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1. Introduction

Mechanochemistry is a branch of physical chemistry that
involves the manipulation and/or transformation of substances

by the deposition of mechanical energy.[1–3]

The primary tool of mechanochemistry is
a ball mill, a rotating closed container in
which balls are placed along with the sub-
stance of interest, typically a powder.[4] The
physics of ball–sample interactions is
complex, and many different models have
been developed to explain it. Most popular
theories for mechanochemical reactivity,
such as the magma-plasma theory[5] and
the hot-spot model,[6] predominantly
involve localized, short-lived, high-
temperature, and high-pressure non-
equilibrium states.

However, it is widely recognized that the
aforementioned models, individually, do
not offer a comprehensive explanation for
the wide range of physical and chemical
processes observed under continuous
mechanical energy input. Nevertheless, it
is universally accepted that the activation
energy, which typically inhibits the rate
of atomic and molecular processes, is
reduced duringmilling through a combina-
tion of mechanical stress and thermal

energy and that the rate of such processes increases with applied
stress.[2,7–9] Although the high-energy ball milling technique was
originally developed to reduce and refine the grain sizes of oxide
powders, this highly nonequilibrium environment produced
during milling drives the material along structural transition
pathways that are often not accessible by conventional near-
equilibrium processing routes.[1] Oxides synthesized or proc-
essed within a mill can undergo polymorphic, order–disorder,
or crystalline–amorphous transformations.[1] These transforma-
tions are highly correlated with the dynamic energy depositions
induced by the milling tools and the parameters used in the
milling procedure (e.g., rotational speed, processing time, and
ball-to-powder ratio).

Simple oxides with the M2O3 stoichiometry (M = lanthanide
or Y) serve as a useful model system for the study of mechano-
chemical processing. These materials exhibit a wide range of
properties that make them important in many technologies, such
as high-κ dielectrics for semiconductors,[10] nanoparticles for
medical imaging,[11] and neutron absorbers for nuclear reac-
tors.[12] Their crystallography and polymorphism were initially
evaluated by Goldschmidt,[13] Zachariasen,[14] and Pauling and
Shappell.[15] Goldschmidt observed that, despite the chemical
similarity of the lanthanides and the relatively small variation
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Sesquioxides (M2O3) exhibit rich polymorphism with distinct phases that form
over broad compositional, pressure, and temperature ranges. This makes these
materials an ideal model system for studying the effects of high-energy ball milling
and the far-from-equilibrium conditions induced by complex mechanical interac-
tions. Polycrystalline bixbyite-structured binary sesquioxides (M2O3, M=Gd, Dy,
Ho, Er, Yb, and Y) were processed by high-energy ball milling and the resulting
structural modifications were characterized by synchrotron X-ray diffraction. Ball
milling drives the initial cubic structure (“C-type”) in each oxide to the monoclinic,
“B-type” structure, with the rate of formation and maximum attainable phase
fraction dependent on the cation size. The B-type phase fraction increases with
milling time for each sesquioxide, but reaches steady-state behavior below unity,
which contrasts with previous studies that induced a complete transformation by
exposure to temperature, pressure, or ion radiation. This behavior suggests a
complex interaction regime within a planetary ball mill characterized by transient
processes, which exert simultaneous 1) driving forces to form the B-type phase and
2) kinetic pathways to partially recover the C-type phase. We show that these two
processes are correlated with the effects of pressure and temperature during
mechanical interactions between the sample and milling tools.

RESEARCH ARTICLE
www.aem-journal.com

Adv. Eng. Mater. 2024, 2401251 2401251 (1 of 13) © 2024 Wiley-VCH GmbH

mailto:ericoquinn@utk.edu
https://doi.org/10.1002/adem.202401251
http://www.aem-journal.com
http://crossmark.crossref.org/dialog/?doi=10.1002%2Fadem.202401251&domain=pdf&date_stamp=2024-09-24


in ionic radius across lanthanide cation series (“lanthanide con-
traction,” from 1.03 Å for La to 0.86 Å for Lu), lanthanide sesqui-
oxides exhibit three distinct structures under ambient conditions
(Figure 1); Goldschmidt’s designators for the structures, “A,”
“B,” and “C,” are still widely used today. M2O3 oxides with large
cations (La – Nd) adopt the trigonal “A-type” structure, P-3m1,
while those with small cations (Tb – Lu, Y) adopt the cubic
“C-type” structure, Ia-3, which is isostructural with the mineral
bixbyite. Sesquioxides with intermediate-sized cations (Pm - Gd)
can adopt the monoclinic “B-type,” C2/m, or the cubic C-type
structures.[16,17] At high temperatures, the hexagonal “H-type”
polymorph, P63/mmc, is accessible for many of these sesquiox-
ides, as well as the cubic “X-type” polymorph, Im-3m.

The C-type structure is a derivative of its parent MO2 fluorite
structure, Fm-3m. The fluorite structure is characterized by inter-
penetrating arrays of cations (face-centered cubic) and anions
(simple cubic), which form dense planes along the [111] direction
of the alternating sequence: anions–cations–anions.[18] Both
cation and anion layers are fully dense configurations described
by triangular Ising nets,[19] and the cations are in ideal
cubic, eightfold coordination with the anions. The cubic, C-type
structure, like fluorite, exhibits a layered structure of cations and
anions, with the cation layers forming dense triangular nets.
However, the anion layers contain constitutional vacancies in
specific clusters that resemble a “wishbone”.[20] The presence
of intrinsic vacancies results in relaxations of some of the cations
and all the anions away from an ideal fluorite lattice; the 24d cat-
ions relax along [100], while the anions (48e) are free to relax in all
directions. The arrangement of vacancies also reduces the coor-
dination of the cations from eight in fluorite to six in the C-type
structure. The monoclinic, B-type structure, unlike the C-type
phase, is characterized by fully dense triangular nets on both
cation and anion sublattices which form the sequence:
anions–cations–anions–cations–anions.[20] This yields one cation

site that has sixfold octahedral coordination and two cation sites
that have sevenfold coordination within a square face-capped tri-
gonal prism. Finally, the trigonal, A-type structure is similar to
the B-type phase in that both cation and anion sublattices are
fully dense triangular nets, but the sequential stacking of
these nets is anions–cations–anions–anions–cations. In the A-
type structure, all cations are in sevenfold coordination within
face-capped octahedra. Accordingly, the B ! A phase transition
is considered displacive, whereas C ! B and C ! A, are both
considered reconstructive.

In addition to varying the cationic radius, the polymorphism
of sesquioxides can be accessed through the application of
temperature and/or pressure. Early studies by Foex, Traverse,
and Coutures[21–23] demonstrated the high-temperature phase
diagram for these sesquioxides. Cubic (C-type) sesquioxides with
smaller cations do not transform to the monoclinic (B-type)
phase at high temperature: Lu2O3 remains cubic up to the melt-
ing point, while Yb2O3, Tm2O3, and Er2O3 transform to the hex-
agonal (H-type) phase before melting. Those with medium-sized
cations (A= Pm-Ho) transform to the B-type phase at high tem-
perature with a transition temperature that correlates negatively
with ionic radius. The C-to-B-type transformation is reversible for
all of these sesquioxides.[24] Although a subset of these sesqui-
oxides (M= Pm-Gd) undergoes a B-to-A-type transformation
at higher temperatures, they eventually transform to the H-type
phase. Finally, for sesquioxides with M= Pm-Dy, the H-type
transforms to the cubic, X-type phase before melting; Ho2O3

directly melts from the H-type phase. Hoekstra[25] was the first
to probe the high-pressure behavior of these sesquioxides and
revealed that, unlike for temperature, the B-type phase can be
accessed at high pressures for all C-type sesquioxides, even those
with small cations that do not transform to the B-type phase
under high temperatures. This is because the C-to-B-type trans-
formation is associated with a volume contraction (≈8%) which
increases the stability of the B-type phase relative to the C-type
phase under the application of pressure.[24,25] Hoekstra showed
that the critical pressure for the C-to-B-type transformation is
negatively correlated with the cationic radius and that the trans-
formation is reversible.[25]

Inducing phase transitions in the C-type sesquioxides is also
possible through processing with far-from-equilibrium condi-
tions. For example, heavy ion irradiation[26,27] drives a variety
of phase transitions in M2O3 sesquioxides, which are highly cor-
related with the cationic radius, as well as the ion species and the
energy deposition profile.[26–31] For instance, Tracy et al.[27]

demonstrated that irradiation with 2.25 GeV Au ions induces
the C-to-B-type transition in sesquioxides with medium-sized cat-
ions (M= Sm, Gd, Ho) via extreme ionizations, but not in ses-
quioxides with smaller cations (M= Tm and Lu). Intriguingly,
after exposure to 185MeV Xe ions, producing higher local energy
densities, the former group became amorphous, while the latter
underwent a C-to-X-type transformation. There is, by contrast,
much less literature on the effects of high-energy ball milling,
another far-from-equilibrium processing technique.[32] It has
been shown that Dy2O3 and Yb2O3 undergo the C-to-B-type
phase transition during milling with steel tools,[1,17,33] while
Er2O3 is amorphizable. It was suggested that this milling-
induced phase transition may be a critical precursor step when
synthesizing complex oxides such as Ln2TiO5 and Ln2Ti2O7
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Figure 1. High-temperature phase diagram of Ln2O3 sesquioxides
adapted from Coutures et al.[22] The oxides examined in this study are
highlighted in blue.
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(Ln = lanthanide) by mechanochemical means using yttria-
stabilized zirconia tools.[34,35]

Mechanochemical processes are complex due to varying
strain, temperature, and pressure conditions which makes
assessment of the underlying physics complex. However,
comparing and contrasting results from multiple far-from-
equilibrium processes, such as ion irradiation and high-energy
ball milling, on the same materials can provide more fundamen-
tal insights into both the mechanisms of mechanochemical
transformations and the nature of the extreme environments
present in a ball mill. In this study, we systematically processed
six C-type sesquioxides in a planetary ball mill equipped with
tungsten carbide (WC) tools and analyzed their structural
responses using synchrotron X-ray diffraction (XRD). Each
M2O3 compound (M=Gd, Dy, Ho, Er, Yb, and Y) underwent
a C-to-B-type transition after milling with the accumulation rate
and final B-type phase fraction depending greatly on the cation of
the sesquioxide (ranging from 0.94 to 0.87 Å) and the milling
time.

2. Experimental Section

Polycrystalline powders of M2O3 materials (M=Gd, Dy, Ho, Er,
Yb, and Y) were purchased from Alfa Aesar, with purities of
>99.99% and a grain size on the order of 1 μm. Materials were
milled without solvents and in an ambient environment in a
Retsch PM200 planetary ball mill operating with a sun wheel
rotational speed of 350 rpm and speed ratio of 1:-2 (sun wheel:
vial). Typically, two sesquioxide samples were milled simulta-
neously using two 125mL WC jars and ≈8.2 gWC balls
(10mm diameter) such that the ball-to-sample mass ratio was
12:1. The sampling of the milled powder was conducted within
the first hour, at intervals of 1, 5, 15, 30, 45, and 60min.
Subsequently, every 15min, the mill would stop for one minute
before reversing direction and continuing. Every three hours, the
mill was stopped, any accumulated powder on the walls was
scraped, and the entire sample was manually homogenized in
a mortar. Generally, samples were collected every 3 h until com-
pleting 24 h of milling. After each extraction step, the number of
balls was adjusted to maintain a consistent ball-to-sample mass
ratio of 12:1 throughout the entire milling operation.

Samples were characterized after milling using synchrotron-
based XRD. Angle-dispersive XRD was performed using beam-
line 16-BM-D (HPCAT sector) of the Advanced Photon Source at
Argonne National Laboratory. X-rays with 30 keV were used in
transmission geometry and a 5� 4 μm beam spot to probe the
milled samples placed in cylindrical molybdenum chambers
of 100 μmdiameter and 25 μm thickness. The details of this mea-
surement setup can be found elsewhere.[36] Debye rings were col-
lected on a Mar345 image plate detector calibrated with a NIST
CeO2 calibrant, with a nominal sample-to-detector distance
of 318mm and an X-ray wavelength of 0.4133 Å, and two-
dimensional diffraction images were integrated into one-
dimensional X-ray patterns using Dioptas.[37]

In situ high-temperature XRD was performed up to 1200 °C
at the X-ray powder diffraction beamline of the National
Synchrotron Light Source II at Brookhaven National
Laboratory, to thermally anneal samples transformed by

planetary ball milling. Samples were heated using a hexapole
lamp furnace setup with halogen lamps focused onto the sample
position. Milled M2O3 (M=Gd, Dy, Ho, Er, Yb, and Y) samples
were loaded into 2mm diameter quartz capillaries with 0.1 mm
wall thickness. The capillaries were inserted horizontally into the
lamp furnace and aligned using a laser. X-rays with 67 keV scat-
tered from the sample and were recorded with a PerkinElmer
XRD 1621 digital imaging detector. NIST LaB6 and CeO2 stand-
ards were used for instrument parameter calibration for ambient
and high-temperature measurements, with a nominal sample-to-
detector distance of 1429.84mm and an X-ray wavelength of
0.1846 Å. The temperature inside the chamber was determined
using the thermal expansion of a CeO2 standard and correlated
with the adjusted lamp power. Samples were measured sepa-
rately at various temperatures (25–1200 °C). Subsequent temper-
ature steps were reached using a heating rate of 5 °Cmin�1 and
the samples were allowed to equilibrate for 30 s before two-
minute measurements were performed, to achieve high
signal-to-noise ratios. Two-dimensional images were integrated
into one-dimensional patterns using PyFai.[38] The GSAS-II soft-
ware was utilized for image calibration and integration.[39]

Rietveld refinement[40] of XRD patterns was performed to ana-
lyze all structural changes induced by the milling of sesquioxide
samples. XRD patterns were refined to cubic (C-type) and mono-
clinic (B-type) structures, or a combination of both structural
models. The refined parameters included the global scale, phase
fractions, unit cell parameters (a= b= c for C-type and a 6¼ b 6¼ c,
β 6¼ 90° for B-type), microstrain, and symmetry-constrained
atomic positions. To limit the number of free parameters, a
global isotropic atomic displacement parameter was applied to
all atoms. To address peak intensity variations observed in some
samples with the B-type phase, the March–Dollase[41,42] model
was applied to account for apparent preferential orientation along
the (310) planes.

3. Results and Discussion

XRD patterns (Figure 2) reveal phase-pure and well-crystallized
starting samples all exhibiting the cubic C-type structure. The
patterns of the samples after milling exhibit additional peaks that
grow in intensity with increasing milling time at the expense of
C-type peak intensities. The additional peaks are more pro-
nounced for the sesquioxides with larger cations (e.g., Gd2O3)
and less so for the sesquioxides with smaller cations (e.g.,
Yb2O3), which can be clearly observed for the patterns of all sam-
ples after milling for one hour (Figure 3a). In all patterns, these
peaks are consistent with the monoclinic B-type structure.

The patterns were further examined by Rietveld refinement.
For this, a two-phase model of variable monoclinic B- and cubic
C-type fractions was used to refine the XRD patterns (Figure 3b).
No evidence of other phases, such as impurities from the WC
grinding media, or amorphization was detected in any XRD pat-
terns. The goodness-of-fit parameter (Rw) was below 7.2% for all
refinements. All samples partially transform to the monoclinic B-
type structure on milling, with a B-type phase fraction that ini-
tially increases with milling time (Figure 4). After one minute of
milling, the shortest duration tested in this study, the B-type
phase fractions ranged from 2.3% (Yb2O3) to 8.6% (Gd2O3).
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The amount of B-type phase present after a given milling time
decreases across the lanthanide series, with decreasing cationic
radii from Gd2O3 to Yb2O3. This effect is particularly clear in the
diffraction patterns of all samples milled for 1 h (Figure 3a). For
all oxides, the B-type phase fraction initially exhibits a rapid linear
increase with milling time, which is followed by sublinear
growth and eventual saturation below unity between 1 and 3 h
of milling. In all cases, the broadening of diffraction peaks
can be modeled with Rietveld refinement solely by the accumu-
lation of microstrain, with a negligible contribution to broaden-
ing from decreasing crystallite size. Regardless, nanocrystalline
sesquioxides (M=Gd-Lu) have been previously shown to adopt
the C-type structure, so grain size reduction cannot be the source
of the B-type transition observed here.[43,44] Consistently in all

samples, the B-type (310) reflection is the most intense diffrac-
tion maximum of the monoclinic phase (Figure 3b). This
indicates potential texture effects in the milling-induced B-type
phase as, for a non-textured sample, the (�112) peak should be
the most intense peak for this phase.[45]

The rate at which the B-type fraction forms (the slope of the
linear regime at shorter milling times) and the maximum phase
fraction at which it saturates (the plateau region for longer mill-
ing times) relate directly with the size of the lanthanide cation.
Qualitatively, Gd2O3, with the largest cation in the present series,
shows the most rapid accumulation of the milled B-type phase
and the highest phase fraction in the saturation regime, while
the opposite is observed for Yb2O3, having the smallest cation.
Linear fits to the B-type fractions during the first hour of milling

(a) (b) (c) (d) (e)

Figure 2. a) Representative XRD patterns of Gd2O3, b) Dy2O3, c) Ho2O3, d) Er2O3, and e) Yb2O3 before and after milling for labeled durations.

(a) (b)

Figure 3. XRD patterns of M2O3 samples milled for one hour. In a) the x-axis is normalized to the position of the most intense diffraction peak, the (222)
C-type peak. Bragg peaks corresponding to the C-type (purple, bottom) and B-type (red, top) phases are indexed for oxides for which the respective phase
is dominating. b) Representative Rietveld refinement of the diffraction pattern of Ho2O3 milled for one hour. The March–Dollase ratio of the (310)B peak
is 1.15, indicating disproportionate overrepresentation of intensity in these B-type planes in the diffraction pattern.
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were used to determine the initial growth rate of the milled
B-type phase (Figure 5a). Similarly, the maximum phase fraction
of the B-type phase accessible under the present milling

conditions was estimated by fitting horizontal lines to the B-type
fractions for milling times greater than three hours (Figure 5b).
The extracted values of the linear increase and saturation agree
with what was qualitatively observed: they are the highest for
Gd2O3 (86(3)%/h to 95(1)% saturation, respectively) and the
lowest for Yb2O3 (18(2)%/h to 17(1)% saturation, respectively).
Both parameters increase with the cationic radius and exhibit
linear-type behavior throughout the whole range (Figure 5).

The monoclinic B-type phase is generally observed in these
sesquioxides either during or after high-temperature treatment
(Figure 1) and/or high-pressure exposure with critical transfor-
mation temperatures/pressures between 1152 °C (Gd2O3)
and 2185 °C (Ho2O3) and 4 GPa (Gd2O3) and 13 GPa
(Yb2O3).

[21,22,24,46,47] The B-type phase is not observed at high
temperature for Er2O3 or Yb2O3. In prior temperature and
pressure experiments, it has been shown that the C-to-B-type
transformation is reversible, but it can suffer from slow kinet-
ics.[21,24,25] As with the milling results in this study (Figure 4),
the fraction of B-type phase that forms under given tempera-
ture/pressure conditions is negatively correlated with the cation
size across the M2O3 series; however, the B-type phase formation
can be complete if sufficiently large temperature/pressure con-
ditions are reached. The transition from the equilibrium C-type
to the metastable B-type after high-energy milling suggests that
interactions between the sample and milling tools induced high
temperatures and/or high pressures; in contrast to equilibrium
heating and static compression, temperature and pressure con-
ditions must be transient with associated far-from-equilibrium
energy depositions. This can be inferred from several models
that have previously been established to describe the physics
involved in the milling process. Rapid rises in temperature
and pressure followed by fast quenching are key components
of, for example, the magma-plasma theory and the hot-spot
model with timescales on the order of milliseconds or faster.[2]

The distinct variability in B-type phase formation across the
range of lanthanide cations in sesquioxides provides an opportu-
nity to better understand the underlying physics and accessible
transient temperature/pressure regimes that occur during inter-
actions between the sample and milling tools, particularly when

Figure 4. B-type phase fraction induced by ball milling of each compound extracted from Rietveld refinement of the XRD patterns. The dashed lines are
fits of Equation (4) to each data series. Error bars represent the uncertainties of phase fractions based on Rietveld refinements.

(a)

(b)

Figure 5. a) B-type formation rate and b) maximum B-type saturation frac-
tion. The B-type formation rate was determined by a linear fit (y-intercept=
0) of the B-type phase fractions over the first hour of milling. The B-type
saturation fraction was determined by a linear fit (slope= 0) of the B-type
fractions for milling times greater than three hours when a steady state
was reached. The error bars correspond to uncertainties in the linear
fitting.
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comparing and contrasting with other far-from-equilibrium
processing techniques.

Oxide materials manipulated by high-energy ball milling
belong, more broadly, to the larger class of “driven materials,”[48]

referring to those processed by non-equilibrium means with
some form of external forcing. For instance, exposure to ions
with energies greater than ≈1MeV/nucleon (known as “swift
heavy ions”), which encompass alpha particles, galactic cosmic
rays, and large atomic fragments generated by nuclear fission,[49]

can also trigger polymorphic,[50] order–disorder,[51] or crystalline–
amorphous transformations[52] in oxide materials. This form
of highly ionizing irradiation deposits kinetic energy (up to 10s
of keV per nm traveled) to the electrons of the material within
an exceedingly short interaction time (less than fs), resulting in
(1) excitation of electrons from the valence band into the conduc-
tion band (leaving holes in the valence band) and (2) liberation of
high-energy “delta electrons” into the surrounding material
matrix.[53,54] In insulators, this results in a nanometric cylindrical
volume of electron–hole plasma contained within a cold, unper-
turbed solid matrix.[49] An extreme rise in electronic temperature
changes the potential energy landscape, driving material modifi-
cations and rapid relaxation pathways.[54] Extremely high-energy
densities (up to tens of eV/atom) are induced as excited electrons
relax and transfer energy to phonons, resulting in complex struc-
tural modifications[27,51] which can include local melting, amorph-
ization, and creation of metastable crystalline phases within the
modified ion track.[55,56]

Under milling, the C-to-B-type transformation proceeds with a
wide variation in rates (Figure 5a) from Gd2O3 (≈15% after
5min) to Yb2O3 (≈15% after 60min), which agrees well with
B-type phase formation behavior under high-energy ion irradia-
tion[27] in that the B-type formation rate correlates directly with
cationic radii. However, one key difference in the response of
these sesquioxides to milling and ion irradiation is that for ses-
quioxides with smaller cations (Tm2O3, Lu2O3), no B-type phase
was reported under ion irradiation and formation of a high-
temperature, cubic (X-type) phase was the only observed radia-
tion response. Another difference is in the amount of maximum
attainable B-type phase. For all milled samples, the fraction of the
B-type phase reaches a saturation value below unity (Figure 5b),
even with extended milling times. The maximum B-type phase
fraction observed across all samples is about 95%, which was
reached for Gd2O3 after 3 h of milling using a speed of
350 rpm. In contrast, exposure to swift heavy ions completely
transforms the sesquioxides with larger cations (Sm2O3,
Gd2O3, Ho2O3) to the B-type phase, if sufficiently high ion flu-
ences are applied.[27]

For ion-beam-induced B-type phase formation (the fraction of
which is given by fB) and its accumulation with increasing ion
fluence (ϕ), a Poisson-type direct-impact transformation model
was used to describe the data[57] to account for the linear increase
followed by sublinear growth and eventual saturation (in this
case at 100%):

dfB
dϕ

¼ σB 1� f Bð Þ (1)

fB ϕð Þ ¼ 1� e�σBϕ (2)

where the transformation rate (Equation (1)) depends only on the
cross-sectional area of transformation per incoming ion (σB) and
the amount of untransformed sample remaining (1–fB) at a given
ion fluence. Each ion transforms C-type into the B-type within σB
and the B-type phase initially grows linearly with fluence until
ion tracks start to overlap and the increase in B-type phase frac-
tion slows. The entire sample is eventually transformed at very
high fluences.[27] The complete transformation for ion irradiation
implies that the ion-track structure is simple consisting only of B-
type phase without additional “shell” or “halo” regions of distinct
structural modifications, as reported for other oxides.[58] The
overall accumulation process of the milled B-type phase has a
very similar initial linear behavior, sublinear regime, and even-
tual saturation, but the transformation remains incomplete
(Figure 5b). This implies that some recovery processes are active
during or in between sample-tool interactions that convert a frac-
tion of the B-type phase back to C-type with a rate that increases
as the cationic radius decreases (Figure 5b).

A similar Poisson-like accumulation model was applied to
describe the B-type phase accumulation after ball milling as a
function of milling time instead of ion fluence as for irradiation;
however, Equation (1) and (2) must be modified to account for an
incomplete B-type phase transition. A more robust approach to
accurately model the phase fractions and extract meaningful
parameters is to use the following rate equation:

dfB
dt

¼ σB 1� f Bð Þ � σC fBð Þ (3)

where the first term resembles Equation (1), which includes a
term expressing the rate of B-type phase formation (σB). In addi-
tion, Equation (3) includes a second term modeling a reverse
transformation of the B-type to the C-type phase, which is
governed by a second transformation rate (σC) and the fraction
of B-type phase available for this back-transformation (f B). This is
a simple correction to the direct-impact model that describes the
phase behavior in a chemically and physically sensible manner.
The solution to this equation for the B-type phase fraction as a
function of milling time t is:

fB tð Þ ¼ σB 1� e� σBþσCð Þt� �
σB þ σC

(4)

which collapses to the direct-impact model, with a complete
transformation at high t, in the case of σC ¼ 0. This equation
was fit to the experimentally determined B-type phase fractions
of each sesquioxide (dashed lines in Figure 4) and σB and σC
extracted (Figure 6). The larger the slope of the initial linear
increase (f 0B 0ð Þ ¼ σB), the more rapidly the B-type phase forms
in the mill (larger σB), while the lower the saturation level of the
B-type phase (f B ∞ð Þ ¼ σB= σB þ σC½ �), the more efficient the back
transformation to the C-type phase is (larger σC and/or
smaller σB).

In the case of ion irradiation, phase transitions are usually
represented as a function of the ion fluence (ions/area) and σ
has areal dimensions (cross-section). In the case of milling, dura-
tion is the key processing variable, such that σB and σC are
expressed here as transformation rates (dimension of inverse
time). Ion fluence is proportional to irradiation time (at constant
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flux), which is like milling time, proportional to the number of
interactions and the accumulation of kinetic energy. Thus, the
(modified) direct-impact behavior observed here suggests that
each interaction between sample and milling tool directly
results in a C-to-B-type phase transition within each impact
region. However, the parameter σC suggests that some fraction
of B-type transitions to the C-type equilibrium phase at ambient
conditions.

The rate parameter σB generally increases with cationic radius
(Figure 6a), similar to the σB parameter in the case of ion
irradiation,[25] which is in good qualitative agreement to the
initial linear fits of the B-type phase growth rate (Figure 5a).
The behavior over the lanthanide series has a sigmoidal-like
trend with cationic radius. In contrast, the rate of the reverse
B-to-C-type phase transition (σC) is significantly larger for
Yb2O3 than for the other sesquioxides and decreases with an
exponential behavior for increasing cationic radii. The ratio of
σB to the sum of both rates σB and σC (Figure 6b) yields the
B-type phase saturation fraction and is in qualitative agreement
with Figure 5b. The σB/σtotal ratio shows a sigmoid-like behavior
in the milling process, and can be used to predict the two bound-
ary sesquioxide compositions for which either no B-type phase
will form under the present milling conditions (Lu2O3,
rLu= 0.861 Å) or the transformation will proceed to completion
(Sm2O3, rSm= 0.958 Å). This agrees well with the equilibrium
temperature phase diagram (Figure 1) which shows that
Sm2O3 can be readily synthesized as monoclinic B-type even
at room temperature, while this high-temperature phase is inac-
cessible for Lu2O3. For even larger cations (e.g., Nd,
rNd= 0.983 Å), M2O3 sesquioxides form other phases (A-type
andH-type) and do not exhibit either C- or B-type structures from
room temperature up to their melting points.

To better understand the underlying processes related to the
transformation rates σB and σC and phase behavior in milled ses-
quioxides, we compare these parameters with the corresponding
pressure and temperature phase diagrams. It has been shown
before that all C-type structured sesquioxides transform to the

B-type phase under high pressure[24,25] with critical transition
pressures that decrease with temperature. Like the pressure-
induced C-to-B-type transformations, the B-type phase is appar-
ent in all studied milled sesquioxides, with a nonzero σB rate
across all samples evaluated. Therefore, this parameter may
be linked to pressure-induced effects during the sample and mill-
ing tools. This is supported by the clear relation of σB with pre-
viously reported critical C-to-B transformation pressures across
the sesquioxide compositional series, above which B-type starts
to form at room temperature (Figure 7a).[24,25,46,47,59–62] If the
milling process involves a certain (transient) pressure, the B-type
formation rate goes down with an increasing critical phase tran-
sition pressure, as has been shown to accompany smaller cation
sizes in prior (static) high-pressure experiments (with the impor-
tant exception of Y2O3).

[24,25] While the critical transition pres-
sure increases generally with decreasing cationic radius, an
exception is the behavior of Y2O3,

[24,25] which shows a behavior
similar to that of Yb2O3, despite having a cationic radius that is
more comparable to Ho2O3. The B-type phase accumulation of
milled Yb2O3 and the associated σB rate agrees very well with this
behavior (Figure 6a), which demonstrates that the cationic radius
alone is not the only parameter governing C-to-B-type transfor-
mation related to pressure (either static or dynamic). Based on
the correlation of σB with the critical (static) pressure for B-type
formation across all sesquioxides evaluated, and assuming that
dynamic pressure effects do not noticeable differ from static
compression, it can be estimated that milling in a planetary ball
mill using tungsten carbide tools and a rotational speed of
350 rpm, may exert (transient) pressures in excess of 13 GPa,
the C-to-B-type critical pressure for Yb2O3. Shear and frictional
forces, however, can lower the critical pressure required for
phase transformation compared to pure compression. For
instance, plastic strain effectively reduces the kinetic barrier
for nucleating new phases under high pressure. As mentioned
above, the incomplete B-type phase formation under milling,
particularly for sesquioxides with smaller cations (e.g., Yb2O3),
suggests that additional processes are active during or after

(a) (b)

Figure 6. Results of the fit of Equation (4) to the B-type phase fractions for each of the sesquioxides. Plotted against the cationic radius of each
sesquioxide are: a) the extracted rate parameters σB and σC and b) the ratio of σB to the sum of σB and σC. Error bars correspond to the uncertainties
of the function fitting. The dashed lines are to guide the eye.
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milling that cause some back-transformation to C-type. Even if
the rate of formation is low, continuous milling over extended
time frames would eventually lead to a complete transformation;
thus, the recovery of the C-type phase must continuously occur
with milling time, the rate of which is best described by the
parameter σC .

To gain further insight into the phase transition behavior, we
performed in situ high-temperature XRD experiments on
previously-milled sesquioxides that had reached a steady state
saturation regime of the B-type fraction with a mixture of B-
and C-type phases. Each compound was fully transformed back
to the C-type phase with increasing temperature (Figure 7b) with
the exception of Gd2O3 which, after partially transforming back
to C-type, transformed fully to B-type at the highest tempera-
tures, in agreement with the temperature phase diagram
(Figure 1). In each case, the B- and C-type phase fractions
remained constant upon heating up to a critical temperature
above which the B-type phase fraction decreased with a near-lin-
ear trend with further increase in temperature. To approximate
the C-type recovery onset temperature of each sesquioxide, two
linear regressions were fit to the B-type fractions: 1) a horizontal
line through the steady-state region at low temperatures (i.e., a
line with slope zero and y-intercept equal to the steady-state frac-
tion) and 2) a line through the decreasing linear trend after the
onset of C-type recovery. The intersection of these two lines was
defined as the onset temperature of C-type recovery and was plot-
ted against the σC parameter (Figure 7c). This comparison
reveals that the rate σC generally captures the behavior of the
recovery temperatures: sesquioxides with lower C-type recovery
temperatures have high σC parameters and vice versa. This indi-
cates that the recovery process is thermally activated and the
derived σC describes this process. Similar to the comparison
between σB and pressure over the compositional range, we
can estimate, based on the correlation of σC with the onset of
C-type recovery temperature, that milling with a planetary ball
mill under the present conditions induces temperatures in
excess of 630 °C, the recovery temperature of Gd2O3. While

high-temperature conditions may lower the transition pressure
and aid the formation of the B-type phase, thermal effects appear
to be the key driver for the back-transformation to C-type. Taking
into account the hot spot and magma-plasma models, this
temperature regime is highly transient.[1]

Pressure effects play the dominant role in the C-to-B-type
phase transition during the milling process. This becomes
further apparent when comparing the structural pathway with
that induced by swift heavy ion irradiation. Previous irradiation
experiments coupled with synchrotron XRD demonstrated that
the B-type phase (40-2) diffraction maxima[27] are disproportion-
ately intense in the patterns of irradiated sesquioxides
(Figure 8a). This differs clearly from the XRD diffraction patterns
of the milled B-type phase that are dominated by the (310) peaks
(Figure 8b). Tracy et al.[27] hypothesized that the disproportion-
ately intense (40-2) peak originates from local nucleation of the
B-type phase via anion Frenkel defects in the C-type phase (dis-
placement of 48e anions to the 16c vacancies in adjacent planes).
This anion defect-driven process is accompanied by crystallo-
graphic shear, and ultimately the dissolution of every fourth
(222)C anion plane, leading to three fully dense anion planes
(¾þ¾þ¾þ¾= 1þ 1þ 1) and fully dense Ising triangular
nets (Figure 9).[18,19] With increasing irradiation, oxygen anti-
Frenkel defects accumulate and rearrange in C-type sesquioxides,
producing fully dense anion planes characteristic of the (40-2)B
anion planes. At higher fluences, this eventually leads to
a complete transformation to the B-type structure. Since
sesquioxides are oxygen conductors at high temperatures, the
occurrence of intense diffraction maxima characteristic of
anion defects may be an indicator of a more thermally driven
C-to-B phase transition in the case of extremely ionizing swift
heavy ions.

In clear contrast, the intense (310)B peak in the milled B-type
phase (Figure 8b) is more in agreement with a pressure/stress-
driven phase transition that proceeds via the cation sublattice.
The {100} cation planes in the C-type phase are fully dense
square atomic nets[19] (Figure 9), and therefore most susceptible

(a) (b) (c)
Dy2O3

Figure 7. a) The σB rate parameter plotted against the previously established C-to-B transition pressures. Error bars represent uncertainties arising from
the averaging of multiple datasets in literature. b) B-type phase fractions obtained from Rietveld refinement of XRD patterns collected in situ during
temperature treatment, where error bars correspond to uncertainties from the refinement. c) The σC parameter plotted against the experimental
determination of the onset temperature of B-C-type recovery. Inset in (c) shows a representative example of how this temperature is defined. The error
bars represent the uncertainties from the Rietveld refinement of the B-type phase fraction.
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to slip.[20] Plastic deformation of C-type structures has been
shown to proceed in high-stress fields in the (001)〈110〉 glide
slip system.[63] This is a rather simple slip system that involves

homogeneous shear of 30° that converts a square net to a hexag-
onal net (Figure 9). The variation of the (100)C ideal square net
through this slip system will nucleate (310)B cation planes and

(a) (b)

Figure 8. a) Comparison of XRD patterns collected from Gd2O3 prepared by high-energy ion irradiation and b) high-energy ball milling. In each case,
disproportionately intense maxima are labeled: (40-2) for the ion irradiation Gd2O3 and (310) for the milled Gd2O3. Data in (a) from are taken Tracy et al.
(ref. [27]).

(a)

(b) (c)

(d) (e)

(f) (g)

Figure 9. Structural relation between the cubic “C-type” and monoclinic “B-type” Ln2O3 phases. a) The oxygen sublattice of the “C-type” phase exhibits a
wishbone-shaped cluster of vacancies which does not exist in the “B-type” phase. b,c) Analogous viewing directions of cation sublattice in the two phases
and comparison of two sets of planes. d) The (222)C planes and e) (40-2)B are both dense triangular nets of cations. f,g) The (400)C planes are square nets
of cations which are susceptible to slip systems which locally nucleate (310)B planes.
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give rise to a disproportionately intense diffraction peak.[64] This
suggests that the formation of the B-type phase proceeds through
different crystallographic mechanisms when comparing the two
far-from-equilibrium processing techniques.

Based on the formation of the high-pressure/temperature
B-type M2O3 phases, we conclude that high-energy ball milling
and irradiation with swift heavy ions involve highly transient
pressure and temperature regimes. Based on the structural path-
way followed and on the correlation to pressure/temperature
phase diagrams, it becomes apparent that compression plays a
more dominant role during milling with a planetary ball mill
and temperature during irradiation with swift heavy ions. The
inelastic thermal-spike model has been developed for swift heavy
ion irradiation to describe the formation of ion tracks and other
structural modifications resulting from electronic interactions
which result in rapid heating and quenching processes.[65–77]

In this model, energy from the bombarding ion is first deposited
to and shared among the target electrons. Then, through
electron–phonon coupling, the energy is transferred to the lattice
which rapidly induces a large increase in temperature. The prem-
ise, going back to the original formulation by Seitz and Koehler in
1956,[69,72] is that in this nanometric high-temperature region,
which forms less than one picosecond after ion impact, the tem-
perature can rise above the melting point of the material, reaching
local temperatures in excess of 10 000 K.[67,78,79] These thermal
spikes can generate large pressure waves caused by the rapid
expansion of heated material reaching up to tens of GPa.[68,80]

Our data confirm that elevated temperature and pressure also
play key roles in ball milling. Initially, the “hot-spot theory” pro-
posed that extreme temperatures of over 1000 K are reached over
an interaction area of ≈1 μm2 during a milling event, such as ball-
ball impacts. Indeed, this was later experimentally confirmed for
a few materials, including quartz, for which the temperature at a
propagating crack was estimated to be several thousand K.[7,81]

According to the first proposed comprehensive model, the
“Magma-Plasma model,” local temperatures at the surface of
colliding particles can reach in excess of 10 000 K[5,7,8] which
induces a physical state consistent with a “triboplasma,” a form
of highly ionized gas generated by the sliding contact of two sol-
ids.[82] The subsequent relaxation of the excited triboplasmatic
state leads to the emission of excited solid fragments, electrons,
and photos are emitted over millisecond time frames.[83] This
excited state is so short-lived that a temperature cannot be
ascribed, and the stochastic chemical processes occurring during
this material phase cannot be explained with the laws of equilib-
rium thermodynamics.[8] It has been reported that such extremes
can also induce conditions up to 17 GPa through transient appli-
cations of hydrostatic pressure and displacive shear pressure.[2,84]

Our data, particularly the saturation of the milling-induced
B-type phase below unity, align closely with previous high-
pressure torsion (HPT) experiments. This alignment is evident
in the competition between pressure-induced phase transition
processes and thermally activated recovery processes, which pre-
vent complete conversion and result in partial transformations.
These transformations reach steady states, where the phase
fraction under a given set of milling parameters depends on
the specific chemical compound. This behavior is consistent with
work on ZrO2, where powder particles achieved a steady state
between the tetragonal and monoclinic forms due to conditions

within the ball mill similar to those in HPT.[85] Although there is
limited literature on HPT studies specifically on lanthanide ses-
quioxides (Ln2O3), recent work on Y2O3

[86] reported a mixture of
monoclinic and cubic phases obtained by HPT, which is consis-
tent with our findings. Additional, other factors may contribute
to the mixed-phase character of our milled samples. For instance,
a study on Al2O3

[87] found that the pure γ-alumina phase
remained stable and did not transform, even after extended mill-
ing. However, when a small amount of α-alumina was present
during milling, γ-alumina gradually transformed into α-alumina,
suggesting a nucleation and growth mechanism driven by the
presence of α-alumina seeds. In our case, the incomplete conver-
sion to the B-phase may indicate that the remaining C-phase
similarly aids in the recovery of the C-phase. These insights
underscore the complex interplay of mechanochemical processes
and the opportunity to deepen our understanding of the
fundamental mechanisms driving polymorphic transformations
under far-from-equilibrium conditions.

Interestingly, for both ion irradiation and ball milling, depos-
ited energy generally exhibits a strong spatial gradient which
decreases in intensity radially outward from the center of the
interaction zone. This energy-deposition profile has been used
to explain complex damage morphologies within ion tracks that
often consist of concentric damage zones with different effects,
such as cores, shells, and halos.[58,88] Core-shell type damage
behavior has been also reported in ball-milled materials[89] and
this can also explain the incomplete B-type phase transformation
in sesquioxides. In the core zone of interaction, both pressure
and temperature may exceed the critical values to trigger rapidly
the C-to-B transformation, while in a shell region elevated
temperatures during quenching may convert some of the B-type
phase back to the equilibrium C-type phase.

Kinematic modeling of far-from-equilibrium processes
can yield additional insight into the extreme conditions present
during the transient energy deposition. Modeling sample tool
interactions within a mill is complex and involves determining
the velocity of a ball launched against jar walls during the rotation
of the disc and the jars.[90–93] The kinetic energy of a ball before
and after impact is a crucial parameter that depends on ball mass,
velocity, and the elasticity of the collision. Operation with multi-
ple balls requires a yield coefficient to account for the impeding
of ball velocity by other balls.[90] The collision frequency depends
on rotational speed and the number of balls, which affects the
final energy imparted to the sample during milling. In this work,
the deposited energy was estimated using an approach
introduced by Kessler and Rinaldi,[91] given by:

Energy dose
Energy
Mass

� �
¼ φbNbmbtω3

P RJ �
db
2
þ RP

� � RJ � db
2

� 	
πW

(5)

where φb is a yield coefficient accounting for energy dissipation
in the case of multiple balls, Nb is the number of balls, mb is the
mass per ball, t is the milling duration, ωp is the absolute angular
velocity of the milling plate, RJ is the grinding jar radius, db is the
diameter of the balls, RP is the radius of the milling plate, andW
is the mass of the sample. By contrast, the energy dose deposited
into the sample by ion irradiation is given by:
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Energy dose
Energy
Mass

� �

¼
dE
dx Energy loss per ion per path length½ �

ρ Mass per volume½ � ϕ Ions per area½ �
(6)

where dE/dx is the energy loss per path length (“stopping
power”) of the ion in the material, ϕ is the ion fluence, and ρ
is the material density. A comparison of the energetics of the
C-to-B-type phase transformation induced in Gd2O3 was made
between milling, in this study, and by ion irradiation, from
the data in Tracy et al.[27] The B-type fractions obtained from
Rietveld refinement (Figure 4) were then compared with the cor-
responding energy dose. Remarkably, despite the difference in
both processing techniques, such as the duration and length-
scale of interaction, the amount of B-type phase formed per unit
energy dose is very similar (Figure 10). Further, the B-type
fraction can be evaluated using Equation (5) (ions) and 6 (milling)
to extract the mass of B-type phase produced per energy
deposition (13.1(8) mg kJ�1 for ions and 11.6(2) mg kJ�1 for
milling). This energetic consideration is strongly dependent
on ion species, ion velocity, ion flux, milling tool, milling speed,
sample-to-ball ratio, and for this study, those parameters were
such that they resulted in very similar transformation rates
per unit energy deposited, even though the sample undergoes
complete transformation to the B-phase under radiation but
not under milling.

4. Conclusion

The cubic-to-monoclinic C-to-B-type phase transformation in
binary sesquioxides (M2O3, M=Gd, Dy, Ho, Er, Yb, and Y)
was used to gain further insight into the transient extremes
that occur during the milling process. All sesquioxides show
transformation to the B-type phase after milling, but the forma-
tion rate and maximum attainable phase fraction are strongly
correlated with the radius of the lanthanide cation. None of
the sesquioxides exhibited 100% B-type phase even after
extended milling times. Instead, the phase fractions reach a
steady state level that increases with the size of the cation.
This suggests some recovery process during milling that trans-
forms the B-type phase back to the initial C-type phase. Using a
rate theory approach, two parameters were extracted that describe
both the B-type formation rate (σB) and C-type recovery rate (σC).
The parameter σB scales closely with the critical phase transfor-
mation pressure from previous static-pressure experiments,
while in situ annealing studies of milled samples suggest that
σC is related to thermally-driven recovery process. The B-type
phase formation in sesquioxides was compared with transforma-
tions induced by swift heavy ions. Based on XRD patterns and
texture effects with increasing radiation fluence or milling time,
it can be concluded that the accumulation of anion Frenkel
defects plays an important role in the structural transformation
to the B-type phase under ion irradiation, indicative of thermally
driven effects. In contrast, XRD patterns and distinct texture
effects show that the C-to-B-type transformation proceeds via slip
systems in cation planes within the ball mill indicative of
pressure-driven effects. While in both far-from-equilibrium proc-
essing technique transient pressure and temperature play a key
role, their importance is reversed in ball milling as compared to
swift heavy ions. Based on the behavior of σB and σC across the
sesquioxide series and relation to the known effects of (static)
pressure and temperature conditions it was estimated that under
the current milling conditions at 350 rpm, transient regimes of
over 13 GPa and 630 °C are reached. Finally, the B-type formation
induced by ions and ball milling is kinematically modeled and it
is shown that the amount of material transformed per energy
dose is similar for both processing methods. Further studies
should focus on a wide range of ball milling and ion irradiation
conditions, and a comparison of energy deposited in the system
with experimental calorimetric data should be performed to
evaluate the energy stored in the system.
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Figure 10. Accumulation of monoclinic “B-type” structure in Gd2O3

induced by 2.25 GeV Au ions (blue) and ball milling at 350 rpm with
WC tools (orange) as a function of energy deposited into the sample.
The orange and blue dashed lines are fits of the Equation (5) and (6),
respectively, to the data points.
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