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Abstract 

Nearly monolithic MAX phase containing 95 wt.% Ti3AlC2 and 5 wt.% TiCx was synthesized 
by spark plasma sintering under vacuum sintering conditions. Corrosion behaviour of Ti3AlC2 
was investigated in molten LiCl–KCl salt at 600 °C under a dry Ar atmosphere. Evolution of 
microstructure and surface chemistry of the exposed sample was characterized by scanning 
electron microscopy (SEM), X-ray diffraction (XRD) and glancing angle X-ray diffraction 
(GAXRD). Results showed that Al dissolution led to delamination of the layered structure 
which favoured the ingress of chlorine and its subsequent intercalation into the Al–site plane 
to form a Ti3C2Cl2 exfoliation layer. De-twinning of the Ti3C2 layers possibly due to Cl- anions 
substitution by O results in non-stoichiometric TiC0.67 formation. 

Keywords: MAX Phase; Spark Plasma Sintering; Molten Salt Reactor; De-intercalation; De-
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1. Introduction 

Molten salt reactors (MSRs) are nuclear reactors characterized  by the use of a fluid  fuel in the 

form of a molten chloride or fluoride salt as coolant rather than the solid fuel employed in most 

reactors. MSRs are currently gaining wide interest because of a number of key benefits, 

including but not limited to [1, 2]: (1) atmospheric pressure operation, (2) high degree of 

passive safety, (3) high thermal efficiency linked to high volumetric heat capacity and thermal 

conductivity of the molten salts, (4) high solubility of most fission products in molten salts, 

and (5) lower spent fuel per unit energy. However, the molten salts utilized are quite corrosive 

to structural alloys being considered for molten salt reactors. As a result, the corrosion 

resistance of structural alloys employed in MSRs plays an important role in their fruition [3, 

4]. The protective oxide scale that is heavily relied upon for corrosion protection in high 

temperature environments is essentially unstable in molten fluoride and/or chloride salts [5]. 

This is because alloying elements in most MSR structural alloys (particularly chromium added 



for oxidation protection) are susceptible to dissolution in the molten salts and as such may lead 

to thinning of the structural component [3]. Evaluation tests of prospective structural materials 

in fluoride salt systems indicate that nickel-based alloys are the best of the commercially 

available alloys. This is because nickel itself is very stable in molten chlorides and fluorides 

because of the low Gibbs free energy of formation of the nickel chloride and fluoride species 

[4]. However, the presence of an appreciable amount of Cr such as in Inconel alloys renders 

the alloy susceptible to attack by the circulating molten salts at the MSR temperature via the 

selective removal of Cr [6]; however, some Cr is necessary to maintain oxidation resistance on 

the outer face of the materials [6]. On the other hand, substituting Cr with Mo such as in 

Hastelloy B presents excellent corrosion resistance in molten halide salts even at temperatures 

in excess of 871°C. However, the drawbacks with Hastelloy B are its susceptibility to grain 

boundary embrittlement by fission products [3, 7], its poor oxidation resistance, and poor 

fabricability. Hastelloy-N, which was specifically developed for molten fluoride salts during 

the Molten Salt Reactor Experiment (MSRE) program has shown good compatibility with 

molten fluoride salt and acceptable oxidation resistance in air [8, 9]. However, investigators 

have reported that Hastelloy-N, a low Cr-content alloy with Mo, is susceptible to intergranular 

corrosion via the continuous depletion of Cr and Mo – with the depth and extent of corrosion 

increasing with temperature [3, 7, 10].  

As there are at least two families of salt employed in MSRs, a single alloy is not likely to meet 

all requirements and material challenges (irradiation effects, corrosion, and elevated 

temperature strength) for potential designs [11]. These have led to active consideration of new 

structural materials such as MAX phases for use in various reactor components and designs. 

An additional benefit of MAX phases is their low neutron absorption (depending on MAX 

phase elemental composition, but particularly for Tin+1(Al/Si)Cn MAX phase system as well as  

Zr and Nb-based MAX phases) [12-14].    

MAX phases are a family of layered hexagonal nano-laminated (adopt the P63/mmc symmetry) 

with two formula units per unit cell and are governed by the general formula Mn+1AXn, where 

M is an early transition metal, A is an A-group element, X is carbon and/or nitrogen and n = 1, 

2, 3 or higher [15]. They combine simultaneously properties of both ceramics (that is, oxidation 

resistance, high temperature strength, wear resistance and high elastic modulus) and metals 

(such as, good electrical and thermal conductivity, machinability, low hardness, thermal shock 

resistance and damage tolerance) making them highly attractive as potential structural materials 

in various applications [12, 16-18]. Previous studies have shown that some MAX phases are 



suitable for nuclear applications [13, 14, 19, 20], as they can withstand extreme temperatures, 

elevated irradiation dose whilst maintaining crystallinity, and resistance to chemical attacks 

from corrosive coolants [21]. 

Titanium aluminium carbide (Ti3AlC2) is a member of the series Tin+1AlCn (n = 2) – and 

represents one of the most studied members of the MAX phases. The Ti3AlC2 crystal structure 

is composed of individual Ti3C2 layers separated by Al atoms. The chemical bonding in 

Ti3AlC2 is anisotropic and metallic-covalent-ionic in nature, with the metallic and covalent 

contribution reported to be dominant [22]. The unusual bonding and anisotropic structural 

characteristics are responsible for the unique metalloceramic properties reported in MAX phase 

material [23]. It has excellent oxidation resistance which stems from the formation of dual-

layered dense and adherent passivating films consisting of an inner continuous layer of alpha-

Al2O3 and an out layer TiO2 (rutile) [24-26]. Ti3AlC2 shows good irradiation resistance by 

undergoing irradiation hardening via the evolution of irradiation defects acting as obstacles to 

dislocation glide [14]. It has been reported that Ti3AlC2 exhibits excellent corrosion resistance 

to alkali solution at room and elevated temperature [26, 27]. Corrosion behaviour of Ti3AlC2 

in 3.5 % NaCl solution at room temperature was studied by Zhu et al. It was shown that the 

lamellar microstructure of Ti3AlC2 provided a diffusion path for the outward diffusion of Al – 

this deteriorated the passivating efficiency making it susceptible to inward-diffusing corrosive 

species [28]. Another study on the suitability of MAX phases in in-core nuclear plant 

applications and neutron transmutation behaviour showed that, Ti3AlC2 is damage tolerant in 

terms of creep and thermal/mechanical fatigue – whilst maintaining a high degree of 

compatibility with molten lead and sodium coolants [12].  

Whilst the literature on the corrosion behaviour of MAX phases in chloride and/or fluoride salt 

at elevated temperature is sparse, some studies have been reported.  Ling et al.[29] investigated 

the corrosion of Ti3AlC2 and Ti3SiC2 in molten LiF-NaF-KF salt. The results from their work 

revealed undesirable selective removal of the A-element leaving behind cubic formation of 

TiCx. Albeit both MAX phases reported to be susceptible to corrosion via the loss of the A–

element; the entire loss of the intercalated Al within the Ti3C2 layers was reported for Ti3AlC2. 

In another study, Naguib et al. [30] reported the topotactic transformation of Ti2AlC by de-

twinning into Ti-C-O-F  following the outward diffusion of Al when heated in molten fluoride 

in air.   



The scope of this work was to synthesize Ti3AlC2 MAX phase via the elemental powder route 

using spark plasma sintering (SPS) and study the corrosion behaviour in molten chloride salt 

at elevated temperature [31]. Understanding the passivation and corrosion behaviour in 

chloride salt at high temperature will help to elucidate the corrosion mechanism and the 

suitability of MAX phases as a structural material in molten salt reactors (MSR). 

2. Materials and methods 

2.1. Materials 

Polycrystalline bulk Ti3AlC2 was synthesized using starting elemental powders of Ti (-100 

mesh, 99.7 % purity, Aldrich), Al (-200 mesh, 99 % purity Acros Organics) and graphite 

powder (general purpose grade, Fischer Chemical) as precursors to produce the target 

specimen. Titanium and graphite powders were milled in a SPEX 8000M Mixer/Mill for 2 

hours and then mixed with 1.0 parts of aluminium. The mixed powder was then poured into a 

graphite die (20 mm in diameter). The loaded powder was separated from the graphite die by 

a boron nitride-sprayed 0.2 mm-thick graphite foil. The punches were also BN-sprayed to avoid 

welding at high temperature. The mould-powder-punch assembly was then covered with 

graphite felt to prevent heat dissipation. Synthesis was carried out using spark plasma sintering 

(SPS) in an FCT Systeme HP D 25 furnace unit under vacuum. Synthesis was carried out at 

1350 °C with an applied pressure of 50 MPa. The heating rate was maintained at 50 °C/min up 

to the requisite sintering temperature and held for 15 min before the SPS system was switched 

off and pressure was released as the sintered compact cools down to room-temperature. 

Afterwards, the SPSed bulk sample was ground to completely remove the graphite foil adhered 

to the surface during sintering – and the both sides of the bulk sample were mirror-polished.  

2.2. Methods 

2.2.1. Phase identification and morphology characterization 

The crystalline phases present in the mixed raw powder prior to synthesis and the bulk sample 

following SPS were analysed by XRD (Panalytical XʹPert3 diffractometer) with a 0.25° 

divergence slit and a step size of 0.01° at 2θ. XRD of the air sensitive milled powders was 

performed under Kapton film. Rietveld refinement was conducted on the XRD pattern 

collected at 5° ≤ 2𝜃 ≤ 120° using GSAS and EXPGUI. The density of the polished sintered 

disc was determined using Archimedes in water and theoretical density obtained using the rule 

of mixture upon determination of the constituent phases in the bulk sample from the Rietveld 



refinement data. Microstructural investigation was carried out using scanning electron 

microscopy (SEM, FEI Inspect F50, The Netherlands) equipped with an X-max 80 mm2 silicon 

EDS detector (Oxford Instrument, UK). Glancing angle X-Ray diffraction was performed using 

a Panalytical XʹPert3 diffractometer with the glancing angle, 𝜔 (in °), varied between 0.5° and 

10°.  

2.3. Corrosion test 

The bulk sample was cut into bars and the cut faces were polished to 3 µm. The samples were 

exposed in individual alumina crucibles containing 16.1 g of LiCl (Alfa Aesar, > 99 %) and 

18.9 g of KCl (Sigma Aldrich, > 99 %), that is, LiCl (59.2 wt.%) and KCl (40.8 wt.%) eutectic 

salt composition. To maximise the exposed surface area, the bars were suspended by nickel 

wire from a steel bar. The crucibles were placed in a custom-designed vessel which enabled 

exposure to be carried out under a dry argon atmosphere (99.998 % Ar passed through an 

OxiclearTM oxygen and moisture trap). Further details regarding the custom-designed vessel is 

reported elsewhere [32]. The furnace temperature was raised to 200 °C at a rate of 5 °C min-1 

and held for 2 h to dry the salt. The temperature was then raised further to 600 °C and held for 

125 h before cooling naturally to room temperature. The salt was removed by dissolution in 

warm water, following which the samples were washed in distilled water then isopropanol in 

an ultrasonic bath.  

3. Results and discussion 

3.1. Phase identification and analysis  

Following SPS, the synthesized disc was ground and polished down to 1 µm using diamond 

paste to ensure the complete removal of the adhered graphite foil layer at the surface. The 

refined XRD pattern taken from the top surface of the polished and unetched disc is shown in 

Fig. 1. As shown, the main phase is Ti3AlC2 whilst some minor amount of TiCx coexists as an 

ancillary phase. The fraction of the phases following quantitative phase analysis by Rietveld 

refinement were 95 wt.% Ti3AlC2 and 5 wt.% TiCx, respectively. 



 

Fig. 1. XRD pattern (black) and the refinement (red) of the SPSed disc. The obtained Rietveld 

refinement parameters were: χ2 = 3.357; Rp = 0.082; and wRp = 0.109, respectively. Inset shows the 

hexagonal crystal structure of Ti3AlC2. 

The evolution of the ancillary phase TiCx could be linked to possible de-intercalation of Al 

following outward diffusion of Al at high temperature and/or the high vacuum employed in 

SPS drawing out the vapour of Al due to its high vapour pressure. The loss of Al by evaporation 

will lead to a phase transformation from hexagonal Ti3AlC2 (TiAl0.33C0.67) to sub-

stoichiometric cubic TiCx according to the chemical reaction [33]: TiAl0.33C0.67 → TiC0.67 + 0.33Al(↑) 
An orientation relationship has been reported between TiC and Ti3AlC2 as their interface forms 

a coherent boundary [34]. This implies that an impure Ti3AlC2 sample containing TiCx can 

initially be prepared, followed by intercalation of Al into the TiCx inclusions – this will bring 

about a phase transformation from cubic TiCx to hexagonal Ti3AlC2. This could be a novel 



route to synthesize a monolithic Ti3AlC2 if an optimized sintering parameter and method can 

be established. 

3.2. Microstructural evolution 

Fig. 2(a) shows a high-magnification top-surface backscattered scanning electron micrograph 

revealing the general characteristic microstructures of the polished and unetched bulk sample. 

According to the elemental EDS analyses obtained from points numbered in the electron 

micrograph (Fig. 2(b)), the grey phase is the Ti3AlC2 with signature plate-like microstructure 

whilst the bright phase is the TiCx phase. The TiCx inclusions appear to cluster and not 

homogeneously distribute in the Ti3AlC2 matrix. The large and elongated grain size of the 

Ti3AlC2 grains seems to play a major role – as Ti3SiC2, which often forms a finer grain, has 

inclusions distributed homogenously within the matrix as observed elsewhere [35, 36]. 

Some pores (black spots) resulting from grain pull-out due to the metallographic grinding and 

polishing can be seen on the surface. In general, the sample was fully dense as the measured 

density was 4.276 ± 0.002 corresponding to an excess of 99 % relative density using the rule 

of mixture and taking into account the phase fractions. The observed pores due to grain pull-

out is not expected to influence the corrosion response and/or the underlying corrosion 

mechanism. 



 



Fig. 2. (a) Backscattered scanning electron micrograph obtained from the top-surface of the polished 

sample with grey phase corresponding to the Ti3AlC2 phase and the bright phase is the TiCx phase, and 

(b) semi-quantitative EDS point elemental analyses obtained from the numbered points in the electron 

micrograph. 

3.3. Post corrosion sample status, microstructure and evolution of surface chemistry 

At the end of the exposure test the melt was cooled, trapping the sample inside the solidified 

chloride. The chloride salt was then removed by placing the crucible under running tap water. 

Sample was not washed in ultrasonic bath because this might remove the corrosion layer; and 

the priority of this work is to keep the corrosion layer intact so as to determine the corrosion 

mechanism rather than an accurate corrosion rate. The sample appeared intact as there were no 

signs of spalling. 

It is worthy to highlight that since the crystalline structures of the TiCx ancillary phase formed 

during the SPS synthesis and the Ti–C layer in the Ti3AlC2 are nearly identical; as such the 

differences in their chemical properties are negligible. Thus, TiCx impurities are not expected 

to have an influence on the electrochemical corrosion properties of Ti3AlC2 [28]. 

3.3.1. Top-surface morphology and chemistry 

Scanning electron micrograph of the top-surface is shown in Fig. 3. As shown, the top surface 

appears to be very rough with corrosion products deposited on the surface. Also, grain 

delamination and some micro pits are clearly evident at the surface post corrosion. Semi-

quantitative elemental composition after EDS map analysis of the top-surface is presented in 

Table 1. The fraction of Al at the top-surface is very low, indicating a significant loss from the 

surface of the Ti3AlC2 MAX phase material. The oxygen fraction is somewhat high; it is 

suspected that this might be due to absorbed water in the remaining salt which is still present 

at the surface. The presence of chloride further supports that the salt at the surface would absorb 

moisture from the atmosphere - leading to high oxygen content. The significant Fe content is 

most likely due to material from the vessel lid spalling and subsequently falling into the 

crucible during the experiment.   

 



 

Fig. 3. (a) Secondary electron (SE), and (b) corresponding backscattered electron (BSE) micrographs 

taken from the top-surface after high-temperature corrosion in molten salt. 

Glancing angle X-Ray diffraction (GAXRD) patterns normalized relative to the TiC(200) peak 

are shown in Fig. 4. TiC was the most intense phase at all glancing angles. The Ti3AlC2 phase 

peaks are relatively weak and the majority of these peaks vanished as the glancing angle was 

decreased to < 5° 𝜔. The additional unknown peaks observed at glancing angle < 10° 𝜔 appear 

to correspond to Ti3C2Cl2 phase, and is in agreement with observations reported elsewhere 

[37]. This is further supported by the fact that the [002] peaks of Ti3C2[Tx] are inclined to shift 

towards smaller angles and broadens in contrast to that from Ti3AlC2 [38]. 



 

Fig. 4. GAXRD patterns after exposure to eutectic LiCl-KCl molten salt at 600 °C for 125 hours. Note 

the evolution of the Ti3C2Cl2 phase at glancing angle < 10° 𝜔. The unknown peaks are speculated to be 

that of Ti3C2Cl2.  

3.3.2. Cross-sectional morphology and chemistry  

Cross-sectional morphologies from the surface exposed to the molten salt at 600 °C for 125 h 

is presented in Fig. 5. The reaction layer as measured from the SEM image was ~ 80 – 120 µm 

thick. Fig. 5(a and b) are comparative secondary electron (SE) and backscattered electron 

(BSE) SEM micrographs showing the extent of the reaction layer as well as evidence of grain 

exfoliation and delamination. Fig. 5(c) is a higher magnification BSE image of a Ti3AlC2 grain 

where extensive exfoliation of individual layers is evident. Fig. 5(d) is a BSE image that further 

reveals the exfoliated layer speculated to be Ti3C2Cl2 (white arrow) alongside with non-

stoichiometric TiCx (red arrow) in agreement with the glancing angle XRD in Fig. 4. 



 

Fig. 5. SEM cross-section morphologies of corroded Ti3AlC2 showing: (a–b) secondary electron and 

corresponding backscattered electron images of the reaction layer, (c) backscattered image showing 

exfoliated Ti3AlC2 grain and (d) backscattered image showing the corrosion product (TiC0.67) in red 

arrow and exfoliated layer Ti3C2Cl2 in white arrow. 

EDS elemental maps obtained from Fig. 5(b) is shown in Fig. 6. The annotations mark the 

location of point analyses, the compositions of which are presented in Table 1. According to 

the elemental map, three distinct phases were present. The first is that of the underlying 

substrate Ti3AlC2, which is clearly visible from the Al map. The second is TiCx, which is 

distinguishable from a lack of lack of O, Al and Cl. The third is the Ti-C-Cl phase, which is 

most easily distinguished by the presence of Cl. However, it is worth mentioning that an 

additional phase possibly Ti-C-O-Cl already reported elsewhere [38, 39] may also coexist due 

to the presence of O in the Ti-C-Cl phase region as seen in the overlayed EDS map even though 

the EDS point spectrum (not shown) did not detect oxygen peak. EDS point analyses from the 



point (3) spectrum suggest that the approximate stoichiometry of this phase is Ti2C3Cl. This is 

contrary to the Ti3C2Cl2 has speculated following the glancing angle XRD analyses. The reason 

for this is not fully understood at this time but it is conceivable that both phases do coexist. 

This is because following aluminium extraction, chlorine may have reacted with the exposed 

titanium which then subsequently dissolves in the melt to leave behind a carbide-derived 

carbon as observed elsewhere [40, 41]. It is therefore plausible that this carbide-derived carbon 

layer is responsible for the greater fraction of carbon than titanium in the exfoliated layer.    

      



 

Fig. 6. EDS elemental maps from the cross-section. The top of the image is the sample surface. The 

layered map shows three distinct morphologies: Ti3AlC2, TiCx and Ti-C-Cl phase. The annotations 

mark the locations of elemental point analyses shown in Table 1. Note some traces of Fe was also 

seen in the map spectrum although not shown here. 



Table 1. Top-surface and cross-sectional elemental composition (at.%) of Ti3AlC2 after corrosion 
in LiCl-KCl molten salt at 600 °C for 125 hours 

TOP SURFACE 

O Ti C Fe Cl Al Others Elements 

37.7 33.4 18.3 4.5 4.2 0.9 0.8 S,Si,K,P,Cu 
CROSS SECTION 

SPECTRUM Ti Al C Cl Others Elements 

Point 1 
Point 2 
Point 3 
Point 4 
Point 5 
Point 6 

32.4 0.2 48.0 18.8 0.6 Fe,Ca,K,Si 
34.5 0.7 47.4 16.7 0.7 Fe,K,Si 
54.4 0.1 45.2 0.2 0.1 Si 
55.6 0.2 43.8 0.1 0.3 Ni,W 
48.2 14.6 36.3 0.2 0.7 Fe,Cu,Ca 
49.2 14.8 35.7 0.1 0.1 Fe 

 

3.4. Ti3AlC2 response to high temperature molten salt 

The Ti3AlC2 structure is composed of individual Ti3C2 layers separated by Al atoms. Following 

the exposure to LiCl-KCl molten salt, the generation of Cl2 provides the driving force for 

selective out-diffusion of Al atoms from between the layers; as a result, this brings about the 

exfoliation of individual Ti3C2 layers from each other owing to the loss of metallic bonding 

holding them together. The loss of aluminium from the A–atom plane leaves behind Mn+1Xn 

sheets separated from each other and their surfaces [42] which are then immediately 

functionalized by surface terminating species, Tx, emanating from the molten salt to form 

Mn+1XnTx [43, 44]. As such the inward-diffusing Cl- anions will spontaneously intercalate into 

the A–site plane vacated by the Al atoms and bond between Ti3C2 sublayers to form a more 

stable phase Ti3C2Cl2 [37]. Thus the corrosion products are TiC0.67 rock salt structure [45, 46] 

and the exfoliated layer Ti3C2Cl2 [37, 47]. Exfoliation is particularly evident judging from the 

diffraction patterns (Fig. 4) that reveals a weakening diffraction signal of the non-basal plane 

peaks of Ti3AlC2, most notably the most intense peak at ≈ 39° 2θ.  

The M–A bonding energy in the MAX crystal structure plays a vital role in relation to the ease 

of removal of the A–element. Some MAX phases, such as V2AlC and Nb2AlC have been 

reported to possess higher bonding energy; as a result, longer time is required to remove the 

A-atoms [44]. As the M–A bond energies in MAX phases are different, it is conceivable that 

the weak M–Al bonding in Ti3AlC2 [48] favoured the ease of extraction of Al atoms from the 

two-dimensional A–site plane which was then subsequently dissolved in the molten salt. The 

formation of AlCl3 vapour is also probable as its boiling point is 180 °C. However it is more 

likely that it would interact with LiCl and KCl and stay in the melt as AlCl4.  



The A–layer has been established to play a dominant role in the corrosion behaviour of MAX 

phases; and certain grain orientations which expose the A–layer are more likely to corrode due 

to ease of Al de-intercalation [49]. When the basal planes are perpendicular to the surface the 

A–layers are exposed. On the other hand, when the basal planes are parallel to the surface (i.e. 

basal textured sample) the A–layers are shielded [49]. Irrespective of the M–A bonding energy 

and grain orientation, the main reason behind the poor corrosion resistance of Ti3AlC2 in this 

study was the lack of formation of an Al2O3 scale layer at the surface. The excellent high-

temperature oxidation resistance of Ti3AlC2 can be partly blamed for this [50]. The formation 

temperature of α–Al2O3 is reported to be above 900 °C [51]; and as Al is continuously extracted 

from Ti3AlC2 following exposure to the molten salt below this temperature, it is clear that all 

the Al would have been extracted before the Al2O3 formation temperature is attained. 

Protective alumina scales have been reported to be an effective barrier to the inward penetration 

of chloride and chloride molten salts [52]. Thus pre-oxidation is needed prior to exposure to 

molten salt to aid the formation of an Al2O3 scale. Previous work by Lin et al. [51] showed that 

pre-oxidation in air at 1000 °C inhibited the infiltration of molten salt into a Ti2AlC substrate 

due to the formation of a continuous Al2O3 scale.  

It is also worth mentioning that a possible galvanic cell that might have developed owing to 

contact between the MAX phase material and the materials used in the experimental set-up, 

that is, steel bar and nickel wire cannot be ruled out despite attempts to mitigate this using mica 

to insulate the sample. This might have exacerbate the extent of corrosion especially via the 

oxidation of chloride ion to chlorine gas. Whilst this does not alter the underlying corrosion 

mechanism, it does highlight a technological challenge in employing MAX phases in a molten 

salt reactor that often incorporates a range of dissimilar materials in its architecture. 

3.4.1 Ti3AlC2/LiCl-KCl corrosion mechanism 

When in contact with the molten salt it appears that a chemical driving force induces the 

extraction and migration of Al from the A-atom site plane in Ti3AlC2. Although the mechanism 

behind the chemical driving force is not fully understood, however, according to Barsoum et 

al. [45] it is plausible that the reaction of Al with dissolved oxygen in the molten bath plays a 

role in this mechanism. The continuous extraction of Al from the A-atom site leave behind a 

twinned and relaxed Ti3C2 layers that is spontaneously terminated by Cl- ions to form a stable 

Ti3C2Cl2 [37]. However, some of the Ti3C2 layers are not transformed into Ti3C2Cl2 as it would 

be expected but instead into non-stoichiometric TiCx. A major reason for this deviation is the 



possible de-twinning of the as relaxed Ti3C2 layers due to oxygen incorporation [39, 46]. 

According to Barsoum et al. [45] and Emmerlich et al. [46] not all Ti3C2 layers are terminated 

by the Cl- ions as an inward diffusing O (evident from the EDX map) may occupy the empty 

A-site vacated by the Al atoms to bring about detwinning of the as relaxed Ti3C2 layers into 

non-stoichiometric TiC0.67. The formation of non-stoichiometric TiC0.67 is further supported by 

the increase in the intensity of the TiC peaks as observed from the glancing angle XRD patterns 

obtained from the cross-section of the sample post corrosion in Fig. 4. According to Lu et al. 

[53] and Urbankowski et al. [43], whilst Cl termination bonds well with the Ti3C2 surface, they 

are not as competitive as O-containing terminals. Thus a small part of the Cl terminations can 

be easily substituted by O-containing terminals during sample preparation processes such as 

water washing.  

4. Conclusions 

The following salient conclusions are reached upon spark plasma sintering of Ti3AlC2 MAX 

phase material and subsequent exposure to eutectic LiCl-KCl molten salt at 600 °C: 

 Nearly single phase Ti3AlC2 MAX phase was synthesized by spark plasma sintering 

(SPS) under vacuum condition. 

 Ancillary phase TiCx coexisted in the final sintered product due to de-intercalation of 

aluminium to bring about a phase transformation from hexagonal phase Ti3AlC2 to 

cubic phase TiC0.67. 

 Ti3AlC2 is susceptible to chloride attack from the molten salt due to the selective 

extraction of Al from the basal plane leaving behind a relaxed Ti3C2 and its subsequent 

chlorination to Ti3C2Cl2. 

 De-twinning of the as relaxed Ti3C2 layers due to O incorporation led to non-

stoichiometric TiC0.67  formation. 

 It is possible to mitigate Al extraction by synthesizing textured Ti3AlC2 with basal plane 

parallel to the surface, thus shielding the Al–layer and/or appropriate pre-oxidation to 

form alumina scale that is impregnable to chloride attack. 
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