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Abstract

Surface energy values lower than those determined experimentally are
often utilized in theories of void nucleation and growth in metals. Utili-
zation of established surface energy values generally predicts no swelling in
the absence of helium. However, swelling occurs in many metals even in the
absence of helium. Surface active impurities, such as oxygen, can readily
account for this discrepancy by reducing the surface energy of metals. This
investigation shows that very low concentrations of oxygen in nickel and aus-
tenitic stainless steel can achieve the necessary decrease in surface energy.

A model has been developed to calculate the requisite quantity of oxygen
in solution to stabilize voids. The criterion for void stability is that the
void be the most energetically stable vacancy cluster in the metal. Knowing
the fraction of oxygen which chemisorbs and the surface coverage required
permits the determination of initial oxygen concentration needed to promote
void stability. Calculations have been performed for austenitic stainless
steel and nickel.

The model has been tested by irradiating nickel with 1l4-MeV Ni ions at
500°C. Oxygen was preinjected into one sample to a concentration of 75 appm.
The irradiation reached a fluence of 3 X 1020 Ni-ion/m2 (28 dpa at the damage
peak). The irradiated foils were examined in cross section in the electron

microscope.



1. Introduction

VYoid nucleation and growth have been extensively studied for the last two
decades. Several authors have attempted to model the physics of void forma-
tion in metals. Unfortunately, most of these theories assume a metal surface
energy of 1.0 J/mz, which is Tlower than the experimental values for most
metals. Two notable exceptions to this are Mayer and co-workers [1] and
Wehner and Wolfer [2]. Using the appropriate surface energy, Mayer concludes
that gas is required for void formation. Wehner and Wolfer predict that small
void embryos will nucleate at very low doses without gas assistance; however,
they suggest that gas may be necessary to prevent the collapse of these un-
stable embryos to dislocation loops. Si-Ahmed and Wolfer [3] point out that
in the absence of gas, exceedingly low concentrations of stable voids result
from utilizing established surface energies.

Some experimental evidence also lends support to the notion that gas is
necessary for void stability in some metals [4-8]. For neutron irradiated
materials, the (n,a) nuclear reaction produces helium to aid void formation.
However, in electron- and ion-irradiated metals, helium 1is absent unless
introduced by implantation; yet voids exist in helium-free metals bombarded by
charged particles [5,9-11]. Therefore, the possibility of void stability
promoted by residual gas atoms must be considered. Oxygen, a common impurity
in metals, is a likely candidate because of its reactive nature.

This paper focuses on the role of oxygen in void stabilization in nickel
and austenitic steel. A model introduced to calculate the required levels of
oxygen needea for void formation in copper [12] after ion irradiation is
extended to these two metals. This model is then tested experimentally for

nickel.



2. Theory

Elastic continuum theory applied to vacancy clusters in metals allows the
determination of the most stable vacancy cluster type. In nickel and austeni-
tic steel, four defect clusters are found: the stacking fault tetrahedron
(SFT), the faulted dislocation loop, the perfect dislocation loop, and the
void. Recent calculations, using the best known values of the relevant mate-
rials parameters, indicate that the void is thermodynamically unstable at all
sizes in both metals [13]. However, the void can be stabilized by surface
energy reductions. The effect of a reduction in the surface energy of nickel
from 2.1 to 1.5 J/m2 on void stability is depicted in Fig. 1. The void be-
comes the energetically favorable vacancy cluster type. The situation is
similar for steel when the surface energy is lowered from 2.2 to 1.0 J/mz.
These reductions can be achieved by chemisorption of oxygen onto the metal
surface.

Bernard and Lupis [14] discussed the reduction in metal surface energy by
surface reactive species. The Bernard-Lupis isotherm can be expressed as:

RT
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where I'(8) is the surface energy at a coverage of 6, I' is the clean surface
energy, 6 is the fractional degree of surface covered by the impurity, m is an
integer that depends on the stoichiometry of the impurity surface:lattice,
A is the metal molar surface area, and g is the magnitude of the interaction
between impurity atoms.

For oxygen, metal surface contamination is a complex process. At rele-

vant temperatures, free matrix oxygen is in atomic form on surfaces and in the



bulk. Oxygen is distributed on the surfaces in a lattice configuration such
as MO or M30; A comprehensive review of oxygen-metal interactions can be
found in the literature [15]. The value of m in Eq. (1) is determined by the
oxygen-saturated lattice type, M, _;0. Once this lattice is fully formed, the
lattice is saturated in oxygen. The introduction of additional oxygen results
in the penetration of oxygen into the bulk and, ultimately, the formation of
an oxide. This oxide can lead to an increase in the surface energy [16,17].

A disagreement exists in the literature regarding the saturation cover-
age, 8.,¢» of nickel by oxygen. Some researchers believe 8sat = 0.25 [18,19]

and others support 8.., = 0.5 [20,21]. This paper uses a value of 8 0.5

sat =
(m = 2) for nickel. No information exists on the saturation coverage of
austenitic steel. Some evidence exists that 6.., = 0.25 for iron [22,23] but
increases as chromium is added [23,24]. A value of m = 2 is assumed for steel
in this paper.

In view of the uncertainty in m and because the interaction energy

between oxygen atoms is unknown, but often small [25], the last term in Eq.

(1) is assumed to be zero. The resultant equation for nickel and steel is
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Knowledge of the surface energy needed for void stabilization permits the
calculation of the corresponding surface coverage by Eq. (2). To relate this
coverage to the mole fraction, X, of oxygen in solution, the Langmuir-NclLean

isotherm [26] may be used:

1, _ (3)



where Gg is the Gibbs free energy of atomic oxygen in the bulk and Gs(e)»is
the Gibbs free energy of atomic oxygen on the covered surface. Assuming no
change in Gg as a function of coverage up to 8 = 0.5, Gs(e) is‘GS(O), the
initial free energy of chemisorption. Brennan and Graham [27] find that the
heat of adsorption of oxygen on nickel remains unchanged up tOva‘Coverage of
one monolayer at 273°K.

Finally, to determine the fraction of oxygen in solution and on surfaces,
a simple gas atom balance is employed. Before irradiation, some concentration
of free oxygen exists in solution in the metal. When the irradiation com-
mences, a terminal void density is rapidly reached [2]. The existing oxygen
may now remain in solution, partition to the newly formed void surfaces, or
re-associate in the interior of the embryos. The sum of the gas atoms at
these three 1ocatioﬁs must balance with the number of gas atoms originally in
solution. Thus,

2
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where n is the matrix atom number density, © is the atomic volume, N0 is

Avogadro's number, R is the terminal

is the average void embryo radius, n

v v

void density, X92 is the molar fraction of diatomic gas molecules inside the
void, and X° is the initial free oxygen mole fraction. Calculations using
Eq. (4) reveal that the last term on the left-hand side of Eq.- (4) is negli-

gible compared to the other terms. Thus Eq. (4) can be reduced to
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Equation (5) in conjunction with Egqs. (2) and (3) determines the initial free
matrix oxygen concentration that will stabilize void formation by sufficient
surface energy reduction.

3. Calculations

The Gibbs free energies of oxygen in the bulk, Gg, and on the surface,
Gg, are not well known. These terms can be approximated by Gg = - (H, + Ej)/2

and Gs = - (H + ED)/2, where Hu and HCS are the heats of solution and ad-

cs

sorption of molecular oxygen and Ep 1s the dissociation energy of molecular
oxygen [26]. This approximation assumes entropy terms cancel. The values

used in this calculation are Ej = 498.4 kd/mol [28], Hﬁ’ = 195 kJ/mol [29],

Ni
cs
The void densities and radii used are taken from Wehner and Wolfer's data

and H__ = 420 kJ/mol [30].

for a damage rate of 10'3 dpa/s [2]. These data are used for both the nickel
and steel cases. The molar surface area is calculated according to Tyson [31]
using his "average" population density factor. Table 1 lists all the parame-
ters used in the calculations.

The calculated minimum free oxygen concentration needed for void sta-
bility is plotted versus temperature in Fig. 2. At low temperatures a greater
oxygen concentration is needed due to the higher void density. At 650 to
700°C a minimum of about 1 appm is reached. Calculations, not shown in Fig.
2, reveal that the required oxygen levels increase above 700°C because of in-
creasing oxygen solubility. Calculations for steel reveal similar trends,
although a minimum of 3 appm oxygen occurs between 600 and 650°C.

4, Experimental Procedure

A Marz-grade nickel (99.995% pure) was used in this experiment. The

initial oxygen concentration, determined by inert-gas fusion analysis, was 180



appm. Samples weré cut into 1 ¢m x 0.5 cm foils and mechanically polished to
a thickness of approximately 0.25 mm. The foils were then treated in flowing
dry hydrogen at 1000°C for 4.3 x 10% s hours to reduce the oxygen levels from
180 to 75 appm. The deoxidation step was followed by a 1.8 x 103 s anneal at
150°C in a vacuum of 6.6 x 1077 Pa to remove any hydrogen that may have dif-
fused into the metal.

The degassed foils were mechanically polished with 0.3 pm alumina abra-
sive in order to clean the surfaces. Electrochemical polishing was avoided
because this procedure can introduce gas [9]. OUne degassed nickel sample was
pre-injected with 75 appm of 5-MeV 02+ ions at room temperature to give a
total of 150 appm oxygen at the peak depth of 2 um using the University of
Wisconsin Heavy-Ion Irradiation facility. The first micrometer of the surface
of this specimen was removed by sputtering with 3.5-kV Ar® ions. Profilometer
measurements indicate a surface removal of 0.8 to 1.0 um. This procedure
resulted in a specimen with 150 appm oxygen at the 1 um depth and 75 appm
oxygen at the peak nickel-ion damage aepth (2 um).

A total of three foils were irradiated with 14 MeV Ni3* jons: the oxygen
preinjected foil, a degassed foil, and an as-received foil. The specimens
were irradiated at 500°C with 14-MeV Ni%¥ jons at a flux of 3 x 10%0 jons/mé/s
to a fluence of 3 x’1020 ions/mz. These values cofrespohd to a peak dose rate
and dose of 3 x 1073 dpa/s and 28 dpa, respectively. The damage at 1 um is
approxfmate]y bne-fourth that of the peak damage. The oxygen-implanted foil
received half this dose. After irradiation, thé foils were prepared for
analysis uSing' a cross-section technique described elsewhere [32]. The

microscopy was performed on a JEOL TEMSCAN-200CX electron microscope.



5. Results and Discussion

Figure 3 shows the irradiation damage throughout the damage region for
the three foils. Each of the foils showed evidence of some void formation.
This was expected because all samples contained oxygen concentrations exceed-
ing the minimum for void stability. Table 2 lists the average void densities
and diameters at the l-um depth and at the damage peak. In all cases the
swelling at the damage peak resulted from a relatively low density of voids
with diameter of 40-60 nm. The void density at the peak damage depth in the
as-received nickel is approximately an order of magnitude greater than in the
degassed or oxygen-implanted foils. In the first micrometer of the as-
received and degassed nickel, a sparse, heterogeneous population of Tlarge
voids exists. The void size at the l-um depth is smaller and the void density
is two orders of magnitude high in the oxygen implanted foil in comparison to
the as-received or degassed nickel foils. ‘ »

This last result is important in the following respect. It should be
noted that the oxygen level at the l-um depth in the oxygen implanted nickel
is twice the oxygen level in the peak damage region, but there is a hundred-
fold-increase in void density at the l-um depth for approximately one-fourth
the damage. level. The voiq density at the l-um depth in the oxygen implanted
nickel was also substantially higher than in the as-received and degassed
samples. This difference can be explained by assuming that the implanted
oxygen 1is bound differently from the initial matrix oxygen. At room
temperature, the injected oxygen is immobile and probably remains in solution.
Once the irradiation starts, this free oxygen is able to partition to embryo
surfaces. The heterogeneous nature of the voids in the peak"damage zone

indicates that most of the oxygen originally in the bulk is tied up at grain



boundaries, dislocations, internal oxides, or other binding sites. Bombarding
or knock-on atoms may free some of these bound oxygen atoms but it is not
expected that the density of these liberated oxygen atoms will be high -enough
to stabilize many embryos. The chance of such an event is greater near large
oxide particles or other oxygén-rich areas [33]. Thus, it seems likely that
the injection of oxygen increases the free oxygen levels from a very low value
to 75 appm.

It should also be noted that the void density of 2 x 1021 173 does not
exceed the theoretical prediction of the terminal void density of 2 .x 1022 m™3
[2]. A major uncertainty in the model is the heat of chemisorption of oxygen,
Hcs’ on nickel [30]. A 25% change in Hog can alter X0 by two ‘orders of magni-
tude. This carries an uncertainty in the calculation of the oxygen level for
void stabilization. The model also assumes that all embryos obtain at least a
minimum coverage. A free oxygen concentration below the catculated minimum
can still stabilize ‘some fraction of the void embryos. In fact nine oxygen
atoms can stabilize a 1.3 nm diameter embryo.

‘The maximum void density also may not be reached due to the kinetics of
the process. This model examines only thermodynamic potential. The physics
of oxygen partitioning to sinks may prevent the stabilization of all void em-
bryos. Finally, the model presented here considers void stabilization and not
growth. Stabilized void embryos may grow and coalesce according to classical
growth mechanisms. The difficulties mentioned above preclude unequivocable
proof that gas is needed to stabilize voids in many metals. The trends, how-
ever, support this conclusion for nickel. Reduction of the starting oxygen

levels and the re-injection of oxygen atoms should be a valuable technique in



testing the limits of this model. Also, experiments are being conducted to
test the conclusions regarding oxygen stabilization of void embryos in aus-
tenitic steel.

6. Conclusions

1. Voids are calculated to be 'thermodynamica11y unstable in extremely pure
Ni.

2. In ion-irradiated nickel and austenitic steel, unbound residual oxygen can
stabilize voids by reducing the metal surface energy.

3. Pre-injection of Ni with -75 appm oxygen dramatically increases the void
nucleation rate at 500°C.

4, Oxygen implanted in the nickel prior to ion irradiation is mostly unbound
and able to partition readily to void embryos.
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Table 1.

Materials Parameters

METAL
Parameter Nickel StafnjessySteel
T (J/mé) 2.1 2.2 =
r(e) (3/m?) 1.5 1.0
A (m&/mo) 4.84 x 10° 5.18 x 104
Gg (kd/mol 0) - 347 417
Gg (kd/mol 0) - 459 - 519
n (™) 9.1 x 1048 - 8.6 x 1048
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Figure 3. Void structure in nickel after 14 MeV Ni
irradiation at 5000C. (a) as-received nickel, 180appm 0
(b) degassed nickel, 75 appm 0 (c) as (b) injected with
additional 75 appm O to approximately 1-1.2 um
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