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A COMPARISON OF THE RESPONSE OF 316 SS AND THE P7 ALLOY
TO HEAVY-ION IRRADIATION
Robert Lee Sindelar

Under the Supervision of Professor Gerald L. Kulcinski

The subject of this thesis is a comparison of a high purity
austenitic stainless steel to a commercial purity type 316 stainless
steel after exposure to heavy-ion irradiations.

Specimens of the P7 alloy, a high purity austenitic alloy simi-
lar to 316 SS but with a high (1000 appm) oxygen content, and the MFE
heat of 316 SS were irradiated with 14 MeV nickel ions at tempera-
tures which ranged from 400 to 650°C (0.4-0.55 Tp)- These studies
were conducted at aisplacement damage rates from 1 to 4 x 10"3 dpa/s
within a layer ~ 3 um from the specimen surface. A cross-sectioning
technique of specimen preparation was applied to allow TEM analysis
throughout this damage range. - This study is the first report on
heavy-ion irradiation effects on P7 and 316 SS viewed in cross-
section,

Voids readily formed in P7 over all temperatures and doses in-
vestigated (400-650°C, 2-100 dpa). A suppression in the cavity
number density and size was noted at depths which correspond to the
range of the bombarding nickel ions for irradiations at temperatures
of 400 and 500°C. This decrease in cavity nucleation agrees with

current radiation damage models for these irradiation conditions.
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Yoid formation in 316 SS occurred from the lowest temperature
investigated, 450°C, up to 550°C. The absence of void formation in
samples irradiated at 600 and 650°C up to 40 dpa is attributed to the
inability to nucieate voids at these temperatures in the absence of
gaseous nucleating agents.

Extensive phase decomposition occurred in 316 SS under irradi-
ation over the entire irradiation temperature range. Small, 5-30 nm
nickel rich precipitates formed at 450-550°C during irradiation.
Cavities were seen to form only at the precipitaté-matrix interface.
At 600 and 650°C, the Fe,P phase, a radiation-induced phase was the
predominant microstructural feature, _

A swelling rate study of the P7 alloy at 650°C yielded a swell-
ing rate of 0.4%/dpa. These results are consistent with other heavy-
ion swelling rates but are lower by a factor of 2 than the rate which
occurs during fast neutron dirradiation. Modeling of the swelling
with respect to the depth-dependent damage has shown corrections can
be applied to the dose *levels to yield steady-state swelling rates

approaching 0.7%/dpa.
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CHAPTER 1. INTRODUCTION

The structural materials of controlled thermonuclear reactors
(CTR) will be exposed to intense radiation in the form of high energy
neutrons and charged particles at high temperatures. Unfortunately,
this environment causes displacement damage in these materia]s(l)
which can lead to the rapid degradation of the mechanical properties
and the onset of void-induced swe]]ing.(Z)

Austenitic stainless steels? are a leading candidate for first
wall structural materials. However, extensive void swelling would
limit first wall lifetimes of magnetic fusion reactors (MFR) (556) and
there is a large economic incentive to understand the causes for such
behavior, .

Simple compositional modification by means of impurity atom
additions (e.g., Si, C) or changes in the Fe-Cr-Ni ratio has been
shown to yield significant reductions in the swelling response of
these a11oys.(7) This reduced swelling is temporary, as austenitic
alloys show large increments of swelling per unit of damage after an

initial transient period of 20-100 dpa.(s) It has been re-

3austenitic stainless steels are highly corrosion resistant, nonmag-
netic steels which are produced by many industrialized nations.
Tabie 1.1 Tists the composition 1imits of the American Iron and Steel
Institute classification of the 300 series (austenitic) stainless
steels. Because of their well-developed fabrication process, an
extensive data base on their mechanical properties and their overall
service characteristics, these steels are being used as a fast
fission reactor cladding material and have been proposed as struc-
tural materials in fusion reactors.
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ported(g’IO) that the post-transient swelling rate of austenitic al-
loys is typically 1%/dpa. This swelling rate would severely limit
the use of this alloy as a structural material for a commercial
fusion reactor which requires a first wall lifetime of 120-200 MW-
y/m (i.e., 40 yr x 3-5 MW/m?).D

Metallurgically-tailored austenitic stainless steels can, how-
ever, suppress the deleterious swelling levels by extending the low

swelling transient regime.(IZ)

Specifically, the Primary Candidate
Alloy (PCA), a Ti-modified austenitic stainless steel, has shown
significantly less void swelling compared to 316 SS after irradiation
under similar conditions.(13,14) Thus, austenitic steels are still
contenders for CTR structural materials, especially in the 100 dpa or
1ower regime.

As mentioned above, impurity atoms have a large influence on the
duration of the transient regime. It is important to characterizé
the role of each impurity species to preclude the inadvertent fabri-
cation of a high swelling structural material.

A convenient way to examine the effects of displacement damage
on microstructural evolution with controlled irradiation parameters

is through the use of ion irradiation studies.(Z) The objective of

this study is to characterize the response of a high-purity, high-

BThe power Tlevel of a fusion reactor is specified in terms of the
neutron wall loading -- the energy carried through the first wall by
the 14 MeV neutrons, which are just one product of the D-T fusion re-
actign. Current annual wa}] loading estimates range from 3 to 5
MW/m“. A loading of 1 MW/m® is equi(ff?nt to 11.5 displacements per
atom in a cylindrical plasma chamber.



swelling, austenitic stainless steel, designated as the P7 alloy, and
of a commercial purity 316 stainless steel to high levels of radi-
ation damage produced by ion irradiation. Irradiations are performed
at temperatures from 400-650°C (0.4-0.55 Tm), up to dose levels of
120 dpa, and at rates of 1-6 x 163 dpa/s using 14 MeV nickel ions.
Careful attention is paid to the initial gas content of the alloys.
Specifically, care was taken to exclude the inadvertent introduction
of the reactive gas species oxygen prior to irradiation.(IS)

The irradiated samples are analyzed in Cross-section.(ls) This
technique of TEM sample preparation provides depth-dependent damage
information in heavy-ion irradiated material and allows for the study
of cavity nucleation and growth by the bombarding nickel ion spe-

(17) It also facilitates a study of dose and dose rate vari-

cies,
ations in an ion-irradiated sample.

Previous heavy-ion irradiation results have yielded a swelling
rate much lower than the typical 1%/dpa rate characteristic of fast

(18)

neutron irradiations. To gain insight into this discrepancy a

swelling rate study is performed at 650°C in the P7 alloy.
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CHAPTER 2. ASPECTS OF RADIATION EFFECTS IN METALS

A. Microstructural Evolution Under Heavy-Ion Irradiation

Interactions of radiation with a metal target can alter the
microstructure of the metal théough collisions which cause displace-
ments of atoms from their original lattice sites in the metal.
Neutrons, high energy protons, high energy electrons, ions, and even
energetic photons, through initial interactions with target
electrons, are all capable of creating Frenkel defects, i.e. vacancy-
interstitial pairs. Each of the above forms of radiation has its own
cross section for an energy transfer between projectiie and target
atom, do(E)/dT, which 1is dependent on the energy of the incident
radiation (E) and also on the energy transferred (T) to the target
atom. If the target atom acquires a threshold amount of energy, Egs
it can be displaced from its Tlattice site, and it becomes a PKA
(Primary Knock-on Atom). This PKA, dépending on 1its energy, can
itself generdte many more displaced atoms.

The cumulative effect of an irradiation which causes displace-
ments is measured in a unit of dose called a displacement per atom.
A given volume of crystalline material that has suffered an irradi-
ation to a dose of 1 dpa means that, on the average, each lattice
atom had been displaced once during the irradiation.

A microscopic examination of the spatial production of displaced
atoms would reveal inhomogeneities. A PKA of high energy is likely

to produce a large cascade in which some vacancies and interstitials



are produced so close to one another that spontaneous recombination
or spontaneous defect clustering can occur with very little point
defect escape. This effect, as well as displacement rate, tempera-
ture of the target material, impurity atom effects, etc. are all
parameters that can affect the evolution of a target's microstructure
during irradiation.

A.l. Calculation of dpa Under Heavy-lon Irradiation

In .the early 1960's Lindhard, Scharff, Schiott (hereafter re-
ferred to as LSS), and others(1-7) developed a statistical method of
accounting for and describing the spatial distribution of heavy ions
impinging on a target. Modern computer codes used today utilize LSS
theory to calculate the depth djstribution of energy deposition of a
material under ion bombardment.(s’g)

In LSS theory,(S) the ion beam is considered to lose energy by
two independent types of collisions. Inelastic collisions with the
electrons of the target atoms cause electronic excitation which is
subsequently dissipated as heat. Elastic collisions with the target
atoms may produce the PKA's which may themselves create further dis-
placement damage by forming higher order knock-on atoms.

First, the treatment by LSS of nuclear collisions will be de-
scribed (i.e., the elastic collisions). The interaction potential
between the projectile and target atoms is a screened Coulomb po-
tential,

V(r) = s (5) (2.1)




where ¢ is the screening function of the Thomas-Fermi model of the

atom, and where

a = 0.8853 a (2273 + 72/3)71/2 (2.2)
0'"1 2
. _ . _ .2 4
with a, = Bohr radius = h“/me

is the screening radius as given by Lindhard. The rationale for
using a screened Coulomb potential is that the straight Coulomb po-
tential gives too much low angle scattering and at low energy,
electron shielding of the nucleus must be considered.

. Lindhard uses a dimensionless recoil energy, t, and a dimension-
less impact parameter to arrive at the differential scattering cross

section for the nuclear collisions given by:

3/2 1/2

d = mal at/(2¢3/2) (213 | (2.3)

ag
nuclear
The function f(tl/z) is a function that depends on the assumed
form of the screening function. For the Thomas-Fermi screening
function, Lindhard numerically evaluated f(tl/z).(S) Winterbon et

al.(7) obtained the analytical approximation for f(tl/z):

f(t1/2) = 1,300 t/6(1 + (2,618 t2/3)2/3)3/2 (2.4



The projectile energy deposited into nuclear collisions per unit

path length is simply:

T
dE) oy T4 (2.5)
(Eﬁ n - 0 %nuclear ’ .
where N = target atomic density
T = energy transferred to target atom.

Using a dimensionless ion range,

(2.6)

and with the dimensionless recoil energy in Eq. (2.3), the dimension-

less nuclear stopping power is obtained:

de €
EE)n = fo dx f(x)/e (2.7)

where x = tl/2 and a range of validity € > 0.01.
To obtain the electronic stopping power, Lindhard(3) developed a

stopping power valid for bombarding ions with energy:

4/3

Z

E < 24.8 A (in keV) . (2.8)

1

In dimensionless range and transfer energy variables the stopping

power is written:
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dey _ . 1/2
(%)e = ke (2.9)

1/251/2 3/2
0.0793 ¢ Z2 (M1 + MZ)

1/6 1
1 A1/2M3/2 5/3 + Zg/3)3/4

2 1

where k =1 (2.10)

(Z

This electronic stopping power has deficiencies however shown by
discrepancies with experimental data. It fails to show the experi-
mental oscillations with Z; for the stopping power. Also
Narayan,(lo'IZ) whitley,(13) Bu]]en,(14) and Zink1e(15) have shown
results which suggest that Eq. (2.9) may overestimate the electronic
energy loss.

Brice has developed a semi-empirical three parameter formula for
the electronic stopping power.(ls) However, even this modeling 1is
insufficient to match the experimental data with the calculated
damage range.‘lz_lS)

When the nuclear and electronic stopping powers have been deter-
mined it is possible to calculate the range of the bombarding ions
into the target material as a function of the energy. With this
calculation, the nuclear energy loss per unit projected path length
can be ascertained as a function of the projected path length x,

SD(x):(s)

Sqlx) = Ix f(x') S [E; (x' = x)] 95&5&;;—51 dx' (2.11)



where E(y)

fly)
with ay
Also, R{y)

where S| (E)dR

n(T)

11

the average energy of the ions whose projected range
isy,
the fraction of beam ijons with projected range in

the neighborhood dy of y, assumed to be a Gaussian

distribution(l7)
2
(y - y)
1 m
fly) = =~ a exp(~ —m——— (2.12)
om Y ( (za§>)

RMS standard deviation in the projected range. This
is a measure of the intrinsic straggling (Bragg
straggling) due to statistical fluctuations in the
number of collisions the particles undergo.
total range (measured along the path of a beam ijon),
considered as a function of projected range y, and
dR(y)/dy relates the total range to the projected
range with
Tm
SL(E) =N [ Tn(T) do(T) (2.13)
Td
total amount of energy going only into elastic, dis-
placement causing collisions for a projectile and
the subsequent projectiles it creates for an initial
projectile energy E, and
fraction of PKA energy dissipated into

displacements. It is given by:
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n(T) = [1 + kg(e)] ™ (2.14)

where Robinson(ls) has numerically fit the function g(e) to:

3/4 1/6 )

gle) = € + 0.40244 ¢ + 3.4008 ¢ (2.15)
Using a modified Kinchen and Pease model of Torrens and
Robinson,(lg) the displacements per unit time at é depth x is:
KSp (x)
K(x) = ¢ NTEE;- (2.16)
.where ¢ is the incident ion flux, K is the displacement efficiency
which accounts for events that do not lead to displacements. Torrens
and Robinson(lg) arrived at K = 0.8 from computer modeling of the
cascade structure. However, Kinney(ZO) has recently compiled data
which shows that K = 0.3 is probably a more appropriate measure of
the residual displacement damage for neutrons or ijons if the PKA
energy is > 30 keV. Nevertheless, the damage values in this paper
will be derived from a K = 0.8 value to be consistent with the previ-
ous decade of ion bombardment studies. The average energy which must
be imparted to a lattice atom to displace it, Eq» is highly dependent
on crystallographic direction. Thus, the minimum value, Ed,min’ ob-
tained for 316 S5 by Makin(2l) (19 eVv) is multiplied by 5/3 to ac-

count for directional dependence. In this study, a standard value of
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Eq = 40 ev(22) for ferrous alloys is chosen to facilitate comparison
of dose effects with other iron-based alloy systems.

Figure 2.1 shows the final result of the damage level as a
function of depth for a flux of 14 MeV Ni ions on 316 SS calculated
using the Bricé Code(23) witn the LSS electronic stopping power.

A.l.l. Spatial Distribution of the Damage

The distribution of displacements produced in the irradiation
was mentioned before to reveal inhomogeneities. Depending on the
energy of the PKA's, a collection of defects can be produced charac-
terized by a vacancy-rich depleted zone surrounded by Frenkel inter-
stitials.

Computer modeling has been used to understand this phenome-

(24) A single cascade process requires ~ 10713 seconds after

non.
which a ~ 10711 second annealing period takes place due to the
instability of the configuration.(zs’zs) In addition to annihi-
lations of vacancies with interstitials, clustering of like defects

or entrapment at some microstructural feature is possible.

A.2. Void and Loop Nucleation

The production of point defects gives rise to vacancy and inter-
stitial concentrations which are in excess of thermal equilibrium
values and this makes defect cluster formation possible. Collapsed
vacancy-rich regions as well as agglomeration of point defects may
form faulted/unfaulted 1loops, stacking fault tetrahedra, or even
cavities (includes voids and inert-gas-containing three-dimensional

vacancy clusters). The process of vacancy or interstitial agglomer-
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ation requires the mobility of these defects in the crystalline ma-
terial.

Interstitials, having a relatively low (few hundredths to few,
tenths eV) migration energies, are mobile and readily form defect
clusters at all temperatures of irradiation. Vacancy mobility in the
lattice however requires a material temperature 2 0.3 Ty , because
vacancy migration energies are on the order of eV. Therefore the
vacancy flux produced during the irradiation would be mearly equal to
the interstitial flux. This condition would then preclude the growth
of any vacancy clusters possibly existing from the displacement cas-
cade, However, interstitials are prefgrentia]ly absorbed (compared
to vacancies) at dislocations due to the very large elastic strains
associated with self-interstitial atoms.(27,28) This occurrence
allows a net vacancy flow to vacancy clusters when a suitable dislo-
cation density has developed.

The evolutionary track of vacancy aggiomeration is separated
into two regimes =-- nucleation and growth. A void embryo in the
nucleation regime becomes a void nucleus upon attainment of a criti-
cal size. Below this size the cluster is unstable and will tend to
dissolve and above this value the cluster will grow with further ir-
radiation.

Void nucleation may be homogeneous, if there are no sites where
the free energy of a cluster is lower than any other site. The

nucleation may be termed heterogeneous, when nuclei form at places
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such as dislocations, precipitates, etc., at which the free energy
for cluster formation is lower than a matrix site.

The various homogeneous/heterogeneous mechanisms of nucleation
are detailed in a review by Russe]].(zg) His treatment of helium as
an ideal gas should be modified however, due to the large pressures
involved in cavity embryos.(30)

The theory of homogeneous nucleation of voids was first
developed in 1971 independently by Katz and wiedersich(31) and
Russe]].(32) With modifications to account for differences resulting
from the possible co-precipitation of vacancies and interstitials,
they adapted ideas of classical nucleation theory. Their void nucle-
ation theory is a treatment describing the dynamics of small vacancy
clusters (embryos). The clusters may shrink out of existence'or they
may grow to a stable size. Processes that cause cluster shrinkage
are vacancy emission or interstitial absorption. The process that
enables the clusters to grow is vacancy absorption. Using these
ideas, the time rate change of clusters containing n vacancies can be

expressed as a flux balance:

J, = [Bi(n + 1) + av(n + 1)] pln + 1) - [Bv(n + 1)

(2.17)
+ Bi(n) + av(n)] p(n) + Bv(n - 1) pln=-1)

where p(n) and p(n + 1) are the numbers of clusters containing n and

(n + 1) vacancies, respectively, and where B,(n) is the rate of va-
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cancy capture by a cluster of size n, Bij(n) is the rate of intersti-
tial capture by a cluster of size n and «,(n) is the rate of vacancy
emission by a cluster of size n.

) Now using a condition of detailed balance, an expression can be
obtained for a,(n) in terms of By(n) and o(n).(32)  Next, the devi-
ation from classical nucleation is accounted for by taking into ac-
count the impingement of interstitials onto the void embryo for the
activation energy of formation of the cluster. With this regard for

co-precipitation of interstitials with vacancies, the steady state

nucleation rate is written:
J, =12'8,.p, (2.18)

where pé is analogous to the equilibrium concentration of critical
nuclei in classical nucleation theory.

aG, :
P = N, exp(- ) (2.19)

where Ny is the number of lattice sites/unit volume and AGQ is the
activation barrier for nucleation. It depends on the defect arrival
ratio B;/8, and on the free energy of formation, Aﬁg, of a void of
size n. The free energy term AGﬁ depends on the void size, the void-

matrix surface energy, and on the vacancy supersaturation.



18

The factor Z' is the Zeldovich factor whose reciprocal is equal
to the width at a distance kT below the maximum value of the acti-
vation barrier versus cluster size curve.

Also associated with this theory is the definition of an incu-
bation time T, which 1is the relaxation time for the approach to
steady state after a step increase in supersaturation. This relax-

ation time is given by(29’33)

v = (2 @n1372)71 (2.20)
where n& is the number of vacancies in the critical nuclei, i.e.
those which neither shrink nor grow at the prevailing supersatur-
ation,

Extension of these concepts to dislocation loop nucleation with
a concurrent supersaturation of interstitials and vacancies is
straightforward.(34) The free energy term Aﬁz is modified to account
for the strain energy of a loop as well as the stacking fault energy
of a loop.

‘However, the above approach to void/loop nucleation is inade-
quate as the inert gas content and the effect of alloy composition
including impurity levels in the metal must be considered.

Gases are thought to play a major role in the stability of
three-dimensional vacancy clusters against collapse into planar loop
aggregates. Gas may accomplish this by pressuring a cavity nucleus

and/or reducing the surface energy of the cavity. Helium, a rela-
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tively insoluble inert gas, is continuously produced in-reactor as a
result of (n,a) reactions and is therefore unavoidable. A review of
the effects of helium on cavity formation is also given by
Farre]l.(35) Also, residual reactive gases such as hydrogen, nitro-
gen, and oxygen present in all commercial stainless steels by virtue
of their processing, may facilitate cavity nuc]eation.(36'37) In
fact, an early simulation study using heavy ions on 316 SS produced
voids in the absence of any injected inert gas.(l7)

The effects that solutes or impurities have on cavity nucleation
and growth are complex. For immobile or slowly diffusing impurities,
the trapping of vacancies at these species is suggested to reduce
void nucleation via enhanced recombination.(38) Some observations
indeed show lower void denéities at a given fluence with the addition
of these impurities(39) to stainless steels. Other studies(40)
suggest even fast diffusing species may form fast diffusing solute-
vacancy complexes and remove the vacancy supersaturation necessary
for the driving force for void nucleation.

Solutes or impurities may also enhance void nucleation by the
formation of "void coatings." These coatings are postulated(4l’42)
to reduce the interstitial capture efficiency of a void by means of a
point defect-void image interaction. Impurities may also act to
lower the void-matrix surface energy thereby promoting void nucle-
ation.

Last]y,'local composition changes through solute segregation to

the void may alter the diffusion coefficients of point defects in the
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area around the void.43)  An enhancement of nickel and a reduction
of chromium compared to matrix concentrations was in fact observed
around voids that formed in fast-reactor-irradiated 316 Ss.(44-46)

Precipitates are also important in the evolution of voids.
Bullough et al., have recently incorporated the effects of precipi-
tate-cavity entities into a computer code modeling the void evolution
of 316 ss.(47) By a “"capacitance" embedding procedure, they derived
the sink strength for the precipitate-cavity entity. They found that
the effect of such an entity is to reduce the incubation period for
those cavities attached to precipitates.

Although previous iJon-irradiation studies of 316 SS without
helium do not show a marked association of voids with precipitates,
jon-irradiation experiments of 316 SS with helium have shown precipi-
tates form in a preferential association to cavities.(48’50) Voids
are a]sb commonly observed with precipitates in fast reactor-
irradiated 316 5s.(51-54)

To incorporate the above complicated effects into a theory of
nucleation and growth is not the object of this thesis. Neverthe-
less, models are continually being developed to account for these
effects and these are briefly reviewed below.

Early attempts to more realistically model void nucleation in-
cluded the effect of the gas atoms. Katz and Wiedersich(SS)
developed a nucleation model treating helium as an immobile gas. The
activation enerqgy for nucleation is then imagined as a surface which

depends on the number of gas atoms and vacancies in the embryo. How-
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ever, helium cannot realistically be treated as immobile.
Russe]l(ss) points out that the ultimate model used must take account
of the mobility of the gas atoms.

To account for mobile gas atoms or impurity atoms, Russe]l(zg)
developed a general theory of void nucleation in metals via a nodal
line/critical point formalism. Predictions made by this theory in-
clude possibilities of spontaneous void nucleation driven by inert
gas as well as enhaﬁced nucleation onto hetérogeneous gas cluster or
impurity cluster sites. Helium was incorrectly treated as an ideal
gas and has been subsequently modeled more rea]istical]y.(57)

Most recent]y, Parker and Russe11(58) have included in the nodal
line formalism: (1) non-ideality of the inert gas; (2) linearly in-
creasing helium concentration with dose; and (3) nucleation of cavi-
ties on approximately equilibrium bubblies of any size. In this
treatment, the effects of solute segregation and precipitation were
ignored.

Solute segregation effects were treated theoretically by Pillar
and Marwick,(sg) and more recently by Si-Ahmed and No]fer.(4l) Si-
Ahmed and Wolfer consider the free energy terms of the point defects
to determine the void bias factors for interstitials and vacancies.

These bias factors are used in the following equations for the
capture rate of interstitials, of vacancies, and reemission rate of

vacancies for voids:
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B, (x) = 41rr(x)D].CiZ?(x) (2.21)
B, (x) = 4nr(x)Dvcv23(x) (2.22)
a,(x) = 4mr(x)D,COZ0(x) (2.23)

where Zg(x) and Ze(x) are the interstitial and vacancy void bias fac-
tors, C, and C; are the concentrations of vacancies and interstitials
and r(x) is the void radius as a function of vacancy content x.

Another approach to nucleation was developed by Wolfer et
a].(GO) Their work resulted in a Fokker-Planck type equation de-
scribing the evolution of a void or loop size distribution over the
nucleation and growth regimes. The equation found is:

2
—*“apg’é’t) =" %; [KEx)P(x, )] +%—2;g (alx, t)P(x,t)] (2.24)

where P(x,t) is the size distribution function with x denoting the
number of vacancies in a cluster at time t, K{x) is the drift force,
and Q(x,t) is a space-dependent diffusion coefficient. The critical
embryo size occurs at x such that P(x) = 0.

Wehner and wolfer(61) have recently applied a nonlinear trans-
formation between x and the cluster radius r given by:

r o= (%%)1/3 + 3 (2.25)

Here, Q is the atomic volume, and the cluster or void surface is de-
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fined by the centers of the surface atoms. Their radii is assumed to
be equal to half the Burger's vector b.

This transformation results in a new Fokker-Planck equation for
the cluster distribution function P(r,t). The solution of this
equation relies on a technique based on the path integral.(52’63)
This mode1(61) has proved very successful in treating the dynamic
nucleation process and the subsequent growth stage in a unified
formalism.

‘A.3. Void Growth Kinetics

The analytical framework for void growth utilizes concepts of
chemical rate theory. Brailsford and Bu]]ough(64) and wiedersich(GS)
have extended the initial theory of Harkness and L1(66) to describe
void growth with rate theory. The following outline of the ideas of
rate theory are taken from an assessment of the theory by Mansur.(67)

To determine the swelling, the concentrations of vacancies and
interstitials in the matrix must first be determined. These quanti-

ties are found as the solution to the following two coupled equations

describing conservation of free vacancies and interstitials:

DVCv ; an
ve[D,YC, + =7 W, ]+ G, -RC Ly - JX Ky, =35 (2.26)
Dici j aci
v-[oivci T W]+ G, - RC.C, - JZ KiC, = 5 (2.27)
where v,i subscripts = vacancies and interstitials, respectively

KJ

rate constants for losses at sinks
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C = point defect concentrations

U = interaction energy at sinks

G = generation rate of point defects

R = recombination coeff. = 4ar,(D; + D) where r,
is the radius of the point defect recombi-
nation value

k = Boltzmann's constant

T = absolute temperature

t= time

D = diffusion coefficient.

A close inspection of these equations reveals the fact that the
model homogenizes the reactions that point defects undergo. Th;t is,
the rate constants, being independent of position in the medium model
sinks that are in effect homogeneously distributed. This approach
will smooth out any details of a sink.

Equations (2.26) and (2.27) are usually solved with the time
derivative vanishing, i.e. the point defect concentrations respond
very quickly compared to any sink change.

(67)

Recently Mansur gives the growth rate of a void of radius

=82 v _ pe _ oV
o [z, (r)D [C, - CL(r )] Z:(r €] (2.28)

where ry = void radius



25

Cs(rv) = thermal equilibrium vacancy concentration at a void
: - ® expl-(p - 21y e
radius ry = Co exp( (Pg ry ) Where c, is the

bulk thermal vacancy density, Pg is the gas
pressure in the void, and y is the void-matrix
surface tension

Q = atomic volume

Z: 1.(rv) = capture efficiency for vacancies or interstitials
at a void radius ry-
Also K = S(Z)+D (2.29)

where S = sink strength. Growth equations for dislocation loops are
similar. (67)

If one considers that the effect of impurities is to bind or
"trap" the point defects, a new approach must be taken for the growth
kinetics framework. Johnson and Lam,(58) Schmidt and Sprague,(sg)
and Mansur(67) have all modeled the growth of voids while considering
possible trapping of vacancies and interstitials at solutes or im-
purities that are immobile. Again, outlining the treatment by Mansur
for immobile traps, new point defect balances are obtained for free
interstitials:

1 F.F.F FT.F

- _ T _F. . JoF _
RTCiC, - RC.C = Covs ZKiCi 0 (2.30)

T_
G, + C.r.
i i’ i

for trapped interstitials:
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_ 1 _ oTFATAF
Civi C.t R Cicv 0 (2.31)
for free vacancies:
T =1 _ JFF.F _ JTFT.F _ F o _ JoF 2
Gv + Cvrv R Cin R Cicv vav § chv 0 (2.32)
for trapped vacancies:
F T -1 FT.F.T _
€,V CvTv R Cin =0 (2.33)
where G = point defect generation rate
¢l = concentration of trapped defects
CF = concentration of free defects
RF = 4xr (Dj + Dy) = recombination coefficient between
free vacancies and free interstitials
RFT = 4mr,0; = recombination coefficient between trapped
vacancies and free interstitials
RTF = 4nr3Dv = recombination coefficient between free va-

cancies and trapped interstitials
Z K‘jcF = Jlosses of free defects to sinks (voids, dislocations,
and grain boundaries)
T = 1, exp(E4/kT) = lifetime of the defect in the trapped
state, and Ed = Em + Eb where Em = defect migration
energy and Eb = defect binding energy

v = 4wDr3C, = defect trapping rate
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Ce trap concentration

D diffusion coefficient of the free defect
Qualitatively, the effect of traps is to reduce the steady state
concentration of the defect being trapped and thereby reduce the
void/loop growth rate.
Another effect of solute atoms is to change the bias or capture
efficiency of the defect sinks in Eqs. (2.27) and (2.28). This would
then alter the concentration of free defects.

(68-70) 2110w for mo-

Further analyses of solutes and impurities
bile traps. Temperature effects in the trapping show that traps are
more effective at high temperatures where the traps slow down the
mobile point defects while never becoming saturated.(sg)

B. Phase Evolution Under Irradiation

The microstructural and microcompositional response of an alloy
system to irradiation is 1arge1y controlled by the highly inter-
related phenomena of solute-defect trapping, solute segregation,
phase stability and void swelling. The result of altering the
initial alloy microstructure through irradiation may allow the onset

of a high rate of void swe11ing.(73’74)

The physical processes which
connect irradiation phase or microcompositional instabilities with
void swelling have been outlined by Mansur et a].(75) and are shown
in Fig. 2.2. There are three modes by which solute segregation and
precipitation can influence the swelling response of a material.
Direct effects on swelling by precipitates include increased point

defect collection area for cavities attached to precipitates.(75'76)
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PHYSICAL PROCESSES CONNECTING SWELLING WITH
IRRADIATION PHASE INSTABILITY

DIRECT = CAVITY-PRECIPITATE ASSOCIATION

+ POINT DEFECT COLLECTION
* IMPURITY COLLECTION (HE, FOR EXAMPLE)
+ SHELL FORMATION

ELASTICITY

DIFFUSIVITY

SURFACE ENERGY

INDIRECT ~ EFFECTS ON SINKS OTHER THAN CAVITIES

+ OVERALL SINK DENSITY

« CAPTURE EFFICIENCIES OF DISLOCATIONS AND
PRECIPITATES

+RECOMBINATION SITES ON PRECIPITATE-MATRIX
INTERFACE

MEDIATED - EFFECTS ON THE MATRIX

OEPLETION OF MINOR ALLOYING ELEMENTS AND
IMPURITIES

+DEPLETION OF MAJOR ALLOY CONSTITUENTS

Fig. 2.2 Three classes or modes by which precipitation may affect
swelling under irradiation.
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Large, incoherent precipitates can efficiently collect vacancies to
allow rapid growth of attached cavities. In addition, solute segre-
gation to a subcritical void embryo can reverse the void bias for
interstitials(77) by the formation of a "void coating."(41'78) This
enhanced solute coating can cause an jncrease in the local lattice
parameter near the void and thereby create a compressive coherency
strain field to help repel interstitials. Also, a further intersti-
tial barrier is formed with an increase in the shear modulus which
increases the interstitial formétion energy, which would reduce the
flux of interstitials to that sink.

The existence of recombination sites at solute atoms or on pre-
cipitate-matrix interfaces will have an indirect effect on the cavity
swelling. The increase in recombination of vacancies and intersti-
tials will reduce the amount of void swe]ling.(79) Also, 1local
composition differences at sinks may affect the sink efficiencies
(e.g., provide a reaction barrier) and thus modify the sink bias.(80).

The matrix chemistry of an alloy system can also control void
swelling. Garner has shown that matrix deplietion of some impurity
elements such as Si and C(gl) as well as the major alloying element
Ni(82’83) leads to the onset of a high level of cavity swelling in
316 SS. Silicon is efficient at suppressing nucleation at all void-

(84) (85)

relevant temperatures while in the 316 SS matrix. The model

developed to explain silicon's role in pure metals is based on its
higher diffusivity compared to that of the host metal increases

D;ff. This is also shown in Fe-Ni-Cr alloys where small additions of
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silicon(86-88) substantially increase the diffusivities of all compo-
nents and thereby decrease the void nucleation rate, particularly at
higher temperatures.(ss) Similarly, additions of nickel, a slow dif-
fuser, to Fe-Ni,(gg) Fe-Ni-Cr,(ss) and Fe-Ni-Cr-Mo(go) alloys in-
creases the diffusivity of all alloy components.

B.l. Precipitate Classification

The precipitates that form under irradiation may be classified
as  "radiation-enhanced,”  "radiation-induced," or  “radiation-
modified."{91) Following the terminology put forth by wilkes,(gz)
“radiation-enhanced" refers to a phése that forms after shorter times
than a thermally-aged specimen would show. These phases remain under
post-irradiation annealing. "Radiation-induced" ‘refers to a phase
that is found only on remote regions of the phase diagram or is not a
thermally stable phase at all. Post-irradiation annealing at the ir-
radiation temperature will dissolve this phase. "Radiation-modified"
refers to a phase that has a composition different than that produced
during thermal-aging studies.

These phases may occur through one or more of the following pro-
cesses:

1. Radiation-enhanced diffusion as a result of an increased vacancy
concentration during irradiation.
2. Radiation-induced solute segregation processes which redistribute

alloying elements to create local supersaturations.
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3. Point defect supersaturations may alter the thermodynamic free
energy of a phase and thus effectively shift thermal equilibrium
phase boundaries of an alloy during irradiation.

4. "Mixing" processes occurring in the collision cascade can direct-
ly dissolve small precipitates as well as cause disorder dissolu-
tion.

A full theoretical treatment of phase stability phenomena can be

(92-96)

found in various review articles.

B.2. Enhanced and Induced Solute Segregation

Solute transport during irradiation is effected through radi-
ation-enhanced diffusion or through solute-defect coupling transport
mechanisms.

Radiation-enhanced diffusion is basically the result of the
increased point defects present in the matrix during the irradi-
ation.(97'100) The total diffusion coefficient of a solute atom

during irradiation may be simply written:
[ o]
D' = Dr + Dv (2.34)

where D, is that contribution to the diffusion coefficient due to the
irradiation.
If diffusion occurs through a vacancy mechanism, the diffusion

coefficient may be written:

D' = fd% (2.35)
v v
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where C, is the prevailing matrix vacancy concentration, f is the ef-
fective jump frequency, and d is the jump distance.(97) It is easily
seen that irradiation of a material alters DQ through the increase in
Cy. The dependence of D' on temperature and sink strength divides D'
into three regimes: (1) at high temperatures (> 0.5 T_ ), the contri-
bution of thermal vacancies overrides the effect of vacancies pro-
duced by the irradiation and thermal diffusion dominates; (2) at
intermediate temperatures where defects are primarily lost to fixed
sinks, Cy is given by G/K, where G is the defect production rate and
Ky is the total sink strength. Thus the diffusion coefficient is
temperature 1independent and varies linearly with the displacement
rate; and (3) at low temperatures the diffusion coefficient is pro-
portional to vG with an activation energy of E?/Z. This follows as a
result of the dominance of mutual recombination of point defects.

If there exists an interaction betiween point defects and solute
atoms and if a complex is formed that is mobile, a mechanism exists
for solute transport. This solute-defect binding concept along with
the increased point defect concentrations and currents are the basis
for the two basic mechanisms of solute segregation. The first mecha-
nism describes the mobile defect-solute complex concept,(68’101’102)
whereas the second mechanism is the so-called inverse Kirkendall ef-
fect, (103,108)

Anthony(105) predicted specific cases of the two mechanisms for
solute segregation in 1972. He stated that a preferential exchange

of one type of solute with a vacancy would tend to cause a depletion
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at a vacancy sink for this type of solute atom while causing an ef-
fective enhancement for the other types of solutes. Also if a solute
and a vacancy could bind together and yet be mobile, this would also
cause an enrichment of that solute at the sink for the complex.

Johnson and Lam(se’lOZ) considered interstitial-solute and
vacancy-solute complexes. The binding energy of these complexes de-
pends on the solute-solvent size difference. Johnson-Lam theory pre-
dicts the extent of solute segregation to a void surface is dependent
on the curvature of the void surface and on the interstitial-solute
migration energy.

Wiedersich et 31.(106) modified (vacancy-solute binding was
abandoned) the Johnson-Lam theory fo explain segregation in concen-
trated alloys. The concept of vacancy binding to solute atoms is
only meaningful if the solute is dilute, otherwise the vacancy would

be surrounded by more than one solute atom.(104)

A vacancy binding
mechanism would only be valid for the minor alloying elements or im-
purities in 316 SS.

For the major alloying elements, the inverse Kirkendall effect
would be a viable mechanism for solute segregation.(104’106) The ef-
fect is that the slower diffusing species is "left behind" as the
faster diffusing species moves away. This behavior is characteristic
of a vacancy mechanism for diffusion whereas the faster diffuser

would be enriched at the sink for a interstitial mechanism. Under-

size solutes also tend to migrate towards sinks as they preferential-
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ly take the interstitial site in an exchange with an oversize inter-
stitia].(46)

B.3. Precipitate Growth and Dissolution Under Irradiation

A model for change of size of precipitates under irradiation was
proposed in 1972 by Nelson, Hudson and Mazey (NHM).(1°7) Their model
considers growth from radiation enhanced diffusion, and shrinkage
from two mechanisms. The first mechanism is recoil resolution of
precipitate atoms. The equation describing the shrinkage of a pre-
cipitate from this sputtering off of precipitate atoms can be
written:

&= -(3) anro | (2.36)
where ¢ ~ 1014 G atoms/cmzs, where G is the displacement rate, N is
the atomic concentration and r is the radius of the precipitate.

The second mechanism of shrinkage of a precipitate is that of
disorder dissolution. This mechanism is effective for coherent pre-
cipitates ‘and acts through the "mixing" effect of the collision cas-
cade. The high energy of the cascade area allows some reordering of
the precipitate. However, the surface atoms of the precipitate tend
to diffuse into the matrix thereby decreasing the size of the pre-
cipitate. Nelson et al. assumed a shell of thickness L in the pre-
cipitate is affected.by the cascade (L = 10 nm) and only a fraction f
of the atoms escape to the matrix. The equation describing such

behavior is:
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= ~4ar°fG . (2.37)

aln
a2
N

The radiation enhanced diffusion leads to a component of growth

given by:

Q-'CL
=<

= ' r
= 3D CS D (2.38)

where D' 1is the diffusivity of the precipitate component under ir-
radiation, Cg is the solute concentration in solution and p is the
atomic fraction of solute atoms in the precipitate.

Wilkes(gz) stated that the Nelson et al. model cannot predict a
final particle size distribution but rather gives a uniform (unreal-
istic) precipitate size. Wilkes shows that the assumptions made by
NHM predict that precipitates shrink under irradiation until a
steady-state matrix solute concentration is reached.

Baron et a1.(l°8) has formulated a theory to predict the pre-
cipitate size distribution under irradiation which is based on pre-
cipitate coarsening theories as well as the physical ideas of the NHM
model. The precipitate distribution is characterized by a maximum
particle size with a related average particle size. The theory pre-
dicts a solute concentration in excess of the allowable thermal
“value. In addition, this theory predicts normal thermal coarsening
behavior in the absence of irradiation.

1(109)

Maydet and Russel used in a nodal line critical point ana-

lysis in analyzing the change in precipitate size during irradiation.
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The driving force for precipitate growth or dissolution 1in this
theory is the strain energy of an incoherent precipitate in the
matrix.(llo) The rate of growth/dissolution depends on the rate of
solute arrival, the rate of vacancy arrival to the precipitate, the
rate of vacancy emission, and the rate of solute emission from the
precipitate as well as the volumetric misfit of the precipitate.
Maydet and Russell's theory does not apply to coherent precipitates
and does not consider solute éegregation. A recent modification to
this model included the recoil resolution effects suggested by the
NHM mode1,(111)

Another concept for a model to describe phase evolution under
irradiation was that of a thermodynamic approach.(112’113) The ef-
fects of a supersaturation of point defects is to increase the free
energy of the alloy system and thereby allow the existence of phases
not normally found at the prevailing temperature. However, this
model has been criticized(93) since the energy néeded for the phase
transformations (10-100 J/mole) is not met by the increased energy
(~1 J/mole) due to the defect supersaturations.

A further consideration on the effects of excess point defects
on radiation-induced phase restructuring has been undertaken by

Yamauchi and de Fontaine,(114.115)

They consider the equilibrium of
an alloy and point defect system subject to linear constraints.
Holloway and Stubbins(lls) have reformulated the theory in a more
rigorous manner and have studied the stability of selected phases in

the presence of excess point defects for the Ni-Si, Fe-Cr, Fe-Ni and
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Ni-Cr systems. These calculations shows that large changes in the

relative stability of phases can indeed occur if different point de-

fect concentrations are ascribed to the phases. This model provides

an explanation for homogeneous precipitation of radiation-induced

phases without the need for solute segregation processes which cause

precipitation at sites where the solubility limit is exceeded.
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CHAPTER 3. REVIEW OF THERMAL STUDIES AND ION IRRADIATIONS OF 316 SS

A. Thermal Studies of 300~Series Austenitic Steels

The initial solution-treated state of the 300 series austenitic
stainless steels 1is thermodynamically unstable and therefore thermo-
mechanical treatments can change the initial microstructure to pro-
mote precipitation of various carbide and intermetallic phases. As
discussed in Chapter 2, radiation can also strongly influence the
normal track of phase evolution of an alloy.

In order to determine the effects of irradiation and to classify
phase evolution under irradiation as radiation-enhanced, radiation-
induced or radiation-modified, extensive thermal aging studies must
be reviewed over a wide range of temperatures that include the ir-
radiation temperatures. These studies must also carefully specify
the initial state of the material to include the grain size, degree
of cold work, precipitate characteristics, solute and impurity
content.

A.l. Phases Formed During Thermal Aging

The major precipitates found in 300-series steels are carbides
(My3Cg, MgC and MC) and intermetallics (o, x and Laves). The crystal
structure and lattice parameter for these phases along with the minor
phases are summarized in Table 3.1.(1'11) Table 3.2 gives the rela-
tive intensity of the elemental composition determined using electron
microprobe analysis of phases formed in thermally aged 316 SS.(G)

Weiss and Stick]er(4) employed a bulk extraction process along with
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Crystal Structures and Compositions of Phases in Austenitic Stainless Steels

Phase Crysual Lartice Composition
structure parameters (A)
Austenite fcc ag=3-598
Ferrite bee o= 2-85-2-88 FeCrMo
Carbides ag = 4-45 NbC
MC fec {a, = 4-24 (TiN) TiCTiN
aq=4-33 (TiC)
M C o= 4-40 (vhic
M,C, pseudo hexagonal a, = 6-928-6-963 CryCs; (FeCr),C,y; (Fe 0-6 Cr 0-4),C,
_Com4:541=4-5T11 -
M;Ce fec ao=10-57-10-68 (Cr1 FesM02)Cy: (FeCr)nCy; CryoFe . sM04.5)C
MC fec (diamond type) a0~ 10-95-11-28 (CrCoMoNi)C; (TiNi)¢C: (NbNi),C; (Fe;Mo0,)C
Nitrides
M(CN) fcc ao=3-1-5-0 (AIN) NB(C, N)Ti{CN)AIN
‘ ao = 4-24 (TiN)
M;N hep ao=4-78, c w4-44 BCrN
m Go = 4-06=0-03 VN
ag=4-19 (V Nb) N
M,NC G =4-35
Boro carbides
Mx(CB), fec Similar to M3,C, (FeCrMo)1(CB),
Borides
M,B, ap™57,Cm~3-1
M;B orthorhombic o~ 14-57, b= 7-32
c=4-22
Topologicaily
close-packed
phases ) .
Sigma, o bee tetragonal ao=8:7=9-2 (FeNi), (CrMo), FeCr; (FeNi), (CrtMo),
c=4-544-4-8
Laves, n hexagonal Ao =4:73-4-74 Fe;Mo; Fe,Ti; Fe,Nb
c=7-72-7-85
Chi, x bec ao = 8-807-8-92 (FeNi)1Cr sMo,; CreFe gMos; FeyCri2Moyo
u rhombohedral (CoTiNCrW)s
G fec ) . (TiZrVNbTaMn }(NiCo)16Sir2
R hexagonal a,=0-93 .
Co™ 19-34 Fe-Cr-Mo
l;ﬁ-qr‘ phases and impurities
M.S:C; hep TG
MS fcc ag=5-224 MnS
TiS hep Go=3-22
c=7-64 Ti;S
Spinel diamond o= 8-51
Silicon carbide  hexagonal aq=3-076
¢ =5-048 SiC
Titanium dioxide o~ 4-6
c~2-96
Calcium silicate
alumina trigonal ao=4-759
c=12.99
Dimolybdenum Go=4:72,b=6
carbide hep c=519
Y hep do = 3-206
c=11-19
. hep aq=3-206

c=11-19
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EPMA Relative Intensities of the Element Lines Present

in Extracted Phases (Cr = 100) of Type 316 Stainless Steel

Following Thermal Aging(5)
Fe/Cr Ni/Cr Mo(L)/Cr v/Cr

M23Ce 12-30 1-4 10-17 -——
M21Ce 48-56 --- --- ---
M23C6 47 2 13 ———
M6C 11-22 55-79 37-55 1-7
M6C 50 120 200 3

o] 121-137 8-11 16-29 -—
X 173-185 10-12 45-56 -—
Laves 226=-291 16-26 197-289 ——
138, 41-42 1-2 170-172 2

Mza 27 _— 5 -

Table 3.3. Composition (wt.%) of Phases Formed in 316 SS Following

Thermal Aging.(4) Composition Determined From Relative X-Ray

Intensities Using Standard X-Ray Powder Diffraction Techniques

M23Ce

g

X

Laves

Mo
14
11
22
45

cr
63
29
21
11

Fe
18
55
52
38

Ni

5
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x-ray powder diffraction techniques to arrive at the elemental compo-
sition of 316 SS phases in Table 3.3. stoter(8) has recently in-
vestigated phases of 316 SS present after 30,000 hours of aging at
650°C. Results of the EDS analysis of the extracted phases is shown
in Fig. 3.1.

A.l.1. Carbide Precipitation

Si]cock(IZ) has determined the carbon solubility for several
stabilized and unstabilized austenitic stainless steels. Equation
(3.1) below indicates that for solution-annealing temperatures of
1000°C or greater substantial amounts of carbon are dissolved in
austenite. When these steels are rapidly cooled, the dissolved
carbon remains 1in solution, However, when these supersaturated
steels are thermally aged, carbide precipitation occurs.

Carbon Solubility in Type 316 SS

_ ) _ 6272
Tog (C ppm) = 7.771 1K) (3.1)

A.l.1.1. M23C6 Carbide

Mo3Cg s the predominant carbide formed 1in the 300 series
austenitic stainless steels in the absence of stabilizing elements
(Ti, Nb, Ta). Stoter(®) nas suggested that embrittlement of 316 SS
after 30,000 hours at 650°C was due to the intergranular M23C6 pre-

cipitation.
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Weiss and Stickler(4) found solution-treated 316 SS caused M23Cq
to precipitate successively at grain boundaries, incoherent twin
boundaries and nonmetallic inclusions, coherent twin boundaries, and
finally intragranularly. The appearance sequence for Mp3Cg in cold-
worked material was first at grain boundaries and intersections of
faults, incoherent twin boundaries, coherent twin boundaries, and
finally along dislocation 1lines and in the fault planes.
Marsha11(13) gives a detailed review on the formation of Ms3Cq-
Table 3.4 lists the precipitate morphology and orientation relation-
ship for My3Cq along with the other phases observed in aged 316 SS.

A.l1.1.2. MGC Carbide

This phase is called the n-carbide and is found in steels con-
taining molybdenum or niobium. Lee et a].(14) state that the thermal
formation of this phase in 316 SS is confined to the temperature
range 560-650°C. Two possible types of structure are reported for
this phase.(14) The filled type is given by McX with X = C, N, 0
whereas the unfilled type is MgSiX with the X site vacant.

The MgC phase appears in 316 SS after long aging times(4) with

the proposed reaction sequence given by:(4’15)

+Mo +Mo

Maziasz(l6) has found various orientation relationships with the

austenite matrix for the MgC phase and suggests that the differing
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orientations correspond to different chemical compositions of the
phase.

A.1l.2, Intermetallic Precipitation

A.l1.2.1. o Phase

The o phase is an intermetallic phase with a tetragonal crystal
structure. The nominal composition usually found is FeCr although
Lai(17) has determined the composition (wet chemical analysis) of o
extracted from 316 SS to be 54 Fe-29 Cr-8 Mo. A similar composition
was seen by Bolton et a1.(5’6) Hall and A]gie have reviewed the
subject of o phase formation.(lg)

Weiss and Stickler(4) saw o appear in 316 SS beginning sequen-
tially at triple points, grain boundaries, and after longer times and
higher temperatures at incoherent twin boundaries, and finally intra-
granularly, nucleating on oxide inclusions. Therefore o phase ap-
pears to require a high-energy interface for nucleation.
Go]dschmidt(IS) suggested that o phase formed from the decarboni-
zation of My3Cg and Weiss and Stick]er(4) observed ¢ phase on My3Cgq.
However, Duhaj et a].(lg) and Blenkinsop and Nutting(ZO) observed
nucleation of o phase independent of Mo3Cg-

A.1.2.2. Chi Phase (x)

The x phase behaves either as an intermetallic compound or as a
carbide of the type M;gC. It has a bcc a-Mn type crystal struc-
ture(14) and is usually associated with o phase. The nucleation se-

quence begins at grain boundaries followed by incoherent twin boun-
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daries, and after long aging time, intragranularly. The morphology
of the x phase ranges from rod-shaped to globular massive particles.

A.1.2.3. Laves Phase (n)

Laves is an intermetallic phase with a hexagonal crystal struc-
ture. It has the composition AB, with FejMo the composition usually
found in 316 SS. Weiss and Stickler(4) found Laves phase to precipi-
tate intragranularly as equiaxed particles or as clusters of parti-
cles. 0ccasiona11y it was found on grain boundaries.

A.2. Time-Temperature-Precipitation in 316 SS

wei$s and Stickler(4) carried out an extensive investigation
over a 400-900°C temperature range to determine the time-temperature-
precipitation (TTP) diégrans as a function of carbon content, so-
lution treatment temperature, and effect of cold work for 316 SS.
Figure 3.2 shows the TTP diagram obtained from the thermal aging of
316 SS whose pretreatment was a solution annealed at 1260°C for 1.5
hours followed by a water quench. Spruiell et a1.(21) has found that
a pretreatment of a solution anneal at 1050°C gives a similar initial
microstructure and TTP diagram. The effect of cold work is to shift
the "C-curves" of the M,iCs carbide and the intermetallic phases

(Laves, x and o) towards shorter times.(Zl) 1(22)

Grot and Spruiel
found type 316 modified with titanium suppressed M23C6 formation but
accelerated o and x formation compared to 316 SS.

A.3. Phase Evolution

The partial overlapping of the regions in the TTP diagram indi-

cates that the evolutionary sequence of the phases is complex in
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thermally-aged 316 SS. Figure 3.3 shows the phase reaction sequence
proposed by Weiss and Stickler for the thermal aging of solution-
quenched 316 SS. Laifl?) gives a detailed model of the precipitation
kinetic; of 316 SS.

B. Ion-Irradiation Studies of 316 SS

There have been numerous heavy-ion irradiations of austenitic
stainless steels and ternary alloys during the past fifteen years.
Most of these studies have used nickel jons to create the displace-
ment damage. Measurements of the resultant swelling have been per-

(23) which measure the

formed using either step height techniques
integrated swelling along the damage range or conventional trans-
mission electron microscopy of samples which were backthinned to ob-
serve the damage peak._ However, interpretation of the results of
step-height data can be mis]eading.(24)

Table 3.5 1ists the results of the various heavy-ion irradiation

(25-31) of nominal purity 316 SS. Hudson(26) performed an ir-

studies
radiation temperature scan at doses of 16 and 40 dpa and found a peak
swelling temperature of ~ 650°C for 316 SS which -had been pre-
implanted to 10 appm helium. Similar results were obtained by Lee et
al.(31) (625°C) and Makin et al.(32) (g50°C). 1In addition, Lee re-
ported(31) that helium-free specimens also had a peak swelling
temperature of ~ 625°C. This observation that samples of 316 SS with
and without he]ium exhibit a similar peak swelling temperature was

also reported by Johnston(31) and Nelson et a].(33) Nelson also

noted that void formation did not occur in a titanium-modified steel
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free of helium. He postulated that the reactive gases present in 316
SS were sufficient for void nucleation whereas the titanium in the
modified steel would act as a gettering agent for these gases. An
additional specimen preimplanted with oxygen did indeed exhibit void
swelling.

The precipitation response of 316 SS to jon-irradiation is dif-
ficult to identify. Packan and Farr‘eH,(zs) Wood et a].(zg) and
Ayr;ult et al.(3°) have réported small (~ 100 nm) thin lathe or
"acicular"” precipi'tates to form during irradiation. Small cavities
were often observed to form at the precipitate interface. Recent
identification of this phase was reported by Lee et a1,(34) Their
ion-irradiation study of an austenitic stainless steel similar to 316
SS and with 0.2 wt.%Z titanium and 0.04-0.08 wt.% phosphorus has shown
this thin-lathe precipitate (needle-like appearance) to be the Fe,P
phase with composit'ior_\ (wt.%) 16 Si-5 P-4 S-19 Cr-29 Fe=27 Ni. A
post-irradiation anneal for 16 hours at the irradiation temperature
of 675°C caused a partial dissolution of this phase.

There have also been reports(26'28'31)

of the MysCq carbide, a
thermally induced phase, to form during irradiation. This phase is
isostructural to the G-phase, a radiation-induced nickel silicide,
and thus it is difficult to distinguish between the two phases.(35)
Maziasz(36) has reported that the G-phase couples positively to
radiation-induced segregation whereas the Mjy3Cg carbide does not.
That is, the large degree of radiation-induced nickel and silicon

segregation suggests that the G-phase might form during irradiation
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rather than the M2306.(36) Thus, the past reports of My3Cq are
suspect without the chemical analysis of the phase.

C. lon-Irradiation Studies of P7

The P7 alloy, a high purity austenitic stainless steel with
major alloying composition similar to 316 SS (see Tables 4.1-4.3),
has been studied following irradiation with single heavy ions (Ni),
dual (Ni plus He) and triple beam (Ni, He and D) jons. (37-42) 1445
alloy has also been neutron-irradiated(43) and studied following
neutron and heavy-ion irradiation to a common dose.(44)

The P7 alloy swells readi]y(37) but does not undergo radiation-
induced phase instability which would complicate the analysis of the
irradiation studies on void formation. Table 3.6 Tlists the. void
parameters from the ion-irradiation studies of the P7 alloy. Bloom
et al.(37) used step height techniques to determine the high levels
of swelling following the high-dose irradiation of P7. The void
parameters in the remainder - of these studies were extracted from
specimens backthinned to the damage peak. This places a large uncer-
tainty on the dose leve1(42) due to the uncertainty of the depth of
the swelling peak in the ion-irradiated foils.

(38,39) include the

Observations made from the dual-beam studies
enhancement of cavity nucleation with a concurrent reduction in aver-
age cavity size and swelling compared to the single-beam irradiation
of P7. Co-implantation of hydrogen (deuterium) at a rate of 50 appm

D/dpa simultaneously with the helium caused no apparent additional
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systematic effects. The highest levels of swelling were exhibited by
the unimplanted reference P7.(39)

P7 has also been studied after pulse (0.5 s on/off and 60 s
on/off) irradiation. The effect of pulse irradiation on the swelling

of P7 are comp]ex.(40.4l)

One clear effect of pulsing is to suppress
nearly all large void type cavities while not greatly influencing the
small bubble type cavities at high temperatures.

In a direct comparison of neutron and ion-irradiated P7 to a
nominal dose of 10 dpa, Farrell and Packan(44) found that the level
of peak swelling of the ion-irradiated P7 (2.4%, T = 627°C) was 1/3
that of neutron-irradiated P7 (7.7%, T = 552°C). The addition of
helium (dual-beam 20 appm/dpa) slightly increased the swelling to
2.8% (T = 682°C). Results of their study show that application of an
empirical temperature shift to the ion-irradiation study do not ade-
quately reproduce the quantitative microstructural aspects of .the
fast neutron study. However, it will be shown (Chapter 6) that the

post-transient rate of swelling (%/dpa) of ion-irradiated P7 may

approach that observed during fast neutron irradiations.
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CHAPTER 4. EXPERIMENTAL APPARATUS AND PROCEDURE

A. Specimen Composition and Characterization

The 316 stainless steel used in this study was manufactured by
MSI Nuclear of Salt Lake City, Utah. The material heat number is
X15893 which is the Magnetic Fusion Engineering reference heat. The
chemical composition (mi1l and check) as determined by MSI Nuclear is
given in Table 4.1. ~The material was further analyzed by National
Spectrographic Laboratories, Inc. of Cleveland, Ohio. Their chemical
analysis gave the composition in Table 4.2.

The material was thermal-mechanically treated from a 5/16" hot-
rolled plate to a final 0.020" thickness by T.K. Roche of the Metals
Processing Group, Metals & Ceramics Division, Qak Ridge National
Laboratory. A detailed account of this treatment by Roche is given
in Fig. 4.1. Figures 4.2 and 4.3 are optical and TEM micrographs
which {illustrate the 60 um average grain size and low (109 cm'z)
initial dislocation density representative of the pre-irradiation
material.

The P7 alloy used in this study was developed and manufactured
at ORNL as a high purity austenitic stainless steel. The composition
of P7 (see Table 4.3) contains major alloying elements in quantities
similar to the AISI specification for 316 SS.

Initial attempts to determine the oxygen content of both alloys
by use of Auger Electron Spectroscopy was unsuccessful. No oxygen

signal could be detected in either alloy after the initial oxide
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Log No.: 9874 Date: 8/21/81
Materials Processing Laboratories

REQUEST FOR SERVICE

Material and Prior History: 316 SS Ht X-15893, 5/16" thick hot-

rolled plate. Process to 0.020" thick sheet annealed condition,

Work Description Schedule: Anneal 1 hr @ 1050°C in Argon
| - Cold roll to 0.150 (Bliss Mill)
- Anneal 1 hr @ 1050°C in Argon (Sargeant
and Wilbur Fu.)
- Cold roll to 0.075 (Bliss Mill)
- Anneal 1 hr @ 1050°C in Argon (Sargeant
and Wilbur Fu.)
- Cold roll to 0.040 (Bliss Mill)
Remarks (For Lab. Use) - Anneal 1 hr @ 1050°C in Argon (Sargeant
. and Wilbur Fu.)
- Cold roll to 0.020 (Bliss Mill)
- Anneal 1 hr @ 1050°C in Argon (Ceramic
Devel. Lab. Fu., Run #215)
Material pickled 1ightly in HF-HNO3-H,0 after each annealing
step, and degreased after each cold rolling step.
Signature: T.K. Roche

Extension: 4-4357

Fig. 4.1. Thermal-mechanical treatment of hot-rolled 316 SS plate to
yield a 0.51 mm (0.020") thick solution-annealed foil.



Fig. 4.2. f Optical micrograph showing the grain size and grain
_structure of as-received solution-annealed 316 SS.

ig. 4.3. TEM micrograph of annealed 316 SS illustrating the dislo-
catieon structure.

73
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Table 4.4. Oxygen and Nitrogen Content by Inert Gas Fusion Analysis

Oxygen (wt.%) Nitrogen (wt.%)
316 SS 0.005 0.046
P7 0.028 0.0041

layer- was sputtered away (see Figs. 4.4, 4.5). Inert gas fusion
analysis of samples of these alloys performed at Teledyne Wah Chang
Laboratories yielded oxygen and nitrogen contents given in Table 4.4.

B. Heavy-Ion Irradiation Facility

Irradiations of the 316 stainless steel and P7 alloy were con-
ducted at the U.W. Heavy-Ion Irradiation Facility. The facility has
been used by numerous student researchers in the U.W. Radiation
Damage Research Group and has been upgraded and modified during its
period of use.  The basic system 1is described in detai1‘ else-

where.(l’Z)

The present constituents of the facility include a
heavy-ion source with the acronym of SNICS, a 7 MV tandem electro-
static accelerator, various beam handling/monitoring equipment, and a
target stand (see Fig. 4.6).

The ion species to be used in this study are Ni3+. These ions
originate as Ni~ from the SNICS source which was conceived and
developed by Caskey et al.(3) To create this jon species, & cathode
of nickel is sputtered away by energetic cesium ions. The ions cre-

ated are Ni~ which are electrostatically extracted from the source at



SURFACE

Cl Ca N Cr Ni
Cr' Fe

Fig. 4.4. Auger electron signal at surface of a P7 foil. Note
strong oxygen signal as a result of the surface oxide.

500-600 nm

Ni

Ni

Fe 29’ _ 30’

Fig. 4.5. Auger electron signal after 500-600 nm of material was
sputtered away (30 minutes of sputtering).
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a potential of 2-4 kV. The ions are then magnetically analyzed and
then deflected by an electrostatic mirror into the low energy end of
the accelerator {(built by High Voltage Engineering Corporation, Model
EN). From here, the negative ions are accelerated towards the high
voltage terminal with positive voltage V. A N, gas stripper is used
to strip electrons ffom the negative ions via a collision process,
leaving them as positive ions. With varying degrees of stripping, a
distribution of charge states of the ions are created with charge nq,
n being an integer. These positive ions are further accelerated
through the potential V and exit of the high energy end of the ma-
chine. Therefore, given a charge state n, and with the terminal po-

tential V, the emergent ion would have acquired the energy
E =qV(l +n) . (4.1)

A given charge state is selected by use of an electromagnetic quadru-
pole lens mounted on the high energy  beam tube. For ,this study, a
charge state of n = 3 was selected in conjunction with a terminal po-
tential of 3.5 MV to give 14 MeV heavy ions to irradiate the speci-
men.

The 14 MeV Ni3* ions are then directed towards the target stand
of the Heavy-Ion Irradiation Facility. This target stand and its
vacuum system were originally designed and built by H.V. Smith and
R.G. Lott.(l’Z) The present configuration is shown in Fig. 4.7.

This section lies ~ 1/2° off the tandem axis to prevent any contami-
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nant particles such as high energy neutrals or low Z ions from im-
pinging upon the target. A large analyzing magnet is used to cor-
rectly steer the beam of heavy ions toward this target section.

The vacuum system for this section consists of three pumps in
series. The first stage employs a 2" water-cooled diffusion pump
with a speed of 200 %/s. Pressures at this point in the system are
about 1074 Pa (~ 107 torr). The second stage consists of a 400 /s
titanium sublimator pump built by National Electrostatics Inc. of
Middleton, Wisconsin. Pressures obtainéd are 107> pa (~ 1077 torr)
at this point as measured by an ion gauge. Finally, pressures in the
third stage are kept around 107% Pa (~ 1078 torr) by use of a large
orbitron pump. These preséures are maintained even at elevated (500-
700°C) temperatures.

A Yarian Model VGA-100 residual gas analyzer is used to monitor
the gases present in this final vacuum ;ystem stage which houses a
“carrousel specimen ho]der/heater.(4) Up to eight specimens can be
mounted in the holder with the irradiated sample individually radi-
atively heated. Individual chromel-alumel thermocouple leads allow
the temperature of the eight hold specimens to be monitored during an
irradiation.

To characterize and measure the intensity of the beam in the
target section, several diagnostic devices are used. The charge
state distribution of the ion species striking the specimen are ana-
lyzed by allowing the beam to strike an inserted gold foil where

Rutherford scattering events occur. Particles scattered 90° from the
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foil are detected by a solid state detector. An energy spectrum can
be ascertained from the scattering information. With proper beam
focusing and steering, it is possible to obtain a beam which contains
over 95% 14 MeV Ni3+ jons. To measure total beam current, three dif-
ferent Faraday cups, one at the entrance to the target section, one
directly before the specimen, and one directly behind the specimen
are used. The cups are labeled the entrance cup, the mask cup, and
the exit cup, respectively. When the mask cup is not used to check
the beam current, a Ta mask containing a 3 mm aperture is inserted to
define the irradiation spot on the specimen. Spurious specimen cur-
rents were noted using the carrousel holder/heater and recent modifi-
cations to correct this were made. These changes included the use of
a ceramic break to allow the specimen stage to %1oat electrically and
suppress the emission of secondary electrons.

C. Specimen Preparation and Analysis

The samples of this study were analyzed using the cross-section

technique(4’§)

as outlined in Fig. 4.8. The cross-section procedure
allows the entire ion damage region to be viewed at once, thereby
allowing analysis in regions that have been subjected to varying dose
and dose rate levels as well as control regions which did not undergo
displacement damage.

Spurling and Rhodes(s) were the first researchers to apply the
cross-section method to an ion-irradiated material. Unfortunately,

their technique required a high temperature (500°C) anneal in order

to ensure an adequate bond at the f0114p1ate interface. The cross-
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section procedure developed in this study is free from any post-
irradiation treatment that could alter the microchemistry to any ob-
servable degree. Details of the pre- and post-irradiation specimen
preparation to produce a cross-sectioned specimen are given below.

C.1. Pre-Irradiation Specimen Preparation

Foils approximately 1 cm x 0.5 cm were cut from the 0.020" (0.51
mm) stock and mechanically polished using a fine 0.3 um alumina
powder abrasive. The samples were not electropolished prior to ir-
radiation in order to preclude the introduction of reactive gases
into the specimen, which have been shown to enhance cavity formation
in previous heavy-ion-irradiation cross-section studies of
1.(5,7)

nicke

C.2. Post-Irradijation Specimen Preparation

Following irradiation, the 1 cm x 0.5 c¢m foil is thoroughly de-
greased using acetone. Next, both sides of the foil are 1lightly
swabbed with 0.3 um alumina followed by a thorough rinse with metha-
nol. The edges around the foils are subsequently coated with micro-
stop(s) lacquer (see Fig. 4.9). Next, the foil is mounted in a
plexiglas holder containing a 1/2 c¢m x 1/2 cm "window" (see Fig.
4.10). The above two steps promote a uniform potential across the
foil surface and thereby allow a uniform deposition of plating to
occur. |

Before the electrodeposition of a nickel plate layer on the
foil, the irradiated foils are given an activation treatment in a

solution of 60 g NiClp+4 Hy0, 40 ml HCL, and 250 ml H,0 at room
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Fig. 4.9. Schematic of an irradiated 316 SS foil lacquered around

- 1ts edges to decrease the convergence of electric field
1ines during the plating step.
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Fig. 4.10. Schematic of the sample holder and gas bubbler used for
the electrodeposition of nickel.
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temperature (which is similar to Wood's nicke]‘g)). The samples are
made anodic for 2-3 seconds at a current density of 250 mA/cmZ. The
purpose of this step is to remove the metal oxide layer, which is
necessary in order to obtain a strong plate-foil bond. Less than
0.15 um of material is removed from the irradiated surface as deter-
mined by interference microscopy. After activation, the polarity of
the cell 1is reversed and the sample is plated in the above solution
for 5 minutes at a current density of 100 mA/cmz. The sample is then
transferred into the nickel plate bath which is a high chlorine so-
lution containing 150 g NiSO4°4 Hy0, 150 g NiCly-4 H,0, and 70 g
boric acid in 1000 m} H20 at 70°C. The partially plated foil is made
anodic in this plate bath at 200 mA/cm2 for 10 seconds, then with the
polarity reversed, it is plated for ~ 15 hours. During the plating
period, a fine stream of Ar bubbles provided by a common aquarium air
stone (see Fig. 4.10) is used to create a turbulent layer near the
foil surface to remove gas bubbles and help promote a more uniform
electrodeposit.

A diamond saw is used to slice specimens from the plated sample.
With the use of a 150 um-thick blade, approximately five irradiated
cross-section slices 0.25 mm (0.008-0.010") thick are obtained from a
single irradiated sample. The 3 mm TEM discs are cut from these
slices using a rotary saw.(lo)

C.3. Jet-Electropolish of Cross-Sectioned Specimens

A two-step polishing technique employing two different electro-

polishing solutions 1is used to prepare a TEM specimen with an
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electron transparent area at the irradiated interface. In the first
step, microstop 1acquer(8) is applied over one side of the 3 mm disc
exposing a ~ 50 um wide strip along the irradiated interface only.
The specimen is then jet-electropolished for 2 minutes in a solution
consisting of 30% HNO3 in 70% methanol at 0°C at 10 V (80-90 mA).
The lacquer is removed with acetone and the specimen is jet-
electropolished until perforation in a solution of 10% perchloric
acid, 90% acetic acid, 20 g/2 Cry03 and 10 g/2 NiCl,e4 H)0 at 20°C at
45 V (80-90 mA).

C.4. Extraction Replica Procedure

For accurate chemical analysis of precipitates formed in the 316
SS, it is essential that their x-ray signal be distinguished from the
background matrix signa].(ll) An efficient means to obtain the true
precipitate composition is the extraction of the precipitates on a
-replica of the specimen surface. R.A. Dodd has developed a dry-

stripping techniqué(IZ)

which has been successfully applied to the

irradi&ted, nickel-plated 316 SS to obtain an extraction replica of

the ion-damage region. Details of the process are given below:

1. The plated specimen is lightly etched in Villela's reagent (5 ml
HC1, 1 g picric acid in 100 ml methanol) following a fine me-
chanical polish.

2. Apply 0.5% Formvar solution to the surface to form a primary
replica.

3. Etch with Villela's reagent through the Formvar (let etchent re-

main on Formvar layer ~ 1 minute).
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4, Rinse thoroughly with methanol, allow to dry and back the Formvar
with several layers of 1% Collodion in amyl acetate.

5. Apply a thin strip of cellophane to the Collodion surface by use
of replicating solution. Dry strip the combined plastic replica,
and dissolve the Collodion in acetone.

6. Evaporate a thin carbon léyer onto the replica to provide en-
hanced contrast and stability in the electron beam.

C.5. 316 SS EDS Standard

Standard Transmission Electron Microscopy and Energy Dispersive
X-Ray Spectroscopy were performed in this study with a JEOL TEMSCAN
200CX TEM, STEM, EDX-capable electron microscope. When operated in
the STEM mode, a 20 nm electron probe may be used to generate x-ray
emission from the specimen.

Current Analytical Electron Microscopy techniques have been re-
viewed by Za]uzec.(ll) In this study, the Cliff-Lorimer method(13)
was employed to obtain the chemical analysis of the matrix as well as
extracted precipitates from the 316 SS. Equation (4.2) is the ratio
technique equation and can be applied to an x-ray spectrum to obtain
the chemical composition of the specimen if x-ray absorption can be

neglected:
¢4
E—-= k. -—— (4.2)

with C1+Cj+Ck+...=l
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Table 4.5
KFe-Ni KFe-Cr Sy KFe-Mo KFe-s Kre-p
0.820 1.15 2.98 0.340 1.2 1.2

Proportionality constant values obtained in this study on a 316 SS
specimen using the TEMSCAN 200CX in STEM, spot mode, with condenser
aperture 3 and condenser setting = 2.

where: Cj; = concentration of component i in wt.%
I; = integrated x-ray peak of component i
ki-j= constant which varies with operating voltage only (as-

suming a “thin" foil)
The values of k (Table 4.5) used in this study were obtained by using
the x-ray spectra of the 316 SS as a standard of known chemical
composition (Tables 4.1, 4.2) as recommended by Goldstein. (14)

C.6. Iron Plating of Ferritic A11oys

In a manner similar to the nickel plating of 300-series austen-
itic steels described in Section C.2, an iron plating procedure of
ferritic steel alloys was also developed in this study.

After the irradiated foil is degreased and Tlacquered, it is
pickled for 2 minutes at 50°C in 15 ml Hy,S04 in 85 ml H,0 to which
2 g thiourea is added. HNext, the foil is carefully rinsed in water
and then immersed in a plate bath consisting of 200 g of FeClp+4 Hy0,

50 g NaCl, 50 g CaClz in 700 ml H20 at 90°C. The foil is made anodic
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for 4 seconds at 100 mA/cm2 after which time it is plated at the same
current density.

C.7. Error Analysis

Void and precipitate sizes were determined using a Zeiss
particle counter and the data is reduced in a manner similar to
Wh1t1ey(5) and Knoll.(4) The swelling AV/(V - AV) and number

densities were calculated from

) n,d; (4.3)
i

n = (4.4)

>
[ ]
ct

where A = area of micrograph, t = sample thickness and V = original
volume = A-t,

The source of largest error was in the determination of t, the
sample thicknesé. Meﬁhods used to calculate the'thickness included
stereo microscopy using a known tilt angle and a parallax measured on
a Hilgar Watts stereo viewer(ls) and depth fringe techniques.(16)
The resultant error associated with the number densities was esti-

mated to be ~ 30%.
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CHAPTER 5. RESULTS

The irradiation conditions of the P7 alloy and 316 stainless
steel are shown in Fig. 5.1 with the irradiation parameters given in
Table 5.1. The irradiation response of both the P7 alloy and the 316
SS produced interesting temperature-dependent microstructural
features. Irradiations of P7 with 14 MeV Ni-ions induced void for-
mation over the entire temperature range (400-650°C) investigated in
this study. The low temperature P7 results showed a suppression in
both cavity number density and average diameter over depths which
correspond to the range of the 14 MeV Ni-ion species. No such sup-
pression effects were noted in the samples irradiated to similar flu-
ences at 550°C and 650°C. The P7 samples irradiated at 650°C showed
the evolution of a bimodal void size distribution at the damage peak.
This void-size distribution has not been previously observed in
helium-free irradiations of austenitic steel alloys.

Voids were detected after the ion-irradiation of 316 SS at the
lowest temperature surveyed, 450°C up to 550°C. The void formation
was heterogeneous with the voids forming at precipitate interfaces
only. No voids were detected after 40 dpa in samples irradiated at
600 and 650°C. An Fe,P phase was detected in these 316 SS samples.
Annealing experiments in this study have shown this phase fo be
radiation-induced. The range of visible damage (dislocation struc-
ture) ended at depths of 2.9-3.2 um for the entire temperature range,

consistent with the calculated damage profile.
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A. Nickel-Ion-Irradiated P7 Alloy

TEM analysis of the 14 MeV Ni-ion irradiations of P7 over the
400-650°C temperature range with doses up' to 100 dpa did not show
major phase decomposition of the austenite matrix in the damage re-
gion or in the control region. Vdids were observed to form during
jrradiation at all temperatures investigated while the average cavity
diameter increased and the cavity density decreased with temperature
at a give dose level. The dislocation structure contained predomi-
nantly Frank loops with b = a/3<111> at low temperatures (< 500°C)
whereas a network dislocation structure was observed at 650°C with a
saturated density of 1-3 x 1010 cm'2 over the dose levels surveyed in
this study. The results of the observed dislocation structure are
summarized in Table 5.2. Stacking fault tetrahedra were observed at
the end of damage range (3 um depth) at 400°C. Figure 5.2 shows the
size (25 nm) and distribution (101% cm™3) of the stacking fault
tetrahedra after a dose of 10 dpa.

A.l. Injected Interstitial Effects

Previous studies using the cross-section technique on nickel had
reported observing varying widths of a suppression in void formation
in the injected interstitial range of the irradiated samples.(l’Z)
In an attempt to observe this phenomenon in a different alloy system,
samples of the P7 alloy were irradiated at 400°C and 500°C to peak
doses of 40 dpa. Figures 5.3 and 5.4 show the TEM micrographs and

void parameters obtained from the 400°C sample. Voids at the 1 um

depth (10 dpa) are larger in diameter (4.5 nm) than those near the
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Table 5.2. Dislocation Structure for lon-Irradiated P7 Alloy

Average
Loop
Tem?gg?ture ?g;:) Di?ﬁgfer Loo?caggiity Netw?gg_ginsity

400 10 13 1.4 x 1016 -

40 14 1.4 x 1016 ---
500 2.4 19 2.0 x 1015 5 x 10

10 21 2.2 x 1015 4 x 109
500 10 25 2.5 x 1013 6 x 109

40 28 2.4 x 1015 7 x 10°
550 3 32 1.0 x 1014 2.1 x 1010

12 31 1.2 x 1014 1.9 x 1010
650 2.3-100 === -—- 1-3 x 1010

2.4 um rangé (40 dpa) of the bombarding fons (2.0 nm). In addition,
the cavity number density increased from 1 to 3 x 1016 cm‘3 after the
approximate 2.5 um depth which corresponds to the calculated end of
range of the injected ion species. Note in Fig. 5.4 that the range
of void density suppression does not match the 2.0-2.5 um range (Fig.
2.1) of the injected ions. This may be due in part to the estimated
profile of the implanted jons. Monte Carlo calculations show a more
skewed range distribution of ions with a tail extending towards the

target surface.(3) Figure 5.5 shows the TEM micrographs which span
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3.3x1020 Nj ions/m:

Fig.

5.5. TEM micrographs of the P7 alloy irradiated to 10 dpa at 1
um at 500°C. Note the band of suppression of void size

and number density which occurs over depths corresponding
to the range of the injected nickel ions.
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the entire damage region of the high fluence (40 dpa peak) P7 sample
irradiated at a temperature of 500°C. Figure 5.6 shows the average
cavity diameter, cavity density, and cavity-induced swelling as a
function of distance from the sample surface for the Tow (10 dpa
peak) and high fluence (40 dpa peak) irradiation conditions. It can
be seen in the high fluence sample in Fig. 5.6 that there is a sup-
pression 1in the average cavity diameter and number density in a
region approximately 2.0 to 2.6 um from the sample surface. This
region is coincident with the range of the bombarding nickel 1ions.
The suppression of cavity growth("’) and cavity density (nucle-
ation)(s’s) in the 400° and 500°C samples is thought to be caused by
tﬁese injected 1ions which provide interstitials in excess of the
Frenkel defects produced during the irradiation.

A discrepancy exists, however, in the low fluence 500°C sample
where no dip in vthe density is observed at the peak damage region.
This result may be attributed to. the difficulty in distinguishing
small cavities (1-2 nm) from artifacts in a foil 100 nm thick and
therefore the discrepancy lies ‘within the error estimation of the
density. Also, note that the dpa level at 1 um in the high fluence
sample (10 dpa at 1 x 1073 dpa/s) was the same as the peak dpa value
of the low fluence sample (at 4 x 1073 dpa/s), yet the cavity number
density was sligﬁﬂy greater in the peak damage region of the low
fluence sample (see Fig. 5.6).

No suppression in cavity size or density was noted in a P7

sample irradiated to 3 dpa at 1 um at 550°C. Figure 5.7 shows the
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Fig. 5.7. Void parameters of P7 irradiated to 3 dpa at 1 um at
550°C. Both the average cavity diameter and number densi-
ty are seen to be maximum near the damage peak at 2.2 um.
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void parameters obtained from this specimen which was irradiated
using 14 MeV Cu-ions. Both the average cavity size (16 nm) and the
cavity density (4.2 «x 1015 ¢em™3) are maximum at the peak damage

region.

A.2. 650°C Irradiations of P7

Samples of as-received P7 were irradiated at 650°C to four flu-
ence levels (see Table 5.1). This temperature is near the peak
swelling temperature for 4 MeV Ni-ion-i(radiated (at 2 x 1073 dpa/s)
P7 reported by Packan and Farre]].(7) Figure 5.8 plots the swelling
versus tempefature data for this study at 40 dpa along with that of
Farrell and Packan taken at 70 dpa. The swelling value at 40 dpa at
550°C in this study was I%nearly extrapolated from the 12 dpa swell-
ing value assuming a 0.3%/dpa swelling rate. Also, note the close
agreement in the magnitude of swelling between the 68 dpa, 650°C data
point from this study with the data of Farrell and Packan.

Figure 5.9 displays the low contrast TEM micrographs which high-
Tight the voids present in the 2.4 dpa, 1 wm and the 10 dpa, 1 um
samples. It is apparent that a bimodal void size distribution has
developed in the peak damage region. To aid in distinguishing the
two distributions, cavities > 100 nm were classified as "large voids"
whereas those < 100 nm were labeled “small voids" in the void para-
meter graphs in Fig. 5.10. The diameters of the "large voids" in the
high fluence specimen approach the value of the TEM specimen thick-
ness in this region (~ 250 nm). Hence, many of these voids intersect

the foil surface. Stereo microscopy analysis in thicker regions of
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TEMPERATURE DEPENDENCE OF SWELLING
IN ION-IRRADIATED P7 ALLOY

i ' I ! ] J [ ' l
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TEMPERATURE (°C)
Fig. 5.8. Temperature dependence of swelling of P7 at 70 dpa (ORNL)

and 40 dpa (this study). Note the excellent agreement of
the swelling level(g} 68 dpa (this study) with the data of
Packan and Farrell at 70 dpa at 650°C.
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1pm 650 °C
‘INTERFACE

3.3 x 1016 14 MeV Ni lons/cm?

Fig. 5.9. Low contrast TEM micrographs of P7 samples irradiated to
doses of 2.4 dpa and 10 dpa at 1 um at 650°C. The voids
at the 2.2 um in the low fluence sample are the precursor
for the large voids seen at the peak damage depth in the
high fluence sample.
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Due to the presence of a bimodal
void size distribution in the high fluence sample, voids

> 100 nm were classified as "large voids" while those <
100 nm were labeled "small voids."
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the foil revealed that these features are not artifacts, but are com-
pletely contained within the specimen. Figures 5.9 and 5.10 suggest
that the voids present at the low fluence are the precursor distri-
bution in the high fluence sample. A denuded zone ~ 0.6 um in width
from the foil surface is still present in the 10 dpa, 1 um sample.
The absence of voids in this region is attributed to the diffusion of
defects to the free surface. Garner and Thomas‘7) have shown in HVEM
studies that a 0.6 um void-free zone also exists at a dose of 6 dpa
in 316 SS at 650°C.

Two additional samples of P7 were irradiated at 650°C. A 17
dpa, 1 um sample was irradiated_at ~2 x 1073 dpa/s at 1 um which is
about a factor of 2 higher. than the other P7 samples (see Table 5.1).
The resultant cavity formation can be seen in Fig. 5.11 with the
parameters given in Fig. 5.12. Both the average cavity diameter and
the density are seen to increase with depth. The second sample was
irradiated to 25 dpa at 1 ym at ~ 1 x 103 dpa/s. Figure 5.13 gives
the void parameters obtained from this specimen. The depth-dependent
void size is again similar to the 10 dpa, 1 um sample, whereby large
(~ 200 nm) voids form in the peak damage region. Figure 5.14 dis-
plays a low contrast/high contrast pair which highlight the voids and
dislocations present in this sample at the 2 um depth. The intervoid
network density in this region is 2 x 1010 em2,

In an attempt to remove the oxygen from the matrix of P7, two P7
foils 0.020" (0.05 mm) thick were annealed at 1050°C for 120 hours at

a total chamber pressure < 10710 torr. Details of the High Vacuum



107

2,069 3e wt 1 3e edp /7
0} pajetpeadl .apdues ;4 e jo sydeabouasiw |31 3SeLIU0D MOT °T1'6 °Bid

;WO/SUOl , OLX O'G | JOVIHILN| we
| wrl | L

AOT1V Ld d31VIAVHAI-NOI-IN




Fig. §.12.

) E ' ] ¢ ] v 1
e 650° C P7
- 5.6 x 10'® ions /em?
- - B
‘i’ 100 .
I %o . < N\ -
o L
a 80
o) = -
Q 70
3 " [ 2 i
2 3
DEPTH (mm)
o y . '
'E. ek ] i | I
1‘0 s -
= N
- 4 - -
=
g i
w 2 -
a
e IF N
g 3 { A N 1 " {
| 2

| 3
DEPTH (xm)

301~ : -
¥ esi -
g =& -
3 sk -
J
F 0 -
w
5 o -
o A ] . L . |
| 2 3
DEPTH (g m)

Void parameters of P7 irradiated to 17
650°C. The absence of 200 nm voids is

increased cavity nucleation due to the
experienced in this sample.

108

dpa (at 1 um) at
attributed to the
higher damage rate
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this dose.
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1

Furnace facility used for the anneal are given e]sewhere.(g) Assum-
ing an oxygen partial pressure of 2 X 10'11 torr, application of
Sievert's Law yields:
X (ai. frac.) = JE;éexp(- f;%QL : (5.1)

Using the free energy of solution given by Fromm and Gebhardt(lo) for
1/2 Oé'= 0 (in y-Fe), 4Ggg = -174.39 + 0.088 T kd/mole 0, a result-
ant 30 appm concentration of 6xygen is estimatéd to be contained in
the annealed foils. This would be a factor of 30 down from the
~initial 1000 appm concentration. An EDS analysisvof these outgassed
specimens revealed that a slight mpdification of the alloying compo-
nents ﬁad occurred during the high temperature anneal. The resultant
composition'of the alloy was determined by EDS analysis to be 62 Fe-
18 Ni-14 Cr-6- Mo. These specimens were subsequently irradiated to
doses of 5 and 10 dpa at the 1 um depth at 650°C. No voids were de-
tected throughout the 3 um damage range in either sample. Figure
5.15 displays low and high contrast micrographs from the 5 dpa
sample. No voids were detected in either sample throughout the com-
plete damage range. The dislocation structure at this high irradi-

ation temperature was 2-3 x 1010 cp2

010 ¢m™2 jn the region beyond the end of the

in the first 3 um from the
interface and about 1

damage range.
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B. Nickel-Ion-Irradiated 316 SS

The 14 MeV nickel-ion irradiation of solution-annealed 316 SS
produced a greatly different microstructural response compared to the
P7 results. Radfation-induced or enhanced precipitation occurred
over the entire 450-650°C irradiation temperature range surveyed.
Heterogeneous void formation was detected over the 450-550°C tempera-
ture range with voids only forming only at precipitate interfaces.
No 316 SS samples were irradiated below 450°C.

The precipitation over the range 450-550°C cah be characterized
as small (5-30 nm) blocks or rods which formed in stringers or as
isolated particles. Irradiations at 600-650°C produced a radiatfon-
induced phase identified as FeZPf No FepP was observed in .the
control region beyond the 3vum damage zone. In addition, no marked
depth dependency was measured in precipitate size or density over the
entire temperature range. These observations include a sample ir-
radiated to 120 dpa (peak damage) At 500°C whose void and precipi-
tation parameters were similar to an additional sample irradiated to
40 dpa (peak damage). ‘

The dislocation parameters from the 316 SS samples are reported
in Table 5.3. At these high doses, no marked depth (dose) dependency
was noted in the dislocation parameters. Some faulted loops were
found at 600°C after a dose of 40 dpa. Saturation in the network

010 p2

dislocation density at 2 x 1 cm © was also noted between 550 and

650°C at these dose levels. Figure 5.16 displays the TEM micrographs
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Table 5.3. Dislocation Structure for lon-Irradiated 316 SS

Average
Temperature Dose Loop Diameter Loop Density Network Density
(°c) (dpa) (nm) (cm™3) (em™2)
450 10* 30 2.8 x 1013 -
40™™ 32 3.0 x 1015 ---
500 10" 46 1.6 x 1013 -—
40™* 47 1.4 x 10! ——-
550 10* 42 1.3 x 1015 1.0 x 1010
' 40™™ 34 2.0 x 10%° 2.1 x 1010
600 10* 72 1.4 x 1014 2.3 x 1010
4™ 76 1.8 x 104 1.6 x 1010
650 107 - - 1.7 x 1010

40™* --- ——- 2.0 x 100

*Taken at 1 micron from front surface, 0.8 x 1073 dpa/s.
**Taken at 2.3 microns from front surface, 3.6 x 1073 dpa/s.

which illustrate the temperature-dependent dislocation structures at
a dose level near 40 dpa (at depths from 2 to 2.5 um from the

surface).



116

B.1. 450-550°C Irradiations of 316 SS

Voids were detected throughout the damage range at 450, 500 and
550°C. Figure 5.17 shows the void formation in the 450-550°C samples
after a dose of 40 dpa. The voids formed at 450°C have a factor of 2
greater density (5 x 1014 cm3) and smaller average diameter (10 nm)
than those at 500 and 550°C (2 x 10!% cm™3, 25 nm). The deptn-
dependent void parameters of the 450°C sample are given in Fig. 5.18.
A 50% increase in the average void diameter can be seen from the sur-
face to the peak damage region at 2.2 um. No definite trend can be
determined from the density data which is scattered around 5 x 1014
cm'3. Large error limits are ascribed to the cavity density measure-
ment of this sample due to the small number of cavities (~ 20)
counted at a given depth.

Two irradiations were performed at 500°C. Through-range micro-
graphs of the 10 dpa (at 1 um) and 30 dpa (at 1 um) 316 SS samples
are shown in Fig. 5.19. Their corresponding void parameters are
given in Figs. 5.20 and 5.21, respectively. Both samples exhibited
similar microstructural response. A slight (25%) increase in average
cavity diameter is noted from the low damage, near surface depths to
the damage peak. Also the cavity concentration is greatest near the
peak damage depth (2.2 um). It was difficult to determine whether
the bombarding nickel ions as injected interstitials acted to sup-
press the nucleation or growth of cavities near the peak damage
depths in the 450 and 500°C 316 SS samples as was observed in the P7

samples irradiated at 400 and 500°C. However, the nature of the void
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10 dpa at 1 um at
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form&tion in the 316 SS was vastly different than that observed in
the P7 alloy. In 316 SS, voids were only seen associated with pre-
cipitates, i.e. voids appeared to form at or in conjunction with a
precipitate interface. This resulted in a low (~1 x 1014 cm3)
cavity density in the 316 SS samples at 500°C which is approximately
two orders of magnitude lower than the void density in the P7 sample
(~1 x 1016 cm3) irradiated to 10 dpa (at 1 um) at 500°C. Thus, due
to the low density and heterogeneous nature of the cavity population, .
no suppression effects were observed in the 316 SS samples.

Similar void formation was seen at 550°C in a 10 dpa (at 1 um)
316 SS sample. Figure 5.22 gives the void parameters which show that
both the cavity diameter (25 nm) and density (2 x 1014 em™3) are
maximum near the 2 um depth. Figure 5.23 shows a through focus
series of a typical void with an associated precipitate which formed
at 550°C and a dose of 40 dpa.

B.2. 600-650°C Irradiations of 316 SS

In contrast to the 450-550°C results, no voids were detected in
316 SS samples irradiated to a peak damage level of 40 dpa at 600 and
650°C. |

A key microstructural response of the 316 SS in the 600-650°C
range was the formation of the FepP phase. This phase has a thin-
lathe morphology which often gives ‘a needle-like appearance when
viewed in a thin TEM foil. Figure 5.24 displays the through-range
micrographs of the 600°C 10 dpa (at 1 um) 316 SS sample. No apparent

depth dependency was noted in the precipitate size or density. The
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precipitation response at 650°C can be seen in the through-range
micrographs in Fig. 5.25. The iron phosphide precipitation at this
temperature can be seen to be more coarse compared to the 600°C
sample. A thermal precipitation response was also observed at 650°C
and can be seen in the optical and TEM micrographs of Fig. 5.26.
Figure 5.26 shows an optical micrograph of the plated 650°C 10 dpa
;amp]e which has been etched to reveal the thermally-induced grain
boundary precibitati_on as well as precipitation throughout the 3 um
range' from the surface ovér which d'isplacement damage has occurred.
" The grain boundary precipitation was identified by electron diffrac-
tion és the M23C5 phase and is shown in the TEM micrograph in Fig.
5.26. Figure 5.26 shows Fe,P precipitation at the 1 um depth from
this sample.

These needle-shaped .pr.ecipitates_which formed in the damage re-
gion are similar to those repbrted in dual-ion irradiation studies on
316~type stainless steels(n"lg) as well as neutron-irradiated 316
SS.(14) Lee(m) had reported the Fe,P phase to be "radiation en-
hanced" due to an account of Fe,P formation in 321 55(15) found after
extensive thermal aging. However, no thermal aging studies of 316 SS
has shown the Fe,P phase to form. In addition, Lee et al.(13) noted
that a post-irradiation thermal anneal at the irradiation temperature
of 675°C for 16 hours caused a partia] dissolution of the FeZP phase
which had formed under dual-ion irradiation conditions. In the pre-
sent study, a 0.010" (0.04 mm) slice was taken from the nickel-plated

316 SS sample irradiated at 650°C and given a 24 hour post-irradi-
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Fig. 5.26.

Micrographs which illustrate the radiation-induced and
thermally-induced precipitation in the 316 S5 sample ir-
radiated to 10 dpa (1 wm) at 650°C. (A) Optical of an
etched cross-section specimen showing the 3 um damage
band and the grain boundary precipitation. (B) Grain
boundary M23C in the control beyond the damage range.
(C) Fey,P need?es at 1 um depth.
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ation anneal at 650°C. No needle-shaped precipitates were found to
remain thus indicating a reversion of the Fe,P into the austenite
matrix. Thus, this phase 1is more properly labeled "radiation-
induced" according to the convention suggested by Ni]kes.(la) The
post-irradiation anneal of the plated sample also induced the for-
mation of cavities throughout the nickel plate. The very large H
fugacities which are often observed(17) in cathodic charging experi-
ments are assumed to cause the nickel-plate layer to be saturated
with hydrogen which allows the formation of voids during the high
temperature anneal.

B.3. Precipitation in Ion-Irradiated 316 SS

Table 5.4 reports the number density and average precipitate
length over the 450-650°C temperature range. The precipitation over
the 450-550°C range is characterized as small block or rod shaped,
many of which formed on dislocation loops or segments. Stringers of
precipitates were seen at both 500 and 550°C throughout the damage
range. Van Aswegan(ls) has reported stringer formation of carbide
precipitates after quenching studies 1in stainless steel and he
described a loop-punching mechanism for their formation.

No definite precipitate/matrix orientation relationship could be
established for this 5-30 nm precipitation at 450-550°C. Selected
area diffraction on some of the larger precipitates at 500°C has
shown them to have an fcc crystal structure with lattice parameter
1 nm. In addition, in-situ EDS analysis has shown these precipitates

to be rich in nickel and silicon as shown in Fig. 5.27. These
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Table 5.4. Precipitation Parameters for Ion-Irradiated 316 SS

14 -3

EEE*— (nm) Nppg (107 cm ™)
450°C 1 um 6 50 = 100%
2.2 um 8 50 + 100%
500°C (10 dpa 1 um 9.2 11
sample) 2.2 um 16 6.5
500°C (30 dpa 1 um 10 | 9.5
sample) 2.2 18 7.0
550°C 1 um 35 12
2.2 um 36 2.7
600°C (FeoP) ~ lum 54 9.9
2.2 um 58 : 12
650°C (Fe,P) 1 um 92 2.3
2.2 um 99 2.6

characteristics suggest that the larger precipitates in the 500 and
550°C samples are the G phase, a nickel silicide.(lg)

As mentioned in Section B.2, the formation of the Fe2P phase was
the dominant microstructural feature in the 600-650°C 1irradiations,
Figure 5.28 shows the EDS spectrum taken from an iron phosphide

needle extracted on a plastic replica as described in Chapter 4,
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Section C.4. It is seen that this phase is enriched in Si, P and S

compared to the matrix composition levels.

The grain boundary My3C, formed under the thermal anneal during

irradiation at 650°C, was extracted from the matrix and yielded the

composition (Fig. 5.29) similar to that reported by Maziasz.(20)

Lastly, an impurity phase, MnS, was observed (with density ~ 1013

¢m™3) in the unirradiated matrix region of the 650°C sample. Figure

5.30 shows the EDS spectrum of the extracted MnS precipitate.
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CHAPTER 6. DISCUSSION

A. Effect of Impurities on Void Swelling

The most significant observation of the response of 316 SS and
the P7 alloy to heavy-ion irradiation is the copious void formation
in the P7 alloy over its entire temperature range of irradiation com-
pared to the heterogeneous void formation which occurred in 316 SS
over a more limited temperature range. The differences in the im-
purity content in these otherwise similar alloys most likely leads to
the widely different response to irradiation. Recall that the P7
alloy contains significantly higher oxygen and lower carbon, silicon,
phosphorous and sulphur levels than the MFE heat of 316 SS (Tables
4.1-4.3).

Increased carbon ih solution has been observed to reduce the
peak temperature swelling 1level in ion-irradiated a11oys.(1-4)
Gessel and Rowc1iffe(l) have reported a decrease in swel]ihg at 675°C
from 50% to 10; with the addition of 0.4 wt.%3 C to a Fe-7.5 Cr-20 Ni
ternary austenitic stainless steel alloy ion-irradiated to 170 dpa.
Makin(Z) and williams(s) have observed similar effects in ion-irradi-
ated 316 SS. Bates and Johnson,(s) however, observed a slight in-
crease in swel]ing.with carbon content in an ion-irradiated Fe-15 Cr-
20 Ni ternary at 675°C. These studies made no mention of any carbide
precipitation response which would reduce the carbon in solution.

Although the level of swelling seems to be reduced with the soluble



138

carbon content, no shift in the temperature peak of swelling has been
observed thus far.(l’Z) .

These results may be described in terms of the void growth model
with solute trapping (discussed in Section 2.A.3). The model con-
siders the effects of interstitial and vacancy trapping by solute
atoms. This trapping is characterized by a certain binding energy,
EB, for either vacancies or interstitials and leads to a lower free
defect population. Since only mobile vacancies can increase the void
size, vacancy trapping effectively decreases the void growth rate.

Silicon has been shown to suppress void nucleation during fast

neutron irradiation.(ﬁ)

Silicon has also been reported to signifi-
céntly reduce void swelling and create a downward "shift" in the peak
temperature of swelling by suppression of high temperature swell-
ing(l's) in ion studies. Makin,(Z) however, did not observe any
shift in the temperature dependence of swelling in ion-irradiated 316
SS with the si1i§on content from 0.04 to 0.4 wt.%.

Garner and No]fer(7) have suggested that silicon, a fast dif-
fuser in Fe-Cr-Ni alloys, acts to reduce void nucleation, particular-
ly at higher temperatures, by increasing D;ff, the effective vacancy

diffusivity of the host metal., This increase in DZ £ is a result of

f
an increase in the diffusivities of all components of Fe-Ni-Cr al-

(8-10)

loys. Thus, since the flux of radiation-produced vacancies,
eff

D°"'C 1is a constant, the increase in Deff

v v v reduces the concentration

Cy of radiation-produced vacancies and thereby reduces the vacancy

supersaturation,
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Phosphorous also 1is a fast-diffusing element in iron-based
austenitic al]oys(ll) and it will increase the diffusivity of
nickel(lz) and chromium(13) in iron alloys. It has recently been
shown that additions of phosphorous reduce the vacancy formation

(14)

energy in Fe-Cr-Ni alloys. This also will reduce the vacancy

supersaturation of vacancies present during irradiation.(ls)

Although most impurities present in 316 SS act to suppress void
swelling, it is possible that the different swelling respohses occur-
"ring in this study are influenced even more by the variations in
gaseous nucleating agents in the two alloy matrices. It is this area

that we will examine in more detail in the next section.

A.1 Effect of Oxygen on Void Swelling

Experimental studies have shown that oxygen is a potent agent
for void nucleation. Ion-irradiation studies of copper,(ls) nickel

2) vanadium(17) (18)

a1loys,( ~and niobium have shown increased void
formation and swelling wfth increasing oxygen content. Excessive
amounts of oxygen can, however, reverse this trend and act to de-
crease the level of swelling in these alloys.(l7’18)
The results in this thesis show void formation over the entire
400-650°C temperature range of the P7 alloy. In addition, outgassed
samples of P7 with an estimated 30 appm oxygen (see Section 5.A.2)
irradiated to 40 dpa at 650°C contained no visible voids. Thus, it
is postulated that the high oxygen content (1000 appm) of P7 is re-
sponsible for 1its prolific swelling during irradiation at high

temperatures.
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If one compares the heat of solution of oxygen to the heat of
chemisorption, one can obtain an indication of the tendency of free
matrix oxygen to remain in solution or to be attracted to the clean,
free surface of subcritical vbid embryos. Calculations using oxygen
solubility data from Fromm and Gebhardt,(lg) the heat of chemisorp-

(20)

tion equations of Tanaka and Tamaru, and the heat of oxide for-

mation of Fe,05 from Robie et al.,(ZI) show that the heat of chemi-
sorption of oxygen on y-Fe (-272 kJ/mole oxygen at 650°C) is greater
than the heat of solution of oxygen in y-Fe (<93 kJ/mole oxygen at
650°C). Oxygen should therefore be attracted to free surfaces and
thus, affect the surface energy of the cavities. According to
Bernard and Lupis(ZZ) the change in surface energy due to a surface

coverage of oxygen, 8,5 on steel is given by

2

290
[%-1n' S

= KT 9]
1-26, kT

r- r(eo) A

(6.1)

where g corresponds to an interaction energy between neighboring ad-
sorbed oxygen atoms and A is the area effectively occupied by a
chemisorbed oxygen atom. Zinkle et al.(23) have recently demon-
strated that, with a reduction in surface energy, the voids can be-
come that most stable vacancy cluster in austenitic stainless steels.

The mobility of oxygen in the P7 alloy may be estimated from the

diffusion equation for oxygen in y-iron given in Ref. 24:

40,300, e

D = 5.75 exp(- 387 5

(6.2)
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At 650°C, vDt = 3 um for t = 1 minute, and thus for a microstructu}e
with no oxygen traps, oxygen will be readily mobile. This freely
moving oxygen could be chemisorbed at vacancy clusters which form at
the peak damage depth, thus promoting their stabilization and rapid
growth whf]e providing an even better sink for the oxygen. As the
irradiation proceeds, additional void nucleation occurs throughout
the damage range. This would explain the observed bimodal void size
distribution at the damage peak in the P7 irradiated to 40 dpa.

A.2 Heterogeneous Void Formation

In contrast to the P7 results, limited void formation occurred
in 316 SS from 450-550°C. The voids formed at precipitate interfaces
or in conjunction with the nickel-rich precipitates (reported in
Section 5.B.3). Figure 6.1 shows this void-precipitate association
(void density = 2 x 104 cm™3) after a dose of 40 dpa at 500°C. It
is not known whether the void formation preceded the associated pre-
'cipitate fdrmation or the voids formed at the preexisting precipi-
tate-matrix interface. However, the precipitate number density ex-
ceeded that of the voids and the likely conclusion is that the pre-
cipitate formation did not require the presence of voids.

After a 4 MeV nickel-ion-irradiation of 316 SS at 650°C, Lee et

a1, (25) o3 3

observed a void density of 7 x 1 which were not gene-
rally associated with precipitates. A swelling level of ~ 4.0% was
observed after a dose of 100 dpa. The 316 SS specimens were prepared

with a pre-irradiation electropoiish and this step may have allowed



142

*uoiibwaoy Ay EARD uo
JUIPIdIP Jou $1 uoyIwEa0y ey ididead Byl jeyy toN  ‘edp
oy ».__ $S 91 up saerpdisaad pseyd.n 01 payseIv £33 jAw)

‘19 ‘633




143

oxygen to enter the specimen(zs) and, as discussed in the previous
section, promote void formation. A

The results of the two 316 SS samples irradiated at 500°C do not
show any increase in the void density (2 x 1014 ¢m™3) and swelling
level from 40 to 120 dpa. It 1is postulated that the free matrix
oxygen in the 316 SS is insufficient to allow significant void for-
mation to occur. The total oxygen content was measured at 160 appm
and it is expected that the gettering action of silicon (12,000 appm)
wt.Z) will bind up most of this oxygen. In order for voids to
nucleate with this low gas content, another mechanism to reduce the
free energy barrier for void nucleation must be envisaged.

A significant reduction in the free energy of void formation is

(27) has

predicted to occur at a matrix-precipitate interface. Bates
considered the variables associated with heterogeneous nucleation of
voids on second phase precipitate surfaces. The model developed for

28) yho

such nucleation is based on the kinetic approach of Russe11(
has shown that the free energy change for nucleation of a cluster of

n vacancies, AG;, can be written as (Section 2.A.2):

a6l n=l B (G+1) 668
L 1 —il
kT JZO [In —BV(T+ exp T ]. (6.3)

Bates has derived the following expression for 662:

862 = -kT In &+ Al(n + 123 - 23 (6.4)
0
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where the first term is the free energy term for the reduction of the
vacancy supersaturation and the second term {is the free energy term
which accounts for the various surface energies involved and mechani-

cal equilibrium at the cluster surfaces. The value of A is given as:

A = o3 (83 L )2/3 [(4 - 4 cos 8)g, - (sinze)amp] (6.5)
where: f(8) = 2=3 cos46 + cos’0
and “vp = the free energy of the void-precipitate surface =~ %ym
Oym = the free energy of the void-matrix surface
Tmp T interfacial free energy between the precipitate and

hatrix phase.

There is an additional mechanical equilibrium constraint of cos 8 =
°mp/2“vm’ where 8 is the contact angle between the nucleating cluster
of vacancies and the matrix as shown in Fig. 6.2. It was shown(27)
that é signfficant decrease in both the free energy of void formation
and the number of vacancies in the critical nucleus will occur for a
contact angle of 80° and Oym = 1 J/mz. It is also readily apparent
from Eqs. (6.3)-(6.5) that a reduction in o, will also enhance void '

nucleation.
This nucleation mechanism may cause the void formation observed
at 450-550°C in the 316 SS. The precipitate densities are factors of
2 to 5 greater than the void distributions, thus they provide the

nucleation sites for the observed void formation.
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It is also observed (Fig. 6.1) that the voids nucleated at small
precipitates. That is, small voids were observed with similarly
sized precipitate shells. No small voids appeared at the interface
of large precipitates. This allows the largeAcontact angles pre-
dicted in the above model.

A.3 Temperature Dependence of Void Formation

The 316 SS void swelling results at 40 dpa in this study are
plotted in Fig. 6.3 along with the void swelling data of'Hudson.(zg)
In that study, 316 SS and 321 SS, whose compositions are given in
Table 6.1, were preinjected with helium to 10 appm and irradiated to
40 dpa at a rate of 1-3 x 1073 dpa/s with 46.5 MeV nickel ions. Data
for the swelling curves plotted in Fig. 6.3 were taken from the peak
damage region in each study (at = 2 um in this study, 4.5 um in the
Hudson study). The displacement rates were similar (= 3 «x 1073
dpa/s) and damage gradient effects were precluded by data acquisition
at a given depth, i.e. dose (in this éase, 40 dpa); It may be argued
that void data extracted in the damage peak is influenced by the in-
jected ion species (see Section 6.B). However, results from the ir-
radiation of the P7 alloy in this study show that suppression of void
nucleation and growth is significant only at temperatures < 500°C.
The absence of voids at 600 and 650°C in this present study cannot be
ascribed to injected'inte;stitial effects. In addition to the large
difference in the amount of swelling, a "shift" in excess of 100°C
between the peak swelling temperatures 1is noted for this common dose

swelling plot. This "shift" is actually a lack of void formation at
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600 and 650°C in this present study which is attributed to the
absence of helium as a nucleating agent.(3°) Studies of the effect
of impurity content on void swelling do not show peak temperature
shifts much greater than 50°C.(1) Thus, the differences in the level
of impurities between the two heats of 316 SS alone would not account
for the large (> 100°C) temperature "shift" in peak swelling. In ad-
dition, Hudson found no difference in the peak swelling temperatures
for the 316 SS and 321 SS which vary in impurity content (Table 6.1).

Farrell and Packan(31) have reported a helium-induced upwafd
shift in the temperature dependence of swelling in the P7 alloy.
They determined the peak swelling temperature for 4 MeV Ni single-
ion-irradiated P7 to be approximately 670°C, which agrees with the
results of this study (see Fig. 5.7). This temperature is ~ 125°C
higher than the peak swelling temperature found for 316 SS in this
study (see Fig. 6.3). Makin(Z)'has found no difference in the peak
swelling temperatures between ion-irradiated 316 L (wfth 0.01 C, 0.04
Si), 316 M (0.06 C, 0.36 Si), and 316 H (0.2 C, 0.4 Si). Thus the
difference in peak swelling temperatures between the 316 SS and the
P7 alloy might be attributed to an oxygen-induced shift in the -
temperature dependence of swelling., A study wherein a controlled
oxygen content is present in 316 SS would be needed to confirm this
speculation.

B. Effects of the Injected Interstitials

Results from the irradiation of P7 at temperatures from 400 to

500°C show a marked decrease in void number density and size occur-
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ring at depths corresponding to the range of the bombarding nickel
for samples. No apparent suppression was qbserved in samples irradi-
ated at 550 and 650°C.

Suppression of the growih rate of voids due to the influence of
the injected interstitials (bombarding ions) was first postulated by
Brailsford and Mansur.(32) They concluded that a significant de-
crease in the void growth rate occurs at low irradiation tempera-
tures,‘where recombination is the most likely fate of point defects.
Mansur and Yoo!33) have considered the effect of injected intersti-
tials on the void growth rate as a function of bias, sink strength
and vacancy migration energy. Figure 6.4a,b depicts a large decrease
in the void growth rate associated with an alloy with a low bias, Tow
sink strength, and hijgh vacancy mig}ation energy. Current estimates
of the net bias of 80 to 1202(34) along with a vacancy migration

energy, Ev

m? of 1.1 ev,(35) result in a negligible effect on the void

growth for a moderate sink strength of 4 x 1010 cm~2,  Garner(36)
states that the theory may have to be recalibrated and/or expanded to
account for the experimental observations which imply that the bias
and sink strengths are high for a 1%/dpa rate.

Brailsford and Mansur(az) have shown that swelling saturation
will ultimately occur in ion-irradiated alloys at the level corre-

sponding to

41rerv/od = g/ai (6.5)
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where r, is the void radius, C, the void concentration, p4 the dislo-
cation density, and e; is the excess interstitial fraction, taken as
the ratio of deposited ions to the interstitials produced by damage
that survive cascade recombination and g is related to the net bias
of the microstructure. The level of swelling at which saturation

occurs can be written as:(32)

(gpd/ei)3

1
S ==
3 (4va)2

m . | (6.6)

With e; chosen as 10’3(37) and ¢ chosen as 0.8,(34) Eq. (6.6) pre-
dicts that an extremely large saturation level of swelling (500%)
will occur for the dislocation (> 3 x 100 e¢m2) and cavity (1ol
1016 cm°3) densities which occur in the ion-irradiated P7. With a
net bias of g = 0.01, py = 5 x 102 em™?, and Cy = 2 x 1015 cm™3,
Brailsford and Mansur predicted a saturation of swelling at 7% in
ion-irradiated nickel. Nickel has béen observed to exhibit swelling
saturation near this level during ion-irradiation.(38'40) The re-
sults of the high fluence ifradiations of P7 at 650°C do not show a
saturation in swelling at doses of 100 dpa and swelling levels of
35%, consistent with the above prediction.

Tﬁe effect of the injected interstitials on cavity nucleation

has been modeled by Plumton and No]fer.(41)

Their treatment, based
on the void nucleation theory of Si-Ahmed and w01fer,(42) predicts
that the suppression of void nucleation will be stronger at low ir-

radiation temperatures, where recombination of point defects 1is an
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important process. Strong suppression effects with this trend have
been observed in nickel by Whiﬂey(39) and Bu]len.(43) Nucleation
suppression 1is characterized by a decrea‘se in the cavity number
density at depths which correspond to the range of the injected ions.

Good qualitative agreement of the temperature-dependent response
to the depth-dependent nucleation calculations can be seen in Fig.
6.5. The strong suppression of nucleation at 400 and 500°C is in
agreement with the decreased cavity density measurements at the
= 2 um depth. At 550°C, no characteristic "dip" in the nucleation
rate at the ion range depths is predicted; however, the predicted
nucleation rate is a factor of 10 to 100 less with the injected
interstitials than without the injected interstitials. It is noted
experimentally that the peak void density at 550°C occurs at the
damage peak and thus no apparent suppression of nucleation has oc-
curred. It can be concluded that suppression of nucleation due to
enhanced recombination is not significant at temperatures > 550°C.
Void nucl.eation at 650°C 1is predicted to be extremely difficult,
factors of 10° to 107 below 550°C. A reduction in surface energy to
0.1 -J/m2 yields a nucleation rate at 650°C which corresponds to the -
measured cavity number density.(37) Although this value is unreal-
istically low, the high oxygen content in the P7 1is predicted to
stabilize voids at this temperature through a significant reducti'on
in the surface energy of three-dimensional vacancy clusters (see

Section 6.A.1).
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Jected ions (calculations courtesy of D.L. Plumton).
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C. Swelling Rates of Austenitic Stainless Steels

€.l Heavy-ion Swelling Rates of P7 and 316 SS

The parameters of the P7 samples irfadiated to four fluence
levels at 650°C are given 1in Table 6.2. Figure 6.6 displays the
evolution of the swelling profile by a series of micrographs of three
of the P7 samples.

The dpa values in Table 6.2 correspond to dose levels at the 1
um depth and the 2-2.2 um peak damage depth given by Fig. 6.7.
Figure 6.7 1is only valid for void-free material, however, and the
damage model must account for cavitation in the high-swelling P7
alloy to obtain the time-dependent damage profile. First-order cor-
rections (see Section C.4) are applied to these samples by assuming
the peak swelling value occurs at the peak displacement level, as
indicated in Fig. 6.7.

The swelling data from the 1 um and peak swelling depths with
the corresponding'dpa values given in Table 6.1 are used to construct
the swelling curve in Fig. 6.8. It is seen that a constant swelling
rate approaching 0.4%/dpa is obtained when using data from the 1 um
depth as well as data from the swelling peak.

Previous irradiations of P7 with 5 MeV nickel ions at 625°C(44)
and 4 MeV nickel ions at 635°C(45) used step height techniques(46) to
détermine thé swelling as a function of displacement dose up to peak
dose levels of 300 dpa. It can be seen in Fig. 6.9 that the swelling
rate approaches 0.45%/dpa. Irradiations with 4 MeV nickel

(40,47-49)

jons have also yielded swelling rate of 0.3-0.4%/dpa at
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Table 6.2. Parameters for a 14-MeV Ni-Ion Irradiation of P7

Displacement Efficiency K = 0.8, E4 = 40 eV, T;.. = 650°C

dpa at 1 um ~ Peak dpa Fluence (ions/cm?)
2.3 20 0.8 x 1016
10 40 3.3 x 1016
17* 68* 5.6 x 1016 *
2% 100 8.3 x 1016

*Damage rate at 1 um from surface is 1.6 x 1073 dpa/s, at the peak it
is 6.4 x 1073 dpa/s; the -other samples were irradiated at 0.8 x 10°3
dpa/s at 1 ym and 3.2 x 1072 dpa/s at the peak damage region.
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|— INTERFACE

" Fig. 6.6. Depth-dependent swelling in P7 irradiated to 2.3, 10 and
’ 25 dpa at 1 um,




158

iTe] (=]
S & &8
[=] o ==}

0B
i}
(=}

020

LAI0/suot 01 / (%) TOT}RIIUOUC) UC]
(] Q Q

=)
P
o

"Ld @344-ploa ul abewep juswdde(dsip juapuadap-yrdag *1°9 614

(wr) Hidaag

Ge 0t - I G0 00

%..IQ..‘.........I.Q.
s,

=
-

5]
—

-
—

- APOV=PH pue g0=A{
~ [o9)s sso[ure)s LJ Uo IN AS ]

L
—

- uo/suot 07 / woyy Jad sjuswsoerdsiq

ague)] uo] JuapIou] mﬂ_ SNSJI9A
uotjeajusduo) uo] pajuedui] pue afeureq Juswoeider(



159

1%31 935 “yidap Bup(|ams yead
3U1 1e paildde sue asop ay1 03 SUOL]394U0D  U3PUL0-1S.dL

“hoLle (d PpaamLpRAUL-uOL pBW pT uy 3S0p  °sA bul(|ams °g'g9 “h14
(odp) 3500
00l 06 08 oL 09 0¢ ot on_ 02 ol

I 1 i ' 1 1 1 ' '

wil |2 yivg — ® /7
MVId ONITTAMS: VIVD — o \\ D 069
| | l | 1 | ] 1 1 1

ot

NOILVIGVHYI NOI IN ASW ¥1- ONITIMS Ld

0s



160

| IR T RN R
20~8 © JOHNSTON ~

O O BLOOM ® e 6§25T 5 MeV Ni

7 O o 635T 4 MeV Ni
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Fig. 6.10. Swelling of the ADIP alloy (Fe-15 Cr-25 Ni) in EBR—I(%si)n
the range 400-650°C as measured by immersion density.
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temperatures near 650°C using data extracted from the damage peak in
TEM specimens.

Ion irradiation studies of commercial'purity 316 SS have shown
swelling rates from 0.1-0.3%/dpa,(44’45'50'52) slightly lower, but
similar to those of the P7 alloy. It can be seen from Fig. 6.9,
however, that a long transient period of low swelling exists in
nominal purity 316 SS.

These swelling rates, however, are a factor of 2 to 3 lawer than
the fast neutron swelling ‘rates (see Section C.2). Garner has
stated(36) that the discrepancy of the ion-induced swelling rates
with the intrinsic 1%/dpa neutron-induced rate is due to the sup-
pression effects on void swelling exerted by the injected ions used
in the bombardment studies (see Section B). Garner(36) reassessed
the findings of the Alloy Development Intercorrelation Program (ADIP)
experiment, in which a well-characterized alloy (Fe-15 Cr-25 Ni) was
pre-implanted with 6 appm helium at room temperature and subsequently
irradiated with nickel ions at temperatures from 600-750°C. In that
study, a rate of 0.2%/dpa was independently determined from damage-
peak data after irradiation with 5 MeV (General Electric), 2.8 MeV
(Naval Research Laboratories) and 3.5 MeV (Westinghouse-Advanced

(53)

Reactor Division) nickel ions. Garner cites Tlater work by

(54,55) \here anomalous “subsurface" swelling is detected at

Johnston,
the near-surface depths (100-300 nm) in 4 MeV nickel-ion-irradiated
304 SS and 316 SS sectioned by ion-milling to various depths. It is

important to note that these samples were pre-implanted to 15 appm
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helium and electropolished at room temperature prior to irradiation.
Nhitley(39) noted the strong effect of a pre-irradiation electro-
polish on void formation during heavy-ion -irradiation. Thus, the
results of Johnston could be influenced by this experimental
step.‘se) Johnston 1irradiated an additional 304 SS specimen which
had 500 nm of the surface sputtered away after the electropolish.
The post-irradiation specimen still exhibited the anomalous "sub-
surface" swelling. Garner(36) 2150 cites heavy-ion irradiations of
nickel at 525°C by Nhit1ey(39) in which swelling rates approach
0.8%/dpa when determined from near-surface' data, which are free from
the injected interstitial effects.

The results of the present P7 irradiations at 650°C (see Fig.
6.6) do not exhibit any anomalous subsurface swelling behavior and
the previous discussion in Section B shows that the influence of the
injected ion ﬁpecies is not observed in P7 at temperatures > 550°C.
In addition, a recent study by Bu11en(43) has shown swelling rates of
0.2%/dpa in 14 MeV nickel-ion-irradiated nickel at 1 um.

C.2 Fast Neutron and Electron Swelling Rates of Austenitic Stainless

Steels

For the past several years it has been reported(35’57) that
austenitic stainless steel alloys eventually swell at a rate of
lzldpd under fast neutron irradiation. This rate is reached after a
transient regime, an initial dose period of relatively Tow swelling.
Various factors effect only the duration of the transient regime, not

the post-transient rate. These 1include the irradiation tempera-
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ture,(sa'so) major and minor solute levels,(61’5) degree of cold
work(GZ) and helium content.(63) Figure 6.10 displays typical fast
neutron swelling results of an austenitic .stee] ternary alloy and
316 SS.

Data from HVEM studies of 316 SS show an approach to the 1%/dpa

(64)

rate. Surface effects act to reduce the swelling, however, and

data must be extracted from the foil interior.(ss) Garner and

Thomas(66)

approximate the void-free zone of a surface to be Lye ~
(Dv/P)l/2 where L,¢ is the width of the void-free zone, D, is the
diffusivity of vacancies and P is the point defect production rate.

C.3 Factors Which Determine the Swelling Rate of Austenitic

Stainless Steel

A model to explain the temperature and solute level insensitivi-
ty of the swelling rate in austenitic stainless steels have been de-
veloped by wo]fer and Garner.(34’35’67) - For bias driven(57) swelling
Wolfer and Garnér have shown(35) that the steady state swelling rate

can be expressed by

So%d

— «B+F(P,T) (6.7)
(So + Sd)

d_4a

dt v
where S5, and S4 are the sink strength of voids and dislocations, re-
spectively, B is the net bias, and F is a weakly dependent function

of temperature and total sink strength, but strongly dependent on the

rate of point defect production, P, written as
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P = 80 (6.8)

where D is the displacement rate and B (= 0.1) is the fraction of de-
fects which survive in-cascade recombination and clustering. The

swelling rate in units of (%/dpa) can now be written

(AN 3) . 3654

100 BB(F/P) . (6.9)

The first term, containing void and dislocation sink strengths, 1is
relatively insensitive to temperature since both SO and Sd possess
similar temperature dependencies. Also, for a microstructure of
balanced sink strengths, So = Sg» the first term equals 0.25, inde-
pendent of temperature. Figure 6.11 shows that the term (F/P) is
temperatbre insensitive and equal to 0.5 when the sink strength of
the microstructure exceeds 2 x 1010 cm™2 and the vacancy‘migration
energy is 1.1. eV.(34'35) Recent measurements by Khanna and
Sonnenberg(GS) and Smedsk jaer et a].(69) show that the vacancy for-
mation energy in nickel is 1.7 eV. The activation energy for self-
diffusion in nickel (Ei + Eg) is a well-established value of 2.8
ev.(70) Thus, Wolfer and Garner have chosen the migration energy of

1.1 eV in their swelling rate model. Using the above values in Eq.

(6.9), the swelling rate becomes

d(av/y %)

“fldoay— ¢ 1.25 B (%/dpa) . (6.10)
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Sniegowski and Nolfer(34) have shown that the large interstitial
relaxation volume in fcc metals along with the small vacancy relax-
ation volume leads to a net bias, B, of ~ 0.8 (Fig. 6.12). Thus, the
swelling rate in austenitic alloys is predicted to swell at a rate of
= 1%/dpa, in close agreement to the empirical value derived from fast
neutron data.

The above model of the post-transient swelling rate, which is
independent of temperature and dose rate, is applicable to heavy ion
irradiation data. Several possible mechanisms may account foé the
swelling-rate discrepancy of heavy-ion data with fast neutron data.
These mechanisms include:

1. foil surface effects acting to decrease swelling at near-surface
depths;

2. injected interstitial effects acting to suppress void nucleation
and growth at depths which correspond to the range of the bom-
‘barding species;

3. damage efficiency differences between ion-induced and fast-
neutron-induced defect production that result in unequivalent
microstructures for similar damage 1eve1s;v

4, void-straggling effects acting to spread out the damage energy
and thus cause a finite decrease in the dpa profile created
during fon irradiation;

5. diffusional spreading of point defects away from the damage peak
caused by spatial variations in the production of point defects

causing a decrease in the void growth rate at the damage peak;
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6. anisotropic stresses along the damage range effecting the void
growth rate;

7. a temperature-dependent bias accounting for a reduced swelling
rate at high temperatures, characteristic of ion data.

As previously mentioned, foil surface effects and injected
interstitial effects alone do not account for the lower swelling rate
at 650°C observed in this study. Diffusional spreading of the point
defects down the gradients caused by the spatial peak in point defect
generation can also lead to a decrease in the swelling rate.(33)
However, the absorption mean‘ free path, L, is 1/YS where S is the

total sink strength. For our sink strength of 4 x 1010 cm'2

, it is
estimated that the escape of point defects from the peak damage
region is negligible.

C.4 Effects of Cavitation on Damage Calculations in Ion-Irradiated

P7
A possible explanation for the swelling rate discrepancy lies
within the dose values ascribed to the swelling profile in ion-
irradiated targets. The depth-dependent voidage in dion-irradiated
targets alters the damage profile (Fig. 6.7) of a void-free material.
Using transport theory for the distribution of deposited (dam-
age) energy, Wolfer and Benchikh-Lehocine(7l) have considered the ef-
fect of density changes on the damage energy profile. They did not
model the discrete nature of void formation; rather, they homogenized
the swelling at a particular depth into a uniform density decrease at

that depth. Wolfer found that the effect of a uniform density de-
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crease is to cause the energy deposition profile to shift to greater
depths with increasing swelling. This shift of the energy deposition
profile is defined as a first-order effect of cavitation. This shift
is observed in the experimentally determined swelling profile data in
Fig. 6.13. Note that swelling peak, which presumably coincides with
the damage peak, "shifts" to greater depths as the swelling level
increases with fon fluence. This model shows that there is no reduc-
tion in the accumulated displacement dose at the damage peak compared
to fhe'dose in void-free material.

Consideration of the discrete nature of voids, absent in the
aforementioned approach, yields a different conclusion. Effects of a
discrete distribution of voidage on the deposited energy (damage) has
been addressed by Odette et al.(72) This study applies the model of
Odette in order to estimate the accumulated dose at a particular mass
depth (e.g., the peak swelling depth) during the 14 MeV nickel ion
irradiation of the P7 alloy.

Following the notation and approach of Odette et al.(72) we let
A(y) be the distance within voids through which the bombarding parti-
cle has passed upon reaching depth y. That is, a charged particle
that penetrates a depth x in a solid target would penetrate a dis-

tance y in void-containing material where
y = x + Ay) (6.11)

The average value of A(y), <A(y)>, can be calculated from the volume
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fraction of voids, #(y), by

y y
Aly)> = [ sy )ey' = [ 1o dy’ (6.12)
o 0

where y' is the integration variable and S is the local swelling, de-
fined by the ratio of void volume to original volume.

Heavy ion irradiation damage is created by a unidirectional beam
of projectiles and thus is subject to statistical fluctuations in the
energy of the particles at a certain depth based on the number of
~atomic collisions (prior history) the particles have undergone. This

effect is well-known as Bragg straggling(73)

and is the intrinsic
straggling associated with energy deposited in a solid target. In a
void-containing target, the distance traveled through voids by parti-
cles reaching depth y will vary as a result of the statistical
fluctuations in the number and sizes of voids a particle encounters.
This effeét is termed(72) "void-straggling” and creates an additional
spread in the energy distribution of the particles at depth y which
is superimposed on the spfead due to intrinsic straggling. The aver-

age number of interactions, <n,>, between the bombarding ions and

voids can be given by
<nv> = <A(y)>/D (6.13)

where D is a characteristic void length, equivalent to length of the

average track of the void. Noting that the average chord length of a
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sphere of radius R is given by 4/3 R, we will use
D = 2/3 Dave (6.14)

where D is the average void diameter.

ave

Next we will approximate the distribution of the number of voids
that the particle hits as a Poisson distribution.(74) Thus <n.> is
equal to anz, the variance of the number of voids encountered. Now
the standard deviation in the total length through voids tréversed

upon reaching depth y can be given by o,,

D/<nv> = /D<A(y)> . (6.15)

During the irradiation of a high-swelling material, both <A(y)> and D
will increase with depth. Thus the void-straggling phenomenon will
create an increasing energy spread at a given mass depth as the ir-
radiation proceeds.

The energy deposition at y is now written as:(72)

» y
Sply) = [1-¢(y)] [ fF(RY [ P(1) S, (R-y+A)dAdR (6.16)

A
© min

where f(R) is the probability distribution function which describes
intrinsic stragg]ing(75’76) and Sp(R-y+1) is the deposited (damage)

energy for a particle with energy E(R-y+)A) where R-y+X is the residu-

al solid range of the particle. The probability distribution func-
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tion, P(A), which describes the void-induced straggling, and Ap;, is
given by
[ 0, y<R
A, = .
mh T y-R, yR

Equation (6.16) neglects the influence of secondary atom energy
transport and does not correct for secondary energy partition. We
have used a first-order estimate for P(A)-as a normalized Gaussian
distribution with parameters <A> given by Eq. (6.12) and o, given by-
Eq. (6.15).

The f&ctor i-9(y) in Eq. (6.16) does not change the dpa value at
depth y since the dpa unit is defined for solid mateérial. Also,
using the Brice code (see Fig. 6.7) to calculate the dpa profile with
intrinsic straggling for void-free material, we can reduce Eq. (6.16)

to simply

dpa(y) = ? P(x) dpa(A-y)da (6.17)
Am'in
to calculate the instantaneous dpa rate at y in the P7 target with
voids.
. We have applied a simple first-order estimate to the void-
straggling phenomenon by using a single set of parameters, <A> and o)
for P(A). Figure 6.14 displays the depth-dependent instantaneous dpa

rate in the P7 target for cases:
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1. <x>=10.3 um, 0y = 0.2 um
2. <3 = 0.2 um, oy = 0.14 um
3. <> =0.07 um, o4 = 0.08 um
4. <x> = 0.02 um, oy = 0.03 um.

These parameters are consistent with the void parameters of the ir-
radiated P7 samples given in Table 6.3. Note the finite decrease in
dpa rate with increasing <A> and o,. This decrease, termed second-
order void straggling effects, will cause a decrease in the dpa rate
. to occur with time (dose) at a given mass depth for the high-swelling
P7 alloy.

Consideration of these effects of cavitation on the dpa rate of
the P7 samples irradiated at 650°C has led to the correction of the
swelling versus dpa curve shown in Fig. 6.8. Figure 6.15 displays
the curve which is modified to account for the real decrease in dpa
at a given mass depth (e.g., swelling peak). The accumulated dose
levels are determined by a Tinear interpolation of the damage rate
curves given in Fig. 6.14, It is seen from Fig. 6.15 that the
second-order effects become important at swelling levels of 20%. The
large ~ 200 nm voids are responsible for the large value of the void-
straggling parameter at these swelling levels. The corrected swell-
ing rate of the P7 alloy approaches 0.7%/dpa after a transient dose
of 50 dpa and swelling levels = 10%.

Although several possible mechanisms may account for the swell-
ing rate discrepancy between heavy ion and neutron data, the void

size and density distribution 14 MeV Ni ion-irradiated P7 necessitate
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the correction of the accumulated dose at the peak swelling depth.
Simple first-order corrections applied to the accumulated dose have
shown that the void-struggling phenomenon acts to reduce the dpa
value at a given mass depth. More accurate calculations are needed
however to give a better estimate of the accumulated dose at a given

mass depth.
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CHAPTER 7. CONCLUSIONS

The cross section method.of post-irradiation sample preparation
was extended and applied to the study of nickel-ion irradiation ef-
fects in two types of austenitic stainless steels. This is the first
report of heavy-ion irradiation effects in P7 and 316 SS viewed in
cross section. The Magnetic Fusion Engineering reference heat #X-
15893 of 316 stainless steel and the P7 alloy, a high purity, austen-
itic stainless steel alloy were irradiated at temperatures from 400-
650°C (0.4-0.55 Tp) up to damage levels of 120 dpa. A swe]]iné rate
study was conducted on the P7 alloy at 650°C. The post-transient
swelling rate (%/dpa) determined in this study was compared to the
intrinsic swelling rate observéd for neutron-irradiated 316 SS and to
past don-irradiation investigations of austenitic steel alloys.
Specific observations in this present study were:

1. Voids were formed in the P7 alloy at damage levels of 2 to 100
dpé over the entire 400-650°C temperature range of investiga-’
tion., The void number density decreased whereas the average
void diameter increased with temperature at a given displacement
dose.

2. A suppression in the average void diameter (growth) and number
density (nucleation) was noted at depths corresponding to the
calculated 14 MeV nickel 1ion range in the 400 and 500°C P7

samples. These effects are consistent with the current predic-
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tions of the effects of the injected interstitials on void

nucleation and growth at low temperatures,

Oxygen present in the P7 matrix probably promotes void formation
at high temperatures by reducing the surface energy of the
voids. In thoroughly outgassed P7, voids were not observed
after irradiation to 40 dpa at 650°C.

No phase decomposition of the austenite matrix was observed in
either the ion-damage region or in the thermal control region

over the entire 400-650°C temperature range of irradiation of

“the P7 alloy.

The MFE heat of 316 SS irradiated over a temperature range of
450-650°C. and at 10 to 120 dpa produced a low density (2-5 x
1014 cm'3) of voids at 450-550°C. No voids were detected up to
40 dpa at 600 and 650°C.

The void formation in 316 SS was heterogeneous in nature whereby
voids weré observed only in conjunction with or at precipitate
interfaces. These precipitates were highly enriched in nickel
compared to the surrounding 316 SS matrix.

The precipitation response of 316 SS at 450-550°C was charac-
teristic of the G-phase. Only a small depth dependency of pre-
cipitate size and number density was observed for a particular
irradiation temperature. The average precipitate size increased
and the number density decreased with an increase in temperature

for dose levels from 10-40 dpa.
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The precipitation response of 316 SS at 600-650°C was predomi-
nantly the FeyP phase. The Fe,P lathes were larger (95 nm) and
less numerous (2 x 1014 cm™3) at 650°C compared to 600°C (55 nm,
1 x 1015 cm™3) for doses from 10 to 40 dpa.

A raw swelling rate of 0.4%/dpa was observed in P7 at 650°C.
This rate, although consistent with swelling rates noted in
other heavy-ion irradiations, is a factor of two lower than the
intrinsic rates of fast-neutron irradiated austenitic alloys.
Consideration of void-straggling effects yielded a swelling raté
of 0.7%/dpa for the P7 alloy.

The range of the radiation-induced dislocation structure ended
at depths of 2.9-3.2 um in the P7 samples with low swelling and
in 316 SS. This range is in agreement with the predicted range

using the Brice code with LSS electronic stopping.
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CHAPTER 8. SUGGESTIONS FOR FUTURE WORK

The wide difference in response to:- ion-irradiation between the

P7 alloy and 316 S5 shown by this study suggests that further experi-

mental examination is necessary to identify and quantify the impurity

components causing the differences. These experiments might include:

1.

The manufacture of a high-purity, oxygen-free austenitic stain-
less steel alloy with major alloying componénts similar to those
of the P7 alloy should be initiated. This al]dy should be ir-
radiated over a wider temperature and dose regime used in this
study to determine the temperature range of void formation in the
absence of a reactive gas species.

Implantation of oxygen in varying amounts into the MFE heat of
316 SS orrinto other austenitic alloys with differing impurity
contents. Subsequent ion irradiations would show whether oxygen
~- well in excess of that normally present -- could promote void
formation.

The results of the swelling rate study on P7 using the cross-

section technique, provided valuable information on the ion-

irradiation swelling rate. Further swelling rate studies might

include:

1.

Higher fluence irradiations of P7 should be conducted at 650°C to
investigate whether ion-irradiated P7 will show a saturation in

swelling.
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2. Swelling rate studies -of P7 should be conducted at a temperature
of 550°C.  This temperature was shown to exhibit no depth-
dependent suppression effects from fhe injected interstitial
species. Comparison of the 650°C study to 550°C would show any
temperature dependence on the linear swelling rate of austenitic

steels under ion irradiation.





