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Abstract 

MAX-phase materials, a class of ternary carbides and nitrides that combine favorable properties 

of metals (conductivity and toughness) and ceramics (high temperature strength) have been 

shown to autonomously heal micro-cracks by high temperature oxidation. The investigation of Ta 

and Al containing MAX phases (Ta2AlC & Ta4AlC3) could render self-healing materials at lower 

temperatures. Mixed (Ta2AlC and Ta4AlC3) and pure dense bulk Ta2AlC MAX phase was 

synthesized by spark plasma sintering (SPS) of elemental powders. The oxidation reactions of 

Ta-Al-C MAX phase powders were studied with differential thermal analysis (DTA). The oxidation 

kinetics of dense bulk Ta-Al-C MAX phase was studied by thermal gravimetric analysis (TGA). 

The microstructure and composition of the MAX phase materials and its oxides was characterized 

by X-ray diffractometry (XRD), scanning electron microscopy (SEM) with energy dispersive 

spectroscopy (EDS), X-ray microanalysis with electron probe microanalysis (EPMA), and X-ray 

photoelectron spectroscopy (XPS).  

Linear oxidation kinetics, inward oxide growth and formation of mainly porous Ta-oxides were 

observed for isothermal oxidation of dense bulk Ta2AlC and mixed MAX phase. Based on the 

results obtained in this work, the oxides scales formed in the 600 – 800 °C temperature range are 

believed to consist of various metastable and/or amorphous oxides. Full oxidation of the MAX 

phase above 900 °C results in the formation of Ta2O5 and ternary TaAlO4. It was found that Ta-

Al-C MAX phases cannot self-heal microcracks by formation of a protective oxide scale at 

elevated temperatures.  
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1. Introduction 

The interest in self-healing structural materials has strongly grown in the recent past, as can be 

seen from the vast increase of scientific publications on the topic, for a wide variety of materials. 

Self-healing materials provide an alternative way to cope with the ever hasher environments in 

which structural materials have to function during their desired lifetime [1]. If a structural material 

possesses the ability to self-heal microcracks that form during operation, mechanical failure due 

to further growth of these microcracks can be avoided.  

The world energy demand is expected to continue to rise in the near future, while scarcity of 

traditional sources is looming. One approach to increase the lifetime of traditional energy sources 

such as natural gas and oil is to change the conditions during energy generation such that the 

process can be more efficient. An example is to increase the temperature within the combustion 

chamber of an internal combustion engine, which increases the energy efficiency while 

decreasing CO2 emissions. In order to achieve this in a safe and sustainable manner, all structural 

components within the combustion chamber must be able to withstand higher temperatures 

during operation during a prolonged period of time, without failure. Another scenario is the use of 

sustainable energy sources, which bring on their own challenges as energy generation from 

sustainable sources often has to take place in remote areas, where maintenance is costly and 

difficult [2]. Hence, all materials used for the equipment must have a sufficiently long lifetime to 

allow profitable operation. These demanding material requirements have often made 

improvements or new solutions unfeasible. The possibility to use materials with self-healing 

capabilities – often required at elevated process temperatures – could be a piece of the big puzzle 

that needs to be completed to solve these problems.  

One family of materials that is currently investigated because some members are likely to 

have self-healing capabilities at elevated temperatures, is the so called ‘MAX phase family’. 

Mn+1AXn phase ceramics are layered ternary carbides or nitrides, where the M denotes a transition 

metal, the A denotes an A-group element from the periodic table, and X stands for carbon or 

nitrogen [3]. Over 70 different MAX phases have yet been reported [4]. Its unique layered 

crystallographic structure of alternating layers of carbide/nitride and monatomic metallic A-

elements renders a unique combination of metallic and ceramic properties [5]. Additionally, two 

MAX phases – Ti2AlC and Cr2AlC – have been shown to form protective oxides upon oxidation at 

elevated temperatures, which can fill microcracks. Farle et al. [6] has recently investigated the 

self-healing potential of the other members of the MAX phase family, based on six criteria 

(described in section 2.3). Ta2AlC MAX phase was identified as a potential candidate for self-

healing.  

The goal of this work is to 1) find a synthesis route to synthesize dense bulk predominantly 

single-phase Ta2AlC MAX phase, and 2) analyse its oxidation behaviour to find out if it indeed 

has self-healing potential. For analysis of the oxidation behaviour of Ta-Al-C MAX phase, the 

following questions are of interest: what oxidation products form, and what does its microstructure 

look like? What is the oxidation mechanism? Are the oxides protective? What kind of oxidation 

kinetics takes place? By answering these questions, the potential self-healing behaviour can be 

verified. Successful synthesis and a successful oxidation study also provide the means to design 

an experiment to test self-healing behaviour.  
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In Chapter 2, a theoretical background on the general topic of self-healing, and on MAX phases 

and self-healing in MAX phases is given. In addition, a literature review of synthesis of MAX 

phases, MAX phase properties, and oxidation behaviour of Ta2AlC, Ta, TaC and Ta2C is provided. 

In Chapter 3 all methods used for this work are described, and an overview of the relevant 

experimental details is given. In Chapter 4 the results of the synthesis, oxidation, and crack-

healing experiments are given, and a discussion of these results can be found in Chapter 5. 

Finally, the conclusions and recommendations based on the research conducted for this work are 

given in Chapter 6.   
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2. Theoretical Background 

2.1 Relevance & concept of self-healing in structural materials 
 
In industry and science, the demand for stronger materials is mainly met by the focus on 

development of materials with microstructures that prevent the formation or extension of micro-

cracks. Currently, industries are facing many challenges because the requirements for materials 

to be used become ever higher, due to more extreme process conditions and environments, such 

as high temperatures or remote locations [1]. ‘Classical structural materials’ might not always be 

able to meet these requirements. In this light, several societal needs have been identified by van 

der Zwaag [1], which are expected to drive the development of materials which are able to 

‘manage damage’ by self-healing, in the near future. These societal needs include the fact that 

industrial installations more often make use of components which are very costly to repair, but 

need to be very reliable at the same time, such as for example in off-shore energy facilities. Also 

there are capital intensive applications which are required to have a relatively long lifetime (> 40 

years), like highways and tunnels. Furthermore, certain applications require an extremely high 

reliability, such as aircrafts, as failure would be at the expense of lives. Lastly, for many products 

(cars, planes, etc.) a high surface quality during the entire time of use is required or desired.   

 

The concept of self-healing in structural materials can be illustrated by comparing the schematic 

diagrams of damage development in Figure 1 and Figure 2. Damage development in three 

different classical structural materials, A, B, and C versus load or time is shown in Figure 1. 

Material A represents the reference material to be improved. The damage keeps increasing until 

it reaches the damage level ‘1’ at which point it fails. Material B is an improvement from material 

A as it starts to form damage at a higher load/after a longer time. However, once damage 

formation starts, the damage level increases much more quickly until failure. For practical 

purposes material B could be a drawback because the increase of damage until failure cannot be 

monitored easily as it happens very fast. Material C represents the best classically engineered 

option, based on the premise of damage prevention; damage formation starts substantially later 

(at a higher load), and further damage increase happens at a slower rate, compared to material 

A and B.  
 

 
Figure 1: “Schematic diagram of the damage level in classical materials as a function of time or applied load" [1]. 

The schematic damage development in three grades of self-healing materials, with increasing 

self-healing capabilities is shown in Figure 2a to c. The essential difference between a classical 
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structural material and a self-healing structural material, is the ability of the latter to reduce its 

damage level. Figure 2a shows only one healing cycle; i.e. damage forms, increases, and after a 

certain time starts to decrease until a certain damage level, after which it increases again until 

ultimate failure. Figure 2b shows improvement with multiple healing cycles, but eventually the 

material still fails due to the damage. Only the self-healing material shown in Figure 2c represents 

the ideal situation, with an infinite amount of healing cycles, such that failure never takes place 

after damage formation.  

 

   
Figure 2: “Schematic diagram of the damage development in three grades of self-healing materials” [1], for a) a self-

healing material with one healing cycle, b) multiple healing cycles, c) an infinite amount of healing cycles. 

First and foremost, the self-healing material must be able to perform to the standards of a classical 

structural material for a certain mechanical function. On an atomistic level this means that 

chemical bonds and atom density need to provide for the right mechanical properties (strength, 

stiffness, etc.). Furthermore, in addition to a classical structural material, a self-healing material 

should sense and repair damage, like microcracks or micro voids. This means that formation of 

microcracks should initiate mobile atoms or a healing agent to ‘flow’ towards the crack and 

rearrange themselves in such a way that crack filling and mechanical repair can take place.  

Van der Zwaag [1] mentions two additional criteria for successful self-healing, which are 

related to external factors. For most cases a reduction of externally applied load is necessary, in 

order to allow crack healing to take place. On that notion, self-healing seems most suitable for 

situations in which cyclic loading takes place. Furthermore, the two crack surfaces should not be 

too far apart, and hence self-healing works best for partial cracks (e.g. two sides of the crack are 

held together by a non-cracked part in front of the crack tip).  

 

In recent years a strong increase of research on self-healing has taken place in all material 

classes – polymers, ceramics, metals –, and it has been shown that there are many different 

mechanisms by which self-healing can take place. For polymers, different chemical routes have 

been researched, such as; fracture and reformation of the molecular chain or intermolecular 

bonds [7]; self-organizing polymers based on non-covalent hydrogen-bond interactions [8]; 

thermosetting epoxy with dissolved linear polymer chains which can ‘meander’ towards cracks to 

fill them [9]. In metals, it has been shown that the addition of certain solid solution elements can 

favour dynamic precipitation within microcracks, voids, and grain boundary cavities, at elevated 

temperatures.  An example is the addition of alloying elements gold and copper to steel [10, 11]. 

For ceramics, self-healing is to be achieved by the formation of protective oxides, like Al2O3, SiO2, 

and Cr2O3, to fill up microcracks  [12]. A distinction between intrinsic and extrinsic self-healing 

materials can be made. For ceramics, in the case of extrinsic self-healing, micro capsules with a 

healing agent are incorporated in the ceramic matrix. Upon the formation of microcracks, the 
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healing agent ‘flows’ out of the capsule and into the crack, where it oxidizes and fills it. An example 

is the use of Al2O3/SiC composites at elevated temperatures; SiC particles are encapsulated in 

alumina, and when a microcrack reaches a SiC particle, SiC reacts with O2 to form protective SiO2 

which fills the microcrack [13]. In the case of intrinsic self-healing ceramics, the addition of 

microcapsules with healing agent is not required, but instead microcracks can be filled by 

oxidation of the original matrix material [14]. Some types of MAX phase ceramics have already 

been shown to fall in this category [15, 16].  

 

 

2.2 Introduction to MAX phases 
 

The name ‘MAX phase’ was given to a family of ternary carbides and nitrides [3], in reference to 

its formula, Mn+1AXn,  where M strands for ‘transition metal, A is an A-group element (mainly group 

IIIA and VIA), and X stands for carbon or nitrogen. ‘n’ only takes the value of integer numbers, 

and has been reported to go up to 6 [17, 18]. All M, A, and X elements are highlighted in the 

periodic table in Figure 3; over 70 different combinations of these elements are known to form 

different MAX phases [5].  

 

 
Figure 3: Periodic table with M-, A-, and X-elements highlighted [6]. 

Resulting from its characteristic stoichiometry, it is the layered hexagonal crystal structure and 

chemical bonding that give MAX phases their unique combination of properties. MAX phases can 

be described as nanolaminates consisting of layers of MX binary carbides or nitrides, alternating 

with monatomic layers of pure A-elements. Depending on the value of ‘n’, the A-element layers 

are separated by 2 (n=1) to 6 (n=5) M-layers. Carbon or nitrogen (X-elements) are located 

between the M-atoms, at the octahedral sites of the MX structure. A schematic of the alternating 

MX and A layers, and the crystal structure for different ‘n’ values is shown in Figure 4 [19]. 

In multiple works, density functional theory (DFT) approaches are used to characterize the 

chemical bonding types in MAX phases [20-26]. It was shown that chemical bonding between the 

M- and X-elements is relatively strong, mainly covalent and strongly directional, while the  bonding 
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between M- and A-elements is weaker for most MAX phases. Overall, “MAX phase bonding is a 

combination of metallic, covalent, and ionic bonds” [3], p.3.  

 

 

 
Figure 4: Schematic of alternating MX and A layers, and schematic of the hexagonal layered crystal structure of MAX 

phases for n = 1, 2, 3 [19]. 

It is the combination of very strong M-X bonds with relatively weak M-A bonds – each with a 

different bonding type –, incorporated within the layered hexagonal crystal structure, that give 

MAX phases their unique mix of typical ceramic as well as metallic properties. Like ceramic binary 

carbides and nitrides, MAX phases are elastically stiff, have a high melting point, and low thermal 

expansion coefficients.  Some members of the MAX phase family are also relatively resistant to 

creep, corrosion, and to chemical attack in general [5]. However, like metals, they also have good 

thermal and electrical conductivity, a high thermal shock resistivity and damage tolerance, and 

are relatively soft and easy to machine [5].  

The values of some material properties, that are known from research on MAX phases are 

summarized in Table 2Table 1. 
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Table 1: Several material properties of MAX phases and their value range, as stated by Radovic et al.[3]. 

Material property  Value range Additional remarks  
Electrical resistivity  0.2 – 0.7 µΩ∙m at Troom [27, 

28] 
For most MAX phases; 
Increases with increasing 
temperature 

Thermal conductivity 12 – 60 W/(m∙K) at Troom [29]  

CTE 5 – 10 µK-1 [3] Some exceptions in 12 – 14 µK-1 
range 

Young’s modulus 178 – 362 GPa at Troom [30, 
31] 

Near-isotropic 

Shear modulus  80 – 142 GPa at Troom [30, 31] Near isotropic 

Ultimate compressive 
strength 

300 MPa – 2GPa at Troom [30-
32] 

depends strongly on composition 
and grain size; 
flexural & tensile strength < 
compressive strength  

Vickers hardness 2 – 8 GPa [32] For polycrystalline MAX phases 

Fracture toughness  5 – 20 MPa∙m1/2 at Troom [3] R-curve behaviour  

Brittle to plastic 
transition temperature 
(BPT) 

1000 – 1100 C [33] For most MAX phases 

 

The relatively ductile behaviour of MAX phases is explained further by Radovic et al. [3] to 

originate from mobile dislocations in the basal planes of the hexagonal structure, which allows 

plastic deformation. When a high enough external load is applied, initially only the grains with a 

favourable orientation of their basal planes for easy slip deform. This causes incipient kink bands 

(IKB) to form in grains with other orientations towards external loading, which are spontaneous 

and still fully reversible. In case loading continues, the IKB’s facilitate the formation of mobile 

dislocation walls (MDW), which ultimately results in permanent kink bands (KB). It is these KB’s 

which eventually lead to delamination of the MAX phase at a microscale, and allow for 

considerable plastic deformation. Examples of the typical nanolayered MAX phase microstructure 

with kink bands and delamination are shown in Figure 5.  

 

  
(a) (b) 

Figure 5: Examples of a typical MAX phase nanolayerd microstructure, a) fracture surface of Ti3SiC2, including kink 
boundaries and delamination [31],b) side-view of microcrack (SEM backscatter)  in mixed Ta2AlC and Ta4AlC3 (this 

work). 



8 

 

The unique combination of metallic and ceramic properties makes MAX phases very interesting 

for future application in (cyclic) high temperature and/or electrical applications, where for example 

a combination of high temperature stability, fatigue resistance, good electrical conductivity, and 

non-brittle behaviour is desired [5]. As well as machinability, because for many applications 

complex shapes are required. In addition to all properties mentioned, some members of the MAX 

phase family have shown potential for intrinsic autonomous self-healing at high temperature [6]. 

 

 

2.3 Self-healing in MAX phases at elevated temperatures 
 

In 2008 Song et al. [34] reported oxidation-induced crack healing in Ti3AlC2 MAX phase ceramics. 

After oxidation of a partially pre-cracked bulk Ti3AlC2 sample in air for 2 hours at 1100 °C, the 

crack – about 7 µm long, and with an average width of 5 µm – was found to be completely filled 

with primarily α-Al2O3 and some additional rutile (TiO2). The hardness and indentation modulus 

of the crack-healed zone were found to be even slightly higher than that of the bulk Ti3AlC2. 

Reasons stated for the good strength recovery after healing are the fact that the coefficient of 

thermal expansion (CTE) of Ti3AlC2, α-Al2O3, and TiO2 do not differ much (so only small misfit 

stresses arise after cooling), and that both oxide products adhere well to bulk Ti3AlC2. The 

oxidation mechanism of Ti3AlC2 was reported to be preferential oxidation of aluminium, due to 

relatively easy diffusion of Al atoms along the grain boundaries of the grains on the crack surface. 

The following reaction is proposed for the formation of protective α-Al2O3 [35]:  

 

Ti3AlC2 + 
�
� y ∙ O2 → Ti3Al1-yC2 + 

�
� y ∙ Al2O3 

 

Further research into the early stages of oxidation of bulk Ti3AlC2 MAX phase showed that in the 

first few minutes nanosized α-Al2O3 oxide nuclei start to form, predominantly on the ledges of the 

fracture surface of the lamellar Ti3AlC2 [36] (see Figure 6). After further oxidation these nuclei also 

grow over the 0001 basal plane terraces to form a continuous initial α-Al2O3 oxide scale. After 

initial oxidation, thickening of the oxide scale takes place in the inward as well as outward 

direction. Further oxidation caused by inward diffusion of oxygen via grain boundaries in the Al2O3 

scale, consumes more of the original bulk Ti3AlC2 inwards [35]. At the same time Ti atoms diffuse 

outward through the oxide scale to form TiO2 on the surface of the α-Al2O3 oxide scale. 

Underneath the α-Al2O3 oxide scale, a porous layer can form, in case the formation of Al2O3 does 

not compensate the volume of Ti3AlC2 that is lost due to oxidation [36]. Wang et al. reports on 

slight relaxation of the Ti3AlC2 structure right beneath the oxide scale, due to the formation of Al 

vacancies [35]. With increasing oxidation, the oxide scale grows thicker, and this is stated to 

cause sub-parabolic oxidation kinetics.  

 



9 

 

 
Figure 6: Fracture surface of Ti3AlC2 oxidized at 1100 °C for 60 seconds [36]. 

Multiple crack healing was reported for the first time in another member of the Ti-Al-C MAX phase 

system – Ti2AlC – by Li et al. [15]. Seven healing cycles were achieved with dense bulk 

predominantly single-phased Ti2AlC (minor Ti3AlC2 and Ti1.25Al2.75 impurities). Initial cracks were 

produced by Knoop indentation in combination with fatigue cycling. Re-cracking after each healing 

cycle was achieved by bending. For each healing cycle, Ti2AlC was oxidized in air for 2 hours at 

1200 °C. The flexural strength in the healed zone of 152-224 MPa was measured to slightly 

exceed the initial strength of 211 MPa [15], which might be due to the ‘healing’ of porosities in the 

virginal material. The fracture toughness recovery was measured to be in the range of 3-6.7 MPa 

∙ m1/2. The same oxidation products were found as for Ti3AlC2;  well-adhering α-Al2O3, and rutile 

TiO2. 

Very recently self-healing in fine-grained bulk Cr2AlC was investigated for oxidation in the 

range of 900 – 1200 °C, and holding times of maximal 100 hours [37]. Cr2AlC was found to show 

good healing behaviour due to the formation of a dense, thin, and well-adhering oxide scale of 

predominantly α-Al2O3. Cracks with an opening between 0.1 and 2 µm, and a length between 0.3 

and 2.5 µm were filled completely with α-Al2O3 oxide. Strength recovery after healing was 

quantified via three-point bending tests, and was shown to be a function of healing time and initial 

crack length. The higher the initial crack length, the lower the residual strength. The longer the 

healing time, the higher the recovered strength after healing. In case of a very small initial crack, 

the healed sample might even have a higher strength than the un-cracked virgin sample. The 

composition of the oxides that form within the crack zone were shown to change over time; initially 

a mix of Cr2AlC, α-Al2O3, and (Cr,Al)2O3 was found, and for longer oxidation times only α-Al2O3 

remains. 

Yang et al. has examined oxide scale growth on the surface of dense bulk predominantly 

single-phased Cr2AlC after repeated annealing at 1100 °C [16]. It was concluded that further 

growth of oxide scale during repeated annealing is dominated by outward diffusion of Al ions via 

grain boundaries of the columnar grains within the prior oxide scale. The diffusion flux of Al ions 

is inversely proportional to the oxide scale thickness, and hence the healing rate becomes lower 

if the oxide scale becomes thicker. Cracks with a very small width are therefore desirable, as a 

thinner columnar oxide scale is required to form to fill the crack, and healing happens much faster.  
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Criteria for self-healing in MAX phases 
 
Apart from the Ti-Al-C and Cr-Al-C system, crack healing in other MAX phases has not yet been 

reported. In order to identify similar intrinsic autonomous self-healing potential in other members 

of the MAX phase family, Farle et al. [6] have postulated four primary, and two secondary general 

criteria for high temperature self-healing in MAX phases, which are discussed below. The primary 

criteria are first discussed (1-4), and the secondary criteria are discussed after (5 and 6).  

1. Based on the oxidation mechanism that causes crack healing in Ti-Al-C and Cr-Al-C MAX 

phases, preferential oxidation of the A-element is desired. Comparing the Gibbs free energy of 

formation ΔG° of the M- and A-oxides is proposed as means to predict selective A-oxidation. The 

element with the most negative ΔG° of oxide formation forms the most thermodynamically stable 

oxide, and hence “may be selectively oxidized” [6]. It is proposed to select MAX phase systems 

in which A-oxide formation is favoured. If the difference in ΔG° of oxide formation between the A- 

and M-element is small, different alternating oxides might be formed due to competing oxidation 

of both element, which could in turn also cause growth of ternary oxides. It should be noted that 

certain oxides only form at high temperatures, such as Al2O3 and TiO2.  

2. Apart from the thermodynamic requirement for preferential formation of the A-oxide, kinetics 

should be fast enough to allow healing of cracks within a reasonable time. During initial selective 

oxidation, the diffusion of the A-element trough the MAX phase matrix should be dominant. The 

diffusion rate should be reasonably high, as the oxidation kinetics of the formation of the initial 

oxide scale is determined by the flux of A-element that reaches the surface, after which it can 

react with oxygen. MAX phases generally have a higher mobility of the A-elements, as the M-A 

bonds are weak compared to the MX bonds. The atom mobility parallel and perpendicular to the 

basal plane was observed to be different. The anisotropy is assumed to be caused by the 

hexagonal layered structure. Not much experimental work on diffusion of M- and A- elements 

within MAX phases has been done. Therefore, Farle et al. only reports on the comparison of the 

diffusivity of M- and A-elements parallel to the basal plane, because this situation can be simplified 

by looking at the diffusion rates of M-element in their carbides versus the self-diffusivity of A-

elements. After an initial oxide scale is formed, the oxidation kinetics could be governed by a 

different process; the diffusion rate of oxygen through the oxide scale towards the MAX phase 

surface. Furthermore, the oxidation kinetics are then dependent on the rate-limiting process of 

oxygen diffusion which is different depending on the type of oxide formed (protective versus non-

protective).  

3. In order for full healing of microcracks to take place, they should be completely filled with 

oxide. This only happens in case of sufficient volume expansion upon oxidation. If all constituents 

of the MAX phase oxidize, the general oxidation reaction and relative volume expansion (RVE) 

are:  

 

M���AX�  → M���A���X� + xAO� 
 
 

RVE =  V���������� + xV���
V�������

 ≈ 1 + xV���
V�������
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For selective oxidation of the A-element, the reactions and RVE are:  

 

M���AX�  → !n + 1#MO�$ + AO�% + nXO&� 

 
 

RVE =
!n + 1#MO�$ + V���%

V�������
 

 

For good healing quality it is also important that the MAX phase remains stable close to the crack-

zone, where it is depleted of A-element. For both cases (full- and selective oxidation) and for all 

MAX phases, RVE is greater than 1.  

4. In addition to full crack filling, the formed oxide(s) should adhere well to the crack surfaces 

in order to restore the strength of the un-cracked MAX phase. This means that “the energy 

required to separate the healing oxide from the MAX phase should be comparable or larger than 

the cohesion of the MAX phase” [6] p. 5. This criterion is quantified by Farle et al. by the ‘work of 

adhesion’, which is defined as:  

 

W() = −+γ���-./0 +  γ1�2)3-./0 4 +  γ���/1�2)3-./0  

 

Where γ���-./0  and γ1�2)3-./0  are the surface energies of the MAX phase and the oxide, and γ���/1�2)3-./0  

is the interface energy. All can be calculated; the surface energies from the surface enthalpies, 

and the interaction energy from solution enthalpies. The calculation was made for several MAX 

phases for their A-oxides, and for all cases cohesion of the oxide is stronger than the cohesion of 

the MAX phase.  

5. The thermal expansion coefficient (CTE) of the MAX phase and the oxide(s) in the crack 

should not differ too much, otherwise large thermal stresses would be induced in the healed zone 

when the temperature changes. This can cause formation of new cracks, especially in the case 

of tensile stresses in the oxide upon cooling (CTEoxide > CTEMAX). 

6. The Young’s modulus of the oxide should not be too high compared to that of the Young’s 

modulus of the MAX phase, as this also induce stresses in the healed zone upon external loading. 

Generally, the oxides are stiffer than the MAX phase, i.e. have a higher Young’s modulus. A 

relative difference of not more than 30% between the Young’s modulus of the oxide and bulk 

material is advised [6]. 

 
Conclusion: MAX phases with self-healing potential  
 
All criteria correctly identify Ti2AlC, Ti3AlC2 as self-healing MAX phases. Cr2AlC only meets the 

primary criteria, as there is a CTE mismatch. An overview of MAX phases that meet the primary 

criteria and the secondary criteria, respectively, is shown in Table 2. For some compounds data 

on diffusion is not available, so it is unknown whether dominant and fast A-element diffusion will 

take place upon oxidation.  

Nevertheless, based on this analysis, Ta2AlC is one of the MAX phase compounds with high self-

healing potential.  
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Table 2: Overview of MAX phases that meet primary and secondary criteria for self-healing. 

MAX phase compounds 
that meet primary criteria 

V2AlC, V3AlC2, Nb2AlC, Zr2AlC, Zr2AlN, Ti3SiC2 
Diffusion data missing: Mo2GaC, Cr2AlC, Cr3AlC2, Ti2AlN, Ti3AlN2, 
Ta2AlC, Ta3AlC2 

MAX phase compounds 
that also meet secondary 
criteria 

Ta2AlC,Ti3SiC2, Ti2AlC 

 
 

2.4 Synthesis of MAX phases 
 

Various sintering methods can be used to synthesize dense bulk MAX phases. A general 

distinction can be made between one-, and two-step routes. For two-step routes, MAX phase 

powder is first synthesized by reactive sintering. Densification of the MAX phase powder to form 

bulk material takes place afterwards by conventional non-reactive sintering. For one-step routes, 

reactive sintering and densification take place at once. All known sintering methods for synthesis 

of MAX phases are briefly described in section 2.4.1. A literature review on synthesis details for 

Ta-Al-C MAX phases is given in section 2.4.2 

 

2.4.1 Synthesis methods for MAX phase synthesis  
 

MAX phase can be synthesized from a powder mix consisting of elemental powders and/or 

carbides. Powder constituents are usually dry  mixed an cold pre-pressed to a powder compact, 

prior to sintering. The powder compact is commonly referred to as ‘green body’.  

 

Sintering methods for synthesis of MAX phase powders 
 

Pressure-less sintering (PLS) is a conventional sintering method in powder metallurgy, where the 

green body is heated by external heating elements in a furnace, without applying external 

pressure. In all cases reported for PLS of MAX phase, sintering takes place in vacuum or in a 

flowing argon atmosphere, to avoid oxidation during sintering [38]. The released heat caused by 

the exothermic reactions in the powder compact during sintering makes the green compact 

expand, and was found to cause pore forming in the final product after synthesis [38]. Therefore, 

PLS MAX phase samples are generally porous. The porous sample can powdered and densified 

to bulk MAX phase by further sintering under pressure by other methods. Furthermore, it was 

found that for the use of Si and Al, a part of the A-element easily evaporates at the required 

sintering temperature for MAX phase formation (> 1300 °C). Hence, the use of excess A-element 

is reported for PLS [38]. It is reported by Zhou et al. [38] that sintering methods with pressure 

assistance increase the cost, compared to sintering with PLS.  Compared to pressure-assisted 

synthesis methods, PLS is relatively less costly than pressured sintering methods.  

Zhou et al. [38] and Qian et al. [39] mention several successful synthesis routes for Ti-Si-C 

and Ti-Al-C MAX phase with PLS in their review on synthesis of MAX phases. Pietzka and 

Schuster [40] report that it is hard to synthesize pure Ti3AlC2 and Ti2AlC because of the weak 

bonding of the Al atoms with TiC in the MAX phase, which causes the Al atoms to easily migrate 
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and evaporate causing the resulting MAX phase to be carbon deficient. 97 wt.% phase-pure 

Ti3AlC2 was PLSed by Peng et al. [41] by sintering of a powder mix of TiC, Ti, and Al (ratio 2 : 1 : 

1) between 1300 and 1400 °C in flowing argon for 15-30 minutes. They propose that melting of 

Al (above 660 °C) enhances the reaction process. Sun et al. [42] reports the necessity for the use 

of 10 at.% excess Si to synthesize Ti3SiC2 from Ti, Si, and TiC powder, to compensate for 

evaporation of Si during PLS. Li et al. [43] also reports on the use of excess Si for synthesis of 

Ti3SiC2 by PLS from elemental starting powders.  

 

Mechanical alloying (MA) induces reactive sintering of the solid-state powder constituents by ball 

milling of the powder mixture in a high-energy ball mill, causing fracturing of the powder 

constituents and cold welding. Several attempts to synthesize Ti3SiC2 MAX phase with MA are 

reported in literature. Li et al. [44] observed that MA of elemental Ti, Al, and C powder with large 

balls (20.6 mm diameter) leads to the formation of a significant fraction of Ti3SiC2, whereas the 

use of small balls (12.7 mm diameter) does not result in any MAX phase. Jin et al. [45] found that 

adding a small amount of Al to the powder mix increases the relative amount of Ti3AlC2 MAX 

phase formed upon MA. Zhai et al. [46] report that MA of an elemental powder mix with excess 

Si results in TiC, Ti3SiC2, and silicide powder. As MA only transforms a small fraction of the starting 

powders into MAX phase, the powder is usually further annealed or sintered with PLS after MA. 

It was found that MA promotes PLS sintering and densification of Ti3SiC2, and can result in 95.8 

vol.% MAX phase [47]. 

 

For self-propagating high-temperature synthesis (SHS), or combustion synthesis, the required 

heat to induce reactive sintering of the powder constituents is delivered to the green body by the 

exothermic reactions taking place when MAX phase forms. The reaction is ignited by point-

heating of a small spot on the green body, after which the exothermic reaction becomes self-

sustaining, and travels through the remaining unreacted green body as a reaction front [38]. A 

clear advantage of SHS is the lack of extra energy needed to form MAX phase, after the initial 

reaction has been ignited. A drawback resulting from the self-sustaining reaction is the lack of 

control over the sinter-time and the temperature profile in the powder compact [39].  

SHS has been used to synthesize Ti2AlC, Ti3AlC2, and Ti3SiC2 MAX phase. Attempts to 

synthesize Ti-Al-C MAX phases from elemental powders did not always result in phase-pure 

powders [48], and carbon deficient Ti2AlC1-x was also reported [49]. Addition of Sn was found to 

enhance the reaction to Ti2AlC [50], and the carbon content was reported to greatly influence the 

amount of Ti3AlC2 formed by SHS [51]. For Ti3AlC2, the mechanism proposed for MAX phase 

formation by SHS is solution-precipitation of TiC particles which dissolve in the Ti-Al melt and 

cause precipitation the MAX phase [52]. Additionally the use of TiAl [53], TiC, and Al4C3 as starting 

powder constituents were investigated. TiC lowers the reaction temperature, and Al4C3 increased 

the mass fraction of Ti3AlC2 in the final product [54]. Synthesis of Ti3SiC2 by SHS from elemental 

powders was reported to also consist of TiC impurities [55]. Gauthier et al. [56] have proposed 

that Ti3SiC2 forms by a reaction between molten Ti-Si and solid TiCx. Replacing Si with SiC in the 

starting powder mix is assumed to result in a reaction without any liquid phase [57]. Huang & 

Cheng [58] have combined SHS with additional heat treating after SHS (15 seconds) to 

synthesize 90 % phase pure Ti3SiC2. Again, the use of TiC or SiC in the starting powder mix 
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results in a lower reaction temperature, and hence a lower flame-front propagation velocity, which 

makes SHS more controllable [54]. 

 

Sintering & synthesis of dense bulk MAX phase in one step  
 

With Hot Pressing (HP) and Hot Isostatic Pressing (HIP) the green body is heated by external 

heating elements and external pressure is applied during sintering. During HP, the external 

pressure on the green body is applied with graphite punches and is in the order of 40 MPa [38]. 

During HIP, the green body is fully encapsulated in glass, and pressure of approximately 200 MPa 

can be applied via surrounding argon atmosphere in the HIP equipment [38]. A schematic of the 

HP and HIP equipment is shown in Figure 7. With HIP, a higher and more uniform pressure can 

be applied to the green body during reactive sintering. Also, loss of A-element (reported for Al 

and Si) due to evaporation or melting can be better avoided with HIP than with HP, due to full 

encapsulation of the powder compact [38]. Advantages of HP in comparison to HIP are that it is 

less costly and time consuming, and can be used for production of relatively large-scale samples 

[39]. 

The first ever made dense bulk MAX phase was synthesized by Barsoum et al. [59] by hot 

pressing Ti, SiC, and C (ratio 3 : 1 : 1) at 1600 °C and 40 MPa for 4 hours, which resulted in dense 

bulk Ti3SiC2 with 2 vol.% SiC and TiC. Various other MAX phases have since been fabricated by 

HP of various starting powders (elemental, carbides, nitrides). Zhou et al. [38] mention Ti2AlC, 

Ti3AlC3, Ti2AlN, Ti2GeC, Ti3GeC2, and Cr2GeC in a review on MAX phase synthesis. Similarly, 

Qian et al. [39] additionally mention Ti3AlC3, Ti2SnC, Cr2AlC, Ta2AlC, Nb2AlC, Ta4AlC3, and 

Nb4AlC3. It is mentioned that a HP is based on a solid-liquid reaction at elevated temperatures 

between the powder constituents [39].  

Barsoum et al. [59] has also synthesised Ti3SiC2 with 1 vol.% SiC and TiC with HIP at 1600 

°C for 4 hours, using the same powder mix as used for HP. HIP resulted in higher purity of the 

MAX phase. Additionally, it was found that a lower sintering temperature (1450 °C) resulted in a 

different grain size [60]. Li et al. [61] synthesized Ti3SiC2 from elemental powders with HIP at 1500 

°C, 200 MPa, for 2 hours. Other MAX phases that were successfully synthesized by HIP from 

elemental, carbide, or nitride powders are  Ti3AlC, Ti4AlN3, Ta2AlC, Ti2InC, Zr2InC, Hf2PbC, Zr-

2PbC, V2AlC [39], and Ti3AlC2, Ti2AlN, Ti2AlC0.5N0.5 [38].  

 

 
Figure 7: Schematic of a) the hot pressing (HP), and b) hot isostatic pressing (HIP) sintering method [62] 
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For Spark Plasma Sintering (SPS) no heating elements are needed. Instead, Joule heating takes 

place by passing a pulsed direct current through graphite mould and punches, and green body. 

Pressure in the order of 50 MPa can be applied via graphite punches during sintering. Advantages 

of SPS in comparison to HP and HIP are the high heating and cooling rates that can be reached 

through Joule heating [38]. The powder compact is heated relatively homogeneously. SPS is 

currently relatively costly, can only be used to fabricate small amounts of dense bulk MAX phase, 

and is hence used on laboratory scale [38]. 

Ti3SiC2, Ti3AlC2, Ti2AlC, Cr2AlC, Ti2AlN have been synthesized in dense bulk form by SPS 

from elemental and carbide powder precursors by Zhou et al. [38] and Qian et al. [39]. Zhu et al. 

[63] found that Al addition enhances the formation of Ti3SiC2 during SPS, and accelerates its 

crystal growth. Yang et al. [42] reports on the use of mechanically alloyed powders for SPS (1050 

°C, 10-20 min), which resulted in Ti3AlC2 with less than 1 wt.% TiC impurity.  

 

Pressured-assisted self-propagating high-temperature synthesis (PSHS) works via the same 

principle as SHS (reactive sintering via a self-sustaining reaction front), but additionally pressure 

is applied on the green body during sintering. The drawbacks of this method are also similar to 

SHS; very short sinter time, and no control over the heating process during reaction sintering [38].  

Almost single-phased Ti3AlC2 from elemental powders with excess Al has been fabricated with 

PSHS [64]. Bai et al. [65] reported that for synthesis of Ti3SiC2 and Ti2AlC by PSHS, the Ti/C mol 

ratio strongly influences the purity of the final product, with an optimal Ti/C ratio stated to be Ti:C 

= 3 : 2 for Ti3SiC2.  

 

2.4.2 Synthesis of Ta-Al-C MAX phases 

The syntheses of bulk Ta2AlC seems to have been attempted only a few times (all in recent years), 

judging from the amount of scientific publications available on the topic. Syntheses of bulk Ta2AlC 

from  elemental powders (tantalum, aluminium, carbon) is reported [66-71], but in other cases 

pre-ordered powder precursor of Ta2AlC is used [72-76].  

 

Synthesis of dense bulk Ta-Al-C MAX phase from Ta2AlC powder precursor 
  

Powder precursor of Ta2AlC can be obtained from the company 3-ONE-2, located in Voorhees, 

USA. The method used by 3-ONE-2 to synthesize the Ta2AlC powder precursor is patented, and 

hence no details can be found in literature. Also, the particle size distribution is said to be ‘rather 

broad’, giving a value range of 5-15 µm [76]. In another publication the purity of the Ta2AlC powder 

precursor is said to be >92 % [74]. 

 

Synthesis of Ta-Al-C MAX phase from elemental powders 
 
Mixing compositions and mixing methods 

Two different optimal compositions have been found, which are used for different synthesis 

methods. An overview is given Table 3. From the details Table 3 it becomes clear that the 

synthesis method used in Xiang’s research [67] is  the same as the synthesis method described 
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in Hu’s paper [66]. Note that for the 2:1.6 :1 composition, two different synthesis methods are 

described in the two publications cited. 

It stands out that all of the optimal compositions given in literature are off-stoichiometric. Yeh 

et al. [68] propose that the excess amount of Al is needed to compensate for the amount of Al 

that will evaporate as the synthesis temperature during combustion synthesis (and also during 

the synthesis processes via other methods) is higher than the melting point of Al. This is in 

accordance with the known loss of Al and Si in other MAX phase synthesis attempts [38, 39], see 

section 2.4.1.   

 
Table 3: Overview of detail on mixing compositions of Ta, Al, and C for synthesis of Ta2AlC, as reported in literature. 

Reference  Year of publication Optimal composition Syntheses method used 

[66] 2008 Ta:Al:C = 2:1.2:0.9 Hot pressing (HP) 

[68] 2009 Ta:Al:C = 2:1.6 :1 Combustion synthesis 

[71] 2012 Ta:Al:C = 2:1.6 :1 Pressure-less sintering* 

[67] 2014 Ta:Al:C = 2:1.2:0.9 Hot pressing (HP) 

* It is not clear whether the samples synthesized in this research consist of dense or porous bulk Ta2AlC 

 

The mixing method of ball-milling is stated in several papers, with some difference in mixing time 

and extra details on the mixing process mentioned. Table 4 summarizes all information found on 

mixing method.  

 
Table 4: Overview of detail on mixing methods of Ta, Al, and C for synthesis of Ta2AlC, as reported in literature. 

Reference Year of publication Ball milling time 
(hours) 

Extra information 

[69] 2006 10 - 

[66] 2008 12 Mixing in agate jar;  
Afterwards sieving with 100-mesh 
screen 

[68] 2009 - Dry mixing  

[71] 2012 12 - 

 

Cold pre-pressing of powder constituents 

After the elemental powders are proposedly uniformly mixed by ball milling, a subsequent cold 

pressing step, in order to produce the green body is required [66, 68]. The cold pressed green 

body is then used as the starting product for the following synthesis steps. Table 5 summarizes 

all the details on the cold pressing steps known. Note the relatively large difference in pressures 

for cold pressing (5 MPa versus 500 MPa). The samples that were pressed with 500 MPa are 

used to synthesise bulk Ta2AlC via pressure-less sintering. The lack of elevated pressure during 

PLS (compared to all other sintering methods) could explain the relatively high pressure used 

during cold pre-pressing.  
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Table 5: Overview of details on cold pre-pressing of powder constituents for MAX phase synthesis, as reported in 
literature. 

Reference Year of 
publication 

Pressure 
(MPa) 

Extra information 

[66] 2008 5 Uniaxial pressing 
BN-coated graphite die 

[68] 2009 - Dimensions of tables: diameter = 7 mm, height = 12 
mm 
Compact density = 45% (relative to the theoretical 
density)  

[71] 2012 500 Uniaxial pressing  

 

Details on sintering of Ta2AlC  

The use of hot pressing to synthesize Ta2AlC is briefly mentioned by Lin et al. [69], and a very 

similar HP process is discussed by Hu et al. [66], but with more details. In all cases, HP takes 

place under Argon atmosphere. Table 6 summarizes the parameters for the different heat 

treatment steps of HP, as described by Hu et al. No details are stated on the cooling rate from 

the first holding step to the second holding step. In comparison, Lin et al. [69] states a holding 

time for the first holding step, of 1 hour instead of 30 minutes. After HP, contamination is removed 

from the sample surface with a high-speed running grinding wheel [66]. 

 
Table 6: Process parameters from Hu et al. for Hot Pressing of Ta2AlC [66] 

Parameter Details 

Heating  15 °C/min till T = 1550 °C 

1st holding step old at 1550 °C for 30 min under pressure of 30 MPa 

2nd holding step Anneal at 1400 °C for 60 min (no information about pressure 
given) 

Cooling Cool down to Troom by natural furnace cooling  

 

Hu et al. [66] claim to have produced dense bulk single-phased Ta2AlC, with a density of  11.46 

g/cm, which is very close to the theoretical density of 11.52 g/cm.  

About the microstructure of the samples, it is stated that “The average size of plate-like grains 

of Ta2AlC is 15 µm in length and 3 µm in width (Fig. 2(a))” [66]. Lin et al. [69] also report on the 

microstructure of the bulk Ta2AlC samples after HP, giving a range for the grain dimensions, 

instead of an average value, i.e. 2 to 25 µm in length and 50–400 nm in.  

 

In several publications, the use of HIP is mentioned to synthesize dense bulk Ta2AlC [72, 74, 

75, 77], and in all these cases Ta2AlC powder precursor from 3-ONE-2 is used as starting 

product. Research has been conducted on Ta2AlC and Cr2AlC Ag-based composites, where a 

mixture of Ta2AlC and Ag powder is used for HIPing [72]. Some details on the process 

parameters during HIPing [74, 75], are summarized in Table 7. 

 
Table 7: Summary of process parameters for HIPing of Ta2AlC powder precursor 

Publication/Parameter Temperature Pressure Holding time 

Gupta et al., 2008 [75] 1100 °C 70 MPa 0.3 hour 

Drulis et al., 2008 [74] 1600 °C 70 MPa 8 hours 

 

It is interesting to note the big differences in temperature and holding time shown in Table 7. Both 

publications claim that the final products are ‘predominantly single phased’. 
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Synthesis of bulk Ta2AlC via ‘self-propagating high-temperature synthesis’ (SHS) or ‘combustion 

synthesis’ has been attempted by Yeh et al. [68]. Based on the formation of TaC and Ta2C by 

SHS [78], in which the combustion reaction was “characterized by a high reaction temperature of 

about 1700 ◦C and a fast reaction front was readily achievable in the elemental powder compacts 

composed of Ta:C = 1:1 and 2:1.”  [68]. The effect of an addition of aluminium to the powder 

mixture is discussed for various mixing compositions, it is presumed that the chemical reaction 

that enables the synthesis of bulk Ta2AlC via SHS is still “the elemental reaction of Ta with C, 

which subsequently triggers the reactions involving other elements and/or intermediates to 

complete the SHS process.” [68].  

It is important to note that the best achievable final product by SHS is porous bulk Ta2AlC, 

with a density of 48,6% relative to dense Ta2AlC. The authors state that “the synthesized product 

is suitable to be utilized as precursors for powders” [68]. In this way, the process of SHS could 

give some insight on the synthesis of Ta2AlC powder precursor (which is patented by 3-ONE-2 

[79], and hence not publically available).  

 

Lane et al. [71] describe research on first-order Raman scattering of various MAX phases, and 

compares theoretically calculated results (based on first principle calculations using density 

functional theory) with experimental results. To obtain these experimental results, bulk Ta2AlC 

samples are used, made from cold-pressed green bodies of elemental powders, which were then 

sintered pressure-less in an alumina tube furnace. The details of the cold-pressing- and sintering 

step is given in Table 8. The composition (single phase, or other phases present), density (relative 

to the theoretical density) and purity of the bulk Ta2AlC is after pressure-less sintering is not 

stated.  

 
Table 8: Parameters for pressure-less sintering [71] 

Parameter Details  
Cold pressing pressure  500 MPa 

Heating rate 10 °C/min 

Holding temperature 1500 °C 

Holding time  1 hour  

Atmosphere  Flowing argon 

 

 

2.5 Material properties of Ta-Al-C MAX Phases 

 
An overview of different MAX phase compounds from the Ta-Al-C system and their material 

properties is given in this section. A distinction is made between experimentally determined 

values, and values based on first principle calculations. It is reported in literature that experimental 

Raman spectra of Ta4AlC3 “are reasonably accurately predicted by ab initio calculations” [71], p.5. 

Hence it is assumed that experimental as well as first principle values found in literature can 

provide useful information for comparison with the samples synthesised in this work.   
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Different Ta-Al-C MAX phase compounds  
 
In 2006 Lin et al. separately identified the microstructures of Ta6AlC5, intergrown Ta2AlC and 

Ta4AlC3, and intergrown Ta4AlC3 and Ta6AlC5, via transmission electron microscopy (TEM). A 

general crystallographic orientation relationship between binary cubic TaC and ternary Ta-Al-C 

carbides is proposed [80].  

The theoretical density of Ta2AlC is reported to be 11.52 g/cm3 [26], based on ab initio total energy 

calculations. The calculated theoretical density of Ta4AlC3 is 12.919 g/cm3 [81]. 

Several publications report on the lattice parameters of different Ta-Al-C MAX phase 

compounds. An overview is given in Table 9, where the lattice parameter a and c are shown per 

compound. The lattice parameters have been determined via a variety of experimental and 

theoretical methods. 

 
Table 9: Overview of lattice parameters from literature, for several Ta-Al-C MAX phase compounds. 

Experimental 
or 
calculation 

Compound Values (Å) 

Exp. Ta2AlC a = 3.075, 3.079 [80]; 3.086 ± 0.006 [73]; 3.079 [66]; 3.086 ± 
0.006 [82]; 3.086 [77]  
c = 13.830, 13.860 [80]; 13.85 ± 0.04 [73]; 13.854 [66]; 13.85 ± 
0.04 [82]; 13.85 [77] 

Calc. Ta2AlC a = 3.074 [80]; 3.070 [73]; 3.15 [70]; 3.08 [82]; 3.07 – 3.12 [77]  
c = 13.500 [80]; 13.598 [73]; 13.95 [70]; 13.90 [82]; 13.72 – 
14.02 [77]  

Calc. Ta3AlC2 a = 3.072 [80] 
c = 18.750 [80] 

Exp. Ta4AlC3 a = 3.092 [80, 83] 
c = 23.708 [80, 83] 

Calc.  Ta4AlC3 a = 3.070 [80, 83] 
c = 24.198 [80, 83] 

Calc.  Ta6AlC5 a = 3.078 [80]  
c = 34.681 [80]  

 
Electrical & thermal properties 
 
An overview of the values of the electrical and thermal properties of several MAX phase 

compounds from the Ta-Al-C system is shown in Table 10. Based on the experimental and 

calculated properties, it can be concluded that MAX phase compounds from the Ta-Al-C system 

are indeed electrical and thermal conductors.  
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Table 10: Overview of electrical and thermal properties from literature, for several Ta-Al-C MAX phase compounds. 

Property  Experimental or 
calculated 

Compound Value Reference 

Electrical conductivity (∙ 
106 Ω-1 ∙ m-1) 

Exp. Ta4AlC3 
Ta2AlC 

2.59  
3.91 

[83] 
[66] 

Temperature coefficient of 
resistivity (K-1) 

Exp. Ta4AlC3 
Ta2AlC 

0.0035  
0.0042 

[83] 
[66] 

CTE (∙ 10-6 K-1) Exp. Ta4AlC3 
Ta2AlC 

8.2 ± 0.3 
8.0  

[83] 
 

Heat capacity (J∙(mol∙K)-1) Exp., at 298 K 
 

Ta4AlC3 
Ta2AlC 

185  
93.6 

[83] 
[66] 

Thermal conductivity 
(W∙(m∙K)-1) 

Exp., at 25 °C Ta4AlC3 
Ta2AlC 

38.4  
28.4 

[83] 
[66] 

Debye temperature (K) Exp. Ta2AlC 281 [74] 
 
Mechanical properties 
 
shows an overview of the values of the mechanical properties of several MAX phase compounds 

from the Ta-Al-C system, as reported in literature.  

Theoretical calculations of the bulk modulus of the various compounds of Ta-Al-C MAX 

phases show that it is related to the atomic arrangement in the various compounds. The 

resistance of a material to a volume change is quantified with the bulk modulus, and is directly 

related to the chemical bonding within a material. As the atomic fraction of Ta- and C increases, 

the bulk modulus also increases, as can be seen in Table 11. This is assumed to be related to 

the fact that the “Ta-C bonds are much stronger than the Ta-Al bonds” [80], p. 5.  
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Table 11: Overview of mechanical properties from literature, for several Ta-Al-C MAX phase compounds. 

Property  Experimental or 
calculated 

Compound Value Reference 

Vickers hardness (GPa) Exp. Ta4AlC3 
Ta2AlC 

5.1 ± 0.1  
4.4 ± 0.1 

[83] 
[66] 

Compressive strength 
(MPa) 

Exp. Ta4AlC3 
Ta2AlC 

821 ± 97  
804 

[83] 
[66] 

Shear strength (MPa) Exp. Ta4AlC3 
Ta2AlC 

254 ± 19  
112 ± 24 

[83] 
[66] 

Flexural strength (MPa) Exp. Ta4AlC3 
Ta2AlC 

372 ± 20  
306 ± 19 

[83] 
[66] 

Fracture toughness 
(MPa ∙ m1/2) 

Exp. Ta4AlC3 
Ta2AlC 

7.7 ± 0.5  
7.7 ± 0.2 

[83] 
[66] 

Young’s modulus (GPa) Exp. Ta4AlC3 
Ta2AlC 

324 
292 

[83] 
[66] 

Shear modulus (GPa) Exp. Ta4AlC3 
Ta2AlC 

132 
121 

[83] 
[66] 

Bulk modulus (GPa) Calc.  
  
 
 
Calc. 
Exp. 

Ta2AlC 
Ta3AlC2 
Ta4AlC3 
Ta6AlC5 
Ta2AlC 
Ta2AlC 

210 
238 
259 
285 
206 
251 ± 3 

[80] 
 
 
 
[82] 

Specific wear rate 
(SWR)                     (mm3 
/ (N ∙ m)) 

Exp., at 550 °C, 3N 
load, in air, against 
Al2O3  

Ta2AlC ≤ ∙ 10-6 [75] 

Coefficient of friction µs Exp., at 550 °C, 3N 
load, in air, against 
Al2O3  

Ta2AlC 0.92 ± 0.01 [75] 

 
 

2.6 Oxidation behaviour of Tan+1AlCn , Ta, Tantalum-carbides 
 
Self-healing potential of MAX phases is determined by its oxidation behaviour. It was found that 

the oxidation behaviour of Ta2AlC and mixed Ta2AlC and Ta4AlC3 seems to be mainly governed 

by the presence of tantalum in the MAX Phase.  

 

2.6.1 Oxidation behaviour of Tan+1AlCn 

Gupta et al. [84] performed isothermal oxidation experiments on hot-isostatically pressed (HIPed) 

dense (11.82 g/cm3; >98 % theoretical density) Ta2AlC samples with minor Ta4AlC3 as an impurity 

phase, in the temperature range of 600 to 900 °C for 20 to 40 hours in air. A clear difference in 

oxidation behaviour was found for temperatures below 600 °C versus temperatures above 700 

°C.  

At 600 °C a thin (< 10 µm) oxide layer is formed, and the weight gain caused by oxidation is 

too low for detection (by microbalance). The oxide layer is initially protective, which is verified by 

the fact that the thickness does not increase further after more than 40 hours of isothermal 
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oxidation. XRD analysis shows weak and broadened peaks corresponding to Ta2O5 and TaAlO4. 

EDS analysis shows a stoichiometry in the oxide scale of Ta:Al:O ≈ 2:1:6.5, which corresponds 

to oxidation states Ta5+ and Al3+. Based on these results the oxide scale formed at 600 °C is 

assumed to be largely X-ray amorphous. Furthermore, the oxide scale was found to not be 

resistant to thermal cycling.  

Above 700 °C the oxide scale shows no phase separation or well-formed grains on micrometre 

scale, and is porous and highly cracked. XRD analysis shows crystalline phases Ta2O5  and 

TaAlO4, and an amorphous phase. Noticeable peak broadening is assumed to denote small oxide 

grains. According to EDS analysis the oxide layer is fully oxidized and maintains the same Ta/Al 

ratio as the original bulk Ta2AlC sample. Within the entire 700 – 900 °C range the oxidation 

kinetics are found to be linear, and with increasing temperature the reaction rate constant 

increases almost linearly. Based on XRD analysis, the volume fraction of TaAlO4 increases for 

higher isothermal oxidation temperatures.  

It is reported that the linear oxidation kinetics of Ta2AlC suggests a reaction at the 

oxide/carbide interface as the rate-limiting process for oxidation. The lack of parabolic-type 

oxidation kinetics is explained by the presence of the pores and cracks in the oxide scale, which 

facilitate easy access of oxygen to the reaction interface. Additionally, easy outward diffusion of 

CO2 gas can take place. Pores and cracks are assumed to form as a result of stresses within the 

oxide scale, for which two main causes are put forward.  One cause is the difference in thermal 

expansion between Ta2O5 and Ta2AlC, which are 4 ∙10-6
 K-1

 and 5.7 ∙ 10-6
 K-1

 respectively. Second 

cause described is the relative volume change upon oxidation, which is stated to be 50%. The 

proposed oxidation reaction for Ta2AlC is a two-step reaction:  

 

Ta2AlC + O2 � 2Ta2O5/Al2O3 + 2CO2  (1) 
2Ta2O5/Al2O3 � 2TaAlO4

 + Ta2O5 (2) 
 

Where Ta2O5/Al2O3 denotes a possibly multiphased or amorphous reaction product. It stands out 

that no Al2O3 was observed. Carbon is assumed to be fully converted upon oxidation, as it was 

not accumulated on the oxide/MAX phase interface. Reaction 2 is assumed to be favoured at 

higher temperatures. It is stated that this reaction scheme is similar to the reaction scheme for 

oxidation of Nb2AlC  in air. 

 

2.6.2  Oxidation behaviour of pure Ta 

The assessed Ta-O phase diagram has been stated by Garg et al. [85], and is shown in Figure 

8. The solubility of O in Ta is lower than 5 at.% up to 1200 °C, and for the temperature range of 

600 to 1550 °C is stated to be best represented by: 

 

log C- = !1.25 ± 0.04# − !1036 ± 40#/T 
 
Above approximately 71 at.% oxygen β-Ta2O5 forms up to 1360 °C. At higher temperatures β-

Ta2O5 converts to α-Ta2O5. The phase transformations at even higher temperatures are not 

relevant for this work. Garg et al. [85] also provides a literature review of many metastable Ta-O 

phases reported in other works, of which an overview is given in Table 12. On the presence of 

these metastable Ta-O phases Garg et al. notes that none have been isolated in pure form, “and 
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reported methods of their synthesis have generally poor reproducibility” [85] p.1. Furthermore, 

many different mechanisms have been proposed for their formation, and that they probably 

happen “by kinetically influenced transformations” [85] p.1. Stabilisation happens “either under 

thin film conditions or by the presence of impurities” [85] p.1. The composition is not well defined 

for all metastable phases.  

Garg et al. state various values for the enthalpy of formation and free energy of formation of 

Ta2O5, and recommends respectively -2046.0 ± 2 kJ/mole (at 25 °C) and -1429.7 kJ/mole (at 

1156.7 °C) as most precise [85].  

 
Figure 8: Ta-O phase diagram as assessed by Garg et al. [85]. 
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Table 12: Ta-O crystal structure data for the metastable phases [85]. 

 
 
Per Kofstad has studied the oxidation behaviour of tantalum in the temperature range of 300° – 

1300 °C [86-89], for different O2 pressures ranging from 1 atm to 0.001 Torr. Visual inspection of 

cross-sections of the oxidized tantalum samples showed internal oxidation and increasingly 

uneven oxidation of the sample surfaces over time. The edges of the sample are rounded off over 

time, and “this preferred oxidation is believed to reflect that oxide formation takes place at the 

metal/oxide interface following a saturation of an outer layer of the metal with oxygen. The very 

edges become saturated faster with oxygen due to the simultaneous diffusion from the 

intersecting surfaces, and this causes a faster oxidation at such places” [88] p. 5.  
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Comparison of an annealed and un-annealed (e.g. elongated grains in rolling direction) sample 

shows that internal oxidation happens preferentially along grain boundaries.  

 

Kofstad shows that the mechanism of oxidation of tantalum is characterized by the formation of a 

thin suboxide on the metal/oxide interface, which precedes the formation of the main oxidation 

product β-Ta2O5. The following general steps are related to oxidation of tantalum: 

1) During the first step, oxygen dissolution – which is the predominant process – and diffusion 

within the bulk metal takes place. This results in oversaturated solid-solution. 

Thermodynamically the formation of Ta-O solid solution has a higher free energy than 

oxide formation. Kofstad has called this step the ‘incubation period’, which becomes longer 

at lower oxygen pressure for each temperature between 300 and 1300 °C [87]. 

2) Formation of a thin suboxide on what will become the metal/oxide interface 

3) Formation of the final oxidation product – β-Ta2O5 – on the suboxide  

The weight gain over time due to oxygen dissolution is negligible compared to the weight gain 

caused by the final formation of the β-Ta2O5 oxide scale. 

 

Three different possible suboxides are identified, which correspond to different oxidation 

mechanisms with different kinetics.  Which mechanism takes place depends on temperature. 

Below 500 °C the orthorhombic metallic suboxide TaOy forms [86]. Below 800 °C the 

tetragonal metallic suboxide TaOz forms [86], corresponding to an equilibrium oxygen 

concentration in solid solution in tantalum of 5-7 at.%. Springer et al. [90] proved the existence of 

suboxide plates at oxidation temperatures of 800 and 925 °C by observation of fine pore lines, 

which were demonstrated to be produced when suboxide plates are oxidized for longer times. 

They have also shown that the calculated tantalum-atom density in the suboxide is compatible 

with the tetragonal structure of TaOz within the temperature range of 450 – 950 °C. Notably, this 

is a larger temperature range for the formation of TaOz than that proposed by Kofstad et al. [88]. 

The β-Ta2O5 that forms on TaOz is very porous from the beginning as relatively isolated β-

Ta2O5 nuclei form, which subsequently grow into an uneven and discontinuous oxide scale [87]. 

The rate-determining reaction for oxidation is the nucleation and growth of β-Ta2O5, which is an 

approximately linear process over time. For oxidation below 750 °C, the activation energy for the 

linear oxidation is said to be approximately 28 kJ/mole for low O2 pressure and/or higher 

temperatures, and approximately 297 kJ/mole for lower temperatures and/or high O2 pressure. 

From 800 °C onwards TaO forms, on a solid-solution with a concentration of 2.2-3.0 at.% of 

oxygen. The very initial oxidation kinetics follow parabolic behaviour, because β-Ta2O5 initially 

forms as a compact scale. According to Kofstad this probably reflects a Wagner-type oxidation 

mechanism, where the rate-determining reaction is the diffusion of oxygen ions through the 

compact β-Ta2O5 scale. The activation energy for initial parabolic oxidation (determined from the 

parabolic rate constant) was found to be approximately 188 kJ/mole at approximately 13 and 1333 

Pa O2 pressure (0.1 and 10 Torr) [88], and is assumed to correspond to the activation energy for 

vacancy diffusion. A comparable activation energy for initial parabolic oxidation at 900 – 1000 °C 

of  183 ± 8 kJ/mole was found by Voitovich [91], and it is stated that the apparent activation energy 

for oxygen diffusion in Ta2O5 is 179,3 kJ/mole. 

Initial parabolic oxidation behaviour is followed after a relatively short time by linear behaviour 

up to 1050 °C. Two possible reasons for the transition to linear kinetics are given by Kofstad: 1) 
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the protective β-Ta2O5 cracks down to the oxide/metal interface due to internal stresses after 

which linear nucleation and growth of β-Ta2O5 is the rate-limiting reaction also above 800 °C [87] 

and 2) “a linear depletion of a compact barrier layer into an outer porous layer” [88] p. 9, [92]. 

Separate research on stress development due to oxidation of tantalum has been performed by 

Pawel et al. [93]. The curvature of rectangular polycrystalline specimens after one sided oxidation 

was used to calculate bending stresses resulting from the oxidation. A model which assumes 

surface stresses to be proportional to the oxygen concentration in tantalum was shown to be most 

consistent with experimental data on the oxidation rate. According to this model the surface stress 

rises a lot during the first minutes of oxidation – to approximately 345 MPa – after which almost 

no further increase of surface stress takes place. These observations made by Pawel et al. 

correspond best to the Kofstad’s second possible reason for the transition to linear kinetics; the 

presence of a compact barrier layer on the oxide/MAX phase interphase. If a steady-state amount 

of oxygen is present in this compact barrier layer after initial oxidation, the oxidation stress will 

remain constant over time.   

At 1100 – 1200 °C the oxidation kinetics decrease with time due to increased sintering and 

plastic properties of the scale. At 1200 – 1300 °C α-Ta2O5 starts to form instead of β-Ta2O5, after 

which the reaction rate of oxidation starts to increase with time. Furthermore it is stated that “the 

activation energy of the linear oxidation above 800 °C increases with temperature.” [88], p.10.  

 

Kofstad states two possible reasons for the formation of an initially compact β-Ta2O5 above 800 

°C, namely i) the fact that the suboxide “TaO facilitates the formation of a more continuous, 

compact layer of Ta2O5” than TaOz, and ii) “Higher temperature results in increased sintering of 

the oxide layer” [88].  

 

The following two reaction equations are proposed by Kofstad for the oxidation of pure tantalum, 

depending on temperature:  

 

CD + EFGHI.  → E JKL. JKL′N → CDEO → CDEP → CD�EQ     (for oxidation ≤ 700 °C) 
CD → E JKL. JKLRN → CDE → CD�EQ    (for oxidation ≥ 800 °C) 

 
Effect of tantalum purity on tantalum oxidation 
 
Voitovich et al. [91] has also researched the oxidation behaviour of tantalum – Voitovich’s findings 

on the general oxidation of tantalum coincide with those of the works of Kofstad – and has 

additionally looked into the effect of impurity on the oxidation of tantalum. An overview of chemical 

composition and microstructure type of the samples used is shown in Figure 9. It was shown that 

the mechanism of suboxide formation determines the effect of purity on tantalum oxidation.  
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Figure 9: Chemical composition of tantalum specimens as shown in Voitovich’s work [91]. 

The main findings regarding the effect of Ta impurity on oxidation are summarized. In the 600 – 

800 °C temperature range, most impurity elements have low solubility in tantalum and  inhibit 

oxygen dissolution. Hence diffusion of oxygen is also inhibited, and the thickness of the diffusion 

zone becomes smaller. This results in faster formation of a saturated solid-solution of oxygen in 

tantalum, which causes a more rapid formation of TaOz suboxide platelets and a higher plate 

density of TaOz. This subsequently intensifies formation of β-Ta2O5, thus causing faster oxidation 

of tantalum for higher impurity of the metal. Oxidation above 900 °C results in the formation of 

TaO as suboxide instead of TaOz. The least-pure tantalum sample has the slowest oxidation 

during the initial parabolic oxidation. At O2 pressures close to atmospheric, the concentration of  

anion vacancies in β-Ta2O is determined by impurity.  

Additionally, the grain boundary density in relation to tantalum impurity was shown to have an 

effect on oxidation kinetics. Polycrystalline tantalum has a higher oxidation rate due to oxygen 

diffusion along grain boundaries versus only volume diffusion in single crystal tantalum. However, 

polycrystalline tantalum melted from powder, which has a significantly higher level of impurity than 

the single crystal and zone melted samples, shows least oxidation above 900 °C. A possible 

reason as stated by Voitovich is that most impurity elements at these temperatures do not dissolve 

but are concentrated along the GB’s. This may prevent oxygen diffusion along GB’s and hence 

oxygen dissolution in the bulk metal. If no solid-solution of oxygen in tantalum can form, no 

suboxide will form either. 

 

2.6.3  Oxidation behaviour of tantalum-carbides 

Desmaison-Brut et al. [94] compared the oxidation behaviour of dense (> 98 % theoretical density) 

Hot Isostatically Pressed (HIPed) cubic (43 mm) samples of TaC (NaCl type structure) and Ta2C 

(hexagonal type), in flowing oxygen (1 atm) between 750 and 850 °C, with a heating rate of 17 ∙ 

10-3 °C/s.  

 
Upon oxidation of TaC a porous and columnar oxide scale forms, which has cracked open on the 

cube edges (observed in cross-sections with SEM). A grey oxide was observed to form during 

initial oxidation. XRD analysis only shows the presence of β-Ta2O in the oxide scale. No free 

carbon was observed within the oxide scale, and a direct reaction of carbon to form CO2 upon 

oxidation is assumed. The oxidation kinetics are found to be quasi linear at low temperatures, and 

slow down somewhat in the upper temperature range.  
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Porosity and cracking of the oxide scale at the cube edges are assumed to be induced by good 

adherence of the oxide to the sample surface, combined by stresses induced by a high Pilling 

and Bedworth ratio of 2.13. This morphology leads to easy access of O2 to the carbide-oxide 

interface and easy outward diffusion of CO2. Hence oxidation of TaC is assumed to be rate-limited 

by an interface reaction. The decrease in oxidation kinetics at the higher measured temperature 

range is attributed to increased sintering of the oxide scale, which causes some stress-relieve 

and hence prevents some crack formation in newly formed oxide scale.  

 The activation energy for oxidation of TaC within 750 – 850 °C based on the measured 

weigh-gain curves is 379 ± 16 kJ/mole. A mathematical model for the reaction kinetics is proposed 

for TaC, and the calculated reaction energy based on this model (385 ± 11 kJ/mole) is in close 

agreement with the experimental value. 

 

In contrast to TaC oxidation a relatively dense and well adherent oxide layer of β-Ta2O5 forms on 

Ta2C. Furthermore, an interlayer with a maximum thickness of 20-25 µm is observed at the 

carbide-oxide interface. The presence of both carbon and oxygen is detected within the 

intermediate layer, and XRD analysis shows evolution of the Ta2C lattice parameter, moving from 

the carbide into the interlayer. The interlayer is denoted as a general oxycarbide, TaCxOy. It 

disappears near the cube edges, and on the cube faces its thickness is independent of time. 

Formation of the oxycarbide interlayer is shown to start preferentially at Ta2C grain boundaries 

and its growth speed is approximately constant. The oxycarbide layer was found to have a 

noticeably higher microhardness than β-Ta2O5, STQU= 12.1 ± 0.9 GPa versus 3.5 ± 0.5 GPa. The 

Ta2C samples have a measured microhardness of 10.7 ± 0.9 GPa.  

Ta2C shows parabolic-type behaviour upon initial oxidation, followed by linear kinetics. Its 

oxidation resistance over time is higher than that of TaC. Desmaison-Brut et al. [94] states that a 

diffusion process of reactants through the oxycarbide interlayer cannot be excluded as a rate-

limiting reaction for the oxidation of Ta2C. Loriers paralinear oxidation model is proposed for Ta2C 

oxidation, which “describes growth of multilayered scales where inner compact oxide grows at 

parabolic rate and is simultaneously oxidized to a higher oxide with no protective properties” [94] 

p. 1333. 

The activation energy based on measured weight-gain curves within 750 – 850 °C is 129 ± 7 

kJ/mole for Ta2C.  

 
Desmaison-Brut et al. gives a possible explanation for the lack of formation of an oxycarbide layer 

on the interface between the MAX phase and oxide scale by looking at the difference between 

crystal structure of TaC and Ta2C. TaC has a face centred cubic (fcc) structure with the carbon 

atoms at the octahedral sites, which leaves almost no vacant sites to by occupied by oxygen 

atoms (the TaC samples used by Desmaison-Brut et al. are only very slightly off stoichiometric; 

TaC0.99). In Ta2C only one out of two planes are occupied with carbon atoms, which might promote 

the dissolution and diffusion of oxygen into the Ta2C matrix, and the formation of the oxycarbide 

interface layer.  
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3. Methods and Experimental Aspects 

3.1 Sintering methods and sample preparation 

Mixing of powders  
 
Powder mixtures of elemental Ta, Al, and C powder and of Ta, Al4C3, and C were prepared by 

two methods. To prevent contamination with O2 and H2O, mixing and storage of all powders took 

place in dry argon atmosphere in a glove box or container during mixing. Powders were mixed on 

a roller mixer (RM5W, CAT, Germany, 80 rpm) in a glass jar, or in a Turbula mixer (T2C, Willy A. 

Bachofen (WAB) company, Switzerland, 60 rpm motor speed) in a plastic jar., Zirconia or tungsten 

carbide balls with 5 mm diameter were added with a ratio of approximately 10:1. to the powder 

mixture to enhance mixing. Both mixing methods produced the same results in terms of 

homogeneity and will not be further differentiated. An overview of all mixing compositions and 

sintering experiments is given in section 4.1. The general experimental details on powder mixing 

are summarized in Table 13.  

 
Table 13: Experimental details on powder mixing. 

Mixing method Mixing time Jar material Ball material 
Roller mixer Minimum 24 hr glass ZrO2 

Turbula mixer Minimum 12 hr plastic WC 
 
Spark Plasma Sintering (SPS) 
 
Dense bulk Ta-Al-C MAX phase samples were prepared by inducing reaction sintering of mixed 

tantalum, aluminium, and carbon powder, at elevated temperature and pressure. This was 

achieved by using the method of spark plasma sintering (SPS). “SPS is a low voltage, direct 

current (DC) pulsed current activated, pressure-assisted sintering and synthesis technique” [95]. 

An alternative name for SPS is ‘field-assisted sintering technique’, as up to date no spark or 

plasma has been detected during SPS [95].  

During SPS, high temperatures are achieved through Joule heating caused by a pulsed 

current (DC) through the electrically conductive green body and its surrounding graphite die and 

punches. The energy produced by Joule heating is dissipated directly within the conductive parts, 

and mainly within the green body as it has the highest electrical resistivity. This quick and efficient 

transfer of heat through the green body makes high heating rates (1000 °C/min), relatively 

homogeneous heating of the sample, and fast sintering at relatively low sintering temperatures 

possible, compared to conventional techniques like HP and HIP. During SPS, uniaxial mechanical 

pressure is applied on the green body by conductive graphite punches, in order to assist 

densification. SPS takes place in a controlled atmosphere, i.e. vacuum or argon at overpressure, 

to avoid contamination of the sample during sintering. An image of the SPS equipment and a 

schematic of the main components is shown in Figure 10. 

The combination of fast and homogeneous internal Joule heating and external application of 

mechanical pressure allows for synthesis of new compounds and/or densification to near 
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theoretical density in one step [95]. Because the graphite die and punches have a very high 

electrical conductivity, a relatively low voltage (< 10 V) can produce a high current which results 

in a high power electrical circuit. The sintering process can be controlled by temperature, power, 

current, or displacement measurement.  

 

 
 

Figure 10: Spark Plasma Sintering equipment and schematic of the working principle. 

The equipment used for this work is (HP D 25-SI, FCT Systeme GmbH, Germany). During heating 

and sintering a continuous DC was run through the sample and graphite sample holder 

components, and no use was made of pulsing of the current. Different sintering parameters were 

tested for optimal MAX phase synthesis, as described in section 4.1. All processes were 

controlled by temperature measurement with an axial pyrometer. Sintering took place in Argon 

(purity > 5 N) or vacuum atmosphere (≥ 0.77 mbar). A maximum uniaxial pressure of 50 MPa was 

applied to all samples during sintering, and in some segments of the temperature and pressure 

profile the pressure was decreased to a minimum of 5 MPa.  

For preparation of SPS samples, the desired amount of powder is put in a graphite die with 

two graphite punches on both sides, and pre-pressed at 5 kN in the SPS vessel. To prevent 

powder leakage and reaction of the powder mix with the graphite die and punches during 

synthesis, an additional graphite sheet is placed between the die and punches, and boron nitride 

is sprayed on the inside of the mould and on all contact areas between the graphite sheet and 

powder mix. and punches during sintering. After preparation of mould and punches, the sample 

is placed in the SPS vessel between two graphite cones. A thick piece of graphite felt is wrapped 

around the graphite mould for heat insolation of the inner vessel during sintering.  

 

Pressure-less sintering (PLS)  
 
Pressure-less sintering (PLS) was used to attempt synthesising of Ta-Al-C MAX phase. PLS 

samples can then be further densified by other means (for example by SPS).  

During PLS, a cold pre-pressed green body is heated to the desired sintering temperature 

with external heating elements in a furnace under a controlled atmosphere . No external pressure 

is applied during heat treatment. Chemical reactions and/or densification during sintering is only 
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caused by the increase of temperature in the green body. The final product commonly has a lower 

density than the densification achieved with pressure assisted HP, HIP, or SPS [39]. The lack of 

pressure is beneficial when sintering with low-melting point components, such as Al, as it won’t 

be pressed out of the green body during reactive sintering. 

 

The desired amount of powder mixture is pre-pressed to a green body with a cold press 

(Laboratory Press Model 3853-0, Carver, USA) at 30 MPa. PLS is performed with an alumina 

tube furnace (LTF 16/75/610, Lenton, England). The green body is placed in an alumina boat in 

the centre of the alumina tube. A heating rate of 5 °C/min was used for all PLS experiments, and 

a cooling rate of max. 10 °C/min. A flowing argon (>5 N) atmosphere (0.5 l/min) was maintained 

within the PLS furnace for all experiments. 

 

Surface treatment and machining after sintering 
 
The dense SPS samples are removed from the graphite mould, and the planar surface is grinded 

on a rotating grinding table using SiC paper starting with 220 grit down to 2500 grit. A diamond 

grinding disk was used as a first step in some cases to grind off all graphite contamination. 

Depending on the desired surface smoothness the sample was polished in a maximum of three 

polishing steps with ethanol and diamond paste of 3, 1, and ¼ µm.  

In order to obtain samples with the correct dimensions for Thermal gravimetric analysis (TGA) 

and for crack-healing testing, MAX phase samples were machined by spark erosion wire-cutting 

(locally the temperature increases above Tmelt of the MAX phase sample during cutting) with a 

brass wire of 0.25 or 0.10 mm thickness, under constant flow of demineralised water for cooling. 

Cutting speeds of 1 to 1.5 mm per minute are reached.  

In cases where the MAX phase tablet had to be cut in smaller pieces without attaining specific 

dimensions after cutting, it was sawn in smaller pieces (quarters) with a diamond disk saw (IsoMet 

low speed saw, Buehler, USA).  

PLS samples are very porous after sintering and therefore do not remain mechanically stable 

during grinding, polishing, or machining. PLS samples were therefore analysed by XRD without 

grinding and polishing. One sample has been pulverized with a pulverisette (P-0150, Fritsch, 

Germany). The powdered PLS sample was then further sintered by SPS. This is described in 

section 4.1.  

 

 

3.2 Material characterization methods 

X-ray diffractometry (XRD)  
 
X-ray diffractometry (XRD) was used to determine the crystalline phases present in the powders 

and bulk samples. XRD is a non-destructive technique that reveals information about the 

crystallographic structures of solids. A monochromatic X-ray beam is impinged on the sample 

surface, and scattered by the atoms in the crystalline material. Constructive interference takes 

place for the scatter angles for which the path difference of electromagnetic waves scattered on 

different atomic planes is an integer amount of wavelengths. Constructive interference is detected 
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as an increased intensity of the scattered X-ray beam for certain angles between the X-ray source 

and the detector. The condition for constructive interference is described by Braggs law:  

 

nλ = 2dsin!θ#  

 

Where n is an integer, λ is the wavelength of the X-ray beam, d is the distance between two 

atomic planes, and ϴ is the angle of incidence and reflection. A schematic of X-ray diffraction on 

the lattice planes of a crystalline solid is shown in Figure 11.  

 

 
Figure 11: Schematic of X-ray diffraction on lattice planes [96]. 

An X-ray pattern is constructed from the data on the detected scattered X-rays , by plotting the 

counted X-rays against the measured angle (denoted by 2ϴ). From the information on angles at 

which peaks in the X-ray pattern occur (e.g. angles of constructive interference), the interatomic 

distance of the atomic planes in the solid can be determined, and hence the crystallographic 

structure and the phases. 

 

XRD experiments have been performed with a Bruker D8 Advance diffractometer (Bruker, 

Germany) using Bragg-Brentano geometry and Lynxeye position sensitive detector. 

Monochromatic Cu Kα radiation is used as X-ray source. Further parameters for recording of the 

diffractograms are: V12° divergence slit; scatter screen height of 5 mm; power of 45 kV times 40 

mA; spinning sample; 2ϴ range of 10° to 130°; step size of 0.034°; counting time per step of 1 s. 

Data evaluation was performed with various versions of Bruker software Diffrac.EVA (version 3.1, 

4.0, and 4.1).XRD analysis with these parameters was performed on dense bulk samples as well 

as powders (Ta2AlC, Ta, TaC). 

 

Scanning electron microscopy (SEM) with Energy dispersive spectroscopy (EDS)  
 
Analysis of microstructure and morphology of bulk and powder samples has been done using 

scanning electron microscopy (SEM). A high energy primary electron beam (generally between 

200 eV and 30 keV) scans an area on the sample surface line by line. Interactions of the primary 

electron beam with atoms in the sample generate various electron signals which are partly 

reflected into the detector and amplified to generate an image corresponding to the measured 

electron intensity.   

A schematic of the different signals generated due to interaction between the primary electron 

beam and the atoms in the sample is shown in Figure 12. The depth of the reaction volume 

depends on the material and the energy of the primary electrons. All signals relevant for this work 

are briefly explained below.  
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Backscattered electrons (BSE) are generated after elastic collision of primary electrons with 

atoms in the sample. A higher atomic number (Z) results in a higher yield of BSE electrons, 

because the density of collision sites (i.e. electronic density) is higher. This means that a material 

consisting of heavier elements looks relatively bright in a BSE SEM image.  Secondary electrons 

(SE) are generated by inelastic collisions of primary electrons with the sample, which ionizes 

atoms in the sample, hence releasing SE’s. SE’s generally have much lower energy than BSE’s, 

and therefore have a shorter mean free path within the sample material and a smaller detected 

interaction volume. Hence SE images have the highest spatial resolution, whereas BSE images 

shows more material specific information due to higher contrast between regions with a different 

elemental stoichiometry.   

The SEM used for this work is equipped with an energy dispersive spectrometer (EDS), which 

allows for rapid qualitative and quantitative composition analysis via X-ray microanalysis. 

Characteristic X-rays are generated when atoms with ionized inner electron-shells relaxes, and a 

photon is released. Characteristic X-rays are a by-product of the image generating SE and BSE 

electrons. They are element specific, and thus give information about the local chemical 

composition of the sample. Their detected interaction volume is higher than that of SE and BSE 

electrons.  

 

SEM observations were performed on the JSM 6500F (JEOL Ltd., Tokyo, Japan) equipped with 

the Thermoscientific Ultra dry EDS detector. Noran System Seven software was used for 

acquisition and analysis of EDS data. Point analysis and linescans have been performed with 

EDS on various samples.  

 

 
Figure 12: Schematic of the signals generated in SEM [97]. 
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Electron probe X-ray microanalysis (EPMA) with wavelength-dispersive spectroscopy 
(WDS)  
 
 More accurate quantitative and qualitative analysis of the local composition profile on oxide 

scales of oxidized dense bulk Ta-Al-C MAX phase samples, have been obtained via electron 

probe X-ray microanalysis (EPMA) using wavelength-dispersive spectroscopy (WDS). Element 

specific X-rays are produced in the same manner as with EDS (high energy electron beam), but 

WDS only counts X-rays with one specific wavelength, instead of analysing the spectrum of all 

wavelengths detected, such as with EDS. In this way the presence of particular elements can be 

separately analysed.  

 

The measurements were performed with a JEOL JXA 8900R microprobe using an electron beam 

with energy of 10 keV and beam current of 50 nA employing Wavelength Dispersive Spectrometry 

(WDS). The composition at each analysis location of the sample was determined using the X-ray 

intensities of the constituent elements after background correction relative to the corresponding 

intensities of reference materials. The thus obtained intensity ratios were processed with a matrix 

correction program CITZAF [1]. An airjet was used to decontaminate the sample surface of 

carbonaceous substances. The background pressure increased from 4.10-6 to 6.10-5 mbar. The 

points of analysis were picked along line scans and points and involved the elements C, O, Al 

and Ta, see details in Table 14. 

 
Table 14: The energy (keV), Detection Limit (ppm), and counting error (wt-%) for each of the elements analysed 

using WDS. 

Element, X-ray line Energy (keV) Detection Limit 
(ppm) 

Counting error (wt-
%) 

Carbon, C Kα 0.282 300 0.1 

Oxygen, O Kα 0.525 250 0.1 

Aluminium, Al Kα 1.487 50 0.05 
Tantalum, Ta Mα 1.710 100 0.1 

 

X-ray photoelectron spectroscopy (XPS) 
 
X-ray photoelectron spectroscopy (XPS) was performed on the surface of oxidized dense bulk 

Ta-Al-C MAX phase samples to obtain information on the bonding energies Ta, Al, and O within 

the oxidized surface layer. Low energy monochromatic X-rays irradiate the sample surface and 

excite electrons on the sample surface. An electron is emitted from the surface in case its bonding 

energy is lower than the energy of the X-ray. Only electrons which are emitted in close proximity 

of the sample surface – typically 0 to 10 nm (e.g. about 20 atomic layers) – have enough energy 

to reach the sample surface and escape. The bonding energy of the electron orbital which the 

escaped electrons were in, is determined via their kinetic energy: their kinetic energy is equal to 

the energy of the incident X-ray beam minus the bonding energy. XPS allows for counting of 

photoelectrons with a specific voltage separately, which is achieved by variation of the voltage 

between two separated curved plates that place the electrons in a specific orbit towards the 

detector. The resulting XPS pattern shows the count versus bonding energy for a range of bonding 

energies. The sensitivity of the detector allows for detection of very slight electron energy shifts.  
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The surfaces after oxidation were analysed with X-ray photoelectron spectroscopy XPS 

(PHI 5400 ESCA, USA) using non monochromatic Mg anode X-ray source (Mg Kα = 1253.6 eV). 

The Photoelectrons emitted from the samples were observed through an input lens at an angle 

of 45° with respect to the sample surface normal. The elliptic analysis area amounts 1.1x1.6 mm. 

The photoelectron spectra were recorded using a spherical capacitor analyser (SCA) operated 

with a pass energy of 71.55 eV, in the binding energy range of 0-1000 eV with a step size of 0.25 

eV and a dwell time of 2 s per step. The energy scale of the SCA was calibrated according to the 

procedure described in [American Society for Testing and Materials, Surface and Interface 

Analysis, 17 (1991) 889]. Prior to the XPS measurements, surface contamination was removed 

by mild ion sputtering for 20 min using a 3 keV Ar+ beam scanning a sample surface area of 3 × 

3 mm.  

 

 

3.3 Determination of sample hardness and density  

Vickers micro hardness indentation  
 
Vickers micro hardness indention was performed on dense bulk Ta-Al-C MAX phase samples to 

compare their hardness with theoretical and experimental values from literature. The hardness of 

a material is a quantification of its ability to resist plastic deformation. The load over the surface 

area of indentation determines the hardness number. For the method of Vickers hardness 

indentation, the calculation of the hardness is independent of the size of the indenter, and 

material. A standard diamond indenter with a square-based pyramid geometry (angle horizontal 

to plane is 22°) is used to produce indents. Hardness is measured in the unit ‘HV’, e.g. Vickers 

Pyramid Number, and determined by the ratio of the force applied to the indenter (F) over the 

surface area of the indentation (A). Based on the standard shape of the indenter, the surface area 

of indentation is defined as follows [98]:  

 

[ = \�

2sin !136°/2# ≈  \�

1.8544 

 

Where d is the diagonal length of the indentation, in mm. HV in GPa is then calculated by:  

 

HV = F
A  ≈ 1.8544 ∙ F ∙ g

d� ∙ 1000 ≈ 0.01819 ∙ F
d�  

 

Where F is the force in N, and g is the standard gravity of 9.80665 m/s2.  

A schematic of Vickers indentation and the measurement of the diagonals of the resulting indent 

is shown in Figure 13.  
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Figure 13: Schematic of Vickers indentation and measurement of the indent diagonals [99]. 

The equipment used for Vickers micro indentation is the DuraScan 70 microhardness tester from 

Struers, Denmark, which is operated with the Ecos Workflow Software. HV1 was used for all 

indentations performed, meaning that a load of 1 kgf was applied on the indenter during 

indentation. Indents were placed with sufficient distance to each other, e.g. 5 times the diagonal 

distance, and 2.5x diagonal length to the sample edges. For small sample pieces, no more than 

5 indents could fit on the sample. An overview of all successful indentations given in section 4.2.3.  

 

Archimedes method for density measurement  
 
Archimedes density measurements were performed on dense bulk Ta-Al-C MAX phase samples 

to compare their density with theoretical and experimental values from literature. If the density of 

a fluid is known, the volume of the amount of displaced fluid can be readily calculated (volume = 

mass/density), and is identical to the volume of the immersed solid body. The density of the solid 

body can then be calculated by dividing this volume by the dry mass of the solid body: 

 

ρ-(def3 =  A
P ∙ ρh(i3/ 

 

Where ρsample and ρwater represent the density of the sample and water respectively in g/cm3. A is 

the mass of the dry sample in air in grams, P is the buoyancy of the sample in grams. A and P 

are measured experimentally for each sample.  

 

Density measurements were performed with density determination kit and analytical balance (Kit 

#33360, type AG-204, Mettler Toledo, Switzerland). The density of all samples was measured 

subsequently and once per sample. For most samples, the density measurement was not 

performed on the full sample, but on a remaining piece after cutting the sample for other purposes 

(such as the production of TGA samples). In some cases the piece used for density calculation 

was very small, with a surface area below 12 mm2, and a thickness of 4 mm.  

 

 

 



37 

 

3.4 Methods to asses oxidation reactions and kinetics 

Differential thermal analysis (DTA)  
 

To get insight in the reactions taking place in Ta-Al-C MAX phase during oxidation, differential 

thermal analysis (DTA) was performed on Ta2AlC and mixed Ta2AlC with Ta4AlC3 powders. For 

comparison of the oxidation reactions, DTA was also performed on Ta and TaC powder.  

During DTA, the temperature difference between the sample and an inert reference sample 

(commonly an empty alumina crucible) is measured by two thermocouples, during heating. The 

sample and inert reference are located in the same furnace (e.g. same conditions) under 

controlled atmosphere, and subjected to a constant heating rate. If a chemical reactions takes 

place in the sample, the change of its enthalpy will cause a temporary and significant temperature 

difference between the sample and reference. The measured DTA signal (Tsample – Treference = ΔT) 

shows by convention a positive value for an exothermic reaction in the sample, and a negative 

value for an endothermic reaction [100]. 

The main components of DTA equipment are a programmable furnace with atmosphere 

control, recording, sample holder and inert sample containers, and thermocouples. A schematic 

of the DTA equipment is shown in Figure 14. 

 

All DTA experiments for this work have been conducted using Setsys Evolution equipment (1750, 

Setaram, France), in an artificial air atmosphere of 20 % oxygen (10 ml/minute) and 80 % nitrogen 

(40 ml/minute) (>5N). DTA is performed on Ta2AlC, Ta, and TaC, all in powdered form. The 

powder was heated from Troom (20 °C) until 800 or 1200 °C with a heating rate of 1, 2, 5, 10, or 15 

°C/min. During DTA the powder is contained in an alumina crucible, and an empty alumina 

crucible is used as reference sample. Additional to the measurement of the temperature 

difference between sample and reference, the weight gain of the powder during oxidation is 

recorded for each DTA experiment performed. Weight gain is measured with a precision balance 

located within the instrument.  

Ta-Al-C MAX phase powder was made from dense bulk SPS samples with a dremel (mod. 

395, type 5, Dremel, USA), with a range of 10.000 to 37.000 rpm. Moderate to high speed was 

used to powder the samples. A clean diamond tip was used during drilling to avoid contamination 

of the powder. For each DTA run approximately 30 mg of powder was used. The powder was 

weighted with a high precision balance (type M5 5A, Mettler Toledo, USA). The powder was 

weighted before and after each DTA experiment, in order to verify the total weight gain as 

recorded with the DTA equipment.  

The grain size distribution of the Ta and TaC powder was determined with a laser sizer (Master 

Sizer X, Malvern Instruments, UK). Laser diffraction from a laser beam that passes through a 

dispersed particulate sample is analysed to calculate the particle size. Higher grain size in the 

powder leads to a higher scatter angle of the monochromatic laser beam [101]. Visual inspection 

of the grain size of the MAX phase powders was performed by SEM observation.  
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Figure 14: Schematic of differential thermal analysis instrumentation [102]. 

 
Determination of activation energy from variation of DTA peak temperature with heating 
rate  
 
In case of an elementary oxidation reaction (e.g. a single transition without intermediates), the 

temperature at which the peak in the DTA signal is observed, changes when a different heating 

rate is used for the same material. Kissinger [100], amongst others, has derived a relation 

between the variation in peak temperature and the activation energy of the reaction for elementary 

reactions following first-order kinetics. In this work, the activation energies of oxidation reactions 

taking place in Ta2AlC, Ta, and TaC powder was estimated from DTA data making use of the 

following equation, as taken from [100]:   

 

ln j k
C�l + mn

o ∙ 1
C = pKNJqDNq 

 
where β = heating rate, T = peak temperature, R = gas constant, Ea = activation energy. In this 

work, it will be named the ‘Kissinger equation’.  

For each heating rate, the peak temperature of the observed DTA peaks is estimated. A scatter 

plot is made of ln(β/T2) versus 1/T, including each heating rate. The slope of the linear fit through 

these points is Ea/R, as follows from the Kissinger equation.  

Additionally, Kissinger points can be calculated from the weight gain curve, recorded during DTA 

measurement. The maximum of the weight gain derivative corresponds to the elementary reaction  

peak temperature, allowing a comparative calculation using the Kissinger equation [100]. 

Similarity in the calculated value of Ea via both methods is explained by the fact that the weight 

gain of the powder upon oxidation changes most at the same temperature that the reaction is at 

its ‘height’, during which a peak in the heat flow is also observed [100]. The analysis described 

above will be named ‘Kissinger analysis’ in this work.  

 

Thermogravimetric analysis (TGA) 
 
Thermogravimetric analysis (TGA) was performed to derive the oxidation kinetics of dense bulk 

Ta-Al-C MAX phase in the temperature range of 600 – 800 °C. The TGA performed in this work 

allows for determination of changes in the physical and chemical properties of materials at 

elevated temperatures, by very accurate measurement of weight changes in the sample over 

time. The main components of the TGA equipment are a programmable furnace with atmosphere 

control and the sample suspension consisting of a sapphire rod, attached to a high precision 
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balance. A schematic of the TGA equipment is shown in Figure 15. Additionally to the schematic 

shown in Figure 15, the instrumentation used for this work is an advanced dual furnace (TAG, 

Setaram, France). The dual furnace allows for automatic correction of buoyancy effects caused 

by the gas flow, by conducting simultaneous identical heat treatment on an inert alumina 

reference sample with the same volume as the dense bulk MAX phase sample. The measured 

weight change of the inert reference sample is subtracted from the measured weight gain of the 

MAX phase sample. 

The TGA performed in this work has advantages over weight gain measurement via a stop 

and go principle, where the sample has to be taken out of the furnace to manually measure the 

weight gain. Anasori et al. [103] and Basu et al. [104] reported to have applied the stop and go 

method to study the oxidation kinetics of Ti2GeC and Ti2AlC, respectively. TGA requires less time 

between measurements, and no sample handling and intermediate cooling (which could damage 

the oxide scale) of the sample has to take place. Therefore, the equipment used for this work 

achieves higher accuracy and less error in the weight gain measurement.  

 

Dense bulk samples of Ta2AlC and mixed Ta-Al-C MAX phase were oxidized isothermally for 10 

hours at 600, 700, and 800 °C respectively, in dry artificial air of 20 % oxygen (10 ml/minute) and 

80 % nitrogen (40 ml/minute) (>5 N).  

The MAX phase sample and reference sample are heated with 10 °C/min in flowing N2 

atmosphere (50 ml/min; >5 N), to prevent any oxidation before the isothermal holding temperature 

is reached. When Tisotherm is reached, the air flow is changed to 40 ml/min N2 and 10 ml/min O2. 

After 10 hours isothermal holding, the furnaces are cooled to Troom with 10 °C/min in flowing N2 

atmosphere (50 ml/min).  

Before the start of each TGA, both furnaces are flushed two times to get rid of any oxygen or 

moisture, by alternatingly creating a vacuum of 10-1 mbar and flushing with 200 ml/minute of 

nitrogen. During flushing, the oxygen partial pressure is measured with mass spectrometry, and 

it was found that a minimal O2 signal is reached after 30 to 60 minutes of flushing with N2. After 

flushing, a N2 flow of 50 ml/minute is established. The precision balance with the MAX phase and 

reference sample hanging from both sides on sapphire rods is stabilized under gas flow to reach 

a dTG value of 0.010 mg/min or lower and tared before the program is started.  

TGA samples of the desired dimension have been produced from dense bulk SPS samples 

by spark erosion wire-cutting (see description on p.3 under ‘Surface treatment and machining 

after sintering’). After wire-cutting, possible contamination was grinded off from all samples sides 

with 1200 grit SiC grinding paper.  
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Figure 15: Schematic of TGA equipment [102] . 

 

Calculation of Relative Volume Expansion (RVE) upon oxidation  
 
The relative volume expansion (RVE) upon oxidation has been calculated in section 5.2 for full 

oxidation of Ta2AlC and Ta4AlC3 to Ta2O5 and a mix of Ta2O5 and TaAlO4 respectively. The RVE 

upon oxidation is calculated by dividing the molar volume of the oxides by the molar volume of 

the bulk material corresponding to the same number of the element(s) that is(are) oxidized in one 

molar volume of oxide [6]: 

orm =  rstuvH
rwxyz In{H|uny

 

 

The molar volume of the oxide and bulk material is determined from dividing the molar mass by 

mass density.  

The calculation of the RVE upon oxidation for MAX phase as used in this work, is an adaption 

of the calculation of the Pilling-Bedworth ratio (PBR) which was originally used for corrosion of 

metals [105]. A PBR higher than 1 usually correctly indicates the formation of compressive 

stresses within the oxide scale upon oxidation, as the material has to expand upon oxidation, but 

this expansion is constraint at the oxide/bulk interface in case of good adhesion between bulk 

material and oxide.  

 
 

3.5 Assessing self-healing potential of Ta-Al-C MAX phase 

Self-Healing quantification by mechanical testing 
 

The self-healing potential of Ta-Al-C MAX phase was tested by formation, oxidation, and re-

opening of a micro-crack within dense bulk MAX phase, by driving a wedge into a dense Ta-Al-C 

MAX phase sample of specific geometry as shown in Figure 16 [106]. The geometry allows for 

self-alignment during loading when the sample is placed on a flat plate (due to its curved base), 

and formation of a crack in the chevron notch. The chevron notch tip is located at a 10 mm depth 

from the top of the sample. The load bearing capability of the sample with micro-crack before and 

after oxidation was measured and compared, to see if the load bearing limit of the sample was 
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increased by healing of the crack, after oxidation. The load versus displacement curve for crack 

initiation and formation, and for re-opening after oxidation are given in section 4.6. 

This method was chosen over alternative methods for crack formation and testing of (residual) 

strength as it shows good repeatability, good control of the location of crack formation and crack 

path and width,  and allows for multiple tests on the same sample (re-opening of oxidized crack). 

Three-point bending is the standard method used to test material strength in ceramics, but 

requires the formation of controlled pre-cracks (which is hard to achieve in ceramics) and is 

sensitive to surface flaws. Lie et al. [15] made use of three-point bending to test self-healing in 

Ti2AlC MAX phase, and used different samples to test the strength of  virgin, pre-damaged, and 

healed Ti2AlC. In this work the virgin strength and strength after oxidation have been determined 

for the same sample. Other alternative methods to induce cracking in MAX phase samples are 

indentation, quenching, and low perpendicular velocity impact. None of these methods allow for 

precise control on the location of crack formation, and hence the sample can’t be loaded in a 

straightforward manner after oxidation to test sample strength.  

 

To create and re-open a micro-crack in controlled manner, a dense Ta-Al-C MAX phase sample 

was loaded with a 10 kN load cell fitted on an electro-mechanical load frame (Instron, type 5500R). 

The sample geometry is referred to as ‘wedge sample’ in this work, and shown in Figure 16. For 

the wedge sample used in this work, W, HW, B, and BN are respectively 29, 30, 3, and 1.5 mm. 

During loading a wedge is lowered into the centre opening above the chevron notch tip until a 

pre-load of 10 N is reached, after which the wedge is further lowered with a constant displacement 

of 0.1 mm/s. A maximum load is reached, after which crack initiation takes place and the load 

starts to drop. When a load drop of 50% is recorded, the test is automatically stopped and the 

wedge is retracted. This is done to avoid breaking the wedge sample in halves by crack formation 

down to the base of the sample. A schematic of the setup with the wedge sample located under 

the wedge in the load cell is shown in Figure 17. 

Optical microscopy was used to observe of relatively large surface details on the sample 

surface, which was done for the wedge sample before and after crack formation and oxidation. 

An optical microscope from Keyence was used (Keyence VHX-5000 using a VHZ250R 250x-

2500x lens, Keyence, Japan), which allowed for automated image stitching, and hence quick 

imaging of entire sample surface at magnification and high resolution. The optical microscopy 

images of the wedge sample were used to get an overview of the positioning of the microcrack, 

and locations of oxidation after isothermal holding at 600 °C for 16 hours in flowing air.  
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Figure 16: Dimensions of wedge sample [106]. 

 
Figure 17: Schematic of the setup for loading of the wedge sample [106]. 
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4. Results 
 

4.1 Synthesis 

Pressure-Less Sintering (PLS) and Spark Plasma Sintering (SPS) were used to prepare Ta-Al-C 

MAX phase. An overview is given of the different synthesis attempts of dense bulk Ta-Al-C MAX 

phase, in order to give insight in the important factors for synthesis of mainly single phased dense 

bulk Ta2AlC. These factors are: stoichiometry of powder mixture, powder type, temperature, 

pressure, and atmosphere. Changes in sintering method, powder mix composition, and 

temperature and pressure profile during sintering are described. The main phases as identified 

by XRD analysis are stated.  

 

Pressure-less sintering 
 
Three attempts to synthesize Ta2AlC MAX phase with pressure-less sintering have been 

performed. Before sintering, a mixture of elemental tantalum, aluminium, and carbon powder was 

pre-pressed with 300 MPa to form a tablet. The tablet was heated with a rate of 5 °C/min, and 

held at the desired sinter temperature for 1 hour, after which the furnace is cooled with a maximum 

rate of 10 °C/min. Heating, sintering, and cooling takes place under flowing argon atmosphere. 

The powder mix composition, sinter temperature, and phases formed (as identified by XRD 

analysis) for all three attempts are shown in Table 15. If one identified phase shows significantly 

higher peaks in the XRD pattern than the other identified phases, it is named ‘main phase’, see 

Table 15.   

None of the pressure-less sintering attempts resulted in pure MAX phase material. At a sinter 

temperature of 1200 °C no MAX phase forms. Increasing the temperature to 1400 and 1500 °C 

results in formation of MAX phase, where Ta2AlC only forms at 1500 °C, and Ta4AlC3 forms at 

both sintering temperatures. However, a significant amount of tantalum-carbides and tantalum-

aluminium intermetallic is also formed (see  Table 15).  

 
Table 15: Overview of synthesis settings and results by pressure-less sintering  

Number Powder mix 
composition (Ta : Al 
: C)  

Sinter 
temperature 
(°C) 

Phases formed, following from XRD 
analysis 

1 2: 1.15 : 1 1400 Main phase: Ta4AlC3 
Minor phases: TaAl3; TaC0.81 

2 2: 1.15 : 1 1200 Ta2C; Ta5Al3C; Ta0.97O2; AlTa2 & s-AlTa2 
(no clear ‘main’ phase) 

3 2: 1.6 : 1 1500 Main phases: TaC; Ta2AlC 
Minor phases: Ta4AlC3; TaAl3 

 
Spark Plasma Sintering  
 
Spark Plasma Sintering (SPS) was performed using different starting powders, powder 

stoichiometry’s, and heating profiles. Powder mixtures consisting of elemental powders, as well 
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as carbides, were tested in the search for the ideal conditions to synthesize dense bulk Ta2AlC 

MAX phase.  

 

SPS synthesis using Ta, Al4C3, and C  

A powder mix of Ta, Al4C3, and C with the composition Ta : Al4C3 : C = 2 : 0.25 : 0.25 was sintered 

in argon atmosphere. This mixing composition corresponds to a stoichiometry of Ta : Al : C = 2 : 

1 : 1. The powder mix was heated with 50 °C/min to a sintering temperature of 1300 °C. The 

pressure was increased to 50 MPa (corresponding to a force of 16 kN for an SPS sample with  a 

diameter of 20 mm), which is reached before the start of sintering at 1300 °C. After 1 hour of 

sintering at 1300 °C and 50 MPa, temperature and pressure are respectively decreased to Troom 

with 100 °C/min and 16 MPa (corresponding to a minimum force of 5 kN) with 1.5 kN/min. Figure 

18 shows the profile of the set temperature and set force during synthesis. The set temperature 

could not be monitored below 500 °C, hence the temperature decrease to Troom is not visible. 

The black curve shows the average relative piston travel in mm, as compared to the piston 

position at the start of the SPS program, which is noted as 0 mm. As the piston moves during 

synthesis, the sample is  densified. From Figure 18 it can be seen that most densification takes 

place when the pressure and temperature are increasing: the average relative piston travel 

increases from 0 to approximately 2.75 mm. During sintering, the average relative piston travel 

further increases to approximately 3.25 mm.  

As the method of SPS is used for reaction sintering in this work, the densification of the powder 

sample during heating and sintering is attributed to the occurrence of chemical reactions between 

powder constituents, presumably in combination with conventional sintering of solid-state 

particles and possibly also liquid aluminium. No study has been made of the microstructural 

evolution over time during heating and sintering, which could be done by intermediately stopping 

the SPS program and observing of sample microstructure [107]. 

The XRD pattern and fitting after synthesis is shown in Figure 19. The phases identified by 

XRD analysis are Ta2C; Ta4C3; Ta5Al3; Ta0.6Al0.4; Ta3Al2C. The relatively highest peaks of the XRD 

pattern correspond to Ta2C; Ta4C3. No MAX phase was identified.  

 

 
Figure 18: SPS synthesis program for mix of Ta, Al4C3, C - set values and measured average piston travel versus 

time. 
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Figure 19: XRD pattern and fit for SPS sample from powder mix Ta : Al4C3 : C = 2 : 0.25 : 0.25, sintered at 1300 °C 

and 50 MPa in argon for 1 hour. 

SPS sintering of pulverized PLS sample 

A two-step process was tested to see if the combination of pressure-less sintering followed by 

SPS can lead to fully dense pure MAX phase, as demonstrated for Cr2AlC [108]. The sample 

resulting from pressure-less sintering at 1500 °C with a starting composition of Ta : Al : C = 2: 1.6 

: 1 (see Table 15) was pulverized and further sintered by SPS. Figure 20 shows the set values of 

the SPS program for temperature, force, and the relative piston travel versus time. Temperature 

and pressure are increased respectively until 1500 °C and 50 MPa with 80 °C/min and 5.5 kN/min. 

The sample is sintered at 1500 °C and 50 MPa for 2 hours instead of 1 hour, to allow all solid 

state reactions to take place. SPSing took place in vacuum (≥ 0.77 mbar). As can be seen in 

Figure 20 from the curve of average relative piston travel, most densification of the pulverized 

PLS sample takes place when temperature and pressure are increasing, and hardly any further 

densification takes place during sintering at 1500 °C. 

The XRD pattern and fitting after synthesis is shown in Figure 21. The phases identified by 

XRD analysis are Ta2C; Ta4C3; Ta5Al3; Ta0.6Al0.4; Ta3Al2C. The relatively highest peaks of the XRD 

pattern correspond to Ta2C and Ta4C3. No MAX phase is present anymore.  
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Figure 20: SPS synthesis program for pulverized PLS sample - set values and measured average piston travel 

versus time. 

 
Figure 21: XRD pattern and fit for SPS sample from pulverized PLS sample, sintered at 1500 °C and 50 MPa in argon 

for 2 hours. 

SPS synthesis from elemental powders 

Further synthesis attempts have been performed with powder mixes of elemental powders of Ta, 

Al, and C. An overview of the important process parameters for all SPS attempts performed with 

an elemental powder mix with the composition Ta : Al : C = 2 : 1.2 : 1 is shown in Table 16. 

Additionally, the phases identified by XRD analysis after synthesis are stated in Table 16 for each 

sample. In case a sample consists of mainly one of the identified phases – which can be deduced 

from relative peak height within the XRD pattern – this phase is stated as ‘main’ phase in Table 
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16. Other phases are stated as ‘minor’ (in case of 1 extra phase) or ‘other’ (in case of multiple 

extra phases). The XRD patterns of all samples shown in Table 16 can be found elsewhere. 1 

The sample names are given by the date of syntheses. The main characteristics of the set 

temperature and set force profile is shown in Figure 22, which corresponds to synthesis of sample 

150408. Further description of the synthesis process from elemental powders corresponds to the 

settings as shown in Figure 22 for sample 150408.  

In contrast to the previously described sintering attempts by SPS, an intermediate heating 

step was added to allow pre-reaction of molten Al to form a solid intermetallic with Ta. The powder 

mix is heated from room temperature to 750 °C in 0.5 minute, and is held at this temperature for 

5 minutes, before it is heated with a slower rate of 85 °C/min to the final sinter temperature of 

1500 °C. Before heating, the force is maximized to 16 kN, corresponding to a pressure of 50 MPa 

on the green body. This densifies the pre-reacted powder mix as much as possible before any 

temperature is applied. The pressure is then minimized to 16 MPa (force of 5 kN) before 

intermediate holding at 750 °C, in order to minimize the amount of molten Al being squeezed out 

of the powder mixture as much as possible. In case a significant fraction of aluminium would leak 

out of the powder mixture, the remaining composition of the powder mix does not contain enough 

aluminium to facilitate the synthesis a (nearly) single-phase Ta2AlC MAX phase sample. 

Aluminium leakage also damages the sides of the graphite die and punches. The sample (sample 

150408) is sintered at 1500 °C and 50 MPa for 30 minutes, after which the temperature and 

pressure are decreased to respectively Troom and 16 MPa.  

 

 
Figure 22: SPS synthesis program for elemental powder mix, corresponding to sample 150408 - set values and 

measured average piston travel versus time. 

 

It was found from experiments and literature [108-110] that leakage and evaporation of molten Al 

cannot be completely avoided, and hence in all cases some extra Al compared to the precise 

                                                            
1 Appendix 1 – Full sample overview of all synthesis attempts: XRD patterns & microstructure 

as observed by SEM 
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stoichiometry for the formation of Ta2AlC (which is Ta : Al : C = 2 : 1 : 1) has been added to the 

elemental powder mix to compensate for this.  

The average relative piston travel (see Figure 22) shows densification from approximately 0 

to 0.75 mm during cold pre-pressing (before the intermediate heating step). After decreasing the 

pressure to 16 MPa, the powder mixture expands and the pistons travels back to approximately 

0.2 mm. Densification from 0.2 to 0.5 mm takes place during intermediate holding at 750 °C. 

Densification from 0.5 to 1.75 mm takes place during heating until the sintering temperature is 

reached. During sintering the sample is densified by 0.25 mm.  

 
Table 16: Overview SPS parameters for synthesis from elemental powders with composition Ta : Al : C = 2 : 1.2 : 1; 

all tests had a pre-press of 50MPa applied before heating and the heating rate of 85C/min was used between the 
intermediate holding step and sintering temperature. 

Sample Heating Intermediate 
holding  

Sintering  Atmosphere Phases 
identified 
by XRD  

150408 Rate: 1400 
°C/min 
F = 5 kN 

T = 750 °C 
F = 5 kN 
Holding time = 
5 min 

T = 1500 °C 
F = 16 kN 
Holding time = 
30 min 

Argon (pO2 ≈ 
1 ppb; pH2O 
≈ 1 ppm) 

Main: 
Ta2AlC 
Other: Ta-

4AlC3; 
TaO 

150423 Rate: 1400 
°C/min 
F = 5 kN 

T = 750 °C 
F = 5 kN 
Holding time = 
5 min 

T = 1500 °C 
F = 16 kN 
Holding time = 
30 min 

Argon (pO2 ≈ 
1 ppb; pH2O 
≈ 1 ppm) 

Main: 
Ta2AlC, 
Ta4AlC3.  
Other: C, 
TaAlO4 

150604 Rate: 1400 
°C/min 
F = 5 kN 

T = 750 °C 
F = 5 kN 
Holding time = 
5 min 

T = 1500 °C 
F = 16 kN 
Holding time = 
30 min 

Vacuum   Ta2AlC, 
Ta4AlC3 
(mixed) 

150721 Rate: 1400 
°C/min 
F = 5 kN 

T = 750 °C 
F = 5 kN 
Holding time = 
5 min 

T = 1500 °C 
F = 16 kN 
Holding time = 
30 min 

Vacuum  Ta2AlC, 
Ta4AlC3 
(mixed) 

150814-I Rate 1: 450 
°C/min to 450 
°C* 
Rate 2: 600 
°C/min to 750 
°C 
F = 5 kN 

T = 700 °C 
F = 5 kN 
Holding time = 
15 min 

T = 1500 °C 
F = 16 kN 
Holding time = 
30 min 

Vacuum Main: 
Ta4AlC3. 
Minor: 
Ta2AlC 

150814-II Rate 1: 450 
°C/min to 450 
°C* 
Rate 2: 600 
°C/min to 750 
°C 
F = 5 kN 

T = 700 °C 
F = 5 kN 
Holding time = 
15 min 

T = 1400 °C 
F = 16 kN 
Holding time = 
30 min 

Vacuum  Main: 
Ta2AlC. 
Minor: 
Ta4AlC3 
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150821-I Rate 1: 450 
°C/min to 450 
°C* 
Rate 2: 600 
°C/min to 750 
°C 
F = 5 kN 

T = 700 °C 
F = 5 kN 
Holding time = 
15 min 

T = 1400 °C 
F = 16 kN 
Holding time = 
30 min 

Vacuum Main: 
Ta2AlC. 
Minor: 
Ta4AlC3 

150821-II Rate 1: 450 
°C/min to 450 
°C* 
Rate 2: 600 
°C/min to 750 
°C 
F = 5 kN 

T = 700 °C 
F = 5 kN 
Holding time = 
15 min 

T = 1400 °C 
F = 16 kN 
Holding time = 
30 min 

Vacuum Main: 
Ta2AlC. 
Minor: 
Ta4AlC3 

150824 Rate 1: 450 
°C/min to 450 
°C* 
Rate 2: 600 
°C/min to 750 
°C 
F = 5 kN 

T = 700 °C 
F = 5 kN 
Holding time = 

15 min 

T = 1400 °C 
F = 16 kN 
Holding time = 
30 min 

Vacuum Main: 
Ta2AlC 
Minor: 
Ta4AlC3 

151109 Rate 1: 450 
°C/min to 450 
°C* 
Rate 2: 600 
°C/min to 750 
°C 
F = 5 kN 

T = 700 °C 
F = 5 kN 
Holding time = 
15 min 

T = 1400 °C 
F = 16 kN 
Holding time = 
30 min 

Vacuum  Ta2AlC, 
Ta4AlC3 

(mixed) 

* Internal feedback between the set temperature value and measure temperature value takes place via pyrometer, 

which does not register the temperature below 400 °C.  Slower heating to 450 °C was added to give the pyrometer 
more time to register the temperature in order to avoid overshooting by mis-measurement.  

 
 

4.2 Sample characterization  
 

4.2.1 Sample overview 

From the results in Table 16 it can be seen that dense bulk Ta-Al-C MAX phase samples have 

been successfully produced by SPSing of mixed elemental powders of Ta, Al, C in the mixing 

ratio 2 : 1.2 : 1. Some of these samples consist of a significant amount of Ta2AlC and Ta4AlC3. 

Other samples consist mainly of Ta2AlC. The former will be called ‘mixed’ material in this work, 

the latter ‘Ta2AlC’ material Table 17 gives an overview of the samples that have been used for 

further research in this work, whether they are ‘mixed’ or predominantly single-phase ‘Ta2AlC’, 

and what they have been used for. Characterization of the microstructure and determination of 

the hardness and density of the samples shown in Table 17 is described in this section. 
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Table 17: Overview of successfully synthesized dense bulk Ta-Al-C MAX phase samples by SPS. 

Sample Type Used for 
150423 mixed Open furnace oxidation* 

150604 mixed TGA 

150721 mixed Vickers increasing hardness indentation 

150814-II Ta2AlC TGA, DTA powder, SEM cross-section 

150821-I Ta2AlC DTA powder, SEM cross-section 

150824 Ta2AlC  Crack healing attempt I, failed (40 mm wedge sample) 

151109 mixed Crack healing attempt II, successful (40 mm wedge 
sample) 

* results are not described in this work, as these were preliminary tests for the TGA experiments  
 

4.2.2 Ta-Al-C MAX phase microstructure 

Typical microstructure mainly Ta2AlC sample  
 
A representative SEM backscatter image of the microstructure of the surface of a mainly single-

phased Ta2AlC samples is shown in Figure 23a. The section mainly consists of Ta2AlC (light grey 

areas), with very minor Ta4AlC3 (darker grey areas). Internal oxides (black spots) are visible, 

dispersed within the microstructure. The approximate grain size in Ta2AlC samples could not be 

determined from visual inspection of SEM images, as the microstructure looks more 

homogeneous than for the mixed samples and lacks contrast, due to the absence of the Ta4AlC3 

fraction (see microstructure of mixed samples in Figure 24). No porosity is found in the 

microstructure.  

A SEM backscatter image of intermetallic tantalum-aluminium impurities (dark grey areas) 

found when observing cross-sections of Ta2AlC samples is shown in Figure 23b. Quantitative X-

ray microanalysis with EPMA has shown that the chemical composition of the intermetallic phase 

most likely corresponds to Al3Ta. The atom fractions as analysed on two locations on sample 

150821-II (no corresponding SEM image shown) with X-ray microanalysis are shown in Table 18. 

For both measurements, the Al/Ta ratio is close to 3, which corresponds to the stoichiometry of 

Al3Ta. Figure 23b shows a section of a sample cross-section with the maximum observed amount 

of Al3Ta impurities. Other areas of the cross-section show no or hardly any impurities, as can be 

seen Figure 23a. Therefore, the average phase fraction of Al3Ta impurities for all samples could 

not be determined in a straightforward way.  
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(a) surface of sample 150821-II (b) cross-section of sample 150814-II 

Figure 23: SEM backscatter images of microstructure of mainly single phase Ta2AlC samples. a) microstructure of 
sample 150821-II in an area without Ta-Al intermetallic impurities, b) microstructure of sample 150814-II in an area 

with a maximum amount of Ta-Al intermetallic impurities. 

Table 18: Atom percentages of Ta, Al, C, and O in Ta-Al intermetallic impurities in Ta2AlC sample (150821-II), as 
measured by X-ray microanalysis with EPMA. 

 Ta Al C O Al/Ta ratio 
Location 1 23.9 ± 0.1 74.8 ± 0.3 1.3 ± 0.4 0.0 ± 0.0 3.13 

Location 2 23.3 ± 0.2 74.6 ± 0.4 2.0 ± 0.6 0.0 ± 0.0 3.2 
 
Typical microstructure mixed sample 
 
Representative SEM backscatter images of the microstructure of mixed (Ta2AlC and Ta4AlC3) 

samples is shown in Figure 24. It was found that the dark grey areas correspond to Ta2AlC MAX 

phase, and the light grey areas correspond to Ta4AlC3 MAX phase, based on the results of X-ray 

microanalysis by EPMA, as shown in Figure 25. Figure 25a shows a SEM backscatter image of 

the sample surface of a mixed sample (sample 150604) and Figure 25a-c shows three qualitative 

x-ray EPMA maps of the same area for the elements aluminium, tantalum, and oxygen. On the 

SEM backscatter image ‘light’ and ‘darker’ grey areas are visible in the microstructure. The EPMA 

map of aluminium indicates that the atom percentage of aluminium is less in the lighter areas of 

the SEM image (these areas are dark blue on the EPMA map). The EPMA map of aluminium 

indicates that the atom percentage of aluminium is higher in the lighter areas of the SEM image 

(these areas are bright pink on the EPMA map). As XRD analysis of mixed samples only identifies 

the presence of Ta2AlC and Ta4AlC3, it is assumed that the light grey areas correspond to Ta4AlC3, 

and the dark grey areas correspond to Ta2AlC. This in accordance with the fact that heavy 

elements backscatter more and hence appear brighter on SEM backscatter images [111]. Ta4AlC3 

consists of a higher atom percentage of the heavy element tantalum.  

The black spots within the microstructure are internal oxides, formed during synthesis. This 

follows from comparing the locations of the black spots on the SEM image shown in Figure 25a 

with the locations of the white spots in Figure 25d, which correspond to a relatively very high O 

content. The amount of internal oxides was significantly reduced by sintering in argon atmosphere 

(pO2 ≈ 1 ppb; pH2O ≈ 1 ppm) instead of vacuum (≥ 0.77 mbar).  
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The microstructure of the mixed MAX phase samples show elongated grains with a width in 

the order of microns, and a length in the order of tens of microns. No visible porosity was found 

in the microstructure of the samples produced by SPSing from elemental powders. Lack of 

significant porosity is supported by measured densities close to theoretical density, as shown in 

section 4.2.3.  

 

  
(a) surface of sample 150604 (b) surface of sample 150721 

Figure 24: Representative SEM backscatter images of microstructure of mixed (Ta2AlC & Ta4AlC3) MAX phase 
samples. 

 

    
(a) SEM backscatter (b) qualitative Al 

mapping 
(c) qualitative Ta 

mapping 
(d) qualitative O 

mapping 
Figure 25: Qualitative EPMA maps of aluminium, tantalum, and oxygen (sample 150604). 

4.2.3 Hardness & density  

Density and Hardness were determined by the Archimedes method and Vickers indentation, 

respectively. The measured density and average Vickers hardness for each sample is shown in 

Table 19. 

The distilled water in which the samples were submerged for density measurement was 21.5 °C 

at the start of the measurements, and 22.0 °C after finishing. The water density corresponding to 

the average temperature of 21.75 °C was used for the sample density calculations, which is 

0.99785 g/cm3. 

Vickers micro hardness indentation was performed on each sample, with a maximum of 5 

indents per sample. From these measurements the average HV is calculated per sample, which 

are given in Table 19. For most samples, only a small surface area was available for indentation, 
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as other parts of the samples had been used for other experiments. For sample 150423 and 

150821-II, respectively only 1 and 3 out of 5 indentations were successful, as a part of the indents 

had to be disregarded due to uneven diagonals. For sample 150814-I and 150824 all indentations 

had to be disregarded. 

 
Table 19: Measured density (gr/cm^3) and Vickers hardness (HV) of dense bulk Ta-Al-C MAX phase samples. 

Sample MAX phase 
type 

Density (g/cm3) Vickers hardness 
(HV) 

150423 mixed 11.06 531 

150604 mixed 11.42* 503 

150721 mixed 12.34 372 

150814-I Ta2AlC 12.37 No results 

150814-II Ta2AlC 11.50 496 

150821-I Ta2AlC 12.02 552 

150821-II Ta2AlC 11.30 486 

150824 mixed 11.87 No results 

151109 mixed 12.72 402 
*This is the average density of two measurements on different pieces from sample 160604 

 

 

4.3 Microstructure and composition of oxide scale 
 

SEM backscatter images of cross-sections of the oxide scales formed on Ta2AlC and mixed 

samples after isothermal oxidation for 10 hours in artificial air at 600, 700, and 800 °C, are shown 

in Figure 26. Based on these images, the oxide scale thickness and microstructure is similar for 

Ta2AlC and mixed MAX phase. 

After isothermal oxidation of bulk Ta2AlC and mixed samples at 600 °C a very thin (10-15 µm) 

darker coloured oxide enriched layer has formed on the sample surface. It is not clearly 

distinguishable from the underlying MAX phase matrix with SEM, see Figure 18a and d. However, 

a qualitative mapping of oxygen by X-ray microanalysis with EPMA clearly shows a layer of 10-

15 µm thickness on the sample surface (sample 150814-II) for which the oxygen concentration is 

significantly increased (see Appendix 2 – Qualitative mapping of oxide scale of Ta2AlC). After 

isothermal oxidation at 700, and 800 °C, a white oxide scale forms on the sample surface, with a 

maximum observed oxide thickness of 30 and 250 µm respectively, see Figure 26b-f. The oxide 

scale is porous and very easily flakes off the surface while handling the sample, especially for the 

sample oxidized at 800 °C. Spallation cracks can be seen in Figure 26b and e. The oxide scale 

at 700 °C  contains parts of original MAX phase composition, as highlighted with a red arrow in 

Figure 26b. Cracks are visible within the oxide scale, as indicated in Figure 27. 

Furthermore, oxidation was found to occur in an uneven manner along the sample surface, 

with most oxidation along the sample edges and corners. Examples can be seen in Figure 28, 

showing oxidized sample edges on cross-sections of several TGA samples. Some areas of the 

original sample surface as can be seen in the cross-sections do not have a visible oxide scale, 

while some sample edges have been rounded off by relatively extensive oxidation.  
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Figure 26: SEM backscatter electron images of cross-sections of oxide scales after 10 hours of isothermal oxidation 

of Ta2AlC (sample 150814-II) and mixed (sample 150604) MAX phase in artificial air in the 600 – 800 °C temperature 
range; a & d) Ta2AlC and mixed MAX phase oxidized at 600 °C with hardly visible oxide scale, b & e) Ta2AlC and 
mixed MAX phase oxidized at 700 °C showing porous oxide scale of approximately 30 µm thickness of varying 

composition, where e) shows areas of Al3Ta impurities, example indicated by red arrow, c & f) Ta2AlC and mixed 
MAX phase oxidized at 800 °C showing highly porous oxide scale of maximal 250 µm thickness. 

 

Al3Ta impurity  

Remaining bulk 

MAX phase  
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Figure 27: SEM backscatter electron images of the oxide scale in cross-section on Ta2AlC (c) (sample 150814-II) and 

mixed (a, b) (sample 150604) MAX phase after oxidation in artificial air for 10 hours at 700 (a) and 800 °C (b, c), 
showing cracks within the oxide scales.  

 
Figure 28: SEM backscatter electron images of cross-sections of Ta2AlC (a, b, c) (sample 150814-II) and mixed (d) 

(sample 150604) MAX phase, oxidized in artificial air for 10 hours, showing uneven thickness of the oxide scale along 
sample edges. 

Cracks   



56 

 

XRD analysis of the surface of the TGA samples oxidized at 600 °C only identifies phases 

corresponding to the underlying bulk MAX phase material. For the TGA samples oxidized at 700 

°C, the most prominent peaks in the measured XRD pattern again correspond to the bulk MAX 

phase material. Smaller peaks which fit with Ta2O5 and Ta0.87O1.5 are also identified. For the oxide 

formed after 10 hours of isothermal holding at 800 °C, a part of the oxide scale could be scraped 

off for XRD analysis, and is analysed separately from the remaining bulk sample. The XRD pattern 

was found to fit best with TaO1.67, which is alternatively called δ-Ta2O5, and has an orthorhombic 

structure [112]. Additional manual analysis of the XRD pattern also shows a good fit with TaO 

(see Appendix 3 – XRD pattern fits for TGA samples after oxidation). 

Point analysis with energy dispersive spectroscopy (EDS) of the oxide scales on all TGA 

samples reveal that its overall stoichiometry does not correspond well to the commonly known 

Ta-, Al-, or ternary oxides, such as Ta2O5, TaO2, TaO, or TaAlO4. Instead, the chemical 

composition varies along the thickness of the layer, and the average composition is shown in 

Table 20.  

 
Table 20: Averaged atom% of Ta, Al, and O in the oxide scale formed on Ta2AlC (sample 150814-II) and mixed 

(sample 150604) MAX phase, as measured by EDS point analysis. 

  Ta2AlC mixed 
  Ta Al O Ta Al O 

600 °C 
average 
min 
max 

26 
16 
35 

9 
5 
18 

66 
60 
70 

20 
13 
33 

7 
3 
12 

73 
55 
81 

700 °C 
average 
min 
max 

26 
16 
31 

7 
6 
14 

67 
62 
74 

38 
28 
47 

8 
3 
10 

54 
43 
66 

800 °C 
average 
min 
max 

27 
17 
37 

9 
5 
21 

64 
51 
71 

27 
25 
30 

6 
5 
8 

67 
65 
68 

 

XRD and EDS analysis shows similar phases and average stoichiometry of the oxide scale for 

the Ta2AlC and mixed samples oxidized in the 600 to 800 °C range. Locally, areas of different 

composition have been identified within the oxide scale with X-ray microanalysis by EPMA, for 

the samples oxidized at 700 and 800 °C. Figure 29 shows a representative example of the regions 

of different composition within the oxide scale, and Table 21 shows the corresponding average 

atom percentages for each region. The composition within the oxide scales was found to fluctuate 

from ‘light’ regions, into slightly darker regions, and finally the darkest regions, with an average 

oxygen at.% of respectively 28.8, 37.3, and 69.5. The light regions are visible as ‘spots’, 

surrounded by the dark regions with the highest oxygen atom percentage, and the quantity of light 

regions becomes less when moving from the oxide/MAX phase interface to the oxide scale 

surface. The Ta/Al ratio (see Table 21) within all regions lies within 2.1 and 2.8, and thus does 

not differ much.  
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Figure 29: Representative example (sample 150814-II) of regions with different composition within oxide scales as 

identified on SEM backscatter images and by analysis with x-ray/EPMA, b = bulk, o = oxide, d = transition region, l = 
l-light area in oxide. 

Table 21: Average at.% of Ta, Al, C, and O, and Ta/Al ratio within different colour regions of the oxide scale (sample 
150814-II). 

 Ta Al C O Ta/Al 
Oxide 19.3 7.6 3.4 69.5 2.5 

Transition region 33.6 12.2 17.0 37.3 2.8 

Light area in oxide 36.6 17.2 18.0 28.8 2.1 

Bulk  52.6 19.5 26.9 1.2 2.7 
 

When moving from the bulk MAX phase matrix into the oxide scale, the atom percentage of 

oxygen was observed to increase rapidly over a short distance of approximately 2 µm on average, 

for all oxidized samples. This can be seen from Figure 30, which shows quantitative X-ray line 

scan measurements on a cross-section of Ta2AlC (sample 150814-II) after isothermal oxidation 

at 600 and 800 °C. The atom percentage of Ta, Al, C, and O is measured from within the oxide 

scale into the underlying MAX phase material. No depletion of any of its components was 

observed within the MAX phase matrix directly underneath the oxide scale. It should be noted 

that fluctuation of the stoichiometry of the oxide scale does not follow as clearly from the line 

scans in Figure 30, as it does from the quantitative X-ray microanalysis and SEM image shown 

in Figure 29. Two possible reasons are the location of the line scans (accidentally little variation 

in composition) and the resolution (spacing of 1 µm between measurements along the line). 

 



58 

 

  
(a) (b) 

Figure 30: Quantitative X-ray line scans of Al, Ta, C and O atom percentage measured on cross-sections of 
isothermally oxidized Ta2AlC (sample 150814-II) when moving from oxide scale into underlying MAX phase; a) 

Ta2AlC oxidized at 600 °C, line scan starting from oxide surface into MAX phase bulk, with total line scan length of 80 
µm b) Ta2AlC oxidized at 800 °C, line scan starting from within oxide scale at approximately 10 µm above unreacted 

sample surface until 30 µm into MAX phase bulk. 

X-ray photoelectron spectroscopy (XPS) of the binding energy of tantalum and aluminium in the 

oxidized surfaces of the bulk samples oxidized at 600, 700 and 800 °C show that the binding 

energies of both elements increase when the isothermal oxidation temperature becomes higher. 

For tantalum, a chemical shift is observed for the core electrons of the Ta4f and Ta4d subshells, 

as shown in Figure 31. Both Ta4f and Ta4d subshells show splitting, which arises from spin-orbit 

coupling effects in the final state after an electron is removed by the energy of the impinging X-

ray. Due to this effect, a double peak can be seen in the spectral lines. For Ta4f these are the 

Ta4f5/2 and Ta4f7/2 peak. For Ta4d these are the Ta4d3/2 and Ta4d5/2 peak. For aluminium, 

the binding energy of the Al2p subshell was measured to shift to a higher energy for a higher 

oxidation temperature, as shown in Figure 32.  No subshell splitting was observed for the Ta2p 

state. The full measured XPS spectrum for the Ta2AlC dense bulk samples oxidized at 600, 700 

and 800 °C respectively, are shown in Appendix 4 – Measured XPS spectra for oxidized dense 

bulk Ta2AlC. 
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(a) (b) 

Figure 31: Binding energy against isothermal oxidation temperature for the TGA samples oxidized at 600, 700, and 
800 °C as measured by XPS analysis for a) the Ta4d3/2 and Ta4d5/2 peak, and b) Ta4f5/2 and Ta4f7/2. 

 

 
Figure 32: Binding energy against isothermal oxidation temperature for the TGA samples oxidized at 600, 700, and 

800 °C as measured by XPS analysis for Al2p. 

 

 

4.4 Oxidation reactions and activation energies 
 

When heating Ta2AlC and mixed MAX phase powder from room temperature until 1200 °C, two 

distinct exothermic reactions have been observed by performing Differential Thermal Analysis 

(DTA). The heat flow and weight gain versus sample temperature for 30 mg Ta2AlC (sample 

150821-II) heated with a heating rate of 5 °C/min is shown in Figure 33. Two peaks in the heat 

flow curve are observed at approximately 760 °C and 865 °C, which correspond to exothermic 

reactions taking place during oxidation.  

The near linear increase of weight gain from room temperature to approximately 500 °C is 

ascribed to buoyancy of the alumina DTA crucible with MAX phase powder. At approximately 500 
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°C the slope of the TG curve starts to increase and a weight gain of 6.85 mg from approximately 

500 to 900 °C is ascribed to uptake of oxygen during oxidation. At 865 °C the second heat flow 

peak takes place, and the TG curve shows a small dip at the same temperature.  

The CO2 signal within the DTA furnace during heating has been measured with a mass 

spectrometer and shown in Figure 33. A peak occurs at approximately 865 °C as the second heat 

flow peak takes place. The measured CO2 signal increases from approximately 4.3 ∙ 10-11 A to a 

maximum of 1.92 ∙ 10-9 A. This indicates that carbon in the MAX phase material reacts with oxygen 

to form CO2 during the second oxidation reaction.  

It was found that Ta2AlC and mixed MAX phase powder generate similar DTA results, as 

shown in Appendix 5 – DTA curves of Ta2AlC and mixed MAX phase powder. Therefore, further 

DTA experiments have only been performed on Ta2AlC MAX phase powder.  

 

 
Figure 33: Heat flow and mass gain (TG) of 30 mg Ta2AlC powder (sample 150821-II) heated from room temperature 
until 1200 °C with 5 °C/min, combined with CO2 signal (obtained with mass spectrometer). Varying powder size with 2 

to 30 µm diameter, as observed with SEM. 

XRD analysis of Ta2AlC and mixed MAX phase powders after the second reaction reveal the 

reaction products Ta2O5 and TaAlO4. Chemical analysis of the powders when heated until 800 

°C, when only the first reaction (at T = 760 °C) has taken place, shows fractions of the original 

un-oxidized MAX phase, alumina, tantalum-oxide (TaO1.1), tantalum-carbide (Ta4C3), and ternary-

oxide (Ta1.86Al0.14O4.86). 

 

The activation energies of both observed oxidation reactions have been approximated from the 

DTA data by the method as described in section 3.4. This has been done in two ways: 1) from 

data on the heat flow peak temperature, and 2) from data on the dTG/dt peak temperature. To 

obtain the necessary data, five DTA experiments were conducted on Ta2AlC powder (sample 

150821-II), with a heating rates of 1, 2, 5, 10, and 15 °C/min. Using a different heating rate results 

in a shift of the heat flow-, and dTG/dt peak temperature. It was found that the activation energy 

of the second oxidation reaction cannot be determined by this method. For the second oxidation 

reaction, the shift of the heat flow-, and dTG/dt peak temperature for different heating rates is very 

minor, which causes the calculated value of the activation energy based on the slope of the fit 

through the Kissinger points to be unreasonably high (>1400 kJ/mol). The  calculated activation 
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energy of the first oxidation reaction in Ta2AlC is -146 ±10 kJ/mol and 217 ±16 kJ/mol for the peak 

temperature from heat flow and dTG/dt, respectively. They have been determined from the slope 

of the linear fit through the Kissinger points shown in Figure 34.  

   
Table 22: Activation energies as calculated from analysis of DTA data of Ta2AlC powder (sample 150821-II) and the 

95% confidence interval. 

 Ea reaction 1 (kJ/mol) 95% confidence interval 
(kJ/mol) 

Heat flow peak temperature -146 ± 10 

dTG/dt peak temperature -217 ± 16 
 

 

 
Figure 34: Kissinger points and linear fit of 1st reaction from DTA data on Ta2AlC powder (sample 150821-II) for the 
heating rates 1, 2, 5, 10, and 15 °C/min, calculated based on the temperature during heating at which the peak in 

heat flow and dTG/dt takes place (Tp). 

The activation energy of the first reaction has also been estimated from the weight gain data from 

TGA analysis of bulk Ta2AlC and mixed samples, as TGA was conducted in the same temperature 

range as the first reaction discovered by DTA analysis (600 to 800 °C). The calculated activation 

energies based on TGA data is shown in Table 23. For each isothermal holding temperature of 

600, 700, and 800 °C respectively, ln(k) is plotted against (1/Tisotherm), where ‘k’ is the slope of the 

linear part of the weight gain curves during isothermal holding, see Figure 35. The activation 

energy was determined from the slope of the linear fit through these points. The 95 % confidence 

interval for the activation energies calculated from TGA data is relatively large.  
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Table 23: Activation energies for oxidation in the temperature range of 600 to 800 °C, as calculated from analysis of 
TGA data on bulk Ta2AlC (sample 150821-II) and mixed (sample 150604) TGA samples. 

 Ea reaction 1 (kJ/mol) 95 % confidence interval 
(kJ/mol) 

Ta2AlC -129,3 ± 35.9 

Mixed -158,2 ± 65.0 
 

 

 
Figure 35: Kissinger points and linear from TGA data on bulk Ta2AlC (sample 150814-II) and mixed (sample 150604) 

samples isothermally oxidized at 600, 700, and 800 °C for 10 hours in artificial air. 

Oxidation reactions and activation energies of pure Ta and TaC powder 
 
For comparison, the oxidation reactions in pure Ta and TaC powder have been investigated in 

the same manner as was done for Ta2AlC powder. The average grain size is approximately 40 

µm and 2 µm for Ta and TaC powder, respectively. Figure 36 shows the grain size distribution for 

both powders as measured by laser sizer. The difference in grain size is assumed not to be a 

factor of large influence for comparison of oxidation behaviour of both powders, as for both 

powders oxidation was found to take place sufficiently rapidly to fully oxidize all powder for all 

tested heating rates when heating to 1200 °C. 

Pure Ta and TaC powder was heated from room temperature to 1200 °C with a heating rate 

of 1, 2, 5, and 10 °C/min respectively. Figure 37 shows the heat flow and weight gain curves 

versus sample temperature for 30 mg of pure Ta and TaC respectively, heated with a heating rate 

of 5 °C/min. Both Ta and TaC powder show one heat flow peak upon oxidation to 1200 °C. For 

heating with 5 °C/min, the heat flow peak for Ta takes place at approximately 578 °C, and for TaC 

at approximately 690 °C. A single heat flow peak was also observed for Ta and TaC for all other 

heating rates tested in this work whereas Ta2AlC showed two separate heat flow peaks (see 

Figure 33), at 760 °C and 865 °C for a heating rate of 5 °C/min. 

 



63 

 

 

  
(a) Ta (b) TaC 

Figure 36: Grain size distribution of a) Ta, and b) TaC powder used for DTA, as measured with laser sizer. 

  
(a) Ta (b) TaC 

Figure 37: Heat flow and mass gain (TG) curves  of 30 mg pure Ta and TaC powder heated from Troom until 1200 °C 
with 5 °C/min, a) pure Ta powder, b) pure TaC powder. 

 

The CO2 signal was measured for Ta and TaC with a mass spectrometer, for the DTA experiments 

with a heating rate of 1, 2, 5 and 10 °C/min. During oxidation of Ta, no increase of the CO2 signal 

takes place. During oxidation of TaC, the CO2 signal increases notably at the same temperature 

as the heat flow peak occurs, for all tested heating rates (see Appendix 6 – DTA curves of Ta and 

TAC powder incl. CO2 signal for the DTA plots with heating rate 2 °C/min). This indicates that the 

reaction of carbon in TaC with oxygen to form CO2 happens at the same time as oxidation of Ta 

takes place, as only one heat flow peak is observed.   

XRD analysis of Ta and TaC after heating to 1200 °C shows that full oxidation has taken place, 

as only Ta2O5 is identified for both powder types and for all heating rates tested. 

The calculated activation energies for the oxidation reaction of Ta and TaC powder and their 

95 % confidence interval is given in Table 24, as calculated from the DTA data for different heating 

rates. The 95 % confidence intervals of the calculated activation energies for Ta and TaC are very 

large, as the linear fit through the Kissinger points is poor. Figure 38 shows the corresponding 

plot with Kissinger points and linear fit line, based on the DTA data for Ta and TaC powder. Based 

on the poor linear fit for TaC, the calculated Ea for TaC with this method will be disregarded. 

Excluding the Kissinger point corresponding to a heating rate of 1 °C/min in Figure 38b in the 
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calculation of the activation energy does not result in a reasonable value for Ea, or a smaller 95 

% confidence interval either (see Appendix 7 – Kissinger analysis for non-isothermal TaC 

oxidation, excluding the heating rate of 1 °C/min) 

 
Table 24: Activation energies as calculated from analysis of DTA data of Ta and TaC powder, and the 95 % 

confidence interval. 

 Ea reaction 1 (kJ/mol) 95 % confidence interval 
(kJ/mol) 

Ta - heat flow peak temperature -305.3 ± 88.2 

Ta - dTG/dt peak temperature -286.6 ± 98.0 

TaC - heat flow peak temperature -207.4 ± 162.0 

TaC - dTG/dt peak temperature -268.5 ± 176.8 
 
 

  
(a) Ta (b) TaC 

Figure 38: Kissinger points and linear fit from DTA data of Ta and TaC powder for the heating rates 1, 2, 5, and 10 
°C/min, a) pure Ta powder, b) pure TaC powder, calculated based on the temperature during heating at which the 

peak in heat flow and dTG/dt takes place (Tp). 

 

 

4.5 Oxidation kinetics  
 

The oxidation kinetics are analysed based on the weight gain curves for isothermal holding of 

dense bulk Ta2AlC (sample 150814-II) and mixed (sample 150604) samples, for 10 hours at 600, 

700, and 800 °C. All samples show approximately linear weight gain after the initial start of 

oxidation (approximately 30 minutes at 600 °C, shorter times at 700 and 800 °C). The total mass 

gain for 10 hours isothermal holding increases approximately with an order of magnitude from 

600 to 700 °C, and from 700 to 800 °C. The mass gain for Ta2AlC and mixed material lies in the 

same order of magnitude for each holding temperature. Figure 39 shows the weight gain curves 

versus time as measured with thermogravimetric analysis (TGA), separately for all three 

temperatures.  
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(a) Oxidation at 600 °C (b) Oxidation at 700 °C (c) Oxidation at 800 °C 

Figure 39: Mass gain vs. time for isothermal oxidation of dense bulk Ta2AlC (sample 150814-II) and mixed (sample 
150604) MAX phase for 10 hours in artificial air, a) oxidation temperature of 600 °C, b) oxidation temperature of 700 

°C, c) oxidation temperature of 800 °C. 

The measured mass gain data during isothermal holding at 600, 700, and 800 °C have been used 

to calculate corresponding oxide scale thickness for pure dense TaAlO4, Ta2O5, TaO2, and TaO 

respectively, over time (for 10 hours holding). The plots of oxide scale thickness versus time for 

each holding temperature are shown in Figure 40. When comparing the calculated scale thickness 

with the observed oxide scale thickness on cross-sections of the TGA samples, as shown in 

Figure 26, the calculated oxide thicknesses are roughly an order of a magnitude lower than the 

observed oxide scale thickness on the TGA samples. The curves shown in Figure 40 have been 

calculated by dividing the mass gain per m2 by the theoretical density of the oxide (in g/cm3). 

 
Figure 40: Oxide scale thickness vs. time for isothermal oxidation of dense bulk Ta2AlC (sample 150814-II) and 
mixed (sample 150604) MAX phase for 10 hours in artificial air, a) oxidation temperature of 600 °C, b) oxidation 

temperature of 700 °C, c) oxidation temperature of 800 °C. 

   

(a) Oxidation at 600 °C (b) Oxidation at 700 °C (c) Oxidation at 800 °C 
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4.6 Analysis of self-healing potential of Ta-Al-C MAX phases 
  

The self-healing potential of Ta-Al-C MAX phase was tested by cracking and reopening a newly 

designed specimen by wedge loading using an electro-mechanical load frame (Instron, type 

5500R). The method is described in section 3.5. 

A microcrack of 8.3 mm length and with a minimum and maximum width of respectively 1 and 

8 µm in a dense bulk sample of mixed MAX phase (sample 151109) was observed to be mostly 

not filled with oxide after isothermal oxidation at 600 °C in air for 16 hours.  

 

(a) virgin crack (b) oxidized crack (c) re-opened crack 
Figure 41: SEM backscatter images of the start of a crack on mixed wedge sample surface (sample 151109); a) 

before oxidation (virgin), b) after isothermal oxidation at 600 °C for 16 hours in air, c) after re-opening of the crack 
after oxidation. 

Secondary SEM images of the start of the crack before and after oxidation, and after ‘re-opening’ 

of the crack, viewed on the sample surface are shown in Figure 41. The observed crack width is 

approximately the same in the virgin material as it is after oxidation. After re-opening the crack 

has widened notably.  

Figure 42 shows SEM backscatter and secondary images of the cross-section of an oxidized 

crack in dense bulk Ta2AlC MAX phase (sample 150824). The backscatter images show good 

visible contrast between the dark grey oxide scale and the underlying bulk MAX phase material. 

The oxide after isothermal oxidation at 600 °C for 16 hours in air is noticeably thicker (between 

30 and 50 µm) and more visible than the oxide scale observed after 10 hours of isothermal 

oxidation (see Figure 26). Another notable difference with the oxide scale observed after 10 hours 

oxidation, is the presence of pores in the oxide scale after 16 hours of oxidation at 600 °C. The 

crack width is not filled by the oxide, and the open crack is clearly visible. This can be verified by 

the SEM secondary images in Figure 42, which show the topology of the cross-section. 
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Figure 42: SEM backscatter and secondary images of an oxidized crack on Ta2AlC wedge sample cross-section 

(sample 150824) after isothermal oxidation at 600 °C for 16 hours in air. 

Furthermore, the layered microstructure of the MAX phase is clearly visible within the oxide scale. 

An example is indicated in Figure 42 with a red arrow. The formation of pores can be seen within 

the oxide scale.  
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Oxidation is observed to take place irregularly; on some locations a big change from the virgin 

material was observed after oxidation, while other locations were barely oxidized. Irregular 

oxidation of the microcrack in sample 150824 is shown in Figure 43. A red arrow points out a 

heavily oxidized region.   
 

 
Figure 43: Optical microscopy image (Keyence) of the microcrack inTa2AlC wedge sample after isothermal oxidation 

at 600 °C for 16 hours in air, as seen from the surface (sample 150824), showing irregular oxidation. 

An indication of the mechanical strength of a mixed MAX phase wedge sample during cracking 

and crack re-opening after oxidation is obtained from the load displacement curves shown in 

Figure 44. The blue curve corresponds to the crack initiation and formation in the virgin sample. 

The red curve corresponds to crack re-opening and further crack formation after isothermal 

oxidation. At the start of the test the wedge is placed in contact with the wedge sample and 

preloaded. This determines the origin in Figure 44. The virgin wedge sample before fabrication of 

the microcrack could bare a maximum load of 225 N. Further wedge displacement initiates the 

formation of the microcrack. During cracking, multiple near vertical load drops took place. When 

formation of the microcrack was stopped, the remaining loadbearing capacity of the wedge 

sample was 155 N. The final crack length is approximately 8.3 mm. After isothermal oxidation, 

the sample was loaded again. The maximum load is reached at approximately 142 N, after which 

it drops to 140 N in about 7 seconds, followed by a near vertical load drop. After re-cracking, the 

crack length is approximately 11.9 mm. After oxidation, the loadbearing capability of the wedge 

sample was not increased.  
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Figure 44: Load versus displacement curves for crack initiation and crack re-opening in a mixed wedge sample 

(sample 151109) after isothermal oxidation at 600 °C for 16 hours in air. 
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5. Discussion 
 

5.1 Synthesis and characterization of dense bulk Ta-Al-C 

MAX phase 

For the three pressure-less sintering experiments performed on elemental powder mixes, it was 

found that increasing the temperature from 1200 to 1500 °C resulted in the formation of a 

significant fraction Ta2AlC MAX phase (third PLS sample). All pressure-less sintered samples 

also contained significant fractions of impurities: Ta-Al intermetallics and carbides, and Ta0.97O 

for the sample sintered at 1200 °C. The formation of the oxide phase is assumed to be due to a 

small amount of oxygen or water vapour in the powders used for the elemental powder mix, due 

to initial handling of powders outside argon atmosphere. After this, all powder handling was 

performed in argon atmosphere.  

The powder composition was only changed for the third attempt of pressure-less sintering, 

but the sinter temperature was also changed. The effect of the change of powder composition 

can therefore not be determined separately based on the results as shown in Table 15. 

Pressure-less sintering resulted in the formation of porous material with low mechanical 

strength in all cases, as was observed during grinding of the sample surfaces for XRD analysis; 

a large amount of material was very easily grinded off.  

Further sintering of the pulverized third PLS sample with SPS at 1500 °C resulted in dense 

bulk material without any MAX phase. Therefore it seems that the fractions of Ta2AlC and Ta4AlC3 

that were present in the PLS sample have decomposed during further sintering under pressure 

at 1500 °C. Decomposition of MAX phases during sintering in vacuum has been reported in 

literature, where it is stated that ‘purity of powders and sintered materials, temperature, vapour 

pressure, atmosphere, and type of heating elements used’ seem to be important factors 

determining the susceptibility to thermal decomposition [113]. Surface decomposition due to the 

release of gaseous Al is reported, because the vapour pressure of Al exceeds the pressure in the 

furnace. Use of a graphite heater was reported to promote dissociation of Ti3SiC2 into TiCx [113]. 

In this work the powdered PLS sample was heated by SPS in vacuum in a graphite die and 

punches. This route toward synthesis of dense bulk Ta-Al-C MAX phase was not pursued further. 

PLS of porous MAX phase followed by densification by SPS is a two-step synthesis route, and it 

would be more desirable to design a direct ‘one-step’ route in which the reaction to form MAX 

phase and densification take place simultaneously.  

Direct SPSing of dense bulk Ta-Al-C MAX phase from a mixture of Ta, Al4C3, and C (ratio 2 : 

0.25 : 0.25) was tried because Al4C3 has lower sensitivity to high temperatures than elemental Al. 

Aluminium melts at 660 °C, and problems with leakage of molten aluminium were expected when 

using elemental powders, based on the experience of direct synthesis of Ti2AlC and Cr2AlC MAX 

phase from elemental powders [108, 109]. As no MAX phase was identified by XRD with the use 

of carbide powder, further attempts were made using powder mixes of elemental powders. 

The following factors were found to influence the result of direct SPSing of elemental powder 

mixes: lowering of the sintering temperature from 1500 to 1400 °C (leaving all other parameters 

unchanged) results in the formation of mainly Ta2AlC, instead of a mixture of Ta4AlC3 and Ta2AlC 

(as identified by XRD on the sample surface after grinding and polishing). As Ta4AlC3 has a lower 
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atom percentage of Al than Ta2AlC, it is assumed that for sintering at 1500 °C, a bigger fraction 

of the elemental unreacted Al is pressed out or evaporated from the die and punches than for 

sintering at 1400 °C. It is not understood at what stage of the heating program the Al is pressed 

out of the graphite sample holder. As explained in section 4.1, an intermediate holding step at 

was added (with Thold = 750 or 700 °C) before sintering, to allow molten Al to react with Ta to form 

a solid intermetallic and avoid loss of liquid Al. During intermediate holding, the pressure on the 

green body is kept at a minimum of 16 MPa. The hypothesis that a reaction between Ta and Al 

takes place during intermediate holding is supported by the observed piston travel of 0.3 mm 

which indicates densification, even though a minimal pressure is applied to the sample. 

The compositional difference between samples sintered at 1400 °C and 1500 °C hints towards 

the loss of Al also during sintering, which suggests that not all liquid Al has reacted during 

intermediate holding, and more Al is lost for the higher sintering temperature. Nevertheless, the 

addition of the intermediate holding step noticeably reduced the amount of liquid material being 

squeezed out of the sample holder, as this could be observed when taking the sample and holder 

out of the SPS after synthesis. Decreasing the intermediate holding temperature from 750 to 700 

°C and increasing the holding time from 5 to 15 minutes further decreased the amount of Al 

leakage during synthesis.  

 

It was found that sintering in vacuum consistently lead to the formation of a small but significant 

fraction of internal oxides (TaO, TaAlO4, as identified by XRD). Sintering in argon avoids the 

formation of oxide impurities. The formation of oxides is therefore attributed to the vacuum not 

being high enough (≥ 0.77 mbar) to avoid the presence of oxygen (as O2 or in H2O) in the SPS 

vessel to form internal oxides.  

Furthermore it should be noted that changing the sample diameter from 20 to 40 mm in 

diameter caused the formation of mixed material (Ta2AlC + Ta4AlC3) when using the program that 

results in Ta2AlC for samples with a diameter of 20 mm. Hence it seems that higher temperatures 

than the set sintering temperature are reached during sintering of bigger samples. Possibly, this 

effect is caused by local inhomogeneous heating of the larger powder compact.  

  

Analysis of the microstructure of Ta2AlC has shown the presence of a significant fraction of Al3Ta 

impurity on some areas of sample cross-sections. It was shown by Okamoto [114] that Al3Ta 

forms below 1098 °C at atmospheric pressure. Hossein et. al has shown that Al3Ta is the first 

phase that forms when sintering Ta-Al powder mixtures, regardless of the initial composition [115]. 

Hence it can be assumed that the Al3Ta impurities have formed before the sintering temperature 

was reached, and before the pressure reaches 50 MPa. This means that the intermetallic phase 

of Al3Ta starts to nucleate and grow before Ta2AlC MAX phase forms when higher temperature 

and pressure is reached. It is not known whether part of the Al3Ta transforms into Ta2AlC at Tsinter 

and Psinter. Possibly, the excess Al in the elemental powder mixture (composition Ta : Al : C = 2 : 

1.2 : 1) remains in the Al3Ta impurities.  

 

The microstructure of both Ta2AlC and mixed samples show the characteristic features of the 

MAX phase microstructure when observed with SEM: elongated grains, layered microstructure 

visible at high magnification.   
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The microstructure of the mixed MAX phase sample show alternating grains of Ta2AlC and Ta4AlC 

on a micrometre length scale. Lin et al. [80] has observed examples of polymorph Ta-Al-C MAX 

phases with – amongst others – alternating atomic layers of Ta2AlC and Ta4AlC3. Possibly, the 

formation of alternating grains of Ta2AlC and Ta4AlC has started from a similar polymorph 

microstructure.  

 

The measured densities of the Ta2AlC and mixed samples as shown in section 4.2.3 are in 

reasonably good agreement with theoretical density as stated in literature; 11.52 g ∙ cm-3 for 

Ta2AlC [26], and 12.919 g ∙ cm-3 for Ta4AlC3 [81]. Hence it can be concluded that dense bulk MAX 

phase was successfully synthesized. However, the measured density of Ta2AlC samples varies 

from min. 11.30 to max. 12.37 g ∙ cm-3, and for mixed samples from min. 11.06 to max. 12.72 g ∙ 

cm-3. The measured results do not show a higher density for the mixed samples compared to 

Ta2AlC samples as was expected based on the values for theoretical density. Possible reasons 

are measurement error, and the fact that the mixed samples also consist of Ta4AlC3, which makes 

the difference in density smaller than the theoretical densities of the pure MAX phases.  

The most probable reasons for scatter of the measured densities are the presence of air 

bubbles on the sample and holder (causing lower measured density), and the size difference of 

the sample pieces that were measured. For some samples relatively small pieces had to be used, 

with surface area below 12 mm2 and a thickness of max. 4 mm. The presence of air bubbles on 

the older, will have a relatively larger effect on the calculated density for samples with a smaller 

volume. It stands out that some of the Ta2AlC samples have a density higher than the reported 

theoretical density of 11.52 g ∙ cm-3 [26], which cannot be explained by the presence of air 

bubbles. The presence of a varying amount of Al3Ta impurity cannot explain the high measured 

density either, as the density of Al3Ta is reported to be 6.89 g/cm3 [116]. 

 

The measured Vickers hardness of the Ta2AlC and mixed samples scatter considerably, as shown 

in Figure 45 in a scatterplot with all HV values per sample. The hardness varies from 486 to 552 

HV for Ta2AlC, and from 372 to 531 for mixed samples. The measured values are however in 

rough agreement with values stated in literature; 448.7 ± 10.2 HV for Ta2AlC [66] and 520 ± 10.2 

HV for Ta4AlC3 [83]. Similar for the measured density of the samples, the Vickers hardness is not 

notably higher for the mixed samples.  
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Figure 45: Measured Vickers micro hardness value (HV) versus measurement number, for all samples measured. 

Several reasons could cause the observed scatter between the HV measurements on one sample 

(max. 5 per sample) and between different samples. The diameter of the indents lies 

approximately in the range of 40 to 60 µm. The length of the elongated grains of mixed samples 

was observed to be in the order of 10 µm, and the width in the order of several µm. A similar grain 

size is assumed for the MAX phase material in the Ta2AlC samples. Hence, the indent size might 

be slightly small compared to the size of individual grains in the sample, which could cause scatter 

in the measured HV hardness due to placing of grain boundaries and other local discontinuities 

and differences of the microstructure within indents. Furthermore, the Al3Ta impurities observed 

in the Ta2AlC samples reach a size in the same order of the indent diameter (see Figure 23). It 

has however been attempted to avoid indentation of Al3Ta impurities. In retrospect, a higher load 

for Vickers micro indentation might have resulted in less scatter because the indent size would 

have been larger.  

For some samples the surface could not be placed exactly perpendicular to the indenter, due 

to non-parallel sample surfaces after grinding. This was observed clearly for sample 150721, for 

which a relatively high hardness is measured. Furthermore, possible difference in grain size 

between the different samples has not been analysed in this work. However, based on available 

SEM images the grains appear to have roughly the same order of magnitude for all samples 

observed. An inhomogeneous microstructure could be another reason for scatter of Vickers 

hardness within one sample or between different samples. The Ta2AlC samples have an unknown 

fraction and distribution of Al3Ta impurity. Impurities have been observed on several locations on 

cross-sections of Ta2AlC samples. For the mixed samples, the fraction of Ta2AlC and Ta4AlC3 

might vary slightly between samples and within samples. The latter was however not observed 

by SEM analysis of sample surfaces.  
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5.2 Microstructure and composition of oxide scale 
 
Based on observation of the microstructure and fluctuating chemical composition of the oxide 

scale, and the literature review on oxidation of Ta, TaC, and Ta2C given in section 2.6, inward 

oxidation is thought to take place in Ta-Al-C MAX phase at elevated temperatures, which 

presumably starts with dissolution and inward diffusion of oxygen into the MAX phase. It was 

found that oxide formation was caused by oxidation of tantalum, the ‘M element’ of the MAX 

phase, instead of the expected preferential oxidation of aluminium. Inward diffusion of oxygen 

seems to take place preferably along grain boundaries of the MAX phase material, based on the 

microstructure of the oxide scale as was shown in Figure 29. As time progresses, the remaining 

‘unoxidized’ part of the grain oxidizes. Hence, within the oxide scale, fully oxidized (dark) grain 

boundary regions alternate with lighter and gradually ‘less oxidized’ regions that represent the 

bulk volume of the former MAX phase grain. Figure 46 represents a schematic overview of the 

process inward oxidation in Ta-Al-C MAX phase over time. The size of the alternating oxidized 

and bulk areas as shown in Figure 29 is of the same order of magnitude as the grain size in mixed 

samples, as identified in Figure 24, in the order of 10 µm. However, the elongation shape of grains 

as observed Figure 24 cannot be clearly distinguished from the shape of the light (bulk) and dark 

(oxidized) areas in Figure 29.  

 

   
 

 

 

 
 

Figure 46: Schematic of inward oxidation over time, showing progressing inward oxidation in the images from left to 
right and top to bottom.  
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Isothermal oxidation of Ta-Al-C MAX phase within the temperature range of 600 to 800 °C does 

not result in the formation of a regular oxide scale with a homogeneous composition that matches 

any of the expected stable oxides. This follows from comparing the average atom percentages 

within the observed oxide scale as shown in Table 20, and those of the most expected stable 

oxide phases as shown in Table 25. Additionally, from XRD analysis of the surface of the oxidized 

TGA samples it can be concluded that the oxide scale formed in the 600 – 800 °C temperature 

range possibly consists in part of metastable tantalum-oxides. XRD analysis of the surface of the 

TGA sample oxidized at 600 °C only identifies MAX phase, even though – based on the material 

and radiation type – the minimum layer thickness that can be measured was reported to be 1.90 

µm (for 2ϴ = 40°) and 3.93 µm (for 2ϴ = 90°) [117]. Several reasons are possible for the absence 

of clear oxide peaks: the presence of oxide particles which are too small to be detected; large 

peak broadening due to lattice distortions; complete absence of crystalline material within the 

oxidized layer. For the TGA sample oxidized at 700 °C peaks of Ta2O5, Ta0.87O1.5, and MAX phase 

material, are identified by XRD analysis. Possibly the oxidized layer is still thin enough on certain 

surface areas for the MAX phase material underneath to be identified too. Based on analysis of 

the microstructure of the oxide scale, it could also be that local areas with a crystal structure very 

similar to that of the Ta-Al-C MAX phase are present within the oxide scale, which could cause 

MAX phase to be identified by XRD analysis. Compared to the XRD results of virgin Ta2AlC and 

mixed MAX phase, some of the XRD peaks corresponding to MAX phase materials of the oxidized 

TGA samples, appear to be slightly broadened. Distortions of the MAX phase crystal lattice could 

be caused by the presence of oxygen atoms which have diffused into the MAX phase. The oxide 

scale of the TGA sample oxidized at 800 °C was shown by XRD analysis to possibly consist of 

TaO1.67 (also called ‘δ-Ta2O5’) or TaO.  

XPS analysis of the binding energy of tantalum and aluminium on the surface of the bulk Ta-

Al-C MAX phase samples isothermally oxidized at 600, 700, and 800 °C, shows that the binding 

energy of both tantalum and aluminium increases as the isothermal oxidation temperature 

increases (see Figure 31 and Figure 32). This suggest that the oxidation state of tantalum and 

aluminium increases as the isothermal holding temperature increases. No Al2O3 was identified by 

XRD or EDS analysis, but the results of XPS suggest that aluminium does oxidize during 

isothermal holding. Aluminium might be incorporated in metastable tantalum oxides or Ta2O5 in 

solid solution in the oxide scale formed in the 600 – 800 °C temperature range. At higher oxidation 

temperatures the ternary oxide TaAlO4 has been identified, as a result of DTA of Ta-Al-C MAX 

phase powder non-isothermally oxidized until 1200 °C.  

The binding energies found for Ta4f7/2 and Al2p are compared with the binding energy ranges 

reported by the Handbook of X-Ray Photoelectron Spectroscopy [118] for metallic Al and Ta and 

for their oxides. All the binding energies found for Al2p are too high to correspond to metallic Al, 

but for the samples oxidized at 600 and 700 °C – approximately 73.5 and 73.6 eV respectively – 

are also relatively low to correspond to aluminium oxide. For the sample oxidized at 800 °C, the 

binding energy of approximately 77.1 eV is very high to correspond to aluminium oxides, which 

are stated to fall between 74 and 75 eV [118]. For tantalum-oxide, the binding energy range for 

Ta4f7/2 in Ta2O5 is reported, in which tantalum has the maximum oxidation state of +5. It is 

reported to fall between approximately 26.3 and 27 eV [118]. The binding energies found in this 

work do not correspond to this margin. The binding energies for the samples oxidized at 600 and 

700 °C are lower, with values of approximately 25.5 and 25.9 eV. The binding energy for the 
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sample oxidized at 800 °C is higher, with a value of approximately 29.5 eV. Especially the latter 

binding energy is surprising, as tantalum cannot oxidize to a higher state than +5, and hence no 

higher binding energy for the Ta4f7/2 subshell than 27 eV was expected to be found.   

Literature review of oxidation of Ta2AlC [84] hints towards the formation a largely X-ray 

amorphous oxide scale at 600 °C, and  mixture of Ta2O5, TaAlO4, and amorphous oxide above 

700 °C, with increasing volume fraction of TaAlO4 for higher isothermal oxidation temperatures. 

No TaAlO4 was identified by XRD analysis after oxidation of Ta-Al-C MAX phase in the 

temperature range of 600 – 800 °C in this work. In literature, the Ta/Al ratio was found to remain 

the same for bulk and oxide scale, which is also the case for the oxide scales analysed in this 

work. The oxidation mechanism of Ta2AlC or other Ta-Al-C MAX phases is not described in 

literature. Therefore, additionally oxidation of Ta, TaC, and Ta2C has been studied in section 2.6.  

The final oxidation product of Ta, TaC, and Ta2C is Ta2O5. The Ta-O phase diagram as 

assessed by Garg et al. [85] and discussed in section 2.6 shows that the solubility of O in Ta does 

not exceed 3 at.% in the temperature range of 600 to 800 °C, and that the equilibrium phases are 

Ta + β-Ta2O5 when the at.% of O becomes higher than 3. However, many metastable Ta-O oxides 

have been experimentally observed and reported in literature as reviewed by Garg et al. [85]. 

Oxidation of Ta is reported to happen in three steps; formation of a thin layer saturated with 

oxygen, followed by formation of a suboxide layer (precise stoichiometry unknown), on which 

Ta2O5 forms [88]. The oxidation mechanism of TaC is not clearly stated. No carbon is found in the 

oxide scale of TaC, and hence a direct reaction to form CO2 upon oxidation of TaC is assumed 

[94]. Oxidation of Ta2C is described to happen via the formation of a ‘general oxycarbide’ (TaCxOy) 

layer at the MAX phase-oxide interface, which preferentially grows at Ta2C grain boundaries [94].  

The Loriers paralinear oxidation model proposed for Ta2C [94] (see section 2.6) can possibly 

also explain the oxidation mechanism of Ta2AlC as observed in this work, as it fits with the 

observation of apparent gradual grain boundary oxidation as shown in Figure 29, and by the 

gradually increasing O content and decreasing C content as shown in Table 21. However, no 

proof for the presence of an oxycarbide layer on the oxide/MAX phase interface was found in this 

work. Analysis of the change of composition when moving from unoxidized MAX phase into the 

oxide scale do not show the presence of an intermediate layer between oxide scale and 

underlying MAX phase at the oxidation front, as can be seen in the line scans made by X-ray 

microanalysis shown in Figure 30. Instead, the transition from bulk MAX phase composition to 

oxide scale takes place over a very small region of 2 µm. It is expected that this is the result of a 

small saturation region of the MAX phase with oxygen, and that this steep ‘oxidation front’ moves 

further inward upon ongoing oxidation into the bulk MAX phase. It is not clear why a steep 

oxidation front is observed at the oxide scale/MAX phase interface, but at the same time apparent 

gradual oxidation is observed for remaining MAX phase grains ‘trapped’ within the oxide scale 

after initial oxidation of the grain boundaries.  

Literature review of oxidation of Ta2AlC and pure Ta shows that various metastable oxides 

and/or an amorphous oxide phase might form at the lower temperature range, which could also 

be the case for the oxides found in this work after isothermal oxidation at 600, 700, and 800 °C.  

As no notable differences are observed between the oxide scales on Ta2AlC and mixed 

samples, it is assumed that the oxidation mechanism and oxidation products of Ta2AlC and 

Ta4AlC3 are similar. Furthermore, the Al3Ta impurities in the Ta2AlC samples do not seem to affect 

the oxidation of the surrounding Ta2AlC matrix.  
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Table 25: At.%  of Ta, Al, and O, and CTE of most expected oxide phases. 

 Ta Al O 

TaAlO4 17 17 67 

Ta2O5 29 0 71 

TaO5 33 0 67 

TaO 50 0 50 
 

Unlike the oxidation of Ti2AlC and Cr2AlC – where outward oxidation and formation of mainly Al2O3 

takes place on the original surface of the bulk material – oxidation of Ta-Al-C MAX phase 

apparently moves inward, and does not result in a protective oxide scale of homogeneous 

composition within the temperature range of 600 – 800 °C. Inward oxidation is found more 

commonly for metals with a relatively high oxygen solubility [119].  

The relative volume expansion upon oxidation (RVE) has been determined for two cases: 1) 

conversion of MAX phase into Ta2O5 only, and 2) conversion of MAX phase into Ta2O5 and the 

maximum possible (based on stoichiometry of the reaction) amount of TaAlO4. These oxides are 

chosen because they are the only two oxides identified after full oxidation of Ta2AlC powder with 

DTA, as described in section 4.4, and hence are assumed to be the closest ‘educated guess’ to 

the oxides formed in the 600 – 800 °C range during isothermal oxidation. The calculated RVE’s 

are shown in Table 26, and show a relative volume expansion higher than 50%2. The high RVE 

upon oxidation corresponds well with the observed microstructure of the oxide scales on TGA 

samples after isothermal oxidation at 700 and 800 °C which are highly porous (see Figure 26). 

 
Table 26: RVE upon oxidation of Ta2AlC and Ta4AlC3 for conversion into 1) Ta2O5 and 2) into Ta2O5 and TaAlO4. 

 RVE for 
conversion into 
Ta2O5 

RVE for conversion 
into Ta2O5 & 
TaAlO4 

Ta2AlC 1.55 2.00 

Ta4AlC3 1.77 2.02 
 
The formation of large cracks in the oxide scale, as shown in Figure 27. are assumed to be caused 

by internal stresses due to a mismatch of the CTE of the MAX phase matrix and the oxide scale. 

CTE values as reported in literature for Ta2AlC are 8.0 ∙ 10-6 K-1 [66], and 5.7 ∙ 10-6 K-1 (25 – 1000 

°C range) [84] (see section 2.5). For Ta4AlC3 a CTE of 8.2 ± 0.3 ∙ 10-6 K-1 [83] was reported. Not 

for all oxides shown in Table 25 a CTE has been reported in literature; Table 27 shows the 

information available, including references. The CTE values found for the bulk MAX phase 

material is in all cases significantly higher than the CTE values found for β-Ta2O5  and TaO. 

Therefore, compressive stresses will be induced within the oxide scale upon cooling of the TGA 

samples to room temperature.  

 

 

 

                                                            
2 See Appendix 8 – Calculation of RVE upon oxidation of Ta-Al-C MAX phase 
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Table 27: Literature values of the CTE of Ta2O5 and TaO, incl. method of measurement and reference. 

Oxide  CTE (∙ 10-6 K-1) Method Reference 
Β-Ta2O5 2.9 (25 – 550 °C)  

4 (550 – 1200 °C) 
Dilatometry  [120] 

TaO  3.00 (unreported 
temperature range) 

XRD  [121] 

 
Uneven oxidation on the surface of the bulk Ta-Al-C MAX phase samples – as illustrated in Figure 

28  – has also been reported for oxidation of bulk tantalum [88]. Kofstad et al. has explained the 

rounding off of sample edges by the fact that oxygen dissolution and diffusion happens from both 

sides. The rounded corners of the cross-sections observed in this work are assumed to be caused 

by the same mechanism. It can however not be explained why some corners have not been 

oxidized at all, as can be seen in Figure 28b and c, and further research is needed to answer this 

question.  

The fact that the Ta/Al ratio stays roughly the same for the different regions of the oxide scale 

and bulk material, shows that no large scale redistribution of Ta or Al takes place within the 

microstructure upon oxidation in the 600 to 800 °C temperature range. For example, there is no 

separation into different oxides on a length scale in the order of tens of µm. Also, this result 

supports the lack of a depletion zone of the A-element on the MAX phase/oxide interface. 

 

 

5.3 Oxidation reactions and activation energies 
 

Two exothermal chemical oxidation reactions were observed when heating Ta-Al-C MAX phase 

powder until 1200 °C, and only after the second reaction the MAX phase powder is fully converted 

into the oxidation products Ta2O5 and TaAlO4. Based on mass spectrometer analysis , carbon 

reacts with oxygen during the second reaction, after which it leaves the sample in gaseous form 

as CO2. The small ‘dip’ in the weight gain curve (see Figure 33) during the second oxidation 

reaction, is hence assumed to correspond to the loss of carbon from the MAX phase powder. The 

dip in the weight gain curve reaches a maximum of approximately 1.5 mg below the expected 

value, in case of the absence of the dip. The mass of the element carbon in 30 mg of Ta2AlC 

powder is approximately 1 mg. The order of magnitude of the dip in the weight gain curve thus 

corresponds well to the mass of carbon in the DTA powder before oxidation.  

XRD analysis after the first reaction identified unreacted Ta2AlC, and the phases TaO1.1, 

Ta4C3, and Ta1.86Al0.14O4.86. This indicates that full conversion of the MAX phase takes place via 

a number of metastable intermediate oxide and carbide phases. In comparison, DTA of pure Ta 

and TaC powder shows one exothermal reaction upon oxidation, during which Ta2O5 is formed, 

and in the case of TaC during which C is oxidized to gaseous CO2 at the same time.  

The Kissinger analysis is performed on Ta2AlC, Ta, and TaC powder to determine the 

activation energy of each observed reaction. The method of DTA can be used only for simple 

decomposition reactions to determine Ea, regardless the order of the reaction [122]. If multiple 

reactions take place at the same time, or if the reaction mechanism changes within the measured 

temperature range, the Kissinger analysis might not result in an accurate value for Ea.  
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The Kissinger points for the first oxidation reaction in Ta2AlC show a very good linear fit, which 

result in a small 95% confidence interval. The activation energy of the first reaction of Ta2AlC 

oxidation has been determined from experimental data in three ways (as discussed in section 

4.4), resulting in the values 145.7 ± 10.0, 216.5 ± 15.8, and 129,3 ± 35.9 kJ/mol. It stands out that 

the activation energy calculated via dTG/dt peak analysis differs notably from the other two 

values. This is caused by the fact that the peak in the dTG/dt curve so apparently the weight gain 

over time does not change in the same manner as the heat flow, when changing the heating rate 

of DTA. The activation energy which is experimentally determined for the second observed 

exothermic reaction in the MAX phase powder is unreasonably high; 1429.0 kJ/mol (determined 

from heat flow peak temperature), and 1602.6 kJ/mol (determined from dTG/dt peak 

temperature). The peak temperature at which the second oxidation reaction has its peak does not 

vary significantly for different heating rates. Based on the phases identified by XRD after the first 

and second reaction have taken place, full oxidation into Ta2O5 and TaAlO4 takes place during 

the second reaction, as well as formation of CO2. Hence, it can be said that the second oxidation 

reaction cannot qualify as a ‘simple decomposition reaction’ and might therefore not result in a 

reasonable value for Ea. It should however be noted, that with this reasoning the first oxidation 

reaction also isn’t a simple decomposition reaction, as different oxides and carbides were 

identified by XRD (TaO1.1, Ta4C3,Ta1.86Al0.14O4.86). Nevertheless Kissinger analysis does result 

in a reasonable value for Ea. For both observed reactions, it is unknown what the exact reaction 

path is. 

Kissinger analysis of pure Ta results in an Ea of -305.3 ± 88.2 (heat flow peak temp) and -

286.6 ± 98.0 kJ/mol (dTG/dt peak temp), so both methods result in a relatively big 95% confidence 

interval based on the linear fit. The activation energies reported in literature for oxidation for Ta is 

183 ± 8 kJ/mol [91] (for initial parabolic oxidation), which is considerably lower than the Ea 

determined in this work. The bonding of Ta with C and Al in Ta-Al-C MAX phase appears to 

increase the activation energy for oxidation.  

The Kissinger analysis of TaC powder has to be disregarded, as the Kissinger points do not 

fit well enough on a linear line, resulting in a very large 95% confidence interval. As it was shown 

that oxidation of Ta to form Ta2O5 and oxidation of C to form gaseous CO2 take place at the same 

time during oxidation of TaC, oxidation of TaC apparently does not follow a simple decomposition 

reaction either. The activation energies reported in literature for TaC and Ta2C are respectively, 

379 ± 16 kJ/mol [94] (in the 750 – 850 °C range, based on experimentally determined weight 

gain), and 129 ± 7 kJ/mol [94] (also in the 750 – 850 °C range). It can be noted that the activation 

energy for oxidation of Ta2C as reported in literature is close to the activation energy as calculated 

in this work for the first reaction taking place in Ta2AlC.   
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5.4 Oxidation kinetics  
 

The observed oxidation kinetics (based on weight gain over time, for isothermal holding of bulk 

samples) shows initial behaviour that resembles parabolic oxidation, followed shortly by near 

linear oxidation behaviour for the remaining holding time for the temperature range of 600 – 800 

°C. Initial parabolic behaviour is most visible for the bulk sample oxidized at 600 °C, as was shown 

in Figure 39. Initial parabolic behaviour was also reported in literature for oxidation of Ta, TaC, 

and Ta2C (see section 2.6). This is ascribed to the formation of an initially dense Ta2O5 layer [88] 

(for Ta) or a more generally described 'multi-layered scale with inner compact oxide' [94] (for 

Ta2C). Initially, the growth of a dense oxide layer follows parabolic behaviour because diffusion 

of oxygen through the dense oxide scale is the rate-limiting process. Upon further oxidation, it 

was proposed that the oxide scale cracks, and forms pores due to internal stresses (proposed for 

Ta), or that the protective oxide is further oxidized into an oxide  with no protective qualities 

(proposed for Ta2C). In the latter case, there is a possibility that a protective 'intermediate dense 

oxide layer' still exists between the MAX phase and porous oxide. However, when the thickness 

of this dense layer stays the same, oxidation kinetics remain linear. The porous nature of the 

eventual oxide scale explains linear kinetics for ongoing oxidation: oxygen keeps reaching the 

oxide/MAX phase interface within the same time because it does not have to diffuse through an 

increasing dense oxide scale, but can reach the interface by convection. Based on the results 

shown in Figure 39, the same oxidation kinetics – and hence mechanism – is assumed for Ta2AlC 

and mixed Ta-Al-C MAX phase.  

It was shown that calculation of oxide layer thickness based on the measured mass gain over 

time and the densities of known stable oxides (see Figure 40), results in a calculated oxide scale 

thickness of approximately a factor 10 thinner than the observed thickness on the samples. It is 

assumed that this discrepancy is caused by the extra volume of pores and cracks within the 

observed oxide scales. 

 
 

5.5 Self-healing potential of Ta-Al-C MAX phases  
 

From the results of section 4.6 was shown that Ta-Al-C MAX phase does not have self-healing 

capabilities by filling of cracks with a stable, dense, protective oxide. Because oxidation of bulk 

MAX phase only showed a visually dense oxide scale for oxidation at 600 °C, the crack healing 

experiment was also performed at 600 °C. At higher temperatures it is expected that the oxide 

scale which forms does not have any self-healing properties because it is porous and non-

protective, as was shown in section 4.3. However, as shown in Figure 41, SEM images of the 

oxidized crack do not show consistent crack-filling. The load displacement curves (see Figure 44) 

have shown that the load-bearing capability of the cracked sample is not increased after oxidation. 

Furthermore, the cascade of near vertical load drops of the load displacement curves indicates a 

combination of brittle and plastic deformation upon crack-formation.  
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6. Conclusions & Recommendations 
 

6.1 Conclusions 

The first goal of this work was to find a synthesis route to synthesize dense bulk predominantly 

single-phase Ta2AlC MAX phase. The best results for synthesis of dense bulk single-phased 

Ta2AlC have been achieved with SPS of elemental powders (ratio Ta : Al : C = 2 : 1.2 : 1) at 1400 

°C and a pressure of 50 MPa for 30 minutes in argon atmosphere, for a sample diameter of 20 

mm. SPS in argon atmosphere instead of vacuum strongly reduces the amount of internal oxides 

in the resulting sample. It was found that the addition of an intermediate heating step at 700 °C 

and 5 MPa (minimal pressure during SPS) before sintering at 1400 °C helps to avoid major loss 

of liquid Al from the powder compact, as a significant fraction of Al is otherwise squeezed out of 

the powder compact during sintering at 50 MPa. It is believed that the intermediate heating step 

facilitates the formation of solid intermetallic Al3Ta from molten Al (melting point ≈ 660 °C) and 

Ta. Presumably a large fraction of Al3Ta transforms to Ta2AlC during sintering at 1400 °C via an 

unknown chemical reaction path. XRD analysis of the sample surface only identifies Ta2AlC, but 

imaging of cross-sections with SEM show a varying fraction of Al3Ta to be present in the samples 

after synthesis by SPS.  

Changing of the sinter temperature from 1400 to 1500 °C results in a dense bulk Ta-Al-C MAX 

phase sample with alternating elongated grains of Ta2AlC and Ta4AlC3. No Al3Ta impurities are 

identified in these ‘mixed’ samples. It is assumed that for sintering at 1500 °C, a larger fraction of 

liquid Al is squeezed out of the powder compact during sintering, as Ta4AlC3 has a smaller atom 

fraction of Al. Individual grains are observed to have a length in the order of tens of µm, and a 

width of several µm. The grain size of Ta2AlC was not observed clearly by SEM due to lack of 

contrast between different grains (as observed with SEM), but is assumed to be in the same order 

of magnitude.  

It was found that increasing the diameter of the SPS sample results synthesis of mixed MAX 

phase instead of predominantly single-phase Ta2AlC, when using the exact SPS process 

parameters that resulted in Ta2AlC for samples of 20 mm diameter. Inhomogeneous sample 

heating for samples with a bigger diameter, where temperatures above the set sintering 

temperature are reached, could explain these results. 

 

All SPSed samples of Ta2AlC and mixed composition approach the theoretical density values for 

Ta-Al-C MAX phases as mentioned in literature (Ta2AlC and Ta4AlC3), and no porosity is observed 

with SEM. The Vickers Hardness as measured with the HV microhardness method on Ta2AlC 

and mixed samples shows considerable scatter but does roughly correspond to literature values 

reported for Ta2AlC and Ta4AlC3. It stands out that no significant difference in hardness and 

density is measured between Ta2AlC and mixed samples, because reported literature values are 

different for Ta2AlC and Ta4AlC3.  

 

The second goal of this work was to analyse the oxidation behaviour of Ta-Al-C MAX phase, and 

report on its potential for self-healing. Oxidation of Ta2AlC and Ta4AlC was observed to be 

directed inward, and first takes place along the grain boundaries. Mainly tantalum oxides are 
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formed, instead of the expected formation of Al2O3 by preferential A-element oxidation. The 

remaining bulk of the grains is oxidized gradually over time, following the initial oxidation of the 

grain boundaries, presumably after sufficient diffusion and dissolution of oxygen to form a thin 

saturated layer at the MAX phase surface (comparable to the oxidation mechanism of pure 

tantalum and TaC). Isothermal oxidation at 600, 700, and 800 °C for 10 hours in dry artificial air 

results in an oxidized scale with varying thickness along the sample surface, and a maximum 

observed thickness of 10-15, 30, and 250 µm, respectively. The strong variation of the oxide scale 

thickness across sample surfaces of individual samples is not explained in this work. No 

differences in oxidation behaviour were observed between Ta2AlC and mixed samples. The oxide 

scales formed at 700 and 800 °C are highly cracked and porous. The cracks are likely caused by 

the large stresses generated due the relative volume expansion upon inward oxidation. This 

relative volume expansion was calculated for two hypothetical cases for Ta2AlC and Ta4AlC3, 

namely: oxidation into β-Ta2O5, and oxidation into a combination of β-Ta2O5 and TaAlO4. In all 

calculated cases the calculated relative volume expansion is higher than 55 %. The relative 

volume expansion is assumed to also be relatively high for conversion to other metastable 

tantalum-oxides. The oxide scale formed at 600 °C after 10 hours of oxidation does not show 

porosity. 

The composition of the oxide scales formed in the 600 – 800 °C range do not show an 

ambiguous match with particular stable tantalum-oxides, or the ternary TaAlO4 oxide. The 

composition of the oxide scales have been analysed by XRD and X-ray microanalysis with EPMA. 

XRD analysis of the oxide scale formed at 800 °C suggest the presence of TaO1.67 (also called 

‘δ-Ta2O5’) or TaO. The composition of the oxide scales formed on bulk Ta-Al-C MAX phase 

formed at 600 and 700 °C as analysed by XRD and X-ray microanalysis does not correspond well 

to known tantalum- (Ta2O5, TaO2, TaO), and ternary-oxides (TaAlO4). Local differences in 

composition are observed between locations within the oxidized scale which are thought to 

represent grain boundaries, and locations corresponding to the bulk volume of the grain which 

have not been fully oxidized. Based on the results from XPS analysis, aluminium is assumed to 

be present within the oxide scales formed in the 600 – 800 °C range in oxidized state. 

Furthermore, the oxidation state of Al and Ta are both increasing with an increasing isothermal 

oxidation in the 600 – 800 °C range, as the binding energies have been observed by XPS to 

increase. It should be noted that the binding energies of Ta and Al for the sample oxidized at 800 

°C are found to be higher than the binding energy margin for Ta2O5 and Al-oxides as reported by 

the Handbook of X-Ray Photoelectron Spectroscopy [118]. 

Two exothermal oxidation reactions are observed to take place upon oxidation of Ta2AlC and 

mixed MAX phase powder (by DTA). After the first reaction of in Ta2AlC has taken place (Ta2AlC 

heated till 800 °C), unreacted Ta2AlC, TaO1.1, Ta4C3, and Ta1.86Al0.14O4.86 was identified by XRD. 

After the second reaction has taken place, for heating to 1200 °C, β-Ta2O5 and TaAlO4 is identified 

by XRD. Carbon oxidized to gaseous CO2 during the second oxidation reaction. Hence, full 

oxidation of Ta-Al-C MAX phase leads to formation of β-Ta2O5 and TaAlO4. Based on these 

results, full oxidation of Ta2AlC and Ta4AlC3 into its stable oxides is thought to take place via a 

series of intermediate reactions of oxygen within the MAX phase, during which several metastable 

oxides can form. These metastable oxides start to transform into β-Ta2O5 and TaAlO4 when the 

MAX phase is further heated above approximately 900 °C.  
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The observed kinetics of oxidation in the 600 – 800 °C temperature range shows initial oxidation 

resembling parabolic oxidation, followed shortly thereafter by linear oxidation. Linear oxidation 

behaviour is assumed to be caused by pore formation due to the high RVE upon oxidation. During 

initial oxidation, no pores have yet formed and oxygen diffusion into the bulk MAX phase is the 

rate-limiting process.  

The activation energy of both reactions have been analysed, but could only be estimated in a 

meaningful way for the first oxidation reaction that was observed with DTA to take place. Three 

different approached result in different values for Ea (145.7 ± 10.0, 216.5 ± 15.8, and 129.3 ± 35.9 

kJ/mol). The difference between the calculated Ea for using the three methods is relatively large. 

Compared to the activation energies reported in literature for initial oxidation of Ta, Ta2C, and 

TaC, the calculated Ea shows roughly the same order of magnitude. Initial oxidation refers to the 

initial time period during which oxidation is observed to resemble parabolic kinetics.  

Analysis of the oxidation of Ta and TaC, for comparison to Ta-Al-C MAX phase oxidation, 

shows full conversion to Ta2O5 by a visually single exothermic oxidation reaction during which 

carbon was observed to oxidize to gaseous CO2.  

 

Dense bulk Ta2AlC and Ta4AlC3 MAX phase do not possess self-healing capabilities, based on 

the experiment conducted in this work. Crack formation, oxidation, and re-opening of a microcrack 

in a mixed sample showed no increase of mechanical load bearing capability after oxidation.  

 

 

6.2 Recommendations 

In order to gain further insight in the reactions taking place between the powder constituents 

during Ta-Al-C MAX phase synthesis by SPS, it is recommended to stop the SPS run at various 

stages during synthesis, and identify the phases present in the sample. As a start, this should be 

done at the beginning and end of the intermediate holding step at 700 °C, and at the start of 

sintering at Tsinter. To be able to sinter single-phase dense bulk Ta2AlC by a similar SPS route, the 

formation and conversion of Al3Ta intermetallic should be better understood. Similar test runs by 

SPS are recommended for 40 mm samples, to observe the difference in microstructural evolution 

during sinter in comparison to 20 mm samples, as a different sample size was found to result in 

different Ta-Al-C MAX phases in the final sample.  

Also, further testing with small changes in the intermediate holding temperature and time, and 

final sinter temperature and time are recommended to further improve the avoidance of liquid Al 

leakage from the powder compact during sintering.  

 

EBSD analysis of SPSed samples is recommended to determine the grain size, in order to check 

whether the grain size of Ta2AlC and mixed samples is indeed similar, and to verify the grain sizes 

observed by SEM in the mixed samples. Additionally, possible local differences in microstructure 

could be observed, and possible difference is grains size between different samples fabricated 

with the same SPS program could be identified. This helps to determine the repeatability of 

synthesis by SPS.  

Furthermore it is recommended to perform additional microhardness and density 

measurement after taking measures to reduce scatter. For density measurement this could be 
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done by using bigger sample pieces (preferably the entire SPS sample before cutting into smaller 

pieces for other purposes). This requires synthesis of new samples. For Vickers microhardness 

indentation, it is recommended to test scatter for a higher indentation load. In this work VH1 is 

used (load of 1 kgf). A higher load results in bigger indentations, and possible less effect of local 

inhomogeneity’s in the sample microstructure.  

 

After the study on the oxidation behaviour of Ta-Al-C MAX phase performed in this work, several 

question remain. Based on the results of this work, it is not yet understood what the precise 

reaction mechanism for oxidation of Ta2AlC and Ta4AlC3 is. It is recommended perform additional 

DTA runs and measure multiple Ta2AlC powder samples by XRD after oxidation to 800 °C, to 

check if XRD consistently identifies the same phases. Furthermore, analysis of the powder just 

before the second oxidation reaction takes place is recommended, to see if the phase-

composition has changed between the end of the first oxidation reaction and start of second 

reaction. The use of SEM with EDS, and X-ray microanalysis with EPMA has shown the presence 

of aluminium within the oxide scales formed in the 600 – 800 °C temperature range. The XPS 

results suggest an increasing ionisation state for Al when the isothermal oxidation temperature is 

increased. Further research could be performed to find out if Al is incorporated in the oxide scale 

in solid solution, or in a different manner.  

Furthermore, it is unclear what causes the highly irregular oxidation of the sample surface of 

Ta2AlC and mixed dense bulk samples. Certain areas of the sample surfaces after isothermal 

oxidation in the 600 – 800 °C temperature range clearly show the presence of an oxide scale, 

while on other locations no oxide scale was observed with SEM on cross-sections. Further 

research is recommended to explain these results.  

Further attempts to find the activation energy of the first and second oxidation reaction by the 

method that was used in this work is not recommended. This method has been reported to only 

produce valid results in the case of ‘simple decomposition reactions’, which do not consist of 

multiple parallel reaction mechanisms. As several different reaction products were observed after 

the first and second oxidation reaction, these are not believed to qualify as simple decomposition 

reactions.  
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Appendix 1 – Full sample overview of all synthesis attempts: XRD 

patterns & microstructure as observed by SEM 

Pressure-less sintered samples: XRD pattern 

PLS - Attempt 1 
  

 
Figure 47: XRD pattern and fit for PLS sample 150206, sintered at 1400 °C for 1 hour in flowing argon, from 

elemental powders with composition Ta : Al : C = 2: 1.15 : 1. 

 
PLS - Attempt 2 
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Figure 48: XRD pattern and fit for PLS sample 150305, sintered at 1200 °C for 1 hour in flowing argon, from 

elemental powders with composition Ta : Al : C = 2: 1.15 : 1. 

PLS - Attempt 3  
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Figure 49: XRD pattern and fit for PLS sample 150323, sintered at 1500 °C for 1 hour in flowing argon, from 

elemental powders with composition Ta : Al : C = 2: 1.6 : 1. 

SPS samples used for further research: XRD pattern & selection SEM 

images 

All samples shown in this appendix are SPSed from elemental powders with composition Ta : Al 

: C = 2 : 1.2 : 1. In all cases a pressure of 50 MPa is applied during sintering at the maximum 

temperature. Other details on SPS synthesis are shown in Table 17. 

 

Sample 150423 – mixed with internal oxides  
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Figure 50: XRD pattern and fit for mixed SPS sample 150423. 

 

   
Figure 51: SEM backscatter images of the microstructure of mixed SPS sample 150423, internal oxides (black areas) 

are clearly visible, and appear to be present mainly on former grain boundaries of elemental Ta powder.  

Note: internal oxides are clearly visible, and appear to be present mainly on grain boundaries. 

The grain boundaries are believed to correspond to those of the elemental tantalum powder 

grains, and the internal oxides have formed during densification of the powder compact.  
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Sample 150604 – mixed  
 

 

 
Figure 52: XRD pattern and fit for mixed SPS sample 150604. 
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Figure 53: SEM backscatter and secondary (bottom right) images of the microstructure of mixed SPS sample 

150604. 

 
Sample 150721 – mixed  

 
Figure 54: XRD pattern and fit for mixed SPS sample 150721. 

  
Figure 55: SEM backscatter and secondary image of the microstructure of mixed SPS sample 150721. 
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Samples 150814-I & II – Ta2AlC (minor Al3Ta impurities) 
 

 
 
150814-I (Tsinter = 1500 °C) 

 
Figure 56: XRD pattern and fit for mainly Ta2AlC SPS sample 150814-I. 

No SEM images made 
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150814-II (Tsinter = 1400 °C) 

 
Figure 57: XRD pattern and fit for mainly Ta2AlC SPS sample 150814-II. 

   
Figure 58: SEM backscatter images of the microstructure of mixed SPS sample 150814-II, viewing a cross-section at 

relatively large magnification to show the distribution of Al3Ta impurities (dark grey spots). 

  
Figure 59: SEM backscatter and secondary image of the microstructure of mixed SPS sample 150814-II, viewing a 

cross-section to show areas of Al3Ta impurities (dark grey spots). 
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Samples 150821 I & II – Ta2AlC (minor Al3Ta impurities)  
 

 
 
150821-I (Tsinter = 1400 °C) 

 
Figure 60: XRD pattern and fit for mainly Ta2AlC SPS sample 150821-I. 

No SEM images made 
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150821-II (Tsinter = 1400 °C) 

 
Figure 61: XRD pattern and fit for mainly Ta2AlC SPS sample 150821-II. 

SEM images surface 

   
Figure 62: SEM backscatter and secondary (right) images of the microstructure of mainly Ta2AlC SPS sample 

150821-II. 
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Sample 150824 – Ta2AlC, minor Ta4AlC3  
 

 
 

 
Figure 63: XRD pattern and fit for SPS sample 150824, used as wedge sample (40 mm diameter).  

 

   
Figure 64: SEM backscatter and secondary (middle) images of the microcrack running along the virgin surface of 

SPS sample 150824. 
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Sample 151109 – mixed  
 

 

 
Figure 65: XRD pattern and fit for mixed SPS sample 151109, fabricated for use as wedge sample (40 mm diameter).  

 

   
Figure 66: SEM backscatter and secondary (right) images of the microstructure of mixed SPS sample 151109. 
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Appendix 2 – Qualitative mapping of oxide scale of Ta2AlC 

 

 
Figure 67: qualitative X-ray mapping of Ta and Al within the oxide scale and underlying bulk Ta2AlC MAX phase 

(sample 150814-II) after isothermal oxidation at 600 °C for 10 hours in artificial air. Maps made at 2 different areas on 
the sample surface. 
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Appendix 3 – XRD pattern fits for TGA samples after oxidation 

 
An overview is given of the XRD patterns of the TGA samples after isothermal oxidation in artificial 

air, which have been compared to powder diffraction patterns of different tantalum- and tantalum-

aluminium common oxides. Only the results with a relatively good fit for the TGA sample oxidized 

at 800 °C are shown. For the 800 °C, the oxide was analysed with XRD separately in powder 

form. The oxide scales on the 600 and 700 °C TGA samples could not be measured separately, 

and hence show mainly the XRD pattern of the underlying bulk MAX phase sample, as the oxide 

scale turned out to be too thin to be clearly recognized from the final measured XRD pattern.    

 

Measured XRD patterns of all TGA samples after oxidation (top to bottom: 800, 700, 600 
°C TGA sample)  

 
Figure 68: XRD patterns of all TGA samples after oxidation: top to bottom for oxidation at 800, 700, 600 °C, per pair. 

Top pattern per pair from mixed sample 150604, bottom pattern per pair form Ta2AlC sample 150814-II. 

 
 
 
 
 
 
 
 
 
 
 
 
 



99 

 

 
 

XRD pattern fit with Ta2O5 

 
Figure 69: XRD patterns of all TGA samples after oxidation fitted with powder diffraction peaks of Ta2O5: top to 

bottom for oxidation at 800, 700, 600 °C, per pair. Top pattern per pair from mixed sample 150604, bottom pattern 
per pair form Ta2AlC sample 150814-II. 
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XRD pattern fit with TaO 

 
Figure 70: XRD patterns of all TGA samples after oxidation fitted with powder diffraction peaks of TaO: top to bottom 
for oxidation at 800, 700, 600 °C, per pair. Top pattern per pair from mixed sample 150604, bottom pattern per pair 

form Ta2AlC sample 150814-II.  
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Appendix 4 – Measured XPS spectra for oxidized dense bulk 

Ta2AlC 

Figure 71 shows the complete measured XPS spectrum – binding enerny in eV versus counts per 

second – for al three dense bulk Ta2AlC samples isothermally oxidize at 600, 700, and 800 °C 

respectively. Figure 72 shows a close up of the Ta4f peak for all three spectra. The change of the 

Ta4f binding energy for different isothermal oxidation temperatures is clearly visible from Figure 

72. 

 

 
Figure 71: Binding energy (eV) versus counts per second, for measured XPS spectra (Mg Kα X-ray source of 1253.6 

eV) of isothermally oxidized dense bulk Ta2AlC at 600, 700, and 800 °C, respectively shown as red, blue, and 
turquoise and curve. 

 

700 °C 

800 °C 

600 °C 
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Figure 72: Binding energy (eV) versus counts per second, zoomed in at the two-component Ta4f peak (Mg Kα X-ray 
source of 1253.6 eV) of isothermally oxidized dense bulk Ta2AlC at 600, 700, and 800 °C, respectively shown as red, 

blue, and turquoise and curve. 

  

600 °C 

700 °C 

800 °C 
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Appendix 5 – DTA curves of Ta2AlC and mixed MAX phase powder 

 
(a) Ta2AlC 

 
(b) mixed Ta2AlC and Ta4AlC3 

Figure 73: DTA curves of a) Ta2AlC powder (30 mg), and b) mixed powder (60 mg), performed in artificial air with a 
heating rate of 5 °C/min. 
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Appendix 6 – DTA curves of Ta and TAC powder incl. CO2 signal  

 

 
(a) Ta 

 
(b) TaC 

Figure 74: Heat flow and mass gain (TG) curves  of 30 mg pure Ta and TaC powder heated from Troom until 1200 °C 
with 2 °C/min, combined with CO2 signal (obtained with mass spectrometer) a) pure Ta powder, b) pure TaC powder. 
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Appendix 7 – Kissinger analysis for non-isothermal TaC oxidation, 

excluding the heating rate of 1 °C/min 

 

 
Figure 75: Kissinger points and linear fit from DTA data of TaC powder for the heating rates 2, 5, and 10 °C/min, 
calculated based on the temperature during heating at which the peak in heat flow and dTG/dt takes place (Tp). 

 
Table 28: Activation energies as calculated from analysis of DTA data of TaC powder with the 95% confidence 

interval, excluding the Kissinger point corresponding to a heating rate of 1 °C/min  

 Ea reaction 1 (kJ/mol) 95% confidence interval 
(kJ/mol) 

TaC - heat flow peak 
temperature 

-707.4 ± 131.9 

TaC - dTG/dt peak temperature -566.4 ± 471.9 
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Appendix 8 – Calculation of RVE upon oxidation of Ta-Al-C MAX 

phase 

In section 2.3 the equations to calculate the relative volume expansion upon oxidation of MAX 

phases are given; for general oxidation, and in the case of selective A-element oxidation. After 

full conversion by oxidation of Ta-Al-C MAX (achieved by heating of Ta2AlC DTA powder till 1200 

°C), β-Ta2O5 and TaAlO4 have been identified by XRD. For oxidation in the temperature range of 

600 – 800 °C, various metastable oxides have been identified by XRD analysis, and analysis by 

EDS and X-ray microanalysis by EPMA show an oxide scale of varying composition and with a 

Al/Ta ratio that doesn’t differ from the bulk MAX phase material. Based on these results, the RVE 

upon oxidation can be calculated for two extreme cases for Ta2AlC and Ta4AlC3 respectively: 1) 

full conversion into Ta2O5, and 2) conversion into Ta2O5 and a maximum amount of TaAlO4. Table 

29 shows the corresponding equations to calculate the RVE for each case, and the calculated 

value of the RVE.  

In order to calculate the RVE, the molar volume of all compounds shown in Table 29 has to 

be known. The molar volume is calculated by dividing the molar mass by the mass density. The 

result is shown in Table 30.  

 
Table 29: Calculation of RVE upon oxidation of Ta2AlC and Ta4AlC3 for conversion into 1) Ta2O5 and 2) into Ta2O5 

and TaAlO4 

 RVE for conversion into Ta2O5 RVE for conversion into TaAlO4 

Ta2AlC orm =  r}n~��
r}n~�y�

≈ 1.54 orm =  r}n~�� + 2r�y}n��
2r}n~�y�

= 2.00 

Ta4AlC3 orm =  2r}n~��
r}n��y��

≈ 1.76  orm =  3r}n~�� + 2r�y}n��
2r}n��y��

= 2.02  
 

Table 30: overview of molar mass, mass density, and molar volume of relevant compounds for calculation of RVE 
upon oxidation 

Compound Molar mass M (g/mol) Mass density ρ 
(g/cm3)  

Molar volume Vm (cm3/mol) 

Ta2AlC 400.89 11.52 [26] 34.80 

Ta4AlC3 786.81 12.92 [81] 60.90 

Ta2O5 441.90 8.2 [123] 53.63 

TaAlO4 271.93 6.36 [124] 42.76 
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