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Abstract

Specimens of 316 L stainless steel were irradiated to 0.5–10.3 dpa at 30–80 �C with a mixture of 500–800 MeV pro-
tons and spallation neutrons at the Los Alamos Neutron Science Center (LANSCE). Tensile test results of irradiated
316 L reported earlier had showed hardening and embrittlement with increasing irradiation dose, with significant irra-
diation hardening occurring at a dose of as low as 0.5 dpa. Transmission electron microscope (TEM) examination of
the irradiated microstructure of 316 L showed black-spot damage (small loops) and somewhat larger faulted Frank
loops to produce the hardening. There was an initial decrease in uniform elongation at low dose levels from 49% (unir-
radiated) to 30% at 1.1 dpa, followed by a second, rather abrupt contribution to ductility loss at higher doses (�2.5 dpa)
from 21% at 2.5 dpa to 0.5% at 3 dpa. This second drop in ductility was not accompanied by any visible new or
enhanced microstructural development. In the current study additional transmission electron microscope investigation
was conducted on both as-irradiated and irradiated plus subsequently deformed 316 L in the vicinity of the second
abrupt ductility loss (�2.5 dpa). The steel was observed to deform mainly by twinning and no brittle phases were found
in the deformation microstructure. It is proposed that gas accumulation with increasing dpa, especially of hydrogen,
may be a contributor to this second abrupt decrease in uniform elongation. Although the retained gas (helium and
hydrogen) levels approached �0.6 at.% total at the highest exposure level, no discernible cavities were observed.
� 2005 Elsevier B.V. All rights reserved.
1. Introduction

Austenitic stainless steels are widely used as struc-
tural materials in nuclear reactors. In fission spectra of
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light water-cooled reactors, as well as in fusion neu-
tron spectra and in the mixed proton-spallation neutron
spectra generated in accelerator-driven spallation sys-
tems, the displacement damage in typical austenitic
structural alloys is accompanied by very large genera-
tion rates of both helium and hydrogen [1–5]. While
helium is generally thought to be an embrittlement prob-
lem primarily for higher-temperature applications,
hydrogen is usually thought to exert its influence on
ed.
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Fig. 1. (a) Graph showing the change in uniform elongation
and 0.2% offset yield stress with dose after irradiation in a
spallation environment (Tt = Tirr = 50–160 �C). The specimens
for deformation microstructure examined after tensile test are
shown by arrows. (b) Graph showing uniform elongation and
total elongation as a function of dose.
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embrittlement most strongly at lower temperatures,
especially when there are high densities of radiation-
induced defects available for trapping, concurrent with
large amounts of helium.

Since 316 L is not only used in typical fast reactors
and light water cooled power reactors but is a tentative
candidate material for the fusion reactor and accelera-
tor-driven systems, irradiated austenitic steels have been
studied intensively in the last several decades. Typical
radiation-induced microstructural features in austenitic
stainless steels are dislocation loops, network disloca-
tions, cavities and precipitates [6]. Pronounced changes
in microstructural behavior occur in austenitic stainless
steels, varying as a function of irradiation temperature.
The microstructural response can be roughly divided
into two major temperature regimes. In the low-temper-
ature regime (<300 �C), the microstructure of austenitic
stainless steels is dominated primarily by small defect
clusters (black dots), faulted interstitial dislocation
loops, and network dislocations if the latter existed prior
to irradiation. The densities of defect clusters and
faulted loops are relatively independent of irradiation
temperature in this low-temperature regime. Above
300 �C, the radiation-induced microstructure changes
from small dislocation loops to a mixture of larger
faulted loops, network dislocations that evolve from
loops, and also cavities of either bubble and/or void
type.

There have been a number of studies [7–12] in which
the microstructure of 316 or 304 stainless steel has been
studied after irradiation at temperatures below 300 �C,
but the microstructures of such steels after irradiation
at <80 �C in a mixed proton and spallation neutron
environment have only recently been studied.

In a previously published study in this series the re-
sults of tensile tests of 304 L and 316 L irradiated at
LANSCE showed that significant irradiation hardening
occurred at a dose of as low as 0.5 dpa [13]. As shown
in Fig. 1, this hardening was accompanied by an initial
decrease in uniform elongation at low dose levels, from
�49% in the unirradiated condition to �30% at
1.1 dpa, followed by a second, rather abrupt loss of
ductility at doses P2.5 dpa, ranging from �21% at
2.5 dpa to �0.5% at 3 dpa (Fig. 1(a)). This second drop
in ductility was not accompanied by any visible new or
enhanced microstructural development. The second
abrupt change observed in the uniform elongation
does not appear as strongly in the total elongation
(Fig. 1(b)).

To investigate the origins of irradiation hardening
and embrittlement under low-temperature mixed proton
and spallation neutron environment, the microstructure
of both as-irradiated and as-irradiated but subsequently
deformed 316 L were examined by transmission electron
microscopy (TEM). Some of the microstructural results
presented below for irradiated but undeformed TEM
disks were published previously [14], but additional
microscopy results are presented for studies conducted
on deformed tensile specimens to ascertain the effect of
microstructural alteration, helium and hydrogen on
deformation near the dose associated with the second
abrupt loss of ductility.
2. Experimental

The chemical composition of 316 L SS employed in
this study is summarized in Table 1. Specimens of
316 L SS were electro-discharge-machine (EDM) cut
from as-received (annealed) material into either stan-
dard 3-mm diameter 0.25 mm thick TEM disks or
minitensile specimens (4 mm · 16 mm · 0.25 mm thick,
gage dimensions are 1.2 · 5 · 0.25 mm) and received
no further heat treatment.
The irradiation was conducted in the LANSCE facil-

ity located at Los Alamos National Laboratory. Details
of the irradiation were published previously, with all



Table 1
Chemical composition of 316 L used in this study (wt%)

Alloy C Si Mn Cu P S Mo Cr Ni Fe

316 L 0.019 0.65 1.75 0.26 0.022 0.022 2.57 17.26 12.16 Bal.
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specimens irradiated simultaneously at different dpa
rates achieved with respect to the proton beam profile
[13]. TEM disks and minitensiles were inter-dispersed
across the proton beam. The maximum dose achieved
in the experiment was about 10.3 dpa, with all doses
and gas concentrations determined as described in Refs.
[3,5]. The irradiation temperature across the thin tensile
and TEM specimens was calculated to vary between 30
and 60 �C, increasing with the dpa rate and its associ-
ated proton-induced heating rate. Tensile tests were per-
formed on the minitensiles at 50 and 160 �C at a strain
rate of 4 · 10�4 s�1. A summary of the tensile results is
shown in Fig. 1 [15].

In addition to the TEM disks examined in the unde-
formed, as-irradiated condition, 1 mm diameter speci-
Fig. 2. SEM fractography images of (a) unirradiated
mens of post-irradiation deformed material were
punched from the gauge area near the heads of previ-
ously tested tensile specimens that had been irradiated
between 1.1 and 3 dpa. The mechanical properties for
both minitensile and shear punch-TEM tests were previ-
ously reported by Hamilton et al. [16].

These punched 1.0 mm diameter discs taken from the
gauge areas of deformed tensile specimens were then
embedded in unirradiated 3 mm diameter discs with
1.0 mm diameter holes at the center. Afterwards, they
were jet-polished in a Tenupol with a solution of 5% per-
chloric acid 95% methanol solution cooled to �20 �C, at
50 V. TEM observation was conducted with a JEOL
2000 FX operated at 200 keV for diffraction-contrast
microstructural characterization.
316 L, (b) 1.4 dpa, (c) 4.1 dpa and (d) 9.4 dpa.
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3. Results

3.1. SEM fracture surfaces

The fracture surfaces of four 316 L specimens unirra-
diated and after irradiation to 1.4, 4.1 and 9.4 dpa were
examined after tensile testing. The yield stresses mea-
sured on these specimens are circled in Fig. 1(a). Four
typical fractography images are shown in Fig. 2. Trans-
granular ductile failure was observed for all specimens.
The only subtle difference observed is a decrease in the
dimple size with increasing dose. This suggests an in-
crease in void nucleation sites as may be expected with
increasing dose.

3.2. Microstructure of unirradiated but deformed 316 L

TEM investigation of unirradiated and deformed
316 L strained to failure (�45% elongation) at room
temperature revealed that the deformation mode was
primarily via twinning as shown in Fig. 3.

3.3. Microstructure of as-irradiated and undeformed

316 L SS

Proton and spallation neutron irradiation produced a
significant change in the microstructure of annealed
316 L stainless steel, as observed in the undeformed
TEM disks. Fig. 4 shows black-spot damage (small,
unresolved loops 60.5 nm) and somewhat larger faulted
Fig. 3. Bright-field TEM micrographs of deformation twins in un
temperature.
Frank loops observed in the weak-beam dark-field
(WBDF) imaging condition when observed at 1.4, 3.9
and 10.3 dpa, respectively. A summary of microstruc-
tural characteristics obtained from these irradiated spec-
imens is given in Table 2.
Relrod images of faulted Frank loops are shown in

Fig. 5, but relrod images can not be used to distinguish
between extrinsic or intrinsic stacking faults, i.e. between
interstitial or vacancy loops. Loop size distributions and
average loop sizes are shown in Figs. 6 and 7, respec-
tively. No resolvable cavity (bubble and/or void) forma-
tion was found in the specimens examined up to
10.3 dpa. Resolution limits for such cavities is �1 nm,
allowing the possibility that sub-resolvable vacancy
clusters or bubbles might exist.

3.4. Microstructure of irradiated and subsequently

deformed 316 L SS

Three specimens produced by punching minitensiles
irradiated to 1.1, 2.5 and 3 dpa were prepared to exam-
ine the deformation microstructure at exposures near
where a sudden drop of uniform elongation occurred
(Fig. 1). A TEM image of the deformation microstruc-
ture of 316 L strained to failure after irradiation to
1.1 dpa is shown in Fig. 8 together with the correspond-
ing diffraction pattern. Note that the predominant
feature of the microstructure is a high density of
twins, with a near-total absence of line dislocations. It
can also be seen that the narrowest twins are nearly free
irradiated and deformed sample after tensile testing at room



Fig. 4. Weak-beam dark-field g = 200 (g/4 g) TEM micrographs of undeformed 316 L, showing black-spot damage and larger faulted
Frank loops, taken with the beam direction close to the h1 1 0i zone axis, at (a) 1.4, (b) 3.9 and (c) 10.3 dpa.

Table 2
Summary of dislocation loop densities, mean loop diameters, and total dislocation densities for 316 L examined in this study

Alloy Dose (dpa) Loop number
density (m�3)

Mean loop
diameter (nm)

Total dislocation
density of loops (m�2)

316 L 1.4 2.1 · 1022 4 2.6 · 1014

316 L 2.5 3 · 1022 7.1 9.0 · 1014

316 L 4.1 4.8 · 1022 10.2 1.54 · 1015

316 L 10.3 1.9 · 1022 23.6 1.41 · 1015

Fig. 5. TEM micrographs of undeformed 316 L showing faulted Frank loops, taken with the beam direction close to the h1 1 0i zone
axis. (a), (b) and (c) are DF images taken from one of the h1 1 1i relrods for specimens at (a) 1.3, (b) 3.9 and (c) 10.3 dpa.
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of black spot or loop defects, indicating that most loops
were annihilated or unstable after these twins were
formed.
Fig. 9 shows a twin in high resolution bright-field and
relrod images. The twin zone is nearly free of defects. The
twin density and twin width were observed to vary from
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Fig. 7. Mean loop diameter as a function of dose for 316 L
stainless steel irradiated at 30–60 �C with a mixed spectra of
high-energy protons and spallation neutrons.
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grain to grain. The average twin spacing was approxi-
mately 0.2–0.3 lm and the width of the twins varied be-
tween 20 and 220 nm. Most grains showed primary and
secondary twinning on {1 1 1} planes as shown in Figs.
10 and 11. It is obvious from these micrographs that
316 L deforms at room temperature primarily by twin-
ning, independent of the irradiation dose level.
4. Discussion

Combined proton and spallation neutron irradiation
at 30–60 �C produced relatively small but significant
changes in the microstructure of 316 L when compared
Fig. 8. This image shows twinning in bright-field and the correspond
316 L stainless steel. The irradiation dose is 1.1 dpa with irradiation
to more dramatic microstructural changes usually ob-
served after irradiation at higher temperatures. Black-
spot damage was present at all dose levels studied, while
larger faulted Frank loops became more numerous as
the dose increased. At 0.7 dpa the predominant micro-
structural feature is unresolvable black-spot damage or
small resolvable Frank loops, almost all of which are
smaller than 6 nm. Loops grow larger as a function of
dose, reaching an average size of �50 nm at 10.3 dpa.
The average loop diameter at 1.4 dpa is smaller by a
factor of ten than that at 10.3 dpa. Neither electron
diffraction patterns nor stereo-micrographs revealed
ing diffraction pattern of irradiated and subsequently deformed
and test temperatures of 45 and 50 �C, respectively.



Fig. 9. Microstructure of irradiated and deformed 316 L
stainless steel after tensile testing at 20 �C with a strain rate
of 4 · 10�4 s�1 after irradiation at 42 �C to 2.5 dpa. The
electron micrographs were taken with beam direction close to
[0 1 1]. (a) A bright-field image, (b) a dark-field image taken
using 1 1 1 streaks arising from the faulted loops.

Fig. 10. Bright-field images shows twinning at 2.5 dpa with the
irradiation and test temperatures of 42 and 20 �C, respectively.

Fig. 11. Bright-field images shows intersections of two sets of
twins at 3 dpa with irradiation and test temperatures of 44 and
50 �C, respectively.
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any evidence of radiation-induced precipitation either in
the matrix or at the grain boundaries.

The deformation microstructure of 316 L SS exam-
ined between 1.1 and 3 dpa shows twinning as the dom-
inant mode of strain accommodation. Twin formation, a
common phenomenon in alloys with low stacking fault
energy (SFE), generally reduces ductility and promotes
premature failure. The separation of a perfect disloca-
tion into two Shockley partials separated by a layer of
stacking fault is energetically favorable in low SFE
materials, such as 316 L SS. Twinning is a result of fault-
ing on a succession of layers. Therefore it becomes nec-
essary to have a mechanism whereby the generation of a
faulted layer on successive planes is possible. Cottrell
and Bilby [17] first proposed a dislocation mechanism
for twinning which was later extended by Venables
[18]. This mechanism, termed a pole mechanism, re-
quires the dissociation of a perfect dislocation into two
segments a glissile Shockley partial, and a sessile seg-
ment. The twinning dislocation rotates around a pole
whose component Burgers vector is perpendicular to
the twin plane and is equal in spacing to the spacing be-
tween atomic planes. The sweeping dislocation produces
a fault on every successive plane leading to an unfaulted
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final structure. The deformation mode can be influenced
by the presence of faulted Frank loops and their overall
size, density, strain rate and temperature.

As discussed in Ref. [3] the damage-producing spall-
ation process arising from such high-energy particles is
much more complex than from the damage process of
lower-energy particles. The spallation process involves
two primary stages. The first stage involves an intranu-
clear cascade when the particle enters the nucleus,
producing a large number of high-energy secondary par-
ticles, including protons, neutrons and sub-nuclear par-
ticles. The remaining post-cascade nucleus is now in a
highly excited state and undergoes the second stage
involving an evaporation event, producing neutrons,
alpha particles and more protons, although the latter
have a much lower spectrum of energies compared to
those produced by the first stage. The recoil of the
post-evaporation remaining nucleus is thought to
account for the majority of the displaced atoms,
although there are contributions from all of the ejected
neutrons, protons and alpha particles from both stages.
While essentially all helium is produced in the evapora-
tion stage, the hydrogen is produced in roughly equal
amounts in both stages. However, the hydrogen pro-
duced in the intranuclear cascade is on the order of
100 MeV with large ranges, and a large amount
(>60%) of these protons is lost through the surface in
specimens of the size relevant to the current experiment.
Almost all of the generated helium and a significant frac-
tion of the hydrogen generated during the evaporation
event are, however, retained in the specimens. The
cross-sections for hydrogen and helium production, as
well as dpa production, are known to increase approxi-
mately linearly with incident particle energy, such that
the gas production to dpa ratios are roughly indepen-
dent of proton energy spectra as the original 800 MeV
protons are down-scattered in energy.

The cross-sections for production of hydrogen are
about an order of magnitude greater than those for
helium. In this experiment 316 L has retained
�553 appm helium and �1555 appm hydrogen at
�4 dpa, and �1720 appm helium and �3910 appm
hydrogen at �10 dpa as determined experimentally [3–
5]. The retained helium was found to increase continu-
ously at a rate of �180 appm/dpa, while the hydrogen
retention was twice as high. However, no cavity (bubble
and/or void) formation was found in the specimens
examined between 0.7 and 10.3 dpa.

It is important to note that, in the current study, the
maximum combined gas retention (helium, hydrogen)
was �0.6 at.%, but led to no resolvable cavity forma-
tion. However, in another study involving accelerator
implantation of gases and increasing helium above
1 at.%, bubbles were formed and grew continuously at
200 �C in 316 LN austenitic steel [10]. After 5 at.%
helium implantation bubble lattices were reported [10].
The observed radiation-induced changes in mechani-
cal properties should be explainable in terms of micro-
structural alterations induced by radiation, and for this
study, it is important to calculate whether the hardening
observed in the 316 L can be explained in terms of only
the microstructural alterations. According to the theory
of hardening based on a hard-sphere model (Orowan
model), the change in yield stress change due to disloca-
tion loops, Dry is expressed by, Dry =Malb(Nd)1/2

where M = Taylor factor, a = barrier strength of obsta-
cles, l = shear modulus, b = Burgers vector,N = density
of dislocation loops, and d = mean diameter of disloca-
tion loops [19]. The a values required to produce the ob-
served hardening were calculated from the yield stresses,
loop densities, and loop sizes. From these microstruc-
tural data and a value of 0.3–0.5 was calculated between
�4 and 10 dpa [14]. This value is close to estimates ob-
tained by others [20]. Nothing can be definitively con-
cluded about the contribution of the accumulating gas
atoms to the hardening and concurrent ductility loss,
but the observation that the Frank-loop hardening con-
tribution quickly saturates with increasing exposure, as
does the yield strength, tends to argue that the increasing
gas (in either atomistic form or in sub-resolvable clusters)
is not contributing significantly to the hardening up to
10.3 dpa.
However, the uniform elongation of 316 L initially

falls with increasing dose and appears to be saturating
at �21% at �2.5 dpa, but then drops precipitously to
�0.5% and never recovers as the dpa increases thereafter
[15]. A similar behavior was observed in 304 L. In each
alloy it appears that accumulating gas contributes to the
strong loss in elongation, even though there is no resolv-
able cavity microstructure, thus requiring the gas to
exert its influence while in atomistic or sub-resolvable
cavity form.
Existence of a high quantity of gas (hydrogen and

helium) in metals is known to have deleterious effect
on ductility especially for hydrogen at low temperature
[21]. Helium embrittlement is generally considered to
be a high-temperature (>350 �C) phenomenon. Hydro-
gen, however, has been assumed to diffuse away, out
of the alloy, at high temperatures. Therefore, the poten-
tially deleterious effect of hydrogen on mechanical prop-
erties has also been considered to be very minor [22]. At
low-temperatures (<100 �C) helium becomes almost
immobile, while hydrogen is thought still to have some
mobility. The deleterious effects of hydrogen on the
mechanical properties of many unirradiated materials
have long been recognized, although the mechanism(s)
of hydrogen embrittlement have been the subject of
much debate [23]. Of the many suggestions, three mech-
anisms appear to be viable: stress-induced hydride for-
mation and cleavage [24], hydrogen-enhanced localized
plasticity [25–27], and hydrogen-induced decohesion
[26]. The effect of hydrogen on deformation and fracture
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processes has generally been studied using the in situ
environmental-cell TEM deformation technique. In
nickel [25], high-purity aluminum [26] and high-strength
aluminum (7050, 7075) alloys [27], solute hydrogen
reduces the flow stress and enhances dislocation activity.
High hydrogen concentrations in the stress field ahead
of the crack produce highly localized ductile fracture
(hydrogen-enhanced localized plasticity). The effects of
hydrogen on the tensile and toughness properties of
HT-9 have been investigated after cathodic charging.
Charging at 0.003 A/cm2 for 90 min reduced the tensile
ductility by 63%, and changed the fracture mode from
dimpled rupture to a combination of intergranular
cracking in 12Cr–1Mo steel [28]. Further studies were
performed on 12Cr–1Mo steel charged with hydrogen
for times ranging from 10 to 150 min [29]. In the
uncharged condition, the specimens failed by intragranu-
lar rupture and prominent secondary cracking along the
prior austenite grain boundaries. Tensile ductility
decreased 33% at 0.003 A/cm2, 15 min, and the degree
of secondary cracking increased. At 0.003 A/cm2 for
150 min, the ductility decreased further and the fracture
mode changed to intergranular. Auger analysis indicated
that there was a segregation of phosphorous and carbide-
forming elements Cr, Mo, W to the prior austenite grain
boundaries. For more severe charging levels, the ductility
loss was greater, and the fracture mode changed from
intragranular rupture to classical intergranular.

In LANSCE, helium is generated with a rate of
180 appm/dpa and hydrogen is retained at �360 appm/
dpa [4]. Therefore, it appears likely that gas accumula-
tion with the increasing dpa especially that of hydrogen
may be a major contributor to the abrupt decrease in
uniform elongation.

Recently it has been shown that hydrogen tends to be
retained at rather high levels when coexisting with rather
high levels of helium, especially when cavities are formed
[4,30]. Perhaps the high cogeneration of helium and
hydrogen potentiates the effect of hydrogen. Remember,
however, that resolvable cavities were not observed in
these specimens, requiring that such a synergistic effect
of helium and hydrogen must work at sub-resolvable
cavity levels.

The second abrupt change observed in the uniform
elongation probably arises from hydrogen�s influence
on flow localization, probably because it is more severely
affected by the lack of work hardening, as evidenced in
the strain before necking. The fact that such an abrupt
drop does not appear as strongly in the total elongation
(Fig. 1(b))implies that hydrogen�s effect is to pin the irra-
diation-produced microstructure, but once the disloca-
tions are free and mobile, hydrogen�s influence is not
as abrupt with dose, even though it obviously contrib-
utes to the ductility loss.

Also an alternative explanation is that the severe loss
of uniform elongation is associated with both irradiation
hardening and flow softening. Recent modeling work
[31] has shown that constitutive relations for irradiated
metals can sometimes be modeled as, rfl = ry � C�S +
k(� � �S)

n, where rfl is the flow stress, ry the yield stress,
C a strain softening coefficient to describe softening over
a strain range �S, k a strain hardening coefficient, � is
total plastic strain and n a strain hardening exponent.
Irradiation hardening (increases in ry) and strain soften-
ing (increase in C) lead to significant decreases in uni-
form elongation. The twins in irradiated material
appear near devoid of black spots and loops suggest that
localized strain softening may be occurring.

5. Conclusions

Proton and spallation neutron irradiation at 30–
60 �C induced the formation of both black-spot damage
(small loops) and larger faulted Frank loops in 316 L
stainless steel. Faulted Frank-loop sizes increased with
increasing dose, while the saturation density was reached
rather quickly. In spite of the large levels of helium and
hydrogen retention, no cavities were found even at the
highest dose examined. Using classic barrier hardening
models, the black spot and faulted loop population
can account by themselves for the observed increase in
yield stress in 316 L. High levels of accumulated helium
and hydrogen do not appear to yield a significant contri-
bution to yield stress, but do seem to severely impact the
ultimate elongation, especially above 2.5 dpa.

The deformation microstructure of unirradiated
316 L is dominated by twinning which is the dominant
mode of strain accommodation. Radiation at 30–60 �C
does not appear to alter the twinning-dominated defor-
mation behavior. The radiation-induced loss of ductility
observed in 316 L is thought to be due primarily to radi-
ation-induced hardening by faulted Frank loops, and
second, to gas accumulation at higher doses, especially
hydrogen.
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