o~

ELSEVIER

Available online at www.sciencedirect.com

sc.ENCE@D.RECT®

Journal of Nuclear Materials 336 (2005) 225-232

journal of
nuclear
materials

www.elsevier.com/locate/jnucmat

Deformation microstructure of neutron-irradiated pure
polycrystalline vanadium

N. Hashimoto *, T.S. Byun, K. Farrell, S.J. Zinkle

Metals and Ceramics Division, Oak Ridge National Laboratory, P.O. Box 2008, Bldg. 45008, MS 6136,
Oak Ridge, TN 37831-6136, USA

Received 23 June 2004; accepted 13 September 2004

Abstract

The deformation microstructure of irradiated pure vanadium has been investigated by transmission electron micro-
scopy. Dislocation pileup on grain boundaries were observed in the deformed specimens irradiated to 0.012 dpa, indi-
cating that the source of channeling could not be grain boundary only. TEM analysis suggested a relationship between
tensile direction and channeling-occurred grain: there is a tendency that directions of the applied stress with greater
resolved shear stress lie on the trace containing [011] and [112] directions. Channel width is wider in case the angle
between tensile direction and dislocation slip direction is close to 45°. There is a dose dependence on the correlation
between channel width and resolved shear stress, the slope of this correlation decreased with increasing dose. It is sug-
gested that the loss of work hardening capacity in irradiated pure vanadium could be mainly due to dislocation chan-

neling locally formed with high resolved shear stress.
© 2004 Elsevier B.V. All rights reserved.

1. Introduction

Irradiation can produce dramatic changes in the
mechanical properties of metals [1-7]. Early studies on
irradiated metals [3,4,8,9] clearly demonstrated that irra-
diation at low temperatures produced pronounced hard-
ening. The hardening is typically accompanied by a
severe decrease in uniform plastic elongation as meas-
ured in a uniaxial tensile test [1-3]. The decrease in ten-
sile ductility associated with low temperature neutron
irradiation was the topic of numerous studies performed
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in the 1960s, and the phenomenon was commonly re-
ferred to as the low temperature radiation embrittle-
ment. A more appropriate term for the low uniform
elongation typically observed following low temperature
irradiation is the loss of strain hardening capacity. A
general feature associated with irradiation at low tem-
perature is increased matrix hardness due to the presence
of radiation-induced defects which act as obstacles to
dislocation motion. The yield strength increases with
increasing dose up to ~0.1 displacements per atom
(dpa), and then reaches an apparent saturation harden-
ing regime where the yield strength remains nearly con-
stant as the dose is increased. A similar low-dose rapid
hardening regime followed by a slowly evolving harden-
ing behavior at higher doses has been observed in several
FCC and BCC metals irradiated at low temperatures
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Table 1

Chemical composition of high-purity vanadium used and heat treatments (wt.ppm)

C Mn Si Cr Ni w Mo Ti Cu (0] N v
24 8 260 <100 <50 66 390 <50 <50 270 96 Bal.

Heat treatment: 30min at 900°C.

[8-12]. The present paper will focus on the deformation
microstructure, especially dislocation channeling, in a
neutron-irradiated BCC metal (Vanadium) in order bet-
ter to understand the deformation mechanisms of mate-
rials showing loss of strain hardening capacity.

2. Experimental procedure

High-purity polycrystalline vanadium (BCC) was ob-
tained from Alfa Aesar Corporation. Chemical compo-
sitions and heat treatment are shown in Table 1. The
average grain size was 7pum after the heat treatment.
Custom-designed sheet tensile specimens with gauge sec-
tion of 8.00mmx0.25mm X 1.5mm and an overall
length of 17.0mm were irradiated in flowing coolant
water in the hydraulic tube facility of the High Flux Iso-
tope Reactor. The inlet and outlet temperature of the
water is 49°C and 69°C, respectively. The temperature
of the specimens was estimated to be in the range of
65-100°C. The irradiation exposures ranged from
1.1 x10*' t0 6.3 x 10** nm =2, E > 0.1 MeV. Correspond-
ingly, nominal atomic displacement levels ranged from
0.0001 dpa to 0.69 dpa. All tensile tests were conducted
at room temperature in a screw-driven machine at a
crosshead speed of 0.008mms™!, corresponding to a
specimen strain rate of 107>s™'. Engineering strain
was calculated from the recorded crosshead separation
using a nominal gauge length of 8mm. Engineering
stress was calculated as the load divided by the initial
cross section area before irradiation. The load cell was
calibrated to NIST-approved standards. The 0.2% offset
yield strength (YS), ultimate tensile strength (UTS), uni-
form elongation (Ey), and total elongation (E;) were cal-
culated from the engineering load-elongation curves.
The TEM pieces cut from the gauge sections of the
tensile specimens had dimensions of only 1.5x2.0 X
0.25mm, which is much smaller than a standard 3mm
diameter TEM disk. Preparation of electrothinned foils
from these small pieces in a Tenupol electropolishing
apparatus required substantial development work and
modification of Tenupol specimen holders, details of
which are available in Ref. [12]. Electron microscopy
observation was performed with the JEM-2000FX
transmission electron microscope operating at 200kV
at Oak Ridge National Laboratory (ORNL). The foil
thickness was measured using thickness fringes in order
to quantify defect density values.

3. Results and discussion
3.1. Tensile property and deformation microstructure

Fig. 1(a) and (b) show the tensile properties of pure
vanadium irradiated up to 0.69 dpa. The neutron irradi-
ation increased the strength of vanadium by more than
70% at a maximum dose of 0.69 dpa. The YS and
UTS increased gradually with increasing irradiation
dose between 0.0001 and 0.1 dpa. The uniform elonga-
tion (UE) and total elongation (TE) decreased rapidly
at 0.001 dpa, and less uniform elongation was shown
at higher doses. The uniform elongation at 0.012, 0.12,
and 0.69 dpa was 0.1%, 0.3%, and 0.1%, respectively.
Fig. 2 shows scanning electron micrographs of fracture
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Fig. 1. Dose dependence of strength and elongation of neutron-
irradiated pure vanadium.
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Fig. 2. Scanning electron micrographs of fracture surface of neutron-irradiated pure vanadium.

surface, indicating typical ductile tearing. Deformation
microstructures of vanadium irradiated at 0.012, 0.12,
and 0.69 dpa, are shown in Fig. 3. Neutron irradia-
tion at low temperature-induced tiny defect clusters
(~2nm) with high number density (~10%%). The detail
of defect cluster and tensile property is listed in Table 2.

From simple geometric considerations of a disloca-
tion traversing a slip plane which intersects randomly
distributed obstacles of diameter d and atomic density
N, the increase in the uniaxial tensile stress for polycrys-
talline specimens (Ao) in a pure metal is given by the
well-known dispersed barrier hardening equation
[5,13,14]

Ac = Moub(Nd)"?, (1)

where u is the shear modulus, b is the magnitude of the
Burgers vector of the glide dislocation (1/3a0/2 for BCC,
where «aq is the lattice parameter), M is the Taylor factor
(3.06 for equiaxed BCC metals), and « is average barrier
strength of the radiation-induced defect clusters. In this
experiment, a value of a = 0.26 was obtained for pure
polycrystalline vanadium. Past experimental estimates
range from o~ 0.18-0.4 for pure vanadium [15-18],
0.10-0.25 for copper [19,20], austenitic stainless steel
[13,21,22], and V-4Cr-4Ti [23] irradiated at low
temperatures.

0.012dpa, €,=01% 0.12 dpa,

o

€,=0.3%

Fig. 3. Microstructure of deformed pure vanadium irradiated up to 0.69 dpa.
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Table 2

Summary of defect cluster and tensile property in neutron-irradiated pure vanadium

Material Irradiation Defect cluster

Tensile property

dose (dpa)  pengity (m=?) Size (m)  SQRT(NA) (™)  YSuwiw. (MPa) YS;, (MPa) Ac, (MPa) UTS (MPa)
A% 0.012 1.1x10% 1.8x107° 1.42x1077 304 470 167 470

0.12 1.9%x10% 21%x107% 2.00x 1077 304 523 219 523

0.69 2.3%10% 21%x107% 2.18x 1077 304 448 144 448

Fig. 3 shows dislocation channeling observed in each
irradiation condition. Channel width varied widely (25—
225nm). Generally, not only channel width but also
spacing would be one of important factors for deforma-
tion study. However, the statistics for channel spacing
were too poor to attempt correlation of spacing (1-2
channels per 5-10pm size grain), therefore only width
was provided in this study. For detailed microstructural
analysis of dislocation channeling, the beam direction
B = [111] and [001] were selected. With an assumption
that dislocations would move to (111)direction on
{112}, {110}, or {123} plane, the slip system can be
geometrically determined for each channel. Channel
width also can be estimated with considering the tilt an-
gle of the slip plane. Dislocation channels tend to be on
{112} planes (and only one case of {110} plane) in all
irradiation conditions. In addition, curved dislocation
channels were observed (Fig. 3(b)). It seemed that mov-
ing dislocations changed the slip system from (121)[111]
to (211)[111]. Dislocation channeling occurs because
the radiation-induced defect clusters produced at low
irradiation temperatures can be readily cut by gliding
dislocations. This produces a defect-free path for subse-
quent dislocations emitted from the operating source. In

general, dislocation channeling begins to occur above a
critical dose/hardening level (corresponding to N>
~1x10%/m> for copper tested at room temperature
[19]). In this experiment, dislocation channeling oc-
curred even at low dose (0.012 dpa) because irradia-
tion-induced defect clusters were present in sufficient
density (N > 1 x 10**/m®) for dislocation channeling.

Fig. 4 shows that some residual dislocations moving
in channels on {112} plane still remained in the chan-
nels after tensile test [24]. The channels with dislocations
are on (112), (112), and (211) plane and corresponding
slip directions are [111], [111], and [111], respectively.
In Fig. 4(b), dislocation line-up on (112) and pileup
on grain boundary can be seen. Dislocation channeling
has been suggested to also induce grain boundary crack-
ing in some irradiated BCC alloys [20]. This experimen-
tal result suggested that channeling formation could lead
to grain boundary cracking due to the stress localization
at a source of cracking by dislocation pileup.

3.2. Effect of orientation on dislocation channeling

When tensile specimen is loaded in uniaxial tension,
the applied stress, o, is resolved on the slip planes in

Tensile Direction

Dislocation pileup on grain boundary

Fig. 4. Microstructure of dislocations in channels after tensile test [24]. (a) The resolved shear stress of the channels on (112), (211)
and (112) plane were estimated to be 230.2, 170.5 and 76.7 MPa, respectively, for the tensile direction [341].
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the material. The resolved shear stress, 7,4, On any given
plane is determined by the angles between the plane nor-
mal and the applied stress (¢) and between the slip direc-
tion and the applied stress (0): 7. = 0u5 cos(P) cos(0).
The relationship between 7., and o, is complicated by
the fact that maximum resolved shear stress will vary
from one grain to another. In addition, material com-
patibility and continuity act to limit the deformation
of any one grain that may be favorably oriented by slip.
In this experiment, TEM pieces were taken from the ten-
sile specimens in rectangular shape (1.5x2.0mm) in
order to estimate the tensile axis in the TEM. To set
the rectangular specimen parallel to the TEM holder,
the tensile axis (the direction of applied stress) could
be determined by the diffraction pattern of the grain.
As described above, with using the beam direction
B~ [111] and [001], the slip system (slip plane normal
and slip direction) can be determined for each channel.
On the assumption that all of channels were formed at
the yield stress (0,5~ YS or UTS), the resolved shear
stress for each dislocation channel was estimated. It
was also assumed that all the grains in the material de-
formed uniformly and grain rotation during deforma-
tion is negligible.

Fig. 5 shows relationship between the direction of the
applied stress (tensile axis) in the channeling-occurred
grain and the estimated resolved shear stress for each
channel. For example, the resolved shear stress of the
channels on (112), (211) and (112) plane in Fig. 4(a)
were estimated to be 230.2, 170.5 and 76.7 MPa, respec-
tively, for the tensile direction [341]. There is a tendency
that directions of the applied stress with greater resolved
shear stress lie on the trace containing [011] and [112]
directions.

Fig. 6 shows the dependence of angle between tensile
axis and slip plane normal (a) and slip direction (b) on
resolved shear stress in each channeling-occurred grain.
Since maximum resolved shear stress varies from one
grain to another when tensile specimen is loaded in
uniaxial tension, the values of estimated resolved stress
varied widely (100-260MPa) for different dislocation
channels. However, there is a tendency for the resolved
shear stress to be great when the angle is around 45°
in both cases. The Schmid factor, m, is defined as the
ratio of the resolved shear stress to the axial stress,
m = cos(¢p) cos(0). The maximum value of m occurs
when the shear plane is at a 45° angle to the applied
stress. It should be noted that there is the same tendency
as the resolved shear stress for channel width (Fig. 7).
Channel width also varied widely but it exhibited an
angular dependence, especially at high dose. Actually,
in both cases of the resolved shear stress and channel
width, the maximum value is not at 45° angle. A possi-
ble reason of this divergence would be due to the
assumption that grain rotation during deformation is
negligible.

O 0.012dpa [Tll]
W o0.12dpa
A 0.69 dpa

O 2302, 76.7, 170.5
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Fig. 5. Relationship between direction of the applied stress
(tensile axis) in the channeling-occurred grain and the estimated
resolved shear stress (MPa) for each channel.

The values of the resolved shear stress and channel
width vary at each dose, so that no reasonable relation-
ship can be found. Basically, channel width is not a
measure of shear stress but shear strain, and also, chan-
neling is plastic deformation, and highly heterogeneous
deformation, therefore, there is not a simple relation-
ship between stress and strain. However, relationship
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Fig. 6. Dependence of angle between tensile axis and slip plane
normal (a) and slip direction (b) on resolved shear stress in each
channeling-occurred grain.

between channel width and the resolved shear stress
attracts an interest. As seen in Fig. 8, channel width in-
creased with increasing the resolved shear stress at each
dose, indicating the rapid deformation tends to occur at
a high resolved shear stress level. In addition, it seemed
that there is the dose dependence on the correlation be-
tween channel width and resolved shear stress, the slope
of this correlation increased with increasing dose. This
result suggests that at higher dose (higher density of irra-
diation-induced defect cluster) the rapid deformation
could occur with locally forming wider dislocation chan-
nel due to high resolved shear stress.

A characteristic feature that accompanies the pro-
nounced hardening in metals irradiated at ambient tem-
peratures is the loss of work hardening capacity. Early
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Fig. 7. Dependence of angle between tensile axis and slip plane
normal (a) and slip direction (b) on channel width in each
channeling-occurred grain.

studies of radiation hardening produced competing
models for the hardening mechanism, based on the dis-
location source locking and lattice friction. Several
researchers have proposed that both mechanisms oper-
ate, with source hardening responsible for the upper
yield point and lattice hardening responsible for the
lower yield stress observed in metals irradiated at ambi-
ent temperatures [25-27]. The loss of work hardening
capacity produces sharp decreases in uniform elonga-
tion. Both effects have been shown to be generally due
to dislocation channeling [2,23,28-33]. Twinning has
also been observed to cause a pronounced loss in strain
hardening capacity in austenitic stainless steel irradiated
at around 300°C and tested near room temperature [34—
37], however, no twinning was observed in the present
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experiment. From these results, it is suggested that the
loss of work hardening capacity in pure vanadium irra-
diated at low temperature could be mainly due to dislo-
cation channeling locally formed with high resolved
shear stress, leading to the rapid deformation.

4. Conclusions

The deformation microstructure of irradiated pure
vanadium has been investigated by transmission electron
microscopy in order to understand the deformation
mechanisms of materials showing loss of strain harden-
ing capacity. Dislocation pileup on grain boundary was
observed in the deformed specimens irradiated to 0.012
dpa, indicating that the source of channeling could not
be grain boundary only. TEM analysis suggested that
there is a tendency that directions of the applied stress
with greater resolved shear stress lie on the trace con-
taining [011] and [1 12] directions. Channel width seems
to be wider in case angle between tensile direction and
dislocation slip direction is close to 45°. Furthermore,
there is the dose dependence on the correlation between
channel width and resolved shear stress, the slope of this
correlation decreased with increasing dose. It is sug-
gested that the loss of work hardening capacity in irradi-
ated pure vanadium could be mainly due to dislocation
channeling locally formed with high resolved shear
stress.
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