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MAX phases have recently attracted significant attention for potential nuclear applications due to their
novel properties such as unique hexagonal-compact nanolayered crystal structure, high-machinability
due to lower hardness levels than conventional ceramics, and high-chemical inertness. In order for
MAX phases to be used in nuclear reactors, two aspects deserve detailed investigations: (i) their phase
stability at high-temperatures and (ii) microstructural defect formation and recovery induced by ener-
getic particle irradiation. To date, degradation mechanisms of MAX phases at high-temperatures and
following irradiation are largely unexplored fields of research. This work focuses on the evaluation of two
Ti-based MAX phasesdTi2AlC and Ti3SiC2dwithin the context of extreme environments. To accomplish
this, a one-of-a-kind comparison between neutron irradiations, performed over a decade of research at
the high flux isotope reactor, and heavy-ion irradiations, carried out in situ in a transmission electron
microscope, has been conducted. The results show Ti-based MAX phases are prone to accelerated
decomposition under the conditions investigated. This questions the hypothesis that MAX phases exhibit
high phase stability, especially when used in future nuclear energy systems where energetic particle
irradiation is a dominating degradation mechanism.

Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license (http://
creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

A new class of materials that are currently under investigation
as potential structural materials for applications in extreme envi-
ronments such as fission and fusion nuclear reactors are the
Mnþ1AXn phases (or simply MAX phases). Firstly synthesized by
Jeitschko and Nowotny et al. circa 1960s in Austria [1e5] and
revisited by Barsoum in the United States in the 1990s, who
consolidated the literature in the field at the time [6,7], the MAX
phases comprise a unique class of nanolayered carbide and nitride
materials that can be formed via a specific stoichiometric ruledthe
Mnþ1AXndwhere M is an early transition metal, A as an element
from Group 13 or 14 of the periodic table, and X either C or N atoms
access article under the CC BY-NC
[8]. The unique hexagonal-compact crystal structure of these
compounds is derived by the intercalation between M2X and A
layers at the atomic scale, thus forming a nanostructured and
nanolayered material with translational symmetry.

Scientists have resorted to the unique crystal structure and
atomic arrangement of MAX phases to shed light on many of their
reported extraordinary properties. On their mechanical behavior, it
is often reported that MAX phases are softer than most conven-
tional ceramics (e.g. MX ceramics such as TiN, ZrC) with hardness
levels around 2e8 GPa making them less brittle and readily
machinable [9e11]. Pseudo-ductility at high-temperatures has
been reported due to the activation of basal slip systems, but in
general, their characteristic brittle nature is restored at lower
temperatures [10]. Regarding the physico-chemical aspect, MAX
phases comprise a unique combination of metallic, covalent, and
ionic bonding with the hybridization phenomena occurring be-
tween p and d quantum-mechanical orbitals of the constituent A
-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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andM atoms, respectively [10]. High electrochemical resistance has
also been attributed to different MAX phases, which can outper-
form existing materials in applications where corrosion resistance
is a major concern [12,13].

This combination of unique elastic behavior, nanolayered crystal
structure, high corrosion resistance, high-temperature properties,
and presumably high thermodynamic stability [11] indicate that
MAX phases could be potential candidates for future applications in
nuclear technology, particularly for high-temperature reactor ap-
plications [14]. For their use in irradiation environments, MAX
phases require further studies addressing how energetic particle
irradiation modifies their crystal structure and how this damage
forms, evolves and undergoes recovery within the microstructure
of these materials. To date, two methodologies have been used to
assess the irradiation response of MAX phases: neutron irradiation
at materials test reactors and ion irradiation using particle accel-
erators [15e17].

The existing dataset on the irradiation response of MAX phases
is still fairly scarce, with recent experiments performed at the MIT
Nuclear Reactor Laboratory, Idaho National Laboratory's advanced
test reactor and at Oak Ridge National Laboratory's (ORNL) high flux
isotope reactor (HFIR) on bulk-synthesized MAX phases. Below is a
brief summary of the neutron irradiation effects on MAX phases
available in current literature:

� Ti3SiC2, Ti3AlC2, Ti2AlC, and Ti2AlN were irradiated up to 0.1
displacement-per-atom (dpa) at both 633 and 968 K. Phase
decomposition due to neutron irradiation was reported to occur
for all the MAX phases investigated: the MAX phases decom-
posed into binary transition carbides and nitrides, i.e. TiC (for
the C-containing ones) and TiN (for the Ti2AlN). No amorph-
ization was observed within the dose and temperature range
investigated. Evidence for the recovery of point defects was
presented for the irradiations at 968 K assessed via electrical
resistivity measurements [18].

� Ti3SiC2 and Ti2AlC were further investigated up to 0.4 dpa at
633 K in the same study [18]. Displacement damage such as
black-spots and small basal dislocation loops were detected
within the microstructures. Micro-cracks were also present in
the Ti2AlC, but not in the Ti3SiC2. The presence of impurities as
secondary phasesdsuch as TiC and Al3O2dwere observed to
exhibit worse irradiation response than the MAX phase
matrices. It was highlighted that Ti3SiC2 could be a potential
candidate for nuclear applications due to the lower yield of
defects observed in its damaged microstructure [19].

� Both Ti3SiC2 and Ti3AlC2 were subsequently investigated in the
temperature ranging from 394 to 1321 K up to a maximum dose
of 3.4 dpa. The detection of displacement damage in the form of
black-spots and basal dislocation loops was confirmed in the
irradiations at 1008 K, including the detection of stacking faults.
Extensive void formation was reported in the materials irradi-
ated at 1321 K, yet matrix grains less than 3e5 mm were
observed to be free of damage. The active role of A-layers was
proposed to be the origin for the suppression of irradiation
damage formation in these materials. A general consensus was
established toward the Ti3SiC2 as an appropriate MAX phase
candidate material for nuclear applications up to 3.4 dpa and
temperatures around 973 K [20].

� Ti3SiC2 and Ti2AlC were irradiated with neutrons at 1273 K to
two different neutron doses: 2 and 10 dpa, with the latter being
the highest dose ever achieved with neutrons for MAX phases. A
range of irradiation damage defects were reported, including
black-spots accumulation observed to increase from 2 to 10 dpa,
formation of extensive disordered dislocation networks,
2

cavities, and < a> type dislocation loops. Both MAX phases
experienced significant irradiation-induced phase decomposi-
tion and precipitation at 10 dpa, and although no evidence for
amorphization was presented, the thermodynamic stability of
these two Ti-based MAX phases in nuclear reactors was ques-
tioned [21].

Ion irradiation-based studies of defect formation and recovery
in different MAX phases (beyond the Ti-based spectrum) were also
investigated, including materials in bulk and thin solid film forms.
These experiments were carried out with a broad variety of ion
beam species and energy, dose, temperatures making comparison
challenging, and as such a compilation represents a broad, non-
exhaustive, overview of the ion irradiation effects in MAX phases
[22e32]:

� Minor evidence for amorphization at doses around 25 dpa was
noted for Ti-based MAX phases at 300 K [22]. Complete
amorphizationwas observed for phase pure Cr2AlC irradiated at
300 K up to 3.3 dpa [28]; conversely, a semi-crystalline (crys-
talline, but with amorphous nano-zones) Cr2AlC irradiated at
623 K up to 40 dpa did not exhibit any amorphization [32]. At
room temperature and around 3.5 dpa, partial amorphization of
a Zr2AlC MAX phase was discovered by Qarra et al. [29], but the
Zr-based MAX phase remained fully crystalline under irradia-
tion at higher temperatures (973 K) and same dose. The latter
study also reported an increase in the density of dislocations and
stacking faults constrained to the basal plane.

� Micro-cracks (similarly to those observed in neutron irradiations
[19]) and phase decomposition were reported in Ti3SiC2 under
heavy ion irradiation up to 10.3 dpa. Post-irradiation annealing of
the irradiated specimens yielded evidence for recrystallization
within the range of 773e1073 K [25]. Micro-cracks were also
reported at around 3.5 dpa for the Zr2AlC MAX phase [29].

� Anisotropic swelling (i.e. expansion of the c-axis and contraction
of the a-axis) has been observed for the Ti3SiC2 under heavy
irradiation with Kr and Xe [24,33] for doses lower than 30 dpa
and at temperatures between 298 and 773 K. This swelling
accompanied an increase of the MAX phase hardness and loss of
the nanolamellar structure, with amorphization also observed
under these irradiation conditions. Similar results for c-axis
expansionwere obtained by Liu et al. [23] in a ‘quaternary’MAX
phase, the Ti3(Si0.9Al0.1)C2. Conversely, light-ion irradiations
(Heþ ions) were used to assess the irradiation response of a
double solid solution MAX phase, the (Ti0.5,Zr0.5)(Al0.5,Sn0.5)C.
Although He platelets and extensive dislocation loop formation
was reported, post-irradiation characterization using a high-
resolution transmission electron microscope (TEM) revealed
no disruption of the nanolamellar atomic structure character-
istic of MAX phases [31], suggesting it to be an irradiation effect
resulting from heavy-ions only.

� Self-healing of irradiation damage defects was suggested for
some MAX phases under ion irradiation. This was proposed to
be the result of an enhanced recombination of point defects due
to lower energies for defect migration and Frenkel recombina-
tion [26,30e32].

� Following the results from neutron irradiation, an overall trend
within the ion beam community also suggested Ti3SiC2 as the
most prominent candidate material for nuclear applications.

In order to further evaluate the future applicability of Ti-based
MAX phases in extreme radiation environments, an investigation
consisting of both neutron and ion irradiation experiments has
been conducted on two select Ti-based MAX phases: Ti3SiC2 and
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Ti2AlC. The main objective of this present study is to characterize
and understand the resistance of Ti-based MAX phases when
exposed to energetic particle irradiation, with particular interest on
possible microstructural modifications, defect formation and re-
covery, and the bulk thermodynamic stability. Both candidate
materials were irradiated with neutrons up to 2 and 10 dpa in the
HFIR at a temperature of 1273 K and up to 5 dpa using a Kr ion beam
in situ within a TEM in the microscope and ion accelerators for
materials investigations (MIAMI-2) facility at a temperature of
Fig. 1. As-received Ti-based MAX phases (pristine, as-received and unirradiated condition)
graphs show the microstructures and elemental maps of the Ti2AlC and Ti3SiC2, (a) and (c), r
(d) were obtained from both Ti2AlC and Ti3SiC2, respectively. None of the Ti-based MAX phas
of relevance to this work. Additional peaks arise from the presence of unwanted second ph
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1008 K. Prior to ion irradiation, an in situ TEM characterization
study was also performed on the effects of thermal annealing in the
microstructure of both materials when exposed to high-
temperatures (1273 K). Additionally, the ion irradiation experi-
ments on the Ti-based MAX phases were compared and contrasted
with the pure metal constituents, a-Al and a-Ti, so that the un-
derlying physical differences between the complex ceramics and
their single element metal counterparts are presented and placed
into context relating to the radiation response.
were investigated within a SEM using BSE and elemental mapping with EDX. Micro-
espectively. The elemental quantification is given in Tables 1 and 2 XRD plots in (b) and
es samples were phase pure. Note: Labels in the XRD plots are only for the MAX phases
ases formed during processing.



Table 1
Pristine Ti2AlC elemental composition as measured by SEM-EDX (error is 5% of each
value).

Element Measured [wt.%] Expected [wt.%] Measured [at.%] Expected [at.%]

Ti 70.3 71.0 45.6 50.0
Al 15.6 20.0 18.0 25.0
C 14.0 9.0 36.3 25.0

Table 2
Pristine Ti3SiC2 elemental composition as measured by SEM-EDX (error is 5% of each
value).

Element Measured [wt.%] Expected [wt.%] Measured [at.%] Expected [at.%]

Ti 69.8 73.5 43.1 50.0
Si 12.4 14.3 13.1 17.0
C 17.8 12.2 43.8 33.0
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2. Materials and methods

2.1. Synthesis, provenance, sample preparation, and microscale
characterization

The Ti-based MAX phases samples investigated in this work
were provided by the company 3-ONE-2 LLC to ORNL. These MAX
phases were prepared via the reactive hot pressing technique [34]
where pre-reacted powders are poured into a graphite die, then
pressure (uni-axial stresses around 40MPa) and high-temperatures
(around of 1500 K) are applied for approximately 4 h. Further de-
tails on the bulk synthesis of MAX phases via reactive hot pressing
and other methods can be found elsewhere [6,8,35e38].

Two Ti-based MAX phases were investigated: the Ti3SiC2 and
Ti2AlC. Prior to electron microscopy characterization, samples
were mechanically ground with SiC sheets using grits from 180 to
1600, then subsequently polished with diamond lapping discs
down to 1 mm grit size. For the final polishing stage, a compound
diamond paste solution was used as abrasive resulting in a mirror-
like finish. Scanning electron microscopy (SEM) was used for
microscale characterization of the Ti-based MAX phases. A Tescan
Mira3 operating at 30 keV was used for general SEM screening and
a JEOL JSM-IT300 LV analytical SEM was used for energy dispersive
X-ray spectroscopy (EDX) quantification using an Oxford X-MaxN

50 analytical detector with a 50 mm2 window and with the
electron beam energy set to 20 keV. A FEI Apreo SEM was used for
SEM-EDX mapping of the Ti-based MAX phases, and for that, the
electron beam energy was set to 10 keV to achieve a higher spatial
resolution by reducing the interaction volume of the electrons
with the sample. Conventional focused ion beam (FIB) was used as
the main sample preparation technique for electron microscopy
[39] in both in situ TEM heavy-ion irradiation experiments and
post-irradiation characterization of neutron-irradiated specimens.
For FIB milling, a FEI Quanta 3D operating a Gaþ liquid-metal ion
source was used [39].

2.2. X-ray diffraction investigations

X-ray diffraction (XRD) patterns were obtained for both Ti3SiC2
and Ti2AlC MAX phase samples to determine if they were single-
phase or non-phase pure samples. In addition, the aim was to
determine the identity of secondary phases. Bulk, polycrystalline
samples with mirror-like finishes were mounted on a zero back-
ground Si crystal plate. XRD measurements were taken using a
Bruker AXS D8 advance diffractometer using a Cu-Ka radiation
source, Lynxeye XE-T detector in 1D mode, and Bragg-Brentano
style geometry. Scans were collected between 5 and 90� 2q with
a step size of 0.02144� 2q and the detector and source used
motorized slits during the measurement. XRD patterns were
indexed using available crystallographic data from ICSD (Inorganic
Crystal Structure Database).

2.3. In situ TEM annealing

FIB lamellae were annealed within the TEM using a Gatan
double-tilt holder with an accuracy of around ±5 K. Samples were
annealed from room temperature to 1273 K using a heating rate of
60 K/min�1. For the ion irradiation experiments, the samples were
annealed from room temperature to 1008 K using the same heating
rate. Prior to the ion irradiation experiments within the TEM, the
samples were held at 1008 K for 60 min. After irradiation, samples
were cooled down to room temperature by switching off the
heating holder, resulting in a cooling rate of approximately 300 K/
min�1. Images were extracted from the video during the heating
ramp, at 1273 K and after cooling to room temperature.
4

2.4. Neutron irradiation at the HFIR

For the neutron irradiations, both bulk Ti-based MAX phases
were irradiated at the ORNL's HFIR up to fluences of 2 � 1021 and
1 � 1022 n/cm�2. These fluences correspond to a dose of 2 and 10
dpa, respectively. The irradiations at the HFIR were carried out at a
temperature of 1273 K. Samples were safely stored in a cooling
pond after irradiation in order to wait for activity reduction. ORNL's
low activation materials development and analysis laboratory was
used to prepare and characterize specimens post-irradiation, using
SEM, FIB, and TEM.

2.5. Heavy ion irradiations at the MIAMI-2 facility

Parallel to the neutron irradiations at HFIR, a study on the
heavy-ion irradiation response in situwithin a TEM at the MIAMI-2
facility at the University of Huddersfield (UK) [40] was carried out
using electron-transparent pristine (unirradiated) Ti3SiC2 and
Ti2AlC samples. The ion beam energy was set to 700 keV using Krþ2

ions, thus matching the average primary knock-on atom (PKA)
energy of the Ti-based MAX phases constituents generated by
neutron irradiation in a materials test reactor like HFIR. It should be
noted that the ion irradiations were conducted at a lower tem-
perature than that of the HFIR irradiations, i.e. 1008 K. The reasons
for the different irradiation temperatures will be discussed in
Section 3.2. Annealing and irradiations at 1008 K were carried out
using a Gatan double-tilt heating holder. Further details on the
heavy-ion irradiation conditions and dose achieved in this work
can be found in the supplemental materials file.

For comparison with the heavy-ion irradiation of MAX phases,
a-Ti and a-Al elemental metals were irradiated under identical ion
beam conditions, although the irradiation temperatures were set
instead to 1143 and 558 K, respectively, for Ti and Al. For both Ti-
based MAX phases and elemental metals ion irradiated in this
work, the irradiation temperatures were chosen to match the ho-
mologous temperature of 0.60Tm. This comparison serves to
elucidate different mechanisms of radiation damage and defect
transport between metals and MAX phases.

3. Results and discussion

3.1. Electron microscopy and XRD characterizations of pristine
specimens

Microstructures and elemental mapping of the pristine (unir-
radiated) Ti-based MAX phases are presented in the SEM micro-
graphs in Fig.1(a) and (c). Both Ti2AlC and Ti3SiC2 grains show light-
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gray contrast when viewed using the backscattered electron (BSE)
detector within the SEM. The MAX phase grains are also of distinct
morphology, resembling lath-shaped grains preferentially elon-
gated in one direction. The presence of both MAX phases as the
light-gray areas was confirmed using SEM-EDX as shown in the
elemental maps acquired from both specimens. The elemental
composition quantification of the MAX phases areas using the Cliff-
Lorimer method are shown in Tables 1 and 2. The ratios between Ti/
Al and Ti/Si are approximately 2:1 and 3:1 within an error of ±3%
and ±10%, respectively. The use of SEM-EDX to characterize C-
containing phases precludes correct quantification of this element,
thus the measured compositions may slightly deviate from ex-
pected stoichiometries. This is due to carbonaceous contamination
in either the samples’ surfaces or the window of the detector
attenuating the low energy X-ray signals prohibiting the accurate
quantification of low Z elements such as C. The SEM thus poses
inherent difficulties to correctly quantify C. The ratio method pre-
sented above was recently acknowledged as a possible method to
characterize MAX phases containing C [41]. In our measurements,
the overestimation of C in quantification is around 12%.

By analyzing contrast differences in Fig. 1(a) and (c), the pres-
ence of secondary phases in both Ti2AlC and Ti3SiC2 samples was
revealed: when viewed using the BSE detector, which is sensitive to
the average Z of phases, such secondary phases show dark-gray
contrast as opposed to the light-gray contrast arising from MAX
phases. In Fig. 1, the SEM-EDX elemental mapping shows both Ti-
based MAX phases and these secondary phases within the
Fig. 2. In situ TEM annealing response of the Ti3SiC2 (a) before and (b) during annealing at 1
rings are observed in the diffraction patterns for the Ti3SiC2 during annealing whereas the SA
also applies to (b) and the scale bar in (c) also applies to (d).
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mesoscale: the secondary phase present in the Ti2AlC sample is Al-
rich whereas for the Ti3SiC2 sample, the secondary phase is Si-rich.
The depletion of C in both Al- and Si-rich secondary phases sug-
gests that these may be Ti aluminides and Ti silicides. It is worth
emphasizing that in the Ti3SiC2, the binary Ti carbide has been also
detected via SEM-EDX mapping as shown in the C map in Fig. 1(c).

In order to evaluate the presence of MAX phases in the samples
as-received, a series of XRDmeasurements were performed and the
results are shown in Fig. 1(b) and (d), respectively, for the Ti2AlC
and Ti3SiC2. The results agree with the SEM investigations pre-
sented in Section 3.1, and specifically, these show that both stoi-
chiometric Ti-based MAX phases are present in the specimens, i.e.
the 2-1-1 phase within the TieAleC system and the 3-1-2 phase
within the TieSieC system. It is worth emphasizing that the basal
reflections were identified for both specimens at lower angles,
which unequivocally demonstrates the hexagonal-compact nature
of these phases.

Secondary phases were also observed in the XRD data for both
specimens. In the TieAleC system, a 3-1-2 MAX phase was detec-
ted, Ti3AlC2, in which the intensities of the 3-1-2 phase are lower
than that of the Ti2AlC phase, suggesting that the latter is the major
phase in the sample. In the TieSieC system, a secondary phase of
binary Ti carbidewas detected that was again lower than that of the
Ti3SiC2, indicating that the Ti3SiC2 is the primary phase present. The
Ti carbide was also detected in the SEM-EDX mapping presented in
Fig. 1(c). While preferential orientation (i.e. texture) can impair the
proper detection of the Ti aluminides and Ti silicides secondary
073 K and of the Ti2AlC (c) before and (d) during annealing at 1273 K. Debye-Scherrer
ED for Ti2AlC reveals the formation of polycrystalline features. Note: the scale bar in (a)
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phases, the results obtained with XRD support the conclusions
observed from the SEM-EDX results presented above: both SEM-
EDX and XRD data indicate that the unirradiated Ti-based MAX
phase materials as-received are not phase pure.

Hence, we have used FIB to lift-out TEM samples from the ‘pure’
MAX phase grains at the microscale for our irradiation studies. At
the nanoscale, undesired second phases may also be present within
the MAX phase microstructure, as previously observed for the
Ti3SiC2 in the TEM [21,42] but that were not so far observed in the
Ti2AlC. Although not phase pure at the microscale, the samples
studied in this work were found to be free of other impurities.
3.2. Electron microscopy characterization of specimens under in
situ TEM annealing

In situ TEM annealing was carried out to investigate the ther-
modynamic stability of both MAX phases and to evaluate whether
Ti-based MAX phases are stable compounds under high heating
rates (60 K/min�1) and at high-temperatures (1273 K), tested
within the environment of a TEM (i.e. under vacuum and a thin
electron-transparent film). Pristine specimens for the in situ TEM
annealing experiments were lifted-out from the MAX phase re-
gions of the bulk specimens as discussed in Section 3.1 that were
observed as the stoichiometric 3-1-2 and 2-1-1 MAX phases. Pro-
tective layersdtypically C or Ptdwere not used in the FIB-based
Fig. 3. TEM micrographs of neutron-irradiated Ti3SiC2 showing the presence of (a) nanome
lines, and (d) disordered dislocation network.

6

preparation of samples, as these elements are known and have
been observed to diffuse across the surface of the thin foil speci-
mens at moderate temperatures below those of interest here,
severely impeding microstructural characterization. This may
result in some Ga contamination due to the use of the FIB, but this is
not expected to alter the high temperature behavior significantly.

At room temperature, both Ti-basedMAX phases were observed
to be free of defects as seen in the bright-field TEM (BFTEM) mi-
crographs presented in Fig. 2(a) and (b), for the Ti3SiC2 and Ti2AlC
MAX phases, respectively. The selected-area electron diffraction
(SAED) pattern inset of these micrographs also show the MAX
phases are phase pure after FIB: neither secondary phases nor
amorphous regions were observed in the samples. Immediately
following high temperature annealing, small rounded precipitates
were observed to form within these microstructures as can be
noted in the BFTEM micrographs in Fig. 2(b) and (d). The precipi-
tation was also confirmed by analyzing the SAED patterns: the
presence of Debye-Scherrer ringsdindicative of the amorphous
phasedis revealed in the Ti3SiC2 (inset in Fig. 2(b)) whereas similar
matrix phase decomposition manifested without the noticeable
formation of Debye-Scherrer rings in the Ti2AlC, in which extra
diffraction-spots were observed in the SAED (inset in Fig. 2(d)). This
indicates amorphous decomposition in Ti3SiC2 and crystalline
phase decomposition in Ti2AlC. It is worth emphasizing that during
several in situ TEM annealing experiments conducted, the MAX
ter-sized voids (overfocus of 2 mm), (b) dislocation loops, (c) transgranular dislocation
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phase decomposition effect started (only) at around 973 K for the
Ti3SiC2 and at 1173 K for the Ti2AlC.

The thin film effect must also be considered as the thermal
annealing was conducted on TEM thin foils and not bulk specimens.
Heating MAX phases within the TEM results in an increase of the
concentration of vacancies in equilibrium, thus activating solid-
state diffusion. In an electron-transparent specimen, additional
factors may govern the precipitation of secondary phases during in
situ TEM annealing experiments: (i) the excess of mobile defects
such as equilibrium vacancies, (ii) their agglomeration, and (iii) the
presence of free surfaces of thin specimens (tens of nm). These
factors, or their combination, contribute to an increase of the Gibbs
potential of the heterogeneous equilibriumwithin the system [43],
thus phase instabilities and decomposition may manifest if the
thermodynamic conditions are favorable.

In the specific case of Ti3SiC2 and Ti2AlC, phase instabilities upon
heating will be driven by the competition between the MAX
matrices and the binary transition metal carbides (‘AX’ and/or ‘MX’)
[44,45]. The excess of equilibrium vacancies at high-temperatures
will increase the kinetics of solid-state diffusion, as manifested by
an increase of the mobility rates of the atomic constituents. Given
the presence of free surfaces in the electron-transparent lamellae,
which can act as preferential sink sites for defects, an increase in
diffusion rates may lead to a heterogeneous nucleation process of
precipitation. Density functional theory (DFT) and ab initiomethods
have been used to study the formation, accumulation, andmigration
Fig. 4. TEM micrographs of neutron-irradiated Ti2AlC showing the presence of (a) large void
voids (underfocus of 1 mm) and black-spots, and (d) irradiation-induced precipitation point
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of defects in model Ti-based MAX phases [26], the results of which
demonstrated that C interstitial atoms can be formed easily within
these Ti-based MAX phases, and their recombinationwith vacancies
was farmore energetically unfavorablewhichmay lead to significant
accumulation of C atoms within the Si layers. It was also determined
that such C interstitials may bind with Ti and Si, “(…) in a manner
very similar to the binary carbides SiC and TiC” [26]. Considering the
computational results obtained byMiddleburgh et al. [26], the phase
decomposition observed to take place in the Ti-based MAX phases
herein investigated is a precipitation effect arising from the fast
diffusion of C interstitials within the A layers, combining with Ti and
Si, promoting binary carbides nucleation. An analytical character-
ization of the Ti3SiC2 specimen after in situ TEM annealing is pre-
sented in the supplemental information file.

3.3. Neutron irradiations in the HFIR

The research presented in this section complements a large
research study on the effects of neutron irradiation on select Ti-
based MAX phases [21]. BFTEM micrographs of the Ti3SiC2 MAX
phase irradiated with neutrons to 2 and 10 dpa are shown in Fig. 3.
Some irradiation effects within the microstructure of this material
are clearly visible. For example, at 2 dpa, Fig. 3(a) shows the pres-
ence of voids/cavities randomly distributed within the grain and
with diameter of around 3e7 nm whereas Fig. 3(b) shows the
presence of irradiation-induced dislocation lines and loops. On
s (underfocus of 2 mm), (b) black-spots and degraded matrix phase, (c) nanometer-sized
ed by yellow arrows.
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increasing the dose to 10 dpa, long transgranular dislocation lines
are observed to form within grains as shown in Fig. 3(c), and the
formation of a disordered dislocation network is noted at the
highest dose as depicted in Fig. 3(d).

Similarly, Fig. 4 shows typical irradiation effects observed under
BFTEM conditions in the Ti2AlC MAX phase with neutron doses to 2
and 10 dpa. At 2 dpa, the under focused BFTEM micrograph in
Fig. 4(a) exhibits small and large voids/cavities close to a grain
boundary. Black-spot damage is observed throughout the matrix
phase as shown in Fig. 4(b) at 2 dpa and 4(c) at 10 dpa, the latter
accompanying the presence of small voids. At 10 dpa, the formation
of plate-like and spherical precipitates of an unknown phase was
detected in the Ti2AlC MAX phase matrix.

As a general trend on the neutron irradiation effects on these
twoTi-basedMAX phases, together with previous results published
on these samples [21], the following list summarizes the observa-
tions arising from the detailed electron microscopy investigations:

� Black-spots and dislocation loops are observed to form at 2 and
10 dpa in both Ti-based MAX phases, but disordered dislocation
networks were observed at 10 dpa for the Ti3SiC2. The nature of
such dislocations were investigated in previous work [21] and
were found to be constrained within the basal planes due to the
high c/a ratio of these materials, forming < a> loops.

� Small cavities were observed in both Ti-based MAX phases, but
large cavities were noticeable only in the Ti2AlC.
Fig. 5. In situ TEM heavy ion irradiation of the pure Ti and Al metals and the T
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� Irradiation-induced precipitation at 10 dpa was observed to
occur for the Ti2AlC, with previous work reporting similar
irradiation-induced precipitates at 10 dpa for Ti3SiC2 [21].

From the results on neutron irradiation of Ti-based MAX phases
presented here, combined with previous literature published on
this topic [18e21], it is worth emphasizing that radiation damage
does develop within the microstructure of these new nanolayered
materials. Previous neutron irradiations were performed to a total
dose of 3 dpa (which is considered a very low dose for materials for
new reactor concepts, which are expected to receive doses of
200e500 dpa) displayed evidence of radiation damage [18e20].
Here, it is shown that for doses up to 10 dpa at high temperatures,
radiation damage results in the formation of precipitates, ques-
tioning the thermodynamic stability of these materials under
neutron irradiation at high temperatures.

MAX phases have already been proposed for use in the next
generation of nuclear reactors operating at high-temperatures as a
fuel cladding material [46]. Molten-salt reactors may also provide a
potential application of MAX phases. These reactors operate in the
temperature range of 973e1273 K and up to doses of 200 dpawith a
thermal neutron spectrum [47]. However, the data on neutron-
irradiated Ti-based MAX phasesdalthough limiteddsuggests
these materials can experience thermodynamic phase instabilities
leading to the formation of undesired secondary phases that may
significantly alter their initial properties. Additionally, the current
i-based MAX phases (see figure 5). Note: video time length is up to 5 dpa.



Fig. 6. Nanometer-sized voids identified in the elemental metal specimens after
irradiation: pure (a) Ti and (b) Al. Similar voids were not observed in the Ti-based MAX
phases under heavy-ion irradiation up to 5 dpa at 1008 K. Note: both micrographs
were taken with a defocus level of z 1000 nm.
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literature on the neutron irradiation response [18e21] suggests
that both displacement damage build-up and accumulation,
including the formation of cavities at relatively low doses, may be
an indication that their envisaged radiation tolerance demands
further investigations as the current framework points towards
these materials not being suitable for application in nuclear re-
actors operating at high-temperatures.

3.4. Heavy-ion irradiations with in situ TEM

As discussed in Section 3.2, the in situ TEM annealing of both Ti-
based MAX phases within the TEM up to temperatures approxi-
mately above 1000 K resulted in the formation of fine precipitates,
which were found to be detrimental for analyzing their response to
in situ TEM heavy ion irradiation. As such, the irradiation temper-
ature for the MAX phases in this work was set to 1008 K, which
although does not reproduce directly the neutron irradiations at
HFIR (carried out at 1273 K), it is the same temperature used for
previous neutron irradiation studies on the same MAX phases [20].
In addition, as this chosen temperature is above the expected va-
cancy mobility for Ti-based MAX phases [26] it is not anticipated
that there will be a significant variation in microstructural
evolution.

Regarding the in situ TEM heavy ion irradiation experimental
setup, an ion beam consisting of 700 keV Krþ2 was chosen. This ion
species and energy simulates the average PKA energies caused by
neutrons within nuclear fusion reactor spectra as calculated by
Gilbert et al. using the FISPACT code [48] and the elements that
form both Ti-based MAX phases herein under investigation. These
irradiation conditions (depicted in Fig. 1) may result in a maximum
Kr implantation level of around 1%. In order to differentiate the
mechanisms of radiation damage in both Ti-based MAX phases,
elemental metal a-Ti and a-Al specimens were also irradiated at a
temperature corresponding to the homologous temperature of
0.6Tm. The irradiation temperature of the MAX phase specimens
was also 0.6Tm.

It is worth emphasizing that the in situ TEM heavy ion irradia-
tion experiments were performed with the Ti-based MAX
phase samples in multi-beam conditions. In this way, if displace-
ment damage occurs, they will be visible under BFTEM conditions.

Results of the in situ TEM heavy ion irradiations to 5 dpa for a-Ti,
a-Al, T2AlC, and Ti3SiC2 are shown in Fig. 5. Radiation damage in the
form of black-spots was observed in metallic Ti at doses as low as
1.4 dpa and significant accumulation of such type of damage was
observed within Ti grains at a dose of 5 dpa. Conversely, the
dislocation loops were observed to form as a result of irradiation in
Al at doses around of 1.4 dpa and became mobile under irradiation,
in contrast to the irradiations performed on Ti where accumulation
has been recorded. In addition to displacement damage,
nanometer-sized cavities were observed to form in both Ti and Al as
shown in Fig. 6.

The in situ TEM evolution of bothMAX phases subjected to heavy
ion irradiation are also shown in Fig. 5. Unlike the ion irradiation
experiments in the elemental metals, radiation damage effects were
not detected in either Ti-based MAX phases up to a dose of 5 dpa
under the studied conditions. The black-spot-like contrast observed
in both MAX phases are due to the effects of thermal annealing of
the TEM lamellae as shown in Section 3.2 arising as a result ofmatrix
phase decomposition: which is still quite significant when the
samples were held at 1008 K for extended periods. It is worth
emphasizing that these black-spots are present in the MAX phases
before irradiation, as shown in Fig. 5 at 0 dpa. BothMAX phaseswere
held at 1008 K for 30 min prior irradiation. Irradiation defects such
as dislocation loops and cavities were not observed to form in the Ti-
basedMAX phases. In addition, bymonitoring the diffraction pattern
9

of both MAX phases before and after irradiation up to 5 dpa (Fig. 7),
no amorphizationwas observed under irradiation. It is worth noting
that Debye-Scherrer rings are present in the diffraction patterns of
the Ti3SiC2 before irradiation, demonstrating these features are
present in the non-irradiated condition and are neither formed nor
modified as a result of irradiation.

Here, the in situ TEM heavy ion irradiation results present an
apparent contradiction with the neutron post-irradiation observa-
tions as the ion beam setup was chosen to reproduce the average
PKA energy experienced by Ti-basedMAX phases when in a nuclear
fusion reactor. Conversely, radiation damage was indeed observed
in the metal counterparts. A question that remains to be answered
is: why no apparent radiation damage was observed under the
studied ion irradiation conditions on the Ti-based MAX phases?

To address such a question, we resort to previous research
examining electronic energy dissipation in metals, multicompo-
nent metallic alloys and ceramics under ion irradiation to provide
some insights [49]. In some circumstances depending on the target
species and irradiation depth, ion irradiation leads to annealing of
both pre-existing and irradiation-induced crystalline defects in
materials that is strongly dependent on the competing ratio be-
tween the nuclear and electronic energy loss mechanisms. This
effect is known as ionization-induced annealing (IIA) [49]. In gen-
eral, what dictates whether IIA is likely to occur is the energy and
species of the ion beam: this effect has been reported to be pre-
dominant in covalent ceramicmaterials when the electronic energy
loss mechanism dominates the stopping power [50]. For example,
in the case of SiC, the electronic energy was linked to IIA to prevent
amorphization of the material under irradiation [50]. IIA can be
viewed as a competing radiation effect to damage due to pure
atomic collisions in solids, i.e. nuclear stopping. While in the latter,
damage energy is dissipated within the lattice in the form of bal-
listic collisions generating atomic displacements, in the former,
electronic energy is dissipated promoting heating (and also thermal
spikes [51]) via ionization, resulting in defect annealing within the
material. Bond breaking and rearrangement of bonding are also



Fig. 7. Diffraction patterns taken at 0 dpa after annealing (a), (c) and 5 dpa after
irradiation (b), (d) with 700 keV Kr2 ions at 1008 K indicate that both Ti2AlC and
Ti3SiC2 MAX phases have not experienced any amorphization under the studied con-
ditions. Note: the Debye-Scherrer rings present in the Ti3SiC2 diffraction patterns taken
at 0 dpa are due to the phase decomposition induced solely by thermal annealing prior
irradiation (see Section 3.2) and do not appear to be modified by irradiation.

g HFIR's dose rate is material specific but in general, a dose rate of is 6 dpa/year�1

is reported for metallic alloys of relevance to the nuclear industry. Source: Nuclear
Energy Advisory Committee, Assessment of Missions and Requirements for a new
U.S. Test Reactor, 2017.
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secondary effects induced by electronic energy deposition in
ceramics.

Aimed at determining whether the electronic stopping may
influence the results observed in Fig. 5, a series of calculations using
pySRIM was performed. This set of Python codes coupled with
SRIM comprise a unique platform to estimate energy deposition
from nuclear and electronic stopping powers in materials [50,52].
The results of the pySRIM analysis in both Ti-based MAX phases are
shown in Fig. 8. The plots of deposited energy per total ions in both
Ti3SiC2 and Ti2AlC show that the total damage energy (arising from
pure ballistic collisions either from ions or recoils) level is slightly
lower than the total ionization considering both ions and recoils.
These calculations show that despite the fact that the ion-target
collision profiles are similar for both materials (see Fig. 1), the ion
irradiation conditions chosen in this work, i.e. 700 keV Krþ ions,
although intended to simulate the PKA energies caused by the
neutron spectra within a nuclear fission reactor, can generate a
large yield for electronic energy dissipation in a form of ionization.
This scenario indicates that IIA is prone to occur in the Ti-based
MAX phases under the conditions herein investigated, thus
possibly mitigating the appearance of radiation damage in these
materials. This evaluation using pySRIM suggests that there is a
synergistic coupling between damage energy arising from nuclear
ballistic collisions, generating displacements, with the concurrent
electronic energy deposition, promoting IIA. It is worth empha-
sizing that in terms of chemical bonding, MAX phases are neither
considered pure metallic or ionic nor covalent, but rather a mixture
of these three types of chemical bonding [53]. Therefore, the phe-
nomenon of IIA should be further investigated in materials that
present mixed chemical bonding character such as MAX phases.

A second fact that must be discussed using the results obtained
with the in situ TEM heavy ion irradiation experiments of MAX
phases and metals is on point defect energetics. By using
DFT calculations, Middleburgh et al. estimated the formation
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energies for Frenkel pairs in both Ti3SiC2 and Ti3AlC2 (the latter is
not investigated in the present study) [26]. For the Ti3SiC2, these
Frenkel pair formations energies were 6.46, 2.59, and 2.93 eV,
respectively, for Ti, Si, and C. By comparing data available in liter-
ature for Frenkel pair formation energy in a-Al and a-Ti, the values
are 3.67 and 3.85 eV, respectively [53e59]. It is generally accepted
that the higher the energy to form a Frenkel pair, fewer point de-
fects will be formed under irradiation. From the DFT results dis-
cussed above, it is harder to displace Ti to form Frenkel pairs within
MAX phases M-layers than the metallic a-Al and a-Ti, although the
energy required to displace Si and C atoms inMAX phases A- and X-
layers is lower than the elemental metals. However, as previously
shown [26], a trend for more efficient recombination of defects
within the MAX phases A-layers is prone to occur at low to mod-
erate temperatures, resulting in a ‘self-healing’ effect at these layers
under irradiation. Similar behavior is not observed in the elemental
metals. These considerations arising from DFT calculations indicate
on a trend where it is harder to produce Frenkel pairs in MAX
phases when compared with the metals. In addition, the nano-
layered nature of MAX phases spatially constrains diffusion, thus
enhancing recombination. In combination with the aforemen-
tioned IIA phenomenon combined with the tendency for the
recombination of defects formed as per irradiation via electronic
energy deposition and ionization, defect energetics may play a role
in the absence of radiation-induced defects in the MAX phases
microstructures observed. Nevertheless, the direct in situ TEM
heavy-ion irradiation comparison between the elemental metal
constituents and the MAX phases also suggests that in metals, the
mechanisms of radiation transport, diffusion, and generation of
defects are completely different than the MAX phases, which re-
quires further research to understand the defect formation and
recovery in these unique nanolayered ceramics in which prefer-
ential defect recombination in 2D planes may be dominant.

Finally, the role of dose rate in the irradiation of the Ti-based
MAX phases must be considered. In this work, the neutron irradi-
ations carried out in the HFIR were completed over yearsg whereas
the in situ TEM ion irradiation presented was performed in a matter
of hours. This creates a scenario where the ion dose rate is orders of
magnitude higher than the neutron dose rate. Available literature
on dose rate effects is rich for structural nuclear materials [60e64],
such as steels, but non-existent for MAX phases. Although in steels
the effects of dose rate on the microstructural evolution under
irradiation is a well reported phenomenon, further studies are
required to determine the exact causes and consequences [64]. The
current understanding is that lowdose neutron irradiation does not
induce ballistic mixing, leading to the ‘healing’ of the majority of
point defects induced by irradiation (i.e. higher recombination
rates) [63]. In this case, defect cascade generation is slower, thus
limiting the ability of displacement damage (such as loops) to form
with higher densities, but promoting their ability to grow within
the interior of the grain as not many interactions takes place [61].
Conversely, the high dose rate characteristic of ion irradiation
promotes ballistic mixing due to insufficient time for point defect
recovery (i.e. lower recombination rates) [63], leading to the
development and significant accumulation of damage throughout
the irradiated microstructure [61]. In the latter case, the areal
density of defects is high and the size of the defects is smaller than
in the neutron irradiation case. Both solid-state diffusion and pre-
cipitation are also believed to be faster in steels subjected to higher



Fig. 8. Analysis using pySRIM [50,52] on the in situ TEM heavy ion irradiation conditions used in this work to study the radiation effects in both Ti-based MAX phases: (a) Ti3SiC2

and (b) Ti2AlC. The pySRIM analysis was performed considering a TEM lamella with thickness set to 100 nm. The plots in the figure show the energy deposited into the lattice due to
damage (nuclear stopping, blue curves) and ionization from ions and recoils (electronic stopping, orange, and green curves). These plots are normalized by the total number of ions
calculated (20 k).

Fig. 9. A comparison between (a) neutron irradiation with (b) ion irradiation indicates that the heavy-ion irradiated damage microstructure of the T2AlC at 2.4 dpa (b) and 1008 K
could be reproduced in agreement with the damage microstructure from neutrons at around 2 dpa at 1273 K (a). It is worth emphasizing that such agreement was noted only in a
single experiment (out of 17 identical ion irradiation runs at the MIAMI-2 facility). Note: both micrographs were taken under same magnification, thus the scale bar in (a) also
applies to (b).
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dose rates, but smaller precipitates induced by irradiation are
observed in ion irradiated specimens than neutron-irradiated ones
[62].

Extended radiation-induced defects were indeed observed in
the MAX phases using neutron irradiation. Large precipitates and
large dislocations, for example, were observed as shown in Figs. 3
and 4. But in the ion irradiation case, no radiation damage at all
was observed. This suggests that, coupled with IIA effects, higher
dose rates can significantly promote higher recombination rates
within the microstructure of Ti-based MAX phases, leading to a
self-healing effect [26] and experimentally observed in several
other ion irradiation cases of MAX phases [22,28,32]. Further
studies are needed to define the dose rate regimes by which radi-
ation damage may manifest within the microstructure of MAX
phases, either by neutron or ion irradiation.

Despite the evidence suggesting that a direct heavy-ion and
neutron irradiation effects comparison in Ti-basedMAX phases was
not possible under the chosen experimental conditions, in a single
experiment (out of 17 heavy-ion experiments performed with
these MAX phases), the microstructure of the Ti2AlC irradiated at
1008 K up to a dose of 2.8 dpawas found to be very similar with the
neutron-irradiated material up to a dose of 2.0 dpa at 1273 K. This
11
isolated result is shown in Fig. 9. Black-spots are observed in both
materials with evidence that the matrix phase of the Ti2AlC has
degraded, although a more detailed characterization of such mi-
crostructures using the analytical TEM was not performed. It is
worth emphasizing that such black-spots could be a result of the
MAX phase exposure to high temperatures, as discussed in Section
3.2, and not properly due to irradiation.

4. Conclusions

A detailed study on the stability of Ti-based MAX phases when
exposed to high-temperatures, neutron irradiation, and heavy-ion
irradiation is presented. The as-received MAX phase samples
were not phase pure at themesoscale, as assessed via SEM-EDX and
XRD; however, for the TEM work that followed, electron-
transparent samples were lifted-out using FIB from the stoichio-
metric MAX phase regions.

When exposed to high-temperatures, evidence suggests that
the matrix phase of both T2AlC and T3SiC2 experienced phase in-
stabilities resulting in the formation of fine precipitates. The pre-
cipitation was observed in situ within the TEM to initiate at a
temperature around 1073 K, and the microstructure comprising
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both matrices and precipitates was stable up to 1273 K. The active
role of such precipitates in the radiation response of both Ti-based
MAX phases is unknown, but in a recent study, the presence of
amorphous nanoprecipitates within the microstructure of the
Cr2AlC MAX phase was related with a higher radiation resistance as
they can act as sinks for irradiation-induced defects [32].

Different types of radiation damage are observed to occur in
both Ti-basedMAX phases when under neutron irradiation at 2 and
10 dpa, such as the formation of black-spots, dislocation loops and
disordered networks of dislocations, cavities or voids and also
radiation-induced precipitation. These neutron irradiation data
agrees with previously published data on the same materials irra-
diated at lower temperatures and lower doses [18e20] and also
with previous research published by our group [21].

Under heavy-ion irradiation in situ within a TEM, surprisingly,
radiation effects were not detected in both Ti-based MAX phases
microstructures. The “‘high’ resistance of these materials to ion
irradiation can be attributed to the hypothesis that ionization
caused by ions and recoils using the chosen irradiation conditions
(700 keV Kr2 ions at 1008 K) is prone to induce annealing of crys-
talline defects as this electronic energy deposition into the lattice
can cause local heating. Therefore, the coupling phenomena be-
tween nuclear and electronic energies depositions suggests that
the manifestation of radiation damage within these Ti-based MAX
phases is significantly suppressed ormitigated. A direct comparison
between pure Ti and Al under identical irradiation conditions was
made and indicates that themechanisms of formation and diffusion
of crystalline defects are completely different in the Ti-based MAX
phases, a fact that motivates further works in this particular topic.
Under the chosen experimental conditions, a comparison between
neutron and ion irradiation effects was not possible.

Given the facts and evidence presented, a question remains to
be answered: can Ti-based MAX phases be considered for appli-
cations in future nuclear reactors operating at high-temperatures
and sustaining high dose levels? This present work in combina-
tion with the available (but so far limited) literature on these ma-
terials suggests that such Ti-based MAX phases cannot be
considered stable materials when exposed to either high-
temperatures or low-dose neutron-irradiation at high tempera-
tures. If the aim was to select these MAX phases to compose
structural materials, an imminent challenge would be to produce
them in a pure form. It is worth emphasizing that the MAX phases
herein used for investigations were acquired from the US-based
commercial company 3-ONE-2 LLC and the detailed characteriza-
tion carried out using electron microscopy and XRD methods show
that these materials are not single-phase, although the lamellae for
the irradiation studies were lifted-out from the phase pure fields.
Without the possibility to produce them in a pure form and in large
scale to compose structural parts of nuclear reactors, at the present
moment, it is impossible to judgewhether the multiphase Ti-based
MAX phases will be radiation tolerant or present suitable me-
chanical properties for such an application. Further studies are
needed on this latter part.
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