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ABSTRACT

Differential scanning calorimetry has been employed to analyze the jerky behavior of exothermic, structural reorganization processes of the
highly disordered radiation-damaged uranium or thorium containing minerals pyrochlore and allanite. The thermal signals occur as thermal
spikes forming crackling noise spectra. The energy of the thermal spikes follows power-law behavior with an exponent ¢ ~ 1.61-1.65, which
is in good agreement with force integrated energy distributions predicted by mean field theory. The recrystallization is hence statistically

identical to the collapse of martensites under external pressure and the switching of ferroelectric materials.

Published under license by AIP Publishing. https://doi.org/10.1063/1.5133439

Metastable materials relax to more stable states by a variety of
mechanisms. In particular, crackling noise generated by avalanches
occurs in simple spin models,’ in ferroic materials under magnetic or
electric fields,”” during earthquakes,”” in porous materials under com-
pression,” " and in metals and alloys during martensitic phase transi-
tions and plastic deformation.” '* Avalanches in materials in general
can be identified as sudden jumps of an observed quantity, the
so-called jerks.” Furthermore, many of the avalanche mechanisms
can be described by the same set of parameters, such as energies E,
amplitudes A, and interevent times T, which are power-law distributed
with the same universal exponents, e.g., P(E) ~ E“, where P(E) is the
probability distribution function (PDF) of the energy releases during
the avalanche (see the details in the study by Salje and Dahmen”). A
better understanding of materials dynamics (e.g., failure mechanisms
and related phenomena) helps to identify precursor signals of critical
events such as volcanic eruptions, earthquakes, mining accidents, or
the collapse of a building,"™'*"*

In this study, we concentrate on radiation-damaged minerals
(metamicts) that are suitable natural analogs for the study of the

long-term behavior of encapsulated nuclear waste in ceramics.'” They
have often been exposed to nuclear radiation for millions of years and
maintain the fingerprints of metamictization and recrystallization. The
o-decay of naturally incorporated actinides leads to intrinsic structural
disorder and metamictization.'® The majority of atomic displacements
is caused by recoil heavy nuclei. The recoil nuclei dissipate energy by
elastic collisions with other atoms that generate the so-called recoil
cascades with thousands of displaced atoms per c-decay.'”'® The
a-particle loses most of its energy by electronic excitations, displacing
only several hundred atoms in the structure.

The induced disordered state is thermodynamically metastable,
while thermal annealing can reestablish the crystalline order in the sys-
tem. Toledano and Bismayerw assumed elastic distortions, due to the
creation of amorphous material during the metamictization process,
to be compensated by an internal stress-field. The thermally induced
recrystallization process in minerals is not a simple reverse process of
the initial damage event.”” During many ferroic and martensitic phase
transitions, structural disorder induces sequences of metastable states,
which are visible by avalanches in calorimetric and acoustic-emission
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measurements.'”"** Verner et al.”’ reported analogies between the
ion-beam induced amorphization-crystallization process in semicon-
ductors and equilibrium phase transitions. This raises the questions
whether (i) avalanches are also detectable during amorphous to crys-
talline transitions and if so, (ii) to which universality class do they
belong?

Calorimetry is known to be an excellent tool for the analysis of ava-
lanches during structural transitions.'*"** In this study, we use differen-
tial scanning calorimetric (DSC) (Netzsch STA 449 C) data to identify
the jerky behavior of exothermic structural reorganization of two highly
disordered pyrochlores (Blue River containing 11.9wt. % UO, and
Miass containing 7.2wt. % ThO,) and allanites (LB-1 containing
1.18 wt. % and S7420414 containing 0.55 wt. % ThO,). The ground pris-
tine samples (~20 mg) were annealed under an air atmosphere in a Pt
pan with a heating rate of 10 K/min. Temperature regions from ~400 K
to 1000 K for pyrochlore and to 1365K for allanite have been investi-
gated. The sharp exothermal signals [Figs. 1(a)-1(d)] stem from recrys-
tallization for pyrochlore and a combined decomposition and
crystallization process in allanite. The selected radiation damaged sam-
ples, their origin, and their thermal behavior have been described by
Zietlow et al.”” and Reissner et al.”

Phases with a pyrochlore structure (A,B,0,) show a large variety
of technically important material properties, e.g., piezoelectricity,
ferro- and ferrimagnetic behavior, giant magnetoresistance, lumines-
cence, and catalytic abilities.”” They are also promising nuclear waste
matrix materials for the long-term disposal of actinides.”” Allanite
[general formula, (Ca)(REE)(Al),(Fe*M)[Si0,][Si,0,]O(OH)]** repre-
sents an interesting case for actinide contaminated materials as it con-
tains structural OH groups that are assumed to act as catalysts in the
recrystallization process.”””"

The evolution of the DSC signals as a function of temperature in
Figs. 1(a)-1(d) shows several distinct exothermic features associated
with structural changes. We now focus on such changes per time inter-
val, independently of the sign of the change. These changes define the
“jerk” spectra. Formally, the energy spectra are constructed as the
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FIG. 1. Temperature evolution of the DSC signals of (a) Blue River pyrochlore, (b)
Miass pyrochlore, (c) LB-1 allanite, and (d) 20414 allanite with the related squares
of their derivatives (jerk-spectra).
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square of the first derivative of the primary temperature dependence
[(dDSC/dT)2] (as shown by Salje and Dahmen’). The corresponding
probability distribution functions (PDFs) and the histograms of
jerk energies’ of the thermal energies of the radiation-damaged pyro-
chlores and allanites are shown as log-log plots in Fig. 2. The normal-
ized probability density (P/P,) of all four investigated samples follows
power law behavior (~E~°) over more than one decade with an expo-
nent of 1.61 * 0.11.

Additional maximum-likelihood (ML) analysis’ > of the jerk
spectra is shown in Fig. 3. Relatively flat plateaus are visible that define
an exponent around 1.65 * 0.15.

The results in Figs. 2 and 3 show a high degree of universality”*
with energy exponent ¢ near 1.65. The same energy exponent was
found in materials previously reported in the literature, e.g., Fesg sPds; 5
(single crystal), Ti-Ni (porous, fracture), Cu-Al-Ni (phase mixture),
twinning-induced plasticity (TWIP) / transformation-induced plasticity
(TRIP) steels, Cu-Al-Be,""** and BaTiO; and lead zirconate titanate
(PZT) (ferroelectric switching).3 9

This exponent is remarkably close to ¢=1.66 predicted by
mean field theory for force integrated energy distribution.’ In the
case of ferroelectric switching, this means that strong correlations
exist between transformed regions of the crystal.” During recrystal-
lization and transformation, the phase fronts do hence not move
smoothly but by local singularities. The distribution of the growth
events follows a power-law probability distribution and is hence
scale invariant. This indicates that small regions recrystallize more
often than large regions with the relevant energy transfers follow-
ing a probability function P(E) ~ E~ 7.

One might correlate the slightly smaller energy exponents at
lower (dDSC/dT)2 values (Fig. 3), visible for both samples with the
highest degree of disorder (Miass pyrochlore and 20414 allanite), to be
related to glass dynamics. Pesquera et al.*’ observed collective domain
interactions in cryogenic SrTiO; following statistics that are character-
istic of glassy systems. Similar dynamical effects as in twin boundaries
and dislocations are expected for the recrystallization fronts.*"**
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FIG. 2. Probability distribution functions of avalanche energies showing power law
behavior with an exponent ~1.61 (dashed line): Blue River pyrochlore (black
boxes), Miass pyrochlore (red circles), LB-1 allanite (blue up triangles), and 20414
allanite (green down friangles).
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FIG. 3. ML analysis of the squares of the derivate of the DSC signal after tempera-
ture defining an exponent around 1.65 (dashed line): Blue River pyrochlore (black
boxes), Miass pyrochlore (red circles), LB-1 allanite (blue up triangles), and 20414
allanite (green down friangles).

In summary, we observed avalanches during the structural reorga-
nization (including decomposition and crystallization of other phases)
of heavily radiation damaged pyrochlore and allanite. Statistical analysis
revealed a connection between the observed nonequilibrium phenom-
ena and the dynamics of phase-transitions, e.g., ferroelectrics. The
process follows mean field behavior very well.
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