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ABSTRACT

This review considers current Zr alloys and opportunities for advanced zirconium alloys to meet the de-
mands of a structural material in fusion reactors. Zr based materials in the breeder blanket offer the
potential to increase the tritium breeding ratio above that of Fe, Si and V based materials. Current com-
mercial Zr alloys might be considered as a material in water-cooled breeder blanket designs, due to the
similar operating temperature to fission power plants. For breeder blankets designed to operate at higher
temperatures, current commercial Zr alloys will not meet the high temperature strength and thermal
creep requirements. Hence, Zr alloys with an operational temperature capability beyond that of current
commercial fission alloys have been reviewed, specifically: binary Zr alloy systems Zr-Al, Zr-Be, Zr-Cr,
Zr-Nb Zr-Ti, Zr-Si, Zr-Sn, Zr-V and Zr-W; as well as higher order Zr alloys Zr-Mo-Ti, Zr-Nb-Ti, Zr-Ti-Al-V
and Zr-Mo-Sn. It is concluded that, with further work, higher order Zr alloys could achieve the required
high temperature strength, alongside ductility, while maintaining a low thermal neutron cross-section.
However, there is limited data and uncertainty regarding the structural performance and microstructural
stability of the majority of advanced Zr alloys for temperatures 500-700 °C, at which they would be

expected to operate for helium- and liquid metal-cooled breeder blanket designs.

Crown Copyright © 2021 Published by Elsevier B.V.

This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/)

1. Introduction

Materials selection and development for fusion reactors is a
primary research topic underpinning the progression of fusion
technology. Popular candidates for the structural material in the
breeder blanket are Fe, V, Cr, or Si based materials. However, re-
cent work has shown that Zr can offer an advantage over these
candidates if used as the structural material within the first wall
(FW) of a DEMO-like reactor, where it was predicted to yield a pos-
itive tritium breeding ratio (TBR) relative to an omission of a FW
material [1]. This may offer particularly important advantages for
spherical tokamak reactor designs [2,3], where the reduced volume
for breeding would mean a higher TBR is harder to obtain.

The development of Zr alloys for in-core nuclear fission appli-
cations began ~60 years ago, as a replacement for steel compo-
nents. Today, examples of Zr alloys that are in regular use include:
Zircaloy-2, —4, ZIRLO™, M5®, Zr-2.5 and E110, for fuel assemblies
and fuel claddings in light water reactors. Their success is largely

* Corresponding author at: United Kingdom Atomic Energy Authority (UKAEA),
Culham Science Centre, Abingdon 0X14 3DB, United Kingdom.
E-mail address: daniel.miks@live.com (D.J.M. King).
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due to the small thermal neutron absorption cross-section (o ,ps) of
Zr, 0.185 barns (bn), relative to the majority of elements in other
structural materials, which allows for a higher availability of neu-
trons at thermal energies to sustain criticality of the fission reac-
tion. If other materials with higher o ., are used within the reac-
tor core, the 23°U content in the UO, fuel must be enriched further,
which is generally a more financially costly option.

Fusion energy devices, e.g., International Thermonuclear Experi-
mental Reactor (ITER) [4], Demonstration reactor (DEMO) [4,5], and
Spherical Tokomak for Energy Production (STEP) [6], present analo-
gous neutron efficiency challenges to fission. To sustain long-term
operation, the tritium (T or ?H) available for fusion must be re-
plenished. This is to be achieved through the breeding of T during
operation via the inelastic scattering of the neutrons produced by
the deuterium-tritium (D-T) fusion reaction, with Li, through the
following reactions:

on+5Li — 3H +3He (1)

on+73Li— 3H +3He + {n (2)

Similar to the fission cross-section of 23°U, the T breeding cross-
section (o) of the gLi isotope generally increases with decreas-

0022-3115/Crown Copyright © 2021 Published by Elsevier B.V. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/)
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whereas o1 of the ;Li is a threshold reaction taking place when
neutrons energies are above ~2 MeV. Nevertheless, reaction (2)
produces T and g)n, which is potentially available for further re-
action with gLi. Whilst T is produced via both of these reactions in
a breeder blanket (the proportion varies depending on the blanket
concept), the likelihood of reaction (1) occurring is greater than
(2) due to the moderation of neutrons that occurs via elastic scat-
tering with the various components within the reactor (structural
material, coolant, multiplier, and reflector) [7]. To exploit these cir-
cumstances, enrichment of gLi is planned for a majority of de-
signs. However, use of a low thermal neutron absorption cross-
section material could be used to the same effect and lead to lower
costs and greater design freedom for T breeding in the low energy
regime (< 1 MeV).

Fig. 1 shows the microscopic neutron cross-sections of T pro-
duction (n, T) for §Li, and non-elastic scattering (n, non) of 6Fe
and %07Zr. It can be seen that both %9Zr and >6Fe exhibit similar
resonance behaviour between 1 x 10-2 — 1 MeV but below this
range, the cross-section of Zr is significantly lower.

There is a range of proposed designs for future fusion reactors,
therefore we must consider a range of conditions that a struc-
tural material in the breeder-blanket could be exposed to [5,9].
Some water-cooled fusion reactor designs operate in temperature
ranges similar to current light water reactors (300-350 °C [10]),
and others operate in a higher temperature regime for improved
plant thermal efficiency, where leading designs have coolant outlet
temperatures in the region of 500-700 °C [5,9]. Commonly pro-
posed high temperature coolants are: He or H gas, liquid metals
such as Li, or molten salts, which will be in direct contact with
the coolant pipes composed of the structural material. The struc-
tural material will also be in contact with the armour material (e.g.
W), the breeder and multiplier material, which are typically Li, Be
and/or Pb containing compounds [5,9]. Such alloys will also be ex-

ing neutron energy (proportional to ) and is exothermic,

posed to a neutron flux with maximum energies of ~14 MeV [11].
Finally, the mode of operation could be a pulsed mode operation
with ~2 h durations and ~5 x 104 cycles or quasi-continuous [12].

Of the current designs for the test blanket module (TBM) pro-
gramme on ITER [13,14], the water-cooled lithium lead (WCLL)
breeder blanket concept would employ a temperature range most
similar to those of current fission power plants (280-325 °C). At
these water-cooled operating temperatures in fission power plants,
Zr alloys can feature as the fuel cladding, pressure tubes, fuel chan-
nels and fuel spacer grids. The helium-cooled pebble bed (HCPB)
breeder blanket concept operates at a higher temperature (300-
500 °C) and is another most promising TBM design [15]. It has
been shown that Zr as a FW structural material would improve
the TBR in this a detached FW version of the HCPB concept, with
excellent mechanical compatibility between the Zr and W as the
plasma-facing material due to their similar coefficient of thermal
expansion [1]. However, the mechanical behaviour of current com-
mercial Zr at these higher temperatures would likely be unaccept-
able. Hence, it is pertinent to review novel Zr alloys for higher
temperature mechanical stability and highlight key areas for de-
velopment.

So-far, there has not been any considerable work towards the
development of Zr alloys tailored for fusion, and the primary re-
search direction for Zr alloy development has been towards ex-
tended operational life in the environment of a light water fis-
sion reactor, viz. submersion in an aqueous solution at ~300 °C
[16]. Comprehensive reviews on the effects that neutron radiation
has on commercial Zr alloys, in fission reactor conditions, can be
found elsewhere [17-20] and will not be discussed in detail here.
However, it must be noted that dimensional change via irradiation-
induced creep and growth will be a concern for the WCLL de-
sign. In fission fuel cladding and pressure tubes, strong texture is
created during component fabrication to prevent radial hydrogen-
induced cracking. This strong crystallographic anisotropy induces
highly directional irradiation-induced growth strains, which is a
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Table 1

Example compositions (wt.%) of commercial Zr alloys.
Alloy Sn Fe Cr Ni Nb (o] Refs.
Zircaloy-1 2.50 - - - - - [27]
Zircaloy-2 1.50 0.10 0.10 0.08 - 0.14° [28]
Zircaloy-3 0.25 0.25 - - - [29]
Zircaloy-4 1.50 0.20 0.10 - - 0.11° [28]
E110 - 0.05 0.02 0.02 1.10 0.10 [30]
Valloy - 0.10 1.15 - - [31]
Ozhenite 0.20 0.10 - 0.10 0.10 [32]
Zr-2.5Nb - - - - 2.50 0.13¢ [28]
M5® 0.01 0.05 0.02 - 1.00 0.12 [33]
ZIRLO™ 1.00 0.01 - - 1.00 0.13 [33]
Optimized ZIRLO™ 0.67 0.10 - - 1.00 0.13 [34]

lifetime-limiting effect. Irradiation-induced growth can be com-
pletely absent to very high fluences (> 55 dpa) by quenching
to the a-phase directly from the B-phase and hence randomis-
ing the texture, e.g. see Section 3.4.1 in Ref. [20]. Texture ran-
domisation could therefore be considered as a method to limit
anisotropic irradiation-induced dimensional change for Zr alloys in
the WCLL breeder blanket design. For the HCPB design, at opera-
tional temperatures >500 °C, the predominant dimensional change
will not be irradiation-induced creep or growth but simply thermal
creep [21]. However, it should be noted that the effects of fusion-
relevant higher energy flux profiles at these higher temperatures
on irradiation-induced dimensional changes have not been investi-
gated for Zr alloys and the mechanical loading of structural com-
ponents in the FW blanket (estimated by Forty and Karditas for
a Zr alloy previously [22]) will differ to that of a fuel cladding
or assembly [23]. While Forty and Karditas concluded that ther-
mal and irradiation creep would not be life-limiting for a Zr-based
water-cooled breeder blanket, no such thermo-mechanical analy-
sis has been performed for a helium-cooled design; commercial
Zr alloys experience unacceptably high creep rates (>10"> h-1)
[21] above 500 °C, wherein lies part of the reason for their lack
of consideration for fusion. Of further concern is the susceptibil-
ity of Zr to H embrittlement. In a review of this latter topic, Forty
and Karditsas [24] concluded that H embrittlement of Zr is un-
likely to be a life-limiting factor in a fusion environment. How-
ever, more work needs to be done to consider the varying sources
of H under non-ideal conditions and the effect of pulsed tempera-
ture profile of the reactor on delayed hydride cracking. Neverthe-
less, given the neutronic advantage of Zr, established world-wide
extraction/production routes, and their success in fission environ-
ments, some consideration should be made for Zr alloys as a struc-
tural material in the breeder blanket.

It is therefore the purpose of this review article to consider the
high temperature mechanical properties of current Zr alloys and
identify the capabilities of advanced Zr alloys, as well as their suit-
ability as structural materials in a fusion environment. Compar-
isons are made to other current candidate structural materials: EU-
ROFER 97, V-4Cr-4Ti and silicon carbon fibre/silicon carbide com-
posite (SiCy/SiC).

2. Current Zr alloys
2.1. Material properties

Currently, ~85% of the globally produced Zr metal is used for
nuclear applications (estimated at 6000 t in 2014 [25]). However,
this is only a small fraction (<5%) of the total Zr ore extracted an-
nually (~108 t), which is used in construction, medical and elec-
tronic applications [26]. Natural Zr contains ~4% Hf, which must
be removed for nuclear applications due to the high thermal o 4
of Hf (104.1 bn). Across North America and Europe, nuclear grade

Zr is processed by three companies: Companie European Zirconium
Ugine Sandvik, Allegheny Technologies Incorporated, and West-
ern Zirconium. Strip/sheet and tube manufacturing knowledge and
capabilities exist globally e.g. at Westinghouse, Framatome, and
Sandvik Special Metal. It is therefore plausible that the world sup-
ply of Zr could be upscaled for use in commercial fusion reac-
tors and therefore benefit from the pre-established nuclear supply
chain, a feature only Fe alloys currently match.

Table 1 lists example compositions of some popular Zr alloys
that have been developed for fission applications. Of these alloys,
Zircaloy-2 and —4 have seen the most prevalent use, while M5®,
and ZIRLO™ have been the recent successful developments. The
design basis for optimised compositions has largely focussed on
gaining superior corrosion resistance and reduced H pick-up in
aqueous environments.

Fig. 2 provides a broad comparison of start-of-life thermo-
mechanical properties (thermal conductivity, strength, ductility,
toughness, fatigue and creep) measured experimentally for exam-
ple commercial Zr alloys, compared to three other material fami-
lies considered for use as structural materials in breeder blanket:
EUROFER 97, ODS-EUROFER, V-4Cr-4Ti and, SiC¢/SiC. It should be
noted that the results presented are from a range of studies with
differing sample geometries and treatments, therefore care must
be taken when comparing exact values. For the purpose of this
review only the trends in the data are plotted to provide ease of
comparison. Each datapoint used for these trends can be accessed
from Ref. [8]. In general, it can be seen that Zr alloys underper-
form in high temperature strength, fracture toughness, room tem-
perature fatigue and creep compared to the other materials. How-
ever, they have comparatively good ductility and mid-range ther-
mal conductivity.

At room temperature the strength of Zr-2 is similar to V-4Cr-
4Ti, but will soften more dramatically with temperature, and is
significantly lower than EUROFER 97, ODS EUROFER and SiC¢/SiC),
between 200 and 800 °C. In terms of ductility, Zr and V alloys have
relatively high uniform tensile elongations between 0 and 800 °C,
while SiC¢/SiC, EUROFER 97, and ODS-EUROFER can present brit-
tle behaviour in this temperature range. The toughness of Zr alloys
changes dramatically with H, He and O content; the data for Zr-
2 presented in Fig 2(d) is quoted to be 20 wppm H, which is a
factor of 2 higher than commercially as-received Zr-2 [35]. A trend
of increasing ductile-to-brittle transition temperature (DBTT) is ob-
served for increasing H in some cases [36] but the behaviour can
also change dramatically depending on hydride morphology [37].
Nevertheless, commercial Zr alloys have a relatively low fracture
toughness above room temperature, intrinsic to its crystal struc-
ture [38], making it worse than the other candidate alloys. Simi-
larly, the creep and fatigue performances are worse than the other
candidates and are prohibitive factors for use of current Zr alloys as
structural components in the blanket region, even in the absence
of radiation damage. This is because such components will likely
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be exposed to cycled thermomechanical loadings, during pulsed
mode operation, with maximum operating temperatures higher
than the range where commercial Zr alloys can maintain integrity.
When including the effects of irradiation, corrosion, cycling, tran-
sient conditions, the material design limits become even more re-
strictive. Previously, EUROFER 97, V-4Cr-4Ti and SiC/SiC have been
predicted to have a maximum useful operating temperatures of
approximately 550, 650, and 950 °C, respectively, when consider-
ing irradiation effects [24]. It is clear that for a Zr based alloy to
be suitable as a structural component in the breeder blanket, the
creep resistance must be improved. While fatigue and creep data
are not available for more novel Zr alloys, here the strength is used
as a first order approximation assuming that a stronger alloy will
display greater creep resistance.

2.2. Manufacturing, joining, and welding

Currently, components made from nuclear grade Zr are first
supplied in the form of sheet, plate or tube. These geometries
are then manufactured into the desired shapes or welded to other
components.

Allegheny Technologies Incorporated (ATI), for example, pro-
duce Zr sponge and Zr alloys in strip, plate, foil and rod geometries
[28]. The main difference between Zr alloy components used in fis-
sion and fusion are the thicknesses required i.e. more than a mag-
nitude increase in thickness from 0.5 mm of a Zr-4 fuel cladding
[39,40]. The use of Zr alloys, when joining and welding for fusion
applications, does offer some advantage if a W is to be used as
an armour as both elements have similar thermal expansions [41].
However, a well-documented problem resulting from the manu-
facturing process is the crystallographic texture introduced in the

component that leads to anisotropic properties [42], which would
persist in conventional Zr alloy components for fusion applications
unless a post-manufacture B-quench heat treatment is included
for texture randomisation. Atmospheric contamination, at various
stages of Zr alloy processing, is also a known problem and there-
fore vacuums are needed to reduce these effects [43]. It is not ex-
pected additional issues relating to the manufacturing, joining and
welding of Zr based components, specific to fusion, will be encoun-
tered using current methods.

2.3. Effect of impurities (C, H, He, and N)

Impurities can be introduced to a material at all stages of its
life. The susceptibility of the material to impurity pickup and the
effects of the impurities on mechanical performance is crucial to
the viability of the material. It is this aspect that V based alloys
face difficulties as C, N and O impurities, introduced during the
fabrication process (at concentrations of 60-300, 70-460 and 150-
900 wt parts per million [wppm], respectively [44]), lead to loss of
workability [45] and weldability [46] and also lead to precipitation
during irradiation [47].

The impurity concentrations of Zircaloys, after fabrication, are
detailed in Table 2. Within this section, the perceived sources of
additional impurity concentrations, material response and possible
issues encountered are discussed based on commercial Zr alloys
used in a breeder blanket.

2.3.1. Carbon

At high C concentrations (>0.5 wt%) it is known that there is
a deleterious effect on the oxidation resistance of Zr alloys. This
is because Zr carbides precipitate at the surface and in the bulk
of the material and facilitate the diffusion of O into the material
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Table 2

Typical start-of-life impurity concentrations in commercial Zr alloys.
Alloy C (wppm) H (wppm) N (wppm) 0 (wppm)
Zr-2 270° 252 80° 1420°
7r-4 2707 257 80° 1100°
Zr-2.5Nb 270% 10° 657 1300¢
a [28].
b [48].
¢ [49].

[50]. At impurity concentrations in Zr-2.5Nb, a correlation between
increasing C content between 40 and 300 wppm and deuterium
pickup has also been observed [51].

The only other likely source of additional C content in a Zr al-
loy is in the form of #C, which can be produced by the interaction
of fast neutrons with %N, via N(n,p)'C. The levels that are pro-
duced (~1 wppm/yr [30]) are not expected to have a large impact
on the behaviour of the material during operation, but would im-
pact on the induced radioactivity in the material [52].

2.3.2. Hydrogen

Zr has a reasonably large H solubility (>0.15 wt%) at elevated
temperatures (>300 °C). Therefore, during thermal cycling there is
an energetic drive for H adsorption and dissolution into the metal
at high temperatures, and subsequent precipitation as brittle hy-
dride phases at low temperatures where H solubility is very low
(~1 wppm at 20 °C). This can lead to hydride re-orientation and
the possibility of delayed hydride cracking. These phenomena are
well documented for commercial Zr alloys and an extensive review
can be found in Refs. [53,54]. The question then shifts to: How
much H is available to a structural material in the breeder blan-
ket and what is the H pickup fraction of the material used? In a
review by Forty and Karditsas, it is calculated that if the D and
T produced by the plasma remains implanted in the armour ma-
terial, a permeation barrier exists between the breeder and struc-
tural material, and there is negligible H pickup from the coolant,
then there will be an increase of 27 wppm, due to transmutation,
after 5 years of operation [24]. These assumptions are plausible if
an effective permeation barrier is developed. Indeed, it was con-
cluded in a review by Davis et al., that at the very least a protec-
tive barrier must be in place to prevent the implantation of plasma
species to limit H levels in Ti [55]. This notion is further supported
by calculations performed by the Japan Atomic Energy Research In-
stitute (JAERI) where it is predicted that for DEMO-like reactors, T
permeation from the plasma can be reduced by a factor of 103,
when the W armour thickness is increased to 1 mm, coated on
a low-activation ferritic/martensitic steel, compared to the omis-
sion of a FW armour. However, due to the uncertainty in diffusion
rates in the various components within the blanket, it is difficult to
place an exact T inventory of each component. It is likely that the
increased affinity of Zr for H will translate to a higher degree of
trapping of T compared to other candidate materials, as seen with
V based materials [56]. Further work should be done to assess the
T diffusion rate through different materials and observe the T re-
tention in layered systems where barriers between the T sources
and a Zr material exist.

2.3.3. Helium

The introduction of He to a Zr alloy will occur due to (n,x)
transmutations within the material during operation. Unlike many
other materials, He does not lead to excessive void formation and
swelling in Zr alloys [57]. It has been predicted in the past, that
in a DEMO-like reactor, for a Zr alloy in the blanket region, the
He concentrations produced via transmutation will not be a life
limiting factor [58]. However, if the alloy is subject to continuous

He coolant interaction at elevated temperatures and under neutron
irradiation, a different behaviour may be observed. Currently, no
data exists that would allow for a reasonable prediction of the sur-
face interaction and oxide behaviour at the coolant interface. Ex-
periments on pure ZrO, samples in He environments report some
observed changes for temperatures >400 °C using Electron Spin
Resonance (ESR) [59]. However, this work is done in the context
of catalysis and sensors and does not provide a good indicator of
industrial performance for a Zr alloy. Similarly, investigations of
He implantation effects at dpas similar to breeder blanket envi-
ronments have not been conducted, therefore, further experimen-
tation is necessary to investigate whether a He coolant would be
compatible with a Zr alloy.

2.3.4. Nitrogen

Historically, N was responsible for increased aqueous corrosion
rate in Zircaloys. This effect was counteracted with additions of Sn
[27]. However, the Zr manufacturing process has since been refined
to reduce the N contents to concentrations that do not substan-
tially impact the corrosion resistance and therefore additional Sn
is not needed. As far as the Authors are aware there is no pub-
lished mechanistic explanations for Sn counteracting the effect of
N.

The influence of N on oxidation of Zr alloys has also been doc-
umented. The effects have been studied in the context of “loss of
coolant accidents” (LOCA) where it has been shown that the pres-
ence of N in steam can lead to increased oxidation rate at high
temperatures (>600 °C) [60]. The mechanism proposed to be re-
sponsible for this, is that nitrides are formed between the oxide
and Zr metal interface which accelerates oxidisation of the metal
as the nitrides oxidise two orders of magnitude faster compared to
a non-nitrided metal [33].

There is not expected to be a significantly high enough concen-
tration of N to be available in the start-of-life Zr or coolant types
for deleterious effects to result in a fusion environment.

2.4. Oxidation

When Zr-based alloys are exposed to O, various sub-oxides are
formed in a concentration gradient from the metal to ZrO, on
the surface of the material. The thickness of the ZrO, layer will
increase with increasing environmental exposure time and tem-
perature [61]. Initially, these oxidation kinetics follow a parabolic
or sub-parabolic relationship and have a protective nature. How-
ever, this relationship transitions to a linear oxidation rate, termed
“breakaway” oxidation, where degradation of the material occurs
[62]. Below ~300 °C in air, breakaway oxidation will occur on
the order of hundreds of years. However, at temperatures of 600-
1000 °C breakaway occurs on the order of hours [63]. At temper-
atures close to melting, oxidation of Zr in air or steam can lead
to catastrophic failures and is a topic of concern for reactor safety
[64]. Although fusion reactor breeder blankets will operate in a
high vacuum, this rapid failure is of key consideration for accident
scenarios and for coolant side exposures; an assessment of the for-
mer is made in the following section.
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In general, the concentration of impurities, e.g. C, N, H and even
O, in the alloy, will increase pre-transition oxidation rate and de-
crease time to transition [63]. However, the oxidation behaviour is
seldom directly proportional with increase in alloying species. Past
experimentation on a number of alloying elements (Al, Be, Co, Cu,
Cr, Fe, Hf, Mo, Nb, Ni, Pb, Pt, Si, Sn, Ta, Ti, V, and U), in 1, 2 or 4 at.%
concentrations, has identified that Be, Ni, and Cu improve oxida-
tion resistance, whereas the others were deleterious or no change
was evident to the oxidation behaviour, relative to high purity Zr
[63]. However, including elements in lower contents (<1 at.%) of-
ten improves the oxidation/corrosion performance [63]. Neverthe-
less, the oxidation rate of commercial Zr alloys in air and water at
mid-range temperatures (~350 °C) have reached a stage in which
breakaway is not a concern.

2.5. Corrosion

Aqueous corrosion of conventional Zr alloys is a well-
documented process, which involves breakdown of the oxide layer
and adsorption/ingress of H. A comprehensive review can be found
in Ref. [65]. In short, at temperatures that far exceed nominal fis-
sion reactor operation (>500 °C), aqueous corrosion will be prob-
lematic. Therefore, alternative alloys or barrier coatings will need
to be utilised in these cases.

For non-aqueous corrosion, the literature is scarce. Regarding
liquid metal coolants, Li-Zr alloy interactions have been studied,
in the past, as Li is present in the coolant as a pH balance in the
form LiOH, in fission reactors. Ingress of Li is known to occur into
the Zr oxide layer, which is theorised to increase the porosity and
subsequently the corrosion rate [66]. However, the Li-Zr phase di-
agram predicts complete immiscibility between both species [67],
which is supported by the observation that there is no detectable
Li concentration in the Zr metal below the oxide layer [66]. It is
likely that in a non-aqueous environment, such as if Li or LiPb
coolant/breeder is used, that the interaction behaviour with the
Zr oxide layer will change significantly. Data of this nature is not
available and further work in this area is required.

Much work into liquid metal embrittlement (LME), by corro-
sion or diffusion controlled intergranular penetration, has been
conducted for a range of alloy/metal combinations [68]. However,
comprehensive data is lacking for Zr alloy -Li and -Pb combina-
tions. The most relevant work on this topic is likely unpublished
and only mentions can be found [69]. Nevertheless, what is men-
tioned is that Zr based materials are not particularly susceptible to
LME by Li with testing being conducted between 482 and 1000 °C
[70].

Another aspect that must be considered with exposure of Zr al-
loys to liquid metal environments is the latter’s increased suscepti-
bility to the pickup of impurities. Transfer of material across tem-
perature gradients are typically observed [71], this effect may lead
to a heterogenous distribution of impurities within the coolant
loop. An assessment of the extent of these effects is needed for
Zr alloys and coolants.

In terms of barriers between the structural material/coolant and
/breeder, ceramic coatings (e.g. Cr,03) are being developed for
both fission [72,73] and fusion applications [74]. It is important
to note that if a non-aqueous coolant is used (e.g. Li, PbLi, He,
CO,, FLiBe and FLiNaK), H may still be present as a dissolved im-
purity or may even be deliberately added as water to improve T
extraction. Further, Zr has a high affinity for F and the ZrF, forma-
tion enthalpy (—4 eV/atom) is significantly more favourable than
KF, NaF, LiF, FeF, and VF4 (~-3 eV/atom) [75]. However, Cr has a
much lower affinity to F with CrFg having a formation enthalpy of
—2 eV/atom. Therefore, an effective barrier coating will need to be
used regardless of whether aqueous or non-aqueous coolants are
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used. Moreover, such coatings currently do have promise but fur-
ther work is still required for industrial applications.

2.6. Accident scenarios

As mentioned, the breakaway oxidation of Zr can lead to catas-
trophic failure, as evidenced most recently in the Fukushima Daichi
accident [76]. This occurs due to the build-up and ignition of H,
gas resulting from the following reaction:

Zr(s) + 2H20(g) — ZrOZ(S) + ZHZ(g) (3)

For a catastrophic explosive reaction to occur, via this mecha-
nism, three conditions must be met:

+ A high volume of H,0 needs to be available for H, gas produc-
tion.

« Sufficiently high temperatures (>1200 °C [64]) must be reached
for rapid oxidation rate.

« Critical gaseous H, concentration (15-30 vol.%) in a proportion-
ate layer thickness that allows for flame acceleration and deto-
nation initiation [77].

The reaction rate of Eq. (3) is proportional to the temperature;
in the fission industry, emergency core cooling acceptance crite-
ria limits peak Zr cladding temperature to 1200 °C [64]. In the
Fukushima accident, the fuel and control rods were completely
melted (>2800 °C) 16 h after loss of coolant occurred. These tem-
peratures are well above the step-change in oxidation rate ob-
served at 1580 °C for Zr [78]. It is thought that approximately
130 kg of H, was ignited during the explosion of Fukushima Unit
One after ~25 h [79]. Production of this quantity of H, would re-
quire the reaction of roughly an order of magnitude larger amount
of H,0, which is also roughly 1572 m3 of water under ambient
conditions. The combined volume of the coolant system of ITER is
an order of magnitude larger than this [80], therefore if a water
coolant is used in a fusion power reactor of similar size, there will
be a sufficient supply of H,O for such volumes of H, gas to be
produced via oxidation of Zr. However, if a non-aqueous coolant is
used, there is not expected to be any other source of H,O large
enough for this to occur.

A large difference between LOCA accidents in fission [81] and
fusion [82] environments is that the latter does not have a contin-
ued supply of heat generated by the fuel. Therefore, heat will only
be generated from the decay of irradiated structural and breed-
ing material. A worst-case LOCA model of a fusion power plant,
in which no back-up cooling systems are engaged and minimal
heat removal to the environment occurs, predicts that the max-
imum temperature within reactor will be the FW, which could
reach ~1000 °C after 4 days to a maximum of ~1200 °C after 30
days [83]. The latter timeframe is somewhat unrealistic for an ac-
cident scenario. However, at these temperatures, the rate of oxi-
dation is on the threshold considered dangerous for Zircaloys [64].
Providing there is a sufficient thermal gradient away from the FW
towards a Zr structural material, and/or there is no exposure of Zr
to steam at such temperatures, it is not expected that oxidation of
Zr will occur at a sufficient rate for H, gas accumulation to occur
to a sufficient concentration or volume for a catastrophic event to
occur during a fusion power plant LOCA.

2.7. Tritium breeding ratio (TBR)

The TBR is the ratio of the rate of T produced during operation
Egs. (1) and (2), to the rate of T burnt in plasma. The feasibility of
T breeding depends on both basic physics and engineering issues.
It is estimated that a TBR of 1.10-1.15, i.e. incorporating a margin
exceeding unity, will need to be achieved to safeguard against pe-
riods of breeding losses from decay (time between production and
use) and/or incomplete recovery of bred T [84].



DJ.M. King, AJ. Knowles, D. Bowden et al.

firstwall thickness
2.7cm

mner radius

10m
blanket thickness

2m

Fig. 3. Cross-section of the simple sphere geometry (not to scale) where the
breeder blanket (outer sphere), surrounds the first wall (inner circle) and is sep-
arated from the neutron point source (middle circle) by a vacuum.

The TBR when Zr is used as a structural material has previously
been calculated by Barrett et al. [1]. In their publication it is stated
that the calculations were performed on a He-cooled pebble-bed
design, however, details of breeder type, structural fraction, and SLi
enrichment were not provided. Nevertheless, the TBR using Zr, as
a structural material in the FW, was calculated to be higher than
without a structural material and to be superior to the other candi-
dates (Cr, Fe, V). amongst the other candidates, the relative TBR of
V-4Cr-4Ti, ferritic steel and SiCg/SiC structural materials have been
calculated for differing breeders by Sawan and Abdou [84], where
it was shown the V-4Cr-4Ti is calculated to achieve the highest TBR
of the three candidates, however, Zr alloys were not considered in
parallel and there have been no studies that consider the TBR with
Zr as a structural material for the whole breeder blanket.

There are many factors that affect the TBR of a fusion reactor,
e.g. breeder material, placement, geometry, multiplier, coolant, and
6Li enrichment. As a result, there is a significant range in the calcu-
lated TBR when varying these conditions. It is therefore not useful
to quote or compare the magnitude of the calculated TBR between
different models, and so here we have calculated relative compar-
isons through a normalised TBR using a simplified system using
OpenMC [85], see Fig. 3. The water cooled lithium lead (WCLL) and
helium cooled lithium lead (HCLL) designs were simulated to pro-
vide a comparison between designs that would operate at temper-
atures similar to commercial Zr alloys in fission reactors (305 °C)
[13,14] and one that operates at higher temperatures (500 °C), re-
spectively. Both designs predicted near identical trends in the data
therefore only the results for the HCLL design is shown here. The
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results for the WCLL design can be seen in Fig. A2 in the Appendix.
For both, the armour material was W coated EUROFER 97, and Pb-
Li as the breeding material. The fraction of structural material (EU-
ROFER 97, SiC, V-4Cr-4Ti, and Zr-4) was varied from 0.0 to 0.9,
complimentary to the breeder fraction, which was varied from 1.0
to 0.1, where the TBR at this maximum fraction (i.e. no structural
material) is used to normalise the data. The SLi enrichment frac-
tion in the breeder was also varied from 0.0 to 1.0 and the results
are displayed in Fig. 4. Further details of the methodology are pro-
vided in the Appendix.

From the TBR results in Fig. 3, it is predicted that Zr-4 will
outperform all other candidates by up to ~0.1 for structural frac-
tions <0.8. Structural fractions above 0.8 are likely far exceeding
the structural fractions that are practicable, as current practical de-
signs include EUROFER 97 in the range of 0.14-0.20 material frac-
tions across different breeders [86,87]. Although a TBR increase of
0.1 can certainly be obtained through a variety of methods, such
as Li enrichment, redesigning the blanket structure, changing FW
thickness, changing coolant etc. Naturally, each method of increas-
ing the TBR will have associated problems. For example increased
gLi enrichment will have associated cost and waste, redesigning
the structure to have less structural material could cause weak-
nesses, increasing the breeder volume will also have increased rel-
ative costs compared to the structural material. Further, some re-
actor designs have less freedoms that influence the TBR than oth-
ers e.g. spherical reactors do not have room for inboard breeding
[88], therefore knowledge of additional methods of attaining an
increase in TBR is of interest to the community. This, in addition
to the existing industry for mass production and machining of Zr
based components, places them at an advantage over other candi-
date materials. It should be noted, however, that a more focused
cost-benefit review of the reactor designs that would most bene-
fit from this increased TBR, using Zr, should be made before com-
mitting long-term research efforts into the development of a high
temperature Zr structural alloy e.g. reactor designs that are pre-
dicted to comfortably meet TBR requirements [89] may not benefit
from the use of Zr. Further, designs that utilise Zr alloys compli-
mentary to other candidate materials should also be considered.

2.8. Activation

The activity of the stable elements in the periodic table, 100
years following 2 full power years in a DEMO-like reactor (an
approximation of the lifetime exposure of in-vessel components),
has been assessed for this review in a similar manner to a pre-
vious publication [52]. Each element assessed has been coloured
according to their resultant activity in Fig. 5. Of the base ele-
ments that constitute the currently considered alloys within this
report, the activities of C, Fe, Si and V are within the range of
105-107 Bq-kg~!, and Zr is more active at ~108 Bq-kg~!. Of the
minor metallic alloying elements, Co, Cu, Mo, Nb, Ni and Sn are
even higher in activity ranging from 10° to 10"! Bq-kg~!. Notwith-
standing that Zr is the more active base element, the “cooling” over
time is considerably influenced by alloying additions and impuri-
ties. For this review, FISPACT-II was used with the same method
as Ref. [90] to calculate the activity over time of alloyed exam-
ples of the four materials Zr-4, V-4-4, SiC, EUROFER 97, and an
armour material W, see Fig. 6. We show that over 100 years the
relative activities change considerably. Interestingly, after this time
period, it is only SiC, V-4-4, and W that fall below the UK low-level
waste (LLW) limit (1.2 x 107 Bq-kg™'); a design goal pursued by
the European fusion research community [91,92]. Nevertheless, Zr-
4 presents the highest activity of the candidates. In light of these
results, it may be that the activity of such a component cannot
meet the aforementioned 100 year LLW goal, while including Zr as
a majority element, and that the approach should shift to pursu-
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function of structural material fraction and 6Li enrichment fraction. The final panel is a plot of the normalised TBR with 0.9 6Li enrichment fraction.

ing an “as low as reasonably practicable (ALARP)” [93] design goal.
This may be justified via the necessity to achieve a positive TBR
in specific reactor designs. However, further cost-benefit analysis
is required.

3. Novel Zr alloys

In this section we review opportunities for novel Zr alloys with
higher temperature capabilities than conventional Zr alloys, specif-

ically: binary systems of Zr-X, where X refers to elements Al, Be,
Cr, Fe, Hf, Mg, Mo, Nb, Ni, Os, Pd, Re, Ru, Sc, Si, Sn, Ta, Ti, V,
W and Y, and higher order (3+ element) systems. Microstructure
and mechanical property data pertaining to many of these systems
is scarce and irradiation data is scarcer. Studies that go beyond
that of the initial phase diagram development for non-amorphous
Zr rich binary mixtures have been identified and summarised in
Table 3. A tally (sum of check boxes) of the type of data is provided
as a “score” to quantify the breadth of data available for each sys-



Table 3

Checklist and tally of the type of data identified within this review to be available within the scientific literature for each Zr-X binary system where X is the alloying element. RT, o and ¢ refer to room temperature, stress, and
strain, respectively.

Microstructure Mechanical properties
Alloying As-cast Heat treated Heat treated RT >RT Score Pros Cons Future work
element 500-700 °C >700 °C
oVs e Hardness ovse
Al v [99] / [100] +/ [100-102] v Vv [99] N 6 « Low thermal neutron absorption « Lack of ductility when surface flaws are - Strengthen compositions that are ductile
[100,101,103] [100,101,104] cross-section. present. Susceptible to corrosion in at room temperature (<7.8 wt.% Al).
« Precipitate and solid solution aqueous environments. « Increase ductility of the stronger more
strengthening. . creep resistant compositions (>7.8 wt.%).
« Good ductility. The effect of alloying additional species
« Good creep resistance. is the most obvious avenue of
- Similar level of activity to Zr exploration.
(~4 x 108 Bg-kg—1).

Nb J [105] v [106,107] +/ [108] V/ [105,108] V[109] 5 « Relatively low thermal neutron « Between 500 and 700 °C segregation will « Addition of Nb in concentrations
absorption cross-section. Can present occur. <2.5 wt.% that dissolve into the a-Zr
good room temperature strength and « Nb has a significantly higher activity phase for solid solution strengthening or
ductility due to dual (1011 Bq‘kg’1 ). mixing of other elements that form
a-(Zr,Nb) + B-(Zr,Nb) phase morphology. better precipitate morphologies with Nb.

Sn J [110] J/ [110,111] V [112] V [110] J [112] 5 « Low thermal neutron absorption « Inadequate strength as binary alloy for « Alloying of additional species is required
cross-section. Increased creep resistance. structural applications at 500-700 °C. to achieve higher strengths.

« Sn has a significantly higher activity
(~2 x 1011 Bqkg—1)

Be V [113] J [114] V [114] V [114] 4 « Low thermal neutron absorption - Toxicity of Be compounds « The mechanical properties at elevated

cross-section. « Low natural abundance temperatures need to be examined.
« The Be;)Zr precipitate is not an « Be has a significantly high activity

embrittling phase and provides good 9 x 1010 Bq-kg’l)

room temperature mechanical properties.
« Improves corrosion resistance.

Ti J [115] +/ [115,116] V [115,117] 3 « Allows for tailoring of @ — B transition « Relatively higher thermal neutron « Investigation of B phase retention during

temperature. absorption cross-section. ageing and mechanical properties at
« Good room temperature mechanical . elevated temperature.
properties.
« lower activation (4 x 106 Bq-kg*])
Cr J/ [118] V/ [118,119] V [118,119] 3 « Good precipitate strengthening. « Alloying of Cr limited by higher thermal - Ageing studies and mechanical property
« Cr will have a significantly lower activity neutron absorption cross-section. experiments are required.
to Zr (106 Bqkg—1).
« Can form stable oxide layer.
Si J [120] J [121] V [120] 3 « Low thermal neutron absorption « Will likely form additional embrittling « Theoretical work to predict resultant
cross-section. silicides when alloyed with other species. silicides due to alloying with other
« Good precipitation strengthening with species should also be done.
maintenance of ductility. « Annealing experiments are needed to
« Potential for creep resistance. determine if the Zr3Si silicide forms at
« Lower activity Zr (~107 Bq-kg~1) 500-700 °C.
« Mechanical properties at temperature will
also need to be evaluated.

Fe J [118] V [118] V [118] 3 - Opportunity for precipitate strengthening. - Fe may segregate and cause - Ageing studies are required to identify

« Lower activity (~107 Bq-kg‘1 ). embrittlement due to fast diffusion in Zr. the stability of the Zr)Fe phase.
Annealing studies of polycrystalline Zr-Fe
alloys are required to determine
resultant microstructures.

Mo Vv [122]  [123]  [123] 3 » May provide resistance to H retention « Higher thermal neutron absorption « Microstructural and mechanical property
and corrosion resistance in water. cross-section. testing with alloying of additional

« High melting temperature. « Low strength at 400 °C. species.

- Significantly higher activity
(10" Bqkg~T)

\  [124] V [124] 2 « Could be used for precipitate « Alloying of V limited by its higher « Examine the microstructures and
strengthening. thermal neutron absorption cross-section. mechanical properties of components

« V has a lower activity (107 Bq-kg*1 ) aged between 500 and 700 °C.

w  [125] V [125] 2 « Very high melting temperature « Very high thermal neutron absorption « Investigation of methods that allow for

- High strengths cross-section. better homogenisation of microstructure

« Lower activity (107 Bq-kg‘1 ) Difficult to alloy and can produce e.g. magnetron sputtering, mechanical

inhomogeneous, brittle microstructures. alloying, or additive manufacturing.

Hf Vv [126] 1

0Os Vv 1127] Vv 1127] 1

Ru Vv [128] 1

Re Vv [129] 1

Y Vv [130] 1

Mg 0

Ni 0

Pd 0

Sc 0

Ta 0

0 30 uapmog “q ‘saimowy Iy ‘Suny ‘Wld

I€PESI (2Z20T) 65S SIPHAID 403NN Jo [puinof



DJ.M. King, AJ. Knowles, D. Bowden et al.

DEMO First Wall
@ 100 years

38

Sr
2.9E+08
e

Zr
4.5E+08

Zrconiom

Hf
34E+09
Hatnium

3.0E+09
Rubidium

6.3E+08.
Palladum

456409
Barium

188
Ra

Radium

Rutherordum Seaborgium

Journal of Nuclear Materials 559 (2022) 153431

10'2
(10"
1.6E+10 : :

33E.08 L 10
Eomm E1() é
Eo] O
= |, o
= EIE >
Po Rn E
Hpr-.i‘::u/m 19_?: Hl(’i;”é \é_ 1 08 E

ARXD
Dysprosium

Galfonrium | Ensteinium Mendelovium | Nobelium | Lawrencium

Fig. 5. Periodic table showing the total becquerel activity from each element after 100 years of decay cooling following a 2 full power year irradiation in a DEMO firstwall
environment. The colour of each element reflects the activity according to the Bq-kg~! legend, but the absolute values are also given beneath each element symbol.

1014

1012

)
—_
=

o

sod voomd ool voed vvvd vvved voimd 3o vyl ol

Activity (Bg/kg

—0o— Zircaloy-4
—0o—\V-4-4
——W

—v— SiC

—O— Eurofer

toomd ool soomd ool

-
o
o

LLW

10" 10°

10"

10?

10°

Time (y)

Fig. 6. Activity of Zr-4 (blue squares), V-4-4 (orange circles), W (red crosses), SiC (green triangles) and EUROFER 97 (black diamonds) as a function of time. The UK low
level waste limit (LLW) is denoted by a horizontal fuchsia dashed line. (For interpretation of the references to color in this figure, the reader is referred to the web version

of this article.)

tem. Systems with scores >2, have been discussed in the following
subsections.

It is recognised that there are many different breeder designs
proposed for DEMO-like fusion reactors. Here we do not provide
an assessment for a specific design, rather, we assume the operat-
ing temperature ranges from room temperature (RT) to 700 °C to
cover a range of designs [94]. Further, work in the context of the
Zr alloy to be used as a structural component is reviewed but it is
recognised that there are also works that focus on Zr as a T stor-
age material, e.g. Zr61Co39 (wt.%) [95,96], which is not reviewed
here. Comments on activity and thermal neutron absorption cross-
sections refer to data presented in Fig. 5 and Fig. 7, respectively.
Measures of “good” strength and ductility are relative to conven-
tional Zr alloys (~400 MPa), and the minimum uniform elonga-

10

tion of a material to be considered ductile (5%) [97], respectively,
at room temperature. Assessments of activity are made from Fig. 5,
i.e. 100 years after operation in a DEMO-like reactor and comments
are made relative to Zr. Finally, the available mechanical property
data, and calculated thermal neutron cross-sections for the specific
compositions tested in each system, are compared in the section
proceeding the binary and higher order systems.

3.1. Binary Zr systems

3.11. Zr-Al

The solubility of Al in Zr is ~1 at.% in the «-phase at tem-
peratures <600 °C. The intermetallic compound, Zr3Al (cubic L1,),
exists immediately outside these bounds [131]. The Zr3Al inter-
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Fig. 7. Microscopic thermal neutron absorption cross-sections (y-axis) of each labelled element (x-axis). Values plotted from Ref. [98] for neutron energies of

2.53 x 10-8 MeV.

metallic is relatively ductile due to the five independent {111}(110)
slip systems of the L1, structure [100] and has been demonstrated
to exhibit room temperature ductility [103]. A significant body of
work on mixtures close to 3Zr:1Al has been performed, pioneered
by Schulson in the 1970s, for use as a structural material in nu-
clear fission reactors [100]. Zr;Al forms via peritectoid transforma-
tion at ~1020 °C between B-Zr and Zr,Al (tetragonal B8,). Due to
the lack of solubility of excess Zr or Al in the compound, mono-
lithic samples have not been studied to date, and instead Zr,Al and
«-Zr are also present in the microstructure, where they are ob-
served at intra and intergranular locations, respectively. The mixing
of Al in excess of 7.8 wt.% Al increases the phase fraction of Zr,Al
(>10 vol.%) and decreases the room temperature elongation. Con-
versely, a deficiency of Al below 7.8 wt.% will decrease the Zr,Al
phase fraction and increase ductility [104]. It is hypothesised that
the morphology of the intergranular region, i.e. solid solution of
o-(Zr,Al), contributes to the ductility of the material; analogous to
the Ni3Al intermetallic that can be made ductile at room temper-
ature by B doping, which is thought to lead to the formation of
a disordered face centred cubic (FCC) phase at the grain boundary
[132]. Therefore, in Zr3Al, a decrease in Al content will also pro-
mote grain boundary «-(Zr,Al) formation increasing ductility.

The extent of ductility of this material is highly dependant on
the surface state. For example, a polished material with Al concen-
tration of 8.6% can exhibit room temperature elongation of ~30% at
failure, however, if stress concentrations such as machining marks
or abrasions exist, the total elongation has been measured to be
<5% [101,133]. This notch sensitivity may be a limiting factor for
the use of such a material in a large-scale industrial setting, where
surface state is difficult to control. As-such for the purposes of this
review, the material is assumed not to be in a polished state.

For long term (>1000 h) operation at elevated temperatures
(500-700 °C) it is possible that grain growth will occur. A study
of the mechanical properties as a function of grain size and tem-
perature has been performed for 8.9 wt.% Al samples [103]. After
ageing for 1000 h between 800 and 1000 °C, a decrease in room
temperature yield strength from ~650 to 180 MPa was measured.
This corresponded to grains sizes increasing from 1.6 to 65.0 pm.

1

This extent of softening is likely too severe for the structural re-
quirements in a breeder blanket. However, additional work has
shown that some degree of resistance to grain growth can oc-
cur between RT and 600 °C where samples maintained grainsize
at ~29 pm [100], although the heating rate of the samples was
not explicitly stated. This resistance was attributed to the Kear-
Wilsdorf type dislocation mechanism, also observed in other L1,
materials [100]. It follows that if resistance to grain coarsening at
ageing temperatures between 500 and 700 °C can be demonstrated
during long term ageing treatments, it is plausible that this mate-
rial could meet the strength requirements of a structural material
in the breeder blanket.

Irradiations using electrons, light/heavy ions and neutrons have
been performed on the Zr;Al precipitate from RT to 400 °C [134].
It is observed that the structure disorders initially and then amor-
phises at higher fluences (equivalent of >1.4 dpa) between the
aforementioned temperature range. There is an irradiation-induced
swelling (< 5 vol.%) associated with this disorder but it is inversely
proportional to irradiation temperature. Post-irradiation annealing
at 575 °C for 1 h allows for a complete recovery of damage [135].

In a study of «-Zr alloys with lower Al concentrations (3-15
at%) [102], samples were hot-rolled at 920 °C then air cooled.
Single-phase «-Zr microstructures were observed until Al was in-
cluded in concentrations < 9 at%. Above 9 at.%, precipitation of
Zr3Al occurred. It is assumed that the cooling rate of the samples
did not allow for precipitation below <9 at.% Al, an assumption
supported by a separate study that observes Zr;Al precipitation in
a 6 at.% sample after annealing for 4 h at 800 °C [136]. Never-
theless, a significant strengthening effect was demonstrated, with
a maximum measured yield stress of ~1200 MPa. Furthermore, a
good retention of ductility is observed for compositions with <12
at.% Al with ~8% total elongation.

The steady state tensile creep rates of compositions close to
3Zr:1Al have been measured at various temperatures and stresses
[137]. Fig. 8 provides a comparison between these creep rates and
that of EUROFER 97 [138], ZIRLO™ [139], and Zr-2.5Nb [140], ex-
trapolated to applied stresses of 70 MPa, from past experimen-
tal data. It should be noted that there are differences in geome-



D.J.M. King, AJ. Knowles, D. Bowden et al.

Journal of Nuclear Materials 559 (2022) 153431

107 4
107
10'3—§ A
_10* 4
< 10° 4 7
o ;
i 10'6—5 Y
8 107 ] - - -Zr-7.8Al
5 *  Zr-8.8Al
10 4 — Zr9.3Al
10_95 v Zr-9.1Al
ZIRLO™
1010 4 —a— Zr-2.5Nb
- .- o- EUROFER 97
I I ) ! d
400 500 600 700 800

Temperature (C)

Fig. 8. Thermal creep rate of different Zr-Al compositions (wt.%) compared to ZIRLO™, Zr-2.5Nb and EUROFER 97 under stresses of 70 MPa.

tries and test conditions between the different studies therefore
some error may be associated in the comparisons. Nevertheless,
for the Zr-Al compositions with 6.8-7.8 wt.% Al, the reported ther-
mal creep rates an improvement relative to ZIRLO™ and Zr-2.5Nb,
and sufficiently low for use at temperatures <550 °C. The thermal
creep rate was measured to decrease by an order of magnitude for
compositions with 8.5-9.3 wt.% Al and for a sample with 8.8 wt.%
Al, a creep rate of 9.3 x 106 hr~! was measured for a stress of
70 MPa at 640 °C. Indeed, when Al is included between 8.8 and
9.1 wt.% the creep rate is comparable to EUROFER 97 for temper-
atures ~650 °C. However, as mentioned previously, there are is-
sues with the ductilities of samples with Al contents in this range,
which may be a prohibitive factor for machining of components
suitable for a breeder module.

Of additional concern is the susceptibility to corrosion of Zr-Al
alloys in aqueous environments [141]; the «-(Zr,Al) phase forms
an oxide morphology susceptible to corrosion and an increase in
its phase fraction increases the corrosion rate [142]. Therefore, it is
likely such materials will be more suited to a breeder blanket that
employs non-aqueous coolant. To this end, Al is observed to play
a key role in corrosion resistance against Pb coolants through the
formation of a Al,03 scale in other alloys [143]. However, Zr has a
higher activity with O than Al and is likely to take precedence to
form ZrO,, as observed in the past [144].

3.1.2. Zr-Nb

Niobium is a common alloying addition to Zr in 2.5 wt.% con-
tributions to form the Zr-2.5Nb alloy, which is popularly used in
Canadian nuclear power plants [145] and is also under consider-
ation for biomedical applications [146]. The attractiveness of this
system is the duplex «-(Zr,Nb) + B-(Zr,Nb) forming region be-
tween 615 and 970 °C, which gives rise to a good combination
of strength/ductility (~800 MPa/~14% uniform elongation, respec-
tively, at room temperature [145]), grain size and microstructure
control, as well as good corrosion/oxidation resistance in light wa-
ter reactor environments.
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For fission applications, Zr-2.5Nb tubes are traditionally ex-
truded at 815 °C, cold-worked 27%, and stress relieved at 400 °C
for 24 h. In this state, a metastable network of B-Zr filaments sur-
round elongated grains of a-Zr. Between 400 and 700 °C, the Zr
content of the S phase has been observed to reduce with ageing
time. The maximum time the Zr rich 8-phase was found to be sta-
ble was 1000 h [107]. Further, the B-phase will be composed of
~95 wt.% Nb after 10% h of ageing, and between 400 and 500 °C @-
Zr (metastable hexagonal [147]) is observed to form within hours
of ageing [107].

For operating temperatures between 500 and 700 °C the alloy
will be outside of the «(Nb,Zr)+B(Nb,Zr) forming region. Instead,
segregation will occur where body centred cubic (BCC) Nb precip-
itates decorate «-Zr grain boundaries [106,148]. It is therefore not
predicted that Zr-2.5Nb will retain its room temperature ductility
after long term operation at temperatures relevant to a breeder
blanket.

Evaluation of the mechanical properties of Zr-2.5Nb has been
conducted between 20 and 1200 °C with a hold time at each tem-
perature of 3-5 min. A sharp decrease in yield strength was ob-
served after 550 °C accompanied by a drastic increase in elonga-
tion attributed to the manifestation of superplasticity [109].

M5® is also an example of a commercial Zr-1.0Nb (wt.%) alloy
developed for oxidation resistance and reduced H pickup in light
water reactors. There is a notable trend in reduction of Sn and re-
tention or increase in O to improve corrosion resistance in com-
mercial Zr alloys [149]. The effect of O content (0.14-4.00 wt.%),
in M5® and Zr-4, on the mechanical properties has been observed
to stabilise the o phase to higher temperatures but embrittle the
alloys at RT, at >0.50 wt.% concentrations [150].

Tensile hoop tests have been performed on M5® cladding ir-
radiated for five and six annual cycles (i.e. fuel burnup of 60-75
GWd-tU-1) at temperatures between 250 and 800 °C [151]. It was
observed that the yield strength of M5® decreased linearly with
temperature. M5® also displayed a lower yield strength than Zr-4
between 250 and 600 °C where it decreased from 500 to 200 MPa.
However, between 600 and 700 °C the yield strength was quite
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similar to Zr-4 (250-150 MPa). The uniform elongation of M5®
was recorded to be ~1% between 250 and 450 °C but a lot larger
at higher temperatures (4.2-6.4% at 600 °C and 8% at 700 °C) for a
high strain rate of 1 s~1. It should be noted that the heating rate of
these tests were also quite high (200 °C-s~1) therefore these results
are not indicative of samples in their equilibrium microstructures
at these temperatures.

It is difficult to translate tensile hoop test results with high
strain/heating rates to a prediction of performance of such alloys
in a breeder blanket environment. The following points may be ap-
plicable:

1 The irradiated mechanical performance of M5® is not markedly
different from Zr-4 and likely unsuitable for a breeder blanket
material due to high thermal creep rates.

2 The addition of Nb and/or O may be a more interesting avenue
to explore for resistance of H pickup.

3.1.3. Zr-Sn

Tin is a common addition to Zircaloys to increase the creep re-
sistance, stabilise «-Zr, and control grain size during processing.
However, its addition has been shown to reduce corrosion resis-
tance [152]. It is measured to be soluble in the «w-Zr matrix up to
5 at.% at 600 °C. Outside these bounds the phase diagram predicts
a cubic ZrySn intermetallic to form, which can exist in an off stoi-
chiometric Zr3Sn composition [153].

Tin is hypothesised to increase the creep resistance of Zr al-
loys through mechanisms such as: increase in stress field around
Sn (due to the difference in atomic radii) restricting the gliding
of dislocations and diffusion of vacancies and lowering of stacking
fault energy [154]. Limited studies on pure Zr-Sn binary systems
that examine the mechanical properties exist in the open litera-
ture, however, various investigations into the microstructure ex-
ist [110-112,153]. The tensile properties of S-quenched and tem-
pered martensitic alloys with 2-7 at.% Sn has been investigated
[112]. The elongation was not measured to be proportional to Sn
content and ranged from 5 to 15% at room temperature. The yield
strengths ~250 MPa are seemingly independent of Sn content at
room temperature. The microstructural analysis revealed precipita-
tion and unidentified black spots in all samples, which is not pre-
dicted from the phase diagram for those with <5 at.% Sn. There-
fore, these results may not be indicative of the binary systems at
equilibrium.

3.14. Zr-Be

Beryllium is an element that has been considered for use as a
FW material for fusion power reactors due to its low atomic mass,
high melting temperature and neutron transparency [155]. It is also
a prime candidate for use as a neutron multiplier [156]. Be does
not form a solid solution with Zr, instead, it forms a Be,Zr inter-
metallic compound below 820 °C [157], which is an ordered hexag-
onally close packed (HCP) structure [158]. The mechanical proper-
ties of mixtures with 2.5 - 9.3 at.% Be have been studied [113].
As anticipated, the microstructure consisted of «-Zr and Be,Zr at
all concentrations, where the latter is observed to form at the
grain boundaries, see Fig. 9. A reasonable trade-off between in-
crease in strength (672-892 MPa) and decrease in ductility (14-7%
total elongation) was measured over this Be range. Additional ex-
periments were performed on the 5 at.% Be sample where it was
hot-rolled and then vacuum annealed at multiple temperatures be-
tween 600 and 850 °C for 2 h. A decrease in strength from 786 to
600 MPa, and increase in elongation from 12 to 17% is observed
due to the increase in o-Zr recrystallisation fraction, grain size, and
decrease in dislocation density [114].

It is worth noting that Be has been identified as one of the few
elements that increases the oxidation resistance of pure Zr when
alloyed in larger quantities (1, 2 or 4 wt.%) [141].
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3.1.5. Zr-Ti

Titanium and Zr are mutually soluble with each other and the
o — B transition temperature is at its lowest (~600 °C) when they
are alloyed in equal atomic ratios [159]. A number of studies of
binary alloys with 10-50 at.% Ti have been performed, however,
these focus on room temperature applications with 8 phase reten-
tion, and the samples are in a quenched state from the 8 forming
region (>900 °C) [115,117,160,161]. For a structural material oper-
ating in the 500-700 °C region, a single 8 phase is unstable and a
high portion o phase will likely transform. One study of a 50 at.%
Ti alloy provides results pertaining to samples quenched from 620
to 750 °C [162], which is likely most applicable to a breeder blan-
ket. At room temperature, only «’-phase (8 transformed o) was
observed, and the room temperature mechanical properties were
measured to be 800-1100 MPa ultimate tensile strength (UTS) with
4-7% elongation.

3.1.6. Zr-Cr

Chromium is a common addition in Zircaloys and was initially
included as it was found to enhance corrosion resistance and pro-
vide strength [16]. However, the solubility of Cr in Zr is very low
below ~700 °C where the ZrCr, C15 Laves phase will form at equi-
librium [163]. The C15 Laves phase is a relatively strong but brittle
intermetallic compound [164]. Zr(Cr,Fe), intermetallics of the same
structure are observed to amorphise at RT to 300 °C and dissolve
between 300 and 400 °C under neutron irradiation due to radia-
tion enhanced diffusion effects [165].

A study of the mechanical properties of arc melted then hot-
rolled (870 °C) Zr with 0.5-3.0 at.% Cr has been performed [119].
Relatively high room temperature strengths were achieved 966-
1270 MPa with associated 12.6-6.0% elongation. Further, annealing
experiments were carried out on a 1.8 at.% Cr sample at 550, 650
and 750 °C for 1 h, then air cooled [118]. Significant improvements
to the ductility were achieved (16-18% from 8.8% elongation) ac-
companied by decreases in strength (818-991 MPa from 1118 MPa)
due to coarsening of grains and reduction in dislocation density.

3.1.7. Zr-Si

Silicon forms a range of complex metallic silicides that are
strong but brittle intermetallic phases. Some are widely considered
for high temperature structural applications [166], including neu-
tron reflector components in fast reactors [121]. The Zr-Si phase
diagram predicts the formation of Zrs3Si, a tetragonal intermetallic,
when the temperature and Si concentration is <1571 °C and <15
at.%, respectively [167]. However, a study on an 8.8 at.% mixture
did not contain the Zr3Si phase in the as-cast state [120]. Instead,
a tetragonal Zr,Si intermetallic was formed, evenly dispersed, with
sizes ranging from 3 to 10 um, in the «-Fe matrix, see Fig. 10.
The compressive yield strength was measured to be 700 MPa with
13% compression strain to failure at room temperature. Silicon ad-
ditions to Ti alloys have been shown to improve creep resistance
due to their strong pinning of dislocations, and grain/lath bound-
ary sliding [168], therefore, further work into the Zr-Si system is
warranted.

3.1.8. Zr-Fe

Iron is a common addition to current Zr alloys due to the
strengthening provided by the precipitation of ZrFe, (C14) and
ZroFe (C16 Laves phase) secondary phase particles. In the binary
system, Fe has a solubility limit of ~4 at.%, in «-Zr, above 775 °C.
Below this temperature, Fe is essentially insoluble and will in-
stead form the ZrsFe, an orthorhombic intermetallic, at equilibrium
[169]. The diffusion of Fe is relatively fast and segregation to the
surface of single crystal samples is observed near instantaneously
between temperatures 450-750 °C [170,171].
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Fig. 10. Secondary electron SEM micrograph of as cast Zr-8.8Si. Taken from Ref. [120].

Dissolution of secondary phase particles is known to occur at
high fluence (>1026 n-m~2, 20 dpa) due to the effects of displacive
radiation. A correlation between an increase in Fe content and
<c>-loop dislocation size and density has been made, suggesting
that Fe will promote irradiation induced growth [172]. It is unclear
as to whether this will translate to fusion environments as ther-
mal creep will likely dominate. However, success in increasing Fe
content in conventional Zr alloys (to ~0.50 wt.%) has been seen in
HiFi™ for lowering H pickup in fission environments [173].
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3.1.9. Zr-Mo

Molybdenum has a large high-temperature solubility in S-Zr
(<20 at.% at 1576 °C) but is not soluble below 730 °C in «-Zr. Ex-
perimental studies on binary alloys of the two species are typi-
cally made on quenched samples from the S-phase forming region
and are considered for room temperature biomedical applications
[122]. At intermediate temperatures (500-730 °C) the C15 ZrMo,
Laves phase will form [174]. The mechanical properties of two bi-
nary mixtures with 0.2 and 1.0 at.% Mo, which were cold worked,
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annealed at 750 °C for 1 h then annealed at 500-550 °C for 3 h,
have been measured at 400 °C. It was observed that a linear in-
crease in yield strength from 60 to 130 MPa could be achieved
with increasing Mo content compared to ~20 MPa of the base
metal [123]. Hydrogenation experiments on these samples were
also conducted and it was shown that the H retention decreased
with increasing Mo content and when Mo is included at ~1.0 at.%
the corrosion resistance of the material, in water at 350 °C, is sig-
nificantly improved compared to 0.2 and 0.5 at.% mixtures. It is
thought that the ZrMo, has a low H absorbency, which is the main
contributing factor to the decrease in H retention. In these sam-
ples, it is possible that there is a 8 phase fraction still present as
ageing studies of Zr alloys containing Mo have shown that com-
plete transformation from  — « phase occurs by 1000 h yet some
B phase is still retained after 100 h [175].

3.1.10. Zr-v

Vanadium has a small solubility in a-Zr (1-3 at.% below 863 °C)
[176]. Above this concentration the V,Zr C15 Laves phase forms
[176], and above 863 °C a single phase BCC solid solution will form,
which has a solubility of <18 at.%.

The mechanical properties of alloys containing 0.2 and 0.5 at.%
have been studied previously [124]. The samples were hot-rolled
at 870 °C and quenched, and as a result of the quenching, some
B phase was retained. Both samples displayed an «+f microstruc-
ture and exhibited strengths of 700 MPa and 820 MPa and elonga-
tion of 17% and 20%, respectively. It is expected that the § phase
will not remain, and V,Zr precipitation will occur if used in long
term operation between 500 and 700 °C.

3.111. Zr-w

Tungsten has a limited solubility (1-3 at.% below 850 °C) in «-
Zr and will form the W,Zr C15 Laves phase outside these compo-
sitional bounds. Above 850 °C, W is soluble in B-Zr up to ~5 at.%
[177].

A study reporting the mechanical properties of powder pro-
cessed (34-57 at% W) samples reported large compressive
strengths at room temperature (1060-2690 MPa) however these
samples were very brittle where fracture at <1.0% tensile strains
occurred, attributed to porous defective structures [125].

3.2. Higher order Zr alloys

Higher order advanced Zr based structural alloys with improved
room temperature mechanical properties are a topic of interest in
the biomedical community due to their lower magnetic suscepti-
bility, relative to Ti, and biocompatibility for implants [178]. How-
ever, it is the room temperature mechanical properties of single 8
phase alloys that are of interest to this community, and the tar-
get for a bulk moduli is 10-30 MPa for their application as im-
plants/prosthetics. Therefore, ageing studies at intermediate tem-
peratures (500-700 °C) are not typically performed and instead
quenching from ~1000 °C is routine. Furthermore, the composi-
tions are typically highly alloyed and present large thermal neu-
tron absorption cross-sections. Nevertheless, the state-of-art per-
taining to each higher order Zr alloy identified for this review is
presented in the following subsections. Table 4, provides a sum-
mary of available scientific literature and score calculated identi-
cally to the binary systems. No mechanical property data for >RT
were found within this review.

3.2.1. Zr-Ti-Al-(V)

Several investigations into the mechanical properties of ternary
Zr-Ti-Al alloys have been conducted to-date. However, the focus
has been on Ti rich compositions where the alloy with the high-
est concentration of Zr was 45Ti-40Zr-15Al (at.%). The trend of de-
creasing o« — f transition temperature as the ratio between Ti:Zr
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approaches one, remains true when Al is included in the concen-
trations studied (<15 at.%) [179]. Conversely, Al additions increase
the transition temperature [180]; a concept in agreement with the
«-Ti stabilising effect of Al addition observed in the past. The mi-
crostructures of the Zr-Ti-Al alloys are highly dependant on cool-
ing rate and processing conditions and single phase «, 8 or mul-
tiphase o’ (B transformed «) and o’/ (metastable orthorhombic)
microstructures have been demonstrated for similar compositions
[180,181]. Only the room temperature mechanical properties have
been assessed, where UTS ranges from 1000 to 1550 MPa with 3-
11% uniform elongation.

Exploration of the compositions that include V, in the Zr-Ti-
Al-V system, originated with Ti-6Al-4 V wt% (Ti-6-4), a dual
phase a+B Ti alloy used for aerospace and biomedical applica-
tions [182]. In the initial study, 8-28 at.% Zr was added to the
Ti-6-4 alloy composition [183]. The maximum UTS was measured
to be 1317 MPa (increase of 320 MPa compared to Ti-6-4) and
elongation of 8% (decrease of 6% compared to Ti-6-4), at room
temperature. An additional study reporting the microstructures
and mechanical properties of a series of alloys with higher Zr
contents (Table 5) within the Zr-Ti-Al-V system was published
[184]. These samples were annealed at 850 °C for 30 min, hot
rolled, and quenched. Non-equilibrium microstructures of o’ and
o (metastable orthorhombic) were observed in combination with
the B phase for the samples with lowest and second lowest Zr con-
tent, respectively. The three Zr richer samples had mixtures of «
and B phase. The room temperature UTS peaked at 1246 MPa for
Zr-45Ti-5A1-3 V wt.% and stemmed a new branch of research into
this composition and its variations where some are referred to as
TZAV. The o — B transition temperature was investigated in the
original study where it was determined that as the Zr content in-
creases, the transition temperature decreases in line with the be-
haviour of a binary Zr-Ti alloy. Although similar experiments have
not been carried out on compositions with >>50 at.% Zr, it is ex-
pected that the o — B transition temperature will increase when
the Zr:Ti ratio is >>1. However, precipitation of the Zr3Al phase is
likely due to the reduced solubility of Al in Zr compared to Ti.

An investigation into the microstructure after ageing at 500,
550, and 600 °C for 32 h has been made on the Zr-45Ti-5Al-
3 V (wt.%) alloy after solution treatment at 850 and 1050 °C [185].
It was determined that regardless of prior solution treatment, the
fraction of a-phase changed dramatically within the first 32 h, see
Fig. 11. As pictured, the B-phase was partially retained in the 550,
and 600 °C aged samples but 100% of «-phase was recovered af-
ter ageing at 500 °C. Phase changes of this scale, at temperatures
relevant to breeder operation, would be undesirable in a structural
material.

An additional study on the Zr-45Ti-5AI-3 V (wt.%) alloy has
been made comparing the microstructure and room temperature
mechanical properties after annealing samples for 1 h at 500, 600,
700, and 800 °C, after homogenisation and quench from 1000 °C.
The annealed samples were cooled in air (at a rate of 10 °C.s~1)
and in a furnace (0.07 °C-s~1) [186]. It was found that the sam-
ples that were air cooled to RT from temperatures between 500
and 800 °C had drastically reduced total elongations (1-3% from
5.4% in the as-forged state) whereas the samples that were furnace
cooled increased in ductility, displaying higher total elongations at
RT (6-10%), see Fig. 12. This was attributed to the athermal w-
phase formation during the more rapid cooling. These results are
also supported by a separate study with a similar conclusion on
the Zr-40Ti-5Al-4 V (wt.%) composition [187]. From these results it
may be possible to hypothesise that if such cooling rates occur in
a breeder blanket during pulsed operation the structural material
may embrittle significantly.

Variations of this system have been made with the addition
of Fe in concentrations 0.5-2.5 wt.% [188] and replacement of V
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Table 4

Checklist and tally of the type of data identified within this review to be available within the scientific literature for each higher order Zr system. RT, o and ¢ refer to room temperature, stress, and strain, respectively.

Microstructure

Mechanical properties

Alloy As-cast Heat treated Heat treated RT Score Pros Cons Future work
500-700 °C >700 °C o vse
Zr-Ti-Al-(V) J [112-114] J [115-117]  [115-119] Vv [112,113,115,116,118,119] 4 » Good room temperature - High Ti content will equate to « Reduce Ti and V content, to
strength and ductility when high thermal neutron minor alloying additions, to
furnace cooled. absorption cross-sections reduce thermal neutron
« Can be tailored for «+8 (compositions studied absorption cross-section.
microstructure at 550-600 °C ~2.5 bn). » Mechanical property tests
that may provide creep « Faster cooling rates will induce should be conducted at
resistance. brittle @ phase formation. elevated temperatures.
« The activity of alloying - B-phase can completely
elements within this system transform to a-phase if ageing
are lower than that of pure Zr, occurs past 32 h at 500 °C.
ranging from 107 to
109 Bq-kg~!
Zr-Al-Sn V [120] J [120] J [120] 3 « Low thermal neutron absorption « Potential susceptibility to « Ageing experiments between
cross-section. corrosion in aqueous 500 and 700 °C should be
« Good as-cast and heat treated environments. performed to identify Zr-Al
mechanical properties at room « Alloying additions of Sn will precipitate structures and
temperature. increase the activity of the stabilities.
alloy. « Mechanical properties should
be evaluated at RT and
elevated temperatures.
Zr-Mo-Ti J [121] Vv [121] 2 - Has the potential to precipitate « High thermal neutron « Reduction of alloying species
harden and solid solution absorption cross-section and
strengthen. (compositions studied ~1.0 bn). microstructural/mechanical
- May be more resistant to H « No microstructural or property investigations at
absorption. mechanical property literature temperatures between 500 and
« Good B-phase room exists for temperatures 700 °C.
temperature mechanical between 500 and 700 °C.
properties. « Mo additions will significantly
increase the activity.
Zr-Nb-Ti V 1122,123] Vv [122,123] 2 » Good room temperature « High thermal neutron « Reduce alloying.
mechanical properties of the absorption cross-section. - Addition of species to alloy
B-phase. « Higher alloying (therefore with the BCC Nb phase.
higher neutron cross-section) is
required to stabilise
B-(Nb,Zr,Ti) phase below
600 °C.
« Additions of Nb will increase
activity of alloy.
Zr-Mo-(Sn) / [108] / [108] 2 « Relatively good thermal neutron - Brittle at room temperature. « Detailed crystallographic and

absorption cross-section.

» Good room temperature
strength with microstructures
equilibrated at 500 °C.

« Mo will significantly increase
activity of the alloy.

microstructural analyses to
determine cause of
embrittlement.

« Investigate role of cooling rate
on microstructure.
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Table 5
Example compositions (at.%) of alloys investigated in the Zr-Ti-Al-V system [184].
Zr Ti Al Vv UTS (MPa) Elongation (%) o — B transition
temperature ( °C)
17.3 69.2 ~10.0 ~3.5 1168 3 ~800
26.0 60.5 1206 10 ~675
34.5 52.0 1246 12 ~625
433 43.2 1040 13 ~575
51.9 34.6 978 11 ~500
100 4Ageing temp. (°C)
50 o 500
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Fig. 11. Volume fraction of «-phase measured by XRD for Zr-45Ti-5A1-3 V (wt.%) when aged at 500 °C (squares), 550 °C (circles), and 600 °C (triangles). Curves fitted using

sigmoid functions [185].

with Fe in concentrations of 0.5-2.0 wt.% [189]. However, age-
ing experiments have not been conducted at 500-700 °C and
only non-equilibrium microstructures, with high 8 phase fractions,
quenched from a high temperature >850 °C have been assessed.
It is likely that at temperatures relevant to a breeder blanket the
Zr3Fe or TiFe intermetallic will precipitate due to the insolubility of
Fe in a-(Zr,Ti). Further work is required to determine the material
behaviour at the relevant temperature range.

The thermal creep properties of the Zr-Ti-Al-V system have not
been assessed, however, due to the similarities of Zr and Ti, and
substantial amounts of literature on the creep of Ti-6-4 we may
draw some insights into the possible behaviour.

The creep process in Ti-6-4 is suggested to be dominated by
climb processes of a-phase dislocations in the prismatic plane
(<a> loops) [190,191]. It should be noted that in Ti alloys, the
B-phase generally exhibits faster diffusion than « and so the vol-
ume fraction of 8 is often minimised in high temperature Ti alloys
[192]. Nevertheless, dual-phase o + 8 microstructures are effective
in both Ti and Zr materials for conferring high strength ~1000 MPa
and good creep resistance ~400 °C. However, for every 100 °C in-
crease, the creep rate increases by over an order of magnitude, and
at ~525 °C the steady-state creep strain rate is >10~6 s~ for ap-
plied stresses >70 MPa [191], see Fig. 13. Moreover, the thermal
creep rates above 500 °C are likely too high for use of these mate-
rials in a breeder blanket.
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3.2.2. Zr-Al-Sn

One study has been conducted on alloys within the Zr-5Al-(2-
6)Sn (wt.%) composition range in the context of structural nuclear
materials [193]. A single « phase, lath martensitic structure was
identified with compressive yield strengths and strains ranging
from 835 to 913 MPa and 18.57-21.43%, respectively. Heat treat-
ing for 2 h at 900 °C and air cooling led to the precipitation of
ZrAl (orthorhombic), which is likely metastable as one would ex-
pect Zr3Al from binary phase diagrams. Nevertheless, the RT com-
pressive yield strengths were increased to 1003-1044 MPa and the
strains decreased to 13.03-18.79%.

3.2.3. Zr-Mo-Ti

Alloys within the Zr-Mo-Ti ternary have been investigated by
the biomedical research community [194]. The compositions Zr-
12Mo-(3-11)Ti were quenched from the melt and only single phase
B microstructures were observed. The room temperature yield
strengths were found to range from 1200 to 1363 MPa, and the
strains to failure ranged from 12 to 20%, when in compression.
However, it is not expected that these compositions would retain
their single phase S microstructures at operation temperatures in
a breeder blanket. Instead multiphase microstructure of o~(Zr,Ti),
ZrMo, andfor B-(Zr,Ti,Mo) is predicted to occur. It is likely that
this, along with possible w phase at non-quench cooling rates, will
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RT. Taken from Ref. [186].

contribute greatly to strengthening and the ductility will be re-
duced further.

3.2.4. Zr-Nb-Ti

The compositions that have been investigated to-date are Zr-
20Nb-(3-15)Ti [195] and Zr-12Nb-(2-16)Ti [196]. All samples were
observed to consist of a single-phase BCC structure except Zr-
12Nb-16Ti, which exhibited some w-phase. Relatively good me-
chanical properties were achieved with strengths ranging from
1000 to 1300 MPa and compressive strains of ~35%.

A majority of the lower Ti compositions exist outside the single-
phase forming region and will undergo transformations from
B—aja’ if operated at temperatures ~550 °C [159]. However, for
higher Nb and Ti contents it may be possible for the single phase
B forming region for this ternary system to exist at this tempera-
ture.

18

3.2.5. Zr-Mo-(Sn)

Alloys within the Zr-Mo-Sn ternary system were investigated in
the 1950-70 s in the context of high temperature (500 °C) struc-
tural materials for fission applications [175]. It was the aim of the
investigators to quench the Zr-2.8Mo-1.5Sn (at.%) composition from
the o + B (850 °C) and B (1000 °C) forming regions, anneal at
500 °C for 1000 h, and retain a strong high temperature S or
transformed («’) phase while maintaining room temperature duc-
tility. The composition tested was Zr-2.8Mo-1.5Sn (at.%). It was re-
ported that for the sample quenched from the 8 forming region, an
o + o microstructure was produced, and for the sample quenched
from the o + B forming region, an o + &’ + 10% B microstruc-
ture was produced. However, the UTS/elongation for each sample
were measured to be 853 MPa/2.6% and 1023 MPa/2.3%, respec-
tively, which is too brittle for workability of a structural material.
There is insufficient data on the crystallographic analyses of these
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Fig. 13. Estimated steady-state creep rate for an applied stress of 70 MPa for Ti-6-4 extrapolated from data taken from Ref. [191].

samples to discount @ or intermetallic precipitation, which may
have led to the reduction in ductility. Alloys containing Nb and V
in 2 at.% contributions were also studied and were found to ex-
hibit lower strengths and lower ductility. It should also be men-
tioned that Zr-4.7Mo-1.5Sn and Zr-1.8Mo-3.0Sn were investigated,
however, were only aged for 8-24 h at 482 - 538 °C and therefore
likely did not have microstructures or mechanical properties accu-
rately reflecting components in operation at these temperatures.

3.3. Comparison of properties

Fig. 14 shows the room temperature yield strengths and strains
to failure of binary and higher order Zr alloys, experimentally
measured in the reviewed studies. There are many systems that
present a good combination of room temperature strength and
ductility. However, this information is not adequate to provide con-
fidence in their ability to maintain structural integrity at higher
temperature operation. Some Zr-Al, Zr-V, Zr-Mo-(Ti) and Zr-Nb-
Ti compositions can demonstrate comparable uniform elongations
and markedly higher RT strengths than Zr-4. However, the latter
three alloy systems present significant BCC phase fractions that are
likely unstable at operating temperatures between 500 and 700 °C,
and the Zr-Al compositions that can achieve ductile behaviour at
RT require a polished surface state.

One of the challenges of alloying Zr for nuclear applications is
that including most elements in large quantities (>1 at.%) signif-
icantly alters the thermal neutron absorption cross-section (o )
for which Zr was selected in the first place. A weighted average
of the elemental o4, for each Zr alloy was calculated and plot-
ted against RT yield strength, see Fig. 15. It can be seen that bi-
nary Zr alloys containing Al, Be, Sn, Ti and Nb present o, values
comparable to Zr-4 of 0.2 bn. Zr-Cr, -Mo-Ti, -Nb-Ti, -Ti-Al-V display
0 aps Values closer to 1.0 bn, which is of similar magnitude to the
6Li breeding cross-section but less than half that of Fe (2.56 bn).
Using this method of calculation, the maximum concentration of
each element allowed before a binary Zr-X alloy exceeds the o 4
of Zircaloy-4 can be estimated, see Table 6. Only Al, Nb and Sn can
be alloyed in concentrations > 1 at.%. Be, Mg and Si have o 4, val-
ues lower than Zr therefore have no concentration limit.

19

When compared to multi-decadal research efforts that have
been undertaken for reduced-activation ferritic/martensitic (RAFM)
steels, advanced Zr alloy research is in its infancy. Targeted, small-
scale, laboratory experiments that investigate microstructure and
mechanical properties are still required to make a better judge-
ment as to whether advanced Zr alloys are worth pursuing for use
in operating temperatures between 500 and 700 °C. Castable nano-
structured steels currently represent the state-of-the-art in RAFM
steel research and should be used as a mechanical property bench-
mark for any future Zr alloys investigated for a similar purpose. A
comprehensive overview of the history and current status of RAFM
steels can be found in Ref. [197].

3.4. High-entropy alloys

High-Entropy Alloys (HEAs), or complex concentrated alloys
(CCAs) are alloys consisting of >4 elements in near equiatomic
concentrations [198]. This relatively new area of study has seen
tremendous growth over the last 10 years. The original premise of
HEAs is that a solid solution phase is stabilised by the configura-
tional entropy (entropy of mixing), which increases in magnitude
with the addition of more elements, and is maximised when their
concentrations are in equal ratio [199,200]. It is the solid solution
phase that is typically the majority phase within a HEA, existing
as simple BCC, FCC or HCP structures. The highly alloyed nature
of these phases is thought to contribute greatly to solid solution
strengthening and allow for higher strengths than conventional al-
loys while maintaining ductility [201].

Difficulties arise in maintaining the solid solution phase when
ageing at temperatures between 400 and 1000 °C. This is because
the entropy term is a prefactor to temperature in the equation for
Gibbs free energy, and typically stabilises the solid solution phase
at temperatures close to melting. Therefore, for lower temperatures
more commensurate with that of breeder blanket operation in a
fusion reactor, decomposition of the solid solution phase and pre-
cipitation of intermetallics is more likely, and is observed to occur
in many ageing/annealing experiments for HEAs [202-205]. Whilst
assessments of the room temperature properties of as-cast/solution
treated and quenched HEAs is commonly performed, a significantly
smaller fraction of thermal ageing studies have been performed
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Table 6
Maximum allowable concentration of element before thermal neutron absorption cross-section exceeds that of Zr-4 (0.3 bn) in a binary alloy.
Al Be Cr Fe Hf Mg Mo Nb Ni Os Pd
at.% 32.61 - 0.52 0.63 0.01 - 0.65 1.55 0.35 0.09 0.22
Re Ru Sc Si Sn Ta Ti \% Y Y
at.% 0.02 0.63 0.05 - 3.40 0.07 0.25 0.31 0.08 1.37
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on HEAs, and fewer still assess mechanical properties of equilib-
rium microstructures at elevated temperatures [206]. Nevertheless,
very high strengths (~2.3 GPa) have been observed in BCC HEAs
that also show a higher resistance to softening than Ni superalloys
at elevated temperatures (500-1000 °C) [206,207]. Further, some
HEAs are reported to have good tolerance to irradiation damage
[208,209].

In the context of Zr alloys for fusion, by definition a HEA cannot
contain a majority portion of Zr in the mixture and therefore the
0 .ps Will largely depend on the other elements in the alloy. The
Nb-Ti-V-Zr system has been identified as one of the single phase
HEA systems with the lowest o ., which is still on the order of
steels [210]. It may be possible that the increased strength of such
alloys is sufficiently high that a reduced amount of structural frac-
tion can be used and therefore less absorption of neutrons com-
pared to other candidate materials. However, if a very low o g
(<0.2 bn) HEA is desired it would be based upon the low o 4, el-
ements Al, Be, Mg, Pb, and Si, with Zr, where a single-phase solid
solution is unlikely to be achievable due to the largely favourable
formation energies for intermetallic compounds. The binary mix-
tures alone present many different possible intermetallic phases,
which amongst them are some ordered HCP structures, e.g., Zr3Al,
Be,Zr, Zr;Pb;, that may maintain some measure of ductility. How-
ever, the low melting temperatures of Al, Mg, and Pb are a concern.
Nevertheless, opportunities still may exist in multi-phase low o,
HEAs.

Pros: BCC refractory metal HEAs can exhibit high strengths and
resistance to softening at higher temperatures, and further, some
HEAs may be resistant to irradiation damage.

Cons: Zr will not contribute a majority concentration to the al-
loy and therefore the thermal neutron absorption cross-section will
rely on the other alloying species, this leads to previously stud-
ied HEAs, which have cross-sections comparable to steel. There-
fore, the alloying species are restricted to Al, Be, Mg, Pb, and Si
if a maintenance of <0.2 bn is desired, however, these are likely to
be low melting temperatures multiphase, and brittle.

Future work: Investigations into multiphase, low o, (0.2 bn)
HEAs formed between Zr, Al, Be, Mg, Pb, and Si species or very
high strength, moderate o ., (2.0 bn) HEAs should be made and
their microstructures and mechanical properties assessed from RT
to 700 °C.

4. Summary and conclusions

Zirconium alloys have seen prevalent use in the nuclear indus-
try for power generation by fission. This is largely due to its low
thermal neutron absorption cross-section (o ,,). Past publications
have alluded to the utility of Zr alloys in a fusion reactor [1,24].
Indeed, the utilisation of Zr alloys would be of great benefit due to
their current production in tonnage quantities with a very well es-
tablished industry that works to nuclear standards with associated
well developed machining, inspection techniques, and knowledge
base. Thus enabling rapid screening of current commercial Zr al-
loys for fusion.

Here, we predict that by using Zr-4 as a structural material in
the breeder blanket, the tritium breeding ratio (TBR) is markedly
improved over other candidate materials (EUROFER 97, V-4Cr-4Ti,
SiC/SiC) for structural fractions <0.8. However, current commer-
cial Zr alloys do not have adequate strength, creep resistance, and
fatigue properties at the temperatures of 500-700 °C, at which
some blanket designs in DEMO-like fusion reactors are expected
to operate [5,9]. Further, embrittlement due to impurity elements
such as H, He and corrosion from the coolant will likely occur and
barrier coatings between the structural alloy/plasma, /breeder and
/coolant will need to be employed. For these reasons, the use of Zr
alloys may be more suited to a water-cooled lithium lead (WCLL)
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breeder blanket concept, which operates in the temperature range
280-325 °C and nominal for fission reactors. However, this review
was conducted to explore the landscape and potential of novel Zr
alloys that can achieve adequate mechanical properties at temper-
atures beyond current fission reactors, between 500 and 700 °C.

Initial screening of the mechanical properties and thermal neu-
tron absorption cross-sections of advanced Zr alloys has identi-
fied systems that have demonstrated adequate room temperature
properties. Of these systems, Zr-Al has been studied the most ex-
tensively for its potential use as a ZrsAl structural intermetallic
cladding material in fission applications. Some compositions have
been reported to achieve room temperature ductility (>5% uniform
elongation), high strength (=800 MPa), resistance to high temper-
ature softening, and good creep resistance. However, ductility is-
sues arise in unpolished components, and poor corrosion resistance
is noted in aqueous environments. Any additional development of
these alloys should be done through alloying of other species, in
an attempt to address these shortcomings.

Historically, the alloying of Sn and Zr is an attractive method of
increasing creep resistance in conventional Zr alloys while main-
taining a low thermal neutron cross-section. However, in the bi-
nary form it offers inadequate strengthening. There is potential
for future work in the Zr-Al-Sn system as it has a very low ther-
mal neutron absorption cross-section and is strengthened by solid
solution and precipitation while maintaining a ductile nature at
room temperature. However, such a system is likely to be suscep-
tible to aqueous corrosion and is better suited to breeder blankets
with non-aqueous cooling systems. Alternatively, the mixture of Nb
and/or O in Zr alloys may provide an option for resistance to aque-
ous corrosion and H pickup.

A common theme amongst the studies to-date is that mi-
crostructural and mechanical property data pertaining to samples
aged at temperatures relevant to a breeder blanket (500-700 °C) is
lacking. Instead, the majority of studies quench from the annealed
condition in the B-phase forming region (800-1000 °C). Long term
operation at temperatures below the B-phase solvus will decom-
pose the B-phase and therefore these studies are not a good indi-
cator of material performance at the proposed temperatures.

To preserve the low o, that Zr alloys are known for, only Al,
Be, Nb, Si, Sn and Y can be alloyed in concentrations >1 at.%. Equi-
librium microstructures are important to characterise at temper-
atures between 500 and 700 °C due to kinetics being sufficient
for equilibrium to be achieved. Therefore, precipitate structures,
morphologies and their influence on mechanical properties must
also be characterised. When an alloy is identified that can main-
tain adequate strength (=400 MPa) at this temperature range, ter-
tiary screening, i.e. creep, irradiation testing, corrosion from aque-
ous and liquid metals (Li/Pb) and H/He embrittlement, should be
conducted. It is recommended that higher order Zr alloys com-
bining the aforementioned low o ,,, elements are explored, es-
pecially as Be has been shown to strengthen but not embrittle
and increase corrosion resistance, and Si has potential to do the
same.

In terms of nuclear waste production, Zr alloys are predicted to
decay cool to an activity of ~108 (Bq-kg'!) after 100 years post-
service, nearly an order of magnitude larger than EUROFER 97,
where both fail to meet the UK fusion low level waste limit. We
suggest that it may not be practicable to produce a Zr based com-
ponent that both meets the proposed mechanical and waste re-
quirements for a breeder blanket. Further, some of the recom-
mended low thermal absorption neutron cross-section elements
(Be, Nb, and Sn) will increase the activity of such components.
Therefore, an approach of “as low as reasonably practicable” may
be more suitable in order to harness the neutron efficiency advan-
tage of Zr for tritium breeding. Further cost-benefit analysis is re-
quired in this area.



D.J.M. King, AJ. Knowles, D. Bowden et al.
Declaration of Competing Interest

The authors declare that they have no known competing finan-
cial interests or personal relationships that could have appeared to
influence the work reported in this paper.

CRediT authorship contribution statement

D.J.M. King: Writing - original draft, Writing - review & edit-
ing, Formal analysis, Investigation, Data curation, Visualization,
Project administration. A.J. Knowles: Conceptualization, Writing -
original draft, Writing - review & editing. D. Bowden: Concep-
tualization, Writing - review & editing. M.R. Wenman: Supervi-
sion, Writing - review & editing. S. Capp: Data curation. M. Gor-
ley: Writing - review & editing. J. Shimwell: Methodology, Formal
analysis, Writing - review & editing, Visualization, Resources, Soft-
ware. L. Packer: Writing - review & editing. M.R. Gilbert: Method-
ology, Formal analysis, Writing - review & editing, Visualization,
Resources, Software. A. Harte: Conceptualization, Resources, Writ-
ing - review & editing, Supervision, Project administration, Fund-
ing acquisition.

Acknowledgements

The Authors would like to acknowledge funding from EPSRC
(EP/T012250/1) and (EP/S01702X/1) for time and resources. As well
as Profs. Ted Derby, Michael Preuss, Erland Schulson, and Steven
Zinkle for discussion regarding subject matter of this review.

A Knowles acknowledges funding & support from: UKRI Future
Leaders Fellowship (MR/T019174/1), Royal Academy of Engineer-
ing Research Fellowship, EUROfusion Researcher Grant, and EPSRC
(EP/T01220X/1).

Acknowledgement to authors of internal reports, used to guide
the writing of this review, should also be given. These people in-
clude: F. Barton, ] Bernard, F. Lowrie, C. Riley and M. Rogers from
Rolls-Royce plc, and P. Binks, S. Foster and M. Green from the John
Wood Group plc.

Journal of Nuclear Materials 559 (2022) 153431
Appendix

A simple spherical blanket model was created in OpenMC
[1] using Constructive Solid Geometry (CSG) to ascertain the rela-
tive impact of different blanket material configurations on the tri-
tium breeding ratio (TBR). The simplified model resembles inertial
confinement fusion (ICF) reactors but avoids the introduction of
design specific choices such as lack of inboard blankets and lim-
its bias in the study. The aim is to provide relative TBR values as
a stage in the process of down selecting from a wide range of ma-
terials, material fractions and dimensions. The radius of the vac-
uum region between neutron source and first wall is 10 m, the first
wall armour and first wall thickness was based on Ref. [2] and set
to 3 mm and 2.7 cm, respectively, and the blanket thickness was
set at 2 m. A point source with a Muir energy distribution around
14.06 MeV was used to approximate a deuterium-tritium plasma
neutron source, which is an available source term in OpenMC [4].
No backing was applied to the breeder zone to avoid biasing the
result towards a design that depends on a reflection of neutrons.
Nuclear data was used in from the following sources in the fol-
lowing order of preference Fendl 3.1d [6], Je_ 3.3 [7] and ENDF 7.1
[8].

The neutronics material maker [5] was used to create individ-
ual materials as it takes account of variables such as temperature,
pressure and SLi enrichment when calculating material densities.
The impacts the density of lithium lead and helium coolant is im-
portant to account for this when performing parameter scans. The
amount of individual simulations required to accurately cover the
parameter space is significant. To mitigate this, an adaptive sam-
pling technique [9] was used to accurately cover the parameter
range with a minimal number of simulations.

The material composition and volume fractions of the firstwall
were fixed according to Table Al. The volume fractions of the
structural and breeding material in the breeding zone were varied
from O to 0.9. However, the volume fraction of the coolant in the
breeder zone was fixed at 0.1, see Table A2. The breeder material
was chosen as liquid Li-Pb (Pbg4,Lit5g), due to the fact that ce-

O ZIRLO O V-4Cr-4Ti
¢ SicC/sic A EUROFER 97
Power (ZIRLO) ---- Power (V-4Cr-4Ti)
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Fig. A1. Time to rupture of ZIRLO™ (circle), V-4Cr-4Ti (square), SiC/SiC (diamond) and EUROFER 97 (triangle) with.
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Fig. A2. The relative TBR with 0.9 6Li enrichment fraction for the WCLL design for different structural materials in the breeder blanket and the structural material fraction

varied.

Table A1

First wall composition, densities calculated using neutronics material maker [5].
Material density (g/cm?) volume fraction
Tungsten 19 0.106305
EUROFER 97 7.78 0.560188
Water at 15.5 x 10% Pa and 305 °C 0.72 0.333507
Helium at 8 x 10° Pa and 500 °C 0.0056 0.333507
Table A2

Breeder zone composition, densities calculated using neutronics material maker
[51.

density volume
Material (g/cm?3) fraction
Variable structural variable variable
material
Lithium-lead at 500 °C 9.15 variable

ramic breeders impose additional dimensions such as packing frac-
tion and multiplier fraction. The 6Li enrichment was also been var-
ied (from 0 to 100%) for this study. The specific structural materi-
als that were investigated can be found in Table A3. The structural
materials were homogenised together with a coolant and a breeder
material to resemble a helium cooled lithium lead (HCLL) blanket
design but is not a substitute for parameter studies performed on
a specific heterogeneous design such as in Ref. [3].
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