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LEGAL NOTICE
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PROTON INDUCED SWELLING IN TYPE 316 STAINLESS STEEL
Arvind K. Srivastava

Materials and Molecular Research Division, Lawrence Berkeley Laboratory
and Department of Nuclear Engineering,
University of California, Berkeley, California 94720

ABSTRACT

Annealed Type 316 stainless steel was irradiated by 140 keV protons
at‘625°C in vacuum (~1><10_8 Torr) to study its swelling behavior. The
maximum fluence used in the investigation, 2><1020 protons/cmz, created
a peak damage of 590 dpa (displaceménts per atom) based on 25 eV as the
displacement threshold. The swellings integrated along the entire proton
range were obtained from the measurements of the step-heights at the
junction of the irradiated and unirradiated regions. The swelling-dpa
relationship was ascertained from the integrated swellings measured at
various doses and the corresponding depth-dpa profiles. There were three
stages in the swelling regime. The rate of swelling in stage I (dpa < 200)
increased continuously up to 0.8% per dpa. 1In stage II (425 > dpa > 200)
the rate of swelling remained at its highest (0.87% per dpa). Rapid
reductions in the rate began to occur beyond 425 dpa and the swelling
saturated at about 260% at 500 dpa. The values of swelling at 200 dpa
and 425 dpa were 46% and 2267 respectively. The entire swelling regime
could be explained by assuming reasonable changes in the dislocation
density and void density as the void volume increases. To fit the
experimental results it was necessary to assume that dislocations lying
within a spherical shell of thickness 1504 around the voids did not
contribute to void growth because of the effects of Pipe Diffusion; and
that the dislocation's capture cross—section for interstitials was 4.2%
higher than that for vacancies when the assumed displacement threshold (Ed) was
25 eV or alternatively 7.5%7 higher if Ed was taken as 40 eV. The reduction

in the rate of swelling due to Pipe Diffusion amounted to 25% at a dis-

2

location density of 4X1011/cm and 5% at SXlOlolcm2 when the inter-void

spacing was larger than 20004.
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I. TINTRODUCTION

Numerous investigations have been carried out to examine neutron
induced voids in metals and alloysl_25 since Cawthorne and Fultonl first
reported void formation in Type 316 stainless steel which had been
irradiated in the Dounreay Fast Reactor in U.K. A considerable effort
in recent years has been made toward simulating fast neutron
damage that in a typical reactor will occur in a period of a few years
by using energetic charged particle irradiations such as electrohs, protons,

or ions of C, Ni, etc.3-9’26_35

Use of charged particles produces
displacement of atoms at a rate thousands of times faster than in
nuclear reactbrs. For example, fluxes of nickel ions and protons
are now available that can produce about 2><10—2 displacements per
atom (dpa) per sec and 2><10_3 dpa/sec respectively in comparison to
~10~6dpa/sec in a fast nuclear reactor. During irradiation lattice
atoms are displaced creating interstitial-vacancy pairs. These point
defects may diffuse in the lattice to form aggregates of their own
kind. Three dimensional aggregates of vacancies i.e., voids have
been found to grow during irradiation in the temperature range 0.3 TM
to 0.5 TM causing swelling of the material. Tﬁ is the absolute
temperature of melting.

An interesting question which has yet to be answered is whether
or not saturation of swelling would occur beyond a certain number
of dpa in various structural materials. Saturation in this sense
means no further swelling with further increase in dpa.

One of the materials most extensively studied has been Type 316

stainless steel (S.S. 316) because of its choice as a fuel cladding



material for the liquid-metal-cooled fast breeder reactors. Past
accelerator simulation studies show a great deal of controversy over
saturability of S.S. 316 swelling at high doses (greater than 100 dpa).
The first report of swelling saturation was a result of work at Harwell
using carbon ion bombardmént. Mazey et al.30 irradiated S.S. 316
containing 10 ppm He by 20 MeV carbon ions at 525°C. Their results
show a saturation of swelling of about 12% at 400 dpa. Saturation
of swelling in S.S8. 316 was further suggested by 5 MeV nickel ion
irradiation data of Hanford Engineering Development Laboratory.36 A
saturation value of 8% swelling at 450 dpa and 585°C was obtained.

In contrast to the above results the work of Keefer et al.27 and
of Johnston et al.34 apparently demonstrated that saturation of swelling
did not occur in S.S. 316. Irradiation experiments of Keefer et 31.27
using 1 MeV protons produced 20% volume increase at 50 dpa and 500°C
with no sign of saturation.

Johnston et 31.34 have irradiated S.S. 316 containing no He by
5 MeV nickel ions to produce displacements as high as 230 dpa and
found no indication of saturation of the swelling. Swelling at 230 dpa
was about 207%. The corresponding swelling in S.S. 316 containing
15 ppm He was about 50%. All irradiations were done at 625°C which
has been established as the temperature at which swelling is maximum
in this material for equal doses.

There have been several mechanisms proposed which may limit the
void growth and hence, may contribute toward saturation of swelling

at high doses. One is the increasing dislocation density with

37
fluence. In the early stages of irradiation agglomeration of
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interstitials produces dislocation loops. These loops have a larger
interaction energy with interstitials than with vacancies because of
larger lattice distortion around interstitials. Hence, interstitials are
preferentially attracted toward these loops causing them to grow. On
the otﬁer hand, any vacancy dislbcation loops that may be nucleated
would shrink and disappear because of the preferential absorption of
interstitials. Howe§er, three dimensional aggregates of vacancies i.e.,
voids are usually also nucleated during irradiation with the help of
insoluble gases such as helium (frequently on precipitate interfaces).
Since irradiation produces vacancies and interstitials in equal numbers,
and dislocations attract interstitials preferentially excess vacancies
over interstitials are left to migrate to alternative.sinks such as thg
Voids,‘resulting in their growth. Growth of the interstitial dislocation
loops causes increasing bias towards interstitials resulting in an
increase in the rate of void growth. However, dislocations also absorb
vacancies. Increasing dislocation density to the point where dislocation
sinks predominate over all others leaves few vacancies to diffuse to
voids. Thus, there should be two regions in the rate of void growth,
an increasing rate followed by a decrease in the rate of growth. The
optimum dislocation density at which the rate of swelling is highest
is of the order of 1010/cm2

Experimental evidence of a low rate of swelling in cold worked
S.S. 316 containing very high dislocation density (>1011/cm2) has been

. . s s . 38
demonstrated in the neutron irradiation experiments of Straalsund et al.,



25 2 .
Stiegler and Bloom, and Brager. 4 Increasing cold work resulted in
. . 2 .
a decrease in the rate of swelling. 4 Reduction in the rate of swelling
by cold work has been further demonstrated in the proton irradiation

29

results of Keefer and Pard, nickel ion bombardment results of
T34 . . . s . 30
Johnston et al., and carbon ion irradiation experiments of Mazey et al.
. 39 , . ' . . ..
In contrast, Norris found a reduction in the swelling of nickel containing
. . . 9, 2

a low density of dislocations (<107 /cm ).

Another mechanism that may contribute to saturation of swelling
is the interstitial injection into the voids by focused replacement

. 40 . .
collision sequences (FRCS). If a lattice atom is struck by the
irradiating particle or another atom such that the transferred enexrgy
is less than the displacement threshold the lattice atom may not be
displaced to form & vacancy-interstitial pair in the bulk. However,
if the struck lattice atom is within a few atomic distances
(approximately 10) of the surface of a void and if the direction of
the momentum transfer is nearly the same as that of a close~packed
direction of atoms then the struck lattice atom could get displaced
replacing a neighboring atom which in turn may collide with the next
neifphbor and thus, the sequence will propagate along the row. When
such a sequence of replacement collisions intersects the surface
of a void a surface atom will be ejected. The atom thus ejected will
divrease the size of the vedd. Some of the vacancies created in the
bulk by FRCS may diffuse back into the void. However, a fraction

of the vacancies will diffuse into the lattice and may be lost at



dislocations or grain boundaries resulting in a net void shrinkage.
Clear evidence of such vacancy injection has been narrated by
Nelson40 wherein gold was irradiated by 1 MeV electrons. Electrons
of this energy transfer only about 21 eV to gold atoms, which is
below the displacement threshold of 35 eV. Transmission electron
microscopy examination showed a large density of vacancy tetrahedra
extending hundreds of Angstrqms below the surface. Tt was suggested
that such tetrahedra were formed from vacancies left in the sample
as a consequence of FRCS intersecting the surface.
Hardness and Li41 have suggested Pipe Diffusion of point
defects along dislocation core as a possible means by which rapid
recombination of vacancies diffusing out of the void along an
intersecting dislocation and interstitials arriving at the dislocation
from the bulk could be achieved. ¥Flow of vacancies out of the void
will lead to shrinkage of the void. However, this recombination of
vacancies and interétitials by Pipe Diffusion can take place in the
vicinity of a void only within a spherical shell of thickness ;, the
mean free path of vacancies along a dislocation core. § is the distance
a vacancy can move away from the void along an intersecting dislocation
before evaporating into the bulk. Thus, Pipe Diffusion has the effect
of making dislocations intersecting the voids, within a spherical
shell of thickness §, incapable of providing the necessary bias for
interstitials that causes void growth.
Experimental evidence of the effect of Pipe Diffusion on void growth
was demonstrated by Norris.42 It was shown that under electron irradiation
of nickel at 450°C a void connected to foil surfaces (sink for vacancies)

by dislocations shrank as opposed to voids that were not so connected.



When the contribution to veoid growth due to preferemtial attraction
of interstitials to dislocations (bias reduced due to the effects of
pipe diffusion) is balanced by Qoid shrinkage resulting from the injection
of interstitials into voids due to FRCS saturation of swelling would occur.

The problems related to the study of saturation effects are iong
irradiation times and measurements of large amounts of swelling (>50%).

Longer times of irradiation may cause increased contamination
of the sample. As shown in Fig. 6 the energy loss in nuclear collisions
and hence, the rate of displacement of atoms increases with depth first,
and then drops down quickly. Hence, to produce saturation along the
entire range in the shortest length of time the penetration depth of protons
should be as small as possible. However, since a free surface provides
a sink for point defects the penetration depth should not be less than
20002 to keep surface effects on swelling at a minimum. Contamination
of sample from hydrocarbons due to pump oil in the system must be avoided
by using oil-free pumps on the irradiation chamber. Also, an oil trap
must be placed between the beam tube and the chamber to prevent creeping
of oil along the tube into the chamber.

Most measurements of swelling have been made by TEM. The method is
very attractive since voids can be directly observed so that their shapes,
densities could be determined. However, there are great limitations to
this method when large swellings are being measured. Due to the irregular
shapes of the voids significant errors are introduced in calculating
their volumes. When the void sizes are comparable to the thickness of
the foil the measurements could be quite unreliable. The inhomogeneous

distribution of voids makes the problem worse because of the difficulty



G oo o0 ad oo

=

in choosing typical regions in which to make measurements.

Surface profilometry was used by Johnston et al.43 to defermine
swelling caused by nickel ions by measuring heights of steps formed on
the irradiated surface. Sample dimensions were chosen such that they were
very large (approximately a factor of 100 or greater) compared to the
penetration depth of the nickel ions. Hence, the irradiated
volume was constrained from swelling in all directions except perpendicular
to surface. Thus, swelling prodﬁced a step, between the unirradiated
and irradiated surfaces, proportional to the integrated swelling along
the entire ion range, minus sputtering of the surface by ions plus
elevation of surface due to the deposited nickel. The greatest dis-
advantage of this method is that the swelling measured is not at one
single dpa. Hence, several irradiations at various doses have to be
done to determine the swelling-dpa relationship as explained in Chapter IV
of this thesis.

Johnston et al.34 compared swellings determined by step-height
measurements and TEM measurements and found the former larger by a
factor of about 1.5. However, they consider the former measurements
more reliable since it is more direct.

The present investigation was undertaken to determine whether
saturation of swelling would occur in S$.S. 316 when it is drradiated
by 140 keV protons to hundreds of displacements per atom at 625°C.

Surface profilometry (method of step height measurements) was used to

determine swelling.



II. PROTON DAMAGE PROCESSES
An energetic proton may cause sputtering of surface atoms or
lattice atom displacements creating vacancy-interstitial pairs.
Sputtering results in erosion of the material whereas formation and
growth of voids due to clustering of vacancies may cause swelling.
The implanted hydrogen may also contribute to the growth of voids,
and therefore, to swelling.

A. Displacement of Atoms

As the proton enters the sample it begins to interact with atoms
in the solid and loses energy in both inelastic and elastic collisions
and thus slows down as it penetrates further into the solid. 1In
elastic collisions with the lattice atoms the proton gets deflected‘
from its original path. TIf the energy transferred to the lattice
atom is greater than the displacement threshold the atom will be
displaced leaving a vacant site and an interstitial atom. The primary
knock-on atom (PKA) can in turn displace further lattice atoms.

The inelastic collisions involve electronic excitation of atoms or
ionization, and do not result in atomic displacements. The two

types of collisions can be treated separately since, unlike the elastic
collisions, in the inelastic collision there is little momentum transfer
from the proton even thoﬁgh there can be a large energy transfer

to the electrons. The separate treatment of inelastic (or electronic)
and elastic (or nuclear) interactions results in a great simplification
because nuclear scattering can be described by classical mechanics.
TLoss of energy by inelastic collisions predominates at energies

keV (M

much greater thanM is Mass No. of projectile) whereas loss

1 1
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by nuclear collisions is dominant at lower energies.

The nuclear energy loss curve for 140 keV protons (Fig. 6) used in
the present investigation was obtained from Oen.44 The method of cal-
culation has been described by Oen et al.45 To calculate the loss of
energy due to nuclear‘collisioné Oen44 used the analytical approximation
by Winterbon et al.46 for the numerical form of the differential nuclear
scattering cross-section developed by Lindhard et al.47 Thomas~Fermi
interaction potential was used in the development of the scattering cross-—

. , . . 46 . .
section. The analytical approximation for the cross-section is

a0 = 3 ma’aa 3 11+ @ng3HH32 4 )
where A = 1.309
q = ezsin2 % (2)
where 0 = center of mass scattering angle and
EMza B
€ = 2—*EI]* (3)
(Ml + MZ) ZlZZe

Subscripts 1 and 2 refer to projectile ion and target atom respectively.
M and Z are the mass and atomic number respectively, e is the electronic
charge, E is the energy of the projectile ion, € is the non-dimensional

energy parameter and a is the screening length (A).

2/3 22/5]"1/2

1 5 (4)

a = 0.8853 a [Z
0

where a_ = 0.5294 is the Bohr radius.
The average loss of energy in nuclear collisions that results in

displacement of atoms is

T

dE _ m ‘

=N j° Tdo (5)
Eq
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where T = transferred energy to the lattice atom when the energy of
projectile is E, N is density of lattice atoms. Ed is the displacement

threshold energy, Tm is the maximum energy transfer that can occur

between the projectile and the lattice atom and L is the path length.

=T sinz-% (6)

In terms of the dimensionless path length parameter

INTa 4M1M2

p= = - (1)
(v, + M2)2 Ly

The dimensionless nuclear stopping power can be expressed as

ary . ) an ®
dp 0 EN dL

Performing the integration in Eq. (5) one obtains

iﬁ-) _o b 0389 o VL4 (20273879 o
dp 8¢
n a0 L/349 Vi o+ (2A)2/3 8/9

Vi o+ (zx)z/?’ 8/9 Y1 + (23809

where
= — . . 10
Y € T ( )

Equation (9) gives the nuclear energy loss per unit path length.
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Whereas the léss of energy by the ion in nuclear collision can be
described by Eq. (9), theories of electronic stopping are inadequate.
White and Mueller48 have experimentally determined the electronic energy
loss in Fe by protons with energies 140 keV and below. These values
have been used by Oen44 in the calculation of depth—--nuclear energy loss
profile for 140 keV protons in Fe. Assuming little difference between
the loss of energy by protons in collision with the atoms of Fe and of
S.S. 316 the nuclear energy loss curve for Fe was used to calculate the
rates of displacement of atoms in S.S. 316.

Total energy loss per unit path length is the sum of the nuclear
and electronic losses.

DR
P total P n P e

and average total path is

£

- © lde -1
5 —ﬁ 35) de (12)

total

where € is evaluated at the target surface.

In the case of protons slowing down in the stainless steel p can
be significantly different from the penetration depth Ed measured in the
direction of the proton beam at the surface. This is because of large

deflection of the protons in elastic collisions with atoms having

>> M
M2 proton.

O
pd = j. {cosd?) dp (13)
0

where {(cos¢? is the average value of the cosine of the scattering

angle in the laboratory system of coordinates.
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2
P £ do
{cosdp?) = exp[— f NLNdpf (1 - cos¢) dq dCI:] (14)
. 0 0
¢ isrelated to ¢ through Eq. (2) and
tand = M_SErL, (15)
' ﬁl-+ cosB
2

The quantity of interest in dose-dpa calculations is the nuclear

energy loss per unit penetration depth. This is equal to

de 1 de
= Tcos) “") (16)
dpd cosd do n
Slowing down of ions is a statistical process resulting in
49
straggling of their penetration depth. Winterbon has shown that
the distribution of penetration depths is Gaussian. Using this
result the average energy loss in nuclear collisions per unit
penetration depth is
de “ de ' 1
EE_'(pd) = }° . (Dd - pd> x (17)
a 0 d /2T a
! -2
(D —p) 1
d d
exp { - dp
2 d
20,

where

o= o2 - Gy (18)
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o is the straggling parameter. The number of interstitial-vacancy
pairs per unit path length created by the proton was obtained by

multiplying the nuclear energy loss (Eq. (9)) by (n/ZEd) where E, is the

d
displacement threshold (25 eV) and n = 0.8 based on the work of

Robinson.50 The loss of PKA energy in secondary ionization is neglected

because most recoils (~90%) by protons are less than 250 eV.

By e
d
Ly dp

%g—(nuclear collisions) =

(19)
d

where x, pd are the actual and non-dimensional lengths, respectively,
along the direction of proton beam at the target surface.

Oen44 has calculated-%g versus depth using Eq. (1) through Eq. (19)

with oo = 0.1 pm. The curve is shown in Fig. 6. The lower cut off for

transferred energy (Ed) for the curve is 20 eV. Choice of 25 eV for

Ed introduces less than 5% error in the calculation of-—E .

Ax

B. Theory of Radiation Induced Swelling

Bullough and Perrin51 developed expressions to predict the rate of
growth of voids under irradiation. For mathematical simplicity, it was
assumed that voids of concentration n_ per cm3 were distributed uniformly
throughout the matrix which was divided into n, spheres of radius R, where

R = (—L)l/g (20)

4Tn
v

, . 2 , .
The dislocation density (nd per cm ) was considered, again for
simplicity, as uniform throughout the matrix. The dislocation density is
a sum of the dislocations before the start of irradiation and the

dislocation loops that form during irradiation. To allow for the
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preferential attraction toward interstitials the dislocations were assumed
to have a larger capture cross-section for interstitials than for
vacancies. Swelling could be considered as the sum of the volume
increase of all idealized spherical voids of radius r, during irradiation
due to the presence of dislocations lying in the spherical shell of
which the inner and outer radii are r, and R respectively. The boundary
at radius R represents the interface midway between neighborihg voids.

The quasi-steady state fractional vacancy and interstitial
»concentrations Cv(r) and Ci(r) respectively in the spherical shell around

each void are

a’c, ,dc)\
DV drz +-; dr + K- uRCVCi - szvnde =0 (21)
and
dzci 5 dC.
D, 2 + =) FK-o0,CC -D.zmnC =0 (22)

where DV and Di are the vacancy and interstitial diffusion coefficients,

respectively. Op is the recombination coefficient. z, and z, are

numbers, both of order unity, that characterize the capture cross-sections
of dislocations for vacancies and interstitials, respectively (zi > zV).

K is the rate of production of vacancies and interstitials.
n -A‘:E—o

= I
ZEd Ax N

(23)

. . 2
where I is the proton current density expressed as protons per cm per sec

and N is atoms per cm3 in the target S.S. 316.



Percent swelling (S) =

x 100 (24)

where V& void volume in the matrix

V.
i

il

volume of the matrix prior to irradiation
The boundary conditions are obtained by putting zero-flow conditions

across the spherical surface at r = R, i.e.,

dCV
dr 0
dCi
“ar = 0

And, at the surface of the void v = r

C. =20
i

@]
1l

C = Ciexp[{(ZYS/rv)4-?} Q/k{i]

where P is the hydrostatic compressive stress acting on the void,
Ci is the equilibrium concentration of wvacancies in the bulk, @ is the
atomic volume, k is the Boltzmann's constant,'Tais the absolute
temperature, and YSiS the surface energy. Pressure in the void due to
any gas atoms present has been neglected in comparison to {(Zg/rv) + P},
(Ysﬂ 1000 ergs/cmz).

For obtaining analytical solution to the coupled diffusion
Eqs. (21) and (22) the recombination term OLRCVCi may be neglected. Since
recombination effects are not important at the temperature at which
maximum void growth occurs (625 C for S.S. 316) the omission is

justified. From the solution to Egs. (21) and (22) the rate of growth

of the void can be obtained as
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drv (K - szvnda) K
dt - r zn L(BV) T r z.n, L(Bi) (25)

v v d v id

where

L(B) = BR.— rv? Becosh B(R - rv) + (rVRB2 - 1) sinhB(R - rvﬂ /

[RBcoshB(R - rv) ~ sinhB(R - rv)]

and B = (znd)llz, t is the time. Tor o greater than lOOR the term

szvndC is negligible compared to K (“10_3/sec) even when P reaches the
yield point for S.S. 316. The diffusion coefficient and the equilibrium

concentration of vacancies were calculated from the data of Ref. 51

using the following equations.

R —Eir;/kTa

D =De (26)
v v ,

o —Ef/kT

cC=e ¥V 2 (27)
v
p° = 0.58 cmz/sec

v
o= 1.4 eV

v

Ef = 1.6 eV

v

2
éﬂrv(drv/dt)

3 3
(4/3) (R - rv

Rate of Swelling (percent per dpa) = = ) x 100 (28)

C. Sputtering

Sputtering of atoms from the surface occurs when surface atoms
receive energies in excess of the surface binding energy. This energy
transfer may occur either in direct collision with the protons or in
collision with energetic atoms displaced from lattice sites as a result

of collision cascades. These cascades are created beneath the surface
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by Primary Knock On atoms which receive their energies from the protons
in nuclear collisions with them.

. 52
Extended theoretical treatments »23

have been put forward to

calculate sputtering yields, i.e., the average number of sputtered

atoms per ion.  Summary reports on sputtering are contained in several
54-57 . .

references. However, for light ions the agreement between theory

and experiment is only within an order of magnitude.

Some experimental data exists on the sputtering yield of 5.S5. 304

58 . . , .

by protons. Assuming that there is little difference between the

sputtering yields of S.S. 304 and S.S. 316 an average value of

=4 . .
5%10 atoms/proton was used in the present calculations.

D. Retention of Hydrogen

In the present investigation up to 2><1020 protons/cm2 have been
implanted at 625°C, average rate of implantation being 8><1014 protons/
cmz—sec. If a fraction of the hydrogen implanted is retained in the
matrix, it could help in the nucleation and growth of voids.

However, there is experimental evidence which shows that the
implanted hydrogen is not retained in stainless steel at 625°C. Keefer
and Pard59 have examined proton irradiated samples for hydrogen retention
using an Ion Microprobe Mass Analyzer. Transmission electron micrograph
of the irradiated sample showed that the void volume increased by an
order of magnitude in going from the surface to the end of the penetration
depth. Also, most of the hydrogen is formed at the end-of-range. Because

of largest void volume and of formation of hydrogen, concentration of
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hydrogen should be greatest at the end-of-range if voids trap hydrogen.
The results of Keefer and Pard59 indicated "that the hydrogen content was
uniform throughout the sample. In view of this finding it was concluded

that voids do not trap hydrogen.



~19-

ITI. EXPERIMENTAL PROCEDURE

A. Description of Irradiation Facility

A schematic diagram of the entire set-up is shown in. Fig. 1. The

proton beam used in the irradiation was obtained from a

Van de Graaff accelerator. Species of ions were analyzed by fhe electro-
magnet at C) and the desired species was sent into the beam tube
@w*. At positions @ and @ were two electromagnets with axes

at right angles to each other and to the beam tube. These magnets were
used to bend the beam in any desired direction. They helped to locate
the beam on the target. The magnets were also used to sweep the beam
both vertically and horizontally on the irradiated area. This was
essential since the beam did not have a uniform intensity across its
cross—section. Sweeping and locating the beam on the target was simul-
taneously accomplished by superimposing an alternating current on a
direct current through the electromagnet coilsi However, the alternating
currents in the two magnets had different frequencies to avoid
synchronization. One of the magnets had 60 cps input whereas the other
had a variable frequency input (20sec/cycle to 10 cycles/sec). Very
"slow sweep helped in determining the magnet current necessary for a
desired maximum traverse of the beam during sweeping. While irradiating,
the variable sweep speed was increased such that beam intenéity on the
target did not fluctuate widely.

After the beam left the sweeping magnets it entered the High

Vacuum Chamber (HVC) as shown in Fig. 2. The HVC was pumped by a

6 in. DP creating a pressure of l><10_8 Torr to 5X10_8 Torr at ().

The creep barrier (:) maintained a 6 in. length of the beam tube at

liquid nitrogen temperature all the time. This helped stop creeping
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of pump oil along the beam tube info the irradiation chamber. Beyond
HVC all sealsweremade up of either oxygen free copper or of gold except
three viton O-rings, one in Inline value at C) and two in the Gate
value at C) . This kept the hydrocarbons at a minimum in the system.
The irradiation chamber (or sample chamber) at shown in
Fig. 2 was pumped by a 270 %/sec ion pump and a 6 in. titanium sublimation
pump (TSP). At C) there was a copper gasket with a 3/8 in. diameter
hole through which beam entered the sample chamber. This small hole
helpedvto keep the sample chamber pressure dependent only to a small
extent on the pressufe of HVC side. Before the start of the experiment
the sample chamber was baked at 250°C for 24 hr and then pumped for
another 24 hr to 5><10—9 Torr. The operating pressure of the sample
chamber was about l><lO—8 Torr.
This set-up provided a uniform beam intensity on the target area
and a cléan environment such that samples irradiated for as long as
70 hr at 625?C came out uncontaminated.

B. Sample Holder Assembly

The sample holder assembly is shown in Fig. 3. The sample was
held in analumina block (857 purity). Ta heating wires made in the
form of a helix sat in the groove at the bottom. The sample
(1 in. dia, 3/8 in. thick) was held in the block in front of the
heater wire with a 1/4 in. dia, 1/16 in. thick alumina spacer in
between. A collimator made of S.S. 316 (1 in. dia, 1/4 in. thick)
was mounted on the sample with the help of three screws made of Ta.
The collimator was electrically insulated from the sample by alumina

washers. Choice of Ta prevented diffusion bonding of screws to the
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sample. The collimator had a 1/8 in; hole with a cross of 10 mil
tungsten wires spot welded to it,

The thermal shields @D are electrically connected to the sample.
This coupling, when kept at 4180 volts above the ground, acts as a
faraday cup for beam monitoring.

C. Sample Preparation and Swelling Measurement

Samples (1 in. dia, 3/8 in. thick) were cut from S.S. 316 block
prepared by Carpenter Technology, Inc. Sample of such a large size
provided good temperature stability during occasional variations
in the beam current and also reduced errors in the temperature
measurement. Composition of the S. S. 316 is>shown in Table I.
Samples cut to size were then annealed at 1010°C for 1 hr in argon
atmosphere and subsequently water quenched. Sample surface was
mechanically polished. Final polishing was done in a vibratory
polisher in a slurry of alumina powder having particle size of SOOX.

A 10 mil dia chromel—élumel thermocouple spot welded to the
sample surface close to the irradiated area provided the temperature
measurement. Température variations of #10°C occurred during the
experiment.

¥igure 4 shows a circular ifradiated area. The cross made of
10 mil tunpsten wire on the collimator has masked an identical
area on the frradiated surface as is evident in the figure., Swelling
was measured across the masked area at eigﬁt different places.

These measurcments differed from each other by #*107. Figure 5 shows
the profilometer trace of one of the measurements. The irradiated

surface was very rough compared to the masked surface. The average
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elevation of the irradiated surface above the masked surface was measured
to d‘etermine swelling.

Clevite surfanalyzer 150 system profilometer was used for the
measurements. Stylus had a 5 ym dia diamond tip and bore on the

specimen surface with a force of 50 mg.
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IV. RESULTS

Five samples were irradiated at 625°C by 140 keV protons with
fluences of 2.25X1019/cm2, 4.5X1019/cm2, 8.1X1019/cm2, 1.45X1020/cm2,
and 2.0x1020/cm2. The average dose rate was about 8X1014/(cm2—sec) with
variations of about *10%. Values of swelling, in terms of measured
step-heights, of these samplés are shown in Fig. 7. FEach value is an
average of eight measurements in different areas of the irradiated
region. Values of step-heights were corrected for sputtering of the
surface by protons. A sputtering yield of 5><10—4 atoms/proton was used

in the calculations. The step~heights (LS eD) are proportional to the-

t
swelling integrated along the entire proton range. The irradiated
volume is constrained from swelling in all directions except perpendicular
to the surface.

To obtain the swelling—dpa relationship the penetration depth of
protons was divided into ten zones. Before irradiation each zone was
10004 wide perpendicular to the sample surface. After irradiation each
zone width increased by 10 S(i)& (= 1000% S(i)/100) where S(i) is the
average percent swelling for the ith zone lying between x(i-1) (=(i—l)*1000&)
and‘x(i) (=i*10002),x being measured from the surface. Also,

i=10

LStep(A) = E (1000%*S (1) /100) (29)
i=1 '

However, mass per unit area of the zones did not change during irradiation.
The third column in Table II shows delineation of various zones in terms

2
of mg/cm”. Table II also shows the average number of displacements per

atom produced in each zone (dpa(i)) for all samples irradiated.
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dpa(i) = t*K(i) , t = time of irradiation

K(i) was calculated from Eq. (23) with E, = 25 eV and n = 0.8. The

d

average value of %g—for the ith zone (i.e., %%—(i)) to be used in Eq. (23)

was obtéined from Fig. 6. For any given sample the number of dis-
placements rose from zone 1 to zone 7 and‘then dropped rapidly. The rise
from zone 1 to zone 5 was rather slow while it was quite rapid from zone 5
to zone 7. Zone 7 had the highest number of displacements while zone 6
and zone 8 were the next highest. Thus most of the damage occurred
in the three zohes (6, 7 and 8). The highest number of dpa in zone 7
was 590 for sample 5.

The rate of integrated swelling, defined as the ratio of the

changes in measured step-heights and in the proton fluences (ALS ep/A(It)),

t
2
appeared to increase up to a dose of about 8X1019/cm , and then remained
20
at its highest until about 1.4%10 /cmz. The rate then appeared to have
decreased. Step-height measured at a fluence of 8.l><1019/cm2 for sample
2
3 was only 1625R8. When the fluence was increased to 1.45X1020/cm in
sample 4, the measured step-height became 6520A. Thus, for a rise
of 6.4><1019/cm2 in the fluence the increase in the measured step-height
was about 4900&, the rate of integrated swelling being 7.6X10-l7&/
—170
(proton/cmz). The magnitude of this ratio decreased to 4.4x10 =~ A/
2 . 20, 2 .
(proton/cm” ) when the fluence was increased from 1.45%X107 " /em™ in
- 20, 2,
sample 4 to 2.0x107 /em™ in sample 5.
Figure 8 shows a swelling curve that gives integrated swellidgs
for every sample irradiated close to the experimentally measured values.

The method of obtaining the swelling curve is explained in Chapter V.

The integrated swelling for any given sample was calculated by adding
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the swellings obtained from the swelling curve for each of the ten zones
(Eq. (29)). Thg sweiling curve in Fig. 8 has three stages. 1In stage
I.(dpa < 200) the rate of swelling (Eq. (28)), defined as the rate of
change of swelling per unit dpa, rises with increasing dose. Stage II
(425 > dpa > 200) is marked by a very high rate of swelling (0.8%/dpa).

In stage IIT (dpa > 425) the rate of swelling decreases rapidly.
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V. DISCUSSION

The swelling behavior of solution annealed Type 316 stainless steel
in proton irradiation could be explained in view of the effects of pipe
diffusion, the changing dislocation density and void density as void
folume increases.

The effects of void density (nv/cm3) and dislocation density
(nd/cmz) on the calculated rate of swelling (Eq. (28)) are plotted in
Figs. 9 and 10 respectively. Figure 9 shows that the rate of swelling
first increases with an increase in no (=nv(l + $/100)) and then
decreases. S is percent swelling (Eq. (24)). n, was kept constant at
SXlOlO/cm2 for the calculations. The choice of n_ as the variable has
an advantage over n since no change in the wvalue of nos indicates that
neither nucleation nor coalescence of voids has taken place. In contrast,
n decreases coqtinuously by a mere increase in swelling. A decrease in
the value of oo suggests coalescence of voids. Figure 9 also shows that
at larger swelling the swelling-void density curve is shifted toward
lower oo Figure 10 shows the effect of dislocation density on the rate

of swelling. The rate increases with ny until n. reaches a medium value

d

2
(NlOlO/cm ). The rate then decreases with increasing n A constant value

a
of noo (5X1013/cm3) is assumed at 407 swelling (zi = 1.042 and z, = 1 for
Figs. 9-11). |

The pipe diffusion of vacancies results in a reduction in the rate
of void growth. The reduction was calculated by subtracting the
excess interstitials over vacancies absorbed by dislocations in a

spherical shell of thickness § around the voids where § is the mean

free path of vacancies along a dislocation core.



G U o oo q 4 U o § 79

-27-

o) (550 = (me2) 52

- (r_4y)
- v (4nr )D.C.z.n, ~ D C zn,) dr
i’i"id vvvd

r
A%

V=0

The various parameters in the above equation are defined in Chapter II.

dr
§ = 0 means no effect of pipe diffusion. (—E%>_ was obtained from
: 7=0
Eq. (25). The reduced rate of swelling was then computed from Eq. (28)
dr
using <~E%>_. The calculated reductions in the rate of swelling were

about 25% and 5% for 0, equal to 4X1011/cm2 and 5><1010/cm2 respectively

— [}
when y = 150A. These calculations were made when the void separation

(2R - 2rv) was greater than 20004 where r, is the void radius and R

is defined by Eq. (20).

The swelling curve (Fig. 8) was obtained by trial and
error by developing several functions S(dpa(i)), i being the zone
number in the irradiated sample, such that for each function the

calculated values of LS (Eq. (29)) for every sample irradiated were

tep

in agreement with the experimental values (Fig. 7). Amongst the several
functions S (dpa) thus determined the function of which the slopes
(i.e., ratesof swelling) could be obtained from Eq. (28) by assuming

continuous changes in no and n, was selected as the swelling curve.

However, to satisfy the above conditions in the choice of the swelling
curve it was necessary to assume that y = 150A. Figure 11 shows the

changing parameters o and ny required to obtain the swelling curve.

The assumptions of n o and n, appear to be reasonable based on the
v

d

work of Johnston et al.34 and McDonald and Taylor.31
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In the nickel-ion irradiation of S.S. 316 at 625°C by Johnston et al.

void density first increased from about 2.5><1013/cm3 at 0.2% swelling
fo 6><1013/cm3 at 1% swelling. Void density then decreased slightly to
about 5><1013/cm3 at 20% swelling indicating no further nucleation of
voids in. this range (1% to 20% swelling). TIn nickel ion irradiation
of- S.S. 304 at 600°C by McDonald and Taylor31 the dislocation density
was measured to be of the order of lOll/cm2 for values of swelling less
than about 10%. Dislocation density then appneared to decrease with
increasing swelling.

Figure 11 shows that the calculated value of no reméins unchanged
at 5><1013/cm3 for 50 < dpa < 150 (4% < S < 20%) i.e.,
no further nucleation takes place in this range. However, dislocation
density decreases from 4><1011/cm2 at 4% swelling to l.5><lOll/cm2 at 20%
swelling. The loss in the dislocation density occurs because of the
image force attraction of dislocations towards void surfaces.62 The
void diameters at 4% swelling and 207 swelling are about 1150A and
and 2000A respectively. The corresponding void separations (2R - ZrV)
are 22704 and 1600A respectively. Thus, void diameter has exceeded
the void separation at 20% swelling and coalescence begins to occur.
At 200 dpa (46% swelling) the void diameter and void separation are
26004 and 12204 respectively. At such proximities of voids coalescence
is very significant, such that void number density (nvo) decreases in
stage IT from 4><1013/cm3 at 200 dpa to 4X1012/cm3 at 425 dpa while
swelling increases from 467 to 226%, i.e., the irradiated volume
increases by a factor of 2.2 (=(226+100)/(100+46). The dislocation

density, however, decreases by only a factor of about 3 during stage II

34
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from 7><1010/cm2 at 200 dpa to 2.5X1010/cm2 at 425 dpa. The rate loss

of dislocations>in stage II is lower than in stage I since most
dislocations surrounding the voids were annhilated in stage I due to the
image force attraction. At 425 dpa the void diameter and the void sep-
aration are about 1 um and 1320A respectively. At such proximities

and large void diameters almost all climbing dislocations must terminate
at neighboring void surfaces. This results in a rapid loss of the
dislocation density in stage IIi(dpa > 425) and comsequently, rapid
reductions in the rate of swelling occur with increasing dpa in

stage T1I. There is no change in the value of no in stage III since
the irradiated volume increases by only about 107 in this region.

The -values of zi and zy, the preference factors éf dislocations
for interstitials and vacancies respectively, used to obtain the
swelling curve were 1.042 and 1 respectively. However, the dpa were
calculated based on 25 eV as the displacement threshold (Ed). If Ed
were chosen as 40 eV, the generally accepted value at present,60 then
calculated dpa values are reduced by a factor of 1.8 and hence, to
obtain the required rates of swelling (per dpa) z, should be increased
to 1.075. This value of z, is closer to 1.08 as suggested by
R. Bullough.61

Since swelling reaches as high as 2607 in the present investigation
and the entire swelling behavior including saturation effects appears
to be explginable on the basis of reasonable estimates of changes in
void number density and dislocation density the experiments do not
provide any evidence for a significant contribution to saturation of
focussed replacement collision sequences that inject the interstitials

directly into the void.
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"Figure 12 shows a compérison of swelling in annealed S.S. 316 due
to proton (present investigation) and nickel ion irradiations.34
Johnston et al.34 chose 33 eV for displacement threshold in their
calculations of the number of displacements due to nickel ions in
contrast to 25 eV in the present work. Hence, the number of dis-
placements, as reported by Johnston et al.,34 were multiplied by <%%>
for the comparison in Fig. 12. Proton induced swelling was about a
factor of 10 higher than the swelling due to the nickel ions. A similar
relationship for S.S5. 304 was ébserved by Tayvlor and McDonald.63 At
16 dpa and 600C proton irradiation63 produced 1.47% swelling in comparison
to 0.1% swelling at 18 dpa and 600C due to nickel ion irradiation.63
The large discrepancy between sweilings due to proton and nickel ion
bombardments could be explained in view of the manner in which the
displacements are created by the two ions. Figure 6 shows that at a
depth of about 6500Z the nuclear energy loss is maximum. Around this
peak the proton creates approximately an average of only 6 interstitial-
vacancy pairs within a depth of 1000&8. The point defects thus created
are free to migrate toward voids, dislocations, grain boundaries, etc
and may annhilate themselves through recombination only by random walk.
In contrast, the nickel ion creates about 1600 (”1200 x %%)'vacancy—
interstitial pairs,32 in the form of a cascade, in the peak swelling
region within a depth of 1000A. Many of these point defects should be
expected to annhilate themselves by recombination within the collision
cascade itself. Hence, only a fraction would be left to migrate to voids

and other sinks. Thus, for the same calculated dpa for nickel ion

and proton irradiations swelling would be less for the former.
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VI. CONCLUSIONS

There were three Stages'in the swelling regime of Type 316 stainless

steel due to proton irradiation at 625C.

(a) Stage I (dpa < 200). Rate of swelling increased continuously
up to 0.87 per dpa with increasiﬁg dose (assumed displacement
threshold was 25 eV).

(b)Y Stage IT (425 > dpa > 200). Rate of swelling remained high

(0.8% per dpa).

(é) Stage IIT (dpa > 425)fv’Rate of swelling decreased continuously
with dose. Saturation occurred at about 500 dpa and 2607 swelling.
Values of swelling at 200 dpa and 425 dpa were 46% and 226% respectively.
The observed swelling behavior of Type 316 stainless steel could be
explained by assuming reasonable changes in dislocation density and
void density as irradiation progresses.

The contribution of pipe diffusion in reducing the rate of swelling
was estimated to be significant when the dislocation density was

of the order of lOll/cmZ, amounting to 25% at 4X1011/cm2.

A reasonably good fit between the experimental and calculated
swelling curves required a 4.27% greater capture cross-section for
interstitials than that for vacancies at the dislocations when

the displacement threshold (Ed) was assumed to be 25 eV or

alternatively 7.5% greater if E, was taken as 40 eV.

d
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Table 1. Composition of type 316 stainless steel (%).
C Si P S Mo Cr Ni Fe
0.05 1.73 . 0.52 0.004 0.008 2.52 17.59 13.64 63.93




Table II. Displacements per atom vs depth.

Penetration Depth

Zone A 5 Sample 1 Sample 2 Sample 3 Sample 4 Sample 5
No. Before Irradiation (A) mg/cm dpa dpa dpa dpa dpa
1 0-19000 0-0.08 12 24 43 76 105
2 1000-2000 0.08-0.16 14 27 49 88 120
3 2000-3000 0.16-0.24 15 31 56 100 136
4 3000-~4000 0.24-0.32 20 40 72 129 177
5 4000-5000 0.32-0.40 31 62 112 200 275
6 5000-6000 0.40-0.48 51 102 184 328 450
7 6000-7000 0.48-0.56 67 134 241 430 590
8 7000-8000 0.56-0.64 49 98 177 314 430
9 8000-9000 0.64-0.72 17 34 62 110 151

10 9000-10,000 0.72-0.80 2 4 8 14 19

Total 278 556 1004 1789 2453
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FIGURE CAPTIONS
Proton irradiation set-up.
Proton irradiation set-up (continued).
Sample holder assembly.
Proton irradiated surface.
Profilometer trace across the masked area.
Energy loss of 140 keV proton in nuclear collisions vs depth.
Measured step-height vs proton dose.
Swelling-dpa curve.
Effect of void density on the rate of swelling (calculated).
(Dislocation density = 5X1010/cm2.)
Effect of dislocation density on the rate of swelling (calculated).
(Void density, n,o= 5X1013/cm3, swelling = 40%.)
Calculated void and dislocation densities to obtain the swelling-
dpa curve.

Comparison of swellings due to proton and nickel ion irradiatiomns.
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