Scripta Materialia 130 (2017) 174-177

journal homepage: www.elsevier.com/locate/scriptamat

Contents lists available at ScienceDirect

Scripta Materialia

=

Regular article

Monolayer-thick TiO precipitation in V-4Cr-4Ti alloy induced by

proton irradiation

@ CrossMark

A. Impagnatiello *>*, S.M. Shubeita ®, P.T. Wady ®, I. Ipatova *°, H. Dawson ?,

C. Barcellini *°, E. Jimenez-Melero *°

@ School of Materials, The University of Manchester, Manchester M13 9PL, UK
b Dalton Cumbrian Facility, The University of Manchester, Moor Row CA24 3HA, UK

ARTICLE INFO ABSTRACT

Article history:

Received 25 September 2016

Received in revised form 24 November 2016
Accepted 2 December 2016

Available online xxxx

We have characterised to atomic resolution the mono-layer thick TiO-type precipitate induced by proton irradi-
ation in V-4Cr-4Ti alloy at a dose of 0.3 dpa and a temperature of 350 °C. Its formation coincides with the coars-
ening radiation-induced interstitial a/2{111) dislocation loops that are already present at 300 °C. The dislocation
network induced by prior cold work is mostly recovered at 300 °C and 0.3 dpa, and is therefore expected to exert

a minimal effect on the precipitate formation. This monolayer-thick precipitate constitutes an early stage in the
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radiation-induced aging process of V-4Cr-4Ti at low temperatures, and can potentially absorb additional light
elements in reactor environments.

© 2016 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.

Vanadium-based alloys currently constitute advanced candidate
materials for the first wall of future fusion reactors such as DEMO |1,
2]. In particular, V-4Cr-4Ti alloy offers an outstanding combination of
high-temperature strength and radiation resistance [3-5], coupled
with low neutron activation [6,7] and corrosion resistance to liquid
metal coolants [8-10]. However, the presence of relatively small
amounts of light atoms in the matrix can drastically increase the
ductile-to-brittle transition temperature, and consequently also the
minimum temperature for safe use of this alloy in structural compo-
nents of the reactor [11,12]. Ti acts as an effective scavenger for light
elements by forming Ti(O,C,N) precipitates during the material's pro-
cessing [13]. Cold working prior to annealing can be used to minimise
the coarsening of the precipitates and increase the thermal creep resis-
tance of the alloy [14]. Additionally, the interface of those nano-scale
precipitates with the matrix can act as an effective sink for mobile lattice
defects [15,16]. Therefore, the radiation-induced hardening and em-
brittlement that take place in V-4Cr-4Ti below 400 °C and at dose levels
as low as 0.1-0.5 dpa can be reduced.

Neutron irradiation of V-4Cr-4Ti alloy at temperatures below 275 °C
induces the formation of a high density of faulted dislocation loops with
a Burgers vector of a/2{110) and an average size of ~3 nm. These small
dislocation loops present a barrier strength lower than the Orowan
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value for impenetrable obstacles during dislocation gliding, and
facilitate the formation of 50 nm-wide cleared dislocation channels
on {110} slip planes at those low temperatures. This channel forma-
tion causes a pronounced loss of strain capability and uniform elon-
gation in the V-4Cr-4Ti alloy. At higher neutron irradiation
temperatures, a/2{111) unfaulted dislocation loops predominate in
the microstructure. They attain a larger average size of ~200 nm, where-
as their density is reduced to <10%° m~—> [17]. In parallel to the occur-
rence and evolution of dislocation loops with temperature, recent
positron annihilation results revealed the presence of Ti-vacancy com-
plexes in the vicinity of the radiation-induced dislocation loops below
300 °C [18]. These complexes may act as precursors for the formation
at higher temperatures of Ti-rich radiation-induced precipitates
(RIPs). The growth of the additional precipitates induced by radiation
may occur by changing their morphology from sphere to platelet, and
also the O/Ti ratio [19]. And enhanced V content has also been reported
in some of these RIPs [20]. Despite the key role of the RIPs in improving
the radiation resistance of V-4Cr-4Ti in the low temperature regime, a
detailed characterisation of their structure and elemental content, espe-
cially at the interface with the surrounding matrix, would allow the de-
velopment of alloy microstructures with improved radiation resistance.
The potential effect of pre-existing dislocations due to prior cold work-
ing on the precipitate formation should also be assessed. In this paper,
we address these points by using proton irradiation as a surrogate to
neutron damage, in combination with high-resolution electron micros-
copy to characterise both the RIPs and the presence of dislocation
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structures in the matrix. This study provides a comparison of proton ir-
radiated microstructures with and without prior cold work. Generally
speaking for other types of materials, the presence of dislocations due
to cold work would favourably increase radiation resistance at relatively
low dpa levels, since the dislocations would trap and slow down the dif-
fusion of radiation-induced point defects [21,22]. Cold work can also be
caused by the manufacturing of the reactor components, so under-
standing the effect of cold work on materials that will be under irradia-
tion becomes even more important.

Equivalent V-4Cr-4Ti (wt.%) samples were solution-annealed
(SA) at 1100 °C for 2 h and afterwards water quenched to room
temperature. Some of the material was subsequently 10% cold rolled
(SACW). The sample surface was ground to 4000 grit SiC paper, and
then electro-polished using an electrolyte of 60 vol.% methanol-35
vol.% 2-buthoxyethanol-5 vol.% perchloric acid (60%) at a temperature
of — 35 °C. After that, the samples were irradiated with a 1.4 MeV proton
beam produced using the 5MV tandem ion accelerator of the Dalton
Cumbrian Facility [23]. The beam current deposited on the samples
was ~28 pA, and the damage rate was 3 x 106 dpa/s. We achieved a
particle flux of ~8.7 x 10'7 protons/m? s. The value of proton fluence
of ~8 x 10?2 particles/cm? is close to the fluence of ~10%* neutrons/
cm? from previous neutron irradiations of V-4Cr-4Ti samples [17]. The
temperature during irradiation (either 300 or 350 °C) was monitored
both with welded thermocouples on the sample surface adjacent to
the irradiated area, and also with a non-contact pyrometer. For trans-
mission electron microscope (TEM) imaging and analysis, discs were
prepared by mechanical pre-thinning, followed by electro-polishing
using the same electrolyte and temperature as previously mentioned.
In order to characterise the damaged structure, we used a FEI Tecnai
T20 with LaBg crystal and an FEI Titan G2 80-200 aberration-corrected
S/TEM with an X-FEG and ChemiSTEM™ technology [24], both micro-
scopes operating at 200 kV. The thickness of the disc area studied by
TEM was derived from the fringes spacing of the convergent beam elec-
tron diffraction pattern, the interstitial or vacancy nature of the defects
using the inside-outside method, and the Burgers vector from the gb =
0 invisibility criterion [25,26]. Vickers hardness measurements
were taken using a load of 0.025 g, resulting in an indentation depth
of ~8 um, which is close to the 60% of the Bragg peak position from
the irradiated sample surface.

The initial (SA) microstructure contained a fine dispersion of plate-
like Ti(O,C,N) precipitates [27], together with a number of cuboidal Ti-
rich precipitates decorating the grain boundaries of the matrix. Fig. 1a
shows a scanning electron micrograph of the cross section of the SA
sample surface irradiated at 350 °C. The large plate-like precipitates
formed during prior annealing treatment are clearly visible in the
image. A relatively bright line at ~15 um below the sample surface can
be observed passing through two neighbouring grains of the matrix.
The position of this bright line agrees well with the Bragg peak position
of 14 um calculated using the SRIM software [28], see Fig. 1b. In the re-
gion of the Bragg peak, the lattice is mostly damaged, the channelling of

irradiated surface

electrons is more impeded and therefore the BSE signal increases. We
have prepared TEM discs of the irradiated samples at a depth of 60% of
the Bragg peak position from the sample surface. This corresponded ap-
proximately to an 8 pm depth from the surface and a damage dose of
0.3 dpa in the studied samples.

Fig. 2 shows the TEM images of the SA and SACW samples, both
before and after having been irradiated up to 0.3 dpa at a constant
temperature of 300 °C. Before irradiation and cold work, the prior an-
nealing at 1100 °C led to a microstructure free from the dislocation
networks and other defects that are instead present after 10% cold
work. After irradiation, dislocation loops are present in the SA sam-
ple with a density of ~11 x 102! m~3. The majority of these loops
have a Burgers vector of a/2(111) and their average size is 12 nm.
A slightly lower density of dislocation loops is present in the SACW
sample after irradiation, namely ~9 x 10! m~3, and their average
diameter of 14 nm is close to the value for the SA sample. It is re-
markable that the pre-existing dislocation network in the SACW
sample is mostly recovered after irradiation.

The damaged microstructure of the SA sample after irradiation up to
0.3 dpa at 350 °C is shown in Fig. 3a. Interstitial a/2{111) dislocation
loops are also present in the microstructure. They are characterised by a
larger average diameter of 86 nm and a lower density of ~2 x 10> m—3,
as compared to the dislocation loops observed at 300 °C. However, at
350 °C we also observed new plate-shaped RIPs, oriented along the
{100} planes of the V matrix. They appear with an average length of
56 nm and a density of ~1.5 x 10! m~2. Fig. 3b and ¢ shows a higher-
resolution image of the RIPs. The precipitates seem to be composed of
only one atomic layer. Chemical analysis using energy-dispersive spec-
troscopy confirmed the presence of Ti [27]. These results suggest that
these observed RIPs correspond to TiO-type precipitates with a lattice
parameter of 0.42 nm [29] and the Baker-Nutting orientation relation-
ship with the matrix [30]: [001]r0//[001]y, (110)1i0//(100)y. This as-
sumption allows us to propose in Fig. 3e-f a crystal model of the
plate-like precipitates that is consistent with the atomic resolution
TEM data of Fig. 3c-e.

Table 1 summarises the microstructure of the irradiated samples in
terms of average length and density of RIPs and dislocation loops, to-
gether with the change in hardness due to irradiation. The number of
dislocation loops in the SACW sample is somewhat lower than in the
SA at 300 °C. The presence of the dislocation network in the SACW sam-
ple may have reduced the mobility of the radiation-induced point de-
fects that eventually form dislocation loops. As reported for cold-
worked irradiated steels, a significant reduction of the initial dislocation
network is required for the development of observable dislocation loops
[31]. Irradiation at intermediate doses would be required to understand
the evolution of pre-existent dislocations to achieve their full recovery
at the relatively low temperature of 300 °C. In this alloy recovery occurs
during annealing above 400 °C in the absence of irradiation [32]. Fur-
thermore, the hardness values of the SA and SACW samples after irradi-
ation at 300 °C lie very close. This is due to their dislocation structures
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Fig. 1. (a) SEM (BSE, 30 keV) image of the cross section of the solution-annealed V-4Cr-4Ti alloy irradiated up to 0.3 dpa at 350 °C, and (b) simulated damage profile using the SRIM
software with the quick Kinchin-Pease approach [40] and the total current deposited on the sample during the irradiation experiment. The asterisk locates the depth equal to 60% the
Bragg peak position, and denotes the region in the sample from where TEM foils were prepared.
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SA SA + 10%CW

not irradiated

p+ iradiated 0.3dpa 300°C

Fig. 2. TEM images of the microstructure of the solution annealed (SA) and SA + 10% cold worked (CW) samples, before and after proton irradiation up to 0.3 dpa at 300 °C. The arrows
show the g 200 direction.

after irradiation being also very similar. Taking into account that the of cold work prior irradiation. In conclusion it appears that the initial
cold work raised the hardness of the material before irradiation, the 10% cold work does not affect significantly the final hardness of the
hardness change after irradiation seems to decrease with the amount alloy after irradiation.
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Fig. 3. (a) Microstructure of the solution-annealed sample after undergoing proton irradiation up to 0.3 dpa at 350 °C, (b) detail from (a) of Ti-rich radiation induced precipitates aligned
along the [100] direction of the vanadium matrix, together with a number of dislocation loops, (c) atomic-resolution image of the region outlined by the square in (b), (d) atomic-
resolution detail of the region outlined by the square in (c) where the position of the Ti and V atoms are indicated by blue and red circles, respectively, (e) upper and (f) 3-D view of
the crystal structure model of the plate-like precipitate shown in (c) and (d). (a) was obtained in TEM mode, whereas the (b-d) were collected in STEM mode. In all images, B =
[001] and g 200 lies parallel to the scale bar. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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Table 1

Average length/size and density of the dislocation loops and irradiation-induced Ti-rich precipitates observed in the irradiated V-4Cr-4Ti samples together with the initial hardness value

(HV;) and the change in hardness due to proton irradiation (AHVj;;).

Sample condition HV; Tirr (°C) Dose (dpa) AHVi, Dislocation loops Irr. induced precipitates
Average size (nm) Density x 10" m~>  Average length (nm) Density x 10*' m—3
SA 196 +8 300 0.3 130 £ 19 12 11 - -
196 £ 8 350 0.3 90 £+ 18 85 56 1.5
SA + 10% CW 217 £ 13 300 0.3 104 + 26 14 9 - -

Dislocation loops found in all the irradiated samples were of intersti-
tial nature, consistent with previous work on neutron irradiated V-4Cr-
4Ti in this temperature range [17]. They are unfaulted and the predom-
inant Burgers vector is a/2{111). Faulted dislocation loops with a Bur-
gers vector of a/2(110) were reported for temperatures below 300 °C
in previous neutron-irradiation studies [ 17]. Molecular dynamic simula-
tions previously showed that this latter type of dislocation loop has a
relatively high formation energy and become unstable at high tempera-
tures [33]. We found that the increase in irradiation temperature from
300 °C to 350 °C causes a reduction in the density of dislocation loops
and an increase in the average size of the loops. As a consequence, the
irradiation-induced hardening of the alloy (AHVj,;) diminishes with in-
creasing temperature above 300 °C, see Table 1. A higher density of finer
loops at 300 °Cimplies more obstacles to the motion of dislocations and,
as a consequence, an enhanced irradiation hardening [34]. The decrease
in hardening due to the temperature evolution of the dislocation struc-
ture is partially compensated by the appearance of RIPs at 350 °C [35].
Differences in dose rate between neutron and proton irradiation are ex-
pected to yield a lower average loop size in the proton irradiated spec-
imens (~85 nm) as compared to neutron irradiation (~200 nm) [36].

The appearance of Ti-rich RIPs at a radiation dose of 0.3 dpa occurred
between 300 °C and 350 °C, in agreement with previous neutron irradi-
ation experiments [18]. In non-irradiated conditions, the formation
plate-like Ti(O,C,N) precipitates is induced above 500 °C by climbing
dislocations during recovery [37]. Proton irradiation at lower tempera-
tures has triggered the formation of dislocation loops, and at 350 °C
also the formation of additional plate-like TiO-type precipitates. The
radiation-induced mobile vacancies would increase the diffusion of sub-
stitutional Ti atoms, and the occurrence of Ti-vacancy complexes close
to the dislocation loops, where the additional TiO-type precipitates
form [17,18]. The crystal structure model in Fig. 3e describes the precip-
itate platelet as an fcc TiO monolayer, whose interface with the V matrix
is coherent along the sides of the platelet. This monolayer platelet could
evidence that the proposed Ti spherical clusters [19] evolve to a platelet
Guinier-Preston (GP) zone visible with TEM techniques. The GP zone
would finally evolve to a thicker plate as the dose is increased. The
thickness of these TiO-type plates has been reported to be ~1-3 nm at
a neutron radiation dose of 4 dpa and a temperature of ~510 °C [38].
This precipitation sequence is similar to the precipitation behaviour ob-
served in Al-Cu alloys during annealing at 130 °C, where monolayer, bi-
layer and multilayer Cu-rich plate-like precipitates correspond to
different stages of hardening during aging [39]. Therefore, the initial
Ti-vacancy clusters, the monolayer platelet reported in this work, and
the multilayer TiO-type precipitates characterise different stages of
radiation-induced precipitation hardening in the V-4Cr-4Ti alloy.

In conclusion, our results on proton-irradiated V-4Cr-4Ti alloy lie in
accordance with the nature and evolution of dislocation loops observed
in the same alloy irradiated with neutrons at equivalent temperatures.
Our TEM data also revealed that the dislocation networks induced by
prior cold work are mainly recovered at 300 °C and a radiation dose of
0.3 dpa. Therefore those pre-existing dislocations exert a minor effect
on the formation of radiation-induced TiO-type plate precipitates ob-
served at 350 °C. Our high-resolution TEM data allowed us to character-
ise the monolayer-thick TiO precipitate. This precipitate constitutes an
early stage in the radiation-induced aging process of V-4Cr-4Ti at

relatively low temperatures, and therefore possesses the capacity of ab-
sorbing additional light elements in fusion reactor operation conditions.
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