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A B S T R A C T

Vanadium-based alloys such as V-4Cr-4Ti are of interest as candidates for low activation structural materials for 
advanced nuclear reactors. One of the major challenges of vanadium-based alloys is their thermal stability and 
improving their mechanical properties at higher temperature ranges (> 600◦C). This work explores refining the 
grain microstructure of V-4Cr-4Ti by arc melting and subsequently large strain extrusion machining specimens to 
produce a multimodal microstructure largely composed of nanocrystalline and ultrafine grain sizes. In-situ 
thermal stability of the multimodal V-4Cr-4Ti to 800◦C shows the formation of vanadium carbides with negli
gible grain growth. In-situ dual-beam 16 KeV He+ and 1 MeV Kr2+ ion irradiation performed at 700◦C to a final 
dose of ~5 displacements per atom show the formation of small cavities well distributed throughout the system, 
with preferential clustering at grain boundaries. This work provides insight into how the increased fraction of 
grain boundaries affect the simultaneous dual beam ion irradiation response of multimodal V – 4 wt.% Cr – 4 wt. 
% Ti at elevated temperatures. Analysis of the cavities reveal an areal density of 0.024±0.007 cavities/nm2 and 
swelling of 0.236% after the dual-beam ion irradiation. Nanoindentation shows a ~50% increase in hardening 
after the ion irradiation at 700◦C.

1. Introduction

Since the 1960s, there has been significant interest in vanadium- 
based alloys as low-activation materials for nuclear reactor operations. 
Initially considered as candidates for liquid metal-cooled fast reactors, 
vanadium-based alloys have recently gained renewed attention as al
ternatives to reduced activation ferritic/martensitic (RAFM) steels for 
first wall and blanket materials in fusion energy systems due to their 
limited operating regimes [1–6]. Vanadium-based alloys, such as 
V-4Cr-4Ti (V44), exhibit desirable thermo-mechanical properties, 
including a higher melting temperature and promising thermal 

conductivity compared to other candidate materials like 316 stainless 
steel (SS) and HT-9 [7]. With the low neutron absorption cross-section of 
V44, it has also been proposed in self-cooled vanadium (V)/lithium (Li) 
blanket design concepts, which can achieve the necessary tritium 
breeding ratio required for sustained reactor operation without 
requiring the addition of beryllium (Be) [6]. In terms of radioactivity 
and afterheat decay, high-purity V44 is generally categorized as Class A 
waste, decaying to acceptable levels during site occupancy. In contrast, 
V44 of commercial quality or lower purity could be classified as Class B 
or Class C nuclear waste, which stabilizes and decays to safe levels 
within 100 years or 500 years, respectively.
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In addition to promising neutronic properties, V44 also possesses a 
low thermal expansion coefficient across various temperatures. How
ever, V44 alloys have exhibited susceptibility to embrittlement with 
high levels of hydrogen and oxygen, as well as a reduction in elongation 
and irradiation work hardening which have largely been attributed to 
the formation of high densities of irradiation defects and precipitates [8,
9]. Also, the mechanical properties of vanadium-based alloys can vary 
significantly due to the presence of impurities such as carbon (C), oxy
gen (O), and nitrogen (N) [10]. Fine precipitates of vanadium carbide 
[11] and Ti (C, O, N) [9,12,13] have been reported in the literature, 
forming after heat treatment and irradiation at elevated temperatures. 
Consequently, extensive research has focused on investigating the ef
fects of impurities and controlling their levels [9,14–16]. Furthermore, 
studies have explored the influence of various elements and particles, 
such as Fe, Si, ZrC, TiC, Ti3SiC2, and Y-based oxides, on strength, 
ductility, and creep resistance [15,17,18]. Others have also investigated 
the thermo-mechanical processing of V44 through aging, deformation, 
and annealing [9,11,12,19], observing banded microstructures with fine 
grains, alongside the formation of precipitates as a result of aging. The 
formation of these bands leads to inhomogeneities in the mechanical 
performance of the system. When subjected to ion irradiation at elevated 
temperatures, the microstructure can become unstable due to the 
breakdown of Ti (C, O, N) and the formation of V (C, O, N), attributed to 
the redistribution of carbon throughout the system.

To implement vanadium-based alloys as structural materials, further 
work is required to modify the microstructure and control the impurity 
content in the system. In addition, there is significant interest in the 
community to improve the operating temperature window of vanadium 
alloys, aiming to improve their high temperature strength and creep 
properties [6]. Apart from different alloying additions and oxide or 
precipitate strengthening, microstructural modifications serve as 
another technique to improve the performance of a material. Various 
groups have employed a series of multi-step thermomechanical treat
ments (TMT) to modify V44 [11,20–22]. Moreover, there has been only 
a limited number of studies discussing the ion irradiation behavior of 
ultrafine-grained or nanocrystalline V44 [11]. Work on modifying 
tungsten to produce nanocrystalline grains using large strain extrusion 
machining (LSEM) has demonstrated reductions in the areal density of 
cavities, defect clusters, and dislocations, as compared to 
ultrafine-grained tungsten [23,24]. Additionally, increased strength, 
while retaining much of the ductility, has been observed with grain and 
precipitate refinement in TMT modified V44 [21]. Thus, the present 
study utilized LSEM to refine the grain microstructure of V44, producing 
LSEM V44 with a multimodal grain size distribution, ranging from 
nanocrystalline to coarse grain sizes. In-situ high-temperature trans
mission electron microscopy (TEM) investigations were performed to 
gain insight into the thermal stability of nanocrystalline V44 at tem
peratures up to 800◦C. Furthermore, simultaneous dual-beam ion irra
diation using 16 keV He+ and 1 MeV Kr2+ at an elevated temperature of 
700◦C was conducted to evaluate the irradiation tolerance of multi
modal grain-sized V44. Nanoindentation was performed before and after 
irradiation to investigate the ion irradiation hardening behavior, 
revealing a ~50 % increase in hardening after ion irradiation.

2. Materials and methods

2.1. Arc meltingand LSEM of V – 4 wt. % Cr– 4 wt. % Ti

Ingots were prepared by arc-melting using an Arcast Arc 200. Shots 
of pure elements of V (99.9 %), Ti (99.9 %), and Cr (99.95 %) were 
melted together on a water-cooled copper crucible in an ultra-high pu
rity Ar (99.999 %) environment. The chamber was evacuated to ~2.7 ×
10–4 kPa and back-filled to ~35 kPa with ultra-high purity Ar three 
times to minimize O and N contamination. In addition, a Ti getter ingot 
was melted prior and adjacent to the ingots. This process was repeated at 
least four times, flipping the ingot each time to ensure complete mixing. 

The Ti getter and samples were lustrous with no discoloration and 
minimal mass lost between melts. The final weight of the ~1″ diameter 
ingot was approximately 40 g. Initial microstructure of the coarse grain 
(CG) arc melted specimen is shown in Supplemental Fig. S1, with grain 
sizes of 402±190 μm in terms of equivalent area diameter.

Nanocrystalline V44 alloy chips and semi-continuous strips were 
produced by the large strain extrusion machining (LSEM) process, which 
peeled/machined the chips from the as-cast V44 buttons in a lathe. With 
LSEM, large strains can be imposed in a narrow and confined shear 
deformation zone between the cutting tools to refine microstructures to 
the ultrafine and nanocrystalline level. The other thermo-mechanical 
conditions such as strain rate and temperature can also be modeled 
and controlled in the deformation zone as accurate as strain. Since 
machining is a high strain rate process by its nature, adiabatic heating 
due to the large plastic deformation can cause a local temperature rise in 
the deformation zone. The temperature rise in the deformation zone was 
calculated and reported, even though all the machining was done at 
room temperature without the preheating of the disc [25].

The effective strain ε imposed on the strips can be calculated by Eq. 1
which idealizes the deformation zone as a single shear plane: 

ε =
γ
̅̅̅
3

√ (1) 

where γ is the shear strain. Shear strain is calculated by using Eq. 2
below: 

γ =
λ

cosα +
1

λcosα − 2tanα (2) 

where α is the tool rake angle and λ is the chip or strip thickness ratio. 
The strip thickness ratio is tc/t0, where tc and t0 are the final and the 
uniformed chip thicknesses respectively. In LSEM, an optional con
straining tool can be used to control the final strip thickness. There was 
no constraining tool used in this study, and the final strip thickness 
naturally formed as a result of the shear strain imposed on the material 
and its relative ductility.

Strain rate 
˙
ε is approximated using a deformation zone thickness (Δ) 

and deformation speed (V) in Eq. 3 below: 

˙
ε ∼

εV
Δ

=
γV
̅̅̅
3

√
Δ
. (3) 

The average deformation zone temperature (T) can be estimated 
using the shear plane model which converts the cutting energy to the 
adiabatic deformation heating and calculates the fraction of heat flow
ing into the work material by considering the work material’s heat ca
pacity, thermal conductivity, density, and the shear plane component of 
the cutting force. The physical properties used to calculate the temper
ature are based on the reported values for pure vanadium, where heat 
capacity, C = 0.49 J/gK, thermal conductivity, κ = 35 W/mK, and 
density, ρ = 6.11 g/cm3. The specific cutting energy (us) was assumed to 
be similar to steels with us = 2.9 × 109 J/m3. Table 1 summarizes the 
process parameters used in this study and the strain, strain rate, and 
temperature that the strip experienced during the LSEM process.

Impurity analysis of C, O, and N was performed on the as-cast coarse 
grain V44 and after LSEM processing by Luvak, inc. following ASTM E - 
1019–24 (Oxygen & Nitrogen– Inert Gas Fusion and Carbon – Com
bustion Infrared Detection) standards. For the as-cast CG V44, 0.022 wt. 

Table 1 
LSEM process parameters used to produce the V44 alloy strips and the strain, 
strain rate, and temperature in the deformation zone during processing.

t0 

(mm)
tc 

(mm)
λ α γ ε Δ 

(µm)
V 
(m/s)

˙
ε (1/s)

T (K)

0.1 0.33 3.3 0◦ 3.6 2.1 100 1.6 3.1 ×
104

1040
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% C, 0.1 wt. % O, and 0.003 wt. % N was identified. After LSEM pro
cessing, the V44 possessed 0.017 wt. % C, 0.047 wt. % O, and 0.006 wt. 
% of N.

2.2. Electron microscopycharacterization

Microstructural characterization was performed using a JEOL JSM- 
IT800 Schottky Field Emission Scanning Electron Microscope (SEM) 
equipped with an Oxford Ultim Max 170 mm2 energy dispersive X-ray 
spectroscopy (EDS) detector at a working distance of 10 mm and oper
ating voltages ranging from 15 – 20 kV. Electron backscattered 
diffraction (EBSD) was performed using a step size of 1.07 μm, 40 nm, 
and 15 nm for the EBSD maps at 300x, 5,000x, and 11,000x, respec
tively. After LSEM, the V44 was punched out into 3 mm diameter discs 
that were ground with 1200 and 2400 grit SiC paper to ~120 μm 
thickness. For SEM characterization, some of the 3 mm discs were pol
ished with 6 and 3 μm diamond paste polishing before being finished 
with an 4:1 solution of Struers OP-S and hydrogen peroxide. Following 
polishing, samples were sonicated in ethanol and dried under dry air. 
For transmission electron microscopy (TEM) characterization, some of 
the 3 mm discs were electropolished until perforation using a 4:1 solu
tion of methanol and sulfuric acid at -10◦C in a Struers Tenupol-5. TEM 
characterization was performed using the JEOL ARM 200CF AC and 
JEOL GrandARM 300CF AC-Scanning Transmission Electron Microscope 
(STEM). Sample thicknesses were taken from thickness maps using en
ergy filtered transmission electron microscopy (EFTEM) utilizing an 
effective atomic number calculated for each specimen using the log-ratio 
technique [26].

For the in-situ TEM heating experiment, a focused ion beam (FIB) 
equipped on a FEI Quanta dual-beam SEM/FIB was used to prepare a FIB 
liftout attached to a molybdenum TEM half grid. The lamella was capped 
with 3 protective layers: electron deposited Pt, ion deposited carbon, 
and ion deposited Pt. To finish the FIB lamella, both sides were polished 
with 5 kV, followed by 2 kV Ga ions for a minimum of 2 min. The in-situ 
TEM heating experiment was performed using a Gatan double tilt 
heating holder, heating the specimen from room temperature to 800◦C 
with a heating rate of 22 ◦/min. The vacuum of the TEM chamber was 
~7 × 10–6 Pa after 1 hour. The temperature was held at 800◦C for 30 
min before cooling the specimen back to room temperature at the same 
rate as the heating.

2.3. In-situ dual-beamionirradiation

Samples were subjected to in-situ heating simultaneous dual-beam 
ion irradiation using 16 KeV He+ and 1 MeV Kr2+ ions at the Interme
diate Voltage Electron Microscopy (IVEM) Facility at Argonne National 
Laboratory [27]. The sample chamber vacuum was ~7 × 10–8 Torr. 
Specimens were heated to 700◦C over ~20 min, after which the tem
perature was momentarily held constant before starting the dual-beam 
ion irradiation. Samples were subjected to fluxes of 9.3 × 1012 

ions•cm-2s-1 and 6.3 × 1011 ions•cm-2s-1 for He+ and Kr2+ ions, 
respectively, for 3948 s (65 min and 48 s). This equates to fluences of 
3.67 × 1016 ions•cm-2 and 2.47 × 1015 ions•cm-2 for He+ and Kr2+ ions, 
respectively. In terms of dpa, this is expected to be equivalent to ~5 dpa 
with a He/dpa ratio of ~1.

Damage calculations were performed using the Stopping Range of 
Ions in Matter (SRIM) 2013 Pro with the Kinchin-Pease model, and re
sults are shown in Supplemental Fig. S2 for the ternary and quaternary 
systems. Since all constituents of the alloy systems are transition metals, 
the value of 40 eV was set as the displacement energy for all the elements 
as suggested by Stoller et al. [28]. The value of 40 eV was used in this 
work to compare and be consistent with other studies [29].

2.4. Modeling and simulations

Metropolis Monte Carlo simulations with a cluster expansion (CE) 

Hamiltonian and density functional theory (DFT) on V92Cr4Ti4 (at. %) 
were performed to gain a deeper understanding of the equilibrium states 
at different temperatures. The supercell contains 8192 atoms in the form 
of 16 × 16 × 16 body-centered cubic (BCC) unit cells. The sample was 
first heated up to 2000 K and then cooled down to 200 K with a tem
perature decrement of 200 K. To reach equilibrium, we applied 4000 
Monte Carlo steps per atom at each temperature, and after the system 
reached equilibrium, another 5000 Monte Carlo steps per atom were 
applied to calculate averages for data analysis.

2.5. Ex-situ nanoindentation

Nanoindentation was performed using a Bruker-Hysitron TI Premier 
I with a standard low load transducer capable of a max load of ~11 mN. 
Indents were performed in open-loop displacement-controlled mode to a 
depth of 200 nm using a diamond Berkovich indenter. Both loading and 
unloading segments were performed with a strain rate of 0.05 s-1. A 10 s 
hold segment at the peak displacement was used to accommodate creep. 
Spacing between indents were 10 μm. Hardness values were calculated 
using 95 % of the peak load and an Oliver-Pharr fit for the tip area 
function.

For reporting the nanoindentation hardness of the irradiated elec
tropolished 3 mm disc of LSEM V44 at 700◦C, 5 by 10 arrays of indents 
with 20 μm spacing were performed at an arbitrary distance away from 
the perforation hole in the center of the disc (see Supplementary 
Fig. S5A). Reported average values of hardness for the irradiated spec
imen used values after the 100 μm arbitrary distance away from the 
perforation hole, which is the point at which the hardness values began 
to stabilize (Supplementary Fig. S5B).

3. Results

3.1. Microstructure of LSEM V44

The microstructure of the V44 after LSEM is shown in Fig. 1. Overall, 
the EDS maps (Fig. 1B – D), show that the composition is homogeneously 
distributed with a composition of 92.3 wt. % V, 3.9 wt. % Ti, and 3.8 wt. 
% Cr (equivalent to V92.1Ti4.1Cr3.8 at. %). Diagonal streak-like regions 
can be observed in the V (Fig. 1B) and Ti (Fig. 1C) maps, regions with a 
slight enrichment in Ti (~0.4 at. %) and, consequently, depletion in V 
(see Fig. 1B – C, 1F, region 1) as well as regions enriched in V (~1.7 at. 
%) and consequently depleted in Ti and Cr (see Fig. 1B – C, 1F, region 2). 
A plot (Fig. 1E) of the line scan (indicated by the orange arrow in Fig. 1A 
– C) shows the compositional variation across the various enriched re
gions. The morphology of diagonal streak-like regions appears 
throughout the entire region and is suspected to be a result of the LSEM 
process.

Fig. 1G shows a band contrast image with the associated EBSD map 
(Fig. 1H) taken at a low magnification of 300x. The EBSD maps show an 
anisotropic grain microstructure with bands of elongated grains aligning 
with the diagonal streak-like regions observed in Fig. 1A – C. Within the 
bands, the grains are not equiaxed and possess some level of texture. 
Higher magnification EBSD scans were performed at 5,000x (Fig. 1I) and 
11,000x (Fig. 1J), highlighting the significant present of submicron 
grain sizes present in the sample after LSEM. The kernel average 
misorientation map (Fig. 1K) shows the presence of geometrically 
necessary dislocations present near a majority of the grain boundaries. 
This is to be expected with the as-processed LSEM specimen. Fig. 1L 
shows the multi-modal grain size distribution of the system based on the 
area-fraction of grain sizes from Fig. 1H, with 30.7 % of the area per
taining to fine grained or below grain sizes, 49.3 % of the area pertaining 
to coarse grain sizes (5 μm < d < 100 μm, where d is the equivalent area 
grain diameter), and 19.9 % or the area pertaining to large grains (d >
100 μm). Analysis of Fig. 1J gives some insight into the number fraction 
of fine-grained and below grain sizes with 11.6 % of grains being cate
gorized as fine grained (500 nm < d < 5 μm), 53.5 % categorized as 
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ultra-fine grained (100 < d < 500 nm), and 34.9 % being categorized as 
nanocrystalline grains (d < 100 nm).

3.2. Ex-Situ nanoindentation

Nanoindentation was performed in five different arbitrary regions on 
the LSEM V44 specimen. Fig. 2A – D show hardness maps of three of the 
regions, showing a random spread of values. Fig. 2E shows a post 
nanoindentation EBSD map of the indents indicated in Fig. 2D From the 
EBSD, some of the indents are expected to have fallen near or on the 
grain boundaries. Given the large presence of nanocrystalline and ul
trafine sized grains, the values shown incorporate these microstructural 
features. The average hardness across each of the tested regions is shown 
in Fig. 2F. The hardness value reported represents the hardness at the 
very center 10 × 10 μm grid cell. Each individual indent is estimated to 

have a plastic zone radius of ~1150 nm from the center of the grid unit 
cell. The plastic zone radius could be estimated using equations as 
described by Woodcock et al. [30], using mechanical properties of 
V-4Cr-4Ti. The variation of hardness in different regions is attributed to 
the heterogeneous microstructure with a multimodal grain size distri
bution. Indents from position 0 and 1 likely landed on coarser grains 
such as those observed in Fig. 1H For vanadium and many of its alloys, 
the Zener anisotropy ratio is near 1 [31]. Thus, any texture in the sample 
is not expected to lead to significant differences in the hardness, indi
cating the difference in hardness may be attributed to grain size with the 
presence of grain boundaries, as well as strain hardening from an 
increased number of dislocations produced by the LSEM process.

From Fig. 2D and E, some correlations could be observed between 
the hardness value and the microstructure in which the indents landed 
on. Indents that possessed higher hardness values (such as the top third 

Fig. 1. Backscattered SEM image of the LSEM V44 (A) with associated EDS maps for V (B), Ti (C), and Cr (D). A plot of the line scanned performed over the region 
indicated by the orange line in (A) is shown in (E). A table of the compositions is shown in (F) from the overall EDS map, as well as region 1 and region 2, as indicated 
by the red rectangles in (A), showing the variation in composition in and outside of one of the V-rich regions. Band contrast of the nanocrystalline V44 (G) with 
associated EBSD map (H). Higher magnification EBSD maps are shown, taken at 5,000x (I) and 11,000x (J). The kernel average misorientation map (K) of the region 
in (J) is shown. (L) shows a plot of the weighted fraction of grains based on the equivalent area circle diameter of the region shown in (H).
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or bottom third of Fig. 2D), appear to have landed in areas with nano
crystalline and ultrafine grains. Meanwhile indents with moderate to 
low relative hardness values (middle region values of Fig. 2D) landed in 
regions with relatively coarser grain sizes. This suggests there is a Hall- 
Petch-like strengthening effect (where hardness increases with 
decreasing grain size) playing a role in the higher hardness observed in 
the nanocrystalline and ultrafine grained regions. In addition to the size 
of the grains, it should be noted that the indentation response in these 
regions will also be affected the number of grain boundaries present in 
the region. These will also serve as another strengthening mechanism, 
where the grain boundaries act as obstacles for dislocation motion as the 
material plastically deforms under the indent. Due to the highly plasti
cally strained material in the ultrafine and nanocrystalline regions, it is 
difficult to identify and index all the grains. Further detailed in
vestigations are required to better correlate and understand the rela
tionship between grain size and hardness response.

3.3. In-Situ TEM heating

To gain insight into the thermal stability of this specific grade of V44, 
in-situ TEM heating was performed on a TEM FIB liftout. Fig. 3A – D 
shows scanning transmission electron microscope (STEM) bright field 
(BF) images taken without interrupting the temperature ramp at room 
temperature, 400◦C, 600◦C, and 700◦C. A red oval marks a feature that 
was being tracked and evolved during the temperature ramp. From 
Fig. 3D – F, a larger condenser aperture was used to obtain better 
contrast in the images. Between 600◦C and 700◦C, plate-like features 
began to form (highlighted by the red oval in Fig. 3E). These features 

remained present at 800◦C and stable after 30 min at 800◦C. There was 
no significant change in microstructure of V44 observed during the 30- 
min hold. A brightfield TEM image (Fig. 3G) was taken at room tem
perature after the end of the in-situ heating experiment with an asso
ciated SAD pattern (Fig. 3H) taken from the region highlighted by the 
yellow circle in Fig. 3G Elongated, oval precipitates with darker con
trasts can be observed throughout the region after the heating experi
ment. From the SAD pattern, multiple phases and grains can be 
observed, with multiple diffraction spots being slightly elongated along 
the diffraction rings. This may indicate two things; first, it suggests the 
presence of ultrafine and nanocrystalline grains, oxides, and pre
cipitates. Since they are elongated along the diffraction rings, it means 
that many of the small grains are slightly rotated but still share the same 
family of planes. This also suggests some texturing with some of the 
grains observed.

More of the plate-like features can be observed in the annular dark 
field (ADF) STEM image shown in Fig. 3I. Associated EDS maps (Fig. 3J – 
M) from the region shows the presence of carbon in these features. A plot 
(Fig. 3N) of the line scan over the area indicated by the yellow arrow in 
Fig. 3I suggests that the feature is likely a vanadium carbide. The low 
value of vanadium measured in the line scan is likely skewed by the 
presence of carbon being detected throughout the chamber, especially 
after the in-situ heating in which dust and dirt present on the holder may 
have been burned off. Vanadium-oxide-rich precipitates can also be 
observed, separate from the vanadium carbide-rich precipitates. Their 
presence is further confirmed in the SAD shown in Fig. 3H coming from 
the region in Fig. 3G as indicated by the dashed yellow circle. Impurities 
such as carbon, oxygen, and nitrogen have been known to be difficult to 

Fig. 2. Nanoindentation maps of three arbitrary regions on the LSEM V44 specimen (A – C). A hardness map (D) associated with the region in the EBSD map (E) is 
also shown. Inset intensity bar in (D) represents the maximum and minimum values for all the nanoindentation positions, including the maps shown in (A – C). White 
triangles (not to scale; enlarged for emphasis) indicate the position of the indents in the EBSD map. (F) shows a plot of the average hardness with standard deviation 
of the different arbitrary positions on the LSEM V44 specimen.
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Fig. 3. STEM-BF images of the LSEM V44 taken during the temperature ramp to 800◦C at room temperature (a), 400◦C (B), 600◦C (C), 700◦C (D). The red oval 
highlights a feature evolving with temperature. STEM-BF images were taken at 0 min (E) and 30 min (F) at 800◦C. Brightfield TEM image (G) of the LSEM V44 at 
room temperature after being exposed to 800◦C for 30 min with an associated SAD pattern (H) of the region highlighted by the yellow dashed circle in (G). STEM- 
ADF (annular dark field) images after annealing (I) with associated EDS maps of V (J), Ti (K), Cr (L), C (M), O (N), and N (O). Shown in (P) is a plot of the line scan 
indicated by the yellow arrow in (I).
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eliminate and minimize in the production of V44 alloys [9,10,21], and 
have been observed to form Ti(C, O, N) and V(C, O, N) at elevated 
temperatures. From the impurity chemical analysis performed of the 
LSEM V44 specimen, there is 0.017 wt. % of C, 0.047 wt. % of O, and 
0.006 wt. % of N present in the sample. Carbon burned off from the 
holder or from the protective carbon coating may serve as additional 
sources of carbon to form carbides during the in-situ TEM experiment.

From the in-situ TEM heating experiments, it was determined that 
this grade of V44 subjected to LSEM forms vanadium carbide after 
600◦C. Up to 800◦C, some indications of recrystallization could be 
observed, however there was no significant grain coarsening occurring, 
despite the ultrafine and nanocrystalline grain sizes.

3.4. Ion irradiation

Dual beam ion irradiation of 16 KeV He+ and 1 MeV Kr2+ was per
formed at 700◦C, a temperature relevant for advanced nuclear reactor 
operations, while near the limit for the thermal stability of the multi
modal V44. The ion irradiation was recorded and can be observed in 
Supplemental Video S1. To capture the presence and quantify cavities, 
underfocused BF-TEM images were taken to produce Fresnel fringe 
contrast that comes from the phase interference between the material 
matrix and the cavity interface [32]. Throughout the ion irradiation, 
there was dynamic formation, migration, and annihilation of defects in 
the material (see Supplemental Video S1). At 0.5 dpa (Fig. 4A), the 
presence of small cavities can be observed, with the density of cavities 
increasing to 5 dpa. At 1 dpa (Fig. 4B), the small cavities can be observed 
to cluster at grain boundaries (see line of yellow arrows); however, they 

Fig. 4. Underfocused BF-TEM images taken during the in-situ dual-beam ion irradiation 700◦C at 0.5 (A), 1 (B), 2 (C), 3 (D), 4 (E), 5 (F) dpa to better visualize the 
presence of any cavities in the sample. Underfocused BF-TEM images taken at a different region, labeled as region 2, were also taken at 3 (G), 4 (H), and 5 (I) dpa. 
Distinguishable cavities are noted by the yellow arrows, though the ones highlighted do not represent all the cavities observed in the images.
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do not appear to grow significantly in size to 5 dpa (see Fig. 4F, 4I). 
While there is preferential clustering of cavities at the boundaries, 
cavities are also seen well distributed throughout the grain matrices. 
There was no observable dynamic grain growth or recrystallization 
occurring during the ion irradiation at 700◦C.

From the selected area electron diffraction (Fig. 5B) taken from a 
region in Fig. 5A, most of the diffraction spots correspond well with 
vanadium, with some spots matching well with vanadium carbide. Or
ange arrows seen in Fig. 5A point to a handful of identified vanadium 
carbide precipitates. The presence of multiple vanadium diffraction 
spots indicates that there are still submicron grain sizes. A STEM-ADF 
image (Fig. 5C) with associated EDS maps (Fig. 5D – G) show the 
presence of carbon rich regions. A line scan over one of these regions 
(Fig. 5C, inset) shows that the region is vanadium – carbon rich. From 
the SAD pattern of the system after ion irradiation (Fig. 5B), the 
vanadium-carbon rich region may be corresponding to V2C precipitates 
present in the material.

To better understand the ion irradiation response of the LSEM V44, 
the as-cast coarse grain V44 specimens (with grain sizes of 402±190 μm) 
were subjected to the same dual-beam ion irradiation conditions as the 
LSEM V44, but at a lower temperature of 650◦C. During the in-situ 
temperature ramp to the elevated temperature, the coarse grain V44 
began exhibiting significant microstructural changes with the formation 
of carbides (see Fig. 6A – 6B). The system was allowed time to briefly 
stabilize prior to being subjected to the dual-beam ion irradiation. The 
heavily defected microstructure after the ion irradiation is shown in 
Fig. 6C. From the SAD taken after reaching 650◦C (Fig. 6B, bottom), but 
prior to the start of the ion irradiation, diffraction spots corresponding to 
vanadium carbides are observed, highlighted by orange circles. The 
presence of vanadium carbides is also observed by the SAD taken after 
the ion irradiation (Fig. 6C, bottom). Vanadium carbide formation was 
also observed in the LSEM V44 after heating the specimen to 700 C, but 
prior to beginning the ion irradiation (see Supplemental Fig. S4). The 
observation of vanadium carbide before and after ion irradiation 

Fig. 5. Bright field TEM image with associated selected area diffraction pattern after dual-beam ion irradiation of 1 MeV Kr2+ and 16 KeV He+ at 700◦C 2 ~5 dpa (A 
and B). STEM-ADF taken the after the dual-beam ion irradiation at 700◦C (C) with associated EDS maps of V (D), Ti (E), Cr (F), and C (G). A plot of the line scan 
indicated by the yellow arrow in (C) is overlaid. White arrows point to a vanadium carbide phase present in the sample after the ion irradiation.
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suggests that its formation is thermally driven and not solely formed as a 
result of the ion irradiation.

For insight on the irradiation hardening behavior of LSEM V44, Fig. 7
compares the hardness of the coarse grain, LSEM, annealed LSEM at 
700◦C, and dual-beam ion irradiated LSEM at 700◦C. Fig. 7A shows the 
instantaneous hardness calculated as a function of depth using Bruker- 
Hysitron’s nanoDMA technique (a continuous stiffness measurement 

(CSM) function) applied to the loading segment. Due to the load limit of 
the system set up (10 mN), the hardness plots for the coarse grain and as- 
processed LSEM V44 do not completely stabilize. From Fig. 7A, the ion 
irradiated LSEM V44 exhibits a higher hardness as compared to all the 
conditions, with the peak hardness for the dual-beam ion irradiated 
LSEM V44 corresponding well with the expected combined He+ and 
Kr2+ peak ion implantation (located ~160 nm) as simulated by SRIM 

Fig. 6. Brightfield TEM image of the as-cast coarse grain V44 with associated SAD along the [011] zone axis (A). BF-TEM image of the CG V44 after heating the 
specimen to 650◦C with its associated SAD pattern (B). Diffraction spots between and off the corners of the main vanadium diffraction spots (highlighted by the 
orange circles) can be observed, corresponding to vanadium carbide phases. Shown in (C) is a BF-TEM image of the CG at 650◦C after dual-beam ion irradiation to 5 
dpa with its associated SAD pattern. More diffraction spots can be observed, with many corresponding to V2C.

Fig. 7. Shown in (A) is a plot of the instantaneous hardness (calculated during the loading segment using nanoDMA) with respect to depth of the as-cast coarse grain, 
as processed LSEM, LSEM subjected to 700◦C for 3948 s, and LSEM subjected to the dual-beam ion irradiation at 700◦C for 3948 s. (B) shows a plot of the average 
hardness calculated from the unloading segment (without nanoDMA) of V44 in the as-cast coarse grain, as processed LSEM, LSEM subjected to 700◦C for 3948 s, and 
LSEM subjected to the dual-beam ion irradiation at 700◦C for 3948 s.
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(Supplemental Fig. S2). Additionally, Fig. 7B shows the average hard
ness of the different V44 conditions, calculated from the unloading 
segment of the indent without nanoDMA after reaching a peak depth of 
200 nm. The discrepancy between the hardness measured using quasi
static measurements (without continuous stiffness measurements) and 
nanoDMA measurements (with continuous stiffness measurements) may 
be due to the strain rate sensitivity of V44. Tensile strain rate mea
surements conducted at room temperature on V44 have shown 
increased strength at higher strain rates [33]. For the nanoDMA mea
surements, the oscillations were performed at 200 hz, which can be 
considered as a pseudo-high strain rate test. Thus, it is not surprising that 
the hardness is higher in the nanoDMA tests as compared to the quasi
static nanoindentation tests performed in this work.

Compared to the hardness of the as cast coarse grain V44 (2.74±0.07 
GPa), the as processed LSEM specimen has a higher average hardness 
(3.25±0.30 GPa). The increased hardness is expected considering the 
large fraction of nanocrystalline and ultrafine grain sizes and bound
aries. As the sample possesses multimodal grain size distribution, it is 
not surprising for some indents to land on larger grains that possess a 
response similar to the coarse grain V44. The hardness does not signif
icantly change after annealing the specimen at 700◦C for 3948 s (3.31 
±0.23 GPa).

Generally, the strength of a material can be described by the con
tributions stemming from its intrinsic lattice friction, the number of 
grain (Hall-Petch) and twin boundaries, the density of dislocation net
works (Taylor strengthening), strengthening based on the system’s solid 
solution, and strengthening from the presence of oxide, precipitates, or 
secondary phases [34]. When compared to the as-cast coarse grain V44, 
the high temperature irradiated LSEM V44 possesses a significant in
crease in grain boundaries, including the possibility of twin boundaries, 
which has been observed in other irradiated V44 work [35], leading to 
Hall-Petch and twin boundary strengthening. Due to the large strain 
extrusion process and ion irradiation, there is also a significant increase 
in defects and dislocations present in the material, suggesting Taylor 
strengthening will also play a role in enhancing its strength. Finally, 
from compositional and impurity characterization as well as from the 
identification of carbide and oxide phases from SAD, solid solution and 
precipitation strengthening will also contribute to strengthening the 
material. Thus, it is expected that the refined grained LSEM V44 pos
sesses enhanced hardness. Future focused studies are required to isolate 
and determine the contributions from the variety of strengthening 
mechanisms involved.

The negligible change in hardness after heat treatment may be 
attributed to two competing mechanisms. As-processed LSEM produces 
a severely deformed microstructure (which can be observed by the EBSD 
maps shown in Fig. 1E – G). Thus, when subjected to 700◦C for 3948 s, 
dislocations, especially near the surface, are expected to anneal out, 
serving to soften the material with the reduced dislocation density. From 
the in-situ thermal investigations, there was no significant grain growth 
observed at these temperatures to suggest that softening is due to a Hall- 
Petch relationship in which large grain sizes lead to lower hardnesses. 
However, as observed in the in-situ heating experiments as well as 
previously observed in literature, carbon impurities form vanadium 
carbides which serve to precipitate strengthen the system. Thus, the 
competition between these two mechanisms is expected to play a major 
role in the negligible change in hardness of the annealed LSEM spec
imen. When subjected to dual-beam ion irradiation at 700◦C to a peak 
damage of ~5 dpa, the hardness increases to 5.00±0.54 GPa. Unlike in 
the annealed only specimen, when subjected to irradiation at elevated 
temperatures, the additional defect and cavity production from the ion 
irradiation serves as another strengthening mechanism. From SRIM 
calculations, the farthest that Kr2+ ions are expected to travel is ~600 
nm. Thus, it is expected that the plastic zone (~3 times the indentation 
depth [36,37]) beneath the 200 nm depth indent will largely encompass 
the ion irradiated material. However, it should not be discounted that 
the damage profile is transient and not a flat profile from the surface. 

Future focused studies are required to isolate and determine the con
tributions from the variety of strengthening mechanisms involved.

4. Discussion

4.1. Microstructure and thermalstabilityof multimodalV44

As a result of LSEM, the coarse grain structure of the as-cast V44 
specimen (Supplemental Fig. S1A – B) was significantly altered, forming 
a multimodal distribution of grains with nanocrystalline, ultrafine 
grained, and elongated coarse grains (Fig. 1G – I). Unlike the elongated 
microstructure reported in other works [22], the elongated grains here 
are not continuous and, instead, are mostly broken up. This type of 
diverse grain morphology has been previously observed [24,38,39] as a 
result of LSEM processing of materials susceptible to adiabatic shear 
banding (ASB). ASB tends to happen in materials with lower thermal 
conductivity and higher heat capacity like V44 alloy. Higher strain rates 
and temperatures typical in machining operations can promote the 
formation of ASBs, which lead to the heterogenous microstructure 
[40–42]. Strain localization within ASBs facilitates dynamic recrystal
lization and formation of ultrafine and equiaxed grains as observed in 
Fig. 1I – J [25,43,44]. Lower strains outside of ASBs result in the elon
gated coarse grains with subgrains (Fig. 1G – I).

The increased number of grain boundaries from nanocrystalline and 
ultrafine grains serve as sinks for defects, thereby improving the radia
tion tolerance of the material [45–48]. In addition to aiding the radia
tion tolerance, the multimodal grain distribution is expected to also aid 
in improving the mechanical performance of the system. The presence of 
small grains has been shown to increase the strength of a material with 
the boundaries acting as barriers for dislocations to pile up and requiring 
increasing stress to nucleate further dislocations [49,50]. Meanwhile, 
the presence of larger grains require more strain in order to form mac
rovoids for failure as well as more volume for dislocation slip to occur, 
thereby also improving the plasticity in the material [51–53]. Multi
modal grain morphologies incorporating nanocrystalline and ultrafine 
grain sizes have previously been observed to lead to enhanced strength 
and ductility in many other material systems such as Al [54,55], Cu [56], 
Ti [57], Zr [52], and other compositionally complex alloys [51].

To better understand the thermal stability of V44, phase diagrams 
were simulated using Pandat (see Fig. 8A – B). At elevated temperatures, 
the general bulk phase is expected to correspond to BCC vanadium. This 
can be observed by the BCC vanadium spots observed in the selected 
area diffraction patterns for both the LSEM (see Fig. 3H, Supplemental 
Fig. S4B) and CG (see Fig. 6B) V44. This is also in alignment with 
literature of simulated ternary phase diagrams V44 at the elevated 
temperatures ~ 700◦C [58]. The next two largest phases expected are 
FCC and HCP phases, though both combined may amount to ~0.005 
phase fraction of the whole system. Among the more common vanadium 
carbides, VC possesses an FCC rock salt crystal structure and V2C pos
sesses a hexagonal crystal structure. From the SAD patterns observed in 
Fig. 3H, Fig. 5B and Fig. 6B – C, there are diffraction spots (highlighted 
in orange) that match well with both of these carbides and crystal 
structures. Thus, the phase diagrams and the experimental phases 
observed in the TEM match well with the observation of impurity car
bide phases forming at the elevated experimental temperatures of 650◦C 
and 700◦C. The formation and presence of carbide phases may be 
favorable as they have been observed to improve the mechanical per
formance of V44 [6,59], likely serving as obstacles for dislocation mo
tion. In terms of radiation behavior, the additional interphase 
boundaries between the matrix and the carbide phases is expected to 
serve as sinks for defects [60].

In addition to simulating phase diagrams, Monte Carlo simulations 
based on density functional theory (DFT) and a Cluster Expansion- 
Hamiltonian (CEH) were performed to simulate and visualize the 
atomic configuration (plotted with the open visualization tool (OVITO)) 
of V44 at various temperatures (Fig. 8B). These results match well with 
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those performed by others in literature using finer temperature step sizes 
[61]. From the atomic configurations (Fig. 8B, left), the system appears 
quite homogenized with the short range ordering (SRO) parameter [62] 
between the V – Ti and V – Cr binaries already near zero (Fig. 8B, right). 
As the temperature increases to 800 K and further to 1200 K, there ap
pears to be more intermixing between the Ti and Cr atoms, and indeed 
from plotting the short-range ordering parameter with respect to 
increasing temperature, there is less repulsion between Ti and Cr. 
Though, to start, the repulsive force between Ti and Cr was already low. 
These simulations suggest that at the elevated temperatures in the ma
trix and away from impurities, no compositional segregation is 
expected.

Several groups have investigated different processing treatments of 
V44 to enhance its mechanical properties, especially at elevated tem
peratures. Tyumentsev et al. have investigated thermomechanical 
treatments involving a series of homogenization, aging, hydraulic 
compression, and multiple rolling cycles under various conditions, 
determining that the combination of heterophase nanostructuring and 
fine grained microstructure leads to increased high temperature 
strengths [12,21]. Smirnov et al. also performed a series of thermo
mechanical treatments involving high temperature homogenization, 
extrusion, and multiple rolling cycles, but the final specimen was 
finished with vacuum annealing at different temperatures [22]. With 

increasing finishing annealing temperatures for 1 hour, the hardness of 
the specimen continuously dropped with a sharp decrease after 800◦C. 
At the same time, significant recrystallization and grain growth was 
observed at 800◦C. Ding et al. aged V-4Ti-4Cr at 800◦C, followed by 
room temperature reductions to different strain levels, and finishing 
with by annealing the specimen at 1100◦C for 1 hour [11]. This treat
ment led to increased strengths in both the aged and cold-rolled spec
imen; however, the strength appears to be unstable under ion irradiation 
at elevated temperatures. Chernov et al. compared RAFM steels and 
V-4Ti-4Cr subjected to a traditional thermal treatment involving 
normalization and tempering and an additional special thermal cycling 
treatment [20]. This treatment led to a homogeneous distribution of 
precipitates throughout the specimen which appeared to stably exist 
with the main BCC phase of the system. In all cases, elongated micro
structures with large grains were observed, apart from those that were 
finished with a high temperature anneal above 800◦C.

The work here also produced regions of elongated grain micro
structure, as well as the presence of equiaxed ultrafine and nano
crystalline grains can also be observed within some of the ASB. 
Moreover, when exposed to the elevated temperatures of 800◦C for 30 
min, the refined grain microstructure remained stable with negligible 
grain growth as observed by the in-situ TEM heating experiments. 
Negligible grain growth was also observed after the dual-beam ion 

Fig. 8. Phase diagram simulated using Pandat of V44 as-cast (A) and after LSEM processing (B) with a table of their respective compositions underneath the phase 
diagram. Shown in (C) are the atomic configurations (left) from 200 K to 1200 K of V44 as well as the short-range ordering parameter with respect to temperature 
(right) using Monte Carlo (MC) modeling based on Density Functional Theory (DFT) and cluster expansion-Hamiltonian (CEH).
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irradiation that was performed at 700◦C for 3948 s (65 min and 48 s). At 
elevated temperatures, only the formation of vanadium carbide was 
observed, consistent with findings reported in literature on the thermal 
stability of vanadium and its alloys. To better understand the origin of 
the carbide precipitation occurring in this system, analysis of the C, O, 
and N impurities were performed on specimens before and after LSEM 
processing (see Section 2.1). It was found that after LSEM processing, the 
impurity concentration of O and C decreased by 0.053 wt. % and 0.005 
wt. %, respectively. The reduction in impurity content as a result of 
mechanical deformation has been observed in stainless steels subjected 
to a tensile strain to failure in ultrahigh vacuum with outgassing of 
hydrocarbons [63,64]. However, in the cited literature, outgassing of 
hydrocarbons is attributed to hydrocarbons adsorbed to the surface of 
the steel, which was released during the tensile strain and subsequent 
failure. Here, the C – O – N were present in the as-cast specimen and later 
decreased after the LSEM processing. It is suspected that for this system 
during the LSEM process, oxygen in solution of the as-cast V44, may be 
rapidly migrating to the newly formed grain boundaries prior to being 
released with the local elevated temperature. Thus, compared to other 
multi-step thermomechanical treatments, LSEM serves as a single step 
thermomechanical process to refine the grain microstructure of V44 
with nanocrystalline and ultrafine grains, possessing comparable ther
mal stability as the unprocessed coarse grain V44.

4.2. Ion irradiationresponseof multimodalV44 as compared to 
coarsegrainand literature

In this work, multimodal V44 subjected to ion irradiation possesses 
notable irradiation tolerance with the presence of small cavities that are 
well-dispersed throughout the grain matrix. The preferential clustering 
of cavities at the grain boundaries was also observed, with minor 
observable coalescence of cavities at the boundaries given the temper
atures and dose that the specimen was exposed to. The formation of 
small precipitates can be observed during the ion irradiation (Supple
mental Video S1), however, compared to the coarse grain (CG) ion 
irradiation (Supplemental Video S2), the formation of these precipitates 
was not as prolific.

The observation of vanadium carbides after the ion irradiation at 
700◦C, is expected as they have been previously observed in literature to 
be stable at similar conditions [59]. Their formation was also observed 
in the isolated in-situ TEM heating investigation discussed above, as well 
as in literature after elevated temperature ion irradiation, aging, and 
annealing investigations [9,11,21,65]. The elongated and plate-like 
shape, as well as the sizes are similar to those reported for vanadium 
and other alloys [66]. Since their presence was observed prior to the 
onset of the ion irradiation for both the LSEM (Supplemental Fig. S4) as 
well as for the coarse grain (Fig. 6B) V44, the formation of vanadium 
carbides is suspected to be thermally driven, and not a result of ion 
irradiation. After being exposed to ion irradiation at elevated tempera
tures, the vanadium carbides remain stable and do not show signs of 
dissolution or a diffusion to form other carbides.

The overall areal cavity density and equivalent area diameter 
behavior of the multimodal V44 specimen with respect to dose is shown 
in Fig. 9. With increasing dose, the areal cavity density increases to a 
value of 0.024±0.007 cavities/nm2 at 5 dpa. In terms of the equivalent 
area diameter, there was an overall increase in the size to 3 dpa, peaking 
at 3.7±0.6 nm, followed by a drop in size to 3.3±0.5 nm at 5 dpa. The 
calculated swelling at 5 dpa for the multimodal V44 based on the 
average number of cavities, their average size, and the thickness mea
surement determined by EFTEM is 0.236 %. To better qualify these re
sults, the same dual-beam ion irradiation of 1 MeV Kr2+ and 16 KeV He+

was performed on coarse grain V44 (see Fig. 6), though the irradiation 
occurred at 650◦C, as opposed to the 700◦C which was used for the 
LSEM V44 specimen. From Fig. 6B, the formation of vanadium carbides 
can be observed from both the BF-TEM image as well as the associated 
SAD pattern of the CG V44, with orange circles highlighting the 

additional diffraction spots corresponding to vanadium carbides. To 
minimize the further formation of vanadium carbide, the ion irradiation 
was conducted at 650◦C. The final microstructure after the elevated 
temperature dual-beam ion irradiation is shown in Fig. 6C. In multiple 
regions, there are heavily defected regions throughout the CG V44 grain 
matrix. The presence of vanadium carbides persists, as evidenced by the 
diffraction pattern. There is also the broadening of the diffraction spots 
which have been previously observed in ion irradiation to be an indi
cator of a damaged and defected lattice structure. Cavity analysis of the 
CG V44 after the dual-beam ion irradiation at 650◦C, reveal an areal 
cavity density of 0.020±0.001 cavities/nm2 with an equivalent area 
diameter of 4.3±0.7 nm.

Compared to the coarse grain, the average equivalent area diameter 
of cavities in the LSEM V44 is lower, however the standard deviations 
between the two overlaps, suggesting a small improvement in ion irra
diation tolerance. With respect to the areal cavity diameter, the LSEM 
possesses a slightly higher areal density as compared to the CG V44, 
however the standard deviations also overlap. It is likely that small 
cavities coalesced in the CG V44, leading to a lower overall areal density 
of cavities as compared to the LSEM specimen. As mentioned previously, 
irradiation studies of grain refined materials have generally observed 
improvements in irradiation tolerance, generally attributed to the 
increased number of grain boundaries serving as efficient interstitial 
sinks which annihilate with vacancies near the grain boundary [67]. 
However, despite the significant increase in grain boundaries and in
terfaces in this work, the improvement in ion irradiation is negligible. 
This may be suggesting that the grain matrix plays a more dominant role 
as compared to the grain boundaries in V44 systems. This behavior has 
been previously observed in other alloys, notably in compositionally 
complex alloys (CCA) [68]. For nanocrystalline W-Ta-Cr-V, the rough 
energy landscape and high migration energy barrier of the grain matrix 
impeded the migration of He vacancy complexes to the grain bound
aries, thereby slowing their coalescence at the grain boundary. A similar 
response can be observed in the LSEM V-4Cr-4Ti, though the onset of 
clustering can be observed after 3 dpa of the dual-beam ion irradiation. 
This is expected considering V44 is not as compositionally complex as 
the W-Ta-Cr-V system, meaning the migration energy barrier for the He 
vacancy complex may not be as high. Future simulations and calcula
tions on the formation and migration energy of He vacancy complexes 
are required to better understand and validate the behavior observed in 
this work.

Fig. 9. Plot of the cavity analysis in terms of areal cavity density and equivalent 
area diameter with respect to dose (dpa) (A). From 3 dpa to 5 dpa, a second 
region began to be tracked (see Fig. 4G – I, Region 2).
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Regarding the precipitates observed in Fig. 6B – C, it is reasonable to 
assume from the SAD that some correspond to vanadium carbides, with 
their sizes being ~200 nm; this is larger than those observed in the LSEM 
V44 which are ~100 nm in terms of the longest diameter. Due to the 
sever plastic deformation, the LSEM V44 is expected to possess a larger 
number of dislocation cores as compared to the CG V44. Between the 
carbon – dislocation interaction, there can be attractive forces. Thus, if 
there are a wider spread and a larger number of dislocation cores in the 
specimen due to the LSEM process, this may lead to a homogenous 
distribution of carbon within the system. With the complex strain fields 
associated with the large number of dislocations and grain boundaries, 
this may serve to slow the kinetics for the formation and growth of these 
precipitates leading to the observed smaller carbide sizes in the LSEM 
V44. From the TEM images and in-situ TEM videos (Supplemental Video 
S1 and S2) there is also a noticeable difference in the presence of point 
defects and damage evolution which were prolific and longstanding in 
the coarse grain V44 as compared to the multimodal LSEM V44. These 
all suggest improvements in the ion irradiation behavior as a result of 
the LSEM process in V44.

When comparing the LSEM ion irradiation cavity numbers and sizes 
with literature (see Table 2), the observed values are higher. However, 
when comparing the size of cavities, the size reported here are signifi
cantly smaller with an upper limit of 3.3±0.5 nm. When exposed to 550 
KeV Fe+ ion irradiation to 20 dpa at 500◦C, cavities were observed to be 
11.1±3.3 nm at the peak dose [11]. Others have irradiated V44 with 2 
MeV He2+ ions to 0.5 dpa at both 500◦C and 700◦C, observing cuboidal 
cavities at 700◦C that are 13.9±3.5 nm in size [73]. The values here are 
lower despite the higher dose (5 dpa) when compared to those reported 
by Fukumoto et al., who observed 0.4±0.03 % swelling at 500◦C and 3.3 
±1.2 % swelling at 700◦C for with 2 MeV He2+ ions to 0.5 dpa [73]. Luo 
et. al. reported cavity sizes of 3.1±0.4 nm and swelling of 0.02 % as a 
result of 2.5 MeV Fe2+ at 550◦C to a peak of 35 dpa [71]. In terms of 
equivalent area diameter, the diameter of the multimodal V44 is 
observed to begin to stabilize at a size similar to that observed by Luo 
et al. The swelling of the multimodal LSEM V44 (0.236 %) and number 
of cavities (0.024±0.007 cavities/nm2) is comparatively higher, though 

this discrepancy in number of cavities and presence of helium is 
attributed to the dual-beam ion irradiation of 1 MeV Kr2+ and 16 KeV 
He+ ion performed at 700◦C in this work.

Nanoindentation has been widely used to gain insight into the me
chanical properties of V44, especially after irradiation. A few of these 
have been summarized in Table 2. Compared to most of the unirradiated 
V44 systems listed in the table, the LSEM V44 discussed in this work 
possesses a higher nanoindentation hardness, with the exception of 
Zhang et al. who reported a comparable hardness of 3.68±0.30 [69]. 
The comparable hardness observed by Zhang et al. may have been 
attributed to the presence of Ti-rich precipitates at the grain boundaries, 
which were not observed in the as-processed LSEM V44. The ion irra
diated LSEM V44 performs comparably with most other V44 studied in 
literature, with comparable irradiation hardening as Zhang et al [69]. 
The irradiation hardening is not as high as what was observed by Luo 
et al. who reported a hardness of 9.7 GPa, though in that work the 
sample was irradiated to a much higher dose of 35 dpa [71].

It should be noted that many of the nanoindentation hardness values 
reported in literature were determined using continuous stiffness mea
surements (CSM) (or something similar) to plot H2 versus 1/h, where H 
is the instantaneous hardness at the respective depth, h, using the Nix- 
Gao model [74]. From this plot, a least square fit can be used to find 
the bulk, equivalent hardness H0. The Nix-Gao model is often used as a 
technique for discerning and isolating indentation size effects and 
changes in the hardening slope of an indent due to the presence of an 
irradiation layer or different material near the surface of a material. 
However, Nix-Gao originally formulated the model based on the 
geometrically necessary dislocations present in single crystal or large 
grained systems. Similarly, many of the nanoindentation performed on 
irradiated V44 in literature (see Table 2) were performed on coarse grain 
specimens. With the Nix-Gao model, it becomes difficult to directly 
correlate changes in the hardening to a specific feature when there are 
multiple mechanisms (such as grain boundaries, precipitates, etc.) that 
may be observed as a function of the depth. For a multimodal grained 
specimen with a large fraction of nanocrystalline and ultrafine grains, 
multiple changes in the hardening slope can be observed in the 

Table 2 
Summary of Ion Irradiation, Nanoindentation Response of V-4Cr-4Ti.

Description Microstructure/Grain Size Irradiation 
Conditions

Irradiation 
Temperature

Peak 
dpa

Ion Irradiation 
Response

Hardness (GPa) 
Before Irradiation 
Conducted at RT

Hardness (GPa) 
After Irradiation 
Conducted at RT

Ref.

V-4Cr-4Ti 
(LSEM)

Multimodal with 
nanocrystalline and ultrafine 
grained (~45 %*), and coarse 
grains (~55 %*)

16 KeV He+

and 1 MeV 
Kr2+

700◦C ~5 Cavity Equiv. Area 
Dia: 3.3±0.5 nm 
Swelling: 0.236 %

3.25±0.30 5.00±0.54 This 
Work

V-4Cr-4Ti (CG- 
Arc Cast)

402±190 μm 16 KeV He+

and 1 MeV 
Kr2+

650◦C ~5 Cavity Equiv. Area 
Dia: 4.3±0.7 nm

2.74±0.07 - This 
Work

V-4Cr-4Ti 
(Zhang 
et al.)

~20 μm 30 KeV H+ and 
50 KeV He+

450◦C 0.18 - 3.68±0.30 5.05±0.37 [69]

V-4Cr-4Ti 
(Miyazawa 
et al.)

~20 – 30 μm 2.4 MeV Cu2+ 200◦C 7.6 - 1.6 3.15 [70]

V-4Cr-4Ti (Luo 
et al.)

424 ± 124 μm 2.5 MeV Fe2+ 550◦C 35 Cavity Dia: 3.1±0.4 
nm Swelling: 0.02 
%

2.5 9.7 [71]

V-4Cr-4Ti 
(Fukumoto 
et al.)

~20 – 30 μm 2 MeV He2+ 500◦C 3.6 - 1.4 1.9 [72]

V-4Cr-4Ti 
(Ding et al.)

Coarse grains >10 μm 550 KeV Fe+ 500◦C 20 Cavity Dia: 11.1 
±3.3 nm Swelling: -

- - [11]

V-4Cr-4Ti 
(Fukumoto 
et al.)

~20 – 30 μm 2 MeV He2+ 500◦C 0.5 Cavity Dia: 
-Swelling: 0.4±0.03 
%

- - [73]

V-4Cr-4Ti 
(Fukumoto 
et al.)

~20 – 30 μm 2 MeV He2+ 700◦C 0.5 Cavity Dia.:13.9 
±3.5 nm Swelling: 
3.3±1.2 %

- - [73]

* Percentage represents the weighted area fraction of grains
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as-processed specimen, making it challenging to interpret an appro
priate bulk hardness (H0) from the as-processed specimen. The hard
ening curve from the loading segment is more complex after annealing 
the specimen at 700◦C, attributed to the formation of carbides. More
over, ion irradiation adds another level of complexity in the interpre
tation of the hardening slope. As these factors should not be discounted, 
the values reported in Fig. 7B serve as a simplified result, encompassing 
all these features. The hardness values in Fig. 7B uses a simple 
load-unload indentation (without CSM), with the hardness, H, being 
calculated from the load at 95 % of the unloading curve and a contact 
area determined by an Oliver-Pharr fit [75]. Although the indents per
formed in this study targeted a final depth of 200 nm, the total plastic 
zone and response of the indent will also incorporate part of the unir
radiated LSEM V44 underneath the ion irradiation damage zone. This is 
expected to underestimate the real ion irradiation hardening observed 
between the annealed only LSEM V44 and the dual-beam ion irradiated 
at 700◦C LSEM V44. Further controlled, targeted investigations are 
required to more accurately probe the hardening response associated 
with only the ion irradiation damage layer, as well as evaluate other 
mechanical properties (e.g. tensile, compression, and Vicker’s Hardness) 
of LSEM V44 under extreme conditions.

5. Summary

This work showcases homogeneous V-4Cr-4Ti synthesized using arc 
melting which was successfully processed by large strain extrusion 
machining to produce a modified elongated multimodal microstructure 
composed of a majority of nanocrystalline and ultrafine grains. LSEM 
processing produces a severely plastically deformed microstructure with 
the presence of elongated grains and adiabatic shear bands. In terms of 
thermal stability, vanadium carbides began forming in the multimodal 
V44 after reaching 600◦C. Little grain growth was observed after 
reaching 800◦C and holding the system at an elevated temperature for 
30 min. After being exposed to dual-beam ion irradiation at 700◦C, 
cavities can be observed throughout the system, though there is pref
erential clustering at the grain boundaries. Despite the clustering at the 
grain boundaries, the cavities exhibit little coalescence when exposed to 
~5 dpa at 700◦C. There was a slight increase in the areal cavity density 
of cavities to ~ 5 dpa and the equivalent area diameter of cavities appear 
to have stabilized around 3 nm. Compared to the as-cast and unpro
cessed coarse grain V44 shown in this work, a lower number of other 
phases and precipitates were observed to have formed during the dual 
beam ion irradiation. In addition, a larger local area fraction of point 
defects from the ion irradiation remained in the CG V44 as compared to 
the LSEM V44 as observed from the in-situ ion irradiation videos. 
Nanoindentation reveals a ~50 % increase in the hardness of the LSEM 
V44 after the dual-beam ion irradiation at 700◦C. Further investigations 
are suggested to further quantify the mechanical capabilities and irra
diation hardening mechanisms of LSEM V44. Ultimately, the LSEM V44 
possesses similar ion irradiation response as what has been previously 
observed in literature. What is key to note is the grain stability of the 
LSEM V44 after ion irradiation. Negligible grain growth was observed at 
700◦C, and despite the smaller grain size, the formation of precipitates 
and phases were slower than what was observed in the CG V44 which 
was ion irradiated at the lower temperature of 650◦C. Future work re
mains to understand the mechanical properties of multimodal V44 
processed by LSEM and when subjected to extreme conditions such as 
temperature and irradiation. In addition, computational modeling and 
simulations of the formation and migration energies of defects will help 
to elucidate the underlying mechanisms of the ion irradiation response 
in vanadium-based alloys.
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