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PREFACE 
 
 
 
Mn+1AXn phases (M: transition metal, A: IIIA or IVA group element, 

and X: either carbon or nitrogen) are a class of ternary nitrides and 
carbides (n = 1 to 3), which possess both metal and ceramic-like 
properties. While they show the machinability, thermal shock resistance 
and electrical and thermal conductivity of metals, their high stiffness and 
corrosion and oxidation resistances are similar to those of ceramics. Up to 
now, more than 70 MAX phases have been synthesized. These phases 
have a hexagonal crystal structure that consists of edge-sharing [M6X] 
octahedrons interleaved with A layers; they are thus considered 
nanolaminated-layered materials. Strong M-X bonds and weaker M-A 
bonds associated with the nanolayered nature of the structure endow these 
solids with their unique combination of metal and ceramic properties. 
Furthermore, MAX phase solid solutions can be formed on any of the 
three sub-lattices: the M, A and X sites. This extra degree of freedom 
implies that the chemical/physical properties of the MAX phases may be 
modified and optimized by the replacement of various elements in the 
structure. Hence, MAX phases and MAX phase solid solutions have 
aroused great interest among scientists in physics, chemistry, and materials 
science. 

Even if the stoichiometry of the Mn+1AXn compounds is generally 
assumed to be 2:1:1; 3:1:2 and 4:1:3 for n = 1, 2 or 3 respectively, 
differences from this “ideal” stoichiometry can exist and can strongly 
influence the physical properties. In other words, it would be of interest to 
know, not only the microstructure, but also the exact stoichiometry of the 
MAX phase compounds when comparing properties of MAX phases 
samples. As a result, one can think that the physical and chemical 
properties of MAX phases may be tuned by playing with substitution and 
vacancy content. 

Ti2Al(CxN1-x) compounds are one of the most important examples of 
MAX phase solid solutions on the X site. Since Ti-N and Ti-C have 
similar chemical bonding characteristics, resembling those of binaries TiC 
and TiN compounds, it is thus possible to form a wide range of 
Ti2Al(CxN1-x) solid solutions with different physical properties. Indeed, the 
titanium-based compounds have been intensively investigated for high-
temperature ohmic contacts on wide gap semiconductors. As a prerequisite 
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to their application for electrical contacts, the electronic properties of 
MAX phases, especially their anisotropic transport properties, and their 
modifications resulting from solid solution and/or vacancy effects have to 
be properly studied and understood.  

Although intensively studied, the anisotropy of the MAX phase 
transport properties remains a complex issue since the majority of 
transport experiments were performed on polycrystalline samples, thereby 
averaging the basal plane and c-axis transport properties. To circumvent 
this point, several alternative approaches have been investigated, such as 
the probe of single grain plasmon excitation using electron energy-loss 
spectroscopy (EELS), the comparison between data obtained on (000l)-
oriented thin films and bulk polycrystalline samples, or the comparison 
between thin films with different grain populations. In the two latter cases, 
the conductivity anisotropy is evidenced since the (000l)-oriented thin film 
room temperature (RT) resistivity and electron-phonon interactions are 
different from either the data recorded on the polycrystalline sample or the 
thin film exhibiting a different grain population.  

In applications where high-temperature oxidation resistance in air is 
required, the oxidation kinetics of Ti2AlC and Ti3AlC2 have been 
investigated. Their weight gain vs. time data is documented by cubic and 
parabolic models in air in the range of 800 to 1300 °C, as presented. Until 
now, there have been few reports to clarify these two mechanisms. 

As a response to the increasing demand for new materials, tailored 
property composites are highly promising. One example is a composite of 
copper and MAX phases. In the framework of MAX-Cu composites, Ti-
based MAX phases including Ti3AlC2, Ti2AlC and Ti2AlN have been used. 
It was reported that the de-intercalation of Al along basal planes induces 
the formation of TixC platelets in Ti3AlC2-reinforced Cu composites. 
However, a comprehensively atomic-scale evolution during the diffusion 
of Cu in the Ti2AlC MAX phase has not been investigated. 

Among all structural materials, Mg alloys are regarded as the most 
attractive candidates for the reduction of vehicle weights, owing to their 
low density. However, the disadvantages of their poor stiffness and 
elevated temperature tensile strength restrict their wide utilization for 
applications. Hence, the development of new magnesium-based materials 
such as magnesium-based composites combining good mechanical 
properties, excellent tribological performance and a high damping capacity 
has become a hot research topic in recent years. 

In such a context, this book is divided into seven chapters. Chapter 1 is 
a general introduction of MAX phases. It also describes lattice and 
electronic structures of the main MAX phases, and experimental and 
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theoretical research work on synthesis, mechanical and transport 
properties of the Ti-Al-C-N system. In addition, the vacancy effect and 
anisotropic transport properties of MAX phases are described.  

Chapter 2 is devoted to the synthesis and microstructural characterization 
of highly pure and dense stoichiometric and substoichiometric Ti2Al(CxNy) 
solid solutions and related Ti2AlCx and Ti2AlNy end-members. 

Chapter 3 deals with the mechanical and transport properties with 
respect to the vacancy content and solid solution effects in the Ti-Al-C-N 
system.  

Chapter 4 is devoted to the anisotropic transport properties of Ti2AlC 
and Ti3SiC2. Chapter 5 is about the grain size effect in the oxidation 
behavior of Ti2AlC and the atomic level reaction behavior between Ti2AlC 
and Cu. 

Chapter 6 and Chapter 7 deal with the mechanical properties, damping 
behavior and tribological properties of Mg composites reinforced by 
Ti2AlC and Ti3SiC2 MAX phases. Some of the potential applications for 
these composites are introduced. 

As is always the case, there have been many people who have 
influenced the work concerned in this thesis. I am especially, deeply 
grateful to my Ph.D. supervisors, Sylvain Dubois and Véronique Gauthier-
Brunet, and my master’s supervisor, Shibo Li. It is certainly through their 
guidance, understanding, patience, and encouragement that I started to 
work on Ti2AlCN. With their guidance, I grow not only as an 
experimentalist but also as an instructor and an independent thinker. I 
would like to give my thanks to Profs. Thierry Cabioc’h and Vincent 
Mauchamp. Thanks for use of the Rietveld refinement and theoretical 
explanation by ab initio calculations. Thanks to Prof Shoumei Xiong I had 
the inspiration for the introduction of MAX phases into a Mg matrix and 
fortunately was financed by the National Science Foundation of China and 
the State Key Lab of Advanced Metals and Materials. 

I am also delighted to work with my collaborators Maxime Vallet, 
Antoine Guitton, Julien Guénolé and Weiwei Sun who made an 
everlasting impression on me with their talents and personalities. In 
addition, I am deeply appreciative of my student Chaosheng Ma due to his 
effortless corrections of the format of this manuscript. 

Moreover, I am heartily thankful to Yang Zhou, Cuiwei Li and 
Zhengying Huang for their infinite help, not only with scientific problems, 
but also with personal ones. It is always wonderful to pass agreeable 
moments with them in the same office. 

Last but not least, I am grateful for the support of the National Natural 
Science Foundation of China (No. 52175284 and 51701010), the State 

 EBSCOhost - printed on 2/14/2023 2:18 PM via . All use subject to https://www.ebsco.com/terms-of-use



Preface 

 

xiv

Key Lab of Advanced Metals and Materials (No. 2021-ZD08), and the 
Pre-Research Program in National 14 th Five-Year Plan (No. 
80923010304). 

 EBSCOhost - printed on 2/14/2023 2:18 PM via . All use subject to https://www.ebsco.com/terms-of-use



 

CHAPTER 1 

INTRODUCTION 
 
 
 

1.1. Introduction of MAX phases 

1.1.1. History, definition and interest 

In the 1960s, Hans Nowotny’s group in Vienna discovered more than 
100 new carbides and nitrides, accomplishing a gargantuan body of 
work[1]. Among these carbide and nitride phases were the so-called “Hägg 
phases” or “H phases” and their relatives Ti3SiC2 and Ti3GeC2. H phases 
are constituted of M2X units (where M is a transition metal, and X is C 
and/or N) separated by the pure planes of an A-element (A being mostly 
an element of column IIIA or IVA of the periodic table); their chemical 
formula is M2AX. The structures of Ti3SiC2 and Ti3GeC2 are similar to 
those of H phases—consisting of alternating pure Si or Ge planes and 
Ti3C2 units[1]. In the 1970s, a Russian group published work on the 
synthesis of Ti2AlN and Ti2AlC phases[2, 3], however, this work is 
unrecognized. This Russian group announced that the micro-hardness of 
these materials is in the range 21-24 GPa [2, 3], which is not compatible 
with the values admitted recently (3-12 GPa, see Table 1-7)[4]. Despite the 
impressive accomplishment of Novotny’s group, these phases remained 
largely unexplored until the 1990s, when several researchers began to take 
a renewed interest in the H phases. The breakthrough contribution that 
triggered a renaissance came in the mid-1990s, when M. W. Barsoum and 
T. El-Raghy synthesized relatively pure-phase samples of Ti3SiC2

[5] and 
revealed a material with a unique combination of metallic and ceramic 
properties. Like metals, Ti3SiC2 exhibits high electrical and thermal 
conductivities, and it is machinable. Moreover, it appears, like ceramics, to 
be extremely resistant to oxidation and thermal shock. Barsoum et al. 
demonstrated that Ti3SiC2 has a high yield point and presents plasticity 
behavior at 1300 °C. Furthermore, it is a self-lubricant. When M. W. 
Barsoum et al. later discovered Ti4AlN3

[6], it became clear that these 
phases share a basic structure that gives them similar properties. This 
achievement led to the introduction of the “Mn+1AXn phases” (n = 1, 2, or 
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3) or “MAX phases” nomenclature, where M is a transition metal, A is an 
A-group element, and X is C and/or N (see Fig. 1-1).[7] 

 

 
 

Fig. 1-1: Location of the elements of Mn+1AXn ternary nitrides and carbides  
in the periodic table[7]. 

 
From their lamellar structure, MAX phases are characterized by the 

exceptionally robust M-X bonds interleaved with the relatively weak M-A 
bonds. Therefore, MAX phases exhibit a combination of the merits of both 
metals and ceramics. Like ceramics, they are resistant to chemical attack, 
are oxidation resistant, quite stiff, and have relatively low thermal 
expansion coefficients[4, 8, 9]. Like metals, they are resistant to thermal 
shock, thermally and electrically conductive, damage tolerant and deform 
plastically at elevated temperatures[4, 8, 9]. Plastic deformation occurs via 
kink and shear band formation (see Fig. 1-2)[10-12]. Kink bands show 
almost no cracks at their boundaries (Fig. 1-2a) and the kink bands in 
Cr2Al(Si)C can even bend to 180° without fracture[13]. In the hexagonal 
structure of the MAX phases, dislocation slip is supposed to occur only in 
the basal planes. As dislocations are thought to be confined to basal 
planes[10, 14], they arrange themselves either in arrays in the basal plane or 
in walls perpendicular to basal planes [10]. Two dislocation walls of 
opposite Burgers vector form a kink band. 
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Fig. 1-2: SEM micrographs of the damage modes observed in the fracture surface 
of Cr2AlSiC: (a–b) morphologies of kink bands[13]. 

 
Fig. 1-3 presents the potential applications for the MAX phases[15], 

including heating elements (a and b), gas burner nozzles in corrosive 
environments (c), high-temperature bearings (d), diamond/Ti3SiC2 
composites for dry drilling of concrete (developed with Hilti Corp.) (e), 
examples of very thin walled parts manufactured by slip casting (f and g). 

 

 
 

Fig. 1-3: Example of potential MAX phases applications courtesy of Kantal Corp. 
and 3-ONE-2[15]. 

1.1.2. Crystallographic structure and electronic structure  
of MAX phases 

Crystallographic structure  

The MAX phases are layered materials that crystallize in the hexagonal 
P63/mmc space group. The unit cells of M2AX, M3AX2 and M4AX3 phases 
are given in Fig. 1-4. One can notice that each structure consists of 
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alternate near-close-packed edge-sharing octahedral [M6X] interleaved 
with layers of pure A elements. The main difference, among the structures 
of the so-called 211, 312 and 413 phases, is the number of M layers in 
between every two A layers. As can be seen in Fig. 1-4, two M layers exist 
in between two A layers in the 211 phases, and three M layers and four M 
layers in between two A layers in the 312 and 413 families, respectively.  

 

 
 

Fig. 1-4: The unit cells of the MAX phases for (a) 211, (b) 312 and (c) 413 classes. 

Electronic structure of Ti2AlC and Ti2AlN 

The electronic structure of a large number of MAX phases has been 
calculated (for 211 see [16-18], for 312 see [19-21] and for 413 see [22, 23]) 
through Density Functional Theory (DFT). In this section, we will focus 
on the electronic band structure, Total Density of States (TDOS) and 
Partial Density of States (PDOS) of one 413 phase (Ti4AlN3), one 312 
phase (Ti3SiC2) and the two 211 phases investigated in this thesis (Ti2AlC 
and Ti2AlN). All of the reports indicate that there is no gap between the 
valence band and the conduction band. As a result, MAX phases should 
present metal-like conductivity, as indeed is demonstrated experimentally. 
At the Fermi level, the TDOS is mainly dominated by M 3d states, 
suggesting that the 3d states of the M element dominate the MAX phase’s 
electronic conductivity. One can also notice that, for all MAX phases, the 
band structure shows strong anisotropic features. In Ti3SiC2, Ti2AlN and 
Ti2AlC, the bands are much less dispersive along the c-axis (i.e., along the 

-A, H-K and M-L directions) than along the basal plane (i.e., along the -
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K and -M directions). The Fermi velocity ( E/ ) should be higher 
along the basal plane than along the c-axis which would also result in very 
different conductivities in the basal plane and out of the basal plane. 
Finally, the strong ionic-covalent bonds between M and X and relatively 
weak ionic-covalent bonds between M and A formed in the (MII-X-MI-A) 
or (MII-X-MI-X-MII-A) or (MII-X-MI-X-MII-X-MI-A) unit chains are 
responsible for the MAX phase high modulus and strength. 

For example, the electronic band structure and the TDOS of Ti2AlC 
and Ti2AlN MAX phases, calculated by Hug et al. [24] in the frame of full-
potential linearized augmented plane-waves formalism and tested using 
the generalized gradient approximation for the influence of the exchange 
and correlation potential, are shown respectively in Figs. 1-5 and 1-6. 
Minimization of the total energy with respect to the unit cell volume was 
adopted; the volume deviation was less than 1% between calculation and 
experiment. The electronic band structures are similar to the ones 
calculated by Zhou et al.[18]. In Fig. 1-5, it is clear that the bands are much 
less dispersive along the c-axis (i.e., along the -A, H-K and M-L 
directions) than along the basal plane (i.e., along the -K and -M 
directions). This suggests that the electronic properties of Ti2AlC and 
Ti2AlN are anisotropic. The Fermi velocity ( / ) should be higher 
along the basal plane than along the c-axis. 

 

 
 

Fig. 1-5: The electronic band structure of Ti2AlC MAX phases, TDOS and partial 
density of states of Ti2AlC MAX phases. 
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Fig. 1-6: The electronic band structure of Ti2AlN MAX phases, TDOS and partial 
density of states of Ti2AlN MAX phases. 

 
Fig. 1-5 and Fig. 1-6 show the TDOS of the Ti2AlC (a) and Ti2AlN (b) 

MAX phases. Far from the Fermi level (EF), the deep states are separated 
from the others by a gap of about 2 eV in the case of Ti2AlC (-11.5 to -9.5 
eV) and about 6.67 eV in the case of Ti2AlN (-15.2 to -8.4 eV). The gap 
width is more or less important according to the composition of the MAX 
phase [24-26]. The bands continue from -8eV to the conduction band. There 
is no gap at the Fermi level which indicates that Ti2AlC and Ti2AlN have a 
metallic character as indeed has been demonstrated experimentally[27]. 
From the PDOS of Ti2AlC and Ti2AlN, one can notice that the PDOS of 
the two compounds is dominated, at the Fermi level, by the Ti-d states[24]. 
For Ti2AlC and Ti2AlN, the chemical bonding is dominated by strong 
hybridizations of Ti-d and Al-p states just below the Fermi level and of Ti 
p and N s (C s) states. The main difference in the electronic structure of 
these two compounds is related to the energy level of the hybridized states, 
such as Ti d –X p, X s. The N s (-15.9 to -15.1eV) and Ti d –N p (-6.7 to -
4.2 eV) states are located at a lower energy level, compared to that of C s 
(-11.2 to -9.5 eV) and Ti d –C p (-5.2 to -2.1 eV) states. The gap 
difference has been attributed to the stronger electronegativity of N than 
C[24]. The charge transfers from the Al atom to Ti and N atoms in Ti2AlN 
are much higher than the ones from the Al atom to Ti and C atoms in 
Ti2AlC. As a result, stronger Ti-X bonds and Ti d-Al p bonds are expected 
in Ti2AlN[24]. These calculations also predict that the electronic conductivity 
should be higher in Ti2AlN than in Ti2AlC, which is consistent with 
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experimental results[28]. 
Therefore, ionic-covalent Ti d-C/N p bonds are much stronger than 

ionic-covalent Ti d-Al p bonds. Thus, strong hybridization of Ti d-C/N p 
states is mainly responsible for the Ti2AlC and Ti2AlN high modulus and 
strength. The metal-like behavior of the Ti2AlN and Ti2AlC electronic 
transport properties results from the Ti d states.  

1.2. MAX phase solid solutions 

1.2.1. Substitution at M, A and X positions 

It is worth noting that, in MAX phases, M, A and X elements either 
belong to the same group or are close to each other. As a consequence, the 
chemical and physical properties of the elements of each site are quite 
similar. One thus expects MAX phases to form a large number of 
isostructural solid solutions. In this section, some of the solid solutions 
reported in the literature will be described, as a function of the substitution 
site, in terms of synthesis techniques, microstructural characteristics and 
physical properties. As the MAX phase solid solutions synthesized in this 
manuscript are focused on substitution at the X site, an exhaustive 
discussion of the literature results will only be reported on these solid 
solutions. 

Substitution at M site 

Table 1-1 summarizes the synthesis conditions and some 
microstructural characteristics of different (MxM’

1-x)n+1AXn solid solutions. 
(Ti0.5Zr0.5)2InC[29], (Ti0.5Nb0.5)2AlC[30], (TixV1-x)2AlC[31] and (Cr0.5V0.5)2AlC[32] 
can be synthesized by different techniques, such as Hot Isostatic Pressing 
(HIPing), and Hot Pressing (HPing), in the temperature range 1180-1600 
°C. Most of the initial reactant mixtures contain the elements which 
constitute the final MAX phase solid solution (except for 
(Ti0.5Nb0.5)2AlC[30] which has been prepared from Al4C3). Some impurities 
such as MC binary carbides[29, 30], oxide of the A-element[30, 32] and MM’ 
intermetallics[30] are detected in the final products.  

In 2003, ab initio total energy calculations of the solubility of the M 
element within (MxM’2-x)AlC solid solutions (M and M’=Ti, V, Cr) have 
been performed by Sun et al.[33]. These results suggest that solubility is 
expected in the case of (Cr1-xVx)2AlC and (Ti1-xVx)2AlC. Sun et al. have 
also predicted a strengthening effect (i.e., the bulk modulus is above the 
value given by a pure rule of mixture) in the (MxM’2-x)AlC (M and M’ = 
Ti, V, Cr) system. These results have also been refined by Wang and Zhou 
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who have investigated the elastic stiffness and band structures of (Mx,M’2-

x)AlC solid solutions (M and M’ = Ti, V, Cr) by means of the ab initio 
pseudo-potential total energy calculation method[34]. 
 
Table 1-1: Synthesis conditions and microstructural characteristics of some 
(MxM’1-x)n+1AXn solid solutions. 
 

Process-
ing 

methods 

Nominal 
composi-

tion 

Synthesis 
conditions 

Phase 
composition 

Lattice 
parameters 

(Å) 

Micro-
structure Ref. 

HIPing 

Ti:Zr:In:C 

PSing 650 °C/10 
h/vacuum 

+ HIP 
1300 oC/12 h/70 

MPa 

(Ti0.5Zr0.5)2In
C (95 vol.%) 

TiCx and 
ZrCx (5 
vol.%) 

GS: 20-30 
μm [29] 

Ti:Nb:Al:
C 

1600 oC/8 h/100 
MPa 

(Ti0.5Nb0.5)2A
lC (98 vol.%) 

Al2O3 and 
Nb-Ti (2 
vol.%) 

a=3.077 
c=13.79 

GS: 45 μm [30] 

Ti:V:Al:C 1600 oC/8 h/70 
MPa 

(Ti0.5V0.5)2Al
C 

Al2O3 (2 
vol.%) 

GS: 25 μm [35] 

HPing 

Ti:V:Al:C 1450 oC/1 h/20 
MPa 

(TixV1-x)2AlC 
(x=0.05-0.2) 
Single phase 

a and c change 
linearly with x 

GS: 39 μm 
in diameter 
and 19μm 

in thickness 
(all 

samples) 

[31] 

Cr:V:Al:
C 

1180oC/8h/1.5GP
a 

 
(Cr0.5V0.5)2Al

C and 
(Cr0.5V0.5)C 
a=2.9773 
c=12.0619  

GS: 4-5μm [32] 

Ti:Nb:Al:
C 

1450oC/24h/100
MPa 

(Ti0.5Nb0.5)2A
lC  

Al2O3 and 
Nb-Ti (2 
vol.%) 

GS: 15μm 
Hv=5.8GPa [30] 
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Substitution at the A-site 

Table 1-2 lists the synthesis techniques and some microstructural 
characteristics of Mn+1[A1-xA’x]Cn solid solutions. As is the case for 
(MxM’

1-x)n+1AXn solid solutions, different techniques such as HIPing, 
HPing and Pressureless Sintering (PSing) have been used to synthesize 
Ti3(AlxSn1-x)C2

[34, 36], Ti3(AlxSi1-x)C2
[37, 38], Ti3(SixGe1-x)C2

[39, 40], 
Cr2(Al0.96Si0.13)C[41] and Cr2(AlxGe1-x)C[42] in the temperature range 1200 -
1600 °C. Some impurities such as MC binary carbides[39, 40], oxide of the 
A-element[41] and MA intermetallics[41] were detected in the final products.  

Wang et al.[43] and Xu et al.[44] predicted, through a plan-wave pseudo-
potential method based on DFT, that lattice parameters of Ti3(Si1-xAlx)C2 
would follow Vegard’s law with increasing Al content. This result was 
partially proven by Zhou et al.[37] by investigating Ti3(Si1-xAlx)C2 (x 0.25) 
solid solutions. Indeed, the c-lattice parameter decreases with increasing Si 
content whereas the a-lattice parameter remains almost unchanged. 
Recently, a set of Ti3(AlxSn1-x)C2 solid solutions has been successfully 
synthesized by Dubois et al.[34, 36] through HIPing process at the PPRIME 
Institute. It has been demonstrated that Ti3(AlxSn1-x)C2 are ideal solid 
solutions obeying Vegard’s law since the c/a ratio varies linearly with the 
Al content. Furthermore, it has been shown that solid solution 
strengthening is not operative in the Ti-Al-Sn-C system. Elastic modulus 
is found to increase non-monotonically from Ti3SnC2 to Ti3AlC2

[34]. 
Similar results (i.e., no solid solution strengthening) have been obtained by 
Ganguly et al.[39] for the Ti3(Si(1-x)Gex)C2 solid solutions. 
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Table 1-2: Synthesis conditions and microstructural characteristics of some 
Mn+1[A1-xA'x]Cn solid solutions (GS: grain size). 
 

Process-
ing 

methods 

Nominal 
compositi

on 

Synthesis 
conditions 

Phase 
composition 

Lattice 
parameters (Å) 

Micro-
structure Ref. 

HIPing 

Ti:Sn:Al:
C 

Ti:Sn:Al:
C 

1200-1500 
°C/1-8 h/50 

MPa 

Ti3(AlxSn1-x)C2 
(Main phase) 

TiC and 
Ti2(AlxSn1-x)C  

c/a changes 
linearly with x 

GS:10-80 
μm 

Solid 
solution 
softening 

[34, 
36] 

3Ti:0.5G
e:0.5Si:2

C 

1450 oC/8 
h/172 MPa 

Ti3(Si0.5Ge0.5)C2 
(96vol.%) 

TiC (4 vol.%) 
a=3.082 
c=17.751 

GS: 7 ±3 
μm 

[39, 
40] 

3Ti:0.25
Ge:0.75S

i:2C 

1600 oC/8 
h/172 MPa 

Ti3(Si0.75Ge0.25)C2 
(97vol.%) 

TiC (3 vol.%) 
a=3.074 
c=17.747 

GS: 
70±56 
μm 

[39, 
40] 

HPing 

Ti:(1-
x)Al:xSi:

C 
(x 0.25) 

1500 °C/1 
h/30 MPa 

Ti3(Al1-xSix)C2 
single phase 
a is stable 

c changes linearly 
with x 

GS: 20 
μm 

[37, 
38] 

2Cr:1.1A
l:0.2Si:C 

1450 °C/1 
h/30 MPa 

Cr2(Al0.96Si0.13)C 
Minor impurities: 
Al2O3 and Cr5Si3 

GS: 50 
μm [41] 

PSing Cr:Al:Ge:
C 

1400°C/4h/
Ar 

Cr2(AlxGe1-x)C 
(x=0,0.25,0.5,0.7

5,1) 
c-lattice 

parameter 
increases with x 

a-lattice 
parameter 

decreases with x 

Not 
mention-

ed 
[42] 
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Substitutions at X site 

Table 1-3 summarizes the synthesis conditions and some microstructural 
characteristics of Tin+1Al(CxN1-x)n solid solutions. As compared to the 
studies dedicated to solid solutions on the M and A sites, only two 
elements (C and N) correspond to the X site in MAX phases. Only HIPing 
and PSing have been used to synthesize Ti3Al(C0.5N0.5)2

[45, 46], 
Ti2Al(C0.5N0.5)[45, 47] and Ti2Al(CxN(1-x))y (x = 0; 0.25; 0.5; 0.75; 1 and 0.7 

 y 1)[48] in the temperature range 1300-1400 °C. Some impurities such 
as TiC[45, 46], Ti(C,N)[6], Al2O3

[45, 47], TiAl[48] intermetallics and the 
Ti3AlC2

[48] MAX phase were detected in the final products. It thus appears 
as a challenge to synthesize highly pure Ti2Al(CxNy) phases. 

As MAX carbonitrides, Ti2Al(CxN1-x) phases are one of the most 
important examples of MAX phase solid solutions on the X site. Since Ti-
N and Ti-C have similar chemical bonding characteristics, resembling 
those of binaries TiC and TiN compounds[49], it is thus possible to form a 
wide range of Ti2Al(CxN1-x) solid solutions with different physical 
properties. For example, a Ti2Al(C0.5N0.5) solid solution is reported to be 
significantly harder than either of its end-members Ti2AlC and Ti2AlN. 
Stoichiometric and substoichiometric Ti2Al(CxN(1-x))y solid solutions have 
been recently synthesized by Cabioc’h et al.[48] with x = 0; 0.25; 0.5; 0.75; 
1 and 0.7  y 1 by reactive PSing for 4 h at 1400 °C. The authors have 
shown that irrespective of the number of vacancies on the X site, the a-
lattice parameter obeys Vegard’s law whereas the c-lattice parameter of 
the carbonitrides is smaller than that of the end-members. 
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Table 1-3: Synthesis conditions and microstructural characteristics of some 
Tin+1Al(CxN1-x)n solid solutions (GS: grain size). 
 

Process-
ing 

methods 

Nominal 
composi-

tion 

Synthesis 
conditions 

Phase 
composition 

Lattice 
parameter(Å) 

Micro- 
structure Ref. 

HIPing 

Ti:Al:C:
N 

1400 
oC/10 
h/100 
MPa 

Ti3Al(C0.5N0.5)2 
(95vol.%) 

TiC (2 vol.%) 
Al2O3 (3 vol.%) 

c/a changes 
linearly with C 

content 

GS: 
25±15 
μm 

[45, 
46] 

Ti:Al:0.5
C:0.5N 

1300 
oC/15 

h/40 MPa 

Ti2Al(C0.5N0. 5) 
(96 vol.%) 

Al2O3 and Ti3P 
(4 vol.%) 

GS: 25 
μm 

Solid 
solution 
strength
ening 

[45, 
47] 

PSing Ti:1.1Al:
C:N 

1400 °C/4 
h/ 
Ar 

 (Ti2AlCxN1-x)y  
With minor 
impurities: 

Ti3AlC2,TiAl, 
Ti(C,N) 

GS: 2-
10 μm [48] 

 
In 1999, Barsoum et al. reported[45, 47, 50] the solid solution strengthening 

effect in the Ti-Al-C-N system using microindentation tests. For the two 
Ti2AlC and Ti2AlN end-members, their hardness values were about 4.5 
GPa and 4 GPa, respectively. The Ti2AlC0.5N0.5 solid solution sample had 
a value of around 5.5 GPa. 

In 2007, Radovic[45] reported Poisson’s ratio, Young’s modulus E, 
shear modulus G and longitudinal  and shear  sound velocities of 
Ti2AlC0.5N0.5 and two Ti2AlN samples[51, 52] (more details about their 
microstructural characteristics are given in Table 1-2). The different 
parameters measured for Ti2AlC0.5N0.5 and for both end-members 

[45, 51, 53] 
by Resonant Ultrasound Spectroscopy (RUS)[45] are listed in Table 1-4. It 
was found that substituting C with N increased E and G in the solid 
solution. Furthermore, the decrease in  for Ti1.93AlN0.975 as compared to 
Ti2AlN0.996 was attributed to the influence of vacancies; this phenomenon 
was also reported in binary TiX compounds[54]. For example, ab initio 
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calculations predict that the introduction of 12.5% vacancies in TiNx 
reduces its shear modulus from 180 GPa to less than 150 GPa[55], which is 
in compatible agreement with experimental results[4]. 

 
Table 1-4[45]: Summary of Young’s modulus E, shear modulus G, longitudinal  
and shear  sound velocities measured by RUS. 
 

Sample Composition 
E 

(GP
a) 

G 
(GP
a) 

 
(m/s) 

 
(m/s) 

Refere
nce 

Ti2AlC Not measured 278 119 8590 5423 [53] 

Ti2AlC0

.5N0.5 Not measured 290 123 8670 5407 [45] 

Ti2AlN(
a) Ti2AlN0.996 285 120.

5 
8553 5328 [45, 

51] 
Ti2AlN(

b) Ti1.93AlN0.975 277 112 8700 5100 [45, 
51] 

1.3. Physical properties of MAX phases 

1.3.1 Hardness measured by microindentation  
and nanoindentation tests 

Table 1-5 summarizes hardness values of selected MAX phases 
determined either by microindentation or by nanoindentation tests. 

The Vicker’s hardness values of polycrystalline MAX phases were 
distributed in the 3-8 GPa range for microindentation tests, which is much 
lower than the ones obtained by nanoindentation tests (which were in the 
range 7-12 GPa). Such a difference has been studied by Bei et al. [34]. As 
an example, Bei et al. measured Ti3AlC2 hardness using nanoindentation 
and microindentation tests; the results are given in Fig. 1-7. Using the 
nanoindentation test, Ti3AlC2 hardness is a function of the indenter 
penetration depth, which is attributed to an indentation size effect. Such an 
effect is well fitted by the Nix and Gao model[56] and hardness reaches a 
limiting value of 11.4±0.7 GPa[34] for penetration depths in the range 200-
300 nm. Such a limiting value is defined as the intrinsic hardness of 
Ti3AlC2. For deeper penetration depth (in the range 400-600 nm in Fig. 1-
7), nanoindentation and microindentation tests lead to the same hardness 
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values (about 7 GPa in Fig. 1-7). At deeper penetration depths (in the 
range 600-1700 nm in Fig. 1-7), hardness values measured by 
microindentation tests continue to decrease. Considering MAX phase 
grain size, in the range of 2-100 μm[41, 47, 57, 58] several grains are involved 
in the deformation process during microindentation or nanoindentation 
tests performed at large indenter penetration depths [34]. Thus, hardness 
values determined at high loads (large penetration depths) consist of a 
mean value that takes into account grain boundaries and also impurities 
(TiC[59, 60], TiN[6] and oxide TiO2

[61], Al2O3
[30, 57]). Upon increasing the 

penetration depth, more and more grain boundaries and impurities have to 
be taken into account and thus this leads to a decrease of the 
microindentation hardness values. Finally, one can extract the intrinsic 
hardness of MAX phases through nanoindentation in order to avoid the 
influence of second phases, impurities and grain boundaries. Moreover, a 
local determination of the MAX phase composition and grain size may 
allow determining the stoichiometry and grain sizes effects on mechanical 
properties (elastic modulus and hardness).  

 

 
 

Fig. 1-7[34]: Hardness (squares) of Ti3AlC2 as a function of the indenter penetration 
depth in nanoindentation tests and microindentation tests. 

 
Ti2AlC hardness values, determined using microindentation tests, were 

in the range 2.8-5.8 GPa. Such differences in the values may result from 
grain size and/or carbon stoichiometry. Indeed, Bai et al. have determined, 
using microindentation tests, that 6 μm grained Ti2AlC0.69 has a hardness 
value of 5.8 GPa[62]. Yu et al.[41] have measured, using microindentation 
tests, hardness values of coarse-grained (CG) and fine-grained (FG) 
Cr2AlC. A large grain size effect has been evidenced (see Table 1-5). 
Nevertheless, the reliability of the results is not good considering what has 
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been described previously. It also seems that solid solution hardening can 
be observed in Ti2AlCxN1-x solid solutions. Indeed, Young’s modulus and 
hardness values were higher for Ti2AlC0.5N0.5 than for the end-members. 
These results are likely to be reliable as Young’s modulus is an elastic 
property that is not affected by penetration depth. 

Many of the MAX phases are excellent metal-like electrical conductors 
[27, 51] [66] [67] [68] [69]. Some of them, such as Ti3SiC2, and Ti3AlC2, are better 
conductors than Ti metal itself. Most interestingly, many of the MAX 
phases whose transport properties have been characterized to date are 
thought to be compensated conductors. Both electron-like and hole-like 
states contribute in approximately equal numbers to electrical conductivity. 
Such a feature has been evidenced by measuring the Hall [51] [70-72] and 
Seebeck [73] coefficients: the measured coefficients tend to fluctuate 
around zero and give either slightly positive or slightly negative values. By 
calculating the components of the thermoelectric tensor of Ti3SiC2 in the 
basal plane and along the c-axis, L. Chaput et al. have demonstrated that 
they have opposite signs, respectively positive and negative[74]. As a 
consequence of an almost perfect compensation of both tensor 
components, the Seebeck coefficient of polycrystalline Ti3SiC2 samples, in 
which the components are averaged, is almost zero. The calculated 
components of the thermoelectric tensor and its trace are shown in Fig. 1-
8. There are nevertheless exceptions. Indeed, transport properties of 
Ti4AlN3 are dominated by hole-like states[75] whereas transport properties 
of Ti2SC are dominated by electron-like states[51].  

 

 
 

Fig. 1-8[74]: Calculated components of the thermoelectric tensor and its trace as a 
function of the temperature of the Ti3SiC2 MAX phase. 
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1.3.2. Electronic transport properties in the framework 
 of the two-band model 

The combination of small Hall (RH) and Seebeck coefficients, the 
linearity of the Hall voltage with magnetic field and finally the parabolic 
non-saturating magnetoresistance strongly suggest that many of the MAX 
phases are compensated conductors. In that case, the following equations 
in the two-band model can be applied: 

=
1

= (μ + μ )                                                          (1 1) 

=
μ μμ + μ                                                                  (1 2) 

= = =
+μ + μ                            (1 3) 

Where, 
 is the electron charge. 
 is the conductivity. 

 is the Hall coefficient. 
 and  are the electron-like and hole-like charge carrier density. μ  and μ  are their respective mobilities. 

MR is the magnetoresistance. 
The MR is defined as  /  = (  – )/ , where  is the resistivity 

in the presence of magnetic field B, is the resistivity in the absence of a 
magnetic field and  is the magnetoresistance coefficient. 

In these equations, n, p,  and are unknown. Assuming that MAX 
phases are compensated conductors leads to n = p 1  which allows 
simplifying equations (1-1) to (1-3) as follows: 

=
1

= (μ + μ )                                                      (1 4) 

=
μ μ
(μ + μ )  

=   
(1 )

(1 + )
                                  (1 5) 

= = =  μ μ                                                (1 6) 

where b is the ratio μ /μ . 
M. W. Barsoum and co-workers[27, 51, 66, 68, 76, 77] used equation (1-6) to 

determine electron-like and hole-like mobilities; in a first approximation 

 
1 M. W. Barsoum et al. assume n = p or μn = μp.  
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they also assumed that μ  = μ . One can notice that such an assumption 
implies that RH = 0. Nevertheless, it seems not difficult to adjust μn and 
μp to yield the correct values and signs for RH. Moreover, the mobility 
values are relatively close to each other as stated by equation (1-5) and by 
the low value of the Hall coefficients. In the worst case for which RH is 
the highest, such as for Ti2SC[78], an exact calculation yields μ  = 0.017 
m2V-1s-1 and μ  = 0.014 m2V-1s-1 instead of the mean value 0.015 m2 V-1 s-1 
determined by assuming μ  = μ  in equation (1-6). 

1.3.3. Solid solution and vacancy effects on the transport 
properties 

It has been shown that the electrical resistivity of solid solutions 
increases compared to that of the related end-members [51, 79]. Such a result 
has been ascribed to a decrease of the charge carrier mobility which, itself, 
results from solid solution scattering (i.e., from the scattering of the 
electrons by substituted atoms). As the conductivity is dominated by the 
density of states (DOS) at the Fermi level of the d orbitals of the M 
element, substitution on the different sites (M, A or X) of the MAX phase 
does not have the same impact on the resistivity.  

Substitution on the A-site appears to slightly modify the resistivity. For 
example, substituting 25% of Si atoms by Al atoms leads to an increase in 
the room temperature resistivity from 35 to 37 μ cm-1[80]. Consistent 
with the fact that the DOS at the Fermi level is dominated by the d orbitals 
of the M element, substitution on the M site leads to a large increase in the 
resistivity in the [Ti-Nb]-Al-C[66] and [Cr-V]-Al-C systems[79]. Transport 
properties of X site substituted solid solutions has been studied by SE. 
Lofland et al.[27]. The samples which contained both N and C had higher 
residual resistivity and lower residual resistivity ratios (RRR = (300K) / 
(4K)) than the samples which contained only C or N. Such an effect is 

attributed to solid solution scattering. It is well known that vacancies in 
corresponding binary carbides and nitrides are potent electron scatterers[81, 

82]. A lower concentration of vacancies in the a-sample could explain the 
difference in residual resistivities (Table 1-6).  

By using the two-band model, Scabarozi and co-workers have determined 
n, p, μn, μp for the different samples. These different parameters are 
summarized in Table 1-6.  

Table 1-6 clearly indicates that despite wide variations in RH values (-
27 to 90×10-11 m3 C-1),  (0.03 to 690 ×10-5 T-2) and mobilities (0.34 to 83 
m2 V-1 s-1) in the temperature range of 4-300 K, the average and standard 
deviations in n and p are, respectively, (0.8 to 1.71)×10+27 and (1.05 to 0.7) 
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Table 1-6[27]: Summary of electrical transport parameters as calculated from the 
RT and 4K resistivity, RH and  results for the X site substituted solid solutions 
assuming μn = μp. 
 

Compos
ition 

Tem
perat
ure 
(K) 

 
μ  
cm-1 

RH(1
0-11) 
(m3 
C-1) 

(T-2) 
10-5 

(m4 V-

2 s-2) 
 

μn=μp 
10-3  

m2 V-1 
s-1 

n 
(1027 
m-3) 

p 
(1027/
m-3) 

Ref. 

Ti3AlC2 

300 35.3 -1.2 3.7 6.3 1.41 1.4 
[27] 

4 18.1 1.0 11 10 1.71 1.73 

300 38.7 -1.2 4 

μn=4.6
-4.2 
μp 

=5.4-
30 

1.5-
1.6 2-4 [75] 

Ti3AlC
N 

300 40 17.4 0.65 2.5 2.5 3.5 

[27] 
4 27 33 3.3 5.7 1.8 2 

Ti2AlC 

300 36 -27 2.6 5.1 1.39 1.2 
4 7.3 -8 45 21 2.1 1.9 

300 36 28 20 
μn=9 
μp 

=8.2 

1 1 [67] 

Ti2Al(C
0.5N0.5) 

300 36 45.6 3.5 5.9 1.1 1.8 

[27] 

4 12.6 60 22 15 1.2 2.4 

Ti2AlN-
a(Ti2Al1

.04N0.98) 

300 25 -3.9 17 12 1.02 1.05 

4 2.9 6.1 690 83 1.24 1.3 

Ti2AlN-
b 

(Ti2AlN
0.95) 

300 34.3 -7 4.8 6.3 1.46 1.4 

4 12.3 16 20 14 1.6 2.0 

Ti4AlN2.

9 

300 26.1 90 0.03 0.55 0.8 3.51 
[75] 300 26.1 90±5 0.03 μp 

=0.34  7.0 

 
×10+27 m-3. Scabarozi et al. concluded that it seems reasonable to consider 
that n=p for all compounds investigated. Moreover, the charge carrier 
density seems to increase slightly going from Ti2AlN to Ti2AlC. Such a 
result is nevertheless in contradiction to the fact that the TDOS of Ti2AlC 
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(2.76 eV unit cell-1) is smaller than that of Ti2AlN (3.9 eV unit cell-1)[24]; 
the charge carrier density is proportional to the cube of the TDOS in a 
degenerate electron gas. 

Wet chemical analysis and electron dispersive spectroscopy were 
performed on the Ti2AlN-a and Ti2AlN-b samples. The authors have 
shown that the two samples have slightly different stoichiometry, 
respectively Ti2Al1.04N0.98 and Ti2AlN0.95. Thus, Scabarozi et al.[27] 
attributed the higher resistivity of the Ti2AlN-b sample to the presence of 
vacancies that are known to be potent electron scatters. Indeed, it has been 
shown that, in binary transition carbides, vacancies contribute to an 
increase of the residual resistivity and to the charge carrier density[81, 83]. 
Ti4AlN2.9, with its nitrogen deficiency, has the lowest hole mobility (about 
3×10-4 m2 V-1 s-1) of all MAX phases measured to date. Such a result is in 
compatible agreement with the fact that vacancies are strong electron 
scatters. These comments notwithstanding, it is clear that more work is 
needed in this field in order to get a better understanding of the 
relationship between stoichiometry and transport properties in these 
materials. To our knowledge, the experimental results obtained by 
Scabarozi et al. are the only existing results that look at the relationship 
between stoichiometry and transport properties. 

1.4. MAX reinforced Mg composites 

To meet the requirements of reducing the weight of transport vehicles, 
especially automobiles, the lightest structure magnesium metal is regarded 
as one of the attractive candidates[84, 85]. Introducing other elements into 
the Mg alloy by the alloy design method could ameliorate its stiffness and 
mechanical properties of pure Mg at high temperatures. For example, by 
adding 4% RE (mischmetal) into Mg alloy to form AE44 alloy (4% Al and 
4% RE) [86, 87], the newly formed AlxRey (Al11Re3) phase could stabilize 
the Mg17Al12 phase at high temperatures[88]. However, the stiffness and 
wear resistance of Mg alloy are still relatively low and the application of 
Mg alloys into automobile cylinders is still restricted because of the 
requirements for high stiffness, wear resistance and lubricating capacity at 
elevated temperatures. 

To overcome this restriction, especially to simultaneously enhance the 
stiffness and superior wear resistance of the Mg alloy, the only effective 
method is to fabricate magnesium composites through the introduction of 
ceramic particles into the Mg alloy[89-91]. Until now, the most widely used 
reinforcements to the Mg matrix are SiC[92, 93], Al2O3

[88] and graphite 
particulates[94-96]. SiC and Al2O3 particles could strongly ameliorate the 
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mechanical properties and wear resistance of the matrix[97-99], while the 
damping and self-lubricating capacities of magnesium composites are 
reduced[95]. High damping and layered graphite could improve the 
damping and self-lubricating capacities of magnesium composites[95, 96]. 
Unfortunately, graphite particulates rapidly degrade when the temperature 
is above 300 , especially in an oxidizing environment. In addition, the 
results reported that cracks are generally initiated from the interfacial areas 
in these composites due to the weak interfacial bonding[88, 92, 93, 96]. 

 

 
 

Fig. 1-9: Ashby map showing the log-log relationship between damping and 
Young’s moduli of solids. 

 
Herein, high-temperature-stable reinforcing particles owning desirable 

wear resistance, self-lubricating capacity and wettability with magnesium 
are crucially desired in magnesium composites. Recently, Anasori et al. 
prepared Mg matrix composites with 50% vol. Ti2AlC content by the 
infiltration method. Under 250 MPa compressive stress, the volume 
energy consumption coefficient of Ti2AlC/Mg composites was 0.34 MJ m-

3. In the cyclic loading experiment, a single cycle can absorb 30% of the 
energy, which is the best composite among all materials[100]. The results 
show that the excellent mechanical properties of Ti2AlC Mg matrix 
composites come from the dispersion strengthening of the Ti2AlC 
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reinforced phase, and its excellent damping properties mainly come from 
the formation and movement of dislocation circles in Ti2AlC materials and 
the damping capacity of the Mg matrix. It can be seen from Fig. 1-10 (b) 
that the damping capacity of Ti2AlC Mg matrix composites is better than 
that of TiC-Mg and SiC-Mg matrix composites[100, 101]. 

 

 
 

Fig. 1-10: (a) Plastic deformation of Ti2AlC grain and the cell structure of Ti2AlC 
(b) Strain stress curve of Ti2AlC / Mg matrix composites[100]. 

 
Furthermore, measurements of lattice parameters with numerous 

methods have revealed that MAX phases exhibit elevated high crystalline 
anisotropy. The c/a ratio is generally higher than 4. MAX phases 
synthesized by powder metallurgy are polycrystalline bulk samples with 
random grain orientations[102]. It is commonly observed that during 
synthesis grains grow in platelet shapes. Because of the high crystalline 
anisotropy, platelet surfaces are parallel to basal planes. Therefore, 
projections on the surface are observed as rectangles with a high aspect 
ratio. This penny-shape causes deviations from Schmid’s law[103]. From 
the view of energy, their plastic deformation behavior is only caused by 
basal dislocations[104, 105]. Furthermore, their inherent nanolayered structure 
endows these ternary compounds with a unique combination of metal-like 
and ceramic-like properties[100, 104, 106]. The MAX phase microstructure 
results in an exceptional self-lubricating behavior. For example, Ti2AlC 
exhibited a low wear rate (1.8×10-6 mm Nm-1) during dry sliding against a 
steel disk[107]. The strong anisotropic mechanical and tribological 
properties were anticipated in MAX phases[9, 29-31].  
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1.5. Proposed further study  

From the simulation, the weak C-N interactions were not sufficient to 
result in significant strengthening of Ti2AlCxN1-x compounds according to 
Du et al.[50] and Arroyave[108]. Such a result is nevertheless not compatible 
with experimental results obtained by Barsoum[47] and Radovic[45]. 
Therefore, this contradiction needs further work to better understand the 
role of vacancies on the X site and the effect of solid solutions between C 
and N. 

Understanding the electrical properties of the MAX phases is one of 
the most important and difficult research challenges in the field. From the 
experimental side, a reliable determination of the anisotropy in conductivity is 
needed. In general, a direct measurement of the conductivity along 
different crystal orientations requires sufficiently large single crystals. 
Another important contribution would be the synthesis of epitaxial thin 
films with out-of-plane orientation; this would potentially allow a direct 
measurement of the anisotropy in the conductivity. Improved understanding 
of the influence of chemistry (vacancies, substitution) and defects 
(dislocations) is needed. From the theoretical side, calculations to elucidate 
the roles of vacancies on the DOS, the role and anisotropy of the electron-
phonon coupling are important.  

As the configuration of MAX phases is generally characterized with 
different aspect ratios and the extent of particle loading by the shear 
mechanism is also dependent on the aspect ratio of the reinforcing 
particles[6,23-25]. The possible hypothesis is that the mechanical and 
physical properties of Ti2AlC-Mg composites should be anisotropic if the 
Ti2AlC orientation was textured in the Mg matrix.  
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CHAPTER 2 

SYNTHESIS AND MICROSTRUCTURAL 
CHARACTERIZATION OF TI2AL(CXNY) (X+Y 1) 

SOLID SOLUTIONS AND RELATED  
END-MEMBERS 

 
 
 

2.1. Introduction 

Since the pioneering work on the synthesis, in powder form, of Ti2AlC 
and Ti2AlN by Jeitchko and Nowotny in the early 1960s[1], these two 
MAX phases have been prepared in bulk form through a variety of 
processing techniques[2-5] including Hot Isostatic Pressing (HIPing), Hot 
Pressing (HPing), Pressureless Sintering (PSing), Spark Plasma Sintering 
(SPS) and arc melting methods. As summarized in Table 2-1, normal 
compositions composed from different initial reactant mixtures, such as 
Ti:Al4C3:C[3] [6], Ti:Al:C[7] [8], TiC:Ti:Al:C[9], and Ti:TiC:Al[10] [11] can be 
used to synthesize Ti2AlC in the temperature range 1000-1600 °C. 
Ti:AlN[3] / TiN:Ti:Al[4, 5, 10] [12] [13] mixtures are used to produce Ti2AlN in 
the temperature range 1200-1400 °C. 

Table 2-1 shows that using Ti:Al4C3:C, Ti:Al:C, and Ti:TiC:Al as 
initial reactant powder mixtures leads to the synthesis of non-pure Ti2AlC 
bulk samples, regardless of the processing technique and the reaction 
temperature. The main impurities are Al2O3/Ti3P[2] or TiC[50] in the case of 
a Ti:Al4C3:C initial reactant mixture and TixAly

[6, 49, 8, 52, 55] in the case of 
Ti:Al:C and Ti:TiC:Al initial reactant mixtures. However, using 
Ti:TiC:Al:C as an initial reactant mixture induces the formation of highly 
pure Ti2AlC provided that the synthesis temperature is not too high[51]. It 
can nevertheless be noticed that using too large an excess of Al in the 
initial reactant mixture leads to the formation of TixAly impurities[8]. As a 
result, it seems that Ti:TiC:Al:C initial reactant mixtures would be the best 
choice in order to produce highly pure Ti2AlC bulk samples[51]. Table 2-1 
also shows that Ti2AlC synthesis temperatures range between 1100 °C and 
1600 °C. The lowest temperature (1100 °C) is nevertheless used during 
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SPS experiments. It is well known that SPS experiments allow synthesizing 
or sintering materials at lower temperatures than more classical processes 
(HIPing, HPing, etc.). Moreover, Table 2-1 shows that, using the HIPing 
technique, a synthesis temperature of 1600 °C can lead to the presence of 
TiC[50] as an impurity, whereas a temperature of 1500 °C can lead to the 
presence of Ti3AlC2

[51]. Finally, Ti2AlC bulk sample can very likely be 
synthesized by HIPing a Ti:TiC:Al:C initial reactant powder mixture at a 
synthesis temperature in the range of 1300-1400 °C. 

Concerning the synthesis of highly pure Ti2AlN, it can be noticed from 
Table 2-1 that the initial reactant powder mixture may also be considered a 
pertinent parameter. Indeed, using Ti:AlN as initial reactant powder 
mixture leads to a large amount of impurity (in the range 11-20 vol.% of 
Ti4AlN3, Al2O3 and Ti3P) detected in the final Ti2AlN bulk sample[3] after 
HIPing at 1400 °C/40 MPa/48 h. However, using Ti:TiN:Al as initial 
reactant mixture leads to highly pure Ti2AlN [4] [5] [12] [13] regardless of the 
processing technique and the reaction temperature. As a result, it seems 
that Ti:TiN:Al initial reactant mixtures would be the best choice in order 
to produce highly pure Ti2AlN bulk samples. Table 2-1 also shows that 
Ti2AlN synthesis temperatures range in between 1200 °C used during 
SPS[4] and 1400 °C adopted during HIPing[3] and HPing. Finally, Ti2AlN 
bulk sample can very likely be synthesized by HIPing a Ti:TiN:Al initial 
reactant powder mixture at a synthesis temperature in the range of 1300-
1400 °C. 
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Table 2-1: Summary of the different initial reactant mixtures, the different 
processing techniques that have been used and of some microstructural 
characteristics of the resulting Ti2AlC and Ti2AlN bulk samples. (GS: grain size). 
 

Ti2AlC 

Proces
sing 

metho
ds 

Nominal 
compositi

on 

Synthesis 
conditions 

Phase 
composition 

Ti2AlC lattice 
parameters (Å) 

Micro-
structure Ref. 

HIPin
g 2Ti:Al:C 

1300 
°C/40 

MPa/30 h 

Ti2AlC (96 vol. 
%) 

Al2O3, Ti3P (4 
vol. %) 

a=3.051; 
c=13.637 

Layered 
structure, 

GS: 25 μm 
[3] 

HPing 

2Ti:Al:C 
1400 
°C/30 

MPa/1 h 

Predominant 
phase: Ti2AlC 
a=3.04; c=13.6 

Layered 
structure, 
Ti2AlC 

formed at 
TiAl twin 
boundary 

[7] 

2Ti:Al:C 
1600 
°C/40 

MPa/4 h 
Ti2AlC with TiC 

Layered 
structure, 

4.11 g cm-3 
[6] 

2Ti:Al:C 
1400 
°C/30 

MPa/1 h 

Ti2AlC pure phase 
1500°C: Ti3AlC2 

is formed 
GS: 15 μm [9] 

PSing 2Ti:1.1Al:
C 

1400 °C/4 
h/Ar 

Ti2AlC with 
TixAly 

a=3.0625; 
c=13.668 

GS: 2-10 
μm [10] 

SPS 
Ti:xAl:C 

x=(1.1,1.2
,1.3) 

1100°C/3
0 

MPa/8min
/ vacuum 

Main phases: 
Ti2AlC with TiAl 

when x=1.3 
a=3.058; 
c=13.649 

GS: 5 μm 
in width 
20μm in 
length 

[8] 

Arc 
meltin

g 
2Ti:Al:C 

annealed 
at 1000 

°C/170 h 

Ti2AlC, TiC and 
TiAl3 

a=3.056; c=13.62 

Not 
mentioned [11] 
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Ti2AlN 

HIPing 2Ti:Al:N 
1400 

°C/40MPa
/48 h 

Ti2AlN (80-89 
vol. %) 

Ti4AlN3, Al2O3, 
Ti3P (11-20 vol. 

%) 
a=2.9890; 
c=13.6140 

GS: 100 
μm [3] 

HPing 

2Ti:Al:N 
1400 
°C/25 

MPa/1 h 

Single-phased 
Ti2AlN 

a=2.998; 
c=13.613 

GS: 13 m 
4.27 g cm-3 [5] 

2Ti:Al:N 
1300 
°C/30 

MPa/48 h 

Single-phased 
Ti2AlN 

GS: 3-5 μm 
in width 

8-10 μm in 
length 

[12] 

2Ti:Al:N 
1400 
°C/45 

MPa/8 h 

Ti2Al1.04N0.98 
Wet chemical 

analysis 

Not 
mentioned [14] 

PSing 

Ti2AlN 
powders 
(3-ONE-

2, 
Vorhees) 

1500 °C/1 
h/Ar 

Ti2Al1.0N0.95 
Wet chemical 

analysis 

Not 
mentioned [15] 

Ti:TiN:1.
1Al 

1400 °C/4 
h/Ar 

Ti2AlN 
a=2.9890; 
c=13.6157 

GS: 2-10 
μm [10] 

SPS 

2Ti:Al:N 

1000,1100 
or 1200 
°C/30 

MPa/10 
min/ 

vacuum 

Pure Ti2AlN at 
1200°C 

GS: 8-12 
μm in 
width 

20-30 μm 
in length 

[4] 

2Ti:Al:N 

1250 
°C/30 

MPa/10 
min/ 

vacuum 

Pure Ti2AlN 

GS: 2-4 m 
in width, 5-
10 μm in 

length 
4.25-4.34 g 

cm-3 

[13] 
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2.2. Optimization of Ti2AlCx (x<1) MAX synthesis 

2.2.1. The chemical composition obtained from 2Ti:1.1Al:1C 

To synthesize pure Ti2AlC MAX phase, a nominal composition of 
2Ti:1.1Al:1C has been used by HIPing Ti:TiC:1.1Al cold-compacted 
powders at 1400 °C/80 MPa for 4 h. The powder mixtures used in this 
study contain an excess of 10 at.% of Al to compensate for the loss of 
aluminum by preferential out-diffusion during the sintering process. The 
XRD pattern, obtained in the 8-75° 2  range and presented in Fig. 2-1, 
shows that Ti3AlC2 and TixAly traces are detected in addition to the desired 
Ti2AlC MAX phase. From Rietveld refinements of the XRD data, using 
MAUD software, the 211, 312 and TixAly phases volume contents are 83, 
16 and 1 vol.% respectively. 

 

 
Fig. 2-1: Observed/calculated/difference X-ray diffraction Rietveld plots of the 

2Ti:1.1Al:1C mixture HIPed at 1400 °C and 80 MPa for 4 h. 
 

Fig. 2-2 shows a representative SEM micrograph, in back-scattered 
mode, of the HIPed sample. Wavelength Dispersive x-ray Spectroscopy 
(WDS) analyses coupled with SEM observations demonstrate that, starting 
with 2Ti:1.1Al:1C nominal composition, large areas of Ti3AlC1.81 are 
observed in the Ti2AlC0.88 matrix after HIPing treatment. It is important to 
note that the uncertainty on the carbon content is considered to be close to 
0.02-0.03 using our analysis method. Some TixAly and Al2O3 are also 
observed at the grain boundaries. 
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Fig. 2-2: SEM micrograph (back-scattered mode) of the 2Ti:1.1Al:1C mixture 
HIPed at 1400 °C and 80 MPa for 4h. Chemical composition of the different 

phases is measured by WDS. Ti2AlC0.88 is marked on the corresponding MAX 
phase. 

2.2.2. The effects of sintering condition and powder composition 

In a second step, the effect of sintering temperature and sintering 
duration on the synthesis of a Ti2AlCx MAX phase has been investigated. 
Various HIPing treatment conditions have been studied, starting with the 
2Ti:1.1Al:1C nominal composition: 1400 °C/4 h/80 MPa, 1400 °C/20 h/80 
MPa, 1300 °C/4 h/80 MPa. As summarized in Table 2-2, the refining 
quantitative analysis of XRD patterns (Fig. 2-3) shows that the sintering 
temperature and duration do not influence the volume content of the 
different 211, 312 and TixAly phases significantly. This suggests that the 
phase composition is not affected by the soaking temperature and time 
under this setting pressure (80 MPa). In other words, in order to produce a 
high-purity Ti2AlCx MAX phase, we should consider the effect of the 
reactant powder mixture composition.  
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Fig. 2-3: XRD patterns of the 2Ti:1.1Al:C mixture after HIPing at (a)1400 oC/4 
h/80 MPa, (b) 1400 oC/20 h/80 MPa, (c) 1300 oC/4 h/80 MPa under Ar 

atmosphere. 
 

To synthesize pure Ti2AlCx MAX phase, different nominal 
compositions have been investigated: 2Ti:1.1Al:0.9C, 2Ti:1.1Al:0.85C, 
2Ti:1.05Al:0.85C, 2Ti:1.05Al:0.80C. Indeed, as it has been previously 
demonstrated, starting with 2Ti:1.1Al:1C nominal composition, carbon 
substoichiometry can be achieved to form Ti2AlC0.88 carbide, C deficiency 
(0.9, 0.85 and 0.8) has been studied. Moreover, the Al content effect (1.1 
and 1.05) has been investigated in order to avoid the formation of TixAly 
intermetallic. 

Fig. 2-4 shows the XRD patterns of the HIPed end-products sintered at 
1400 °C/80 MPa for 4 h. Starting with 2Ti:1.1Al:0.9C (Fig. 2-4 (b)), 
2Ti:1.1Al:0.85C (Fig. 2-4 (c)) and 2Ti:1.05Al:0.80C (Fig. 2-4 (e)) 
nominal compositions, titanium aluminides (TiAl and Ti3Al) are detected 
in addition to the desired Ti2AlCx MAX phase. Starting with 
2Ti:1.05Al:0.85C nominal composition (Fig. 2-4 (d)), only Ti2AlCx peaks 
are observed; no impurities are detected, within the XRD detection limit. 
The volume content of the different phases, as a function of the starting 
composition, is measured by performing Rietveld refinement of the XRD 
data, and is summarized in Table 2-2.  
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Fig. 2-4: XRD patterns of different mixtures HIPed at 1400 °C and 80 MPa for 4 h. 
(a) 2Ti:1.1Al:1C, (b) 2Ti:1.1Al:0.9C, (c) 2Ti:1.1Al:0.85C, (d) 2Ti:1.05Al:0.85C, 
(e) 2Ti:1.05Al:0.80C nominal compositions. The (hkl) indexed peaks correspond 

to the Ti2AlCx MAX phase. 
 

WDS analyses coupled with SEM observations in back-scattered mode 
demonstrate that, starting with 2Ti:1.05Al:0.85C nominal composition, the 
resulting Ti2AlC0.85 HIPed sample is single-phased and fully dense (Fig. 2-
5). As compared to the Ti2AlC grains shown in Fig. 2-2 (2Ti:1.1Al:1C 
mixture HIPed at 1400 °C/4 h/80 MPa), MAX phase lamellae are much 
more obvious: they have dimensions in the 100-200 μm range in length 
and 20-50 μm in width. In addition, it has to be noticed that the chemical 
composition of the end-product, Ti2AlC0.85, is similar to that of the starting 
powders composition. 

 

 
 

Fig. 2-5: SEM micrograph (back-scattered mode) of Ti2AlC0.85 synthesized 
from 2Ti:1.05Al:0.85C mixture HIPed at 1400°C and 80MPa for 4 h.  

 EBSCOhost - printed on 2/14/2023 2:18 PM via . All use subject to https://www.ebsco.com/terms-of-use



Chapter 2 

 

42

Our result is in contradiction to the work of Cabioc’h et al.[10] who 
proposed that carbon substoichiometry cannot be achieved in the carbide, 
using reactive sintering starting from 2Ti:1.1Al:0.7-1C nominal composition. 
Nevertheless, their results were based on pressureless sintering and the 
approach developed in their study was only based on XRD data; the 
carbon amount in the Ti2AlCx compounds was not directly measured. 
Furthermore, the possibility to synthesize substoichiometric Ti2AlCx 
carbide has been mentioned in the literature[16, 17]. Indeed, Guo et al.[17] 
have successfully synthesized single-phased Ti2AlCx (x<1) through a 
combustion synthesis process starting with 2Ti:Al:0.7C powder mixture. 
The authors have shown that the main combustion product is Ti3AlC2 if 
the molar ratio of the reactant mixture is 2Ti:Al:C. Pietzka et al.[16] have 
demonstrated, using the wet chemistry method, that Ti2AlC is carbon 
deficient with respect to its “ideal” stoichiometry, which is based on the 
crystal structure formula. At 1300 °C, from the experimental isothermal 
section of the Ti-Al-C phase diagram and from thermochemical 
calculations, this phase is reported to be homogeneous at the composition 
Ti2AlC0.69. The study carried out by Pietzka et al.[16], performed at 1300°C, 
and the present work resulting from HIPing at 1400 °C/80 MPa indicate 
that the C substoichiometry may vary with the synthesis conditions. 
Nevertheless, in most of the studies dedicated to Ti2AlC synthesis[3, 6-8, 10, 

11, 15] the C content is not measured (see Table 2-2). Starting with 2Ti:1-
1.2Al:C ratio, the authors consider that the Ti2AlC final product is 
stoichiometric.  

The lattice parameters of Ti2AlC0.85 measured from Rietveld 
refinement of the XRD data using MAUD software are a = 3.0607 Å and c 
= 13.6644 Å. However, there are some discrepancies for the Ti2AlC a- 
(3.04 < a < 3.065 Å, a = 3.0525  0.0125 Å) and c- (13.6 < c < 13.71 Å, c 
= 13.655  0.055 Å) parameter values reported in the literature (see Table 
2-2). Such discrepancies are difficult to understand if one considers 
Ti2AlCx has a narrow range of carbon composition and that vacancy 
content slightly modifies Lattice Parameter (LP) values. To better estimate 
the possible influence of residual stress and thermal equilibrium on the LP, 
Ti2AlC0.85 and other subtoichiometric samples were annealed for one hour 
at 700 °C (to eliminate residual stresses) and subsequently annealed for 
10h at 1300 °C to decrease possible C-N concentration inhomogeneities 
and to reach equilibrium conditions. Rietveld refinements of the XRD 
experiments reveal that similar LP are obtained after annealing at 700 °C 
and 1300 °C, these LP being only slightly different from that obtained 
directly after the HIPing process. As a result, the presence of residual 
stress may only partly explain the discrepancy of the Ti2AlCx LP’s value. 
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This study demonstrates that, whatever the starting nominal composition 
of the reactant powder, a single substoichiometric Ti2AlC0.85 can be 
synthesized in our experimental conditions. This result suggests that 
Ti2AlC0.85 is a line compound. The synthesized substoichiometric 
Ti2AlC0.85 is also pure and fully dense at the SEM scale. 

 
Table 2-2: Ti2AlC processing and microstructural characterization from literature 
and from the present study. 
 

Nominal 
compositi

on 
Processing End-product 

composition a (Å) c (Å) Ref. 

Ti2AlC 
powder 

Pressureless 
sintering of 

Ti2AlC 
commercial 
powders in 

argon 

Ti2AlC*,& 

(XRD) 
3.065 0
.004(a) 

13.71 0.
03(a) [15] 

2Ti:1.1Al
:C 

Pressureless 
reactive 
sintering 

1400 °C/4 h 

Ti2AlC, 
Ti3AlC2, 

TixAly (XRD) 

3.0625(
5) (a) 

13.668(1
)(a) [10] 

2Ti:Al:C 
Arc melted + 
annealing at 

1000°C/170 h 

Ti2AlC* 
(XRD) 

3.056(0) 
(a) 

13.62(3) 
(a) [11] 

2Ti:1.2Al
:1C 

SPS under 
vacuum 

Ti2AlC* 
(XRD, SEM) 

3.058 0
.002 (a) 

13.649 0
.002 (a) [8] 

2Ti:Al:C 
Hot pressing 

1400 °C/1 h/30 
MPa 

Ti2AlC* 
(XRD) 

+Ti3AlC2,TiC 
(HR-TEM) 

3.04 (b) 13.6 (b) [7] 

2Ti:Al:C 
Hot pressing 

1600 °C/4 h/40 
MPa 

Ti2AlC* 
(XRD+SEM) 

Not 
measure

d 

Not 
measured [6] 

2Ti:Al:C 
HIP 

1300 °C/30 
h/40 MPa 

Ti2AlC*(XRD
) 

Al2O3+Ti3P 
(4vol.%, EDS) 

3.051 (a) 13.637 (a) [3] 

2Ti:1.05A
l: 

0.85C 

HIP 
1400 °C/4 h/80 

MPa 

Ti2AlC0.85 
(XRD, 

SEM/WDS) 

3.0607 
(a) 

13.6644 
(a) [18] 

* C content non-measured, & secondary phases non-determined, (a) determined 
from refinement of XRD pattern; (b) determined from Selected Area Electron 
Diffraction. 
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2.3. Synthesis and microstructural characteristics  
of Ti2AlNy (y 1) MAX phase 

2.3.1. The effect of the reactant powder mixture composition 

Fig. 2-6 (a-e) shows the back-scattered microstructural morphologies 
of Ti2AlNy fabricated by pressureless sintering at 1400 °C for 0.5h from 
2Ti:1.05Al:yN (y = 0.85, 0.9, 0.95, 1.0 and 1.05) nominal compositions. 
We can distinguish that the Ti2AlN grain size decreased with increasing N 
content in the starting powders. Starting with 2Ti:1.05Al:0.85N nominal 
composition (Fig. 2-6 (a)), titanium aluminide (TixAly) is detected in 
addition to the desired Ti2AlNy MAX phase. Starting with 2Ti:1.05Al:0.9N 
(Fig. 2-6 (b)), 2Ti:1.05Al:0.95N (Fig. 2-6 (c)), and 2Ti:1.05Al:1.0N (Fig. 
2-6 (d)) nominal compositions, only Ti2AlNy is observed; no impurities 
are detected. Starting with 2Ti:1.05Al:1.05N nominal composition (Fig. 2-
6 (e)), SEM observations coupled with EDS analyses confirm that Ti4AlNy 
(Ti/Al = 4), Ti2AlNy (Ti/Al = 2) and some Al2O3 (white dots) are formed. 
XRD results confirm the SEM/EDS analyses. Indeed, the XRD pattern 
shown in Fig. 2-6 (f) demonstrates that only Ti2AlNy peaks are detected 
for N content in the range 0.9-1.0. In addition to Ti2AlNy, titanium 
aluminides (TixAly) and Ti4AlNy are respectively detected starting with 
2Ti:1.05Al:0.85N and 2Ti:1.05Al:1.05N nominal compositions. WDS 
analyses coupled with SEM observations show that, the Ti, Al and N 
contents in the Ti2AlNy are very close to the ones introduced in the starting 
powders: Ti2Al0.99N0.90 from 2Ti:1.05Al:0.9N, Ti2Al0.99N0.95 from 
2Ti:1.05Al:0.95N, and Ti2Al0.99N0.99 from 2Ti:1.05Al:1.0N except of 
Ti2Al0.99N0.87 from 2Ti:1.05Al:0.85N and Ti2Al0.99N1.02 from 
2Ti:1.05Al:1.05N. This can be ascribed to the formation of titanium 
aluminides (TixAly) and Ti4AlNy in the starting powders with nominal 
ratios of 2Ti:1.05Al:0.85N and 2Ti:1.05Al:1.05N. For all samples, WDS 
and EDS analyses show that the overall Ti/Al ratio is 2:0.99, very close to 
2:1, which indicates the loss of approximately 5 at.% of the aluminum 
during reactive sintering. 
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Fig. 2-6: (a-e) Morphologies of Ti2AlNy samples produced by pressureless 
sintering at 1400 °C for 0.5 h from 2Ti:1.05Al:yN (y=0.85, 0.9, 0.95, 1.0 and 1.05) 
nominal compositions; (f) XRD patterns of different mixtures sintered at 1400 °C 

for 0.5 h. The (hkml) indexed peaks correspond to the Ti2AlNy MAX phase. 
 

Comparing the XRD patterns, the XRD peak corresponding to (0006) 
planes progressively shifts toward higher 2  values when N content (y) 
increases, while the (1010) peak shift is less significant. In reference to 
the interplanar spacing calculation in hexagonal system shown in equation 
2-1, interplanar spacings (d) for (0006) and (1010) planes are 8, and 
3

4, respectively.  
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Herein, we find that N vacancy has a stronger effect on the c-lattice 
parameter than on a. 

Fig. 2-7 shows the back-scattered SEM images of the samples HIPed 
from 2Ti:1.05Al:0.90N (Fig. 2-7 (a)) and 2Ti:1.05Al:1.0N (Fig. 2-7 (b)) 
starting nominal compositions. SEM observations coupled with WDS 
analyses confirm that these three samples are predominantly constituted of 
Ti2AlNy (y = 1 starting with 2Ti:1.05Al:1.0N nominal compositions, y = 
0.9 starting with 2Ti:1.05Al:0.90N), while some Al2O3 (black round-
shaped areas) traces are also detected. It can be noticed that the chemical 
composition of the Ti2AlNy end-products is similar to the starting powders 
composition. The Al2O3 content determined by image analysis using the 
image J software is about 2 vol.% starting with 2Ti:1.05Al:1.0N nominal 
composition (2Ti:0.05Al:AlN powder reactant mixture), while it is close to 
0 starting with 2Ti:1.05Al:0.9N nominal composition (2Ti:0.15Al:0.9AlN 
powder reactant mixture). The Al2O3 content decreases with the decrease 
of the AlN content in the initial reactant powder mixture. Thus, the 
presence of alumina likely results from the surface oxidation of AlN 
starting powders. MAX phase lamellae are much bigger in the Ti2AlN0.9 
HIPed samples as compared to the Ti2AlN sample: indeed, the average 
dimension of Ti2AlN0.9 grains is in the range of 70-120 μm in length and 
10-40 μm in width, as compared to 30-70 μm in length and 20-30 μm 
width for Ti2AlN grains.  

 

 
 

Fig. 2-7: Typical SEM micrographs (back-scattered mode) of different mixtures 
HIPed at 1400 °C and 80 MPa for 4 h from (a) 2Ti:1.05Al:1.0N, (b) 

2Ti:1.05Al:0.90N nominal compositions. Chemical composition is measured by 
WDS. Ti2AlN and Ti2AlN0.9 are marked on the corresponding MAX phases. 
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The synthesis of high-purity Ti2AlN has been reported in the literature 
using Hot Pressing (HP) [5, 6, 12] and Spark Plasma Sintering (SPS)[4] 
methods, while HIPing at 1400 °C/40 MPa/48 h[4] and pressureless 
reactive sintering at 1400 °C/4 h[10] lead to the formation of secondary 
phases (see Table 2-3). Starting with 2Ti:1-1.1Al:N nominal composition, 
the authors consider that the Ti2AlN end-product is stoichiometric, but 
they do not evaluate the N content[3, 10]. 

 
Table 2-3 Ti2AlN processing and microstructural characteristics from the literature 
and from the present study. 
 

Nominal 
composit

ion 
Processing End-product 

composition a (Å) c (Å) Ref. 

Ti2AlN 
powders 
(3ONE2)  

Pressureless 
sintering 

1500 °C/1 
h/Ar 

Ti1.93AlN0.975 
wet chemical 

analysis 

Not 
measured 

Not 
measured 

[14] 
[19] 

Ti2AlN 

Pressureless 
sintering of 

Ti2AlN 
powders 

Ti2AlN*,& 

(XRD) 
2.986 0.0

03 (a) 
13.60 0.

02 (a) [15] 

2Ti:1.1A
l:N 

Pressureless 
reactive 
sintering 

1400 °C/4 h 

Ti2AlN,TixAly 
(XRD) 

2.9891(2) 
(a) 

13.615(1
) (a) [10] 

2Ti:Al:N 

SPS under 
vacuum 

1200 °C/10 
min/30 MPa 

Ti2AlN(XRD) 
Ti2Al0.83N1.13 

(EPMA) 

Non-
measured 

Non-
measured [4] 

2Ti:Al:N 

Hot 
pressing 

1600°C/4h/
40MPa 

Ti2AlN* 
(XRD+SEM) 

Not 
measured 

Not 
measured [6] 

2Ti:Al:N 

Hot 
pressing 

1400 °C/25 
MPa/1 h 

Ti2AlN* 
(XRD,SEM) 2.998 (a) 13.613 (a) [5] 
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2Ti:Al:N 

Hot 
pressing 

1300 °C/2 
h/30 MPa 

Ti2AlN 
(XRD) 

Ti2Al0.89N1.06 
(EPMA) 

Not 
measured 

Not 
measured [12] 

2Ti:Al:N 

Hot 
pressing 

1400 °C/8 
h/45 MPa 

Ti2Al1.04N0.98 
wet chemical 

analysis  

Not 
measured 

Not 
measured [14] 

2Ti:Al:N 
HIP 

1400 °C/48 
h/40 MPa 

Ti2AlN* (XRD) 
Al2O3+Ti3P+ 
Ti4AlN3 (11-

20vol.%, EDS) 

2.989 (a) 13.614 (a) [3] 

2Ti:1.05
Al:0.9N 
2Ti:1.05
Al:1N 

HIP 
1400 °C/4 
h/80 MPa 

Ti2AlN0.9 
(XRD, 

SEM/WDS) 
 

Ti2AlN (98 
vol.%) 

Al2O3 (2 vol.%) 
(XRD, 

SEM/WDS) 

2.9879 
2.9886 

13.6302 
13.615 [20] 

* C content non-measured, & secondary phases non-determined, (a) from refinement 
of XRD pattern. 

2.3.2. The effect of N content on Ti2AlN lattice parameters  

The lattice parameters (LPs) of Ti2AlNy as a function of N content, 
measured from Rietveld refinement of the XRD data using MAUD 
software, and calculated using ab initio calculations, are shown in Fig. 2-8 
(a). Similar to the findings by Cabioc’h et al.[21], the volumes of the unit 
cell remain almost constant independent of y, while different variations for 
a and c LPs are clearly found. Experimentally, the lattice contraction of 
Ti2AlNy is strongly anisotropic, namely, the a parameter slightly increases 
by about 0.0062 Å while the c parameter decreases about 0.0498 Å as the 
N content increases from 0.87 to 1.02. From Fig. 2-8 (b), the almost linear 
variation of the c/a ratio as a function of N content and consistency with 
the calculations indicates that the N vacancies are primarily randomly 
distributed. The calculated trends of the LPs reproduce the experimental 
measurements well. As the c parameter is about 4.5 times larger than the a 
parameter in Ti2AlN MAX phases, as shown in Fig. 2-8 (c), we plotted the 
relative change changes in a and c as a function of N content. Both 
experimental and theoretical calculations indicate that the relative changes 
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in c are about 1.8 times larger than that of a as the N content increases 
from 0.87 to 1.02, which means the effect of N vacancies on Ti2AlN lattice 
structure is anisotropic. 

 

 
 

Fig. 2-8. (a) Variation of the a and c -LPs as a function of nitrogen content in the 
Ti2AlNy compounds from XRD experiments (blue) and ab initio calculations 

(white). (b) The c/a ratio versus N content. Error bars for lattice parameters being 
too small to be clearly observable (uncertainties of 5 10-4 Å and 5 10-3 Å were 
typically obtained for a and c parameters). (c) The relative change changes in a 

and c versus N content. 
 

The MAX crystal unit cell, as shown in Fig. 2-9 (a), can be considered 
to be constituted of [M6X] octahedrons and [M6A] trigonal prisms[22, 23] 
allowing us to describe the “211” MAX phases[24]. A cubic octahedron is 
the unit block of the binary MX, but the fourfold axis is absent in ternary 
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MAX that results in a relaxation owing to the lowered symmetry. The 
parameter Od, defined as the ratio of the distances between two faces not 
in the basal planes (d1) and two opposite faces contained in the basal 
planes (d2)[23], can be used to estimate the non-cubic distortion of the 
octahedron. It is given by: 

= =
3

2 4 ( ) + 1
12

                         (2 2) 

The distortion parameter Pd, defined as the ratio of the M-M distance 
and the M-A distance[22], allows estimation of the distortion of the trigonal 
prism. It is given, in 211 MAX phases, by: 

=
1

(1
4 ) ( ) + 1

3

                           (2 3) 

For an ideal packing of hard spheres of equal diameter, a ratio for c/a 

as of 8×  will be satisfied, and for an ideal octahedron (cubic) and 

trigonal prism, a unity for both Od and Pd should also be reached. From the 
position of Ti atoms (zTi), a and c-lattice parameters measured above, both 
Od and Pd were experimentally determined and plotted as a function of the 
N content in Ti2AlNy in Fig. 2-9 (b). Obviously, the relative distortion of 
the prism is similar to the one of the octahedra whatever the N content in 
Ti2AlNy, and the variations of Od and Pd are very weakly dependent on the 
N content, and show the increasing linearly with the N content. 

 

 
 

Fig. 2-9: (a) The unit cell of the Ti2AlN phase with [Ti6N] octahedrons (red) and 
[Ti6Al] trigonal prisms (blue) represented with VESTA [24]. (b) The Octahedron 

(Od, circles) and trigonal prism (Pd, squares) distortion parameters versus N 
content in Ti2AlNy. 
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2.4. Synthesis and microstructural characteristics  
of Ti2Al(CxNy) solid solutions 

2.4.1. Stoichiometric Ti2Al(CxN1-x) solid solutions 

A series of stoichiometric Ti2Al(CxN1-x) solid solutions has been 
synthesized using different nominal compositions (2Ti:1.1Al:0.25C:0.75N, 
2Ti:1.1Al:0.50C:0.50N and 2Ti:1.1Al:0.75C:0.25N), with reactant powder 
mixture consisting of Ti, TiC, Al and AlN powders. The HIPing 
conditions are similar to the ones used previously: 1400 °C/4 h/80 MPa. 

Fig. 2-10 (a-c) shows back-scattered SEM micrographs of the samples 
HIPed at 1400 °C and 80 MPa for 4 h. WDS analyses coupled with SEM 
observations demonstrate that, starting with 2Ti:1.1Al:xC:(1-x)N nominal 
composition with x = 0.25 and 0.5, the resulting Ti2AlC0.23N0.76 (Fig. 2-10 
(a)) and Ti2AlC0.49N0.49 (Fig. 2-10 (b)) HIPed samples are predominantly 
single-phased. Starting with reactant mixtures containing higher C content, 
i.e., x = 0.75, some Ti3AlC1.48N0.49 is detected in addition to Ti2AlC0.74N0.25 
(Fig. 2-10 (c)). One can notice that, starting with x = 1, large areas of 
Ti3Al0.99C1.81 are observed in the Ti2AlC0.88 matrix (see Fig. 2-2). WDS 
analyses show that the Ti, Al, C and N contents in the Ti2Al(CxN1-x) solid 
solutions are very close to the ones introduced in the starting powders. 
Moreover, for all samples, WDS shows that the overall Ti/Al ratio is very 
close to 2, which confirms the expected loss of approximately 10 at.% of 
the aluminum during reactive sintering, by evaporation and/or diffusion 
into molten glass at high temperatures. 

 

 
 

Fig. 2-10: Typical SEM micrographs (back-scattered electrons) of different 
mixtures HIPed at 1400 °C and 80 MPa for 4h, starting with (a) 

2Ti:1.1Al:0.25C:0.75N, (b) 2Ti:1.1Al:0.50C:0.50N, (c) 2Ti:1.1Al:0.75C:0.25N 
nominal compositions. Chemical compositions are measured by WDS. 
Ti2AlC0.23N0.76 , Ti2AlC0.49N0.49 and Ti2AlC0.74N0.25 are marked on the 

corresponding MAX phases. 
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WDS analyses coupled with SEM observations also reveal the 
presence of Al2O3 (round-shaped black areas) in the Ti2AlC0.23N0.76, 
Ti2AlC0.49N0.49 and Ti2AlC0.74N0.25 solid solutions. Using the image J 
software, image analysis allows the determination of a volume content of 
Al2O3 in the range 1-2.1 vol.%; such a result is in compatible agreement 
with the phase composition determined using the Rietveld refinement 
method. Note that the Al2O3 content of the stoichiometric solid solutions 
increases with the increase of the AlN content in the initial reactant 
powder mixture. Indeed, it has been previously shown that the Al2O3 
content of the Ti2AlN synthesized samples increases with the increase of 
the AlN content in the initial reactant powder mixture. Finally, the 
presence of alumina likely results from the surface oxidation of AlN 
starting powders. About 1-2 vol.% of TixAly is also detected in the 
Ti2AlC0.74N0.25 solid solution using the image J software; such a result is in 
compatible agreement with Rietveld refinement results.  

Fig. 2-11 shows the XRD patterns recorded on different mixtures 
HIPed at 1400 °C/4 h/80 MPa. Ti2Al(CxN1-x) is the only phase detected 
after reactive sintering starting with x = 0.25 and 0.5. One can notice that, 
starting with x = 0.75, some traces of Ti3Al(CxN1-x) are detected in 
addition to the Ti2Al(CxN1-x) solid solution after HIPing treatment. This 
secondary phase has also been evidenced by SEM (Fig. 2-10 (c)). 
Comparing the XRD patterns, a progressive shift of the Ti2Al(CxN1-x) 
diffraction peaks toward lower 2  values is observed when the C content 
(x) increases. It has been reported that MAX phases easily form solid 
solutions at M site [11, 25], A-site [26-29], and X site[3]. The C covalent radius 
(RC = 0.76 Å) is slightly larger than the one of N (RN = 0.71 Å)[30]. It may 
thus be possible for N atoms to be incorporated into the Ti2AlC unit cell, 
and to substitute the C atoms to form stoichiometric Ti2Al(CxN1-x) solid 
solutions. As a consequence, and assuming that Ti-C or Ti-N bonds show 
covalent bonding[31], the cell parameters of Ti2Al(CxN1-x) should decrease 
compared to the ones of Ti2AlC; such a hypothesis is in compatible 
agreement with our results.  
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Fig. 2-11: XRD patterns of different mixtures HIPed at 1400 °C and 80 MPa for 4 
h. (a) 2Ti:1.05Al:0.85C(b) 2Ti:1.1Al:0.75C:0.75N, (c) 2Ti:1.1Al:0.50C:0.50N, (d) 

2Ti:1.1Al:0.25C:0.75N, (e) 2Ti:1.05Al:1.05N nominal compositions. The (hkl) 
indexed peaks correspond to the Ti2Al(CxN1-x) solid solution. 

2.5. Substoichiometric Ti2Al(CxNy) solid solutions (x+y<1) 

2.5.1. Hypothesis 

To produce pure substoichiometric Ti2Al(CxNy) solid solutions with 
x/y = 3, 1 or 1/3, (2-x)Ti:(1.05-y)Al:xTiC:yAlN starting powders have 
been used according to the following reaction:  

(2-x)Ti + (1.05-y)Al + xTiC + yAlN –> Ti2AlCxNy               (2-
4) 

Assuming that the vacancy content varies linearly from 0 to 0.15 going 
from Ti2AlN to Ti2AlC0.85, x and y can be easily calculated. Indeed, in our 
synthesis conditions, the range of carbon composition in Ti2AlCx samples 
can be considered as very narrow around x = 0.85, and Ti2AlN (y = 1) can 
be obtained as a single phase. Thus, pure Ti2Al(CxNy) solid solutions 
would only be obtained for a single value of the x/(1-y) = 0.85 ratio. One 
can also calculate this single value from the Ti2AlC0.85 end-member for 
which x/(1-y) = 0.85. 

Given the values x/y = 3, 1 and 1/3, the subsequent nominal 
compositions are obtained: 2Ti:1.05Al:0.66C:0.22N ((2-0.66)Ti:(1.05-
0.22)Al:0.66TiC:0.22AlN starting powder mixture), 2Ti:1.05Al:0.46C:0.46N 
((2-0.46)Ti:(1.05-0.46)Al:0.46TiC:0.46AlN starting powder mixture) and 
2Ti:1.05Al:0.24C:0.72N ((2-0.24)Ti:(1.05-0.72)Al:0.24TiC:0.72AlN starting 
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powder mixture). 

2.5.2. Microstructural characterization and discussion 

From the XRD patterns shown in Fig. 2-12, Ti2Al(CxNy) is the only 
phase detected after HIPing treatment at 1400 °C and 80 MPa for 4 h of 
the different compositions investigated.  

 

 
Fig. 2-12: XRD patterns of different mixtures HIPed at 1400 °C and 80 MPa for 4 
h. (a) 2Ti:1.05Al:0.85C, (b) 2Ti:1.05Al:0.66C:0.22N, (c) 2Ti:1.05Al:0.46C:0.46N, 
(d) 2Ti:1.05Al:0.24C:0.72N, (e) 2Ti:1.05Al:1N nominal compositions. The (hkl) 

indexed peaks correspond to the Ti2Al(CxNy) phase. 
 
Fig. 2-13 (a-c) shows SEM micrographs in back-scattered mode of the 

different solid solutions resulting from reactive sintering. The average 
dimensions of the grains are in the range 50-100 μm in length and 20-30 
μm in width. The increase in grain size as compared to stoichiometric 
solid solutions is confirmed whatever the composition investigated. WDS 
analyses coupled with SEM observations show that, the Ti, Al, C and N 
contents in the Ti2Al(CxNy) solid solutions are very close, if not identical, 
to the ones introduced in the starting powders: Ti2AlC0.23N0.71 from 
2Ti:1.05Al:0.24C:0.72N, Ti2AlC0.45N0.45 from 2Ti:1.05Al:0.46C:0.46N 
and Ti2AlC0.66N0.22 from 2Ti:1.05Al:0.66C:0.22N. Moreover, for all 
samples, WDS analyses show that the overall Ti/Al ratio is 2:1, which 
indicates the expected loss of 5 at.% of aluminum during reactive 
sintering. WDS analyses coupled with SEM observations demonstrate that 
the resulting Ti2AlC0.66N0.22 (Fig. 2-13 (a)) dense HIPed sample is single-
phased. Starting with reactant mixtures containing high N content, i.e., y = 
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0.46 (Fig. 2-13 (b)) and y = 0.72 (Fig. 2-13 (c)), some Al2O3 (round-
shaped black areas) is detected in dense HIPed samples. The Al2O3 content 
determined by image analysis, using the ImageJ software, is 0.3 and 0.9 
vol.% in Ti2AlC0.45N0.45 (Fig. 2-13 (b)) and Ti2AlC0.23N0.71 (Fig. 2-13 (c)) 
respective solid solutions. The presence of Al2O3 likely results from the 
surface oxidation of AlN starting powders as its content increases with 
AlN content in the initial reactant powder mixture.  

 

 
 

Fig. 2-13: SEM micrographs (back-scattered mode) of different mixtures 
HIPed at 1400 °C and 80 MPa for 4 h. (a) 2Ti:1.05Al:0.24C:0.72N, (b) 

2Ti:1.05Al:0.46C:0.46N, (c) 2Ti:1.05Al:0.66C:0.22N nominal compositions. 
Chemical composition of the different phases is measured by WDS. 
Ti2AlC0.23N0.71, Ti2AlC0.45N0.45 and Ti2AlC0.66N0.22 are marked on the 

corresponding MAX phases. 
 
Comparing the XRD patterns shown in Fig. 2-12, the Ti2Al(CxNy) 

diffraction peaks are shifted toward higher 2  values when the N content 
increases. Such a feature is not true for the (000l) peak family; the 
substitution of C by N thus mainly influences a-lattice parameters. This 
feature is explained by the variation of the a and/or c-lattice parameters of 
the hexagonal MAX phase. Fig. 2-14 gives the variation of the a- (Fig. 2-
14 (a)) and c- (Fig. 2-14 (b)) lattice parameters of the stoichiometric and 
substoichiometric Ti2Al(CxNy) phase as a function of C content (x), 
determined by WDS analyses. It is important to notice that, for 
substoichiometric solid solutions, the vacancy content on the X site 
increases with the C content (red circles); as a consequence, both C 
substitution and vacancy contents should be considered to explain the 
variation of the a and c-lattice parameters of the Ti2Al(CxNy) solid 
solutions. Cabioc’h et al. [10] have demonstrated that very slight variations 
of the a and c-lattice parameters are observed when the vacancy content 
increases in Ti2Al(CxN1-x)y solid solutions, where x is fixed (0<x<1). For 
example, a and c-lattice parameters are (a=3.0201Å, c=13.618Å) and 
(a=3.0217Å, c=13.615Å) respectively for Ti2Al(C0.51N0.49)0.80 and 
Ti2Al(C0.50N0.50)0.88 compounds[10]. Such a result is confirmed by our 
studies. Indeed, whatever the vacancy content, a-parameter variation with 
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carbon content lies on a single line (Fig. 2-14 (a)). Thus, one can conclude 
that the a-lattice parameter variation can be mainly attributed to the 
substitution effect.  

From Fig. 2-14 (a), it can be observed that the a-lattice parameter of 
the carbonitrides increases linearly with the C content; the a-lattice 
parameter of the stoichiometric (black square) and substoichiometric (red 
circle) solid solutions being larger than that of pure Ti2AlN nitride (2.9886 
Å) but smaller than that of pure Ti2AlC0.85 carbide (3.0607 Å). For 
stoichiometric and substoichiometric solid solutions, the linear variation of 
the a-lattice parameter with composition is consistent with the formation 
of a continuous substitutional solid solution in which N and C atoms that 
substitute for each other and are randomly distributed on the X site; in 
other words, a values obey Vegard’s law. Such a linear variation was also 
observed for TiCxN1-x carbonitride[30] because of the close relationships 
between the Mn+1Xn layers of the MAX phase and that of the corresponding 
binary MX compounds. The values of the a-lattice parameter obtained in 
this study for substoichiometric carbonitrides are also in very good 
agreement with the experimental ones from [10] and the one calculated by 
using the Cluster Expansion formalism[32].  

Fig. 2-14 also shows that the lattice contraction of stoichiometric and 
substoichiometric Ti2Al(CxNy) solid solutions is strongly anisotropic, 
namely, much more reduction, going from Ti2AlCx to Ti2AlN, along the a-
axis than along the c-axis. From Fig. 2-14 (b), one can observe that the c-
lattice parameter does not vary monotonically as a function of the C 
content in the solid solutions. Arroyave and Radovic have obtained the 
same kind of variation by investigating the energies of the C-N alloying in 
the C sublattice using the Cluster Expansion formalism[32]. The deviation 
from Vegard’s law is attributed to the stronger M-X interactions that result 
from carbon and nitrogen mixing in the X sublattice. For substoichiometric 
solid solutions, the c-lattice parameters of Ti2AlC0.23N0.71 and 
Ti2AlC0.45N0.45 are smaller than those of both substoichiometric end-
members, whereas for Ti2AlC0.66N0.22 the c-lattice parameter is between 
those of both substoichiometric end-members. For stoichiometric solid 
solutions, the c-lattice parameter of Ti2AlC0.23N0.76 is smaller than those of 
Ti2AlN, Ti2AlC0.85 and Ti2AlC0.88, whereas for Ti2AlC0.49N0.49 and 
Ti2AlC0.74N0.25 the c-lattice parameter is between those of the previously 
mentioned end-members. 
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Fig. 2-14: Evolution of the a- (a) and c- (b) lattice parameters of stoichiometric 
(black square) and substoichiometric (red circle) Ti2Al(CxNy) solid solutions and 
related end-members determined from Rietveld refinement of the XRD data using 

MAUD software. Blue triangles indicate the a- and c- lattice parameters of 
substoichiometric samples and Ti2AlN after annealing. 

 
Assuming that C and N vacancies in substoichiometric Ti2Al(CxNy) 

carbonitrides solid solution is proportional to the vacancies in the end-
members allows synthesizing high-purity and dense Ti2AlC0.66N0.22, 
Ti2AlC0.45N0.45 and Ti2AlC0.23N0.71 solid solutions using HIPing technique 
at 1400 °C/80 MPa for 4 h. The lattice contraction in both Ti2Al(CxN1-x) 
and Ti2AlCxNy is strongly anisotropic, namely, much more reduction, 
going from Ti2AlC0.9 to Ti2AlN, along the a-axis than along the c-axis. The 
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a-lattice parameter obeys Vegard’s law whatever the carbon and nitrogen 
vacancy content, whereas the c- parameter variation is not linear. 

2.6. Summary and conclusions 

For a high-purity and fully dense Ti2AlC0.85 carbide it was demonstrated 
that stoichiometric Ti2AlC cannot be produced in our synthesis conditions 
since, whatever the nominal composition of the reactant powder 
investigated, a single substoichiometric Ti2AlC0.85 carbide is obtained.  

Ti2AlN was synthesized with varying N vacancy concentrations by 
pressureless sintering and Hot Isostatic Pressing. XRD and SEM prove 
that Ti2AlN could be synthesized with up to 13% N substoichiometry.  

For high-purity and fully dense substoichiometric Ti2Al(C0.66N0.22), 
Ti2Al(C0.45N0.45) and Ti2Al(C0.23N0.71) solid solutions, it was assumed that 
the vacancy content on the C site of substoichiometric carbonitrides is 
proportional to the vacancy content in the C site of the Ti2AlC0.85 end-
member. 

The lattice contraction of stoichiometric and substoichiometric 
Ti2Al(CxNy) solid solutions is strongly anisotropic, namely, there is much 
more reduction, going from Ti2AlC0.85 to Ti2AlN, along the a-axis than 
along the c-axis. The a-unit cell parameter obeys Vegard’s law whereas 
the c-lattice parameter of the carbonitrides is not linear with C content. 
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CHAPTER 3 

SOLID SOLUTION AND VACANCY EFFECTS  
IN MECHANICAL AND PHYSICAL PROPERTIES 

OF Ti2Al(CxNy) SOLID SOLUTIONS 
 
 
 

3.1 Introduction 

The substitution and substoichiometric effects and adjustment of the 
chemistry of MAX phases allow the modification and, in some cases, 
improvement of their physical properties. For example, Ti2AlC0.5N0.5 has 
been reported [2] [5, 6] to be significantly harder than either of its end-
members Ti2AlC and Ti2AlN, and there may be other ratios of C and N 
with even better properties. Scarabozi et al. have shown that the 
Ti2AlC0.5N0.5 solid solution has a higher residual resistivity than the 
Ti2AlC and Ti2AlN end-members[1]. Such a higher residual resistivity has 
been attributed to scattering by impurities, vacancies or other defects. 
Results also suggest that vacancies are potent electron scatters as is well 
established in binary transition carbides[7, 8]; Scabarozi et al. have shown 
that substoichiometric Ti2AlN0.95 has a higher resistivity than stoichiometric 
Ti2AlN[9] which suggests that vacancies are strong electron scatters. As a 
prerequisite to their application for electrical contacts, MAX phases 
electronic properties and especially their modifications resulting from solid 
solution and/or vacancy effects have to be properly studied and understood. 

In the first section, nanoindentation is performed to evaluate the 
intrinsic hardness and the elastic modulus of highly pure Ti2Al(CxNy) 
substoichiometric solid solutions and their related end-members Ti2AlC0.85 
and Ti2AlNy (y = 1 and 0.9). The results allow investigating eventual solid 
solution and vacancy effects on the mechanical properties of the Ti-Al-C-
N system.  

In the second section, the transport properties of Ti2AlNy (y = 1 and 
0.9), Ti2AlC0.85 and a Ti2Al(CxNy) solid solutions series (stoichiometric 
and substoichiometric) were measured and compared. Experimental and 
theoretical results are discussed, focusing on the substitution and vacancy 
content effects.  
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3.2. Mechanical properties of Ti2Al(CxNy) solid solutions 

3.2.1. Elastic modulus and intrinsic hardness of polycrystalline 
Ti2AlC0.45N0.45 

Fig. 3-1a shows the indent network performed on the Ti2Al(C0.45N0.45) 
sample. One hundred and fifty nanoindentation tests were performed with 
different loads (100, 30, 15, 10, 6, 3, 2 and 1mN) in a regular array with a 
step size of 50μm. Furthermore, 15 large indents, obtained at 220mN, have 
been performed along two lines at the border of the array. These two lines 
allow an easy localization of the indent’s network using SEM. For all 
samples, SEM observations were carried out to remove from the statistics 
the hardness and elastic modulus values that have been measured on 
indents that were not localized on a single MAX phase grain. As an 
example, Fig. 3-1d shows an indent localized in grain boundaries whereas 
Fig. 3-1 € shows an indent localized in a single grain. 

Fig. 3-2 exhibits Ti2Al(C0.45N0.45) hardness and elastic modulus as a 
function of the penetration depth of the indenter. The standard deviations 
result from an average of different grain orientations. Ti2Al(C0.45N0.45) 
nanoindentation modulus remains constant (270±10 GPa) whatever the 
penetration depth is. Such a result attests that the indenter shape calibration is 
correct and, consequently, that the Indentation Size Effect (ISE) discussed 
below is not an artifact due to errors in indenter shape calibration. Indeed, one 
can notice that hardness values strongly decrease with increasing penetration 
depth. This variation is attributed to the ISE[10], which has already been 
reported in the case of Ti3SnC2

[11], Ti3AlC2
[12] and Ti3(Al0.8Sn0.2)C2

[12] MAX 
phase materials. The variation of the hardness values is well fitted by the same 
function as that proposed in the Nix and Gao model[13], where indents located 
are in a single grain, except for the higher loads (i.e., 100 and 220 mN). From 
the fit shown in Fig. 3-2, one can deduce that the intrinsic hardness value of 
Ti2Al(C0.45N0.45) is 10.9 ±0.3 GPa. For the 100 and 220 mN loads, the size of 
the indents is close to the mean grain size. In that case, as observed by SEM 
(see Fig. 3-1c), several grains are involved in the deformation process and 
grain boundaries play an important role in macroscopic deformation, as 
reported by Tromas et al.[11]. For such high loads, nanoindentation conditions 
(loads, depth of the indent, number of grains involved in the deformation etc.) 
are close to those for microindentation and the hardness values are similar to 
those reported in microindentation experiments[27]. However, the intrinsic 
hardness values determined here from nanoindentation tests, and 
corresponding to single grain deformation, are not comparable to those 
resulting from microindentation tests[39]. 
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Fig. 3-1: (a) Array of indents performed on Ti2Al(C0.45N0.45) sample. (b) Insert: 
enlarged SEM image of the area shown in the black rectangle of (a). (c) Indent 
performed at 220 mN: neighboring grains are involved in the deformation. (d) 

Indent performed at 30 mN and located on grain boundaries. € Indent performed at 
30 mN and located in a single grain. 

 

 
 

Fig. 3-2: Ti2Al(C0.45N0.45) hardness (circles) and nanoindentation modulus 
(squares) plotted as a function of the indenter penetration depth. Dotted red line fits 

the ISE using the function proposed in the Nix and Gao model[13]. 
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3.2.2. Solid solution effect on the hardness and elastic modulus 
of Ti2Al(CxNy) MAX phases. 

Fig. 3-3 shows the variation of the intrinsic hardness and elastic 
modulus as a function of the C content in the substoichiometric solid 
solutions and related end-members. The decrease of the elastic modulus 
from Ti2AlNy (y=0.9 and 1) to Ti2AlC0.85 is in good qualitative agreement 
with theoretical calculations performed by Du et al.[6] and Arroyave et 
al.[14] using the Cluster Expansion method. These authors demonstrate that 
the elastic properties of the stoichiometric Ti2Al(C(1-x)Nx) structure more 
or less closely follow the linear rule of mixing. Furthermore, most of the 
elastic constants in the system remain more or less constant as the carbon 
content increases. Moreover, the calculated orbital overlap shows that the 
Ti3d-N2p bonding orbitals in Ti2AlN are stronger than the Ti(3d)-C(2p) 
bonding orbitals in Ti2AlC[15]. Indeed, Magnusson et al. have shown, by 
comparing the N K Soft X-ray Emission (SXE) spectrum of Ti2AlN and 
the C K SXE spectrum of Ti2AlC, that the main peak of the former 
appears at -4.8 eV whereas the peak of the latter appears at -2.9 eV; a shift 
of -1.9 eV is clearly observed[15]. The peak shift to lower energy, from the 
Fermi level, indicates stronger interaction and bonding in Ti2AlN than in 
Ti2AlC. However, the strong decrease of elastic modulus in the case of 
Ti2AlC0.85 should be attributed to the vacancies effect. 

 

 
Fig. 3-3: Intrinsic hardness (circles) and nanoindentation modulus (squares) versus 

C content in the Ti2Al(CxNy) system.  
 

Concerning the intrinsic hardness, one can notice that substoichiometric 
solid solution samples (Hv in the range 10.0-10.9 GPa) have higher 
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hardness values than their substoichiometric Ti2AlC0.85 (Hv=8.9 GPa) and 
Ti2AlN0.9 (Hv=8.1 GPa) end-members. Neglecting the slight variation of 
the vacancy content for these samples, such an effect mainly results from 
the solid solution strengthening effect. 

3.2.3. Vacancy effects on the hardness and elastic modulus  
of Ti2Al(CxNy) MAX phases 

From the fit shown in Fig. 3-4, one can deduce that the intrinsic 
hardness values of Ti2AlN0.9 and Ti2AlN are respectively 8.1 and 9.7 GPa. 
For the 100 mN load, the size of the indents is in the order of the mean 
grain size. In that case, several grains are involved in the deformation 
process and grain boundaries play an important role in macroscopic 
deformation, as reported by Tromas et al. [11]. For such high loads, 
nanoindentation conditions (loads, depth of the indent, number of grains 
involved in the deformation etc.) are close to those for microindentation 
and the hardness values are similar to those reported in microindentation 
experiments.[16] 

 

 
 

Fig. 3-4: Hardness (circles) and nanoindentation modulus (squares) of Ti2AlN  
and Ti2AlN0.9 as a function of the indenter penetration depth. 

 
Up to now, the effect of vacancies on the mechanical properties of 

MAX phases has not been investigated. The hardness values of TiCx and 
TiNy decrease with increasing vacancy content[17, 18]. In substoichiometric 
TiNy, the integrated DOS demonstrates that Ti(3d)-N(2p) bonding states 
are reduced in the presence of vacancies, leading to weakened bond 
strength, shear strength and hardness[19]. Furthermore, it is predicted that 
the introduction of 12.5% of vacancies in TiNy significantly reduces its 
shear stiffness from 190 GPa to less than 150 GPa[18], agreeing well with 
the experimental results[20]. A similar trend has been measured experimentally 
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in TiCx 
[17]. For the ternary nitride Ti2AlN, intuitively, the N vacancies 

would play a softening role in the mechanical properties.  
From Table 3-1, the Cij are reduced due to the weaker M-X bonding, as 

the concentration of N vacancies is increased. In the hexagonal lattice, the 
C11 is the in-plane elastic response, which is larger than C33 derived by the 
out-of-plane distortion, indicating the average bonding along the in-plane 
is stronger than the out-of-plane. It is indeed true, as determined by the 
layered structure. However, with higher N deficiency, these two constants 
become similar as the MAX lattice becomes more isotropic. When C33 is 
close to or smaller than C11, it might be feasible to break the M A M 
bonds or significantly damage the M X M bonds[21, 22]. This would open a 
new route to obtaining the derivative 2D MXenes with clean surfaces by 
means of mechanical exfoliation, instead of the currently used chemical 
etching processes that lead to complicated surface terminal structures and 
compositions. 

While the shear, bulk and Young’s moduli are steadily suppressed with 
the increasing N vacancy concentration, the three moduli show different 
magnitudes of responses of 13.1%, 7.3%, and 11.7%, respectively. 
Experimentally, for pristine Ti2AlN, the Young’s modulus was found to be 
278 ± 10 GPa, which is in very good agreement with the result obtained by 
Resonant Ultrasound Spectroscopy (RUS) on a Ti2AlN bulk polycrystalline 
sample (E~277 GPa[5]) and 270 ± 20 GPa in another independent 
measurement by nanoindentation[23]. Note that the calculated E of Ti2AlN 
with varying N vacancies are all falling into the regime between 258.2 and 
293.1 GPa, which is in the line with the above measurements. We 
concluded that the perturbation of the various mechanical properties by N 
vacancies are different, and the incompressibility is the least affected. 

3.2.4. Vacancy effects on electronic localization  
and Density of states 

As discussed above, the combination of metallic and ceramic 
characteristics in MAX phases provides us with opportunities in many 
applications, where the formation of defects, their dynamics, and the 
consequences for the mechanical properties are critical. The formation 
energy for the varying N vacancies Ef was defined as Ef = (Ev+ -Ep)/16, 
where Ev denotes the total energy of Ti2AlN phase with N vacancies,  is 
the chemical potential for a single N atom as of the N2 gas molecule, Ep 

stands for the total energy of the pristine Ti2AlN, and n is the number of N 
vacancies in the supercell. Here, we consider the formation energy per unit 
cell by the division over the size of the supercell, 16. The formation energies 
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of N vacancy in Ti2AlN are positive, which is similar to the finding of N 
vacancy in Ti4AlN3.[24] It is thus demonstrated that the N vacancies are 
energetically costly. Moreover, the formation energy of N vacancies in the 
lower densities is higher than for higher densities.  

Having the energetics of the N vacancy formation, we continue to 
elucidate the mechanical properties and the N vacancies induced changes. 
Here, we employed two widely used hardness models, Hv,Chen [25] and Hv

 

[26] to analyze both defect-free and the deficient Ti2AlN. Note that Pugh’s 
modulus ratio (k) defined as G/B, used as the indicator of a material’s 
brittleness, is usually taken into account, and the above two models are 
expressed as: 

, = 2( ) . 3                                                          (3 1) 
, = 0.92 . .                                                          (3 2) 

We find that in the above two models the hardness is ~20 GPa and 
decreases monotonically with greater N deficiency. The reduction 
magnitude of Hv,Chen and Hv,Tian are respectively approximately 16% and 
15% from the pristine to the highest N deficient MAX phase. In Eqns. (3-
1) and (3-2), the exponential of k, G is the key to deducing the different 
slopes of the change, but the overview of the moduli and hardness of 
nitride MAX provides a clear insight into the role of the N deficiency. 
Overall, the reduction in hardness by introducing the N deficiency does 
not exhibit a dramatic change, in contrast to that found in binary nitrides. 

It is well known that the bonding in the MAX phases is a combination 
of covalent, ionic and metallic bonding. To quantify the chemical bonding 
characters of Ti2AlN, we compare the ELF in both the N defect-free and 
deficient (N0.90) MAX phases in Fig. 3-5. In Fig. 3-5 (a), the predominate 
Ti-N bond shows a mixture of covalency (the blue bridge feature) and 
ionicity (the red spheres on N that gain extra electrons from Ti). For the 
Ti-Al bond, there is no evident covalent bonding, but near the Ti surface, a 
red triangle-shaped electronic cloud appears and represents the Ti-Al 
bonding. This strong localized feature illustrates that the Ti-Al bonding is 
a more ionic feature, and neither covalent (showing shared electrons) nor 
metallic (the level of localization would be about 0.5). Moreover, in Fig. 
3-5 (b), the two N vacancies, marked by black circles, bring about the 
expansion of the Ti-N block because of the lack of chemical bonding. We 
could also observe a slight change within the interlayer spacing where the 
arrow is pointed. It is thus found that the Ti-N block is suppressed in the 
N-poor regime, and the interlayer interactions are also weakened by N 
vacancies. 
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Fig. 3-5: 2D cut of the electronic localization function of (a) pristine Ti2AlN in the 
miller indices (-1101), (b) 2D cut of ELF of Ti2AlN0.90. The view with the miller 

indices of (-1110) for capturing the defects (marked by spheres) and the changes in 
the interlayer spacing is marked by the arrow. Note that the color bar on the left 

represents the level of localization. 
 

We unravel the physical origin behind the electronic properties based 
on the two series of bonding: Ti(3d)-N(2p) and Ti(3d)-Al(3p). First of all, 
the primary characteristics of the chemical bonding could be deduced from 
the vacancy free MAX phase: i) the Fermi energy is dominated by Ti(3d) 
states, and the valley shaped DOS near the vicinity of Fermi energy is 
present. ii) The strong covalent bond is on the Ti(3d)-N(2p) hybridization 
and is primarily situated between [-6, -4] eV with a pseudo-gap about -4.8 
eV, as a result of the band splitting. iii) The hybridization of Ti(3d)-Al(3p) 
states occurred around -1.4 eV, is weaker in intensity and also higher in 
energy than those of Ti(3d)-N(2p). In general, for N deficient MAX, the 
Ti(3d)-N(2p) hybridization states are become more broadened in contrast 
to the pristine MAX, due to the band splitting originating from the 
symmetry breaking. Moreover, the splitting width between [-4, 5] eV, as 
highlighted by the arrow in Fig. 3-6, is experiencing a decrease with 
introducing more N vacancies, indicating the weakened Ti-N bonds. For 
Ti-Al, although weak, a similar tendency is also observed, where the 
hybridization primarily centered at -1 eV does experience a broadening. 
We therefore suggest that MAX phases are a unique class of ceramic, able 
to tolerate N deficiency, supporting the fact of slightly weakened Ti(3d)-
N(2p) hybridization and the slowly decreased moduli. The methodology of 
synthesizing the controllable N concentration of MAX phases would 
stimulate the development of nitrides MAX and MXenes in substoichiometry. 
Our results show that N deficiency in ternary MAX phases leads to a slow 
reduction of the bond lengths and mechanical properties, particularly the 
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hardness, resulting in smaller changes than the binary TiNy
 [18, 20]. 

  

 
 

Fig. 3-6 The total and projected DOS of Ti2AlN and N deficient MAX phases: (a) 
Ti2AlN, (b) Ti2AlN0.94, (c) Ti2AlN0.91, (d) Ti2AlN0.88. The total DOS (left side) is 
represented by black curves, and the projected DOS (right side) for Ti (3d), Al 

(3p), and N (2p) states are shown in blue, red and orange, respectively. 

3.3. Transport properties of Ti2Al(CxNy) solid solutions  

3.3.1. Electronic structure and local order 

The C-K and N-K edges recorded for the different solid solutions and 
related end-members are plotted in Fig. 3-7. The Feff simulations 
corresponding to Ti2AlC and Ti2AlN are also given (gray dashed and 
dotted lines). For the sake of comparison, the spectra were aligned and 
normalized on the most intense peak (B). It is worth noting that, as 
mentioned in the experimental details section, the C and N-K edges were 
recorded on grains oriented close to the [0001] zone axis. In these 
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conditions, the momentum transfer from the electron beam to the sample is 
mainly oriented within the basal plane of the structure: this could raise 
questions concerning the effect of the anisotropy of the unit cell on the 
recorded signal. However, contrary to the low loss spectra of MAX phases 
which exhibit a significant anisotropy related to the anisotropy of the 
dielectric response of these materials[27-30], the anisotropy observed at the 
X element K edge by EELS in the MAX phases is weak. This is evidenced 
in Fig. 3-7 where the C-K edge recorded on a Ti2AlC thin film prepared in 
cross section is also given (dashed black lines). This last spectrum is 
clearly similar to that obtained on the bulk sample: the main reason is that 
the X element in the MAX phase is an octahedral environment. This is in 
agreement with recent results obtained at the C-K edge in Cr2AlC [31]. For 
this reason, we do not expect any major restriction related to anisotropy 
effects in the results that will be presented in the following section.  

Focusing first on the carbon K edges (Fig. 3-7 (a)), one can see that the 
ELNES consist of 6 different peaks labeled A to F. These six structures are 
evidenced in all experimental spectra and confirmed by the simulations 
which reproduce nicely their relative intensities (except for peak A) and 
energy positions. Note that these spectra are in very good agreement with 
those previously published by Hug et al.[32], with a better resolution, thus 
allowing the identification of the A shoulder. Our calculation is also very 
consistent with the one presented in reference [32]. The comparison 
between the experimental and theoretical spectra calls for two comments: 
(i) the shoulder A is more intense in the simulations than in the experiments 
and (ii) the structures C and D are broadened in the experimental spectrum 
corresponding to Ti2AlC0.85. Concerning point (i), a slight inaccuracy in 
the calculation of the charge transfers between the X and M elements that 
would then modify the electronic levels filling could well explain this 
difference. That charge transfers are quite complex in MAX phases is now 
well documented: these materials exhibit covalent, ionic and metallic-like 
bonds. Another possibility is that a slight change in the carbon content (as 
is obviously the case in Ti2AlC0.85) could also change the intensity of peak 
A since, as will be detailed below, this structure is representative of the 
carbon sites surrounding the excited carbon atom. Concerning point (ii), 
this broadening could be a consequence of some disorder induced by the 
15% vacancies measured on the X site. Such an observation is in line with 
the previously mentioned broadening of ELNES observed in many 
materials when increasing disorder. This argument is also consistent with 
the fact that reducing the cluster size from 7.4 to 6.1 Å results in a 
broadening of these two structures (see the gray dotted line in Fig. 3-7 (a)) 
and that for vacancies-free systems (Ti2AlC0.25N0.75, Ti2AlC0.5N0.5 and 
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Ti2AlC0.75N0.25), structures C and D recorded experimentally are very close 
to the calculations.  

From the comparisons between experiments and calculations, one can 
safely assume that the C-K edge is sensitive to the local order up to 
approximately c/2 around the excited carbon atom since theoretical spectra 
are converged for cluster radii of approximately 7 Å. Considering the three 
main criteria showing the influence of solid solutions on the ELNES, the 
C-K edges presented here evidence a rather weak impact on the carbon 
atoms DOS. There is no significant energy shift, weak broadening and 
weak changes in the relative intensities of the different peaks. Still, having 
a closer look at the data, one can see a slight broadening of peaks A and B 
for the C0.5N0.5 sample (this is evidenced in the inset of Fig. 3-7 (a)). This 
broadening goes together with the fact that slight ELNES intensity 
variations were observed in the same sample when focusing on different 
grains. As an example, the blue dotted curve is a spectrum recorded on 
another grain of the sample. Interestingly this particular edge becomes 
very close to that recorded for the nitrogen atoms in the same sample (see 
the blue curve in Fig. 3-7 (b)): these changes could thus arise from the fact 
that for C0.5N0.5 the C and N atoms adopt almost identical surroundings 
which in turn gives identical ELNES at these two edges. 

Focusing now on the N-K edges and the corresponding calculations, 
one can draw conclusions rather similar to those related to the C-K edges. 
One can hardly observe any change in the experimental fine structures of 
the different compounds (as evidenced in the inset and contrary to the C-K 
edge, peak B is unaffected by solid solution effects). From the ELNES 
point of view, the weak perturbation observed on the carbon atoms is thus 
confirmed for nitrogen atoms. Concerning the comparison with the 
calculations, it is worth mentioning that the agreement is less satisfactory 
than for the C-K edges. In particular, peaks A and B, which are clearly 
resolved in the calculations, are not separated experimentally. This is in 
complete agreement with the results published by Hug et al.[32] Apart from 
this point, the different structures C’, C, D, E and F are observed. Here 
again, given the cluster size considered in the calculations to reproduce all 
these structures, the N-K edges are shown to probe the local order around 
the N atoms up to approximately c/2. It is important to compare our results 
to those Calmels et al. obtained for the TiCxNy system. In these last 
systems, solid solution effects induce peak broadening, energy shifts and 
variations of the relative intensities of the ELNES features[33]. From this 
point of view, the electronic structure of the MAX phase is clearly less 
perturbed by solid solution effects than the corresponding binary 
compounds.  
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Fig. 3-7: (a) C-K edges and (b) N-K edges recorded for the different solid 
solutions: C0.75N0.25 (green lines), C0.5N0.5 (blue full and dotted lines), C0.25N0.75 

(red lines). These spectra are compared to those obtained on the end-members of 
the series - Ti2AlC0.85 or Ti2AlN and the corresponding Feff calculations obtained 

considering different cluster sizes (gray dashed and dotted lines). For the 
Ti2AlC0.85 sample, a spectrum recorded on a thin film prepared in cross section (i.e. 

[1-210] zone axis) is also shown for comparison (thin dashed black lines). The 
energy range corresponding to the peaks A and B is enlarged in the insets.  

 
In order to gain more insight into the sensitivity of the ELNES on the 

local order in the Ti2AlCxN1-x systems, one can look at their decomposition 
among the different coordination shells around the excited atom. This is 
given in Fig. 3-8. For the sake of clarity, we only focus on the C-K edge 
decomposition since it is equivalent to the N-K edge. The sensitivity of the 
ELNES to the different coordination shells is quite obvious from Fig. 3-8: 
the energy position of peak B changes as a function of the number of 
coordination shells considered in the calculation: it is only stabilized when 
considering more than five coordination shells (the fifth coordination shell 
being comprised of 12 titanium atoms). Peak A is due to the presence of 
the tenth coordination shell made of 6 carbon atoms that confirms the 
possible dependence of its intensity on the carbon content in the 
material. The splitting of the C-D structures occurs at the ninth shell built 
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Fig. 3-8: Decomposition of the C-K fine structures in Ti2AlC among the different 
coordination shells around the excited atom. Full black lines correspond to a Ti 
shell, the red dotted-dashed line to a carbon shell and the blue dotted line to an 

aluminum shell. The numbers on the right give the multiplicity of the atom in the 
considered coordination shell. Vertical dashed lines are guides for the eye. 

 
on 6 titanium atoms whereas the E-F double structure already appears at 
the third coordination shell. These different features thus give information 
on the local order at different distances from the carbon site. More 
interestingly, except for the fourth coordination shell which slightly shifts 
the C-D peaks, the aluminum atoms do not participate in the ELNES: the 
C-K edge (and the N-K edge as well) is thus characteristic of the 
electronic density within the MX octahedra layers. This is important in 
terms of transport properties since these states are precisely those mainly 
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involved in the transport properties of the MAX phase as evidenced by the 
densities of states discussed in the next section. Although a direct 
comparison between EELS results and transport properties is not 
straightforward since the energy ranges investigated are not the same, one 
can expect from the EELS results that the solid solution effects are of the 
second order when considering the band structure part of the transport 
properties (e.g., ignoring the relaxation mechanisms). This is discussed in 
detail in the following section. 

3.3.2. Resistivity vs temperature measurements 

Fig. 3-9 shows the Ti2AlCxNy resistivity variations as a function of 
temperature. In the 100-300 K temperature range, there is a linear 
dependence of  as a function of temperature as generally observed for 
MAX phases compounds[1, 34-36]. This typical metal-like behavior simply 
results from the large density of states at the Fermi level[9, 37, 38]. 

 

 
 

Fig. 3-9: Resistivity of Ti2AlCxNy solid solutions as a function of temperature. 
 

To investigate the effect of grain size and grain boundaries on transport 
properties, two highly pure Ti2AlC0.85 samples, with the same carbon 
stoichiometry but with different grain sizes, have been synthesized (see 
Fig. 3-10). The residual resistivity (i.e., the low temperature resistivity) of 
the different samples has been extracted to investigate the vacancy and 
solid solution effects (see Fig. 3-11 (a) and (b)). Fig. 3-11 (a) shows the 
residual resistivity variation as a function of the vacancy content in the 
Ti2AlCxNy solid solutions. It can be noticed that the coarse-grained and 
fine-grained Ti2AlC0.85 samples have almost the same residual resistivity. 
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Such a small variation implies that the main defects that contribute to the 
residual resistivity are not grain boundaries. One can also notice that the 
residual resistivity monotonically increases with vacancy content. Such a 
result is related to electron scattering by vacancies as reported in the 1960s 
for titanium carbide[7]. It confirms that, as in binary carbides, vacancies are 
important electron scattering centers. Fig. 3-11 (b) shows residual resistivity 
variation as a function of the carbon content in the Ti2AlCxN1-x stoichiometric 
solid solutions. It demonstrates that the substitution of X element leads to 
an increase in electron scattering. Such an effect likely results from the 
increase of disorder when substituting carbon by nitrogen or nitrogen by 
carbon as previously observed for M substitution in (Ti0.5Nb0.5)2AlC[32]. 

Fig. 3-11 (b) also shows that the residual resistivity only varies 
between 6 and 18  cm-1 in the entire composition range. Such a variation 
is very small compared to the one measured, for example, on Ti1-xAlx 
disordered alloys. In such an alloy, resistivity is vertically shifted by about 
1 order of magnitude for x ranging from 0 to 0.06[39]; even higher 
variations are found in highly pure Al/Ag/Cd or Mg metals[40]. This 
difference indicates that making solid solutions in the Ti2AlCxN1-x system 
only induces a small disorder in the MAX phase structure. However, the 
variation is more important in systems with vacancies. For example, the 
residual resistivity of Ti2AlNy increases from 12 to 32  cm-1 when 10% 
of vacancy is introduced on the N site (see Fig. 3-11).  

 

  
 

Fig. 3-10: SEM micrographs (back-scattered electrons) of polished sections of 
HIPed Ti2AlC0.85 samples (a) fine-grained sample (mean grain size W: 20 μm: L: 
80 μm), (b) coarse-grained sample (mean grain size W: 35 μm: L: 150-200 μm). 
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Fig. 3-11: Variation of the residual resistivity (a) as a function of the vacancy 
content in substoichiometric Ti2AlCxNy MAX phase solid solutions, (b) as a 

function of the carbon content in stoichiometric Ti2AlCxN(1-x) MAX phase solid 
solutions. 

 
As defect and impurity contents slightly differ in the different samples 

and as  varies linearly with temperature in the 100–300 K range, one can 
calculate the slope of the linear variation (see Fig. 3-12) and the ideal 
resistivity which is the difference between the resistivity at the temperature 
T and the residual resistivity. The slope ( / ) and the ideal resistivity 
are representative of the intrinsic transport properties of the solid solutions 
and do not depend, in a first approximation, on defect and impurity 
contents. For Ti2AlN samples, one can notice that the RT ideal resistivity 
(22 μ  cm-1) and slope of the linear variation (0.1 μ  cm-1 K-1), given the 
experimental errors, are the same whatever the Ti2AlN sample. Such a 
result is not surprising, as ideal resistivity and electron scattering 
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mechanisms are the same for the same compound. It also means that the 
different Ti2AlN synthesized in the literature[2, 41-44] likely has the same 
nitrogen stoichiometry. Moreover, experimental characterization of 
Ti2AlN compounds indicates that the a-parameter standard deviation is 
small, which likely results from the small variation of the N stoichiometry 
in the different Ti2AlNy synthesized samples[2, 41-44]. Furthermore, the RT 
ideal resistivity (32 μ  cm-1) and slope of the linear variation (0.15 μ  
cm-1 K-1) of Ti2AlN0.90 unambiguously demonstrates that vacancies lead to 
an increase of the intrinsic resistivity. Such a result is also significant for 
Ti2AlCx samples provided that Ti2AlC discussed in references [1], [2] and [3] 
are considered as stoichiometric samples, although their chemical 
compositions have not been determined. Furthermore, we focus on our 
experimental results, as demonstrated from WDS experiments and 
transport measurements, the slope of the (T) variation (0.10, 0.13, and 
0.18 μ  cm-1 K-1 for Ti2AlC, Ti2AlC0.88 and Ti2AlC0.85 respectively) 
increases with the vacancy content. These results mainly differ from the 
ones obtained on substoichiometric TiCx for which the slope of the (T) 
variation decreases with the increase of the vacancy content[45]. Our results 
demonstrate that vacancies, as static defects, not only increase the residual 
resistivity but also the intrinsic resistivity. Furthermore, the results 
obtained on fine-grained and coarse-grained Ti2AlC0.85 samples show that 
the grain boundaries play a minor role in  and d /dT.  

 

 
 

Fig. 3-12: Temperature coefficient of resistivity ( = / ) as a function of the 
carbon content in stoichiometric (black rectangles) and substoichiometric (red 

circles) Ti2AlCxNy solid solutions. Red and blue dotted lines are guides for the eye.  

[1] 
[1] 
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3.3.3. Effect of solid solution on the resistivity of stoichiometric 
Ti2AlCxN1-x MAX phases 

Fig. 3-12 also shows that the slope of (T) is larger for solid solutions 
than for the Ti2AlN and Ti2AlC end-members. In a single-band model, 
such a slope is given by d /dT = me* / ne2[d(1/ )/dT] where me* is the 
electron effective mass, n is the charge carrier density and  is the 
relaxation time. For a two-band model and a compensated conductor for 
which n = p, such a slope is given by d /dT = 1/ne2[d(me*·mh*/( me* e+ 
mh* h)/dT] where me*, mh*, e and h are the electron and hole effective 
mass and relaxation time, respectively; n is the charge carrier density. 
From these equations, such a slope depends on the charge carrier density, 
on the carrier effective mass and on the derivative of the inverse of the 
relaxation time. To clarify these points, the results of ab initio calculations 
are discussed in the next section. 

In principle, the theoretical investigation of solid solution effects 
should be performed using approaches that are more complex than the 
VCA: either Special Quasi Random Structures (SQRS) or Cluster 
Expansion methods (CE). These methods have been used by Arroyave et 
al.[14]. They are much more time consuming and according to the results 
given in Fig. 3-14, the VCA gives a reasonable description of the DOS 
near the Fermi level compared to CE calculations[14]. As Ti d states 
dominate the TDOS near the Fermi level (see Fig. 3-14 (b) and 3-14 (c)), a 
modification of the X atom potential only acts to the second order on the 
DOS shape near EF. In addition, both EELS[46] and resistivity data (see 
Fig. 3-11 (b)) show that the substitution does not induce major disorder (in 
particular, the Ti6C/N octahedra are weakly deformed). From the DOS 
computed for the different solid solutions (see Fig. 3-13 (a)), it is 
demonstrated that modifying the composition thus only acts as a 0.5 eV 
rigid shift of the Fermi energy. It is worth noticing that the shift observed 
on the state lying below the Ti d bands (in the range -3 to -2 eV) is more 
important (these low lying states disappear from the considered energy 
range for x = 0.5). This can be understood form the fact that these states, 
which are shaded in Fig. 3-7 (a) and (b), correspond to Ti-X hybridizations 
which are probably more sensitive to an accurate description of the X atom 
potential.  

These band structures were used as inputs for the calculation of / . 
The obtained /  values are given in Table 3-2. In the whole composition 
range, the maximum relative variation is 10%, a value well below the 
relative resistivity variation observed experimentally (~50%). These weak 
variations are consistent with the fact that the rigid shift observed in the 
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electronic structure is within a flat part of the DOS. As the charge carrier 
density and the TDOS at EF are related (n = 1/3 2(2mEF/ 2)3/2 in the free 
electron model), the charge carrier density should follow the same 
qualitative variation. Therefore, there are only weak changes in the charge 
carrier density in the different stoichiometric samples. Most of the 
variations of the slope of the stoichiometric Ti2AlCxN1-x solid solution’s 
resistivity can thus be attributed to changes in the relaxation time which 
itself mainly results from the changes of electron-phonon relaxation time.  

 
 

Fig. 3-13: (a) Density of states computed for the different solid solutions (Ti2AlC 
(black line), Ti2AlC0.75N0.25 (red line), Ti2AlC0.5N0.5 (green line), Ti2AlC0.25N0.75 
(red line), (orange line) and Ti2AlN (blue line)) in the VCA. (b) Ti2AlC and (c) 

Ti2AlN density of states. 
 

Table 3-2: Ratio of the conductivity by the relaxation time obtained from the ab 
initio calculations for the different solid solutions. 
 

Composition Ti2AlN N0.75C0.25 N0.5C0.5 N0.25C0.75 Ti2AlC 
/  (1/(  m-1 

s-1)) 
2.80 
1020 2.63 1020 2.54 

1020 2.70 1020 2.94 1020 
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3.4. Conclusions 

Nanoindentation has been used to measure intrinsic hardness and 
elastic modulus of substoichiometric Ti2Al(CxNy) solid solutions and 
Ti2AlC0.85, Ti2AlNy (y = 0.9 and 1) related end-members. It has been 
shown that intrinsic hardness and elastic modulus of Ti2Al(CxNy) solid 
solutions are respectively in the 8-11 GPa and in the 220-280 GPa range. It 
is demonstrated that substitution and substoichiometry lead to antagonist 
effects on the mechanical properties. The former leads to an increase of the 
elastic modulus and intrinsic hardness, the latter leading to a deterioration of 
such mechanical properties.  

The elastic modulus and intrinsic hardness of substoichiometric 
Ti2AlN0.9 (268 GPa and 8.1 GPa respectively) are shown to be smaller 
than that of Ti2AlN (278 GPa and 9.7 GPa respectively). Overall the 
variation of moduli and hardness with up to 10% N deficiency is small in 
magnitude compared to the stoichiometric materials both experimentally 
and theoretically, confirming that the Ti2AlN exhibits a great potential for 
tolerating N defects. Ab initio calculations demonstrate that both Ti-N and 
Ti-Al bonding exhibit only a slight weakening by the N deficiency. 

Transport properties have been studied by four-point probe measurements 
in the temperature range 15-300 K. It is demonstrated that vacancies are 
strong scattering centers of electrons and lead to an increase of the residual 
resistivity; results also unambiguously demonstrated that the presence of 
vacancies leads to an increase of d /dT.  

It is also demonstrated that the solid solution effect leads to a weak 
variation of residual resistivity, but it induces some modifications of the 
intrinsic resistivity. The residual resistivity variation is much smaller than 
the one measured on Ti1-xAlx disordered alloys[39], and highly pure 
Al/Ag/Cd or Mg metals[40]. Such a result suggests that substitution leads to 
a small variation of the local order on the X site not the region near the A-
planes by the substitution, which has been recently demonstrated by V. 
Mauchamp from EELS experiments[46]. Furthermore, the rigid shift 
observed in the electronic structure is within a flat part of the DOS which 
allows the conclusion that there are weak changes in the charge carrier 
density. The maximum relative variation of the calculated /  is 10%, 
which is well below the relative variation of the experimentally measured 
resistivity in the whole stoichiometric solid solution samples. Therefore, 
the relative variation of resistivity in solid solution samples mainly results 
from the variation of the electron-phonon relaxation time.  
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CHAPTER 4 

ANISOTROPIC TRANSPORT PROPERTIES  
OF Ti2AlC AND Ti3SiC2 

 
 
 

4.1 Introduction 

4.1.1. Electronic transport properties in the framework of the 
two-band model 

M. W. Barsoum and co-workers[1-6] used the two-band model to 
determine electron-like and hole-like mobilities; in a first approximation 
they also assumed that n = p or μ  = μ . One can notice that such an 
assumption implies that RH = 0. Nevertheless, it seems not difficult to 
adjust μn and μp to yield the correct values and signs for RH. Moreover, 
the mobility values are relatively close to each other as stated by equations 
4-6 shown in chapter 1 and by the low value of the Hall coefficients.  

Table 4-1 summarizes electrical transport parameters of some MAX 
phases that have been calculated from the above equations with the 
assumption of n = p. It seems that MAX phases can be considered as 
compensated conductors with n = p and electron-like and hole-like 
mobilities in the same range. A two-band model also seems to give 
account of their electronic properties. 

Table 4-1 also allows some main conclusions found in the framework 
of the two-band model to be drawn: 

- The density of charge carriers are typically in the range 0.3-
3.10+27 m-3. n and p are not functions of temperature. 

- The low temperature mobility is inversely proportional to the 
TDOS at the Fermi level[7]. Since the main contribution to the 
conduction of MAX phases comes from d states of M atoms, it is 
quite reasonable to obtain such a result which is in good 
agreement with Mott approximation in transition metals.  

- Averaging n and p listed in Table 4-1 allows correlation of the 
charge carrier density and the TDOS at the Fermi level. 
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Table 4-1: Summary of electrical transport parameters of some MAX phases that 
have been calculated from equations 1-4-1-6 shown in chapter 1 and assuming that 
n=p, with reference to [6]. 

 

Compo
sition 

T 
(K) 

 
μ  
cm-1 

d /
dT  
μ  
cm-

1 K-

1 

RH 
(1011) 
(m3/C

) 

(T-2) 
10-5 

(m4/V
-2s-2) 

 

=  
(1027

m-3) 

μn(5k)=μp
(5k) 

(10-3 m2V-

1s-1) 

Ref. 

211 Phases 

Ti2AlC 300 36 0.1
1 

-27 8.3 0.95 9 [1] 4 7.3 -8 200 0.95 45 
Ti2AlC 300 36  -28 20 0.65 14 [8] 
Ti2AlC0

.5N0.5 

300 43 0.1
2 

45.6 3.5 1.47 5.9 [1] 4 16.7 60 22 1.67 15 
Ti2AlN-

a 
300 25 0.1

0 
-3.9 17 0.95 13 [1] 4 2.9 6.1 687 1.3 83 

Ti2AlN-
b 

300 34.3 0.0
9 

-7 4.8 1.32 6.9 [1] 4 12.3 16 20 1.80 14 

Ti2GeC 300 30 0.0
84 

27 5 1.47 7.1 [3] 4 9.4 16 73 1.23 27 

Ti2SC 300 52 0.1
4 

-160 23 0.39 15 [9] 4 23 -149 120 0.39 35 

Cr2GeC 300 72 0.2
7 

-24.3 2 0.97 4.5 [10] 4 6.4 0 50 2.18 22 

Cr2AlC 300 74 0.2
7 

15 0.73 1.56 2.7 [8] 4 15 0 5 2.95 7 

V2AlC 300 25 0.1
0 

-10 2 2.8 4.5 [8] 4 4 -6.5 37 4.05 19 
312 Phases 

Ti3SiC2 300 22  38 2.9 2.65 5.4 [11] 4 3 30 206 2.3 45 

Ti3AlC2 300 35.3  -1.2 3.7 1.41 6.3 [2] 4 18.1 1.0 11 1.71 10 
Ti3AlC

N 
300 40  17.4 0.65 3.07 2.5 [2] 4 27 33 3.3 2.07 5.7 

Ti3GeC
2 

300 28  -18 15 0.9 12 [11] 4 5 -2.5 200 1.4 45 
413 Phases 

Ti4AlN2

.9 
300 261  90 0.03 3.5 0.55 [12] 300 261 90±5 0.03 7.0 0.34 
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4.1.2 Contradiction in transport properties 

A large number of theoretical papers[13-16] have predicted strong 
anisotropic electronic conductivity. There is no gap between the valence 
band and the conduction band. As a result, MAX phases should present 
metal-like conductivity, as indeed is demonstrated experimentally. As 
shown in Fig. 4-1, the calculated band structure and Fermi surface of 
Ti2AlC given by the band structure show strong anisotropic features: 

 

 
 

Fig. 4-1: Calculated band structure of Ti2AlC accompanied with the distribution 
 of the Ti2AlC Fermi surface in the first Brillouin zone, computed with Xcrysden 

software. 
 

a. A single band crosses the Fermi level along the K-H direction (i.e., 
along the c-axis) whereas more than one band cross the Fermi level along 
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the -M direction (i.e., along the basal plane). 
b. The bands are much less dispersive along the c-axis (i.e., along the 

-A, H-K and M-L directions) than along the basal plane (i.e., along the -
K and -M directions). The Fermi velocity ( / ) should be higher 
along the basal plane than along the c-axis which would also result in very 
different conductivities in the basal plane and out of the basal plane. 

Conductivity along the basal planes is thus typically predicted to be 
higher (even one order of magnitude higher) in the basal plane than normal 
to it. Nevertheless, a few very recent experimental results have suggested 
that the anisotropy in the conductivity is rather limited. Furthermore, some 
experimental studies actually suggest that the c-axis conductivity of 
Ti2AlN[17] and Nb2AlC[18] might be higher than the in-plane conductivity. 
These suggestions are counterintuitive and contradict the theoretical band 
structure. 

These key contradictions in the literature show that MAX phases 
electronic properties, and especially the anisotropy resulting from the 
nanolaminated crystal structure, are not satisfactorily understood. In order 
to clarify the anisotropic transport porperties of MAX phases, Ti2AlC and 
Ti3SiC2 in the forms of epitaxial (000 ) thin films and bulks were chosen 
for the typical representatives in the following section. 

4.2. Ti2AlC transport properties anisotropy 

4.2.1. Hall effect 

The (000 )-oriented film thickness of 140 nm was obtained by 
ultrahigh vacuum (UHV) magnetron sputtering[19], whereas the 
polycrystalline after chemomechanical polishing bulk sample was 26.5 μm 
thick. Wavelength Dispersive x-ray Spectroscopy (WDS) was used to 
determine the carbon stoichiometry in the two different samples. Carbon 
stoichiometry are respectively 0.82 and 0.85, with a standard deviation of 
0.05, for the Ti2AlC (000 )-oriented film and the Ti2AlC polycrystalline 
bulk sample. The Hall resistivity recorded as a function of the magnetic 
field at 25 K, 150 K and RT on the Ti2AlC0.82 (000 )-oriented thin film and 
at RT on the bulk sample is shown in Fig. 4-2. Only RT measurements 
could be performed on the bulk sample since the Hall voltage is very weak 
(typically two orders of magnitude smaller than that for the (000 )-
oriented film), so that even small temperature variations led to important 
fluctuations in Hall voltage. In all cases, the variation of the Hall 
resistivity is linear, whereas its sign depends on the relative orientation of 
the current and the Ti2AlC crystal. For the current flowing in the Ti2AlC 
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basal plane, the Hall resistivity is definitely positive whereas it is negative 
for a current flowing in the Ti2AlC bulk sample; such a result is in 
compatible agreement with band structure calculations and dE/dk signs. 
These two opposite signs of the Hall coefficient justify the interpretation 
of MAX phase transport properties in terms of a two-band model, with 
electron-like and hole-like states respectively along the c-axis and in the 
basal plane. It is also consistent with the results obtained by L.Chaput et 
al.[7] [20] in M3AX2 phases.  

The Hall constants extracted from these curves are -3.4×10-10 and 
+2.2×10-10 m3 C-1 for the bulk sample and the (000 )-oriented thin film 
respectively. The experimental value measured on the bulk polycrystalline 
sample is moreover in good agreement with the one measured by 
Scabarozi et al.[1] on a similar sample: -2.8×10-10

 m3 C-1 with very weak 
variations with the temperature. 

 

 
 

Fig. 4-2: Hall resistivity recorded as a function of the magnetic field at 25K (black 
squares), 150K (blue triangles) and RT( red diamonds) on the Ti2AlC (000 )-

oriented thin film and at RT on the bulk polycrystalline sample. 
 
Furthermore, the temperature independent positive Hall constant 

measured along the basal plane allows it to be assumed that:  
- a single-band model can be applied to give account of the basal 

plane transport properties, 
- hole-like electron states are involved in transport properties. 

In the low field limit of the single-band model, the following equations 
apply: 

= 1                                             (4 1) 
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= μ                                              (4 2) 
where  is hole-like carrier density and μp is the charge carrier 

mobility. 
From relation (4-1) and the measured Hall constant, hole-like carrier 

density ( ) can be estimated to be 2.8×10+28 . This value is in good 
agreement with results deduced from heat capacity measurements 
( 3.8×10+28 )[2, 21]. The charge carrier mobility deduced from relation 
(4-2) and resistivity measurement in the basal plane, is thus, at RT, μp = 
1.1×10-3 m2 V-1 s-1. 

Table 4-2 summarizes electrical transport parameters calculated in this 
work with those obtained by Scabarozi et al.[1] who assumes a two-band 
model and μn=μp. One can notice that our values are one order of 
magnitude higher for the hole-like concentration and five times smaller for 
the mobility. Such a discrepancy can be ascribed to their assumption of μn 

= μp, which is questionable with the important band dispersion anisotropy 
evidenced in Fig. 4-1.  

The RH value obtained from ab initio calculation confirms that hole-
like electron states dominate transport properties along the Ti2AlC basal 
plane. Moreover, the negative value of the RH trace, in good agreement 
with the experimental value measured on the polycrystalline sample, 
suggests that electron-like states dominate transport properties along the c-
axis. Nevertheless, the relative error between the experimental and 
calculated RH values in the thin film is much higher than for the bulk 
sample: 50% and 10%, respectively. One possible explanation is the 
failure of the isotropic relaxation time approximation used for the transport 
properties calculations. The very good agreement obtained for the bulk 
sample can result from the cancelation of errors between the different 
components of the Hall tensor when computing the trace. Such an 
explanation is in qualitative agreement with results obtained on the 
Seebeck coefficient of Ti3SiC2

[22]. It has been shown that the in-plane 
component obtained with similar calculations is 25% lower than the 
experimental value at room temperature. However, the trace of the 
Seebeck coefficient is in very good agreement with experimental data 
obtained on a Ti3SiC2 polycrystalline sample[7]. 
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4.2.2 Resistivity vs temperature measurements 

Fig. 4-3 (a) shows bulk and thin film Ti2AlC resistivity variations as a 
function of temperature. In the 100-300 K temperature range, there is a 
linear dependence of  as a function of T as generally observed for MAX 
phases compounds [1, 2] [24]. This typical metal-like behavior simply results 
from the large density of states at the Fermi level [16, 25, 26].  

The RT and residual resistivities are 36 μ  cm-1 and 16 μ  cm-1 for 
the (000 )-oriented thin film and 65 μ .cm and 27 μ .cm for the bulk 
sample, respectively. The RT and residual resistivities of the (000 )-
oriented thin film are in the same range as those determined on the bulk 
samples by Hettinger et al. and very close to those reported for a thin film 
by Magnuson et al. (40 μ  cm-1)[27, 28]. The values obtained on the bulk 
sample are larger. This implies that defects limit the mean free path at low 
temperatures; electron scattering by vacancies can explain the higher 
resistivity values (see chapter 3). Using Mathiessen’s rule, one can extract 
the ideal resistivity ( i) which is given by 

( )  =  ( ) –                                       (4 3) 
where (T) is the total resistivity of a crystalline material, ( ) is the 

ideal resistivity which only depends on the electron-scattering mechanisms 
and is thus an intrinsic characteristic of the compound under study,   
is the residual resistivity (resistivity of the material at low temperature) 
which only depends on electron scattering by defects and impurities.  

 

 
Fig. 4-3: Resistivity vs temperature: (a) raw data obtained on the (000 )-oriented 

thin lm and on the bulk polycrystalline sample; (b) corresponding ideal 
resistivities. 
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The ideal resistivity is shown in Fig. 4-3 (b). At RT, the ideal 
resistivities are 20 and 37 μ . cm for the (000 )-oriented thin film and the 
bulk sample respectively (the bulk sample resistivity is in excellent 
agreement with that reported by Scabarozi et al.[1]) These values, 
summarized in Table 4-2, give evidence for the resistivity anisotropy of 
this nanolaminated compound. As usually observed in MAX phases,  varies 
linearly with the temperature in the range 150-300 K and one can calculate 
the slope of the linear variation. The slopes are 0.10 and 0.18 μ  cm-1 K-1 
for the (000 )-oriented thin film and the bulk polycrystalline sample 
respectively.  

The thin film resistivity is in good agreement with measurements 
carried out on other Ti2AlC samples for which /  are in the range 
0.067-0.1 μ  cm-1 K-1. However, it is clear that the slope obtained for the 
bulk sample is higher than all previously reported values. Such behavior 
can be ascribed to the presence of vacancies and the disorder that they 
induce in the structure. Indeed, vacancies are known to be strong scatterers 
of electrons in binary transition carbides [29, 30] and this is supported, in our 
study, by the high residual resistivity that we nd, 27 μ . cm, compared to 
that reported by Scabarozi et al., 7 μ  cm-1. Although the details of the 
scattering mechanism are unknown, an equivalent increase of the (T) 
slope with disorder or vacancies concentration is also observed in metals 
or semi-metals exhibiting the same linear (T ) tendency as that observed 
in MAX phases[31, 32]. 

Considering that the thin film and the bulk sample exhibit very similar 
compositions (as demonstrated with WDS measurements), one can extract 
the c-axis resistivity, , from these two curves. As Scabarozzi et al.[3] did 
for Ti2GeC; an effective medium (EM) approach, assuming spherical 
grains, was used: 

( )
2

3 + 3
+

( )
2

3 + 3
= 0                      (4 4) 

where  and  are the bulk and thin film conductivities, respectively. 
The corresponding curve is plotted in Fig. 4-4. 
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Fig. 4-4:   obtained from the effective medium approach considering spherical 
grains (blue dotted-dashed line), spheroids with an aspect ratio a/b = 2.5 (red dots) 
and a/b = 5 (green dashed line). For comparison,  and  are also given: gray 

and black curves respectively.  
 
Contrary to what is observed for Ti2GeC, the E.M. approach evidences 

a very important anisotropy of the resistivity. Indeed, at RT,  is more 
than 20 times higher than . This value most probably overestimates the 
anisotropy because of the assumption of spherical grains, which is not 
realistic considering the shape of MAX phase grains (see chapter 3 and 
corresponding SEM images). In order to investigate the influence of the 
grain shape,  has been extracted from an E.M. approach considering 
elongated spheroid grains with an aspect ratio a/b = 2.5 or 5, systems 
much closer to the true configuration. In such cases, the equation fulfilled 
by ,  and  is:  

//( )
+ ( )

( )
+ (1 )

//( )
+

( )

( )
= 0                                                                                    (4 5)  

where 
-   is the volume fraction of grains oriented along the basal plane. 

Supposing that the grain orientation is averaged in the bulk 
sample, which, according to the results obtained on the trace of 
the Hall constant, seems to be a reasonable approximation, we 
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took = 2/3. 
-  // and  are the depolarization factors corresponding to the 

major axis and the transverse direction of the spheroid. These 
factors can be found in reference [33]. 

For the particular case of spherical grains, //  = = 1/3 and equation 
4-5 is transformed into equation 4-4. The  values deduced from 
equation 4-10 for aspect ratios a/b=2.5 and 5 are compared to the E.M. 
with spherical grains in Fig. 4-5. Although  is reduced when 
considering elongated grains, it is still much more important that the basal 
plane resistivity with RT resistivities ranging from 347 to 290 μ .cm 
depending on the aspect ratio considered in the effective model. Compared 
to  the deduced resistivity is more than one order of magnitude larger. 
The slope of ( ) is also very important compared to the one obtained 
along the basal plane. The values vary from 1.97 μ . cm. K  for the 
model with spherical grains to 1.51 μ . cm. K  for the spheroids with 
a/b=5. These values are here again much higher than those obtained on the 
thin film (0.10 μ . cm. K ). 

Although our E.M. approach can only give a crude estimate of the 
anisotropy, the obtained results are in reasonable agreement with the RT 
optical conductivities deduced from ellipsometry[34]. In these experiments 
performed in reflection, the signal retrieved from the polycrystalline 
sample is the average between the basal plane and c-axis response: 

= (2 + ) . This is a big difference with transport 
measurements where the current flow is influenced by the respective 
resistivity of the different grains and explains why the resistivity deduced 
from ellipsometry is generally higher than the one obtained from four 
points probe measurements in MAX phases. Taking the  and  
values deduced from our models, we obtain an average resistivity of 130 
μ  cm-1 taking an aspect ratio a/b = 2.5 and 110 μ  cm-1 taking an aspect 
ratio a/b = 5. These values are in reasonable agreement with the 
ellipsometry data: 84 μ  cm-1 [34]. Here again, the higher value that we 
obtain can be explained by the disorder induced by the vacancies. This 
phenomenon has already been observed in niobium carbides for instance 
where the optical conductivity is reduced by almost a factor of three for 
13% of vacancies on the carbon site when compared to the stoichiometric 
compound[35]. 

In order to gain more insight into Ti2AlC resistivity anisotropy, the 
/  ratio is plotted as a function of the temperature in Fig. 4-5 and 

compared to the anisotropy of the Fermi surface velocities distribution as 
deduced from the ratio . It appears clear that /  is large, 
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between 14 and 18, and weakly dependent on the temperature in the 150-
300 K temperature range. This anisotropy is a combination of the Fermi 
surface anisotropy (see Fig. 4-1) and the anisotropy of the scattering 
mechanisms. 

 

 
 

Fig. 4-5: Experimental resistivity anisotropy,  / , deduced from the curves 
shown in Fig. 4-3 compared to the anisotropy  resulting from the Fermi 

surface anisotropy. 
 
From the electronic structure point of view, Ti2AlC already evidences 

important resistivity anisotropy since the  ratio gives a resistivity 
almost five times higher along the c-axis than within the basal plane. This 
anisotropy is drastically increased by more than one order of magnitude by 
the scattering mechanisms which, from the linear dependence of the ( ), 
are most probably dominated by electron-phonon interactions. These 
results reveal a stronger electron-phonon interaction along the c-axis than 
within the basal plane of the MAX phases as previously observed in 
Cr2GeC[36]. They also evidence the important interplay between electronic 
structure and scattering mechanisms in MAX phases transport properties. 
Note that in other materials such as elemental zinc, the electron-phonon 
interaction tends to compensate the Fermi surface anisotropy so that this 
material exhibits very weak resistivity anisotropy[37]. 
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4.2.3. Discussion and summary 

The anisotropy of Ti2AlC transport properties has been investigated 
focusing on a (000 )-oriented Ti2AlC0.85 thin lm, giving access to the 
basal plane response of the MAX phase, and a bulk highly pure 
polycrystalline sample of similar composition. Both temperature 
dependent Hall effect and resistivity measurements were performed and 
interpreted thanks to ab initio calculations. 

Concerning Hall effect measurements, the anisotropy of the Fermi 
surface resulting from the nanolaminated structure is evidenced through a 
change of the charge carriers’ sign with the crystallographic orientation. 
Given Hall constants of both samples are weakly temperature dependent 
and of the opposite sign, our results justify the interpretation of MAX 
phases polycrystalline bulk samples transport properties in terms of a two-
band model, one describing the electron-like behavior along the c-axis and 
the other reporting hole-like behavior along the basal plane. This behavior 
is moreover consistent with that observed in 312 MAX phases[7, 20]. 
Considering a single-band model and hole-like state to account for the 
basal plane Hall constant, the charge carrier density is found to be 
2.8×10+28 m-3, a value in good agreement with others deduced from heat 
capacity measurement[2, 21]. The charge carrier mobility is found to be μ = 1.1 × 10    , a value five times lower than that reported 
by others[1] who assumed a two-band model and μn=μp= 5.1 ×
10    at RT.  However, a careful analysis of either the Fermi 
surface or the band structure reveals an important band velocity anisotropy 
when focusing on reciprocal directions corresponding to the basal plane 
(hole-like states)  and the c-axis (electron-like states). As a consequence, it 
is unlikely that electron-like and hole-like state mobilities are equal.  

The calculations qualitatively reproduce the experimental results: the 
charge carrier signs are con rmed for both the thin lm and the bulk 
sample. The agreement on the absolute value of the Hall constant is 
however dependent on the crystallographic orientation. It is in very good 
agreement for the bulk sample but the discrepancy is much more 
pronounced for the RHxyz component corresponding to the thin lm data 
(the relative error is worse than 50%). This discrepancy is understood in 
terms of a failure of the isotropic relaxation time approximation used in 
our calculations, which would be canceled in the calculation of the Hall 
tensor trace. This explanation is coherent with Ti3SiC2 Seebeck coef cient 
data which were recently published[22]. 

The resistivity measurements also clearly evidence a strong anisotropy 
of Ti2AlC electronic properties. According to the effective medium 
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approach, it is shown that the ratio /  is above 10. The slope of the 
( ) curves confirm such an anisotropy,  

( )
= 1.75 μ  •  cm •  K  , 

whereas  
( )

=  0.1 μ •  cm •  K . Comparison of the experimental 
data with the anisotropy of the Fermi surface deduced from the ab initio 
calculations reveals that the observed anisotropy is a cumulated effect of 
the band structure anisotropy and of the anisotropy of the electron-phonon 
interaction. This behavior is significantly different from that evidenced in 
Ti2GeC with a similar approach where the resistivity was found to be 
almost isotropic[3]. These results evidence the crucial role of the chemical 
composition on the transport properties in MAX phase family. Since, in 
Ti2GeC, the electron-phonon interaction is found to be weaker along the c-
axis than within the basal plane, it can be an explanation for the reduced 
anisotropy observed in this sample. A similar effect was observed in 
elemental zinc[37]. 

4.3. Ti3SiC2 transport properties anisotropy 

4.3.1. Resistivity and Hall coefficient measurements 

Ti3SiC2 film (thickness = 40 nm) growth was conducted in the 
PPRIME Institute on two -SiC substrates by magnetron sputtering of 
pure Al and Ti targets in a high vacuum system[38]: (1) n-type (000 ) 4H-
SiC single crystal with a mirror-polished surface supplied by CREE 
Research Inc., (2) n-type (1120)-4H-SiC single crystal with a mirror-
polished surface supplied by CREE Research Inc. Two parallelepiped 
specimens were cut along (000 ) and (1120) orientations from the same 
(1120)-oriented thin film, which allowed us to compare the resistivity in 
the basal plane and along the c-axis using the same sample. Ti3SiC2 single 
crystal was synthesized by Thierry Ouisse et al. in LMGP (Laboratoire des 
Matériaux et du Génie Physique, Grenoble) from high-temperature 
solution growth[39]. The Ti3SiC2 polycrystalline sample was synthesized, in 
the PPRIME Institute, by HIPing under 1400 °C/4 h/80MPa. The Ti3SiC2 
polycrystalline thick film (thickness = 26 μm) was prepared by TEM 
polishing.  

Fig. 4-6 (a) shows the temperature dependence of the resistivity 
measured with current flowing in the (000 ) direction and in the basal 
plane of the same Ti3SiC2 (1120)-oriented thin film. The resistivities of a 
Ti3SiC2 single crystal and of a polycrystalline sample are also plotted as a 
function of temperature.  
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Fig. 4-6: (a) Resistivity versus temperature for several Ti3SiC2 samples (single 
crystal, polycrystal, thin films with current flowing in two different directions and 

cut from the same sample). (b) Ideal resistivity of the thin films with current 
flowing in two different directions. 

 
The RT resistivity of the Ti3SiC2 polycrystal is about 30 μ  cm-1 

which is slightly higher than was determined by Barsoum et al. (RT 
resistivity in the range 21-25 μ  cm-1). However, the d /dT value (0.09 
μ  cm-1 K-1), in the temperature range 150-300 K, is in very good 
agreement with previously determined values[40-42]. The /  value is an 
intrinsic property of the material and it thus has to be the same for the 
same compound. The RT resistivities of the Ti3SiC2 single crystal and of 
the (000 )-oriented Ti3SiC2 thin film are respectively 11 and 20 μ  cm-1 
whereas the /  values, in the temperature range 150-300 K, are 
respectively 0.048 and 0.049 μ  cm-1 K-1. Such a result confirms that the 
Ti3SiC2 (1120) -oriented thin film is of good enough quality to get 
intrinsic transport properties of the material. Thus, one can calculate the 
intrinsic RT anisotropy ( /   3) by dividing the RT ideal resistivity 
along the c-axis by the RT ideal resistivity in the basal plane. The ideal 
resistivities (  and ), calculated by subtracting the residual resistivity 
(resistivity at low temperature) to the measured RT resistivity, are plotted 
versus temperature in Fig. 4-6 (b). For temperatures in the range 150-
300K, the /  value, calculated in the case of the current flowing in the 
c-axis direction, is 0.118 μ  cm -1 K-1. Such a value is more than twice the 
value measured in the case of the current flowing in the basal plane. This 
result suggests that charge carrier mobility more strongly varies with 
temperature along the c-axis than along the basal plane. Assuming Ti-3d 
hole-like states and Ti-3d electron-like states respectively dominate 
transport properties in the basal plane and along the c-axis, as 
demonstrated by L. Chaput et al.[7], one can assess that electron-like over 
hole-like mobility’s ratio varies with temperature. It has also been 
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demonstrated that the near-zero thermopower in polycrystals is a direct 
effect of anisotropy in the electronic structure[6]; the density of states in the 
Ti3SiC2 basal plane being much larger than that along the c-axis for the Ti 
3d and the C 2p states. Such a result can also contribute to an increase of 
the (T) slope by decreasing the charge carrier density. 

Fig. 4-7 shows the Hall resistivity, measured versus magnetic field, at 
different temperatures (5 K, 35 K, 70 K, 130 K and 200 K) for the Ti3SiC2 
(000 )-oriented thin film (a) and for the Ti3SiC2 polycrystalline thick film 
(b). For both samples, Hall resistivity varies linearly with magnetic field, 
whatever the temperature is. These results indicate that the systems are in 
the magneto-transport low field limit. 

 

  
 

Fig. 4-7: (a) Hall resistivity versus magnetic field measured at different 
temperatures (4 K, 35K, 70 K, 130 K and 200 K) for the Ti3SiC2 (000 )-oriented 

thin film (a) and for the Ti3SiC2 polycrystalline thick film (b). 
 
Fig. 4-8 shows the variation of the Hall coefficient (RH) as a function 

of temperature. Whatever the temperature, the Hall coefficient values are 
weak and can be considered as constant. Furthermore, one can notice that 
the Hall coefficient value measured on the bulk polycrystalline thick film 
is smaller than the one measured on the (000 )-oriented thin film. Such a 
result can be ascribed to the averaging of basal plane (hole-like behavior) 
and c-axis (electron-like behavior) transport properties in the bulk 
polycrystalline sample. Such hole-like and electron-like behaviors, 
respectively in the basal plane and out of the basal plane, have been 
demonstrated by L. Chaput through calculations of the c-axis and basal 
plane components of the Ti3SiC2 thermoelectric tensor[7, 43].  
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Fig.4-8: Hall coefficient (RH) calculated at different temperatures for the (000l)-

oriented thin film (black squares) and Ti3SiC2 polycrystalline thick film (red 
circles). 

 
Furthermore, one can find, in Table 4-3, a relatively strong discrepancy 

between RH values determined on different samples. Taking into account 
the opposite influence of electron-like states (along the c-axis), and hole-
like states (in the basal plane) on the Hall constant, it has to be noticed that 
RH values of bulk polycrystalline samples depend on the grain 
orientations. More specifically, it means that the trace of the Hall tensor 
corresponds to the experimental value if the grains are randomly oriented 
in the polycrystalline sample. The Hall constants obtained by Barsoum et 
al.[44] are almost zero in a Ti3SiC2 polycrystalline sample without preferred 
grain orientations. Such a value is in quite good agreement with our result 
(0.5×10-10 m3 C-1) also obtained on a polycrystalline sample. On the other 
hand, a positive Hall constant (RH = 3×10-10 m3 C-1) has been measured[41] 
on a Ti3SiC2 polycrystalline sample which contains extra-large (1-2 mm) 
(000 )-oriented grains[45]. Thus, the RH value of such a sample should 
correspond to the one obtained on Ti3SiC2 (000 )-oriented thin film. One 
can notice that the RH value obtained on our Ti3SiC2 (000 )-oriented thin 
film (1.5×10-10 m3 C-1) is only in qualitative agreement with the one of 
Finkel et al.[41]  
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As in the case of the Ti2AlC (000 )-oriented thin film, the weak 
temperature dependence of the basal plane Hall constant obtained on the 
Ti3SiC2 (000 )-oriented thin film, justifies the interpretation of basal plane 
MAX phase transport properties in terms of a single-band model. It is thus 
possible to extract the charge carriers’ density from the basal plane Hall 
constant measurement. In this model, hole-like carrier density (p) can be 
estimated from the relation RH = 1/pe which leads to a hole-like carrier 
density p = 4.2×1028 m-3. One can notice that this value is one order of 
magnitude higher than the hole-like carrier density obtained assuming 
equal electron-like and hole-like mobilities. This equality is questionable 
given the important band dispersion anisotropy, and questionable with our 
MR results discussed in the next section[15]. 

4.3.2. Magnetoresistance measurements 

Fig. 4-9 shows the Ti3SiC2 (000 )-oriented thin film and the Ti3SiC2 
polycrystalline sample magnetoresistance as a function of the magnetic 
field (from 0 to 11 Tesla). For a magnetic field lower than 5T, the 
experimental results can be fitted with the relation = μ . Such 
an equation has been extensively used by Barsoum et al.[41] to determine 
the charge carrier mobility. However, Fig. 4-9 demonstrates that, in the 
range 5-11T, the magnetoresistance is not a quadratic function of the 
magnetic field.  

 

  
 

Fig. 4-9: Magnetoresistance of a Ti3SiC2 (000 )-oriented thin film (a) and of a 
Ti3SiC2 polycrystalline sample (b). Dotted lines correspond to quadratic fits of the 

magnetoresistance variation.  
 
Fig. 4-10 shows the MR variation with temperature at a magnetic field 

of 11T. One can notice that MR rapidly decreases with increasing 
temperature, such a decrease being faster in the polycrystalline sample. 
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Usually, the MR effect may be weakened by mixing the transport 
components along different directions of the crystallographic axes[46]. 
However, the opposite is observed in Fig. 4-11 (the MR effect is larger in 
the polycrystalline sample than in the (000 )-oriented thin film). Such a 
difference unambiguously demonstrates that the variation of the charge 
carrier mobility with temperature is higher along the c-axis than in the 
basal plane, as suggested by the (T) slope measured along the c-axis 
(0.118 μ  cm -1 K-1) and in the basal plane (0.049 μ  cm-1 K-1). Such a 
difference in mobility variation with temperature may be attributed to the 
anisotropic electron-phonon interactions in the two crystallographic 
directions. Neutron diffraction experiments performed on Ti3SiC2 have 
shown that the Si atoms act as “rattlers” and vibrate with an anisotropic 
elliptical thermal motion with the highest amplitudes in the basal plane 
simultaneously coupled with the TiII atoms[47]. More recently, the 
anisotropic electron-phonon interactions have been evidenced by 
Magnusson et al. [48]. Rattling of Si atoms implies substantial anisotropy 
between the in-plane and out-of-plane orbitals that need to be included in 
theoretical modeling. 

 

 
 

Fig. 4-10: Variation, with temperature, of the magnetoresistance at 11T. Ti3SiC2 
(000 )-oriented thin film (red circles) and Ti3SiC2 polycrystalline sample (black 

rectangles). 
 
For many metallic materials with a symmetric Fermi surface, Kohler’s 

law is normally obeyed. According to Kohler’s law[49], MR, at different 
temperatures and whatever the impurity content, can be scaled by the 
expression: 
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= ( ) =                                        (4 6) 

with the assumption that scattering time 1/ (T)  (T), f and F are 
unknown functions. Generally, the function F has a power-law form[41]. 

As originally stated, this rule is applicable to single-band metals for 
which the number of carriers does not vary with temperature. Thus,  
variations are a measure of the inverse mobility of the carriers. The 
concept of scaling is based on the fact that if Kohler’s rule is applicable, 
then temperature dependent changes in magnetoresistance are due entirely 
to mobility variation. Such a law has been generalized to the case of a 
semi-metal or semi-conductor for which the galvanomagnetic coefficients 
( xx and xy) can be described in the framework of the two-band model. 
The MR can be written as: 

= =

(1 + )
( + )   

1 + +  
                          (4 7) 

where n and p are respectively the electron-like and hole-like carrier 
density, μ is the electron mobility and b is the ratio of hole to electron 
mobility. 

Such an equation does not satisfy Kohler’s rule due to the n, p, b 
dependence. Thus, the two-band magnetoresistance cannot generally be 
scaled to obtain mobilities. However, for compensated conductors with 
n=p, then Kohler’s rule is applicable and MR reduces to: 

= ( ) = ( )                                    (4 8) 

Fig. 4-11 is a log-log plot of the MR versus H/C(T) obtained at 
different temperatures on the Ti3SiC2 (000 )-oriented thin film (a) and on 
the Ti3SiC2 polycrystalline sample (b). At the lowest temperature, the 
constant C(5K) has been fixed to the low temperature resistivity ( (5K)) 
whereas the constant C(T) has been adjusted to try to get a single curve 
whatever the temperature and magnetic field. It can be noticed that a 
single curve can be obtained for the (000 )-oriented thin film. However, it 
is not possible to get a single curve for the Ti3SiC2 polycrystalline sample 
and the MR variation is not a quadratic function of the magnetic field (as 
shown also in Fig. 4-9 (b)). These results illustrate that a single-band 
model can be used to account for the transport properties in the basal plane 
of MAX phases. However, Fig. 4-11 (b) shows that the assumption n = p 
is likely not verified. Such a result is also supported by a recent study 
which showed that the density of states in the basal plane is much larger 
than that along the c-axis for the Ti 3d and the C 2p states[41]. Another 
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possible explanation may be that more than two bands have to be 
considered to account for the transport properties of polycrystalline 
samples. Indeed, a large number of bands cross the Fermi level in the 
Ti3SiC2 band structure[15]. It now seems necessary to perform Hall effect 
and MR measurements on (1120) -oriented thin film MAX phase. It 
should demonstrate that a single electron-like band can account for the 
transport properties along the c-axis.  

 

  
 

Fig. 4-11: Log-log plot of the magnetoresistance versus H/C(T) obtained at 
different temperatures on the Ti3SiC2 (000 )-oriented thin film (a) and on the 

polycrystalline sample (b). 
 
The single curve of Fig. 4-11 (a) can be well fitted with the following 

equation: 
= 2.75 . = 2.75

.
= 2.75

.
                (4 9)  

Where: x =  represents the ratio between magnetic field (H) and 
corresponding resistivity  when H=0. 

From such an equation, one can get the mobility variation with 
magnetic field and temperature provided that the hole-like carrier density 
is known. By using the hole-like carrier density determined from the Hall 
constant, the hole-like mobility has been calculated at different 
temperatures (4K, 35K, 70k, 140k and 200K) and zero magnetic field. The 
results, with those obtained directly from resistivity and Hall constant 
measurements, are summarized in Table 4-4. One can notice that the 
different mobility values are in very good agreement. Such an agreement 
demonstrates that Kohler’s rule is well verified for the (000 )-oriented thin 
film (i.e., the constant C(T) determined to get a single curve corresponds 
well to (T)). It also demonstrates that a single-band model can be used to 
give an account of the basal plane transport properties of Ti3SiC2 MAX 
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phases. 
 

Table 4-4: Summary of the mobilities calculated, at different temperatures, from 
Kohler’s law and from resistivity and Hall constant assuming a single-band model.  
 

Temperature 4 K 35 K 70 K 140 K 200 
K 

 (1028) m-3 4.2 
(10-3m2/Vs) by 

Kohler’s Rule 2.0 2.0 1.6 1.3 1.1 

(10-3m2/Vs) by =

 1.9 1.9 1.7 1.3 1 

 
The results given in Table 4-4 can be compared with the ones obtained 

by Finkel et al.[41]. In polycrystalline MAX phases, Finkel et al.[2, 5, 8, 9, 11] 
have used equation (4-8) and the assumption n=p to determine the 
electron-like and hole-like mobilities. Our values are one order of 
magnitude higher for the hole-like carrier density and also about one order 
of magnitude lower for the charge carrier mobility. Such a discrepancy can 
be ascribed to their assumption n = p which is likely not valid as 
evidenced by Magnusson et al.[41]. Moreover, the variation of the 
polycrystalline sample MR does not seem to vary as expected from 
equation (4-8) (see Fig. 4-9b).  

4.3.3. Summary and conclusions 

The anisotropy of Ti3SiC2 transport properties has been evidenced by 
direct measurement of the resistivity along the basal plane ( ) and out of 
the basal plane ( ). Such measurements have been performed using 
Ti3SiC2 (1120)-oriented thin film. The resistivity anisotropy ( / ) is 
of the order of 3 at room temperature. Moreover, the /  value along 
the c-axis direction is 0.118 μ  cm-1 K-1 which is more than twice the 
value measured in the case of the current flowing along the basal plane 
direction (0.049 μ  cm-1 K-1). In addition, the MR measured on the 
polycrystalline sample is larger than the one measured along the basal 
plane. These two results suggest that charge carrier mobility more strongly 
varies with temperature along the c-axis than along the basal plane. The 

/  variation can also be partly explained by the hole-like density of 
states (in the basal plane) which has been shown to be higher than the 
electron-like density of states (along the c-axis)[6]. From MR and Hall 
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effect measurements, it has been demonstrated that basal plane transport 
properties may be understood using a single-band model and hole-like 
states. The Hall constant does not depend on temperature and allows 
extracting charge carrier density. The variation of the MR with magnetic 
field and temperature is in good agreement with Kohler’s rule and MR 
measurements allow determination of the mobility variation with magnetic 
field and temperature. 
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CHAPTER 5 

GRAIN SIZE EFFECT ON OXIDATION BEHAVIOR 
OF Ti2AlC AND ATOMIC LEVEL REACTION 

BEHAVIOR BETWEEN Ti2AlC AND Cu 
 
 
 

5.1. Grain size effect in Ti2AlC oxidation behavior 

5.1.1. Introduction 

Ti2AlC, as a typical representant of these so-called MAX phases, is 
characterized by Ti6C octahedra interleaved with Al layers[1]. This inherent 
nanolayered structure provides a unique combination of metal-like and 
ceramic-like properties: machinability, good electrical and thermal 
conductivity, high thermal shock resistance and stiffness at high 
temperatures, which opens the way to diverse potential applications [2-4]. 
Being a ceramic, these materials exhibit self-healing capabilities when 
they are exposed to an oxidizing environment at high temperatures [5-9]. In 
Ti2AlC, the outward diffusion of the weakly bonded Al atoms is much 
faster than that of the more covalently bonded Ti atoms in the Ti2AlC 
structure[10-12]. As a consequence, the self-healing of Ti-Al-C MAX phase 
ceramic proceeds by oxidation, whereby cracks, gaps or notches are filled 
by -Al2O3 and rutile-TiO2 through oxidation[13].  

For application at high temperatures, oxidation resistance in air is 
required and the oxidation kinetics of Ti2AlC and Ti3AlC2 have been 
investigated. Their weight gain vs. time data are documented by cubic[14, 

15] and parabolic[15, 16] kinetics in the temperature range 800-1300 °C, as 
presented by equations (5-1) and (5-2). In both cases, a rapid out-diffusion 
of Al atoms first occurs during oxidation and Al2O3 forms. Then, Ti atoms 
diffuse out along the Al2O3 grain boundary and form TiO2

[14, 31]. If a dense 
and continuous Al2O3 layer is formed with TiO2 islands above, a cubic 
oxidation kinetics is observed and samples exhibit excellent oxidation 
resistance. Otherwise, a thick rutile-TiO2 layer is formed on top of the 
discontinuous -Al2O3 layer and parabolic kinetics is obeyed.[14]  
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=                                              (5 1) 

=                                           (5 2) 

where ( W/S), kc or kp, and t are the weight gain per unit surface area, 
the cubic or parabolic rate constant, and oxidation time, respectively. 

Until now, the oxidation mechanisms of CG and FG Ti2AlC bulk 
samples have been unclear. For clarifying this effect, fine-grained (FG) 
and coarse-grained (CG) Ti2AlC bulk samples were synthesized and 
oxidized at 800, 900, 1000 and 1100 °C in air. Their oxidation kinetics 
were characterized and compared. Furthermore, the crystallographic 
evolution of partially oxidized CG-Ti2AlC was investigated by TEM and 
the oxidation mechanism is discussed. 

5.1.2. Microstructure of FG and CG-Ti2AlC bulks 

Fig. 5-1 (a) illustrates that the FG-Ti2AlC contains some Al2O3 traces 
(black round-shaped areas). As found in the literature, the introduction of 
oxygen results from the milling process of green Ti2AlC into fine powders 
after pressureless sintering.[17, 18] The XRD patterns given in Fig. 5-1 (d) 
show that no impurities except Ti2AlC peaks are observed. From Rietveld 
refinements of the XRD data using the MAUD software, the Al2O3 content 
determined in FG-Ti2AlC is about 6.3 vol.%. MAX phases generally 
exhibit an anisotropic microstructure with grains being strongly elongated 
in the basal plane direction, especially when MAX particles size becomes 
bigger. Herein, a stronger (002) peak was found in CG-Ti2AlC. Fig. 5-1 (b) 
and (c) reveal obvious grain size differences in these two bulks. By 
measuring 50 grains, we obtained the average dimensions of Ti2AlC 
grains, given in Table 5.1. FG-Ti2AlC grain lamellae are situated in the 
range of 2-5 μm in length and 1-3 μm in width. While CG-Ti2AlC grain 
lamellae are an order of magnitude larger. Their size ranges from 50-150 
μm in length and 15-40 μm in width. These differences indicate that CG-
Ti2AlC grains are strongly elongated in the basal plane direction. As FG-
Ti2AlC is not directly fabricated through HP, there is no different 
orientation in the axial and radial planes. For CG-Ti2AlC, the compressed 
direction is uniform in the HIP method. Therefore, no artificial textures in 
FG and CG-Ti2AlC bulks were introduced in this work.  
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Fig. 5-1: Back-scattered electron (BSE) images of (a and b) FG and (c) CG-Ti2AlC 
bulks, (d) X-ray diffraction patterns of FG and CG-Ti2AlC bulks. 

 
Table 5-1: Summary of sintering conditions, phase composition volumes, densities 
and grain sizes of FG-Ti2AlC and CG-Ti2AlC. 

 

Samples Processing 
Method 

Phase 
composition 

volume  

Density 
(g cm-

3  

Grain 
size 
( m) 

FG-
Ti2AlC 

Pressureless 
sintering at 1400 
°C / 30 mins+ HP 
1400 °C/30 MPa 
/30 mins in Ar 

Ti2AlC 
(93.7%) 

Al2O3 (6.3%) 
3.99 W:1-3 

L:2-5 

CG-
Ti2AlC 

HIP 
1400 °C/4 h/80 

MPa in Ar 

Ti2AlC 
(100%) 4.01 

W:15-
40 

L:50-
150 
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5.1.3. Oxidation behavior and phase evolution 

Figs. 5-2 (a) and (c) show the weight gain per unit surface area of the 
FG and CG-Ti2AlC samples oxidized at 800, 900, 1000 and 1100  in air 
as a function of time. Whatever the temperature is, the weight gain per unit 
surface area of CG-Ti2AlC is two orders of magnitude higher than that of 
FG-Ti2AlC. As shown in Fig. 5-2 (b) and (d), cubic[14, 15] and parabolic[15, 

16] kinetics can be respectively used to fit the FG and CG-Ti2AlC weight 
gain data. The goodness of fit of the experimental data (R2 = 0.98–0.99) 
confirms that the coarse-grained and fine-grained Ti2AlC bulk samples are 
characterized with parabolic and cubic oxidation kinetics, respectively. 
Table 5-2 summarizes oxidation data determined in this work and the 
literature. The oxidation kinetics of FG-Ti2AlC are in good agreement 
with other published results, good oxidation resistance is observed when 
Ti2AlC grain size is below 10 m[14-16]. Otherwise, poor oxidation 
resistance occurred when Ti2AlC grain size is above 20 m. As in our CG-
Ti2AlC bulk samples, Barsoum et al. have observed parabolic oxidation 
kinetics in Ti2AlC bulk samples composed of grain sizes of about 20 m. 
These results strongly indicate that grain size plays an important role in the 
oxidation behavior of MAX phases. 
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Fig. 5-2: Weight gain per unit surface area of Ti2AlC as a function of oxidation 
time at 800, 900, 1000 and 1100  for oxidation in air of (a) FG-Ti2AlC bulk 

samples and (c) CG-Ti2AlC bulk samples and respective fitting (b) and (d). 
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Fig. 5-3 shows typical SEM back-scattered electron (BSE) micrographs 
of the oxidized scales formed on the surfaces of FG-Ti2AlC and CG-
Ti2AlC after oxidation at 1000 °C during 25 h in air. The excellent 
oxidation resistance behavior found in our FG-Ti2AlC is similar to that 
previously reported[23]. Fig. 5-3 (a) and (c) show that a dark gray inner 
dense Al2O3 layer with a thickness of 1 m formed between the bright 
TiO2 nodules and Ti2AlC matrix. Due to the depletion of Al atoms, an 
intermediate Ti-rich layer is observed between the -Al2O3 inner scale and 
Ti2AlC matrix. In the case of CG-Ti2AlC, Fig. 5-3 (b) reveals a thick 
rutile-TiO2 layer formed above the discontinuous -Al2O3 layer at the 
surface of CG-Ti2AlC. Underneath the Al2O3 layer, some very small Al2O3 
crystallites are formed together with (TiO2+Al2O3)-mixed agglomerates. 
This phenomenon is also reported by Barsoum et al.[21, 22] in Tin+1AlCn 
(n=1 and 2) with grain size in the range of 23-30 m and by Lee et al.[24] in 
Ti3AlC2 with lamellar grains whose dimensions are 58 m in length and 

14 m in thickness. Furthermore, in Fig. 5-3 (d), two contrasts were 
found in one Ti2AlC grain under BSE mode, which were named poor and 
rich-Al areas. The different contrasts imply that Al atoms outwards 
diffused at different rates. At lower magnification, as given in Fig. 5-5 (a), 
Ti2AlC grains were partially oxide with different degrees (area I). By first-
principles investigation, Dr. Wang reported that Ti2AlC is still stable when 
the content of aluminum is above 0.5[25]. To go deeper, an area II appeared 
where Al atoms out-diffused from Ti2AlC into the grain boundary, 
followed by an area III containing intact grains (III). In addition, Fig. 5-3 
(d) also indicates that some dotted lines appeared in the poor-Al area, 
which means crystal structure or volume possibly changed in Ti2AlC 
during the outwards diffusion of Al atoms.  
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Fig. 5-3: BSE-SEM micrographs of the oxidized surface of FG-Ti2AlC (a) and (c) 
and CG-Ti2AlC (b) and (d). The oxidation was performed at 1000  for 25 h in air. 

 
Fig. 5-4 shows typical SEM back-scattered electron (BSE) 

micrographs of the oxidized scales formed on the surfaces of FG-Ti2AlC 
and CG-Ti2AlC after oxidation at 1100 °C for 25h in air, respectively. Fig. 
5-4 (a) reveals that after oxidation at 1100 °C, the TiO2 nodules observed 
at 1000 °C are now transformed into TiO2 clusters; nodules are connected 
to each other on top of Al2O3 layer. At 1100 °C, Ti atoms diffused out, 
along the Al2O3 grain boundaries, more easily than at 1000 °C which 
results in the presence of a higher number of TiO2 nodules on top of the 
alumina layer. Even though some cavities formed at the Al2O3 and TiO2 
(rutile) interface, the FG-Ti2AlC sample exhibits excellent oxidation 
resistance. These observations suggest that the inner Al2O3 layer remains 
intact and blocks the inward oxygen diffusion. Fig. 5-4 (b) shows that the 
outside TiO2 and Al2O3 layers are detached from the bulk matrix. As 
observed in Fig. 5-5 (a), cracks appeared in the oxidation layer of CG-
Ti2AlC bulk oxidized at 1000 °C for 25h. This phenomenon could be 
ascribed to several reasons. Firstly, as the volume expansion between TiO2 
and Al2O3 are mismatched, the stress concentration increases during their 
mixed growth and gives rise to the spallation of protective layers.[15] The 
thermal expansion coefficient (TEC) of these different phases are: rutile 
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TiO2 ( a = 9.2×10-6 K-1
, c = 7.1×10-6 K-1), Al2O3 ( a = 7.9×10-6 K-1

, c = 
8.8×10-6 K-1), TiC ( a = 7.0×10-6 K-1), Ti2AlC ( a = 7.1×10-6 K-1

, c = 
10×10-6 K-1). The stress between Al2O3 and TiO2 is estimated to be about 
0.3 GPa through the equation of =  if the temperature range is 
1000  and Young’s modulus of the matrix is 260 GPa. Secondly, large 
volume ( 59.0%) changes are associated with the oxidation of Ti2AlC into 
TiO2 and Al2O3, which promotes crack propagation.[15] Fig. 5-4 (c) and (d) 
are secondary and back-scattered micrographs of the enlarged area shown 
in Fig. 5-4 (b). It is shown that, inside Ti2AlC grains, Al atoms 
preferentially diffused along basal planes as TiC lines appeared along 
Ti2AlC basal planes (see Fig. 5-4 (c) and confirmed by EDX). This result 
indicates that the transformation of Ti2AlC into TiC has already started 
from the interior of the Ti2AlC grain. Al atoms thus react with oxygen at 
the extremity of the basal planes to form alumina particles (see Fig. 5-4 
(d)). It also suggests a faster oxidation rate along the basal plane than 
along the c-axis. Such a conclusion is in good agreement with Xu et al.; 
they demonstrated that, at 1200 °C, the basal planes had a weight gain 
which was 45 times larger than that on the traverse plane.[17]  

 

 
 

Fig. 5-4: BSE-SEM micrographs of the oxidized surface of FG (a) and CG-Ti2AlC 
(b); the oxidation is performed at 1100 °C for 25 h in air. Secondary (c) and back-
scattered (d) electron micrographs of the enlarged rectangular area marked in (b). 
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In CG-Ti2AlC, Al atoms diffuse through both grain boundaries and 
basal planes. Al atoms have to travel much longer to cover the longitudinal 
surface of CG-Ti2AlC. For example, Xu et al. found the obvious 
anisotropic oxidation resistance on the textured Ti3AlC2 and reported the 
basal planes had a weight gain which was 45 times larger than on the 
traverse plane at 1200 .[17] Herein, a non-uniform Al2O3 layer is formed 
in CG-Ti2AlC whereas a uniform and protective alumina layer is formed 
in the case of FG-Ti2AlC. This inhomogeneous oxide scale was also 
reported by Rao et al. in the oxidation study of bulk Ti2AlC with grain 
sizes whose dimensions were about 100 m in length and 20 m in 
width.[23] Subsequently, compared with FG-Ti2AlC, much more Ti atoms 
passed through the uncontinuous Al2O3 layer and lead to the TiO2 
formation in CG-Ti2AlC. For this stage, the oxidation of Ti2AlC occurs via 
the reported and following reaction[15]: 

+ 2 +
1
2

+                   (5 3) 

5.1.4. FIB-TEM investigations 

To determine the origin of contrasts within grains far away from the 
surface, the grain microstructural evolution of the CG-Ti2AlC was 
investigated. Fig. 5-5 (b) is a zoomed back-scattered image of the CG-
Ti2AlC grain marked by the rectangle in Fig. 5-5 (a). The image was taken 
200 μm away from the interface between the Ti2AlC and the Al2O3 layers. 
As can be seen, parallel straight lines are clearly visible within each grain. 
A TEM lamella was then prepared to be normal to these lines (i.e., along 
the c-axis of the Ti2AlC unit cell), as indicated by the rectangle in Fig. 5-5 
(b). Fig. 5-5 (c) and (d) show the bright field TEM images of the 
microstructure in the depth of the selected grain shown in Fig. 5-5 (b). A 
band shape-like structure with some delamination is equally observed 
close to the surface and in depth. Some bands show no contrasts and no 
defects from the top to the bottom of the TEM lamella, while others are 
full of inclusions. Depending on the bands, inclusions are either thin and 
straight or large and facetted (see Fig. 5-5 (d)). In addition, the length of 
the delamination bands is a few micrometers and the delamination bands 
are accompanied by elongated holes that are sometimes filled with matter. 
These in-depth observations of the microstructure thus suggest that 
straight lines observed previously by SEM are evidence of a significant in-
depth change of the microstructure in the region called the bulk Ti2AlC 
area. These changes may be evidence of the presence of oxygen deep 
inside the Ti2AlC volume, suggesting an oxidation front far above the 

 EBSCOhost - printed on 2/14/2023 2:18 PM via . All use subject to https://www.ebsco.com/terms-of-use



Grain size effect on oxidation behavior of Ti2AlC and atomic level  
reaction behavior between Ti2AlC and Cu 

 

125 

Ti2AlC/Al2O3 interface. Moreover, such oxidation far from the interface 
could explain the formation of elongated holes in the structures. Indeed, 
holes may be the result of the transformation between the Ti2AlC and TiC. 
It was previously reported that the transformation of Ti3AlC2 and Ti3SiC2 
in TiCx induces 21% and 15% volume shrinkages, respectively.[26, 27] As 
the density of Ti2AlC (4.067 g cm-3) is lower than that of Ti3AlC2 (4.247 g 
cm-3), a more severe volume shrinkage should happen during the 
transformation of Ti2AlC in TiCx (4.933 g cm-3). 

 

 
Fig. 5-5: BSE-SEM of the bulk CG-Ti2AlC oxidized at 1000 °C for 25 h in air at 

two different magnifications (a) and (b). The rectangle in (b) shows where the FIB 
lamella was performed. Bright field TEM images of the in-depth microstructure (c) 

and (d). Rectangles in (c) and (d) show the area where EDX map and HRTEM 
images were performed. 

 
EDX maps were performed to determine the chemical composition of 

the different phases observed in the sample. Due to the carbon content 
uncertainties, only the ratio between elements will be considered in the 
following. Values are averaged on different areas from different maps. 
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Fig. 5-6 shows a BFTEM image taken close to the surface of the sample 
(see Fig. 5-5 (c)), the corresponding elemental maps of Ti, Al, O and C, as 
well as the Ti-Al combined map. As can be seen, the different contrasts 
observed on the BFTEM reflect a huge change in the chemical 
composition. Maps of C and Ti exhibit identical distribution while maps of 
Al and O show important similarities. Three areas can be clearly 
distinguished by looking at the Ti-Al map: inclusions that are rich in Al (in 
green), the matrix surrounded inclusion that is rich in Ti (in red) and a 
homogeneous band on the right side of the image that is rich in both Al and 
Ti (in yellow). Note that areas in black in the Ti-Al map are holes. 
Concerning inclusions and the surrounding area, two different compositions 
are clearly identified. Around inclusions, only Ti and C atoms are detected, 
suggesting the formation of a TiC matrix. In inclusions, all elements are 
detected but levels of Al and O are the highest measured in the sample, 
while the concentration of Ti significantly drops. Indeed, the Ti/Al ratio is 
about 0.8 while the O/Al ratio varies from 1 to 2. These high contents of O 
and Al in inclusions may result from the formation of Al2O3 inclusions 
inside the TiC matrix. In the yellow area that is rich in Ti and Al, the 
situation is different. The Ti/Al ratio varies from 2 to 2.5 depending on the 
area in the sample. Such a ratio suggests the presence of MAX phases such 
as Ti2AlC or Ti3AlC2. Note that no evidence of the presence of Ti-O 
complexes such as TiO2 was observed in the sample. 

 

 
 

Fig. 5-6: BFTEM image of an area close to the surface (red rectangle in Fig. 5 ©) 
and the corresponding EDX maps. 
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5.1.5. The oxidation mechanism at the atomic level 

HRTEM was then performed to determine the structure of the different 
phases in the sample. Fig. 5-7 shows representative images of the different 
phases and their relative interfaces. The Al-rich phase is polycrystalline 
and composed of small grains (of a few nanometers). In the enlarged area 
(green rectangle in Fig. 5-7), a periodicity of 2.2 Å was measured. 
According to chemical EDX results that showed a high concentration of 
Al and O, this value matches with the 2110 of -Al2O3 phase (2.2 
Å).[28] Between or around the polycrystalline Al2O3, the Ti-rich matrix 
oppositely exhibits a long monocrystalline phase that extends from the 
surface to the bottom of the TEM lamella with a periodicity of 2.5 Å. Such 
a value is in good agreement with the theoretical value of the (111) TiC 
planes (2.5 Å) and thus confirms EDX results.[29] Far from the Al2O3 phase 
and close to TiC phases, the measured periodicities of the Ti-Al rich are 
about 6.8 Å and 9.3 Å. These values are in good agreement with the 
expected values of 6.8 Å and 9.4 Å for the (0001) Ti2AlC and Ti3AlC2 
planes, respectively.[2, 30] This sequence, (i.e., Ti2AlC//Ti3AlC2//TiC) was 
observed everywhere in the sample. Furthermore, the HAADF image of 
the area marked by the white rectangle confirms the formation of Ti3AlC2 
phase with a thickness of 11 atomic planes. The bright Ti atoms spots 
indicate that the stacking sequence is (0001) Ti2AlC // (0001) Ti3AlC2 // 
(111) TiC. This strongly suggests that, in the presence of oxygen, Ti2AlC 
decomposes in TiC by forming an intermediate phase of Ti3AlC2. At the 
same time, Al2O3 phases form close to the TiC phase as an additional 
result of the decomposition of Ti2AlC into TiC.  

This transformation is accompanied by a significant increase of density 
from 4.1 g cm-3 (Ti2AlC) to 4.93 g cm-3 (TiC). This change of density for 
the same volume results in the formation of long and elongated holes near 
TiC grains. For clarification, equation 5-4 summarizes this process. As the 
Al2O3 layer could prohibit the inward diffusion of oxygen into the Ti2AlC 
grain, a much lower oxygen partial pressure is created in these holes. 
Subsequently, as given in equation 5-5, the out-diffusion of Al atoms from 
Ti3AlC2 favors the formation of -Al2O3 and filled the holes accompanied 
with the in situ formed TiC. During this process, no TiO2 formed.  

+ + (2 3 ) +
1

2
      (5 4) 

+ 3 +
2

                      (5 5) 
Where, as the carbon and oxygen content cannot be measured, only Ti 

and Al contents are balanced on both sides of the equations. 
It should be pointed out that during the decomposition of Ti2AlC into 
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TiC and Al2O3, the elongated holes form throughout the sample and 
weaken the entire material. These holes probably act as precursors to 
cracks due to their micrometer length. Moreover, the thermal expansion 
coefficients between the TiO2 and Al2O3 formed on the surface are 
mismatched.[15] Both of these factors caused the crack and split of the 
oxidation layer on the surface of the CG-Ti2AlC sample, finally leading to 
the poor oxidation resistance of the CG-Ti2AlC sample. 

 

 
 

Fig. 5-7: HRTEM images of the different phases observed in the enlarged area 
marked in Fig. 5-5 (d) (far from the Ti2AlC/Al2O3 interface), the HAADF image 

was obtained on Ti2AlC- Ti3AlC2-TiC area marked in the white rectangle. 

5.2. Reaction behavior with Cu at the atomic level 

5.2.1. Introduction 

Copper is one of the most used metals essentially because of its very 
high electrical conductivity. However, its poor mechanical and wear 
properties result in the premature failure of components, especially in 
extreme conditions. One possible route for overcoming this drawback is to 
introduce MAX phases, such as Ti2AlC. Measurements of lattice 
parameters with numerous methods reveal that MAX phases exhibit 
elevated high crystalline anisotropy. The c/a ratio is generally higher than 
4. This class of nanolaminated materials combine properties of both 
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ceramics (refractory, high stiffness, low density – 4.5 g cm-3 for Ti3SiC2, 
low ductility at room temperature) and metals (high thermal and electric 
conductivity, thermal shock resistance, low hardness, mechanical 
resistance). The deformation mechanism of MAX phases is based on 
dislocations[31]. From energy considerations, only basal dislocations play a 
role in their plastic behavior: due to the anisotropy and the lamellar lattice, 
nucleation of dislocations is supposed to occur only in the basal plane[31-

34]. Moreover, at high temperatures out-of-basal plane dislocations are not 
just anecdotal events and cross-slip plays a key role[35]. Therefore, the 
challenge is to add MAX phase into Cu in order to enhance the mechanical 
properties without much loss of conductivity. However, no mechanism is 
proposed. 

In the framework of MAX-Cu composites, Ti-based MAX phases 
including Ti3AlC2, Ti2AlC and Ti2AlN have been used[36]. Zhang et al. 
suggested that the de-intercalation of Al along basal planes induces the 
formation of TixC platelets in Ti3AlC2-reinforced Cu composites[37]. The 
solid solution (Ti1- Cu )3(Al,Cu)C2 has been reported in sintered Ti3AlC2-
Cu powders in which the presence of Cu is mainly located on the Al sites 
of the MAX phases [38] [39, 40]. These studies emphasize that the diffusion 
mechanisms between Ti-based MAX phases and Cu are strongly related to 
temperature. However, the different steps of this mechanism have not yet 
been observed, including the formation and decomposition of Ti3AlCuC2, 
Ti2AlCuN or Ti2AlCuC solid solutions. 

With the aforementioned layered microstructure and unique set of 
properties, MAX phases are excellent candidates for the design of novel 
materials with tailored properties. In particular, this work aims to provide 
a comprehensive picture of structural changes caused by the diffusion of 
Cu in the Ti2AlC MAX phase. 

5.2.2. Diffusion and distribution of Cu and Al atoms  

 
Fig. 5-8 shows the junction between Ti2AlC and Cu at two magnifications. 

Fully dense Ti2AlC was prepared by Hot Isostatic Pressing (HIP). Powders 
of Ti (150-250 μm, 99.5% purity), Al (45-150 μm, 99.5% purity) and TiC 
(<45 μm, 98% purity) were mixed in stoichiometric proportions and 
placed into a hot isostatic press where the powder compact was heated up 
to 1400 °C under a pressure of 80 MPa. Then pure Cu foil (99.9%, 50 μm 
thick) and the bulk Ti2AlC were mechanically pressed under Ar 
atmosphere at a pressure of 10 MPa and a soaking temperature of 750 °C.  
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Fig. 5-8 (a) was acquired with the Secondary Electron (SE) detector, 
while Fig. 5-8 (b) was acquired with the BacScattered Electron (BSE) 
detector of the Scanning Electron Microscope (SEM). A thin foil was 
prepared perpendicular to the joining interface by Focused Ion Beam (FIB) 
milling with a ThermoFisher Helios Nanolab Dual Beam. 

 

 
 

Fig. 5-8: SEM micrographs of the specimen near the Cu/Ti2AlC boundary acquired 
with the SE detector (a), and with the BSE detector (b). 

Fig. 5-9 (a) shows a STEM micrograph in High-Angle Annular Dark 
Field (HAADF) mode at low magnification. Three regions with different 
contrasts are easily distinguished in the Ti2AlC area and they are labeled 
as RA, RB and RC (Fig. 5-9 (a)). Region RB appears as a bright band 
parallel to (0 0 0 1) basal planes. The HAADF detector senses a greater 
signal from atoms with a higher atomic number Z, causing them to appear 
brighter in the resulting image. The mean Z of the region RB is thus 
expected to be higher than in region RA and region RC. The EDS line 
profile on both sides of the region RB (Fig. 5-9 (b)) combined with the 
EDS maps ( 

Fig. 5-9 (c-e)) confirm this observation: the atomic ratio of Al (Z=13) 
drops from ~33% to ~23% when crossing the boundary between regions 
RA and RB and it stays stable at ~23% in region RB. It then goes back to 
~33% when crossing the other boundary from RB to RC. Meanwhile, the 
atomic ratio of Cu (Z=29) increases from ~2% to ~15% inside the region 
RB. Concerning Ti (Z = 22), the atomic ratio remains quite stable at 
~62%. Note that several cracks along basal planes are observed close to 
the Cu/Ti2AlC junction. 

 EBSCOhost - printed on 2/14/2023 2:18 PM via . All use subject to https://www.ebsco.com/terms-of-use



Grain size effect on oxidation behavior of Ti2AlC and atomic level  
reaction behavior between Ti2AlC and Cu 

 

131 

 
 

Fig. 5-9: chemical characterization of the Cu-MAX phase composite. (a) HAADF-
STEM micrograph at low magnification of the thin foil. Three regions labeled RA, 

RB and RC are distinguished. The basal plane direction (0 0 0 1) is also shown. 
Several cracks are observed in the vicinity of the Cu/Ti2AlC junction. (b) EDS line 
profile taken along the dotted line in (a). (c), (d) and (e) are EDS maps of Cu, Al 

and Ti respectively.  
White rectangles in (a) localize where Fig. and Fig. were taken. 

The HAADF-STEM micrographs were captured at the interface 
between region RA and region RB, as shown in Fig. 5-10 (b-c). The 
observed crystallographic lattice is consistent with the expected one of the 
211-MAX phase projected along 1 1 2 0 : zigzag stacking (Fig. a, black 
lines) of two TiC planes followed by one Al plane, the Al plane being the 
axis of symmetry of the zigzag. Here again, region RB appears brighter 
than region RA. More precisely, the change of contrast mainly comes from 
A-planes that are located between two adjacent Ti planes that appear 
brighter. EELS maps of Fig. 5-10 (d-f) clearly evidence that Cu atoms 
replace Al in the crystallographic lattice. Combining the EDS (Fig. 5-9) 
and EELS results (Fig. 5-10), one expects that solid solutions are formed 
in region RA and region RB with the average formula Ti2Al1.1Cu0.06C and 
Ti2Al0.74Cu0.49C, respectively. 
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Fig. 5-10: Atomic EELS characterization. (a) Crystallographic structure of Ti2AlC 
projected along 1 1 2 0  (b), (c) HR-STEM HAADF of the interface between 

region A (RA) and region B (RB). The electron beam is along 1 1 2 0 . The white 
square in (c) localizes the area in region B where the EELS maps were acquired 
((d), (e) and (f)). Zigzag lines in (a) and (b) highlight the stacking of TiC planes, 

characteristic of the crystallography of a 211 MAX phase family. 

5.2.3. The formation of Ti2C platelets 

Fig. 5-11 depicts some steps in the formation of Ti2C platelets. Fig. 5-
11 (a-c) first show the intercalation of Cu in A-planes along basal planes 
of Ti2AlC. Yellow arrows localize bright “atomic channels” along basal 
planes. This change of contrast can be attributed to a localized increase of 
the atomic number Z due to the insertion of Cu atoms in A-planes of 
Ti2AlC. Fig. 5-11 (c) shows the interface between region RA and region 
RB where the solid solution Ti2Al0.74Cu0.49C is formed. Moreover, this 
interface is abrupt. Both observations indicate a fast diffusion of Cu along 
basal planes. Close to the Cu source, i.e., close to the Cu/Ti2AlC junction ( 

Fig. 5-11 (d)), A-planes de-intercalate (Fig. 5-11 (e)) forming a partial 
dislocation lying in the basal plane (Fig. 5-11 (e)) with a Burgers vector 
clearly along 0 0 0 1 . In Fig. 5-11 (f), two sorts of Ti2C-platelets are 
distinguishable: perfect connection of the adjacent Ti planes (Fig. 5-11 (f), 
yellow arrows) and unperfect connection (Fig. 5-11 (f), white arrows) 
associated with a slide of ~0.26 nm along 1 1 0 0 . This sliding direction 
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was already reported in the case of stacking faults with the insertion of 
MX planes[41]. From the crystallographic point of view of Ti2C-platelets, 
both connections between adjacent Ti planes in MAX phases can be seen 
as Twin Boundary (TB) and are either perfect (Fig. 5-11 (f), yellow 
arrows) or shifted (Fig. 5-11 (f), white arrows)[42]. Note that in the Ti2AlC 
point of view, they are seen as stacking faults where one A-plane was 
removed. Another description indicates that Ti2C platelets localized by 
yellow arrows in Fig. 5-11 (f) can be seen as hexagonal Ti2C as well. The 
TB description will be used in the following.  

 

 
 

Fig. 5-11: Observations of several steps of the diffusion of Cu. (a)-(e) HR-STEM 
HAADF micrographs far away ((a)-(c)) and in the vicinity ((d)-(e)) of the 

Cu/Ti2AlC junction. For (a)-(c) and (f), the electron beam is along 1 1 2 0  while 
it is along 1 1 0 0  for (d) and (e). (d) is a low-magnification micrograph which 
enables localization of where micrographs (e) and (f) were taken. The Cu/Ti2AlC 

junction is localized on the left. (f) shows Ti2C platelets (white and yellow arrows). 
 
We investigated further the atomistic features that were observed by 

means of molecular static simulations. As no interaction model is available 
to model the Ti2AlC MAX phase, we employed the Ti2Al phase as a 
surrogate for a structure with A-element layers that intercalates within 
double Ti layers. Fig. 5-12 (a-d) show the atomistic configuration of the 
ground state of a basal dislocation formed by the removal of an A-element 
half-plane. Fig. 5-12 (a) and (b) show a sliced view of the dislocation 
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along the dislocation line 1 1 0 0  colored by chemical species (gray, Ti; 
blue, Al) and local crystallographic structure. Fig. 5-12 (b) in particular 
evidences the core (gray) and the stacking fault (green) of the partial 
dislocation. The elastic strain field generated by the dislocation is 
primarily directed along the Z- 0 0 0 1  direction as illustrated in Fig. 5-12 
(c): only the shear component xz is significant while the components xy 
and yz remain negligible. Fig. 5-12 (d) presents a magnified view of the 
dislocation core structure and illustrates the Burgers circuit. In our 
simulation, the Burgers vector is b= c

6
0 0 0 1  with a norm measured at 

2.3 Å. Fig. 5-12 (e) shows the critical stress required to reconstruct the 
perfect TB into a shifted TB or a disordered phase, as a function of the 
remaining non-diffused A-element. The diffusion of A atoms within an A-
interlayer is characterized by the ratio A

A0
 of the number of atoms 

remaining in the interlayer after diffusion (A) with the number of atoms 
initially forming the interlayer (A0). The critical stress shows a moderate 
increase for medium A concentration (0.0< A

A0
<0.8) and a steep increase in 

the concentration of A close to the dense interlayer ( A
A0

>0.8). Note that a 
large concentration of A associated with very high critical stress leads to 
the formation of locally disordered Ti – A-element phase instead of a 
shifted TB. Fig. 5-12 (f) shows an example of the ground states of the TB 
formed after the diffusion of an A-element interlayer. In a stress-free 
environment, the TB exhibits a perfect structure independently on A

A0
 ( 

Fig. 5-12(f), 0001 =0). As the stress normal to the TB plane reaches 
the critical value, the TB becomes shifted (Fig. 5-12 (f), 0001 >0). 
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Fig. 5-12: Molecular static simulations of a de-intercalated A-element plane. (a)-
(d) sliced views of the Frank partial dislocation along the dislocation line 1 1 0 0  
formed by the removal of an A-element half-plane, (a) chemical representation: 
atoms in gray and blue represent Ti and A-element, respectively, (b) structural 
representation: atoms in red, gray and green represent hexagonal bulk, dislocation 
core and stacking fault structures, respectively, (c) atomic elastic strain shear 
component ( xz), (d) Burgers circuit and Burgers vector of the Frank partial 
dislocation on the magnified dislocation core structure, (e) critical stress required 
to reconstruct the perfect twin boundary into n shifted twin boundary or a 
disordered phase, as a function of the fraction A A0

 of remaining de-intercalated 

A-element, (f) stable configurations of a twin boundary with A A0
= 0.04 at zero 

stress and critical stress. The trend lines in (e) are guides for the eye. 
 

Based on our experimental and numerical results, we propose a 
comprehensive description of the formation of Ti2C platelets, as illustrated 
in Fig. 5-13. In the presence of Cu and at 700 °C, Al de-intercalate along 
basal planes of Ti2AlC while Cu atoms diffuse progressively and replace 
Al atoms in the lattice (Fig. 5-13 (a)-(b)). This creates “atomic channels.” 
The diffusion of Cu continues until the channel is filled, thus forming the 
solid solution Ti2Al0.74Cu0.49C (Fig. 5-13 (b)). The interface between both 
areas with high and low concentrations of Cu will diffuse by the 
successive addition of filled channels (Fig. 5-13 (c), white thick arrow). 
Then, atoms in A-planes de-intercalate (Fig. 5-13 (c)), thus forming a 
Frank partial dislocation with a Burgers vector b= c

6
0 0 0 1 . The de-

intercalation will propagate along 1 1 2 0  by climbing of this c-
dislocation. The nucleation of Frank partial dislocations causes a volume 
shrinkage along the c-axis (Fig. 5-13 (d)) i.e., the 2nd and the 3rd Ti planes 
move closer to each other and form a perfect TB. Note that this volume 
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shrinkage can lead to the initiation of cracks in (0 0 0 1)  planes, as 
observed in Fig. 5-9 (a). To minimize the electrostatic repulsion between 
the adjacent Ti planes on both sides of the platelet, the perfect TB 
reconstructs into a perfect TB by sliding along 1 1 0 0  (Fig. 5-13 (e)). 
Our simulations tend to indicate that experimentally observed shifted twin 
boundaries might effectively contain a low but significant concentration of 
A -element that cannot be visible given the limitation of the TEM 
resolution. 

 

 

Fig. 5-13: Formation of Ti2C platelets. Here the projection axis of the 
crystallographic structures is 1 1 2 0 . As an illustration of each step of the 
mechanism, HR-STEM pictures are zoomed in on interesting areas. (a) initial step: 
the perfect crystal of Ti2AlC. (b) de-intercalation of Al and diffusion of Cu for 
forming an atomic channel of Ti2Al0.62Cu0.38C solid solution. (c) de-intercalation of 
one A-plane. (d) volume shrinkage along the c-axis and formation of one Ti2C 
platelet. (e) shift along 1 1 0 0  of one part of the platelet. 

5.3. Conclusions 

The results allow demonstration that grain size strongly influences the 
oxidation rate and oxidation mechanisms of Ti2AlC MAX phase. The 
oxidation rate can be well fitted with cubic and parabolic kinetics, 
respectively. Ti2AlC simultaneously transformed into Ti3AlC2 and TiC 
phases instead of directly transforming into TiC phase. The crystallographic 
orientation relationship can be summarized with the following sandwich-
like form: (0001) Ti2AlC // (0001) Ti3AlC2 // (111) TiC. Areas of TiC were 
scattered with the fully or partially filled elongated holes with 
polycrystalline -Al2O3. Volume shrinkage resulting from the Ti2AlC to 
TiC transformation induces cracks and stresses. Moreover, mismatched 
volume expansions between TiO2 and Al2O3 during their mixed growth 
lead to an increase in the stress concentration.[24] Both these factors 
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provoke the cracking and splitting of the oxide layer on the surface of CG-
Ti2AlC samples, finally leading to the poor oxidation resistance of CG-
Ti2AlC samples. 

By combining atomically resolved experiments and simulations, we 
propose a step-by-step scenario for the diffusion of Cu in Ti2AlC MAX 
phase: (i) Replacement of Al by Cu diffusion, leading to the formation of 
atomic channels of solid solution, (ii) A-planes de-intercalation, leading to 
the formation of Frank partial dislocations, (iii) Volume shrinkage along 
the c-axis, leading to the formation of perfect TB in Ti2C platelets, (iv) 
Minimization of the energy by a slide, leading to the formation of shifted 
TB in Ti2C platelets. The formation of the Frank partial dislocation is of 
particular importance. At high temperatures, a-dislocations cross-slip onto 
non-basal glide planes and are of prime importance in the plasticity of 
MAX phases, particularly as an origin of their brittle-to-ductile 
transition[35]. To date, c and a+c dislocations have been considered as 
impossible dislocation types for energetic reasons[43, 44]. These results 
surprisingly evidenced the formation of c dislocations within the basal 
planes. Such sessile c dislocations confined in the basal plane will hinder 
the motion of a-type dislocations that are responsible for the plasticity, 
more precisely for the formation of kink bands. 
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CHAPTER 6 

MECHANICAL PROPERTIES OF MG COMPOSITES 
REINFORCED BY Ti2AlC AND Ti3SiC2 

 
 
 

6.1. Introduction 

Magnesium alloy matrix composites (MMCs) are characterized by a 
low density, high specific strength and stiffness from room temperature to 
high temperatures, a superior wear resistance and damping capacity.[1, 2] 
The requirement of these high performance materials in aerospace and 
automobile industries has led to extensive investigations on MMCs, as 
well as cost-effective fabrication technologies.[3] 

To date, apart from the traditionally ceramic particles (such as TiC[4, 5], 
SiC[6, 7] and AlN[8]), kinking nonlinear elastic (KNE) ternary Ti2AlC and 
Ti3SiC2 MAX phases[9, 10] are scarcely used as MMCs reinforcement [11-13]. 
In previous reports, MAX phases have been introduced into different 
metal matrices to optimize their mechanical properties, e.g., Ti3AlC2–
Cu[14], Ti2AlC–Cr[15] and Ti3AlC2–Al[16] composites. Recently, Anasori et 
al. have reported that the fabricated Ti2AlC/Mg composites are not only 
machinable, stiff and light, but also exhibit higher damping capabilities.[11, 

17] In comparison with TiC reinforced Mg composites, the stronger 
interfacial bonding endows Ti2AlC/Mg with better mechanical properties 
than TiC/Mg[11]. 

MAX phases contain more than 70 different species and A elements 
are easily out-diffused from MAX unit cell. For example, migration 
energy of Si in Ti3SiC2 (0.9 eV)[18, 19] is higher than that of Al in Ti2AlC 
(0.83 eV). This means that it is possible to regulate the interfacial structure 
of MAX-Mg by replacing Ti2AlC with Ti3SiC2. Furthermore, the formed 
nano Mg grains did not coarsen in Ti2AlC-Mg composite under heating 
three times to 700 °C, while this phenomenon is not found in Ti3SiC2-Mg 
composite[20]. 

As the growth normal to the basal planes is about an order of 
magnitude smaller than that parallel to these planes, the configuration of 
MAX phases is generally characterized with different aspect ratios.[16] 
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Therefore, it is possible to regulate Ti2AlC orientation by hot extrusion. 
For example, the elongated particles are perfectly oriented in magnesium 
and aluminum composites after the hot extrusion, such as SiC particles 
(aspect ratio = 2).[17,18] To date, no relevant results about texturing MAX 
reinforced metal composites have been reported. Only pure MAX phases 
were textured and characterized with exceptional anisotropic mechanical 
and physical properties. [19-22] 

Concerning the Ti2AlC/Mg MMCs fabrication methods, only melt 
infiltration and powder metallurgy methods have been reported for 50 
vol.% Ti2AlC/pure Mg or Mg alloy and 5-20 vol.% Ti2AlC/pure Mg 
composites, respectively.[11] In comparison, stir casting is much more 
adaptable and economically applicable due to its low processing cost and 
high production rate. This process enables near-net-shape formation.[8, 21] 

In addition, the possible hypothesis is that the mechanical and physical 
properties of Ti2AlC-Mg composite should be anisotropic if the Ti2AlC 
orientation was textured in the Mg matrix.  

 
6.2. As-cast Ti2AlC/Mg and Ti3SiC2/Mg composites 

6.2.1. Microstructural characterization 

Fig. 6-1 (a)-(d) shows the SEM images of four composites with 
different Ti2AlC volume fractions. The composites containing 5% and 
10% Ti2AlC show uniform particle distribution. However, with the 
increasing volume of reinforced particles, the agglomeration of Ti2AlC 
particles appears in composites containing 15% and 20% Ti2AlC, 
especially in 20%. Fig. 6-1 (e)-(f) reveals the morphologies of cast AZ91D 
and A10 under BSE mode. Fig. 6-1 (e) depicts distinguishable primary -
Mg and primary -Mg17Al12 phases along the grain boundaries, and 
another high Al content eutectic -Mg in primary -Mg17Al12 phases.[22] 
Like the distribution of Mg17Al12, Fig. 6-1 (f) indicates that Ti2AlC 
particles distribute along the primary -Mg grain boundaries. Furthermore, 
the enlarged area in Fig. 6-1 (f) reveals that Ti2AlC and Mg17Al12 could 
coexist together. The sharp and clear interface indicates no reaction 
between Ti2AlC and Mg17Al12. 
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Fig. 6-1: The SEM images of the composites with different Ti2AlC fractions (a) 
5%, (b) 10%, (c) 15% and (d) 20% in SE mode; (e) cast AZ91D alloy and (f) 5% 

in BSE mode. 
 
Fig. 6-2 shows the microstructure of the as-cast AZ91D alloy and 

composites reinforced with different MAX phases. As found in Fig. 6-2 
(a)-(c), despite the introduction of Ti3SiC2 or Ti2AlC, the composites 
present similar microstructures. MAX phases particles distribute along 
grain boundaries of the primary -Mg phase and coexist with eutectic  
(Mg) and  (Mg17Al12) phases. As previously observed on Ti2AlC-AZ91D 
composite[23], when the introduction of Ti3SiC2 particles increased from 5 
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vol.% to 15 vol.%, the agglomeration of Ti3SiC2 particles appeared (Fig. 
6-2 (d)). 

 
 

Fig. 6-2: Back-scattered electron (BSE) micrographs of (a) as-cast AZ91D alloy 
and the composites reinforced with (b) 5 vol.% Ti3SiC2, (c) 5 vol.% Ti2AlC and (d) 

15 vol.% Ti3SiC2. 
 
The XRD analysis corresponding to Fig. 6-1 is given in Fig. 6-3 (b). It 

reveals that there is no detectable trace of impurities except Z91D ( -phase 
and -phase) and Ti2AlC. Furthermore, a region wherein Mg penetrated a 
pre-existing crack in a Ti2AlC particle in a Mg-Ti2AlC composite was 
imaged in the TEM (Fig. 6-7). This shows that Mg could penetrate into the 
submicron cracks among Ti2AlC particles. The backscatter electron STEM 
micrograph (Fig. 6-8) confirms that no chemical reaction happens between 
Ti2AlC and AZ91D. In addition, the enlarged area in Fig. 6-3 (b) indicates 
that the Mg peak shifted to a higher angle with increasing Ti2AlC content 
in composites. Ti2AlC particles segregated within dendritic -Mg 
intergranular regions due to the “push” effect of the solidification front. 
During the solidification of MMS composites by stir casting, most 
particles are segregated in the intergranular regions during impingement 
with other growing grains.[24, 25] As no chemical reaction happens, the shift 
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of the Mg peak could be ascribed to the compressive force resulting from 
the restriction of dendritic -Mg growth because of intergranular dispersed 
Ti2AlC particles. Furthermore, the zone shown in Fig. 6-7 (c) was milled 
and the corresponding TEM images are given in Fig. 6-8. It reveals that 
the molten AZ91D can wet the Ti2AlC. This result is similar to the 
previous report, where the molten Mg can wet the Ti2AlC, especially in 
Mg-Al alloy.[12] In addition, submicron Mg grains were found among the 
Ti2AlC particles, this was also found by the melt infiltration method.[12]  

Fig. 6-3 shows the XRD diffractograms of Ti3SiC2-AZ91D and 
Ti2AlC-AZ91D composites. No impurities were detected in either of the 
composites. The shift of Mg peak appeared for all of the Mg peaks. For 
example, it is clear that the Mg peak (103) at around 2  of 48° 
continuously shifts with the increasing content of Ti2AlC particles in 
Ti2AlC-AZ91D composite, while it is much less clear in Ti3SiC2-AZ91D 
composite. During solidification, as most particles are segregated in the 
intergranular regions during impingement with other growing grains[24, 25], 
the growth of dendritic -Mg is restricted and produces a compressive 
force. The difference between these two composites suggests that much 
higher compressive force formed around Mg grains with the increasing 
Ti2AlC volume in Ti2AlC-AZ91D composite. 

 

 
 

Fig. 6-3: XRD diffractograms of as-cast (a) Ti3SiC2-AZ91D and (b) Ti2AlC-
AZ91D[23] composites. 

6.2.2. Different tensile fracture between Ti2AlC/Mg  
and Ti3SiC2/Mg 

Fig. 6-4 plots the room temperature tensile stress-strain curves of as-
cast AZ91D and its composites reinforced by Ti2AlC and Ti3SiC2. With 
the introduction of more MAX particles, the ductility of composites 
strongly decreased, especially for Ti3SiC2-AZ91D composites. The 
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composites reinforced with 15 vol.% and 20 vol.% Ti3SiC2 particles did 
not even reach the summit of yield strength before fracture. Table 6-1 
summarizes the elastic moduli (E), tensile yield strength (YS), and 
ultimate tensile strength (UTS) values of the different specimens. For 
clarity, E and UTS values of the two composites are plotted as a function 
of reinforcement volume fraction (Fig. 6-5). E of both composites were 
continuously enhanced with the increasing content of reinforcement, 
especially in the case of Ti3SiC2. Such a result is considered to be the 
difference in E between Ti2AlC (277 GPa)[26] and Ti3SiC2 (343 GPa)[27]. 
Regarding UTS, the UTS of AZ91D alloy is enhanced when 5 vol.% of 
Ti2AlC or Ti3SiC2 MAX phase is introduced into magnesium alloy. 
Similar to the results found in Ti2AlC-AZ91D composite[23], the addition 
of Ti3SiC2 could refine the grains of -Mg and produce the Hall-Petch 
effect. The UTS of Ti2AlC-AZ91D composites increases with the 
introduction of Ti2AlC from 5 vol.% to 10 vol.%, then decreases with 
more introduction of Ti2AlC. However, the UTS of Ti3SiC2-AZ91D 
continuously decreases with the increasing content of Ti3SiC2 volume 
fraction. In addition, the UTS of Ti2AlC-AZ91D composite is higher than 
that of Ti3SiC2-AZ91D for each volume fraction. This phenomenon was 
also reported by Anasori et al.[28] who studied the MAX phases particles 
(50 vol.%) reinforced Mg composites fabricated by the pressureless melt 
infiltration method. In order to clarify this difference, the tensile fracture 
surface and interfacial evolution in these two composites were further 
explored in the following section. 

 

 
 

Fig. 6-4: The room temperature tensile stress-strain curves of the as-cast AZ91D 
and its composites reinforced by Ti2AlC and Ti3SiC2. 
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Table 6-2: Mechanical properties of the as-cast AZ91D alloy and its composites 
reinforced by Ti2AlC and Ti3SiC2, including Elasticity moduli (E), 0.2% yield 
strengths (YS), ultimate tensile strengths (UTS). 
 

Materials E (GPa) YS 
(MPa) 

UTS 
(MPa) 

Reference 

AZ91D 40 ± 1 70 ± 2 175 ± 5 this work 
5 vol.% Ti3SiC2-

AZ91D 46 ± 1 178 ± 3 195 ± 6 this work 

10 vol.% Ti3SiC2-
AZ91D 55 ± 1 173 ± 3 180 ± 6 this work 

15 vol.% Ti3SiC2-
AZ91D 66 ± 2 - 120 ± 4 this work 

20 vol.% Ti3SiC2-
AZ91D 76 ± 2 - 105 ± 4 this work 

5 vol.%Ti2AlC-
AZ91D 52 108 200 [23] 

10 vol.% Ti2AlC-
AZ91D 56 135 215 [23] 

15 vol.%Ti2AlC-
AZ91D 62 145 185 [23] 

20 vol.%Ti2AlC-
AZ91D 69 160 165 [23] 
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Fig. 6-5: Elasticity moduli (E) and ultimate tensile strengths (UTS) of Ti3SiC2-
AZ91D and Ti2AlC-AZ91D composites as a function of the reinforcement volume 

fraction. 
 

Fig. 6-6 (a) and (b) show the tensile fracture morphologies of AZ91D 
composites reinforced by 5 vol.% and 15 vol.% Ti3SiC2. Tear edges in the 
Mg matrix are strongly reduced with the increasing content of Ti3SiC2 
particles in the composites. However, as found in Fig. 6-6 (b) and (c), 
Ti3SiC2 and Ti2AlC particles exhibit different fracture behaviors in MAX 
particles. The enlarged area shown in Fig. 6-6 (d) indicates that Ti3SiC2 
particles are detached from the Mg matrix due to interfacial decohesion. 
However, no interfacial decohesion was observed in Ti2AlC-AZ91D 
composite. In Fig. 6-6 (c), the clean and flat fracture surface of Ti2AlC 
indicates that delamination occurred in Ti2AlC particles. 
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Fig. 6-6: Tensile fracture surfaces of the AZ91D composite reinforced with (a) 5 
vol.% Ti3SiC2, (b, d) 15 vol.% Ti3SiC2 and (c) 15 vol.% Ti2AlC. 

6.2.3. Effects of A-site atoms in Ti2AlC and Ti3SiC2 reinforced 
Mg composites 

Fig. 6-7 presents the high-angle annular dark eld (HAADF) micrographs 
of Ti3SiC2-AZ91D and Ti2AlC-AZ91D interfaces. As shown in Fig. 6-7 
(a) and (b), no nanometric Mg grains were found in the vicinity of Ti3SiC2 
particles. However, Fig. 6-7 (c) and (d) reveal the formation of nanometric 
Mg grains among Ti2AlC particles. This agrees with the results reported by 
Amini et al.[29]. In addition, different contrasts can be observed in the Mg 
matrix among Ti2AlC particles. Fig. 6-8 shows the magnified area marked in 
Fig. 6-7 (c). Close to the interface, the nano Mg grains become smaller. The 
corresponding diffraction patterns of selected areas confirmed this 
phenomenon. The polycrystalline rings were found in regions 2 and 3, 
especially in region 2. This indicates that finer polycrystalline magnesium 
tends to form on the Ti2AlC surface. As the formation of nano-sized Mg 
grains among Ti2AlC particles could strongly strengthen the metal matrix 
due to the Hall-Petch effect[29-31], the UTS of Ti2AlC-AZ91D composite is 
higher than that of Ti3SiC2-AZ91D for each volume fraction. 
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Fig. 6-7: HAADF micrographs of (a, b) Ti3SiC2-AZ91D and (c, d) Ti2AlC-AZ91D 
interfaces. 
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Fig. 6-8: Enlarged area marked with a dotted box in Fig. 6-7 (c) and Selected Area 
Electron Diffraction patterns of the zones marked as 1, 2 and 3. 

 
Fig. 6-9 shows images taken close to the interfaces of the composites 

accompanied with the corresponding elemental EDX maps of Ti, Al and 
Si. Fig. 6-9 (b)-(c) show that maps of Ti and Si exhibit identical 
distribution in Ti3SiC2-AZ91D composite. However, Fig. 6-9 (f)-(g) 
indicate that the Al zone is much bigger than that of Ti in the Ti2AlC-
AZ91D composite. The Al distribution in Fig. 6-9 (g) suggests that Al 
atoms in Ti2AlC outwards diffused into the AZ91D magnesium matrix. 
Finally, nano Mg grains formed among Ti2AlC particles. In addition, the 
out-diffusion of Al atoms may result in the formation of a thin amorphous 
magnesium layer between Ti2AlC and nano Mg grains. This robust 
amorphous layer was respectively found by Yu et al.[32] and Amini et 
al.[29]. Khoddam et al. pointed that the robust amorphous layer could 
reduce the interfacial energy of an incoherent interface due to large lattice 
mismatch and therefore promote the interfacial bonding strength[33]. 
Hence, interfacial decohesion happens in Ti3SiC2-AZ91D composite, 
while it is not found in Ti2AlC-AZ91D composite. 

This difference may be caused by the difference in solubility between 
Al and Si in the magnesium matrix or by the different migration energy 
between Al and Si in MAX phases. First-principles calculations show that 
the migration energy of Al in Ti2AlC (0.83 eV) is lower than that of Si in 
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Ti3SiC2 (0.9 eV)[18, 19]
, which indicates that out-diffusion of Si from 

Ti3SiC2 is much harder than Al from Ti2AlC under the same conditions. It 
has been experimentally proven that the ratio between Al and Si in Ti3(Si1-

xAlx)C2 solid solution can be arbitrarily regulated[34]. This means that it 
could be possible to control the interface bonding strength between the 
Ti3SiC2 and Mg matrix with the formation of Ti3(Si1-xAlx)C2 solid 
solution. 

 

 
 

Fig. 6-9: HAADF-STEM images of the interfaces and the corresponding EDX 
maps of Ti3SiC2 (a-d) and Ti2AlC (e-h) interfaces. 

6.2.4. In situ tensile fracture behavior of as-cast Ti2AlC/Mg 

In order to compare the experimental results of the composites with the 
theoretical evaluations of elastic modulus, the means of the mixture rule 
expression (equation (6-1)), the Halpin-Tsai equation[35] (equation (6-2) 
and (6-3)) and the Hashin and Shtrickman equation (equation (6-4))[1] 
were adopted: 

= +                                                (6 1) 

=
(1 + 2 )
1

                                           (6 2) 

=
1

+ 2
                                                  (6 3) 

=
+ ( + 1)

+ ( + 1)
                           (6 4) 

 
where  = elastic modulus of composite (GPa), given the E of Ti2AlC is 
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278 GPa[36].  = % volumetric matrix,  = % volumetric reinforcement, 
 = matrix modulus (GPa), = reinforcement modulus (GPa),  = 

aspect ratio. 
The measurements of elastic modulus, as well as the values from 

mixture rules, Hashin–Shtrickman, and Halpin-Tsai equations for different 
aspect ratios are shown in Fig. 6-10. The mixture rule is generally used for 
continuous fiber-reinforced composites. Usually, the Halpin-Tsai model is 
a mathematical model for the prediction of elasticity of composite material 
based on the geometry and orientation of the reinforcement and the elastic 
properties of the reinforcement and matrix. Several aspect ratios were 
adopted in order to observe the effect of the aspect of the reinforcement. 
The best results were obtained for an aspect ratio of 3. 

 

 
 

Fig. 6-10: Elastic modulus results as a function of the volume fraction  
of reinforcement. 

 
Fig. 6-11 presents the curve of applied load as a function of displacement 

of the A5 composite. The aslant discontinuous tails of the line are related 
to the several interruptions performed during the mechanical test for the 
purpose of capturing the constantly changing morphology of the specimen.  

Fig. 6-12 (a)-(h) represents the detailed deformation about crack 
initiation and propagation in Ti2AlC reinforced AZ91D composite and 
corresponding to the interruption points of solid line indicated in Fig. 6-11. 
First, at the yielding point marked as “b”, no cracks were found. With 
increasing loads, one “spring curve” appears in tensile curve. Corresponding 
to the point “c-e” in Fig. 6-11, Fig. 6-12 (c)-(e) reveals some Ti2AlC 
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particles broken into two parts. This may be caused by the shape and 
orientation of the Ti2AlC particles. Meanwhile, no interfacial decohesion 
occurred between Ti2AlC and AZ91D. After that, slipping bands appear in 
the vicinity of the Ti2AlC-matrix interface. Due to the mismatch in CTE, 
some plastic deformation occurs in Mg-alloy matrices close to the 
interface leading to the nucleation of dislocations and concomitant 
strengthening.[11] As shown in Fig. 6-12 (g), the shearing deformation of 
the AZ91D matrix among the broken Ti2AlC particles is clearly shown. 
Fig. 6-12 (h) reveals cracks propagated along grain boundaries where the 
Mg17Al12 ( -phase) exists, but not in the whole sheared Mg-alloy matrix 
interface. Finally, the tendency of the curve dropped at the end of the 
plateau because of the connection of cracks among the cracked Ti2AlC 
particles. Contrary to SiC-Mg alloy where the interface decohesion was 
observed in SiC-Mg alloy[37, 38], here, the Ti2AlC remains combined to the 
Mg matrix. It confirms that the Ti2AlC and AZ91D have a strong 
interfacial bonding.  

 

 
Fig. 6-11: (a) Configuration of in situ tensile test, (b) the typical tensile curves of 

5%Ti2AlC reinforced AZ91D. 
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Fig. 6-12: (a-h) represents the detailed deformation morphologies of the specimen 
corresponding to the interruption noted on the solid line indicated in Fig. 6-11. 
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For the Ti2AlC particles to fracture, they must be loaded to their 
fracture stress. This is achieved globally by the tensile stress and locally 
by shear loading through the interface. The extent of particle loading by 
the shear mechanism is dependent on the aspect ratio of the reinforcing 
particles. For the case of symmetrically packed particles in the metal 
matrix, the aspect ratio (S) for maximum loading is[39]: 

=                                                (6 5) 

where  is the strength of the particle (above 1000MPa)[40] and  
is the interfacial shear strength. 

With the aspect ratio ( =3) predicated by the Halpin-Tsai approach, we 
can predict the interfacial shear strength (about 330MPa). This value is 
higher than the UTS of fabricated composites (215MPa for A10), it is 
reasonable that no Ti2AlC-AZ91D interface decohesion happened in this 
work. Finally, the cleaned delaminated Ti2AlC surface was observed in 
Fig. 6-6. 

6.2.5 Summary 

Both Ti3SiC2 and Ti2AlC (5, 10, 15, 20 vol.%) reinforced AZ91D 
magnesium composites were fabricated at 700  by the stir casting 
method and compared. As previously observed on Ti2AlC-AZ91D 
composite[23], an agglomeration of particles occurred when the 
introduction of Ti3SiC2 particles is higher than 5 vol.%. A slight and 
continuous shift of the Mg peaks appears with the increasing content of 
Ti2AlC particles due to the formation of nanometric Mg grains, while this 
phenomenon was not found in the case of Ti3SiC2-AZ91D composite. 

Ti3SiC2 particles were detached from the Mg matrix due to the 
interfacial decohesion. However, no interfacial decohesion has been 
observed in the Ti2AlC-AZ91D composite. Hence, the UTS of the 
Ti3SiC2-AZ91D composite is much lower than that of the Ti2AlC-AZ91D 
composite. TEM analyses have revealed that the outwards diffusion of Al 
from Ti2AlC into the Mg matrix aroused the formation of the thin 
amorphous magnesium and nano Mg grains among Ti2AlC particles. In 
contrast, no outwards diffusion of Si from Ti3SiC2 into the Mg matrix was 
detected. This study suggests that it is possible to control the interface 
bonding strength between Ti3SiC2 and Mg matrix through the ratio design 
between Al and Si in Ti3(Si1-xAlx)C2 solid solution. 

In situ observation reveals the cracks were initiated in Ti2AlC particles 
and propagated along -Mg grain boundaries. As the Ti2AlC- AZ91D 
interfacial shear strength was predicated above 330MPa, no interfacial 

 EBSCOhost - printed on 2/14/2023 2:18 PM via . All use subject to https://www.ebsco.com/terms-of-use



Chapter 6 

 

158

decohesion occurred between Ti2AlC and AZ91D. This behavior is 
different from the cases of SiC-AZ91D[37], SiC/Mg-6%Zn[38], TiC-Mg[11]. 

6.3. Hot extruded Ti2AlC/Mg composites 

6.3.1. Microstructural characterization 

Fig. 6-13 represents the microstructure of the different specimens. In 
Fig. 6-13 (a), the as-cast Ti2AlC-AZ91D composite consists of the white 
primary -Mg phase, lamellar eutectic  phase, co-existed Ti2AlC particles 
and gray -Mg17Al12 phases distributed along the primary -Mg grain 
boundaries. After hot extrusion, from Fig. 6-13 (a) to Fig. 6-13 (e), the 
accumulated Ti2AlCparticles along -Mg grain boundaries are uniformly 
redistributed in the Mg matrix after hot extrusion. Some sub-micrometer 
Ti2AlC particles even dispersed into the Mg grains. In addition, Fig. 6-13 
(b)-(d) indicates that the small precipitates Mg17Al12 are distributed in -
Mg grains and at -Mg grain boundaries for both parallel and 
perpendicular to the extruded axis. Generally, for AZ91D alloy, the 
eutectic -Mg phase and -Mg17Al12 phase disappear and the matrix 
transforms to supersaturated solid solution after solution treatment.[32] The 
non-coherent equilibrium phase Mg17Al12 would precipitate and is aligned 
parallel to the extruded axis after hot extrusion, as can be seen in Fig. 6-13 
(e) and (f). This changed distribution of precipitates Mg17Al12 from 
extruded alloy to composite demonstrated that reinforced Ti2AlC could 
strongly modify the Mg17Al12 precipitation and distribution during the hot 
extrusion process. 
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Fig. 6-13: The SEM images of 10 vol.% Ti2AlC reinforced AZ91D composite: (a) 
as-cast and hot extruded (b) // ED and (c)  ED, hot extruded AZ91D alloy: (e) // 

ED and (f)  ED. 
 
Fig. 6-14 (a) and (b) display the XRD analysis on AZ91D and Ti2AlC-

AZ91D composite before and after hot extrusion. Other phases except 
Ti2AlC and AZ91D are not observed after hot extrusion, indicating that no 
chemical reaction happened. Like the extruded Mg or Mg-based 
composites[17], the changes in Mg diffraction peaks also indicate that a 
microstructural texture happened in AZ91D matrix during the hot 
extrusion process. This was also shown in microstructural morphologies 
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shown in Fig. 6-14 (c) and (d) of 3D-CT observations. Before extrusion, 
Ti2AlC particles were randomly distributed in the AZ91D matrix without 
any preferential orientation. After extrusion, the Ti2AlC particles were 
reoriented with their basal plane parallel to the extrusion direction. 

 

 
 

Fig. 6-14: (a) and (b) XRD pattern of AZ91D and 10%Ti2AlC-AZ91D composite 
before and after hot extrusion; (c) and (d) CT observations on as-cast and textured 

Ti2AlC-Mg composite. 

6.3.2. Tensile properties 

Fig. 6-15 plots the room temperature tensile stress-strain curves of the 
as-cast hot extruded composites (// ED axis). It is clear that hot extrusion 
could strongly optimize the tensile strength. Furthermore, distinctively 
different fracture surfaces of specimens after tensile test were found in Fig. 
6-15 (b)-(c). Fig. 6-15 (b) reveals clear delamination of Ti2AlC particles in 
the as-cast composite. However, // ED axis, Fig. 6-15 (c) indicates that 
Ti2AlC-matrix interfacial decohesion occurred. This difference could be 
explained by the extent of particle loading related to the aspect ratio and 
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the reorientation of Ti2AlC particles confirmed from our published XRD 
and 3-D reconstruction images[6]. Furthermore, due to the size and 
redistribution of Mg17Al12, some Mg17Al12 particles were found inside 
dimples in the fractured extruded composite while along grain boundaries 
in pure extruded AZ91D, as can be found in the inset of Fig. 6-15 (c) and 
Fig. 6-15 (d). 

 

 
 

Fig. 6-15: (a) The room temperature tensile stress-strain curves of the specimens 
before and after hot extrusion; fracture surfaces: (b) as-cast and (c) extruded (// 

ED) of Ti2AlC-AZ91D composite, (d) extruded AZ91D alloy (// ED). 
 
The evolution of VH and YS is directly related to the capacity of the 

material to delay the dislocation motion. Three sources of dislocation 
mobility hindering are available[5]: the grain boundaries can be estimated 
through the Hall-Petch law( )[41], the presence of Ti2AlC particles can 
be estimated from Orowan strengthening effect ( ), and the thermal 
strain due to the mismatch of thermal coefficients ( ).  

= + + +  

= + . + . +
( )

.
             (6 5)  
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= 2
3                                    (6 6) 

= ( 4 1)                             (6 7) 

where,  is the mean orientation factor for Mg (6.5)[34], A is a constant of 
dislocation forest for Mg (0.2)[34],  is the shear modulus of Mg (17.3 
GPa)[35],   is the Burgers vector of Mg (3.21 × 10-10 m),  is average 
matrix grain size.  is average particle size of Ti2AlC,  is the Poisson’s 
ratio of Mg (0.35)[1],  is the volume fraction of Ti2AlC,  is temperature 
change during matrix solidification (assumed to be 475 °C),  is the 
constant value of the material (K = 280 for AZ91). CTE (7.1 ± 0.3×10-6 K-

1 and 10.5 ± 0.5 × 10-6 K-1 for a- and c- directions in Ti2AlC, 26 × 10-6 K-1 
for Mg)[9]. 

The contribution of grain size effect in composite was found as 
114MPa through the Hall-Petch formula. After hot extrusion, some 
submicron Ti2AlC particles (800nm) and Mg17Al12 precipitates (200nm) 
were redistributed into the Mg matrix from the state of accumulation along 
Mg grain boundaries. Due to these redistributed particles, residual 
dislocation loops may be formed around each particulate which gives 
resistance to the dislocation movement and could lead to high work-
hardening rates. This behavior was also confirmed from the /

 slope in the next compressive test. With the help of image plus software, 
the volume content of sub-micro Ti2AlC and Mg17Al12

 particles distributed 
in the Mg matrix was about 0.01and 0.03, respectively. Subsequently, the 
contribution of Ti2AlC in  and  was calculated respectively as 
12MPa and 32MPa. The contribution of Mg17Al12 in  was calculated as 
47 MPa. As can be seen from the plotted results in Fig. 6-16, the Hall-
Petch strengthening effect is the most dominant. Furthermore, the effect of 
Orowan strengthening and mismatch thermal coefficient was also 
enhanced due to the optimized Ti2AlC and Mg17Al12 redistribution through 
hot extrusion, especially for the Orowan strengthening effect. In the 
literature, it has been reported that Orowan strengthening is considered 
more favorable in the case of nanocomposites[36].  
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Fig. 6-16: As-cast and extruded 10 vol.% Ti2AlC-AZ91D composite composites: 
(a) The calculated contribution of   and  to the yield strength, (b) 

distribution of yield tensile strength and ultimate tensile strength. 

6.3.3. Compressive properties 

Fig. 6-17 (a) presents the compressive stress-strain curves obtained 
respectively from extruded AZ91D and Ti2AlC-AZ91D composite. Like 
the previous report[37], hot extrusion could regulate the stress-strain 
behavior depending on the compressive axis, especially for extruded 
Ti2AlC-AZ91D composites. In addition, the flow curves for C  ED 
specimens are characterized by a concave work-hardening region. Fig. 6-
17 (b) shows the /  slope relations derived from stress-strain 
curves. The Ti2AlC-AZ91D specimen has a clearly higher strain hardening 
rate than the pure AZ91D specimen with respect to relevant directions. 
Due to the “pinning effect” of Ti2AlC in the AZ9D matrix (grain 
boundaries and grains), the torn zone appeared above the Ti2AlC in the 
glide direction, as shown in Fig. 6-17 (c), (d) and (e). The differences in 
fractographics indicate that the sub-micro Ti2AlC particles appeared on 
shear bands in extruded specimens. This could highly strengthen the metal 
matrix and result in a higher strain hardening rate. Interestingly, in 
comparison with the other three cases, the /  slope for C  ED 
Ti2AlC-AZ91D characterized with a plateau once the strain hardening rate 
reached the peak. The differences between Fig. 6-17 (e) and (f) support the 
indications. The typical kink bands with very sharp radii of curvature and 
delamination of Ti2AlC MAX phases were found in the C  ED specimen. 
In contrast, for the C  ED specimen, some Ti2AlC particles exhibited 
clear surfaces after the compression test.  
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Fig. 6-17: (a) Compressive stress-strain curves obtained from four specimens at 
room temperature, (b) the /  slope relations derived from stress-strain 

curves (a), (c), (d) and (e) fracture surfaces of the as-cast and hot extruded 
specimens. 

 
To illustrate the different deformation behaviors of Ti2AlC particles in 

// ED and  ED specimens, the crystal structure and orientation of Ti2AlC 
MAX particles in regard to compressive force should be taken into 
consideration. As shown in Fig. 6-18 (a), in these so-called MAX phases, 
the Mn+1Xn layers, characterized by mostly strong covalent M–X bonds, 
are interleaved with A layers through weaker M–A bonds. Due to their 
high c/a ratio and inherent nanolayered structure, the MAX phases are 
hugely plastically anisotropic in that dislocations are confined to the basal 
planes at all temperatures. Consequently, one of their more common 
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deformation modes is the formation of kink bands.[9,38-40] Fig. 6-18 (b) 
presents that the force distributed along the basal plane ( F cos )  is 
dependent on the angle between the compressive axis and the Ti2AlC 
(0001) planes. In the case of the C  ED specimen, some Ti2AlC particles 
with basal planes are inclined with compressive force, the slide happened 
among the basal planes, as shown in Fig. 6-18 (c). Differently, as Ti2AlC 
basal planes were perfectly parallel with compressive force in the case of 
C  ED specimen, the plastic deformation in MAX phases occurs via 
delamination between basal planes and kink band formation.[9,10,41] 

 

 
Fig. 6-18: (a) The reducible structure of Ti2AlC particles, (b) the shear force in 

basal planes (0001) in regard to compressive force and the Ti2AlC orientation, (c) 
schematic illustration of the deformation of Ti2AlC particles in // ED and  ED 

specimens. 
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Table 6-2: The typical mechanical and physical properties of textured 10% 
Ti2AlC-AZ91D and AZ91D. 
 

Properties 

10% Ti2AlC-
AZ91D AZ91D 

// ED 
axis 

 ED 
axis 

// ED 
axis 

 ED 
axis 

Yield tensile strength (MPa) 275±20 280±20 135±20 140±10 
Ultimate tensile strength 

(MPa) 375±20 285±20 385±20 405±10 

Ultimate compressive  
strength (MPa) 510±20 400±20 396±20 355±20 

Electrical resistivity 
 (μ  cm-1 K-1) 

300
K 21.18 22.25 18.21 17.68 

4K 0.19 0.39 0.85 1.4 
RRR (R293K/R77K) 5.75 5.33 7.16 6.08 

d /dT (μ  cm-1 K-1) 0.0796 0.0813 0.0695 0.0682 
Thermal conductivity (W(m 

K-1)-1) 
70.08±

1.2 
65.03±

1.2 
72.21±

1.2 
73.05±

1.2 

6.3.4. Electrical resistivity 

The resistivity variations as a function of temperature, (T), for the 
different specimens is given in Fig. 6-19. By using Mathiessen’s rule, one 
can extract the ideal resistivity ( i) which is given by 

( )  =  ( ) –                                   (6 8) 
where (T) is the total resistivity of a crystalline material, ( ) is the 

ideal resistivity which only depends on the electron-scattering mechanisms 
and is thus an intrinsic characteristic of the compound under study,   is 
the residual resistivity (RR, resistivity of the material at low temperature) 
which only depends on electron scattering by defects and impurities.  

It is clear that the extruded B10 composite has higher residual 
resistivity (RR) than the extruded AZ91D alloy. Fig. 6-1 evidences Mg 
grains became smaller with the introduction of Ti2AlC in AZ91D alloy, 
which means the volume fraction of grain boundary increased. 
Furthermore, some nano Ti2AlC and Mg12Al17 were found in the extruded 
composite, which could cause the large distortion of the Mg matrix and 
destroy the periodicity of the lattice. The grain boundary and distortion of 
the lattice were some of the scattering sources blocking the free movement 
of electrons. Therefore, the mean free path of electrons decreased and the 
residual resistivity increased.[42,43] Due to the reorientation of Ti2AlC 
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particles, the cross section area fraction of Ti2AlC along the ED axis is 
higher than that in the perpendicular direction to ED. In addition, the 
electrical conductivity of Ti2AlC is lower than that of Mg. [23,25,43] Herein, 
like the results found in thermal conductivity, more electrical flux pass 
through Ti2AlC phases and are retarded in  ED, rather than in the // ED 
axis. 

  
Fig. 6-19: Temperature dependence of the resistivity of extruded AZ91D alloy and 

10% Ti2AlC reinforced AZ91D composite (B10). 
 
As  varies linearly with temperature in the range 100–300 K, one can 

calculate the slope of the (T) curve (Table 6-2). Such a slope is 
representative of the intrinsic transport properties and should not depend 
on defects and impurity contents. In extruded AZ91D alloy, the slope of 
the (T) curve in the direction parallel to the ED is higher than that 
perpendicular to ED. As most of the basal planes were parallel to the ED 
and atoms in the basal plane were the most close-packed in the Mg lattice, 
the electrons were more easily scattered in this direction by phonons.[42-44] 
In contrast, the slope of the (T) curve in the direction parallel to the ED is 
lower than that perpendicular to the ED in the extruded composite. This 
difference can be explained by the same magnitude order in electrical 
resistivity between these two phases (Ti2AlC and AZ91D alloy) and the 
anisotropy of Ti2AlC MAX transport properties. The value of d /dT in the 
basal plane of Ti2AlC is about 0.1 μ  cm-1 K-1, whereas, the value 
perpendicular to the basal plane is 1.75 μ  cm-1 K-1.[23] In addition, 
different from the values for no modification of RRR (R293K/R77K) found 
in the non-conductive alumina ceramic fibers reinforced AZ91D alloy[45], 
the changes in ratio RRR also proves that the introduction of Ti2AlC into 
AZ91D alloy could modify its electrical properties.  
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6.4. Summary 

With the introduction of Ti2AlC particles in AZ91D alloy and hot 
extrusion, large scale dynamic recrystallization resulted in a fine matrix 
microstructure and nano-sized precipitates of Mg17Al12 dispersed in the 
composite. After tensile tests, clear delamination of Ti2AlC particles was 
found in the  ED axis, while the Ti2AlC-matrix interfacial decohesion 
occurred in the // ED axis. In the // ED axis, the values of yield tensile 
strength (YTS) and ultimate tensile strength (UTS) have been respectively 
enhanced by 103% and 74% in comparison with as-cast Ti2AlC-AZ91D 
composites. The theoretical calculation on tensile yield strength reveals 
Hall-Petch strengthening and Orowan strengthening effects are predominant, 
followed by Forest strengthening. The Ultimate Compressive Strengths 
(UCS) of the composite were determined as 510 MPa (// ED axis) and 400 
MPa (  ED), whereas, the corresponding values were 396 MPa and 355 
MPa for the extruded AZ91D alloy. Due to the Ti2AlC orientation, the 
Ti2AlC interlayer slide happened among the basal planes in C  ED 
specimen, while Ti2AlC kink band behavior occured in the case of the C  
ED specimen. As more thermal flux pass through Ti2AlC phases and are 
retarded in the  ED, rather than in the // ED axis, the lower thermal 
conductivities of the composite were detected in the  ED specimen. 
Similar anisotropic phenomena were also found in electrical resistivity. 
Furthermore, in comparison with the extruded AZ91D alloy, the changes 
in d /dT and ratio RRR between // ED and  ED specimens confirm that 
Ti2AlC does contribute to the AZ91 alloy to the scattering of the 
conductivity electrons.  
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CHAPTER 7 

DAMPING BEHAVIOR AND TRIBOLOGICAL 
PROPERTIES OF Ti2AlC/Mg COMPOSITES 

 
 
 

7.1. Introduction 

The vital demands for reducing weight and dissipating elastic strain 
energy under cyclic load or vibration have aroused great attention on 
lightweight metallic materials, especially in applications subjected to 
strong acceleration and high speed[1-3]. For example, lightweighting offers 
up to a 7% improvement in fuel economy for each 10% reduction in 
vehicle weight[4]. Among all structural materials, Mg alloys are regarded 
as the most attractive candidates for the reduction of vehicle weight owing 
to their low density[5, 6]. However, the disadvantage of their poor elevated 
temperature tensile strength restricts their wide utilization for 
applications[7, 8]. Hence, the development of new magnesium-based 
materials such as magnesium-based composites combining good 
mechanical properties and a high damping capacity has become a hot 
research topic in recent years[9, 10]. 

Some of the most widely adopted materials to reinforce the Mg matrix 
in terms of mechanical properties, wear resistance and damping capacities 
are SiC[11, 12], TiC[13] and graphite particulates[14-16]. Among these 
reinforcements, SiC particles have positive effects on the mechanical 
properties and wear resistance[17-19], while being detrimental to the 
damping capacities of magnesium composites[15]. With the introduction of 
graphite particulates, the damping capacities of magnesium composites are 
improved due to the high inherent damping properties of the graphite [15, 

16]. Unfortunately, at temperatures higher than 300  and especially in an 
oxidizing environment, graphite particulates rapidly degrade, thereby 
eliminating any gain in damping capacities. Herein, relatively stable 
reinforcements with high damping capacity are crucially required in 
magnesium composites. Anasori et al. reported that Mg composites 
reinforced with Ti2AlC MAX phases have a better damping capacity than 
those reinforced by the traditional binary ceramic particles such as TiC or 
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SiC[20-22]. These Mg composites reinforced with 20 vol.% Ti2AlC could 
dissipate 30% mechanical energy during each compressive load at 250 
MPa[20]. However, no study reports damping mechanisms in these new 
types of Mg composites composed with MAX phases. 

Low wear and corrosion resistance restrict the utilization of pure Mg.[7, 

23, 24] Such limitations can be overcome with the introduction of ceramic 
particles or alloying elements, especially ceramic particles including 
SiC[25], TiC[13], CaB6

[26] and B4C[27]. However, the wear tests indicated that 
the easy pulling-out of hard ceramic particles caused severe grooves and 
scratches on the magnesium matrix surface.[25] To resolve this problem, 
self-lubricating graphene has been introduced into the magnesium 
composite to decrease the coefficient of friction, such as B4C-
Graphite/Mg[28] and SiC-Graphene/Mg[14]. Unfortunately, at temperatures 
above 350  and especially in oxidizing environments, the lubricants 
graphite and MoS2 degrade rapidly. Hence, a relatively soft and self-
lubricated ceramic owning high thermal stability is crucially required in 
the magnesium composite. It was found that Ti2AlC exhibited self-
lubricating behavior and low wear rate (1.8 10-6 mm/(N m-1)) during dry 
sliding against a steel disk[29]. 

Based on the above discussion, we propose to study damping 
mechanisms and tribological properties of Ti2AlC/Mg composites in this 
chapter. In addition, the potential application of MAX/Mg composites is 
also presented. 

7.2. Damping capacity 

7.2.1. Strain amplitude dependence of damping capacities 

Strain amplitude dependence of damping capacities in specimens 
containing different volumes of Ti2AlC (0%, 5%, 10%, 15% and 20%, 
named A0, A5, A10, A15 and A20) are given in Fig. 7-1. As for other 
particle-reinforced metal matrix composites[15, 16, 30, 31], the strain amplitude 
dependence of damping capacities exhibits two regions[32]: 

( ) = + ( )                             (7 1) 
 is the damping component independent of the strain amplitude. 

The Granato–Lucke theory explained this by the fact that matrix 
dislocations are pinned by strong pinning points (grain boundaries, 
reinforcing particles) and weak pinning points (solution atoms, 
vacancies)[33]. At low strain level, only weak pinning points can be 
dragged to dissipate energy, thus the damping from dislocations is 
consequently limited. Above a certain strain, the unpinning of the 
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dislocations from the weak pinning points occurs in the avalanche mode. 
Dislocation lines become long and comparatively free between strong 
pinning points. Therefore, the damping capacities increase rapidly with 
increasing strain amplitude[15, 33]. Furthermore, the strain amplitude 
component  is related to dislocations by the following equation 
derived from the Granato–Lucke (G–L) model[33, 34]: 

Ln( ( )) = Ln                                    (7 2) 

=  

6
                                                            

=                                                                

Where  is the strain amplitude;  and  are material constants;  is 
the dislocation density;  is the binding force between dislocations and 
weak pinning points;  is the elastic modulus; and  are the average 
dislocation distances between weak pinning points and strong pinning 
points, respectively;  is the Burger’s vector. 

From Eq. (7-2), the G–L plots should be straight lines, whose intercept 
and slope are the values of Ln  and , respectively. As shown in Fig. 
7-1 (b), the Ti2AlC/AZ91 composites satisfy the G–L model in this work, 
as already observed for graphite reinforced magnesium composites[16]. 
Therefore, factors such as intrinsic damping of Ti2AlC particles, 
particles/matrix interface damping or grain boundary damping, also 
contribute to the damping capacities of Ti2AlC/AZ91 composites[16]. 
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Fig. 7-1: (a) strain dependent damping capacities and (b) G-L plots of as-cast 

AZ91D and Ti2AlC/AZ91D composites at RT with f = 1 Hz. 

7.2.2. Temperature dependence of damping capacities 

Temperature dependences of damping capacities in the Mg alloy (A0) 
and composites (A5 to A20) for different frequencies are given in Fig. 7-2. 
For all tested frequencies, damping capacities exhibit a roughly similar 
evolution with the temperature. Below 200 °C, there is almost no effect of 
the temperature on the damping capacities. But above this temperature, 
differences between Ti2AlC-AZ91D composites significantly increase 
with the increasing temperature. This change of damping mechanism with 
the temperature was already observed in SiC reinforced metal composites[11, 
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30] and was attributed to the sliding of grain boundaries and to interfaces 
between the matrix and particles. Furthermore, the damping capacities are 
higher in composites containing more Ti2AlC particles at low and high 
temperatures that confirm an overall improvement of damping capacities 
with the volume fraction of Ti2AlC particles. It has been pointed out that at 
low temperatures, the damping mechanisms are mainly due to intrinsic 
damping of each constituent[33, 34]. 

 

 
 

Fig. 7-2: Damping capacity as a function of temperature for unreinforced AZ91D 
and Ti2AlC-AZ91D composites at different frequencies (0.5 Hz, 1 Hz, 5 Hz, 20 

Hz). 

7.2.3. Dynamic Young’s modulus 

The damping capacity was evaluated by using the following 
expression:  

tan = /                                         (7 3) 
where  is the phase lag angle between the applied strain and response 
stress.  is the loss modulus and  corresponds to storage modulus. The 
dynamic Young's modulus (E) was also determined by using the Eq. (7-4) 
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[35]: 
E = ( ) + ( )                                   (7 4) 

Fig. 7-3 shows the dynamic Young’s modulus values extracted by 
Eq.(7-4) for unreinforced AZ91D (A0) and Ti2AlC-AZ91D composites 
(A5 to A20) at different frequencies. The modulus curves show a similar 
trend, as the dynamic Young’s modulus decreases with increasing 
temperature. For each frequency, it is clear that the addition of Ti2AlC 
particles to the AZ91D matrix leads to an increase of dynamic Young’s 
modulus due to the high intrinsic modulus of the Ti2AlC. These 
measurements thus confirm results previously obtained in tensile tests[36]. 
Previous results have also shown that the better wetability of Mg on 
Ti2AlC particles endows a stronger interfacial bonding strength in Ti2AlC-
AZ91D composites[36, 37]. Consequently, the stress transfer to the reinforcing 
particles is the most significant contributor to the elevation in the stiffness 
and strength of composites[38-41].  

 

 
 

Fig. 7-3: Dynamic Young’s modulus as a function of temperature for unreinforced 
AZ91D and different volume fractions of Ti2AlC reinforced AZ91D composites at 

different frequencies (0.5 Hz, 1 Hz, 5 Hz, 20 Hz). 
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The dynamic Young’s moduli of composites (Fig. 7-3) decrease faster 
than those of the AZ91D specimen (A0) with the increasing temperature. 
This phenomenon can be explained from different tensile fracture surfaces 
with the temperature as observed in the A10 composite (Fig. 7-4 (a) and 
(b)). At RT, a clear cleavage of Ti2AlC without interfacial debonding 
dominates the fracture surface (Fig. 7-4 (a)). In contrast, at 200 , the 
tensile fracture surface was characterized by the pulling-out and the 
debonding of Ti2AlC particles (Fig. 7-4 (b)). This suggests that at high 
temperatures the Ti2AlC-AZ91D interfacial bonding strength becomes 
weaker than the metallic Ti-Al bonds in basal planes of Ti2AlC grains. 
This transformation to a tensile fracture regime suggests that the damping 
regime induced by dislocation gliding at low temperature is substituted 
when increasing the temperature by a new one controlled by interface 
gliding. This change in the damping mechanism should be responsible for 
the significant decrease of the dynamic Young’s modulus of composites, 
compared to as-cast alloy, with increasing temperature. 

 

 
 

Fig. 7-4: SEM images of the 10 vol.%Ti2AlC reinforced magnesium composite 
(A10) showing the tensile fracture surfaces at RT (a) and at 200 °C (b). 

7.2.4. Damping mechanisms 

Dislocation damping 
 
As shown in Fig. 7-2, the damping capacities are independent or 

weakly dependent on temperature when the temperature is below about 
220 , while damping capacities exhibit a remarkable increase when the 
temperature is above 220 , especially for the composites. This implies 
that different damping mechanisms dominate below and above 220 . 
During the solidification of composites, dislocations are generated due to 
the difference of the thermal expansion coefficient ( ) between the 
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Ti2AlC (7.1±0.3×10-6 K-1 and 10.5±0.5×10-6 K-1 for the a- and c- direction 
respectively) and the AZ91D alloy (30.7×10-6 K) [42]. The generated 
interfacial dislocation density can be described by the following Eq. 7-
5[43]: 

=
(1 )

                                      (7 5) 

Where B is a geometrical constant,  is the volume fraction of Ti2AlC, 
 is temperature change,   is the Burgers vector of Mg (3.21×10-10 

m)[44],  is the minimum dimension of reinforcement. From this equation, 
it is clear that the dislocation density increases with the increasing volume 
of Ti2AlC particles in composites, which leads to the higher damping 
capacity of composites containing a higher content of Ti2AlC particles. 
 
Interface damping 

 
The microstructure of Ti2AlC-AZ91D composites was then investigated 

by TEM. Fig. 7-5 shows the interfacial area between the Mg matrix and 
Ti2AlC at different scales. Similar to the findings in Ti2AlN[45, 46], a large 
number of dislocation interactions were also observed between the 
numerous dislocation arrays produced inside the Ti2AlC grain, as can be 
seen in Fig. 7-5 (a). It was suggested that the observed dislocation 
alignments along specific orientations could be a sign of an elevated lattice 
friction[45]. In this way, the movement of these dislocations could dissipate 
some energy and enhance the damping capacity. Fig. 7-5 (b) reveals many 
nano-sized Mg grains formed among Ti2AlC particles. It is well known 
that decreasing grain size can strengthen the matrix due to the Hall-Petch 
effect[37, 47, 48]. The stiffness of composites are further enhanced. A typical 
interface was studied by HRTEM and shown in Fig. 7-5 (c). A thin 
amorphous magnesium layer was found between Ti2AlC and submicron 
Mg grains. It was previously reported that this robust and amorphous layer 
could survive during the melting and solidification processes[49]. The 
formation of this robust amorphous Mg layer between the Ti2AlC and the 
Mg matrix can reduce the interfacial energy of an incoherent interface due 
to large lattice mismatch and therefore, can promote the interfacial 
bonding strength[50]. Furthermore, in situ tensile tests at RT performed in a 
previous study revealed that cracks initiate in (0001) planes of Ti2AlC 
particles rather than from the Ti2AlC-Mg interfaces[51]. Based on these 
observations, it can be concluded that the interface damping effect does 
not happen due to a strong interfacial bonding strength at RT. On the 
contrary, at high temperatures, the interface sliding between reinforcement 
and matrix occurred due to a reduction in friction energy. Hence, the 
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increasing damping rate probably results from the sliding of grain 
boundaries at interfaces between the Mg and Ti2AlC particles instead of 
pure dislocation damping[33, 34]. 

 

 
 

Fig. 7-5: TEM images of the Ti2AlC-Mg Interface: (a) dark field image in which 
white arrows indicate dislocation interactions in a Ti2AlC grain, (b) the presence 

and morphology of the nano-sized Mg particles among Ti2AlC particles, (c) 
HRTEM image of an interface between Ti2AlC and Mg with the electron beam 

parallel to the 1210  direction of the Ti2AlC. 
 
According to Lederman’s analysis, the increase of the damping 

component resulting from the interface slip can be approximately given 
by:[52] 

=
3
2

( )
                               (7 6) 

Where  is the coefficeint of friction between the ceramic particle and 
metal matrix; is the radial stress at the particle/matrix interface under the 
applied stress amplitude  ;  is the strain amplitude corresponding 
to  ,  is the critical interface strain corresponding to the critical 
interface shear stress at which the friction energy dissipation begins;  
the elastic modulus of the composites;  the volume fraction of the 
particulates.  
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Above a certain temperature, interfacial slip occurred when the 
magnitude of the shear stress at the interface is sufficient to overcome 
friction resistance (i.e., > ). The friction energy loss resulting from 
interfacial slip is one of most important factors of generating damping[53]. 
As the frequency is the reciprocal of the stress cycle time, the interface slip 
can carry through more thoroughly at a low frequency rather than at a high 
frequency under the same stress level[31]. According to Zener’s 
thermoelastic theory, damping capacities increase with increasing 
frequency for frequencies lower than the Zener frequency (160 Hz)[54]. 
However, our results shown in Fig. 7-2 suggest that damping capacities 
decrease with increasing frequencies over the tested temperature range, 
suggesting that there is no contribution of the thermoelastic damping 
mechanism to the damping capacity of these composites. 
 
Damping peak analysis 

 
Fig. 7-6 (a) presents that the damping peaks shift to the left with the 

introduction of Ti2AlC in the magnesium matrix, especially with 
increasing frequencies. This change indicates that the modified 
microstructures of the composites would be responsible, especially the 
introduction of particle/matrix interfaces. It was reported that damping 
peaks are related to activation-relaxation processes, and some parameters 
such as relaxation strength and relaxation time.[55] At the peak of 
temperature (T ),w = 1 is satisfied and the Arrhenius equation[55] can be 
given as follows. 

log + log + (
2303

)
1000

= 0                            (7 7) 

Where  and  are the relaxation time and the inverse attempt 
frequency,  is the vibration angular frequency, H is the activation energy 
of the activation-relaxation process and k is the Boltzmann constant. 
Herein, the activation energy ( H ) can be calculated by the slope of 
log2 f~1000/T  (f is the frequency) and is given in Fig. 7-6 (b). 

Based on the temperature peaks at different frequencies, H values for 
AZ91D and 15 vol.% Ti2AlC-AZ91D composite were calculated to 116 kJ 
mol-1 and 128 kJ mol-1, respectively. These two values are between the 
grain boundary diffusion energy (82-105 kJ mol-1) and the lattice self-
diffusion (135kJ mol-1) of magnesium[15]. Thus, the damping peak could 
be considered to be caused by boundary slip controlled by the grain 
boundary diffusion and the lattice self-diffusion, such as interface slip and 
grain boundary slip[11]. Furthermore, the calculated H value of Ti2AlC 
reinforced AZ91D composites is higher than those of SiC or graphite 
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reinforced AZ91D composites (110 kJ mol-1 [12] and 123kJ mol-1 [16]). This 
can be attributed to a stronger interfacial bonding strength of Ti2AlC 
reinforced AZ91D composites in comparison with SiC reinforced 
magnesium composite[36]. This trend is also observed in Cu-coated and 
uncoated SiC reinforced magnesium composites in which a higher 
damping activation energy has been found[31]. 

 

 
 

Fig. 7-6: (a) Variations of peak temperatures for as-cast AZ91D alloy and Ti2AlC 
reinforced AZ91D composites for several frequencies, (b) the logarithmic plots of 

angular frequency vs reciprocal peak temperature for A0 and A15 samples. 
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7.2.5. Conclusions 

The evolution with temperature of the damping capacities and dynamic 
Young’s moduli of ternary Ti2AlC particles reinforced AZ91D composites 
were investigated. This work has highlighted that Ti2AlC significantly 
contributes to the damping capacity and to dynamic moduli of composites. 
With increasing temperature, especially above 200 , the interfacial 
damping capacity becomes dominant and dynamic moduli of composites 
decrease. These trends were revealed from the transformed tensile fracture 
mechanisms. At room temperature, Ti2AlC particles delaminated without 
any decohesion between Ti2AlC particles and the Mg matrix. However, 
interfacial decohesion occured above 200 °C. One explanation of this 
change of decohesion mechanism could be ascribed to the inherent 
structure of the Ti2AlC MAX phase and to the formation of a robust 
amorphous magnesium layer at the interface between Ti2AlC and the 
magnesium matrix that was evidenced by HRTEM. This amorphous layer 
further gives rise to high activation energies (H) of damping peaks for 
composites, which was calculated as 128 kJ mol-1. This value is higher 
than those calculated for SiC or graphite reinforced AZ91D composites 
(110 kJ mol-1 [12] and 123 kJ mol-1 [16]), which is due to the stronger 
interfacial bonding strength. 

7.3. Tribological properties 

7.3.1. Wear rate 

Fig. 7-7 shows the volumetric wear rate variation against load at a 
speed of 0.5 m s-1 for the different specimens. As a general trend, the 
volumetric loss increased with the increasing loads for all specimens. In 
addition, at all the applied stresses, the addition of Ti2AlC reinforcement 
brings an improvement in the wear resistance, as compared with the 
unreinforced alloy.  
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Fig. 7-7: Variation of volume loss with normal stress for as-cast AZ91D alloy and 
composites tested at a sliding speed of 0.5 m s-1. 

 
The results of the specific wear rate k (mm3/N m-1) are given in Fig. 7-

8 as a function of the force applied. Based on the Archard’s equation, the 
increased hardness improves the resistance of the materials against plastic 
deformation and decreases wear rate.[56] Herein, all composites exhibit 
better wear resistance than the AZ91D magnesium alloy, especially with 
the increasing Ti2AlC content. However, in micro-sized SiCp reinforced 
magnesium composite, Lim et al. and Gracia et al. reported that the 
presence of SiCp is detrimental to the wear resistance at a speed of 0.5 m 
s-1 and load of 30-80 N.[17, 57] For example, at a load of 80 N and sliding 
speed of 0.5 m s-1, 10% SiC-AZ91D and 5% SiC-AZ91D decreased the 
wear rates of AZ91D by about 25-35% and 10-15%, respectively. [17] In 
contrast, the specific wear rate of the Ti2AlC reinforced magnesium 
composites is lower than that of pure as-cast AZ91D in our work. To 
clarify this difference, the modification in the surface of the monolithic 
alloy by the introduction of Ti2AlC is given in the next section.  
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Fig. 7-8: Specific wear rate of investigated samples at different applied loads. 

7.3.2. Worn surfaces and debris 

The worn surfaces and wear debris provide valuable information about 
the mechanism of wear. As shown in Fig. 7-9, the typical fine grooves 
parallel to the sliding direction were found in most tested conditions. 
These lines are caused by hard zones of the counterbody surface that plow 
the soft surface of the magnesium pin. This wear mechanism caused the 
removal of material at the surface, especially for the AZ91D magnesium 
alloy due to its low hardness. As reported in the literature and also found 
in Fig. 7-9 (d), the abrasion mechanism is generally extensive in the 
composite due to the presence of detached and fractured SiCp that become 
trapped in the sliding interface or embedded in the counterface, especially 
with the increasing amount of hard SiCp particles.[17, 58]. In Fig. 7-9 (b) and 
(c), less abrasion and grooves were found in Ti2AlC-Mg composite. This 
difference suggests that the reinforced Ti2AlC particles could form an 
intensive interfacial bond with the magnesium matrix and avoid 
detachment during sliding, more evidence is given in the TEM images of 
Fig. 7-15. 
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Fig. 7-9: SEM images of different samples at applied load 40N and sliding speed 
0.5m/s: (a) as-cast AZ91D, (b) 5%Ti2AlC-AZ91D, (c) 10%Ti2AlC-AZ91D and (d) 

10%SiC-AZ91D composite. 
 
Fig. 7-10 presents the effect of different loads on worn surfaces of 

10%Ti2AlC-AZ91D magnesium composites. The SEM images (left column) 
showed that the grooves strongly decreased with the increasing load. In 
addition, the BSE images (right column) indicated that much finer Ti2AlC 
particles dispersed into the magnesium matrix surface at higher loads. This 
phenomenon evidenced that the fractured Ti2AlC particles were trapped 
and embedded in the sliding surface. Subsequently, this trapped self-
lubricated Ti2AlC reduced the wear rate of the reinforced composites. In 
addition, the corresponding SEM (left column) and BSE (right column) 
images showing counterbody surfaces are given in Fig. 7-11. This 
observation further confirmed that more fractured Ti2AlC particles were 
trapped and conserved between the pin and disk with the increasing load.  
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Fig. 7-10: (a-h) SEM (left) and BSM (right) images of 10% Ti2AlC-AZ91D 
composite at different loads. 
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Fig. 7-11: (a-h) SEM (left) and BSM (right) images of disk (counterbody) surfaces 
against 10%Ti2AlC-AZ91D composite at different loads. 
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Fig. 7-12 presents the EDS analysis of the debris collected at 80N and 
0.5 m s-1 for 10% Ti2AlC-AZ91D. In comparison with the Ti2AlC particle 
size (about 10 m) in the matrix, the smaller Ti2AlC particles (about 2 m) 
found in the debris suggested that the Ti2AlC particles were fractured, 
rather than detached. In the literature, if the soft slip planes in MAX phase are 
oriented so that they are parallel to the loading axis, deformation can occur by 
kinking, where two dislocation walls are nucleated by the sequential breaking 
of individual crystal planes. Furthermore, classical node reactions between 
dislocations lying in the basal plane and dipole interactions were observed 
under confining pressure[45, 59, 60]. This behavior is different from the results 
found in SiC-AZ91D magnesium composite, whose SiC particles were 
detached from the magnesium matrix and found in the debris[17, 25].  

 

 
Fig. 7-12. EDS mapping for the wear debris collected for 10% Ti2AlC-AZ91D 

composite at applied load 80 N and sliding speed 0.5m s-1. 
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Furthermore, the worn surfaces of the corresponding AZ91D pin and steel 
disk were respectively analyzed by EDS mapping, as shown in Fig. 7-13 and 
Fig. 7-14. The oxidative wear surface was characterized by the formation of 
spots covering most of the surface of the Mg pin test. Combined with the 
strongly oxidized wear debris found in Fig. 7-12, it demonstrated that an 
oxidation layer continuously formed during the wear test. According to the 
previous report, this oxide layer hinders the contact between the pin and the 
conterbody and reduces the friction coefficient[17, 61, 62]. At the same time, the 
higher oxygen content was detected in the region where Ti2AlC particles 
were found, as can be seen from the oxygen distribution in Fig. 7-12 and Fig. 
7-13. In order to clarify this phenomenon, the cross-sectional lamina in 
Ti2AlC/Mg interface was sliced with FIB and observed by TEM. 

 

 
Fig. 7-13: EDS mapping for the counterpart surface at applied load 80 N and 

sliding speed 0.5 m s-1. 
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Fig. 7-14. EDS mapping for the disk surface of 10% Ti2AlC-AZ91D composite at 
applied load 80 N and sliding speed 0.5 m s-1. 

 
Fig. 7-15 (a) indicates that the submicron Mg grains formed around the 

Ti2AlC particle, which was also found in the literature.[63] As nano-sized 
Mg is much easier to be oxidized than micro-sized Mg, more oxygen 
tended to accumulate around the Ti2AlC particles during the wear test. 
Herein, the higher oxygen content was detected in the region where 
Ti2AlC particles were found, as shown in the EDS analysis. A HRTEM 
image of a Ti2AlC/Mg interface was taken with the incident beam parallel 
to 1120  of Ti2AlC and Mg, as can be seen in Fig. 7-15 (b). A high 
coherency of the Ti2AlC/Mg interface was found, which confirmed that 
the molten AZ91D could well wet the Ti2AlC and strong Ti2AlC/Mg 
interfacial bonding be formed. As found in the in situ SEM tensile test, the 

 EBSCOhost - printed on 2/14/2023 2:18 PM via . All use subject to https://www.ebsco.com/terms-of-use



Damping behavior and tribological properties of Ti2AlC/Mg composites 

 

193 

cracks were initiated in Ti2AlC particles instead of at the Ti2AlC-Mg 
interface. This behavior is different from the cases of SiC-AZ91D[64], 
SiC/Mg-6%Zn[65], and TiC-Mg[66]. Due to the strong interfacial bonding 
strength, no Ti2AlC decohesion occurred. Finally, unlike the extensive 
abrasions that were found in SiC reinforced magnesium composite caused 
by SiC detachment, less abrasion and fewer grooves were found in the 
Ti2AlC-Mg composite.  

 

 
 

Fig. 7-15. (a) TEM micrographs of AZ91D-Ti2AlC interface, (b) Lattice image of 
a Ti2AlC/Mg interface recorded with the incident beam parallel to the <1120> 

direction of Ti2AlC. The inset represents the corresponding fast Fourier transform 
diffractogram of Ti2AlC/Mg interface. 

7.3.3. The effect of Ti2AlC orientation 

Fig. 7-16 presents the SEM images of the surfaces of extruded 
composite containing 10 vol.% of Ti2AlC particles worn at sliding 
directions parallel and perpendicular to the extrusion axis, respectively. 
Distinctive worn surface topographies were revealed in Fig. 7-16 (a) and 
(c). No scratches or grooves were found when the sliding direction was 
parallel to the extrusion axis, while some grooves, together with furrows, 
were found when the sliding direction was perpendicular to the extrusion 
axis. This difference should be ascribed to the Ti2AlC orientation in the 
AZ91D matrix. The enlarged area, Fig. 7-16 (b), shows that some Ti2AlC 
particles delaminated into layers, which indicated self-lubricating behavior. 
In Fig. 7-16 (d), the Ti2AlC particles broke into pieces. According to the 
previous studies, in these MAX phases, the Mn+1Xn layers with mostly 
strong covalent M–X bonds, are interleaved with A layers through weaker 
M–A bonds.[67-69] As interfacial shear strength along the Ti2AlC basal 
planes is lower than the Ti2AlC/Mg interfacial bonding strength, the slide 
could happen along the Ti2AlC basal planes under the shear force.[38, 51] 
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Once the Ti2AlC was broken into pieces, the lower interfacial bonding 
strength could not support the sliding shear strength. Subsequently, this 
caused the pulling-out of some Ti2AlC particles from the matrix and 
resulted in the abrasive wear mechanism, as found in Fig.12 (c). 

 

 
 

Fig. 7-16. SEM images of textured 10 vol.% Ti2AlC-AZ91D composite at sliding 
speed 0.5 m s-1 and applied load 80 N, (a) and (b) sliding direction parallel to hot 
extrusion axis; (c) and (d) sliding direction perpendicular to hot extrusion axis. 

 
Fig. 7-17 represents the variation of the average friction coefficient 

values of different samples as a function of the applied load during the 
wear tests. In all conditions, the friction coefficient is below 0.35. 
Concerning the as-cast specimens, the Ti2AlC reinforced AZ91D 
composite had lower friction coefficients than the as-cast AZ91D. 
However, SiC-AZ91D has a higher friction coefficient than the as-cast 
AZ91D under the same experimental procedure, especially for 10% 
SiC/AZ91D at test loads above 40N, in which case severe abrasion was 
found due to the pulling of SiC particles.[17] In addition, the friction 
coefficient variations of extruded composites against load confirmed the 
anisotropic trobological properties at sliding directions parallel and 
perpendicular to the extrusion axis. Differently, at a load of 80 N, the 
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friction coefficient of extruded Ti2AlC-AZ91D with sliding direction 
perpendicular to the extrusion axis became lower than that of as-cast 
AZ91D. This change can be ascribed to the reason that more self-
lubricated Ti2AlC particles were trapped and embedded in the sliding 
surface with increasing load. 

 

 
Fig. 7-17. Variation of friction coefficient with the applied load for as-cast AZ91D 

alloy and composites tested at sliding speed 0.5 m s-1. 

7.3.4. Conclusions 

Pin-on-disk dry sliding wear tests with pins of Ti2AlC reinforced 
AZ91 magnesium composites were investigated at a sliding velocity of 0.5 
m s-1 under loads of 10, 20, 40 and 80 N against a Cr15 steel disk. Based 
on the results, the following major conclusions were obtained: 
(1) The wear tests showed that the volumetric loss increased for all the 

samples with the increasing applied stress. At all the applied stresses, 
the addition of Ti2AlC reinforcement brings an improvement in the 
wear resistance compared with the unreinforced alloy.  

(2) SEM and EDS studies conducted on the worn surfaces and debris 
revealed a combination of oxidative and abrasive wear mechanisms 
at all applied stresses. The Ti2AlC particles were surrounded by MgO 
in the debris and counterbody. With increasing applied stress, the 
abrasive wear mechanism became weaker due to the self-lubricating 
ability of reinforced Ti2AlC particles.  

(3) Unlike the extensive abrasions found in SiC reinforced magnesium 
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composite caused by SiC detachment, less abrasion and fewer 
grooves were found in Ti2AlC-Mg composite due to the strong 
interfacial bonding between Ti2AlC and magnesium matrix.  

(4) The anisotropic tribological behavior happened in the textured 
composites fabricated by hot extrusion. The lowest friction 
coefficient of extruded composites was found in the sliding direction 
parallel to the extrusion axis. 

7.4. Application of MAX/Mg composites 

Due to their light weight, excellent dimensional stability and 
mechanical integrity, magnesium matrix composites are considered as 
possible candidates in aerospace, automotive and electronics applications 
for substituting traditional magnesium alloys and composites[70]. In the 
automotive industry, fuel consumption would be reduced by 7% if the 
weight could be reduced by 10%[71]. Generally, the engine cylinder block 
of a motorcycle is made of an aluminum cylinder and an iron cylinder 
liner. This structure produces low heat transfer efficiency because of the 
heterogeneous metal interface. The density of iron is 7.9g cm-3, which is 
much higher than Ti2AlC/Mg composite (1.9 g cm-3). For resolving these 
problems and obtaining a new cylinder, as shown in Fig. 7-18, we 
designed and developed an integrated forming process, including powder 
metallurgy, semi-solid casting, hot extrusion and high pressure die casting. 
The Ti2AlC/Mg billet was fabricated by the semi-solid stirring casting 
method with the introduction of Ti2AlC particles into AZ91D alloy. Then, 
the cylinder liner was obtained by hot extrusion of semi-solid billet. 
Finally, the line was moved into the mold and was encapsulated by 
AZ91D alloy during high pressure die casting. As shown in Fig. 7-19, the 
weight of the original LPw200 motorcycle cylinder was reduced from 1.7 
Kg to 1.25 Kg with a weight reduction of 26% in this method. This 
development can meet the requirements of energy saving and emission 
reduction in the transportation sector.  

 

 
 

Fig. 7-18: The integrated forming process of Ti2AlC reinforced magnesium matrix 
composite motorcycle cylinder. 
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Fig. 7-19 Production and application of LP200 motorcycle cylinder block with 
magnesium matrix composite cylinder liner, and the weight compared with the 

traditional cylinder. 
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