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Mechanochemical a to B phase transition of UsOg

Jordan M. Roach, (@ * Tyler L. Spano® and Andrew Miskowiec

Recognized as the most stable phase of uranium oxide, a-UsOg is widely used throughout the nuclear fuel
cycle for safe storage and transportation. There is, however, a lack of understanding of the thermodynamic
relationship between a-UzOg and its polymorph, B-UsOg. This research contributes new knowledge
regarding the kinetics and mechanism of a previously described mechanochemical phase transition
between the o- and B-UsOg polymorphs to improve the understanding of their thermodynamic
relationship. In this work, tumble milling of a-UzOg using different milling media shows an ingrowth of
the B-phase over time, with an observed correlation between media density, percent conversion and
lattice strain. Anisotropic peak broadening observed within collected X-ray diffraction powder patterns
suggests the preservation of uranium polyhedral layered sheets throughout the milling process.
Preservation of the sheets implies a shear-induced slip mechanism occurring through in-plane shifting of
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1. Introduction

The most stable oxide phase of uranium, a-U;Og, is formed
upon heating of most uranium materials in air."® For this
reason, a-U;zOg has a significant presence within the nuclear
fuel cycle for storage and transportation purposes as well as
a source material. However, although o-U;0g is common,
questions still exist on the thermodynamic and mechanistic
relationship between its formation and that of its polymorph, -
U;04. Though also kinetically stable under ambient conditions,
the B-phase is reported to be produced directly from o-U;0g
only, and reverts to the a-phase upon heating at temperatures as
low as 130 °C.* The first method for the consistent synthesis of
B-U;0g was published by Karkhanavala and George.® Initially
designated by the authors as a new “3-U;Og” phase, it was later
shown by other works to be crystallographically identical to that
of orthorhombic (Cmcm) B-U;04.%” The extensive heating
procedure described by Karkhanavala and George requires
sintering of the a-phase at 1350 °C for 15 days, followed by slow
cooling at a rate of 100 °C per day.®> More contemporary work
has shown the sintering time can be reduced to 1 day;® however,
slow cooling at 100 °C per day is still required to obtain B-U;Og.
Thermodynamically, the importance of slow cooling to the B-
U303 formation mechanism would appear counterintuitive. If
the a-phase is the most stable, then such annealing parameters
should result in its formation over that of the B-phase. Owing to
the high temperature of conversion, in situ structural analysis of
U303 via powder X-ray diffraction or Raman spectroscopy is
challenging; therefore, the exact mechanism for thermal
conversion is unknown.
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uranium polyhedra along lattice planes perpendicular to the polyhedral sheets.

An initial report of a mechanically induced phase trans-
formation from a- to B-U;Og was described by Herak in 1970.°
The phase transition was observed to occur during pressing of
a-U;05 pellets. Repeated cycling of pellet pressing was per-
formed, resulting in the presence of X-ray diffraction peaks of -
U305 being observed; subsequently, a shear-induced mecha-
nism was proposed. Since Herak's initial report, only a handful
of studies have examined mechanochemical effects of U;Og,
primarily by Kovacheva et al.'*** These studies aimed to eval-
uate the effects on a-U;O0g within a planetary ball mill under
various conditions, of which the primary result is mechano-
chemical reduction of a-U;0g4 to UQO,. Similar reductions of a-
U303 using planetary ball mills have been reported by others
exploring the mechanical chlorination** and sulfurization® of
uranium oxides. No tangible evidence of B-U;Og is reported
within any of the aforementioned studies, and no other
mention of similar observations appear within the literature.

In first reporting the Raman and IR spectra of B-U;Og, Mis-
kowiec et al described that broad similarities in lattice
dynamics can be expected between the o- and B-polymorphs of
U30g, owing to significant parallels in the polymorphs' struc-
tures.® These similarities can be observed briefly by comparison
of both structures in Fig. 1. Both structures are composed solely
of U-O polyhedral sheets connected through bridging p1,-oxygen
atoms. Whereas a-U;Og consists entirely of pentagonal bipyra-
mids, the B-phase contains both square and pentagonal bipyr-
amids. However, both structures are composed of mixed valent
U™/U*® metallic centers.’*'” Based on observations by Herak,
the structural similarities between U;Og phases may also be
extended to their thermodynamic behavior.” A phase transition
initiated by simple hand grinding or pressing of the material
suggests that a low-energy barrier exists between the
polymorphs.
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Fig. 1 Crystal structures of a-UsOg (A and C) and B-UzOg (B and D) as determined by Loopstra using neutron diffraction.*®*°

The current work corroborates the mechanically induced
o to B-phase transition first proposed by Herak.’ Three different
milling media materials of varying densities were used to
examine their effects on the formation of the B-phase. Charac-
terization of the milled samples show an increase in B-U;Og
concentration with increased milling media density and time.
Anisotropic peak broadening observed within collected X-ray
powder patterns suggests the preservation of uranium poly-
hedra sheets throughout the milling process. As such, a shear
induced slip mechanism that occurs along lattice planes
perpendicular to the polyhedra sheets is proposed.

2. Materials and methods

Bulk o-U3Og was produced from uranyl nitrate hexahydrate
[UO,(NO3),-6H,0] by initial drying overnight at 100 °C, fol-
lowed by calcination at 750 °C for 4 h. Resulting material was
characterized using powder X-ray diffraction (PXRD). Milling of
a-U3;0g samples was carried out using a XRD-Mill McCrone
(Retsch) with agate, zirconia, and corundum grinding media.
Each trial used a 125 mL (45 mm x 84 mm) polypropylene jar
with 48 cylindrical grinding elements (13 mm x 13 mm). Per
milling trial, 3 g of a-U;0; was loaded into the milling jar with
the chosen grinding media. Short-term milling trials had
samples milled from 15 to 75 min in 15 min increments,
whereas long-term trials had material milled from 2 to 10 h in
2 h increments. Milling was performed at a speed of 1167 rpm.
Effects of a higher milling speed were examined using agate
milling media set to 1500 rpm. All material was removed from
the milling jar between time increments and thoroughly mixed
to allow for uniform sampling.

Samples of milled U;O4 were analyzed using PXRD. Sample
powders were mixed gently by hand with NIST SRM 640e (Si line
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position standard) and placed on a zero-background silicon
plate. Powder patterns were collected via a Proto Mfg. AXRD
benchtop X-ray diffractometer using a Dectris area detector.
Data were collected using a Cu K, source (A = 1.541 A) with
a collection range of 15°-75° 26 with 0.02° steps and 20 s dwell
time. Powder patterns in their entirety for all three milling
systems can be found in the SI (Fig. S1-S3). Whereas data were
collected between 15° and 75° 26, the range of the powder
patterns was restricted to the 23°-30° 26 for ease of analysis.
This was done due to the low intensity of the most prominent p-
U305 peak relative to the a peaks. Background was subtracted
using asymmetric least squares smoothing. Due to the signifi-
cant overlap of diffraction peaks between the a and B-phases,
and significant lower peak intensities coupled with peak
broadening, direct quantification of the B-phase was made
impractical. Since direct measurement of B-phase in-growth
was difficult, conversion of a-U;Og to the B-phase was calcu-
lated by taking the quotient of experimental peak amplitudes
for the (031) diffraction peak of the a-phase to theoretically
calculated peak amplitudes of the B-phase. All PXRD figures
show data normalized to the (031) peak of a-U;0; with slight
smoothing using two-point adjacent averaging. Additional
characterization of select PXRD patterns was performed using
the Williamson-Hall method to extract crystallite size and
strain values using select a-U;Og diffraction peaks spanning the
range of the collected data.

Scanning electron microscopy (SEM) samples were prepared
via suspension of sample material in ethanol, followed by drop
casting onto carbon tape affixed to aluminum stubs. Imaging
was performed using a Zeiss Gemini 460 electron microscope,
and subsequent image capture was performed using ATLAS
control software (Zeiss). Images were collected at a working
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distance of 8.5 mm with a probe current and voltage of 195 pA
and 20 kV, respectively.

Raman spectra of select milled samples were analyzed using
a Renishaw inVia micro-Raman spectrometer equipped with
785 nm (300 pW) and 532 nm (30 uW) excitation lasers coupled
with 1200 1 mm ™" and 2400 1 mm ™" gratings respectively and
a 20x lens objective. Individual spectra were collected at four
random points per sample with each spectrum consisting of 15
accumulations, 20s each. Due to low intensity using the 532 nm
wavelength, the sample milled for 600 min with zirconia media
required 30 accumulations for reasonable interpretation. Indi-
vidual spectra for each sample were averaged, smoothed using 5
point adjacent averaging and normalized with OriginPro
software.

3. Results and discussion

3.1. Milling speed

Initial trials examined the effects of milling speed on the
formation of B-U;0g. Using agate milling media, samples of a-
U;0; were milled at medium (1167 rpm) and high (1500 rpm)
speeds from 15 to 75 min. Fig. 2A and B show the resulting
PXRD patterns for the medium and high-speed milling prod-
ucts, respectively. Use of a medium milling speed shows
a gradual increase in the B-phase peak at 25.1° 26 from 15 to
75 min. This gradual increase is in contrast to the high speed
milling system in which a large increase in the B-phase is
observed initially at 15 min, after which peak intensity appears
to gradually decrease with extended milling time. A noticeable
amount of peak broadening is observed within the high-speed
system but is not seen within the medium-speed system. This
broadening is associated with higher energy grinding that
occurs because of increased rotation speeds.

Intensities of the (200) B-U;Og diffraction peak for both
milling speeds are plotted in Fig. 2C. The resulting plots
confirm the qualitative observations from the powder patterns.
At a medium milling speed, no B-phase is detected until 30 min
(about 2.4 a.u.), after which a gradual constant increase to about
3.6 a.u. at 75 min is observed. When milled at the highest speed,
a large increase of the B-phase initially occurs, reaching 5.5 a.u.
However, continued milling results in a constant decrease of
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the B-phase, reaching 1.1 a.u. at 75 min. The cause of the
decrease in the relative percentage of the B-phase may be
attributed to two possibilities. The first relates to a two-step
process in which initial high energy input results in a kineti-
cally favorable crystal phase change from a to ; however,
continued energy input leads to a thermodynamically favorable
mechanism where the system relaxes back to the a-phase. The
second possibility for the decrease in relative percentage is
attributed to peak broadening. As milling time increases and
grinding of the sample powder is extended, material is ground
to significantly finer particle sizes, leading to peak broadening.
Owing to the low intensity of the B-phase diffraction peaks
relative to the o-phase, minor broadening within the system
may significantly affect the quantifiability of the B-phase
diffraction peaks. This effect will be examined further in Section
3.2. Based on the results from varying the milling speed,
continued examination of the milling process was performed
with the use of the medium milling speed.

3.2. Milling media

To examine the effects of different milling media on the a- to B-
U30g phase transition, three different milling media—agate,
corundum, and zirconia—were examined. Milling media were
chosen based on material density, which has been shown to be
a parameter affecting milling products.”*** The respective
PXRD patterns from the resulting samples are shown in Fig. 3.
Extended milling times within the agate system (Fig. 3A) beyond
75 min show little to no observable changes to overall B-peak
intensity or shape. However, minor broadening is seen within
the o peak, which would suggest similar effects may be occur-
ring within the B-phase. Broadening of diffraction peaks is
noticeably increased with the use of corundum (Fig. 3B). As
milling time increases within the corundum system, the 8 peak
also appears to increase significantly when compared with the
agate system. However, owing to the close proximity of the a-
and B-peaks, potential exists for broadening effects to impact
overall peak height. Similarly, significant broadening is
observed within the zirconia system (Fig. 3C). Extended milling
of sample powders using the zirconia milling media results in
extensive peak broadening and a decrease in overall diffraction
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Fig. 2 PXRD patterns for UsOg samples milled with agate media at 1167 (A) and 1500 (B) rpm. Peak amplitudes of the (200) B-UzOg diffraction
peak (25.1° 26) at high and medium milling speeds with increasing milling time (C).
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Fig. 3 PXRD patterns for UsOg samples milled with agate (A), corundum (B), and zirconia (C) milling media at 1167 rpm.

intensity. Fig. S4 shows X-ray powder patterns for all three
systems without normalization to the (031) peak of a-U;Og. This
side-by-side comparison shows an increase in broadening
effects that correlates well with the density of the examined
milling media: agate, 2.5-2.7 ¢ mL; corundum, 3.99 g mL; and
zirconia, 5.68 g mL .2 As density of the milling media
increases, the force exerted on the U;Og during milling is
increased. This increased exerted force results in considerably
reduced particle sizes, leading to broadening. The results may
also correspond to the hardness of the milling media. However,

p=4.02 g/cm?3
(G) ZrO,

A

p=5.68 g/cm?

a direct relationship exists between the method of production
and the hardness of synthetic materials.**** As such, without
experimental values of hardness for the corundum or zirconia
media within the current work, such a relationship cannot be
made with any certainty.

Fig. 4 shows SEM images of milled samples using each
milling media after 30 and 600 min. After 30 min of milling,
particles within the agate system appear relatively uniform in
size (Fig. 4B). However, a mixed population of particle sizes is
present within both the corundum and zirconia systems

(600 min)

T

Fig. 4 Agate (A), corundum (D), and zirconia (G) milling media and corresponding SEM images of UzOg powder after milling for 30 min (B, E, and

H) and 600 min (C, F, and I).
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(Fig. 4E-H). A decrease in particle size becomes more apparent
with the extension of milling time to 600 min. The most
significant decrease is observed within the zirconia system, in
which exceptionally fine particles appear to form agglomerates
(Fig. 4I). These images appear to visually agree with the trend
observed with peak broadening as a function of both milling
time and media. This relationship can be further quantified
through calculation of the average crystallite domain size using
the Williamson-Hall method.>**

Unlike the traditional Scherrer method which interprets
peak broadening solely as a function of crystallite size, use of
the Williamson-Hall method allows for dual calculation of both
average crystallite size as well as lattice strain.*** This is
commonly represented by the linear equation:

KA .
ﬁ(hkl)cos 6= 7 =+ 4e sin 0 (1)

where By is the peak broadening for a given diffraction peak, 4
is the peak center, d is the crystallite size and ¢ is the lattice
strain. Plotting of ( cos 6 versus 4 sin  allows for determination
of both crystallite size and strain through the slope and inter-
cept of the fitted line respectively. Plots created from diffraction
data of all three milling media systems after 15, 60 and 600 min
are shown in Fig. 5. Subsequent data derived from each plot are
presented in Table 1 and confirms the observed decrease in
average crystallite size. An increase in strain is also noted to
occur with increased milling time. This will be discussed
further in Section 3.3.

Because of the low intensity and broadening of the (200) B-
U304 diffraction peak, Rietveld refinement and direct fitting of
the diffraction patterns for quantitative analysis are difficult. To
best examine the formation of the B-phase within the milling
systems, the research team applied an indirect approach
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through analysis of the (031) peak of a-U3Og. This analysis
correlates the change in the amplitude (A;;;) of the diffraction
peak with time to the amount of material converted to f-U;Og.
Furthermore, this analysis is completed under the assumptions
that within the evaluated system, the only physical changes
occurring to the a-phase are conversion to the B-phase and
a constant decrease in crystallite size with increasing milling
times, as observed in Fig. 5. A more appropriate value for this
analysis is the integrated intensity () of the given Bragg peak.
This value should remain relatively consistent even with
significant broadening and, therefore, any changes to it would
indicate conversion. However, convolution of lower intensity
peaks within the immediate 26 range of the (031) peak and
difficulty in modeling background intensities both result in
questionable precision in determining (31 values using tradi-
tional peak fitting. For this reason, evaluating the change in
Agz1) was determined as the best option within the given
system.

As mentioned previously, significant broadening of the
diffraction peaks occurs with extended milling times. To eval-
uate changes in A3,y owing to material conversion, changes
due to crystallite size broadening must first be modeled.
Theoretical amplitudes (Anheor) for a given diffraction peak were
calculated using the height portion of a general gaussian
function:

Ay
w21

where A, is the measured amplitude of the diffraction peak at
the given starting time, and w; is the full width at half maximum
of the diffraction peaks being evaluated. The resulting values
were then normalized to the experimental peak amplitude.
Fig. 6 shows the calculated Arnheor values plotted alongside

(2)

ATheor =

0.0030 A) 0.0070 (B) 0.012 ©
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Fig.5 Williamson—Hall plots created from UsOg diffraction data from agate (A), corundum (B), and zirconia (C) milling media systems after 15, 60

and 600 min of milling.

Table 1 Calculated average crystallite size and lattice strain for milled UsOg samples

Size (nm) Strain (10%)
Milling time (min) Agate Corundum Zirconia Agate Corundum Zirconia
15 1122 1594 1071 0.072 0.091 0.398
60 1166 1245 387 0.089 0.141 0.473
600 756 1178 118 0.270 2.636 4.025

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 Calculated A(g3y) values plotted with experimental values as a function of milling time for agate (A), corundum (B), and zirconia (C) systems.

experimental Agyz,) values. The experimental value for the
corundum system at 360 min of milling was visually determined
to be an outlier (Fig. S5) and, therefore, was not included within
the analysis. Observation of the plots shows that the experi-
mental amplitudes for the diffraction peaks are noticeably
lower than those of the theoretical values. Additionally, the
rates at which the experimental values decrease over time
appear to be faster than what is predicted to occur from
a decrease in crystallite size alone showing conversion of the
material.

Taking the quotient of the theoretical and experimental
values allows for quantification of the remaining amount of o-
U;0; within the system. Fig. 7 shows these values for all three
milling systems with calculated best-fit lines showing the
systems follow an asymptotic trend. The most prominent result
from Fig. 7 is the significant difference in conversion rate of the
corundum system versus that of either the agate or zirconia
systems. Both agate and zirconia systems show a significant
amount of conversion within the first 120 min of milling, fol-
lowed by a conversion plateau, which suggests some type of
mechanochemical equilibrium. In comparison, the corundum
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system shows a much more gradual conversion rate that does
not appear to plateau. Such a difference in conversion rate is
potentially the result of a physical difference between the
milling media, such as the roughness of the milling media
itself.

Observation of the data also shows that the amount of
conversion follows the same pattern relative to milling media
density/hardness (agate < corundum < zirconia). However,
whereas the agate and corundum systems show modest
conversion to the B-phase (i.e., 24.5% and 29.8%, respectively),
the zirconia system suggests a noteworthy and significant
conversion of 60% at 600 min. The research presents a chal-
lenge in confirming either (1) if such a conversion rate is, in
fact, occurring or (2) if the limit in which the accuracy of the
amplitude-based analysis has more likely been reached. Fig. 6C
shows a difference of about 75 a.u. Within A3y at 120 min and
240 min within the zirconia system; this difference is the largest
between two adjacent points for any system. The significant
broadening within the PXRD data is observed to begin at this
point within Fig. S4. As described earlier, SEM images of the
material after 600 min of milling using zirconia media show
a large amount of fine particulate. Therefore, this result
suggests that within the zirconia system, a size effect is not
accounted for within the current method of analysis.

Observation of the current data shows results similar to
those originally reported by Herak of a mechanically induced a-
to B-U;0g phase transition.” Results herein show the amount of
B-U305 produced is affected by milling time, speed, and choice
of milling media. Denser and harder milling media appear to
increase the amount of the B-phase produced; however, these
characteristics also result in a rapid decrease in particle size
with extended milling times. The resulting significant decrease
in particle size, especially within the zirconia system, at longer
milling times makes exact quantification of the B-phase by
current means difficult.

3.3. Mechanistic consideration

As discussed in Section 1, Herak proposed that the mechanism
for the mechanochemical transition of a-to B-U;O0g was induced
by shear forces.” Herak proposed this mechanism because of
the observed transformation occurring after repeated cycling of

© 2025 The Author(s). Published by the Royal Society of Chemistry
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cold pellet pressing. In contrast, numerous additional mecha-
nochemical investigations of a-U;Og have shown that rather
than a physical conversion of the crystal phase, a chemical
reduction from o-U;04 to UO, can occur.’*** Within the current
study, no signs of reduction to UO, are observed, suggesting the
mechanism for reduction is unique from that of the physical
phase transition. Reduction of oxide materials has been
addressed elsewhere and is reported to occur owing to a mech-
anochemical mechanism also observed in transition metal
systems.**** The exact mechanism for the reduction process is
not described at length by any single publication; however, the
presence of impact force is commonly attributed to the process.
Note that the studies reporting a reduction to UO, use a plane-
tary ball mill configuration (Fig. 8A). Within this style of set-up,
milling jars and the supporting disk are rotated in opposing
directions, resulting in centrifugal and coriolis forces acting on
the milling media.** Subsequently, sample material within this
configuration is acted on by friction (F,), shear (F;), and impact
(Fy) forces resulting from ball-ball and ball-wall interactions.*
The types of forces present differ from the tumble-style mill
used in the current investigation where a significant impact
force is absent. The tumble-style mill uses cylindrical milling
media tightly packed within a plastic milling jar (Fig. 8B).
Because of the close packing and softer jar composition (as
opposed to stainless steel, agate, or zirconia jars within the
planetary mill studies), little to no impact forces are present.
Rather the system relies primarily on F,, and F; forces to mill the
material, resulting in an overall lower-energy system compared
with that of a planetary mill.

The effects of using a lower-energy milling system are
described by Fuentes and Takacs® in their review of preparing
multicomponent oxides via mechanochemical methods. The
authors describe how the hard, brittle nature of oxide particles
require a stress threshold to be met before a reaction, such as
reduction, can occur. As a result, higher-energy systems (i.e.,
planetary mills) are required to achieve chemical reactions.
Therefore, it can be inferred that the milling system within the
current work achieves the activation energy needed to induce
physical change within the material (& — B-U30g) but does not
exceed the energy threshold required to result in a chemical
change (2-U3;0g — UO,). Because no reduction of «-U;Oy is
observed within the current tumble mill system in the absence
of an impact force, such a force can be considered necessary for
the reduction to UO, to occur. Furthermore, within the current
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system where the only physical forces present are friction and
shear forces and only a crystal phase transition is observed, the
shear-induced mechanism proposed by Herak is corroborated.®
An additional factor to be considered is that of heat. Due to the
mechanical forces involved within both systems a portion of the
input energy is converted to heat. Both friction and shear forces
may produce moderate increases in temperature depending on
milling media and jar choice.** Due to the current experimental
set-up, direct measuring of thermal energy within the system is
not obtainable. Therefore, the effects of heat within the milling
process cannot be ruled out as being part of a proposed
mechanism. These results emphasize the importance of mill
choice within the broader realm of mechanochemical investi-
gations. The results also signal a unique opportunity for the
investigation of low-energy milling systems to obtain exotic
material phases otherwise not easily synthesized via traditional
thermal treatment.

3.4. U;0g structural implications

The corroboration of a shear-induced phase transition mecha-
nism between o- and B-U;O4 advocates for another look at the
structural relationship between the two polymorphs. An
improved understanding of the mechanism may give enhanced
insight into the formation of the B structure and its relationship
to the a-polymorph. This section discusses the investigation of
the structural relationship of the polymorphs through the frame
of the described shear mechanism and proposes a slip mech-
anism occurring perpendicular to the polyhedral sheets within
the a-U304 structure, resulting in the formation of the -phase.
A general, more in-depth comparative description of both
structures has been published previously;** however, a brief
overview is provided here.

Both structures are composed of repeating layers of U-O
polyhedra connected through bridging equatorial oxygen
atoms, with each polyhedral layer connected via interstitial
bridging oxygen atoms. Within the a-U;Og structure (Fig. 1A-C),
all layers are identical, composed solely of pentagonal bipyra-
midal polyhedra with two crystallographically unique uranium
sites. Bond valence calculations of the individual sites yield
valence sums of 5.30 and 5.37 vu for U, and U, sites, respec-
tively. These values had originally been described to suggest
either a U°*,U% 04 or U*"U®",04 composition;* however, more
contemporary works have shown the U**/U°" composition to be
more accurate from density functional theory” and supported

(A)

- _

U~

(B)

Fig. 8 Schematic of a planetary ball mill (A) and tumble mill (B).
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by X-ray absorption near edge spectroscopy.'® Interstitial
bridging oxygen atoms show near-linear bonds connecting
sheets of U-O polyhedra, with all exhibiting equidistant bond
lengths of 2.07 A. Though similar in arrangement to that of the
a-phase, B-U;Og is composed of two alternating sheets con-
taining two distinct pentagonal and one tetragonal bipyramid
with three different U sites (Fig. 1B-D). Bond valence sums for
the crystallographically unique sites are U; = 5.27, U, = 5.96,
and U; = 5.01 vu, giving an oxidation state composition similar
to that of the a-phase.

The presence of a tetragonal bipyramid within the B-U;Oq
structure is of note as it requires breaking an O-U equatorial
bond during transformation from the a-phase. The presence of
a shear induced slip plane would allow for the shifting of
uranium polyhedra and account for breaking of bonds needed
to form the B-phase. Shear mechanisms have been observed in
another uranium oxide phase transition, p-U,O9 — o-U30g, in
which shear forces are shown to allow for the relaxation of
“crumpled” polyhedral sheets of f-U,Oy to the linear polyhedral
sheets of a-U;04.%° However, in the current system, both phases
are comprised of flat polyhedral sheets, devoid of the corruga-
tion observed in B-U,0y. Fig. S6 shows a side-by-side compar-
ison of a single uranium polyhedral sheet from both the o and
B-U;0g phases. From this view it could be inferred that applying
a shear force to the a-phase may result in the stretching of the
chains of U2 polyhedra resulting in the more linear alternating
U1-U2 polyhedral chain within -U;0g. “Straightening” of these
chains would come at the expense of breaking the 03,-U1,, bond
within the a-phase, shown more clearly in Fig. 9 (addition of “a”
and “B” subscripts to atom labels herein represent their relation
to either phase of U;Og). Bond valence calculations show the
03, atom retains a bond valence value of 1.95 vu when trans-
itioning from a uz to a u, environment upon structural reor-
ganization to the B-phase, suggesting there are significant
changes to electron donation by the atom itself. Instead, ener-
getically favorable changes are observed within neighboring
05, atoms. Within the o structure, the O5,, site is calculated to

Fig. 9
bipyramid to the pentavalent U3y tetragonal bypyrabid.
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have a bond valence of 2.25 vu suggesting a higher-than-average
electron donation to the uranium centers. Upon breaking of the
03,-U1, bond, the 05, atom splits into two
crystallographically-unique sites within the B-phase, denoted as
O4g and O5g, with bond valence sums of 2.11 vu and 2.07 vu
respectively. The decrease in these values would suggest
a favorable shift towards a closer-to-ideal valency (i.e. 2). This
shift is partnered with the shortening and subsequent
strengthening of the 04,-U2, bond. The strengthening of this
bond is inferred as its length decreases from 2.714 A in the a-
phase to 2.371 A in the B-phase. As described, the proposed
straightening of the polyhedral chains through the breaking of
the 03,-U1,, allows for a similar shear induced phase transition
as described by Desgranges et al.*® but does not account for the
alternating nature of the layered polyhedral sheets of -U;Os.
Therefore, the straightening mechanism may represent
a portion of the shear induced mechanism but not its entirety,
rather the full mechanism requires understanding of how the
alternating sheets of the B-phase form.

Theoretical shifting of individual uranium polyhedral sheets
was considered via a slip mechanism in-plane to the uranium
polyhedral sheets; however, this mechanism would result in the
additional breaking of the axial oxygen bridges. Such distortion
of the bridging oxygen planes is unlikely based on anisotropic
peak broadening observed within the powder diffraction
patterns. Fig. S7-S9 show Williamson-Hall plots for all three
milling media systems after 15, 60, and 600 min. Included
within the plots are additional points corresponding to
diffraction peaks originating from the (100), (200), and (300)
lattice planes. We observe that both the (200) and (300) points
are significantly separated from the rest of the data at all milling
times, with the separation of the (100) point becoming more
prominent after 600 min of milling. The positioning of these
points shows that the diffraction peaks from which they origi-
nate are less susceptible to broadening. These lattice planes are
parallel to the uranium polyhedral sheets and/or are in-plane
with bridging oxygens (Fig. S10). Therefore, upon milling of

Isolated clusters of uranium polyhedra from a-UzOg (left) and B-UsOg (right) showing the transition of the hybridized U1, pentagonal
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the material, these lattice planes are preferentially preserved,
thus retaining the layered structure. If shifting of the polyhedral
sheets parallel to one another were to occur, we would expect
the diffraction peak corresponding to the (200) lattice plane
containing the axial oxygen bridges to broaden as a result of
structural distortion. We therefore speculate that any shear
induced slip mechanism is most probable along (001), (010),
and (011) planes, perpendicular to the (100) plane. In this way
the slip mechanism occurs along the most atom-dense planes
with the shortest distance between occupied positions. Addi-
tionally, a slip mechanism occurring along planes perpendic-
ular to the uranium polyhedral sheets would account for the
alternating nature of individual sheets within the B-U;Oq
structure as described above. As uranium centers shift along the
(100) plane following the slip vector, rearrangement of indi-
vidual polyhedra allows for shifting of equatorial bonds and
subsequent formation of the tetragonal bipyramid within the -
phase. As observed in Table 1, an increase in milling time
results in a significant increase in lattice strain, by a factor of
ten in the case of the zirconia system. As strain forces increase,
partial alleviation of the applied forces may come at the expense
of such a slip plane.

It is possible that this proposed mechanism is more likely to
occur along particle edges and surfaces where initial defects
and those introduced from milling are more apparent and the
relative shear force is strongest.?”** This would agree well with
the observation of limited conversion to the B-phase. Addi-
tionally, as the bulk material continues to decrease in average
particle size with increased milling, the conversion to the B-
phase may increase as surface and edge characteristics surpass
that of the bulk. A common characteristic of nanostructured
oxides processed through mechanochemical methods exhibit
a “core-shell” configuration.® Within such a configuration
a well-ordered inner core (the bulk) is surrounded by a layer of
disordered interfaces and surface structures. In addition to the
continued decrease in size, the additional loss of long-range
order in the outer shell results in significant loss of diffrac-
tion pattern resolution. This significant loss in diffraction
pattern resolution would align well with the observation of
a decrease in B-phase peak intensity at higher milling speeds as
discussed in Section 3.1. To further probe the formation of the
B-phase, select samples of milled material were evaluated using
Raman spectroscopy.

A common method for the characterization of uranium
materials, Raman spectroscopy is a surface-sensitive method
capable of probing local chemical environments, e.g. coordi-
nation and bonding. Samples were evaluated using both
785 nm and 532 nm excitation lasers. Differences in photon
wavelength can affect the overall penetration depth of the
analysis method and theoretically aid in observing a stronger
presence of the B-phase at the surface of particles.*” However,
due to the size of the particles themselves (about 0.1 um to 1.5
pm), both excitation wavelengths would likely penetrate beyond
a single particle layer and therefore make distinction of the
position of the B-phase (surface vs. bulk) unlikely. Fig. S11
shows Raman spectra of samples milled for 15 and 600 min
from all three milling media systems. Evaluation of spectra

© 2025 The Author(s). Published by the Royal Society of Chemistry
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from samples within the agate system (Fig. S11A and B) show no
significant spectral changes between the two milling times with
use of either excitation wavelength. However, changes are
observed within spectra from both the corundum (Fig. S11C
and D) and zirconia (Fig S11E and F) systems. Within both
systems the ingrowth of peaks at 183, 264 and 516 cm " align
well with reported Raman peak positions of -U;04.% It is of note
that the peak at 183 cm ' is not observed within spectra
collected using the 785 nm laser. It is also observed that the
other two B-phase peaks are less apparent within these spectra.
This difference is attributed to the use of the 785 nm excitation
wavelength itself which though commonly used, has been
shown to result in weaker peak intensities when analyzing o-
U;04.*" However, both excitation lasers do show an increase of
intensity within the 425-500 nm range that would again align
with potential B-U;Og at 455 and 470 cm™ '.® An overall change
in background intensity between the 15 min and 600 min
samples is also observed with the baseline intensities
increasing following the trend of agate < corundum < zirconia.
This trend mirrors that which was discussed in Section 3.2
regarding the difference in overall forces produced from the
milling media based on differences in density/hardness.
Though Raman spectroscopic analysis is not capable of
providing additional insight into the mechanisms of the
mechanochemical & — B-U;Og phase transition, the overall
presence of the B-phase within the Raman spectra is more easily
observed than the low intensity peaks within PXRD. Therefore,
it may be beneficial for future investigations into the mecha-
nism to focus on spectroscopic studies where both intensity and
resolution of phase-specific peaks may be improved.

4. Conclusions

This work provides an in-depth investigation into the mecha-
nochemical phase transition of a-to B-U;Og and corroborates
the shear-induced mechanism originally proposed by Herak in
1970.° The use of different milling media shows that increasing
media density results in an increase to lattice strain within the
milled material which correlates to an increased formation of
the PB-phase. Anisotropic peak broadening observed within
collected X-ray diffraction powder patterns suggests the pres-
ervation of uranium polyhedral layered sheets throughout the
milling process. Preservation of the parallel uranium sheet
structure and bridging axial oxygen bridges would imply
a shear-induced slip mechanism that occurs with in-plane
shifting of uranium polyhedra along lattice planes perpendic-
ular to the polyhedral sheets. It is speculated that the amount of
B-phase may continue to increase with milling time as particle
size decreases and surface/edge defect concentrations increase.
The potential for the proposed mechanism to initiate from
surface and/or edge defects has potential implications for
understanding the thermal synthesis of B-U;Og. One may
consider the initial nucleation of the pB-phase at higher
temperatures followed by expansive growth with slow cooling.
Additional investigations are required for further support of the
current purposed mechanism, as well as its implications for
a defect-initiated nucleation mechanism at elevated
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temperatures. However, the current work continues to bridge
the gap in knowledge that exists between common a-U;Og and
its more elusive B-phase polymorph.
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