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Abstract: The key aim of this paper is to study the presence effect of LiO impurity phases in Li2ZrO3

ceramics on the resistance to helium swelling and structural degradation during implanted helium
accumulation in the near-surface layer structure. The hypothesis put forward is based on a number
of scientific papers, in which it was reported that the presence of two or more phases in lithium-
containing ceramics led to a decrease in the rate of radiation damage and gas swelling due to the
presence of additional interfacial boundaries that prevent the point defect accumulation. As a result
of the evaluation of the crystal structure deformation, it was found that the presence of the LiO
impurity phase in the structure of Li2ZrO3 ceramics led to a threefold decrease in the deformation of
the crystal lattice due to helium swelling at doses of 5× 1017–5× 1018 ion/cm2. At the same time, the
nature of the crystal lattice deformation for different ceramic types is different: in the case of Li2ZrO3

ceramics, an anisotropic distortion of the crystal structure is observed, in the case of Li2ZrO3/LiO
ceramics, the crystal lattice deformation has an isotropic nature.

Keywords: helium swelling; radiation defects; lithium-containing ceramics; structure; helium ions

1. Introduction

To date, one of the promising areas of research in the field of search and creation of
alternative energy sources is nuclear power, in particular, the development of new types of
high-temperature reactors of a new generation that are capable of operating much longer
than classical reactors. An important role in the development of nuclear energy is given
to the search for new materials that, during their operation, will allow the production
of additional fuel, such as tritium or hydrogen [1–3]. One of the ways to develop this
area of research is the development related to the study of methods for obtaining lithium-
containing ceramics, which have great prospects for the safe production of tritium and
hydrogen, which is planned to be used in the future to create thermonuclear installations,
as well as the transition to new types of nuclear fuel [4,5].

At the same time, as is known, the processes of tritium production in transmutation
nuclear reactions of the 6Li + n→ He + T or D + T→ He + n type lead to the fact that, in
addition to tritium, transmutation helium can accumulate in the structure [6,7]. Due to its
high mobility and low solubility, helium can agglomerate by forming He-V vacancies or fill
voids in ceramics, thereby forming gas-filled bubbles leading to material destruction [8–10].
At the same time, the high mobility of vacancies leads to the formation of voids or pores in
the structure, which can be filled with implanted helium at high concentrations.

The problem of helium accumulation in the structure of the near-surface layer and
subsequent destruction processes has become quite acute in recent years among studies due
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to the receipt of a large amount of new experimental data on the mechanisms of gaseous
swelling of ceramics [11–15]. According to traditional models of gas swelling for metals,
helium accumulation occurs near grain boundaries, followed by deformation of the crystal
structure, and leads to the formation of blisters containing helium and exerting bursting
pressure on the filled cavity. However, for ceramics with a complex crystal structure,
anisotropic effects of structural damage and their further evolution play an important role
in the gas swelling processes [16,17]. The presence of anisotropic effects associated with
uneven radiation damage accumulation can have a significant effect on the processes of
swelling and subsequent embrittlement of the damaged near-surface layer of ceramics. At
the same time, the presence of two or more phases in the structure of ceramics can lead to
the fact that the processes of radiation damage will be restrained by interfacial boundaries
or a dislocation structure [18,19]. Such hypotheses were put forward in a number of
works [20–23] devoted to the study of the properties of two-three-phase lithium-containing
ceramics, according to which the presence of several phases in the structure affects not only
the strengthening of ceramics but also their productivity in terms of helium yield, due to
the acceleration of reactions with lithium [24,25].

It is also worth noting that despite the great interest in lithium-containing ceramics, as
well as the study of their physic-chemical, structural, thermal conductive or mechanical
properties, radiation damage plays an important role in their change, studies on which
are currently insufficient to draw full conclusions and create a model describing their
evolution.

The aim of this work is to study the radiation damage mechanisms depending on the
implanted helium concentration, as well as to evaluate the effect of the presence of impurity
phases in the structure of Li2ZrO3 ceramics on gaseous swelling and embrittlement of the
near-surface layer.

2. Experimental Section
2.1. Sample Synthesis

All reagents used for the synthesis of the studied samples were purchased from
Sigma Aldrich (Saint Louis, MI, USA). The chemical purity of the powders was 99.95%.
Ceramics of the LiO/Li2ZrO3 and Li2ZrO3 types were obtained by solid-phase synthesis by
mixing micron powders of LiClO4·3H2O and ZrO2 in a PULVERISETTE 6 classic planetary
mill (Fritsch, Germany). The grinding of the samples was carried out in a grinding cup
made of tungsten carbide at a grinding speed of 400 rpm for 1 h. During grinding, the
temperature of the mixture was no more than 50–60 ◦C, which excludes any possibility of
initialization of temperature phase transformations but does not exclude the possibility of
phase transformations caused by mechanical action as a result of grinding. After stirring,
the resulting mixtures were annealed at temperatures of 800 ◦C and 1000 ◦C. The choice
of annealing temperatures was due to the results of [26], according to which, at given
annealing temperatures, two-phase Li2ZrO3/LiO with a dominance of the Li2ZrO3 phase
(800 ◦C) and single-phase close-packed Li2ZrO3 ceramics were formed.

2.2. Irradiation of Samples

Simulation of the radiation damage processes and the effect of helium swelling in lithium-
containing ceramics was carried out using a low-energy He2+ (40 keV) ion flux obtained at
the DC-60 heavy ion accelerator (Institute of Nuclear Physics, Nur-Sultan, Kazakhstan).
Irradiation was carried out in a vacuum at a temperature of the target holder substrate of
25–30 ◦C. Irradiation fluence was 1015–1018 ions/cm2, ion flux density was 109 ions/cm2·s,
and ion current was no more than 40 nA. The choice of flux density was determined in order
to prevent overheating of irradiated targets. The choice of irradiation fluences corresponds
to the data, according to which, at doses above 1017 ion/cm2, the formation of bubbles in
the structure of the damaged layer is observed, which leads to the formation of blisters on
the ceramic surface. According to the calculated data of SRIM Pro 2013, the energy losses of
incident He2+ particles with an energy of 40 keV were (dE/dxelectron) 132.4 keV/µm during
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collisions with electron shells, (dE/dxnuclear) 5.5 keV/µm during collisions with nuclei, the
maximum path length was 260–280 nm in the surface layer.

Figure 1 shows the simulation results of atomic displacements (dpa) along the tra-
jectory of He2+ ions in the near-surface layer depending on irradiation fluence. The cal-
culations were based on the SRIM Pro 2013 simulation data performed for the samples
under study, taking into account the binding energy, as well as the density of the ceramics
(4.58–4.31 g/cm3).
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Figure 1. Simulation results of atomic displacements in the near-surface layer.

An analysis of the obtained data showed that at irradiation fluences of 1015–1017 ion/cm2,
the displacements did not exceed 1.3 dpa, while at fluences above 5 × 1017 ion/cm2, the
displacements were more than 6.5 dpa. At the same time, the calculation of implanted helium
concentration in the structure of the near-surface layer at the maximum radiation damage at
high fluences was no more than 0.8–0.9 at. %.

2.3. X-ray Phase Analysis of the Studied Samples

The study of structural features, as well as the effects of radiation damage in the
structure of ceramics, was carried out using the method of X-ray phase analysis. The
implementation of these studies was carried out on a powder diffractometer D8 Advance
ECO X-ray diffractometer (Bruker, Germany). The diffraction patterns were taken in the
Bragg–Brentano mode, in the angular range of 2θ = 20–80◦, with a step of 0.03◦. The
phase composition was determined by refining the contributions of diffraction reflections
and the position of their maxima when compared with card values from the PDF-2 (2016)
database. The crystal lattice parameters were refined using the DiffracEVA v.4.2 program
code (Bruker, Germany).

The phase composition was determined by estimating the contributions of reflection
areas for each phase and calculating their percentage using Formula (1):

Vadmixture =
RIphase

Iadmixture + RIphase
(1)

where Iphase—average integrated intensity of the main phase of the diffraction line, Iadmixture
—the average integrated intensity of the additional phase, R = 1.45.

2.4. Determination of Thermal Conductive Properties

The thermal conductive properties were determined using a KIT-800 (Moscow, Russia)
thermal conductivity measuring device, which was based on the method of changing the
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temperature difference of the sample with a longitudinal heat flow through the sample in
the case of heating. The thermal conductivity coefficient (λ, W/(m·K)) was determined
using Expression (2) based on the change in temperature and heat flux density:

λ =
qδ

tc1 − tc2
(2)

where q is the heat flux density, W/m2; tc1 and tc2 are the temperatures on both sides of the
sample, K; δ is the thickness of the sample, m.

3. Results and Discussion
3.1. Characterization of Initial Samples

Figure 2 shows the results of X-ray phase analysis of the studied samples before irra-
diation, which were obtained at different annealing temperatures. As can be seen from
the presented data, in the case of the sample obtained at an annealing temperature of
800 ◦C, the diffraction pattern contains low-intensity peaks characteristic of the LiO hexag-
onal phase (PDF-00-009-0355), with characteristic crystal lattice parameters: a = 3.1186 Å,
c = 7.6109 Å, V = 64.11 Å3. At the same time, the dominant phase in the structure of ceramics
is the monoclinic phase Li2ZrO3 (PDF-01-070-8744), with the crystal lattice parameters: a
= 5.3921 Å, b = 8.9029 Å, c = 5.3625 Å, β = 111.907◦, V = 238.80 Å3. After evaluating the
contributions of each intense phase, it was found that the ratio of the Li2ZrO3/LiO phases
was approximately 90/10. According to the crystallographic density calculations using
Formula (3), it was found that the density of the Li2ZrO3/LiO ceramics was 4.258 g/cm3.

p =
1.6602∑ AZ

Vo
(3)

where Z is the number of atoms in a crystal cell, A is the atomic weight of atoms.
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For the sample obtained at an annealing temperature of 1000 ◦C, the presence of
peaks characteristic of the LiO phase was not found, which indicates a complete phase
transformation of the Li2ZrO3 phase under the selected synthesis conditions. The crystal
lattice parameters for the sample were a = 5.3625 Å, b = 8.8611 Å, c = 5.3415 Å, β = 111.601◦,
V = 235.91 Å3, the density was 4.309 g/cm3. At the same time, comparing the crystal lattice
parameters for samples obtained at different annealing temperatures, we can conclude that
the displacement of the LiO phase leads to structural ordering and densification of ceramics.
The ceramic density increase leads to a decrease in crystalline porosity, which was 1.2%
for Li2ZrO3/LiO, while for Li2ZrO3 ceramics, the porosity was 0.9%. The calculation of
porosity was carried out based on the results of crystal density changes.

Analyzing the shape of diffraction lines using the Williamson–Hall method, which
makes it possible to evaluate the influence of the size and deformation effects arising in
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the structure of ceramics as a result of synthesis, the following was established. For the
samples obtained at a temperature of 800 ◦C, the influence of the deformation contribution
in the structure was somewhat larger than the size contribution (the lines of the diffraction
patterns have an asymmetric shape). At the same time, the size of crystallites for these
ceramics was about 28–30 nm. For samples obtained at a temperature of 1000 ◦C, the size
and deformation contributions were equally probable, while the shape of the diffraction
peaks was more symmetrical, and the crystallite size was about 40–45 nm. An increase in
the size of crystallites indicates an enlargement of ceramics, accompanied by a change in
the dislocation density in the structure.

3.2. Determination of Gas Swelling of the Crystal Lattice

As is known, irradiation with low-energy ions, in particular, helium or hydrogen, leads
to radiation damage accumulation in the near-surface layer, associated with the formation of
vacancy defects, such as He-V, which are capable of agglomerating and filling pores. Such
agglomeration can lead to additional deformations and distortions of the crystal structure,
and at high concentrations of implanted helium, gas-filled bubbles or blisters can form both
on the ceramic surface and inside the damaged layer. The degree of radiation resistance to
swelling can be assessed by analyzing X-ray diffraction data, which, based on data on changes
in the shape of diffraction lines, their position and intensity make it possible to estimate with
high accuracy the structural changes caused by irradiation. At the same time, the distortions
of structural parameters depending on the irradiation fluence, as well as the determination of
various contributions to the change in X-ray diffraction patterns, make it possible to evaluate
the evolution of the crystal structure and the mechanisms that affect its changes.

Analysis of the X-ray data of the studied samples did not reveal the formation of new
diffraction reflections, which indicates the absence of phase transformation processes as a
result of irradiation. The main changes occur only due to the displacement of reflections, as
well as a change in their intensity and shape, which indicates deformation and distorting
processes caused by irradiation.

Table 1 presents the results of changing the crystal lattice parameters for the samples
under study depending on the irradiation fluence for the samples under study.

Table 1. Data of structural parameters of the crystal lattice.

Irradiation Fluence,
ion/cm2

Ceramic Type

Li2ZrO3/LiO Li2ZrO3

Crystal Lattice Parameters, Å

Phase Concentration: 90/10 100

Phase Li2ZrO3—Monoclinic C2/c(15) LiO—Hexagonal P-6(174) Li2ZrO3—Monoclinic C2/c(15)

Pristine sample a = 3.1186, c = 7.6109,
V = 64.11 Å3

a = 5.3921, b = 8.9029,
c = 5.3625, β = 111.907◦ , V = 238.81 Å3

a = 5.3625, b = 8.8611,
c = 5.3415, β = 111.607◦ , V = 235.91 Å3

1015 a = 3.1199, c = 7.6170,
V = 64.21 Å3

a = 5.3942, b = 8.9056,
c = 5.3715, β = 111.954◦ , V = 239.33 Å3

a = 5.3673, b = 8.8716,
c = 5.3474, β = 111.609◦ , V = 236.61 Å3

1016 a = 3.1236, c = 7.6231,
V = 64.41 Å3

a = 5.3975, b = 8.9127,
c = 5.3758, β = 111.997◦ , V = 239.79 Å3

a = 5.3737, b = 8.8858,
c = 5.3559, β = 111.780◦ , V = 237.49 Å3

1017 a = 3.1273, c = 7.63524,
V = 64.67 Å3

a = 5.4018, b = 8.9162,
c = 5.3728, β = 112.041◦ , V = 239.86 Å3

a = 5.3801, b = 8.9035,
c = 5.3645, β = 111.891◦ , V = 238.44 Å3

3 × 1017 a = 3.1311, c = 7.6474,
V = 64.93 Å3

a = 5.4061, b = 8.9269,
c = 5.3771, β = 112.131◦ , V = 240.38 Å3

a = 5.3887, b = 8.9178,
c = 5.3731, β = 111.980◦ , V = 239.43 Å3

5 × 1017 a = 3.1373, c = 7.6627,
V = 65.32 Å3

a = 5.4105, b = 8.9341,
c = 5.3793, β = 112.221◦ , V = 240.71 Å3

a = 5.3973, b = 8.9391,
c = 5.3816, β = 112.070◦ , V = 240.62 Å3

7 × 1017 a = 3.1436, c = 7.6841,
V = 65.76 Å3

a = 5.4169, b = 8.9448,
c = 5.3901, β = 112.401◦ , V = 241.56 Å3

a = 5.4102, b = 8.9677,
c = 5.3966, β = 112.249◦ , V = 242.34 Å3

1018 a = 3.1473, c = 7.6964,
V = 66.02 Å3

a = 5.4234, b = 8.9662,
c = 5.4007, β = 112.535◦ , V = 242.57 Å3

a = 5.4211, b = 8.9963,
c = 5.4117, β = 112.429◦ , V = 243.96 Å3

A general analysis of changes in the structural parameters of the crystal lattice, as well
as its volume, indicates the nature of the deformation of the crystal lattice, which in this
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case of irradiation is caused by tensile stresses and tensile deformation. This is evidenced
by a dose increase in the parameters, as well as in the crystal lattice volume.

Figure 3 shows the comparative results of the crystal lattice deformation for the
Li2ZrO3 monoclinic phase depending on the irradiation fluence for both types of ceramics
under study. The analysis was carried out by calculating the deformation of the crystal lat-
tice parameters along all axes in comparison with the parameters of the initial samples used
for further irradiation. The results are presented on a single scale for ease of comparison of
relative changes in the crystal lattice deformation.
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The deformation of the crystal lattice (DCL) was estimated using the following
Equations (4)–(6), which reflect the change in the value of the parameters of the crystal
lattice along the axis, and also characterize its distortion as a result of external influences.

DCL(a) =
airr − a0

a0
(4)

DCL(b) =
birr − b0

b0
(5)

DCL(c) =
cirr − c0

c0
(6)

airr, birr, cirr—crystal lattice parameters of irradiated samples, a0, b0, c0—crystal lattice
parameters of the initial samples.

For samples of Li2ZrO3/LiO ceramics, the deformation distortion of the crystal lat-
tice parameters depending on the irradiation fluence has a character of tensile deformation
close to an isotropic change along all axes. At the same time, at irradiation fluences of
1015–1017 ions/cm2, deformation changes have a small increase, which indicates resistance
to deformation resulting from the accumulation of radiation damage. With an increase in the ir-
radiation fluence above 3× 1017 ion/cm2, for which, as is known from the literature [27,28], the
processes of helium bubble formation due to an increase in implanted helium concentration
are characteristic, an increase in lattice deformation is observed.

In the case of Li2ZrO3 ceramic samples, an increase in the irradiation fluence leads to
an anisotropic lattice distortion, which is expressed as a difference in the relative values
of the crystal lattice deformation. The anisotropic nature of the deformation of the crystal
lattice indicates that the accumulation of radiation damage leads to destabilization of the
crystal lattice, as well as its partial disordering. At the same time, this disorder is more
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pronounced along the b and c axes. This behavior of deformation can be due to different
binding energies of atoms, as well as their positions in the lattice sites.

Comparing the results of crystal lattice deformation at maximum irradiation fluences,
it was found that the presence of the LiO impurity phase in the structure of Li2ZrO3
ceramics leads to a threefold decrease in the crystal lattice deformation. At the same time,
the nature of the crystal lattice deformation for different types of ceramics is different: in the
case of Li2ZrO3 ceramics, an anisotropic crystal structure distortion is observed, in the case
of Li2ZrO3/LiO ceramics, the deformation of the crystal lattice has an isotropic character.

Figure 4 shows the results of changes in the porosity of ceramics depending on
irradiation dose, which indicates a deterioration in the density and disorder of the structure.
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As can be seen from the data presented, at small displacement values typical for
irradiation fluences of 1015–1017 ion/cm2, the porosity of Li2ZrO3/LiO ceramics practically
does not change, which is due to the high resistance to structural deformations because
of the presence of impurity phases. At the same time, for Li2ZrO3 ceramics, the increase
in porosity at large displacements occurs according to an exponential law with a sharp
increase in porosity, which indicates the formation of voids in the ceramic structure due to
deformation and distorting processes of the crystal lattice.

Figure 5 shows the results of the change in the crystal lattice volume depending on
the irradiation dose, which characterizes the effect of ceramic swelling as a result of the
radiation damage accumulation during helium implantation.

The general form of changes indicates that the accumulation of radiation damage in
the structure of ceramics leads not only to tensile deformation of the crystal lattice but also
to its swelling. In this case, the swelling rate trend depending on the irradiation fluence
is different for both types. In the case of Li2ZrO3/LiO ceramics, the most pronounced
swelling effects are observed at irradiation fluences above 5 × 1017 ion/cm2, for which
the swelling of the crystal lattice is more than 1%. At fluences of 1015–1017 ion/cm2, the
swelling value is no more than 0.5%. For Li2ZrO3 ceramics, the trend of change in the
swelling rate is close to linear depending on the irradiation dose, while at high irradiation
fluences of 7 × 1017–7 × 1018 ion/cm2, the lattice swelling exceeds 3%, which is 2.5 times
greater than the similar value for Li2ZrO3/LiO ceramics.

Thus, we can conclude that the presence of the LiO phase in the structure of ceramics
leads not only to a decrease in the deformation of the crystal lattice but also to a decrease in
the effect of swelling of the crystal lattice. This may be due to several factors.

First, the presence of the LiO impurity phase creates additional interphase boundaries
that prevent helium migration and the formation of complex defects of the He-V type.
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Second, an analysis of the crystallite sizes in the initial state indicated that the disloca-
tion density for Li2ZrO3/LiO ceramics is much higher than for Li2ZrO3 ceramics, which is
related to the difference in crystallite sizes. The presence of a high density of dislocations,
as shown in [27,28], leads to the creation of additional obstacles to helium agglomeration
in voids with the subsequent formation of gas-filled bubbles, thereby reducing the swelling
of the crystal lattice.

Thirdly, the anisotropic deformation of the crystal lattice for Li2ZrO3 ceramics leads to
a sharp deterioration in the structural properties of ceramics at high irradiation fluences, as
well as a large number of broken crystal and chemical bonds in the structure, resulting in
free vacancy defects and primary knocked-on atoms that can also interact with helium.

3.3. Results of Changes in Thermal Conductivity

An important factor in assessing the applicability of ceramics as structural materials
for nuclear reactors, as well as their use for breeding tritium, is the long-term preservation
of the thermal conductivity of ceramics, which depends on many factors, including radia-
tion damage and swelling. As is known, the swelling processes are directly related to the
processes of changes in density and porosity, which in turn leads to a deterioration in heat
removal from the structure and the occurrence of overheating, which can have negative con-
sequences on the material properties. Figure 6 shows the results of changes in the thermal
conductivity coefficient for the studied ceramics depending on the irradiation fluence.

Differences in coefficients in the initial state are due to the presence of structural
distortions in Li2ZrO3/LiO ceramics due to the presence of the LiO impurity phase, as
well as to the deformation of the crystal lattice. The change in the thermal conductivity
coefficient depending on the irradiation fluence can be divided into two main stages, which
are characterized by different trends and are associated with structural distortions. The
first stage is characterized by small changes in the thermal conductivity coefficients and
their decrease with increasing irradiation fluence. At the same time, for Li2ZrO3/LiO
ceramics, the change in the coefficients depending on the irradiation fluence is practically
not observed for irradiation fluences of 1015-1017 ion/cm2. The value of the difference in
thermal conductivity coefficients for two types of ceramics at given irradiation fluences is
no more than ∆ = 0.008.

For irradiation fluences above 5 × 1017 ion/cm2, there is a sharp change in the trend
of thermal conductivity coefficient decrease, which is due to the formation of deformation
distortions in the structure, as well as crystal lattice swelling, which leads to a change in
porosity and the formation of bubbles in the damaged layer structure. At the same time, for
Li2ZrO3 ceramics, the deterioration of thermal conductive properties is more pronounced
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than for Li2ZrO3/LiO ceramics, which is due to smaller structural changes caused by
irradiation, as well as smaller values of crystal lattice swelling as a result of irradiation.
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3.4. Results of Changes in Strength Properties

Figure 7 shows the results of changes in microhardness of damaged near-surface layer
of ceramics depending on irradiation fluence.
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It can be seen from the data presented that in the case of Li2ZrO3 ceramics, the initial
hardness is 4% higher than for Li2ZrO3/LiO ceramics, which is due to higher density
and lower porosity. However, for irradiated samples, the change in the microhardness of
the damaged layer has a different trend. Thus, for samples of Li2ZrO3 ceramics, a sharp
decrease in microhardness is observed at irradiation fluences above 1017 ion/cm2 (more
than 4 dpa) and is more than 5%, and at the maximum irradiation dose (13.2 dpa), the
softening of the damaged layer is more than 14%, which indicates strong destruction of
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the near-surface layer caused by irradiation and accumulation of radiation damage. In the
case of Li2ZrO3/LiO ceramics, the presence of an impurity phase leads to an increase in
the resistance to degradation of strength properties, as well as a decrease in the softening
degree of the damaged layer by more than 2.5 times at the maximum irradiation dose.

4. Conclusions

The paper presents the results of changes in the structural properties and thermal
conductivity of Li2ZrO3 ceramics subjected to irradiation with He2+ ions with fluences of
1015–1018 ion/cm2, which correspond to atomic displacements from 0.01 to 13.2 dpa. The
methods of X-ray phase analysis, as well as the method of determining the longitudinal
heat flux, were used as the main research methods. During the studies, it was found that
the presence of the LiO impurity phase in the structure of Li2ZrO3 ceramics leads to a
decrease in the deformation distortions of the crystal lattice, as well as a decrease in the
degree of swelling of the crystal structure as a result of the accumulation of implanted
helium in the ceramic structure. It has been established that for Li2ZrO3 ceramics without
an impurity phase, crystal structure distortions are anisotropic in nature, which leads to
crystal lattice swelling at irradiation fluences of 5 × 1017–5 × 1018 ion/cm2 by 3.0–3.5%
of the initial volume. During the measurement of the thermal conductive characteristics,
it has been found that lithium-containing ceramics have high resistance to decrease the
thermal conductive properties at irradiation fluences of 1015–1017 ion/cm2. At the same
time, accumulation of radiation damages in structure leads to deterioration of thermal
conductivity due to change of structural characteristics, a decrease of ceramic density
associated with an increase of crystal lattice volume, and an increase of porosity.
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