stitial impurities on the nucleation of defect clusters.

The density and size distribution of defect clusters govern the yield
stress and the ductility of materials, a matter of importance from the basic
as well as design pofnts'of view. Interstitial impurity atoﬁs may have a
considerable effect'on the size ahd density of’defect clusters. This st&dy
is intended to achieve a better understanding of the'influencg of inter- |
stifia]iimpurities and post-irradiation ahnea]ing on the density and size

. distributionvof defect clusters and to relate them to mechanical properties.

3. Strain aging phenomenon

Body-centered cub1c meta]s conta1n1ng 1nterst1t1a1 1mpur1t1es exhibit -
an increase in yield and flow stresses in a pre-deformed material upon
ag1ng at su1tab1e temperatures The 1nf1uence of interstitial 1mpur1ty
. content and neutron 1rrad1at1on on the stra1n ag1ng tendency is . be1ng

studied for vanadium as a funct1on of oxygen concentration.

B. Applied Aspects

Although vanédium as the base meta]bforvcladding materiai for liquid-
metal fast-breeder reactors (LMFBR's) looks unfavorable at the present time
because of its affinity for oxygen'dfssolved in-liquid sbdium ;oo]ant,~it'is
a prime candidate for the controlled thermonuclear (CTR) first wall material
because of its favorable neutronics. The properties that make it attractive
for this applicatfdn are: (a) moderately high melting point, (b) low fast
neutron reaction cross section, (c) short half life of isotopés broduced

upon irradiation, hence low induced radioactivity, (d) Tow. shutdown decay



power, and (e) favorable radioactive waste management. '

Other considerations for the choice of vanadiﬁm in this investigation
are: (a) it 1s available in relatively high purity and (b) the major
radioactive isotopé of vanadium (VSZ) has'a relatively short‘halflifé'
(3.76 minutes) and therefore does not pose any.sérious problems in hand]ing
of irradiated samples.

In its application for LMFBR's or CTR's, vanadium will be subjected
to neutron 1rrad1ation and its mechanical integrity and dimensional
stability are of importancé from the point of view of design and Safety.
These considerations contribute to the motivation for this study.

In this dissertation six closely related asbects of neutron radiéfion
damage of polytkystal]ine and single crystal vanadium and the subséqUent
béhaviof of irradfaied samples upon deformation will be reportéd. fhey
are | | |

1. Radiation- annea1 harden1ng in po]ycrysta111ne tensile -

' samples doped with three 1evels of oxygen using tensile

tests.

2. Radiation-anneal hardening in single crystal vanadium
doped with oxygen using microhardness measurements.

3. Transmission electron microscbpy'(TEM) of as-irradiated
and post-irradiated-annealed single crystal vanadium-
oxygen. .

- 4, Strain aging behavior of 1rrad1ated and un1rrad1ated
vanadium oxygen: sampies.

5. Dislocation channels produced upon deformation of as-
irradiated and post-irradiation-annealed samples.

6. Microstructure of material deformed at room temperature
and at liquid nitrogen temperature.prior to irradiation,
as revealed by transmission electron microscopy.



II. 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-
quent]y there is a large accqmu]ation of literature in this field. This
survey is an attempt only to set backgroundAfor the present study. The
literature review'Will be divided into the following sections: (a)
Mechanisms of radiation damage, (b) Radiation hardehing mechanisms, (c)
ExperimentaT observations of radiation hardening, (d) Radiation-ahneg]
hardening (RAH) and Stage III annealing, (e) Direct observation of defect

rETusters, (f) Dislocation channeling and (g) Strain aging.

A. Mechanisms 6f Radiation Damage ‘

Numerous‘authors (1-12) have contributed to the present underétandihg
of mechanisms of radiation damage. In this section only a briethué1i—:
tative treatment‘of some of the important aspects of radiation damage
theory will be présehted. An energetic particle, say a fast nedtrqn.wjth
energy greater than 1 MeV (E>1 MeV) moving through matter, josés energy by
(a) elastic collisions with lattice atoms and (b) excitation and ipnization
of atoms through charge interaétion. The first is capable of displacing
atoms from their horma] positions resuit{ng in vacancies, interstitials
and -replacements. The second is of Tittle importance in metals, appearing
on]y as heat. The atom struck by the neutron (primary knock-on)‘may‘re-
ceive sufficient‘énergy not only to disp]aceAit from its lattice site but
also to cause additiona] displacements when it strikes other atoms (secon-

dary displacements). Usually, therefore, each primary collision initiates
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a cascade of collisions resulting in vacancies in excess of thermo-
dynamic equilibrium. The displaced atoms often stop at interstitial

sites or nonequilibrium positions, provided they do not recombine with

a neighboring vacancy. A vacancy and its previously associated atom,

now located inferstitia11y elsewhere in the lattice, is called a displace-
" ment pair. If the energy transférred in a collision is 1ess‘fhan5the dis-
placement energy or when the energetic particle makes a glancing co]]ision'
with the atoms, the stationary atom experiences an increased amplitude

of vibration. 'Thése excited atoms fransfer enefgy to neighboring atoms

in the order of a;yibrational period (T(J']3 to ]0']4

sec), resulting
~in more or less violent agitétion briefly affecting all atoms in the .
vicinity. This is known as a "thermal spike" (1).. As decay through ‘
‘dissipation of energy (heat) returns the region to equilibrium, the thermal
spiké'will cause no permanent damage in mgta]s. However, the metal within
the spike fs held at a higher pressure (1,3) by the surrounding lattice,
resulting in plastic deformation at the center of the spike sufficient to
generate dislocation loops with radii of 40 R to 50 B. These loops witﬁ%n
the spikes wi]lAbé retained as the thermal spike cools only if the cooling
pattern does not reverse the loob growth process or the loop 5ecomés en-
tangled during the formation of the spike.

Another spike effect proposed in the form of a displacement spike by -
Brinkman (6) is prbduced at the end of the trajectory of a fast moving
atom when the mean free path between disb]aéement collisions becomes

‘ abproximate]y equal to an atomic Spacing, When the energy of the brimary

knock-on becomes les$ than a transition value (50-23,000 eV depending on



atomic number) the particle is Qery rapidly brought to rest amid an in-

~ tense shower of seoondary displacements which are not 1ndependenf of each
othor. The atoms are violeAtly raised to the molten state with turbulent
flow’ond complete rearrangement, rapid quenching and resolidification occur
over a very short time. The feso1idif1ed regioniis substantially in

- registry with the surrounding lattice since theipareot lattice acts-os
nuc]eus for crystallization. It has been suggested thaf vacancies and
interstitials more or leos completely anneal in this region (6) with

damage show1ng ‘as small dis]ocat1on loops.

Silsbee (13) first called attention to the 1mportance of focusing
effects in radiation damage because of the crystallinity of metals. Seeger"
(10) and Seeger and Essmann (11) pointed out thotﬁthe focusing effect dis-'
cussed by Si]sbee'might 1ead.to generation and propagation of dynamic
crowdions.. Dynamfc crowdions differ from focusons proposed by Si]sbee (]3)
in that they tranSport not only energy (and ﬁoméntum) but also mattér
Seeger proposed that the primary and secondary knock~ons collide with
almost any atom towards the end of their paths, transferr1ng small mu]tip1es
of displacement energies which are suff1c1gnt to produce a large fract1on
of the displacements in the form of dynamic crowdions (shown'ih Figure 1).
This results in a. 1ocal high density of vacant sites, surroundéd by a few
| nearby interstitials and a substantial number of distant intersﬁitia1s
separoted from vacancies by the crowdion mechanism. - A similar ﬁechanism
proposed by Seegef ano Essmann (11) is called the rep]acemenf chain, which
inQo]ves a sequence of replacement collisions in which a moving atom strikes

and displaces a lattice atom but is trapped itself in the lattice site, thus
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replacing the struck atom at the site. The struck atom undergoes the
same process with a third atom and so on, resulting'in a chain of re-
placements with an interstitial coming to rest at the end of the chain.
Crowdions and reb]acement,chains leave behind vacancy-rich regions in
the displacement spikes whf1e the interstitiaTs come to rest at far dis-
tances from the vacancy—?ich or depleted zones.

AnotherAmechanism of importance in whicﬁ energy may bé lost in
subthreshold ihteraction dQe to the regular arrangement of atoms in
metals is called Channelfhg; In channeling, the moving atom is deflected
into open channels between the atom rows, where it undergoes glancing
collisions with atoms along the walls of the channel (14). One evidence
of channe]ing is‘the anomaious]y high penetration 6f jons bombarded on
single crystaTslés compared to that for amorphous forms_of‘the same
material (15). Oen and Robinson (16) have treated the channeling
phenomenon in detail. Noggle and Oen (17) bombarded single crystéT’go]d
fjims with 51 MeV iodi?e jons. They observeq~14 tihes less damage when
the ion beam was directed along channeling directions than when the beam
 was unaligned. However, the ion beam must be aligned to within one or
ifwb degrees and thus i% seems unlikely that ﬁany recoiling atoms will
emerge from a lattice site in a direction appropriate for channe]fng.
Besides, theAneighboriTg atoms would tend to block the struck:.atoms from
the channels.

For a schematic diagram of radiation damage, see Figure 2.

l
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B. Radiation Hardening Mechanisms

It has been well established that neutron irradiation causes an in-
crease in resistance to plastic deformation as is evidenced by the increase
“in yield stress and indentation hardness. The basis for models of radia-
tion hardening is that irradiation introduces barriers in the form of de-
fect clusters, which impede the motion of dislocations. The barriers may
be displacement spikes, depléted zones, dislocation Toops or‘aggrégate§ of
vacancies or interstitials.

In the disperéed barrier model, the barriers are assumed to be
réndom]y distributed on the slip plane of fhe dis]ocationﬁ. During p]astié
deformation, these barriers act as obstacles to'the movement of dislocations.
Various'versioné of fhe dispersed barrier model have been deve]oped;

Orowan (18) evaluated the shear'stfess }~at which a dislocation will bow
araund strong barriers separated by a distance %, as illustrated in Figure '
3. It is given by -

Ge . _ (1)

T=—"—

where G is the shear modulus-and b is the Burgers vector. Holmes'(]9) pre-

sented the expression for the critical shear stress (Figure 4)

.
1= ——(F - Fy) (2)
by c t
whefe FC is the critical force for breaking through the barriers at absolute
zero, Ft is an additional. force facilitating surmounting the barriers due

to thermal vibrations, and & is the avefage barrier spacing on the slip



od @

e ©

(1) 2y (3 (@ (5)

Figure 3. Schematic of stages in passage of a dislocation between widely-
i ' separated .obstacles--Orowan's mechanism of hardening
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plane. Fleischer (20) considered thé barriers to be centers of tétra-

gonal distortion due to vacancy or interstitial disks. He obtained

¢ = —Gb | (3)
3.72
where
= (Ingd)E | (4)

1

i
disks in the i-th size interval.

and n; and di are the volume density and the diameter, respectively, of

Foreman and Makin (21) performéd a computer analysis of dislocation
motion through a random planar array of point obstacles. For weak‘barkiers;
the‘criticai shear stress was in'agreement with the expression dérived by
" Friedel (22)
b o o (5)
where nA is the number of barriers per unit area. For strong barriers,
they found (21)
=08 & o | (6)
L S
In another computer study, Foreman (23) determined the critical shear
stress to be ‘
= AR (10 L 4 p) o
2n8 r .

0

where A and B are constants and Yo is the dislocation core radius. Kocks
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(24) using a combihation of statistical theory and graphical analysis for
the case of infinité]y strong barriers found the critical shear stress to
be close to that given in Equation (6).

| Westmacott (25) investigated the hardening in quenchéd aluminum due
to dislocation loops and voids. For dislocation loops of diameter d and
volume density n,‘the yield stress increase was given by

2/3

B

which agrees with the expressions obtained by Friedel (22) and Kroupa and
Hirsch (26) with 8 = 7.3 and 16, respectively. Westmacott g&_él. (27)
pointed out that the nearest neighbor separation g for a random distribu-

tion of n paftic]és‘per unit volume of diameter d should be

e =0.5 (nd)¥ : )
.but the factor of 0;5 was nof confirmed infthe‘computef analysis by |
Foreman (28). Other expressions for 2 baséd on various definitions are
~given by Kocks (29). ' '
Seeger (5) developed a theory of radiation hardening that incorporated

the -thermal activation of slip. His. treatment leads to the expression for

the critical shear stress

oy U 372 KT Nov, 2/33/2 |
T o= (=) [—] {1-[— W(—7—)1 1 (10).
Gb 4y b o, npa .

where Uo and_xo are energy and distance parameters, respectively, in an
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assumed energy profile, k is Boltzmann's constant, T is absolute tempera-

ture, v_ is the frequency with which a dislocation attempts to overcome a

0
barrier, & is the strain fate, and o is a constant missing in the original
paper, as pointed out by Schwink and Grieshammer (30). N is the number of
dislocations per uhit volume pressing against the na barriers per unit
area. As above, G is the shear modulus and b is the Burgers vector. In

deriving Equation (10) the interbarrier distance was taken as

- 1/3
Q:(._GE)

rnA

in accord with Equation (5), following Friedel (22,31). Equation (10)

predicts a square-root dependence of t on radiation dose ¢ (assuming

ny = ¢ and the predominant effect of n, is in-the first factor). It also
predicts a'temperdtUre dependence of the form / |
| (__.T_)n =1 - (_I_)n - (11a)
o To

where n = 2/3 and T, and T, are functions of fhe parameters in Equation (10).
By comparison, Fleischer's theory (32) predicts n = 1/2 in Equation (11a).
The critica1<shear stress is sphetimes ceqsidered‘to consist of two parts,
viz. , .

v ox (T) + 1, o ~(11b)
where T, is 1ndependent of temperature and represents a long-range iﬁter-
action between slip dislocations and barriers and t* (T) is the temperatere

dependent component which represents a short-range interaction or the stress
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required to overcome the Peierls stress (33). Such a simple resolution
of v into two components does not appéér to be unambiguously predicted by

Equation (10).

The grain size dependence of the yield stress if often represented by

the Petch (34) relation

) a0 S ‘
o =0, t kde ‘ o (12)

where ZdG is the average grain diameter and ¢

0 and'ky are constants. This

expreséion is used below to correct for variations in grain size in
- comparing results of various investigators. |
An important question in radﬁation hardening is the way in which the
bérriers to dis]océtion motion in the unirkadiated metal (U bakriers)
combine with those produced upon irradiatibn (I barriers). Tucker and

‘WechsTer (35) have given a treatment of two possible cases: -

1. U and 1_barrier§ acting jndebendentiy
- The net shear‘stress acting on a diéio@ation 1ine at the I barrier
upon yielding is t - s where ru'is'the‘critical shear stress for the un-
irradiéted material.  An analysis simi1ar3tb that,givihg Eqdation (2)
yields -
-y ) s (13)
where oy and oy dre yield stresseé'for thélirradiated and unirradiated

material, respectively, and Tq and Ty are-éorfesponding shear stresses.

The interbarrier distance between I barriers alone ‘s %1 and the critical _

force réqu1red~to surmount the I barriers is Fr = (F¢

"Ft)IA1" a manner

L]
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analogous to Equation (2). If the diameter ¢f the I barriers is dI and
they are distributed randomly with a volume density Nys &g may be written

b= —— | (14)

/nd

where I is a constant close to unity incorporating geometrical considera-
tions as discussed by Kocks (29). If the barriers are present.ih a

distribution of sizes, then

4 = | (15)

where the subscript i denotes quantities pertaihing to the i-th size

interval. Then Equation (13) becomes

oy = —2 g g dI.)' .. | 116)

2. U and I barriers acting jointly

Now the interbarrier distance becomes

K, |
L= — ' (17)
/ydytngdy

where ny and dU are the density and size of the U barriers, and F is an

effective critical force. Then

- F e
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Since o, = o, when n; = 0

2 2 4P

op” = o + ;2—'2 (ngd;) . (19)

For a distribution of sizes, the expression analogous to Equation (16) is

o oy .(§ ", d ) . - (20)

It is instructive to note that Equations (16) and (20) are not of the
same form'except when 0, <%0+ For neutron?irradiated niobium, Tucker and
Wechsler (35) found a somewhat better fit to Equation (20) bésgd on TEM- '
observable defect ciusters. For both cases; the barriers strengths were
determined - to be ‘in the range F = (0.5 - 0.8)Gb2. This corresponds to
strong barrier hardehing, i.e. to F values close to the bowing-around force
indicated by Foreman and Makin (21) and Kocks (24) to be about 0.86b2 for
a random distribution of barriers. ' |

The expression. most often used to describe radiation hardening is

| 24 Vs
op - oy =.—KE Gb(hIdI) . | (21)

which is obtained from Equations-(13) and (14) by'setting Fi = K]sz, where
o=1 for bowing around infinite]y strong'barriers. ~As before, if the

barriers are present in a distribution of sizes, we have
| 4 2K, . S
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C. Experimental Observations of Radiation Hardening
In early experimental observations of radiation hardening, particular
emphasis was placed on the dependence of yield stress on radiation dose. .
Blewitt et al. (36) observed that the yfe]d stress of copper increased as

16 20 n/cm2. However,

the cube root of the dose over the range 10~ to 10
Diehl (37) and Rukwied and Diehl (38) found a square-root dependence at
low doses, followed by a lower hardening rate (saturation) at higher doses.
Similar observations were reported for iron by Seidej (39), Diehl et al.
(40), McRickard (41), and Mogford and Hull (42).

In more recent work, investigators have attempted to correlate the
yield stress with the density and size distribution of defect'clusters, as
well as with thé radiation dose. For neutron-irradiated niobium, Tucker
and Wechsler (35) and Loomis and'Gerber (43) observed that the square-root

17 n/cm2, followed by a

~ dose dependence persists only up to about 7x10
sharply decreased rate of hardening. From the analysis of defect c1usters,l
both investigations indicatéd that the interbarrier spacing (defined for
'example, by Equation (15)).decréased rapidly as a function of dose at
first, but ét higher doses the décrease was less rapid. However, Loomié
and Gérbér (43) reportéd that, particularly for higher-oxygen samples,

the hardening rate increased again for still higher‘doses (above ébqut

18 n/cmz), with an attendant further decrease in interbarrier spacing.

4x10
They interpreted the radiation hardening of niobium to be due to defect
clusters smaller than 70 R.

In a review paper on radiation hardening in b.c.c. transifion metals,

Wronski et al. (44) concluded that source hardening (decreased operation:of
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dislocation sources) operates up to 10!

94n/cm2..but atvhigher dbses,
friction hardening (inhibition of dislocation motion) is superimposed on
this. On the other hand, Evans et al. (45) concluded for niobium that
friction hardening was the primary factor;.whfch.increased with increasing
irradiation temperature.

In vanadium, Shiraishi et al. (46) and BoCek et al. (47) observed
the radiation hardening to follow a square-foot dose dependence_at lower
dbses;.above which saturation was observed. However, radiation hardening
. did not show a tendency for saturaiion up to ax10"? n_/cm2 (E > 1 MeV) in
the work of Smolik and Chen (48). Smidt (49) applied Equation (21) to
'micfohardness measurements on 0.002-inch-thick foils, where dI was the
avefagé defect cluster diameter and n; the total density of all sizes.
Goqd.agreement was ‘obtained with K]/K2 equal to 0.55. On the other hanﬂ,‘
Shiraishi et al. (46,50) found the observed radiation hardening to be at
least severa]_tihes greater than coyld.be accodnted for by EqUation.(ZZ)
~with Ky/Ky = 1. B |
| The effeét of irradiation on the fempératurg dependence df’yie1dihg
has been sfudied in tu (51957); Fe (58-60), steel (61), Mo (62-64),

Nb (58,65-68), and V (47,48,69-71),' Fér vanadium; Arsenault (69) and
Smolik and Chen (48) found roughly the same increase in yield stress upon
irradiation for all test temperatures, as was also observed by Wechsler
et al. for niobiUm.(GB).' In termé of Equation (11b), this means that all

of the radiation hardening resides in v, and none in t*. On the other hand,

Arsenault and Pink (70) found an .increase, decrease, and no change in the

temperature dependence of yield stress dependihg on low (‘<‘90 wt ppm),
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medium ( < 300 wt ppm), and high (880 wt ppm) oxygen concentrations,
respectively. Wechsler et al. (71) also observed an 1ncrea§e in thermal
stress (t*) upon neutron irradiation for low-oxygen (70 wt ppm) vanadium,
particularly at low temperatures. However, the results for higher oxygen
alloys are more complicated. It has been suggested (72) that the in-
creased temperature depehdence upon irradiation is moré pronounced for
higher purity materials, but additional work is needed to estab]ish the
point. A further complication, as shown in the work of Bocek ég_gl. (47),
is that T and t* may both be affected by ifradiation in a way that debends
‘on radiation dose. BoCek and Elen (73) studied the dose dependence of
activation volume of neutron-irradiated vanadium and concluded that the
changes in activation volume upon irradiation are dependent on dxygen con-
tent and irradiation temperature. The effect of interstitial impurities’
to'fncrease fadiation hardening was pointed out in a short cénmunication :
. by Hasson and Arsenault (74). |

| The infiuence of irradiation temperature on the hérdening behavior of
refractory b.c.c. metals and alloys Was discussed by Moteff et al. (75)
and results are given for some e1evatéd temperature irradiations of Mo,

Mo - 0.5% Ti, Nb, and Nb - 1% Fr. Also, Rau and Moteff (76) performed
tensile and TEM tests on tungsten irradiated at bout 70°C.}_Using Equation
(21), they determined 2A|<]/|<2 to be 0.19. |

D. Radiation-Anneal Hardening and Stage III Annealing
As has been pointed out in the Tlast sectidn, neutron irradiation causes
an increase in yield stress of metals. Moreover in b.c.c. metals there is

a striking further increase upon post-irradiation annealing which is
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| designated as radiation-anneal hardening (RAH). This hardening takes
place upon post-irradiat%on annealing at lower temperatures before re-
covery towards the pre-irradiation value sets in upbn highér temperature
annealing. Makin and Minter (77) first observed this penomenon in
| niobium containing 1600 wt ppm oxygen and neutron irradiated to a dose
of 1 x 1020 (E>1 MeV). They found that post-irradiation anneals between
* 100°C and 200°C caused the yield stress to increase and uniform elonga-
tion‘tb decrease. The yield stress began to decrease af about 350°C |
and recovery to pre-irradiation strengtﬁ was complete at about 6005C.
Makin and Minter (77) attributed the radiation-anneal hardening at 100 -
200°C to the migration of vacancies produced during irradiation to dis-
locations on the basis of the activation energy (1.3 + 0.1 eV)‘obtained
_from the radiation-anneal hardehing rates at different temperatures.
Radiation-annea]'hardéning in niobium was a]soAsthdied by Ohr et al.
(78). They observed radiation-anneal hardening’peaks at 150°C and 300°C,
which they attributed to oxygén and carbon migfation, respectively, to
radiation-produced'deféct clusters, thereby strengthening them as barriers
to slip dislocation motion. Ohr et al. (78) pointed out that the activa-
tion ehergy of 1.3 + 0.1 eV reported by Makin and Minter (77) agrees witb
~ the energy for oxygen diffusion of 1.17 eV (79).
Radiation-annea1 hardening has also been reported for Mo (64;80-82),
W. (76,82), Fe.(66), and V (46,48-50,71,83-86). It is interesting, however,
that experiments on other samples of these same metals, e.g., Fe (87), '
V (46,48), and V-Ti (86), have failed to reveal radiation-anneal hardening.

If radiation-anneal hardening is attributable to the trapping of interstitial
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impuritieé at radiation-produced defect clusters, as has been suggested
(78,86,88), whether or not radiation-anneal hardéning is observed will

, debend on the preseﬁcé of sufficient interstitial impurities in solid
solution in the as-irradiated materials. In a sense, then, radiation-
anneal hardening is an analogue of stain-anneal hardening or stain aging
A(88). Other possibilities suggested in the literature are that radiation-?
anneal hardéning}may be due fo agglomeration of defect clusters or inter-
stitial impdrities (46) or to condensation of vacancies onto dis]ocafions"
(81).

_ Resistivity and internal friction measﬁrements in irradiated and cold-
worked metals have been used to pfbvide an understanding of the origin of
radiation-annéal hardening. The electrical resistfvjty in cold-worked and
irradiated b.c.c.‘metals shows a pronounced annealing stage at about 0.2
Tm where Tm is the melting temperature in °K. This stage is designated
aﬁ Stage III annealing by analogy with copper. The origin -of Stage I11I fn
b.g.c. metals has been attributed to migration .of intrinsic defects (self-
interstitials, di-interstitials, vacancies, divancies, etc.) (80,89-98) or
to interstitial impurity migration (48,49,71,72,88,99-111).

f Peacock and Johnson (91) interpreted the S;age III: recovery of
electrical resistivity in neUtrqn-irradiated molybdenum and niobium as due
to vacancy migratioh to.interstitfa1 impurity gtoms or to radiation-produced
: de%ect clusters. However, Nihoul (93) on the basis of his analysis 6f
Peacock and Johnson' s (91) data found that they obeyed second-order kinetics,
suggesting that recovery. was due to migration of self-interstitials to‘
~ vacancies. Stals and Nihoul (94) and Schultz (95) then interpreted Stage 111
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annealing in niobium as being due to self-interstitial m1grat10n.

Perepezko et al. (96) investigated Stage III resistivity }ecovery in cold-
worked and neutron-irradiated vanadium and found an activation energy of
0.8 eV, which led them to conclude that recovery was caused by annihilation
of some species of lattice defects (intrinsic defects) rather than to the
redistribution of interstitial impurities.

Rosenfield (107) first pointed out that siﬁce the activation energies

determined by various authors for Stage III in b.c.c. metals are quite
similar to energies for interstitia] impurity migration, the récovery was
controlled by the impurities, and it was indeed shown by Kothe and Schlat
(102), Dinter (103), and Cuddy (104) that in cold-worked materials con-
taining very low impurity content, Stage I11 is absenf. Further support
for attributing the Stage 111 annealing and radiatioh-annea] hardening to
extrinsic factprs (interstitial impurities) is gained by various studies
on electrical resistivity and'inferna1 friction of niobium by‘Wi11iams |
et al. (99) who indicated that oxygen is the‘mobi1e agent responsible for
the bost-irradiation annealing stage on the basis of (a) annealing staéé
at -100-200°C in niobium does not occur unless oxygen is present, (b) de-
"~ crease in resisti?ity js accompanied by a decrease in Snoek internal
friction peak specifically due to oxygen, (c) resistivity decreases below .
pre-irradiation value, (d) the activation energy for the annealing stage
is 1.2 eV (99) is in good agreement with that of okygen jumping in niobium
(79). v

Stanley et al. (110) studied the effects of interstitial impurities

~ (oxygen) on annealing of neutron-irradiated vanadium and found (a) magnitude -
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of resistivity annealing stage was larger for vanadium with higher oxygen
and carbon content, (b) an activation energy of 1.2 + 0.1 eV which cor-
responds to oxygen migration in vénadium (79), (c) Snoek peak due to oxy-
gen and carbon decreased upon post-irradiation annealing at about 180°C.
More or less similar conclusions were drawn by McIlwain et al. (83) on
neutron-irradiated vanadium. |

There is, however, a continuing débate_in the technical literature
(97,98,111) as to Qhether radiation-anneal hérdening and Stage III anneal-
ing are due to intrinsic radiation-produced defects or to impurities. One
of the goals of the present study_is to helb resolve the question by
studying these'phendmenavin vanadium as a functfon of oxygen impurity con-
centrations. It is seen below that our results tend to support the view
that impurities are én important factor in radiation;annea1 hardening and

Stage III annealing.

E. Defect C]Qsters - Direct Observation
When a metal is bombarded with neutrons, vacancies and interstitials

are created in the displacement cascade regions. This defect §tructure is
more complex than in quenched meta]s where only vacancies are retained.

The agglomeration of defect clusters into sizes resolvable by fransmission
e]eétron microscopy (TEM) is influenced by various factors. The homologous
irradiation temperature clearly influences the mobility of the defects
produced during irradiation and hence their agglomeration. The reactor
ambient temperatufe may be widely different for different metals on a

homologous temperature scale. The defect concentration produced upon
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irradiation and the neutron energies also affect.the agglomeration. The
neutron spectra may vary from reactor'to reactor, which may cause changes

in agglomeration. In fact, the conflicting observations of the nature of
defect clusters in copper may have been explained partly on this basis.

The purity of the metal is also an important factor. Impurity atoms may
act as heterogeneous nucleation sites, reduée the loss of energy in sub-
threshold manner by causing dechanneling and defocusing and cause trapping -
of defects. | |

Apart from frradiation temperature, neutron energies and spectra, and

: impUrity of thé metal, post-irradiation annealing influences the defect
cluster agg1omerat10n by providing}mdbi1ity to the defects and enhancing
the agglomeration. In some cases, post-irradiation.annéaTing is necessary
in order thét the clusters may grow and be resolvable by TEM. Even in
_cases where defect clusters are visible by TEM in the as-irradiated con-
dition, it may be necessary to perform post-irradiation annealing in order
for them to agglomerate to sizes which can be analyzed for their nature
(interstitial or vacahcy), a]thoqgh,they may have been changed‘in the
process of annealing, _

Transmissfon electron microscopy (TEM) has beeh exfensive]y used for w
the direct observation of defect clusters in irradiated metals. Since the
first study in 1959 by Silcox and Hirsch (112), there has been considerable
interest in the subject. Consequently there is an enormous amount of
Titerature available on the subject. However, due to 1imitedvscopé of this
thesis, the review will be limited to direct clusters in b.c.c. metals

wiﬁh brief mention of some early studies on copper and aluminum. For defects
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in quenched metals And general aspects of'theory and review the reader
is Eeferred to referenées (113-134).

Silcox and Hirsch (112) first reported observétioﬁ of black spots or
dislocation loops in copper irradiated to doses in the range of 6.7 x 10]7
to 1.4 x 1020 nsem? (E>1 MeV) at temperatures of 35°C and 60-100°C,
respectively. The loops were believed to.be due to vacancies clustering
in the displacement spikes and subsequent collapsing into discs. Radiation
hardening was attributed to dislocations cutting the forést of loops. This
was the first reported observation of radiation damage in metals by TEM.
Subsequently black dots have beeﬁ reported in various irradiated and
quenched metals.

In a detailed study oh‘heutron irradfated copper, Makin et al. {135,
136) fqund that irradiation 1eads-to two kinds of defects: resolvab]e
Toops and small defect clustgks (< 25R) observed as black dots. The size
distribution funétibn (number of defécts per unft volume in a size interval
i.e., number cm'3 R'1) was found to decrease monotonically with incre§§ing
size of clusters. With increasing dose the concentration of loops of
given size decreased and the size of largest loops increased, suggesting
that loops grow'{n size by absorption of point defects and do not nucleate
at their final size. The concentration of loops of a given size increaséd
with increasing dose at a rate sma]]ér than Tinear. In copper containing
0.1% sflVer the 1oop density was found to be rdugth four times larger for
the same dose than in pure copper (136) which suggests that the impurities
act as nucleation sites for defect clusters. For other studies on cobper,

see references (137-143).
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In aluminum, Silcox (144) and Thomas and Whitton (145) failed to

20 2. whereas Bierlein and

. observe loops even after irradiation to 10 n/cm

Mastel (146) were able to reveal loops in specimens irradiated up to a
dose of only 3 x 10]8 n/cmz. The concentration of these loops was found
" to increase with increasing dose. Westmacott et al. (147) found loops in
aluminum irradiated by fission fragments, suggesting that nucleation

| prdbabi1ity is strongly damage-rate dependent.

.The 1iteraturevwith‘regard to TEM observations in b.c.c. metals has
been amply reviewed by Tucker (67) and in the proceedings of recent con-
ferences (148-151). It suffices, therefore, to simply cite fhe relevant
references for 1fon and several of the b.c.c. refractory metals. For Nb
and V, however, we shal]sdescribe the 1iterature in more detai1.. Thus:

Iron: Hull and Mogford (152), Eyre (153), Eyre and Bartlett
(154), Bryner (155,156), Ohr (157), Masters (158,159) -

~ Tungsten: Lacefield et al. (160), Rau and Mdteff'(76), Rau
et al. (161), Sikka and Moteff (162), Sikka and Moteff
(163] |

Molybdenum: Kerridge et al. (164), Mastel et al. (165), Downey
' and Eyre (80?, Meakin and Greenfield (166), Brimhall et al.
(167,168), Brimhall and Mastel (169), Rao and Thomas (170),
Maher and Eyre (171), Eyre and Downecy (172), Maher and
Eyre (173), Eyre et al. (174), Moteff et al. (75), and
Brimhall (175{.

~ Defect clusters were first observed in niobium by Tucker and Ohr (176)
following irradiation to 2 x 10]8 n_/cm2 (E>1 MeV) at 50°C. In later work

(35,58,67,78,177), the density and size distribution of defect clusters

were observed following irradiation at 50°C to various doses from 2.2 x 10]7

18

to 4.4 x 10 n/cm2 (E>1 MeV) and upon post-irradiatidn'annea]ing up to

600°C. The results of Tucker and Wechsler (35) indicated that the total
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defect cfuster-deﬁsity increased from 1.3 x 1015 cm'3 for a dose of 2.2
X 10]7 n/cm2 (E>1 MeV) to 7.4 x 1015 -3 for 1.8 x 1018 n/cm2 (E>1 Mev).
The size distribution curves showed a peak in a11 cases. Loomis and
Gerber (43) investigated the effect of oxygen on defect agglomeration in
niobium irradiated to 4 x 10]9 n/cm2 at 30-50°C and found that oxygen has
a pronounced effect on the diameter and density of defect clusters and
loops and on radiation induced hardening. These authors found the size
distribution function monotonically decreasing with increasing size.

Rau and Ladd (178) first investigated radiation damage by TEM in

19 n/cm2 at ~

single crystal vanadium irradiated to a fluence of 5.4 x 10
70°C.- Following irradiation, anneals Wére carried out at temperatures
ranging from 330‘to 1175°C. In as- 1rrad1ated material the average est1ma-
ted size of cluster was reported as 25-50 R and estimated density as 10]6
to 10'7 per cn®. Upon annealing at 330°C, 510°C, 650°C, 815°C and 1175°C
the average size and clusters densities were 75 R and 1.2 x 10 /cm3,

125 8 and 4.6 x 105/cn3, 175 8 and 9.7 x 10M%/en®, 400 & and 2.1 x 10/
'cm3 and 500 R and 1.1 x 10 /cm , respectively.

Smidt (49) observed a defect c]uster density of 3.7 + 0.7 x 1016/cm3
~after irradiation at 55°C to 1 x 101g n/cm3 (E>1 MeV). The size distribu-
tfon function exhibited a peak when plotted against diameter‘éf cluster.
'The average d1ameter was found to be 28.6 + 2.0 R. Upon annealing for 2
hrs. at 420°C the density of 3. 8 + 0.8 x 1016 and a size of 34.6 + 2.0 R
was reported and at 600°C anneal a density of 9.7 x 1014/cm3 aﬁd a size of
180 + 5.0 R was observed. Upon higher temperature anneals (> 750°C). no

defect clusters were observed.
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Shiraishi et al. (50) irradiated 99.8% pure vanadium to a fluence of
8.2 x 101 n/cm2 at 200°C and observed é defect cluster density of 1.4 x
10]6/cm3 and an average diameter of 70 R in as-irradiated and 2.1_x.1014/
cm3 and 300 R, respéctive1y, for 600°C post-irradiation annealed speci-
mens . |

Elen (179) investigated commercial purity vanadium (99.7%) irradiated
to 7.2 x 109 equivalent fission neutrons per cm? at 80°C and observed

16 defect c]usters/cm3 of average size 70 R in as-irradiated, 2.4

2.3 x 10
x 10'8/cn® and 86 R in 200°C-annealed, 1.7 x 10'5/cn3 and 92 R in 400°C-
“annealed, 3.1 x 10'°/cn’ and 157 R in 500°C-annealed and 1.8 x 10'*/cn’

and 229 R 1in 570°C-annealed specihens, respectively. No clusters were
observed .upon annealing at 100°C. BoEbk and Elen (73) irradiated vanadium
to 1 x 10'% n/en? (E>1 MeV) at 150-250°C and at 250-350°C. For the"Tower

irradiation temperature, they observed a defect cluster density of 2 x 10]6

. cm'3 and an average size of 30 R, whereas for the higher irradiation tempera-

B cm'3) and the average size larger

ture, the dehsity was Tower (5 x 1
(80 R); For the higher irradiation temberatufe, they also reported large:
.p1ate1ets which they attributed to impurity precipitate particles.
Shiraishi et al. (46) reportéd an averageﬂdefect cluster diameter of
30 R and a density of 5 x 1016/cm3 in vanadfum containing 190 ppm oxygen
irradiated to 2.4 x 10]9 n/cmz (E>1 MeV) at 70°C. The loop density de-
creased to ~ 1 x 10]5/cm3 upon post irradiation annealing at 600°C and the
1argest<1oop diameter was observed to be 150 R,following a post-irradiation

anneal at ~ 530°C.

The role of interstitial impurities in void formation in vanadium has



3]

also been‘studied by various investigators (180-182). A typical study

by Car1ander‘g£_gl., (180) indicated a marked Qecrease in the diameter and
number density of voids with increasing oxygen content from 0.02 to 0.09
wt.‘pércent. They also observed a bimodal void size distribution in the
higher oxygen material.

In vanadium, Rau and Ladd (178) and Smidt (49) analyzed the loops re-
maining after a post-irradiation annea] at about 600°C to be of 1nter-
stitial nature whefeas Elen (179) and Shiraishi et al. (50) found large
loops to be of vacancy type.

Shiraishi et al. (46) found defect clusters to be of interstitial

‘nature with a/2 <111> Burger vector, in specimens irradiated to 7.5 x 10]7

19 n/cm? and post-irradiation annealed to 500 or 550°C. How-

20 2

to 5.0 x 10

ever, in the specimen irradiated to 1.0 x 10" n/cm~ and annealed to 550°C
the,jarge dislocation loops were analyzed to be vacancy loops having a
~Burgers vector of a/2 <111> on {111} piane.

It is evident from the above review of TEM observations for vanadium
that wide variations in resu]ts have been obtained. One source of this
variability is the 1mpur1ty content of the various vanadium materials
employed. There has been no systematic study of the effect of impurit1es
on defect clusters in vanadfﬁm, and this has provided an additional

motivation for the present work.
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F. Dislocation Channeling

Dislocation channeling is a process by which slip dislocations
eliminate defect clusters or dislocation 1oops'broduced upon irradiation
or quenching. This results in a defect-free band or channel along the
slip p]ané. Dislocation channe]iné was predicted by Cottrell (183) and
first observed in neutron ifradiated copper by Greenfield and Wilsdorf
(184), Seeger (185), and Essmann and Seegeri(186). The subject was |
recently reviewed by Wechsler (187).

Shérp (188) investigated dislocation channeling in neutron-irradiated
copper as a function of déeformation temperature, neutron dose, and strain.
He observed a sﬁrong cdrreépondence between the channels and surface steps
at slip bands, and reported that 2 to 3 dislocations move down the
channels per slip plane. In thé case of Cu-8% Al alloy crystals, however,
~ -Brimhall and Mastel (189) observed that dislocation channels do not oceur,
which was attributed to the low stacking fault energy causing extended
dié]ocations and inhibitidn of cross-slip. Nevertheless, dislocation
channeling is quite‘wide]y observed in irradiated and iﬁ quenéhed'méta]s,
as indicated by the following:

Irradiated 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).- S :
Quenched metals: A1 (194-199) and Au (200-201).
In almost all of the channeling observations the trace of the channel
plane in the éurface of view was consistent with the recognized slip plane

for the metal under investigation. In Cu, for example, channels correspond - S
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to {111} planes and in Mo and Nb to {110} or {112} planes.

It is sometimes possible to identify the crystallographic orienta;
tion of the channel plane and determine the Burgers vectbr of the slip
dislocation by using diffraction contrast. By examining transmission
electron micrographs, the amount of shear displacement and the number of
dislocations per channel may be determined. In neutron-irradiated Nb
Tucker et al. (191) found that the shear strain was about 1.2 - 3.7, and
1-3 channeling dislocatibns passed per atomic plane in agreeﬁent with
Sharp's results (188). |

The effect of annealing has also been studied on samples that were
'irradiated and deformed. Sharp (188) found that anneals for one h6Ur‘at
200°C and 250°C did not cause any submicroscopic dﬁrectAc]usters within
: channe]s or w1den1ng of .channels.

Huang and Arsenau]t (192) found mid-ribs in some of the channels of
~high purity samples wh1;h were explained as being due to two channels
forming paré]]e] to each other, the second channel forming as a result of
a disiocation.sburce\being activated by stress field of dynamic pile-up
occurring during the formation of the first channel.

The presence or absence of dislocations within the channel is a
quéstion of some inte}est. In general, only a few dislocations have been
observed within channels. Dis}ocatidﬁ tangles and debris were observed
at channel intersections in niobium (191). Sm1dt and Mastel (202) ob-
served tangled arrays of dislocations in neutron- irradiated and deformed
iron. - However, the neutron-produced clusters were invisible in their

study. Channeling was deduced from the fact that tangled arrays of
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dislocations of finite widths were observed along crystallographic
directions. Huang and Arsenault (192) observed dislocation channels and
dislocation arrays within channels which_ﬁere independent of oxygen con-
centration.

The occurrence of channeling in radiation-anneal-hardened material
is_ambiguous. In Nb Tucker et al. (191) found that no channels were ‘
produced in a sémp]e_radiation-anneal hardened at 350°C for 1 hr, while
Shiraishi et al. (50) observed channels in vanadium post—irradiatibn
"annealed at 400°C for 1 hr.

The rémova]AQf defect clusters 6r dislocation loops in the path of
moving dislocations has been explained by various mechanisms. According
to one mechanism the channels are produced by sweeping aside the defect
'clusters in the manner of a snow-plow. This mechanism can be discounted
because it suggésts higher defect cluster densities near_the qhanne]‘wa11,
which has not'been observed in most cases. Another mechanism that relies
on the annihilation of defect clusters by anti-defects does not seem
plausible in view of Sharp's (188) observation that disTocation channeling
takes place upon deformation at 4°K in irradiated copper which minimizes
the importance of atomic diffusion.

- Mechanisms of dis]ocation channeling have been discussed (203) in
which dislocation loops are fncofporated into fhé slip dislocation. How-
ever this requires that the loop and dis]ocation‘have the same or opposite
Burgers vectors and that the loop interacts with the dislocation on the
slip plane. However, as Sharp (188) has pointed out, many loops will have

Burgers vectors included to the primary slip plane.
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Another mechanism of dislocation interaction resu]ting in loop
annihilation in f.c.c. metals was proposed by Foreman and Sharp (204)
and is shown in Figure 5. This mechanism involves coalescence of a
prismatic loop into the slip dislocation resulting in a slip dislocation
with a semicircular hump. Such configurations have been seen in quenched
single crystals of aluminum. A similar mechanism was proposed by Strudel
and Washburn (205). |

There is another mechanism proposed for channeling according to which
the defects are removed by adiabatic heating due to the local rapid re-
lease of the energy of plastic deformation. This mechanism has been dis- '
cussed bfief1y and applied to dislocation channeling in Nb by Tucker et

al. (191).

G. Strain Agiﬁg

| Body-centered cubic metals cohtaining interstitial impurities exhibit
a sharp yield drop and_ah inérease in y1é1d stress when pre-deformed
material has been aged for a sufficient time at an appropriate temperature.
Cottrell and Bilby (206) treated the phenomenon_theoretica11y based on
segregation of impurities to form atmospheres around the dislocations.
Dis]ocatidns surrounded by the atmospheres can be torn away from them only
' by app1ication of sufficiently high stress. When this critical stress is
rééchéd, the slip dis]ocations become highly mobile, producing sufficient
plastic deformation to permit the usual hard tensile machine to unload
spmewhat. This is reflected in a decrease in flow stress from the upper

yield stress to the lower yield stress, i.e., a yield drop is observed. A



Fiqure 5.

Schematic representatfon of d1s1ocat1on channe11ng mechanism proposed
by Foreman and Sharp (204) ‘

9¢
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specimen which is unloaded in this condition contains free dislocations
énd, on immediate reloading, shows no yield drop. But if the specimen
is aged at a sufficient temperature for the interstitial impurities to
migfate and form new. solute atmospheres around dis]ocations, the yield"
drop returns. Cottrell and Bilby (206) found that in the initial stages
fhe rate of accumulation of impurities in the dislocation core region is
proportional to the two-thirds power of the time. They neglected, how-
ever, the impurity flow by diffusion dué to concentration gradients and.
the depletion of’impuritieslfrom the bulk material as the aging process
proceeds. Bullough and Newman (207) made a more thorough theoretical

_ analysis of the formation of equilibrium atmospheres.around the dis- .
llocations.

Alternatively, Johnston and Gilman (208) have deduced from observa-
tions in LiF single crystals. that grown-in dis]ocations-femain-]ocked and
that plastic flow is initiated by heterogeneous nucleation and rapid multi-
p]ication bf new dislocations. Hahn (209) extended this'thgory ta account |
for yielding in b.c.c. metals. According to this theory three.cdnditions
must be satisfied for the occurrence of a yield drop: (1) initial dis-
Iocation density mu-t be small, (2) the disiocatiqn velocity must not in-
crease too rapidly with increasing stress, and (3) the dislocations must
mu1t1p1y rapidly. The first and most important condition.cah be achieved

simply by "lockihg" the dislocation by impurity interaction in b.c.c.

- metals.

The initial observations of the strain aging phenomenon were limited -

to iron and steels, but Tater this phenomenon was observed in other b.c.c. -
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metals, e.g., W (210,211), Ta (212), and Nb~(212-215). Ih.vanadium,
Bradford and Carlson (216) investigated the role of oxygen in strain

aging and observed discontinuous yielding 1n'témperature ranges.of 150°
“to 175°C and also 350°C to 400°C. The magnitude and intensity of
serrations in the stress-strain curve were found to.vary considerably
with aexygen content.” From strain aging experiments emp]oying,a~return.of
yield point criferioh, the diffusing species responsible for this effect
Alwas shown to have an activation enefgy nearly equal to that of oxygen

or carbon in vanadium. It was found that low-temperature serrations could
be direcfly étfribﬁted to oxygen, buf the tensile and 'yield strengths
attained minimum rather than maximum vaiues in.this temperature range which
":1s typical of strain aging behavior.

Keith aﬁd Iverson (217) found that oxygen and nitrogen cause strain
‘aging in e]ectro-refined vanadium at 300° to 400°C as evidenced by maxima
in yield and tensile strengths and by Snoek internal friction peaks.
Thompson and Carlson (218) stﬁdied strain aging in vanadium due to nitro-
gen. In the temperature range of 300° to 400°C, serrated stress-stfain
curves and maxima in tensile strength, yield strength and strain-hardening
- coefficients Weré found. An activation energy of 37.3 1_3.7 Kcal/mole |
‘was obtained from strain rate depéndencé of the strain-aging peakAand
36.2 + 4.5 Kcal/mole from- yield point return method. These values agree
well with the activation eneréy of diffusion of nitrogen 1n}vanadium, 34.1
Kcal/mole (79,102) indicating that nitrogen is associafed with the strain-
aging effects observed in vanadium.'

Edington et al. (219) investigated strain aging of vanadium by
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mechanical properties measurements and transmission electron microscopy
and found four distinct stages of aging whiéh were attriﬁuted to the
diffusion of oxygen and/or carbon to the dislocations. The observations
indicated that dislocations are fully locked by Cottrell atmospheres after
.an aging treatment of 60 min-at 100°C. Also, they are unbinned on re-
- straining after aging for less than 60 minutes, but for longer aging
times, new dislocations are created on re-straining. Segregation of im-
purities at dislocations was contended to be the mechanism for. progressive
increase in strength and a general rise in the stress-strain curve. In-
crease in work hardening rate observed on re-straining<after long aging
times has been attributed to an increase in the number of active dis- -
lTocation sources compared with the pumber observed after shorter agihg
times. After a very long aging time, Qenera] softening Was observed which
was explained as being due to cqarsehing of'precipitate particlés on pre-
strain dislocations. |

The bombardment of méta]s with high-energy particles can be expected
to produce point defects, mainly vacancies and interstitials, and local
regions of severe damage. The excess vacancies produged by the irradiation
can aid the diffusion process in metals.‘ The acceierated diffusion and
possible trapping of diffusing species can cauée changes in the strain-
aging behavior of irradiated metals. Fujita and Damask (106) compared the
resistivity changes in irradiated and unirradiated quenched iron-carbon
alloy and found five annealing stages in.irradiated metal against two in
the unirradiafed metal.‘ They concluded that carbop atoms are'temporarily

trapped by radiation-produced point defects and the trabping'octurs only at
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a temperature higher than thaf at which metastab]e carbide cén form. No
fesistivity decay associated with formation of metésﬁab1e carbide was
observed in specimens irradiated to sufficient dosage to trap all carbon
atoms.

In a previous Study, Wagenblast and Damask (220) found that irradia-
tion acceierated the disappearance of carbon from solution inAfroh by |
~ about three orders:of magnitude over the thermal rate. Radiation-
enhanced removél from solid solution of nitrogen in alphaAiron was re-
ported by Stanley (221).

Bement (222) investigafed effects of ngutron irradiation: on iron;
nitrogen.and found that upon irradiation the strain aging tendency was re-
duced because of the reduction in the number of hitrogen atoms in solid
solution contributing to strain aging. Ohr et al. (66) also reported a
decrease in strain aging response in irradiated Fe-N, which is consistent
with the removal of nitrogen frqm solid solution as it becomes trapped at
radiation-produced defect clusters.

i . Investigating the effects of irradiation on the strain_aging behavior
- of Zircaloy-2 by measuring the parameter Ac/& (thg'ratio of increase in
flow stress to flow stress at which the test was terﬁinated), Veevers and
Rotsey (223) and Veevers et al. (224) found that the strain aging decreased
upon irradiation. It was suggested that the defects produced in Zircaloy-2
by fast neutron irradiation trdpped oxygen atoms and prevented strafn '
aging. |

In the present work, strain agiﬁg due to oxygen in vénadium is de-

creased upon irradiation, which.is again consistent with the trapping of
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oxygen at radiation-produced defect clusters. A preliminary deséription

of this observation was given by Wechsler and Bajaj. (225).



42

III. MATERIALS AND EXPERIMENTAL PROCEDURES

A. Origin of Materials

Vanadium used for radiation-anneal hardening and strain-aging speci-
mens was supplied by U.S. Bureau of Mines, Bou]def City, Nevada through
the codrtesy of T. A. Sullivan. The material was in the forh of electro-
refined dendritic crystals. The compositioﬁ of as-received material is
given 1n‘Tab1e 1. The chemical analysis was carried outAit Ames Laboratory.

The material used for single crystal specimens for microhardness |
measurements, transmission electron microscopy and dislocation channeling
studies was supplied by Argonné'National Laboratory. The chemical analysis

of this material is a]éo given in Table 1.

B. Preparation of Tensile Samples

Since the 1nvéstigation involves the effect of oxygen on radiation
damage in vanédidm, specimens with three different oxygen contents were
prepared. The as-received material wés designated as wa-oxygen material
and‘two other oxygen concentrétions were obtained by co-arc melting vanadiuh
metal and pre-wéfghéd amounts of V205 in a gétteked argdn 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
~ma¢hined into feﬁ§i1e specimens of one-inch gage length and 0.08-inch gage
diameter using a tracer machining process to give specimens of precise
dimensions and shape. The specimens were then electropolished in 20%

H2504-80% methanol solution at 20 volts and 2.0 amps current at room
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Table 1. Chemical analyses of as-received material in weight parts per

million®
‘Element Source . '
: U.S. Bureau of Mines Argonne National Laboratory

0 13 25
C 7 | 9
H 70 145
N 1 2
Fe 25 45
Ni 20 < 50
| Al <20 27
er 50. < 80
Mg <20 < 20
.S < 40 < 40
Cu < 30 < 25
Ti not détected < 25

- %0ther impurities less than detectable spectrographic limits.
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temperature. The spe#imen was rotated at a slow speed during pd]ishing.
The polished specimens were then successfully rinsed in water, acetone
and alcohol and dried. The specimens were then carefully wrapped in
tantalum foils in-3 separate batches and annealed at 900°C for 12 hours

7 torr. Following the anneal, the analysis of

at a pressure of about 10~
oxygen, nitrogen, and hydrogen was carried out by gas fusion anaTysis and
C, Ni, and Fe contents were determined by wet éhemica] methods. Other
impﬁrities were analyzed by spectrographic techniques. Grain size of the
specimens was determined by analyzing micrographs obtained at 80X. The

analyses and grain sizes are given in Table 2.

C. Preparation of Single Crystal Rods

Single crystal rods'were grown from 3/16-inch swaged poly-crystalline
rods, which had been pré-doped with oxygen by fhe method described above.
The crystals were grown in a Matériais Research quporaiion'electron-beam
floating-zone refiner, Model EB2-93. The unit consists of a scanher :
aséembly'encased in a steel chamber which is evacuated using mechanical
and diffusion pumps equipped with freon and liquid nitrogen co]d;traps;
The blank of pressure in the specimen chamber before zoning was 2-4'),('10'7
torr. The swaged rod was moﬁnted on the scanner assembly in V-groove
mounts and passed.through an aperture in a cylindrically-shaped electron
gun assembly. The e]ecﬁron gun, attached to a stage that moved vertically
and para]lé] to the specimen axis was composed of a 2-mm-diameter annq1ar

filament of 0.5 mm diameter tungsten wire-enttosed in a molybdenum beam-

focusing pillbox. Focusing of the electron beam was accomplished by two
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Chemical analyses of polycrystalline tensile samples in

Table 2.
~weight parts per million
Low Medium . High
oxygen : oxygen oxygen
Element sample designation
V-60 - V-205 4 V-640
Interstitial
impurities
0 60 ' 205 640
c 30-40 | 50 | 60-80
N 1-6 N ’ 2-6 ‘ 2-4
H 28 10-12 15-18
Substitutional
impurities@ '
Fe 50-70 . 15-20 S 15-20
Ni g-12 . 17-25 | 20-25
A < 20 - <20 <20
Mg < 20 < 20 : L. <20
51 <40 < 40 <40
Average grain ' .
size in mm 0.024 0.142 0.146
4Total of other substitutional impurities, < 100 ppm.
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grounded monbdenum annular plates 4 mm apart equally spaced to either
side of the filament. The electron beam power supply was capeble of a
variable voltage to 10 kilovolts and a beam current of 500 milliamperes.

‘The swaged rods were prepared for sin§1e crystal growth by removing
'several mils from the surface using a chemicai polishing solution of
H2504'H20°HN03 in proportions of 1:1:1.: Tne nods to be grown and the
seed crystal with orientation c1ose to [149] were mounted vertically
w1th a separat1on of about 3 mm between them. The rod was mounted in the
V- groove of the upper fixture and the seed crysta] was mounted in the
lower f1xture with spring steel wires screwed to the fixtures. This
method of mounting reduces the thermal‘stresses produced in the crystal
‘due to heating and subsequent cooling.

The rod and seed crystal were coneentrica11y aligned with the aperture
in the electron gun assembly and were parallel to the_direction'of travel.
After aligning, the chamber was ¢losed and evaouation carried-out to a
pnessure of 2-4 x 1077 torr.

The power supply was operated so as to maintain a potent1a1 difference
of about 2 kv between the tungsten filament and the rod yielding a beam
current of about 100 mA. The filament was maintained at temperatures
Tower than the molten zone of the rod in order to minimize contamination
from tungsten. This was evidenced by the color of the fi]ment and a thin
deposit of vanadium seen on the filament. _The deposit caused the filament
to sag and reduced its life. Initially, the electron gun was positioned

at the gap between rod and the seed so as to melt the lower end of the



47

rod onto the seed crystal. Then the gun position was adjusted from
outside_thé vacuum chamber to melt the upper end of the seed crystal.

The length of the molten zone, which is determined by the surface fension
of the metal, beam current, beam voltage and beam_fdéusing pillbox

design, was adjusted to (1-1.5) times the diameter of the rod by adjusting
the beam current. After these adjustments, the e]ectronqgun was set to
travel automatically in an upward direction at a speed of approximately

12 -inches per hour. During-melting, the pressure in the specimen chamber

rose to 4-6 x ]0'5

‘torr. As the rod solidified, it had the orientation of
the seed single crystal. After a single crystal of about 7-inch length
was grown, the current was turned off and the crystal was then allowed to |
' cop1 to the room temperature 1n‘vacuum. The surface of the single crystal
was generally smooth. . ‘

“The rods thus obtained were then analyzed for axia14or1entation using
Laue back reflection x-ray techniques wfth a film-to-camera distance of
3 cm. The orientatioh of the 3Aroqs is given in Figure 6.

The single crystal rods thusAobtaineq (one 7-inch rod of each of
three oxyden conéentrations) were cut in two and machined to ~ 3.5 mm
diameter. "The rods were then cut into ~ 9-mm-long pieces and ~ 1-mm-thick
slices using a high spéed cutting wheel. From the 9-mm-long pfeces,
compression speciméns 8-mm long x 3-mm diameter were prepared by mechanical-
ly polished on both sides to 0.5-mm-thick specimens for microhardness
measureﬁents and fransmission electron microscopy.

The compression Specimens'and the slices were then cleaned and wrapped

in tantalum foils in separate packages and annealed at 900°C for ~ 20 hr.
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Figure 6. Orientations of single crystal rods on a
standard stereographic triangle:
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Following annealing, the Specimené were analyzed. The analysis is given
in Table 3.
D. Irradiation Procedures

1. Tensile samples

The polycrystalline tensile specimens used for radiation-anneal
hardening and strain-aging'studies were irradiated byﬁpacking them into
three aluminum capsules with perforated ends stacked one over the other
with a thermocoupie in the midd]e}capsule for temperature recording. The
capsu1es were placed in an'a1uminum can with a 0.030-inch-thick Cd 1iner
to shield off 97% of the thermal neutrons. The irradiation was carried
out in the Ames Laboratory Reseafch Reactor (ALRR) in the V-1.faci1ity
with feactor heavy watér in contact with the specimens. A tempefature of
106°C was recorded during‘fhe reactor operation (45° - 55°C during reactor
sﬁut down); Niékel foils Were included in each package.fn close proximity

1 The average fluence was determined

to the specimens to: monitor the flux.
to be 1.2 x 10" n/cm2 (E>1 MeV). AFo]]onng de-encapsulation the specimens
were observed to have a surface corrosion Jayer which was removed using a

dilute nitric acid solution.

2. Compression, TEM, and microhardness samples -
" The ‘irradiation of these ang1e crystal specimens was carried out by

enclosing them in vanadium capSu]es which were heliarc welded and sealed.

1The flux values are estimated to be accurate to an abso]ute error of
30% and relative error of less than 10%.
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Table 3. Chemical analyses of single crystal TEM and compression samp]es.
in weight parts per million

Low ‘ ‘ Medium High
oxygen oxygen : oxygen
Element Sample Designation
V-95 V-300 : V-500_
Interstitial
. impurities
0 | 95 290-315 . 480-520
C .37 ’ 29 ‘ 30
N 3 | 5 6
H 3 2 - 3
Substitutional
impurities?® )
Fe 25 21 21
Ni -2 21 S 21
M <20 <20 | <20
Mg < 20 : <20 - <20
S < 40 < 40 < 40

4Total of other substitutional impurities, < 100 ppm.



51

| The capsules were then stacked in 3 tiers in a Cd-1ined aluminum can

using an a]uminuﬁ stacking jig. Three nickel flux monitors placed in
contact with the capsules were used for flux determination. A thermo-
couple was welded to a dummy sample used for tgmperature measurement. The
irradiation was performed in the V-1 facility of the ALRR. An irridatibn
temperature of 95°C was obtained,.and the average fluence wés determined

to be 1.4 x 1019

n/cm2 (E>1 MeV). The samples were removed from the re-
actpr'after_requfred neutron exposure and after a waiting period of 2-3

weeks de-encapsulation was done to remove the specimens.

E. Tensile, Compreésion and Hardness Tests

Tensile tests for radiation-anneal-hardening and strain-aginq exberi-
ments were performed on a 10;000 1b capacity Instron testing machine
equipped with an automatic 1oad-e1ongation chaft recording system. The
tests were performed at room temperature and a strain rate of 1.66 x 10'4
sec!. | |

Thé tensile Samp]es fdr the radiation-anneal-hardening study were

qripped in threaded collet grips made of heat-treated precipitation harden-
able stainless steel. ' The samples wére sfréined in a frame attached to
the lower crossheqd.

The strain-aging samples'were gripped into 1/4-inch diameter, 1/2-
inch long stainless steel grips. The grip section of the sample was first
s1ipped intd an 0,10-inch diameter threaded hole and the grip was then

squeezed through;& 0.10 inch undersized die to achieve effective gripping.

A‘pu11‘rod attached to the load cell and a frame attéched to the lower
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'crosshead were used to strain the samp]e.A

Compression tests on single crystal samp]és for the dislocat1on
channeling study and on unirradiated cold-worked samples were &lso per-
formed with the 10,000 1b capacity Instroﬁ mach{ne equipped with a
compression load cell, surface ground stainless steel platens, and a jig
to facilitate low temperature tests. MoS, was used as the’lubricant.
A1l tests were performed at a strain rate of 1.66 x 10'4 SEC-] at room
temperature or at liquid nitrogen temperature.

~ Microhardness measurements were carried out on as-irradiated and post-
irradiation-annealed specimené 6.5 mm thick and 3 mm diameter. The speci-
mens were amounted'in QUick-mount‘resin and cast into molds. - The molds
weré then removed and polished flat on the ends and rendered parallel to
within + 0.001 inch. The.molds were then placed on the platform of the
microhardnéss tester;

The hardness measurements were carried out using'a Kentron micro-
hardness tester equipped with a 136° diamohd pyrahid indenter. A load of
1 kg was applied for ~ 10 sec to make an indenfation on the specimen. At
least three measurements were made on each specimen. Standardization was
carried out using reference blocks. |

After the indentation was made. the averége Tength of the diagonals
of the indentation was measured in filar units using a filar eyepiece and
a 20X, 135 mm objective. The diagonal length in filar units was then
converted into microns. The diamond pyramid hardness. number was then de-
termined using tables supplied with fhe equipment, taking the_app]ied load

into consideration.
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F. Post-Irradiation Annealing Pfocedures

Tensile specimens for radiation-anneal hardehing measurements were
pdét-1rradiatidn-aﬁnea]ed in a dual chamber high vacuum annealing furnace
shown in Figure 7. Chamber 1 which lies inside thé'furnace'is made of a
stainless steel tube and is connected to a Ultek high vacuum system
consisting of a mechanical pump-ion pump (capacity 200 1/sec) vacuum
system. Chamber 2 lies outside the furnace, is conhecfed to Chamber 1 by
an o-ring séal, and consists of two quartz tubes, one inside the other.
The inside tube can be pushed into Chamber 1 magnetically, using a nickel
piece epoxied to its far end. The specimens were placed into the inside
tube lengthwise and were pushed into the heating zone of a Lindberg split
furnace (capable of providing temperatures hp to 1200°C) after required

temperature and vacuum (better than 1077

torr) had been attained. ’The
temperature was measured using a Pt-Pt 13% Rh therﬁocoup]e located fn

- close proximity to fhe specimens. IsochronaiAahnea1s at various tempera-
tures were performed for<a duﬁation of one hour measured aftef the equilib=
rium temperature was reached following the pushing of the specihens into
the hot zone. In some annealing runs, unirradiated control specimens
were annea]ed with the irradiated speciméns.

The low temperature (up to 200°C) anneals for strain-aging specimens
were performed in a stirred silicone oil bath equipped with an on-off
temperature control system. The high temperature anneals were carried. out
in a tube furnace. The specimens (with grips) were sealed into quartz .

7

tubes under a vacuum of 10’ torr or better. The temperature was measured

'using a chromeT-alume] thermocouple and was controlled within + 3°C.



Figure 7.
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Dual chamber high vacuum annealing furnace used for post-irradiation anneals
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The compression, TEM and microhardness specimens were annealed in a
tube furnace, the specimens being sealed into quarti tubes under a
vacuum of 10'7 torr or better. The annealing temperature was constant to

within + 3°C,

G. Prepqration of Samp1es for Dis]ocation Channeling Studies

Single crystal compression samples of three oxygen:contents were de-
formed 5% and 12% at room temperature, following irradiation as déscribéd
previously. One sample of each oxygen content was deformed 5% under
'compression after a poét-irradiation anneal at 400°C and one sample was
deformed 12% after a post-irradiation anneal at 300°C. MoS, was éprayed
oﬁ.the compression platens to provide lubrication and a strain rate of
1.66 x 10'4 sec'] at rbom‘temperature was uséd. Following theAdeformatfon
the samples were cut into slices ~ 0.8 hm thick using a high speed cutting
saw using water with 5% green 0i1 as coolant-lubricant. The slices were
then mechanically pofishgd on both sides into ~ 0.5 mm thick samples for
subsequent polishing for fransmission e1ectroh‘microscopy. One 1ow-oxygen
sample was compressed to a strain of 5% at liéuid,nitrogen temperature and
- then sliced and polished into TEM samples. |

One single crysta]-éample of each oxygen Eonfent was deformed before
irradiation to 5% strain ai room temperdture and one specimen each to 5%
strain at liquid nitrogen temperature. These samples were also prepared
for TEM examination. The samples were tﬁen irradiated to 1.4 x 10]9 n/cm2
(E>1 MeV) with other single crystal samples asAdescfibed elsewhere. For a

complete scheme of TEM examinaﬁion of samples, sée Figure 8.
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H. Transmission Electron Microscopy

1. Sample preparation

For transmission electron hicrosc0pe (TEM) examination the 0.5 mm x
3 mm diameter samples had to be electropolished to electron transparency.
Thfs was accomplished in two stages. In the first stage»the sample was
loaded into a teflon holder which exposed the central portion (~ 2 mm
diameter) of the specimen to the polishing solution. The polishing was
done by jetting (on both sides) 20% HZSO4, 10% HNO 4, 70% methanol
solution through stainless steel jgts (Which_act as cathode as well)
using a persaltic pump. The electropolishing was carried out at room _
temperature at 20V and 100 mA current for ~ 8 min. This process producéd
a dish in the central portion of the specimen about 50u thick. In the
second stage, the sample was held in. plexiglass tweezers with an embedded
p]atinqm electrode which made contact with the specimen} A nickel cathode
was used and polishing was carried out in unstirred 20% H2504, 80% ‘
methanol solution. The progress of polishing was observed continuously
through a 3X miqroscopé and light source at opposite ends of<é g1éss con-
tainer made of flat glass sheets for good viewing. The polishing was
terminated by shutting off the supply of current as sooh as a hole was
observed iﬁ the specimen. Fo]loﬁing the polishing, the samp]é was»c]eaned
with distilled water, acefone, and ethanol, and then dried and stored in

a desiccator.

2. Microscope operation

The microscope observations were made at Materials Science Division,
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Argonne National Laboratory, in an electron microscope operating at 200
kilovolts and equipped with a goniometer stage capable of 30° tijt and
360° rotation. A liquid nitrogen trap was used at the sample chamber to
reduce sample contamination. Before each period of examination the
microscope was'aligned.

The microscope was‘calibrdted for the rotation of diffraction patfern
with respect to the micrograph and for the maghification, which was re-.
1atedAto intermediate and objective lens currents. The pictures were
taken at magnifications between 40,000 and -68,000. The microscope plates
were printed to give normal positive prints With the emulsion side of the

plate facing the emulsion side of the print paper.

3. 'Sbot counting procedure

The defect clusters and dislocation loops observed in e]edtron micro- |
graphs were analyzed for size distribution and density determination.
The size and distribution of clusters were determined for various spéciméns
with the aid of Zeiss Pértic]e'Size Analyzer TGZ3. The electron microscope
plates were enlarged to give magnificétions-of'about 100,000 to 300,000.
The particle size analyzer is a semiautomatic ihstrumeht in which an iris
diaphragm is imaged by ; lens and light source out of the plane of plexi-
glass plate. The micrograph is placed on the plate and by adjusting the
iris.diaphragm the diameter of the circular light spot penetrating through
the micrographs can be changed and is adjusted to correspond with the
individual clusters. Each aperture interval of the iris diaphragm is

correlated with a counter which records where the foot-switch is depressed.
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The cluster is counted in a given size interval and the puncher marks
the cluster as counted. , |

From the counter readings the size of the clusters was reduced to
actual size and then statistical analysis was éarried out to determine
average s{ze and standard deviation, using conventional statisticaj |
formulae.

I. Determination of Density and Size Distribution
of Defect Clusters

The volume dgnsity of the defect clusters was determined by counting
. the number.of deféct_clustérs on an enlarged micrograph. On the average
about 1200 clusters were counted in each micrograph. In order to de-
termine the volume of the foil under observation, it was necessary to
estimate the thickness of the foil. The thickness was determined by
counting the thickness éontours (in bright and/or dark field) obtained
under the same operatfng diffraction vector 3 = <200>. The extinction
distance calculatéd in a manner described by ﬂirséh et al. (123) for an
accelerating voltage qf;200 kev was determined to be 510 f. |

ATl the micrographs used for the.analysis of density and size dis-
friﬁution were taken under-a‘two beam condition with §'= <200> and devia-
tioh vector g = 0. The 3 was chosen as <200> so that all <111§ type
defect clusters would be visible, since then 4.B is always nonzero. The
thfckness of the foils fanged from 1500 to 3060 R. The plane of the foil
wﬁs determined frdm the electron diffraction pattern of the area and was
assumed to be perpendicﬁlar to the electron beam. In all the foils examined

for density and size distribution, the foils were rotated and tilted in
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such a way that the foil normal was <100>. The conditions of microscope
'examination were made identical tp facilitate the comparison of the
results.

The size distribution function, n', expressed in number of defect
clusters per cm3 per R was determined by count1ng the number of clusters
per unit volume in a size interval, divided by the 1nterva1 size in 8.

A histogram of the size distribution function versus the defect cluster
size was then plotted and smooth curve§ were drawn jofning the peaks of
the histogram.

It should be po1nted out that there are var1ous errors 1nvo]ved in
the dens1ty determination. The major source: of error is the determination
of foil thickness. Other sources of error include loss of defects to
the surface,'bvek1ap of'détects, operator judgment and difficulty in
resolving smaller size defects from the background, especially in thicker

f611s.
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IV. EXPERIMENTAL RESULTS
A. Radiat1on'Harden1ng'and Radiation-Anneal Hardening

1. Polycrystalline tensile samples

Polycrystalline samples of vanadium containing 60 ppm, 200 ppm, and
640 ppm o*ygen,] irradiated to 1;2 X 1019 n/cmz.(E>1 MeV) at 105°C, were
cleaned first in dilute nitric acid to remove any surface corrosion layer.
Isochronal anneals were then carried out on separate irradiated and un-
irradiated samples for one hour at temperatures from 120°C to 600°C at
intervals of about 25°C. 'One-hOUr,anneals were also carried out at 650°C,
700°C, and 800°C. For each anneal, two irradiated samples of each of thé
three oxygen cohtents were used. The tensile tesfs were performed.on an
" Instron machine at room temperature at a strain rate of 1.67 x']O_4 per sec.
‘ -The resuits of tensile tests oh polycrystalline vanadium with three
levels of oxygen afe shown -in Figdre 9, where lower yield stress is
plotted against isochronal annealing temperatﬁre. Figure 9 also shows
thé yield streﬁs.of unirradiated materials, which‘were annealed under
similar conditions. The lower yield stress_was determined in- conventional
manner from stress-strain curves (0.2% offset, where yield drob"was not
obﬁerved). | |

It is clear from Figure 9.that.uhirradiated specimens are largely

1In what follows, the designation V-60 is used to refer to vanadium-
60 wt ppm oxygen material, and similarly for material of other oxygen con-
centrations. See Tables 2 and 3.



Figure 9. Lower yield stress vs annealing temperature fcr unirradiated and
irradiated polycrystalline samples. Irradiation dose and
temperature: 1.2x1019 n/cm2 (E>1 MeV) at 106°C. Test tempera-
ture 300°K, annealing time, 1 hr '
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unaffected by the anneals and that the yield stress‘increases due to
irradiation. It can be observed from Figure 9 that the yield stress of
ifradiated materials increases with increésing oxygen concentration. For
V-60, the yield stress increases from 11.6 kpsi to 23.6 kpsi upon irradia-
tion, whereas for V-640 the corresponding valuéS‘are 19.8 kpsi and 40.3
kpsi, respectively. | |
" Figure 9 also shows that the lower yield stress increases further

upon anne$1ing the irradiated materials (radiation-anneal hardening, RAH)
" for the three types of vanadium, and that RAH increases with increasihg
_5oxygen content of the specimens. This is more clearly revealed in Figure
10 where the difference between lower yield stresses for irradiated and
unirradiated specimens are plotted againsf isochronal annealing temperatufe. '
One can see that for V—GO the increase in yield stress upon post-irradiation
"annealing amounts to 4.0 kpsi whereas for V-640 an increase of ~ 9.5 kpsi
iS<6bserved. From Figures 9 énd 10 one sees that the RAH occurs up to
about 400°C.and beyond this temperature the yield stress recovers towérds
the original value for unirradiated material and this recovery fs comp]éfed
at about 700°C. The yield stresses in Figure 9 ethbit a fair amount of
scatter, which is believed toAbe due largely to surface corrosion on
vanadium as a consequence‘of specimen contact with réactor heaVy water of.
the reactor during irradiation. | |

The increase in the yield stress upon irradiation is accompanied by a '
decrease in the uniform elongation and e1ongation-to fracture for all three
oxygen levels in vanadium. For V-640, for example, the uniform elongatioﬁ

decreases from 20% in the unirradiated condition to zero in as-irraqiaFed
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condition. The corresponding values for the elongation to fracture are

30% and 9% for unirradiated and irradiated samples, respectively. Similar
observations on reduction in uniform and fracture elongations upon irradia-
tion were made for vanadium with lower oXygen contents. However, the
amount of reduction decreases with decreasing okygen content. Upon
annealing in the teﬁperature range where radiation-anneal hardening occurs
- (up to 400°C), there is 1ittle change in uniform elongation, and the
elongation to fracture shoWs considerable scatter.

An attempt was made to determine the effect of irradiation and anneal-
ing on reduction in area. For this purpose a number of fractured samples
were examined by scahnin§ electron microscopy (SEM). From .the micrographs
of fﬁe fracture surface, values of reduction in area were calculated. No
~ meaningful conclusion could be drawn because of the scatter in the results;
however, it was clear that the fracture was mostly ductile (chakacterized
by large'reduction in aree at fracture) for irradiated as we]lias radiation-
anneal-hardehed material. Figure 11 shows typicel SEM micrographs of
fracture surface of V-640. Figure 1la shows the fracture surfaces of ﬁn-'
irradiated material and Figures 11b and 1lc show irfadiated and radiation-
anneal-hardened material, respectively. The corresponding reduction in
area values are also indicated in Figure 11.

Upon irradiation; the rate of strain-hardening is reduced in vanadium.
This reduction is more pronounced for V-640 than for material with Tower
oxygen content. Upon annealing the irradiated material to @ 400°C the
strain hardening rate shows a slight decrease for V-60 and V-éOO and re-

‘mains .virtually unchanged at a very low rate for V-640.



Figure 11. Scanning electron micrographs of fractured surfaces
‘ of vanadium--640 ppm oxygen samples: (a) un-
jrradiated, (b) as-irradiated, (c) post-
irradiation annealed at 395°C |
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2. Single crystal microhardness samples

Microhardness measurements were carried out on polished surfaces of
0.5 mm thick, 3 mm diameter slices. The single crystal samples containing
95, 300, and 500 wt ppm were tested in as-irradiated [irradiated to
1.4 x 10" n/cm? (E>1 MeV) at 95°C] and post-irradiation annealed con-
ditions. The post-irradiation fsochrona1 anneals for one hour at tempera-

-7 torr or

tures up to 1000°C were carried out in a static. vacuum of 1 x 10
-better. The hardness measurements.were carried out using a 136° diamond

| indenter with a load of 1 kg applied for ~ 10-sec. At least three measure-
ments were carried eut on each specimen. | |

Figure 12 Summarizes the results of microhardness measurements. 1In
this figure, d1amond pyramid hardness number is plotted against isochronal
annealing temperature for 1rrad1ated specimens. The dotted 11nes represent-
1ng the microhardness measurements for unirradiated vanadium of similar
chem1ca1 composition are taken from Bradford and Carlson's work (226)

From Figure 12 it can be observed that microhardness increases: upon
irradiation and that the increase in hardness 1ncreases with 1ncreasing
oxygen content. V-500 undergoes an increase of 37 DPH while V-95 ex-
periences an increase of‘onTy 18 DPH. | |

Figure 12 also shows that there is a further increase in hardness upen
post-irradiation annealing (RAH) which reaches a peak at ~ 300°C for V-500
and V-300. However, V;95 undergoes less RAH. Upon annealing above 400°C,
the hardness tends to approach the unirradiated value and the recovery is
comp]ete at about 800°C.

Figure 12 thus 1ndicates two effects of increasing oxygen content:
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(1) increasing radiation hardening in as-irradiated material, and (2) ",
increasing RAH. These two observations are'consistent with the results
described above and shown in Figure 9 for tensile tests on polycrystalline
samp]es. '

In order to correlate the internal structure of the material with the
mechanical properties, transmission electron microsédpy (TEM) was carried
out on single cryéta1 samples treated under conditions similar to‘those
for the samples described above in connectibn with microhardness measure-

ments. The results are described in the next section.

B.' Transmission Electron Microscopy

1. Density and size distribution of defect clusters

Figure 13 shows radiation-produced defect clusters as black spots for
V-95 as-irradiated and post-irradiation annealed at 200 - 600°C. The
specimens annealed at 800°C and 1000°C did not revea1'any defect'clusters; A
however, there was evidence of some precipjtatioh, presumably of oxide of
vanadium. Af first glance, the Figures 13 (a)-(d) reveal no striking
change in the size of the defect clusters as a result of annealing tempera-
ture up to 400°C. ‘Béyond 400°C, however, the defect c1dster§ grow,in size
considerably and the density is reduced. _Déterminétion of the defect
cluster density size-distribution function, n', for as-irradiated and post~'
irradiation-annealed specimens indicates that indeed there is a change in
the defect cluster distribution occurring upon post¥irradiatioh aﬁnea]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
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Figure 13. Defect clusters in as-irradiated and post-irradiation-
annealed vanadium - 95 ppm oxygen. Irradiation dose,
N 1.4x10]9 n/cm2 (E>1 MeV). Irradiation temperature,
n 95°C. Isochronal annealing time, 1 hr. g = <200>.
Normal to foil, <100>



Figure 14, Defect cluster density size-distribution function, n', vs defect cluster
size in as-irradiated and post-irradiation-annealed 1 hr at indicated
temperatures vanadium - 95 wt ppm oxygen
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Figure 14 that with 1ncrease‘1n annea]ing temperatuFes fhe peak of the
distribution curve shifts towards larger size and that dénsity of the
clusters (represented by the area under the distribution curve) is re-
duced. This is quite apparent for annealing temperature of 400°C.

Figure 15 displays radiation-pkoduced defect clusters in as-irradiated
| and'post-irradiation annea1éd V-300 samples. The'size of thé defect
clusters appears fo remain unchanged upon annealing up to 300°C. This is
" borne out by Figure 16 which shows size distribution curves for V-300
samples. Upon anhea]ing at temperatures of 400°C and higher, the size
of the clusters increases.

Figure 17 shows micreraphs obtained from TEM examination of V-500
samples, irradiated and post-irradiation annealed. Figure 18 shows cor-
responding size distribution curves. It is apparent from Figures 17 and
18 that the size and density of fhe clusters do not change significantly
up to an annea]ing temperaturerf 400°C.

As in the case of V-QS, anneals at 800°C and 1000°C were carried out
for V-300 and V-500 also, and some precipitatfon was observed.

Table 4 summarizes the results of analysis of defect clusters carried
ouf on TEM micrographs. It provides the average size, 3;, standérd
- deviation, o, total density, n, of defect clusters and interbarrier dis-
tance, 2. The average size, 3;,'15 defined as H

N

PR -

= - ' 4 (29)

4

ne~32

J
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Figure 15.

Defect clusters in as-irradiated and post-irradiation-
annealed vanadium - 300 ppm oxygen. Irradiation

dose, v 1x4x10.l9 n/cm2 (E>1 MeV). Irradiation tempera-
ture, ~ 95°C. Isochronal annealing time, 1 hr.

g = <200> . Normal to foil, <100>



Figure 16. Defect cluster density size-distribution function, n', vs defect cluster
size in as-irradiated and post-irradiation-annealed 1 hr. at indicated
temperatures vanadium - 300 wt ppm oxygen '
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Figure 17. Defect clusters in as-irradiated and post-irradiation-
annealed vanadium - 500 ppm oxygen. Irradiation dose,
~ 1.4x10" n/cn’ (E>1 MeV). Irradiation temperature,

n 95°C. Isochronal annealing time, 1 hr. g = <200> .
Normal to foil, <100>



Figure 18. Defect cluster density size-distribution function, n', vs
defect cluster size in as-irradiated and post-irradiation-
annealed 1 hr at indicated temperatures vanadium - 500 wt

ppm oxygen
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Table 4. Defact cluster pérameters from TEM micrographs for as-irradiated and post-irradiation-
: "ann2aled single crystal vanadium

Sahp]e Annzaling Averége Standard Total Total area Total loop Inter-

temp. diameter deviation density per unit length per barrier
~ - ~ volume unit vol. distance

Ty - d. o n Ac L N
(°c) (R) (R) (10"° en3)(10%em™l)  (10"%m?)  (1075cm)

V=95 - As-irrad. 138 30 6.57 10.3 2.86 10.5
200 136 33 7.22 11.1 3.08 10.1

298 144 35 5.69 9.8 2.58 11.0

400 197 51 3.08 10.0 1.90 12.8

501 310 89 0.80 6.5 0.78 20.1

V-300 As-irrad. 77 16 17.75 8.6 4.28 8.6
200 75 14 17.76 8.1 4.17 8.7

305 €0 18 16.51 8.7 4.15 8.7

400 140 35 8.60 14.0 3.77 9.1

501 161 61 2.41 7.6 1.44 14.7

599 258 92 0.42 2.5 0.34 30.5
V-500 As-irrad. 73 15 - 23.64 10.4 5.45 7.6.
- 200 A 14 23.42 9.6 5.21 7.8

301 79 15 22.70 11.7 5.67 7.4

400 76 19 20.46 9.9 4.88 8.0

501 157 60 3.46 7.7 1.7 13.6

601 271 91 0.70 4.5 0.58 23.0

8
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where nj is the number of defects per cm3 in the jth

the defect cluster diameter at the center of the J

size interval, dj is

th size interval and N

is the number of intervals. The standard deviation, Ocs which is a

measure of deviation from the average cluster size,.is defined as

o N _ ,
Standard Deviation, o = ) f.(d.-d )2 (30)
| ‘ =193 ¢ o |

th size interval.

where fs is the fraction of defeét clusters in the j
The effect of oxygen concentration and post-irradiation annealing on
the average defect cluster size is iliustrated in Figure 19. We see that
‘the as-irradiated 3& decreases with increasing oxygen concentration.
Furthermore, upon isochronal annealing, a; stéys fairly constant at fikst,
but at higher temperatures, it increases rapidly. The temperature at which
the defect E]usters begin to coarsen increases with increasing bkygen con- |
centration. Thus, d. begins to increase at 300°C for the V-95 material, but
the coarsening'does'not occur appreciably until 500°C is reached for the
V-500 material. It is 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 increaSiﬁg oxygen concentration; A
comparison of the standard deviations of the defect cluster sizes (oc,
Table 4) also indicates this fact.
Another important factor is the density, n, or number of defect clusters
of all sizes per cm3. Figure 20 shows that n increases with increasing
oxygen concentration in the as-irradiated material. Also, n decreases upon

isochronal post-irradiation annealing. The onset of the decrease in n occurs



Figure 19. Average diameter, d_, of radiation-
produced defect clusters vs annealing
temperature
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Figure 20. Density of defect clusters, n, vs annealing tempera-
ture for single crystal samples



- 87,

at higher temperatures as the oxygen concentration is increased.

. As was described above, a quantity of some-significance,in the analy-

sis of radiation hardening is the average interbarrier distance on a plane,

2. This may be expressed as

1 o

7= -

N 3y iy
[jzlnjdj] ~(nd)

A plot of 2 versus annealing temperature is shown in Figure 21.

We see

that & decreases with increasing oxygen concentration and increases upon

post-irradiation annealing. However; as for n and 3; separately, the in-

crease in % occurs most readily for the lowest oxygen material.

2. Special features

It is worthwhile to mention several special features arising from

apparent nonrandomness in the spatial arrangement and distribution of defect

clusters. Figure 22 exhibits at A a region where defect clusters are

bunched togefher along a line adjacént,to a relatively defect-cluster free

region in én as-irradiated V-300 sample. We may speculate that a disloca- -

tion segment was initially present at A at which the defect clusters were

Tocated preferentially and adjacent to which somé denudation occurred. It

is also possible that the dislocation segment was still pkesent at A but was

out of contrast for the diffraction vector employed. Figure 23 also displays

a photomicrograph for the as-irradiated V-300 material. At A, again, there

is a high concentration of defect clusters apparently along a dislocation

line. Some depletion of defect ciusters appears to have occurred at A,



Figure 21.

Plot of interbarrier spacing, 2, vs anhea]ing ,
temperatures for single crystal samples
containing three levels of oxygen
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Figure 22. Transmission e]eétron micrograph of V-300 single crystal in as-
irradiated condition. Region A indicates a linear arrangemznt of
defect clusters adjacent to a denuded region
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Figure 23. Transmission electron micrograph of V-300 sirgle crystal in as-
irradiated condizion, showing linear arrangements of defect
clusters at A and C
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seemingly from both sides of the line. At B and C denudation has also
occurred, but primarily from only one side of the dislocation line.

Figure 24 illustrates another interesting feature. At first glance
the defect clusters may appear to be randomly distributed. A careful
examination, however, reveals that the clusters are frequently aligned
along an arc or loop (for example, at A, B, and C) or in a chain-like
manner at D and E. The micrograph in Figure 24 refers to an as-irradiated
V-300 sample, but the feature under discussion here was observed in other

samples including post-irradiation-annealed ones.

C. Strain Aging

The strain-aging study was carried out on polycrystalline tensile
samples similar to those used for the radiation-anneal hardening study.
The strain-aging experiments were carried out on both irradiated and un-
irradiated specimens. The purpose of this study was to determine the
effect of neutron irradiation on the strain-aging behavior of vanadium and
to compare the result with unirradiated material. It was also of interest
to delineate the role of interstitial impurities, particularly oxygen, on
the strain-aging behavior of irradiated vanadium.

The tests used for this study were load-unload-anneal-reload tests.
The sample was deformed to a certain strain beyond elastic limit, it was
unloaded, annealing was performed, and the sample was then reloaded. This
was repeated for a number of annealing treatments on the same sample. Both
isothermal and isochronal annealing treatments were performed. Isothermal
anneals were carried out at 175°C to correspond to the center of the rising

pbrtion of the radiation-anneal hardening curves for vanadium (Figure 9).



Figure 24. Transmission electron micrograph of V-300 single crystal in as-
irraciated condition. Letters A-E indicate regions where
defezt clusters appear to be arranged in chain-1ike fashion
alon: an arc
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The load-elongation plots were converted into true sfress - true strain
diagrams, using the conventional formulae for conversion of engineering
stress and strain into true stress and strain.

Figure 25 shows results of strain-aging tests for V-60. The top
, portion-of the figure represents a true stress - true strain diagram for
unirradiated material and bottom portion that for irradiated material.
The anneals were carried out at a temperatufe of 175°C. The times in-
dicated on the curves are actual times of anneal; at 175°C during un-
loading énd not the cumulative times.

It can be observed from Figuré 25 that the tendency for strain
hardening is greaf1y reduced in irradiated material as evidenced by much
smaller increase in stress level upon isothermal annealing and straining,
for irradiated materia] (20 kpsi tq:30 kpsi) than unirradiated material
| (10 kpsi to 30 kpsi). Whereas for unirradiated material the yield drop .
'retﬁrns after 30 minutes of annealing time (vertical arrow top figure), for
irradiated material the yield drop returns after 12 hr (second 12 hr .
anneal, vertical arrow bottom figure). Thus the strain-aging fendenéy
(reappearance of yield drop) is delayed in case of irradiated material.

Figure.26 shows resq}tﬁ of strain aging tests on V-200;‘ One can see
that the appearance of yield drob is delayed in irradiated material to 7
hr as compared to 5 min for unirradfated maferig1. Similar results were
obtained for V-640 in which case the yield drop appears after 30 min of
annealing in irradiated material, whereas it Qc;urs*after only 30 sec of

anneal in case of unirraﬁjated material (Figure 27).
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-~ and irradiated (below) specimens of vanadium - 60 wt
ppm oxygen isothermally annealed at 175°C. Irradia-
‘tion dose, 1.2x10'% n/cn? (E>1 MeV) at 105°C
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Figure 27. True stress.vs true strain for unirradiated (above)
' and irradiated (below) specimens of vanadium -
640 wt ppm oxygen isothermally annealed at 175°C.
Irradiation dose, 1.2)(1'0]9'n/cm2 (E>1 MeV) at 105°C
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Table 5 below sutmarizes the aging times for reappearance of yield

drop for unirradiafed and irradiated materials.

Table 5. Aging time (sec) for reappearance of yield drop

Material : ‘Unirradiated ‘ Irradiated
V-60 - w0 432x10%
V-200 - 300 2.5 xa0t
V-640 30 1.8 x 10°

The.fo1low1ng conclusions can be drawn from Figures 25-27:

1. NeutrbnviFradiation reduces the tendency of‘strain.hardenihg.

2. Neutron irradiation deTays the appearance of the yiéldidrdp, thus
reducing the strain-aging tendency. A?

3. With increasing oxygen content the strainQaging tendency increases
in both unirradiated and irradiated material. | »

| As mentioned above, isochronal tests were also performed during the

strain-aging study. The isochronal annealing treatments were carried out :
for a duration of 1 hr. :

Figures 28-30 show that in unirradiated material there is decrease in
the flow stress upon annealing at about 500°C;!:The decrease in the f!ow‘

stress from the stress in preceding deformatiqn'increases with incréaging

oxygen. The same behavior is apparent in the case of irradiated material.



Figura 28. True stress vs true strain for unirradiated (above) and irradiated
(below) specimens of vanadium - 60 ppm oxygen isochronally annealed
for 1 hr. Irradiation dose, 1.2x10'° nfcmt (E>1 MeV) at 105°C.
Arrow points to an instant reloading -
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Figure 29, Truc stress vs true strain for unirradiated (above)
and irradiated (below) specimens of vanadium -
200 ppm oxygen isochronaﬂy annealed for 1 hr.
Irradiation dose, 'I.2x10]9 n/cm2 (E>1 MeV) at -
105°C
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Figure 30. True stress vs true strain for unirradiated (above)

‘ and irradiated (below) speciméns of vanadium - 640
ppm oxygen isochronally annealed for 1 hr.
Irradiation dose, 1.2x10'9 n/cm2 (E>1 MeV) at 105°C
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~ However, in case of irradiated material there were nb yield drops
observed for V-60. In V-200 (Figure 29) yield drops were observed but
were not well defined. In cése of V-640 (Figure 30), howevér, y{e1d drops
were observed in curves for 201 and 253°C anneals. The temperature region
between 150 and 300°C appeérs to be of significance here. ABeyond 300°C
no yield drop was observed in any of the three kindélof materials.

To determine the role of stfain level in appearance of yield drop or
in increase in stress upon isothermal annealing, fhe following experiments
were performed. Separate samples of all three kinds of materials were
strained about 3%, 6%, and 8%,priof to a 2-hr anneal at 175°C. The results
of these tests are represented in Figures 31-33 and can be summarized as |
 follows: | |
| 1. Sampleé of V-60 and V-200 strained about 3%, annealed at 175°C
for 2 hr and restrained showed no yield drop or 1ﬁcfease in stress. V-640,
however, showed a marked yield drop and increase in stress. |

2. V-60 strained about 6% annealed at 175°C for 2 hr and restrained
showed no yield drop or increase in stress. . However, V-200 and V-640
showed yield drops and increase 16 stress. The magnitude of the yield
drop for V-640 was larger than fdr v-200.

-.3. A1l three kinds of materials showed increase in stress.upon
restraining but only V-640 and V-300 show yield drop, and the magnitude of
increase was 1argek for vanadium with higher oxygen concentration.

4. Upon annealing for longer times y1eid_drop and/or increase in
stress were observed in all three kinds of material even after only 3%

prior strain.



Figure 31. True stress vs true strain',for} -irradiated vanadium
strained ~ 3% prior to annealing at 175°C for
specified times '
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Figure 32. True stress vs true strain for irradiated vanadium
strained ~ 6% prior to annealing at 175°C for
specified times '
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Figure 33. True stress vs true strain for irradiated vanadium
- strained ~ 8% prior to annealing at 175°C for
specified times '
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D. Surface S1ip Markings

: Sing]g crystal samples of vanadium - oxygen were deformed at room
temperature and were observed in. the scanning e]ectron micrbscope (SEM).
Figure 34a shows the scanning electron micrograph of a:portion of un-
irradiated V-95 sample deformed about 12%. Figure 34b displays some
materia] deformed after irradiation to the same stfain; It can be ob-
.served‘that in case of irradiated material the slip markings are sharp, .
deep and rather inhomogeneously distributed along the length of the sample,
‘whereasvthe slfp 11nes in unirradiated material are not so cléar]y visible
at the same magnification of 1000X as for the irradiated V-500 Samp]é. In
Figure 35a inhomogenéously distributed parallel slip 1ine$ can be obserVed
whereas Figure 35b shows a group of parallel sTip lines intersected by a
coarser slip band, which splits into two, moving from left to right.. Fig-
ure 35¢ dispiays two intersecting s]ip~sy$tems. In. this case offsets in
. slip line A dué to slip line B can be seen at X. It can be seen that the
slip lines are not equally spéced in Figure 35. .

The inhomogenjty of deformation in irradiated material is probably.
responsible for the decrease in work hardening rate and uniform and
fracture elongations in irradiated materials. .

It has been-demonsfrated by various authors (186,188,192) that the
sufface slip markings on irradiated samples correspond to dislocation

‘channels as observed by transmission electron microscopy.

E. Dislocation Channeling
When a neutron-irradiated material is p]astica11y deformed and. ob-

served by tfan§mission electron microscopy, it reveals channels that are - -



Fvigure 34. Scanning electron micrographs of vanadium - 95 wt ppm oxygen single crystals
. deformed 12% in compression at room temperature: (a) un‘rradiated specimen,
(b) irradidted to 1.4 x 10'2 n/cm® (E>1 MeV) at 95°C prior to straining
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Figure 35. High magnification scanning electron micrographs of slip lines in .
irradiated and deformed vanadium - 500 ppm oxygen single crystal
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cleared of defect clusters in a matrix which retains its as-irradiated
appearance. These cleared channels generally coincide with the traces

of expected slip planes and hence it is reasonable to consider the channels
as being the result of the motion of glide dislocation. These channels are
called "dislocation channels." Subsequent deformation in the cleared
channels is enhanced relative to the radiation hardened matrix resulting

in stress concentrations. The channels observed by TEM are bound by the
surface of the foil and the channel wall. The channel plane is the plane
parallel to the channel wall and the channel trace direction is the
direction along the 1line of intersection of the channel plane and the
surface plane of the foil.

As described in Chapter IIT, plastic deformation of irradiated single
crystal vanadium with three oxygen contents was carried out at strains of
5% and 12% at room temperature. Single crystal material post-irradiation
annealed at 300°C and 400°C was also plastically deformed to 5% and 12%
strains, respectively. Irradiated vanadium - 95 ppm oxygen was deformed
to 5% strain at liquid nitrogen temperature for further examination. A1l
the material described above was then prepared into TEM foils for observa-

tion.

1. General appearance and orientation

Figure 36 shows channels in a V-95 single crystal specimen deformed
12%. Two intersecting channels denoted by A and B can be observed. The
operating reflection for the micrograph is [211] and the plane of the foil

is (111). The trace direction for channel A is approximately [10T] and



Figure 36. Dislocation channels in vanadium - 95 wt ppm oxygen
single crystal, post-irradiation deformed 12% in
compression at room temperature. Intersecting
channels can be observed at A and R
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for B [1T0]. Since channels in Figure 33 appear to be devoid of defect
clusters, the channel walls may be assumed to be perpendicular to the plane
of view. Hence it is deduced that the planes of the channels A and B are
(121) and (112), respectively. The channels are of nearly uniform width

of about 1800 R.

One can observe in Figure 36 that the defect density near the channel
wall is the same as it is in the matrix. An increased density along the
channel walls would indicate the snow-plow mechanism where the channeling
dislocations sweep the defect clusters aside and deposit them at the chan-
nel wall.

Furthermore, if many dislocations penetrate the wall, they would
annihilate the defect clusters. This can be observed at few places in
Figure 36. At X and Y, for example, one can see dislocations penetrating
the channels and the defect cluster density in the region around the dis-
location is reduced, but this is only a localized effect.

One notes in Figure 36 that there is a dislocation tangle at the
intersection of channels A and B. It can be seen that the tangle is a
result of intersection of dislocations moving along two distinct slip
planes. One can also observe dislocations associated with channel walls.
On the top left hand position of the figure one sees dislocation segments
associated with both walls of the channel A. In channel B, however, dis-
locations are mainly along one wall of the channel. At the bottom right
position of the figure, which shows relatively thick section of the
specimen, one can see dislocation tangles and a knot-like appearance in

channel A which seems to have been offset by a channel (not well-developed)
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running parallel to channel B. Another offset of about half the width
of channel A due to channel B can be clearly seen at the intersection
of the two channels.

Figure 37 shows TEM micrograph of V-300 deformed 5% at room tempera-
ture. The figure shows three parallel dislocation channels A], A2’ A3
and a fourth channel B intersecting them. The channels in Figure 37 do
not lie exactly perpendicular to the plane of the foil, but are inclined
to it. Therefore it appears as if the channels are not completely cleared
of defect clusters. The micrograph shows a relatively thick section of
the foil. The plane in which the channels lie is probably (110) which is
about 13° from (133). The widths of the channels in Figure 37 vary from
about 700 R to about 1150 B. At X and Y, dislocation debris can be ob-
served. A few dislocation segments can also be observed in Figure 37.
The channel trace directions have been determined to be [30T] and [321]
from the diffraction pattern.

Figure 38 shows dislocation channels in V-500 material following post-
irradiation deformation to about 5% in compression. A high concentration

of slip dislocations can be seen in the channels.

2. Effect of strain on dislocation channels

As described earlier, samples were deformed at room temperature to
5% and 12% strain following irradiation. In this range of strain, the
width of the dislocation channels generally increases with strain as
measured on the TEM micrographs; however this conclusion is only tentative,

since the channel width is not constant even in the same sample.



Figure 37. Dislocation channels in vanzdium - 300 wt ppm oxygen single crystal,
post--rradiation defcrmed 5% in compression at room temperature.
Dislocation debris can be seen at X and Y
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Figure 38.

Dislocaticn channels in vanadium - 500 wt ppm oxygen single crystal, post-
irradiation deformed 5% in compression at room temperature. A high
density of slip dislocations can be seen within the channels

8¢l
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The number of channels observed increases with increasing strain
in the range of 5% to 12%. The number of dislocations and dislocation

tangles inside the channels also increases with increasing strain.

3. Effect of oxygen on dislocation channels

No definite conclusion can be drawn regarding the effect of oxygen
on the width of the channels and on the number of channels produced with
the same strain because of very limited amount of material which can be
examined by TEM. However the amount of oxygen has an effect on the dis-
locations and dislocation tangles inside the channels. The dislocation
~ tangles were observed in all three kinds of samples but the occurrence of
tangles was more common in V-500 than in V-95 material.

An example of dislocation tangles in the V-95 material deformed 12%
is shown in Figure 39. On the left hand top of the picture, which shows
a relatively thinner section of the foil, the channel is rather clear
whereas in the bottom right hand corner massive disiocation tangles can

be observed inside the channel. The channel trace directions in Figure

39 are [107] and [T10].

4, Dislocation channeling in material post-irrédiation deformed at 77°K

Single crystal V-95 material was post-irradiation deformed 10% in
compression at liquid nitrogen temperature (77°K) and examined by TEM. The
low temperature deformation produced twins in the material as evidenced
by clicks heard during the test and joggy load-elongation curves. Never-
theless, in the six foils prepared and examined by TEM, no region with

twins could be observed. However, dislocation channels were observed in



Figure 39.

Dislocation channels in vanadium - 95 wt ppm oxygen singla crystal,
post-irradiation deformed 12% in compression at room tempzrature

0cl
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some regions. One such channel is shown in Figure 40. It can be
observed that the width of the channel does not remain constant along its
length, varying instead from 1250 R to about 3350 R. In the right hand
bottom section of Figure 40, there are a few defect clusters left behind
inside the channel. The plane of the foil in Figure 40 is (100) and
channel trace direction is [013]. At A defect clusters lined along a
dislocation can be observed. At B one sees a bowed-out dislocation
possibly pinned at defect clusters.

Figure 41 shows another region of a V-95 sample deformed at 77°K.
The channel trace direction is [112] in the (110) surface observed under
[002] operating vector. In this figure, bowed out dislocations extending
across the channels can be observed at various places. Parallel dis-
locations outside the channel are also evident in Figure 41. It can be
seen that only one wall of the channel is well defined and not all the

defect clusters are completely removed from the channeled region.

5. Dislocation channeling in post-irradiation-annealed samples

Single crystal samples of vanadium of three oxygen contents were
post-irradiation annealed at 300°C and 400°C for 1 hr and were deformed
about 12% and 5% at room temperature. TEM examination of the foils re-
vealed the presence of dislocation channels in all three kinds of material.
As an example, Figure 42 shows channels in V-500, post-irradiation annealed
at 300°C for 1 hr and deformed about 12% in compression at room temperature.
Dislocation channels lying along [121], [10T] and [01T] can be observed on

a (111) foil plane observed under [1T0] diffraction vector. The walls of
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Figure 40. Dislocation channel in vanadium - 95 wt ppm oxygen single crystal, post-
irradiation deformed 19% in compressfon at 11quid nitrogen temperature
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Figure 41. Dislocation channel in vanadium - 95 wt ppm oiygen single crystal, post-
irradiation deformed 10% in compression at liquid nitrogen temperature
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Figure 42. Dislocation chanrels in vanadium - 500 wt ppm oxygen single crystal, post-
irradiation annezled at 300°C for one hour and deformed 12% in
compressicn at rcom temperature
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the channels in Figure 42 are not very well-defined. Dislocation seg-
ments along the walls and inside the channels can be observed at various
places.

Figure 43 shows a dislocation channel in V-95 material, post-
irradiation annealed at 300°C for 1 hr and deformed 12%. Massive dis-
location tangles can be observed at top right hand corner of the figure
in the thicker section of the foil, whereas the channel in the thinner
section (bottom left) is relatively clear.

Figure 44 shows a region of V-500 post-irradiation annealed at 400°C
for one hour and deformed 5%. One can observe dislocations and tangles
in the micrograph. The tangles, however, are arranged along two parallel
paths which are relatively denuded of defect clusters and give the
appearance of dislocation channels.

The essential features of dislocation channeling in material post-
irradiation annealed and deformed can be summarized as follows:

(1) The chaﬁne] walls are not wg]] defined.

(2) There are many dislocations and tangles inside channels.

(3) In many cases defect clusters are observed inside the channel.

An example is shown in Figure 45.

F. TEM of Material Deformed Prior to Irradiation
Figure 45 shows a micrograph of V-95 sample deformed 5% at room
temperature, irradiated to 1.4 x 'l0]9 n/cm2 (E>1 MeV) at 95°C and ex-
amined. One can observe dislocations lined preferentially in the [020]

direction, with the dislocations occurring in bunches. Massive dislocation



Figure 43. Dislocation channel in varadium - 95 wt ppm oxygen single crystal,
post-irradiation arnealed at 300°C for cne hour and deformed 12%
in compression at room temperature
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Figure 44. Dislocation tangles in vanadium - 500 ppm
oxygen single crystal, post-irradiation annealed
at 400°C for one hour and deformed 5% in
compression at room temperature
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Figure 45. LCislocation channels in vanadium - 500 wt ppm oxygen §1ng]e crystal,
post-irradiation annzaled at 300°C for one hour and deformed 12% in

compression at room temperature. Defect clusters are observed inside
the channels
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debris can be observed at X. A careful examination of the micrograph
reveals denudation around the dislocations. This is seen more clearly
in Figure 47 for V-300 sample, where the dislocations are lined along
[01T] or [112] directions on a (111) plane. Here again the dislocations
occur in groups and are nonuniformly distributed. Figure 48 shows a
micrograph of V-500 sample deformed prior to irradiation as described
above. Only a few dislocations can be observed (e.g., at A, B and C)
but the denudation around the dislocations is much more apparent.

Figure 49 shows a micrograph of V-95 sample deformed 5% at 77°K
(1iquid nitrogen temperature) irradiated to 1.4 x 1019 n/cm2 (E>1 MeV) at
95°C and examined. A comparison of Figure 49 with Figures 13a and 43,
reveals many differences. Figure 13a shows material irradiated in the
annealed condition and Figure 43 shows material deformed 5% at room
temperature prior to irradiation.

As against Figure 43, Figure 46 shows segments of dislocations dis-
tributed rather uniformly over the field of view. The average size of
the defect clusters (which appear as fully developed loops) is larger in
Figure 46 than in Figures 13a and 43. The temperature of deformation
appears to have a major effect on the dislocation structure as the
comparison of Figure 43 with 46 shows. The dislocations occur in groups
lined along a few preferential directions in material deformed at room
temperature (Figure 43) as against small segments distributed all over.

Figure 49 shows a micrograph of a V-95 single crystal sample deformed
5% 1in compression at 77°K (liquid nitrogen temperature), irradiated to

1.4 x 10'? n/cm? (E>1 MeV) at 95°C, and thinned and examined. It is



Figure 46.

Transmission electron micrograph of V-95 single crystal deformed 5%
room temperature and irradiated to 1.4x10]9 n/cm2 (E>1 MeV) at 95°C
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Transmission electron micrograph of V-300 single crystal deformed 5% in

Figure 47.

compression at room temperature and irradiated to 1.4x10'? n/cm2 (E>1 MeV)

at 95°C



.\'..
S
$

1 ."\ e 4
»e "o 4“.‘? 3

Figure 48. Transmission electron micrograph of V-500 single crystal deformed 5% in
compression at room temperature and irradiated to 1.4x1019 n/cm2 (E>1 MeV)
at 95°C
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n single crystal
19 n/cm2 (E>1 MeV)

Transmission electron micrograph of vanadium - 95 ppm oxyge

deformed 5% in compression at 77°K and irradiated to 1.4x10

at 95°C

Figure 49.
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interesting to compare Figure 49 (V-95 deformed at 77°K and irradiated)
with Figures 46 (V-95 deformed at room temperature and irradiated) and

13a (V-95 annealed and irradiated). These three photomicrographs appear
together in Figure 50 for ease of comparison. We see that the defect
clusters appear as fully developed loops in the material deformed at 77°K
prior to irradiation (Figure 50a), whereas the defect clusters appear
mostly as black spots in the room-temperature deformed and irradiated
material (Figure 50b) and annealed and irradiated material (Figure 50c).
It is also apparent from Figure 50 that the average size of the defect |
clusters is larger for the 77°K deformed material (Figure 50a) than for
either the room-temperatqre deformed material (Figure 50b) or the annealed
material (Figure 50c). Furthermore, there is a distinct difference be-
tween the dislocation structures in the 77°K deformed and room-temperature
deformed materials. Figure 50a indicates that the slip dislocations are
fairly uniformly distributed and are mostly wavy and convoluted in the
material deformed at 77°K. By contrast, the slip dislocations in Figure
50b are bunched together in tangles and appear to have straighter segments
in the room temperature deformed material.

Figure 51 displays micrograph of V-500 deformed 5% at 77°K, irradiated
and examined. The plane of the foil is (311) and the diffraction vector
is [112]. 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 in size than.those in
Figure 49, but a comparison with material irradiated in annealed condition

(Figure 17a) shows an increase in size (average size 73 R in Figure 17a and



Figure 50.

Transmission electron micrograph ef vanadium - 95 ppm oxygen single crystals in
the following conditions

(a) deformed 5% in compression at 77°K and irradiated,

(b) deformed 5% in compression at room temperature and irradiated, and (c)
annealed and irradiated
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Figure 51.

Transmission electron micrograph of vanadium - 500 ppm oxygen single crystal
deformed 5% in compression at 77°K and irradiated to 1.4x10.lg n/cm2 (E>1 MeV)
at 95°C

67l
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144 R in Figure 51).

The photomicrographs for V-500 material in the three conditions
(deformed at 77°K and irradiated, deformed at room temperature and
irradiated, and annealed and irradiated) are shown in juxtaposition in
Figure 52.

Figure 53 shows a size distribution curve plotted as percentage of
defects in a size interval against the size in R for V-95 and V-500 de-
formed 5% at 77°K prior to irradiation. An increase in the peak size of
the clusters in comparison to that for material irradiated in the
annealed condition is apparent. The average size of the cluster is also

indicated in Figure 53.



Figure 52.

Transmission electron micrograph of vanadium - 500 ppm oxygen single crystals in

the following conditions: (a) deformed 5% in compression at 77°K and irradiated,

(b) deformed 5% in compression at room temperature and irradiated, and (c)
annealed and irradiated
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Figure 53. -Size distribution curves jf-or' vanadium - 95 Fpm oxygen and vanadium -
500 ppm oxygen single crystals in the fallowing conditions: (a)
annealed and irradiated and (b) deformec 5% in compression at 77°K
and irradiated ‘
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V. DISCUSSION

A. Defect Clusters
One of thé major ijectives of this study is to determine the in;
. fluences of an intgrstitia] impurity, namely oxygen, on the defect clusters
observed in as-irradiated and pqst-irradiation annealed vanadium. Figures'
13, 15 and 17 show the TEM micrographs of vénadium containing 95, 300 and |
500 ppm oxygen, respectively} Table 4 and Figure 20 summarize the defect
cluster densities, n,.from which it is clear that the défect cluster
density increases Qith increasing oxygen concentration. Figure 54 is a
p]ot of n versus the concentration of impurities in as-irradiated material
where the éoncentration refers to oxygeh alone, O+N+C and O+N+C+H, using
values given in Tab1e~3'expressed in férms of atomic parts per miTliqh.
It can be‘observed from Figure>54 that n is sensitive to'the interstitia] .
~ impurity content, particularly _ét_ the lower c_ori.centration Tevels.
| Defect clusters in 1frédiated vanadium have been observed by other
authors also, although not as a systematic function of the interstitiai A
fmpurities. A summary of the results of some of the other authors in
additfon to results of the present study is presented in Table 6 where
the radiation variables (dose and femperatures), interstitia} jmpﬁrity éone
centrations reported, observed defeét é]uéter densities and average size
of the defect clusters.areAréported. It is difficult to compare the results
of various investigators because of many differences in the radiation and
material variables invo]ved.}

The irradfation conditions‘employed by Smidt (49), however, were not



Figure 54. Deféct cluster density vs concentration cf interstitial impur‘_ities for as-
irradiated vanadium. Concentrations refer to oxygen alone, 0 + N + C
and 0 + C + N + H in atamic ppm
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Table 6. Defect cluster-density and average size in as-irradiated: vanadium

Dose Irradiation ~ Interstitial - As-irradiated  Average Reference

Item (n/cm2,E>1 MeV)  temperature jmpurity Conc. defect cluster ..o d_(R)
: ' (°C) ‘wt. ppm) ce =3 c
density, n(cm ~)

. S 0 ¢ N H | |
A 1.0x10'° 55 M2 573 3 3.7x0'° 29 smidt (49)
B 8.2x10"7 189-220 240 32 41 6  1.4x10'® 70 Shiraishi et

| | al. (50)
¢ 1.oxtw0'® 50 190 38 5 15  4x10' ~ 30  Shiraishi et
: A L al. (47)
D 2.4x10'° 70 10 38 5 15 5x10'° ~ 30  Shiraishi et

- | al. (47)
E 5.0x10° 80 Unspecified 2.3x10'° 70 Elen (179)
F 5.4x10"° 70 29 53128 20  10'® - 107  25-50  Rau and Ladd
| (178)
6 (0.331.0)x10"°  150-250 110 300 200 2x10'6 30 '%oz§k and Elen
| (73
H o 1.0x10'7 250-350 110 330 200 - 2x10"° 30 Bo¥ek and Elen
0 2 | - (73)

I 1.4x10"° 95 %5 37 3 3 - 6.6x10"° 125  Present Study
3 l.axi0'? 95 305 29 5 2  1.8x10'° 80  Present Study
K 1.4x10'° 95 50 30 6 3 - 2.4x10'° 73 Present Study

(5L
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greatly different than those of the present study. Smidt observed a

3 and an average size of 29 R

1

defect cluster density of 3.6 x 10'® em”

(Item A, Table 6) in vanadium irradiated to a dose of 1.0 x 10 9 n/cm2

(E>1 MeV) at 55°C. The chemical analysis of vanadium reported by Smidt
(the vendor's analysis) was 112, 57, 3, and 3 wt. ppm of 0, C, N, and H;
respectively, corresponding atomic concentrations for O, 0+C+N and
0+C+N+H of 357, 609, and 761 at. ppm, respectively. For these concentra-

tions, Figure 54 predicts a defect cluster density of about (8-9) x 10]5'

cm'? and thus it appears that the défect cluster density observed by Smidt
is about 4 times higher than it to be expected from the vendor's analysis
according to present study. | _ | ‘

'It is worfhwhi]e to‘pursue fhis matter further anq compare the hard-.
néss‘values reported by Smidt (49) and that of the present study. The
diamond pyramid hardness of unirradiated vanadium reported by Smidt is
118 DPH as compafed to about 57 DPH for unirradiated V-95 material of
' comparéble purity (cohcentrations of 302, 470 and 622 at. ppm for 0,
0+C+N, and O+C#N+H, respectively) as shown in Figure 12.

Bradford :and Carlson (226) and Loria (227) have reported the dependence
of diamond pyfami4~hardne§s on oxygen concentration. Bradford andearison's
curve (Reference 226, Figure 2) of DPH as a functfon of oxygen concentration
(other fnterstitia] impurities at 150, 5 aﬁd 1 wt. ppm for C, N and H,
respectively) predicts a QaIue of about 60 DPH for material used by Smidt
contaihing 112 wt. ppm oxygén as compared to the observed value of 118 DPH.
Loria (227) has reported the following equation

DPH = 47 + 600 C + 790 tc +900 C,
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where Co’ C., and Cn are the concentrations of 0, C and N, respectively,

c
in weight percent. Applying this equation to Smidt's analysis of 112,

57 and 3 wt. ppm for 0, C, and N, respectively, we obtaiﬁ a hardness of

58 DPH, again to be compared with the reported value of 118 DPH. Using
Loria's equationAfor V-95 material (analysis given in Table 3) we obtain

a hardness of 56 DPH, which agrees with the value for 95 wt ppm oxygen on
Bradford and Carlson's curve and the value of 58 and 60 DPH measured in

- the present study after post-irradiation annealing at 1000°C (Figure 12).
The above brief discussion seems to indicate that the higher hardness and
defect cluster density of Smidt's vanadiﬁm compared to those of the present
study may be due to an actual impurity contentration of his vanadium which
is higher'than given in the véndor?s-analysis.

The defect cluster densities observed by.Shiraishi<g§_gl. (46,50), Rau
and Ladd (178) and Elen (179)vare difficult to compare with the résu]ts of
| the present study because of differences .in radiat16n conditibns and purity
of material. Shiraishi et al. (50) observed a defect cluster density of

16 cn3 for a dose of 8.2 x 10'2 n/cm? (Item B, Table 6), which

1.4 x 10
appears to be rather low for the dose used, but this may be due tb_the
rather high irradiation temperature of 180-220°C. The defect cluster
densities reported by Shiraishi et al. (46), Elen (179), Rau and Ladd (178)
and BoCek and Elen (73) (Items C-H, Tablev6) seem roughly consistent with
the present work (Items I-K, Table 6), but no exact comparison Ean be made
for the reasons stated above. However, the results of this study alone in-

dicate quite clearly that the differences in interstitial impurity con-

centrations are responsible in part for the variations in n valpes reported
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in the literafure for irradiated vanadium.

Figure 19 shows that the avefage defect c]uster size, H;, tends to
dgcrease with increasing oxygen concentration in as-irradiated vénadium.
The increased density and decreased size of defect clusters with in-
creasing oxygen cbncentration points toward the influence of oxygen as the
" nucleating agent. Single oxygen atoms or small aggregates of oxygen atoms
may act as nucleation sites for the formation of defect clusters. Since
the number of nuclei is larger in higher oxygen matgrial,'theAnumber of
radiation-produced point defects per defect cluster is smaller and conse-
quently the individual defect clusters are smai]er in size. It must be
remembered, however, that the atomic density of{defect'clusters is con-
siderab]y lower than the atomic density of oxygen atoms. fn fact, as shown
in Table 7, the ratio of oxygen atoms to defect clusters increases,froh
about 3000 for V-95 to 5000 for V-500 material.

It is of interest to calculate whether sufficient number of-pdiht
| défects are expected to be produced upon irradiation to give rise to the
observed defect cluster densities. It shduld be pointed out here that no
attempt was made in this study to determine uniqugly whether the defect
c]usters are of interstitial,-vacancy or mixed nature. The determination
of.charaCter of defecf c1ustéfs fequires a cérefu1 application of diffrac-
tion contrast theory and stereo microécopy. In éertain cases ambiguous
results have been obtained even in the best of ciréumstances.l

In neutron-irradiated copper, for example, some investigators (137,138,
228;229) repofted the clusters to be of vacaﬁcy type, while andther group

of investigators (230,231), using the same ana1ysis'technique, concluded
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Table 7. Atomic densities of oxygen atoms, ho,-and defect clusters,
n. As-irradiated condition '

n no . no
) _ _ n
Purity (cm 3) (cm 3)
V-95 . 6.6x101° - 2.18x1019 3260
V-300 1.77x10'6 6.95x10'2. 3910
16 1.15x10%0 4770

V-500 2.36x10

that they are of interstitial nature. In still another case, both types
of defect clusters were reported (232). For ngutron-irradiated vanadium
Elen (179) analyzed the defect clusters and concluded that the irradiatidn
"results in a high density of arrays of presumably interstitial clusters
of about 70 R" (see Item E, Table 6). Furthérmofe. éfter annealing at
400-600°C, large vacancy loops lying on:{111} planes with a Burger§
vector of 1/2 a, <111> were observed. Bocek and E1gn (73), however, re-
ported that the damage consists of a mixed population of small vacancy and
interstitial loops. Smidt (49) determined the nature of the loops in
Vanadium irradiated to 1 x 1019 n/cmz'(E>1 MeV) at 50°C and post-irradiafion
annealed at 600°C, using constrast and tilting experiments. He found the
large loops to be'of interstitial nature in agreement with Shiraishi et al.

19 n/cm2 (E>1 MeV) and annealed at

2

(46) for vanadium irradiated to 5 x 10

500°C or 550°C. However, in a specimen‘irradiated to1x10 Q n/cm2
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. (E>1 MeV) and annealed at 550°C, Shiraishi et al. (46) analyzed the loops

to be of vacancy nature. In short, then, we conclude that the determina-
tion of the nature of radiation-produced defect clusters are not con-
clusive in metals in genéral and in vanadium in‘particular.

Although the nature (interstitial or vacancy) of defect clusters is
contro?eksial, it has been well established by various investigators (46,
49,179) that the .defect clusters in neﬁtron-irradiated vanadium are
prismatic {111},'1/2 a, x111> dislocation loops,”présumably of circular |
shépe. Assuming this, we may estimate the number of atomic sites (vacancy
or interstitial) making up the defect c1u§ters, by calculating the total
areas of defect clusters per unit~vo]ﬁme of the sample, Ac. and diyidihg
by the areal density of atoms on the (111) plane.

The total aréa,of-defect c]hsters_is given by

A =X gn.d.z =4 N g ‘f".d.“-2 | (33)

where, as befor’e,.nj andlfj are density and fractional numbers , respect-

jvely, of defect clusters in the size interval J céntered at diameter dj,

and j is the dehéity of defect clusters of all sizes. AC is tabulated

in Table 4 and plotted in Figuré 55. It can be seen that the va1ues of AC

do not vary in a regular manner with oxygen concentration and, even upon

annealing up to 400°C, A, stays fairly constant at about (10 + 1) x

103 cn™!.  The density of atomic sites on {111} planes is given by
oy = ' LS . | (34)
Y3a_ _

o



Figure 55. Tbta] defect cluster area per unit volume, Ac, vs post-irradiation-
annealing temperature for single crystal vanmadium containing various
concentrations of oxygen v
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Taking a, = 3.026 R for the lattice parameter (226), we obtain

Py = 6.3 x 10]4 cm"z. The -effective density, then, of vacancy or inter-

stitials making up all the defect clusters (assuming that all the defect

. clusters are of one type) is

ps.y = Aoy = 6.3x 108 e | (35)
For a rough estimation of the density of displacements produced upon

“jrradiation we may interpolate from Elen's value (179) of 6.9 x 102]

3

displacements per cm™ for vanadium irradiated to 7.4 x 10]9 n/cm2 (E>0 MeV)

19
19

or 5.0 x 10 n/cm2 (E>1 MeV) assuming a fission spectrum. For the dose

n/cm2 (E>1 MeV) used in pfesent study, a displacement density
3

of 1.4 x 10

of 1.9 x 102

displacements per cm” is deduced. Comparing this density
with the one in thation 35, we see that if only one displacement in
(1.9 x 1021)/(6.3 X 1018) = 300 contributes a vacancy or interstitial to
the defect cluster, a sufficient area of defect clusters is produced to

- agree With the observed density and size distribution of as-irradiated
material. -

The fact that AC in Figure 5% does not show any regﬁ1ar dependence on
oxygen concentration can be rationalized by realizing tﬁat Ac is a measure
of the number of radiation-produced point defects absorbed into'deféct
clusters. Its value should not depend on the oxygen concentration, whibh'
" has 'its major effect on the nucleatioh of the defecﬁ clusters. It is

interesting to note that AC does not begin to decrease upon post-irradia-

tion annealing until the annealing temperature of 500°C is reached even

for V-95 (Figurevss), although the total defect cluster density, n, has
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alfeady decreased at 400°C to 43% of its maximum'va]ue~(F1gure 20) and
~ the avefage defect cluster size, 3E, has already increased at 400°C to
45% of its maximum value (Figure 19). This suggests that the reduction
in n and the growth of defect cluster size'dc upon annealing up to 400°C
occurs by the migration of point defects from the smaller to the larger
defect clusters, without any significant annihilation at various sinks.
An examination of Figures 19 and 20 reveals that the as-irrediated
values of the total density (Figure 20) and average size (Figure 19) of
the defect clusters persist to a higher temperature upon annealing as the
oxygen concentration is increased. AThUs, it can be seen in Figure 20 that
n begins to decrease fairly rapidly at 400°C for V-95 whereas 500°C is
required for extensive anﬁealing of V-500 material suggesting that oiygen
tends to stabiiize.the defect clusters and that greater amounts of oxygen
are segregated at the defectlclusters in the higher oxygen material. THe
total line length of the defect clusters per unit volume is given’by'
L.=nnd, . | | ’ ©(36)
Table 4 and Figure 56 give Lé for as-irradiafed and post-irradiation

annealed materials. L_ is equal to 2.9 x 10]0, 4.3 x 100 and 5.5 x 10'0

c
cm'2 for V-95, V-300 and V-500 materials, respectively, in the as-irradiated
condition whereas the corresponding total densitiee of oxygen atoms (Table

19 ]g‘and 11.5 x 10]9 oxygen atoms per cm3. This

7) are 2.2 x 10'7, 7.0 x 10
~corresponds to the number of oxygen atoms per R ef dislocation loop length
of about 8, 16 and 21 for V-95, V-300 and V-500, respeétive]y. Considering

the distance between atoms along the diS]ocationv1oop.1ying on a (111). plane



Figure 56.. Total defect clustar 1oop length, LC vs post-irradiation annealing
‘ temperature for singla crystal vanadium containing various concentrations
of oxygen
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- with Burgers vector ;? [111] to be equal to the interatomic distance
along <110>, i.e., V"Z;Eb = 4,28 ﬂ, the number of.oxyggn atoms avaflable
per atom along the dislocation line is 33, 70 and 91, respectively. This
indicates that more oxygen is aQai]ab]e per unit length or pér atom along
the dislocation loop in the higher oxygen material, which might'wel1 be
responsible for the increased stability of defect c1usteré against

annealing with increased oxygen contenf.

B. Radiatioﬁ Hardening

The effects of neutron irradiation on the strength of vanadium con- |
taining various amounts of éxygen was determined by using lower yield stress
measuremenfs on pblycrysta]iine samples and indentation hardness measure-
ments (diamond pyramid hardness) on single crystal samples. The single
crystal samples were prepafed,from'the same material as was used for defect
cluster density and size distribution studies deséribed above.

Figure 57 summarizes the results of various studies on lower yield
streSS‘Qalues as a function of oxygen concentration for unirradiated
vanadium polycrystals. The humbers adjacent fd the plotted points refer'to
the items iﬁ Tab]e'B,' which gives information concerning the chemical
composition, grain size, strain rates and yield stresses reported in the
literature and‘from the present study. ‘It is seen that the-va]uesAdo not
correlate generally with oxygen concentrations since so many other variables
are alsd involved. Some attempt was made to cdrrett er grain size and
strain rate, realizing that such éorrections can only be approxfmates' For

the correction of grain size, the-Petch relation



o
o)

oy YIELD STRESS (kpsi)

5

O
o

o

N
o

I I [ | 1 |
o THIS STUDY -
o THIS STUDY, CORRECTED]
FOR GRAIN SIZE -

(see text)

L e ’ |po © PREVIOUS STUDIES —
al3 NUMBERS REFER TO
. al7 ITEMS IN TABLE 8

— ) , - ELSSNER 8 HORZ, 4

| l | | I l |

00 200 300 400 500 600 700
C, OXYGEN CONCENTRATION (wt ppm)

Figure 57. Yield stress vs oxygen concentration for unirradiated vanadium reported

by various investigators

THIS STUDY| -

0Ll



Table 8.

Yield stresses for room temperature tests on vanadium polycrystals in the unirradiated

conditicn
(M) (2) - (3) (4) - (5) (6) - (7)
Item Interstitial Impurity Grain Strain Yield Stress - Yield Stress Reference
no. concentration size rate as measured corrected?
: (Wt ppm) (mm)  (10-% sec-1) (kpsi) (kpsi)
o N ¢ H |
1 60 - 1-6 30-40 2-8 0.024 1.67 11.6 10.3 This study
2 205 2-6 50 A 10512 0.142 1.67 12.8 12.8 This study
3 640 2-6 60-80 15-18 0.146 1.67 19.8 . 19.8 This study
4 b 20 16 <10 b 10.47 b | Elssner and
| Horz (232)
5 % 2 9 ~ 0.38% . 1.67 4.0 4.2 Alexander and
_ Carlson (233)
6 66 2 9 0.145 1.67 . 10.7 10.7 Wechsler et
4 A _ al. (71)
7 660 2 9 9.145. 1.67 21.3 21.3 Wechsler et
, | v al. (71)
8 90 10-30 <5 not given 1.0-1.2 5.6 5.6  Arsenault and

3corrected for grain size and strain rate; see text.
bVarious oxygen concentrations employed; see text

CCorrected for strain rate only.
dCompression tests. .

Pink'.(70)d

L1



Table 8. (Continued)

(1) (2) (3) (4) (5) (6) (7)
Item Interstitial Impurity Grain Strain Yield Stress Yield Stress Reference
no. concentration size rate 1 as measured correctedd
(wt ppm) (mm) (10-% sec!) (kpsi) \KPS1)
0 N C H
9 300 130 <5 not given 1.0-1.2 13.6 13.7°  Arsenault and
: Pink (70)9.
10 240 a1 32 6 0.016 2.83 26.8 23.3 Shiraishi et
’ : al. (50)
1 190 5 38 15 0.038 2.83 17.6 16.3 Shiraishi et
o0 | al. (50)
12 430 3.5 50 21 0.038 2.83 40.0 37.2  Shiraishi et
’ : al. (50)
13 136 95 166 7 < 0.120 0.83 38.0 > 37.3 Smolik and
- - -~ - - Chen (48)
14 586 78 77 <1 0.120 0.83 26.5 25.7 - Smolik and
4 o S , ' Chen (48)
15 240 340 530 0.150 2.55 22.7 21.2 %oE?k et al.
- ' 47
16 170 200 330 - 0.050 2.55 16.3 15.3 Bocek and
_ : Elen (73)
17' 266 320 520 0.174 3.3 34.7 34.0 Venetch et

9

al. (88)

2Ll
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_ -1/2 '
g = Uo + kde R . (37)

was used, where o is the yield stress, o, and ky are constants and dG is

o
one-half the grain diameter. If d1 and d2‘are the d. factors for a given

material, then the corresponding yield stresses are related by

- Kk, (c12~"/2 . d]']/z) . ~(38)

9% "9
For tests at 273°K, ky as a function of oxygen concentrations is

given by

ky =AC,+8B ' (39)

according to Loria, Keith and Rowe (234) who studied the effect of 0, N

and C on the tensile properties of vanadium of various grain sizes. A

-1/2

in aboye'equatioh was found to be 4.73 kpsi cm per wt percent bxygeh,

B = 0.049 kpsi cm']/z, and C_ is the concentration of oxygen. Thus, equa-

0
tions 38 and 39 were used to correct for grain size differences. The

strain rate corrections were made using the following relation

a & . . .
In=2 =§ 1n-2 - (40)

9 €

where 9 énd g, are yield stresses corre#ponding to strain rates é1 and éZ’
respectively, and S is fhe strain rate sensitivity parameter. Carlson and-
Alexander (235) reported a value’of S = 0.0237 for room temperature tests‘
on vanadium containing 264 wt.'ppm oxygen. This value was used, assuming
that the strain rate sensitfvity is independent of oxygen concentration at

the levels shown in Table 8. Using Equations 38 and 40 we corrected the
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as-measured yield stresses in Table 8 to values appropriate to a grain
size of 0.144 mm (the grain size for our V-205 and V-640 material; see

Table 2) and ourvsfrain rate of 1.67 x 10"4 sec'].

It is seen in Table
8 that the corrections to the yield stress values due to differences in
grain size and strain rates are not very large, and the wide variations
~in yield stress values shown in Figure 57 still remain.

Elssner and Horz (232) studied the effect of nitrogen and oxygen on.
the yield stress of electro-refined vanadium obtained from U.S:~Bureau of
Mines, Boulder City,'Nevada. This is the same source as for vanadium

used in the present study (See Chaptér III). They obtained the relation-

ship for room temperature tests

o(kg/mmz) = 5.0 +52.0 C_ (at. %) +50.0 C (at. %) (41)

where Cn and Co are thé concentﬁationS'of hitrogen and oxygen, reSpectively.
After a recrystallization anneal their vanadium contained 20 wt ppm nitro- |
gén. Substituting this value and cénverting hield stress into kpsi, the
following relation is obtained_fof-y1e1d:stress‘as a function.of oxygen

concentration:
“o(kpsi) = 7.2 +0.0222 C, (wt ppm) . | (42)

The above relationship is plotted in Figure 57.

The yield stress values obtained in the preéent study are also plotted
in Figure 57 (pdints 1, 2 and 3). Points 2 and 3 refer to samples with a
" grain size of about 0.144 mm, Whereas the sample for point 1 had a grain
size of 0.024 mm (Tab]e 2). Correcting the yield stress of V-60 for grain

size in the manner described above results in a value of 10.3 kpsi (from
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11.6 kpsi), which falls on a straight line with points 2 and 3 as}shdwn
in Figure 57. This liﬁe agrees well with the one obtained by Elssner and
Horz (232). The small differences may be due to differences in concen-
trations of impurities other than oxygen, or to differénces in grain
structure, Elssner ahd Horz report that their material had an "almost
ideal bamboo structure" with specimen axis along <110> , whereas our
samples had an equiaxed grain étructure.

The yield stress values as a function of neutron irradiation for
polycrystalline material investigated by various authors are summarized
in Table 9 for comparisoh. It is seen that the radiation hardening
observed by various investigators varies extensivé]y. BoEékng_gl, (47)
studied -the dose dependence of the yield stress of vanadium containing
fairly high interstitial contents (Item 15, Table 8) and also 3000 wt |
ppmvy;trium,-which is ekpected to act-és an internal getter for'infer-
stitial impurities. They observed an increase in yield stress-upon
irradiation which varied as the square-roof of the dose for irradiations
carried out at 150-250°é (see Figure 58). ‘It'éhould be noted that the
irradiation temperatures were in the range where radiation-anneal hardening
| takes place, as seen inlfigures 9, 10 and 12. IBoEék.and Elen (73) studied
the dose dependence of radiation hardening, again at 150-250°C in vanadium
containing somewhat lower concentrations of interstitial impurities (}tem
16, Table 8) but without any yttrium addition.' The yttrium-free'material
exhibited less radiation hardening than matérig]‘containing 3000 wt ppm
yttrium (Figure 58). The present work (Figures 9, 10 and 12) indic;tés

that radiation hardening increases with- increasing oxygen concentrati?h.



" Table 9. Effect of irradiation on the yield stress of vanadium polycrystals.

tests. Various investigations?

Room temperature

Oxygen | Dose

Reference

Irradiazion  Yield Item No.,
Concentration 19 2 Temperature Stress Table 8.
(wt. ppm) (107 n/cm") (°C) (kpsi)

60 0 o 1.6 1 This study
1.4 ' 105 23.6

205 0 A - 12.8 2 This study

: 1.4 : 105 - .29.7 :

640 0 : 19.8 . 3 This study
1.4 _ 105 40.3

. 66 0 10.7 -6 ‘Wechsler et al. (71)

~ 1.5 85 25.5 .

660 0 - 21.3 7 Wechsler et al. (71)
1.5 - 85 42.5 ) : ; '

90 0 - 5.6 8 Arsenault and Pink
2 60-100 - 20.6 (70) '

300 0 13.6 9 Arsenault and “Pink

’ 2. 60-100 35.2 (70)

240 0 , 26.8 10 Shiraishi et al. (50)

| 8.2 180-220 46.5

190 0 ' 17.6 11 Shiraishi et al. (50)
0.02 70 20.2

aDosés end yield stresses are taken from published plots in most-cases and are approximate.

WS

91



Table 9. (continued)

~ Oxygen Dose - Irradiation Yield Item No., Reference
Concentration 19 2 Temperature Stress - Table 8
(wt. ppm) (10°7 n/cm®) {°C) (kpsi)
0.1 50 25.0
2.4 _ 70 ' 52.7
430 0 40.0 12 : Shiraishi et al. (46) -
5 70 71.3 . ,
10 70 65.3
136 0 , 38.0 13 . Smolik and Chen (48)
1.8 - 107 : 64.5 E
3.6 107 . 93.0
4.0 107 ~ 100
240 0 o 22.7 5 BoCek et al. (47).
0.0022 - 150-250 . 23.7 ' " :
0.028 - 150-250 26.7
0.056 150-250 29.7
0.11 “150-250 . 31.8
0.24 : " 150-250 - 35.3
0.48 "~ 150-250 41.9
1.3 150-250 54.3 .
, 2.7 . 150-250 66.2
110 0 ' | 16.3 16 " BoCek and:Elen (73)
0.0016 150-250 25.7 ' '
0.016 150-250 . 26.5
0.092 150-250 31.7
0.17 150-250 35.3
"~ 0.33 ‘ 150-250 39.9
- 1.0 . 150-250 52.9

LLL



Table 9. (continued)

bxygen Dose " Irradiation Yield -Item No., Reference
Concentration 19 2 Temperature Stress Table 8
(wt. ppm) (10"7 n/em”) (°C) (kpsi)
266 _ 0 - 34.7 17 Venetch et al. (84)
~ 0.07 60 -45.5 -

8LlL
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It appéars that the effective interstitial impurity concentration in
vanadium containing 3000 wt ppm yttrium studied by Bofek et al. (47) was
reduced due to yttrium, as expected. It is seeniin Figuré 58 that,'1n
general, the radiation hardening observed by various investigators shows
wide variations which are attributed to the differences in material
(purity, grain size and structure,-prior heat treatments) and radiation
(dose, flux, irradiation temperature).variables.

Figure 59 shoWs the increase in yield stress as a function of square
root of oxygen concentration (in wt ppm) and the square root of the sum 6f
okygen,.nitrogen and carbon concentration (in wt ppm) for our V-60, V-205
and V-640 polycrysta111ne material. The. increase in radiation hardening
with increasing interstitial impurity concentration is éQident from this
4 ‘figure.‘

. Similar measurements of‘radiation hafdening were made by measuring
indentation hérdness upon irradiation in sing1e crystal material containing
95, 300 and 500 wt ppm oxygén. Figure 60 is a plot of results obtained.l
It is seen, again, that radiation hardening increases with increasing
imburity concentfation. Figure 60 also}shows results obtained by Smidt (49)
upon irradiation to 1 x 1019 n/cm2 (E>1 MeV) at 55°C. It was stated above |
that the hardness value of 118 DPH obServed-fof unirradiated material seems
to indicate a higher interstitial'impUrity concentration than given in the
vendor's analysis. Nevertheless, the increase in hardness upon irradiation
was only 18 DPH, which seems consistent with the qugen concentration of
112 wt ppm (see Table 6) in comparison to our results. In‘Figure 60 a point

is also plotted which shows Smidt's observation~correctgd for difference in



Figure 59.

Plot of increase in yield stress upon irradiation, as, vs square root
af interstitial concentrations for polycrystalline vanadium. Con-
centrations refer to oxygen alone and 0 + N + C in wt. ppm and atomic
ppm, respectively .
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1 19 2)

dose in his irradiation (1.0 x 10 9 h/cmz) and ours'(1.4 x 10°7 n/cm
using a ¢]/2 power hardening dependence as indicated by Bolek et al. (47)
and shown in.Fighre 58. It may be. fortuitous that Smidt's aH value
agrees so well with the value obtained in the present study, since his
measurements were carried out on 0.002 in. (0.051 mm) thick“foils using
a 50 gram load, whereas we used 0.5 mm thick samples and a 1 kilogram
Toad. Furthefmore, the vendor's analysis in&icated 57 wt ppm tarbon.for
Smidt's materiallcompafed to our carbon contents of 37, 29 and 30 wt ppm
for V-95, V-300 and V-500 material, respéctive]y'(see Table 3).

In order to correlate radiation hardening with defect cluster density

and size distribution, Smidt (49) has used the following empirical formula

relating increase in hardness, AH, and increase in yield stress, Ao, upon

irradiation:
MM _ .~ DPH DPH | Ty
= =3.0 ——— = 2.1 —=== (43)
Ag kg/mm~ kpsi '

Interbolatihg from Figure 59 we find fhat Ao = 14.0, 18.2 and 19.7 kpsi -
for V-95, V-300 and V-500 material, reépectively.- The observed aH values
for the three materials (Figure 60) were T8f5, 34.8 and 38.5 DPH, re-.. ...
‘spectively. Thus, we deduce va]ués of AH/Ao of 1.3, 1.9 and 2.0 DPH/kpsi
to be compared with Smi&t‘s value of 2.1 DPH/kpsi. We applied the small

correction to allow for differences in dose for our yield stress measure-
19

ments (1.2 x 10 n/cmz) and hardness measurements- (1.4 x 1019 h/cmz) using
the ¢]/2 dependence. This reduces the AH/Ac values by a féctor of

(1.2/1.8)1/2 t0 1.2, 1.76 and 1.85 DPH/kpsi for V-95, V-300 and V-500
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respectively, which indicates that the values for the ratio aH/ac for
V-300 and V-500 are less by about 15% than indicated by Smidt's (49)

empirical relation in Equation 43.

C. Strain Aging

There are two theories most generally accepted which explain strain
agfng in b.c.c. metals. The first one is the "dislocation locking theory"
proposed by Cottrell and Bilby (207) according to which the solute atoms
pin the dislocation, until under the applied stress the dislocations break
away from the solute atmosphere, resulting>1n'1ncreased number of mobile
dislocations and leading to the observed yield boint. The ofher theory
- due to Johnston and Gilman (208) was extended to b.c.c. metals by Hahn
(209). It is called "dislocation mu]tiplicatioh theory" whereby the dis-
locations surrounded by the solute atmosphere remain locked and the yieid
point is the result of rapid multiplication of mobile dislocation.and the
stress dependence of dislocation velocity. Either 6f the two fheories can
explain the observed results, since the main<pofnt of interest is the
pinning of dis]écations by the solute atoms.
o In Table 5, the times for reappearance of yield drop have been listed
for unirradiated-gnd irradiated samples. If can be observed that the time
for reappearance of yield drop decreases with 1ncreasing‘oxygen‘for both
unirradiated and irradiated material. Acébrding to thé Cottre]]—Bi]by
theory, the number of solule atoms migrating to the dislocatinns is pro-

2/3

portional to t“/°, where t is the time for reappearance of yield drop.' The

Cottrell-Bilby theory predicts
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N = 313 N, B3 @73 | (a8

where N(t) is fhe number. of so]ﬁte'(oxygen) atoms segregated'per unit
length of dislocation line. No is the number of solute atoms per Cm3,
D is the diffusion constant, k and T are Boltzmann's constant and tempera-
ture of anneal in °K, respectively. c'fs'related to fhe strength param-

eters and is given by

c=36ber (1) - | | (45)

where G is the shear modulus, b is the Burgers vector, v is Poisson's
rat1o r 1s the radius of the solvent atom and r(1+e) that of the solute
atom.

¢ can also be expressed as
= AVGb (‘*") - S - (46) -

~as suggested by Szkop1ak and E]iasz (236), where AV 1s the change in
lattice volume due to presence of 1nterst1t1a1»atoms. At a particu1ar

aging temperature, N(t) is proportional to N t2/3. For the validity of |

2/3

the Cottrell-Bilby theory, N t should be constant for the three types of

vanad1um samp]es, Table 10 115&% N t2/3 values for un1rradiated and
irradiated vanadium, where t at 175°C 1s the time for reappeerance of the”

 yield drop.
From Table 10 it can be seen that Not2/3 fer uhirradieted vénadium of

three oxygen contents is fairly constant as predicted by the Cottrell-Bilby

theory. Notz/3 for irradiated material is also‘reasonably constant.
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Table 10. t2/3 values for irradiated and unirradiated vanadium
B Notz/3 (em secz/3)
Sample -
‘ , Unirradiated : Irradiated
V-602 | 1:24 x 102! - 1.67 x 102
v-200 2.03 x 1027 3.90 x 10?2
21 2.15 x 102

V-640 1.4 x710

The unirradiated low oxygen material was:prepared in a separate
ga%eh It contained 37 wt. ppm oxygen and had an average grain diameter
3 mm.

The variations may be due to variations in the dislocation structure
caused by the bresence ef dis]ocation'chaneels.

Before explaining the reasons for delay in the reappearance of y1e1d
drop in the irradiated material, let us calculate the number of atoms
segregating per dislocation line giving‘rise to the yield point. An

2/3 21

average value of Not can.be taken as 1.6 x 10 cm':';secz/3 for un-

‘ irradiated material.

The values fornfactors D, G, B, v and Av were taken as 8.79 x 1‘0'1'7

en?/sec at 175°C, 4.76 x 10° kg/mm%, 2.62 8, 0.36 and 4.6 x 10" 2%cm’,
respectively. Av was calculated using the Bradford and Carlson (226)
lattice parameter for vanadium containing oxygen, extrapo]ating to the ratio
of interstitial to vanadium atoms equal to 0.5 or 33.3 at % oxygen. Substi-
tuting'the above factors in Equation 44, one arrives at the value of -

3.85 x 105 atoms segregating per cmof dislocation line or 0.0385 atoms
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per R. 1f we consider atomic spacing along the line to be equal to
b=2.62 R, then we have 0.038 x 2.62 = 0.1 atoms per atohic sbacing, or
one atomic site in ten is occupied by oxygen, which give rise to yield
drop. Although this humber appears quite fow, the observations made by
Bradford and Carlson (226) on strain aging at 175°C agree reasonably well
with our observations. They observed a reappearance of the yield drop in
vanadium'containing 265 wt. ppm oxygen in 5.4 minutes, which corresponds
to a 0.18 segregated atomsvper atomic spac1ng{

The retardation in reappearance of yield drop caused by neutron
irradiation is quite clear ffom Table 5 and Figures 25-27. It is con-
cluded that the retardation is caused by the migration of oxygen atoms at
- first to the radiation-produced defect clusters where they are trapped.
The oxygen atoms migrate to dis]ocations;on1y after the defect clusters be-
.come saturated and therefore the oxygen atoms participate in the strain-
aging later than in unirradiated material. A question arises here as to
the distance that an oxygen atom has to be moved to reach a defect cluster
or a dis]ocat1on. From the single crysta] TEM‘observat1ons extended to
po]jcrystalline specimens, the volume dens1ty of defect clusters can be
“approximated, and therefore the spacing between the defect c]usters .

S' = (1/n)]/3 can be ca]culated. Table 11 lists the approximate c]uster
density and calculated cluster spacings for the three materials obtained
from extrapolation of dehsity values of a single crystal material anneajed
at 200°C.

To determine the spacingvbetween~dislocat10ns, the number'density:of

the dislocation should be known. In b.c.c. metals the dislocation deqsity
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Table 11. Inter-cluster spacing in irradiated vanadiuh

n = Volume density Spacing between

Material
(cm'3) clusters S' = (1/n)1/3
®
Vanadium-60 -ppm oxygen 5.4 x 10]5 570 R
Vanadium-205 ppm oxygen  1.28 x 1016 - 427 R
‘Vanadium-640 ppm oxygen 2.50 x 1010 - 342 R

increases with increasing interstitial content as shown by Kothe (212) in
tantalum, by Ke (237) in niobium and Thomas and Leak (238) 1n‘a1pha iron.
In the experiments described here, the yieid qrop in the méteria] with
higher oxygen content occurs at lower strain than in material with Tow
interstitiql content. This effect fhus counteracts the effect of in-
creased density of dislocations due to increased interstitial content. A
representative density in b.c.c. metal.at the strain under consideration

9 '|0-c -2

here can be taken as 10° to 10 m = implying an average spacing between

dislocations of about 1000 to 3200 R, which is larger than the spacing be-
10

tween defect clusters (Table 7). The dislocation densities of 109_toA10
are overestimates Beéause large regions of the irradiated and deforhed
~ material are expected to experience 1itf1e §tfain due to the influence of
dislocation chéhne]ing. Therefore it can be assumed that oxygen atoms |
migraté to the defect clusters first (since a sha11ér number of jumps is
required to reach the defect clusters), where they are ‘trapped and do not

participate in strain aging until the defect clusters are saturated. It can
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be shown that all the‘oxygen available in the samples does not get
trapped, because if this did occur, the yield drop would not réturn;
Cochardt et al. (239) have predicted that the number of atoms that an
edge dislocation can accommodate per atomic site for carbon in alpha iron
is 8. Assuming the same value for oxygen in vanadium, one can calculate
the amount of oxygen'reqqired to saturate all the defect clusters in the
three kinds of material, knowing the average defect cluster diameter.

The averagé defect cluster or dislocation Toop dfameter extfabo]éted fﬁom
single crystal observations (on samblesAannealed one hour ét 200°C) are
155 R, 94 R, and 70 & for V-60, V-205 and V-640 materials, respectiveiy.
The-amount of oxygen required to saturate these clusters is calculated -

to be 112 at. ppm, 161:at. ppm .and 234 at. ppm, respectively, and fhe
fractions of oxygen removed are 0.59, 0.25 and 0.12, respeétive]y. From.
this it can be concluded that there is morg than enough oxygen available
to pin the dislocations after the defect ciusters or dislocation loops
have been saturated. The times during which the trapping occurs are

1.6 x»lbs sec, 5.6 x 104 sec, and 3.30 x 102 sec for V-60, V-205 and V-640
materials, respectively (these timé§ are the cumulative times of anneaiing
before yield drop reappears). It is clear from the above that\the time
required to remové 112 at. ppm oxygen from V-60 material is much longer
than that required to remove 234 at; ppm oxygen from V-640 material. This
is in a qualitative agreement wifh results of McIlwain et al. (83), which
show that.the annealing tiﬁe required at 175°C'fo precipitate é given amount
of oxygen decreases with increasing oxygen concentration.

In the bottom portions of Figures 25-27 the true stress - true strain
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curves for irradiafed V-60, V-205 and V-640 materials are shown. A care-
ful examination of these curves shows that.in the first few stebs of de-
formation (before the-time forbthe reappearance 6f yié]d drop) there is
softening of the material (flow stress decreases_in the next loading
after annealing). |

The softening contiﬁues.to more deformation steps in V-60 than-in
. V-205 and V-640 materia]. The softéning can be explained on the basis of
dfs]ocqtion channeling. In the initial stages of deformation, thg channels
play an important role. The defofmation occurs by the process of wideniﬁg
of the channel, until they become saturated with dislocations. Theée,dis-
locations give.rise to-a back stress so thaf no new dislocations can glide
in the Channe]s and new channels form. In éase of V-640 materfa]s the dis-
location density fs high; therefore the channels safurate sooner than for
the other two materials. Once the yield drop reappeafs, dis]ocatfon pinning
and unpinning predominate over channeling. The 1oad-un10ad-annga1-re]oad
experiments should not be confused with radiation-anneal hardening experi-
ments. In the latter case the role of chanﬁe]ing is . nonexistent, since the
lower yield stress upon first loading is measured.

Figures 28-30 show the true stress - true strain curves for isochronal
anneals. The top portions of Figures 28-30 show the behavior of unirradiated
material. There is a genera1 recovery which sets in at'about 450-500°C
(0.32-0.34 Tm)‘in all the thfee materials and the yield drop is lost. This
recovery can be explained to be due to oxygen going back into solution ahd
leaving the dislocation sites, and also to annihilation of dislocations

themselves as a result of formation of attractive junctions, which causes a
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reduction of dislocation line length. Similar observations have been made
by Stephens and Form (210) in tungsten at about 0.34 Tmf

The behavior of irradiated material is not so easy to.explain. There
appear to be three distinct regions: 150 to 30000, 300 to 500°C, and 500°C
and above. The recovery stage about 500°C is similar to that observed for -
unirradiated material. The first region is characterized by appearances
of yie]d'drdps, although they are not Very well defined in the case of the
two low interstitial alloys. In this region the oxygen is being trapped by
defect clusters and dislocations giving rise to yield drops. At the tempera- 4
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 ﬁin
them. |

The region between 300°C and 500°C, where stress drops and then in-
creases until the third stage sets in, is a result of many processes occur;
ring simultaneously and it is difficult to separaté their contributions. It
will suffice hefe to point out the processes that may contribute to this
sfage. They are: 1) trapping of oxygen by defect clusters, 2) segregation
of oxygen at dislocations, 3) rédisso]ution of oxygen in the matrix, 4) re-
duction in the number density of dis]océtion clusters, 5) recovery of poly-
. gonization, 6) annihilation of dislocations, and 7) dislocation channeling.
fhe effect of prior strain on strain aging in irradiated material is mani-
fested in Figures 31-33. In Figﬁre 31.it-is seen that a brior strain of
about 3% followed by a 175°¢C énnea] for 2 hr produ;es a'yie1d drop only in
the V-640 sample and not in the other two. It is coﬁtended that 2 hr at

175%C is sufficient fime.for oxygen to saturate the defect clusters (not
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annihilated by dislocation channeling) in V-640 and migrate to dislocations
and effectively pin them. Besides, the V-640 sample will have highér dis-
Tocation densities than the other two materials. Therefore oxygen atoms
have to make fewer jumps to reach the dislocations because: (a) the distance
between oxygen atomé is shorter (b) the dis]ocatfon‘densfty is higher.

It can be séen in Figure 32 that at 6% strain V-205 samples also ex-
hibitka yield drop after 175°C anneal for 2 hr, siﬁce now the density of
defect clusters is reduced (due to annihilation by dislocation channe]ing)
and the density of dislocations is increased. Therefore, oxygen atoms
had enough time to saturate the remaining defect clusters. V-60 matéria]'
does not show a well-defined yield drop for the same treatmeﬁt.

Figure 31A(bottom) shows that a second anneal of 6 hr at 175°C for
the V-60 sample produced an increase in flow_stress_even after a prior
strain of 3%. This is dué to the migratidn of oxygen tb defect clusters
causing strengthening (RAH). Similar beha?ior is observed fdr V=205 and
'V-640 in Figures 31-33. Figure 31 shows the stress-strain curvés upon
instant reloading of samples. The experiments:&ere performed to seé if'the
Haason-Kelly (240) effect was present. The same experiments were done
on unirradiated material (not shown here). There was no evidence of the

Hasson-Kelly effect in vanadium. Some of the results of strain aging in

irradiated vanadium have been presented by Wechsler and Bajaj (225).

D. Dislocation Channeiing
As has been described in Chapter II, the term "dislocation channeling"

refers to the process of removal of radiation-produced defect clusters by

subsequent. plastic deformation. Figures 36-38 show -the dislocation channels
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in Vanadium containing 95, 300 and 500 ppm oxygen, respectfvely.' In
general, no major differences were evidént in dislocation channels in
vanadium containing 95-500 ppm oxygen. |

Dislocation channels and inhomogeneous deformation of irradiated
crystals have been reported previously, in particular in refractory b.c.c.
metals by Tucker gL!gl, (67,191) in niobium and Huang and Arsenault (192)
and Shiraishi et al. (50) in vaﬁadium.' In the present study, dislocation
éhanne]s have been observed in vanadium independent of the oxygen conteﬁt,
which is in agreement with the results of Huang and Arsenault (192). Fig-
ure 36 shows a typical Channejing phenomenon in V-95 material where the
channels are‘essentialiy devoid of the defeét clusters. At fhé channel
intersections, however, one can observe disloecation tangles. The dis;
lTocation tangles are not only present at thé intersection of the channels,
but within the channels as we]},lindependént of the oxygen concentration
as is evident in Figures 37-39 for V-300, V-500 and v-95; respectively.
fhe dislocation density within the channels generally increases with in- -
creasing oxygen content and the thicknes; of the.foil under observatidn.
This is also in agreemént with results of Huang and Arsenault (192).

Figure 36 shows an interesting feature. In the center of Figure 36 and
at the right hand bottom one can see intersecting channels with offsets.
The offsets provide some measure of the amount‘and dfrection of the shear -
displacement produced by the dislocation producing the channels. At the
intersection in the center of the figure, the.gffset is about half the width
of channel (1500 ﬂ) in the [170] direction, and ét‘the bottom.right it is

about the width of the channe] running from top to bottom. These offsets
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correspond to about 1-2 di$1ocations moving along the éhanne]s per atomic
p]éne, which is. in agreement with estimates pkovided by Sharp (188) and -

" Tucker et al. (67,191) in copper and nidbium, respectively.

The concentration of the strain within the channel results in the
~coarsening of slip lines observed on polished surfaces of irradiéted metals,
as is seen in Figures 34 and 35 in vanadium. Tucker et al. (67,191) have
shown from the observation of channel boundary intersections that, although
the strain is inhomogeneously distributed as a whole in irradiated metals,
the strain within the channel is distributed uniformly. Although no such
intersections were observed in the present study, the rather uniform width
of a given channel and also the constancy of the width on both éides'of the
_intersection suggest that the stréin is distributed‘uniformly and that the
source'of dislocations producing the slip dislocations fs the samé and no
new source operates at the intersection of the channels.i The:intersections
of channels in Figure 37 do not reveal offsets very cleaf]y. This is due
to the fact that the channel p1ane is not perpendicular to the electroh
beam direction. This also is the‘reason why the channels do not appéar

- completely cleared of the radiation-produced defect clusters. Another
'réason for theAapparenf absence of the offset may be the similar magnitude
of‘the strain associated with thg intersecting channels.‘

Dislocation channeling has also been observed in post-irradiation
annealed samples in the present study.. Tucker g;bgl, (67,191) concluded
that in niobium, post-irradiation annealed for two hours in the temperature
range near 400°C where maximum radiation anneal hardening i$ observed, there

is little evidence of dislocation channeling and considerable dislocation
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structure in regions rich in defect clusters. The decreased fendency

qu dislocation channel formation was taken as evfdence that post-
irradiation annealing in some way makes the removal of defect clusters

more difficult by slip dis]ocationé. Tucker et al. (191) suggested that
interstitial impurities migrate to radiation-produced deféét clusters
during annealing, strengthen them and cause the slip dislocations to bow
around the defect clusters instead of breaking throuéh them. In the
vanadium used in this study, however; dislocation channels were observéd

in thé post-irradiation-annealed condition (annealed at 300°C and 400°C)
independent of oxygen content. The essential differencés between channels
in post-irradiation-annealed and as-irradiated maﬁeria] are that for the
post—prradiatiOp-annealed materialﬁ (a) channel walls are not well 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 be explained on the basis that the defect ciusters in the
post-1fradiation-annea]ed material are re]ative]y strong and provide more
resistance to slip dislocations during their paésage through the matrix.
The dislocations get pinned at the defect cfusters resulting in tangles or.
move around them leaving tpe defect clusters inside the channels. qujng
the observation of dislocation channels caution should be exercised in
choosing the area for observations. As .an examg]e, one may erroneously
conclude from Figure 44 that there are no dislocation channels in the material
and only dislocation tang]eslare 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 channe]s'which are relatively well
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‘defined. The presence 6f dislocation channels in post-irradiatioh-annea]ed
vanadium is in agreement with the observations of Shiraishi et al. (50)
who observed channels in vanadium post-irradiation annealed at 400°c.

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. Howerér,
the channel'wali is not well-defined ahd 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°K 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 lack of aVai]ab]e information.

In the process of formation of dislocation channéis the most important
step is the e]imination of defects by glide dis]ocations. Various mechanisms
have been proposed for this event. The fo]]o&ing mechanisms are worth
consideration: | : |

a) Sweeping of tha defect clusters _

b) Annihilation of defects by anti-defects

c¢) Elimination by dis]ocation-ciuster inperaction

d) Annea]iné of the defect clusters by'heaf of p]asfia 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 the
channels is about the same as in the matrix; |

The annihilation of defect clusters by anti-defects involves generation
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of defects of opposite nature by moving dislocations (vdcancies.if the
defect clusters are interstitial loops and Qice-vérsa). This mechanism
is unlikely in view of the observation by'Sharp in which dislocation
channeling was observed in copper deformed at 4°K where atomic diffusion
is minimal. In the present case, channels were observed in irradiated
vanadium deformed at liquid nitrogen temperature as shown in Figures 40
and 41. |

Various mechanisms have been proposed by which the slip dislocations
interact with the defect clusters (dislocation loops), incorporate fhem
into slip dislocations, convert them toiglissile configuration or.alter
the shape to facilitate elimination. If the dislocation ]obp and the slip
dislocation havé the same or opposite Burgefs vectors, the loop can be
‘partially incorporated into the slip dislocation by a mechanism proposed
by'Saada and Washburn (203). HoWever, not all  the loops wi]] have Burgers
vectors in the favorable orienfations was pointed out by Shafp (188).
Strudel and Washburn (205)'have proposed another mechanism of interaction
of dislocation loops with moving dislocations 1in f;é.cQ metals. Foreman
and Sharp (204) have also proposed a mechanism for f.c.c. metq]s‘which is
shown in ngure 5 in Chapter II. |

A mechanism of elimination of defect clusters by heat of deformation
has been proposed by Tucker et al. (191). According to this mechanism the
defect clusters can be.eliminated by the local heat produced by the in-
homogeneous deformation. It has been said above that the shear strains
produced during the channel formation are of the order of 1.8. The ihcrease

in temperature during plastic deformation can. be calculated knowing the shear
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stress and shear strain and assuming adiabatic conditions. The calculated
temperature rise for V-500 is about 110°%. For example, for V-500 material
the shear stress t can be approximated as 32.6 Kg/mm°. Assﬁming that on
the average 1.5 dislocations operate per plane, then the shear strain y
produced is 1.5 x v¥3 / V2 since b =-/3(a/2) and {110} spacfng.is Y2a/?2

- where a is the lattice parameter. The energy of plastic deformation per

“unit volume is then

Epp = TY = 32.6 Kg/mn = 76 cal/cmd

Vanadium has a specific heat of about 0.116.cal/g.deg (241).

Therefore, under adiabatic conditions the tehperaturé rise would be
110°C if all the energy of plastic deformation converted to heat. This
increase of 110°C above foom temperature is iﬁsufficient to cause the
annihilation of defect clusters within the channels. However, the above
calculation assumes that the energy of plastic deformation is distributed
uniformly among all the atoms in the channels. If one assumes that the
energy is dissipated under édiapatic conditions am¢ng the atoms in a‘volume
in the proximity of the defect clusters comprising a fraction of the volume
of atoms fn channel, the local increase in temperature would be enough to
anneal the defect clusters. For example, aésuming the fraction to be one
tenth, the rise in temperature would be. about 1]00°C'which is more than
sufficient to annihilate the defect clusters.

Aithough no definite méchanism of é]iminatidn Qf defect clusters can be
forwarded because of the complexity of the prbcess,:the mechanism of annealing

of defects by heat of deformation seems quite plausib1e§ More careful work
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needs td be done to verify the concept.

The formation of dislocation channeling is of major importance in
mechanical properties of irradfated matéria]s. The irradiated materials
deform inhomogeneously in channe]s, consequently the work hardening rate
and the uniform elongation are reduced. The loss of uniform é]ongation

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

témperatufe for_vanadium containing three levels of oxygen. Figures 9 and
10 show plots of yield stress and difference in yield stress between
irradiated and unirradiated vahadium containing three oxygen levels versus
annealing temperature. From Figures 9, 10 and 12 it can be concluded that
the radiation-anneal hardening in vanadidm increases with increasing oxygen
concentration. This.reSult tends -to support the interpretation made earlier
by Ohr el 41. (78) for‘Nb that RAH 15 due to trapping of interstitial im-
purities at radiation-produced defect cidsters, in contrast to interpreta-
tions based on the motion of lattjce vacancies (77,81);

| ngure 61 shows diamond'pyramid hardness plotted as a function of post-
~irradiation annealing temperature from the p;esent study and from thé work
of Smidt (49). Again we see that Smidt's hardness vaiues are higher than
those of present work, despite the fact that the interstitial concentration
4(609 at. ppm for 0+C+N) was roughly comparable to that for dur V495 material
(622 at. ppm for 0+C+N)f However, when the increase in hardness is p]btted
(Figure 62), Smidt's radiation-anneal hardening curve is reaéonab]y consistent

with that obtained in the bresent stUdy.'
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Figure 62. Increase in diamond pyramid hardness above un-
' irradiated value, AH, vs post—irradiatidn-annea]1‘ng
temperature for single crystal vanadium used in
- Lhis study. Fiigur-e also shows results of Smidt (49)
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Figure 63 shows results of yield stress measurements upon post-
irradiation annealing.obtained in the present study and those obtéined by
other authors. The general shapes of the curves are quite sfmi]ar with two
exceptions. First Smolik and Chen (48) did not observe any radiation-
anneal hardening for their material designated as Lot A (Item 13, Table 8)
19 2

irradiated to 4.0 x 10"~ n/cm® at 107°C. These results are consistent

with the observations of Shiraishi et al. (46), who reported reducing

amounts of RAH with increasing dose and no RAH for a dose of 1.0 x 1020

19 2).

n/cm2 (although they did observe a small amount of RAH for 5 x 10 n/ém
Secondly, Shiraishi et al. (46) observed a sma]] dip in the RAH curve at
about 200°C. This is similar to the observation of Ohr et al. (78) for
neutron irradiated Nb. The dip in the RAH curve was interpreted by Ohr
et al. to delineate two separate RAH peak#, one due to oxygen and. the other
due to carbop. 'qu the case of vanadium,’however, the oxygen and carbon
peaks should be unresolved since the activation eneréies for‘diffusiqn of
oxygen and carbon in vanadium are almost equaj; namely, 1.25 eV for oxygen
and 1.18 eV for carbon, respectively (79). |

Based on the measurements of yield stres; and.the,density and size

distribution of defect ciusters, it .is possible to evaluate k]/k2 as given

in Equation 22, viz.

K (oI - oU) : L.

M T2 . B
‘ = ——a—— ( [ n; d; ) . : (48)
X, © T 260 RS |

The factor involving the sum over i is equal to the average interbarrier

~ distance % as given in Table 4 and plotted in Figure 21 for the V-95, V-300,



Figure 63. Yield stress vs pdst-irradiation-annea]1’ng temperature
for neutron-irradiated polycrystalline vanadium reported
by various investigators
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and V-500 single crystals. However, the polycrystalline samples used for
yield stress measurements contained 60, 205 and 640 wt. ppm 0. To determine
the ¢ corresponding to these oxygen 1evéls, the following quadratic'equation

was used to interpolate and extrapolate % for 60, 205 and 640 wt ppm oxygen:
T=a+bcC +c(C) | (49)
0 o’ °

- The values of a, b, and c were determined for C0 = 95, 300 and 500 wt ppm
~ oxygen and thén % was evaluated from Equation 49 for 60, 205 and 640 wt

- ppm oxygen. Figure 64 shows the b]ot of oxygen concentration versus £ for
various temperatufes. Knowfng tﬁe values of I’at various temperatures.
from Figure 64 and ac = oy - oy from Figure 10, K;/K, could easi1y‘bé
obtained. The values of G and b used for the calculations were 4.76 xf103
kg/mm2 and 2.62 R, rgspective]y. Figure 65 shows a plof of K1/K2 versus
post-irradiation annealing temperature fof'pontrystalline samples. From
Figure 65 it can be seen that K1/K2 increases with increasing temperature

~of annealing for all three kinds of vanadium, and that STAY) increases with
| increasing oxygen concentration from 60.wt ppm t6 205 wt ppm. However, for
vanadium containing'640 wt ppm oxygen K]/K2 is very close tb or';11ght1y
Tower than that for 205 wt ppm oxygen. | "
From Figure 65 it can be seen that Ki/KZ’ which is proportional to the
barrier strength, increases from a value of (~ 0.36 - 0.45) and épproaches
the value 6? 1.0 for the three materials. The increase in K]/K2 with post-
irradiation annealing suggestls the strengthening of the defect clusters
upon annealing. It is believed that the impurities (mainly oxygen) migrate

to the. defect clustérs and strengthen them as barriefs to-the dislocations.



Figure 64. Interbarrier distance versus oxygen concentration’
for as=irradiated and post-irradiation-annealed
vanadium '
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As the temperaturé of annealing 1ncr¢ases. more and more. oxygen atoms
‘migrate to the defect c]usters;

It can also be seen that at least to a temperature 6f abdut 400§C,
K]/Kzlfor V-60 lies below that of V-640 and V-205 material, suggesting
that the strengthéning in V-SO due to-migration of oxygen is smaller than
in V-640 and V-205 materials. However, K.l/K2 for V-640 ié equaj to, or
slightly smaller than that for V-265;up to a temperature of 400°C. The
reason for this could be two-fold. First, the slight difference may be
due to experimental scatter in measurement of yield stress and defect
cluster den§ities. Secondly, the defect clusters beéome saturated'with
oxygen‘and can accommodate no more oxygen atoms available at that tempera-
ture. Therefore, the K,/K, parameter does not change significantly although
more oxygen is available; or even if more oxygen precipitates on the defect
clusters, the strength of the clusters as bérriefs to dislocation motion

~ remains unchanged. /
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VI. CONCLUSIONS

Investigation on some aspects of radiation damage in vanadium con-

- taining various amounts of interstitial impurity.(namely, oxygen) irradia-

ted to a fluence of about 1x10]9 n/cm2 (E>1 MeV) at a temperature of 95-

105°C leads to the following conclusions.

1.

The irradiation with fast neutrons causes an increase in
yield stress and hardness in vanadium. The increase in

hardness is dependent.on the oxygen content of vanadium,
in that the increase in yield stress and hardness is

larger in material containing higher concentrations of
oxygen.

There is a further increase in yield stress. and hardness

upon post-irradiation annealing up tp temperatures of about

- 400°C. This increase in yield stress and hardness,

termed radiéfion-annea]'hardéning, increases with increasing
oxygen content. ARecovery fo the pre-irradiétibn yie]d}

stress and hardness is quplefed at about 700-800°C;

The radiation-anneal hardening in stage IIT is caused by
mfgration of oxygen td the radiation-broduced defect clusters;
The precipitation of oxygen on the defect'cTusters'conyerts |
them from weak barriers to impenetrable barriers.

Transmission electron miéroSCOpyﬁéf defect clusters in

single crystal vanadium irradiated to 1.4x10]9 n/cm2

(E>1 MeV) at 95°C and post-irradiation annealed at various

temperatufesﬁshow$:that:,



212

A. In the as-irradiated condition, the ndmber of defect
clusters per cﬁ? increases with increasing oxygen
content and the average size of defect clusters
decreases with increasing oxygen content. |

B. Upon post-irradiation annealing, defect,c]usters
increase in size and decrease in densify.. The
temperature of coarsening of}defECt clusters increases
with increasing oxygen concentration. |

Strain aging studies on unirradiated and irradiated vanadjum

'containing various amounts of oxygen indicate that:

A. The fime of reappearance of yield drop increases with
decreasing oxygen content in unirradfatgd material.

The time of reappearance of yield drop is ]ongér in
irradiated than in_unirradiéted materjél. This 1e$ds
to the conclusion that irradiation causes retardation
in strain-aging tendency (i.e. reappearance of yield
drop is delayed).

B. The retardation of strain aging tendency increases with
decreasing oxygen content in vanadium.

C. The delay in reappearance of yield drop in irradiated
vanadium is caused by trapping of‘oxygeh atAthe.défeqt.
clusters. |

Dislocation channels cleared of radiation-produced défect

c]u;ters are produced upon deformation of as-irradiated and

post-irradiatibn-annea1ed vanadium. No major differences
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have been observed in channeling with oxygen content
of vanadium. No clear mechanism of dis]ocat1on channeling
can be delineated. A mechanism of annealing of defect

. clusters by heat of deformation seems plausible.
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