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Abstract

The thermal conductivity and stability of MAX phases has led to irradiation studies of these materials for their
possible application in the hostile environments of high temperature and radiation. Numerous neutron and ion irradi-
ation studies have been conducted that demonstrate that radiation induced modifications consists of lattice strain and
increased formation of TiC. Ion beams have been used to simulate damage created by neutrons; however, what is not
clear is the effect of varying electronic to nuclear energy loss on the damage evolution within this material. In the
present work, changes in c/a within Ti;SiC, are monitored as a function of energy deposition at constant damage dose
following high fluence 9 MeV Ti ion irradiations at room temperature. The results reveal that there is an apparent
threshold in the electronic energy loss, above which the c/a ratio and TiC concentration starts to increase with increas-
ing electronic energy loss. Interestingly, this change is independent of the damage dose in displacements per atom.
This suggests that inelastic energy dissipation is of paramount importance when selecting ions for simulating damage
by energetic neutrons.
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1. Introduction

M, 1AX, (MAX) phases are being debated as a candidate structural material, such as cladding or core materials,
for future generation fission and fusion reactors. These phases are a class of ternary carbides and nitrides, where M is
an early transition metal, A is an A group element, and X is either C or N. They crystallize in a hexagonal structure
within the P63/mmc space group composed of n-M,X rhombohedra separated by A-element basal monolayers, see
supplementary figure (S.Fig. 1). This nanolamellar crystalline structure results in a unique combination of thermo-
physical properties that make them potentially interesting for applications in demanding environments like those
existing in aerospace and advanced fossil and nuclear energy applications [1-6]. Several compositions, including
Ti3SiC,, TizAlC,, and Ti, AIC, have been the subject of many irradiation studies, using neutrons and ions, [7-16] due
to their high thermal conductivity, thermomechanical and phase stability, [5, 6, 17], resistance to thermal shock [6],
corrosion resistance [18], and low neutron absorption cross section that is comparable to SiC [19].

In general, irradiation damage in MAX phases typically leads to an increase in TiC concentration and lattice strain,
specifically an increase in the c/a lattice parameters (c,a-LPs), and this is no different for Ti3SiC,, the subject of this
study [9, 11-13, 15, 16, 20, 21]. TiC can form in pristine MAX during synthesis due to a stoichiometric mismatch
[6, 13] and shares many structural similarities with the MAX structure. In fact, if the A-layer of Ti3SiC, MAX phase
is ignored, the resulting structure is identical to a nano-twinned TiC [6]. This TiC is more brittle and less thermally
conductive than the MAX phase. Further, it has been suggested that the nano-layered structure, specifically the pres-
ence of the A-layer, is a primary source for irradiation damage resistance for the MAX phase [13, 14, 20, 22], acting as
a sink for point defects and a high diffusivity path for recombination [14, 16, 23]. Thus, the presence of TiC in MAX
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phase bulk can partially offset the beneficial properties of the layered structure for their application in extreme envi-
ronments [3, 4]. Although there is a lack of agreement in the mechanisms responsible for TiC concentration increases
[8, 10, 24], we propose that the changes of TiC can still represent a qualitative metric for irradiation damage within
Ti3SiC; and other Ti containing MAX phases. There is, however, difficulty in quantifying this change in concentration
following irradiation due to the similarities between the MAX phase and TiC structures and their resulting diffraction
profiles.

It is well understood that ion irradiations may be used to mimic the radiation damage processes and microstruc-
tural features observed in materials subjected to neutron irradiation environments. Ion irradiations have the further
advantage of being able to systematically explore specific aspects of irradiation conditions and reach very high dam-
age doses in displacements per atom (dpa) with little to no resulting radioactivity in samples. However, high energy
ion beams result in inelastic collisions with electrons, or electronic stopping, resulting in intense ionization until the
ion energy is reduced sufficiently for elastic collisions with atomic nuclei, or nuclear stopping, and damage cascades
to dominate [25, 26]. Therefore, knowing the response of a material to these electron ionization events is of paramount
importance when selecting ions as a complimentary tool for comparison with neutron irradiation results.

It has been previously demonstrated that Ti3SiC; irradiated by ions with energy in the electronic stopping regime
remain crystalline under most irradiation conditions. This includes thin film, in situ irradiations up to 25 dpa [§]
and low temperature irradiations. Though a high degree of crystalline disorder may result, the MAX phase structure
remains relatively intact and does not fully amorphize [14]. It has been suggested that a low Tig; antisite formation
energy for Ti adjacent to the Si layer may contribute to the amorphization resistance by occupying Vg; sites [23].
However, a lack of amorphization is not the same as an insensitivity to electronic excitation and ionization effects.

Strain in the c-LP with little to no corresponding volume change was observed following 92 MeV Xe irradiations
[7], and a similar response followed 74 MeV Kr irradiations [9]. In both these cases, the structural changes were
observed in depth regions dominated by electronic stopping. These results were subsequently compared to low fluence
irradiations with 930 MeV Xe ions, and little structural change and no black spot defects were observed as compared
to regions dominated by elastic collisions [7, 9]. Based on these results, Ti3SiC, was deemed insensitive to electronic
excitations, and the observed results were attributed to elastic collisions with atomic nuclei [9].

It should be noted, though, the swift heavy ion irradiations were conducted to a lower fluence and thus a signif-
icantly lower equivalent damage dose (dpa) and integrated electronic energy loss due to experimental constraints to
prevent undesired in situ sample heating [9]. It is known that in other material systems, a minimum dose is necessary
before electronic excitation results in structural change, and in materials sensitive to electronic interactions, increas-
ing S, typically reduces this incubation fluence [27-30]. Therefore, in an attempt to deconvolute the influences of
elastic and inelastic collisions on resulting damage observed following ion irradiations, Ti3SiC, was subjected to high
energy, high fluence Ti self-ion irradiations. Fluences were selected such that precise measurement of lattice strain
as a function of depth, utilizing a novel method, as well as changes in TiC profiles, allow for comparison of resulting
damage at different energy depositions with comparable damage dose (dpa).

2. Experimental

2.1. Sample Preparations

The polycrystalline Ti3SiC, used in this study was synthesized in bulk by the MAX phase research group at Drexel
University via hotpressing; complete details for processing have been discussed previously and will not be discussed
here [3, 31]. Four plate sections were cut via low speed diamond saw to 10 X 10 X 1 mm and low stress polished with
diamond lapping film and finishing with 0.05 um colloidal silica.

Grazing incidence x-ray diffraction (GIXRD) profiles were gathered at the Joint Institute for Advanced Materials
(JIAM) Diffraction Facility using a PANalytical X’Pert> MRD in grazing geometry equipped with a Cu x-ray tube,
Si parabolic mirror, 0.04 Rad soller slits, 1/8° divergence slit, and a 0.27° parallel plate collimator. The scans were
performed at increasing incidence angles in all samples to probe depths from 0.5 pum — 2.0 um in 0.25 pm intervals
providing a depth profile of the pristine and irradiated conditions.

Three polished plates were then sectioned to 8 X 5 mm for irradiation and removed sections were preserved as
pristine reference conditions. TEM lamella were prepared using a ZEISS Auriga scanning electron microscope (SEM)
equipped with Ga focused ion beam (FIB) in the JIAM Electron Microscopy Facility. Lamella were lifted using low
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Fig. 1 — (a) Energy deposition, damage dose (dpa), and Ti concentration as a function of depth for an ion fluence of 4.2x10'® cm™2. (b) Energy
deposition and damage dose (dpa) for the three fluences in the present study. The depth region of interest (0.5-2.0 um) is displayed by a red shaded
region in (a), and shown in (b) are three depths probed, which correspond to the same damage dose but different electronic energy loss.

milling currents with Pt deposited on the surface to minimize artifacts from the sample preparation. FIB lamella
preparations were conducted on both pristine and irradiated samples. TEM was performed using a ZEISS Libra 200
HT FE MC at an accelerating voltage of 200 £V, within JIAM, to obtain micrographs and gather selected area electron
diffraction (SAED) patterns to analyze structural changes at deeper regions without surface contributions.

2.2. Ion Irradiation Conditions

Ion irradiations were conducted at The University of Tennessee Ion Beam Materials Laboratory (IBML) [32].
Ab initio molecular dynamics (AIMD) simulations have suggested that Ti is the easiest element to displace from its
site, but it is likely to recombine with its own vacancy [33]. These simulations and initial SRIM (2013) [34, 35]
calculations resulted in the selection of 9 MeV Ti** self-ions for the irradiation to provide the largest variation in
electronic energy loss, as a function of depth. The full cascade SRIM (v2013) [34, 35] simulations of 9 MeV Ti
in Ti3SiC, were performed, and the resulting electronic and nuclear energy deposition, damage dose (dpa), and ion
concentration profiles as a function depth are shown in Fig. 1a for a fluence of 4.2x10'6 ¢m~2, the maximum fluence
selected for this study. These calculations utilized weighted average threshold displacement energies of 27.9, 30.6,
and 25.7 eV for C, Si and Ti, respectively, as determined by previous AIMD simulations [33] and a theoretical density
of 4.528 g/cm? as pristine lattice parameters match those in literature [6]. The ion energy places the resulting damage
peak near the 2.0 gm maximum depth region of interest for this study, indicated by the shaded red box in Fig. 1a. The
selected ion fluences for this study are (2.8, 3.5, and 4.2)x10' ¢m~2, which correspond to a maximum damage dose
of 20, 25, and 30 dpa, respectively, at the maximum depth region of interest (2.0 wm). The depth region of interest also
avoids the Ti-ion concentration peak at ~2.5 um, which is 1.3x10* appm (1.34%) for a fluence of 4.2x10'° cm 2, see
Fig. 1a. Note that over the depth of interest, the Ti-ion concentration change is <35 appm at a depth of 1.25 um, and
this only increases to ~1000 appm by 2 um, so the implanted Ti-ions should have little to no structural or chemical
influence. The sample surface was oriented normal to the beam and ion flux was kept below 2x10'? cm™' 57! to reduce
any undesirable sample heating and charge accumulation for room temperature (RT) irradiations [36].

In addition to the 9 MeV Ti ions resulting in a variation in local damage dose as a function of depth, the fluences
selected provide the opportunity to explore changes in energy deposition at comparable damage doses, see Fig. 1b for
an example. In this case, it can be seen that by probing different depths for these ion fluences, three different energy
depositions may be compared at the same damage dose, effectively isolating the effects of electronic stopping from
damage dose. In total, electronic energy loss varies from approximately 5.20 — 1.83 keV/nm over the ranges probed
of 0.5 — 2.0 um, respectively.



2.3. Iterative Self-consistent c/a Method

GIXRD was utilized to analyze structural changes as a function of depth from 0.5-2.0 um at 0.25 um intervals
with a step size of 0.02° 26 . Grazing angles were calculated using the X-ray Interactions with Matter data tables
developed by The Center for X-ray Optics [37]. While TiC is a slightly better x-ray attenuator than TizSiC,, x-ray
penetration behavior as a function of grazing angle is proportionate between the two materials. A linear relationship
exists between phase concentration and the corresponding x-ray attenuation; therefore, care was taken to estimate
TiC concentrations from relative peak intensities such that appropriate grazing angles were selected for the desired
depths. That said, it is conventional to use consistent grazing angles between compared samples, so with anticipated
variation in TiC concentrations between irradiation conditions, an upper bound of 20% error was assumed in these
concentration estimations. However, given the similarity in x-ray attenuation between TizSiC, and TiC, this only
results in an average maximum calculated depth error of 0.04 um for the selected grazing angles, so the depths probed
between samples were consistent.

Scans from 7-82° 20 were gathered with a count time of 3 s/step and longer scans over shorter ranges of 33-45°,
57-64°, and 70-80° 26 were gathered with count times of 6, 7, and 8 s/step, respectively, to allow for better counting
statistics in critical regions where peak shifts were expected. However, accurate changes in lattice parameters between
pristine and ion-irradiated conditions cannot be directly determined from peak position shift within hexagonal systems
alone because the ratio between the c-LP and a-LP (c/a) must first be known [38].

It should be noted that there are many ways to arrive at this ratio. It may be determined by performing Rietveld
refinements [39]; however, most software developed for this method do not fully account for x-ray absorption due to
the grazing angle [40]. Additionally, it has been demonstrated that damage within the structure further complicates
performing detailed analysis using this method [11]. Given that GIXRD is vital to this study and structural damage
in some form is expected following ion irradiation, Rietveld analysis is not utilized in this study. It is also possible
to select a c/a ratio from literature sources. That said, given previous ion irradiation results in this system, which
demonstrate lattice distortion [9, 11, 13, 15, 20], it is unrealistic to assume the c/a ratio remains undistorted, thus
making literature c/a ratios not viable for this application. Furthermore, c/a can be directly calculated by selecting
peaks that isolate contributions to the ¢ and a-LPs eg: the (008) or (110), respectively. The issue with this method is
that it severely limits the number of peaks that can contribute to the calculation.

Finally, the method utilized in this study is to use all the peaks measured to iteratively determine a c/a value that
is self-consistent. The GIXRD profiles were corrected for Lorentz-polarization and absorption effects on intensity, as
these can influence the peak position [38]. The resulting corrected profiles were indexed, and the peaks were fit using
Origin-Pro [41].

The first step in the iterative method is to assume a c/a value from the literature and use the indexed peak locations
in the relationship:
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where a is the calculated a-LP, d is the measured d-spacing for each peak, and ¢ is determined using Eq. 2 by peak
location and incident grazing angle, w. The rotational orientation of the sample relative to the diffraction plane defines
phi, and multiple measurements at different phi may be performed if this method is used to determine an applied stress
tensor relative to the laboratory basis. However, this is not necessary for using the iterative method to determine a
self-consistent c/a, as texture has been demonstrated to not affect the ¢ or a-LPs determined by this method. Therefore,
in this case, phi is arbitrary and may be treated as zero, so long as all grazing w are gathered consistently from the
same rotational orientation for each sample [38, 42, 43]. It should be noted that this method is stable, and the quality
of the assumed c/a value from the literature only determines the number of iterations needed for the c/a to converge
on a self-consistent value, and even an 80% error in the initial assumed c/a does not influence the converged c/a value.
Once the a-LPs are calculated for each peak using Eq. 1, they are used to find the values for the stress (o) and initial
a-LP (ap) via least squares fit of the relationship [38]:
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where F;;(hkl, ¢,y) are the X-ray Elastic Constants (XECs) determined previously based on sample orientation as
detailed by Victor Hauk and Baczmanski et al. [44, 45] using known elastic properites for Ti3SiC, [5]. Once o7;; and
ap are known, Eq. 3 is used again in reverse to determine theoretical values for the a-LP for each peak, once again
based off the already determined XECs. These calculated a-LP values are used with the experimentally determined
d-spacings in Eq. 4 as defined by the relations in Eq. 5 [38].

y = px, where : (@]

1
" (c/a)
B [(a((p, ) k), calcr 3 [
| (d(g, Uiy, exp

p x="P

&)

4
5-(h2+hk+k2)

A linear fit is performed on Eq. 4 to find the slope and thus a calculated c/a ratio as defined in Eq. 5. This new c/a
is then inserted in Eq. 1 in place of the assumed c/a from the first cycle, and the processes is repeated iteratively until
c/a has converged at a single value. Then Eq. 1 may be used one a last time to determine the ¢ and a-LPs for each
peak that contributed to the self consistent c/a, using its experimentally measured d-spacing. This technique not only
determines a more accurate c/a value than what may be estimated given the expected lattice distortions, it utilizes all
fit peaks to determine c/a, thus returning a value that is self-consistent within the profile [38]. Further, each fit peak
then also contributes to the final determined lattice parameters, so the average ¢ and a-LPs for each grazing profile are
reported along with the standard deviation of the values. To the best of our knowledge this is the first time this method
has been applied to determine structural changes in lattice parameter within ion-irradiated hexagonal materials.

3. Results

3.1. Grazing Incidence X-ray Diffraction

3.1.1. Disorder and Peak Shift

GIXRD profiles about the (110) peak of Ti;SiC, for three different fluences and the pristine condition are shown
in Fig. 2, with relative intensity normalized and staggered; in addition, the intensity is also plotted as a heat map in
the background. Each profile was collected from a different depth such that an equivalent damage dose of 7.6 dpa
is probed for each fluence while electronic stopping is varied, as demonstrated in Fig. 1b. Since the pristine profiles
for each depth are equivalent in peak position, the deepest corresponding depth is also indicated. Initial observations
clearly show an apparent increase in TiC at all depths with broad disordered peaks dominating the relative intensity of
the profiles when probing shallower depths. The Ti3SiC, phase is easily observed, contributing intensity at all depths,
and appears to show little to no signs of broadening in the peaks, though it is difficult to judge peak broadening effects
in the shallowest depths where TiC relative intensity dominates the profile. For additional examples, the full GIXRD
profiles for the pristine and irradiated conditions at the boundaries of the depths of interest and an intermediate depth
are provided in S.Fig. 2. Peak shifting is also only evident in the shallower depths probed. This is especially clear
when comparing depths probing comparable damage doses, as shown in Fig. 2. For example, the three irradiated
profiles shown in Fig. 2 probe different depths at the consistent damage dose of 7.6 dpa, and the (110) peak clearly
shifts to higher degrees 20 with decreasing depth probed. This indicates a contraction of the a-LP relative to pristine
values at depths were electronic stopping dominates.

3.1.2. Lattice Parameter Analysis

Utilizing the iterative self-consistent c/a method, lattice parameters for each condition have been determined as a
function of depth, as shown in Fig. 3a and 3b. The pristine profile shows consistent ¢ and a-LPs without statistical
change, and the irradiated samples have c¢ and a-LP values comparable to pristine values at deeper regions, 1.25-2.0
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Fig. 2 — (110) peak profiles obtained from Ti3SiC, irradiated at three different fluences. Each profile was collected from a different depth that
corresponds to the same damage dose (7.6 dpa) but different electronic energy loss.

um, where the damage dose is higher. As indicated by the (110) peak shifting in Fig. 2, all observed lattice strain is
isolated to the shallower regions, where the damage dose is lower and electronic stopping is dominant. At a fluence of
2.8%10'% ¢m~2, contraction of the c-LP and expansion of the a-LP are evident while for a fluence of 4.2x10' em2,
the opposite behavior, with c-LP expansion and a-LP contraction, is apparent. This latter result is similar to results
observed previously in literature under predominantly ballistic damage conditions, and the scale (~0.2% for a-LP
contraction and ~0.3% for c-LP expansion) is comparable as well [11, 13, 15, 16, 20]. At the intermediate fluence of
3.5x10' ¢m~2, only minor contraction of the a-LP and expansion of the c-LP are observed.

By applying the similar groupings of damage dose at different depths, it is possible to compare lattice strain in the
system as a function of the energy deposition, as shown in Fig. 3¢ and 3d. At this point, a trend is clearly visible that
in each grouped case, increases in electronic energy loss correlate to relative expansion in the c-LP and contraction
in the a-LP. Further these trends only appear to begin at electronic energy loss levels higher than a threshold level of
4 keV/nm. Reexamining the peak shifting at 7.6 dpa in Fig. 2, the shifting of the (110) peak is clear at depths where
electronic energy loss exceeds 4 keV/nm, and TiC dominance in the profile increases with increasing electronic energy
loss.

3.2. TEM

The TEM lamella were oriented on the [2201] zone axis and SAED patterns were gathered with the selected
area aperture exposing approximately 0.25 um diameter section of the sample, as illustrated in Fig. 4a and 4b. The
[2201] zone axis was selected because the MAX structure has near extinctions at this orientation for the {0112} reflec-
tions; meanwhile nano-twinned TiC has significant intensity contribution for these reflections in the same orientation.
Looking at the depth profiles from the irradiated surface of both the most and least exposed samples (4.2x10'® and
2.8x10'® ¢m™2, respectively), it is clear that the material is highly crystalline with only slight ring intensity, likely
an artifact from FIB lamella preparation in this region; full depth profiles are included in S.Fig. 3 and 4. It is also
important to note that in all cases there is large intensity from what is believed to be nano-twinned TiC structure in
the regions closer to the irradiated surface; while at the deeper irradiation regions from 1.25 to 2.0 um, the intensity
returns to near extinction levels typical of the Ti3SiC, structure. The 4.2x10'® ¢~ sample shows some intensity at
the greater irradiation depths, but this is significantly weaker than that observed in shallower regions. This appears to
corroborate what was observed previously in the GIXRD results where Ti3;SiC, peaks were strong at deeper depths
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Fig. 3 — Lattice parameters (LPs) calculated as a function of depth in (a) and (b) and as a function of electronic energy loss in (c) and (d).

probed, while broad TiC peaks were still visible (recall that grazing incidence techniques include a signal from regions
shallower than the desired depth; though, this signal is weaker). These SAED depth profiles, which are isolated from
irradiation surface conditions, further suggest that structural changes occurred in regions near the irradiation surface,
where electronic stopping dominates, rather than where predicted damage dose is greater. This is evident when ob-
serving that the nano-twinned TiC {0112} reflections are only visible in Fig. 4a, where electronic energy loss exceeds
4 keV/nm, while a near extinction of these reflections is present when below this threshold in Fig. 4b, despite each
region corresponding to an equivalent damage dose of 7.6 dpa.

4. Discussion

4.1. Structure Analysis

Past studies have also observed major broadening in GIXRD peak profiles apparently isolated to peaks attributed
to TiC, while broadening of MAX peaks by comparison is observed to be less significant [10, 11]. A possible source
for these isolated intensity changes can be seen by examining the structure factors of disordered TizSiC, supercells,
including defects, as proposed by Liu ez al. [33]. Minor peak intensity is observed in the profiles of partially disordered
supercells near where TiC is expected in the profile. Given the largely unbroadened nature of the MAX profiles
observed, this could suggests that a partially disordered MAX structure may contribute to the broad observed intensity
at these peak sites rather than a full decomposition of the MAX phase into TiC. It has been previously proposed that
the TizAIC, composition, which shares its structure with Ti3SiC,, may form a chemically disordered structure that
exhibits peak profiles similar to TiCy [46]. The potentially convoluted contribution to the broad intensity near the TiC
peaks makes it difficult to quantify exactly the changes in concentration, but qualitatively it is clear that the relative
intensity increases with decreasing depth and increasing electronic energy loss, as illustrated in Fig. 2. This parallels
what is observed in the SAED patterns in Fig. 4a and 4b, where features similar to nano-twinned TiC intensity are
observed.
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The observed lattice strain results may be explained by interstitials trapped within the A-layers. Xiao et al. [47]
proposed these interstitials reside in-plane on the hexagonal interstitial sites (I5.,), which are the most energetically
favorable sites under equilibrium conditions. In contrast, AIMD simulations by Liu ef al. [33] revealed that interstitials
created by threshold displacement events often reside in-plane on the prismatic interstitial sites (I,;); though, in many
cases, Ti interstitial (Ti;) also formed split interstitials with neighboring Ti atoms (Ti2 site) above the I}, sites between
planes. In either case, these proposed defect diffusion mechanisms and sites could account for the changes in lattice
parameter observed in the shallowest regions in Fig. 3a and 3b.

It is important to note that the implanted Ti-ions may be discounted as a potential source for the observed relative
strain for a couple reasons. First, their concentration profile is very low and changes little over much of the depths
probed, reaching <10 appm by 1.0 um from the irradiation surface, see Fig. 1a. This should be insufficient to account
for the relative strain observed at these shallower depths. Second, even if this low concentration was sufficient to
contribute to the strain observed, the strain should then be at its greatest when the depth probed is doubled to 2.0 um,
as the Ti-ion concentration is then increased by two orders of magnitude from ~10 to 1000 appm. However, c and
a-LPs are comparable to pristine values at these greater depths, see Fig. 3a and 3b, so relative strain does not increase
with depth and Ti-ion concentration.

It has been calculated recently that Tig; antisites should result in expansion and contraction of the ¢ and a-LP,
respectively, while C Frenkel pairs should lead to expansion of the a-LP and less expansion of the c-LP [16, 23, 47].
Given the similarity of their in-plane site occupancy, it is expected that Ti; would have a similar influence on the ¢
and a-LPs; though, in the case of the split Ti;s, c-LP expansion and a-LP contraction is expected. While the barriers
to migration for interstitials in and adjacent to the A-layer have been calculated to be relatively low, full occupancy
of interstitial sites in the Ti3C, layers effectively limit migration of point defects to 2-dimensions and further reduce
the migration capabilities of Tig; antisites [16, 23, 47, 48]. Higher temperatures have been suggested as providing
sufficient energy for point defect mobility beyond 2-dimensions for recombination [22, 48], but at room temperature,
it appears the recombination is partially limited by this structural confinement of the defects. The results in Fig. 3a
and 3b, could be explained by initially trapped C; and Ti; within the basal layers, which with increased ion fluence
either saturate or migrate to sites adjacent to the basal layer, thus resulting in the apparent relaxation to pristine LP
values at the intermediate fluence.



Given that TiC appears confined to the depths where this relative strain is observed, it is likely this structural
confinement plays a role; though, until a thorough defect analysis is conducted, the precise role TiC plays remains
unclear. It should also be acknowledged that it is possible that the seeming reverse in strain observed could be
relaxation with increasing fluence from strain induced via polishing. However, given the consistent LPs recorded in
the pristine sample at each depth in comparison to ion-irradiated samples when they were still pristine, this seem
unlikely.

4.2. Electronic Stopping Implications

A clear correlation has been observed between the near surface LP strain behavior and the calculated electronic
stopping values, as shown in Fig. 3¢ and 3d. At comparable doses, increasing electronic energy loss results in in-
creased c-LP expansion and a-LP contraction above an apparent electronic stopping threshold of 4 keV/nm. The same
can be said for apparent TiC concentration increases in the near surface regions above the same threshold, Fig. 4a
and 4b. In the past, little defect production or lattice strain has been attributed to electronic stopping at levels below
28 keV/nm [9], but to our knowledge the influence of electronic energy loss has not been explicitly explored at flu-
ences such as those employed in this study. Further, without the self-consistent c/a method utilized here, the strain
effects may not have been readily visible within the lab scale testing environment.

While this observed strain, where electronic stopping dominates, might be attributed to an artifact of surface ir-
radiation effects, this may be discounted for multiple reasons. Surface effects are typically exhibited as defect-free
denuded zones adjacent to free surfaces and grain boundaries that are often limited to the first 100-200 nm of depth
[26]. For this study, the shallowest depth probed is well beyond this typical depth of influence. Additionally, following
high temperature neutron irradiation studies, defect-free denuded zones were only observed when irradiation temper-
atures exceeded 735°C [20, 22], which suggests higher temperatures are needed for irradiation assisted annealing of
defects near free surfaces and grain boundaries. Therefore, there should not be much in the way of surface effects
within Ti3SiC, during RT, low-flux irradiations.

It is likely these electronic effects are not due solely to electronic energy loss of single ions within the MAX
structure. The ionization energy from a single 9 MeV Ti ion transferred to the lattice via electron-phonon coupling
results in a thermal spike of ~1000 K in pristine MAX phase. This is likely insufficient to account for the observed
defect production and eventual strain. It has been demonstrated that there is often a synergy between electronic energy
loss and evolving defect concentrations, whereby evolving defects can significantly affect the dissipation of electronic
energy loss, such that the thermal spike is more radially confined and greatly increased in temperature [28, 30, 49-53].
In a recent study by Xue er al. [50], SiC was found to have an electronic energy loss threshold of 1.0 keV/nm for
in-cascade annealing, whereby a highly localized thermal spike serves to suppress defect accumulation and even heal
pre-existing defects. Conversely, in zircon, this localized heating in the ion path has been shown to additively increase
damage production, even when electronic energy loss is below 1.0 keV/nm [28]. It has also been shown in lithium
niobate [33] and in strontium titanate, when electronic energy loss exceeding 7.0 keV/nm [30], that the nuclear and
electronic stopping interact synergistically as pre-existing defects inhibit electrical and thermal conductivity, which
likely increases the influence of the thermal spike. Resultant damage track formation then increases in diameter with
proportional increases in either electronic stopping or defect concentrations.

The results in the present study may parallel the behavior in zircon, lithium niobate, or strontium titanate as
exceeding an electronic energy loss threshold of 4.0 keV/nm results in increases in the c/a ratio and diffraction intensity
resembling nano-twinned TiC in the SAED patterns. This seems to suggest that above this threshold, electronic energy
loss contributes to defect production and lattice strain. It has been demonstrated in the past that following low-dose
neutron irradiations, there is a significant reduction in the conductivity of the Ti3SiC, [13]. It is possible the elastic
component, in this study, results in a similar effect to that observed in strontium titantate, whereby the thermal spike is
enhanced and above 4.0 keV/nm, damage is observed. However, it may be the case that electronic ionization directly
affects the material response, regardless of elastic contribution, as in the case of zircon, so drawing a conclusion as to
the mechanism at this stage would be highly speculative.

That said, while a precise mechanism remains ellusive at this point, it is clear electronic energy loss plays a key
role in the observed effects, and it is important to emphasize the apparent independence of the observed threshold
from damage dose. Below the 4 keV/nm threshold, damage doses as high as 30 dpa in the 4.2 X 10'® cm™2 sample
show no signs of strain relative to pristine values and have no signature from nano-twinned TiC visible in the SAED
patterns. Meanwhile, the opposite occurs at lower damage dose levels in regions where electronic energy loss exceeds
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the 4 keV/nm threshold. These results confirm that these structural changes are influenced by electronic energy loss
rather than changes in damage dose. It is further important to note that this is a true energy threshold to structural
change. While nuclear stopping is significantly higher at depths below the 4 keV/nm threshold, as can be seen in
Fig. 1a, it is clearly demonstrated that the majority of energy dissipation is still due to electronic stopping effects. Yet
being below the threshold, the structural changes are not observed. There are also implications for future comparison
between neutron and ion irradiation results. Electronic energy loss must be taken into consideration when selecting
ions for studying irradiation damage events within this material. Once the effects observed in these preliminary results
have been more thoroughly investigated, defect analysis will be necessary to more fully understand the implications
of these results. Further, the influence of temperature will be explored in future irradiation studies to evaluate the
effects of electronic energy loss under different conditions as well as an independent separate effects study to isolate
the elastic and inelastic influences.

5. Conclusions

Structural changes due to irradiation with 9 MeV Ti** ions at room temperature have been characterized to be
confined to near surface regions where electronic stopping dominates. These structural changes are believed to be
associated with features similar to nano-twinned TiC, as well as strain in both the ¢ and a-LPs of the Ti3SiC, structure.
A self-consistent c/a method was applied in this study to measure the fine changes in the ¢ and a-LPs as a function of
grazing angle. To our knowledge, this is the first time this method has been applied to study the structural effects of ion-
irradiation and modification of hexagonal systems. Consolidation of results within comparable damage doses (dpa)
further revealed trends that the TiC signal and increase in c/a ratio through lattice strain are correlated to increasing
electronic energy loss above a threshold of 4 keV/nm. Below this threshold, no nano-twinned TiC signal is observed
in the SAED patterns, and ¢ and a-LPs measured through the iterative method are comparable to pristine values, even
at a damage dose of 30 dpa. It is still unclear as to the precise mechanisms that lead the observed effects of electronic
energy loss, whether a direct effect or synergistic interaction with evolving damage; however, it is clear that electronic
energy loss behavior of ions is of vital importance when selecting ions as a complimentary tool to neutron irradiations.
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