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ABSTRACT 

 

Planar cracks tend to form in Al-containing Mn+1AXn phase materials after oxidation at an 

intermediate temperature range between 550 and 650 oC, although they have outstanding oxidation 

resistance beyond 1200 oC. Herein, Ti2AlC Mn+1AXn phase powders are employed as a model 

example to investigate such laminar cracks formation at 600 oC, accompanying with continuous 

volume expansion and weight increment with oxidation duration. Coupled with the crystallinity 

structure development during oxidation, density function theory calculation has been performed 

to elucidate the origin of such anomalous behavior at 600 oC for Ti2AlC, which can be applicable 

to other Mn+1AXn phase materials. 
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I. Introduction 

Mn+1AXn (n = 1-3) or MAX phase materials are a group of unique ternary carbides, nitrides 

or borides, which possesses both ceramic and metallic properties at the same time [1-3]. M is a 

transition metal including Sc, Ti, Zr, Hf, V, Nb, Ta, Cr, Mo, etc. A is a group 12-16 element 

including Cd, Al, Ga, In, Tl, Si, Ge, Sn, Pb, P, As, etc. X can be carbon, nitrogen and/or very 

recently boron [4]. Like ceramics, they have high melting points and excellent oxidation resistance. 

For example, prolonged oxidation (20 hr) of bulk Ti3AlC2 [5] and bulk Ti2AlC [6-9] at 1300 oC 

only led to formation of 16 - 18 µm thick dense and continuous Al2O3 on the surface, which limits 

the inwards diffusion of oxygen and protect the underlying bulk carbide from further oxidation. 

Like metals, they have good thermal and electrical conductivity, high ductility and can be 

machined easily [10].  

MAX phase materials share a hexagonal layered lattice structure constructed by vertically 

repeating two Mn+1Xn layers interleaved with one planar A element layer in between [2, 3]. The 

strong covalent-ionic M-X bonds contributes to the ceramic properties, while the weak metallic 

M-A bonds contribute to the metallic properties. It has been discovered recently that weakly 

bonded M-A in the MAX phase materials can be broken by HF solution and subsequently the A-

layer can be selectively etched away, leaving behind two dimensional multi-layer MXene (i.e., 

Ti2C, Ti3C2, etc) with surfaces terminated by O, F or OH [11]. Being highly conductive and having 

large surface area, MXenes have seen promising application in energy storage, photo-catalysis, 

gas sensors, etc.  

Despite these outstanding properties, MAX phase materials have an intriguing behavior 

that they tend to form cracks after oxidation in an intermediate temperature range between 550 and 

650 oC (Fig. 1). Such cracks can be observed in bulk Ti3SiC2 [12] and bulk Ti2AlC [13] as well as 

Ti3AlC2 powders [14], Ti2AlC powders [15] and Ti2AlC-rich coating [16] after oxidation within 
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this temperature range (Fig. 1). In the polycrystalline bulk Ti3SiC2 and bulk Ti2AlC, cracks were 

developed in various directions (Fig. 1(a & b)). However, in the powder samples, cracks tends to 

develop dominantly parallel with the surface basal plane in each powder (Fig. 1(c & d)). Such 

cracks formation has led to abnormal Ti2AlC powder volume expansion after oxidation at 600 oC 

(Fig. 1(d)) compared to other temperatures. Moreover, such volume expansion are more significant 

with prolonged oxidation time at 600 oC (Fig. 1(e)), and they can lead to pre-matured coating 

failure via delamination at 600 oC for Ti2AlC-rich coating [16]. Such pre-matured coating 

delamination can be alleviated and circumvented via reducing Ti2AlC’s weight percentage in the 

coating [17]. Cracks were interestingly absent outside this particular temperature range and were 

previously attributed to stress arising from volume expansion due to the oxidation of Ti2AlC into 

anatase TiO2. Therefore, cracks preferentially occurred along the laminar planes between the 

weakly bonded Al and Ti layers which are parallel to basal planes [13].  

Fig. 1 Cracks were observed the after oxidation of (a) bulk Ti3SiC2 at 650 oC for 6 hr [12], (b) 

   

(a) (b) (c) 

 

  

(d) (d) (e) 

20µm 
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bulk Ti2AlC at 600 oC for 20 hr [13], (c) Ti3AlC2 powders at 600 oC for 2 hr [14] and (d) Ti2AlC 

powders at 600 oC for 5 hr [15]. Image of 1.0 g Ti2AlC Maxthal powder after oxidation (d) for 5 

hours from 200 to 1000 oC [15] and (e) from 0.5 to 16 hrs at 600oC. 

 

While such explanation points to the right direction of cracks formation, it did not provide 

evidence about stability of TiO2 terminated Ti2AlC. There is also lack of elaboration why such 

cracks only developed at this temperature range since TiO2 and Al2O3 were developed along the 

entire oxidation temperature range. Therefore, in this study, Ti2AlC Maxthal powders were 

employed as a model example and were oxidized from 0.5 to 16 hrs at 600 oC to investigate the 

morphology and crystallinity development at 600 oC. Two set of powders were further oxidized at 

800 and 1000 oC for comparison. Thereafter, information from morphology, elemental 

composition and crystalline phase development would provide directions for density-function-

theory (DFT) to calculate a few combination of different oxide-terminated Ti2AlC slab structures 

to shed lights on the origin of such anomalous crack formation, weight increment and volume 

expansion at 600 oC, which can be generalized for others MAX phase materials. 

 

II. Experimental methods 

Seven batches of ~1.0 g angular Ti2AlC MAX phase powders from Sandvik AB Sweden 

with size of 45 ~ 100 µm were spread thinly in a Al2O3 ceramic boat, and were heated up in the 

center of Carbolite 1200 box furnace directly from room temperature to 600 oC in a ramp rate of 

8 oC/min. They were kept at 600 oC for a duration from 0.5 to 16 hr and then cooled down inside 

the furnace to room temperature, before they were taken out and weighted by a balance with 

accuracy of 0.1 mg. Using the same ramp rate, another two batches of 1.0 g powders were heated 

to 600 oC for 8 hr following with another 8 hr either at 800 or 1000 oC without cooling in between. 

These two batches were employed to investigate whether 8hr at 600 oC has fully oxidized the 
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Ti2AlC powders. The oxidized powders’ morphology and composition were analyzed by JEOL 

7600F field emission scanning electron microscope (SEM) equipped with Oxford energy 

dispersive spectroscopy (EDS, Aztec Synergy System). The crystalline structures of the oxidized 

powders were examined using Bruker D8 Advance X-ray diffraction with Cu Kα X-ray (λ=1.54Å) 

at a voltage of 40 kV and a current of 40 mA. 

 

 

III. Results 

Besides the powders’ volume (Fig. 1(e)), the powders’ weight also increased with oxidation 

time up to 16 hr at 600 oC (Fig. 2(a)), which indicates a continuous up-take of oxygen into the 

powders at 600 oC with time. A plot of cube of powder weight increase percentage (Fig. 2(b)) 

shows a linear relationship with the oxidation time. The oxidation of Ti2AlC powders proceeds 

with equation 1 below 800 oC and with equation 2 at 800 oC and above, based on our earlier study 

employing Fourier-transform infrared spectroscopy (FTIR) connected with a thermal gravimetric 

analyzer (TGA) [15]: 

𝑇 < 800°𝐶:   4𝑇𝑖2𝐴𝑙𝐶(𝑠) + 15𝑂2(𝑔)
∆
→ 8𝑇𝑖𝑂2(𝑠) + 2𝐴𝑙2𝑂3(𝑠) + 2𝐶𝑂2 (𝑔)                           (1) 

𝑇 ≥ 800°𝐶:  4𝑇𝑖2𝐴𝑙𝐶(𝑠) + 14𝑂2(𝑔)
∆
→ 8𝑇𝑖𝑂2(𝑠) + 2𝐴𝑙2𝑂3(𝑠) + 2𝐶𝑂2 (𝑔) + 2𝐶𝑂(𝑔)     (2) 

Solid TiO2 and Al2O3 are the oxidation products of Ti and Al, while gaseous CO and CO2 are the 

oxidation products of carbon in Ti2AlC. Above 800 oC, the oxidation rate-limiting step is the 

oxygen inwards diffusion through the thickened TiO2 and Al2O3 oxides. Limited supply of oxygen 

would lead to preferential oxidation of Al and Ti over C, as the heat of formation (fH
o) of Al2O3 

(-1675.7 kJ/mol) and TiO2 (-944.0 kJ/mol) are significantly lower than those of CO (-110.5 kJ/mol) 

and CO2 (-393.5 kJ/mol) [18]. CO is therefore detected above 800 oC as the incomplete oxidation 

product of carbon. It can be seen that the overall weight gain after oxidation is contributed by mass 
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gain due to Al2O3 and TiO2 formation offset by mass loss due to CO2 and CO desorption. Another 

8 hours oxidation after an initial 8 hr at 600 oC led to a heavier weight increase when the 

temperature increased from 600 to 800 and to 1000 oC (3 points circled by dotted ellipse in Fig. 

2(a)), which indicates that the powders were not fully oxidized even after 16 hr at 600 oC.    

  
(a) (b) 

Fig. 2 (a) Percentage of weight increase after 1.0 g Ti2AlC Maxthal powders were oxidized from 

0.5 to 16 hrs at 600 oC. The open square represented the data after 5hr oxidation at 600 oC from 

an earlier work [15]. The red circle and blue star points present additional 8 hr oxidation at 800 

and 1000 oC, respectively, after an initial 8 hr at 600 oC. (b) A plot of cube of powder weight 

increase percentage show a linear relationship with oxidation time. 

 

The morphologies of the powders after oxidation at 600 oC for different duration were 

shown in Fig. 3. Cracks can be observed in selected powders after 0.5 hr at 600 oC as highlighted 

with a dotted ellipse in Fig. 3(b). However, they can be easily identified in nearly every powder 

after oxidation for 1 hr and longer (Fig. 3(c-g)). In each powder, the cracks were largely parallel 

to the surface planes, similar to the structure of the as-etched MXene [11]. While the cracks in 

Ti2AlC powders after oxidation up to 4 hrs were less visible under low magnification in the middle 

column (Fig. 3), they can be clearly spotted even under the same low magnification after oxidation 

for 8 and 16 hrs (highlighted with white ellipses in Fig. 3 (f and g)). The wider cracks likely 

contribute to continuous volume expansion with oxidation duration observed at 600 oC (Fig. 1(e).  
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(a) 

25oC 

  

(b) 

600oC, 0.5hr 

  

(c) 
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Fig. 3 SEM images of powders after oxidation from 0.5 to 16 hrs at 600oC. The scale bars in the 

middle and right columns represent 100 and 50 µm, respectively.  

 

 

Powders’ relative composition as probed by area scan in EDS shows a rapid increase in O 

wt% and a swift decrease in Ti and C wt% from 0.5 to 1 hr oxidation at 600 oC (Fig. 4(a)). There 

was little change in composition after 2 hr’s oxidation. If oxygen was excluded from the relative 

composition calculation, the initial decrease within the first 2 hr followed by subsequent stabilized 

C wt% would be more clear (Fig. 4(b)), while Ti wt% and Al wt% were also roughly stabilized 

after the first 2 hr of oxidation. The oxidation of carbon in the original solid carbides into gaseous 

CO/CO2 resulted in a net loss of carbon from Ti2AlC and hence a reduction in C wt% in the 

powders, while the oxidation products of Ti and Al still remained as solid-state oxides on the 

surface and hence did not cause much change in their composition. The EDS results indicate that 

the Ti2AlC powders seem to stabilize after a loss of carbon up to the first 2 hrs at 600 oC.  

  

(a) (b) 

Fig. 4 Relative composition (in weight percentage, wt%) change after the Ti2AlC powders were 

oxidized from 0.5 to 16 hrs at 600 oC for (a) Ti, Al, C and O and (b)Ti, Al and C only.  

 

 

The powders’ crystallinity as probed by XRD is shown in Fig. 5. As revealed earlier, this 

Ti2AlC Maxthal powders are not 100% pure Ti2AlC MAX phase but are a mixture of Ti2AlC, 
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Ti3AlC2 and TiC with weight percentages of 52.1, 40.0 and 7.9 wt%, respectively [15]. While 

Ti2AlC’s signature (002) diffraction peak at 13.17 o can be consistently detected even after 16 hr’s 

oxidation at 600 oC, Ti3AlC2’s characteristic (002) diffraction peak at 9.74 o can be only detected 

within 2 hr’s oxidation at 600 oC and was not detected after 4 hrs or longer oxidation. A broad and 

weak anatase (A-TiO2 (101)) and rutile (R-TiO2 (110)) peak appeared at 25.28 and 27.66 o after 

0.5 hr oxidation at 600 oC, respectively, and their intensities grew stronger with longer oxidation 

time. After 16 hr’s oxidation, these A-TiO2 (101) and R-TiO2 (110) peak (highlighted with ellipse 

in Fig. 5) was even more intense than the Ti2AlC (002) peak. Another 8 hr at 800 or 1000 oC after 

first 8 hr at 600 oC led to complete oxidation of the top surface layer probed by XRD, evidenced 

from formation of sharp and strong rutile TiO2 and corundum Al2O3 peaks with disappearance of 

the Ti2AlC and anatase TiO2 peaks. While the diffraction patterns from corundum Al2O3 can be 

distinctly distinguished after oxidation at 1000 oC, they were weak and very close with diffraction 

patterns from other phases at 600 oC. For example, Al2O3 (012) is at 25.58 o, very close with A-

TiO2 (101) at 25.28 o, which makes their identification difficult. 

 
Fig. 5 X-ray diffraction patterns of the as-received 1.0g Ti2AlC Maxthal powder (bottom red) and 

after oxidizing from 0.5 to 16 hrs at 600oC. XRD patterns from the Ti2AlC powders subjected to 
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additional 8 hr at 800 or 1000 oC after first 8 hr at 600 oC were also included for comparison. 

 

  

Combining the results from SEM and XRD, these cracked, layered powders after oxidation 

at 600 oC possess both Ti2AlC, Al2O3 and TiO2 phases, and the longer oxidation duration leads to 

stronger Al2O3 and TiO2 intensity in the powders. Starting with a complete Ti2AlC MAX phase 

structure, such cracked laminated layers are likely to comprise of Ti2AlC MAX phase in the center 

with both surfaces terminated by TiO2 and/or Al2O3. To investigate the stability of such structures, 

density functional theory (DFT) which was implemented in Vienna ab initio simulation package 

(VASP) [19, 20] was employed for adsorption energy calculations and bulk structure optimization 

using Materials Studio. The generalized gradient approximation (GGA) scheme of Perdew-Burke-

Ernzerhof (PBE) [21] was used for electron exchange and correlation while the frozen-core 

projector augmented wave (PAW) method is used to describe the interaction between ions and 

electrons [22]. A plane wave cutoff of 450 eV is set and Brillion-zone integration is performed on 

an 8  8  2 Monkhorst-Pack grid. The structure is relaxed until the convergence of Hellmann-

Feynman forces is less than 0.01 eV/Å per atom. The optimized bulk Ti2AlC structure was 

calculated to have lattice constant of 3.067 Å in a and 13.73 Å in c (Fig. 6(a)), and the bulk and 

Young’s modulus of 139 GPa and 271 GPa, respectively, which are in good agreement with the 

experimental results [1, 23-25].  

To identify the most stable O adsorption site, single O atom was placed at four possible 

positions including top (T), bridge (B), FCC hollow (F) and HCP hollow (H) sites on three different 

2  2  1 cells with their surfaces terminated by Al-, Ti(C)- or Ti(Al)-. A bare 2 × 2 Al-terminated-

Ti2AlC (001) surface and corresponding T, B, F and H sites are illustrated in Fig. 6(b and c). C-

terminated surface was not selected for investigation as such surface has higher surface energy 

than those surfaces terminated by Al- and Ti- according to previous investigation [26, 27]. A 
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smaller 2  2  1 k-point grid was employed for the O surface adsorption study as the total energy 

difference between a 2  2  1 and 8  8  1 k-point grid is about 0.05 eV only. The top five layers 

(including O) of the surfaces are allowed to relax while the rest layers were fixed to bulk 

dimensions. O adsorption energies was calculated by following similar definition in [28]:  

𝐸𝑎𝑑 =
1

𝑁𝑜
[𝐸𝑇𝑜𝑡𝑎𝑙 − 𝐸𝑆𝑢𝑏𝑠𝑡𝑟𝑎𝑡𝑒−𝑁𝑜𝐸𝑜]                                                                               (3) 

where No is the total number of adsorbed O atoms, ETotal and ESubstrate are the total energies of the 

entire structure with and without adsorbed oxygen atoms, respectively. Eo is the energy of a free 

O atom, which was taken as half of an oxygen molecule’s energy. The oxygen molecule’s energy 

was calculated by putting an O2 molecule inside a 10  10  10 Å3 box and let it relaxed. According 

to this definition, Ead is also the desorption energy per O atom, i.e., the energy that a free O atom 

gives up upon its adsorption. A negative value of Ead indicates that the adsorption is exothermic 

stable with respect to a free O atom and a positive value indicates endothermic unstable reaction. 

Table 1 list the calculated single O atom adsorption energies, which show that the most stable 

oxygen adsorption sites are the HCP hollow (H) sites followed by FCC hollow (F) sites for the 

three types of surface termination. These two sites are also the favorite sites when considering 

single oxygen atom’s adsorption on Cr2AlC (0001) surface by DFT calculation [29]. At both H 

and F sites, the oxygen (O) atom is able to form a stable tetrahedron with three underlying Al (or 

Ti) atoms. The difference is that O atom is directly above Ti (or Al) when it sits in H site, while it 

is directly above the carbon (C) atom when it sits at F site. 

Table 1 Single O atom adsorption energies (in eV) at four different sites on Al-, Ti(C)-, and 

Ti(Al)-terminated Ti2AlC(001) surfaces 

Adsorption sites Al-terminated  Ti(C)-terminated Ti(Al)-terminated 

Top (T)* -1.23 -3.50 -3.81 

Bridge (B)* -3.58 -5.15 -5.68 

FCC hollow (F) -3.61  -5.43  -5.75 

HCP hollow (H) -4.47  -5.82 -6.24 
* Optimization for top and bridge sites was performed by fixing O atom in lateral direction and allowing it to relax in 

z direction only. 
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(a)  (b) (c) 

Fig. 6 (a) Structure of bulk Ti2AlC and illustrations of (b) bare and (c) adsorption of oxygen atom 

(red color) at four possible sites indicated as T (top), B (Bridge), F (FCC hollow) and H (HCP 

hollow) on (2 × 2)/Al-terminated-Ti2AlC(001) surface: blue, pink and grey colors represent Ti, Al 

and C atoms, respectively.  

 

Subsequently, a (2 ×2) slab with at least 15 atomic layers (in the z-direction) and a vacuum 

thickness of 20 Å at both ends (Fig. 7) were constructed from the optimized bulk structure to 

represent the cracked layer observed in Fig. 3. The two surfaces of each slab were terminated with 

different combination of surface oxides (Al-O or Ti-O) to represent different possible oxide surface 

termination. O coverage was increased from 0.25 ML up to 1ML to examine the stability of O 

adsorption on each slab’s two surfaces. Similar geometry optimization were performed by 

allowing the top five layers of both sides to be relaxed, with the central atoms fixed to bulk 

dimensions. The calculated adsorption energies with different coverage are shown in Table 2. It 

can be seen that the oxygen adsorption energies for different surface termination were all negative 

at different oxygen coverage, which suggest that all the Al- or Ti-terminated surfaces covered with 

adsorbed oxygen atoms are thermodynamically stable in the whole coverage range. Therefore, it 

explains the appearance of such cracks observed in Fig. 3 when Ti2AlC powders were oxidized at 

600 oC.  

 

H 

T F B 

a b 
c 

b a 
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Table 2  O adsorption energies (in eV) at HCP hollow sites on Al-, Ti(Al)-, Ti(C)- and Al-Ti 

mixed terminated Ti2AlC(001) surfaces 

Coverage 

(ML) 

Al 

terminated 

surface  

Ti(C)-

terminated 

surface  

Ti(Al)-

terminated 

surface  

Ti(Al)-, 

Ti(C)-

terminated 

surface  

Al-, Ti(C)- 

mixed 

termination  

Al-, Ti(Al)- 

mixed 

termination  

0.25 -4.47 -5.82 -6.24 -5.84 -5.13 -5.35 

0.50 -4.59 -5.62 -5.97 -5.58 -5.10 -5.28 

0.75 -4.76 -5.35 -5.78 -5.34 -5.05 -5.27 

1.00 -4.93 -5.03 -5.60 -5.09 -4.98 -5.27 

 

At low oxygen coverage (0.25 ML), the O adsorption energy on Ti(Al)-terminated surface 

is relatively stronger. The stronger adsorption energy on Ti terminated surface was mainly due to 

surface Ti atom moving nearer to O atom, leading to slight surface distortion and enlarged adhesion. 

With an increase in oxygen coverage, the O adsorption energy decreased for Ti-terminated surface 

due to O atoms repulsion, but it increased for the Al-terminated surface. The increased adsorption 

energy indicates the attraction between the adsorbed surface oxygen atoms. Such attraction implies 

that on Al-terminated surface, O atoms may form oxygen islands or clusters, making the substrate 

more oxidation resistant, which was indeed observed when a 16 - 18 µm thick Al2O3 formed on 

the surface after the bulk Ti2AlC was oxidized at 1300 oC for 20 hr [6-9]. When surface coverage 

further increased to full coverage (1 ML), the adsorption energy on the two surfaces were getting 

closer. For the slab structure with one side being terminated by Al and the other side being 

terminated by Ti, the resulting oxygen adsorption energy is about the average of the corresponding 

pure Al- and Ti-terminated surfaces. 



 15 

      

(a) (b) (c) (d) (e) (f) 

Fig. 7 (a) Al-terminated, (b) Ti(C)-terminated, (c) Ti(Al)-terminated, (d) Ti(Al)-, Ti(C)-terminated, 

(e) Al-,Ti(C)-mixed terminated and (f) Al-,Ti(Al)-mixed terminated slabs with 1 ML of oxygen 

adsorption in HCP hollow sites. 

 

After verifying the stability of such oxide-terminated Ti2AlC slabs theoretically, it needs 

be explained why such cracks only appear at this narrow temperature range between 550 and 650 

oC. Such cracks are different in nature from the cracks in the oxide scale after oxidizing bulk 

Ti2AlC at 1400 oC for 1hr in air [8], which are related with thermal stress arising from a large 

mismatch between coefficients of thermal expansion (CTE) of Al2TiO5 and TiO2 (Table 3) [8]. 

Al2TiO5 was not detected in this intermediate temperature range between 500 and 650 oC, as it can 

only nucleate out of TiO2 and Al2O3 above 1300 oC under ambient condition according to Al-O-Ti 

phase diagram [30]. The other oxide phases (rutile, anatase TiO2 and -Al2O3) have close CTEs 
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(Table 3) with those of the dominant phases in the powders (Ti2AlC, Ti3AlC2 and TiC). Hence, 

there isn’t a CTE mismatch between oxides and parent materials which leads to the crack formation 

after isothermal oxidation at this intermediate temperature range. 

Table 3 Coefficients of thermal expansion (CTE) of various phases 

 a ( 10-6, K-1) c ( 10-6, K-1) b ( 10-6, K-1) 

Ti2AlC [8, 24] 7.1  10.0 - 

Ti3AlC2 [5, 31] 8.2, 9.0 11.6 - 

TiC [32, 33] 7.4 ~ 7.7 - - 

Rutile TiO2 [8] 9.2 7.1 - 

Anatase TiO2 [34] 4.5 8.4 - 

-Al2O3 [5, 8] 7.9 8.8 - 

Al2TiO5 [8] 10.9 20.5 -2.7 

 

Instead, we believe that the cracks at this intermediate temperature region is associated 

with absence of Al out-diffusion below 650 oC. Vacancy-induced off-stoichiometry is a common 

structure defect observed in MAX phase materials. Earlier DFT calculation has shown that the 

mono-vacancy formation energies of Ti, Al and C in Ti2AlC were 5.55, 2.73 and 7.87 eV, 

respectively [26]. Therefore, Al vacancy requires the least formation energy among the three types 

of vacancies, and Al vacancies can be tolerated up to x = 0.5 in Ti2Al1-xC structure according to 

DFT calculation [26]. The corresponding self-diffusion barriers of Ti, Al and C via neighboring 

vacancy jump along (001) basal planes were calculated to be 2.38, 0.83 and 3.00 eV, respectively 

[35, 36]. Therefore, Al requires the smallest diffusion barrier (0.83 eV) to diffuse laterally via Al 

vacancy jump in the structure and Al’s vacancy-mediated migration is most energetically favorable. 

As a result, oxidation of Ti2AlC bulk  [6, 7, 37-39], powder [15] and coating [16, 17] are all 

observed to proceed via outward diffusion of Al and Ti coupled with inward diffusion of O at high 

temperature. Moreover, Ti2AlC is predicted to be able to accommodate a large amount of O upon 

oxidation and form Ti2Al(C1-xOx) up to x = 0.75 without phase decomposition [40]. 

Based on the above information, the schematics to explain the narrow temperature window 
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where cracks only appear are illustrated in Fig. 8. A perfect layered Ti2AlC structure comprising 

of repeated Ti-C-Ti-Al layer (●●●●) with five Al vacancies (indicating by open black circles) was 

used to represent the Ti2AlC powders (Fig. 8(a)). The oxidation below 550 oC was proceeded by 

the adsorption of O at the surface and the subsequent reaction with the surface layer (either Al-, 

Ti(C)-, or Ti(Al)-) to form respective surface oxides (Fig. 8(b)). O could also diffuse into the lattice 

replacing C and forming Ti2Al(C1-xOx), which is structurally stable and has been observed under 

electron energy loss spectroscopy [41]. First-principle calculations show that the oxygen atoms 

tend to occupy interstitial sites in the aluminum layer in an oxygen-rich atmosphere and low 

temperatures [42].  

Between 550 and 650 oC, O atoms can further diffuse into Ti-Al layers parallel to the low-

index stable Ti2AlC (001) basal plane by breaking the Ti-Al bonding, similar to the breakage of 

Ti-Al bonding by HF followed by preferential etching away of Al layers and the subsequent 

formation of MXene layers. O atoms can then bond with Ti and Al layers, forming the Ti-OO-

Al terminated MAX phase structure (Fig. 8(c)), since Al atoms’ surface out-diffusion has not been 

thermally activated at this lower temperature. The crack openings are therefore formed inside the 

initial Ti-Al layers. Only the carbon present near the surface regions was oxidized and lost as 

CO/CO2 up to the first 2 hrs’ oxidation. Prolonged oxidation at 600 oC led to breaking of more and 

deeper Ti-Al bondings into Ti-OO-Al. As a result, some gaps widen (Fig. 8(d)) and the 

powders’ weight keeps increasing (Fig. 2), but carbon was not lost further and the Ti2AlC MAX 

phase is preserved even after 16 hr’s oxidation (Fig. 5). 

Oxidation directly to temperature above 650 oC (i.e., 800 oC) has provide sufficiently high 

thermal energy to activate Al atoms to break bonding with Ti and to diffuse via vacancy jumping 

across the basal plane to the surface, where they meet with O2, form Al2O3 and coalesce into a 

continuous Al2O3 layers (Fig. 8(e)), preventing the bulk Ti2AlC from further oxidation. An 
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enrichment of Al islands at the surface was indeed observed under SEM and was detected by 

energy dispersive spectroscopy (EDS) after oxidation of Ti2AlC powders [15] as well as coatings 

[16, 17] from 600 to 800 oC. At such high temperatures (≥ 650 oC), although oxygen still diffuses 

into the bulk Ti2AlC, its inward diffusion rate is lower than the outward diffusion rate of Al. O fills 

in the original position of Al (C-Ti-Al-Ti-C) to bond with Ti atoms in the adjacent upper and lower 

layers and forms C-Ti-O-Ti-C bond. As a result, no cracking of the Ti2AlC was observed. At 1000 

oC, Ti2AlC was completely oxidized into a mixture of TiO2 and Al2O3, with carbon being released 

as CO and CO2. TiO2 grew much faster than Al2O3 [5], making the out-diffusion of Al less visible 

compared to that at 800 oC.  

   
(a) RT (b) RT ~ 550 oC (c) 550 ~ 650 oC, short duration 

 

 

 
(d) 550 ~ 650 oC, long 

duration 

(e) 800 oC (f) 1000 oC 

CTi Al CTi Al O CTi Al O

CTi Al O CTi Al OCTi Al O

AlAl

Al
Al

AlAl
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Fig. 8 Schematic of Ti2AlC powders at (a) room temperature (RT), and after direct oxidation at (b) 

below 550 oC, (c)550 ~ 650 oC for a  short duration (0.5 ~ 4 hr), (d) 550 ~ 650 oC for a  long 

duration (> 4 hr), (e) 800 oC and (f) 1000 oC. 

 

 

IV. Discussion 

Bulk Ti2AlC as well as Ti3AlC2 and Cr2AlC are well-studied oxidation-resistant MAX 

phase materials. Oxidation of bulk Ti2AlC was reported to follow a parabolic rate law at 700 ~ 900 

oC [13] and a cubic rate law at 1000 ~ 1400 oC [6, 7, 37-39] with oxidation duration. Oxide scales 

at high temperature (> 1000 oC) consist of an outer discontinuous rutile TiO2 layer due to faster 

growth rate of TiO2, followed by an underlying continuous dense -Al2O3 layer [7, 37-39], and 

the oxidation rate-limiting step is oxygen inwards diffusion along the Al2O3 grain boundaries. It is 

unexpected to observe that the oxidation of Ti2AlC powders at 600 oC in present study also follows 

a cubic law (Fig. 2(b)). As illustrated in the schematic in Fig. 8 (c & d), the oxidation rate-limiting 

step is believed to be the oxygen diffusion into the Ti-Al layer, breaking their bonding and forming 

new Ti-O and Al-O bonds, which create new surfaces and lead to crack formation in nearly every 

Ti2AlC powder. 

It should be noted that an incubation period (> 0.5hr) is required for oxygen to diffuse into 

Ti-Al layer, break their bonds and form the cracks between 550 and 650 oC. Therefore, if Ti2AlC 

was heated directly above 650 oC (i.e., 800 or 1000 oC) or when Ti2AlC was cooled down from a 

temperature higher than 650 oC, cracks were not formed although the powders are exposed to this 

intermediate temperature. Although the current crack-formation mechanism is derived based on 

Ti2AlC, it should be also applicable to cracks observed between 550 and 650 oC in other MAX 

phase materials, such as Ti3AlC2, Ti3SiC2, etc. Such simple oxidation between 550 and 650 oC help 

to crack the initial bulk MAX phase materials and should provide an easier path for subsequent A-
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layer removal via HF-etching in order to extract MXene layers from the corresponding MAX phase 

parent materials. 

 

V. Conclusion 

In this work, using Ti2AlC MAX phase powder as a model example, abnormal cracks parallel 

to powder’s basal plane were observed in nearly every powder after more than 0.5 hr oxidation at 

600 oC, accompanying weight increment and volume expansion. Longer oxidation duration at 600 

oC leads to heavier weight increase following a cubic law with oxidation time and slightly wider 

crack separation. XRD detects the presence of Ti2AlC MAX phase even after 16 hrs oxidation at 

600 oC. Rutile and anatase TiO2 were detected after 0.5 hr oxidation at 600 oC and their intensities 

grew stronger with oxidation duration. Seven Al oxide- or Ti oxide-terminated Ti2AlC MAX phase 

slabs were proposed to represent the individual cracked layer after oxidation, which have been 

verified by DFT calculation to be energetically stable and favorable. A model by considering 

continuous inward diffusion of oxygen into Ti-Al layer and breaking the Ti-Al bond into Ti-OO-

Al coupled with lack of Al outward diffusion at this intermediate temperature window (550 ~ 650 

oC) was proposed to explain the cracks formation, which can be generalized to explain the cracks 

similarly observed in Ti3SiC2, Ti3AlC2 and other MAX phase bulk materials, powders and coatings.  
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