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ABSTRACT

HEAVY~ION INDUCED VOID AND LOOP FORMATION IN HIGH PURITY VANADIUM
William John Weber
Under the supervision of Professor Gerald L. Kulcinski

Vanadium and its alloys are among fhe refractory metals .
considered for use as first wall material in a Controlled Thermo-
nuclear Reactor (CTR). At CTR operating temperatures radiation
induced microstructural changes in the form of voids, dislocation
loops, and enhanced precipitation can produce dimensional and
mechanical property changes which may greatly affect the lifetime
of the first wall and the success of the CIR as a potential energy
source. Therefore, a vigorous effort to understand the relation-
ship between microstructural changes and the irradiation and
material parameters is required.

In this investigation annealed samples of high purity
-vanadium are irradiated with 18 MeV, and in some cases 14 Mev,
copper ions in order to study the characteristics of void and loop
formation in high purity vanadium. The samples were irradiated at -
temperatures from 150 to 850°C. The irradiation-induced damage
was analyzed at a depth of 1 micron sy transmission electron
microscopy. The damage level at tﬁis depth'was on the order of

1 dpa and the damage rate was approximétéiy 10-‘4 dpa/s.
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The damage structure consisted of voids, dislocation loops,
dislocation networks, and some irradiation-enhanced precipitation.
Voids were observed to form from 200 to 700°C in the high purity
vanadium. Black spot damage was found at 150°C and no voids were
found in samples irradiated at 750, 800, and 850°C. The void
swelling curve exhibited a double peak with the maximum occufring
at 650°C and a broad low temperature peak océurring between 200 .
and 500°C. Radiation-induced precipitation within a narrow
temperature range (500-600°C) resulted in a sharp decrease in
void density and the presence of large vacancy loops in the
absence of the voids. These precipitates were rod-shaped with
their axis along one of the <100> directions and the loops were
found to lie on {110} planes and have Burgers vectors of a/2<111>.
Hydrogen, introduced into several vanadium samples by electro-
polishing, was found to enhance void nucleation and remain in
the samples unless temperatures exceeded 750°C. In several samples
which became contaminated with nickel, a metéstaﬁle, partially
coherent phase 1in the V-Ni system formed duripg irradiation.

These nickel-bearing precipitates enhanced void swelling.

Approved
b
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CHAPTER I

INTRODUCTION

Fast neutron‘irradiation of solids results in the displace~-
ment of atoms from their normal lattice sites forming vacancies and
interstitials. With the exception of helium production, these point
defects are responsible for the major radiation damage effects that
occur in a fast neutron environment. Two effects of interest are .
the formation of dislocation loops (planar clusters of either
vacancies or interstitials) and the formation of voids (three dimen-
sional aggregates of vacancies) in pure metals and alloys subject
to high temperature, high energy neutron bombardment.

Dislocation loop formation affects the mechanical properties
of the material and is an important parameter controlling the
formation of voids through the increased density of sinks for point
defects. In addition, preferred nucleation and growth of loops to
relieve stress is believed to be responsible for the irradiation-
enhanced creep observed in materials.

Several requirements for void formation limit its occurence
to a temperature range of approximately 0.2 to 0.5 Tm’ where Tm is
the absolute melting temperature. Within this temperature range,
void formation in fast neutron irradiated materials results in a
volumetric swelling due to the displaced interstitials; and, because
of the temperature and flux dependence,oﬁ‘swelling, differential

swelling can occur.



The swelling associated with voids and the stresses pro-
duced by the swelling gradients have become one of the major problems
in the development of commercial Liquid Metal Fast Breeder Reactors
(LMFBR's). The problems associated with the formation of voids are
not limited to the LMFBR program; designers of future Controlled
Thermonuclear Reactors (CTR's) are also finding that void formation
and the associated effects will be a serious problem to overcome.
The effect of void formation on the success of these two potential
energy sources has prompted an active international research effort
to study voids and the factors that control their nucleation and
growth; The objective of that effort is to provide theoretical
models that can accurately predict the dimensional behavior of

LMFBR and CTR components during the respective reactor's lifetime.

‘Historical Review

Radiation-induced voids were first observed in 1966 by
Cawthorne and Fulton in transmission electron microscopy (TEM)

specimens of stainless steel irradiated in the Dounreay Fast

(1)

Reactor » and their results became generally known when published

in 1967(2). Although Greenwoood, Foreman and Rimmer suggested in

(3)

1959 that such a phenomenon might occur , voids were not dis-

covered until 1966 because very high fast neutron fluences ('\»1022
n/cmz) were required to produce an observable density of voids in the

temperature range of void formation. The discovery of void formation



in stainless steel was soon followed by the observation of voids

(4)

in pure nickel exposed to a fast neutron dose two orders of magni-
tude lower than in the stainless steel observations of Cawthorne
and Fulton; thus, it was apparent that void formation depended on
various material parameters:

Because of the implications of void formation and resultant
swelling on the design of ILMFBR's and CTR's, theoretical and experi-
mental investigations were directed at the study of void formation
and the parameters affecting void nucleation and growth; These
early studies resulted in two major conferences during 1971 on the
subject of voids, and the proceedings of these conferences(s’ 6)
give a good summary of the work in-the area of void formation up to
mid-1971. A more recent conference at Harwell on the subject of
voids in late 1974(7) provides some of the most recent information
regarding this phenomenon. Additional information on voids and loops
may be found in the proceedings of several o;her major conferences
dealing with irradiation effects(g—lz). |

New data on fast neutron induced void formation has been
slow in coming forth. The reason is that long irradiations (one to
two years) are required to producé voids in éxisting facilities,
such as EBR-II1 and DFR. These facilities cannot provide the high
fast neutron fluences needed to simulate the type of damage expected
during the lifetime of future IMFBR's and CTR's, unless long

} .
irradiations on the order of those lifetimes are used. Fortunately,



it was recognized early that charged-particles could simulate the
displacement effects of fast neutrons in a short period of time.
The advantages of using charged-particles to increase the
damage rate by several orders of magnitude were first recognized
in 1969 by Nelson and Mazey at Harwell(l3). Using low energy heavy
ions, they were able‘to produce, in a matter‘of hours, a damage
state in stainless steel which normally required a year or more of
fast neutron irradiation to produce; They later found that 20 MeV
carbon ions would produce similiar results in a larger volume of

the sample(14—17). Their work was confirmed in the U.S. when Keefer

(18)

were able to obtain similar results by bombarding
(19)

and coworkers
stainless steel with high energy protons and when Kulcinski et al.
observed voids in stainless steel bombarded with copper ions.

The major difference between neutron and charged-particle
irradiation is the magnitude of the elastic scattering cross section.
Since charged-particles interact with the lattice atoms in atomic
collisions, the cross section is.approximately 106 times higher than
the neutron cross section(ls). As a consequence, the mean free path
between collisions is reduced from centimeters for neutrons to
hundreds of angstroms for heavy-iéns. This éeverely limits the pene-
trating power of a heavy-ion, resultipg in the damage being isolated
near the irradiated surface.

The charged-particle that best sim;lates fast neutron damage

b
is the self-ion (bombarding particle of same species as target); this
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eliminates the objectional feature of introducing a high concentration
of impurity atoms into the target during the irradiation. In
stainless steel studies the commercial concentration of copper (about

0.2%) and nickel (8-207%) allows readily available Cu and Ni ions to

s (19,20,21).

be used as self-ion However, studies of fast neutron

damage in pure metals suffer from the lack of suitable heavy ion

sources to produce the self-ions. Notable exceptions to this have

been the self-ion studies on nickel(zz’ 23) (24’25),

) 2
vanadlum( 6’27), and molybdenum(zs).

, aluminum

With the aid of charged-particle irradiations, investigators
are now able to produce, in convenient laboratory times, the type of
damage expected to occur during the lifetime of a component in
future IMFBR's or CTR's. In addition to the high damage rate, ion
irradiation allows the experiments to be carried out under more
controlled conditions. Temperature, charged-particles flux, and
dose can all be independently varied. Transmutation effects are
eliminated or can be closely controlled. For example, the experi-
menter can control the type and energy of bombarding particle, as
well as the type and concentration of gaseous and solid impurities
in the target material. However, because of the small depth of
penetration of charged-particles, experiments to measure bulk
property changes, such as creep or yield stress, cannot be performed.
Only void size, shape, density, and associated dislocation and

precipitate microstructure can be observed in an electron microscope.
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It should also be mentioned that charged-particle simulation of fast
neutron damage relies heavily on the theoretical assignment of a
displacement production rate to the region under observation in the

electron microscope.

Vanadium

Vanadium was originally chosen for this study because
vagadiﬁm and vanadium-base alloys were considered as potential mater:
ials for use in both IMFBR's and CTR's. Since that time vanadium
and its alloys have been dropped from consideration as LMFBR
materials (a result of their high affinity for the oxygen in the
liquid sodium coolant). However, vanadium and its alloys are still
among the refractory metals considered for use as first wall mater-
ial in CTR's. The first wall of a CTR will experience high 14 MeV
neutron fluxes which produce atomic displacements that can cause
changes in microstructure during the irradiation. At CTR operating
temperatures, these microstructural changes in the form of voids,
dislocation loops, and enchanced precipitation can produce dimension-
al and mechanical property changes which may gfeatly affect the
lifetime of the first wall and the success of the CTR as a potential
energy source.

Studies of void formation in neutron irradiated vanadium
are severely limited by the long irradiation times required in

presently available fast reactors and the difficulty in controlling
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the irradiation environment. Current data (discussed in Chapter IV)
en void formation in neutron irradiated vanadium come from
relatively low fluence studies ( < 5 x 1022 n/cmz) and are not
sufficient to confidently predict fiést wall lifetimes. For this
reason, charged-particle irradiations, with their high damage rates,
are used to study void formation in potential reactor materials.
Charged~particle irradiations also have an advantage over reactor
irradiations in that the sample environment is more easily controlled;
this is important because of the high solubility of interstitial
impurities, such as oxygen, nitrogen, and carbon, in vanadium.

It is the purpose of this dissertation to study the funda-
mental parameters affecting void formation in heavy-ion irradiated,
high purity vanadium. The parameters of interest are dose and
temperature; however, during the course of this investigation it
was found that sample preparation techniques, annéaling environment,
and irradiation environment also affected the‘reSplts obtained.
These effects and the results are discussed in detail in Chapters
VI and VII. The irradiations were carried out Qith either 14 or
18 MeV copper ions using the University of Wisconsin Tandem Van de
Graaff Accelerator (HVEC model EN’,,and the aﬁalysis was done by
transmission electron microscopy (TEM) of the irradiated specimens.
Unlike some of the previous investigations qf heavy-ion irradiated
vanadium (discussed in Chapter IV), this investigation did mot study

)
the effects of implanted helium on void formation. This study is
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meant to provide the groundwork on which to base future studies on
the effects df gases and other impurities on void formation in
vanadium. The vanadium in this study was irradiated to much lower
damage levels, at much lower damage rates, and at lower temperatures
than previous investigations using heavy-ions. The result of using
the lower damage levels, damage rates, and temperatures is to allow
a better correlation with the low dose, low damage rate neutron
irradiations and to provide valuable data for use in theoretical
models of void nucleation and/or as initial conditions in computer

simulation of void growth in vanadium.



CHAPTER Il

€

THEORETICAL ASPECTS OF RADIATION DAMAGE CALCULATIONS

The Unit of Radiation Damage

The correlation of the damage produced by fast neutrons and
charged-particles requires a simple criterion by which one can compare
the doses received during reactor irradiations and charged-particle
irradiations. The criterion chosen is the theoretical number of
atoms displaced at 0°K during the irradiation, and the unit of radia-
tion damage is the dpa (displacement per atoms).

The dpa is defined as the fraction of atoms displaced from
their lattice positions during the irradiation exposure. Although the
dpa is the accepted unit of damage in the scientific community, it
has its drawbacks. First, the dpa unit does not tell how the lattice
atoms were displaced, one by one or in a cascade. Secondly, the
dpa unit infers nothing about the gas generation rates or the solid
transmutation rates in a reactor.- Some processes, such as void
nucleation, are thought to be extremely sensitive to the gas concen-
tration in the metal. Third, many processes afe damage rate depen—
dent, and the dpa unit is independent of damage rate.

The remainder of this chapter will describe how the dpa

value is determined in neutron, heavy-ion, and electron irradiatioms.
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" Neutron Irradiations

A term often found in the literature on radiation damage
is primary knock-on atom or, as it is often referred to, PKA. The
PKA is the initial lattice atom displaced from its lattice site through
some interaction with a neutron., Of primary interest are the PKA's
energetic enough to cause cascades and a large number of subsequent .
disPIaéements. The method used to calculate the number of displaced
atoms is described below for the case of a PKA produced as a result
of an elastic collision between a fast neutron and a lattice atom.
Other nuclear reactions (particularly in a CTR environment) often
account for many more displacements; these reactions will also be
considered.

The energy transferred, T, from an incident particle of

energy E to a lattice atom in an elastic collision is(29)
_ 4mM . 2
T = W E sin (1’)/2) ' (1)

where m is the mass of the incident particle, M is the mass of the
struck atom, and y is the center of mass scattering angle. In the
case of neutrons,

C4A T2 ‘
T = —(——+—A)—2- E sin (IP/Z) (2)

where A is the mass number of the struck atom.

The maximum energy energy  transferred to the struck atom is

T (max) = AE . (3)

where
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A= %)
(m + M)

or, in the case of incident neutrons,

J .. S— (5)

1+ a)?

If Ed is the average kinetic energy required by an atom to
be displaced from its normal lattice position, then the minimum value
, (30) ’
of E able to transfer this energy is

E (min) = Ed/A . (6)

The probability that an incident neutron of energy E will
transfer to a lattice atom on amount of kinetic energy between T
and T + dT is given by the differential cross section, do (E,T).
Therefore, the production rate (per unit neutron energy) of PKA's
with kinetic energy between T and T + dT by neutrons of energy E is

given by

do (E,T)

& 4T (7)

Fppa(EsT) dT = N ¢ (E)

where N is.the density of the target atoms, and ¢(E) is the energy
dependent neutron flux.

By defining a function v(T) as the!number of displacements
produced by a PKA of energy T, the expression for the displacement

rate of lattice atoms in a flux ¢(E) is given by
AE

_ do (E,T)
FD(E) = N ¢(E) f\)(T} .———————:,.dT dT . (8)

By
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(Expressions for v(T) are discussed in Appendix A.)
The dpa rate from elastic collisions is then given by the

expression

E AE
max :

dpa rate = ‘I.dE ¢ (E) .I~v(T) gg%glzl dT. 9)
o Ed

and the total dpa for a given irradiation is found by a simple
intégration over time,

The above expression for dpa rate was derived for the case
of elastic collisions. A similar expression holds when all reactions

resulting in displacements are taken into account and is given by

T
© max
doi(E,T)
dpa rate = Ei $(E) dE v(T) N T a— aT (10)
0 Ed

where ddi(E,T) is the differential cross section for transferring an
amount of kinetic energy between T and T + dT to éllattice atom after
a reaction of the ith type with a neutron of energy E. Equation

10 can be simplified by defining the total dispiacement cross section

od(E): T

dT. (11)
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The dpa rate is then given by

-]

dpa rate = $(E) od(E) dE. (12)
0

The types of reactions one usually considers in these calculations
are (n,n), (n,n'), (n,2n), (n,v), (n,a), and (n,p) reactions. The
total displacement cross section, Gd’ for vanadium, as reported .

by Gabriel, Amburgay, and Greene(3l)

» is plotted as a function of
energy in Figure 1. The total displacement cross section in Fig-
ure 1 is dominated by the (n,y) cross section at low energies

-1

(10 to 102 eV) and by the elastic cross section, (n,n) at inter-

mediate energies (102 to 107 eV). A series of resonances in the
elastic cross section is responsible for the peak at 104 evV. At
3.26 x 105 eV (threshold energy) the inelastic cross section, (n, n'),
begins to contribute to the total displacement cross section. The
dominant reactions at the highest energies (>107 eV) are the (n,p),
(n,a), and (n,2n) reactions with respective thfeshéld energies of
3 x 10% ev, 7 x 10% ev, and 1.128 x 107 ev.

Another aspect of neutron irradiations to be considered
in the formation of voids is the gas generation rate. The gases of
interest are helium and hydrogen, and they are produced as a result

of (n,a), (n, n'a), (n,p) and (n,n'p) reactions. For the case of

helium, the gas generation rate is approximatély given by:

E :
max b

Helium
Production = N J¢(E) [5n,a (E) + cn,n'a (E{] dE (13)
Rate |
0
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The total displacement cross section in neutron

irradiated vanadium. (From the calculations of Gabriel et al.

(31).)
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A similar type of expression holds for the hydrogen production rate.
The gas production rates are important when one is trying to simulate
a neutron environment by simultaneously injecting gas atoms (He, H,

or both) while irradiating with heavy-ions.

Charged-Particle Irradiations

When a solid is irradiated with enefgetic ions, the
incident ions produce energetic PKA's and subsequent cascade damage
as they penetrate the material. The resulting damage is similar
to neutron damage. The disadvantages of such irradiations are
short range, thus narrow damage zone, and some uncertainty in the
célculation of damage for each irradiation.

When a charged-particle passes through a solid, it loses
energy by two important mechanisms. It can excite or eject atomic
electrons, or it can transfer energy to a lattice atom as a whole(321
‘If the kinetic energy of the struck atom, T, is sufficiently large
(TZEd), the atom will be displaced from its lattice position. The
ejected or excited electrons, because of small momenta, do not
result in displaced atoms. Therefore, only tﬁose collisions which
transfer energy as a whole to the lattice atoms will result in

"nuclear colli-

displacements. These collisions are often labeled
sions" in the literature.
The most widely accepted model for determining the energy

loss of a charged-particle is the energy partition model of Lindhard,

Scharff, and Schiott(33) (often referred to as LSS). In the
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LSS model the total energy loss of a charged-particle is partitioned
into separate electronic and nuclear terms, and expressions for these
terms are derived using a Thomas-Fermi treatment. The results of
the LSS model are an electronic stopping power proportional to the
velocity of the incident ilon and a nuclear stopping power expressed
in terms of a universal differential scattering cross section.

Before proceeding further it is necessary to define the
dimensionless measures of energy and range used in the LSS model.

These reduced units are

e = E/E (14)
and

p = R/R.L (15)
where

E, = ZZ,e (M, + M) /aM, (16)
and

R, = (0 +M)%/ (ra W) 17)

In these equations "a" is the screening length given by

1
-
2/3)

a 0.8853(h2/me2)(212/3 + z (18)

2
m and e are the mass and charge of the electron, Z is the atomic
number, M is the mass, N is the density of target atoms, E is the
energy of the incident ion, and R is the path length of the ion.
(Subscripts 1 and 2 refer to the incident ion and target atoms,

respectively.)
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Through a perturbation procedure, the LSS model derives an
universal differential scattering cross section for_nuclear col-~
lisions, do, for scattering in a screened potential U(r). Their

result is
1
do = 1ra2f(t’5)/(2t3/2) dt (19)

1
where t?2 = ¢ sin(y/2) and ¥ is the center of mass scattering angle.

The function f(t%) is dependent upon the potential U(r) chosen. *
Figure 2 shows the function f(t%) which has been numerically cal-
culated by LSS from a Thomas-Fermi potential. Analytical approxima-
tions of f(t%) are often used; one such approximation for a Thoﬁas—

Fermi potential is given by Winterbon et. al.(34) to be

L 2/3 "3/2
£(t?) = A (2)\t2/3) 3 (20)

with A = 1,309.

In reduced units the nuclear stopplng power is

(de/dp) | = (Ry/E)@E/R), (21)

th do. ' (22)

Using Eq. 22 the following expression for (ds/dp)n is easily de-

where

(dE/dR)n

rived:
E

(ds/dp)n =f dx f(x)/e (23)

1 0
where x = té.
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FIGURE 2.. The LSS function f(ti) numerically calculated from a

Thomas-Fermi potential - Lindhard, Scharff, and Schiott(33).
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(35)

In an earlier report Lindhard and Scharff proposed that

the electronic stopping power is proportional to the ion velicity

2/3

for velocities v < VOZ1 (vo = 2ﬂé2/h); that is, for ion energies

E < Elim' On the basis of this report, the electronic stopping

power in the LSS model is given (in reduced units) by

1
(de/dp)e = ke? ' (24)

where k is a constant in the LSS model depending on Zl’ 22, Al’ and
A2 (A is the atomic mass number). Except in the case of Z1 << 22’
k is normally on the order of 0.1 to 0.2, (For vanadium ions inci-

dent on vanadium, k = 0,151 and E = 83 MeV; for copper ions

lim
incident on vanadium, k = 0.142 and E1im = 140 MeV.)

The nuclear and electronic stopping powers are shown in
Figure 3 with k = 0.15 in the electronic stopping expression.

By knowing the electronic and nuclear stopping powers, the
average total path length of an incident ion with reduced energy €,
is

--1
p = [(ds:/dp)n + (de/dp)e] de. (25)

) ) .
The above formula is not quite correct since the slowing down pro-

cess involves statistical fluctuation in the energy loss. Of greater
experimental interest is the projected range or penetration depth

of the incident particle given by
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FIGURE 3. Nuclear and electronic stopping powers in reduced

units from the LSS model (The electronic stopping is for

k = 0.15) - Lindhard, Scharff, and Schiott(33).
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p

oy = f(cos & dp! (26)
(o]

where ¢ is the lab scattering angle.

The dpa value for charged-particle irradiations is related
to the nuclear stopping power of the incident particle at any given
depth. If €y is defined as the reduced damage energy (energy which

is ultimately given to recciling atoms), then the damage energy

deposited per unit penetration depth is (from Eq. 23).
€

(dey/dey) = (1/ <ecos ¢>) § o (x)f(x)/e dx (27)
o
where wD(x) is the damage efficiency defined in Appendix A. The
dpa value as a function of energy (and therefore depth) is given by

dpa = (J/M)(E /R) (B/2E,)(de /dp,) (28)

where J is the incident ion density (ions/cmz) and B/ZEd is a
factor defined in Appendix A.

In the above discussion it was assumed that the mono-
energetic charged-particles have an unique range. In reality the
slowing down process is statistical in nature; and the fluctuations
in the electronic and nuclear energy losses contribute to the
straggling and results in a spread in the energy of the ions at any
given depth. Corrections to the above results should therefore be

made to account for the straggling.
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The general procedure is to estimate the energy straggling

by relating it to the range straggling(lg). The distribution of

(36)

penetration depths is assumed to Gaussian and is given by

P(pd) = exp 5 (29)
Voy bo 4 ‘ 2(Apd)
where (Apd)2 = sz - (Ed)z. Using this result the dpa value as

a function of Pq is

(30)
-]
E de
J L 8 : D (p', - py) dp’
dpa(p ) = P(p',) — d d d
d N R 28 ) T
Pa
where
dsD
EE_ (p'd - pd) = the damage energy deposited per unit depth
d .

by an ion whose penetration depth is
' ——
(p d Dd) .

A computer code (E-DEP-1) by Manning and Mueller(37’38)

which calculates dpa values in the manner described above has been
adapted for use on the U.W. computer. The results of the computer
calculations are shown in Figure 4 for 14 MeV copper ions incident

on a vanadium target; the total fluence for the irradiation is

1.0 x 1016 ions/cm2 and a value of E, =/ 43 eV is assumed for

d

vanadium (see Appendix A for determination of Ed).
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" Electron Irradiations

Electrons with high enough energies (51 MeV) are also able
to produce displacements by direct interaction through the Coulomb
potential with the nuclei of a solid(BO). Unlike irradiations with
neutrons or heavy-ions, electron irradiations (with energies less
than a few MeV) do not produce cascades and only result in a small
numbef of displacements per collision (¢1—2). With the advent of .
High Voltage Electron Microscopy (HVEM) in irradiation damage studies,
the use of electron irradiations have a particular advantage in
that the damage may be observed while it is produced.

The energy transferred to a lattice atom by an electron
scattered through an angle ¥ in the center of mass coordinate system

is given by

T = T, sinz W/2) ' (31)

where Tm, the maximum energy which could be transferred, is

E

Mc2

(E + 2me?). ' (32)

Tm = 2
In the above equation E is the kinetic energy-éf the electron,
M the mass of the target atom, m the rest mass of the electron, and
¢ the velocity of light. |
The total cross section for producing displacements
(primaries plus secondaries) by an electron of energy E can be

written as
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9 or (B> E) = v(T) aT (33)

where Ed is the displacement energy as defined before, v(T) is

39

given by the simple Kinchin and Pease model in Appendix A

(Eq.'s A-1), and do/dT is the differential scattering cross section
for transferring an energy T to an atom by aﬁ electron of energy E. .
The integral of Eq. 33 can be solved analytically for the McKinley-
Feshback(ao) form of d¢/dT, but numerical solution is necessary if

(41,42) orses expansion of do/dT.

using the Mott
0.S. Oen(43) has used the Mott series to calculate the
displacement cross section (Eq. 33) of 37 different elements for
electron energies ranging up to about 150 MeV. The results are
tabulated for different values of Ed. The results for vanadium,
using Ed = 43 eV, are plotted in Figure 5.
Once the displacement cross section is determined, the dpa

rate is given by

dpa-rate = ¢$(E) ot (E,E)) (34)

where $(E) is the flux of incident electroms. If the electron
beam is not monoenergetic, then Eq. 34 must be integrated over the

energy spectrum of the electroms.

#
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CHAPTER III

THEORY OF VOID SWELLING

General Conditions For Void Swelling

The nature of void swelling in metals is now qualitatively
understood. There are four general conditions necessary for void
swelling to occur. They are:

1. The supersaturation of vacancies and interstitials
must be large enough to allow voids and dislocation
loops to nucleate and grow.

2. Both vacancies and interstitials must be mobile
in the solid.

3. An excess vacancy concentration (relative to the
interstitial concentration) must be established in
the solid. This requires a preferential sink for
interstitials.

4. Trace quantities of insoluble gases or surface active
impurities must be present td stabiiize the void embryos
and prevent collapse to vacancy loops.

Irradiation of the metal lattice produces a large number

of vacancy-interstitial pairs. A.majority of these defects recom-
bine with each other or migrate to various sinks (dislocations,
voids, precipitates, and grain boundaries) in the solid. However,
the dynamic balance between defect productién and loss during

b
irradiation allows the concentrations of point defects to greatly
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exceed the thermal equilibrium concentrations. This supersaturation
of vacancies and interstitials results in the nucleation and sub-
sequent growth of voids and dislocation loops (vacancy loops may
shrink after forming). If.the temperature becomes too high (&O.STm),
then the irradiation induced concentration of vacancies approaches
the thermal equilibrium value and void nucleation and growth

ceases. The vacancy supersaturation, Sv’ is given by .

~ s, = cv/cj (35)

where CV is the irradiation induced vacancy concentration and
Cs is the thermal equilibrium vacancy concentration.

In order that voids and dislocation loops may both nucleate
and grow it is necessary that the vacancies and interstitials be
able to migrate. Interstitials easily meet this requirement since
they migrate in metals at very low temperatures(zg). Vacancies do
not become mobile until the temperature of the metal exceeds
approximately 0.2 Tm; this accounts for the lowe; temperature limit
on void formation.

It is generally assumed that there is ho preferential
attraction for vacancies or interstitials at the surfaces of voids
which have grown beyond the criti;al nucleus'size. Both vacancies
and interstitials randomly migrate to the void surfaces. Therefore,
an excess vacancy concentration is needed tq assure the arrival
of more vacancies than interstitials at the void surfaces; other-

b
wise, the voids would not nucleate and grow. Since the irradiation
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produces an equal number of vacancies and interstitials, a prefer-
ential sink for interstitials must exist if there is to be an
excess vacancy concentration. Irradiation produced dislocation
loops and the pre-existing dislocation microstructure act as such
a sink. The presence of the dislocations results in a slight (a
few percent) preferential drift of the interstitials to the dislo-
cations due to the long range elastic interaction betwéen inter-
stitials and dislocations(3’44-46). This preferential drift
results in the net excess vacancy concentration needed.

The relative stability of voids and vacancy loops can be
assessed by comparing the energy of a void of m vacancies with the
energy of a dislocation loop of m vacancies. For a spherical void

this energy is given by(47’48)

2/3

= 4wy (3Qm/4T) (36)

void
where y is the surface energy and Q is the atomic volume. The
energy of a circular perfect dislocation loop of radius RL composed

of m vacancies is given by(48)

2
Eloop ZﬂRLGb (37)

where G is the shear modulus and b is the Burgers vector. In

body-centered cubic (bcc) metals, the vacancies generally condense on

{110} planes in which the area per atom is ai/VE (ao is the lattice
constant). Therefore, the radius of a yacancy loop formed by the
condensation of m vacancies on one of the {110} planes in a bcc metal

is
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RL = (‘\fi mf?/‘\\'ao);i (38)

3 . . .
where Q = ao/2 is the atomic volume in the bce crystal structure.
The energy of the perfect dislocation loop of m vacancies in a bec

metal is given by

- 2 b
Eloop =  2%Gb (-»fz"msz/wao) . (39)

A comparison of the void and loop energies in Eqs. 36 and °
39'will only result in qualitative conclusions concerning the
relative stability of the two types of vacancy clusters. This is
because the energies are fairly close together and the important
parameters, G and y, are not accurately known. It is generally

(47,48) that the void is the stable defect cluster for

accepted
small m (less than several thousand vacancies); but, as m increases,
the vacancy loop is the energetically favored cluster and the voids
(with diameters greater than several tens of angstroms) will
collapse. However, it is possible for large voids to be stable if
the void energy, Evdid’ is reduced by othér facto;s. For example,
the void energy can be lowered by the presence of insoluble gas

(such as helium) within the void cavity which exerts a positive
pressure on the void surface, or the energy can be lowered through a
reduction in the surface energy, vy, by surface active impurities.

The stability of large voids has begn demonstrated by the large voids
(m greater than 105 vacancies and diameters'greater than 200 K )

- )
that have been reported(5 12). .



31

The remainder of this chapter will discuss in more detail

dislocation loop formation, void nucleation, and void growth.

Loop Formation

The nucleation and growth of dislocation loops has not
been as extensively investigated (both theoretically and experi-
mentally) as the phenomenon of void formation; however, there are .
some aspects of loop nucleation and growth which are understood and
which will be discussed below.

Vacancy and interstitial loops nucleate because of the
supersaturation of point defects generated in the metal lattice
during irradiation. Vacancies may condense out as voids or vacancy
loops; interstitials, on the other hand, only condense out as
interstitial loops. (It is important to keep in mind that the
majority of the vacancies and interstitials recombine or annihilate
at various sinks in the solid.) Point defects generally condense on
close-packed planes to form dislocation loops; in the bcc metals,
the loops normally form on {110} planes, but unfault by shearing
over to a glissile configuration at an early étage in their formation.
Since all dislocations preferentially attract interstitials, vacancy
loops should have an extremely difficult time nucleating and, as
will be shown, should shrink and not grow if formed.

The incubation time for nucleating loops is very short(ag’so)

when compared to the incubation time for voids; thus, the dislocation

loop microstructure forms very quickly and is fully developed before
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the steady state void nucleation begins. The equations governing
loop nucleation are identical to the equations governing void
nucleation (see following section) with the exception that the

(49)

free energy expressions are changed. Russell and Powell showed
that interstitials have a large effect on the vacancy loop nuclea-
tion rates and may reduce the nucleation rate to zero. In addition,
insoluble gas atoms can interfere with vacancy loop nucleation by °
promoting void nucleation. In the case of Interstitial loop nuclea-
tion, they showed that the nucleation rates are not as sensitive
to the presence of vacancies.

So far only what might be considered as actual nucleation

(49) that

of vacancy loops has been treated, and it has been shown
under such a treatment vacancy loop nucleation is extremely dif-
ficult, There are, however, other means by which vacancy loops can
form and which in a strict sense cannot be considered as nucleation.
One of the alternative means by which vacancy loops can form is by
the collapse of nucleated voids‘(possibly plate—iike voids) as has
already been mentioned at the beginning of thié chapter. Another
effect that may result in vacancy loop formation is the collapse of
the vacancy-rich center of a collision cascade in neutron or heavy-

ion irradiated materials(SI). Levy(sz)

has also proposed the
formation of vacancy loops by the interaction of a climbing dis-

location with existing interstitial loops or pinning sites. If

foe
vacancy loops form by any of these mechanisms, their fate may be
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explained by growth theory (discussed below) which predicts that
the vacancy loops will shrink unless the interstitial bias is
reduced.

The interstitial loop concentration increases very rapidly
(due to the short incubation time and highly mobility) and
saturates at a level determined by the pre-irradiation microstruc-
ture,‘the temperature, and the dose rate. The equilibrium concen- *

. . s i . .
tration of interstitial loops, CL, after completion of nucleation

(51)

(at saturation) is given by Eyre to be
cd = b K% exp(-rl /) (40)
L o m

where C; is a geometrical constant, K is the defect production rate,
and E; is the interstitial migration energy.

The growth rates of unfaulted dislocation loops (loops

unfault at an early stage in bcc metals) during irradiation are

governed by the following rate equations(5l):
for interstitial loops
(41)
- ' e ) 2
(er/dt)i = (1/b) {ZiDiCi DVCv f DVCV exp( Felb /kT)}
and for vacancy loops
(42)

_ : : . e _ 2
(er/dt)v = (1/b) {DVCv - Z,D.C, - D C, exp( F b /kT)}

b
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where Ci and Cv are the interstitial and vacancy concentrations
respectively, Di and Dv are their diffusivities, Fel is the elastic
energy of the loop, b is its Burgers vector, and Zi is the bias
term defining the preferenﬁial attraction of dislocations for
interstitials. Values for Ci and,Cv are found by solving the rate
equations (Egs. 51 and 52) in the Void Growth section of this
chapter. The important point to emerge fromvKs. 41 and 42 is *
that interstitial loopg are basically stable defect clusters which
can undergo continuous growth during irradiation, while vacancy
loops are basically unstable defect clusters which undergo bias

driven shrinkage at low temperatures (ZiDiCi > Dva) and shrinkage

by thermal vacancy emission at higher temperatures (Dvcs becomes
appreciable). The vacancy loops may be stable and undergo growth

if there is a large inbalance in Cv and Ci (Ci << CV) due to some
other sink in the solid which has a very large bias for inter-
stitials; the vacancy loops may also grow if‘imerity atmospheres
around the vacancy loops (dislocation poisoning) reduce their prefer-
ential attraction for interstitials(53) or affeét the thermal emis-

sion of vacancies from the loops.

Void Nucleation

Void nucleation, which refers to the rate at which small
void embryos appear in the solid, is the least understood process

of void formation. Once nucleated, the! voids are stable vacancy
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clusters which may undergo further growth. The void nucleation
rate which determines the final void density is of central impor-
tance in the understanding and control of swelling in irradiated
metals.

Nucleation is generally treated as a separate process that
precedes growth. This treatment considerably simplifies the con-
servation equations and most theories of void formation in metals .
have adopted the "nucleation followed by growth" approach(48).

It is important, however, to recognize that nucleation of new voids
may proceed in parallel with the growth of existing voids.

The nucleation of voids in metals can be termed as
homogeneous or as heterogeneous. Homogeneous nucleation refers to
the formation of small void embroyos by the statistical agglomera-
tion of individual point defects undergoing random walks in the
solid. Heterogeneous nucleation refers to the formation of voids
on existing structural features of the solid. There is no general
consensus on which void nucleation mechanism is éredominant, and
nucleation probably occurs by a combination of homogeneous and
heterogeneous processes.

Inert gases, such as the helium generated by (n,a) reac-
tions, are known to have a strong effect on void nucleation. The
primary role of the gas is to help sﬁpport the surface energy
force through internal pressure. fhe gas enters the nucleation

process by simultaneously precipitatiné-ﬁith vacancies and inter-
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stitials or by the heterogeneous nucleation of voids on single
. gas atoms or gas atom clusters. Although helium can have an
. (25)
important role in void nucleation

trons(sa) and charged particles(zz’ss)

, early studies with elec-
indicated that the need for
helium was not an absolute requirement.

Soluble gases such as oxygen, nitrogen, and hydrogen and
such solutes as carbon have also been observéd to affect void .
nucleation(52’56). These solutes may have an indirect effect on
void nucleation by serving as traps for vacancies, interstitials,
and gas atoms or by changing various sink biases through impurity
poisoning of the elastic strain field surrounding the sinks. These
solutes may also directly affect the nucleation process by adsorb-
ing at the void: matrix interface and lowering the surface energy.

The understanding of void nucleation in metals is not
simply a matter of applying classical nucleation to the system.
Classical theory was developed to explain the condensation of a
single species; on the other hand, void nucleatién involves at
least two species (the vacancy and its antiparticle the interstitial).
A void can grow by adding a vacancy or by releasing as interstitial,
which is highly improbable; a void can shrink by adding an inter-
stitial or by emitting a vacancy. If helium or some other impurity
is involved in the nucleation procesé, then three species must be
considered in the nucleation theor&.

The first theoretical treatment ‘of void nucleation was
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developed simultaneously and independently by Katz and Wieder-

sich(57,58) (59)

and by Russell on the homogeneous nucleation of

voids in the absence of gas atoms and solutes. Since that time

further theoretical studies by Russe11(60_64), Katz and Wieder-

sich(65’66) (67) (68)

, Wiedersich, Burton, and Katz , Wiedersich , and

Loh(69) have accounted for the role of gas atoms (soluble and
insoluble) and impurity atoms, along with vacancies and inter-
stitials, in void nucleation. More recently, time dependent void

nucleation has been considered(70). Russell has now developed and

(71) an updated theory of void nucleation. The

will soon publish
remainder of this section will discuss the particular approach
of Russell to void nucleation.

Initially Russell(sg)

derived a rate equation from kinetic
considerations by expressing the nucleation rate as the flux of
clusters between adjacent size classes in a one dimensional phase

He(60_64) then expanded his model

space consisting of cluster size.
to a two dimensional phase space consisting 6f cluster size (net
number of vacancies) and the number of impurity atoms associated
with each cluster. The void is then characterized by the net number
of vacant lattice sites, n, and the number of associated impurities,
X.
The most probably behavior éf a void consisting of n

vacancies and x impurities is desc¥ibed by the fluxes in the n:x

phase space. The fluxes are given by(§0%62’63’71)
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Jn(n,x)

Bp —ap —B.p (43)

Jx(n,x) Bxp - axp-xK;p (44)

where Bv’ Bi’ and BX are, respectively, the arrival rates of

vacancies, interstitials, and impurity atoms; a, and a  are the

rate of vacancy and impurity emission, respeétively; p is the con-
centration; and K; is the probability of radiation resolution of
an impurity from the void.

By applying the continuity equation, the fluxes and con-

centration are related by the following difference equation:

Ap(o,x) + AT+ AT = 0 (45)

where the A's are the difference operators.
For the case of homogeneous nucleation of voids in the
absence of impurities, the x-dependence in Eq. 45 is dropped, and

(59)

Russell has shown that the steady state nucleation rate (in

the formalism of classical nucleation theory) is given by

T

Z'g

K No epr—AGi/kT) | (46)

where Z' is a pseudo-Zeldovich factor, Bk is BV evaluated at the
critical nucleus size (n = k), N0 is the number of nucleation sites,
and GL is the activation barrier for voids in the presence of inter-

sitials. The activation barrier is related to the free energy by
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the equation

k-1
' _ ’ o
Gy = kT §=o 1n {Bi/sv + exp(GGj/kt)} 47

where 6G§ is the difference between the free energies of forming

(o]

voids of j+1 and j vacancies (5G; = AGj+1 - AG?). The free energy

change in forming a void of n vacancies (in the capillarity model)
is given by(48’71)
1/3
A2 = -nkT In(s)) + (3670%)  ya?/3, (48)

Powell and Russe11(72)

have evaluated the above expressions
for the case of stainless steel at constant temperature (500 0C).
The nucleation rates they calculated were much too low to account
for experimentally observed void densities; this is to be expected
since they did not take into account the effect of helium and other
impurities. It is expected that similar calculations in other
metals will also yield nucleation rates too low to account for the
void densities that have been observed.

Russell(ﬁo)

has shown that in the general case (represented
by Egqs. 43-45) where vacancies, iﬁterstitials, and impurities are
present it is impossible to solve the equations analytically. The
equations can, however, be solved numerically, but this has been

shown to be extremely time consuming(Gz). _
)
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There are, nevertheless, two limiting cases where some of
the formalism of classical nucleation theory may be applied. The
equations governing nucleation in the absence of impurities
(Egs. 46 and 47) are applicable in the presence of impurities as
long as the state of the void 1s completely determined by the number
of vacancies it contains. This will be the case if the impurities
are immobile, the void will contain only the impurity it started
with. It is also the case if the impurities are highly mobile and
are able to reach equilibrium with the void between vacancy cap-
tures, in which case the impurity content is determined by the void
size. In both cases the impurities may be gaseous or non-gaseous
and their effect on the nucleation rate is through changes in the

(61,62) has shown that the effect of the

free energy, AGg; Russell
impurities in these limiting cases is to increase the nucleation
rate, The increases in the nucleation rate can be substantial and
can come closer to explaining the experimentally observed void
densities. | |

In all the discussion so far it has been assumed that voids
are neutral (unbiased) sinks; that is, they have no net attraction
for either interstitials or vacanéies. Recent calculations by

(73)

Wolfer and Yoo have shown that small voids may have a large bias

for interstitials. They found that this bias, which is the result
of a free surface image force interaction, significantly reduced

b
the nucleation rate. They did, however, ¢onclude that void nuclea-
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tion was possible if impurities segregated to the voids and reduced

the void bias.

‘Void Growth

In the absence of a comprehensive theory of void nucleation,
all models for void growth (and hence swelling) assume a pre-exist-
ing density of embryonic voids. If early completion of nucleation
is assumed, then the void density in the models remains equal to
tﬁe pre-existing density; otherwise, the void density is periodically
increased to account for continuous nucleation. In the case of
constant void density, swelling results only from the growth of
existing voids. When there is continuous nucleation, however,
swelling results from both void growth and increasing void density.

The theoretical treatment of void growth has generally
followed two distinct approaches: the cellular models of Bullough

n(44’74_76) and the rate theory models of Wiedersich(77’78),

(81-83)

and Perri

(79,80) In

Harkness and Li , and Brailsford and Bullough
their cellular model, Bullough and Perrin study the growth of a
typical void situated at the center of a spherical cell; the radius
of the cell is determined by the average void concentration. Coupled
nonlinear diffusion equations in the cell are solved to yield the
net vacancy flux to the void and hence the growth rate. On the

other hand, the rate theory models formulate basic rate equations

for the spatially averaged point defecg concentrations and solve for

the net accumulation rate of vacancies at voids. The following
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discussion will consider only the rate theory model of Brailsford

(81-83) since it is mathematically simpler, more

and Bullough

physically correct, and more successful than the cellular model.
The rate theory épproach has been preferred since it

involves only the solution of two simultaneous quadratic equations.

The fundamental rate equations for the steady state fractional

vacancy and interstitial concentrations, Cv and Ci’ are respectively

I
o
It

2
' — —
dC_/dt K D Cvk OLCiCv (49)

and

1}
o
L]

ac, /at K - D,C,k - accC (50)
where K is the defect production rate; K' is the effective vacancy
generation rate given by K plus the total thermal vacancy emission
rate, Ke’ from all sinks in the material (K' = K + Ke); Dv and

Di are the vacancy and interstitial diffusion copstants, respective-
;y; o is the recombination coefficient; and k;l and k;l are,
respectively, the mean free paths of a Vacancy‘and interstitial in
the presence of various sinks in the solid. Brailsford and Bul-

(81)

lough have determined values for ki and ki by calculating
different effective sink strengths.

The solutions to Eqs. 49 and 50 are
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B 2 : 2 L]
¢ = D.k5/2a |- - )+ {0 +w" + n} (51)

v 1 1

.J

C. = DK/2 |-+ + {1+ w2+ n | 52)

g = DJk,/2a |- u M n | (
where

_ 2,2 :

n = 4oK/D.D k k- (53)
aﬁd

poo= Ke n/4K (54)

The swelling rate can be determined directly by evaluating the net

flow of defects into the voids and is given by
d(Av/V)/dt = lnrRVpV(DVCV - DiCi - DVCV) (55)

where Py is the void density, RV is the average void radius, and
Ev accounts for the thermal emission of vacancies.

The rate theory of swelling developéd by Brailsford and
Bullough and briefly described above is limited to quasi-steady
state conditions. It is difficult to apply éuch a theory in a
case where the microstructure and defect concentrations are changing
rapidly with time (such as in the first wall of an inertially
confined fusion reactor). In order to understand void growth under
such conditions, the rate theory mbdel of Brailsford and Bullough

(84)

has recently been upgraded by Ghoniem &nd Kulcinski to include

the fully dynamic case. The computer code, TRANSWELL, developed by
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(85)

Ghoniem and Kulcimski to solve the fully dynamic rate equations
is also capable of solving the steady state equations which are
applicable to the heavy-ion irradiations being carried out at
the University of Wisconsin.

The important contribution of the theoretical models
presented (both nucleation and growth) is not that they can make

independent predictions of expected swelling, but that they serve to

indicate which are the dominant physical properties.
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CHAPTER IV

PREVIOUS STUDIES OF IRRADIATION DAMAGE IN VANADIUM

‘Neutron Irradiated Vanadium

Voids in vanadium were first observed in 1968 by Wiffen

(86,87)

and Stiegler in unalloyed vanadium that was used as cladding

in a fuel irradiation experiment. The vanadium cladding was .

irradiated at 630°C to a fast neutron fluence of 1.7 x 1022 n/cm2

in EBR-II. Further studies on neutron irradiated vanadium have

shown that voids are {100} cubes and form at temperatures as low

(88)

as 150°C but most studies concentrated on the temperature

(89-96) 20

range from 385°C to 750°C
22

and at fluences from 1.6 x 10

n/cmz. Voids were not observed at 800°C

. . s 91 .
during neutron 1rradlat10n( ). A summary of these results is

n/cm2 to 3.6 x 10

given in Table 1.

The temperature range where voids form in vanadium during
neutron irradiation generally félls within the régime from 0.3 to
0.5 Tm’ with the exception of the voids formed at 150°C which
corresponds to 0.19 Tm. The formation of voids at 150°C is sur-
prising in view of the reported Stage—III annealing peak in vanadium
which is reported to be due to the annihilation of vacancies(97’98);
however, the annealing peak at 175°C has also been attributed to

(99,100,101)

the migration of oxygen and the observance of voids at

b
150°c may support this view. Since thé controversy concerning the
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annealing peak at 175°C has not been resolved and voids were
observed at 150°C, it must be concluded that voids will form in
neutron irradiated vanadium from 150°C to 750°C (0.2 to 0.5 Tm)

20

and at fluences greater than 1.6 x 10 n/cm2 (about 0.3 dpa).

As expected, when the temperature dependence of void
formation in vanadium was studied(89_92’94’95), the void size was
found to increase with temperature while the void density decreased )
with temperature. The results of Table 1 indicate that the peak
swelling occurs at a temperature between 550°C and 600°C during
neutron irradiation. In particular, the results of Bartlett et
al.(95) indicate that the peak swelling temperature occurs at
550°C in commercial purity vanadium and at 600°C in 6 PZR (six pass
zone refined) vanadium. (The effect of impurities is discussed
below).

As has already been mentioned and as indicated in Table 1,
the interstitial impurities affect the formation'pf voids in

(88)

vanadium. Elen attempted to study void formation as a function

of interstitial impurity content. He found that void size, density,
and swelling varied with impurity content. Elen was unable to
draw specific conclusions concerning the effeét of each type of
impurity but did observe an increase in swelling with hiéher oxygen

(92)

content. Wiffen also studied the effect of interstitial impur-

ities on void formation in vanadium at 385°C and found that the void
e

density was an order of magnitude highef‘iﬁ samples containing
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1250 wt-ppm of interstitial impurities than in samples containing
220 wt-ppm impurities. This is contrary to the normal behavior
where impurities tend to supress void formation. The lowering of
the éeak swelling temperature to 550°C in the commercial purity

vanadium of Bartlett et al.(gs)

can be attributed to a slight
increase in void size and density at 550°C. In the same study the
commercial purity samples irradiated at 450°C and 600°C showed a .
slight decrease in void density and increase in void size when com-
pared with the high purity samples. Clearly, much more work is
needed to determine how the interstitial impurities affect void
formation.

It has long been known that helium assists the nucleation

(96)

of voids in pure metals. The work of Cambini et al. illustrates
this by the significant increase in swelling in vanadium pre-
injected with 10 appm helium prior to neutron irradiation. They
also found a sharp decrease in void swelling when the helium level
was increased from 10 to 36 appm§ they offeréd né explanation for
this observation.

Radiation induced precipitates were observed in neutron
irradiated vanadium by Elen(as—go), Wiffen(87’92), and Cambini(96).
These precipitates are thought to result from contamination of the
samples before and during the irradiétion with carbon, oxygen, or

(90)

nitrogen. Elen described the precipitates as platelets showing

)
stacking fault contrast and observed that the long axis of their
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projections on {111} planes is in the <112> directions. The pre-
cipitates reported by all three authors are thought to be the
same plate-like precipitates, but no further analysis by any of the
authors is given.

In addition to the work on pure vanadium, several investi-
gators(88’89’92’94) have studied the alloying effect of titanium
on void formation in vanadium. The addition of titanium was found -

to suppress void formation. Carlender et al.(94)

suggest that
this suppression may be explained by any of the following three
mechanisms: 1) gettering of impurity interstitials necessary for
void nucleation; 2) the kormation of Ti-O precipitates to act as
vacancy sinks; or 3) the addition of substitutional solute that
could serve as point defect traps and promote recombination. The
first two mechanisms are supported by post-irradiation observations
of precipitates in all vanadium-titanium alloys and by internal
friction measurements showing that the addition of titanium does
remove oxygen from solution.

In the above studies of void formation in neutron irradiated
vanadium, very little information concerning the dislocation loop

len(88-90).observed small interstitial loops

structure is given. K E
of the a/2 <111> type, typical for bcc metals, and local clustering
of similarly oriented loops. No data of loop size or density are

given in any of the above studies. The post-irradiation annealing

o
of dislocation loops in vanadium irradiated with neutrons (less
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20 2 ,
than 107 n/cm”) at reactor ambient temperatures has also been

studied(102’103). In general, the loops are only resolved as

black dots before annealing; during annealing the loops were ob-

served to grow as their density decreased. Shirashi et al.(lOB)

observed the growth of vacancy loops during post-irradiation anneal-

9

ing of samples irradiated to 8.2 x lOl n/cm2 and the growth of

interstitial loops during post-irradiation annealing of samples

19 n/cm2 or less. They‘also

irradiated to fluences of 4.2 x 10
found that the interstitial loops disappeared after annealing to
temperatures greater than SOOOC, a result of the interstitial loops
growing into the developing dislocation network. The vacancy loops
remained until the annealing temperature -exceeded 63OOC, a point

where the thermal emission of vacancies is sufficient to cause the

remaining loops to disappear.

Heavy-Jon Irradiated Vanadium

Heavy-ions were first used to irradiate vanadium by

Kulcinski and Brimhall(104) in 1971. They found voids in vanadium

irradiated with 7.5 MeV Ta ions at 700°C and SOOOC to 30 to 22

dpa, respectively. They found no voids in samples irradiated at

900°C to 22 and 83 dpa. Further studies using Ni(105—108),

Ta(107), and V(26,27,109)

beams to irradiate vanadium have provided
additional data on void formation in vanadium at the higher dpa

levels unobtainable in present reactors, . in convenient laboratory

times. These studies span the temperature range from 650°C to
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900°C with damage levels from 1 to 60 dpa and damage rates varying
from 10—4 to 10—2 dpa/sec. The voids observed in these studies
have been {100} cubes, but some {111} truncation of the cubes has
been reported(26). A summary of these heavy-ion studies on
vanadium is given in Table 2.

As indicated in Table 2, void formation in heavy-ion
bombarded vanadium has only been studied in the temperature regime -
0of '0.42 to 0.55 Tm; no previous attempt has been made to study voids
below 650°C under heavy-ion bombardment. The work by Santhanam

et al.(105)

using a 3.25 MeV nickel beam indicates that the peak
swelling temperature is approximately 700°C in high purity vanadium
at a dose rate of 4 x 10_3 dpa/sec; however, in the same study,
using the same beam and dose rate, they found the peak swelling
temperature shifted to approximately 750°C in commercial purity

(109)

vanadium. In another study by Agarwal et al. using a 3 MeV
vanadium beam and a dose rate of 5.5 x 10_3 dpa/sec,the peak swelling
temperature was again found to occur at appréxima£ely 700°C in

the high purity vanadium. It may be concluded that, independent

of irradiating ion species, the peak swelling temperature in high
purity vanadium irradiated with heavy-ions at a dose rate on the
order of 5 x 10_3 dpa/sec is about 700°C. This represents a shift

in the peak swelling temperature of aﬁout 100 to 150°C by increasing

the dose rate from approximately 3 x 10_6 dpa/sec for neutron

- po
irradiations to 5 x 10 3 dpa/sec for heavy-=ion irradiations. As
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expected,the void size increased with temperature(log)

(105)

s the exception
being the work by Santhanam et al. where they found that the
void density peaked at 750°C in the high purity vanadium samples.

The effect of the total damage dose,at constant temperature,
on void formation in vanadium has been studied by the group at
Argonne(26’27). Their results show that the swelling increased
with dose, peaked, and then slowly decreased! The peak occurred
at about 14 dpa for irradiations at 650°C and at about 34 dpa for
irradiations at 700°C. The void size also increased with decse,
reached a maximum, and then slowly decreased; the void density de-
creased with dose, reached a minimum, increased slightly, and then
began to decrease again. The peak in the void size and the minimum
in the void density both occurred at the same dose as the swelling
peak. The behavior has been attributed to the profuse precipitation
which begins to occur in the high purity vanadium (irradiated with
3 MeV vandium ions) at approximately the dose where the swelling and
void size exhibit a peak. This érecipitafion will be discussed
more fully below.

The only attempt, reported to date, to study the effect
of interstitial impurities on VOié formation’in vanadium has been

(105)

by the group at Argonne. In their earlier work they compared

high purity vanadium (145 wt-ppm) with commercial purity (C.P.)
vanadium (1220 wt-ppm) and found a shift in the peak swelling tem-

, .
perature (as already mentioned) and an increase in void density in
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the C.P. vanadium at lower temperatures (650 and 700°C). The
increase in void density was attributed to interstitial impurity
enhancement of the void nucleation process. The void size was
reduced in the C.P. vanadium when compared with the high purity
vanadium, and the total swelling (at the peak) remained about the

(109)

same. In a more recent study , the group at Argonne found

that the addition of interstitial solutes (nitrogen, carbon, and ’
oxygen) strongly suppresses void swelling in vanadium. This is
contrary to their previous work discussed above.

It has been shown that helium assists the nucleation of

(96)

voids in vanadium under neutron irradiation . Several other

(26,27,104,107-109) have shown that voids will form in

(107,108)

studies
vanadium in the absence of helium. The work of Brimhall
showed that helium was necessary when using 46 MeV Ni ions but was
not necessary with 7.5 MeV Ta or 5 MeV Ni. The study of helium

effects by Santhanam et al.(los)

involved only samples doped to 10
and 100 appm helium. (No samplés were irradiate& without helium.)
They found a bimodal distribution of voids and helium gas bubbles at
750°C in samples with 100 appm helium. The void density was also
inhomogeneous from grain to graiﬁ at that temperature. In grains
that contained a high density of bubbles, the void density was low;
whereas, in grains with a lower density of bubbles, the void density

increased. At 650°C the void density increased with helium content,

b
but at 750°C the void density (neglecting helium bubbles) decreased
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as the helium content increased from 10 to 100 appm. The decrease
in void demsity at 750°C may be due to the initial microstructure
of the highly doped sample (100 appm) which consisted of a high
concentration of small bubbles. These bubbles may be a predominant
point defect sink and hence reduce the vacancy concentration to
levels below that required for further nucleation. Brimhall and

(108)

Simonen concluded in their studies that helium was important
at relatively low dose rates (8 x 10"4 dpa/sec), but had little
effect at higher dose rates (1.2 x 10_2 dpa/sec).

There has been only one set of experimental results on

the effect of bombarding ion species. The work of Santhanam et

05) using Ni ions can be compared with the work of Santhanam

(26)

al.(l
et al. using V ions. In the nickel ion irradiations,precipitates
were observed to form on the void faces; however, when the samples
were irradiated with vanadium ions no precipitates were found on
the void faces. 1In both experiments low energy ions were used and
the damage was examined at a depth near the peak damage (also near
end of range of the incident ion). The precipitates are most likely
nickel and demonstrate the problem associated with non-self-ion ir-
radiations, particularly if the damage is examined ﬁear the end of
range.

It has already been mentioned that the group at Argonne

observed profuse precipitation in their high purity vanadium irradi-

ated with 3 MeV vanadium ions. These precipitates were only found
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in samples irradiated at 650°C and 7OO°C(27) (and recently at 550°C

(110))

and 600°C in an unpublished study No precipitates were

(109)

observed in samples irradiated at higher temperatures The

degree of precipitation was much more in the samples irradiated at

o . . .
650 C than that found in the samples irradiated at 700°C. The
amount of precipitation was also found to increase with dose. These

precipitates were identified(log)

as platelets, perhaps only one or
two atom layers thick, with an {012} habit plane. The precipitates
are now believed to be a metastable precipitate associated with
carbon in vanadium(log).

The dislocation density was also measured in several of

the above studies and was found to decrease with both dose(26’27)

and temperature(log). Individual dislocation loops were not reported

in any of these studies. This is not surprising since the loops

can be expected to grow very quickly to large sizes at the high

doses and temperatures employed. Such large 1oops are not individual-

1y resolvable but form the dislocétion netWork which develops. The

only study of loops in heavy-ion irradiated vanadium has been the

work of Heershap and Schuller(lll). They studied the post-irradiation

annealing of vanadium irradiated with fast fission fragments and

found that the vacancy loops, which were detected, annealed at 600°C.
There has been only one study to date of void formation in

(112)

light-ion irradiated vanadium. In that study , vanadium was

;o
irradiated with 240 keV helium ions from 250 to 700°C and to
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damage levels ranging from 1.1 x 10_2 dpa to 22 dpa. The peak
concentrations of helium which corresponds to these damage levels
are 125 to 250,000 appm helium, respectively. With this amount of
helium injected, it is hard to distinguish whether they were inves-
tigating helium bubble formation in vanadium or void formation. In
any case, they found that swelling increased with dose at all
temperatures. The peak in bubble concentration shifted to lower :
temperatures as the dose increased, and the bubble size was found to

(113) have also irradi-

increase with temperature. Kaminsky et al.
ated vanadium with low energy helium ions. Their studies were on

the phenomenon of surface blistering and are of no further interest

in this investigation.

Electron Irradiated Vanadium

The studies of electron irradiated vanadium that are of
interest here are those irradiations that determine the damage
threshold, Egh, in vanadium by electron accelerator or High Voltage
Electron Microscope (HVEM) irradiations and those HVEM irradiations

of vanadium where loops were studied.

The value now accepted for Esh in vanadium is 26 + 2 eV
as determined by Miller and Chaplin(llé). The value of E;h is

determined by Eq. 32, which can be rewritten as

_ 2 2
E = 2(Emin/Mc )(Emir} f’ch ) (56)
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where Emin is the minimum electron energy which will produce

observable damage. The value of Esh given above is supported by

(115)

further data generated by Jung and Lucki and Chaplin et

116 . .
al.( ). These studies were performed with electron accelerators
and the damage production was determined from changes in electrical

resistivity at about 20°K for the work by Miller and Chaplin(lla),

(116)

at 6°K in the work by Chaplin et al. , and at 4.5°K in the

stﬁdy by Jung and Lucki(lls).
In a study to determine the orientation dependence of the

(117) used an HVEM

threshold displacement energy, Mitchell et al.
to irradiate various metals, including vanadium. In their study

they increased the voltage of the HVEM until observable damage was
produced. The irradiations were performed at ambient temperatures

so that the interstitials clustered into observable defects. Exact
crystallographic orientations were selected using extinction contours
and Kikuchi lines. For the case of vanadium they‘observed sharp
thresholds for all three orientations: <100>, <11(0>, and <11I>;
their fesults, given in Table 3, show that<<10Q} is the easiest

displacement direction.

TABLE 3

Orientation Dependence of Esh In Vanadium
Direction , _ Egh (eV)
<100> e 30
<110> 0 39

111> 34
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The results of Table 3 are in fairly close agreement with

th
d

The values determined are very important for HVEM irradiations where

the value of E. = 26 eV determined in accelerator irradiations.
it is possible to irradiate a sample along an exact orientation.
In such cases it is desirable to use the value of Ed = E§h<(hk£>

as the displacement energy instead of the value of Ed =5/3 E;h

which is commonly used for random orientations (see Appendix A).
HVEM irradiations of vanadium to study void or loop forma-
tion have not been reported in the literature. However, Saunderson

(118)

and Weber have irradiated vanadium in the University of
Wisconsin HVEM at room temperature to study loop formation. Initial
results at about 45°C indicate that the loops are interstitial in
nature with Burgers vectors of the type a/2<111>. At a damage
level of 0.05 dpa the loop density was 2 x 1015 1oops/cm3 and the

average loop diameter was 400 angstroms.
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CHAPTER V

EXPERIMENTAL EQUIPMENT AND PROCEDURE

Heavy-Ion Irradiation Facility

The fundamental requirement of an irradiation facility for
void formation studies is to produce a region of uniform damage within
a sample while the sample is maintained at an elevated temperature. °
Furthermore, the damage region must be sufficiently removed from the

surface (at least 0.5 microns(llg)

)so that the results are repre-
septative of the bulk material; the damage must also be produced at
a reasonable rate (greater than 10”4 dpa/sec) to insure the produc-
tion of sufficient damage in convenient irradiation times.

The high energy, heavy-ion beams used in this study are
provided by the University of Wisconsin tandem Van de Graaff
accelerator (HVEC model EN). The U.W. Heavy-Ion Irradiation Facility,
which incorporates the tandem accelerator and has been fully

described elsewhere(120’121)

, 1s shown schematically in Figure 6.
Negative ions (Cu in this study), produced in the SPIGS (Sputter
Penning Ion Gauge Source) heavy-ion source developed by Smith and

(122)

Richards , are injected into the low energy end of the accelera-
tor. 1Inside the accelerator the negative ions are accelerated to
the high voltage terminal (at 3.6 MV in this study) where they are

stripped of electrons in the nitrogen gas stripper canal; the positive

o
ions produced are further accelerated through the high energy end of
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the accelerator to a final energy determined by the charge state,

q, of each ion and given by

E (q + 1)V ’ (57)

ion

where V is the accelerator terminal voltage. The beam exits from
the accelerator and is focused and steered on to the samples in the
target chamber. The undesired components of the beam are separated
from the desired beam (usually Cu3+ or Cu4+) by the focal properties
of the quadrupole lens and a 1/4° bend in passing through the 90°
analyzing magnet (which is not capable of bending the heavy-ion
beam irto existing target rooms). Analysis of the beam striking
the samples is discussed below.

The target chamber of the U.W. Heavy-Ion Irradiation
Facility is designed to mate with the relatively poor vacuum
(5x 1076 Torr) of the accelerator beam line and yet provide a high
vacuum enviromment ( 1 x 10_8 Torr) in the sample region to reduce
the contamination of refractory metals, such as vanadium, with
gaseous impurities. This high vacuum sample environment is achieved
by using three differentially pumped stages (see Figure 7). The
first pumping stage, which mates to the accelerator beam line,
uses a 200 liter/sec diffusion pump equipped with a liquid nitrogen
cold trap to maintain pressures near 2 x 10-'6 Torr. The intermediate
pumping stage is separated from the first stage by an anti-creep

liquid nitrogen cold trap and a 9.5 mm aperture. The intermediate
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stage is pumped by a 300 liter/sec orbitron pump(123)and maintains

a pressure of about 1 x 10_7 Torr during an irfadiation. The

sample chamber region is isolated from the intermediate stage by a
pumping impedance composed of fifteen 6.5 mm apertures in series
which provide a very low conductance. The sample chamber is pumped
by a 600 liter/sec getter-ion pump (National Electrostatics Corpora-
tion) which maintains a vacuum of less than 1 X 10—8 Torr during
irradiations at elevated temperatures.

The high vacuum sémple chamber is equipped with various
diagnostic devices to characterize the vacuum environment (pressure
and residual gas) and the ion beam striking the samples (energy,
composition, intensity and uniformity). The relative positions of
these diagnostic devices are illustrated in Figure 7.

The pressure in each of the three vacuum regions is measured
independently. Ionization type gauges (RCA-1949) are employed in the
first and intermediate stages; in the sample chamber a Bayard-

Alpert type gauge (Westinghouse 5966) is used. A residual gas
analyzer (VGA-100, Varian Associates) is used to measure the partial
pressure composition of the sample chamber and also serves as a
helium leak detector if the need arises. A partial pressure analysis
of the sample chamber vacuum during an in situ anneal at 1050°C

and subsequent irradiation at 700°C of a vanadium sample is shown

in Figure 8. (Data similar to that used to derive the results of

Figure 8 are shown in Figure 17 in the following section.) During
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a high temperaturé anneal 1in the tandem target chamber H2 and CO
are the main constituents of the residual gas; however, at lower
temperatures H2 is the major component of the residual gas.

The energy, composition, intemnsity, and uniformity of the
ion beam striking the sample are measured so that the damage state
of each sample may be determined. Figure 9 illustrates the positions
of the diagnostic apparatus, relative to the heater and sample
positions, used to characterize the beam. The energy and composition
of the beam is measured by recording, in a solid state detector, the
energies of ions scattered through 90° by a thin gold foil. A
typical.spectrum obtained for a Cu beam is shown in Figure 10a; the
analysis of that spectrum (accounting for the mass and energy
dependence of the laboratory Rutherford cross section) is given in
Figure 10b. The beam striking the samples is almost entirely
composed of Cu4+ (95.1% for this spectrum) with small amounts of Cu2+
(4.8%) and Cul+ (0.06%). No nitrogen components of the beam have
been detected. The uniformity and sample intensity are determined
by the beam scanner, movable slits (see Figure 7), Faraday cups (the
mask aperture also has a Faraday cup position), and the ability to
monitor beam current striking the samples (the samples, heater and
heat shield are electrically connected to form a Faraday cup).

The samples are heated by a 4 cm diameter, cylindrical,
thermal radiation furnace. The furnace is constructed of 0.025 mm

tantalum sheet and is surrounded by a fifteen layer, spirally wound
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heat shield, also constructed of 0.025 mm tantalum sheet. The ion
beam is traﬁsmitted through 1 cm holes in the furnace and heat
shield for sample irradiation or beam analysis. The furnace, heat
shield, and sample holder are shown schematically in Figure 11.
This furnace has opefated successfully providing sample temperatures
that range from 150 to 1050°C. The power requirement of the furnace
for a sample at 1000°C is about 400 watts. | .
| The samples are mounted in a tantalum holder which is
suspended from an adjustable bellows seal along the axis of the
heater (see Figure 7). The adjustable bellows allows vertical motion
of the samples, thus permitting the irradiation of more than one
sample or area. Initially the sample holder was designed to accomo-
date foil strips, 7 cm x 1.25 cm, as illustrated in Figure 12. There
were six sample positions, interspaced with five holes for beam
alignment and analysis. Two chromel-alumel thermocouples were used
to measure temperature. The foil strips proved to be inconvenient
when preparing electron microscopy specimens (3 mm discs), and the
two chromel-alumel thermocouples were insufficient for accurate
temperature measurement along the entire length of the sample holder.
In order to overcome these difficulties, a new holder was constructed
of tantalum to accomodate eight 3 mm disc samples. This sample
holder is shown in Figure 13 and is scﬁematically illustrated in
Figure l4a; a partial schematic of fhe new sample holder, shown in

Figure 14b, illustrates in detail the poéitions of the chromel-alumel



72

Scm
Heat Shield
™ Stainless Steel
/ Collars
777 2
% %
opper N \
urrent N \ .
Lead §. S«——Heot Shield
N
g /§,j Mask Plate
Sample N “ 1R
4 R iti
Holder'z—b«'/'“i g; Hole Position
/¥ igw
; ; //E;Somple Position
—— 3\ a7 BEAM
(A R\ TN
3
\ N
; N Sample
B
§ y N Stainless Steel 223
N
§ «—Heater Copper :
N N Tantalum NN
N N
D
% 777777
Heat Shieldj

FIGURE 11. Schematic of the radiation heater assembly in the

sample chamber.

" Il



73

\CHROMEL - ALMUEL

THERMOCOUPLES
l e
:«;L%?RPLE\NN LSAMP}E— Ta CLAMP
1 J) o Q ‘%
olll ol |]
Dé} é? Ta PIN
Ta KEY Y J 0 § —}— sEAM
o7 | o T
a| |0 )
] 2 a) {0
' B e

AS
O.lcm REC. O.lem

| \‘ TH/ICKNESS —X

FIGURE 12, Sample holder for irradiating foil strips.



74

FIGURE 13, Sample holder for irradiating 3 mm disecs.
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thermocouples (one per sample) and the samples in the sandwiched
holder. With this sample holder design, three holes are available
for optical alignment of the holder with respect to the beam axis

and for transmission of the ion beam for analysis.

High Vacuum Annealing System

Initially, vanadium samples to be irradiated were annealed
in situ (i.e., in the target chamber) to reduce the amount of |
contamination from handling. The results of a first series of
irradiationé124) (to be discussed in Chapter VI) indicated that
contamination was occurring during the high temperature annealing
of vanadium in the tandem target chamber just described. 1In an
effort to eliminate this contamination, a high temperature anneal-
ing furnace was constructed within an ultra-high vacuum, all metal
bell jar (Model TNB-X, from Perkin-Elmer Ultek, Inc.).

The chamber of the metal bell jar is pumped by a 200
liter/sec Differential-Ion pump and a titanium Sleimator (both
are integral parts of the TNB-X vacuum system) which maintain a
vacuum of 1 x 10_10 Torr at ambient temperatures. An 8 inch
Poppet Valve is used to isolate the pump and sublimator from the
bell jar chamber during sample loéding, sampie removal, or routine
maintenance. A two stage, oil-less roughing system is used, thus
eliminating the usual back streaming of mechanical pump oil. The
first stage consists of a oil-less mechanical pump (Bell and Gossett)

[
to reach a pressure of about 200 Torr. The second stage is an
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Ultek sofption pump which will pump the chamber to about 10-3 Torr,
a point at thch the D-I (Differential- Ion) pump may be opened
to the chamber (or started if it has been shut off and let up to
air). The pressure in the chamber is measured with a Bayard-
Alpert type gauge (Model 971-5005, Varian Associates). A residual
gas analyzer (VGA-100, Varian Associates) is mounted on this
vacuum system and allows a gas analysis.durihg the annealing of
the samples. A variable leak valve (Series 203, Granville-Phil-
lips Co.) with a continuously variable conductance from 0.4 to

10—11 liter/sec (10—13

liter/sec when closed) is used to leak small
qﬁantities of known gas into the vacuum chamber to calibrate the
residual gas analyzer (the RGA on the tandem target chamber was
also calibrated on this vacuum system).

The samples to be annealed are placed on the sample holder

shown in Figure 15, The support rods of the holder are made of
tungsten, a tantalum mesh is used to support the samples, and the
temperature is measured with two chromel—alﬁmel'thermocouples.
The samples are annealed by electron bombardment in the furnace
shown in Figure 16. To reach 1050°C a bias voltage of 660 volts
and a filament emission current of 180 mA are normally required.
The four tungsten filaments (.008 inch diameter) are heated by a
current of 4,65 Amperes each (18.6 Amﬁeres total).

During a typical anneal, the vanadium samples are heated

to 1050 °C  while maintaining a vacuunl.6f .1 x 10"8 Torr. A
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FIGURE 16, High vacuum annealing furnace,
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0-50 amu RGA scan during an anneal is shown in Figure 17 (the
sensitivity may be increased by an order of magnitude if needed).
After properly accounting for the cracking patterns of the various
gases and the sensitivity of the RGA for different gases,the
interpretation of this scan is shown in Figure 18 and compared to
a similar anneal in the tandem target chamber. As can be seen,
the partial pressures of the residual gases during an anneal in
the new high vacuum furnace are only a factor of 2 to 5 lower
than those during an anneal in the tandem target chamber.

The major advantage of this new annealing environment
over the environment of the tandem target chamber are:

1. Reduced pumping impedance around the samples.

2. More use of refractory metals.

3. Time to reach the annealing temperature (1050°¢)

is reduced from 96 hours to about 15 minutes.
This topic of annealing environments will be discussed

further in Chapter VII.

Material Characterization

The high purity vanadium used in this study was obtained
in sheet form from Dr. R.E. Reed of the Oak Ridge National Labora-
tory. The substitutional impurity content of the &anadium is less
than 10 wt-ppm and the interstitial impurity content of the material

is less than 200 wt-ppm. The analysis,of this material by Oak
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PARTIAL PRESSURE ANALYSIS DURING ANNEALING
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FIGURE 18. A comparison of the residual gases during annealing in
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high vacuum furnace. (High vacuum furnace data from Figure 17.)
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Ridge is given in Table 4. The bulk carbon content of this material
was independently measured by the McDonnell-Douglas Corp. and found
to be approximately 20 wt-ppm(lzs). Another analysis by the Grum-
man Aerospace Corp. (to be discussed in more detail in Chapter VI)
found the carbon content to be about 20 wt-ppm, the oxygen content
to be about 100 wt-ppm, and the nitrogen content to be less than 90
wt—ppm(126). These results agree fairly well with the Oak Ridge .

analysis within the limits of experimental error.

Sample Preparation

The procedures for the preparation of samples for irradia-
tion énd for transmission electron microscopy (TEM) will now be
described. In many instances procedures changed as new techniques,
sample geometry, or new vacuum systems were employed; In these
cases, both old and new procedures will be described.

The shape of the samples was determined by the holder
used for the irradiations. Specially machined étrips of the vana-
dium sheet were prepared for the irradiations which used the
sample holder shown in Figure 12 (from 9/74 to 11/75). The 3 mm
disc samples for use in the holdgr of Figures 13 and 14 (from 5/76
to 4/77) were punched from the vanadium sheet. The sample strips
and 3 mm discs were flattened between steel blocks, electropolished
in a 20% H SO4 and 80% methanol solution at -20°C (to remove any
surface contamination and provide the ?olished surface necessary

for TEM work), and washed in absolute methanol prior to annealing.

.



TABLE 4

CHEMICAL ANALYSIS OF THE VANADIUM USED IN THIS STUDY

Impurity Content (wt-ppm)

c 50

0 48

N 71

H 3

Ta 0.2
W 1.8
Al 0.05
Fe 3

Si 3

Ti 0.1

Co, Cr, Cu. Ni Not detected
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The foil strips were annealed in the tandem target chamber
for 1 hour at 1050°C. It took about 4 days to reach the annealing
temperature as the heater assembly slowly degassed. The 3 mm
disc samples were annealed in the high vacuum annealing furnace
for 1 hour at 1050°C. It only took about 15 minutes to reach 1050°¢
in this system. A comparison of the residual gases in the two
systems during annealing has already been given in Figure 18. .
The preirradiated grain structure of an annealed vanadium sample
is shown in Figure 19. This sample was etched in a solution of

50% HNO, and 507 H,0 (distilled) for 15 seconds at room temperature.

(127).

3

The grain structure has an ASTM Micro-Grain-Size number of 1.7
The sample strips annealed in the tandem target chamber
were usually irradiated with no further treatment. However, for
tﬁo sets of irradiations (discussed in Chapter VI) the sample
strips were removed from the target chamber after annealing and a
portion of each sample strip was electropolished to remove
approximately 0.025 mm from the surface to bé irradiated. The
samples were then reloaded into the target chamber for irradiation.

The 3 mm discs were usually loaded into the target chamber after

‘annealing with no further treatment; again, however, several discs

were given an additional electropolish before irradiation.
The samples were irradiated with 14 or 18 MeV Cu ions
depending on which charge state (+3 or +4)'was used (a few samples

were irradiated with O, Nb, and Ni). the ion flux striking the
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samples ranged from 6 x 10ll to 1.2 x 1012 ions/cmz—sec. This
corresponds to a damage rate of about 1 to 2 x 10"4 dpa/sec

at a depth of 1 micron, where the TEM analysis is done (see Fig-
ure 20). The damage levels usually attained (at 1 micron) were

1.0 to 2.0 dpa. The temperature of the irradiations spanned the
range from 150°C (0.19 Tm) to 850°C (0.52 Tm). The pressure during
the irradiations ranged from 2 x 10'_9 Torr (at lower temperatures)
to 7 x 10--9 Torr (at higher temperatures). The residual gas analysis
during an irradiation at 700°C has already been given in Figure 8.
The amount of CO, C02, CH4, C2H4 increases with temperature, but

is significantly reduced at temperatures below 700°C.

The damage as a function of depth for 14 MeV copper ions
incident on vanadium has already been shown in Figure 4 of Chapter
IT. Figure 20 is a similar curve for 18 MeV copper ions incident
on vanadium, and jillustrates the region where TEM analysis of the
samples is done. This region is sufficiently removed from the
surface, peak damage, and end of range of the copper ions; in this
way the effect of the surface, the damage gradiént, and the copper
ions may be neglected. To expose the damage at the desired depth,
the outer area of an irradiated foil is lacqﬁered with "Microstop"
(Michigan Chrome and Chemical Company? and the exposed inner area
is electropolished at -25°C in a 20% H, S0, and 80% methyl alcohol

2

solution for 45 seconds. The amount of material removed was measured
b
using an interference microscope. A white light was used to



88

*oucp ST sTsdTeue WYL [I® @I°Yym UOF821 3yl ST UMOYS OSTY
(A® €y = vmv Awm.mmVuwﬁstz pue Sufuuel JO °2pod T-dAd-d 943l Sufsn paieTndTRO ‘suol aaddod

ASH 8T YITM polerpeaay untpeues ul swole iaddoo pue o8pwep jo uOFINQTaIstp yidaq Q7 INOIL

(SNOYJIN) Hld3a

b € 2 o o
. | . . T , o
m =
5 g
= C swoy lv_ Tl 1 o
SRl - no 1
8 [ siskjouy 1 3
5 . jo x
M Ol uoiboy 1S 5.
0 i . 1
5t 1B
Q 3
< - —_——i - ol
S JOVAYQ - m
c i Ma
3
= 11220 = UOIDIABQ PIOPUDS ]
s -y

1195°¢ = YidaQ uosiy . Auond Aen 8|

SWojy nd jo uoynquisig
A A . L l

- Gl




89

determine the integral number of fringes and an orange filter

(A = 5860 & ) was used to obtain better resolution and the fractional
fringe shift. A t?picai step height measurement on an irradiated
3 mm disc is shown in Figﬁre 21. The displacement of 3.5 fringes
corresponds to a &epth of 1.0 microns.

After the surface layer was removed and several step
height measurements made, the samples were prepared for TEM
analysis. It was necessary to cut a 3 mm disc from the samples
irradiated in the form of foil strips; the samples irradiated as
3 mm discs already had the proper geometry. The disc surface
with the exposed damage region was lacquered with "Microstop" to
prevent electro-chemical attack. The specimens were thinned for
TEM analysis by jet-polishing the unlacquered rear surface with a
single-jet electropolisher (modified from Model 110 Twin-Jet
Electropolisher, E.A. Fischione Instrument Mfg.) using a 20% HZSO4
and 807% methyl alcohol solution at -25%C. Thié tecnhique produced
large regions (approximately 104 square microns)’tranSparent to

electrons.

Transmission Electron Microscopy (TEM)

The samples were examined in a JEOL 100B electron micro-
scope which has been upgraded to operate at 120 kV. The TEM
analysis of each foil generally included the investigation, in at
least three different areas (three diffe:gnt grains if possible),

of the irradiation produced microstructure in areas remote from
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grain boundaries. 1In each area, stereo-micrographs of the micro-
structure were taken to determine foil thickness. The void micro-
structure was generally imaged in bright-field under absorption
contrast and underfocussed conditions. The void images produced
under such conditions are in maximum contrast with a bright central
region surrounded by a weak (Fresmel-like) Qark fringe. The dis-
location structure in the same area was imaged under two-beam dif- °
fracting conditions. 1In a number of samples, the microstructure
in the vicinityvof grain boundaries was also investigated.

The foil thickness was determined in each area investi-
gated by measuring the parallax between the two foil surfaces in
a pair of stereo-micrographs. The parallax was measured with a
Hilger-Watts Stereo Viewer. The foil thickness, t, is related to
the parallax, p, by the equation

P

T T3 sin 4/2) o (58)

where ¢ is the tilt angle and M is the magnifiéation. (Equation
58 is only correct for symmetrical tilt about 0°.) Foil surfaces
were generally identified by pits, voids, or micro-dust on the
surface.

The internal voids (voids wﬁich intersected the surface
were not counted) in an area of known thickﬁess were counted with

a Zeiss TGZ3 particle-size analyzer (4é'éize classes). The
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variable spot size of the analyzer was superimposed over the image
of each void, approximating the diameter of multi-faceted (or small)
voids and the cube edge of the large cubic voids. The voids in

each size class were corrected for the number of voids that

intersected the surface by the expression(lzg’lzg):
. ) ni(observed) _ (59)
i 1- di/t .

where di is the mean diameter of size class i and t is the foil
thickness.

The average void size (diameter or cube edge) is defined

as
;. 2MY (60)
NT
where
NT = 3 n, (61)
' (129),

The standard deviation in void size is given by

(62)

In determining the void volume fraction, it is preferable to use

(129)

the volume averaged void size given by:

L
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(63)

The void number density, pys Was calculated from the total number

of voids, the foil thickness, and the foil area, i.e.,

by = N/At (64)

where A is the foil area. The void volume fraction is then given

by the general expression

AV/V = aD3pV (65)

where a is a factor that is dependent on void shape. For spherical
voids

a = 1w/6 (spherical) (66)

and D is the volume averaged diameter; in the case of cubic voids
a = 1 (cubic) (67)

and D is the volume averaged cube edge. For vanadium o ranges
from 0.75 (due to truncation) to 1.0 at the higher temperatures
(above 500°C) and approaches ¥/6 at temperatures below about
500°C.

The dislocation density in the foil was determined by

(130)

conventional methods The dislocation loop density was
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calculated from the total number of loops (corrected for invisible
loops) in the foil divided by the foil volume (A x t). The loops
were also counted with the Zeiss TGZ3 particle-size analyzer and
the average loop diameter determined. The nature of the loops
(interstitial or vacancy) was more difficult to determine and the
methods to do so will now be discussed.

Loops smaller than about 100 A are generally only observable
as'"black dots" when imaged under kinematical co;ditions; however,
loops of the same size lying close to a foil surface will exhibit
black-white contrast when imaged under dynamical conditions. If a
vector, 1, is defined in the sense of the black-white image, then
the sign of g ° 1 and the distance of the loop from the top or

(130)‘ The

bottom surface will determine the nature of the loop
Burgers vector of these loops is more difficult to determine, analy-
sis requires the matching of experimental images under specific
conditions with computer simulated images(13¥’l32).

Loops with diameters frém about 50 & to 200 A may be
-analyzed by the methods for large resolvable loops (>200 R ) if
weak beam images are used(l3o’l33). This is due to the decrease
in extinction distance which enabie smaller loops to be clearly
resolved as loops rather than as black dots. This increase in
resolution 1s very dependent on image stability since very long
exposure times (on the order of 10 to 30 miﬁ) are required. Thus

b
beam instability or image drift can negaté the increased resolution
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at high,magnifications.

Large resolvable loops (diameters >200 k) are analyzed on
the basis of theoretical image calculations for straight disloca-
tions in an elastically isotropic medium based on the kinematical
and dynamical theories of electron diffraction(l34’135’136). The
most important result of these calculations is that the dislocation
image. (intensity minimum) is displaced from the actual position of °*
the dislocation by the local curvature of the reflecting planes.

The image will lie to that side of the dislocation core where the
lattice rotations introduced by the defect tend to minimize the
deviation from the Bragg angle. Several methods(l47’138’139’140)
employing these theoretical results were developed for amalyzing
large edge dislocation loops; however, the methods were not always
applicable to non-edge loops. A thorough treatment of the problems
involved in the characterization of large loops (edge and non-edge)

has been presented by Maher and Eyre(l4l)

(141)

. The technique of Maher

and Eyre was used in the analysis of loops in this study and a

description of the technique follows. (This téchnique is also

fully described in Loretto and Smallman(lBO)).

In order to analyze the nature of dislocation loops, it is

necessary to adopt a convention for defining the Burgers vector

~.(130,141)

of a loop. The convention normally used , and the one

which will be adopted here, is to define the Burgers vector by
b
taking the positive direction around the loop as clockwise when
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viewed from above the crystal and then apply the FS/RH perfect
crystal convention of Bilby, Bullough, and Smith(142). (In the
FS/RH convention a circuit starting at S is made around the dis-
location line in a right-handed sense and this circuit is closed
at F so that in the imperfect crystal F and S superimpose; the
corresponding circuit is made in a perfect crystal and the closure

failure in the sense of FS is taken as §F130).)

This procedure
for determining the Burgers vector of a loop is illustrated in
Figure 22 for a vacancy loop and an interstitial loop. The important
consequence of this convention is that for interstitial loops
n+b >0 and for vacancy loops n * b < 0(136) (n is the upward
drawn normal to the loop plane). Thus, if n and b can be deter-
mined, the nature of the loop is known.

The determination of the Burgers vector (j-b) is based on
the standard result for dislocations that the loop is invisible or

exhibits residual contrast when g * b = 0(130)

. This technique
results in the direction of+b bﬁt does not deterﬁine the sign of
the Burgers vector. The sign (or sense) of the Burgers vector can
be determined by the reéult, already mentioned, that the loop image
lies to that side of the dislocation core where the lattice rota-
tions introduced by the loop tend to minimize the deviation from
the Bragg angle. When viewed fromAabgve (same convention as used
to define b), fhese image shifts can be deséribed by the following

P
inequalities: o
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(g - E)sg > 0, outside contrast (68)
(g Egsg < 0, inside contrast. (69)

Once the sense of b is known, the nature of edge loops is easily
determined since b is parallel to n. (Proper indexing of g is
critical.) The situation for non-edge loops must be considered
more éarefully.

| In the case of non-edge loops, the sense of b is insuf-
ficient to determine the nature of the loop unless the relative
orientation of n with respect to b is known. Maher and Eyre(141’
143) have considered the problem of non-edge loops and have
described a set of conditions whereby the nature of a non-edge
loop is determined by the sense of b alone (as in the case for
edge loops). These conditions require that all possible loop normals
for a given Burgers vector lie within a "safe orientation". The
safe orientations of n (for a given b) are bounded, on a stereo-
graphic projection, by Bﬁ *b =20 and Bj * z = 0 where z is the
beam direction.

In the case of vanadium, n is of the <110> type and b is

of the a/2 <l111> type. To analyze loops in vanadium it is neces-
sary to tilt the specimen and work near those zone axes (z's)
where all possible n's are in safe orientations. This is illustrated
in the [001] stereographic projection qf-?igure 23, where + b =

a/2 [111] has been assumed. All possible n's (El’ n, and 23) are

-
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FIGURE 23. Stereographic projection showing those crystal

orientations (any z in the unshaded region) where all the possible

n's ([101], [011], [110]) are in "safe orientations" for a non-

edge loop with a Burgers vector of -a/2 [111].
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shown,and for the case of z = z; only ng is in an unsafe orienta-
tion; however, for any z in the unshaded region (such as 2z, and Z4
which are normally used in this study) all n's are in safe orienta-
tions and the contrast behavior of the loops with + b = a/2 [111]
is the same as for pure edge loops and the loop nature is readily
determined. This same procedure is similarly applied to loops

with the other a/2 <11I> type Burgers vectors.
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CHAPTER VI

EXPERIMENTAL RESULTS

Introduction

In this chapter the experimental results from a total of
60 irradiated specimens are presented. The irradiated vanadium
samples are divided into two distinct groups which reflect dif-
ferences in annealing environment and sample geometry. In the
first group (Group I) the samples were prepared for irradiation as
specially machined foil strips (see Figure 12) and annealed at
1050°C for 1 hour in the tandem target chamber (described in
Chapter V). The 33 irradiated samples of Group I are listed in
Table 5 along with the specific irradiation conditions. The 27
samples of the second group (Group II) were prepared as 3 mm
discs and annealed at 1050°C for 1 hour in the special high vacuum
furnace described in Chapter V. The samples of Group II are
listed in Table 6 along with the irradiation cbnditions.

The distinction between the results observed in the two
groups of samples is the presence of a large amount of irradiation-
enhanced precipitation in the samples of Group I and the absence
of the same precipitates in the samples of Group II. This dif-
ference in the observed microstructure (as will be discussed
later) is attributed to the different annealing environments, not
to the sample geometry which was conveniently changed at the

time of the switch to the new annealing system. The results from
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TABLE 5

SAMPLES AND IRRADTATION CONDITIONS FOR GROUP I2

Run Sample Temperature  Incident Ion Fluence
Number Code o Ion Energy
Number 0 (Mev) (101610ns/cm2)

1 T-10-00-13 710 Oxygen 17.5 1.0

2 T-10-00-15 700 Cu 16 0.4

2 T-10-00-16 700 Nb 16 0.016
2 T-10-00-17 700 Cu 16 2.0

3 T-10-00-19 700 Cu ' 14 1.0
3 T-10-00-20 700 Cu 14 2.0

3 T-10-00-21 700 Cu 14 5.0

3 T-10-00-22 700 Cu 14 0.6

4 T-10-00-24 710 Cu 14 1.0

4 T-10-00-25 710 Cu 14 0.5

4 T-10-00-26 710 Cu 14 2,0

4 T-10-00-27 710 Cu 14 0.6

4 T-10-00-28 710 Cu 14 1.0

5 T-10-00-30 750 Cu 14 0.9

5 T-10-00-31 650 Cu - 14 4.0

5 T-10-00-32 650 Cu 14 2.0

5 T-10-00-33 650 Cu 14 1.0

6 T-10-00-36 650 Cu 14 0.5

6 T-10-00-37 650 Ni 14 1.0

6 T-10-00-38 650 Ni 14 0.2

7 T-10-00-40 700 Cu 18 0.7

7 T-10-00-41 700 Cu _ 18 - 0.7

7 T-10-00-42 700 Cu - 18 0.7

7 T-10-00-43 600 " Cu 18 0.7

7 T-10-00-44 600 Cu - 18 0.7

8 T-10-00-477 750 Cu 18 0.7

8 T—10-00—48b 700 Cu 18 0.7

8 T-10-00-49 650 . Cu 18 0.7

8 T-10-00-50 750 ’ Cu ' 18 0.7

8 T-10-00~51 700 Cu . 18 0.7

8 T-10-00-52 650 Cu 18 0.7

9 T-10-00-55" 700 ‘Cu 18 0.8

9 T-10-00-56 700 . Cu 18 0.8

a) Samples of Group I were prepared as foil strips and annealed in
the tandem target chamber. b

b) Electropolished after annealing to remove 25 microns.
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SAMPLES AND IRRADIATION CONDITIONS FOR GROUP II?

Run Sample Temperature  Copper Ion Fluence
Number Code (°c) Energy 16 9
Number (MeV) (10" "ions/em™)
10 T-10-00—57b 750 18 0.9
10 T-10-00-58 750 18 0.05
11 T-10-00-65 750 18 1.5
11 T-10~-00-66 700 18 1.5 .
11 T-10-00-67 650 18 1.5
11 T—10—00—68b 600 18 1.5
11 T—10—00—69b 750 18 1.5
11 T—10—00—7Ob 700 18 1.5
11 T—10—00—71b 650 18 1.5
11 T-10-00-72 600 18 1.5
12 T—10-—00—73E 650 18 1.5
12 T-10—00—74b 600 18 1.5
12 T—10—00-75b 550 18 1.5
12 T-10-00-76 500 18 1.5
13 T—10-00—77‘; 850 14 1.9
13 T—10—00-78b 800 14 1.9
13 T—lO-—OO—79b 700 14 0.5
13 T—lO—OO—SOb 700 14 0.1
13 T—lO—OO-Slb 600 14 0.5
13 T—10—00—82b 500 14 0.5
13 T—10—00—83b 350 14 0.5
13 T-10-00-84 200 14 0.5
14 T-10-00-85 650 14 0.5
14 T-10-00-86 600 14 0.5
14 T-~10-00-87 550 14 0.5
14 T-10-00-88 200 14 0.5
150 14 1.0

14

T-10-00-89

a) Samples of Group II were prepared as 3 mm discs and annealed in
a special high vacuum furnace.

b) Electropolished after annealing to remove 10 microns.
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the transmission electron microscopy (TEM) analysis of the samples

in Groups I and II will now be presented.

‘Group I

Qualitative Results

The results from the samples irradiated during the first
6 irradiations (Runs 1 thru 6) listed in Table 5 do not contribute
significantly to the quantitative results. During these first 6
irradiations considerable testing of the heavy-ion source and
optimizing of the various ions beams were performed to determine
beam stability and which ion beams (and charge states) would be
suitable for irradiation damage experiments. The first six
irradiations were also a time for testing of the target chamber
facility and installing (or improving) diagnostic devices for
measuring temperature, beam current on target, and integration
of that current. In addition, the samples from these irradiations
were used to test and perfect the various techniques to prepare
the irradiated samples for TEM analysis; as a result, many of the
ex;mined samples showed no damage (too much éurface removed) or
lacked the necessary thin area for TEM work (poor final thinning
technique). In those samples which showed damage, it was difficult
to correlate the observed microstructural changes with a specific
damage level or temperature since beam instabilities produced

considerable error in the estimate of’the integrated current, the
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temperature was not always accurately known, and the amount of
surface removed to expose the damage varied considerably. These
samples did, however, provide initial information concerning the
irradiation produced microstructure (voids and a high density of
precipitates) and provided the specimens necessary to perfect
the TEM preparation techniques, which could only be tested on
irradiated samples. .

Through the experience gained during the irradiation and
subsequent preparation of the samples from Runs 1 thru 6, the
samples irradiated in Runs 7, 8 and 9 were irradiated under well
characterized conditions and were prepared for TEM analysis by
techniques which had been perfected to give reproducible surface
removal, an accurate measure of the amount removed, and a high
percentage of successfully thinned samples. The changes in micro-
structure observed in these irradiated samples are similar to the
changes observed in those samples (which were successfully
prepared for TEM analysis) from Runs 1 thru.6. ’These irradiation
produced changes in the microstructure will now be described.

The main microstructural changes observed in the irradiated
samples of Group I are the formation of both voids and precipitates.
The precipitates (and the voids) were not observed in any unir-
radiated samples subject to the samé'thermal treatment and vacuum
conditions. Transmission electroﬁ microgréphs of the void and

precipitate microstructure that develdpéd-is shown in Figure 24 for
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samples irradiated (as annealed) at 600, 650, 700, and 750°C with
18 MeV copper ions to 1 dpa (damage examined at a depth of about
1 micron). The microstructures shown in Figure 24 are represen-
tative of the microstructﬁres observed in the other samples of
Group I, with the exception discussed in the following paragraph.

In an effort to shed some light on ;he source and possible
solution to the precipitate problem, several samples of Group I
were electropolished (as indicated in Table 5) to remove approxi-
mately 25 microns from the surface after annealing and before
irradiation. These samples were then irradiated at 650, 700, and
750°C under the same conditions as other samples in Group I which
had not been electropolished. The void and precipitate micro-
structures in the samples irradiated with 18 MeV Cu ions to 1
dpa at 650 and 700°C after electropolishing are shown in Figure 25;
no damage was observed in the sample irradiated at 750°C. The
microstructure of these samples differs dramatically from the micro-
structure observed in the otherbsamples 6f Group I (Figure 24).
The samples which were electropolished show a éignificant reduction
in the precipitate volume (about a factor of 100), a decrease in
void size, and an increase in void density.'

Voids were observed to form under irradiation at all tem-
peratures (600—750°C), but the voi@ distribution was noticeably
more inhomogeneous at the higher temperatu?es. The average void size

b
increased with temperature, the void density decreased with temper-~
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ature and the peak swelling occurred at 700°C. In general, the
voids were found to be cubes with {100} faces, but some of the
voids also exhibited some {110} and {111} faceting of the {100}
cubes. Elongated voids were also observed, but only in the
sample irradiated at 700°C after electropolishing (Figure 25b).
Density measurements indicate that about 3% of the voids in this
sample are of this morphology. These voids are elongated in
<100> directions, are bounded by {100} planes, and typically
have length to width ratios of up to ten.

The precipitates formed only under irradiation and were
observed at all irradiation temperatures. The precipitate volume
increased with temperature and the density decreased. As in the
case for voids, the precipitate distribution was very inhomogeneous
at the higher temperatures. Results concerning the nature of
these precipitates will be presented in the section immediately
following this section. 1In addition to the large precipitates
discussed above and evident in Figure 24, there was another
precipitate type observed only at 600°C. This type was a fine
rod-shaped precipitate with its axis along one of the <100> direc-
tions. These precipitates are visible in the micrograph of Figure
24a,

Other microstructural features observed in the samples of
Group I include void and precipitate clustering, void and preci-

pitate denuded regions along grain boundaries, dislocation loops,
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dislocation networks, and dislocation punching from the large
precipitates. The cluster of voids and precipitates observed in
Figure 24c was determined to be a two dimensional wall (rather
than a line) by stereo TEM techniques. Void and precipitate
walls were observed in several samples containing extensive
precipitation. A void wall that is denuded of precipitates is
shown in Figure 26. Void and precipitate denuding along grain
boundaries is shown in Figure 27 and there is also some evidence
for grain boundary migration in the same micrograph. The dis-
location structure in the samples irradiated (as annealed) at

600, 650, 700, and 750°C to 1 dpa is shown in Figure 28, Dis-
location loops were observed in all these samples and considerable
dislocation punching from the large precipitates was observed at
the higher temperatures (Figure 28c, d). The dislocation density -
was difficult to determine at 700 and 750°C because of the intense
tangle of dislocation formed by the precipitates. The dislocation
structure in the samples irradiated, after electropolishing, to
650°C and 700°C is shown in Figure 29. The dislocation density

in these samples is considerably reduced due to the lack of large
precipitates which punch dislocations; dislocation loops were not
observed in any significant density in the samples of Figure 29.

Nature of the Group I Precipitates

In this section the results from experiments to determine

the nature of the large precipitates observed in the samples of
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FIGURE 26, Void wall in vanadium (Group I) irradiated at 650°C

with 14 MeV copper ions to 5 dpa.
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FIGURE 27, Void and precipitate demuding along grain boundaries

vanadium (Group I) irradiated at 650°C with 14 MeV Cu ions to 5 dpa.
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Group I are presented.

Vanadium is easily contaminated with interstitial impurities;
thus, it is important to know the interstitial impurity content as
a function of depth. In‘an effort to obtain this information,
several samples were sent to the Grumman Aerospace Corp. for analy-
sis of the carbon, oxygen, and nitrogen concentrations as a
function of distance from the surface. These samples and the *
treatment each received are listed in Table 7. The results of the

(126)

analysis by Grumman are given in Table 8.

The carbon and oxygen concentrations in the surface region
(0.-0.5 micron) are higher than in the bulk region (0.5-3.6 mic-
rons), but such surface contamination is expected in vanadium.

In all the samples the carbon and oxygen concentrations fall to
bulk values within 0.5 microns of the surface(126). These values
for the carbon and oxygen concentrations and the single value for
the nitrogén are in close agreement with the values given in
Table 4.

After the samples were returned from_Grumman, TEM analysis
of Sample 5 (see Table 7) revealed the presence of voids and preci-
pitates as shown in Figure 30. The precipitates are identical to
the precipitates observed in the other samples of Group I. Since

all TEM analysis is carried out at depths greater than 0.5 microns

from the surface, the results of Table 8 indicate that the observed

L
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TABLE 7

DESCRIPTION OF SAMPLES SENT TO GRUMMAN AEROSPACE CORPORATION

FOR DEPTH ANALYSIS OF C, O, N CONCENTRATIONS

Sample

Sample

Sample

Sample

Sample

Sample

Sample

Sample

(C-10-00-8) As received vanadium that has been electro-
polished to remove 25 microns from the surface.

(C-10-00-9) 1Initially in the same state as Sample 1,
but then annealed at 1050°C for 1 hour in the tandem
target chamber.

(C-10-00-10) 1Initially in the same state as Sample 2,
but 5.5 microns removed from the surface by electro-
polishing after the anneal.

(C-10-00-11) Initially in the same state as Sample 2,
but 17.5 microns removed from the surface by electro-
polishing after the anneal.

(T-10-00-56) 1Initially in the same state as Sample 2,
but sample was then irradiated.

(T-10-00-55) 1Initially in the same state as Sample 2,
but 15 microns removed from the surface by electro-
polishing after the anneal. Sample was then irradiated.

(T-10-00-54C) Initially in the same state as Sample 2,
but 15 microns removed from the surface by electro-
polishing after the anneal. Sample was then exposed
to irradiation vacuum environment. ’

(C-10-00-12) As received vanadium. -
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precipitates are not the result of carbon, oxygen, or nitrogen
contamination.

Electron diffraction analysis of two precipitates in
Sample 5, shown in Figure 3la, yielded the precipifate reflections
in the diffraction pattern of Figure 31b. The precipitate spots
form a well-defined pattern (the seccndary precipitate spots in
the ElIO]v direction are the result of double diffraction). The
precipitate reflections show zero misfit in the [llOJV direction and
a misfit of 127 in the fiiOJV direction. The d-spacings associated
with the precipitate pattern are 6.24 X in the[lldh direction and
4.79 R in the [1IOJV direction. The integer ratio of precipitate
and vanadium d-spacings in the [110:]v direction (no misfit) explains
the preferred growth of the precipitates of Figure 3la in the
[110]v direction. This preferred growth of the precipitates in
<:110>; directions is also exhibited in Figures 24 and 30. The
other precipitate shapes observed in Figure 30 (and 24) are just
different orientations of the same type of precipitate. In general
the precipitates are slab-like,grow in-<110>; direct;ons, and are
bounded in the other two dimensions by {001}v and {lIO}v planes.
This shape is shown in Figure 32 with the relative directions in
the vanadium matrix given. Diffraction patterns at other orienta-
tions have not been obtained.

The use of an energy dispersive x-ray analysis system

on the JEOL 100B electron microscope has allowed an elemental
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analysis of the precipitates in question. The spectra of Figure 33
are some of the results of that work. The nickel-ka peak in the
spectra of Figure 33 is significantly increased when the electron
beam is placed on a precipitate and is almost negligible in the
matrix. (The copper peaks shown are from the sample holder.)
Spectra similar to those in Figure 33 were obtained whenever a
combarison between precipitate and matrix were made. The results
of Figure 33 clearly indicate that the precipitates contain nickel.
A quantitative anaiysis of the nickel content was not possible due
Fo the presence of the copper peak. (Quantitative analysis would
have been possible if a graphite sample holder had been used, but
such a holder was not available for use during the course of this
investigation.)

The precipitates have, therefore, been identified as nickel
bearing, but the exact composition and structure remains unknown
since none of the known vanadium-nickel phases has a structure
indicated by the diffraction pattern in Figure Bib. The precipi~
tate is undoubtably a unstable phase with a Vahadium superlattice
structure that forms during irradiation.

Quantitative Results

Quantitative data on the irradiation produced defects
were obtained using the procedures described in Chapter V. Errors

in the quantitative data arise from several sources. The main

F

b
sources of error are listed in Table 9. 'The total error in the
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FIGURE 33. Energy dispersive x-ray analysis of a precipitate and an

adjacent region of matrix in an irradiated sample of Group I
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(T-10-00-56).



TABLE 9

SOURCES OF ERROR IN THE QUANTITATIVE DATA

Source
Magnification (TEM)
Foil Thickness
Sampling Error

Length Measurements
(Defect Size)

Temperaturel
dpa (Beam Current)
dpa (Step Height Measurement)

Total Damage

Estimated Error

+ 10%

+ 5%

10%

I+

30%

1+

+ 30%

to

to

to

to

to

1+

1+

1+

I+ 1+ 1+

1+

5%

15%

10%

5%

124



125

values of number densities is estimated to be 25% to #40%,
depending on the number of voids counted, and the error in mean
defect size is taken to be on the order of *10%. 1In addition to
the errors in the measurement of the observed defect structures,
there are errors (also listed in Table 9) in the damage (dpa)
and temperature for each sample; these are estimated to be *30%
to £50% and iSOC, respectively. *

Quantitative data of the void and precipitate microstruc-
ture in the samples of Group I are given in Table 10. The average
void size, the void density, and the void swelling are plotted
as a function of temperature in Figures 34, 35, and 36, respective-
ly, for the samples of Group I irradiated with 18 MeV copper ions
to 1 dpa. The average void size increases and the void density
decreases with increasing temperature. In the samples electro-
polished after annealing,the average void size is reduced and the
void density is increased. The effect of electropolishing on the
void size distributions is shown in Figure 37. 'At 650°C the void
size distribution is shifted to smaller sizes in the sémple’which
was electropolished after annealing. At 700°C the void size
distribution is also shifted to smaller sizes and is much narrower
in the electropolished sample. The peak in the void swelling curve
occurs at 700°C in both sets of sgmpies (as annealed and electro-
polished); at the peak swelling temperaturé the decreases in void

N

size in the electropolished sample is offset by the increase in void
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FIGURE 34. Average void size as a function of temperature for

the vanadium samples of Group I irradiated to 1 dpa.
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FIGURE 35. Void density as a function of temperature for the

vanadium samples of Group I irradiated to 1 dpa.
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density resulting in no net change in swelling. At the other
temperatures, the effect of electropolishing is to decrease the
observed swelling.

The results of Table 10 show that with increasing tempera-
ture the precipitate volume increases and the precipitate density
decreases. The effect of electropolishing after annealing and
prior to irradiation is to decrease the precipitate size and
increase the precipitate density. The overall effect of electro-
polishing is to significantly decrease the total amount of nickel
impurity which precipitates out.

The quantitative data on the dislocation substructure in
the samples of Group I are given in Table 11. In general, the
dislocation loop diameter increased with temperature; however,
the loop density is much less sensitive to changes in temperature.
The network dislocation densities are also not affected to any
measurable degree by changes in temperature. The higher disloca-
tion densities in the samples irradiated as annealed are the
result of dislocations introduced in the 1attice by the growing
precipitates. These large precipitates punch dislocations into
the lattice, and these dislocations form thé tangles observed in
Figures 28c and 28d. The dislocation densities in these tangles
approach lOlz/cm2 at 700 and 7500C; this high density of dis-
locations introduced by the precipitates»makes it extremely dif-

Y A
ficult to estimate the true dislocation density as a function of



132

TABLE 11

SUMMARY OF THE DISLOCATION DATA FOR THE SAMPLES OF GROUP I

Temperature dpa Average Loop Density Network Dislocation
Loop Diameter Density

(°c) ) (cm ™) (cn=2)
600 1 150 4 x 10'3 3 x 10°

600 - 1.5 200 4 % 10%3 4 x 10° '
650 1 250 2 x 10%3 4 x 10°
650 2 300 1 x 1043 3 x 10°
650 5 350 5 x 1012 6 x 10°
650 12 - <1 x 10%? 3 x 108
700 1 400 1 x 1013 4 x 10°
700 1 400 5 x 1013 2 x 10°
700 3 500 ° 5 x 1013 5 x 107
700 12 - 1 x 10'? 7 x 108
750 1 500 <2 x 1073 6 x 10°
a » ‘ 8

750 1 - - 1x 10

a) These samples had a 25 micron surface layer removed after
annealing. :
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temperature.

Group ITI

Qualitative Results

The major irradiation-induced change in microstructure
observed in the vanadium samples of Group II was the formation
of voids from 200 to 700°C. The large precipitates which were .
found in the samples of Group I are absent in the samples of
Group II. The formation of voids in the precipitate~free matrix
of the Group II samples is clearly shown in the micrograph of
Figure 38. Although none of the nickel bearing precipitates
(identified in the samples of Group I) were found in the samples
of Group II, there were some fine rod-shaped precipitates in
several samples irradiated in a narrow temperature range (500 to
600°C). These fine precipitates and their effects will be
described in more detail below.

In the first series of irradiations.(Ruﬂs 10 and 11 in
Table 6), two sets of samples were irradiated at 6QO, 650, 700,
and 750°C with 18 MeV copper ions and examined at a depth cor-
responding to 2 dpa. One set of samples was irradiated as annealed;
the other set was electropolished after annealing, then degassed
in the tandem target chamber at 75006 before irradiatiqn. No
voids were observed in either set of samplés irradiated at 750°C.

A
At 600°C the void distribution was very inhomogeneous as shown in



134

FIGURE 38, Voids in the precipitate-free matrix of a sample in

Group II irradiated with 18 MeV Cu ions to 2 dpa,
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Figures 39 and 40. 1In Figure 39 the sample was irradiated as
annealed; the void density was extremely low (less than 1012
voids/cm3) in over 99% of the thin area and much higher (about

1014 voids/cm3) in less than 1% of the thin area. Even within

the region of high void demsity at 600°C (Figure 39b) the void
distribution is noticeably inhomogeneous with short void strings
visible. The sample in Figure 40 was electropolished after
annealing, outgassed at 750°C, and irradiated at 600°C. The void
density in this latter sample was very low (lO12 voids/cm3)

and inhomogeneous throughout the grain interiors (Figure 40a) but was
much higher (1014 voids/cm3) and more homogeneously distributed
along the grain boundaries (Figure 40b). In both samples irradiated
at 600°C a low density of fine rod-shaped precipitates was observed.
The void structure in the sample which was electropolished after
annealing, outgassed at 75000, then irradiated at 650°C is shown

in Figure 41. The void density in this sample irradiated at

650°C is also inhomogeneous, but not to the same extent as at 600°C.

As in Figure 40, the void density at 650°C was much higher along

the grain boundaries (Figure 41b). No precipitates were observed

in the sample irradiated. at 650°C. (The sample irradiated as

annealed at 650°C was not successfully prepared for TEM). At 700°C
the voids were more uniformly distributed throughout the grain
interiors. The void structure in the two samples irradiated at

700°C is shown in Figure 42. The sample shown in Figure 42a was
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irradiated as annealed; the sample of Figure 42b was irradiated
after electropolishing. There was no significant difference
observed in the microstructure of the two samples, thus indi-
cating that no surface cdntamination is occurring during annealing
and apparently no hydrogen (introduced by electropolishing) is

retained after outgassing (in vacuum) to 750°C. No precipitates
P P

were observed in the samples irradiated at 700°C. .

The void size in the above samples peaked at 650°C;
however, the void size at 700°C was larger than at 600°C. The
void density in the grain interiors increased with temperature.
This is contrary to normal behavior where the void density usually
decreases with temperature. This may indicate that nucleation
has not been completed at these temperatures and damage level.

The dislocation structure observed in both samples irradi-
ated at 600°C is similar. The dislocation structure at 600°C
consisted mainly of a high density of dislocation loops. The
typical loop structure observed at 600°C ié shoﬁn in Figure 43.
Fewer loops were observed at 650 and 700°C than at 600°C, and the
loop size decreased at the higher temperature. The dislocation
structure at 650°C is shown in Figure 44a; the dislocation struc-
ture typical of the samples irradiated at 700°C is shown in
Figure 44b. Only in the samples ir;adiated at 600°C were the loops
large enough and of sufficient dénsity to.analyze. This loop

analysis will be discussed further inhfﬁe following section.
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In another series of irradiations (Runs 13 and 14) the
vanadium samﬁles were irradiated with 14 MeV copper ions over the
temperature range from 150 to 850°C, and the damage was analyzed
at a depth that corresponds to 1 dpa (4 dpa at 800 and 850°C).
Although the samples of one irradiation (Run 13) were electro-
polished after annealing, they were degassed at 850°C to remove any
hydrogen which may havelbeen introduced by electropolishing; thus,.
the pre-irradiation state of the vanadium samples in Runs 13 and
14 should be identical. Black spot damage in the sample irradiated
at 150°C and the void microstructure which develops at 200 and
350°C are shown in Figure 45. 1In the sample irradiated at 150°C
(Figure 45a) it was not possible to determine, because of the
very small size of the defect clusters, if the damage consisted of
voids and loops or just loops. The void microstructure in the
samples irradiated at 500, 600, 650, and 700°C is shown in
Figure 46. No voids were observed at 800 and 850°C.

The voids in the above éamples wére found in large numbers
throughout the grain interiors; however, in a sample irradiated at
550°C, voids in significant numbers were found only within about
1 micron of the grain boundariesl Some voi&s were.observed in
the grain interiors, but the number density was almost negligible.
The microstructure in the sample irradiated at 550°C is shown in
Figure 47. Besides the high density of voids observed along the

.
grain boundaries, the microstructure in the sample irradiated* at
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550°C also consisted of a high density of dislocation loops and rod-
shaped precipitates throughout the grains (Figure 47b). The loop
and precipitate densities were found to decrease near the grain
boundaries where the voids were found.

A low density of rod-shaped precipitates was also found

in the sample irradiated at 500°C. No precipitates were observed

in any of the other irradiated samples of this set. .

The void size increased with temperature, peaked at 650°C,
and then decreased slightly at 700°C. The void density decreased
with temperature over the entire temperature range from 200 to
700°C. The void size was always observed to increase near grain
boundaries (if grain boundaries were present in the thin area);
the void density usually decreased slightly near the grain bound-
aries. This effect of grain boundaries is well illustrated in
Figure 48 for the vanadium sample irradiated at 500°c.

In the above samples irradiated at 600, 650, and 700°C,
no measurable density of loops was found; and tﬂe dislocation density
was very low (less than 2 x 108/cm2). The dislocation structure
at 550°C has already been shown in Figure 47b and consisted of
a high density of loops and a low demnsity of network dislocations.
The dislocation structure at 500°C contained a low density of
loops and a low density of network &islocations; this dislocation
structure at 500°C is shown in Figure 49. .The dislocation struc-

e
ture at 200 and 350°C is shown in Figure 50; in these samples the
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-

vanadium sample of Group II irradiated at 500°C to 1 dpa.
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network dislocation density and the loop density were high

2 and 1015/cm3, respectively). The dislocation density

(101o/cm
at 150°C was very high and the loop density is assumed to be high
(only a few of the black spots were resolvable as loops). The
black spot damage at 150°C has already been shown in Figure 45a.

In all the samples showing loops, the loops were too small (and

. in some cases too low in density) to analyze, with the exception '
that at 550°C a few of the larger loops were analyzed. (This
analysis will be discussed in the following section on Geometrical
Analysis.)

In addition to the above samples irradiated with 14 MeV
copper ions to 1 dpa, one sample was also irradiated with 14 MeV
copper ions at 700°C and examined in TEM at a depth corresponding
to 0.2 dpa. No voids or loops were observed in this sample.

One final set of samples needs to be discussed. These
samples (Run 12) were irradiated with 18 MeV copper ions at 500,
550, 600, 650°C and examined in'TEM at abdepth corresponding to
2 dpa. These samples were electropolished affer annealing and
outgassed in the tandem target chamber to 650°C before irradiation.
This outgassing treatment was no% sufficient to remove the hydrogen
introduced by electropolishing. (This has recently been verified

(144).)

by Lott Thus, these particular samples contained an

unknown amount of hydrogen. The void microstructure in these
N
samples is shown in Figure 51. The void size increased with
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temperature and the void density decreased. No measurable change
in void siée and density was observed near the grain boundaries
in these samples; there was, as expected, a void denuded region
immediately adjacent to the grain boundaries.

No precipitates were observed in these saﬁples containing
hydrogen; The network dislocation densities in all of these
samples were very low (less than 5 x 108/cm2) and no measurable *
densities of dislocation loops were found.

" 'Géometrical Analysis

The geometrical analysis of the irradiation produced
defects is limited to the Group II samples since the double-tilt
stage for the JEOL 100B electron microscope was not available
during the analysis of the Group I samples. The geometrical analy-
sis of the voids, dislocation loops, and the precipitates observed
at 500, 550, and 600°C will now be presented.

The void images were examined in order to reach some
conclusions regarding their shépe. It was &ifficult to resolve
faceting on the smallest voids, but as their diameter increased
(greater than 60 £ ) most voids were observed to exhibit some
faceting and the larger voids (diameters greater than 150 A ) were
distinctly faceted. The large voids were imaged at different
crystallographic beam directions, suéh as in Figure 53; these images
showed that the void faces formed on‘{100}-and‘{110} planes (a

. e
small amount of faceting on {111} planes was also observed). The
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proportion of each type of face varied at all temperatures so that
void shapes ranged from perfect {100} cubes to dodecahedra with

{110} faces. At the larger void sizes the predominant void shape
was the {l00} cube truncated to different extents on {110} and
{111} planes; however, a cube extensively truncated on {110} planes
was indistinguishable from a dodecaedron truncated on {100} planes.
Figure 53 illustrates some of these void sﬁapes. It was not .
always possible to index the faces of the smaller voids, but in
general the smaller voids also exhibited faceting on {100} and
{110} planes.

The nature of large resolvable dislocation loops was
determined using the procedure outlined in Chapter V. Only the
samples irradiated at 600°C with 18 MeV copper ions to 2 dpa and
the sample irradiated at 550°C with 14 MeV copper ions to 1 dpa
met thé criteria for loop analysis: flat foils and a high density
of large loops. Several analyses were carried out in each
sample. Micrographs selected from one sucﬂ anaiysis in one
sample irradiated at 600°C are shown in Figuré 54. (It should be
pointed out that micrographs were obtained with both + g and - g
for all diffracting conditions; this served to check the self
consistant nature of the loops.) The results of the contrast
behavior of the 6 loops labeled in gigure 54 are summarized in

Table 12.
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0.2 um

FIGURE 54, Dislocation loop analysis in vanadium irradiated at 600°C

to 2 dpa., Summary of analysis is given in Table 12,



TABLE 12

SUMMARY OF CONTRAST BEHAVIOR OF LOOPS LABELED IN FIGURE 54

158

Loop
A and B C D, E, and F
g- *
200 outside outside inside
500 inside inside outside
110 visible residual visible
iio residual visible residual
121 visible residual visible
121 residual visible residual
b a/2 [111] a/2 [111] a/2 [111]
nature interstitial vacancy vacancy
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Both vacancy loops and interstitial loops were found at
550 and 600°C. At 600°C, the loop population was about equally
divided between vacancy aﬁd interstitial loops. At 550°C only a
small fraétion of the lqops were large enough to be analyzed;
of the loops analyzed, about an equal number of vacancy and inter-
stitial loops were identified. The statistics regarding the
fraction of loops which were vacancy (or iﬁterstitial) in nature -
are very poor due to the low number of total loops analyzed (only
a small region in each foil would meet the ideal conditions neces-
sary for loop analysis). The results, however, do show that a large
percentage of the loops are vacancy in nature.

The analyzed loops were found to lie on {110} planes and
have Burgers vectors of a/2<111> . The Burgers vectors of the
dislocation line segments which form the network dislocations
were also found to be mostly a/2 <111> (a few were found to be
<100> types).

The rod-shaped precipitates were oniy oﬁserved at 500
and 550°C, in the samples irradiated with 14 MeV copper ions, and
at 600°C in the samples (without hydrogen) irradiated with 18 MeV
copper ions. The precipitates were found to be rods with their
axis along one of the <100> directions. This is illustrated in
the two micrographs of Figure 55. iﬁ the [001] orientation of
Figure 55a the precipitates are ogly obserQed along the [020] and

[200] directions; in the [111] orientation of Figure 55b, the rods
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are observed along the three <121> directions (the projections
of <001> directions are along <121> in a [111] orientation). The
nature and crystal structure of these precipitates has not been
determined. |

Quantitative Results

The quantitative data of the void micrqstructure in the
vanadium samples of Group II are given in Table 13, for the samples ’
irradiated with 18 MeV copper ions, and in Table 14, for the
samples irradiated with 14 MeV copper ions. The average void size
as a function of temperature is plotted in Figure 56. The average
void size peaks at 650°C in all three sets of data plotted in
Figure 56; at this peak (650°C) the void size increases with dose.
The void size is also increased in those samples which contain
hydrogen (introduced during electropolishing after annealing). In
Figure 57 the void density is plotted as a function of temperature
for those sets of samples which showed an uniform distribution of
voids in the grain Interiors (evén if the‘density was very low).
In general, the void density decreases with teﬁperature; however,
at temperatures between 500°C and 600°C the void density is sup-
pressed in the vanadium samples iiradiated with 14 MeV copper ions
to 1 dpa. This decrease in the void Qensity curve occurs in the
same temperature region as the rod-shaped precipitation. In the
samples containing hydrogen the void density is increaséd, and

. :
there appears to be no significant decrease in void density between
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FIGURE 56. Average void size as a function of temperature for

the vanadium samples of Group II.
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FIGURE 57. Void density as a function of temperature for the

vanadium samples of Group II.
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500°C and 600°C, as is observed in the samples that had been
thoroughly outgassed (do not contaiﬁ hydrogen). The void swelling
as a function of temperature is shown in Figure 58, for the samples
irradiated with 18 MeV copper ions to 2 dpa, and in Figure 59, for
the samples irradiated with 14 MeV copper ions to 1 dpa. The
maximum in the void swelling occurs at 650°C in both Figure 58

and Figure 59. As shown in Figure 58, the void swelling is dramatig-
ally increased in the samples containing hydrogen. The void
swelling data in Figure 59 shows that, in addition to the swelling
peak at 650°C, there is a broad low temperature peak between

200°C and SOO?C. The minimum in the swelling curve, at 550°C,

in Figure 59 occurs at the same temperature as the extensive rod-
shaped precipitation.

The quantitative data of the dislocation structures in
the samples of Group II are listed in Tables 15 and 16. In the
samples irradiated with 18 MeV copper ions (Table 15), the average
loop diameter and the loop density both decfeaéelwith temperature.
In the samples irradiated Qith 14 MeV copper ions (Table 16),
the average loop diameter increases with temperature and the loop
density decreases with temperature. In Table 15 the network
dislocation density is insensitive to temperature; in Table 16
the network dislocation density decréases with temperature to

600°C and increases slightly at 650 and 700°C.

A
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FIGURE 58. Void swelling as a function of temperature in the
vanadium samples of Group II irradiated to 2-dpa. The samples

outgassed to only 650°C contain hydrogen introduced during

electropolishing.,
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TABLE 15

SUMMARY OF THE DISLOCATION DATA FOR THE VANADIUM SAMPLES
OF GROUP II IRRADIATED WITH 18 MeV COPPER IONS TO 2 dpa

Temperature Average Loop Density Network Dislocation
Loop Diameter Density

°c) koS! (en™) (cn~2)

600 - 470 1.5 x 10M% 9 x 10° '
6002 430 1.0 x 10t 7 x 10°
6502 500 5.2 x 1013 2 x 10°
700 300 1.0 x 1013 6 x 108
7002 290 2.7 x 10%3 8 x 10°
750 None Observed 2 x 108
.750% None Observed 4 1x 108
500° ' None Observed 5 x 10°
550b None Observed | 2 x 108
600b None Observed o 3 x 108
b o / 8

650 None Observed 2 x 10

a) Electropolished after annealing, outgassed at 750°cC.

b) Electropolished after annealing, outgassed at 650°C.
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TABLE 16

SUMMARY OF THE DISLOCATION DATA FOR THE VANADIUM SAMPLES
OF GROUP II IRRADIATED WITH 14 MeV COPPER IONS TO 1 dpa

Temperature Average Loop Density Network Dislocation
o Loop Diameter _3 Density
Co & (em D) o (cm-2)
17, 3 '
150 Black Spot Damage (2 x 10" " /cm™) : .
1200 80 6 x 10%° 1 x 10%°
350 80 1 x 100 2 x 1010
500 150 2 x 1013 2 x 108
550 ° 163 4 x 10 9 x 10
600 None Observed 7 x 107
650 None Observed ' 2 x 108
8

700 : None Observed 3 x 10
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The quantitative data for the rod-shaped precipitates
found in the Group II samples are listed in Table 17. The average
precipitate length increases with temperature and the precipitate

density peaks at 550°C. (Mo precipitates were observed .in the

samples containing hydrogen).
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TABLE 17

SUMMARY OF THE DATA FOR THE ROD-SHAPED PRECIPITATES
IN THE VANADIUM SAMPLES OF GROUP II

Temperature dpa Damage Rate Precipitate Average
Density Precipitate Length
°c) (dpa/sec) (cm 3) _ ¢9)
5002 1 2 x 1074 4 x 1013 1000 '
5502 1 2 x 1074 8 x 10%% 2000
600° 2 1 x 1074 8 x 103 5000
600P 2 1x 104 1 x 104 5000

a) Irradiated with 14 MeV copper ions (thoroughly outgassed).

b) Irradiated with 18 MeV copper ioms (thoroughly outgassed).
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CHAPTER VII

DISCUSSION

" Introduction

In this chapter the results presented in Chapter VI will
be discussed. It would be difficult to give a fully comprehensive
account of the complex behavior observed in the damage structures;
therefore, only those aspects which are considered to be significant
will be discussed. Due to the role precipitation has on the void
and dislocation substructures, the precipitates observed in the
samples of Group I and Group II will be discussed first. In the
second section the void microstructures observed in the irradiated

vanadium will be discussed. In the final section the dislocation

substructures will be considered.

‘Precipitate Structures

Group I

The most significant feature obeerved 15 the samples of
Group I was the presence of a high density of iarge precipitates.
The results presented in Chapter VI indicate that the precipitation
was due to contamination of the vanadium dufing the high temperature
anneals in the tandem target chamber. The results also indicate
that the precipitation was not due_te interstitial impurities
(carbon, oxygen, or nitrogen), but was the‘result of nickel contam-

b
ination. The most likely source of the nickel, in the target
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chamber used in this study, is the chromel-alumel (nickel-based)
thermocouples used to monitor the temperature of the samples. The
high vapor pressure of nickel, 1.2 x 10—6 Torr at 100000(145),
supports this view; however, the vapor pressure of nickel in chromel
or alumel may not necessarily be exactly this value. Although the
large precipitates of the Group I samples are known to contain
nickel, the exact composition of the‘precipitates remains unknown.

(146,147) indicates

The phase diagram of the vanadium nickel system
that the equilibrium solubility limit for nickel in vanadium is
approximately 57 at temperatures below 750°C. Above the solubility
limit the Beta phase, V3Ni, forms; and at nickel concentrations
exceeding about 277, the Sigma phase, VNi, forms. Neither of these
phases match the crystal structure suggested by the diffraction
pattern in Figure 31b, and it is hard to imagine the average nickel
concentration exceeding more than a few percent in the damage region,
even though irradiation induced segregation coﬁld result in locally
high nickel concentrations. Thérefore, bésed on the electron dif-
fraction data and the V-Ni equilibrium phase &iagram, the large
precipitates observed in the vanadium samples of Group I must be
a metastable phase in the V-Ni éystem which’forms a partially
coherent structure under irradiation.

Two other types of precipitates were observed in the
samples of Group I. In the samples elect;opolished after annealing

P BN
a high density of smaller precipitates was found. It was not
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possible to obtain crystallographic information or energy dis-
persive x-rays analysis of this type of precipitate; however, this
precipitate type formed at the same temperature as did the larger
nickel-bearing precipitatés and was not observed in the samples
of Group II, thus, indicating that it may’also be due to the éame
nickel contamination. These small precipitates were associated
with the void microstructure, as shown in Figure 25 where a pre- *
cipitate is observed on or near most voids. It is almost impossible
to say which came first, the voids or the precipitates; however,
the presence of a single precipitate at only one end of the elongated
voids ‘(see Figure 25b) suggests that perhaps the voids nucleated
on the precipitates. If, on the other hand, the precipitates had
nucleated on the ends of such elongated voids, one might expect
precipitates to be found at both ends. This was not observed; in
fact every elongated void observed had only one precipitate
associated with it.

The third type of precipitate found in éhe samples of
Group I is the <100> rod-shaped precipitate observed in the
samples irradiated at 600°C. These rod-shaped precipitates were
also too small for crystallographic analysis, using TEM, or for
energy dispersive x-ray analysis. This precipitate type is similar
in geometry and forms in the same teméerature range as the precipi-

tates observed in the samples of Group II which are discussed next.
L
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Group II

The large nickel-bearing precipitates and the smaller
void-associated precipitates discussed above were not found in the
samples of Group II, thus; indicating a significant reduction or
elimination of the nickel contamination through use of the new
high vacuum annealing furnace. In this new furnace the samples
were gxposed to a high temperature environmént for only a short .
period of time (about 1 hour) as compared to the long exposure
times (about 96’hours) required in the tandem target chamber. 1In
addition, the chromel-alumel thermocouples (a possible source of
the nickel) were less likely to contaminate the vanadium in the
new furnace, since the thermocouples were no longer in direct
contact with the vanadium samples and any nickel from the thermo—'
couples would more likely to condense on the cooler surfaces
surrounding the samples (in the tandem target chamber heater, the
samples were the coolest surface near the thermocouples). As
a ;esult of this study, the chromel-alumel thermbcouples have been
removed from the annealing furnace to prevent any possibility of
nickel contamination in future studies.

The only precipitates found in the samples of Group II
were rod-shaped precipitates, with their axis along one of the <100>
directions. These precipitates were'bbserved in several samples
of Group II irradiated at 500, 550; and 600°C and are similar to

the rod-shaped precipitates observed ih ‘the samples of Group I
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irradiated’at 600°C. However, this precipitate type was not found
in those samples of Group II which contained hydrog;n and which
were irradiated under similar conditions. As already mentioned
above these precipitates were too small for crystallographic or
compositional analysis.

These rod-shaped precipitates may be the result of inter-
stitial impurities (C, O, or N) segregating and preciﬁitating .
during irradiation. Although the precipitate density is fairly
high, the average volume of a rod-shaped precipitate is small;
furthermore, if the precipitate phase is a vanadium rich phase, the
total amoun£ of impurities contained in the precipitates could be
accounted for by a small impurity concentration, on the order of
100 wt-ppm (the amount of interstitial impurities present in the

(109,110) have found that a

as-received material). Agarwal et al.
metastable vanadium-carbide precipitate (plate-like) forms in their
high purity vanadium during irradiation (see discussion in Chépter
IV). They observed this behavior only in saﬁpleé irradiated at
temperatures between 550 and 700°C. They also'observed that the
precipitation increases with dose, suggesting that further contam-
ination from the residual gas may be occurring during irradiation
and/or that further irradiation results in the segregation of the
impurities, still in solution, to thé'precipitates. It is not pro-

posed, because of the difference in morphoiogy, that the rod-shaped

precipitates of this study are the samé ﬁhase as those observed by
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Agarwal et al. (It may not even be a carbide); however, there are

interesting similarities in the temperature range over which the
precipitates form. The fact that the damage rate is an order of
magnitude higher in the irradiations of Agarwal et al. than in the
irradiations of this study may also have some bearing on the pre-
cipitate phase which forms; This is an area that needs further
investigation in the future. | . .
Another aspect of the rod-shaped precipitation that needs
to be considered is the absence of such precipitation in those
samples which are believed to contain hydrogen introduced by
electropolishing (discussed in the following section). These
samples were irradiated under similar conditions and at the same
temperatures as those samples in which precipitation did occur.
One possible explanation for this behavidr is that hydrogen enhances
the void nucleation rate (discussed in the following section),
thus allowing a high density of voids, which were observed, to form.
The high density of voids resulted in a significént change in the
defect sink structure and strength; as a result, the impurities
probably segregated to the voids. Therefore, instead of forming
precipitates, the impurities were distributed among a high density
of voids, effectively reducing the impurity concentration in the
matrix below the "solubility" limit."Another explanation for the
absence of the rod-shaped precipitates in these samples is that the

hydrogen is trapped at the impuritieé,!tﬁéreby effectively pinning
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the impurities and inhibiting the precipitation reaction. This is
an area that needs further investigation to clearly define the role

of hydrogen in both void formation and precipitation.

Void Microstructures

The void microstructure observed in the vanadium samples of
this study are a complex function of temperature, impurity con-
centrations (which varied with preparation techniques), and the
precipitate structure which sometimes developed as a result of
sample contamination. This complex behavior of the void micro-
structure can be explained in a qualitative sense using the ideas
and theories presented in Chapter III; however, detailed quanti-
tative analysis of the observed void microstructures is not possible,
within the framework of existing theories, at this time.

Before proceeding on to the discussion of the void micro-
structures in the samples of Group I and Group II, it is important
to emphasize that the data from this study does‘not fall into a
clearly defined nucleation or growth regime. As mentioned in
Chapter II, most theories and equations govefning void formation
have assumed that nucleation is a separate process that precedes
void gr&wth. The low doses used in this study places this data in
that regime where nucleation of new voids may still be occurring
in parallel with the growth of existing voids; this will have some

bearing on the interpretation of the rpsults discussed below.
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Group 1

The void microstructures which formed in the irradiated
samples of Group I were generally a simple function of temperature.
As expected, the void sizé increased with temperature (Figure 34)
and the void.density decreased with temperature (Figure 35). The
void size and void density were also affected by the electropolishing
of the samples after annealing and prior to.irradiation. The .
effect of the electropolishing was to decrease the void size and
increase the void density. This effect could be the result of
hydrogen introduced during electropolishing, the change in nickel
content (introduced during annealing) by the electropolishing, or
the change in the precipitate structure (one result of the reduced
nickel content). The first possibility is not ?ery likely based on
the results for the samples of Group II which showed that hydrogen
introduced during electropolishing has little effect, if any, on
the void microstructure if the samples are outgassed at temperatures
of 750°C or more (this will be discussed mofe fuily below). The
second and third possibilities are directly reiated, and one or
- both are the most likely reason for the observed changes in the
void microstructure. The void nucleation rate may be increased as a
result of the reduced impurity content because of an increase in
vacancy supersaturation due to the agsence of the impurities which
act as trapping sites. The change in the ﬁrecipitate structure

A I .
may also increase the vacancy supersaturation (and hence nucleation

s <
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rate) by the absence of the large precipitates which act as trap-
ping sites; the change in the precipitate structure to a high
density of smaller precipitates may also serve to increase the
number of heterogeneous nﬁcleation sites. Since the voids in the
electropolished samples were clearly associated with the small
precipitates, the latter possibility, an increase in the number of
heterpgeneous nucleation sites, is probably the dominant mechanism *
for the increase in the void density. The increase in void density
results in a decrease in void growth rate which accounts for the
observed decrease in void size.
| Another void microstructural feature observed in the
samples of Group I are the void walls, such as the one shown in
Figure 27, observed in several samples of Group I. The void walls
are similar to void walls observed by Stiegler et al.(l48’149)
in neutron irradiated aluminum. They accounted for this by postu~
lating that the wall of voids mark the position of a prior grain
boundary that had been swept away during annéaliﬁg and that the
voids then nucleate on impurities that remain. There was some
evidence for grain boundary migration in the vanadium samples of
Group I to support this hypothesis.
Group II1

The void microstructure whiéﬁ developed in the vanadium
samples of Group II is somewhat different ffom that observed in the

samples of Group I. No void walls or foé;shaped voids were found;
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and, in general, the voids are smaller than in the samples of
Group I. The void behavior is a rather complex function of tempera-
ture in the samples of Group II. The void size is an increasing
function of temperature until it peaks at 650°C. This abnormal
behavior has also’been observed in vanadium by Agarwal et al.(log).
The most complex behavior is the sharp decrease in void density
and the minimum in the swelling curve which both occur in the same °
témperature range where the rod-shaped precipitates are found.

The minimum in the swelling curve is a direct result of
the decrease in void density. The shape of the high temperature
peak in the swelling curves of Group II are similar to the
swelling curve determined by the group at Argonne(log). Their
normalized results are shown in Figure 60 along with the normalized
swelling curve of Figure 59. 1In both curves there is a sharp
decrease in the swelling on the low temperature éide of the peak.
It is important to point out that precipitation was observed at
temperatures below the peak sweiling température in both sets of
samples represented in Figure 60. In Figure 6i the amount of pre-
cipitation and the swelling as a function of temperature for the
samples of Group II is shown. Cléarly, the brecipitation is
directly responsible for the complex‘behavior observed in these

results. There are two possible mechanisms for the observed decrease

in void density and the resulting decrease in swelling. They are:
‘ e
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1) The removal, through irradiation induced precipita-
tion, of surface active impurities necessary for
void stability.
2) A significant.reduction in the void nucleation
rate as a result of the precipitates which change
the effective sink strengths and/or act as defect
trapping sites. | .
The fact that large vacancy loops are observed in this temperature
region suggests that the removal of necessary impurities from
solution is the controlling mechanism. However, since these
irradiations have been carried out at low doses, higher dose ir-
radiations may result in significantly increased void densities.
If this occurred, it would suggest that the nucleation rate had
been reduced by the precipitation. Clearly this is an area that
needs further investigation.
The voids in the vanadium samples of Group II occur over
a wide temperature range, from éOOOC (0.22 Tﬁ) to 700°C (0.45 Tm).
This is the first study to observe voids in.heavy—ion irradiated
vanadium at temperatures as low as 200°C and is in agreement with
the work of Elen(88) who reported voids in vanadium irradiated at
150°C with neutrons. The high temperature cutoff in these samples
may be misleading due to the low dos; these samples received.
Much higher doses may be necessar§ to nucléate an observerable
density of voids, since nucleation rét%tis a decreasing function of

temperature.
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Samples of Group II which were electropolished after
- annealing and then outgassed at temperatures exceeding 750°C had
void microstructures similar in nature to the void microstructures
observed in samples whichvhad not been electropolished. On the
other hand, the void density and void size was significantly higher
in those samples of Group II which were only outgassed to 650°C
after electropolishing. This behavior is easily explained by the *
presence of hydrogen (introduced during electropolishing) in those
samples outgassed at 650°C, and no hydrogen (or greatly reduced
concentrations of hydrogen) in those samples outgassed at tempera-
tures exceeding 750°cC.

Hydrogen is known to diffuse into most metals during
electropolishing, the induced hydrogen concentration being dependent
on temperature and the particular solution used. 1In this study
hydrogen diffuses into vanadium during electropolishing (at —20°C)

2774

ture of the electropolished samples is increased the hydrogen

in a solution of 207% H,SO, and 80% methyl alcohol. If the tempera-

concentration will be reduced as the hydrogen diffuse out of the
samples. The results of this study show that outgassing at 650°C
is insufficient to remove all the hydrogen; however, if the samples
are outgassed at temperatures exceeding 750°C, the effects of in-
duced hydrogen are eliminated or s;gnificantly reduced.

In the samples outgassed at 650°C ?rior to irradiation,

B
the hydrogen which remained in the samplés enhanced the void nuclea-
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tion. (Hydrogen, introduced by electropolishing, has also been
observed to enhance void nucleation in HVEM irradiated nickel-based
alloys(lso).) Hydrogen may enhance void nucleation by acting as

a surface active solute to reduce the surface energy. Hydrogen
may also form H2 or HZO gas molecules within the voids and, thus,

further reducing the free energy of the voids.

Dislocation Substructure

Group 1

The behavior of the dislocation substructures in the samples
of Group I are very complex. The large precipitates which formed
in the samples of Group I, irradiated as annealed, are responsible
for the majority of the dislocation damage observed. It is not
possible to distinguish between dislocations introduced by the
precipitates and dislocations which formed as loops from the con-
densation of interstitials and vacancies.

Group 11

The dislocation substructures in the samples of Group II
also show a complex behavior. In general, tﬁe dislocation loop
density decreases with temperature as expected. The temperature
dependence of the loop diameter is not clear. At the lower temper-
atures the loop diameter increases with temperature, but at
temperatures of 600°C or higher the loop diameter is either not a
simple function of temperature or the‘;ogp population is simply

nonexistent. The network dislocation density, which is not easily
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measured, also shows little temperature dependence. An interesting
feature of the dislocation loop structure found in the samples of
Group II is the identifica;ion of vacancy loops in several samples.
The loop nature was only determined at two temperatures
and in samples which also showed extensive precipitation. The
loop population in these samples was found to consist of about equal
numbers of vacancy and interstitial loops. The presence of the
vabancy loops is surprising in view of present theories on loop
growth which show that if vacancy loops do nucleate they must
shrink because of the preferential attraction of all dislocations
for interstitials. In view of the fact that vacancy loops of
large diameter were found in this investigation, the vacancy loops
observed either grew from small vacancy loops or formed from the
collépse of unstable voids. The latter conclusion is very unlikely
(voids must overcome an energy barrier in order to collapse);
therefore, the vacancy loops must have been nuclgated (or formed
during cascade collapse) and their growth favored by the presence
of the precipitates or impurities in the vanadium. The precipitates
could have an exceedingly high bias for interstitials which would
leave a large excess of vacancieé.for vacanc& loop growth,parti-
cularly since voids are present in ex;remely low numbers. The
other possibility is that impurities in the_vanadium reduce the
bias of the vacancy loops for interstitials (by relieving the stress

)
field of a vacancy loop) and allow the vacancy loops to grow.
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There is insufficient data from this study to draw a firm conclusion

about the effect .of impurities on vacancy loop formation.
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CHAPTER VIII

CONCLUSIONS

The results of this investigation lead to the following
conclusions:

1) Voids form from 200°C to 700°C in high pdrity
vanadium irradiated to 1 and 2 dpa at 1 x 10"4 dpa/s. ‘
Black spot damage was found at 150°C and no voids

were observed in samples irradiated at 750, 800,

and 850°C.

-

2) The temperature dependent void swelling curve
exhibits a double peak for high purity vanadium
irradiated to 1 dpa at 1074 dpa/s; The maximum
in the void swelling occurs at 650°C and a broad
low temperature peak occurs between 200 and 500°C.
The minimum between the swelling peéks occurs at

550°C.

3) At the minimum between the swelling peaks, a high
density of dislocation loops and rod-shaped preci-
pitates form in the absence of voids, which are found
in significant numbers only near grain boundaries.
The dislocation loop popu}agion consists of about

an equal number of vacancy and interstitial loops



4)

5)

6)

which lie on {110} planes and have a Burgers vector
of a/2 <111> . The rod-shaped precipitates, with
their axis along one of the <100> directions,
are believed to be responsible for suppressing

void formation.

Hydrogen, which may be introduced into high purity
vanadium by electropolishing after_annealing and
before irradiation, enhances void nucleation; how-
ever, the hydrogen is effectively removed if the
samples are outgassed in a vacuum at temperatures

exceeding 750°C.

The surfaces of high purity vanadium,which is
annealed under high vacuum (<5 x 10_8 Torr) at
1050°C in the presence of chromel-alumel thermo-

couples, may become contaminated with nickel.

L4

In vanadium samples contaminated with nickel,
a metastable, partially coherenf phase of the
V-Ni system forms during irradiation. The nickel
impurities and possibly the precipitates enhance
void swelling in these contaminated samples. The
average void size in these samples increased with

temperature and the void density decreased with

191
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temperature. The maximum swelling occurred at

700°C for 3 x 10™* dpa/s.

Future studies should:

a)

b)

c)

d)

e)

Irradiate vanadium to highef damage levels in
order to further study void growth kinetices
and insure that void nucleation has ceased.
Use electropolishing to dope Qanadium with a
known concentration of hydrogen and study in
detail the effects of hydrogen on void
nucleation.

Examine the damage structures in vanadium as a
function of depth from the irradiated surface
in order to investigate the effects of PKA
spectra, free sﬁrface, deposited ions, damage
rate, and irradiation enhanced diffusion on
those damage structures.

Investigate in more detail the temperature
region from 500 to 600°C to determine the
mechanism of vacancy loop formation and growth,
the nature of the rod-shaped precipitates,

and their role in suppressing void formation.
Irradiate vanadium with high energy vanadium
ions to eliminate any,pgssible impurity effects

from the bombarding ion species.
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APPENDIX A

THE NUMBER OF DISPLACEMENT PER PKA

Probably the most widely known model for determining the

number of displacement, y(T), produced by a PKA of energy T is

the Kinchin and Pease model(ISl). Their results are
v(iT) = 0 for T < E,
v({T) = 1 for Ed < T < 2Ed
: (A-1)
v(T) = T/ZEd for 2Ed STZLE
c
= >
v(T) EC/ZEd for T 2 E_

where Ed is the displacement energy (defined in Chapter II) and Ec

is the critical energy above which all energy is lost by electronic
excitation and below which all energy is lost in collisions produc-
ing displacements. This model ignores the possibility of replacement
collisions and does not take into account the energy Ed lost each
time a displacement is produced. The treatmeﬁts of Seitz and

(152) (153) account for this energy

(154)

Harrison and Synder and Neufeld

loss, and another model of Neufeld and Snyder considers the
effect of replacement collisions. The overall results, however,

do not differ substantially from the Kinchin and Pease model and

will not be discussed further. I
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The models discussed above assume that electronic losses
occur only above Ec and nuclear losses occur only below Ec' This
assumption of a sharp cutoff for electronic and nuclear losses is
not realistic, particularly when working in the intermediate energy
range of radiation damage where electronic and nuclear losses

are of comparable magnitude. 1In light of these comsiderations, a

task force(lSS) recommended the following expressions for V(T): .
v(T) = 0 for T < Ed
Wt = 1 for E; < T < 2B, (A-2)
v(T) = B(T-Ee)/ZEd for T > 2Ed

where Ee is the energy eventually dissipated by electronic collisions

and B is a constant that is believed to slowly decrease with

(156)

increasing T.  Torrens and Robinson have found B to be approxi-

mately 0.8.
(157)

Lindhard and coworkers have derived an approximate
expression for the fraction of the total energy dissipated which

is given to recoiling atoms. This fraction is often referred to as

the damage efficiency, and the result may be expressed as follows:

(T -E)
e = -1
T 1 + kg(e) (a-3)
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where k is a constant in the Lindhard theory, € is Lindhard's
dimensionless measure of energy, and g(e) is a function numerically

(158)

calculated by Lindhard. Robinson has derived the following

approximate expression for g(e):

1/6

g(e) = 3.4008¢ + 0.40244e3"% 4+ ¢ (A-4)

Using the above reéults one arrives at the following use- *

ful expressions for Vv(T):

v(T) = 0 for T < Ed
wWT) = 1 for Ed/f T f’ZEd (A-5)
v(T) = B mD(E)T/ZEd for T > 2Ed

where mD(e) is the damage efficiency given by

_ 1
wple) = TT e @

(a-6)

and 8 = 0.8. Equations A-5 are the most frequently used expressions
for v(T).

Before the above equations can be applied, a suitable

value for the displacement energy, Ed’ is needed. Doran et al.(lsg)

suggested that the effective displacement energy in iron might be
taken as 1.67 times the threshold value. For 1aék of a more

definite model, Ed is generally taken to be:
R | d'.'

_ th
E, = 5/3E

P (A-7)
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where E;h is the displacement threshold. For the case of vanadium

Esh has been measured and is given as 26eV(114) (also see Chapter IV,

th
d

results in Ed = 43 eV in vanadium; this is the value of Ed used

section on Electron Irradiated Vanadium). This value for E

throughout this dissertation.
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