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Abstract

Plastically deformed microstructures in neutron-irradiated face centered cubic (fcc) materials, copper, nickel, and 316
stainless steel (316SS), were investigated by transmission electron microscopy (TEM). Neutron irradiation in the range of
65–100 �C up to 1 displacement per atom (dpa) induced a high number density of black spots, stacking fault tetrahedra
(SFT) and Frank loops, which resulted in irradiation-induced hardening. Deformation of irradiated fcc materials induced
various microstructures, such as dislocation channels, stacking faults, and twins. In the 316SS irradiated to 0.1–0.8 dpa, the
deformation microstructure consisted of a mixture of dislocation bands, tangles, twins, dislocation channels, and also mar-
tensite phase. Deformation-induced martensite transformation tends to occur with dislocation channeling, suggesting that
localized deformation could lead to transformation of austenite to martensite at a high stress level. At higher irradiation
doses (0.1–1 dpa), dislocation channeling became the dominant deformation mode in fcc materials, and is coincident with
prompt plastic instability at yield. The channel width seems to be wider when the angle between tensile direction and dis-
location slip direction is close to 45�. Furthermore, the correlation between channel width and resolved shear stress appears
to be material dependent, with copper having the greatest slope and 316SS the smallest.
� 2006 Elsevier B.V. All rights reserved.
1. Introduction

Irradiation-induced hardening in materials is
typically accompanied by a severe decrease in uni-
form plastic elongation. The decrease in tensile duc-
tility associated with low temperature neutron
irradiation often leads to the loss of strain harden-
ing capacity, especially at higher doses (>0.1 dpa)
[1–7]. These mechanical property changes observed
following low temperature irradiation are usually
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due to the presence of irradiation-induced defect
clusters such as black dots, faulted dislocation loops
(Frank loop), and stacking fault tetrahedra (SFT),
that act as obstacles to dislocation motion during
deformation. A general tendency has been observed
in many irradiated materials for the radiation-
induced defect structure to promote inhomogeneous
deformation: dislocation channeling, twinning, and
martensite formation, especially in low stacking
fault energy materials such as austenitic stainless
steels [8–10].

In the channeling process, the mobile disloca-
tions cut, annihilate, and/or combine with the defect
clusters on the slip plane during glide. Subsequent
.
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dislocations will tend to glide more easily along this
same path, cleaning out additional defect clusters
resulting in a channel free of defects. The increased
slip band spacing that results from dislocation chan-
neling reduces macroscopic displacement over a
fixed dimension and hence reduces bulk ductility.
Dislocation channel deformation has been seen in
wide variety of materials [11,12], but the under-
standing of radiation-induced hardening effects on
deformation is limited. Therefore, it is important
to clarify the relationship between irradiation-
induced defect clusters and dislocation channel
deformation in neutron-irradiated materials.

The present paper is focused on microstructural
evolution of irradiation-induced defect clusters and
deformation-induced microstructure in neutron-
irradiated fcc materials: copper, nickel, and 316
stainless steel, in order to understand the deforma-
tion mechanisms of materials showing loss of strain
hardening capacity.

2. Experimental procedure

High-purity polycrystalline nickel and copper
and commercial-purity 316 stainless steel (316SS)
were used in this study. The chemical compositions
and annealing conditions are shown in Table 1.
Custom-designed sheet tensile specimens with a
gauge section of 8.0 mm long, 1.5 mm wide, and
0.25 mm thick and an overall length of 17.0 mm
were irradiated in the range of 65–100 �C in the
Hydraulic Tube facility of the High Flux Isotope
Reactor (HFIR). This facility permits small alumi-
num capsules to be shuttled in and out of the reac-
tor core on demand in a stream of coolant water
while the reactor is at power. The irradiation expo-
sures ranged from 1.1 · 1021 to 6.3 · 1024 n m�2,
E > 0.1 MeV, corresponding to nominal atomic
displacement levels of 0.0001 dpa to 0.92 dpa. All
tensile tests were conducted at room temperature
at a crosshead speed of 0.008 mm s�1, correspond-
Table 1
Chemical compositions and annealing conditions of materials used in t

Chemical composition

Cu 99.999% purity
1.6S–0.09Cr–0.22Ni–0.1
P–0.27Fe–4.8Ag (ppm)

Ni 99.99% purity
316SS Fe–17.15Cr–13.45Ni–2.34Mo–0.1

Cu–1.86Mn–0.059C–0.57Si–0.018
S–0.024P–0.02Co–0.031N (wt%)
ing to an initial specimen strain rate of 10�3 s�1.
The 0.2% offset yield strength (YS), ultimate tensile
strength (UTS), uniform elongation (UE), and
total elongation (TE) were calculated from the engi-
neering load–elongation curves. Rectangular pieces
were cut from the uniform gauge sections of the
tensile-tested (broken) specimens for examination
by TEM. Electron microscopy observation was per-
formed at Oak Ridge National Laboratory (ORNL)
with a JEM-2000FX and a Philips-CM30 transmis-
sion electron microscope operating at 200 kV and
300 kV, respectively.

3. Results and discussion

3.1. Irradiation-induced hardening by

defect clusters

Fig. 1 shows the tensile properties of the materi-
als irradiated up to 1 dpa. The YS and the UTS of
each material increased with increasing irradiation
dose. In all the materials, there was no yield point
drop in the unirradiated specimen and in specimens
irradiated to the lower doses (<0.01 dpa). A yield
drop appeared at a 0.01 dpa and increased in size
with increasing dose. In nickel, the relative change
in YS increased more rapidly at higher doses than
in copper and 316SS. The UE and the TE of copper
and nickel decreased rapidly at higher doses.

Typical microstructures of the materials after
neutron irradiation are shown in Fig. 2. Neutron
irradiation at low temperature produced a high
number density (�1023 m�3) of very small defect
clusters (�3 nm) in all the materials. In low stacking
fault energy (SFE) copper, approximately 90% of
irradiation-induced defects are stacking fault tetra-
hedra (SFT), and the average SFT size remains con-
stant at about 2.6 nm at higher doses. The rest of
defect clusters (10%) in copper were black dots,
and were too small to determine their morphology
or crystallography from the images. The neutron-
his study

Heat treatment

Annealed at 450 �C for 30 min

Annealed at 900 �C for 30 min
Annealed at 1050 �C for 30 min



Fig. 1. Room temperature tensile properties of the materials irradiated up to 1 dpa.

Fig. 2. Microstructures of (a) Cu, (b) Ni, and (c) 316SS irradiated to 0.1 dpa.
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irradiated nickel, which has medium SFE, included
a high number density of small SFT (approximately
60% of the total defect density) and a low number
density of black dots and faulted loops on {11 1}
planes (Frank loops). In the case of neutron-irradi-
ated 316SS, there were no SFT observed but a high
number density of black dots and Frank loops were
observed at the highest dose (1 dpa). Measured
defect cluster parameters are listed in Table 2, and
Table 2
Summary of observed defect clusters in neutron-irradiated FCC mater

Dose (dpa) SFT Fra

Number
density (m�3)

Mean
size (nm)

Nu
den

Cu 0.013 1.9 · 1023 1.6 –
0.13 6.7 · 1023 2.5 –
0.92 7.0 · 1023 2.6 –

Ni 0.11 3.5 · 1023 1.0 <1
0.6 6.0 · 1023 2.0 <1

316SS 0.01 – – –
0.15 – – –
0.79 – – 1 ·
the number density of defect clusters in each mate-
rial was plotted as a function of dose in Fig. 3. Total
cluster density in each material increases with
increasing dose and reaches a saturation level at
0.1 dpa.

From simple geometric considerations of a dislo-
cation traversing a slip plane which intersects
randomly distributed obstacles of diameter d and
atomic density N, the increase in the uniaxial tensile
ials

nk loop Black dot

mber
sity (m�3)

Mean
size (nm)

Number
density (m�3)

Mean
size (nm)

– <1 · 1023 1.0
– <1 · 1023 1.0
– <1 · 1023 1.0

· 1023 12.5 <1 · 1023 1.0
· 1023 7.5 <1 · 1023 1.0

– 8.0 · 1022 1.5
– 2.5 · 1023 1.6

1023 3.5 3.0 · 1023 1.8
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Fig. 3. Number density of defect clusters in materials as a
function of irradiation dose (Cu: SFT + black dot, Ni:
SFT + Frank loop + black dot, 316SS: Frank loop + black dot).
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stress for polycrystalline specimens (Dr) in a mate-
rial is given by the well-known dispersed barrier
hardening equation [1,2,13], Dr = Malb(Nd)1/2,
where l is the shear modulus, b is the magnitude
of the Burgers vector of the glide dislocation (a0/p

2 for FCC, where a0 is the lattice parameter), M

is the Taylor factor (3.06), and a is average barrier
strength of the radiation-induced defect clusters.
Based on this equation and the measurements car-
ried out in this experiment, a value of a � 0.20
was obtained for SFT in copper. Recent experimen-
tal estimates range from a � 0.10–0.25 for copper
[14,15] and austenitic stainless steel [2,8,16] irradi-
ated at low temperatures. In this study, neutron-
irradiated nickel and 316SS exhibited mixture of
defect clusters, so that the barrier strength for differ-
ent type of cluster could not be estimated. Instead,
Fig. 4. General microstructure of dislocation channel deformation in (
respectively. Dislocation channels are present on {111} in Cu and Ni,
the average barrier strength for clusters in nickel
and 316SS was estimated to be 0.4–0.6. This greater
barrier strength than that in copper is probably due
to the existence of Frank loops in neutron-irradi-
ated nickel and 316SS. The estimated a value of a
Frank loop has been reported to be 0.5 for neu-
tron-irradiated 316LN irradiated at low tempera-
tures [17].

3.2. Deformation-induced microstructure in

neutron-irradiated FCC materials

Fig. 4 shows the general deformation microstruc-
ture at low magnification for the three materials
after irradiation up to 0.9 dpa. Dislocation channel-
ing is visible as narrow bands, which have been
largely cleaned of the fine defect structure. Disloca-
tion channeling can be practically distinguished
from twinning: streaks arising from twin boundary
should be found in the diffraction pattern because
twin is a very thin platelet. In general, dislocation
channeling begins to occur above a critical dose/
hardening level (corresponding to a cluster density
of N >�1 · 1023/m3 for copper tested at room tem-
perature [2,14]). In this study, the deformed fcc
materials, copper, nickel, and 316SS, exhibited chan-
nels only at doses higher than 0.1 dpa. Dislocation
channels tend to be present on {111} glide planes
in copper and nickel, and on {111} and {100} glide
planes in 316SS. Channel width in 316SS appears to
be narrower than that in copper and nickel. Disloca-
tion channeling in copper and nickel is coincident
with prompt plastic instability at yield, suggesting
that the loss of work hardening capacity in irradi-
ated copper and nickel at higher doses is mainly
due to dislocation channeling in local regions that
experience a high resolved shear stress.

In 316SS irradiated to 0.1–0.8 dpa, the deforma-
tion microstructure consisted of a mixture of dislo-
a) Cu, (b) Ni, and (c) 316SS irradiated to 0.92, 0.6, and 0.79 dpa,
and on {111} and {100} in 316SS.



Fig. 5. Microstructure of deformed 316SS irradiated to 1 dpa. Deformation-induced martensite transformation (arrowed region) was
observed along with dislocation channeling at each strain level.
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cation bands, tangles, twins, dislocation channels,
and also martensite phase. Fig. 5 shows the micro-
structure of deformed 316SS irradiated to 1 dpa.
Deformation-induced martensite phase running
with dislocation channels in {111} planes were
observed at each strain level, suggesting that local-
ized deformation could lead to martensite transfor-
mation at a high stress level.

3.3. Effect of orientation on dislocation channeling

When a tensile specimen is loaded in uniaxial ten-
sion, the applied stress, ras, is resolved on the slip
planes in the material. The resolved shear stress, srss,
on any given plane is determined by the angles
between the plane normal and the applied stress
(/) and between the slip direction and the applied
stress (h) : srss = ras cos(/) cos(h). The relationship
between srss and ras is complicated by the fact that
maximum resolved shear stress will vary from one
grain to another. In addition, material compatibility
and continuity act to limit the deformation of any
one grain that may be favorably oriented by slip.
In this study, rectangular shaped TEM samples
(1.5 · 2.0 mm) were taken from the uniform strain
region of the tensile-tested (broken) specimens in
order to monitor the tensile axis orientation of the
deformed gauge region in the TEM. With the long
edge of the rectangular specimen set parallel to the
TEM holder, the deformation channel orientation
with respect to the tensile direction within the grain
could be determined by the diffraction pattern. On
the assumption that all the grains in the material
deformed uniformly and grain rotation during
deformation is negligible, the resolved shear stress
for each dislocation channel observed was estimated
using the value of the UTS.

Fig. 6 shows the dependence of the resolved shear
stress on the angle between the tensile axis and
either the slip plane normal or slip direction in each
grain where channeling was measured. Since the
maximum resolved shear stress varies from one
grain to another when the tensile specimen is loaded
in uniaxial tension, the values of estimated resolved
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Fig. 6. Dependence of resolve shear stress on the angle between
tensile axis and slip plane normal (a) and slip direction (b) in
grain where channeling occurred.
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Fig. 7. Dependence of channel width on the angle between tensile
axis and slip plane normal (a) and slip direction (b).
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stress varied widely for different dislocation chan-
nels. However, in all the materials, there is a ten-
dency for the resolved shear stress to be the
greatest when the angle is around 45� due to simple
geometrical considerations. The Schmid factor, m, is
defined as the ratio of the resolved shear stress to
the axial stress, m = cos(/)cos(h). The maximum
value of m occurs when the shear plane is at a 45�
angle to the applied stress.

Fig. 7 shows the dependence of measured disloca-
tion channel width on the angle between the tensile
axis and either the slip plane normal or the slip direc-
tion. It should be noted that there is the same ten-
dency as the resolved shear stress for the channel
width to be wider when the angle is around 45�. Of
potentially greater significance for understanding
the deformation mechanisms in dislocation channel-
ing, the channel width increased with increasing
resolved shear stress as seen in Fig. 8. This indicates
that the largest localized deformation tends to occur
at the highest resolved shear stress level and that
there maybe a stress-dependent mechanism that lim-
its the width of the dislocation channel evolution
during deformation. Furthermore, there appears to
be a material dependence on the correlation between
channel width and resolved shear stress; copper
exhibited the greatest dependence of channel width
on resolved shear stress and 316SS the smallest
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(316SS < Ni < Cu). Possible factors controlling this
correlation could be the difference of SFE and/or
the shear modulus between the materials. However,
neither the magnitude of the SFE nor the shear mod-
ulus explains the correlation: (316SS: �20 mJ/
m2 < Cu: �80 mJ/m2 < Ni: �130 mJ/m2) for SFE
and (Cu: 45100 MPa < 316SS: 56000 MPa < Ni:
76500 MPa) for the shear modulus. Assuming that
the width of channels reflects ‘shearablity’ of irradi-
ation-induced defect clusters by moving disloca-
tions, the barrier strength of each cluster could be
a key factor for this issue. As discussed above, neu-
tron irradiation at low temperature induced three
kinds of defect clusters in the materials: black dots,
SFTs, and Frank loops. The existence of Frank
loops, which appear to have relatively higher barrier
strength [17], increased the average barrier strength
in nickel and 316SS. Since the number density of
Frank loops in 316SS is greater than in nickel, it is
suggested that the material with the most shearable
defects could be copper and the least shearable could
be 316SS among the materials used in this study.
This hierarchy might be able to explain the material
dependence on the correlation between channel
width and resolved shear stress.

4. Conclusions

The deformation microstructure of irradiated
FCC materials copper, nickel, and 316 stainless steel
has been investigated by transmission electron
microscopy in order to understand the deformation
mechanisms of materials showing a loss of strain
hardening capacity.

Irradiation-induced defect clusters, consisting
predominantly of SFTs in copper, SFTs and Frank
loops in nickel, and Frank loops in 316SS were
observed at the higher irradiation doses. The esti-
mated barrier strength for defect clusters in the
materials was in good agreement with previously
reported values. Dislocation channeling occurred
in all the deformed materials, and is coincident with
prompt plastic instability at yield. Channel width
seems to be wider when the angle between tensile
direction and dislocation slip direction is close to
45�, corresponding to the maximum resolved shear
stress condition. Furthermore, there is a material
dependence on the correlation between channel
width and resolved shear stress, copper exhibited
the greatest dependence and 316SS the smallest.
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