
 

University of Limoges 

Doctoral School n°609: Materials Science and Engineering,  
Applied Mechanics and Energetics (SIMME)  

Institute of Research for Ceramics (IRCER)  
École Doctorale Sciences et Ingénierie en Matériaux, Mécanique, Énergétique et Aéronautique (ED 522) 

  

Thesis submitted for the degree of 

Doctor of Philosophy of the University of Limoges 
Specialization: Ceramic Materials and Surface Treatments 

Presented by 

Karolina Ewa KOZAK 

on June 7th, 2019 

Supervised by Mr. Thierry Chotard, Mr. Guy Antou and Mr. Jerzy Lis 

 

JURY: 

President of the Jury 
Mr. Jacques Poirier, Professor, Polytech'Orléans, CEMHTI Orléans, France 

Reviewers 
Mrs. Agnieszka Jastrzębska, Professor, Warsaw University of Technology, Poland 
Mr. Pascal Reynaud, CR CNRS HDR, MATEIS INSA Lyon, France 

Examiners 
Mr. Jerzy Lis, Professor, AGH University of Science and Technology, Krakow, Poland 
Mr. Guy Antou, Associate Professor, IRCER, University of Limoges, France 
Mr. Thierry Chotard, Professor, IRCER, University Of Limoges, France 
 
Invited 
Mr. Leszek Chlubny, AGH University of Science and Technology, Krakow, Poland 
 
 

Influence of elaboration conditions on the thermomechanical 
behavior of MAX phases 

 

PhD thesis 

http://www.unilim.fr


 

 

  



3 

 

Table of contents 

Table of contents ....................................................................................................................... 3 

Acknowledgements ................................................................................................................... 6 

General introduction ................................................................................................................ 9 

Chapter I. State of the art ...................................................................................................... 21 

I.1. Introduction .................................................................................................................... 21 

I.1.1. Crystalline structure ................................................................................................. 21 

I.1.2. Main physical properties and applications .............................................................. 22 

I.1.2.1. Thermal properties ............................................................................................ 23 

I.1.2.1.1. Thermal conductivity ................................................................................. 23 

I.1.2.1.2. Thermal expansion ..................................................................................... 23 

I.1.2.2. Electrical properties .......................................................................................... 24 

I.1.2.3. Oxidation resistance .......................................................................................... 25 

I.1.2.3.1. Ti3SiC2 ........................................................................................................ 25 

I.1.2.3.2. Ti2AlC ........................................................................................................ 26 

I.1.2.4. Neutron irradiation resistance ........................................................................... 27 

I.1.3. Synthesis and sintering of MAX phases .................................................................. 28 

I.1.3.1. Self-propagating High-temperature Synthesis (SHS) ....................................... 29 

I.1.3.2. Ti3SiC2 .............................................................................................................. 30 

I.1.3.3. Ti2AlC ............................................................................................................... 32 

I.2. Mechanical behavior ...................................................................................................... 34 

I.2.1. Dislocation motion .................................................................................................. 35 

I.2.2. Kink bands, Incipient Kink Bands and KNE solids ................................................ 37 

I.2.2.1. Kink Bands (KBs) ............................................................................................. 37 

I.2.2.2. Incipient Kink Bands (IKBs) ............................................................................ 39 

I.2.2.3. Kinking Nonlinear Elastic solids (KNE solids) ................................................ 40 

I.2.3. Reversible flow model (RF model) ......................................................................... 41 

I.2.4. Influence of “hard and soft grains” on the microstructure ...................................... 42 

I.2.5. Microcrack model (MD) .......................................................................................... 44 

I.2.6. Influence of temperature .......................................................................................... 47 

I.3. Conclusion ...................................................................................................................... 50 

Chapter II. Elaboration: synthesis and sintering ................................................................ 52 

II.1. Introduction ................................................................................................................... 52 

II.2. Characterization techniques .......................................................................................... 52 

II.2.1. Granulometry ......................................................................................................... 52 

II.2.2. X-ray diffraction (XRD) ......................................................................................... 52 

II.2.3. Scanning Electron Microscope (SEM) ................................................................... 53 

II.3. Materials ....................................................................................................................... 54 

II.3.1. Powder materials .................................................................................................... 54 

II.3.1.1. Commercial powders ....................................................................................... 54 

II.3.1.2. Self-Propagating High-temperature Synthesis ................................................ 55 

II.3.1.2.1. Experimental setup .................................................................................... 55 



4 

 

II.3.1.2.2. Reactants and stoichiometry ..................................................................... 56 

II.3.1.3. Milling ............................................................................................................. 58 

II.3.2. Sintering techniques ............................................................................................... 58 

II.3.2.1. Spark Plasma Sintering (SPS) ......................................................................... 58 

II.3.2.2. Hot Pressing (HP) ............................................................................................ 59 

II.4. SHS synthesized materials ............................................................................................ 60 

II.4.1. Ti3SiC2 .................................................................................................................... 60 

II.4.2. Ti2AlC .................................................................................................................... 61 

II.4.3. Milling .................................................................................................................... 62 

II.5. Sintered materials .......................................................................................................... 63 

II.5.1. Sintering of Ti3SiC2 material.................................................................................. 64 

II.5.2. Sintering of Ti2AlC material .................................................................................. 65 

II.6. Discussion ..................................................................................................................... 69 

II.6.1. SHS powders .......................................................................................................... 69 

II.6.2. Sintering of MAX phases ....................................................................................... 71 

II.7. Conclusion .................................................................................................................... 73 

Chapter III. Methodology to characterize the nonlinear thermomechanical behavior of 

MAX phases ............................................................................................................................ 76 

III.1. Introduction ................................................................................................................. 76 

III.2. Non-destructive methods ............................................................................................. 76 

III.2.1. Ultrasonic pulse echography ................................................................................. 77 

III.2.1.1. Echography in transmission mode at room temperature ................................ 77 

III.2.1.2. Echography in long bar mode at high temperature ........................................ 78 

III.2.2. Acoustic emission ................................................................................................. 81 

III.2.2.1. AE parameters and analysis ........................................................................... 82 

III.2.2.1.1. Waveform parameters- based analysis .................................................... 84 

III.2.2.1.2. Signal-based approach ............................................................................. 87 

III.2.3. Room temperature bending test with AE technique ............................................. 88 

III.2.4. High- temperature AE measurements ................................................................... 89 

III.3. Application to bulk materials ...................................................................................... 91 

III.3.1. Elastic properties at room temperature ................................................................. 91 

III.3.2. Influence of high temperature ............................................................................... 92 

III.3.2.1. Evolution of elastic response with temperature ............................................. 92 

III.3.2.2. AE investigation during thermal cycles ......................................................... 94 

III.3.3. Coupling of bending test with AE monitoring at room temperature .................... 95 

III.3.3.1. Loading cycles with increasing peak stress .................................................... 95 

III.3.3.2. Analysis of AE data ........................................................................................ 97 

III.3.4. Ti2AlC to the same peak stress ........................................................................... 101 

III.3.4.1. Stress-strain curve ........................................................................................ 102 

III.3.4.2. AE activity .................................................................................................... 102 

III.4. Conclusion ................................................................................................................. 104 

Chapter IV. Influence of secondary phases and grain size on mechanical behavior ..... 108 

IV.1. Phase composition and microstructure of sintered samples ...................................... 108 



5 

 

IV.2. Elastic properties at room temperature ...................................................................... 108 

IV.3. Four- points bending tests at room temperature ........................................................ 109 

IV.4. Mechanical test coupled with AE monitoring ........................................................... 113 

IV.5. Post mortem SEM observations ................................................................................ 117 

IV.6. Evolution of Young’s modulus and acoustic activity with temperature ................... 118 

IV.7. Discussion ................................................................................................................. 121 

IV.7.1. Influence of phase composition .......................................................................... 121 

IV.7.2. Influence of grain size ........................................................................................ 124 

IV.8. Conclusion ................................................................................................................. 125 

Conclusions and future works ............................................................................................. 128 

References ............................................................................................................................. 133 

Annex 1 .................................................................................................................................. 145 

Annex 2 .................................................................................................................................. 147 

 

  



6 

 

Acknowledgements 

This thesis was possible thanks to the international double-diploma program between 

University of Limoges and AGH University of Science and Technology in Cracow. I would 

like to express my special gratitude to the French Embassy in Poland for their financial support 

which made this project possible to be accomplished.  

I would also like to address my deepest gratitude toward my academic supervisors, Mr. Thierry 

Chotard and Mr. Guy Antou, for their scientific support and guidance trough all those years. 

Their help permitted me to obtain this PhD title. I would like to thank also Mr. Jerzy Lis and 

Mr. Leszek Chlubny for their help with materials preparation used in this project.  

All measurements would not be possible without people who work in IRCER Laboratory, 

ENSCI-ENSIL and AGH and I would like to acknowledge their great contribution to this work. 

For the great time spend in the workplace and after work, I would like to thank to all my 

colleagues from IRCER and AGH. Thanks to you, these last 4 years were an enjoyable and 

memorable journey. 

A big thank you to the people which made this day possible: Mrs. Jastrzębska, Mr. Reynaud 

and Mr. Poirier.  

And finally, I dedicate this work to my family and my future husband who always supported 

me through all those years. 

 

 

 

 

 

 

 

 

 

 



7 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



8 

 

 

 

 

 

 

General introduction 
  



9 

 

General introduction 

During the last twenty years, MAX phases were in scope of extensive research in various 

areas. First papers reporting the existence of these compounds were published around late 1960s 

by Novotny. However, at that time they did not focus enough attention to explore further their 

characteristics. After a 20 years of gap, in the 1980s, an additional work on the synthesis of 

MAX phases, particularly on  Ti3SiC2, was conducted by Pampuch and Lis. This work have 

begun the fast increase of conducted research on MAX phases. In general, MAX phases have 

the unusual combination of useful physical properties of: elevated electrical and thermal 

conductivities, high tensile and compressive strengths up to high temperatures, hysteresis 

mechanical behavior revealed by cyclic loadings, good resistance to neutron irradiation etc. 

Due to their unique set of properties, MAX phases are very attractive for various industrial 

applications, such as nuclear plant materials, thermal barriers for aircraft engines or thermal 

shock-resistance refractories. Some of the mechanical properties are more likely to be 

associated to metallic materials, i.e. hysteretic behavior under cyclic loadings/unloadings and 

relatively high strain values to rupture. However, as most of ceramics, MAX phases preserve 

good elastic and mechanical properties up to high temperatures enabling them to work in severe 

environments. The newest envisaged application of MAX phases is the possibility to form 2D 

structures, called MXenes phases, by removing the A-atom layers from the MAX phases 

structure. These 2D structures are to be used in energy storage or gas sensors devices. 

Nevertheless, MAX phases are still challenging to handle on a larger scale. This is mainly due 

to difficulties to synthesize a good quality powders in a reasonable price point. Most of available 

techniques which give good results involves time-consuming treatments at high temperatures, 

i.e. reactive synthesis in Hot Pressing furnace. Besides of production costs, most of MAX 

phases is very sensitive to any thermal treatments and often it results in decomposition or 

reaction leading to formation of other phases. 

Despite the numerous studies dedicated to hysteretic behavior of such materials, there are 

still many aspects that remain unresolved and open to a new investigation. Reversible nonlinear 

behavior of MAX phases is of a particular interest because it is rarely found in ceramic 

materials. In most ceramics (excluding laminated composites), the nonlinear part of stress-strain 

curve results from severe damage accumulation which leads to a significant drop of elastic 

properties and results in early failure of the material. Most common approaches explaining 

observed hysteresis in MAX phases consider the phenomenon on a local scale, i.e. micro or 

atomic level. Of course, it explains most of mechanisms found in MAX phases, but it lacks the 
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information on the possible influence of other phases often found simultaneously with MAX 

phases. Consequently, there is a very limited number of papers which evoke the influence of 

secondary phases on the observed hysteresis or generally on mechanical properties of these 

ternary compounds.  

In the context of aforementioned information, there are two main objectives of this thesis. 

In the first part, implementing the SHS method, Ti3SiC2 and Ti2AlC powders were synthesized 

and sintered. Modification of synthesis conditions will enable to find the optimized ones which 

will give reproductible results. Densification of commercial and SHS-derived powders will 

highlight the effectiveness of each method in terms of materials phase composition afterwards. 

Based in these results, it will be possible to find a relationship between powder and final dense 

material characteristics, i.e. phase composition, average grain size and density. 

The second aim of this study concerns the deeper understanding of possible mechanisms 

involved in hysteretic and nonlinear behavior of MAX phases. In this study, implementation of 

AE monitoring will potentially shed more light on already known information. Appropriate 

signal treatment will enable to propose a possible chronology of damage accumulation when 

MAX phase materials are subjected to repetitive stresses. For this purpose, the various materials 

with different phase compositions and grain size will be investigated highlighting the influence 

of those microstructural features. Additionally, the influence of temperature on MAX phase 

materials will be studied using two techniques, i.e. ultrasonic pulse echography in ‘long bar 

mode’ and Acoustic Emission. 

According to above-mentioned outline, this thesis is divided into 4 parts. 

Chapter I presents general information and most important properties of MAX phases with 

possible applications (mostly Ti3SiC2 and Ti2AlC compounds) based on literature review. In 

this chapter, one will find also the first presentation of main principles of SHS method and 

rationale behind implementation of such technique in case of MAX phase materials. This 

chapter will end with presentation of several theories on the deformation mechanisms 

responsible for nonlinear behavior of these ternary compounds.  

Chapter II describe the preparation of dense materials with different microstructural 

features, i.e. phase composition and grain size. For this purpose two types of powders, i.e. 

commercial and SHS-derived are sintered with Spark Plasma Sintering (SPS) and Hot Pressing 

(HP) techniques. Moreover, for combustion synthesis (SHS) the grain size of titanium substrate 

and the atmosphere of reaction changes to have a variety of materials and to determine how 

these parameters influence the final phase composition of materials. Chapter II also summarizes 

XRD and density measurement results for both powders and dense materials.  
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Chapter III is dedicated to presentation of experimental techniques implemented for room 

and high temperature characterizations of thermomechanical behavior. A particular attention is 

paid to bending test coupled with AE monitoring as results obtained with this technique has a 

major contribution to this work. When coupled with mechanical testing or recorded during 

thermal cycles, AE technique enables to follow microstructural changes occurring within the 

material and establish their chronology. Validation of this technique is performed by 

comparison between two different compounds, Ti3SiC2 and Ti2Al namely. High temperature 

investigation includes the evolution of Young’s modulus with temperature using US technique 

and AE monitoring during consecutive thermal cycles. Both techniques were developed at the 

IRCER Laboratory.  

Chapter IV summarizes results obtained for three Ti3SiC2-based materials by applying the 

experimental approach developed in previous chapter. These materials exhibit different 

microstructural characteristics (i.e. content of secondary phases content and grain size) which 

permit to establish the relation between them and their mechanical behavior. AE data will 

provide more information of the possible chronology of micro-structural events occurring 

within tested materials. 
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Objectives of this thesis are: 

 

1) to synthesize MAX phase compounds with different phase compositions and mean grain 

size, i.e. Ti3SiC2 and Ti2AlC, by Self-propagating High-Temperature Synthesis method 

in local ignition mode changing two experimental conditions, the grain size of titanium 

substrate and the atmosphere of reaction; 

2) to couple two experimental techniques, i.e. four-point bending test and Acoustic 

Emission monitoring which will enable to record acoustic hits during the mechanical 

tests; 

3) to indicate how secondary phases influence the flexural strength of MAX- based 

materials and mechanical behavior when solicitated cyclically; 

4) to determine the evolution of Young’s moduli of investigated materials during thermal 

cycle. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



13 

 

NOMENCLATURE 𝛼𝑎  Coefficient of thermal expansion in a direction  𝛼𝑐  Coefficient of thermal expansion in c direction  𝛼𝑎𝑣  Average coefficient of thermal expansion  

AE  Acoustic Emission 

Al   Aluminum 

a  Cell parameter 

bv  Burger’s vector 

b   Burst hit 

c  Cell parameter 

c  Continuous hit 

BPTT  Brittle-to-Plastic Transition Temperature 

BSE  Backscatter Electron 

C  Carbon 

CG  Coarse Grain 

CRSS  Critical Resolved Shear Stress 

CTE  Coefficient of Thermal Expansion  

D  Spacing between dislocation walls 

DP  Dislocation Pileup 

DW  Dislocation Wall 

E  Young’s modulus 

ε  Strain  

εmax  Maximum strain  

Exy  Apparent elastic modulus 

EBSD  Electron Backscattered Diffraction 

EDS  Energy-dispersive X-ray Spectroscopy 

EPSC  Elasto-Plastic Self-Consistent Model 

FG  Fine Grain 

FFT  Fast Fourier Transform 

fpeak  Peak frequency  

fcentroid  Frequency Centroid  

G  Shear modulus 
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HDT  Hit Definition Time 

HIP  Hot Isostatic Pressing 

HLT  Hit Lockout Time 

HP  Hot Pressing 

IKB  Incipient Kink Band 

KIC  Toughness 

KB  Kink Band 

KNE  Kinking Nonlinear Elastic 

LAGB  Low Angle Kink Boundary 

M  Transition metal 

MDW  Mobile Dislocation Wall 

N  Nitrogen 

NDT  Non-destructive testing 

RF  Reversible Flow Model 

RT  Room temperature 

PDT  Peak Definition Time 

SHM  Structural Health Monitoring 

SHS  Self-propagating High-temperature Synthesis 

SPS  Spark Plasma Sintering 

SEM  Scanning Electron Microscopy 

TEM  Transmission Electron Microscopy  

τf   Frictional stress   

t  Time 

T  Temperature 

TAC  Ti2AlC 

Ti  Titanium 

TiC  Titanium Carbide 

TiSi2  Titanium Silicate 

TSC  Ti3SiC2 

Si  Silicon 

σ  Mechanical stress  

σmax  Peak stress  
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υ  Poisson’s ratio 

γc  Critical angle (KB) 

XRD  X-ray Diffraction 

Wd  Energy Dissipation per unit volume and per cycle  
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Chapter I. State of the art 

I.1. Introduction 

This work is devoted to deeper understanding of synthesis processes and mechanical 

behavior of Ti3SiC2 and Ti2AlC materials. It is important to present the most important 

characteristics of these ternary materials to show why they have attracted so much attention. 

This chapter will summarize already known general information on MAX phases materials and 

their potential applications. 

I.1.1. Crystalline structure 

MAX phases have general formula Mn+1AXn and form a group of ternary carbides and/or 

nitrides where the corresponding elements are (Figure 1): 

- M: an early transition metal from groups 3 to 6 of periodic table (i.e. Ti, Hf, Ta or Cr) 

- A: an element from groups 12 to 16 (i.e. Al, Cd, Si, Ge or S) 

- X: either carbon or nitrogen. 

     

Figure 1. Periodic table with correspondent M, A and X elements of MAX phases (Picture from http:// 
http://max.materials.drexel.edu/research-areas/max-phases/). 

In this group we can find three main stoichiometries, namely: M2AX (211), M3AX2 

(312) and M4AX3 (413). The entire family of MAX phases crystallizes in hexagonal structure 

in a P63/mmc space group. Representative cell units of MAX phases are presented in Figure 2. 

These ternary materials are also referred as nanolayered materials or thermodynamically stable 
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nanolaminates because of their crystalline structure. They are composed of M-X octahedra 

connected by corners. After a certain number of octahedral, there is A-atom monolayer which 

gives MAX phases a characteristic laminated structure (Figure 2).  

 

Figure 2. Typical cells for MAX phases: a-211, b-312, c-413 [1]. 

 

Table 1. Density and cell parameters of Ti3SiC2 (TSC) and Ti2AlC (TAC). 

 Ti3SiC2 Ti2AlC 

Theoretical density [g.cm-3] 4.53 4.10 

a cell parameter [Å][2] 3.07 3.04 

c cell parameter [Å][2] 17.67 13.60 

c/a 5.76 4.47 

 

As shown on Figure 2 and in Table 1, MAX phases have high c/a ratios which have a 

tremendous influence on their mechanical properties (described later in this chapter). Strong 

covalent bonds are found between M and X atoms, and much weaker metallic bonds between 

M and A ones. Presence of different types of chemical bonds and laminated structure will 

induce a certain degree of anisotropy. This particular structure of MAX phases materials 

directly controls their unique set of physicochemical properties, which are described in this 

chapter. 

I.1.2. Main physical properties and applications 

These ternary compounds are known as ‘materials filling the gap between metals and 

ceramics’, since one part of their properties is characteristic for ceramics and the other one  for 
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metals. Some of most important properties of MAX phases will be presented with 

corresponding applications.  

I.1.2.1. Thermal properties 

I.1.2.1.1. Thermal conductivity 

MAX phases are considered as good thermal conductors, and they often exhibit higher 

conductivity than corresponding pure A-metals. Figure 3 presents evolution of thermal 

conductivity with temperature for several MAX phase materials. They react similarly to metals, 

and the electrical resistivity increases with increasing temperature as shown in Figure 3. 

 

Figure 3. Thermal conductivities for Ti3SiC2 and some Al-containing MAX phases [3,4]. 
 

I.1.2.1.2. Thermal expansion 

As MAX phases crystallize in hexagonal structure, they exhibit anisotropy in 

coefficients of thermal expansion (CTE). The average value can be calculated with the 

following equation [5]: 𝛼𝑎𝑣 = 2𝛼𝑎+𝛼𝑐3                     Eq. 1 

where 𝛼𝑎𝑣 is the average value of CTE, 𝛼𝑎, 𝛼𝑐 are the CTE measured along the a and c direction 

respectively. CTE measured for various MAX phase compounds showed that most of them are 

within the range of 5- 15×10-6 C-1.  

Some studies were also devoted to better understanding of the influence of the transition 

metal, or valence electrons density (nval), to this property. Figure 4 shows the dependence of 

CTE (in figure named TCE) on density and number of valence electrons. Coefficient of thermal 

expansion varies slightly with the density (Figure 4a) and the average number of valence 
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kind of samples preparation for mass production. The latter is the main reason why researchers 

are still looking for alternative synthesis routes. One of the most promising methods is Self-

propagating High-temperature Synthesis (SHS) which is presented in more detail in I.1.3.1. 

I.1.3.1. Self-propagating High-temperature Synthesis (SHS) 

SHS processes were explored more extensively by Russian scientists led by Prof. Merzanov 

[31,32]. SHS is a synthesis method which uses energy released during exothermal reaction to 

transform initial mixture of powders into final product. For all types of SHS reactions one can 

distinguish three main stages (Figure 9): 

i) Mixing of starting materials at room or slightly elevated temperatures; no reaction 

starts at this point; 

ii) Initiation of exothermic reaction by a source of thermal energy: local or global 

initiation; 

iii) Propagation of reaction through the powder bed till all starting materials transform 

into the final product. 

 

 

Figure 9. Schematic of propagation of SHS reaction [33]. 

SHS reactions may be initiated in two ways: by local ignition or thermal explosion. In 

most cases, the first type of ignition consists of providing the energy source into the powder 

mixture in one of its ends; while in the second possibility the powder mixture is heated in the 

entire volume and reaction starts globally. SHS reactions are only possible when the 

temperature is raised to the point when mutual diffusion of reagents can occur with sufficient 

rate. At this point, chemical reaction starts with heat generation and becomes auto-propagating. 

Figure 10a present a scheme of locally ignited reaction with proceeding reaction front. Figure 

10b shows an example of  SHS-synthesized Ti3SiC2 product.  
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Table 3. Summary of different synthesis routes of Ti3SiC2 and products’ characterization. 

Starting 

materials 

and method 

[at.%] 

Description Heat treatment 
Phase 

composition 
Microstructure References 

3Ti-Si-2C 
Reactive synthesis, 

solid-liquid 
reaction 

1550˚, 40 MPa, 1h Ti3SiC, TiC - [47] 

Ti-Si-2TiC 
Reactive synthesis, 

SPS 
1250˚C, 60 MPa,  

10 min 
Ti3SiC2, TiC GS: 10-30 µm [37] 

3Ti-Si-2C 
Reactive synthesis, 

HP 

1st: 1350˚C, 30 MPa, 
2h 

2nd: 1500˚C, 1h 

Ti3SiC2, TiC, 
Ti5Si3 

GS: 30 µm [38] 

2TiC-Ti-Si-
0.2Al 

Reactive synthesis, 
SPS 

1250˚C, 30 MPa,  
8 min 

Ti3SiC2[48] - [39] 

3Ti-1.3Si-C 
Pressureless 

reactive sintering 
1500˚C, 2h Ti3SiC2 - [39] 

Ti-1.1Si-C 
Pressureless 

reactive synthesis 
1500˚C, 2h, 
5˚C/min, Ar 

Ti3SiC2, 
TiSi2, TiC 

 [49] 

Ti-2TiC-1.3Si 
Reactive sintering, 

SPS 
1250˚C, 60 MPa, 

7min 
Ti3SiC2, 

TiSi2, TiC 
- [50] 

 

In 1999 Li et al. [43] carried out a detailed research on formation of Ti3SiC2 during hot 

isostatic pressing from elemental powders: 3Ti-Si-2C. Green bodies were heated with heating 

rate of 20˚C/min under 0.1 MPa of Argon up to 800˚C, 1000˚C, 1300˚C, 1400˚C, 1500˚C, 

1600˚C and 1700˚C. After each thermal treatment, phase composition was determined to 

establish what phases were formed. Based on obtained results, these authors proposed the 

following scenario: 

i) between 1000˚C and 1300˚C only TiC and Ti5Si3 were detected; below 1000˚C 

powders’ reactivity is negligible; 

ii) from 1300˚C to 1500˚C Ti3SiC2 is formed; 

iii) above 1500˚C Ti3SiC2 decomposes. 

The temperature range in which Ti3SiC2 is formed overlaps with the temperature range of 

liquid phase in Ti-Si. Moreover, there are two eutectic reactions: between Ti/Ti5Si3 and 

Ti/TiSi2. Because of the liquid phase formation, reactions leading to formation of Ti3SiC2 are 

liquid/solid reactions. Another important remark of Li et al. [43] considered the Si loss during 

heating which resulted in Si deficiency. Such situation prevents formation of Ti3SiC2 and leads 

to higher content of TiC. 
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Ti2AlC. Temperature evolution of pre-heated up to 600˚C-1000˚C of Ti-Al-C compacts was 

investigated by Khoptiar et al.[42] and it is shown in Figure 12.  

Table 4. Summary of different synthesis routes of Ti2AlC and products’ characterization. 

Substrates 

and method 

[at.%] 

Description Thermal cycle 
Phase 

composition 
Microstructure References 

2Ti-1.2Al-C Reactive synthesis 
during SPS sintering 

1100˚C, 30 MPa, 
8 min, heating 
rate: 80˚C/min 

Ti2AlC GS: 20µm [51] 

Ti-TiC-Al + 

active carbon 
Reactive synthesis, 

HP 

1400˚C, 30 MPa, 

1h 

Ti2AlC, 

Ti3AlC2 
GS: 15µm [52] 

8Ti-C-Al4C3 Multiple SHS - Ti2AlC, TiC - [53] 

2Ti-Al-C SHS - Ti2AlC, TiC GS: « 20µm [54] 

2TiAl-Ti-C SHS - Ti2AlC, TiC - 

[55] 
Ti-Al-TiC SHS - 

Ti2AlC, 
Ti3AlC2, 

TiC 

- 

 

 

Figure 12. Evolution of temperature during reaction of 2Ti-Al-C compacts preheated to different temperatures 
(1-3) and placed between press rams (4) [42]. 

As shown by Khoptiar et al., no reaction between the reactants is detected below 670˚C. At 

this point aluminum melts and the beginning of thermal explosion is detected with a peak 

temperature of ≈ 2100˚C. Several works devoted to investigation of chemical reaction occurring 

during formation of Ti2AlC propose the same following reactions: 

i) Melting of Al at around 670˚C and reaction with Ti forming titanium aluminides; 

ii) Reaction between Ti and C forming TiC; 
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Table 5. Mechanical properties of Ti3SiC2 and Ti2AlC. 

 Ti3SiC2 Ti2AlC 

Young’s modulus , E [GPa][3,68,69] 339 277 

Shear modulus, G [GPa][3,68,69] 142 119 

Compressive strength 

[MPa] 

TSC FG: 3-5µm[61] 

TAC FG: 15µm[52] 

1050 670 

TSC CG: 100-200µm 
[61] 

TAC CG: 25µm [7] 

720 540 

Tensile strength 

[MPa] 

TSC FG: 3-5µm [59] 225 - 

TSC CG: 100-200µm 
[60] 

200 - 

Flexural strength 

[MPa] 

TSC FG: 26µm [70] 300 - 

TSC CG: 100µm [71] 

TAC CG: 75µm [12] 
260 275 

 

The most remarkable property of MAX phases is the possibility to dissipate energy 

when loaded cyclically. Several theories try to explain possible mechanisms responsible for this 

hysteretic behavior which are presented in this chapter. 

I.2.1. Dislocation motion 

MAX phases deform by motion of basal-plane dislocations. The first work assessing 

remarkable deformation possibilities of MAX phases due to dislocation motion was published 

by Morgiel et al. [72] in 1996. Farber confirmed in 1998 aforementioned suggestion of Morgiel 

and presented TEM observations with visible basal dislocations described by Burgers vector of 

1/3 <1-210> [73]. Since then, many papers treated the subject and were devoted to a better 

understanding of dislocations’ contribution to overall mechanical behavior at room and at 

elevated temperatures. At this point, out-of-basal dislocations were ruled out because the 

Burgers vector would be greater than c cell parameter. 

Dislocations arrange themselves in walls or in pile-ups on the same basal planes. Figure 

14 presents a scheme of dislocation walls and dislocation pile-ups encountered in MAX phases.  

Materials with hexagonal lattice have several sliding systems which are listed in Table 6 and 

presented schematically in Figure 15. Combination of  the highest planar density is (0001) with 
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These structures can be found in HCP metals [86] and in other materials exhibiting high 

plastic anisotropy like mica [87], graphite [88] or layered composites [89]. In case of MAX 

phases, this mechanism is possible because of their highly anisotropic crystalline structure with 

c/a ratio greater than 1.7. The later characteristic makes twinning unlikely to occur [75].  

I.2.2.2. Incipient Kink Bands (IKBs) 

Incipient Kink Bands (IKBs) were introduced in 2003 by Barsoum et al. [90].This 

concept is almost the same as for KBs. Here, IKBs are also modelled as elliptic structures with 

opposite sign dislocation walls. However, in this case, walls remain attached to its ends and 

have a lenticular shape. It is believed that they are formed when the stress is applied and they 

annihilate when the stress is removed. Their nature makes them impossible to be observed post-

mortem, so there is no evidence of their existence. 

       

Figure 17. Scheme of IKB with dimensions α, β and spacing D between basal plans [2]. 
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and coarse grain sample’s strength was 350 MPa. Neutron diffraction analyses permit to 

differentiate grains according to the compression axis. According to neutron diffraction data 

recorded during compression solicitations, when the stress is applied, some grains are in their 

elastic regime while others are already reaching yielding stress and deform plastically. In this 

case, one would expect that grains which will deform plastically are those with the lower 

Schmid factor, i.e. basal planes oriented at 45˚ to the compression axis (where shear stresses 

have the highest value). Surprisingly, neutron diffraction results shown that actually grains with 

basal planes oriented perpendicularly to the compression axis deform plastically at first. This 

observation would suppose that the internal field of stress is not homogenous in the material 

and in some areas is more elevated or complex leading to faster plastic deformation of hard 

grains. Similar phenomenon was already presented in the literature and is known as 

Bauschinger effect [95]. First deformation by tensile stresses induces nonhomogeneous stress 

distribution within the material. This stress state increases tensile yield strength and reduces 

compressive yield strength. This is a consequence of dislocation motion under firstly applied  

tensile stresses and their accumulation at barriers. Stress-strain state induced by first tensile 

loading makes the dislocation motion easier when applied stress are compressive and hence 

lowers the compressive yield strength. Figure 21 shows schematically how external 

compressive stress may be transferred from one grain to neighboring grains. 

 

Figure 21. Bauschinger effect in polycrystalline material. Red arrows show the impact of longitudinal grain onto 
transversal grain; black arrows show effect of neighboring grains on longitudinal grain  [96]. 

Guitton et al. [94] explanation indicates both intrinsic MAX phases’ plastic anisotropy 

and microstructural anisotropy as key factors leading to hysteretic behavior under cyclic 

loadings and unloadings. Figure 22 shows real MAX phase microstructure with corresponding 

orientation angles of grains. 
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I.3. Conclusion 

MAX phases are very attractive materials for future applications in various fields. They 

are good electrical and thermal conductors, they have high compressive and tensile strengths, 

they exhibit the possibility to dissipate energy when loaded/unloaded cyclically. This set of 

properties make them unique in materials world and they ‘fill the gap between ceramic materials 

and metals’. However, as shown in this chapter, synthesis and sintering of pieces made of MAX 

phases is still a problem from purity and material quality point of view. Technique used 

nowadays to prepare good quality samples are a laboratory scale techniques which are energy 

and time consuming.  

MAX phases, ice, mica and other layered materials can accommodate significant 

amount of strain by formation of kink bands which is well documented by many studies 

published during last 20 years. However, their hysteretic behavior during cyclic tensile, 

compressive or bending tests is  still a matter of discussion as presented previously. This subject 

is of primary importance since deeper understanding of mechanisms leading to such behavior 

would allow to conduct studies on microstructure modeling of MAX phases improving this 

characteristic. 

Based on showed bibliographical revue, this study will be devoted to two main subjects: 

synthesis of MAX phases by SHS method and better understanding of the key factors 

responsible for hysteretic behavior of MAX phases.  
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Chapter II. Elaboration: synthesis and sintering 

II.1. Introduction  

This chapter is devoted to materials synthesis and sintering stages. Two types of 

powders, commercial and SHS-derived, were densified by Spark Plasma Sintering and 

Hot-Pressing techniques. Such combination of powders and densification methods will permit 

to vary experimental conditions enabling to prepare materials with desired microstructural 

features.  

II.2. Characterization techniques 

Materials characteristics were determined using several experimental techniques, i.e. 

granulometry, x-ray diffraction and scanning electron microscope. A short description of each 

method will be further presented.  

II.2.1. Granulometry 

Granulometry permits to determine the particle size distribution and the average grain 

size of powders. The used apparatus was Malvern PANalycal Mastersizer 2000. This 

characterization method uses the phenomenon of laser beam dispersion on particles suspended 

in a liquid solution. For each measurement, a 1 g sample of powder was dispersed in water. 

Grain size distribution was determined as a number of particles with specific diameter and the 

average value for each powder is based on 5 measurements. 

II.2.2. X-ray diffraction (XRD) 

X- ray diffraction (XRD) technique is primarily used in materials science to determine 

the phase composition. When a x-ray interacts with a crystal material which is considered as an 

array of regularly spaced atoms, it is elastically scattered (Figure 31). This can be either 

constructive or destructive. The diffraction process of x-rays on crystal is described by Bragg’s 

law [110].  2𝑑𝑠𝑖𝑛𝜃 = 𝑛𝜆      Eq. 4
   

where d is spacing between diffracting planes, 𝜃 is the incident angle, n is an integer and λ is 

the x-ray wavelength. 
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Microscope observations were carried out for both powder and bulk materials. 

Observations on powders were carried out to determine the morphology of grains after the 

milling and if any agglomerates are formed after the process. SEM for bulk materials were 

conducted after sintering and after mechanical or thermal cycles. Another important fact is that, 

as it will be shown later in this work, SEM was used to detect and confirm proposed damage 

mechanisms in MAX phases. 

Microscopic observation were carried out on surfaces perpendicular to sintering axis. 

Sample’s preparation had several polishing steps: i) P120 SiC for 30s, ii) P240 SiC for 45s, iii) 

P600 SiC for 90 to 120s, iv) P1200 SiC for 240s, v) P2400 SiC for 420s vi) 9 µm diamond 

suspension for 420s, vii) 3 µm diamond suspension for 300s, viii) 1 µm diamond suspension 

for 600 s. Each material is slightly different and all steps had to be adjusted. However, in most 

cases this protocol permitted to obtain mirror-like surface. Prior to SEM manipulations, all 

materials were coated either with carbon or titanium to enhance the electronic conductivity and 

prevent from accumulation of electrical charge on the surface. 

II.3. Materials 

Materials investigated in this work were either synthesized with SHS method or bought 

from Kanthal company. The next step consists of densifying powder to almost fully-dense 

material applying a thermal cycle and pressure. The sintered materials would be further used to 

perform mechanical testes. This paragraph will present all steps necessary to prepare desired 

materials. 

II.3.1. Powder materials 

II.3.1.1. Commercial powders 

Synthesis of MAX phases still remains quite difficult and the main problem is the 

quantity of secondary phases. This problem is encountered in laboratory and industrial scales. 

For these reasons, the variety of commercially available MAX phases powders is very limited. 

One of the very few companies producing Ti3SiC2 and Ti2AlC powders is Kanthal Company 

from Sweden. 

Two commercial powders, Maxthal 312 (Ti3SiC2) and Maxthal 211 (Ti2AlC), were 

sintered with both SPS and HP. The producer does not give any information on the synthesis 

method. Phase compositions and the mean grain size of the two commercial powders used in 

this work is summed up in Table 7. 
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Table 7. Phase composition and grain size of the used commercial powders. 

Powder Phase composition 

[wt.%] 
Grain size [µm] 

Maxthal 312 

83.5 Ti3SiC2 

8.9 TiC 
5.9 Ti5Si3 

1.7 TiSi2 

9.4±1.5 

Maxthal 211 
58.8 Ti2AlC 
37.9 Ti3AlC2 

3.3 TiC 

10.5 ±0.1 

 

II.3.1.2. Self-Propagating High-temperature Synthesis 

General introduction to SHS technique is presented in I.1.3.1. The principle of this 

method makes it a very efficient, low-cost and low-energy consuming process. SHS gained a 

lot of attention in USSR (Soviet Union) where it was firstly reported and developed further 

[31,32]. High temperatures achieved during reaction initiation assure the self-sustainability and 

enabled to use this technique to prepare materials which are difficult to prepare with other 

methods.  

II.3.1.2.1. Experimental setup 

The SHS was carried out for two MAX phase compounds: Ti3SiC2 and Ti2AlC. 

Experience gained during last couple of years on this technique permitted to optimize some of 

experimental parameters, i.e. duration of ignition, current intensity, type of reactants and 

reaction stoichiometries prior to this study. 

All syntheses were conducted in a SHS reactor designed in Department of Ceramics and 

Refractories AGH UST as shown in Figure 32. Its construction ensures that high temperature 

and pressure produced during synthesis will be handle with all necessary precautions. This SHS 

chamber is equipped in a gas supply and vacuum pump enabling the change of gaseous 

conditions accordingly to needs.  
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metals, TiC, SiC, and intermetallics from Ti-Si and Ti-Al systems [45,46,112–114]. However, 

the choice of substrates and the stoichiometry are crucial as they can dramatically change the 

content of desired phase in the final product (examples in Table 3). Another important factor 

having an impact on the MAX phase content in the powder is the mean grain size of substrates. 

Meng et al. [34] have shown how the wt.% of Ti3SiC2 varies with different grain size of pure 

Ti and C. When the grain size of titanium decreases from ≈50µm to ≈37µm the content of 

Ti3SiC2 drops from 30% to 15 wt.%. An opposite effect is observed when the carbon grain size 

decreases from ≈50µm to ≈37µm and the content of Ti3SiC2 increases from 17% to 45wt.%. 

Substrates for the SHS synthesis of Ti3SiC2 compound in this study were chosen based 

on reaction giving the best results, based on research done by Lis et al. and is following [35,45]: 

       3Ti + Si + 2C → Ti3SiC2                                Eq. 5 

Proposed reactions chain for Ti3SiC2 is described in I.1.3.2. From all reactions, the one 

between Ti and C is reported to have the highest exothermal effect [46,115,116]. The energy 

generated and released during formation of TiC leads to rapid increase of the temperature and 

initiate therefore other reactions. At this point, the reaction is self-sustainable leading to 

formation of Ti3SiC2. 

For Ti2AlC compound, the chosen reaction stoichiometry was based on work done by 

Chlubny et al. [112] who have investigated the impact of titanium and titanium aluminate on 

the content of Ti2AlC in the final product. According to results published by Chlubny et al., 

using TiAl instead of pure metals permits to increase the Ti2AlC content from 79.6% to 88.9% 

and decrease the TiC content from 11.8% to 0.6%. 

Optimized synthesis reaction for Ti2AlC compound is following: 

      1.2 TiAl + Ti + C → Ti2AlC + 0.2 Ti + 0.2 Al               Eq. 6 

The excess of Ti and Al actually permits to maintain the stoichiometry of reaction. 

Titanium and aluminum are most likely to evaporate during SHS synthesis [53,55,117] leading 

to deficiency in both elements of the final product. 

Pure metal (Ti, Si, Al) powders were purchased from AEE company (TI-109, 99.7% 

pure, ≈100µm; SI-100, 99% pure, 1-5µm; AL-100, 99% pure, 1-5µm). Carbon was used as a 

carbon source in all synthesis (Carbon Merck no.1.04206.9050 and 99.8% pure). Ti-Al 

intermetallics have gained a lot of attention due to their excellent mechanical properties and 

good oxidation resistance. In Ti-Al binary diagram, there are three main compounds TiAl, 

α-Ti3Al and TiAl3. The most popular one is TiAl which nowadays is used in aircraft and 
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automobile industries. TiAl available commercially is either very expensive or poor quality. 

For these reasons it was decided to synthesize it at AGH using SHS method with thermal 

explosion mode according to the reaction [55]: 

       TiH2 + Al → TiAl + H2     Eq. 7 

Combustion synthesis in thermal explosion mode is initiated in the entire volume at the 

same time which causes the reaction to start homogeneously. Obtained TiAl was crushed and 

milled to decrease the mean grain size of powder around 10µm. The final composition of TiAl 

powder was: 83 wt.% of TiAl and 17 wt.% of Ti3Al. 

II.3.1.3. Milling 

High temperature achieved during SHS processes makes powders to sinter and become 

a porous ‘sponge’. Further processing involves crushing and milling which will result in powder 

material.  

The last stage of process was done using rotary-vibratory mill. Crushed powder was put 

into special chambers together with Widia balls with 5 mm of diameter and isopropylene to 

facilitate milling process. Time  was adjusted experimentally and was set on 15, 45, 240 and 

480 min. The mean grain size of powders was determined with laser granulometry (technique 

described in II.2.1). 

II.3.2. Sintering techniques 

Sintering  is a process throughout which a powder is transformed into dense material. 

In general, increased temperature and pressure enhance diffusional processes leading to mass 

transportation and increase of relative density of the material. The variety of available nowadays 

techniques permits to adjust sintering parameters leading to desired product. 

This work was conducted on similar materials, MAX phases, but with different phase 

composition and grain size. In order to prepare materials with different microstructural 

characteristics, two different sintering techniques were used: Hot Pressing (HP) and Spark 

Plasma Sintering (SPS). These techniques were chosen among others because they permit to 

prepare fully dense MAX phases samples which is not possible with for example pressureless 

sintering.  

II.3.2.1. Spark Plasma Sintering (SPS) 

The Spark Plasma Sintering (SPS) process is a non-conventional sintering technique 

which becomes more and more popular as it enables to sinter refractory materials, difficult to 
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Figure 35. Principle of Hot Pressing process [121]. 

Slightly different sintering condition were chosen for each of compound, i.e. Ti3SiC2 

and Ti2AlC. The thermal cycle was following: heating rate of 15˚C.min-1 up to 1100 for Ti2AlC 

and 1500˚C for Ti3SiC2, dwelling time of 1h and cooling with the furnace. The uniaxial pressure 

of 25 MPa was applied during the process. All densification stages were conducted in argon. 

The sintering facility was HP model 916-G-G from Thermal Technologies LLC (USA). 

Sintering conditions were optimized during previous experiments carried out on Ti2AlC by Lis 

et al. and Chlubny et al.[45,55,112,122]. 

II.4. SHS synthesized materials 

This part will present results of SHS carried out for two MAX phases, i.e. Ti3SiC2 and 

Ti2AlC. Two synthesis conditions were changed, i.e. the Ti grain size and the atmosphere. The 

main objective is to analyze how these parameters impact the final composition of MAX phases 

powders in order to prepare materials with different phase compositions with grain sizes. 

II.4.1. Ti3SiC2  

Table 8 presents phase compositions of Ti3SiC2 powders synthesized using different 

conditions by SHS method. The atmosphere and initial Ti grain size directly affect the quantity 

and the nature of secondary phases. One can see, based on results summarized in Table 8, that 

each composition is different, i.e. the quantity of MAX phases and the type of secondary phases.  

For coarser titanium, the synthesis under vacuum (TSCs1) leads to formation of 61.2% 

of Ti3SiC2. For the same type of substrates, but carried out under argon (TSCs2 sample), more 

MAX phase is formed with 75.3 wt.% of Ti3SiC2. Similar tendency is observed for powders 

prepared using fine-grained Ti. In TSCs4 under argon, the quantity of Ti3SiC2 is 74.4% instead 

of 64.8% under vacuum. In all compositions, some secondary phases are formed along with 

Ti3SiC2. The quantity of TiC is in every SHS-powder the highest from all secondary phases and 
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varies from 14.0% for TSCs2 to 30.5% for TSCs3. These results will be discussed later in this 

chapter.  

Table 8. Phase composition of Ti3SiC2-materials obtained with SHS with different conditions. 

Sample 
Ti grain size 

[µm] Atmosphere 
Phase composition [wt.%] 

Ti3SiC2 TiSi2 Ti5Si3 TiC 

TSCs1 149 Vacuum 61.2±2.4 - 9.7±2.4 29.1±2.4 

TSCs2 149 Argon 75.3±1.9 1.2±1.9 9.5±1.9 14.0±1.9 

TSCs3 44 Vacuum 64.8±2.0 4.7±2.0 - 30.5±2.0 

TSCs4 44 Argon 74.4±1.8 - - 25.6±1.8 

 

II.4.2. Ti2AlC 

As for Si-based materials, the influence of the titanium grain size, (i.e. 149 and 44 µm), 

and the atmosphere, (i.e. vacuum or argon), was investigated for Ti2AlC. Reaction 

stoichiometry used to prepare MAX phase powders was the same for all investigated 

compositions. Table 9 sums up all phase compositions determined by XRD method. 

In all Ti2AlC powders prepared by SHS methods, three phases are detected: Ti2AlC, 

Ti3AlC2 and TiC. The quantity of Ti2AlC varies from 74.7% to 91.2% and the highest amount 

of Ti2AlC is formed in powders synthesized from coarser Ti grains and under Ar atmosphere 

(TACs2 sample). Along with Ti2AlC, TACs2 contains 4.9% of Ti3AlC2 and 3.9% of TiC. The 

second best result was obtained for powder prepared also from larger Ti grains but under 

vacuum with Ti2AlC reaching 88.2% (TACs1). In the other hand, the lowest value of wt.% 

Ti2AlC, i.e. 74.7% is detected in powders synthetized from smaller Ti grain (44µm) and in 

vacuum. The corresponding quantity of Ti3AlC2 powder is 21.5% and there is only 3.8% of 

TiC. These observations will be commented in the Discussion section. 

 

 

 

 

 



62 

 

Table 9. Phase composition of Ti2AlC-materials obtained with SHS with different conditions. 

Sample 
Ti grain size 

[µm] Atmosphere 
Phase composition [wt.%] 

Ti3AlC2 Ti2AlC TiAl TiC 

TACs1 149 Vacuum 8.9±1.5 88.2±1.5 - 2.9±1.5 

TACs2 149 Argon 4.9±1.5 91.2±1.5 - 3.9±1.5 

TACs3 44 Vacuum 21.5±1.7 74.7±1.7 - 3.8±1.7 

TACs4 44 Argon 13.1±1.6 83.6±1.6 - 3.3±1.6 

 

II.4.3. Milling  

Time necessary to prepare powders with desired mean grain size was optimized 

experimentally. The mean grain size (D50) of MAX phase powders is shown in Figure 36 as a 

function of milling time. 

                      

Figure 36. D50 of SHS powders after different times of milling. 

High temperature developed during SHS pre-sinter the material into ’sponge’. Crushing 

and milling stages are necessary to transform a porous ‘sponge’ into a powder with coarse grain 

with diameters around 200-300 µm. As shown in Figure 36, after 15 min milling, the mean 

grain size decreases to around 48 µm. Further milling for another 30 min (45 min in total) leads 

to significant drop of D50 which reaches around 13 µm and this parameter is more than 3 times 

lower than the one measured after 15 min of milling. Increasing the processing time to 240 min 

slightly decreases D50 value, with a mean grain size of 11 µm. It is only 2 µm of difference for 

the increase of time from 45 min to 240 min. For a milling time of 480 min, measurement 

reveals the D50 of 6 µm.  
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II.5.1. Sintering of Ti3SiC2 material 

Phase compositions of powders and materials after sintering by SPS and HP are shown 

in Table 10 and Table 11 respectively. 

Using the SPS process, both Ti3SiC2 powders (SHS and commercial ones) were sintered 

according to the protocol described in II.3.2.1. The mean grain size for both powders before 

sintering was ≈10µm and remained almost the same after the sintering. Therefore, no significant 

grain growth was observed during the SPS treatment. 

For commercial powder, the sintering process lowers the quantity of Ti3SiC2 from 

83.5% to 71.8%. In the same time, the TiC and TiSi2 contents have increased from 8.9% to 

20.4% and from 1.7% to 7.8% respectively. For the SHS powder, the sintering stage also 

decreases the MAX phase content from 75.3% to 70.2%. The amounts of secondary phases 

increase and reach values of 20.8% for TiC and of 9.0% for TiSi2. 

Table 10. Phase composition of Ti3SiC2 powders before sintering and dense materials after SPS sintering. 

Material 
Grain size 

[µm] 

Phase composition [wt.%] 

Ti3SiC2 TiSi2 Ti5Si3 TiC 

1 Powder Commercial 10±2 83.5±1.9 1.7±1.9 5.9±1.9 8.9±1.9 

1 Sintered Si-FG-1 10±2 71.8±1.8 7.8±1.8 - 20.4±1.8 

2 Powder TSCs2 10±3 75.3±1.8 1.2±1.8 9.5±1.8 14.0±1.8 

2 Sintered Si-FG-3 11±3 70.2±1.7 9.0±1.7 - 20.8±1.7 

 

 The second sintering method used in this study was Hot Pressing. Two SHS-powders 

were sintered with this method and their phase compositions are summarized in Table 11. The 

two powder materials have exactly the same phase compositions but different grain sizes. The 

sintering cycle for Ti3SiC2-based materials is described in II.3.2.2. Sintering conditions were 

the same for both Ti3SiC2 samples. 

As for materials prepared by SPS, the phase composition of powders changes when they 

are subjected to thermal cycle in HP. The first SHS powder contains 75.3% of Ti3SiC2 which 

after sintering decreases to 61% (Si-CG). The TiC content increases significantly reaching 

36.3%. For the second SHS-powder with finer grains, thermal cycle has a more important 

impact on the phase composition than for the coarser powder. In this case (Si-FG-2), the 



65 

 

quantity of Ti3SiC2 decreases from 75.3% to 52.2%, more than 23%. Simultaneously, the 

amounts of TiC increases from 14.0% to 47.8%. Both intermetallics found in powder, disappear 

after the sintering. For this powder, some grain coarsening is observed, with a mean grain size 

increasing from 7 to 8 µm.  

Table 11. Phase composition of Ti3SiC2 powders before sintering and dense materials after HP sintering. 

Material 
Grain size 

[µm] 

Phase composition [wt.%] 

Ti3SiC2 TiSi2 Ti5Si3 TiC 

1 Powder TSCs2 25±5 75.3±1.8 1.2±1.8 9.5±1.8 14.0±1.8 

1 Sintered Si-CG 25±5 61.0±1.9 2.7±1.9 - 36.3±1.9 

2 Powder TSCs2 7±2 75.3±1.8 1.2±1.8 9.5±1.8 14.0±1.8 

2 Sintered Si-FG-2 8±2 52.2±1.8 - - 47.8±1.8 

 

Densities of Ti3SiC2 materials are summarized in Table 12. The highest density is 

obtained for Si-CG material (4.65 g.cm-3) while the lowest is measured for Si-FG-1 

(4.53 g.cm-3). The theoretical densities of phases found in investigated Si-based materials, i.e. 

Ti3SiC2, TiSi2, Ti5Si3 and TiC are 4.53 g.cm-3, 4.07 g.cm-3, 4.32 g.cm-3 and 4.95 g.cm-3 

respectively [36,123,124]. Given the phase compositions of sintered materials, measured 

densities are within the theoretical range.  

Table 12. Density of all sintered Ti3SiC2 samples. 

Material Si-FG-1 Si-FG-2 Si-FG-3 Si-CG 

Apparent density [g.cm-3] 4.53±0.05 4.72±0.09 4.55±0.08 4.65±0.11 

II.5.2. Sintering of Ti2AlC material 

As for Ti3SiC2 powders, Ti2AlC ones were sintered using these two techniques which 

should permit to prepare fully dense material. Table 13 and Table 14 present phase composition 

determined using XRD and Rietveld method.  

Table 13 sums up phase compositions of both powders and SPS-sintered materials. 

Commercial powder contains 58.8% of Ti2AlC, 37.9% of Ti3AlC2 and 3.3% of TiC. Thermal 

treatment does not influence significantly the amount of Ti2AlC (≈58.5%, sample Al-FG-1). 

However, TiC disappears in favor of Ti3AlC2 which quantity increases from 37.9 to 41.5%. The 
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leading to easier formation of Ti2AlC is the limited evaporation of Ti when the titanium grains 

are larger. As the grains have higher volume, they melt slowly compared to smaller grains. In 

consequence, when the temperature suddenly raises during SHS, it takes more time to melt the 

titanium grains. This enable the reaction between other components (TiAl and C) before some 

of titanium evaporates. The latter leads the system to a lack of one component and shifts the 

system in different equilibrium than expected. For the same reason, the reaction stoichiometry 

for Ti2AlC synthesis, indicates an excess of 0.2 of Ti and Al which will potentially evaporate 

to the atmosphere before reacting with other elements. Similar observations were reported by 

other authors who added 0.1 to 0.4 more of Ti/Al to the reaction to limit the metal deficiency 

in the system [113]. Another important remark that should be noted is the fact that, for changing 

amounts of Ti2AlC and Ti3AlC2 in different batches, the TiC content stays stable. It oscillates 

between 2.1% and 3.8% and is not influenced by both grain size of substrates and atmosphere. 

II.6.2. Sintering of MAX phases 

Sintering was carried out using two different methods: HP and SPS. Both techniques 

were successfully implemented to densify commercial and SHS powders. However, the 

sintering stage has an important impact on the final phase composition of MAX phase samples 

for both Ti3SiC2 and Ti2AlC. 

For Ti3SiC2 both techniques are effective and materials after sintering are dense. When 

the SPS method is applied the MAX phase quantity in the best cases decreases only by about 

5.1 wt.%, whereas for HP the difference is 14.2 wt.%. For all Ti3SiC2 samples, the biggest 

difference in its quantity between powder and sintered material is 23.1% (Si-FG-2). SPS and 

HP were carried out at to different dwell temperatures, i.e. 1250˚C and 1500˚C where the choice 

of temperatures was determined experimentally to fully densify materials. High-temperature, 

i.e. 1250˚C for SPS or 1500˚C for HP leads to Ti3SiC2 decomposition and lowers its quantity 

in dense material. At the same time the quantity of TiC and intermetallic is higher in dense 

material compared to the powder one. The possible explanation found in the literature is the 

narrow field of existence of Ti3SiC2 as shown in Figure 41 [49]. When the temperature 

increases, Ti3SiC2 decomposes into TiSi2 and TiC. More pronounce drop of wt.% for Ti3SiC2 

after the SPS process is associated with high heating rates and shorter dwelling time which limit 

the decomposition kinetic of this MAX phases. 
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Si-FG-2 have similar mean grain size but different phase compositions which will permit to 

determine the influence of chemical composition on mechanical properties of MAX phases. Si-

FG-2 and Si-CG have similar phase composition but different grain size which will make 

possible to determine the relation between mechanical properties and the grain size of MAX 

phases. Additionally, as Al-FG-1 sample, contains only MAX phases, i.e. Ti2AlC and Ti3AlC2, 

it will also further investigated to compare its properties and behavior with Ti3S-C2- based 

materials. 

II.7. Conclusion 

Synthesis of two MAX phase compounds, Ti3SiC2 and Ti2AlC, was carried out by Self-

propagating High-Temperature Synthesis method. Based on previous works, substrates and 

stoichiometries of reactions were determined. The influence of the atmosphere and the grain 

size of titanium on final content of MAX phases in the powder prepared by SHS method was 

analyzed. In addition to SHS-derived powders, two commercially available powders (Maxthal 

312 and Maxthal 211) were used as to have a larger variety of chemical compositions and grain 

size within powders. 

SPS and HP are suitable sintering methods to prepare dense MAX phase material. 

However, in most cases it leads to decrease of desired MAX phases, especially Ti3SiC2, quantity 

compared to powder materials. This mostly is a consequence of limited stability of MAX phases 

at high temperatures and was already reported in the literature.  

The sintering stage did not permit to eliminate the presence of secondary phases in both 

MAX phase compounds and in most cases led to even increase of those in dense materials. The 

main advantage of SPS over HP is the high density of materials ensured by high applied 

pressure and high heating rate. At the same time, the use of SPS permits to lower the 

temperature necessary to obtain dense materials. 

Further investigation of thermomechanical properties and behavior will be conducted on four 

MAX phase materials: 

i) Al-FG-1: prepared from commercial powder and sintered by SPS. Except for the 

Ti2AlC, there is only Ti3AlC2 which has similar properties to Ti2AlC. This material 

will be considered as a pure MAX phase sample; 

ii) Si-FG-1: commercial powder sintered also by SPS technique. It has the highest 

content of Ti3SiC2 phase with fine-grained microstructure; 
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iii) Si-FG-2: SHS-derived powder densified by HP. It has fine- grained microstructure 

but different proportions of Ti3SiC2 to secondary phases than Si-FG-1; 

iv) Si-CG: SHS- derived powder sintered by HP. Coarse-grained materials with phase 

composition similar to Si-FG-2.  
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Chapter III. Methodology to characterize the nonlinear thermomechanical behavior of 

MAX phases 

III.1. Introduction 

The purpose of this work is to investigate the nonlinear thermomechanical behavior of 

MAX phases and the involved damage mechanisms by coupling mechanical tests and 

nondestructive techniques. 

In a first step, the methodology based on two nondestructive techniques were developed 

and implemented to investigate thermomechanical properties of Ti3SiC2 and Ti2AlC MAX 

phase compounds prepared from commercial powders and sintered by SPS method, namely Si-

FG-1 and Al-FG-1. Ultrasonic measurements provide information on elastic properties at room 

temperature and allow to follow their evolution with temperature. This investigation is 

complemented with Acoustic Emission (AE) monitoring during thermal cycles which will 

provide more information on possible influence of  thermal treatment on tested materials.  

In addition, cyclic bending tests coupled with in situ AE monitoring were carried out 

and give useful information on microstructural evolutions during mechanical solicitations. 

III.2. Non-destructive methods 

Non-destructive methods are a group of experimental techniques used to investigate and 

monitor the performance of materials subjected to different types of solicitations. The main 

advantages of these methods is the possibility to investigate materials properties without 

damaging or destroying it. These are very valuable techniques that can save time and money as 

they are often implemented in the industry as a part of permanent health monitoring. Two non-

destructive methods were used in this study to investigate mechanical properties of MAX 

phases: ultrasonic pulse echography (Figure 42a) and Acoustic Emission (Figure 42b). 
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The technology of the transducer is based on a magnetostrictive rod placed inside of a 

copper coil, which generates the ultrasonic waves. In order to obtain a linear response of the 

transducer, the coil is polarized by a constant axial magnetic field. The length of the rod (LR) 

determines the central frequency (fc) of longitudinal waves generated by a copper coil: 

         𝑓𝑐 = 𝑣2𝐿𝑅                                    Eq. 13 

 

Generated wave has to be transmitted to the sample through a waveguide. The best 

situation would be if the entire signal (ultrasonic wave) would be transmitted to the sample. It 

is possible if the reflection coefficient at the interface rod/waveguide is close to zero. Based on 

this condition, nickel and alumina were chosen as magnetostrictive rod and waveguide 

respectively. Sample is connected with the waveguide using a refractory cement.  

A proper test must ensure a correct sample’s geometry: 

i) The ratio between the lateral dimension of the sample (D) and the wavelength (λ) 

must be lower than 0.2; 𝐷𝜆 < 0.2                     Eq. 14 

ii) the lateral dimension of the sample has to be higher than the size of largest 

heterogeneity within the material; 

iii) the sample’s length has to be adjusted to obtain an adequate separation of successive 

echoes; 

iv) the shape of the amplitude of the main signal to be well defined in order to allow the 

reflected echoes to be reliably transmitted and properly computed. It is ensured by 

an adequate choice of central frequency of the transducer and the waveguide 

diameter . 

Experimental setup for high-temperature tests is shown in Figure 44. Evolution of Young’s 

modulus and the shape of the curve may indicate if there is a liquid phase formation, phase 

transformation or any damage accumulation etc. For instance, Figure 45 presents two different 

evolutions of the Young’s modulus vs. temperature: one refers to a perfectly reversible response 

of E versus changes of temperature, with no damage accumulation, and the second one presents 

important variations of the Young’s modulus associated to a significant damage accumulation 

during heating and cooling stages. 
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III.2.2. Acoustic emission  

Acoustic Emission (EA) method is a non-destructive technique (NDT) which provide 

useful information on changes and microstructural evolutions induced by different types of 

solicitations, i.e. mechanical, thermal etc. It is a part of implemented industrial Structural Health 

Monitoring (SHM) systems. A variety of damage mechanisms can be detected with this passive 

technique and some of them are listed in Table 16. 

Table 16. Potential sources and materials in which AE was detected [128]. 

Potential AE sources 

Phase transformation 
Realignment of magnetic domains 
Slip and movement of dislocation 
Intragranular cracking 
Intergranular cracking 
Fatigue crack growth 
Fracture of inclusion particles 
Fracture of reinforcement particles or fibers 
Delamination in layered media 
Rockburst 
Earthquakes- fault slip 

Materials in which AE has 

been measured 

Metals 
Ceramics 
Polymers 
Composites 
Wood 
Concrete 
Rocks and geologic minerals 

 

The principle of AE technique is based on phenomenon of a sudden energy release in 

form of acoustic waves when material undergoes changes in its structure or microstructure. 

Signals recorded during this NDT are in the range of 1 kHz to 1 MHz [129]. As listed in Table 

16, processes possible to detect with this technique are at structural and microstructural scales 

which makes it very attractive from an application point of view.   

The main advantages of AE technique are [130,131]: 

i) High sensitivity to all damages mentioned in Table 16 and possibility of an early 

stage detection; 

ii) Possibility to detect defects in hard-to-reach areas;  

iii) Real time monitoring of phenomena in order to provide continuous information 

(also on the nature of AE source); 

iv) AE monitoring is possible without interfering the normal functioning of material; 
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v) Possibility to determine by triangulation of signal, the location of AE source and 

consequently to investigate changes occurring locally but also globally as for 

complete structure. 

III.2.2.1. AE parameters and analysis 

A standard configuration of AE monitoring system is shown in Figure 47. Sensor is 

placed on the sample thanks to an adhesive medium. Generated signal is transmitted by sensor 

to a preamplifier, filter and amplifier and finally to computer. Figure 47 shows the path of  

signal from the detection to data acquisition. Data acquisition has been carried out by AE 

Express-8 system provided by Mistras Group Inc., France.  

           

Figure 47. Schematic AE monitoring setup [132]. 

Firstly, a proper experiment needs to define suitable time parameters, which are 

essential to ensure a good reliability of the recorded signal. Three specific time windows, 

depending on the properties of the studied material, have to be settle in order to avoid recording 

one hit as multiple hits or in opposite to record more than one event as one hit (Figure 48). Both 

situations could potentially shadow real sources and phenomena resulting in acoustic activity. 

These time windows are defined as follows (Figure 48): 
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Figure 48. Time windows defining acoustic signal [133,134]. 

Peak Definition Time (PDT) 

It is the time needed for the signal to reach the highest amplitude. This window is triggered at 

the first pass of the threshold and is re-triggered each time a higher amplitude is detected. 

Therefore, it defines the time-to-peak shape parameter of greater amplitude and records the 

associated value of the highest amplitude in decibels (reference signal at 1µV).  

Hit Definition Time (HDT) 

As for the PDT window, HDT one is triggered at the first pass of the threshold and is 

systematically re-triggered each time the threshold is crossed in amplitude and defines the total 

duration of the signal  

Hit Lockout Time (HLT) 

HLT defines how much time has to pass to detect another hit. 

This time window is only triggered when the previous one (HDT) has come to an end without 

re-triggering. The duration of the burst being fixed, a time of blindness (lockout time HLT) of 

the system is thus engaged in order to eliminate the possible reflections which can come to 

perturbate the initial source signal. In fact, HLT defines how much time has to pass to detect 

another hit. 

The most common way to determine values of PDT, HDT and HLT is the pencil-lead 

breakage (PLB) known also as Hsu-Nielsen source. In this test, the lead is pressed (2H and 

diameter of 0.5 mm) against the tested material until it breaks (shown in Figure 49). The 

pressure imposed by the pencil leads to stress accumulation in the sample and in the moment 

when it breaks this stress is released. The latter causes some microscopic displacement of the 

surface which consequently leads to propagation of acoustic wave. Performed correctly it has 
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good repeatability and permits to validate appropriate bonding between acoustic sensors and 

sample. With optimized time parameters, lead breakage will result in one acoustic hit [135,136]. 

                        

Figure 49. Hsu-Nielsen source [135]. 

Information extracted from AE data can be analyzed following two different 

approaches: i) based on AE parameters or ii) based on recorded signal shapes.  

III.2.2.1.1. Waveform parameters- based analysis 

This type of analysis assumes that one type of damage mechanism and associated 

microstructural changes will liberate one type of acoustic waves with specific values of 

parameters. In order to establish how many populations can be found in recorded acoustic 

signals, it is useful to correlate different characteristics of AE hits, i.e. counts vs. amplitude, 

absolute energy vs. amplitude etc. (Figure 50). 

Threshold (dB) 

Often AE measurements are conducted in different environments which may generate 

additional AE events. These additional hits may shadow events occurring within the tested 

material. In order to eliminate background noises, it is useful to set a threshold value of any 

possible parameter. Any acoustic activity will be recorded above or below the threshold. 
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Table 17. Acoustic emission parameters and their information about the source signal [138]. 

 

III.2.2.1.2. Signal-based approach 

Nowadays, recording systems are very effective and gives the possibility to record every 

signal with its waveforms. This is of primary importance because waveform mainly provides 

mainly information on the source of AE activity. The first written papers devoted to 

waveform- based analysis considered metallic materials [138,139] where the mechanisms of 

plastic deformation were investigated. Generally speaking, recorded signals are either bursts or 

continuous ones (Figure 52). The idea behind this assertion is that time-consuming, low-

dynamics processes will give a different AE response than sudden processes, releasing a lot of 

energy in a short time. Processes needing time and not very dynamic will give different AE 

response than abrupt processes, releasing a lot of energy in a short time. Burst events are most 

likely to be detected when an event with high energy and short duration is generated, like crack 

initiation or propagation. In opposite, phenomena taking more time and having lower energy 

like dislocation motion, friction processes will have continuous waveforms 

[130,133,138,140,141].   

Domain Parameter Information about the source event 

Time domain variables 

Peak amplitude Intensity of source signal, orientation 

Duration or count Energy of source signal 

Rate Rate of damage occurring 

Energy Energy of source signal- damage type 

Relative arrival time Source location 

Frequency domain 
variable 

Frequency spectrum Nature of source signal 

Time-frequency domain 
variables 

The time variation of each 
frequency spectrum 

The intensities of source frequency 
components 

Spectrogram 
Energy distribution of source signal 
through time 
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Cyclic loading and unloading steps were defined to increase the peak stress value at 

each subsequent cycle. The strain rate was 3.1×10-5 s-1, i.e. crosshead speed of 0.2 mm.mm-1. 

The flexural strength was calculated with the following equation: 

            𝜎 = 1.5×0.02×𝐹𝑏×ℎ2              Eq. 17 

where F is the load [N], b is the width [mm] and h is the height [mm]. 

Apparent Elastic Moduli (AEM) 

It is important to define a parameter that will give the possibility to quantitatively 

determine the evolution of mechanical behavior. Apparent elastic moduli permit to quantify the 

progressing nonlinear behavior of tested MAX phases. It is of a prime importance because a 

quantitative approach will permit to actually compare results between various materials. Similar 

definition of moduli at different stages of mechanical test was proposed by Poon et al. [98]. 

They used the ratio of different moduli to detect when the mechanical response changes during 

the test showing therefore that it can provide a valuable information about materials response.  

These moduli are slopes of Loading and Unloading curves at their Start and End (Figure 53). 

Letters S, E, L and U in indices signify Start, End, Loading and Unloading. Parameters ESL and 

ESU describe linear parts of stress-strain curves, while EEL and EEU nonlinear parts. 

 

Figure 53. Determination of apparent elastic moduli. 

III.2.4. High- temperature AE measurements 

In addition to these experiments, AE activity was recorded only during a thermal 

treatment of MAX phases (without any other direct mechanical solicitations). Two consecutive 

thermal cycles were applied in order to check the reproducibility (or not due to a possible 

microstructural evolution after the first cycle). The maximal temperature was either 1200˚C or 

1350˚C. Each cycle consists in a heating rate of 5˚C.min-1 up to maximal temperature, dwelling 

time of 30 min, cooling rate at 5˚C.min-1, dwelling time of 120 min (Figure 54). Experiments 
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Measured Young’s moduli are reasonable if one takes into account the intrinsic E values 

of each phase present within investigated materials which are 330, 256, 400, 270 and 298 GPa 

for Ti3SiC2, TiSi2, TiC, Ti2AlC and Ti3AlC2 respectively [68,123,143,144]. Differences in 

elastic properties between Si-FG-1 and Al-FG-1 are reported to result from the difference in 

strength between Ti-Si and Ti-Al bonds [8,9,145]. 

E, G and ν were measured in two directions with respect to the pressing axis (see Figure 

43). All elastic properties measured perpendicularly to pressing axis (E
┴
, G

┴
,ν

 ┴
) are slightly 

higher than the one measured in parallel direction (E
║
, G

║
,ν

║
). It is most likely related to a slight 

anisotropy induced by applied uniaxial sintering process (SPS and HP). Similar effect was 

observed by Henon et al. [146] who investigated by XRD the texturation of SPS sintered 

Ti3SiC2 materials. As MAX phases’ grains have plate-like morphology, they will tend to 

orientate with longer axis perpendicular to the pressing axis. In addition, elastic properties of 

MAX phases are anisotropic which was shown by ab initio calculations, ex. for Ti2AlC 266.4 

and 300.5 GPa along the a and c crystalline directions respectively [147].  

III.3.2. Influence of high temperature 

Influence of temperature on elastic properties was investigated by ultrasonic pulse 

echography in long bar mode. In addition, a deeper understanding of how thermal stresses 

affects material’s microstructure might be brought by AE measurement during two consecutive 

thermal cycles.  

III.3.2.1. Evolution of elastic response with temperature  

Evolution of Young’s modulus with temperature for both compounds, i.e. Si-FG-1 and 

Al-FG-1, is shown in Figure 56.   
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Figure 56. Evolution of Young’s modulus with temperature for Si-FG-1 and Al-FG-1 materials. 

For Ti3SiC2 material (Si-FG-1, black line), up to around 1230˚C values of E decreases 

linearly with a slope of 0.026GPa.˚C-1. In the temperature range from 1230˚C to 1350˚C, 

Young’s modulus drops down more rapidly with a slope of 0.29 GPa.˚C-1
.
 For Ti2AlC 

compound (Al-FG-1, purple line), the obtained curve can also be divided into two parts. Up to 

1250˚C, as for Ti3SiC2, E values decreases linearly with corresponding slope of 0.041 GPa.˚C-1. 

Further increase of temperature leads to a faster decline of Young’s modulus with a rate of 0.13 

GPa.˚C-1. Upon cooling stage, for both materials, E values increases with the same rate as 

during heating stage. The quality of received signals dropped down significantly around 800˚C 

and it was not possible to obtain reliable data from this point down to room temperature. It is 

most likely due to differences of coefficients of thermal expansion (CTE) between tested 

sample, refractory cement used as a coupling medium and alumina waveguide. Some addition 

of MAX phase powder, to the refractory cement (to decrease the mismatch of CTE between the 

coupling medium and the sample) did not improve the signal. In order to see if there are any 

changes of elastic properties after the thermal treatment, E values were determined at room 

temperature using the same long bar mode technique. Results are shown in Figure 56 as black 

(Si-FG-1) and purple (Al-FG-1) stars. A one can see, final Young’s moduli for both materials 

after the thermal cycle are very close to the ones measured at the beginning of the experiment. 

It suggests that thermal stresses did not lead to severe microstructural damages. 

Similar investigations were carried out by Radovic et al. [69] implementing Resonant 

Ultrasound Spectroscopy (RUS) on Ti3SiC2 and Ti2AlC between 25 and 1300˚C. Results 

presented here are in good agreement with values obtained by RUS method which showed 

estimated slopes of 0.045 GPa.˚C-1 and 0.039 GPa.˚C-1 for Ti3SiC2 and Ti2AlC respectively. 

Radovic et al. did not notice any changes in tendency when the temperature reaches 1250˚C: 
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level of AE activity for Si-FG-1 up to 1200˚C could be related to two aspects. On the one hand, 

higher thermal strains induced during cooling for Ti3SiC2 considering the difference in thermal 

expansion coefficients, i.e. 9.3×10-6 ˚C-1 for Ti3SiC2 and 7.9×10-6 ˚C-1 Ti2AlC [107,148]. On 

the other hand, the presence of secondary phases (i.e. TiC and TiSi2) for Si-FG-1 leads to 

thermal expansion mismatch between phases, whereas Al-FG-1 is only composed of MAX 

phases with two different stoichiometries. 

For Si-FG-1 material, it can be noticed that increasing the maximum temperature of the 

thermal cycle does not change the total number of acoustic records, with about 350 cumulated 

hits per thermal cycle. In opposite, for Al-FG-1, the AE activity strongly increases (ten times) 

from ≈200 to ≈2000 hits when the temperature increases from 1200˚C to 1350˚C. The increase 

of the acoustic activity between cycles up to 1200˚C and 1350˚C for Al-FG-1 could be related 

to a BPTT lower than the one of Ti3SiC2- based materials. This explanation is supported by 

other studies of the literature, which have shown that change of behavior for Al-MAX phases 

is slightly lower (950-1050˚C) than for Si-MAX phases (1100-1300˚C) [70,103,104]. 

III.3.3. Coupling of bending test with AE monitoring at room temperature 

Deeper understanding of deformation mechanisms leading to hysteretic behavior of 

MAX phases might be shed by performing bending tests coupled with in situ AE monitoring. 

Two different MAX phase compounds with similar grain size were tested, i.e. Si-FG-1 and 

Al-FG-1. As a reminder, Al-FG-1 only contains MAX phases (with two different 

stoichiometries), while Si-FG-1 contains some secondary phases. It will permit to establish the 

first conclusion about the influence of A-atom type as well as of secondary phases on MAX 

phase behavior. 

III.3.3.1. Loading cycles with increasing peak stress 

Flexural strengths of tested materials are similar (Figure 59), of approximately 

650±37 MPa, with a higher corresponding maximum strain for Ti2AlC (≈ 0.22% for Ti3SiC2 

and ≈0.27% for Ti2AlC). The permanent strain before rupture for Ti2AlC is twice the one for 

Ti3SiC2 (i.e. ≈ 0.012% for Ti3SiC2 and ≈ 0.025% for Ti2AlC). Cyclic loading and unloading 

stages highlighted the presence of hysteretic loops for both materials. However, they are more 

marked for Ti2AlC material. As mentioned in previous chapters, one of the most noticeable 

mechanical parameter describing MAX phases is the amount of dissipated energy per cycle and 

per material’s volume (Wd). It was quantified as the difference between loading and unloading 

curves’ integrals. Wd are plotted against peak stress values of the cycle in Figure 59. The theory 











100 

 

 

Figure 64. Counts versus amplitude of recorded hits for both materials. 

Figure 64 shows that two different clusters of signals can be distinguished: 

i) Type A- continuous signal- with relatively long duration and a relatively low 

amplitude <55 dB (orange and purple dots); 

ii) Type B- burst signal- with short duration and high amplitude >55 dB (red 

triangles and black dots). 

Continuous signals are detected for both materials whilst the burst ones are mainly 

recorded mainly for Ti3SiC2. In the literature, continuous signals are associated to processes 

like friction of microcracks faces, motion of dislocations or microcrack propagation. The 

second type of signals, burst one, is typically detected for microcracking onset mechanisms.  

In addition, post mortem SEM observation of both samples were carried out and are shown in  

Figure 65. Significant microcracks are found in or around TiC and TiSi2 grains in Si-FG-1 

sample (Figure 65a). Microcracking processes might be induced by differences in rigidity 

between secondary phases and Ti3SiC2. Therefore, microcracks observed in this material seem 

to be correlated to the detection of B signals (bursts ones).  

The second type of damages found in tested materials are numerous delaminations 

within MAX phases grains. Delamination are mainly in grains oriented along the direction of 

maximum shear stresses (45˚). Continuous hits might be associated with friction processes 

between delamination faces. 
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eliminate influence of secondary phases on hysteretic behavior and recorded AE. Experimental 

setup and parameters were the same as for previous tests (described in III.2.3). 

III.3.4.1. Stress-strain curve 

Al-FG-1 sample was loaded and unloaded five times up to 320 MPa. Next loading stage 

led to rupture. Stress- strain curves are shown in Figure 66. 

                     

Figure 66. Stress-strain curves of five repetitive loadings and unloadings up to 320 MPa and sixth cycle up to 

rupture. 

Strain values at 320 MPa is 0.13%. After the first unloading stage, the material response 

is not fully reversible and a permanent strain (0.01%) is observed. Next four cycles up to the 

same peak stress of 320 MPa form perfectly overlapped hysteretic loops. Last loading stage led 

to rupture at 619 MPa with corresponding strain of 0.25% which is similar to the flexural 

strength determined with the increasing peak stress (Figure 59b). 

III.3.4.2. AE activity 

AE activity recorded during bending test is shown Figure 67 as a function of time. 

Complementarily to AE activity, variation of stress level during the test was also plotted on 

Figure 67. Overall acoustic activity reached 275 hits and can be divided on three stages. 

The first part covers AE activity recorded during the first cycle (Figure 67). There are 84 

acoustic hits recorded during the first cycle and the majority is detected during loading stage. 

Moreover, recorded hits have relatively high amplitude (up to 70 dB) with corresponding high 

energy. Important acoustic activity at the beginning of test may result from creation of new 

defects as the sample is subjected to mechanical stresses for the first time. 
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The second stage includes acoustic activity recorded from second to fourth cycle when the 

stress is repeated up to 320 MPa. The number of hits decreases significantly to only few for 

each cycle. The maximal amplitude of acoustic signals is low, around 60 dB. Majority of these 

hits is recorded during loading stages when the stress is close to the chosen peak stress 

(320 MPa). This observation suggests that damage does not evolve significantly within the 

material during these repeated cycles up to the same peak stress. 

Third part of AE activity concerns hits recorded during the last loading stage up to rupture. 

Except for 3 hits, acoustic activity is recorded when the stress is higher than previous peak 

stress (> 320 MPa) with corresponding high amplitudes. Similar behavior was observed for the 

same material loaded cyclically with increasing peak stress (Figure 63) and is known as Kaiser 

effect. When the applied stress exceeds previous one, new defects are created or already existing 

ones are propagating. 

                            

Figure 67. stress cycles with corresponding AE activity recorded for Ti2AlC. 

Further analysis of AE activity is shown in Figure 68 where counts and absolute energy 

of hits are plotted as a function of amplitude. Both graphs permitted to distinguish two main 

populations of hits indicated with blue and red dots in Figure 68. The same classification of hits 

is shown in Figure 67b allowing to follow repartition of both populations during the time and 

stress level. 

Previous bending tests have shown that continuous and burst signals could probably be 

assigned to specific damage mechanisms like delaminations and crack initiation or propagation 

respectively. Following the same logic, continuous hits may result from delamination and 

friction processes in MAX phase grains. Burst signals are detected when microcracks are 

initiated. 
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i) Ultrasonic measurement up to 1350˚C revealed the fact that up to 1230-1250˚C 

the Young’s modulus for both materials decreases linearly with a slow rate. 

When the temperature exceeds these value, E drops down more rapidly 

suggesting that the BPTT is reached; 

ii) AE measurements up to 1200˚C and 1350˚C have shown that for Al-based 

material, the change of maximal temperature has a more important impact on 

microstructural changes (more hits recorded during thermal cycles up to 1350˚C) 

than for Si-MAX phase. It seems to be related to a BPTT lower for Al-based 

compound. 

Room- temperature bending tests coupled with AE monitoring were carried out on Si-

FG-1 (Ti3SiC2) and Al-FG-1 (Ti2AlC). Evolution of stress- strain curves characterized by 

apparent elastic moduli and examination of AE signals permitted to identify involved damage 

mechanisms. Several conclusions can be pointed out: 

i) Rigidity of both materials drops down progressively when the peak stress 

increases. Apparent elastic moduli decrease more rapidly for Ti2AlC (Al-FG-1) 

than for Ti3SiC2 (Si-FG-1). 

ii) Energy dissipated during loading cycles is higher for Ti2AlC (Al-FG-1) than for 

Ti3SiC2 (Si-FG-1). This observation is in good agreement with literature data 

and is a consequence of different energy of bonds between Ti-Si and Ti-Al. 

Easier delamination processes in Ti2AlC lead to higher energy dissipation under 

mechanical stresses. 

Recorded AE activity gives the possibility to well understand the mechanical behavior 

of these two materials. Ti3SiC2 (Si-FG-1) exhibits higher acoustic activity than Ti2AlC 

(Al-FG-1). Two types of signals were recorded: continuous and burst ones for Ti3SiC2 and 

mainly one, continuous, for Ti2AlC. For Al-FG containing only MAX phases, extensive 

delaminations were identified by SEM observations. This suggests that friction or delamination 

processes are correlated with continuous signals. In opposite, for Ti3SiC2 (Si-FG-1) second 

population of signals (burst ones) is detected. These signals were associated with microcrack 

initiation and propagation. 

Cyclic loading and unloading up to the same peak stress (320 MPa) carried out on 

Ti2AlC (Al-FG-1) supports already mentioned conclusions on possible damage mechanisms. 

AE activity during the mechanical cycles up to the same peak stress is composed of continuous 
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hits. Those signals are associated with delaminations or friction processes. This observation 

suggests that the main mechanism resulting in energy dissipation are friction processes between 

microcrack (delamination) walls during loading and unloading stages.  

 

 

 

 

 

 

 

 

 

 

 



107 

 

 

 

 

 

Chapter IV 

  



108 

 

Chapter IV. Influence of secondary phases and grain size on mechanical behavior 

This chapter will summarize works conducted on Ti3SiC2-based materials with different 

microstructural characteristics, i.e. quantity of MAX phase and grain size, allowing to establish 

the correlation with thermomechanical behavior. The first part is focused on room temperature 

bending tests coupled with Acoustic Emission technique, which give useful information on 

microstructural evolution during mechanical solicitation. The second part of this chapter covers 

the evolution of Young’s modulus and acoustic activity for chosen materials recorded during 

repetitive thermal cycles up to 1200˚C and 1350˚C. 

IV.1. Phase composition and microstructure of sintered samples 

Three chosen materials exhibiting different chemical compositions and grain sizes have 

been sintered by SPS and HP using SHS-derived powders and the commercial one (Table 20). 

The material sintered by SPS from the commercial powder, named Si-FG-1, has the highest 

quantity of MAX phase (i.e. 71.8 wt.%) while the other fine-grained material, Si-FG-2, has the 

lowest quantity of MAX phase (52 wt.%). Si-FG-2 and Si-CG materials exhibit quite similar 

MAX phase amount but a difference in mean grain size of 8 and 20 µm, respectively. In Si-FG-1 

and Si-CG materials, besides of TiC, there is also some TiSi2. In the following, these two phases 

will be referred as secondary phases. SEM observations enabled to confirm that all samples 

were dense. 

Table 20. Phase composition and average grain size of sintered materials. 

 

IV.2. Elastic properties at room temperature 

 Elastic properties of examined compositions were measured by ultrasonic pulse 

echography at room temperature. For all Ti3SiC2 materials, measurements were carried out in 

two directions with respect to the pressing axis. Results are displayed in Table 21. 

 

 

Sample Powder 
Sintering 

conditions 
Phase composition 

[wt.%] 
Average 

grain size [µm] 

Si-FG-1 Commercial 
SPS, 1250°C, 
75 MPa, 5min 

71.8 % Ti3SiC2 
20.4 % TiC 
7.8 % TiSi2 

~10 

Si-FG-2 SHS 
HP, 1500°C, 25 

MPa, 1h 
52.2 % Ti3SiC2 

47.8 % TiC 
~8 

Si-CG SHS 
HP, 1500°C, 25 

MPa, 1h 

61.3 % Ti3SiC2 
36.0 % TiC 
2.7 % TiSi2 

~20 
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Table 21. Elastic properties of Ti3SiC2-based materials measured in parallel and perpendicular directions to the 

pressing axis. 

Material Sample 
E

┴
 

[GPa] 

E
║

 

[GPa] 

G
┴

 

[GPa] 

G
║

 

[GPa] 
ν

┴
 ν

║
 

 

Ti3SiC2 

  

Si-FG-1  335±2 324±3 141±2 139±2 0.18 0.18 

Si-FG-2  372±7 379±8 157±7 159±8 0,19 0,19 

Si-CG  358±5 343±7 149±6 145±7 0,20 0,19 

 

Measured Young’s moduli are in good accordance with literature data. Differences in 

elastic properties between Si-FG-1, Si-FG-2 and Si-CG result in different phase compositions. 

Young’s moduli for Ti3SiC2, TiSi2 and TiC are 330 GPa [68], 256 GPa [143] and 400 GPa 

[123] respectively. TiC has the highest E among all phases and consequently higher quantity of 

TiC leads to a higher E for Si-FG-2.  

IV.3. Four- points bending tests at room temperature 

Figure 69 presents typical stress-strain curves measured for all three tested materials. 

Si-FG-1 sample with fine grains and a low amount of secondary phases, has the highest flexural 

strength (810±46 MPa) with corresponding maximum strain of ~ 0.26 %. On the opposite hand, 

Si-CG sample has the lowest strength of 407±29 MPa (maximum strain of 0.18 %). The 

Si-FG-2 specimen has a flexural strength of 658±26 MPa with 0.19% of maximum strain. As 

expected, cyclic loading and unloading stages reveal a hysteretic response for all three materials 

(Figure 69). Observed hysteresis indicates the dissipated energy (Wd), which is the area of the 

loop. The values of Wd per cycle and unit volume of the material are calculated and plotted as 

a function of the corresponding peak stress in a log-log mode (Figure 70). One can see that, for 

all Ti3SiC2-based materials, Wd is increasing with increasing peak stress. For a given stress 

level, Si-CG dissipates the most energy and Si-FG-2 the least. After the theory of  proposed by 

Frank and Stroh [85], when the loaded material deforms by kinking, the slope of above 

mentioned curves should be equal two. In this study, these values are in quite good accordance 

with the kinking theory, with corresponding slopes of 2.08, 2.16, 2.46 for Si-FG-1, Si-CG, 

Si-FG-2 respectively. It should be emphasized that, from all three phases detected in tested 

materials (i.e. Ti3SiC2, TiC, TiSi2), the only one which deforms by kinking is Ti3SiC2. 

According to phase compositions of samples (Table 20), the amount of Ti3SiC2 in samples 

decreases in the following order: Si-FG-1, Si-CG and Si-FG-2. The sample which has the 

highest content of MAX phase (Si-FG-1) is in best accordance with the theory of Frank and 
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different phase compositions. As a remind, Si-FG-1 has  28.2 wt.% of secondary phases 

compared to Si-FG-2 with 47.8 wt.%. 

Firstly, as previously pointed out, the higher rigidity of Si-FG-2 (with ESL 40 GPa 

greater, as shown in Figure 71) is related to a higher content of TiC, which exhibits the upper 

intrinsic Young’s modulus. Moreover, Si-FG-1 has higher flexural strength (810±46 MPa for 

Si-FG-1 vs. 658±26 MPa for Si-FG-2, Figure 69). Therefore, the lower the content of secondary 

phases, the higher the mechanical strength and the associated strain to rupture. Moreover, 

Si-FG-1 has a more pronounced nonlinear behavior than Si-FG-2, which was indicated by a 

more significant decrease of apparent elastic moduli throughout the applied strain range (Figure 

71). Also, higher content of MAX phase promotes the ability of the material to dissipate more 

energy during mechanical cycles ( Figure 70). These results might suggest that damage 

accumulation within MAX phase grains leads to enhanced mechanical properties (flexural 

strength) and improved possibilities to dissipate energy. 

Complementary to mechanical tests, AE measurements are very useful in capturing and 

following microstructural changes occurring at every loading or unloading stage. AE results 

have shown that even if Si-FG-1 and Si-FG-2 have different phase composition, two main 

damage mechanisms can be distinguished (Figure 72 and Figure 73). This observation is 

essential because when associated with post-mortem SEM imaging, it makes possible to 

identify those mechanisms and potentially to detect their chronology of activation and 

propagation within the material. Careful analysis of AE hits feature but also of their waveforms 

allows investigating the nature of AE activity. 

AE activity for Si-FG-2 is detected during the 3rd cycle and remains negligible up to the 

7th cycle (Figure 74). In addition, calculated ESL for Si-FG-2 is quite stable up to the 7th cycle. 

Therefore, for the material with almost 50 wt.% of secondary phases, microstructural changes 

are limited at low stresses. They become more important when the stress exceeds ≈ 400-500 

MPa, i.e. about two-thirds of the stress to rupture. Moreover, the repartition of burst and 

continuous hits changes with an increase of the b/c ratio at high stress level (Table 22), which 

indicates the onset of crack formation and propagation leading to rupture. 

For Si-FG-1, the damage behavior is very different. AE activity is recorded from the 

very beginning, even when applied stresses are quite low. Damage accumulation starts from the 

first cycle (Figure 74a). This observation is supported by the immediate decrease of apparent 

elastic moduli (Figure 71a). It should be also noticed that, for this material, a high b/c ratio is 

found at the beginning of mechanical solicitation suggesting the formation of microcracks at 

low stresses (Table 22). Then, for intermediate stresses, this ratio decreases below 1, indicating 
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the reduction of crack formation (burst signals) and the occurrence of friction processes within 

previously formed microcracks (continuous signals). Finally, during the last mechanical cycle 

(at high applied stress), the b/c ratio suddenly raises, which corresponds to crack formation 

leading to rupture. 

Interestingly, there is also a chronology in the occurrence of burst-continuous hits. In 

almost every case, when a burst hit is recorded, it is followed by several continuous ones (Figure 

79). As mentioned in previous paragraphs, the type of hit can indicate the nature of AE activity 

source. Based on literature review [139,141,151,153], burst hits (red dots) are associated to 

crack initiation or propagation, whether it is formed within grains or in grain boundaries. Then, 

friction processes (longer duration) occur within cracks leading to continuous hits. Here, 

delaminations observed in MAX phase grains (Figure 75) are also considered as cracks. 

 In conclusion, it seems that the quantity of MAX phase in the material has an important 

influence on its mechanical behavior. Higher content of MAX phases permits to increase 

mechanical strength of the material, but also to accumulate much more damage during cyclic 

loadings. This damage seems to be associated to friction mechanism within MAX phases 

delamination, which promotes the dissipation of mechanical energy. 

 

 

Figure 79. One stress cycle with associated AE activity for Si-FG-1. Burst hit (red dot) is followed by several 

continuous ones (blue dots) indicating damage chronology: most probably crack initiation/propagation followed 

by friction processes within microcracks or delaminations. 

US and AE experiments carried out up to 1350˚C have also revealed some differences 

between Si-FG-1 and Si-FG-2 (Figure 76 and Figure 77). Firstly, for both fine- grained 

materials, the increase of temperature leads to decrease of E. However, the total decrease of 

Young’s modulus is more significant for Si-FG-2, 90 GPa, than for Si-FG-1, 66 GPa. Moreover, 

between RT and 1230˚C, E decreases faster for Si-FG-2. Complementary AE analyses revealed 
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that the increase of temperature affects more significantly the response of Si-FG-2 (increase of 

the number of cumulated hits) than the one of Si-FG-1. Based on these observations, it seems 

that thermal treatments alter more significantly the material with higher content of secondary 

phases (Si-FG-2). This is related to an enhancement of thermal expansion mismatch with 

increase of TiC content, the CTE for Ti3SiC2 in a and c directions and TiC being of 7.4×10-6 

˚C-1, 8.6×10-6 ˚C-1 [154] and 9.7×10-6 ˚C-1 [155] respectively.  

IV.7.2. Influence of grain size 

In order to point out the effect of grain size on mechanical behavior, Si-FG-2 and Si-CG 

materials are compared as they have similar phase composition and different mean grain sizes, 

20 µm for Si-CG and 8 µm for Si-FG-2. 

It seems that, even if both materials contain similar proportions of Ti3SiC2 and 

secondary phases (i.e. TiC and TiSi2), grain size plays an important role in mechanical 

performance. Higher grain size of MAX phase leads to the reduction of mechanical strength, as 

shown by the drop of the flexural strength from 658±26 to 407±29 MPa (Figure 69). In addition, 

Si-CG material dissipates much more energy for a given stress range ( Figure 70). These both 

observations are in very good accordance with literature data, and are a result of easier 

deformation or damage accumulation within longer MAX phase grains [106]. 

As previously noticed, AE analyses show that, for both materials, there are two major 

damage mechanisms, initiation/propagation of cracks and friction process within cracks. 

However, the increase of the grain size of Ti3SiC2 induces a high b/c ratio for Si-CG during the 

first two mechanical cycles (Table 22). It is related to the onset of damage accumulation even 

for low stresses, characterized by the formation of numerous delaminations within Ti3SiC2 

grains (as shown by SEM observations in Figure 75c). At intermediate stress range, the b/c ratio 

decreases below 0.5 for Si-CG. It suggests that the second damage mechanism, i.e. friction 

process within already existing delaminations, is predominant. At high stress level (during the 

last two cycles), new cracks are formed, indicated by a b/c ratio higher than 1. 

In addition, the influence of grain size of MAX phases on Young’s modulus and AE at 

elevated temperatures was investigated. Young’s moduli determined by US measurements at 

RT are similar for both materials, i.e. ≈360 GPa. This is explained by similar chemical 

composition for both compounds. During heating, Young’s modulus of both materials starts to 

decrease linearly with similar rates (i.e.0.047 GPa.˚C-1 for Si-FG-1 and 0.048 GPa.˚C-1 for Si-

FG-2). However, both materials exhibit different threshold temperatures for which Young’s 

modulus decreasing rate becomes higher, i.e., 1230˚C for Si-FG-2 and 1100˚C for Si-CG. This 
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particular changes of behavior at a given temperature may be associated with the brittle-to-

plastic transition, which was already reported for MAX phases by other authors 

[104,106,156,157]. This observation suggests that larger grains of MAX phases lower the 

transition temperature. As suggested by Barsoum et al. [5], the nature of BPT relies on 

decohesions between grains and delaminations within MAX phases’ grains rather than 

activation of additional slip systems. Based on this hypothesis, both decohesions and 

delaminations will be easier induced in materials with coarser grains (here Si-CG) with lower 

corresponding thermal stresses (lower temperature difference) leading to those phenomena. In 

addition, during thermal cycles, it should be noticed that for Si-CG the AE activity is recorded 

earlier during cooling stages for treatments at 1350˚C (Figure 77f). As revealed by SEM 

observations, delaminations within MAX phase grains are more frequent in larger grains than 

in smaller ones. Moreover, longer lamellae in MAX phases grains will tend to buckle due to 

limited space within the material. The activity recorded at the beginning of the cooling stage 

for Si-CG is likely to be generated by deformation of lamellae within MAX phase grains, which 

is more pronounced since the gain size is twice the one in Si-FG-2.  

IV.8. Conclusion 

In this part, Ti3SiC2-based materials were sintered via SPS or HP methods either from a 

commercially available powder or from SHS-synthesized powders. Dense materials with 

various quantity of secondary phases (from 28.2 wt.% to 47.8 wt.%) and different grain sizes 

(from 8 to 20 µm) were investigated.  

Study of the impact of phase composition on mechanical behavior and damage 

mechanisms of Ti3SiC2-based materials was conducted by comparing the mechanical response 

of two materials, Si-FG-1 and Si-FG-2 which have a similar grain size and different quantities 

of Ti3SiC2 (78 and 52 wt.% respectively). Si-FG-1 material, with the higher content of MAX 

phase, exhibits a slope of dissipated energy vs. peak stress curve close to 2.0, in accordance 

with the theory of Frank and Stroh on kinking [85]. As shown, the lower the content of 

secondary phases, the higher the mechanical strength and the capability to dissipate energy. 

Moreover, AE activity recorded during bending tests coupled with SEM observations permitted 

to distinguish two main damage mechanisms: i) initiation and propagation of delaminations 

within Ti3SiC2 grains and microcracks around or within secondary phases (burst AE signals); 

ii) friction process within delaminations (continuous signals). For Si-FG-1 sample containing 

the higher amount of MAX phase, an important AE activity is noticed at low stresses, associated 

to the onset of delaminations within MAX phase grains. At intermediate stress level, friction 
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processes within previously formed microcracks becomes the major damage mechanism. At 

high stresses (before rupture), new microcracks are created due to the elasticity mismatch 

between phases. The comparison with Si-FG-2 material has shown that the increase of 

secondary phases’ amount limits the two first stages and also the mechanical performance, i.e. 

reduction of the mechanical strength and the energy dissipation.  

In addition, the quantity of secondary phases influences the mechanical response in 

temperature. When the materials contains more TiC (Si-FG-2 vs. Si-FG-1), the decrease of E 

with temperature is more significant. This observation is related to CTE mismatch between 

Ti3SiC2 and TiC which leads to more important damage accumulation in material with higher 

content of TiC. 

The effect of grain size has been analyzed and discussed by comparing Si-FG-2 and 

Si-CG materials, having similar phase composition and different mean grain sizes (i.e. 20 µm 

for Si-CG and 8 µm for Si-FG-2). In terms of mechanical performance, the obtained results are 

in accordance with the literature, i.e. a reduction of mechanical strength and an increase of 

dissipated energy for coarse-grained material (Si-CG). The chronology of damage mechanisms 

is similar to the one cited above. However, the first stage associated with the formation of 

delaminations within Ti3SiC2 grains at low stress level is emphasized by the increase in grain 

size, which finally leads to a more pronounced nonlinear behavior. 

 High-temperature behavior is also affected by the grain size variation of MAX phases. 

With increase of temperature, Young’s modulus drops down similarly for both Si-FG-2 and Si-

CG. However, these compounds exhibit different transition temperatures, which corresponds 

to a faster  decrease of the Young’s modulus. The coarse-grained material (Si-CG) shows a 

lower transition temperature than the fine-grained one (Si-FG-2), i.e. 1100 and 1230˚C 

respectively. This is most probably associated with easier formation of decohesions and 

delaminations when MAX phase grains are larger. 
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Conclusions and future works 

Research presented in this thesis was focused on two carbides from MAX phase group, 

namely Ti3SiC2 and Ti2AlC. This choice of materials was based on extensive studies conducted 

and published on these compounds and experience gained during previous years. The literature 

review has shown  main properties of MAX phases and associated potential applications of 

these ternary carbides. Mechanical properties of MAX phases are of particular interests and 

many theories have tried to explain the possible phenomena leading to observed behavior. 

 This project was divided in two main parts: the first one consisted of materials 

preparation including SHS synthesis followed by SPS or HP sintering. Results of SHS have 

shown that it is possible to prepare MAX phase powder with good quality, i.e. relatively high 

quantity of MAX phases. Comparison between both Ti3SiC2 and Ti2AlC materials have shown 

that SHS method is more efficient for the latter resulting in a better powder quality, i.e. higher 

quantity of MAX phases. This is more probably caused by higher stability of Ti2AlC compared 

to Ti3SiC2. Despite of the compound, the main secondary phase present along with MAX phase 

were TiC and intermetallic phases. It was also shown that the atmosphere of reaction, i.e. 

vacuum or argon, has more impact on the final phase composition of powders than the grain 

size of substrates. For both materials, protective atmosphere promotes formation of MAX phase 

formation compared to vacuum environment. 

Sintering stage was carried out using two pressure-assisted techniques: SPS and HP. 

Simultaneous application of high pressure and high temperature permitted to obtain dense 

materials for mechanical investigations. SPS works better than HP due to its high heating rate 

and allows to densify these ternary carbides, especially Ti2AlC. It has also been shown that the 

quantity of MAX phase drops down after the sintering treatment for both compounds. This is 

most probably caused by limited stability of these MAX phases at high temperature. Sintering 

of Ti3SiC2 leads to decomposition which results in increased quantities of TiC and TiSi2 in 

dense materials compared to powders. In case of Ti2AlC material, high temperature shifts the 

system toward Ti3AlC2 and increases its content after the sintering.  

Mechanical behavior of Ti3SiC2 and Ti2AlC materials was investigated by four-point 

cyclic bending tests coupled with AE monitoring. Implementation of two experimental 

techniques provided more information on material’s response to mechanical solicitations. The 

comparison between the material containing secondary phases, Ti3SiC2, and the one with only 

MAX phases, Ti2AlC, indicates that the nonlinear behavior is more pronounced for the latter. 
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Clustering based on acoustic hits parameters and waveform divided hits into two groups: first 

ones with long duration and low amplitude- continuous, and other ones with short duration and 

high amplitude- burst. Continuous signal were detected for both materials, while burst ones 

mainly for Ti3SiC2 (the one with secondary phases). The presence of two types of acoustic 

signals was primarily associated with two phenomena in MAX phases materials. 

The developed experimental approach was implemented to investigate mechanical 

response to cyclic mechanical stresses at room temperature of Ti3SiC2-based materials with 

different phase composition and grain size. Material with higher content of MAX phase has 

higher flexural strength and dissipated more energy for a given grain size. It was also shown 

that the presence of secondary phases lowers the values of dissipated energy which results from 

less important nonlinear behavior and limits the damage accumulation at low stress compared 

to the material with more MAX phase. For materials with similar phase composition, the larger 

grain size of MAX phases decreases the flexural strength but the dissipated energy is higher 

with more pronounced nonlinear behavior. It is important to highlight the fact that the dissipated 

energy is related not only to the MAX phase grain size but also to its quantity in the material. 

The clustering of AE data and complementary SEM observations of post-mortem 

microstructures of all Ti3SiC2-based materials permitted to distinguish two major damage 

mechanisms: i) initiation and propagation of microcracks or delaminations, ii) friction 

processes within cracks or delaminations. Friction processes or delaminations in general are 

more pronounced at low stresses for materials that have more MAX phase or larger grains. The 

latter are supposed to be responsible for nonlinear behavior and the possibility of MAX phases 

to have a hysteretic behavior. 

Additionally to room temperature tests, some high-temperature experiments were 

carried out. The Young’s modulus of all investigated compositions decreases linearly with 

temperature up to certain point when it starts to drop more rapidly. This transition temperature 

is around 1250˚ C for Ti3SiC2 and Ti2AlC compounds. However, larger MAX phase grains in 

Ti3SiC2 compound tend to shift it toward lower temperatures. The presence of secondary phases 

in Ti3SiC2 does not influence this threshold temperature. AE monitoring during cycles up to 

1200˚C and 1350˚C have shown that the increase of temperature influences more the Ti2AlC 

compound than the Ti3SiC2 one. For Ti3SiC2, when the material contains more secondary 

phases, the CTE mismatch between MAX phase and secondary phases leads to more important 

damage accumulation at high temperature compared to the material with more MAX phase. 
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This work has presented some studies conducted on the materials preparation and the 

influence of different micro-structural features on the mechanical behavior of MAX phases at 

the macroscopic scale. However, these materials are complex and many questions are still to be 

answered to well understand their behavior under different types of solicitations. As these 

materials are supposed to work at elevated temperatures, it could be beneficial to better 

understand what phenomenon is responsible for BPTT and how it could be managed. Some 

preliminary studies of mechanical behavior at 800˚C and 1200˚C were carried out during this 

thesis. Stress- strain curves obtained for Ti2AlC shows a change of behavior and possible 

hardening during imposed deformation. In perspective, more information of possible 

mechanisms leading to this particular behavior might be provided by performing the same 

mechanical test but coupled with AE at high temperature. 
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Annex 1 

This annex presents a detailed description of SHS synthesis which was used to prepare 

two MAX phase compounds, Ti3SiC2 and Ti2AlC. 

Firstly, exact masses of Ti, Si, C, Al and TiAl substrates were weighted according to 

chosen reactions. The total mass of powder bed was established to 120 g in every synthesis. 

The synthesis conditions varied, i.e. the grain size of titanium powder and the atmosphere under 

which the reaction was held. 

For Ti3SiC2: 3Ti + Si + 2C → Ti3SiC2 

mTi = 87.66 g 

mSi = 17.13 g 

mC = 14.65 g 

For Ti2AlC : 1.2 TiAl + Ti + C → Ti2AlC + 0.2 Ti + 0.2 Al 

mTiAl = 79.97 g 

mTi = 42.63 g 

mAl = 10.69 g 

Next, all substrates were placed in a plastic container with Widia balls (diameter of 0.5 

mm) enhanced the homogenization. The container was placed onto rollers for at least 12 hours 

to ensure that all substrates were appropriately mixed and there were no agglomerates before 

the synthesis. 

After the homogenization, raw materials were sieved to separate the powder from the 

Widia balls. The powder mixture was transferred into another plastic container and was ready 

for synthesis. 

All synthesis were carried out in the same furnace to avoid any additional conditions to 

be changed and ensured the consistency throughout the multiple syntheses performed in this 

work. Powder mixtures were placed on a special graphite foil. The use of graphite foil made 

possible to conduct electricity which was the source of energy for SHS. Substrate mixture was 

placed randomly on a foil with.  

When the synthesis chamber was set up, the electric current with an intensity of 200 mA 

was applied for around 1 min. After the synthesis, the chamber was cooled down with no 

additional cooling systems. In most cases, it took around 2 hours. 
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SHS synthesis leads to formation of a pre-sintered sponge which needs to be crushed 

for further use. The first step included a hammer, then a crusher and finally a rotary-vibratory 

mill.  

Milling of MAX phase powders was carried out in polyurethane containers with some addition 

of isopropanol and Widia balls. The time needed to obtain powders with desired grain size was 

optimized. After the milling, the excess of isopropanol was removed by heating the mixture. 

When the powder was dry, it was sieved one more time to separate it from Widia balls and 

make sure that it is homogeneous. 
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Figure 81. Repartition of hits during the test. 

Further analysis of AE hits will be based on features chosen previously (as shown in 

Figure 80) and for this material these are amplitude and absolute energy. Amplitude of hits is 

plotted as function of their absolute energy. The objective is to determine if there is a correlation 

between AE hits. In this case, as shown in Figure 82, acoustic hits form two groups/clusters.  

 

Figure 82. Absolute energy vs. amplitude of hits. 

The last step of AE analysis involves waveforms of acoustic hits. This feature provides 

complementary information to other features and can indicate the possible mechanisms. Two 

typical waveforms are distinguished: continuous (Figure 83) and burst (Figure 84). 
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Figure 83. Continuous signal recorded during four-point bending test. 

 

Figure 84. Burst signal recorded during four-point bending test. 
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Influence of elaboration conditions on the thermomechanical behavior of MAX phases 

MAX phases are ternary carbide and/or nitride with a great potential in various application. This study 
concerned two MAX phase compounds, namely Ti3SiC2 and Ti2AlC, which are on the most studied 
among all known MAX phases. The first part dealt with materials elaboration which includes both 
synthesis and sintering stages. The objective was to obtain a variety of materials with different 
microstructural features, i.e. phase composition and grain size. For this purpose, both commercial and 
SHS-derived powders were densified with two pressure-assisted sintering technique, i.e. SPS and HP. 
The second part of work was devoted to deeper understanding of the influence of phase composition 
and grain size to thermomechanical behavior of MAX phases. More information was provided when 
two experimental techniques, four-point bending and AE monitoring, were coupled together with 
post-mortem SEM observations. The developed experimental approach based on comparison of 
mechanical responses of Ti3SiC2 (MAX phase and secondary phases) and Ti2AlC (containing only MAX 
phases) compounds, is implemented to investigate the induced deformation and damage mechanisms. It 
was shown that higher quantity of MAX phases in the material improves flexural strength with 
corresponding more pronounce nonlinear behavior and high dissipated energy. When MAX phase grains 
are coarser the mechanical strength lowers but the nonlinear part becomes more significative, which 
results in higher values of dissipated energy. It was also shown that the secondary phases and the grain 
size impact the way in which the damage is accumulated within the sample. AE data provided more 
information on possible damage mechanisms and their chronology leading to hysteretic behavior of 
MAX  phases. The last part has shown that the BPTT for Ti3SiC2 is ≈1200˚C and the grain size of MAX 
phases lowers this BPTT. 

Keywords: MAX phases, mechanical properties, SHS, Acoustic Emission 

Influence des conditions d’élaboration sur le comportement thermomécanique de phases MAX 

Les phases MAX sont des carbures et / ou des nitrures ternaires avec un fort potentiel dans des 
applications diverses. Cette étude a porté sur deux phases MAX, Ti3SiC2 et Ti2AlC qui sont les plus 
connues dans ce groupe de matériaux. La première partie de ces travaux était dédiée à l’élaboration des 
poudres et des matériaux frittés. L’objectif était d’obtenir une variété de matériaux présentant différentes 
caractéristiques microstructurales, en termes de composition chimique et de taille de grains. Ainsi, des 
poudres commerciales et synthétisées par SHS ont été densifiées à l'aide de deux techniques de frittage 
sous charge, i.e. SPS et HP. La deuxième partie du travail a été consacrée à une meilleure compréhension 
de l’influence de la composition chimique et de la taille des grains sur le comportement 
thermomécanique des phases MAX. Des informations supplémentaires ont été fournies en couplant deux 
techniques expérimentales, la flexion quatre points et l’émission acoustique, et en les associant à des 
observations SEM post-mortems. L’approche expérimentale développée, basée sur la comparaison des 
réponses mécaniques des matériaux Ti3SiC2 (contenant la phase MAX et des phases secondaires) et de 
Ti2AlC (phases MAX uniquement), a permis d’approfondir la compréhension des mécanismes de 
déformation et d’endommagement induits. Il était également montré que les phases sécondaires et la 
taille de grains influence la manière dont les différents endommagements sont accumulées dans le 
matériaux. Les résultats d’EA sont fourni les informations supplémentaires sur les type 
d’endommagements rencontrées et leur chronologie qui résultent avec le comportement nonlinéaire de 
phases MAX. La dérnière partie de cette thèse a montré que le température de transition fragile-plastique 
est autour de 1200˚C et que la taille de grains l’abaisse. 
 

Mots-clés : phases MAX, propriétés mecaniques, SHS, Emission acoustique 


