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Abstract: Exploiting grain boundary engineering in the design of alloys for extreme environments
provides a promising pathway for enhancing performance relative to coarse-grained counterparts.
Due to its attractive properties as a plasma facing material for fusion devices, tungsten presents
an opportunity to exploit this approach in addressing the significant materials challenges imposed
by the fusion environment. Here, we employ a ternary alloy design approach for stabilizing W
against recrystallization and grain growth while simultaneously enhancing its manufacturability
through powder metallurgical processing. Mechanical alloying and grain refinement in W-10 at.%
Ti-(10,20) at.% Cr alloys are accomplished through high-energy ball milling with transitions in the
microstructure mapped as a function of milling time. We demonstrate the multi-modal nature of
the resulting nanocrystalline grain structure and its stability up to 1300 ◦C with the coarser grain
size population correlated to transitions in crystallographic texture that result from the preferred
slip systems in BCC W. Field-assisted sintering is employed to consolidate the alloy powders into
bulk samples, which, due to the deliberately designed compositional features, are shown to retain
ultrafine grain structures despite the presence of minor carbides formed during sintering due to
carbon impurities in the ball-milled powders.

Keywords: tungsten; nanocrystalline alloys; high-energy ball milling; spark plasma sintering; fusion
materials; grain boundary engineering

1. Introduction

Grain size refinement and the introduction of compositional complexities are two
key tools in designing unique microstructures with nanoscale features that can enhance
material properties relative to classical engineering materials. In nanocrystalline metals,
the deliberate introduction of solute that has an energetic preference to segregate to grain
boundaries—often referred to as grain boundary doping (including deliberate alloying
and impurity segregation)—has emerged as an effective means of stabilizing nanocrys-
talline materials against thermal [1–5], mechanical [6–8], and irradiation instabilities [9–11].
Because these materials contain a high-volume fraction of grain boundaries with excess
free energy, they are not easily processed via traditional thermomechanical processing
routes and instead rely on far-from-equilibrium processes such as physical vapor depo-
sition (PVD), electrodeposition, high-energy ball milling, and severe plastic deformation
(SPD) [12]. While all these techniques can produce the desired grain boundary-rich mi-
crostructures, deposition-based processes are limited in their scalability, while it is difficult
to achieve simultaneous alloying and grain size refinement via SPD. High-energy ball
milling represents a class of powder metallurgical processing that is inherently scalable and,
due to the high deformation energy, can mechanically alloy combinations of powders while
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simultaneously refining the grain size to produce single-phase nanocrystalline alloys [13].
This process is particularly convenient for achieving non-equilibrium microstructures in
body-centered cubic (BCC) metals, which are not easily produced with nanocrystalline
grain sizes through other SPD processes due to the lack of a close-packed slip system
facilitating high deformation strains.

High-energy ball milling relies on repeated high-energy collisions between a powder
charge and milling media to repeatedly deform, cold weld, and fracture the powder
particles [14]. In powder mixtures containing different materials, the high deformation
energies lead to solid-state mixing, referred to as mechanical alloying, while concomitantly
refining the microstructural length scales (i.e., the grain size) of the powder and its particle
size distribution [13]. This technique is easily scalable to a bulk material manufacturing
process by increasing the milling jar size, volume of the powder charge, and number/size
of the chosen milling media. Planetary ball milling represents one of the more common
high-energy ball milling processes designed specifically to achieve energies that produce
mechanical alloying and microstructure refinement. Relative to a shaker mill, the planetary
mill also minimizes contamination due to degradation and wear of the milling media
through the introduction of multiple rotation axes [13]. Microstructures produced via
planetary ball milling ultimately depend on the characteristics of the particle impact (e.g.,
energy, frequency, etc.), which are dictated by the processing parameters, including media-
to-powder ratio, milling speed, atmosphere, temperature, total effective time (sometimes
including intermittent off time measured by an effective duty cycle), and the selected
process control agent (PCA) [15–18]. In addition to the high-volume fraction of grain
boundaries intrinsic to the nanocrystalline state produced via high-energy ball milling,
processed powders also contain an appreciable number of other defects including point
defects, stacking faults, dislocations, and shear bands [19].

Due to its particularly attractive properties as a plasma-facing material (PFM), tungsten
(W) materials development has sought to address the challenging needs of future fusion
reactors [20]. Concerns over extended exposure of coarse-grained W to the anticipated
conditions of the fusion environment, including microstructural stability [21], resilience
against plasma-induced surface damage [22], and degradation of bulk properties due to
neutron irradiation [23], has motivated the study of advanced W-based materials [2,24–28]
with grain size refinement to the nanocrystalline regime representing a promising pathway
for improving the performance characteristics of W [29–31]. Nanocrystalline W powders
have been produced via high-energy ball milling and exhibited grain sizes in the range
of 5–25 nm [17,18]; however, the far-from-equilibrium state occupied by nominally pure
nanocrystalline W renders it thermally unstable at relevant PFM temperatures [1]. Alloying
has been leveraged to suppress the instability of nanostructured materials by exploiting
the unique thermodynamics of the nanocrystalline state [32–35]. On this basis, W-20 at.%
Ti powders synthesized through high-energy ball milling and aged for one week at 1100 ◦C
exhibited a stable grain size of ~20 nm [36] while an elemental nanocrystalline W powder
with an identical starting grain size coarsened by over an order of magnitude to a grain size
of 600 nm. The deliberately designed nanocrystalline alloy thus demonstrated a markedly
enhanced thermal stability, which recently has been shown to be complemented by stability
against irradiation-induced grain growth [9].

The consolidation of nanocrystalline powders into bulk materials has relied exten-
sively on field-assisted sintering technology (FAST) to circumvent the coarsening kinetics by
rapidly heating a powder charge using an electric current passed simultaneously through
a graphite die and the powder during the simultaneous application of an external pres-
sure [37,38]. Through closed-loop feedback control, the current is manipulated to tailor the
temperature profile in the powder (though gradients are expected that depend on the ther-
mal and electrical conductivity of the powder charge [39]), which, when combined with the
applied force, promote rapid densification of the powder feedstock into a bulk material over
time that limits the degree of coarsening experienced by the microstructure [40]. Sintering of
elemental W via FAST has been performed to near total density (i.e., 99.9%), at temperatures
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as low as 1700 ◦C through the use of two-step sintering [41] while single-step sintering often
produces lower densities despite driving the process to higher temperatures [42–44]. Given
the intrinsic thermal instabilities of nanocrystalline W combined with recrystallization tem-
peratures ranging from 1100–1300 ◦C (depending on the W grade) [45–48], FAST is even
limited in its ability to retain nano grain sizes in W despite the short sintering times [49–52].
The addition of second phase components such as WC, NiFe, and NiCu have driven the
lower bound of this temperature range down to ~1200 ◦C for full density compacts, albeit
often containing a second lower temperature phase [37,44]. Nanostructure stabilization via
grain boundary doping as demonstrated in the W-20 at.% Ti alloy powder discussed above
opens up the possibility of producing bulk nanocrystalline alloys from nano-engineered
powders. Indeed, a recent study on a W-15 at.% Cr alloy has demonstrated that grain sizes
approaching the nanocrystalline regime can be retained through sintering of ball-milled
powders with significantly enhanced densification rates relative to a coarse-grained W-Cr
alloy of nominally equivalent composition [53]. The improved stability and sinter-ability
were attributed to a synergistic alloying effect involving Cr segregation to grain boundaries
and nano-phase separation of Cr-rich nanoclusters, where the latter provided enhanced
diffusion pathways for accelerated interparticle necking and densification [53,54].

Recognizing the unique benefits of synergistic doping in the nanocrystalline state,
we propose a ternary alloy design strategy for W that exploits Ti for the suppression of
thermal instabilities (i.e., recrystallization, grain growth, and phase separation) and Cr
for promoting rapid densification during sintering while retaining the nanocrystalline
grain structure. Here, we map microstructural evolution and corresponding transitions
in two W-Ti-Cr alloys during high-energy ball milling employing complementary X-ray
diffraction and transmission electron microscopy analysis. Focus is placed on understand-
ing grain size and texture evolution as a function of milling time and their implications
for the morphological evolution of the milled powders. Thermal stability is evaluated at
temperatures up to 1300 ◦C on powders milled to a minimum achievable grain size with
a minor fraction of retained Cr BCC phase. Finally, these powders are employed in the
production of bulk alloys through FAST with microstructural evolution through sintering
analyzed relative to unalloyed, coarse-grained W powders consolidated under identical
conditions. We show that the deliberately designed W alloys are thermally stable above
the typical recrystallization temperatures for W and consolidate to the near-full density at
markedly reduced sintering temperatures relative to W.

2. Materials and Methods

The configurational space for the design of ternary nanostructured alloys is vast [55]
and must consider co-segregation behavior and its potential impact on alloy stabilization
relative to its binary counterpart. To that end, we focused our high-energy ball milling and
FAST investigation on two W-rich alloy concentrations selected based on prior studies of
the binary W-Ti and W-Cr systems. As described in the introduction, the addition of up
to 20 at.% Ti and 15 at.% Cr produced stable nanocrystalline configurations in W [36,54].
We thus selected a ternary alloy concentration of W-10 at.% Ti-20 at.% Cr (denoted herein
W-10Ti-20Cr) for the milling study, which maintains the total alloy concentration below
the range to be considered a multi-principal element alloy while balancing the addition of
Ti and Cr for thermal stability [1] and sinter-ability [53]. Additional work is underway on
modeling energy minimized alloy configurations in the ternary W-Ti-Cr system to capture
induced/competing segregation effects and their implications for stability. While alloy
compositions will be refined based on these results, our purpose in this study is to map out
the processing and stability space in select W-Ti-Cr alloys, which is consistent with relying
on prior published models for selecting the W-10Ti-20Cr alloy. Based on the large fraction
of retained Cr during the milling of this alloy, the solute concentration was adjusted to
W-10 at.% Ti-10 at.% Cr (denoted herein W-10Ti-10Cr) for the production of powders used
in FAST consolidation.



Metals 2022, 12, 159 4 of 22

High-energy ball milling was conducted on blended powders (Alfa Aesar, Haverhill,
MA, USA) of W (12 µm, 99%), Ti (<44 µm, 99%), and Cr (<10 µm, 99.2) under an argon
atmosphere using a Retsch PM 100 planetary ball mill (Retsch, Haan, Germany). A 50 mL
tungsten carbide (WC) jar was employed with 5 mm diameter WC balls as the grinding
media. Holding the ball-to-powder ratio constant at 5:1, a total of 75 WC balls were loaded
into the jar for each run. A stearic acid PCA was used with a concentration of 1% by mass,
which facilitated milling at 550 rpm for times of 1, 4, 6, 8, and 12 h with little powder
agglomeration following removal from the milling jar. This milling procedure was applied
to the W-10Ti-20Cr powder blend with structural characteristics mapped as a function
of milling time. Based on these results, W-10Ti-10Cr powder blend was milled for 12 h
with thermal stability assessed following heat treatment at 1000 ◦C, 1150 ◦C, and 1300 ◦C
for 1 h under a reducing atmosphere using Ar-5%H in an MTI GSL-1600X tube furnace
(MTI Corporation, Richmond, VA, USA). Sintering of the as-milled W-10Ti-10Cr powder
was accomplished using a LABOX-3010KF Field Assisted Sintering System (SinterLand,
Niigata, Japan). A cylindrical graphite die, 13 mm in diameter and lined internally with
graphite foil, was loaded with 5 g of powder and placed into the sintering machine under a
vacuum (pressure of <10 Pa) where it was subsequently compressed between the platens
to a pressure of 50 MPa. The loaded dies were then heated at a rate of 100 ◦C/min to two
different temperatures—1200 ◦C and 1400 ◦C—where they held for 5 min before cooling.
Following removal from the sintering machine, the sintered samples were sandblasted to
remove the graphite foil and any additional surface contamination. The nominally pure
W powder used as the feedstock in the milling of the W-Ti-Cr alloys was also sintered in
the as-received state following the same sintering procedures and served as a reference for
the sintered nanostructure alloy. Density of the sintered samples was determined using
the Archimedes method [56] with relative densities determined with respect to theoretical
alloy density calculations.

Particle size analysis employed wet dispersion laser diffraction using a MicrotracS3500
particle size analyzer (Microtrac, Haan, Germany). C concentration was quantified using
combustion infrared absorption following ASTM E 1941-10 in a LECO CS744 carbon/sulfur
analyzer (LECO, St. Joseph, MO, USA). Powder morphology was imaged as a function of
milling time in a JEOL 7600F scanning electron microscope (SEM) (JEOL, Tokyo, Japan) at
the Center for Functional Nanomaterials. Powder samples were mounted on C tape and
imaged using an accelerating voltage of 5 kV. Quantitative analysis of grain size and phase
fractions was accomplished via X-ray diffraction (XRD) using the X-ray Powder Diffraction
beamline at the National Synchrotron Light Source-II [57]. Powders were mounted in
Kapton capillaries with patterns collected in transmission mode using 63.61 keV X-rays
(wavelength 0.1949 Å) and background correction through subtracting a diffraction pattern
from an empty Kapton capillary. XRD of the sintered samples was also conducted at the
beamline in transmission mode on sections extracted from the center of the sintered disks
and subsequently thinned to 100 µm. A single XRD pattern acquired on a bulk sample
generally encompassed an area of 500 µm2 with 4–5 independent patterns recorded over
a total area of ~1 mm2. Texture effects in the powders were instead probed in reflection
mode (Bragg-Brentano geometry) using an Ultima III system (Rigaku, Tokyo, Japan) with
a Cu Kα source (wavelength of 1.541 Å) employing a scan range of 20–100◦, step size of
0.1◦, and scan time of 5 s per step. Rietveld refinements were performed using the MAUD
software package (version 2.99, Trento, Italy) [58] with an instrumental broadening function
determined from a NIST LaB6 standard. Grain size measurements were confirmed through
scanning transmission electron microscopy (STEM) in a Thermo Talos F200X TEM/STEM
at 200 keV (Thermo Fisher Scientific, Waltham, MA, USA). Powders were dispersed onto
an aluminum stub covered with conductive C tape, followed by standard FIB lift out in
an FEI Quanta3D (Thermo Fisher Scientific, Waltham, MA, USA). These instruments are
housed at the Oak Ridge National Laboratory Low Activation Materials Development and
Analysis laboratory.
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3. Results and Discussion

During powder metallurgical processing via high-energy ball milling and FAST consol-
idation, we were concerned with two microstructural evolution processes. The first involves
simultaneous mechanical mixing, grain size refinement, and particle size refinement during
the high-energy ball milling process. The microstructures achieved in the powders will then
evolve during sintering, which potentially involves thermal coarsening, precipitation of one
or more second phases, and texturing. Here, we first map out microstructural transitions
during the milling process with a focus on phase, grain size, and texture evolution as a
function of milling time. Thermal stability of the achieved nanostructures is then assessed
through isothermal heat treatments targeting temperatures below and above the typical re-
crystallization temperature for pure W. Finally, the effect of sintering on the nanostructures
achieved during milling is mapped at the same temperatures employed for annealing of
the ternary alloy powders and benchmarked against pure coarse-grained W sintered under
identical conditions.

3.1. Mechanical Alloying and Grain Size Refinement during High-Energy Ball Milling

A powder blend of nominal chemistry W-10Ti-20Cr was high-energy ball-milled using
the parameters summarized in the methods section with milling time explored as the
primary processing variable. The bench-top XRD patterns for each time series milling run
are shown in Figure 1 relative to a blended powder sample prior to milling. Peaks from
elemental W, Cr, and Ti can be seen in the pattern for the blended powder sample, and
only those peaks remaining as milling time was increased are shown for identification
on the other patterns. After 6 h of milling, distinct reflections from the hexagonal close
packed (HCP) Ti phase almost completely disappeared, leaving only a subtle shoulder
on the primary (110) BCC W reflection deriving from the convolution of the two lowest
angle HCP Ti peaks. This shoulder was completely eliminated after milling for 12 h and
was indicative of complete dissolution of HCP Ti into the BCC W solid solution. While
the peaks for the BCC Cr phase also decreased considerably in intensity with increasing
milling time, indicating Cr was also dissolved into the BCC W solid solution, the (110) and
(211) reflections remained after 12 h of milling. The presence of these minor BCC Cr peaks
demonstrate that a small fraction of this phase remained in the powders under all milling
conditions, which from the perspective of consolidation into bulk alloys, is desirable for
promoting phase-accelerated sintering [53,54].

Beyond the dissolution of alloying elements into the BCC W solid solution during
milling, the primary W peaks exhibited broadening with increasing milling time due
to a reduction in the coherent scattering size, i.e., the grain size in these materials, and
accompanied by an increase in the non-uniform microstrain resulting from the formation
of a wide range of microstructural defects [59]. To quantify the size component from
the degree of peak broadening, benchtop XRD patterns were acquired with grain size
determined via the Rietveld method [60]. The shape of the W diffraction peaks, specifically
their larger breadth at the base of the peaks and sharp convergence near the maximum
intensities, necessitated the use of a dual grain size population in the refinements since
a single population did not capture both features (evident in Figure 2a). By refining a
dual grain size population with a defined average grain size, dav, that combines fine and
coarse average size populations (i.e., d f

av = 11 nm and dc
av= 76 nm, respectively) into the

Rietveld parameters optimized for each dataset, we vastly improved the accuracy of the fit
to the experimental diffraction patterns in Figure 2a. This fitting method was employed
to determine the average and individual population grain sizes for each sample from the
XRD data, and results are plotted as a function of milling time in Figure 2b.

For milling times up to 4 h, dav and dc
av were comparable as the sharper diffraction

peaks were dominated by the latter. At 6 h, dav markedly decreased to ~55 nm and further
converged toward d f

av of ~17 nm with increased milling time. This shift to the smaller
population denotes refinement of the microstructure well into the nanocrystalline regime
with the transition occurring between 4 and 6 h of milling. Similar grain sizes as well as
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bimodal grain size distributions have been reported in the milling of W [25,36] and other
BCC metals such as Fe [61]. The Rietveld refinements also provided a quantitative phase
analysis given that distinct reflections could be indexed for each constituent, assuming the
balance to be BCC W. As shown in Figure 2b, the phase fraction, f, of both minor solute
phases, denoted fTi and fCr and for HCP Ti and BCC Cr, respectively, decreased up to 6 h,
at which point fCr plateaued to ~5 wt.% while the HCP Ti component was eliminated. We
note that our analysis accounted for the minor contributions from the subtle low-angle
HCP Ti reflections remaining at 6 and 8 h, and the absence of this shoulder at 12 h confirms
Ti dissolved into the BCC W solid solution.
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respectively. (b) Fraction of the BCC Cr and HCP Ti phases and average grain size as a function of
milling time with the latter including the mean sizes for the two grain size populations used in the
Rietveld refinements.

The dual grain size population was further investigated through STEM imaging of
the milled powders prepared via FIB milling since initial attempts at finding electron-
transparent regions in crushed powders proved unsuccessful. The low magnification
STEM dark-field micrograph in Figure 3a reveals a heterogeneous microstructure with
two distinguishable regions observed. Certain regions of the powder particles appeared to
contain regularly shaped nanocrystalline grains, which was confirmed by the selected area
electron diffraction (SAED) pattern shown in Figure 3b acquired from within the region
denoted location i. A large number of distinct spots derive from the many small grains
simultaneously exhibiting the same crystallographic orientations for each of the respective
diffraction rings for BCC W and consistent with a characteristic SAED ring pattern for the
nanocrystalline state. A second region of the microstructure is apparent where the grain
structure appears deformed, presumably due to plastic flow during the high-energy impact
of the media during milling. A SAED pattern acquired on the region denoted location ii
is shown in Figure 3c. In contrast to the SAED pattern from location i, fewer spots are
present on each diffraction ring, indicative of larger grains, and the intensity distributions
suggestive of subtle texturing in this region of the sample [62].

The SAED patterns demonstrate two coexisting microstructures in the milled powders,
one containing a fine nanocrystalline grain size and a second with coarser grains and a
subtle degree of texturing. Higher magnification imaging of region i shown in Figure 4a
confirms the presence of fine equiaxed nanocrystalline grains with sizes in the range of
10–20 nm and consistent with the mean grain size reported from XRD analysis on the
12 h milled powders. The STEM dark-field image in Figure 4b depicts region ii where
the grains are elongated and exhibit a wider range of sizes, suggesting this region of the
microstructure was still undergoing deformation and grain size refinement later into the
milling process. Such microstructures have been observed in milled W powders [63–66]
and, given its transient nature relative to the equiaxed region, will be referred to as the
transitional region. The presence of larger elongated grains in the transitional region agreed
with the mean sizes of larger grain size population used in producing the sharper peak
in Figure 2b for the final fitting function. Additionally, the mean size employed for the
small grain size population shown in the same figure were generally consistent with the
fine grain size in the equiaxed region. Subtle discrepancies at longer milling times were
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attributed to the accuracy of convoluting two grain size populations in the fit of a single
diffraction peak. The distinct grain size distributions in the equiaxed and transitional
regions thus substantiate the use of bimodal grain size distributions for fitting the XRD
patterns in Figure 2a. Finally, we note that texturing, as suggested by the SAED patterns,
appears to be present in the transitional microstructure but not in the equiaxed regions
containing the extremely fine nanocrystalline grains. The evolution of this texture and its
implications for grain refinement are explored in the next section.
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3.2. Texture Evolution and Its Implications for Powder Morphologies

As suggested by the multi-modal nature of the grain structure, the powder experienced
transitions in its microstructure that derive from the high deformation energy promoting
successive and repeated cold working, welding, and fracturing of the powder particles [40].
BCC metals exhibit preferred {110} and {112} slip [67–69], which, as demonstrated in
forged powder metallurgy Ta, leads to preferred texture formation from feedstock material
with random initial crystallographic orientations [70]. Transient texturing can thus be
expected to result from a high-energy deformation process such as ball milling, which
will ultimately impact the powder particle morphology and size distribution. The latter
is generally determined by the rate of cold welding and subsequent fracture, and both
occur simultaneously during ball milling. Initially, cold welding dominates, often leading
to coarsening of the powder particles. This process eventually transitions to fracture as
the grain size is refined with a concomitant decrease in the particle size [13]. Particle size
distributions for the W alloy are shown in Figure 5a with increasing milling time from
bottom to top relative to the starting distribution for the feedstock W powder.

Initially, the milled powders coarsened for times of up to 4 h and accompanied by
a transition in the particle morphologies from spherical for the W feedstock powder, as
shown in the scanning electron micrograph in Figure 5b, to platelet-like geometries in
Figure 5c. This morphological transition is consistent with the study by Wu et al. [16] on the
effect of media-to-powder ratio and indicative of a high rate of cold welding [17] combined
with deformation along preferred slip systems in the coarse grain W powders [18]. Milling
for additional time produced a rapid reduction in the particle size between 4 and 6 h, which
we attributed to the dominant mechanism shifting toward fracture due to refinement of
the grain size during this period, as shown in Figure 2b. Subsequent broadening of the
particle size distribution, and a transition back to spherical morphologies as shown in
Figure 5d after a milling time of 12 h, occurred from 6 to 12 h. During this period, the
rate of grain size reduction was markedly less than the initial transition period between 4
and 6 h, eventually plateauing to a steady-state value of approximately 10 nm. With grain
size refinement contributing less to kinetic energy dissipation, the observations of particle
coarsening, and emergence of a bimodal size distribution suggest cold welding and fracture
governs additional evolution of the powders at longer milling times. However, due to
the fine nanocrystalline grain sizes, deformation no longer transpires along favorable slip
systems and is instead accommodated by grain boundary mediated mechanisms [71], thus
providing an explanation for the emergence of spherical powder morphologies rather than
the formation of platelets.

Thus far, our discussion of texturing and its implications for the deformation process
during milling has relied on established knowledge of the slip process in BCC metals
and morphological evolution of the powders as a function of milling time. However, the
emergence of the platelet-like particle morphologies provides an opportunity to probe this
connection through XRD measurements on deliberately aligned powders for sampling
the underlying crystallographic texture. Compared with a random powder arrangement—
denoted “random packing”—in a traditional side-loaded XRD sample holder, as illustrated
in Figure 6a, and shown for an actual powder sample, a top-loaded sample holder was
employed, allowing for the powders to be introduced under an applied force. The platelet-
like geometries align under this force such that the faces of larger surface area powder
particles become oriented with the incident X-ray beam, as illustrated in Figure 6b. Denoted
“oriented packing” and demonstrated for an actual powder sample in the SEM micrograph,
this diffraction orientation will allow for probing of potential crystallographic texture
associated with the flattening of the powder particles and in turn, platelet formation
during milling.
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Figure 5. (a) Particle size distributions for the W-10Ti-20Cr powders milled to different times with
the size distribution of the starting W powder feedstock shown for reference. Backscatter SEM
micrographs of powders (b) mixed and blended prior to milling, then following milling for (c) 4 h,
and (d) 12 h. The transitions from faceted to platelet particle morphologies and subsequently from
platelet to spherical are evident from (b–d).

The orientation dependence for the different packing configurations is revealed in
the bench-top XRD patterns in Figure 7a for the W-10Ti-20Cr powders milled for 4 h,
shown previously to exhibit sharp platelet powder morphologies (cf. Figure 5c). While the
{110} family of BCC W peaks, and to a lesser extent, the (211) peak, exhibited comparable
intensities, the intensity of the (200) peak acquired on the oriented packing sample was
considerably larger than the same peak intensity from the randomly packed sample. This
effect is mapped for all powder samples as a function of milling time using the intensity of
the (200) peak normalized to the primary (110) peak in Figure 7b to account for extrinsic
intensity differences between the different samples. For the un-milled W powder, the
ratio of the (200) to (110) peak intensities is consistent with the value reported for W with
a random polycrystalline texture [72]. Conversely, the milled powders in both packing
configurations exhibited an increase in the magnitude of the (200)/(110) peak ratio at
intermediate milling times, which was markedly accentuated in the samples with oriented
packing and indicative of (200) texturing in this diffraction orientation. Milling times of
≥8 h produced a decrease in the (200)/(110) peak ratio with eventual convergence to the
random polycrystalline W texture, thus confirming elimination of crystallographic texture
as suggested by the morphological evolution of the powders.
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Figure 7. (a) Bench-top XRD patterns for W-10Ti-20Cr powder samples loaded in random and
oriented packing configurations. (b) Relative intensity of the (200) peak to the primary (110) peak as
a function of milling time for random and oriented packing powder configurations. The dashed line
represents the value reported for W with a random polycrystalline texture from Reference [72].

Texture evolution during the deformation processing of BCC metals involves the
formation of three primary fiber textures: (i) α-fiber containing <110> parallel to the rolling
direction with {001}<110>, {112}<110>, and {111}<110> orientations, (ii) γ-fiber containing
<111> parallel to the normal direction with {111}<110> and {111}<112> orientations, and
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(iii) θ-fiber containing <001> parallel to the to the normal direction with {001}<110> and
{001}<100> orientations [73]. Simulations employing a Taylor-type grain interaction model
have shown that α- and γ-fiber textures emerge when slip is constrained to the {110}, {112},
and {123} planes all along the <111> direction [74] and is consistent with experimentally
determined fiber textures in BCC transition metals [75–77]. However, a recent study
on unidirectionally cold-rolled W indicated that the γ-fiber was accompanied by both a
Goss texture with (011)<110> orientation and θ-fiber with {001}<100> orientation, both
of which peaked at 80% reduction prior to the γ-fiber becoming dominant at 90% [78].
Unidirectional rolling was also found to produce a strong {001}<100> θ-fiber texture in Ta
at intermediate strains, which like W, transitioned to the γ-fiber as deformation approached
90% reduction [79].

During the milling of our W-10Ti-20Cr powders, we reported a significant increase
in the (200) peak intensity at intermediate milling times with the powders in the oriented
packing configuration. While the stress state during particle deformation in ball milling is
difficult to predict and decidedly different than uniaxial rolling, it will involve both com-
pression and shear stress components. In the θ-fiber texture developed during rolling, the
<001> is orthogonal to the rolling direction and parallel to the normal direction with orienta-
tion {001}<100>. The observed (200) texture at intermediate milling times is thus consistent
with the formation of a θ-fiber texture, which is preferred at intermediate strains in W [78].
Referring to the grain size trend in Figure 2b and specifically the sharp decline between 4
and 6 h, it is now apparent that this texturing process facilitates grain size refinement during
high-energy ball milling of W and aligns with observations of coupled grain size reduction
and texture evolution during rolling [80]. Non-uniform texturing effects, as described in
Lied et al. [75], will also promote coexisting equiaxed and transitional microstructures
since strain accommodation depends on the specific crystallographic texture and thus will
influence the rate of grain size refinement in different regions of the microstructure.

3.3. Thermal Stability of Ternary Nanostructured W Alloy Powders

With an understanding of the powder’s microstructure and morphology in the as-
milled condition, analyzing the effects of annealing draws a connection between the as-
milled powder characteristics and how they impact the thermal stability of the material.
It is well established that nanocrystalline materials with an increased volume fraction
of grain boundaries experience thermal instabilities, which can be combated by targeted
doping as shown previously in W [2,36,54]. Of particular interest here is thermal stability
in our ternary alloy system where both alloying elements—Ti and Cr—have an affinity for
grain boundary segregation with the potential to augment stability relative to the binary
systems previously studied. Annealing experiments were thus performed on W-10Ti-10Cr
powders milled for 12 h at temperatures up to 1300 ◦C (0.38Tm), which is above the typical
recrystallization temperature of unalloyed W [45–48]. The reduction in the Cr content to
10 at.% was to minimize retained BCC Cr in the as-milled powder, which should instead be
precipitated during high temperature processing to facilitate effective sintering at reduced
temperatures [53].

The XRD patterns for the W-10Ti-10Cr powders annealed at 1000 ◦C, 1150 ◦C and
1300 ◦C are shown in Figure 8 relative to a pattern for the as-milled powder. The degree
of peak broadening was comparable to the pattern for the as-milled W-10Ti-20Cr powder
milled for the same time (12 h) shown in Figure 1, indicating that the minimum achievable
grain size was not impacted by the reduction in the Cr concentration. Conversely, the
reduced intensity of the (110) BCC Cr peak indicates a smaller fraction of Cr was retained in
the as-milled powder and consistent with the reduction in the Cr concentration from 20 to
10 at.%. Broad peaks and the small fraction of BCC Cr were maintained through annealing
at 1000 ◦C, demonstrating stability of the as-milled nanostructure up to this temperature.
A further increase in the annealing temperature to 1150 ◦C was accompanied by subtle
sharpening of the primary BCC W peaks, which signals the grain structure coarsened at this
temperature. As evidenced by the disappearance of the (110) BCC Cr peak, the Cr-rich phase
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dissolved, and was consistent with the bulk phase diagram, since 1150 ◦C lies convincingly
outside the miscibility gap for a W-10 at.% Cr alloy [81]. However, the degradation of WC
media during high-energy ball milling introduced C impurities into the milled powders
with a non-negligible concentration of 0.47 wt.%, which resulted in a small fraction of
face-centered cubic (FCC) TiC precipitated at this temperature. Carbide formation was
exacerbated at 1300 ◦C with the TiC phase accompanied by M23C6 precipitating in the W
solid solution. The metal sublattice of this carbide (denoted M in the chemical formula)
is predominantly Cr, but subtle lattice parameter shifts indicated atomic substitution of
Ti and W on this sublattice. The formation of both carbides thus acts to deplete both
Ti and Cr from the W solid solution, which effectively reduces grain boundary solute
enrichment and, in turn, promotes coarsening at elevated temperatures. This manifested as
a sharpening of the primary BCC W diffraction peaks in Figure 8, though we note peak
broadening was still evident at 1300 ◦C and indicative of a fine-grained microstructure
despite carbide-induced instabilities.

The average grain size of the powders along with the mean size of the two populations
employed in fitting the synchrotron XRD patterns are shown in Figure 9a as a function
of annealing temperature relative to the as-milled powder. Tracking of the grain size
populations used in fitting the diffraction peaks indicated that, up to 1000 ◦C, coarsening
was primarily concentrated with the coarse grain size captured by the dc

av trend and
consistent with sharpening of the diffraction peaks limited primarily to their centers while
broadening was still evident around the bases. From the texture analysis, these regions of
the microstructure were still experiencing grain size refinement and mechanical alloying.
Consequently, this transient region of the microstructure will contain grain boundaries
lean in solute, which, based on the description of a thermodynamically preferred alloy
configuration (e.g., by the regular nanocrystalline solution model [33,35]), would represent
an unstable part of the microstructure. The grain size of the equiaxed nanocrystalline region
of the microstructure retained the as-milled grain size of ~10 nm, which is substantiated
in the high magnification STEM darkfield image of the equiaxed nanocrystalline grain
structure in Figure 9b. Conversely, at 1150 ◦C and 1300 ◦C, grain growth transpired in both
the coarse and fine grain size populations, effectively producing an overall increase in the
average grain size as captured in the dav trend and a result of the carbide induced instability
mechanism described above. Nevertheless, the ternary nanocrystalline W-10Ti-10Cr alloy
was stable up to 1000 ◦C with an average grain size ~25 nm, while above the recrystallization
temperature up to 1300 ◦C, remained nanostructured albeit with distributed carbides and a
larger average grain size.

3.4. Nanostructure Evolution and Precipitation during Field Assisted Sintering

Annealing of the milled powders revealed that while the W-10Ti-10Cr alloy remained
nanocrystalline up to 1300 ◦C, small fractions of carbides (<2 wt.%) formed due to the C
impurities introduced from the WC media during milling. The measured C concentration
was 0.47 wt.%, which translates to 5.84 at.%. When compared with the measured Ti and
Cr concentrations of 9.10 and 9.30, respectively, this amount of C is non-negligible and
demonstrates that high-energy ball milling with the selected media inevitably produced a
quaternary alloy. Coarsening of the nanostructure above 1000 ◦C is thus a consequence of
these C impurities driving carbide formation and the associated depletion of the stabilizing
solute elements from the W solid solution. While there are other media choices, such as
hardened steel, WC was deliberately selected to avoid the incorporation of metal impurity
species. Future work will focus on alloy modifications and optimization of the milling pro-
cess to minimize the amount of C introduced during milling. Nonetheless, with the caveat
that C impurities are expected to produce carbides during sintering, we map the sintering
behavior of the W-10Ti-10Cr alloy as a function of temperature given that the nanophase
separation sintering mechanism suppressed the sintering temperature to ~1000 ◦C in the
binary nanostructured W-Cr system [53].
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deliberately not included alongside each peak for clarity of presentation.

Sintering curves are depicted in Figure 10a for an as-milled W-10Ti-10Cr alloy powder
and a coarse-grained unalloyed W (CG-W) powder where the 5 min hold at elevated
temperature was conducted at 1200 ◦C. Data is displayed as an expansion corrected platen
displacement, referred to as corrected displacement, that accounts for the thermal expansion
of the graphite die and powder charge. Positive displacements coincided with the direction
of the applied compressive force and was indicative of powder compaction within the
graphite die. At temperatures below ~400 ◦C, the powder charge was initially densified
through the elimination of free space within the powder charge under the combined
application of the external compressive load and ramping up of the temperature. Further
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increases in temperature produced little change in the platen displacement up to the point
where sintering initiated, which transpired at 1200 ◦C for the unalloyed W powder charge
and thus coincided with the isothermal hold temperature employed in this experiment.
Consequently, the densification of this sample was constrained to the isothermal hold
period with limited platen displacement. Sintering the unalloyed powder at 1400 ◦C
produced an identical curve, albeit with the consolidation period delayed to the higher
isothermal hold temperature, further demonstrating that prolonged exposure at elevated
temperature is required for the sintering of CG-W.
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Figure 9. (a) Grain size as a function of temperature relative to the W-10Ti-10Cr powders milled
for 12 h. The two grain size populations denoted d f

av and dc
av, used in the Rietveld refinements to

determine the average grain size, dav, are included and revealed that the most significant increase in
grain size transpired above 1000 ◦C. (b) High magnification STEM darkfield image taken from the
fine nanocrystalline region of the equiaxed grain structure.
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The W-10Ti-10Cr alloy powder experienced densification at a markedly reduced tem-
perature of ~1000 ◦C, well below the isothermal hold temperature of 1200 ◦C, and with
considerably enhanced platen displacement consistent with the binary nanocrystalline
W-15 at.% Cr alloy [53]. Consolidation instead with a maximum temperature and isother-
mal hold of 1400 ◦C produced identical sintering curves for the ternary alloy with platen
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displacement signaling the onset of sintering at ~1000 ◦C, in agreement with a preliminary
report of this behavior as summarized in a perspectives article on the future of multi-
scale modeling for fusion materials [82]. The excellent agreement between the sintering
behavior of the previously studied binary system and the present W-10Ti-10Cr alloy demon-
strates two important features of the ternary system. First, the presence of Ti does not
inhibit the onset of consolidation through the reported nanophase separation sintering
mechanism. This is particularly important since the addition of Ti is generally required
to maintain the nanocrystalline state during high-temperature processing. Second, the
reduction in the Cr concentration to 10 at.% did not impact the degree of densification,
which was significant relative to the bulk samples produced from the coarse-grained pure
W powder. In Figure 11, the relative density of the bulk W-10Ti-Cr alloy was ~98% (account-
ing for the alloying additions) and independent of the maximum sintering temperature,
further substantiating that sintering transpired well below the isothermal hold period.
Conversely, the relative density for the unalloyed bulk W sample, denoted CG-W, was
<80% with the 1200 ◦C hold and increased to ~92% at 1400 ◦C. Not only does this confirm
the temperature dependence of the sintering of unalloyed W, but it also demonstrates the
marked improvement in the sinter-ability of W enabled through the introduction of tailored
compositional heterogeneities.
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Phase and grain size stability during sintering of the ball-milled W-10Ti-10Cr powders
was investigated via synchrotron XRD, selected based on its higher sensitivity to the
presence of minor phases and microstructural-based broadening. XRD patterns acquired
on the bulk ternary alloy samples sintered with isothermal hold temperatures of 1200 ◦C
and 1400 ◦C are shown in Figure 12. At this scale, both patterns appeared nearly identical
and dominated by BCC W peaks as expected, with additional reflections corresponding
to the HCP Ti and FCC TiC phases. However, the M23C6 phase also precipitated at the
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higher sintering temperature of 1400 ◦C. The formation of these carbides, as well as its
temperature dependence with the M23C6 phase appearing above 1200 ◦C are consistent
with the behavior of the annealed W-10Ti-10Cr powders. Thus, given the presence of C
impurities in the as-milled powders as discussed in the previous section, we again attribute
nanostructure instabilities during sintering to C impurities driving phase separation of Ti
during the formation of carbides. Interestingly, the fraction of the TiC phase formed during
sintering was markedly enhanced relative to annealing of the powders, which also did not
contain any precipitated HCP Ti. The FAST process thus promoted phase separation of Ti
along with accelerated formation of TiC with these two mechanisms likely coupled. The
underlying mechanism is related to a combination of the applied compressive force and
non-uniform temperature gradients developed in the powder charge and die walls during
sintering. However, additional experiments with complementary thermal models of the
sintering process are needed to decouple these two effects.
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Phase instabilities and the formation of carbides in the bulk alloys were accompanied
by a reduction in the degree of peak broadening relative to both the as-milled and annealed
powders. Sharper primary BCC W peaks are an indication that grain coarsening transpired
during sintering. The resulting mean grain size and phase fractions were quantified through
Rietveld refinements that incorporated the HCP Ti, FCC TiC, and FCC M23C6 phases and
shown in Figure 13. The initial grain size of the as-milled W-10Ti-10Cr powder of 15 nm
coarsened significantly during sintering to 270 and 130 nm at temperatures of 1200 ◦C and
1400 ◦C, respectively. While the former grain size is pushing the limitation of XRD for
quantifying grain size (even with the higher sensitivity accessible via synchrotron X-rays),
it is clear the nanostructure coarsened to a greater extent at 1200 ◦C. At first glance, this
appears counterintuitive since thermal grain growth occurs more rapidly with increasing
temperature. However, with nanostructure stability strongly tied to the distribution of Ti in
a W-rich alloy, precipitating a larger fraction of the HCP Ti at 1200 ◦C inevitably competes
with the stability of the nanocrystalline grain structure since it draws this solute from
the W matrix and presumably the grain boundaries. Enhanced precipitation of Ti at the
intermediate sintering temperature of 1200 ◦C is consistent with predictions of nanophase
separation in the binary W-Ti system in this temperature range [36]. The nanostructure
thus coarsened to a greater extent at this temperature with a smaller grain size favored
at the higher temperature of 1400 ◦C, thus demonstrating stability and retention of a
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fine grain structure through sintering of a W-10Ti-10Cr alloy. Finally, we note that the
presence of carbides, particularly TiC, has been shown to improve the radiation tolerance
of W [83]; however, the reaction of Ti with C during sintering is unfavorable since it leads
to instabilities. Future efforts will thus be directed to reducing the amount of C impurities
in the milled powders to enhance the retention of the nanocrystalline state in the sintered
bulk alloys.
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4. Conclusions

The evolution of the microstructure in ternary W alloys containing Ti for suppress-
ing thermal instabilities and Cr for promoting rapid densification during sintering were
mapped during high-energy ball milling. We demonstrated that the milled powders ex-
hibited a bimodal grain size distribution in the nanocrystalline state that combined fine
equiaxed nanocrystalline grains with coarser elongated deformed grains, which were
retained in the final nanocrystalline powders albeit in low volume fractions. These nanos-
tructures evolved from the coarse grain microstructure of the starting W powder feedstock
via the formation of preferred textures due to the preferred slip systems in BCC W. Specif-
ically, XRD measurements revealed intense (200) peaks at intermediate milling times
consistent with the {001}<100> orientation θ-fiber texture reported during rolling of W and
other BCC metals. Further grain size refinement was shown to eliminate this texture as
deformation shifts away from dislocation plasticity along preferred slip systems toward
grain boundary mediated processes. Despite the presence of the bimodal nanocrystalline
grain size distribution, the average grain size of ~25 nm in the milled powders was stable
up to 1000 ◦C but subsequently coarsened at 1300 ◦C to ~60 nm with a small fraction
of distributed carbides. Field-assisted sintering was employed to consolidate the alloy
powders into bulk samples, which due to the deliberately designed compositional features,
sintered at ~1000 ◦C to near total density with ultrafine grain structures retained in the
bulk alloy. The small degree of microstructural coarsening during the sintering process
is explained in the context of nanophase separation and the formation of minor carbides.
Nonetheless, our findings demonstrate the efficacy of the nanocrystalline alloy design
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approach for stabilizing tungsten against recrystallization while enabling powder metallur-
gical processing of fully dense tungsten alloys with tailored nanostructures for enhancing
performance in extreme environments. Future work will focus on: (i) alloy modifications to
mitigate the depletion of solute from the grain boundaries due to carbide formation, and
(ii) mapping the effect of alloying additions on the thermal properties, which are known to
be impacted by alloying in W [84] and represent a critical metric for future PFMs.
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