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The effect of irradiation temperature on the crystallographic stability of the ternary 

carbides Ti3SiC2 and Ti3AlC2 was investigated in the 350 to 600 °C temperature range, 

using 2 MeV protons to a fluence of 2.25 × 1018 protons cm-2. Both materials shrink along 

the basal planes and expand normal to them. Defect recovery decreases the magnitude of 

these anisotropic lattice changes with increasing irradiation temperature. However, 

reduced recovery in Ti3AlC2 causes irradiated surface exfoliation at low temperatures 

and elevated damage rates. The extent of lattice change suggests that in-reactor use of 

these compositions will likely be limited to high-temperature applications. 

 

Keywords: Proton irradiation, annealing, X-ray diffraction (XRD), layered structures, point 

defects. 

 

The MAX phases are a group of ternary carbides and nitrides, where M denotes an early 

transition metal, A is an A-group element and X is either carbon or nitrogen. Their nano-layered 

hexagonal crystal structure consists of single atomic metallic A-layers sandwiched between 

MX carbide layers. The metallic and ceramic layers give MAX phases a unique mix of 

properties such as ease of machinability [1], whilst being thermally shock resistant and damage 

tolerant [2]. Due to this combination of properties, MAX phases have been suggested as 

suitable materials for nuclear applications, such as accident tolerant fuel coatings (ATFCs) for 

light water reactors (LWR) [3], as well as for various Gen IV applications [4]. Such 
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applications require chemical and structural stability at the expected operating temperatures 

and resistance to irradiation damage. 

 Previous studies have observed anisotropic lattice changes in Ti3AlC2 and Ti3SiC2 after 

heavy ion irradiation, whereby an increase in c-lattice parameter alongside a decrease in a-

lattice parameter occurs [5-9]. At temperatures below 400 °C, the anisotropic lattice changes 

lead to grain boundary cracking [5]. However, at temperatures above 400 °C, the irradiation-

induced lattice parameter changes during heavy ion irradiation were less severe in these MAX 

phases than the lower temperature counterparts [5,7-9]. Neutron irradiation has shown similar 

trends of reduced lattice changes at temperatures of 695 °C and greater [8,10]. Therefore, it has 

previously been concluded that Ti3AlC2 and Ti3SiC2 will be limited to use in environments 

where operating temperatures are greater than 400 °C [5,7-12].  

 It has been proposed that point defect and point defect cluster accumulation is 

responsible for the lattice parameter changes in these materials, specifically MA and AM antisite 

defects and Ci Frenkel defects [5,13]. The use of higher irradiation temperatures is expected to 

increase the migration and annihilation of point defects, thus reducing lattice strains by 

reducing residual point defects. A direct comparison of the proton irradiation response of these 

materials at varying temperatures has not been carried out previously. 

Therefore, the following work is a systematic study of the effect of irradiation 

temperature on defect accumulation in Ti3SiC2 and Ti3AlC2. Response of the lattice to 

irradiation temperature variation is investigated. Ex-situ XRD is used to investigate the 

irradiation stability of the material by measuring irradiation-induced changes in the lattice 

parameter. By carefully controlling the irradiation conditions, this study aims to provide a 

sound basis to improve understanding of the mechanisms that determine the evolution of 

damage in MAX phase materials at mid-range irradiation temperatures (350-600 °C), 

providing essential validation for proposed models of defect evolution. The temperature range 

covered here replicates typical LWR conditions as well as the higher temperatures expected in 

many Gen IV applications.  

Ti3SiC2 and Ti3AlC2 bulk samples (minimum of 98% MAX phase purity, remainder is 

TiC) were synthesised from hot pressing powders under 30-40 MPa at 1300-1500 °C as 

described in [11,14]. Samples were electrical discharge machined (EDM) into 2×4×20 mm3 

bars that were subsequently ground and polished to a mirror finish using an oxide polishing 

suspension (OPS).  

Proton (H+) irradiation was carried out at the Dalton Cumbrian Facility (DCF) at the 

University of Manchester [15], on a 4×10 mm2 region of each bar using 2 MeV H+ with a 
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current density of 0.2 µA mm-2. Irradiations were carried out at 50 °C intervals between 350 

and 600 °C (maximum possible temperature for this furnace), with a maximum temperature 

variation of ±10 °C. Dose profiles, calculated using quick Kinchin-Pease calculation in SRIM 

[16] for a million ion collisions, are shown in Fig. 1a. Standard values of displacement 

threshold were used in SRIM for Ti, Al and C of 25 eV, 25 eV and 28 eV, respectively and 

result in a Bragg peak of maximum damage for both samples at around 28 µm. The damage 

rate was calculated as 5.4×10-6 dpa s-1 at a depth of ~17 µm, i.e. 60 % of the maximum damage, 

a typical depth where XRD data is collected. At this depth, a dose of 0.1 dpa (2.25×1018 H+ 

cm-2 total dose, measured across the irradiated area at the sample surface) was reached during 

the experiment.  

Ex-situ XRD on the irradiated samples was performed on a Bruker D8 Discover 

diffractometer with a Cu Ka source. All irradiated materials were analysed at room 

temperature. Scans were performed with a 0.4 mm vertical slit and 2 mm horizontal slit, thus 

ensuring that only the irradiated region was sampled. A two-theta range of 30° to 80° was 

collected using a step size of 0.02°, counting for 3 s per step. Calculation of the cumulative X-

ray signal generated across the entire two-theta range, reveals that the depth from which XRD 

signal is measured does not exceed 19 µm in Ti3AlC2 (Fig. 1b). For Ti3SiC2 the XRD signal 

depth is 18 µm. Therefore, the Bragg peak of H+ damage is not sampled during XRD analysis. 

Experimental lattice parameters were obtained through Rietveld refinement of collected 

diffraction patterns in TOPAS v4 [17]. Measured lattice parameters in the as-received 

condition were: 3.07 Å and 18.56 Å for the a and c-parameter, respectively, in Ti3AlC2. For 

Ti3SiC2, the measured as-received a and c-parameters were 3.07 Å and 17.67 Å respectively.  

XRD diffraction patterns obtained after irradiation are shown in Fig. 2a and b, where 

the effect of irradiation temperature on lattice parameters is apparent. The basal reflection 

(0008) was observed to shift to lower 2q values (increase in d-spacing) with lower irradiation 

temperatures. Peak broadening occurs after irradiation, leading to an overlapping of Kα1 and 

Kα2 for each peak, which is observed more readily at lower irradiation temperatures. It is noted 

that since the XRD signal is generated through a material thickness where irradiation dose is 

not constant (Fig. 1b), the lattice parameters may vary with depth, possibly contributing to the 

observed broadening effect. The lattice parameter strains, relative to non-irradiated samples at 

room temperature, are calculated from the diffraction patterns and are shown in Fig. 2c and d 

for Ti3SiC2 and Ti3AlC2, respectively. In both materials studied, the c-parameter increases after 

H+ irradiation while the a-parameter reduces, in agreement with previous observations for 
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neutron and heavy ion irradiated materials. [5-9]. Additionally, a linear trend is observed in 

lattice parameter change with irradiation temperature, where overall lattice strain is reduced 

with increasing irradiation temperature.  

 

 
 

Figure 1: Simulated H+ damage profiles and XRD penetration calculations. (a) H+ damage 
profiles for Ti3SiC2 (blue) and Ti3AlC2 (black), using 2 MeV protons with an area current of 
0.2 µA mm-2, calculated using SRIM. Relative concentration of H+ ions in Ti3AlC2 shown in 
red. (b) XRD signal intensity calculation for Ti3AlC2. The red dashed line shows the normalised 
XRD signal intensity as a function of depth compared to the H+ damage profile (black line). 
Below 33% X-ray signal intensity (grey dashed line), the signal is obscured by noise and 
therefore X-ray penetration beyond this depth (blue dashed line), will not contribute to the 
collected XRD data. For Ti3AlC2, the maximum XRD signal depth is approximately 19 µm 
sub-surface and for Ti3SiC2 it is 18 µm (not shown). 

 

Comparing Figs. 2c and d, it is clear that at all irradiation temperatures, the lattice 

strains are higher for Ti3AlC2 than Ti3SiC2, in agreement with previous observations from 

heavy ion and neutron irradiation experiments [5,12]. The amount of recovery exhibited by 

Ti3AlC2 is also reduced at increased temperatures when compared with Ti3SiC2. The gradients 

of the linear fits of the c-lattice parameter data points are -0.003 % °C-1 and -0.0017 % °C-1 for 

Ti3SiC2 and Ti3AlC2, respectively. A greater density of residual defects in Ti3AlC2, which are 

postulated to cause the lattice strain, have been predicted by DFT in previous proton irradiation 

work [13]. It is proposed that the lower formation energy of defects produced in Ti3AlC2, 

specifically C interstitials and MA antisites, results in a higher defect population after 

irradiation. The reduction in peak resolution in the (0008) reflection could indicate that defects 

populate the basal planes, which supports the theory presented previously [13].  

While no dislocation loops were observed to have formed in the proton irradiated 

sample previously at 0.1 dpa, similar peak broadening was observed [13]. In the absence of 

loops, or other visible defects such as ripplocations [10,18,19], it is likely that defects are 

present in the form of nanoscale interstitial defect clusters and point defects, which are believed 
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to cause the lattice distortion [5,13]. Typical point defects are not expected to cause the type of 

peak broadening observed here [20] since their strain field is limited (i.e. inversely proportional 

to r3, where r is the distance from the defect [21]). The MAX phases, however, have a unique 

nanolayered structure, where point defects can accumulate between the A and M-layers. It is 

believed that this layered structure results in a non-uniform strain field around point defects 

and therefore contributes to both peak shift and broadening. Although, as discussed earlier, it 

is also possible that lattice parameter variation across the irradiated profile sampled during 

XRD analysis (Fig. 1b) could contribute to this broadening effect.  

 

 
 

Figure 2: Analysis of post-irradiated lattice strains at various temperatures using XRD. 
Patterns of (a) Ti3SiC2 and (b) Ti3AlC2 after irradiation to 0.1 dpa at different irradiation 
temperatures. Lattice parameter strains relative to the non-irradiated samples for (c) Ti3SiC2 
and (d) Ti3AlC2 calculated from the diffraction patterns at different temperatures. The dotted 
line at 0 % strain is the non-irradiated reference. Red-boxed regions in (d) are missing data 
points due to sample failure during testing. 
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XRD results from the Ti3AlC2 sample, irradiated at 350 ˚C, are not present in Fig. 2b 

or d as the irradiated region of this sample did not survive the H+ irradiation. An optical image 

of the damaged sample is shown in Fig. 3a where the irradiated region of the sample had 

exfoliated and detached during proton irradiation. A Keyence VK-X200K scanning laser 

confocal microscope was used to produce a height map of the interface between the irradiated 

and non-irradiated regions on the exfoliated Ti3AlC2 sample, shown in Fig. 3b. The height map 

shows that sample failure occurred at a depth of ~30 µm below the irradiated surface. This 

depth correlates with the maximum H+ damage depth (Bragg peak) of 28 µm calculated from 

the SRIM damage profile, shown in Fig. 3c. The sample exfoliated after an accumulated dose 

of 0.73 dpa at the Bragg peak, with a corresponding damage rate of 1.8×10-4 dpa s-1. 

Interestingly, Ti3AlC2 was previously found to remain stable, with no exfoliation,  

during proton irradiation at 350 ˚C despite reaching a maximum damage of 1.5 dpa [13]. The 

difference between the two proton irradiation setups was the peak damage rate. In previous 

work it was 4.5×10-5 dpa s-1 [13]; herein it is 1.8×10-4 dpa s-1. These results suggest that both 

damage rate and irradiation temperature are important interrelated parameters affecting MAX 

phase stability. It should be noted that heavy ion irradiations have been performed on Ti3AlC2 

at significantly higher dose rates and to higher doses with no reported exfoliation, even at room 

temperature [9,22]. This discrepancy may relate to differences in the defect type produced in 

each case, but also to the small penetration depths reached in most heavy ion experiments, 

where less constraint is provided by the surrounding material.  

Whilst the accumulation of defects may lead to exfoliation, another possibility is that 

H-bubble formation could lead to sub-surface delamination as observed in other metals and 

ceramics undergoing ion-irradiation [23-25]. The SRIM profile shown in Fig. 1a demonstrates 

how H ions accumulate at the Bragg peak of irradiation damage. The proton fluence of 2.2 H+ 

cm-2, used in this study, equates to a total H concentration of approximately 13 at% integrated 

across the Bragg peak in both Ti3AlC2 and Ti3SiC2 (Fig. 1a). In Al, hydrogen saturation occurs 

at a concentration of 5 at%, leading to rapid bubble precipitation [26]. Previous research of H+ 

irradiation of Si [27] suggests that Si reaches H saturation at approximately 10 at%. The 

reduced solubility of H in Al versus Si may explain why the Ti3AlC2 sample exfoliated whilst 

Ti3SiC2 did not. This would possibly suggest that the A-layers, particularly in MAX phases 

containing Al, are susceptible to H bubble formation during irradiation. However, the absence 

of such blistering at greater damages previously [13] suggests that damage rate is still an 
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important factor. This could be due to the competition between H-implantation versus H-

diffusion away from the Bragg peak. 

Finally, scanning electron microscope (SEM) micrographs of the exfoliated Ti3AlC2 

sample, collected on a Quanta 250 field emission gun (FEG) SEM, operating at 20 KeV, are 

shown in Figs. 3d and e. The non-irradiated surface is as-polished, showing only small pores 

and TiC grains (black and white arrows on Fig. 3d, respectively). It is interesting to note, that 

after irradiation, the underlying layered structure has been revealed within the damaged region 

(inset in Fig. 3e).  

 

 
 

Figure 3: Examination of the exfoliated surface of the post-irradiated Ti3AlC2. a) Optical 
image of Ti3AlC2 sample after irradiation to 0.1 dpa at 350 ˚C with image locations noted. b) 
Confocal laser height map of the interface between the non-irradiated and irradiated regions. 
(c) Typical plot showing correlation between H+ SRIM damage profile and sample height, 
measured using a confocal laser. Surface SEM micrographs of (d) non-irradiated, and (e) 
irradiated region of Ti3AlC2 sample which exfoliated during irradiation at 350 ˚C. The black 
arrow in (d) indicates pores in the sample, the white arrow indicates the smaller darker grains 
which correspond to TiC impurities. Inset in (e) demonstrates the typical MAX phase layered 
structure. 
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 The results presented here provide further evidence that the damage tolerance of the 

MAX phases is directly related to temperature. By extrapolating the linear trends observed here 

for the irradiation induced c-lattice parameter change with temperature (Fig. 2c and d), we can 

estimate the point at which minimal residual defects are present. These temperatures are 

estimated to be ~685 ˚C and ~1,050 ˚C for Ti3SiC2 and Ti3AlC2, respectively, at the H+ damage 

rate of 5.4×10-6 dpa s-1. Tallman et al. reported that negligible lattice parameter changes were 

observed in Ti3SiC2 and Ti3AlC2 after neutron irradiation to ~1.59 dpa (2.59 × 10-8 dpa s-1)  at 

~735 ˚C [10]. Previous work also showed that Ti3SiC2 had negligible lattice strains after 

neutron irradiation to ~ 0.1 dpa at the lower temperature of 695 ̊ C [28]. In this case, the neutron 

flux was not provided, so the damage rate is estimated to be ~3.54×10-8 dpa s-1 by assuming 

the same flux reported in their more recent work [10]. Negligible lattice strain is observed at a 

neutron irradiation temperature of ~630 ˚C with a damage rate between 4.5 and 6×10-7 dpa s-1 

[12]. These studies suggest that the minimum temperature required to anneal defects may be 

lower at reduced damage rates.  

Based on a range of observations of MAX phase irradiations, it is postulated that the 

actual dose received is not the most influential factor on lattice parameter changes. The damage 

rate, or flux, and irradiation temperature are believed to have a greater effect on lattice changes. 

Understanding the lattice response of different MAX phases to irradiation at specific damage 

rates, could allow a prediction of failure to be calculated, enabling the operational temperature 

range of these materials to be defined. Further systematic irradiation studies are required where 

only a single variable, e.g. dose rate or dpa is altered, so that usable conditions for these 

materials can be predicted. The different annealing temperatures of the two compositions 

suggests that modelling of defect stabilities for new MAX phase compositions may allow for 

identification of compositions which are able to operate at LWR temperatures. An example 

would be identifying compositions that don’t promote interstitial carbon (Ci) residing between 

A and M layers. 

 In conclusion, the response of the MAX phases, Ti3SiC2 and Ti3AlC2 to high rates of 

proton induced damage, at varying irradiation temperatures, has been investigated. The rate at 

which recovery of the lattice parameters occurs is observed to be linear with temperature, where 

increasing irradiation temperatures, results in a reduction in lattice changes. The large changes 

observed in lattice parameters indicates clearly the limited irradiation tolerance of these 

materials at low temperatures. Furthermore, Ti3AlC2 is significantly less damage tolerant in the 

case of irradiation-induced proton damage compared with Ti3SiC2; its poor performance 

extending to significantly higher temperatures. When irradiated at 350 ˚C, exfoliation of the 
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irradiated surface of a Ti3AlC2 sample occurred at the relatively low damage level of 0.73 dpa, 

leading to the conclusion that in addition to the overall damage, it is also important to consider 

the damage rate when understanding the response of the MAX phase lattice to irradiation. 
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