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Abstract

Irradiation-induced microstructures of high purity and commercial purity austenitic stainless steels were investigated
using proton-irradiation. For high purity alloys, Fe-20Cr—9Ni (HP 304 SS), Fe-20Cr-24Ni and Ni-18Cr-9Fe were
irradiated using 3.2 MeV protons between 300°C and 600°C at a dose rate of 7 x 107 dpa/s to doses up to 3.0 dpa. The
commercial purity alloys, CP 304 SS and CP 316 SS were irradiated at 360°C to doses between 0.3 and 5.0 dpa. The
dose, temperature and composition dependence of the number density and size of dislocation loops and voids were
characterized. The changes in yield strength due to irradiation were estimated from Vickers hardness measurements and
compared to calculations using a dispersed-barrier-hardening (DBH) model. The dose and temperature dependence of
proton-irradiated microstructure (loops, voids) and the irradiation hardening are consistent with the neutron-data
trend. Results indicate that proton-irradiation can accurately reproduce the microstructure of austenitic alloys irra-

diated in LWR cores. © 2001 Published by Elsevier Science B.V.

1. Introduction

Material degradation due to irradiation damage in
nuclear reactor core components has been investigated
for more than four decades. It is a continuing effort to
understand how the degradation occurs under irradia-
tion in order to provide guidance in the development of
new, more resistant alloys and to optimize the perfor-
mance of existing alloys. Structural materials in light
water reactor (LWR) cores are predominantly made
from austenitic stainless steels (SS), which while in ser-
vice, are in contact with high temperature water (typi-
cally 270-340°C) and exposed to neutron-irradiation.
Irradiation-induced microstructure and microchemistry
changes are believed to be the key variables responsible
for component failures in light water reactor cores.

* Corresponding author. Tel.: +1-509 376 6372; fax: +1-509
376 6308.
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Although several reviews have been written about
irradiation effects on microstructure in stainless steels
[1-3], the evolution of microstructure under irradiation
conditions relevant to LWR cores is still not fully un-
derstood partially due to the lack of data. This lack of
data are in part due to the fact that material degradation
in light water reactor was underestimated. Once the
problem of material degradation in LWR core was re-
alized, the cost of irradiation and testing became an is-
sue due to the need for lengthy irradiations, the difficulty
in controlling the irradiation conditions, and the cost of
handling neutron-irradiated materials. Months to years
of irradiation time are required to obtain modest doses
(a few dpa) at displacement rates characteristic of LWR
core structural materials (~10~* dpa/s). Due to the high
radioactivity, samples removed from the reactor need to
undergo a cooling period during which the activities of
the short-lived isotopes decay to a safe level before they
can be subjected to microstructure analysis. Special
procedures and facilities are needed to prepare neutron-
irradiated samples for microstructure analysis using
transmission electron microscopy (TEM).
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The objective of this work is to understand the mi-
crostructure evolution under irradiation conditions rel-
evant to LWR core internal components. High energy
proton-irradiation of stainless steels (~7 x107% dpa/s)
can produce irradiation doses of a few dpa in days,
compared to years in reactor (~10~% dpa/s). Protons
have the same mass as neutrons and are capable of
producing an approximately uniform damage layer of
several tens of microns (~35 um for 3.2 MeV protons)
[4]. Although difference existed between proton and
neutron-irradiation, e.g., cascade morphology, trans-
mutation product, etc., proton-irradiation has shown to
be effective in producing similar irradiated microstruc-
ture as that of neutron-irradiation [5]. The advantage of
using proton irradiation is in the control over irradiation
conditions (dose rate and temperature) and low residual
radioactivity, allowing microstructure analysis to be
done more quickly and less costly than in the case of
neutron-irradiation. This quick turn-around time makes
it possible to look at the effects of dose, temperature and
composition on the irradiated microstructure over many
different alloys and irradiation conditions. By estab-
lishing the correlation between proton- and neutron-ir-
radiated microstructures of the same alloy and heat,
results from proton-irradiation can be used to provide
valuable information on microstructure evolution in
austenitic stainless steels in LWR cores.

This work is focused on investigating the micro-
structure of austenitic stainless steels irradiated with
protons under conditions relevant to LWR cores. The
dislocation loop density and size, the void density and
size, and irradiation hardening are determined as func-
tions of dose, temperature and composition, and are
compared to those for neutron irradiations of the same
or similar alloys. All the irradiation in this work was
conducted with 3.2 MeV protons. To establish the cor-
relation between proton- and neutron-irradiated micro-
structure, high purity (HP) alloys Fe-20Cr-24Ni, Fe—
20Cr-9Ni (HP 304 SS), Ni-18Cr-9Fe and commercial

purity (CP) alloys, CP 304 SS and CP 316 SS, were ir-
radiated over a broad range of irradiation conditions.
The same heats of commercial 304 SS and 316 SS were
also irradiated with neutrons in a boiling water reactor
(BWR), providing a direct comparison of irradiated
microstructure between protons and neutrons without
introducing differences in alloy composition and fabri-
cation processes. By analyzing the proton-irradiated
microstructure and the available neutron data, the
mechanisms of microstructural evolution in austenitic
stainless steels under irradiation conditions relevant to
LWR core components can be evaluated.

2. Experiment

Alloys were chosen to characterize the irradiated
microstructure as a function of dose, temperature and
composition in order to examine: (1) the dose depen-
dence and temperature dependence of the irradiated
microstructure in high purity alloys, (2) the effect of
composition on the irradiated microstructure, and (3)
the correlation between irradiation-induced microstruc-
ture and hardening of neutron- and proton-irradiated
alloys (same heats of commercial grade 304 SS and 316
SS). The chemical compositions for all the alloys used in
this study are listed in Table 1. The summary of irradi-
ation temperature and dose conditions for each alloy
used in this work is listed in Table 2. Fe-20Cr—24Ni was
used to determine the dose dependence between 0 and
3.0 dpa at 400°C, and temperature dependence over the
range 300-600°C at a dose of 0.5 dpa. Alloys, Fe-20Cr—
9Ni, Fe-20Cr-24Ni and Ni-18Cr-9Fe, were used to
investigate the effect of solute composition on the irra-
diated microstructure at an irradiation temperature of
400°C. All the high purity alloys investigated were
supplied by the General Electric Company. Alloys, CP
304 SS and 316 SS, received from ABB in Sweden, were
used for the direct comparison of irradiated micro-

Table 1

Chemical composition of the alloys used in this work (at.%)*

Alloy element Fe—20Cr-9Ni Fe-20Cr-24Ni Ni-18Cr-9Fe CP 304 CP 316
Cr 20.72 20.0 18.26 19.3 17.83
Ni 8.88 23.2 72.36 7.94 11.54
Fe 69.16 55.5 9.32 69.37 65.66
Mn 1.11 1.15 0.010 1.38 1.77
Mo <0.01 0.06 0.002 0.21 1.49
Si 0.09 <0.01 0.027 1.27 1.17
C 0.021 0.012 0.014 0.16 0.18
N <0.004 0.008 NM 0.266 0.23
P 0.01 <0.01 0.007 0.055 0.043
S <0.01 <0.009 0.004 0.05 0.012
(6] 0.029 0.055 NM NM NM
B NM NM NM <0.002 0.067
#NM: Not measured.
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Table 2
Summary of irradiation temperature and dose conditions for
each alloy used in this work

Alloy Temperature (°C) Dose (dpa)
Dose dependence
Fe-20Cr-9Ni 400 0.1
400 0.5
400 1.0
400 3.0
Fe-20Cr-24Ni 400 0.5
400 1.0
400 3.0
Ni-18Cr-9Fe 400 0.1
400 0.3
400 0.5
400 1.0
CP 304 SS 360 0.5
360 1.0
360 3.0
360 5.0
CP 316 SS 360 1.0
360 3.0
360 5.0
Temperature dependence
Fe-20Cr-9Ni 335 1.0
360 1.0
400 1.0
Fe-20Cr-24Ni 300 0.5
400 0.5
500 0.5
600 0.5

structure and yield strength changes with the same heats
irradiated in a BWR. The initial properties of the ma-
terials used in this study are listed in Table 3, where the
estimated values of shear modulus (76 GPa, [6]) and
lattice constant (3.55 A, [7]) for austenitic stainless steel
were used for all the alloys.

The high purity alloys, in the form of 12 mm thick
bars, were solution-annealed at 1100°C for 1 h to pro-
duce a homogeneous microstructure and microchemis-
try and a grain size of 100-200 pm. The alloys were then
cold-rolled from 12 mm down to 4 mm to provide a
reduced grain size upon recrystallization. The material

Table 3
Initial properties of the materials used in this work

was mechanically cut into bar samples with dimensions
of 1.5x4.0x30 mm?, and then wet-polished using
320-600 grit waterproof silicon carbide (SiC) paper to
remove the mechanical damage induced during ma-
chining. The final annealing treatment in a flowing ar-
gon atmosphere at 850°C for 30 min recrystallized the
alloys to achieve grain sizes of approximately 10 pm.
These bar samples were further wet-polished using
12002400 grit SiC paper to obtain a mirror-like surface.
For the commercial purity alloys (CP 304 and CP 316),
the as-received alloys were cut into bar samples using
electric discharge machining (EDM) to minimize the
mechanically damaged layer. No heat treatment was
given to these samples. After wet-polishing, all the
samples were electro-polished in a solution of 60%
phosphoric acid and 40% sulfuric acid for 3 min at ap-
proximately 42°C to provide a smooth surface prior to
irradiation.

Irradiations were performed using a tandem accel-
erator (the General Ionex Tandetron) at the Michigan
Ion Beam Laboratory for Surface Modification and
Analysis at the University of Michigan [8]. All irradia-
tions were conducted using 3.2 MeV protons in a vac-
uum better than 3 x 10~® Torr. Protons with this energy
produce a nearly uniform damage layer in the first
35 pm of the proton range (40 um) as calculated using a
program package of the range of ions in matter (TRIM)
[9]. The irradiation dose and temperatures ranged from
0.1 to 5.0 dpa and 300-600°C, respectively. The details
of the irradiations can be found in a previous work [4].
The dose uniformity of the irradiated samples was
checked using a Tennelec LB 5100 automated «/f
counter by measuring the activity in units of B-counts/
min/mm? within the same irradiation batch.

Irradiated bar samples were back-thinned to a
thickness of ~300 pm from the unirradiated side using
wet-polishing (180-320 grit SiC paper). TEM disks were
cut using a slurry drill core-cutter to minimize me-
chanical damage. TEM disks were further wet-polished
from the unirradiated side down to a thickness of 100—
140 pm using 400-2400 grit SiC paper. A solution of 5%
perchoric acid (in 75% concentration) in methanol was
used for jet electrochemical polishing. A single-jet unit

Grain size dygin Vickers hardness H,

Yield strength g, Shear modulus® u  Lattice constant® a,

(um) (kg/mm?) (MPa) (GPa) (10~% cm)
Fe-20Cr-9Ni 10 176 150 76 3.55
Fe-20Cr-24Ni 11 136 150 76 3.55
Ni-18Cr-9Fe 10 NM¢ NM* 76 3.55
CP 304 60 200 243 76 3.55
CP 316 80 190 228 76 3.55

4 Estimated from [6].
® Estimated from [7].
NM: Not measured.
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was used with the solution temperature and polishing
current to be —64°C and ~16 mA, respectively. A layer
of 5-10 um was removed from the irradiated side by a
30 s jet-polishing. The sample was then jet-polished from
the unirradiated side to obtain a perforation surrounded
by thin region. Further thinning with ion milling was
often used when jet-polishing failed to produce thin re-
gion on the specimen. It was found out that ion milling
could create black-dots on the sample, this is partly the
reason that black-dot defects were not characterized in
this work. The impact of the exclusion of black-dot
defects on irradiation hardening will be addressed later
in the discussion.

Microstructure analysis was carried out using trans-
mission electron microscopy with a JEOL® 2000FX
TEM/STEM. Bright field (BF) imaging, dark field (DF)
imaging and rel-rod dark field (RRDF) imaging tech-
niques were used to characterize the microstructure be-
fore and after proton-irradiation. Details of the
statistical analysis for loop density can be found in the
reference [10] The number density and size of dislocation
loops and voids were measured from digitized TEM
photos using an image-processing program. To ensure a
valid comparison of the same heat between proton-ir-
radiated microstructure analyzed at The University of
Michigan (UM) and neutron-irradiated microstructures
analyzed at Pacific Northwest National Laboratory
(PNNL), proton-irradiated sample (CP 316 SS, 3.0 dpa)
was analyzed at both UM and PNNL and compared
with neutron-irradiated sample (CP 316 SS, 2.9 dpa) for
loop size and density. The result of the benchmark for
neutron- and proton-irradiated CP 316 SS (~3 dpa) is
shown in Fig. 1. There is a discrepancy in loop density
that was caused by the resolution problem with the

JEOL 2000 electron microscope at UM. As a conse-
quence, the loop measurements for proton-irradiations
are adjusted by a factor of 2 to account for the difference
in imaging technique.

To evaluate radiation-induced hardening, yield
strength changes were estimated from Vickers hardness
measurements before and after irradiation. At least 30
measurements were made using a 25 g load at room
temperature. According to Higgy and Hammad [11], the
yield strength changes due to irradiation for 304 SS can
be estimated from hardness changes using the relation

AHy
2827 M

This gives Aoy = 3.55AHy where AHy is in kg/mm? and
Agy is in MPa. If the unirradiated yield strength (ay) is
known, the yield strength for the irradiated material can
be calculated (oy = gg + Aay).

Radiation-induced hardening was also determined
from microstructure measurements by calculating the
yield strength change using the dispersed-barrier-hard-
ening (DBH) model [3]. Due to the concern that black-
dot defects could also arise from ion milling as men-
tioned earlier, only the contribution of Frank loops and
voids to the irradiation hardening was considered. Ir-
radiation-induced yield strength changes are calculated
using Egs. (2) and (3) for proton-irradiated micro-
structure (7 = 300-600°C):

Aay

Aoy = Mapbv Nd (2)
and

0! 00 2 1 2
Act = \/(A(f]y“ ")+ (Ao}’“ld) , (3)

Neutron irradiation: 2.9 dpa

(JEOL 2010F/FEG, PNNL)

(smaller condenser aperture)
foil thickness=39~44 nm

Density: 10.0x10* loops/m®

Proton irradiation: 3.0 dpa
(JEOL 2010F/FEG, PNNL)
(smaller condenser aperture)

foil thickness=78~90 nm

Density: 6.7x10% loops/m®

Proton irradiation: 3.0 dpa
(JEOL 2000FX, UM)
(larger condenser aperture)
foil thickness=97 nm

Density: 3.4x10% loops/m’

L

Same heat CP 316 SS

_I |— Same TEM sample 4

Fig. 1. Photomicrographs of rel-rod dark field images of Frank loops in proton- and neutron-irradiated CP 316 SS for benchmarking
of microstructure measurements between UM and PNNL.
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where M is Tailor factor (M = 3.06, [12]) which relates
the shear stresses on a slip plane in a single crystal to the
applied tensile stress necessary to activate slip in a
polycrystal, « is the barrier strength factor (1.0 for voids,
0.4 for faulted loops [3]), u is the shear modulus, b is the
Burgers vector for network dislocation, N is the defect
number density, and d is the mean size of the defects.
For austenitic stainless steels, u~ 76 GPa [6] and
b =2.5x10"% cm [7] were used for calculation.

3. Results and discussion

The results for the proton-irradiated microstructure
and irradiation-induced hardening as functions of
irradiation dose and temperature are presented in com-
parison with neutron-irradiated microstructures. Dislo-
cation loop characterization is presented first, followed
by voids and irradiation hardening. Each section de-
scribes the effect of dose, temperature and alloy com-
position with a comparison between proton-irradiation
and neutron-irradiation.

3.1. Dislocation loops

3.1.1. Dose dependence

TEM microscopy examination indicated that dislo-
cation loops were the dominant irradiation-induced de-
fects for nearly all the proton irradiation conditions
except the irradiation at 600°C for high purity Fe-20Cr—
24Ni, in which no dislocation loops were formed. Figs.
2(a) and (b) show the bright field images of dislocation
loops as a function of dose (400°C) and temperature (0.5
dpa) in the high purity alloys, Fe-20Cr-24Ni, respec-
tively. The rel-rod dark field images of Frank loops in
CP 304 SS and CP 316 SS are shown in Fig. 2(c) and (d).
Loop size distributions of proton- and neutron-irradi-
ated commercial purity alloys, CP 304 SS and CP 316
SS, are shown in Fig. 3. At comparable doses, loop size
distributions between neutron-irradiation at 275°C and
proton irradiation at 360°C are in good agreement. It
appears that loop structure developed under neutron-
irradiation (275°C, 7 x 10~® dpa/s) and proton irradia-
tion (360°C, 7 x 107¢ dpa/s) is very similar although
there is difference in displacement morphology between
neutron and proton-irradiation.

Loop densities resulting from proton-irradiations are
plotted with those from neutron-irradiation as a func-
tion of dose [2,13-16] in Fig. 4. The alloys used for
neutron-irradiation at 275°C and for proton-irradiation
at 360°C are from the same heat, providing direct
comparison of microstructure evolution between neu-
tron and proton-irradiation. Loop densities in proton-
irradiated CP 304 SS and CP 316 SS follow the same
trend as for neutron-irradiation at 275°C. This indicates
that the partitioning of point defects to loops and other

sinks, the balance between nucleation and loss of loops
by loop unfaulting and interstitial cluster diffusion, and
the evolution of overall sink strength would be similar
for neutron and proton-irradiation. While the trends of
loop density as a function of dose between neutron and
proton-irradiations are in good agreement, there is a
tendency that loop density in proton-irradiated CP 304
SS at 360°C is slightly lower than that for neutron-ir-
radiation at 275°C. It appears that the difference in loop
densities between neutron and proton irradiation di-
minishes with increasing of dose. One of the possible
reasons for the larger difference at low dose may be the
greater difficulty in imaging small loops at low doses
where the size is small due to resolution problem with
the electron microscope at UM.

The dose dependence of loop density in proton-irra-
diated (400°C) high purity alloys shows a similar trend
to that for neutron irradiation. However, the magnitude
of the loop density was lower than that of the proton-
irradiated CP material. The lower loop density in pro-
ton-irradiated high purity alloys is likely due to the effect
of composition on loop nucleation. The higher phos-
phorus content in commercial alloys (P = 0.043-0.055
at.%) than that in high purity alloys (P <0.01 at.%)
enhances interstitial cluster formation through strong
binding to interstitials [17], promoting loop nucleation.
The higher silicon content in commercial alloys (Si =
1.17-1.27 at.%) than that in high purity alloys (Si< 0.09
at.%) may be also responsible for the higher loop density
in CP 304 and CP 316 SS than that in high purity alloys.
Silicon is known to enhance the vacancy diffusivity [18].
An increase in vacancy diffusivity may lead to an in-
crease in vacancy loss to sinks, thus the partitioning of
interstitials to loops may increase.

The dose dependence of loop size in proton-irradi-
ated CP 304 SS, CP 316 SS, and high purity alloys is
shown in Fig. 5, which includes neutron data (275°C,
300°C and 390°C) [13-15]. The data for proton- and
neutron-irradiated CP 304 SS and CP 316 SS taken from
the same heat are in good agreement. Loop size rapidly
increases with dose up to 1 dpa, approaching saturation
between 3 and 5 dpa. While loop densities in neutron-
irradiated alloys appear to saturate around 3 dpa, the
dose for saturation of loop size is less clear, but appears
to be between 4 and 5 dpa. Loop size in proton-irradi-
ated high purity Fe-20Cr-24Ni appears to saturate very
quickly. The earlier saturation of loop size for proton-
irradiated Fe-20Cr-24Ni at 400°C may be caused by a
higher void density in this alloy which may alter the
partitioning of interstitials to loop.

Proton-irradiation can achieve damage rates several
orders of magnitude higher than that of neutron-irra-
diation in LWR core components. To maintain an equal
fraction of defect loss to recombination as for neutron-
irradiation, and to have the same defect partitioning to
the microstructure, an elevated temperature is required.
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]

CP316 SS 360°C/1.0 dpa

Fig. 2. Photomicrographs showing dislocation loops in bright field images as: (a) a function of dose at irradiation temperature of
400°C and (b) a function of temperature at a dose of 0.5 dpa for proton-irradiated high purity alloys Fe-20Cr-24Ni, and dark field (rel-
rod) for (c) CP 304 SS and (d) CP 316 SS irradiated with protons to 1.0, 3.0 and 5.0 dpa at 360°C.

However, the elevated temperature could affect the mi-
crostructure development, especially the overall sink
strength. For example, the annihilation of network dis-
locations is promoted and the loop loss by small inter-
stitial cluster diffusion to sinks is also increased by the
upward temperature shift.

The microstructures resulting from neutron and
proton-irradiation can still be very similar if the effects
of higher dose rate, higher temperature and smaller
cascades for proton-irradiation on the defect partition-
ing and sink development are balanced. Results show
that the magnitude of faulted loop density and size at
saturation from proton irradiation can be controlled to

be very close, if not the same, to that of neutron-irra-
diation by adjusting the proton-irradiation temperature
at a given dose rate.

3.2. Temperature dependence

Photomicrographs of dislocation loops as a function
of temperature for high purity Fe-20Cr-24Ni (300-
600°C, 0.5 dpa) are shown in Fig. 2(b). The temperature
dependence of loop density for both neutron- and pro-
ton-irradiated austenitic stainless steels is shown in
Fig. 6. Loop densities of proton-irradiated high purity
alloy Fe-20Cr-24Ni (300-500°C) and UHP 304 SS
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Fig. 3. Comparison of loop size distribution between neutron-irradiated (275°C) and proton-irradiated (360°C) CP 304 SS and CP 316
SS, neutron data were taken from [13].
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V' . Austenitic alloys, T=375-400°C  Ref. [2]
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Fig. 4. Dose dependence of faulted loop density between neutron-irradiated (open symbols, 275-400°C) [2,13-16] austenitic stainless
steels and proton-irradiated (solid symbols) high purity alloys and commercial purity alloys.

(335-400°C) at doses of 0.5-1.0 dpa are plotted together are the same, despite the difference in doses. The lower
with neutron data at doses >10 dpa. The temperature values of loop density in proton irradiated cases are
dependences for both neutron and proton-irradiation partly due to the lower doses. While similar results do
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Fig. 5. Dose dependence of loop size between neutron-irradi-

ated (open symbol) [2,13-15] and proton-irradiated (close
symbol) austenitic stainless steels.
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Fig. 6. Temperature dependence of Frank loop density for
neutron-irradiated austenitic stainless steels at doses greater
than 10 dpa [2] and proton-irradiated high purity and com-
mercial purity alloys at doses of 0.5 and 1.0 dpa.

not insure the process the same, they are consistent with
common mechanism.

Loop diameter as a function of temperature for
both neutron-irradiated 316 SS [2,15] and proton-irra-

140 T T T T
O 316SS, HFIR, 5-10 dpa

120 H  316SS, EBR-I, 5-10 dpa 4
A 316SS, DFR, 6-15 dpa
A Fe24Cr24Ni, proton, 0.5 dpa

100 - ¥ HP 304 SS, proton, 1.0 dpa B
® CP 304 SS, proton, 1.0 dpa
® CP316SS, proton, 1.0 dpa

80 - 1

Neutron data were taken
from ref. [15, 16]
60

40

Faulted Loop Diameter (nm)

300 350 400 450 500 550 600

Temperature ( °C )

Fig. 7. Temperature dependence of Frank loop size for 316 SS
irradiated with neutrons to doses of 5-16 dpa [2,15], together
with proton-irradiated alloys.

diated high purity Fe-20Cr-24Ni and UHP 304 SS is
shown in Fig. 7. The trends between neutron and
proton irradiations are similar. The lower loop diam-
eters in proton-irradiation are due to the lower doses
(0.5-1.0 dpa) compared to those for neutron irradia-
tion (5-15 dpa). At temperatures of 400-550°C, the
rate of increase in size with temperature is similar for
both neutron and proton-irradiation. Loop size seems
less sensitive to temperatures between 300°C and 400°C
for proton-irradiated high purity alloys, slightly differ-
ent than that for neutrons. The relatively slow change
in loop size with temperature between 300°C and
400°C may reflect a reduction in the partitioning of
interstitials to faulted loops caused by an increase in
interstitial loss to sinks which are thermally stable
(such as vacancy clusters) in the temperature range
300-400°C. There is no noticeable difference between
the two high purity alloys. The proton-irradiated CP
304 SS has slightly smaller loop size than does the HP
alloy, consistent with the expected effect of impurities
on loop characteristics.

3.3. Voids

3.3.1. Dose dependence

Photomicrographs of voids as a function of dose for
high purity alloy Fe-20Cr-24Ni are shown in Fig. 8(a).
Dose dependence of void density for the high purity
alloy irradiated with protons at 400°C is shown along
with neutron data from 316 SS irradiated at 390°C and
460°C in Fig. 9. Neutron data at lower dose (<20 dpa)
and temperature (<500°C) are extremely scarce. The
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Fig. 8. Photomicrographs showing voids in proton-irradiated high purity alloy Fe-20Cr-24Ni (a) as a function of dose at 400°C and

(b) as a function of temperature at a dose of 0.5 dpa.
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Fig. 9. Dose dependence of void density between neutron-
irradiated (390-460°C) austenitic stainless steels [15] and pro-
ton-irradiated (400°C) high purity alloys.

lack of data at comparable doses makes the comparison
of dose dependence of void density between neutron and
proton-irradiations very difficult. Nevertheless, the
trends for neutron and proton-irradiation appear simi-
lar; a rapid increase at low dose and approach to satu-
ration at higher dose. Void density in Ni-18Cr-9Fe is
significantly lower than in Fe-20Cr-24Ni and HP 304
SS. This is consistent with neutron data where swelling
was suppressed with higher nickel content (30-75
wt%Ni) [19]. Higher nickel content in austenitic stainless
steels delays void development by increasing the vacancy
diffusivity [20], changing the void bias induced by radi-
ation-induced segregation [21] and altering the disloca-
tion bias [22,23].

Voids were not observed in proton-irradiated com-
mercial purity CP 304 and CP 316 SS up to doses of 5.0
dpa. The difference in proton-irradiated high purity and
commercial purity alloys in void microstructure indi-
cates that the minor constituent has a stronger effect on
void swelling than does the major element. The higher
silicon content in CP 304 and CP 316 SS (~1.2 at.%)
than in high purity alloys (<0.09 at.%) suppresses voids
by increasing the vacancy diffusivity and reducing the
vacancy supersaturation [18]. The higher phosphorus in
commercial alloys (~0.05 at.%) than in high purity al-
loys (<0.01 at.%) may also play a role by enhancing the
loop nucleation, thus increasing the vacancy sink
strength. The higher carbon content in solution in
commercial alloys (~0.17 at.%) than in high purity al-
loys (<0.021 at.%) may suppress voids by screening
dislocation stress field [24]. The composition effect on
void microstructure appeared the same between neutron
and proton-irradiation.

In neutron-irradiation, transmutation-produced he-
lium likely plays an important role in void nucleation.
For proton-irradiation, no helium is available, and void
nucleation is driven by vacancy supersaturation due to
the higher production rate of freely migrating defects.
Once nucleated, the void microstructure develops in a
similar way for neutron and proton-irradiation. It has
been proposed that the injection of hydrogen by proton-
irradiation might help to nucleate voids [25]. Due to the
difficulty in measuring hydrogen in the metal, its role on
void formation in austenitic stainless steel cannot be
determined. However, the fact that voids can form in
thin foils of stainless steel (the 25 um thickness is less
than the proton range) irradiated with 4 MeV protons at
400°C [26] suggests that voids can nucleate and grow
without the presence of hydrogen in proton irradiation.
Despite potential differences in the mechanism of void
nucleation for neutron and proton-irradiation, the dose
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diated (390-460°C) austenitic stainless steels [12] and proton-
irradiated (400°C) high purity alloys.

dependence of void density between the two appeared
similar.

Void diameter as a function of dose for both neutron
and proton irradiation is shown in Fig. 10. The lack of
data for both proton irradiation at higher doses and
neutron-irradiation at lower doses is problematic. Un-
fortunately, this was the most relevant comparison
which could be made with available data. The rapid
saturation in proton-irradiated, high purity alloy Fe-
20Cr-24Ni may be caused by the compositional effect,
which is consistent with accelerated RIS in high purity
Fe-20Cr-9Ni [27]. The difference in the magnitude of
void sizes at saturation is obvious. The smaller void size
at saturation for proton irradiation may reflect the lack
of void coarsening that could have a strong effect on the
size.

3.4. Temperature dependence

Photomicrographs of voids as a function of irradia-
tion temperature for high purity alloy Fe-20Cr—24Ni are
shown in Fig. 8(b). The temperature dependence of void
density for neutron-irradiated austenitic stainless steels
and proton-irradiated high purity Fe-20Cr-24Ni is
shown in Fig. 11. The trends between neutron and
proton-irradiation are similar. Proton data fall well
within the neutron data-band except at 300°C where no
voids were found in neutron-irradiation. The presence of
voids in proton-irradiated high purity alloys at temper-
ature as low as 300°C indicates that proton irradiation is
more effective in promoting vacancy supersaturation
through the higher point defect production rate than is
neutron irradiation. For neutron-irradiation at 300°C,
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Fig. 11. Temperature dependence of void density for neutron-
irradiated austenitic stainless steels [2] and proton-irradiated
high purity alloys.

the high sink densities associated with the thermally
stable ‘black-spot’ defect clusters created in the dis-
placement cascade suppress the vacancy supersaturation
and inhibit void nucleation and growth. The agreement
between proton and neutron-irradiation data at tem-
peratures of 390°C or higher suggests that, despite the
fundamental difference in void nucleation, the growth of
voids is equivalent. The lack of void nucleation via the
helium mechanism is balanced by the enhanced pro-
duction of freely migrating vacancies in proton-irradia-
tion due to the higher damage rate and displacement
efficiency [28].

Void diameter as a function of temperature for high
purity alloys irradiated with protons to 0.5-3.0 dpa, and
SA 316 SS irradiated with neutrons to 15-25 dpa is
shown in Fig. 12. The trends for the proton-irradiated
high purity alloys are in agreement with neutron data.
The magnitude of void diameter in proton-irradiated
Fe-20Cr-24Ni is lower than neutron-irradiated SA 316
SS (15-25 dpa), possibly caused by the lower dose (0.5
dpa) in the case of protons. The temperature dependence
of the void diameter for both neutron and proton-irra-
diations is similar to the loop diameter shown in Fig. 7,
indicating that the development of loops and voids are
closely correlated.

4. Irradiation-induced hardening

4.1. Dose dependence

The dose dependence of irradiation hardening in
proton-irradiated austenitic alloys is shown in Fig. 13(a)
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Fig. 12. Temperature dependence of void diameter for SA 316
SS neutron-irradiated to doses of 15-25 dpa [15] and proton-
irradiated high purity alloys.

and the comparison of Acgy calculated between DBH
model and microhardness measurement is shown in
Fig. 13(b). The results calculated from hardness
measurement show some difference among the alloys.
The high purity alloy showed higher irradiation
hardening than commercial alloys at lower dose, de-
spite the higher loop density in the commercial purity
alloys. The irradiation hardening in CP 316 SS ap-
peared to continue increasing even up to 5 dpa without
slowing down, although starting at the lowest hard-
ening rate (yield strength change per dpa). The reason
for the continuous increase in yield strength up to 5
dpa may be caused by a delay in loop saturation in CP
316 SS.

At doses above 1.0 dpa (or yield strength changes
above 200 MPa), the yield strength change estimated
from Vickers hardness measurement is higher than that
estimated from DBH model, Fig. 13(b). The difference
increases with dose up to about 300 MPa at 5 dpa and
could be due to the fine defect clusters (size <2 nm)
that cannot be identified in the microscope. These fine
defect clusters could be interstitial clusters or vacancy
clusters. It is possible that the tiny defect clusters which
were not characterized might play an important role in
irradiation hardening. Assuming that these fine defects
(such as black-dots) are faulted loops with diameters of
<2 nm and barrier strength o« = 0.2 [29], the difference
of 100 MPa corresponds to a loop density of 2 x
10”2 m~* which is well within the range of measure-
ments of black dot density [2]. If this is indeed the case,
it is expected that the hardening determined from
Vickers hardness measurements should be higher than
that determined from microstructure measurement
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Fig. 13. Dose dependence of yield strength change (a) evalu-
ated from microhardness measurements and (b) the comparison
of the Agy calculated from DBH model with that from mi-
crohardness measurements for austenitic alloys irradiated with
protons at 360°C and 400°C.

calculated using Eq. (3) for both proton and neutron-
irradiation [30].

The comparison of irradiation hardening between
proton and neutron results is shown in Fig. 14. The
neutron data for 300-series austenitic alloys irradiated
and tested at around 300°C [16,31,32] and CP 304 SS
and CP 316 SS irradiated at 275°C and tested at room
temperature were shown in Fig. 14(a). To increase the
clarity for comparison, two lines were drawn to mark
the boundaries of the neutron data, Fig. 14(a), then
the neutron data were removed except for neutron-
irradiated CP 304 SS and CP 316 SS, and proton data
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Fig. 14. Measured yield strength of: (a) neutron-irradiated 300-
series austenitic alloys (irradiated and tested at about 300°C)
[16,31,32] and CP 304 and 316 SS (irradiated at 275°C and
tested at RT) [13], (b) yield strength comparison between neu-
tron-irradiated and proton-irradiated CP 304 SS and CP 316 SS
(tested at RT) plotted over the neutron data-band for 300-
series.

were superimposed on the boundaries for comparison,
Fig. 14(b). An unirradiated yield strength value of 243
MPa for CP 304 SS and 228 MPa for CP 316 SS was
added to the irradiation-induced yield strength change
to obtain the irradiated yield strength. The proton
data are within the neutron data-band. Note that the
mechanical tests for neutron-irradiated CP 304 SS and
CP 316 SS (ABB) and proton-irradiated alloys (UM)
were conducted at room temperature while the rest of
the neutron data were for a test temperature of about
300°C. However, the comparison in Fig. 14(b) is still
valid since the changes of yield strength are sensitive
to the irradiation temperature, but not to the test
temperature, as shown in Fig. 15. The dose depen-
dence of irradiation hardening between neutron- and
proton-irradiated same heats of CP 304 SS and CP
316 SS is in reasonable agreement. That the proton
data fall within the neutron data-band is expected
since the irradiation condition was designed to gen-
erated equivalent microstructure for LWR conditions
around 300°C. The close agreement with neutron data
justified the use of proton-irradiation to produce the
same amount of irradiation hardening as does neu-
tron-irradiation.
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Fig. 15. Temperature dependence of yield strength of: (a)
neutron-irradiated (3—20 dpa) 316 SS [33] and (b) its compari-
son with proton-irradiated (0.5-5.0 dpa) austenitic stainless
steels. For proton data, yield strength is estimated from hard-
ness measurements (solid symbols), and from microstructure
measurements (open symbols).

4.1.1. Temperature dependence

The temperature dependence of irradiation harden-
ing for proton-irradiated austenitic alloys (0.5-5.0 dpa)
and neutron-irradiated 316 SS (3-20 dpa) [33] is shown
in Fig. 15. The large variation at a given temperature for
neutron data are due to the difference in dose and ma-
terial condition (CW level, heat treatment and compo-
sition, etc.). To increase the clarity, the data are
bounded and the proton data are plotted over the
bounded area, Fig. 15(b). Yield strength as a function of
temperature for proton-irradiated austenitic alloys fall
within the neutron data-band. The fact that proton data
fall on the lower side of the neutron data-band is ex-
pected because the doses for the proton irradiation (0.5—
5.0 dpa) are lower than that for neutron-irradiation data
(3-20 dpa). Considering the difference in test tempera-
ture for yield strength between neutron and proton data,
yield strength as a function of test temperature for
unirradiated 316 SS in Fig. 15(a) can be used to estimate
the room-temperature yield strength for the alloys neu-
tron-irradiated at different temperatures. Due to the
slow changes of yield strength with test temperature, the
effect of difference in test temperatures between neutron
and proton data on yield strength comparison in Fig.
15(b) is small. The trends in both proton and neutron-
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irradiation are similar, irradiation hardening decreases
as irradiation temperature increases.

All the proton results discussed are summarized in
Table 4. Note that faulted loop density in commercial
purity alloys is higher than that in high purity alloys,
while the loop size in commercial purity alloys is smaller.
Although voids are present in high purity alloys, the
amount of swelling is negligible.

5. Summary

The objective of this work was to understand the
microstructure evolution of proton-irradiated austenitic
stainless steels under irradiation conditions relevant to
LWR core components. The following points summa-
rize the results of the study:

(1) The irradiation-induced microstructure in proton-
irradiated austenitic stainless steels consists mainly of
dislocation loops and voids for high purity alloys and
dislocation loops only for commercial purity alloys up to
5.0 dpa.

(2) The dose dependence of the dislocation loop
density and size in proton-irradiated Fe-Cr—Ni alloys
follows the same trend as in neutron-irradiated alloys.
High purity alloys show a rapid increase in loop density
at doses below 1.0 dpa. The higher loop density in
commercial alloys is probably due to enhanced nucle-
ation of loops by minor constituent elements such as
phosphorus and silicon.

(3) The temperature dependence of dislocation loop
density and size in proton-irradiated Fe—Cr—Ni alloys
follows the same trend as in neutron-irradiated alloys.
Loop density and size are strong functions of irradiation
temperature with the number density decreasing and size
increasing as temperature increases.

(4) The dose and temperature dependence of void
density and size in proton-irradiated high purity Fe-Cr—
Ni alloys follow the same trends as in neutron-irradiated
alloys. The development of voids in Ni-18Cr-9Fe is
suppressed by the higher nickel content. The lack of
voids in the commercial purity alloys is probably due to
the minor elements (silicon, phosphorus and carbon).

(5) Yield strength in proton-irradiated austenitic al-
loys as a function of dose and temperature are consistent
with the neutron data trend. The divergence at higher
dose is likely due either to the effect of very small loops
or on the limitation of the dispersed-barrier-hardening
model.

(6) The difference in the character of the displacement
cascade on loop nucleation between neutron-irradiation
(275°C, 7 x 10~% dpa/s) and proton-irradiation (360°C,
7 x 107¢ dpa/s) has little effect on the final irradiated
microstructure. The reduced level of loop nucleation by
in-cascade interstitial clustering in proton-irradiation
appears to be balanced by the higher cascade efficiency,

the higher dose-rate and the lower sink strength at the
higher irradiation temperature.
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