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Abstract 

Spark Plasma Sintering and Hot Isostatic Pressing were used to synthesize coarse-grained and 

fine-grained Ti3AlC2 specimens. Moreover, Spark Plasma Sintering processing parameters 

were modified in order to vary the TiC, Al2O3 and TixAly impurity and the porosity contents in 

the fine-grained samples. The influence of the Ti3AlC2 microstructure on the oxidation 

resistance was assesed. It is demonstrated that the grain size can drastically modify the 

oxidation resistance. The higher density of grain boundaries, in fine-grained specimens, 

increases the number of Al diffusion paths and leads to the formation of a protective alumina 

scale. In coarse-grained sample, Al diffusion is the rate limiting step of the α−Al2O3 formation 

and TiO2 is formed simultaneously to alumina. TiC impurities and porosity are demonstrated 

to be detrimental to the oxidation resistance in the 800°C – 1000°C temperature range by 

favouring TiO2 formation. Finally, it is also shown that, for fine-grained specimens, the oxide 

scale grows very slowly for oxidation times in the range 20-40 days.   
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1. Introduction 

MAX phase materials are quite recent materials developed nearly 50 years ago by Nowotny 

[1, 2]. These ternary nano-layered compounds can be described by the empirical formula 

Mn+1AXn, with n equal to 1, 2 or 3, where M represents an early transition metal, A represents 

A-group elements (i.e.: from columns IIIA to VIA of the periodic table) and X represents carbon 

and/or nitrogen. The hexagonal structure (P63/mmc) of MAX phase materials is characterized 

by M6X octahedra separated by A atomic layers. This structure, combining both strong 

covalent M-X bonds and weaker M-A bonds, confers to MAX phases properties of both 

ceramics and metals. Like ceramics, they are stiff, lightweight, chemically stable and oxidation 

resistant. Like metals, they are relatively ductile at high temperature, machinable, resistant to 

thermal shock and they exhibit good electric and thermal conductivity. This class of materials, 

and more specifically Cr2AlC, has also been used as a coating for Ni-based polycrystalline 

superalloy [3, 4], taking advantage of its very good corrosion/oxidation resistance [5].  

Given their relatively low density and their ability to resist high temperatures, these materials 

are good candidates for high temperature structural applications such as vanes, shrouds, or 

even blades for gas turbine applications [6]. Indeed, even if they have intrinsic lower creep 

resistance compared to widely evaluated cast Ni-based superalloys for such kind of 

components, their specific mechanical properties (i.e. taking into consideration material’s 

density), especially in creep [7-10], may be interesting for the design of more efficient gas 

turbine, by achieving lighter and/or more refractory (rotating) components. Various papers 

[11-29] have investigated the oxidation resistance of different MAX phases (containing Al as 

A element) in the 900°C - 1300°C temperature range. Even if the oxidation mechanisms and 

oxidation kinetics are still open to prove (are oxidation kinetics cubic or parabolic? [24]), most 

cases demonstrate the formation of alumina scales up to hundreds of hours. This is due to the 
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fact that aluminum activity in this temperature range is strong enough to favour alumina 

formation. Only one paper attempted to investigate the oxidation resistance of various MAX 

phases in gas turbine environment [6] for long term durations (i.e. up to 2,500 h). It was shown 

a good stability and oxidation resistance at 1150°C of Ti2AlC (if not Al-depleted or damaged 

[30]) in comparison to Cr2AlC in simulated gas turbine environment, leading to a better 

adhesion of a thermal barrier coating deposited onto these materials. Concerning the short-

term (cumulative time=29h) environmental resistance of Cr2AlC at 1200°C under thermal 

gradient loading using a burner rig, Gonzalez-Julian and co-workers reported the formation of 

a protective and adherent α-Al2O3 layer to the Cr2AlC substrate [31]. 

 In many industrial applications, thermal transients are of great importance and studying 

oxidation resistance of materials in lower temperature range is critical to assess, to be sure 

that the transition regimes between oxide scales are not detrimental to the lifetime of the 

parts. Actually, to the authors’ knowledge, the absence of consensus on the oxidation 

resistance in MAX phase systems may result from microstructure differences (e.g. grain size, 

secondary phases …) that may affect the oxidation mechanisms. Indeed, relationships 

between processing parameters, resulting microstructure and oxidation resistance have not 

been sufficiently documented in previous literature [11-34]. The main goal of the present 

paper is to establish such kind of relationship(s) for Ti3AlC2 in the critical temperature range 

800-1000°C, where the material is the most susceptible to modification in oxide scales, and 

more particularly for long exposure times (up to 1,000 h). 

 

2. Material and methods  

Highly dense Ti3AlC2 samples were synthesized by powder metallurgy, using two methods: the 

densification of Ti3AlC2 powders using Spark Plasma Sintering (SPS) technique and, the 
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simultaneous synthesis and densification of Ti3AlC2 using Hot Isostatic Pressing (HIPing) 

process. The objective was to produce dense Ti3AlC2 bulk samples with different 

microstructures (coarse-grained for HIP and fine-grained for SPS) to study, among other 

parameters (porosity and secondary phases), grain size influence onto the oxidation 

resistance over the temperature range 800-1000°C. 

To synthesize SPSed samples, titanium (Alfa Aesar, 99.5%, 150-250 µm), aluminum (Alfa Aesar, 

99.5%, 45-150 µm) and titanium carbide (Alfa Aesar, 99.5%, 2 µm) powders were blended in 

quasi stoichiometric proportions (i.e. Ti-1.05Al-1.9TiC and Ti-Al-1.9TiC) for 20 min in a 

Turbula® mixer. The reactant powder mixture was encapsulated in a glass container in primary 

vacuum and then, sintered in argon atmosphere during 2 h at 1450°C to produce a highly 

porous Ti3AlC2 bulk material. The porous material was then crushed into Ti3AlC2 powder (mean 

particle size centered around 15µm from laser granulometry analyses). The Ti3AlC2 powder 

was subsequently densified by SPS in high vacuum for temperature, pressure and time ranging 

from 1200-1400°C, 30-75 MPa and 2-20 min respectively. Specimens 60 mm in diameter were 

produced. 

The synthesis and microstructure characterization of Ti3AlC2 samples produced by HIPing has 

been described in detail elsewhere [35-37]. Briefly, to fabricate Ti3AlC2 samples, a Ti-Al-1.9TiC 

reactant mixture was firstly ball milled in a Turbula. The mixed powders were cold-compacted 

and the green bodies were then sealed into glass containers in vacuum and HIPed at 1450°C 

for 2 h total. The pressure at such a temperature was 50 MPa and was held for 1 h. After 

HIPing, the samples were machined to remove the glass container and sliced using a diamond 

saw. 

X-Ray Diffraction (XRD) analyses were performed using a Bruker D501 diffractometer with Cu-

Kα radiation for the identification of secondary phases contained in the bulk Ti3AlC2 materials 



5 

 

and for the identification of the oxidation products. XRD data were refined using the MAUD 

software in order to assess the composition of the different Ti3AlC2 samples. After an 

appropriate mechanical polishing of the Ti3AlC2 SPSed samples, White and circularly Polarized 

Light Microscopy (WPLM, Zeiss Imager Vario Z2) was used to investigate the grain size 

distribution and to quantify the amount of the secondary phases [38]. The microstructure of 

both the Ti3AlC2 bulk samples (grain size, distribution of pores, location and chemical 

composition of secondary phases) and the oxidation products (morphology and composition 

of the oxide scale) were examined by Scanning Electron Microscopy using a highresolution 

field-emission gun scanning electron microscope (FESEM, JEOL 7001F-TTLS) coupled with 

energy-dispersive X-ray spectrometer (EDS, Oxford Energy) for chemical analyses. The 

porosity content was measured using Archimedes’ method using water. 

To investigate isothermal oxidation behavior in the 800-1000°C temperature range, cylindrical 

(diameter: 6-10 mm, thickness: 0.5-2 mm) and parallelepiped (2.5 X 2.5 X 3 mm3) specimens 

were low-stress polished with SiC paper up to 2400 grade prior to oxidation tests. First, 

oxidation tests were performed in ambient laboratory air under atmospheric pressure in a 

classical furnace during 1,000 h. Specimens were introduced in the furnace once the oxidation 

temperature was reached, and they were air-cooled outside of the hot furnace after different 

durations of oxidation. Second, the oxidation kinetics of Ti3AlC2 MAX phase compound was 

measured using isothermal thermogravimetric tests (Setaram Setsys TG16 and Setaram Setsys 

Evolution) under synthetic air (N2-20%O2) for 100 to 200 h. Samples were suspended in a 

microbalance equipped with a vertical reaction furnace. Heating and cooling were performed 

in synthetic air. Only kinetics recorded during the isothermal step will be presented here. 
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3.  Results and discussion 

3.1. Microstructural characterization of the Ti3AlC2 HIPed and SPSed samples  

Powder mixtures with two different Al stoichiometries were used together with different SPS 

densification conditions (T, P, t) to intentionally vary the secondary phases and porosity 

contents. Table 1 reports the microstructural characteristics (secondary phase content, 

porosity content, mean surface area of the Ti3AlC2 grains) and the corresponding densification 

parameters of the Ti3AlC2 samples which will be further oxidized.  

 

SPS parameters Al2O3 

+ 

porosity 

vol. % 

from OM 

TiC vol. % 

from OM 

TixAly vol. 

% 

from OM 

porosity 

vol. % 

from 

Archimede’s 

method 

(±0.3%) 

vol. % Al2O3 

from 

Rietveld 

refinement 

(±0.1%) 

vol. % TiC 

from Rietveld 

refinement 

(±0.1%) 

Mean surface 

area of the 

grains 

(µm2) 

1315°C/75MPa/2min 

Al content : 1.05 
2.5-4.1 0.3-0.4 0.02-0.99 0.5-1.5 0-1.4 0.1-1.1 10-15 ±1 

1330°C/60MPa/5min 

Al content : 1.05 
3.5 0.04 0.26 1.4-7.9 0-0.3 0.8-2 7±1 

1330°C/30MPa/7min 

Al content : 1.05 
6.1 0.2 0.57 7.1-7.5 0-0.9 0-0.2 13±1 

1330°C/60MPa/5min 

Al content : 1.00 
1.4 1.0 0.61 -1.4-5.2 0-0.4 2-11 17±2 

Table 1: (Alumina+porosity) vol. %, TiC vol. % and TixAly vol. % deduced from White Light and 

Polarized Light Microscopy – Porosity content determined from Archimede’s method, alumina 

and TiC vol. % determined from Rietveld refinement and mean grain surface area determined 

from image analysis with respect to the different SPS parameters (maximum reached 

temperature/maximum pressure/dwell time). An excess of Al has been used in the reactant 

mixture (1.9TiC+1.05Al+1.0C) except in the last experiment where Al content is 1.00. 

 

From XRD results and SEM/EDS analyses, TixAly intermetallic (with various x and y 

stoichiometries), Al2O3 and TiC are the main secondary phases detected after SPS treatment. 

Figure 1a shows a Polarized Light Microscopy observation of a SPSed polished sample surface. 

Figure 1b shows a White Light Microscopy observation of the same sample surface. In figure 

1a and 1b, pores and Al2O3 impurities appear in black. TiC impurity appears as dark grey 

whereas TixAly intermetallics appear as white area in figure 1b. TixAly, Al2O3+porosity and TiC 

contents were quantified using optical microscopy. TiC and Al2O3 contents were also 
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calculated from Rietveld refinement of the XRD data. Grain size distribution and mean surface 

area of the grains were determined from image analyzes of the WPLM observations.  

 

 

Figure 1: Polarized (a) and White (b) Light Microscopy images obtained on a SPSed sample. 

 

A complete description of the SPS parameters’ effects on microstructure characteristics is 

reported elsewhere [38]. The present paper only mentions some general trends regarding the 

impact of the powder mixture stoichiometry and the influence of the SPS parameters for the 

Ti3AlC2 samples further investigated: 

- Temperature in the range 1315-1330°C does not affect the purity of the Ti3AlC2 end-product 

based on XRD results and OM analyses (see Table 1). Such a conclusion can be extended to 

the temperature range 1200-1400°C [38]. 

- Starting with Ti-1.05Al-1.9TiC powder mixture, purity is in the range 98-99 vol.%. Starting 

with Ti-1Al-1.9TiC mixture, TiC content increases up to 11 vol.% depending on the analyzed 

area of the sample (see Table 1). 

- Decreasing the pressure from 75 to 30MPa involves an increase of the porosity from 1.5 to 

7 vol.% (see Table 1). 

For the large Ti3AlC2 samples produced (60 mm in diameter), for which no external heating 

source was used during SPS treatment, microstructural heterogeneities in terms of secondary 
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phase content, density and grain size were noticed after densification of the MAX phase 

powder. These microstructural heterogeneities may be attributed to the generation of 

thermal gradient when the sample diameter was increased [39]. Image analysis resulting from 

SEM and OM observations, have evidenced that secondary phases are not uniformly 

distributed in the different specimens produced. Such a result has been confirmed by the 

different OM and Rietveld refinement quantifications performed from samples taken in 

different regions of the pellet [38]. Moreover, density values are appreciably greater in the 

core compared to the periphery of the different samples, suggesting the existence of 

densification gradient between these two areas [38]. At least, PLM observations have 

highlighted a large grain size distribution [38]. As an example, figure 1a shows that about 50% 

of the grain population exhibits a surface smaller than 2 µm2 while the mean surface area of 

the grains is in the range 7-17 µm2 for the Ti3AlC2 samples further oxidized (see Table 1). As a 

consequence, in order to minimize such microstructure heterogeneities effects, small-sized 

Ti3AlC2 samples were cut and oxidized. 

To further investigate the grain size effect on the oxidation properties of Ti3AlC2 MAX phase, 

coarse-grained samples were produced by HIP [35-37]. Briefly, as observed in Figure 2, HIPed 

samples exhibit Ti3AlC2 grain size which length is in the range 60-100 µm and width in the 

range 10-40 µm. TixAly intermetallic compounds are sometimes located in the grain 

boundaries of the MAX phase. 
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Figure 2: Scanning electron micrograph of the Ti3AlC2 HIPed sample surface. 

 

 

3.2. Microstructural characterization of the oxidation end-products 

 

3.2.1. Effect of the oxidation temperature 

Different samples densified by SPS at 1315°C/75MPa/2min from heat treated Ti-1.05Al-1.9TiC 

powder mixtures were used. Oxidation tests were performed in air under atmospheric 

pressure, at 800, 900 and 1,000°C, in a resistive furnace during 1,000 h. These samples, placed 

within alumina crucibles, were removed from the furnace for different durations in order to 

be weighed and analyzed. Figure 3 shows the weight gain per surface unit area as a function 

of the oxidation time for the three investigated temperatures. 

It is important to note that, for all the samples tested at the different temperatures and based 

on observations, the oxide layer exhibits a good adhesion with the MAX phase substrate and 

no spallation was detected during specimen’s cooling down to room temperature. 
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Figure 3: Oxidation tests in ambient air at 800, 900 and 1,000°C up to 1,000 h performed on different 

samples densified by SPS at 1315°C/75MPa/2min from heat treated Ti-1.05Al-1.9TiC powder mixtures. 

(a) Weight gain per surface unit area plotted as a function of the oxidation time for the three investigated 

temperatures, (b) magnification on the 0-60 g.m-2 weight gain per surface unit area. 
 

 

 

From figure 3, three oxidation stages may be distinguished at 800°C: 

- A first stage from 0 to 150 h of oxidation: the weight gain is low and reaches a first 

stabilization step, 

- A second stage from 150 h to approximately 500 h of oxidation: it corresponds to a significant 

increase of the weight gain and a second stabilization step, 

- A third stage starting at a time in the range 500-1000 h.  The accurate oxidation duration 

from which this change occurs was not assessed in this study. Dotted lines in Fig. 3 are thus a 

guide for the eye and 600h has been randomly chosen between 500 and 1000h to represent 

this kinetics modification. The third stage is characterized by a high weight gain around 180 

g/m2 after 1,000 h oxidation (as compared to 5 g/m2 and 10 g/m2 for the samples oxidized at 

900°C and 1,000°C).  

XRD characterization of the oxidation products (outer surface) has been performed after 24 h, 

500 h and 1,000 h of oxidation at 800°C (not presented here). XRD peaks of Ti3AlC2 phase are 

detected after 24 h of oxidation at 800°C. After 500 h and 1,000 h of oxidation, MAX phase is 

no longer detected because of the large thickness of the oxide layer. Rutile-TiO2 is identified 
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whatever the oxidation time. α-Al2O3 is detected after 500 h of oxidation but is no longer 

observed after 1,000 h of oxidation. The thickness of the external TiO2 layer (about 20 µm) is 

too large for the α-Al2O3 inner layer to be detected after 1,000 h of oxidation. 

 

The observation of the oxidized sample surface using OM (Figure 4a) reveals the presence of 

a grey alumina layer with a few orange spots of TiO2 on the periphery of the samples after 24 

h of oxidation at 800°C. After 500 h and 1,000 h of oxidation at 800°C, the orange TiO2 layer 

covers the whole surface of the sample; this layer exhibits a greater thickness after 1,000 h of 

oxidation at 800°C (about 20 µm), as also demonstrated using XRD. 

X-ray mapping using EDS provides the distribution of Ti, Al, C, and O elements in the oxidized 

sample cross section after 24 h, 500 h and 1,000 h of oxidation at 800°C (Figure 4b). After 24 

h of oxidation, EDS maps indicate the formation of both TiO2 and Al2O3 equiaxed grains. Such 

a stacking of particles is characteristic of the MAX phase, it does not result from damage during 

sectioning and/or embedding. For such a short oxidation time, the fact that the alumina scale 

is not detected by XRD could be attributed to a very small volume fraction or to its amorphous 

structure, as observed in previous oxidation tests [32, 33]. Indeed, the presence of amorphous 

Al2O3 has been evidenced for Ti3AlC2 samples oxidized at low temperatures (lower than 700°C) 

[32] or during a short oxidation time, about 20 minutes, at temperature lower than 900°C [33]. 

After 500 h of oxidation at 800°C, different oxide layers have been identified: an external TiO2 

layer (layer C), an intermediate layer enriched in Al2O3 (layer B) and an internal layer in contact 

with the MAX phase containing both TiO2 and Al2O3 (layer A). Pores are observed at the 

interface between layers B and C. Such a microstructure of the oxide scale is in good 

agreement with previously published results on Ti3AlC2 phase [11-17]. After 1,000 h of 

oxidation at 800°C, the structure of the different oxide layers is similar to the ones observed 
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after 500 h of oxidation. Nevertheless, layer A exhibits well-organized alternative lamellas of 

Al2O3 and TiO2, TiO2 being the main oxide. Carbon is detected into the whole oxide layer after 

500 h of oxidation and it appears more concentrated into the intermediate Al2O3 layer (layer 

B) after 1,000 h of oxidation. 

 

24 h 

 

 

 

1000 h 

 

10 mm 

Figure 4: Oxidation tests in ambient air at 800°C up to 1,000 h performed on different samples 

densified by SPS at 1315°C/75MPa/2min from heat treated Ti-1.05Al-1.9TiC powder mixtures. 

On the left, White Light microscopy images of the sample surface oxidized during 24 h, 500 h 

and 1,000 h at 800°C. On the right, scanning electron microscopy cross section observation 

and Ti, Al, C and O corresponding X-Ray maps of the oxide scale after oxidation during 24 h 

(a), 500 h (b) and 1,000 h (c) at 800°C in ambient air. 

 

 

500 h 
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As reported in Figure 3, after 300 h of oxidation at 900 and 1,000°C, weight gain reaches a 

plateau, the weight gain being higher at 1,000°C.  

 

After 24 h and 1,000 h of oxidation at 900 and 1000°C, Ti3AlC2, TiO2 rutile and α-Al2O3 phases 

are detected by XRD (not presented here). The intensity of the α-Al2O3 XRD peaks increases 

after 1,000 h of oxidation which indicates the growth of such a protective oxide during the 

thermal treatments at 900 and 1,000°C. Furthermore, the presence of MAX phase XRD peaks 

whatever the oxidation time at such temperatures demonstrates that the oxide layer remains 

quite thin, as confirmed from SEM observations (Figure 5). 

After 24 h and 1,000 h of oxidation at 1,000°C, the surface of the samples examined using OM 

show a similar aspect: some TiO2 nodules are present at the surface of the grey Al2O3 layer 

(Figure 5a). The slow weight gain reported in Figure 3 is thus in good agreement with the 

morphology of the oxide layer during thermal treatment. 

X-ray mapping using EDS provides images of Ti, Al, C and O elements distributions in the 

oxidized sample cross section after 24 h and 1,000 h at 1000°C (Figure 5b). After 24 h of 

oxidation, EDS maps indicate the formation of both TiO2 and Al2O3 equiaxed grains. Such a 

microstructure is typical of the material, it does not result from any damage during the 

preparation of the sample. One can also distinguish some TiO2 grains on the external surface 

of alumina. After 24 h and 1,000 h at 1,000°C, the thickness of the Al2O3 layer is equivalent but 

the Al2O3 layer is denser for a longer oxidation time. As a consequence, the low weight gain 

measured at 1,000°C between 24h and 1,000 h is related to the formation of a thin and dense 

Al2O3 layer. After 1,000 h of oxidation, a few TiO2 nodules are present at the surface of the 

Al2O3 layer as observed using OM. 
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Figure 5: Oxidation tests in ambient air at 1000°C up to 1,000 h performed on different 

samples densified by SPS at 1315°C/75MPa/2min from heat treated Ti-1.05Al-1.9TiC powder 

mixtures. On the left, white Light microscopy images of the sample surface oxidized during 

24h and 1,000 h at 1000°C. On the right, scanning electron microscopy cross section 

observation and Ti, Al, C and O corresponding X-Ray maps of the oxide scale after oxidation 

during 24h (a) and 1,000 h (b) at 1000°C.  

 

Finally, for oxidation temperatures in the range 800-1,000°C, depth composition profiles 

performed into the MAX phase near the oxide/Ti3AlC2 interface confirm the absence of an Al 

and/or Ti depleted zone.  

After oxidation at 900 and 1,000°C, the high-temperature isothermal oxidation resistance of 

Ti3AlC2 is in good agreement with Qian et al. results [18]. As reported in the literature, in the 

temperature range 900-1,000°C, passivating oxidation is characterized by the formation of a 

dense Al2O3 layer at the surface of the Ti3AlC2 phase and, by the existence of TiO2 nodules at 

the surface of the Al2O3 layer [19-26, 34]. Moreover, the oxide layer displays good adhesion 
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with the MAX phase substrate. In addition, due to the presumed high mobility of Al atoms 

through the numerous grain boundaries of the fine-grained Ti3AlC2 sample, Al depletion does 

not occur at the Ti3AlC2/Al2O3 interface. 

In the present study, XRD analyses indicate the growth of the α-Al2O3 layer during oxidation 

at 900°C and 1,000°C. As reported by other authors, such analyses suggest that TiO2 nodules 

are formed in the early stages of oxidation. The slow growth of such nodules is related to the 

slow diffusion of Ti ions through the dense Al2O3 layer. Indeed, during the first oxidation stage, 

oxygen partial pressure at the Ti3AlC2/oxidizing atmosphere interface is high allowing the 

oxidation of both Ti and Al [20]. Once the oxide scale has grown, one can note the existence 

of an O gradient into the oxide layer which promotes Al oxidation. Indeed, Al2O3 being 

thermodynamically more stable than TiO2, the O partial pressure required to induce the 

formation of Al2O3 is low as compared to that of TiO2. Moreover, the crystal structure of 

Ti3AlC2, characterized by weak Ti-Al and C-Al atomic bonds mainly promotes Al diffusion within 

the grain. 

 

3.2.2. Influence of the Ti3AlC2 MAX phase microstructure 

3.2.2.1. Grain size effect 

The oxidation kinetics of Ti3AlC2 MAX phase produced by SPS (Densification of Ti3AlC2 powder 

by SPS at 1315°C/75MPa/2min) and HIP (Simultaneous synthesis and densification at 

1450°C/2h and 50MPa/1h) techniques was investigated by thermogravimetric measurements 

in the temperature range 800-1000°C in synthetic air (Figures 6a and 6b). HIPed specimens 

have a grain size (mean area in the range 600-4000 µm2) much larger than the ones measured 

in the SPSed specimens (mean area about 15 µm2). As a consequence, HIPed and SPSed 
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specimens will be further denominated as coarse-grained and fined-grained samples 

respectively. 

First of all, one can observe that oxidation kinetics related to the Ti3AlC2 SPSed sample are not 

consistent with the weight gains obtained using oxidation tests in ambient air in a classical 

furnace (See Figures 6c). In fact, using TGA analyses in synthetic air, the weight gain increases 

with the oxidation temperature whereas for oxidation tests in ambient air, the weight gain 

obtained after 100h of oxidation at 800°C is intermediate between the ones measured at 

900°C and 1,000°C. Note that a comparison of the Ti3AlC2 weight gain is straightforward since 

oxidation is sensitive to the atmosphere (ambient air in a resistive furnace, synthetic air in the 

TGA equipment) but also to the heating and cooling steps (heating and cooling under dry air 

inside the TGA equipment, sample introduced in the furnace once the oxidation temperature 

is reached and air-cooled at the end of the test) which are in fact different for both oxidation 

tests. 

For HIPed samples and, similarly to SPSed ones, Figures 6a and 6b show that the weight gain 

increases with the oxidation temperature and time for oxidation up to 100h under synthetic 

air in the temperature range 800-1,000°C. By comparing these two figures, one can notice that 

the weight gains related to the oxidation of the Ti3AlC2 samples synthesized by HIP are higher 

than that obtained from SPS. Indeed, for fine-grained samples the higher weight gains do not 

exceed 4 g/m2 after 100 h oxidation whereas such a weight gain is reached after only 5 h at 

800°C for coarse-grained samples. 
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Figure 6: ∆m/A plotted as a function of oxidation time, in synthetic air, in the temperature 

range 800-1000°C. (a) for SPSed samples produced from Ti3AlC2 powder densified at 

1315°C/75MPa/2min, (b) for HIPed samples produced at 1450°C/2h and 50MPa/1h, (c) for 

SPSed samples with a comparison between ambient air and TGA oxidation tests. 
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Figure 7 shows the variation of log(t) as a function of log (∆m/A) for the Ti3AlC2 SPSed samples. 

This representation enables to analyze the oxidation kinetics of the samples. Indeed, if we 

consider an oxidation law described as a power law such as �∆�
� �

�
=  	�. � (with n a kinetics 

specific exponent and kn the oxidation constant), the log-log representation allows to assess 

the n exponent. For n=2, the oxidation kinetics is described by a parabolic law and for n=3, the 

oxidation kinetics is described by a cubic law. Both kinetics have been used to characterize 

MAX phases. It has to be noticed that M. W. Barsoum et al. and J. L. Smialek have shown that 

a cubic law can fit the experimental results better than a parabolic one [27, 28]. 

In our case, Figure 7 exhibits that neither parabolic nor cubic fit the kinetics observed on 

Ti3AlC2 SPSed samples, excepted at 800°C where cubic kinetics can be applied. Nevertheless, 

for sake of comparison with other published data, a parabolic law has been chosen to extract 

the corresponding parabolic rate constants (kp) and apparent activation energies. 

 
Figure 7: Analysis of the oxidation kinetics of the SPSed specimens (produced from Ti3AlC2 

powder densified at 1315°C/75MPa/2min) after oxidation in the temperature range 800-

1000°C during 100h in synthetic air. 
 

 

Figure 8 shows the Arrhenius plot of kp versus the inverse of temperature for the coarse and 

fine-grained samples. In the two cases, a linear fit is obtained. The slope of the straight line 
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can refer to activation energy only in cases where the rate-controlling step is well defined, 

unique and controlled by diffusion through the oxide layer or diffusion to the oxide/air or 

oxide/MAX phase interfaces. As the properties of the diffusion medium vary with 

temperature, the effect of this variation also gets incorporated into the variation of rate with 

temperature, and, consequently, on the apparent activation energy. Thus, the slope of the 

straight line is merely a temperature coefficient and not the “true” activation energy. The 

apparent activation energies were evaluated to be 69 and 226 kJ.mol-1 for fine and coarse-

grained samples respectively. The apparent activation energy determined for the coarse-

grained sample lies in the range 136-258 kJ.mol-1, values published previously [21, 26, 32] for 

Ti3AlC2 grains for which the specific grain sizes are not given. Nevertheless, the processing 

routes used to synthesize the samples for those studies suggest that grains are coarser than 

the ones obtained in our SPSed samples. Similarly, the apparent activation energy obtained 

on the fine-grained specimens (69 kJ.mol-1) implies that during the first stages of oxidation, 

where alumina is mostly formed, mass gain is less temperature dependent.  

 

 
Figure 8: Arrhenius plot of the parabolic rate constant as a function of the inverse temperature 

for the coarse-grained (diamond) and fine-grained (triangle) specimens. 
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To investigate the effect of grain size on the oxidation resistance, SEM observations were 

performed after 30 h of oxidation at 950°C in synthetic air. Figure 9a shows a SEM cross section 

micrograph of the oxide scale onto the Ti3AlC2 MAX phase. Figure 9a reveals the presence of 

a thick oxide layer (100-170 µm thickness) at the surface of the Ti3AlC2 coarse-grained sample. 

This layer consists of an external TiO2 layer (light contrast) with some Al2O3 grains, an 

intermediate Al2O3 layer (dark contrast) and an internal layer containing both TiO2 and Al2O3. 

Such a structure is similar to the one observed for the fine-grained Ti3AlC2 sample oxidized at 

800°C for 500 h in lab air for which a non-protective oxidation process takes place. 

Figure 9b shows a representative pore located in the Ti3AlC2 phase near the oxidized surface. 

At the interface between the pore and the surrounding coarse-grained Ti3AlC2, the presence 

of a thin Al2O3 layer is noticeable. Moreover, one can observe that some grain boundaries 

around the pore exhibit lighter chemical contrasts as compared to the MAX phase. X-ray 

mapping and corresponding EDS analyses performed on these grain boundaries demonstrate 

that such a contrast corresponds to an Al-depletion. Grain boundaries are thus preferred 

diffusion paths for aluminum allowing the formation of Al2O3 at the interface between the 

pore and the surrounding coarse-grained MAX phase. Moreover, the diffusion of Al atoms is 

presumed to be the rate limiting step of the oxidation process at the pore/MAX grains 

interface. Such a contrast difference is not observed at the grain boundary in fine-grained 

microstructures. The large number of grain boundaries in fine-grained samples increases the 

number of diffusion paths for Al atoms which is presumed to improve Al activity at the surface 

and to enhance Al2O3 formation. As a result, alumina is rapidly formed on top of the Ti3AlC2 

fine-grained surface and it led to a protective oxide scale.  
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Figure 9: (a) SEM cross section observation of the oxide scale onto the Ti3AlC2 MAX phase. (b) 

SEM cross section observation of the sample microstructure around a pore located in the 

Ti3AlC2 phase near the oxidized surface. Blue arrows show white grain boundaries (see text).  

 

To the authors’ knowledge, grain size effect on the oxidation resistance of MAX phases is 

barely discussed in the open literature. Barsoum et al. [34] did not observe any significative 

grain size effect on the oxidation of Ti3SiC2 MAX phase samples. For large (50-200 µm) and 

fined-grained (4 µm) samples, weight gains are similar or slightly higher for fine-grained 

samples after oxidation in the temperature range 1,000-1,200°C and in ambient air [34]. On 

another system, the conclusions drawn by Li et al. are consistent with our interpretation of 

results. The authors show that a Cr7C3 layer is formed at the Cr2AlC/Al2O3 interface during 

short-term oxidation of a coarse-grained Cr2AlC sample, which is not the case for a fined-

grained microstructure (∼2 µm) and/or after a long oxidation time (> 100 h). Their 

interpretation based on grain boundary densities is consistent with the fact that external Al3+ 

diffusion towards the oxide layer is lower in the case of coarse-grained versus fine-grained 

structures. This difference of diffusion kinetics can result in the formation of a pronounced Al-

depleted layer at the Cr2AlC/Al2O3 interface, which causes the formation of Cr7C3 in the case 

of coarse-grained Cr2AlC samples, but not in the fine-grained ones. Consequently, the higher 

grain boundary density for the fine-grained microstructure promotes Al activity at the surface, 

leading to the formation of a dense and thick Al2O3 layer. In the case of coarse-grained Ti3AlC2, 
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the Al activity is reduced and two different oxides can be formed (TiO2 and Al2O3) due to the 

limiting step which consists in the diffusion of Al3+ ions via grain boundaries; the outward 

diffusion of Ti4+ ions and the inward diffusion of O2- ions leading to the formation of TiO2 

phase. 

 

3.2.2.2. Pore content effect 

The oxidation kinetics of Ti3AlC2 MAX phase compounds produced by SPS using different 

processing parameters (1330°C/60MPa/5min for low porosity sample and 

1330°C/30MPa/7min for high-porosity sample) and exhibiting different pore contents (1.4 and 

about 7 vol.% respectively) but a similar grain size distribution was investigated using 

thermogravimetric measurements at 800°C in synthetic air (Figure 10). The evolution of the 

weight gain per unit of surface area as a function of the oxidation time is shown in figure 10 

for the two samples.  

 

Figure 10: ∆m/A plotted as a function of oxidation time at 800°C in synthetic air for SPSed 

samples with different pore contents. Parabolic rate constant is given. Low and high-porosity 

samples are produced by SPS densification of Ti3AlC2 powder at 1330°C/60MPa/5min and 

1330°C/30MPa/7min respectively. 
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Not surprisingly, weight gain is larger when Ti3AlC2 samples exhibit high pore content. 

Similarly, a parabolic constant was determined for oxidation duration in the range 75-200 h 

to be about one order of magnitude larger in the case of the high pore content sample (2.3 

10-13 g2.cm-4.s-1 for 1.4 vol.% of porosity compared to 4.5 10-12 g2.cm-4.s-1  for 7 vol.% of 

porosity). As expected, the growth of the oxide layer is faster in the presence of pores. 

To investigate the effect of porosity on oxidation resistance, SEM observations have been 

performed after 100 h of oxidation in synthetic air at 800°C (Figure 11) and 1,000°C (Figure 

12a) on samples exhibiting large pore-networks.  

Figure 11 shows SEM cross section observations of such oxidized pore-network whose depth 

reach several hundred of microns after 100 h of oxidation at 800°C. In its vicinity, oxidation 

occurs at the grain boundaries (see red arrows in figures 11b and 11c). Grain boundary region, 

for which internal diffusion of O and external diffusion of Ti and Al are facilitated, are likely 

connected to the oxidizing atmosphere which promote oxidation. Figures 11b and 11c 

underline that de-cohesion of MAX-grain boundary is observed (see white arrows). Such a de-

cohesion likely results from the development of growth stress at the MAX-grain boundary 

interface. Furthermore, de-cohesion further allows a fast-diffusion of oxygen into such defect. 

From EDS analyses, oxidation products are Al2O3 and TiO2, with a main content of Al2O3. 
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Figure 11: (a) SEM cross section observation of a pore-network region; the oxidization depth 

reaches several hundred microns after 100 h of oxidation at 800°C. High magnification images 

obtained in Back-scattered (b) and secondary (c) electron modes. Red arrows show oxidized 

grain boundary regions whereas white arrows show the de-cohesion of the MAX grain 

boundary. 

 

Figure 12a shows a pore-network region observed by SEM. Figures 12b and 12d are white light 

OM observations of the same pore-network region before oxidation. Figures 12c and 12e are 

polarized light observations of the same pore-network region after 100 h of oxidation at 

1,000°C. Polarized light observations (Figures 12c and 12e) show that a large number of TiO2 

nodules have appeared in the pore-network region location. It can also be noticed that, for 

such oxidation conditions, TiO2 nodules do no develop in the surrounding areas where Al2O3 

is the main oxide formed.  
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Figure 12: (a) SEM observation of a pore-network region on the sample surface. (b) and (d) 

white light microscopy images of the same pore-network region before oxidation. (c) and (e) 

polarized light microscopy images of the same pore-network region after 100 h of oxidation 

at 1000°C. 

 

From oxidation kinetics and the analysis of oxidation products, our results show that the 

porosity has a significant effect onto the oxidation resistance of Ti3AlC2. Indeed, porous 

regions lead to the formation of TiO2 inhibiting the formation of a protective Al2O3 layer. Song 

et al. [40] have reported that sizes of the pores are more determinant than the pore content 

on the oxidation behavior. Indeed, Song [40] and Tallman [24] have studied crack-healing into 

Ti3AlC2: they have demonstrated that depending on the width of the crack -which can be 

assimilated to cavities or porosities- the oxidation products may vary. Indeed, after 2h 
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oxidation at 1100°C, densely packed α-Al2O3 particles are formed, by inward diffusion of O 

and outward diffusion of Al, in cracks less than 1µm wide. α-Al2O3 particles formed in large 

cracks are more equiaxed and less densely packed. The absence of columnar particles in cracks 

or in cavities promotes the external diffusion of Ti ions through the grain boundaries of the 

equiaxed particles and thus the formation of TiO2 at the surface of Al2O3, in good agreement 

with the present study. 

 

 

3.2.2.3. Secondary phase influence 

Short-term oxidation tests (10 to 60 min) were performed at 800 and 1,000°C in order to study 

the oxidation behavior of TiC and TixAly inclusions; these secondary phases being frequently 

formed when Ti3AlC2 is synthesized. OM and SEM observations were performed in the same 

area before and after oxidation to identify the oxides that are formed on top of the secondary 

phases. 

Figure 13a is a white light OM observation of a sample region before oxidation; figure 13b is 

a SEM observation of the same region after 60 min of oxidation at 800°C. Black areas in figure 

13a are either alumina or pores whereas dark grey areas and light grey ones are respectively 

TiC and Ti3AlC2 phases. These figures demonstrate that TiO2 nodules are preferably formed 

onto TiC particles. Such a conclusion is also valid for oxidation time in the range 10-60 min and 

for temperatures equal to 800 or 1,000°C. Moreover, the geometry of the TiO2 inclusions 

corresponds very well to the geometry of the initial TiC impurities, without interfering onto 

the neighboring Ti3AlC2 grains. Such a result is in good agreement with other studies [41, 42].  
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Figure 13: (a) white light OM observation of the SPSed sample produced from Ti3AlC2 powder 

densified at 1315°C/75MPa/2min. Black areas are either alumina or pores whereas dark grey 

and light grey areas are respectively TiC and Ti3AlC2 phases. (b)  SEM observation of the same 

region after 60 min of oxidation at 800°C.  
 

Figure 14a is a white light OM observation of a sample region before oxidation; figure 14b is 

a SEM observation of the same region after 60 min of oxidation at 800°C. The oxidation of 

TixAly secondary phases (white area in figure 14a and black areas in figure 14b) is very slow 

compared to that of the TiC particles (see figure 13). Depending on the stoichiometry of the 

TixAly intermetallic, it has been reported that TixAly grains may be covered either by a thin 

Al2O3 layer (for TixAly enriched in Al) or by a thick Al2O3/TiO2 mixed oxide layer (in the case of 

TixAly enriched in Ti) [43, 44]. These observations also underline that the oxidation kinetics of 

Ti3AlC2 grains could be very different from one to the other. Indeed, some Ti3AlC2 grains do 

not seem oxidized (see continuous circle in figure 14b) whereas some others are oxidized (see 

dotted circle in figure 14b). Such a feature may be related to the relative orientation of MAX 

grains with respect to the surface. Indeed, SPSed samples are likely to exhibit a preferential 

orientation as described by Duan et al. [45] using Cr2AlC powders. Moreover, the strong 

crystallographic anisotropy of Ti3AlC2 MAX phase suggests that grains orientation may affect 
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the oxidation properties of the material. Nevertheless, additional work is needed to confirm 

this assumption. 

 

Figure 14: (a) white light OM observation of the SPSed sample produced from Ti3AlC2 powder 

densified at 1315°C/75MPa/2min. Black areas are either alumina or pores whereas light grey 

and white areas are respectively Ti3AlC2 and TixAly phases. (b) a SEM observation of the same 

region after 60 min of oxidation at 800°C. 

 

4. Conclusions 

 

Coarse and fine-grained Ti3AlC2 samples were produced respectively by HIP and SPS. It is 

demonstrated that the oxidation in the 900°C – 1,000°C temperature range of fine-grained 

samples leads to the formation of a passivating alumina scale whereas the oxidation of coarse-

grained samples leads to the formation of a mixed (TiO2+Al2O3) layer which is less protective: 

the weight gain per area unit being 2 order of magnitude larger at 1,000°C. Such a feature 

results from the high density of grain boundaries in the fine-grained material which leads to a 

large number of diffusion paths for Al3+ ions. Indeed, Al depleted grain boundaries have been 

observed after oxidation of the coarse-grained samples.  

SPSed samples were synthesized with different pore contents and secondary phase contents. 

From oxidation kinetics and a fine characterization of oxidation products, it is demonstrated 
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that porosity has a significant effect onto the oxidation resistance of Ti3AlC2. Indeed, regions 

with a high concentration of pores lead to the formation of TiO2 inhibiting the formation of a 

protective Al2O3 layer. It is also shown that TiC impurities are rapidly oxidized onto TiO2 

whereas TixAly intermetallics seems to be weakly oxidized, at least for short term oxidation 

conditions lower than 60 min at 1,000°C. Finally, it has also been demonstrated that, for fine-

grained samples, the oxide scale does not grow for oxidation time in the range 20-40 days. 
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