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Abstract: The self-passivating yttrium-containing WCr alloy has been developed and researched as
a potential plasma-facing armour material for fusion power plants. This study explores the use of
yttria (Y20O3) powders instead of yttrium elemental powders in the mechanical alloying process to
assess their applicability for this material. Fabricated through field-assisted sintering, WCr-Y,0O3
ingots show Y,O3 and Cr-containing oxides (Cr-O and Y-Cr-O) dispersed at grain boundaries (GBs),
while WCrY ingots contain Y-O particles at grain boundaries, both resulting from unavoidable
oxidation during fabrication. WCr-Y,O3 demonstrates higher flexural strength than WCrY across
all temperature ranges, ranging from 850 to 1050 MPa, but lower fracture toughness, between 3
and 4 MPa-/m. Enhanced oxidation resistance is observed in WCr-Y,Oj3, with lower mass gain as
compared to WCrY during the 20-hour oxidation test. This study confirms the effectiveness of both
yttria and yttrium in the reactive element effect (REE) for the passivation of WCr alloy, suggesting
the potential of Y,03-doped WCr for first wall applications in a fusion power plant.

Keywords: self-passivating; yttrium; plasma-facing; yttria; flexural strength; fracture toughness;
oxidation resistance

1. Introduction

Tungsten (W) is currently considered the prime candidate for the first wall material in
future fusion reactors due to its exceptional properties, including the highest melting point
among metals, high-temperature strength, good thermal conductivity, and low plasma
erosion yield [1]. However, a potential loss-of-coolant accident (LOCA) event, accom-
panied by air and/or water leaking into the vacuum vessel due to mechanical damage,
could result in the temperature rise of a tungsten-made first wall to 1000 °C or higher
and simultaneous oxidation [2]. Tungsten oxide is volatile at such temperatures, and the
release of aerosols containing radioactive oxide WOj into the atmosphere is a concern [3].
This leads to research into self-passivating metal alloys with reduced thermo-oxidation
(SMART) as an alternative to plasma-facing materials in, e.g., the DEMOnstration power
plant (DEMO) [4,5]. Beyond maintaining acceptable plasma performance during regular
operation, SMART materials must demonstrate suppressed oxidation of tungsten by form-
ing dense and thermally stable oxide scales of the passivating alloying elements during
the abovementioned accidental event, ensuring passive safety for tungsten-based first wall
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applications. Recent research has been conducted investigating various aspects of SMART
materials, including manufacturing [6-9], fuel retention [10-12], the neutron-irradiation
effect [13], microstructural stability [14], the materials’ response in fusion conditions [15],
joining [16], and surface analysis [17,18].

Based on tungsten, modern SMART materials incorporate 10-12 wt.% Cr as the
passivating element and <1 wt.% Y as the so-called reactive element (RE). The addition of
~0.6 wt.% Y has demonstrated a reduced oxidation rate by at least one order of magnitude
compared to the W-Cr binary alloy [3,19]. Moreover, Y addition has also been proven
effective in enhancing oxidation resistance in W-5i-Y [20,21]. Yttrium as RE is widely
recognized for the following three primary effects (reactive element effect, REE) that
contribute to improved oxidation resistance [22,23]: (1) promoting selective oxidation and
reducing the amount of Cr or time required to establish chromia scales [24]; (2) impeding
outward diffusion of metal cations as segregating elements in GBs and thus altering the
growth process of chromia scales [25]; and (3) enhancing the scale adherence to base metal
and reducing the likelihood of spallation [26]. However, when added in elemental form,
yttrium is found inevitably oxidized as particles mainly dispersed in GBs of WCr alloys,
whether fabricated through field-assisted sintering technology (FAST) [27] or hot isostatic
pressing (HIP) [28]. This is attributed to the strong oxygen affinity of elemental yttrium, as
well as other REs such as Zr [29], Ti [30], and Hf [31], which are also observed in the form
of oxides after the fabrication of WCr alloys.

The oxidation of elemental yttrium during manufacturing suggests the alternative
approach of adding yttria, its oxide form, to the WCr alloy directly. Research on the
addition of yttria to WCr alloys is limited compared to the extensively studied WCrY
system. However, the role of yttria as the RE oxide during oxidation and its impact on
mechanical properties warrant exploration. Yttria has been studied in chromia-forming Fe-
based [32] and Ni-based [33,34] alloys exhibiting similar functionalities to yttrium during
oxidation. Additionally, numerous investigations have shown that the addition of yttria to
pure tungsten leads to mechanical improvement [35-38]. This work, therefore, initiates the
substitution of yttrium with yttria in WCr alloy and compares the oxidation performance
of samples at an isothermal temperature of 1000 °C, as well as their thermo-mechanical
properties, to evaluate their potential use in first wall applications.

It is worth emphasizing that the nuclear response of W-based SMART materials has
been considered under conditions expected for first wall components in DEMO for two
years of continuous full-power operations [39,40]. The inventory code FISPACT-II [41] was
used to predict changes in composition due to transmutation as well as the compositional
evolution after irradiation during decay cooling and subsequently derive the total activity
of the materials. These studies demonstrate that W suffers the most severe transmutation,
potentially growing several atomic percent, whereas the alloying elements (Ti, Cr, Y, and
Zr) show at least an order of magnitude lower transmutation rates. It is also worth
mentioning that as the first wall material, whether the intentional addition of oxygen in
SMART materials is compatible with the potential start-up problem in DEMO requires
future investigation.

2. Materials and Methods

For sample preparation, elemental powders W (99.9%, 4 um), Cr (99.7%, 45 um), and Y
(99.9%, 500 um), as well as Y,03 nanopowders (99.99%, 29 nm) were used as raw materials.
Two initial powder batches, each weighing 110 g, were prepared with nominal compositions
of W-11.4Cr-0.6Y and W-11.4Cr-0.76Y,05 (in wt.%), respectively. These compositions are
expressed as weight percentage (wt. %) and contain an equal atomic percent of yttrium
element (~0.96 at.%) and chromium element (~31.1 at.%). Both batches were ground for
60 h in a planetary mill (Retsch PM400 MA, Retsch GmbH, Haan, Germany) under an
argon atmosphere, with a milling rotation speed of 198 rotations per minute (rpm) and a
ball-to-powder weight ratio of 5:1. Subsequently, the alloyed powders were consolidated
at 1460 °C with a heating rate of 200 °C/min using FAST equipment (FCT-HPD5, FCT
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Systeme GmbH, Rauenstein, Germany). No isothermal holding was performed during
the sintering process. A uniaxial pressure of 50 MPa was applied to the green compact
of powders, and a vacuum atmosphere was maintained during sintering. The resulting
cylindrical ingots had a diameter of ¥20 mm and a mass of 25 g.

For as-sintered ingots, the microstructures of lamellar specimens (prepared by focused
ion beam) were characterized using the scanning transmission electron microscopy (STEM)
mode in scanning electron microscope (SEM) (Zeiss Crossbeam XB 540, Carl Zeiss Mi-
croscopy GmbH, Jena, Germany). The average grain size, average size, and number density
of oxide particles in secondary electron (SE) images were evaluated using Image] software
Version 1.53k [42]. The lattice parameters of WCrY and WCr-Y,0O;3, both in the form of
as-milled powders and as-sintered ingots, were determined based on (110), (200), and
(211) peaks in X-ray diffraction (XRD) patterns. XRD analysis was conducted by scanning
from 20° to 120° (26) with an increment of 0.02° using a D8 Discover from Bruker AXS
GmbH. The incident beam was Cu K& X-rays. For as-oxidized samples, SE images of cross-
sectional and surface microstructures were taken using the focused ion beam scanning
electron microscope (FIB-SEM, the same device mentioned above). Chemical analyses
of oxide particles in the as-sintered samples and various regions in as-oxidized samples
were performed using energy-dispersive X-ray spectroscopy (EDS, Oxford Instruments plc,
Abingdon, Oxfordshire, UK) operating at an accelerating voltage of 12 kV. The W M, Cr
K«, Y Ly, and O K lines were chosen for analysis.

For oxidation testing, cuboidal samples (approximately 4.9 x 2.8 x 3.8 mm) were
machined from as-sintered ingots using electrical discharge machining (EDM) and subse-
quently ground to a 1200-grit SiC paper. Oxidation experiments lasting 20 h were conducted
in a thermogravimetric analyser (TGA, TAG-16, Setaram Inc., Caluire-et-Cuire, France) at
1000 °C under a gas mixture of Nj + 20 vol.% O,, with a relative humidity of 70% at 25 °C
and a gas flow rate of 40 mL/min.

For mechanical characterization, Vickers hardness (HV 0.5) was performed on as-
polished ingots using DuraScan G5 (ZwickRoell GmbH & Co. KG, Ulm, Germany),
applying a load-dwelling time of 10 s. Three-point bending (TPB) tests were carried
out on both unnotched and single edge laser-notched beams, with nominal dimensions
of 20 x 2.1 x 1.4 mm, to measure flexural strength and fracture toughness, respectively.
These tests were carried out using an Instron 8862 universal testing machine (Instron, UK),
spanning temperatures from 25 °C to 1100 °C under high-vacuum conditions (10~® mbar)
and 10 min stabilization time. All tests were performed under displacement control at a
constant loading rate of 100 um/min, with a 12 mm span length. Fracture toughness (Kjg)
was determined using the formula proposed by Pastor and Guinea et al. [43,44].

3. Results and Discussion
3.1. Microstructures

The primary microstructural difference between as-sintered WCrY and WCr-Y,0Oj3 lies
in the composition of oxide particles at GBs. In as-sintered WCrY, only Y-O particles are
detected, regardless of particle size (Figure 1a), suggesting inevitable oxidation during fabri-
cation despite inert gas milling and vacuum sintering. Oxygen impurities in raw elemental
powers or residual oxygen in the milling jar and the sintering chamber may contribute
to oxide formation. In as-sintered WCr-Y,0Oj3, the mixture particles composed of Cr-O
and Y-Cr-O are mainly observed (Figure 1b). This indicates that the Cr-involving reaction
occurs during manufacturing, which is not observed in the WCrY system, and that there is a
transformation of Y03 into Y-Cr-O. The stoichiometry of oxides (Y-O in WCrY, Cr-O, and Y-
Cr-O in WCr-Y,03) has not been confirmed in this study. For the Y-Cr-O compound, YCrOs
is the stable form and belongs to the space group Pnma (62) with a =5.524 A, b =7.534 A,
c=5243 A, and angles o = § =y = 90° [45]. Our first-principles calculations predicted a
stable YCrO3; compound with the enthalpy of formation of —1354.03 kJ/mol compared to
—1746.24 kJ /mol for Y,Os3. These calculations were performed using density functional
theory (DFT) as implemented in the VASP package using the PBE exchange-correlation
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functionals [46—48]. Standard projector augmented wave (PAW) pseudopotentials were
employed throughout this study with a plane-wave cut-off energy of 520 eV. In all cases,
the k-point grids were converged to ensure a maximum error of 1 meV per atom. YCrOs
can be formed through the following reaction: Cr + 0.750; + 0.5Y,03 = YCrO;3, starting
at ~1100 °C, as observed in some dedicated experiments [49]. Ref. [50] shows that Y,O3
additives transform to YCrOj3 in Ni-Cr-Y;Oj3 ingots when the sintering temperature reaches
1100 °C. Other research suggests the presence of the Y-Cr-O compound after sintering
mechanically alloyed powder with Y,O3 addition in Fe-based [51] and Co-based [52] alloys,
also processed at 1100 °C. We thereby suggest that Y-Cr-O oxides in our work form during
the sintering stage where the necessary temperature for reaction is achieved. Moreover, the
lattice parameter slightly increases after sintering WCr-Y,0O3 powders (Table 1), implying
minor Cr depletion in the solid solution of WCr. This indirectly indicates the reaction of Cr
with O and Y,0O3 particles to form Cr-O as well as Y-Cr-O compounds during sintering.
However, the overall depletion of Cr after sintering is minimal, as the Cr content (28.4 at.%
measured by EDS) within grain interiors still remains close to the nominal composition
(31.1 at.%). Further research shows that Y,O3 has already partially transformed into YCrOs
in small amounts in Ni-Cr-Y,0O3 powders in the as-milled state, but a high-number density
of YCrOj precipitated after hot isostatic pressing at 1175 °C [53], suggesting that consolida-
tion at high temperature is the dominant process for YCrOj; formation compared to ball
milling. Noticeably, a lower temperature of 1000 °C for the formation of YCrO3 during
heat treatment has been reported in a mixture of Y,0O3-Cr,O3 powders, but this process has
slow kinetics, as Y03 and YCrOj still coexist after an exposure of 12 days [54]. Similarly,
in Fe-Cr-Y,03 powders, Y,03; and YCrOs coexist after an exposure of 1 h at 1000 °C [55].
Given the fast processing of WCr-Y,03 during sintering (heating stage of 5 min to 1460 °C
without isothermal), 1000 °C is a less-likely onset temperature for formation of Y-Cr-O
compared to 1100 °C or above in this study, due to the limited reaction time.
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Figure 1. STEM microstructures of as-sintered (a) WCrY and (b) WCr-Y,0O3 on the left, and corre-
sponding EDS line scan across oxides of different sizes on the right. The yellow arrows on the left
side indicate the locations where EDS line scan results are made and shown on the right side.
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Table 1. Microstructural features of WCr-Y,03 and WCrY (average grain size dg, average diameter
dy, area number density oy of oxide particles, lattice parameter 4, and micro-hardness (HV 0.5)).

a(Ad)
Composition dg dp ( lerz HV 0.5
(nm) (nm) m~%) As-Milled Powder As-Sintered Ingot
WCrY 183 + 18 33417 22 x 1013 3.098 3.099 1207 £9
WCr-Y,0;3 200 £ 12 42 +21 2.0 x 1013 3.097 3.102 1135+ 9

In contrast to WCr-Y,0O3, the as-sintered WCrY does not exhibit a noticeable Cr-
involving reaction. This aligns with findings from Ref. [56], which report the formation
of Y03 in Ni-Cr-Y and YCrOj3 in Ni-Cr-Y,0O5 after FAST sintering. The Gibbs energies of
formation for these oxides are estimated as follows: Y,03 < Cr,O3 < YCrOj3 (using Y203
as the reactant, 1100-1700 K) [57,58]. The strong affinity of yttrium for oxygen makes it
the dominant oxygen getter in the WCrY system. However, the Y-O particles in the WCrY
system might be non-stoichiometric. In the WCr-Y,0Oj3 system, elemental Cr serves as
the oxygen scavenger due to the absence of elemental Y. The oxidation of Cr has been
reported at temperatures of 700 °C or even lower [59-61]. Therefore, it is suggested in WCr-
Y,03 that Cr-O precipitates likely form in GBs in the early heating stage of sintering (e.g.,
<1100 °C). These Cr-O particles could become the preferential nucleation sites for Y-Cr-O
when sintering proceeds to higher temperatures (e.g., 1100 °C or above), which explains
why Y-Cr-O is often seen adjacent to Cr-O. The Cr-involving reactions in the WCr-Y,03
system may account for the increased size of oxide particles, which are approximately 20%
larger, on average, compared to those in WCrY (Table 1). A small fraction of the original
Y03 additives appears to be unreacted, thus retaining the small size, as shown in the EDS
result in Figure 1b. The overall larger dispersoids with lower number density in WCr-Y,O3
do not inhibit grain growth as effectively as their smaller counterparts in WCrY, leading to
slightly larger grain size and reduced hardness.

3.2. Oxidation Tests

The mass change curves of the two materials and pure W over a 20 h period are
presented in Figure 2. Both materials exhibit significantly lower oxidation rates compared
to pure W. WCrY oxidizes at a linear rate of 1.1 x 107> mg-cm~2-s~!, consistent with
previous work under identical oxidation conditions [62]. Substituting Y with Y,O3 reduces
the linear oxidation rate of WCr-Y,O3 by roughly half to 5.7 x 107® mg-cm~2-s~1. The two
materials exhibit different surface conditions after oxidation. The oxidized WCrY surface
(Figure 3a) consists of (a) mixed-oxide areas (the chromia scale covered by Y-containing
particles), (b) bare chromia areas, and (c) the “disrupted regions”. These disrupted regions
have undergone more intense oxidation, leading to a greater amount of tungsten oxide
formation compared to other areas. Tungsten oxides (WOs) are volatile at 1000 °C, and their
increased formation enhances the likelihood of sublimation from below the surface. This
sublimation could disrupt the passivating layer, resulting in the formation of the observed
structures and, thus, the discontinuities of the oxide scale on the surface. In contrast, the
oxidized WCr-Y,0O3 surface (Figure 3d) shows a more uniform distribution of Y-containing
particles on the chromia scale, significantly reducing the occurrence of bare chromia areas
and disrupted regions. According to EDS analysis in Figure 3b,e, the Y-rich particles in
both oxidized materials suggest the presence of YCrOjs particles (blue, marked as 1 and 4)
based on the atomic ratio of Y and Cr, and Y-Cr-W-O particles (red, marked as 2 and 5). The
quantity of Y-Cr-W-O particles is higher compared to YCrOj3 particles. The remaining oxide
(green) is pure chromia. Cross-section views (Figure 3c,f) show layered structures with
the chromia scale on top and the inner oxide layer in both materials. Notably, WCr-Y,03
features a chromia layer nearly twice as thick (1161 &= 605 nm) as WCrY (646 & 431 nm) and
a shallower inner oxide layer (3.1 £ 0.5 um) compared to WCrY (4.0 &= 0.6 um). The inner
oxide layer contains W-Cr-O in the upper region and tungsten oxides in the lower region.
Hence, from the reduced presence of disrupted regions, decreased thickness of the inner
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oxide layer, and lower mass gain, it can be said that WCr-Y,0O3 shows further enhanced
oxidation resistance compared to WCrY.

50
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— —— WCr-Y203
o 081 wew
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Figure 2. Mass change of pure W, WCrY, and WCr-Y; O3 under synthetic air and isothermal tempera-
ture of 1000 °C, as a function of time (20 h in total). The inset highlights a smaller scale on the y-axis.
The R-squared is 0.9960 for linear fitting of WCrY, 0.9826 for linear fitting of WCr-Y,O3 and 0.9101
for parabolic fitting of WCr-Y,0O3.

The passivation behaviour in both Y- and Y,O3-doped WCr alloys demonstrates that
REE (as described in the introduction) can occur when yttrium is present in various forms
in the as-sintered materials: Y-O or Y-Cr-O. In WCrY alloys containing Y-O particles, the
oxidized surface features areas without Y-containing particles, including bare chromia
areas and disrupted regions. In contrast, WCr-Y,0Oj3 alloys with Y-Cr-O particles display
a uniform distribution of Y-containing particles across the oxidized surface. The exact
mechanism by which different yttrium oxide formed in as-sintered materials influences the
homogeneity of Y-rich particles on the oxidized surface is not fully understood. Neverthe-
less, the enhanced passivation observed in WCr-Y; O3 suggests that the Y-Cr-O particles
provide a more effective REE during oxidation compared to Y-O particles. This may be
related to the evolution of yttrium during oxidation, proposed in the following sequence:
Y (elemental form) — Y-O (non-stoichiometric) — Y,O3 — Y-Cr-O (non-stoichiometric)
— YCrOs. It is often reported in the chromia formers that Y or Y,Oj3, introduced through
alloying [63], oxide dispersion [64], ion implantation [65,66], or coating [67,68], react with
Cr to form YCrOs; during high-temperature corrosion tests, and YCrOj; typically appears
along the scale boundary. For instance, Ref. [65] presents the evolution of implanted Y
in Co-Cr alloy oxidized at 1000 °C, with most of the Y present as Y,O3 after the first 4 h
of oxidation and then transforming into YCrOj3 particles after 24 h. After its formation,
the presence of YCrOs at the scale/substrate interface can improve the scale adherence.
Additionally, YCrO3 is in a thermodynamically stable phase in air up to its melting point
of 2300 °C [67], but it begins to dissociate at the partial oxygen pressure of ~10~2° bar at
1000 °C [57], releasing Y ions that segregate at the oxide scale’s GBs [66,69]. Therefore, REE
is associated with the formation of YCrOs [70]. However, since Y-O particles are present in
as-sintered WCrY, the formation of stoichiometric Y,O3 and, subsequently, YCrO3; during
oxidation could be a precursor to REE. The transformation of Y,O3 into YCrOj; is a relatively
slow process at 1000 °C, as noted in Ref. [54]. In contrast, the pre-existing Y-Cr-O oxides
in as-sintered WCr-Y,03 bypass the evolution of Y and thereby enhance the material’s
readiness for REE in response to oxidation.
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2 3 4 5 6
Y 219 8.1 - 12.6 5.9 -
Cr 12.9 17.5 35.9 12.5 14.6 36.7
w 1.4 12.9 2.8 1.6 10.5 21
(o] 72.9 61.5 61.3 73.3 68.9 61.2

Figure 3. (a) The oxidized surface of WCrY, consisting of disrupted regions, bare chromia areas,
and mixed-oxide areas (Y-rich oxides on chromia scale). The red box indicates an example of a
mixed-oxide area.(b) EDS layered mapping of the mixed-oxide area of WCrY. (c) Cross-section under
the mixed-oxide area of WCrY. (d) The oxidized surface of WCr-Y, O3 consisting of solely mixed-oxide
areas. (e) EDS layered mapping of the mixed-oxide area of WCr-Y,O3. (f) Cross-section under the
mixed-oxide area of WCr-Y,0O3. The table shows the chemical composition (in at.%) of different
oxides on the surface, detected by EDS point analysis. Three species of oxides are shown in both (b,e):
red (marked as 2 and 5) is Y-Cr-W-O, blue (marked as 1 and 4) is YCrOj3, and green (marked as 3 and
6) is Cr203.

3.3. Three-Point Bending Tests

The flexural stress—strain curves of both materials at varying temperatures are given
in Figure 4a,b. WCr-Y,Oj3 exhibits a slightly higher ductile—brittle transition temperature
(DBTT), with WCr-Y,03 beginning to show ductility at 950 °C and WCrY at 900 °C.
This could be attributed to the larger grain size of WCr-Y,03. Clear plastic deformation
appears in both materials above 1000 °C. The fractured surface at room temperature shows
predominantly intergranular cracking for WCrY and a mixed-fracture mode (intergranular
cracking and cleavage through grains) for WCr-Y;0O3, as shown in Figure 4c,d.

Figure 5a illustrates the proof flexural strength of both materials as a function of
temperature. Both materials maintain their flexural strength from room temperature to
900 °C, with a slight decrease observed both at 600 °C and 800 °C. WCr-Y; O3 consistently
shows higher strength than WCrY at all test temperatures, although the difference narrows
at higher temperatures. At room temperature, WCr-Y,Oj3 exhibits a flexural strength of
~1 GPa, which is 40% higher than WCrY. However, this difference is minimal (9%) at 600 °C.
The greater strength of WCr-Y,0O3 suggests that its fewer and larger oxide particles (and
thus further interparticle spacing) at GBs provide more strengthening compared to the
more numerous and smaller counterparts in WCrY. Meanwhile, the different coherence of
the Y-Cr-O and Y-O particles with the («W, Cr) matrix may also play a role, with Y-Cr-O
possibly providing greater resistance to dislocation motion.



Metals 2024, 14, 1092

8 of 13

(a)

Stress (MPa)

1200 r T T T T T T T T T T T T (b) 1200 [ | SRR R PR Ea R SEER FEED FENT FEN FEED SRR BN FRSN PV ORED CENN CENN AN ]
1000 a1l 1000 :— —:
i WCrY | i i, WCr-Y20:3 |
: 1 S | ¢/ :

C ] - 600F ¢ ¥ =
S00F / 1 @7 ¥ 25°C
/] e~y & L F 00° J
400F [ff 5 (%) ¥ ]
- ™ o W : f,/ w:
200 S - 2001/ 9507
' : 7 g gu vg: ige of- g g gt lgi g g T | 111010 °|C:
00 11 1 |0lV5| (U 4; 11 1 |1l-5| R VY | 2 00 05 1 15 s

Strain (%) (d) Strain (%)

EHT =10.00 kv

WD= 45mm

«Intergranular
fracture
_\Cleavage :
facet
Intergranular
o fracture

Signal A= SE2 1 pm EHT = 10.00 kV Signal A = SE2
WCrY-FAST2-MORv-25 — .
Mag= 7500KX 'O W — D86 e Mag= 7soKx FAST-ODS-5042:MORv-25

—
2

1400

Proof flexural strength (MPa)
2 8 3 8 8 B
o (=] o o o o

o

Figure 4. Flexural stress vs. strain from 25 °C to high temperatures of (a) WCrY and (b) WCr-
Y,0O3. Fracture surface of (c) WCrY and (d) WCr-Y,O;3, respectively (materials fractured at room
temperature). An additional test at 950 °C was conducted for WCr-Y,0O3 to see if the material
exhibited ductility before proceeding with the test at 1000 °C.
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Figure 5. (a) Flexural strength and (b) fracture toughness of WCrY and WCr-Y;0Oj3 at varying
temperatures. Closed symbols and solid lines denote the ultimate flexural strength or Kjg values
based on the maximum load upon brittle fracture. Open symbols and dashed lines denote yield
flexural strength 0> or Kjg values based on the 5% secant line when non-linear behaviour was
observed. Both flexural strength and fracture toughness are calculated as the average of at least two
measurements, with the error bars representing the standard error.
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In contrast, the fracture toughness of WCr-Y,0O3 is lower overall than that of WCrY
across all test temperatures, measuring 3~4 MPa-y/m compared to 5~6 MPa-/m. The
fracture toughness of WCr-Y,0O3 continuously decreases as temperature increases to 900 °C.
The low fracture toughness of both materials is partly attributed to weak grain boundary
cohesion and embrittlement of oxide particles at GBs. However, the reduced toughness in
WCr-Y,0O3 materials indicates that Y-Cr-O particles may have a further embrittlement effect
than Y-O particles, promoting both intergranular and transgranular crack propagation, as
observed in Figure 4d. Coarser particles tend to create higher stress/strain concentrations
and trigger interfacial decohesion at weaker grain boundaries [71,72]. They are also more
prone to breakage due to their lower fracture strength, as the fracture strength of these
particles decreases with increasing particle size [73]. This could explain why the presence
of larger oxide particles in WCr-Y,0O3 shows reduced ductility and fracture toughness.
Notably, the fracture toughness of WCrY at 1000 °C exhibits greater variation compared to
the others, as this temperature marks the onset of stable crack growth.

Interestingly, oxide particles are predominantly found at the grain boundaries of Y,0s-
doped WCr alloy, unlike in other materials doped with Y,Oj3, such as Eurofer 97 [74,75],
pure W [36], and tungsten-heavy alloys [76], where yttria nanoparticles are homogeneously
dispersed within grains. A more homogeneous distribution of oxide particles within the
grain interior is generally considered more beneficial than their preferential presence at
grain boundaries. Intragranular yttria dispersoids have been reported to provide a more
significant strengthening effect than intergranular ones [37], and a reduced presence of
intergranular particles may improve the toughness of the material by reducing stress
concentration and, thus, fracture initiation at grain boundaries. However, incorporating
oxide particles into the WCr grain interior is currently not feasible, as shown in this work
through ball milling and FAST manufacturing routes, either doped with yttrium or yttria.

4. Conclusions

This study examined the microstructure and performance of Y,0O3-doped WCr alloy
in comparison with Y-doped WCr for first wall applications. Microstructural analysis
revealed a greater variety of oxides located at grain boundaries in as-sintered WCr-Y,0O;3,
including Y,0Oj3 as intentionally added, Cr-O, and Y-Cr-O particles, which are likely formed
during sintering. In contrast, predominantly Y-O particles were detected in as-sintered
WCrY. WCr-Y,03 exhibits slightly larger average grain and particle sizes compared to
WCrY. Regarding oxidation resistance under humid synthetic air at 1000 °C, WCr-Y,03
demonstrated a halved linear oxidation rate compared to WCrY. This enhanced oxidation
resistance was attributed to a more effective REE in WCr-Y;03. Y-containing particles
are uniformly distributed on the chromia protective scale in oxidized WCr-Y,0O3, and the
inner oxide layer underneath shows decreased thickness compared to oxidized WCrY.
Further investigation is required to understand the oxidation mechanisms responsible
for the distinct surface morphologies observed between WCr-Y;0O3 and WCrY. Thermal-
mechanical tests indicated that WCr-Y,0O3 exhibited higher flexural strength, particularly
at low temperatures where it remained >1 GPa. At temperatures above 600 °C, the flexural
strength of WCr-Y,O3 was still 70-160 MPa higher than that of WCrY. However, WCr-Y,03
displayed overall lower fracture toughness (~50% less) than WCrY. Economically, the use
of reactive element oxides instead of elemental forms offers a cost-effective alternative in
manufacturing SMART materials, which is an important aspect for mass production [77].
This work highlights Y,O3 as a promising alternative additive to Y in WCr alloys.
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