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ABSTRACT 

 

Mechanical, fatigue and wear properties of sintered Carbon Nanotube-based functionally 

graded materials  

 

This PhD thesis is concerned with the development of nickel coated carbon nanotubes 

(CNTs) functionally graded metal matrix composites, based on an aluminium-silicon alloy matrix, 

obtained by powder metallurgy. Besides their development and production, this thesis focus on 

these composites characterization when regarding metallurgical, mechanical, fatigue and wear 

behaviour. 

The experimental and theoretical work undertaken on this thesis was performed through 

the following steps: Assessment of several mixing processes for mixing aluminium  powders and 

the reinforcement; Assessment of the optimum reinforcement fraction for these composites; Study 

and explanation of the effective reinforcing mechanisms on these composites (tensile, fatigue and 

wear) and  Development of an equipment to obtain components with selected graded composition 

and design of a graded composition (reinforcement distribution) for piston rings production. 

CNTs dispersion is a common issue, to which great efforts are being placed by the scientific 

community. This work also faced this topic, with CNT agglomerates being found in these 

composites produced with several mixing procedures. This thesis allowed to conclude that higher 

improvements on CNTs dispersion is possible by using a combination of different mixing processes. 

Several CNT-reinforced composites were produced, aiming to assess the optimum 

reinforcement fraction for several properties. The 2 wt.% CNT-reinforced composite revealed the 

highest tensile strength, showing that, for CNT’s reinforcement  wt.% higher than 2%, the 

detrimental effect of agglomerates is higher that the beneficial effect of well dispersed CNTs. In 

spite of the reduction on mechanical properties for higher CNT content, a wear resistance increase 

was verified. This work also showed that the fatigue behaviour was found to increase by adding 

CNTs until a certain percentage. Regarding wear behaviour the agglomerates may also contribute 

to improved wear performance. 
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In this thesis, hybrid composites reinforced by CNTs and SiCp were also produced and 

characterized. It was possible to conclude that the addition of a second reinforcement brought a 

beneficial effect on tribological and mechanical behaviours, unachievable by using solely one of the 

reinforcements.  

The final outcome of this thesis was the development of an equipment to produce 

components with selected graded composition (functionally graded material - FGM) by powder 

metallurgy. This development also included the design of a graded composition (CNT distribution). 

This equipment was found adequate for the production of these graded composites. 

This study is very appealing for components design once it allows to develop controlled 

materials gradients suited for particular requirements. This work developed a possible solution for 

a piston ring, but a similar analysis/process can be applied to other components, where there is 

differential mechanical and wear requirements along a component.  

This study also showed, that the use of commercial aluminium alloys (at least Al-Si alloys) 

reinforced with Ni coated CNTs seems to be adequate for industrial applications. 
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RESUMO 

 

Propriedades Mecânicas, Fadiga e de Desgaste de compósitos sinterizados com 

nanotubos de carbono e com gradiente de propriedades  

 

Esta tese de doutoramento está relacionada com o desenvolvimento de compósitos de 

nanotubos de carbono com gradiente de composição, por via da metalurgia dos pós. Além do seu 

desenvolvimento e produção, esta tese foca-se na caracterização metalúrgica, mecânica, fadiga e 

desgaste dos compósitos produzidos. 

O trabalho experimental e teórico realizado nesta tese seguiu as seguintes etapas: 

avaliação de vários processos de mistura para misturar o pó da matriz e reforço; avaliação da 

fracção óptima de reforço nos compósitos; estudo e explicação dos mecanismos de reforço nos 

compósitos (tração, fadiga e desgaste) e desenvolvimento de um equipamento de obtenção de 

componentes com gradiente de composição e design de um gradiente de composição (distribuição 

do reforço) para a produção de segmento de motor de combustão. 

A dispersão dos nanotubos de carbono é um problema comum, para o qual grandes 

esforços têm sido levados a cabo pela comunidade científica. Este trabalho também enfrentou o 

mesmo problema, visto que os aglomerados de nanotubos de carbono foram encontrados nos 

compósitos produzidos através de vários procedimentos de mistura. Esta tese permitiu concluir 

que as melhorias no processo de dispersão de nanotubos de carbono são possíveis, usando uma 

combinação de diferentes processos de mistura. 

Vários compósitos reforçados com nanotubos de carbono foram produzidos com o 

objectivo de avaliar a fração ideal de reforço para várias propriedades. O compósito com 2 % em 

massa de nanotubos de carbono foi o compósito que revelou a mais elevada resistência à tração, 

e para maiores percentagens de reforço, o efeito prejudicial dos aglomerados é maior que o efeito 

benéfico de nanotubos de carbono bem dispersos. Apesar da redução nas propriedades 

mecânicas para maior fração de nanotubos de carbono, foi verificado um aumento de resistência 

ao desgaste. Este trabalho também mostrou que o comportamento de fadiga melhora com adição 
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de nanotubos de carbono até uma determinada percentagem. Em relação ao comportamento de 

desgaste, os aglomerados também podem contribuir para um melhor desempenho. 

Nesta tese, compósitos híbridos reforçados por nanotubos de carbono e carboneto de 

silício também foram produzidos e caracterizados. Foi possível concluir que a adição de um 

segundo reforço tem um efeito benéfico sobre o desempenho tribológico e mecânico, inatingível 

utilizando unicamente um dos reforços. 

O resultado final desta tese foi o desenvolvimento de um equipamento para produzir 

componentes com gradiente específico de composição por metalurgia dos pós. Este 

desenvolvimento também incluiu a concepção de um gradiente de composição (distribuição do 

reforço). Este equipamento mostrou-se adequado para a produção de compósitos com gradiente 

de composição. 

Este estudo é muito atrativo para o projeto de componentes mecânicos, uma vez que 

permite desenvolver materiais com gradiente de composição adequados para necessidades 

específicas. Este trabalho desenvolveu uma possível solução para segmentos de motor de 

combustão, mas uma análise semelhante pode ser aplicada em outros componentes mecânicos, 

onde há diferencial de requisitos mecânicos e de desgaste ao longo de um componente. 

Este estudo também demonstrou que a utilização de ligas de alumínio comerciais (pelo 

menos ligas de Al-Si) reforçadas com nanotubos de carbono revestido a Ni parece ser adequada 

para aplicações industriais. 

 

 

 

 



Mechanical, fatigue and wear properties of sintered Carbon Nanotube-based functionally graded materials 

xi 

 
TABLE OF CONTENTS 

 

ACKNOWLEDGMENTS ............................................................................................................... v 

ABSTRACT .............................................................................................................................. vii 

RESUMO .................................................................................................................................. ix 

LIST OF SYMBOLS, ABBREVIATIONS AND NOTATION ............................................................. xvii 

LIST OF FIGURES .................................................................................................................... xix 

LIST OF TABLES ................................................................................................................... xxvii 

1 Scope of the thesis ........................................................................................................ 1 

1.1 Motivation and objectives........................................................................................................ 1 

1.2 Work development strategy ..................................................................................................... 3 

1.3 Thesis structure ..................................................................................................................... 3 

2 State of the art .............................................................................................................. 6 

2.1 Aluminium Silicon Alloys ......................................................................................................... 8 

2.2 Powder metallurgy.................................................................................................................. 8 

2.3 Carbon nanotube aluminium composites ..............................................................................14 

2.3.1 Aluminium matrix composites ......................................................................................14 

2.3.2 Carbon nanotubes .......................................................................................................15 

2.3.3 Carbon nanotube aluminium composites by powder metallurgy ....................................17 

2.4 Functionally Graded Materials obtained by powder metallurgy ...............................................21 

2.4.1 Gradient of porosity and pore size ................................................................................23 

2.4.2 Chemical and metallurgical composition gradients ........................................................26 

2.5 Piston rings ..........................................................................................................................33 

2.6 Strengthening mechanisms ..................................................................................................37 

2.7 Fatigue in Metal Matrix composites .......................................................................................41 

2.8 Wear ....................................................................................................................................47 

2.8.1 Abrasive wear ..............................................................................................................51 

2.8.2 Adhesive wear ..............................................................................................................58 

2.9 References ...........................................................................................................................60 

3 Evaluation of CNT dispersion methodology effect on mechanical properties of an Al-Si 

composite .............................................................................................................................. 75 

3.1 Abstract ...............................................................................................................................75 

3.2 Introduction..........................................................................................................................75 



Mechanical, fatigue and wear properties of sintered Carbon Nanotube-based functionally graded materials 

 

xii 

3.3 Experimental procedure ........................................................................................................77 

3.3.1 Materials .....................................................................................................................77 

3.3.2 Methods ......................................................................................................................77 

3.4 Results and discussion .........................................................................................................79 

3.4.1 Microstructural characterization ...................................................................................79 

3.4.2 Effect of the CNT mixing processing route on mechanical properties .............................82 

3.4.3 Reactivity between CNTs and Matrix .............................................................................91 

3.5 Conclusions .........................................................................................................................94 

3.6 Acknowledgements...............................................................................................................94 

3.7 References ...........................................................................................................................94 

4 Carbon nanotube dispersion in aluminum matrix composites – quantification and 

influence on strength .............................................................................................................. 99 

4.1 Abstract ...............................................................................................................................99 

4.2 Introduction..........................................................................................................................99 

4.3 Experimental procedure ..................................................................................................... 101 

4.3.1 Fabrication of CNT-reinforced Al-Si composites .......................................................... 101 

4.3.2 Characterization techniques and image analysis ........................................................ 102 

4.3.3 Mechanical testing .................................................................................................... 104 

4.4 Results and discussion ...................................................................................................... 104 

4.4.1 Tensile Strength ........................................................................................................ 104 

4.4.2 CNT distribution ........................................................................................................ 107 

4.4.3 Proposed empirical model ......................................................................................... 110 

4.5 Conclusions ...................................................................................................................... 113 

4.6 Acknowledgements............................................................................................................ 113 

4.7 References ........................................................................................................................ 113 

5 Improvement on sliding wear behaviour of Al/cast iron tribopair by CNTs reinforcement of 

an Al alloy ............................................................................................................................ 115 

5.1 Abstract ............................................................................................................................ 115 

5.2 Introdution ........................................................................................................................ 115 

5.3 Experimental Procedure .................................................................................................... 117 

5.3.1 Fabrication of AlSi-CNTs composites .......................................................................... 117 

5.3.2 Chemical characterization ......................................................................................... 119 

5.3.3 Hardness measurements .......................................................................................... 119 

5.3.4 Details of the reciprocating wear test ......................................................................... 119 

5.4 Results and Discussion ...................................................................................................... 121 



Mechanical, fatigue and wear properties of sintered Carbon Nanotube-based functionally graded materials 

xiii 

5.4.1 Coefficient of friction as a function of the CNT content ............................................... 121 

5.4.2 Hardness values as a function of the CNT content ..................................................... 123 

5.4.3 Wear loss as a function of the CNT content ............................................................... 124 

5.4.4 Analysis of wear track (SEM and EDS analysis) .......................................................... 126 

5.5 Conclusions ...................................................................................................................... 135 

5.6 Acknowledgments ............................................................................................................. 135 

5.7 References ........................................................................................................................ 135 

6 Mechanisms Governing the Tensile, Fatigue and Wear Behaviour of Carbon Nanotube 

reinforced Aluminum Alloy .................................................................................................... 139 

6.1 Abstract ............................................................................................................................ 139 

6.2 Introduction....................................................................................................................... 139 

6.3 Experimental procedure ..................................................................................................... 141 

6.3.1 Materials .................................................................................................................. 141 

6.3.2 Methods ................................................................................................................... 142 

6.4 Results and discussion ...................................................................................................... 144 

6.4.1 Mechanical properties (Tensile tests) ......................................................................... 144 

6.4.2 Fatigue properties ..................................................................................................... 149 

6.4.3 Wear properties ........................................................................................................ 151 

6.5 Conclusions ...................................................................................................................... 154 

6.6 Acknowledgements............................................................................................................ 155 

6.7 References ........................................................................................................................ 155 

7 Dry sliding wear behaviour of AlSi-CNTs-SiCp hybrid composites ................................ 159 

7.1 Abstract ............................................................................................................................ 159 

7.2 Introduction....................................................................................................................... 159 

7.3 Experimental procedure ..................................................................................................... 161 

7.3.1 Fabrication of AlSi composites ................................................................................... 161 

7.3.2 Microstructural and chemical characterization ........................................................... 162 

7.3.3 Hardness tests .......................................................................................................... 162 

7.3.4 Details of the reciprocating wear tests ....................................................................... 162 

7.4 Results and discussion ...................................................................................................... 163 

7.4.1 Microstructural characterization ................................................................................ 163 

7.4.2 Hardness values ....................................................................................................... 165 

7.4.3 Wear loss .................................................................................................................. 166 

7.4.4 Coefficient of friction ................................................................................................. 168 

7.4.5 Wear mechanism - SEM and EDS analysis ................................................................. 170 



Mechanical, fatigue and wear properties of sintered Carbon Nanotube-based functionally graded materials 

 

xiv 

7.5 Conclusions ...................................................................................................................... 177 

7.6 Acknowledgements............................................................................................................ 177 

7.7 References ........................................................................................................................ 178 

8 Mechanical, wear and fatigue behaviour of an AlSi-CNTs-SiCp hybrid composite ......... 181 

8.1 Abstract ............................................................................................................................ 181 

8.2 Introduction....................................................................................................................... 181 

8.3 Experimental procedure ..................................................................................................... 183 

8.3.1 Fabrication of AlSi composites ................................................................................... 183 

8.3.2 Methods ................................................................................................................... 184 

8.4 Results and discussion ...................................................................................................... 185 

8.4.1 Microstructural characterization ................................................................................ 185 

8.4.2 Mechanical properties (Tensile tests) ......................................................................... 187 

8.4.3 Fatigue properties ..................................................................................................... 192 

8.4.4 Wear properties ........................................................................................................ 197 

8.5 Conclusions ...................................................................................................................... 200 

8.6 Acknowledgements............................................................................................................ 201 

8.7 References ........................................................................................................................ 201 

9 Optimization of AlSi-CNTs functionally graded material composites for engine piston rings

 205 

9.1 Abstract ............................................................................................................................ 205 

9.2 Introduction....................................................................................................................... 205 

9.3 Experimental procedure ..................................................................................................... 208 

9.3.1 Materials .................................................................................................................. 208 

9.3.2 Sintering process ...................................................................................................... 209 

9.3.3 Mechanical characterization ...................................................................................... 209 

9.4 Results and discussion ...................................................................................................... 211 

9.4.1 Effect of CNT content over the mechanical behaviour of AlSi-CNT composites ............ 211 

9.4.2 Developed equipment and the feasibility of the proposed process .............................. 221 

9.4.3 Mechanical properties of theAlSi -CNT functionally graded composite ......................... 226 

9.5 Conclusions ...................................................................................................................... 230 

9.6 Acknowledgements............................................................................................................ 231 

9.7 References ........................................................................................................................ 231 

10 Interface analysis on an eutectic AlSi alloy reinforced with Ni coated MWCNT ............. 235 

10.1 Abstract ............................................................................................................................ 235 

10.2 Introduction....................................................................................................................... 235 



Mechanical, fatigue and wear properties of sintered Carbon Nanotube-based functionally graded materials 

xv 

10.3 Experimental procedure ..................................................................................................... 237 

10.3.1 Fabrication of CNT-reinforced Al-Si composites .......................................................... 237 

10.3.2 Metallurgical evaluation ............................................................................................. 238 

10.4 Results and discussion ...................................................................................................... 238 

10.4.1 SEM with EDS analysis .............................................................................................. 238 

10.4.2 Differential Scanning Calorimetry analyses................................................................. 241 

10.4.3 X-ray diffraction analysis ............................................................................................ 242 

10.4.4 Transmission electron microscopy ............................................................................. 242 

10.5 Conclusions ...................................................................................................................... 245 

10.6 Acknowledgements............................................................................................................ 246 

10.7 References ........................................................................................................................ 246 

11 General discussion .................................................................................................... 249 

11.1 Suggestions for future works .............................................................................................. 260 

 

 



 

 

 



Mechanical, fatigue and wear properties of sintered Carbon Nanotube-based functionally graded materials 

xvii 

 

LIST OF SYMBOLS, ABBREVIATIONS AND NOTATION 

 

Al4C3  Aluminium carbide 

AMC  Aluminium matrix composite 

AlSi-CNT Carbon nanotube reinforced aluminium silicon composite 

At. %  Atomic percentage 

BSE  Backscattered electron imaging 

CNT  Carbon nanotube 

CTE  Coefficient of thermal expansion 

COF  Coefficient of friction 

CVD  Chemical vapour deposition 

d   Alternated displacement amplitude 

DSC   Differential Scanning Calorimetry 

EDS  Energy dispersive spectroscopy 

FGM  Functionally graded material 

Fn  Normal load 

GCI  Gray cast iron 

H  Hardness of the material being worn 

HIP  Hot isostatic pressing 

HP  Hot pressing 

K  Wear coefficient (Archard coefficient) 

Kabr  Abrasive wear coefficient 

Kad  Adhesion wear coefficient 

MMC  Metal matrix composite 



Mechanical, fatigue and wear properties of sintered Carbon Nanotube-based functionally graded materials 

 

 

PM  Powder metallurgy 

Q      Worn volume by unit sliding (Archard equation) 

SEM  Scanning electron microscopy 

SiCp  Silicon carbide particle 

TEM  Transmission electron microscopy 

UTS  Ultimate tensile strength 

Wt. %  Weight percentage 

XRD  X-ray diffraction 

𝜀𝑟  Tensile strain 

𝜎𝑟  Tensile strength,  

𝜎𝑦  Yield strength  



Mechanical, fatigue and wear properties of sintered Carbon Nanotube-based functionally graded materials 

xix 

LIST OF FIGURES 

 

Figure 2. 1 - a) Al-12%Si alloy powder obtained by inert gas atomization (from TLS Technik) and b) 
Al-12%Si alloy powder obtained by a hybrid  atomizer developed by O. Carvalho....................... 10 

Figure 2. 2 - Schematic phase diagram with indication of various sintering processes [18]. ...... 11 

Figure 2.3 - Schematic model representing the sintering process by surface and bulk transport 
[19]. ....................................................................................................................................... 12 

Figure 2. 4 - Disintegrated oxide films, into particles of 50–150 nm on pure aluminium powder 
[26]. ....................................................................................................................................... 14 

Figure 2. 5 - Carbon nanotube functionalized with magnesium (arroys indicate the Mg layer) [64].
 .............................................................................................................................................. 17 

Figure 2. 6 - Schematic representation of the sintering-dissolution process for manufacturing foams 
by powder metallurgy [139] .................................................................................................... 24 

Figure 2. 7 - Schematic representation of the space-holder  burning method by powder metallurgy 
[145]. ..................................................................................................................................... 24 

Figure 2. 8 - Prodution method of hollow spheres by injection of metal  through a coaxial nozzle 
[152]. ..................................................................................................................................... 25 

Figure 2. 9 - Schematic representation of the combustion reaction for synthesizing porous materials 
[154]. ..................................................................................................................................... 26 

Figure 2. 10 - FGM with a).discrete and b).continuous composition variation. ........................... 26 

Figure 2. 11 -  FGM part obtained by powder stacking [156]. ................................................... 27 

Figure 2. 12 - Schematic representation of powder rolling system [158]. ................................. 28 

Figure 2. 13 - Schematic flow diagram of wet powder spraying process [159]. ......................... 29 

Figure 2. 14 - Schematic representation of slip casting steps [160]. ........................................ 29 

Figure 2. 15 - Schematic representation of centrifugal system powder forming equipment [122] .
 .............................................................................................................................................. 30 

Figure 2. 16 - Schematic representation of gravity sedimentation process [162]. ..................... 31 

Figure 2. 17 - Schematic representation of the experimental set up for electrophoretic 
deposition[171] ...................................................................................................................... 31 

Figure 2. 18 - Schematic representation of computer controled slip casting process [175]. ...... 32 

Figure 2. 19 - Schematic representation of rapid prototyping by direct DLF [179]. .................... 33 

Figure 2. 20 - Power cylinder system a) general view; b) detail view [185]. ............................... 34 

Figure 2. 21 - Internal combustion engine piston ring. ............................................................. 35 

Figure 2. 22 - Schematic representation of Orowan model. ...................................................... 39 

Figure 2. 23 - Calculated dislocation density (ρ) vs. reinforcement aspect ratio (R) [208]. ......... 40 

Figure 2. 24 - Schematic representation of a fatigue fracture surface showing .......................... 43 



Mechanical, fatigue and wear properties of sintered Carbon Nanotube-based functionally graded materials 

xx 

Figure 2. 25 - Schematic illustration of the sequence of events during failure of MMCs reinfroced 
by a) fibres and b) particles [233]. .......................................................................................... 44 

Figure 2. 26 - Schematic representation of crack bowing mechanism [243]. ............................ 45 

Figure 2. 27  - Crack deflection by cracking of the particlein an MoSl2/Nb composite [246]. .... 46 

Figure 2. 28 - Schematic representation of crack deflection by delamination [247]. .................. 46 

Figure 2. 29 - Schematic representation showing elastic, frictional and pullout bridging [250]. . 46 

Figure 2. 30 - Schematic representation of a) contacts between surfaces asperities [260] and b) 
roughness profile [257]. ......................................................................................................... 48 

Figure 2. 31 - Aparent and real contact area [259]. ................................................................. 49 

Figure 2. 32  - a) Friction coefficient vs sliding distance on a pin-on-disc test for a metal–metal 
contact under dry conditions b) Stick-slip effect [257]. ............................................................. 49 

Figure 2. 33 - Factors affecting friction force [266]. ................................................................. 50 

Figure 2. 34 - Schematic representation of a main types of wear [271] .................................... 51 

Figure 2. 35 - Abrasive wear by two and three bodies modes [272]. ........................................ 52 

Figure 2.36   - Abrasive wear by a) two and b)three bodies  [273]. ........................................... 52 

Figure 2.37 - Mechanisms of abrasive wear: microcutting, fracture, fatigue and grain pull-out [272].
 .............................................................................................................................................. 53 

Figure 2.38 - Abrasive wear of a) ductile and b) fragile materials [271]. ................................... 54 

Figure 2. 39 - Abrasive wear as a function of the ratio between hardness of abrasive and hardness 
of the worn material (steel) for for homogeneos material and non-homogeneous [259]. ........... 55 

Figure 2.40 - Ratio of microcutting to microploughing as a function of the ratio of the attack angle 
to the critical attack angle [259]. ............................................................................................. 56 

Figure 2.41 - Abrasive wear resistance vs material hardness[259]. .......................................... 56 

Figure 2. 42 - Schematic representation of reinforcement orientation, size, modulus of elasticity, 
hardness and brittleness effect on the abrasive wear of composites [259]. .............................. 58 

Figure 2. 43 - Schematic representation of adhesive wear [272]. ............................................. 59 

 

Figure 3. 1 - SEM images showing: a. CNTs (); ........................................................................ 80 

Figure 3. 2 - EDS spectrum of the CNT agglomerates corresponding to zone Z1 (white zone) 
identified in Figure 3. 1 a ........................................................................................................ 80 

Figure 3. 3 - SEM images of unreinforced AlSi alloy and AlSi - CNT composites microstructure. 82 

Figure 3. 4 -  Stress–strain curves for all studied mixing processes. ......................................... 83 

Figure 3. 5 - Mechanical properties as obtained on the composites with different mixing processes 
(A to E on Table 3.2): a. rupture shear strength; b. yield shear strength; c. rupture shear strain.
 .............................................................................................................................................. 84 

Figure 3. 6 - SEM micrographs of the fracture surface of the composites obtained by different 
mixing processes (a,d,g,j,n – backscattered images with 150x magnification and c,f,i,l,o – 2000x 
magnification; and b,e,h,k ,m– secondary electron images with 150x magnification). ............... 88 

Figure 3. 7  - SEM micrograph of the fracture surface of the composite obtained by ................. 89 



Mechanical, fatigue and wear properties of sintered Carbon Nanotube-based functionally graded materials 

xxi 

Figure 3. 8 - Schematic representation of the proposed physical model for the shear tests. ...... 90 

Figure 3. 9 - DSC curves obtained for samples with and without CNTs. .................................... 93 

 

Figure 4. 1 - Hot pressing (a) schematic representation and (b) vacuum chamber detail. ....... 102 

Figure 4. 2  - SEM image in backscattered view of an Al-Si/2%CNT composite sample. .......... 103 

Figure 4. 3  - Figure 1.SEM image in backscattered view: (a) Al-Si/CNT composite with 2 wt. % 
MWCNT and (b) same SEM image, with threshold filter, enhancing the carbon nanotubes 
distribution and presence of agglomerates. ........................................................................... 103 

Figure 4. 4 -Implemented procedure for SEM images analysis, for CNT agglomerates quantification.
 ............................................................................................................................................ 104 

Figure 4. 5 -Tensile strength for different Al-Si/CNT composites, with 0; 2; 4 and 6 wt. % 
CNT,produced and tested in the present work. ...................................................................... 106 

Figure 4. 6 - Tensile strength of different Al/CNT composites, with 0; 1.5; 3.5; 5 and 6.5 wt. % 
CNT,produced and tested by C. N. He et al. Data extracted from [27]. ................................... 106 

Figure 4. 7 - CNTs agglomerates distribution, determined in pictures with 5000 times magnification 
- percentage of agglomerates by size classes (y-axis withlogarithmic scale). ........................... 108 

Figure 4. 8 - Type A agglomerates ([0, 1]µm2) counts for Al-Si/CNT composites with 2, 4 and 6 
wt.% CNT. ............................................................................................................................. 108 

Figure 4. 9 - CNTs agglomerates distribution, determined in pictures with 123 times magnification 
- percentage of agglomerates by size classes (y-axis withlogarithmic scale). ........................... 109 

Figure 4. 10 - Type B agglomerates ( ]50, 550]µm2) counts for Al-Si/CNT composites with 2, 4 and 
6 wt.% CNT. .......................................................................................................................... 110 

Figure 4. 11 - Type A and type B agglomerates area fraction (in percentage) for Al-Si/CNT 
composites with 2, 4 and 6 wt. % CNT. ................................................................................. 110 

Figure 4. 12 - Tensile strength (C.N. He et. al. results and present work) and agglomerate area 
fraction for produced Al-Si/CNT composites. ......................................................................... 111 

Figure 4. 13 - Tensile strength (without and with agglomerates) and agglomerate area fraction (for 
types A and B) in Al-Si/CNT composites. ............................................................................... 112 

 

Figure 5. 1 - SEM images of unreinforced AlSi alloy and AlSi - CNT composites microstructure 118 

Figure 5. 2 - SEM images of CNTs ........................................................................................ 119 

Figure 5. 3 -  SEM image of cast iron microstructure ............................................................. 120 

Figure 5. 4  - Schematic test configuration: Fn – Normal applied load; d – alternated displacement 
amplitude ............................................................................................................................. 121 

Figure 5. 5- Evolution of coefficient of friction with sliding distance for unreinforced AlSi alloy and 
all AlSi- CNT composites (AlSi - CNT against GCI ................................................................... 123 

Figure 5. 6 - COF as a function of the CNT content ................................................................ 123 

Figure 5. 7 - Hardness as a function of the CNT content ........................................................ 124 



Mechanical, fatigue and wear properties of sintered Carbon Nanotube-based functionally graded materials 

xxii 

Figure 5. 8 - Wear loss as a function of the CNT content ........................................................ 125 

Figure 5. 9 - SEM images of the worn surface of GCI plates after sliding against AlSi-based pins 
with different CNT content: (a) unreinforced AlSi alloy; (b) AlSi - 2 wt. % CNT; (c) AlSi – 4 wt. % CNT 
and (d) AlSi – 6 wt. % CNT .................................................................................................... 127 

Figure 5. 10 - a. Backscattered SEM image of GCI plate worn surface after sliding against AlSi -2 
wt. % CNT pin; b. and EDS spectrum representative of the dark zones in the micrograph ....... 128 

Figure 5. 11 - SEM images of the worn surface of unreinforced AlSi alloy (a), (b) and (c); AlSi -2 wt. 
% CNT (d), (e) and (f); AlSi – 4 wt. % CNT (g), (h) and (i) and AlSi – 6 wt. % CNT (j), (k) and (l). 
Global (130x) view (a), (d), (g) and (j); close-up (1000x) backscattered view (b), (e), (h) and (k); 
high magnification (5000x) view (c), (f), (i) and (l). ................................................................. 129 

Figure 5. 12 - EDS spectra of the pin worn surface with AlSi – 2 wt. % CNT content corresponding 
to three zones, Z1, Z2 and Z3, identified in Figure 5. 11-e: (a) spectrum from the analysis in Z1 
(white zone); (b) spectrum representative of Z2 and Z3 ......................................................... 131 

Figure 5. 13 - SEM image of the AlSi-based pins with 2 wt. % CNT (1000) backscattered view
 ............................................................................................................................................ 133 

Figure 5. 14 - EDS spectra of an AlSi surface with 2 wt. % CNT content corresponding to three 
zones, Z1 and Z3, identified in Figure 5. 13: (a) spectrum from the analysis in Z3; (b) spectrum 
from the analysis in Z1 (white zone)(this is equal to zone Z2) ................................................. 133 

 

Figure 6. 1 -  SEM images showing: (a) microstructure of CNT (magnification 190x) and (b) 
microstructure of AlSi-2 wt.% CNTs composite (magnification 5000x) ..................................... 142 

Figure 6. 2 -  Geometry of the specimen for tensile and fatigue tests ...................................... 143 

Figure 6. 3  -  Schematic test configuration: Fn – Normal applied load; d – alternated displacement 
amplitude. All tests have been stopped after a sliding distance of 148 m. During the tests 
compressed air was flown to the contact zone in order to remove loose. ................................ 144 

Figure 6. 4 -  Stress–strain curves from tensile testing of unreinforced AlSi alloy and AlSi – 2 wt.% 
CNT’s composite .................................................................................................................. 145 

Figure 6. 5 - SEM images of the fracture surface after tensile test of: (a) unreinforced AlSi alloy and 
(b) AlSi-2 wt. % CNT’s composite (with different magnifications) ............................................. 146 

Figure 6. 6 -  SEM images of the fracture surface after tensile test showing the presence of CNTs 
agglomerates (AlSi-2 wt. % CNT’s composite –with magnification 1000x) ............................... 147 

Figure 6. 7 - Schematic representation of the proposed physical model for the tensile tests: a. 
unreinforced AlSi alloy (intragranular crack) b. AlSi -2 wt. % CNT’s composite (intragranular and 
intergranular crack) .............................................................................................................. 148 

Figure 6. 8 - Maximum stresses ( max ) vs. number of cycles to failure for unreinforced AlSi alloy 
and AlSi-2 wt. % CNT’s composite ......................................................................................... 149 

Figure 6. 9 -  SEM images of the fracture surface after fatigue test of: (a) unreinforced  AlSi alloy 
and (b) AlSi-2 wt. % CNT’s composite(with different magnifications) ....................................... 150 

Figure 6. 10 - Schematic representation of the proposed physical model for fatigue tests for AlSi-2 
wt. % CNT’s composite ......................................................................................................... 151 



Mechanical, fatigue and wear properties of sintered Carbon Nanotube-based functionally graded materials 

xxiii 

Figure 6. 11 - Wear loss as a function of the CNT content ...................................................... 151 

Figure 6. 12 - SEM images of the worn surface of unreinforced AlSi alloy (a), (b) and (c); and AlSi-
2 wt.% CNT’s composite (d), (e) and (f); b) and e) is a backscattered view.............................. 153 

Figure 6. 13 - Schematic representation of the proposed physical model for the wear test: AlSi 
grains are bonded with an improved strength due to CNT’s interface reinforcement effect. Friction 
force (pin) cause pull-out of the grains ................................................................................... 154 

 

Figure 7. 1 - Schematic test configuration: Fn – Normal applied load; d – alternated displacement 
amplitude ............................................................................................................................. 163 

Figure 7. 2 - SEM images of the composites microstructures: a. unreinforced AlSi alloy; b. AlSi-
2%wt.CNTs; c. AlSi-5wt.%SiCp and d. AlSi-2%wt.CNTs-5% wt.SiCp .......................................... 164 

Figure 7. 3 - Hardness of the unreinforced AlSi alloy and all AlSi composites .......................... 166 

Figure 7. 4 - Variation on volume loss for unreinforced AlSi and AlSi - composites .................. 167 

Figure 7. 5 - Evolution of COF with sliding distance of AlSi-2wt.%CNTs-5wt.%SiCp hybrid composite
 ............................................................................................................................................ 168 

Figure 7. 6 - Average COF of the unreinforced AlSi alloy and of the Al-Si composites .............. 169 

Figure 7. 7 - SEM images of the worn surfaces of GCI plates after sliding against AlSi-based pins: 
a. unreinforced AlSi alloy; b. AlSi-2wt.%CNT; c. AlSi-5wt.%SiC and d. AlSi-2wt.%CNT-5wt.%SiC . 170 

Figure 7. 8 - Backscattered SEM image of GCI plate worn surface and EDS spectrum after sliding 
against (representative of the dark/grey zones in the micrograph) AlSi-2wt.%CNTs-5wt.%SiCp hybrid 
composite ............................................................................................................................ 171 

Figure 7. 9 -  SEM images of the worn surface of AlSi-based pins (130x magnification) and mating 
GCI plates (backscattered): a1/a2 - unreinforced AlSi alloy/GCI plate; b1/b2 - AlSi-2wt.%CNTs/GCI 
plate; c1/c2 - AlSi-5wt.%SiCp/GCI plate and d1/d2 AlSi-2wt.%CNTs-5wt.%SiCp/GCI plate ...... 173 

Figure 7. 10 - SEM images of the worn surface of AlSi-2wt.%CNTs-5wt.%SiCp hybrid composite
 ............................................................................................................................................ 175 

Figure 7. 11 - SEM image (backscattered view) and EDS spectra (corresponding to Z1) of 
2wt.%CNTs-5wt.%SiCp hybrid composite................................................................................ 175 

 

Figure 8. 1 - SEM images showing: a. CNTs and b. SiCp ....................................................... 184 

Figure 8. 2 -  SEM images of: a. unreinforced AlSi alloy; b. AlSi-2wt.%CNT; c. AlSi- 5wt.%SiCp and 
d. AlSi-2wt.%CNT-5wt.%SiCp composites................................................................................ 186 

Figure 8. 3 -  SEM images of AlSi-2%wt.CNTs-5%wt.SiCp hybrid composites ........................... 187 

Figure 8. 4 - Stress–strain curves from tensile testing of unreinforced AlSi alloy and of the AlSi 
composites ........................................................................................................................... 187 

Figure 8. 5 - SEM images of the fracture surface after tensile test: a unreinforced AlSi alloy; b. AlSi 
- 2wt.%CNTs; c. AlSi - 5wt.%SiCp and d. Al-2wt.%CNTs-5wt.%SiCp .......................................... 189 



Mechanical, fatigue and wear properties of sintered Carbon Nanotube-based functionally graded materials 

xxiv 

Figure 8. 6 -  SEM images of the fracture surface after tensile test of: a. AlSi - 5wt.%SiCp and b. Al-
2wt.%CNTs-5wt.%SiCp ........................................................................................................... 190 

Figure 8. 7 - Maximum stresses ( max ) vs. number of cycles to failure for unreinforced AlSi alloy 

and for the AlSi composites .................................................................................................. 193 

Figure 8. 8 -  SEM images of the fracture surface after fatigue test: a. unreinforced AlSi alloy; b. 
AlSi-2wt. %CNT; c. AlSi-5wt.%SiCp and, d. Al-2wt.%CNT-5wt.%SiCp ......................................... 195 

Figure 8. 9 -  Variation on volume loss for unreinforced AlSi alloy and AlSi - composites ......... 197 

Figure 8. 10 -  SEM images of the worn surface of: a and b. unreinforced AlSi-based pins, c and d 
2wt.% CNTs; e and f. 5wt.%SiCp (g), g and h. 2%CNTs -5wt.%SiCp ......................................... 198 

 

Figure 9. 1 - Schematic test configuration: Fn – Normal applied load; d – alternated displacement 
amplitude ............................................................................................................................. 210 

Figure 9. 2 -  Results of tensile testing of unreinforced AlSi alloy and of the AlSi composites: a. 
tensile strength, b. yield strength, and c. tensile strain ........................................................... 213 

Figure 9. 3 -  SEM images of the fracture surface after tensile test (with different magnifications) 
of: a. unreinforced AlSi alloy; b. AlSi - 2wt.%CNT .................................................................... 214 

Figure 9. 4 -   SEM images of the fracture surface after tensile test showing the presence of CNTs 
agglomerates (AlSi-2 wt. % CNT composite –with magnification 1000x) .................................. 214 

Figure 9. 5 - SEM micrographs of the composites with different amounts of CNTs to highlight the 
CNTs agglomerates: a. 2wt.% CNTs; b. 4 wt.% CNTs and c. 6 wt.% CNTs ............................... 216 

Figure 9. 6 -  SEM micrographs of the composites with 2 wt% CNTs showing the crack formation 
on an CNT agglomerate ........................................................................................................ 217 

Figure 9. 7 - Hardness as a function of the CNT content ........................................................ 217 

Figure 9. 8 - Wear loss as a function of the CNT content ........................................................ 218 

Figure 9. 9 -  SEM images of the worn surface of unreinforced AlSi alloy and all AlSi-CNT composites 
and of the GCI plates: (a/b) unreinforced AlSi alloy/GCI plate; (c/d) AlSi - 2wt.%CNT/GCI plate; 
(e/f) AlSi – 4 wt. % CNT/GCI plate and (g/h) AlSi – 6 wt. % CNT/GCI plate ............................ 219 

Figure 9. 10 -  Schematic representation of the equipment developed to produce FGMs by powders 
deposition; b. improved device to produce piston rings from FGM: c. centrifugal system ........ 223 

Figure 9. 11 -  The variation of chemical composition of AlSi-2 wt. % CNTs FGM composite. a. Cross 
section of sample where the chemical composition was evaluated; b. Variation of the CNTs (wt.%) 
vs. position ........................................................................................................................... 225 

Figure 9. 12- Stress–strain curves from tensile testing of unreinforced AlSi alloy and AlSi – 2 wt.% 
CNT’s composite .................................................................................................................. 226 

Figure 9. 13 -  Maximum alternating stresses ( max ) vs. number of cycles to failure for unreinforced 
AlSi alloy , AlSi-2 wt. % CNTs and AlSi-2 wt. % CNTs FGM composite ...................................... 227 

Figure 9. 14 -   SEM images of the fracture surface after fatigue test of: ................................. 228 



Mechanical, fatigue and wear properties of sintered Carbon Nanotube-based functionally graded materials 

xxv 

Figure 9. 15 -  Hardness values of the AlSi-2 wt. % CNT’s FGM composite: a. Position on the sample 
where the hardness was measured and CNTs wt% as a function of the position; c. Hardness as a 
function of the position ......................................................................................................... 229 

 

Figure 10. 1 - Hot pressing (a) schematic representation and (b) vacuum chamber detail. ..... 238 

Figure 10. 2 - SEM images showing: (a) CNTs (magnification 190x); ...................................... 239 

Figure 10. 3- EDS spectrum of a CNT agglomerate, corresponding to zone Z1 (white zone) identified 
in Figure 10. 2 a). ................................................................................................................. 240 

Figure 10. 4 -  SEM image in backscattered view of an Al-Si/2%CNT composite sample. ........ 240 

Figure 10. 5 - DSC curves obtained for AlSi alloy and AlSi-CNT composite powders. ............... 241 

Figure 10. 6 - XRD analyses for AlSi alloy and AlSi-CNT composite powders and Al-Si/2%CNT 
composite. ........................................................................................................................... 242 

Figure 10.7 - EDS spectrum of several identified zones. ......................................................... 244 

Figure 10.8 - TEM images of CNT-AlSi composite regions, showing a) CNT next to agglomerate; b)-
d) well dispersed CNT. .......................................................................................................... 245 

 

 

 

 



 

 



Mechanical, fatigue and wear properties of sintered Carbon Nanotube-based functionally graded materials 

xxvii 

LIST OF TABLES 

 

Table2.1 - Adhesion of some  metals in contact with iron under vacuum system [293]. ............ 60 

 

Table 4. 1  - Chemical composition of zones Z2 and Z4 presented in Figure 4. 2. .................. 103 

Table 4. 2 - Agglomerates area fraction of: type A (y) and type B (z) agglomerates, as a function of 
CNT content (wt. %) (x) inan Al-Si/CNT composite. ................................................................ 112 

 

Table 5. 1 -  Chemical composition of AlSi alloy (wt%) ............................................................ 117 

Table 5. 2 - Chemical Composition of GCI ............................................................................. 120 

 

Table 6. 1 -  Chemical composition of AlSi alloy (wt%). ........................................................... 141 

Table 6. 2  – Chemical Composition of GCI ........................................................................... 142 

Table 6. 3  -  Results of tensile testing of unreinforced AlSi alloy and AlSi-2 wt. % CNT’s composite
 ............................................................................................................................................ 145 

 

Table 7. 1 -  Chemical composition of AlSi alloy (wt.%) ........................................................... 162 
Table 7. 2 - Chemical Composition of GCI ............................................................................. 163 

 

Table 8. 1 - Chemical composition of AlSi alloy (wt.%) ............................................................ 183 

Table 8. 2 -  Chemical composition of GCI ............................................................................. 183 

Table 8. 3 -  Results of tensile testing of unreinforced AlSi alloy and of the AlSi composites .... 188 

 

Table 9. 1 - Chemical composition of AlSi alloy (wt.%) ............................................................ 209 

Table 9. 2 -  Characteristics of equipment developed to produce FGMs .................................. 223 

Table 9. 3 -  Results of tensile testing of unreinforced AlSi alloy and AlSi-2 wt. % CNT’s composite
 ............................................................................................................................................ 226 

 

Table 10. 1 - Chemical composition of Z2 and Z4 zones, presented in Figure 10. 4. .............. 241 



 

 

 



Mechanical, fatigue and wear properties of sintered Carbon Nanotube-based functionally graded materials 

1 

 

1 Scope of the thesis 

 

1.1 Motivation and objectives 

This thesis main focus is the development and characterization of new and improved 

functionally graded materials (FGMs), based on aluminium-silicon alloys reinforced by nickel coated 

carbon nanotubes (CNTs) and obtained by a powder metallurgy technique. 

Although the outputs of the studies included on this thesis can be applied in a wide range 

of industrial applications such as cutting tools, moulds industry, automotive components, this work 

final phase focuses on the development of a piston ring, which will act as demonstrator of the 

proposed concept validity. This type of component has several requirements as mechanical, wear 

and fatigue behaviour at different zones that can be achieved with a FGM type of material. 

 Compression piston rings are found inserted in internal combustion engine pistons, having 

the function of sealing the gap between the piston and the cylinder. It is submitted to high 

temperatures, corrosive gases and friction against the cylinder walls. Their function is to maintain 

the combustion pressure, prevent gas escaping, and avoid oil entrance in the combustion chamber. 

Therefore, piston rings must have high wear resistance on outer surface, high fatigue and 

mechanical resistance in a range of temperatures allied to a high thermal conductivity. 

Thus, the solution to overcome the previously mentioned problems would be the 

development of a piston ring with different properties/materials/structure along their section, 

suited to different local solicitations. 

Piston rings damage can be substantially mitigated by creating a FGM-Functionally Graded 

Material that promotes a smooth transition between different materials, unlike traditional 

manufactured materials where sharp transitions occur (leading for example to detrimental sharp 

local stress concentrations). The great advantage of using FGMs is the ability to control composition 

and/or structure and thereby obtain transitions with designed properties (mechanical, tribological, 

thermal properties among others) between different locations of a component. A piston ring design 

that allocates mechanically resistant material in the inner region and a wear and fatigue resistant 

material at outer regions can benefit greatly from using the FGM concept – upgrading the existing 
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commercial solutions (where outer surfaces are mainly coated by, for example, PVD or 

electrocoating). 

Powder metallurgy (PM) processes start with powdered metals (or non-metals) until the 

component final consolidation (below the melting points of main constituents). These processes 

generally occur with high pressures and simultaneously or subsequently heat. The ease of 

processing FGMs via powder metallurgy and other inherent advantages like being near-net shape 

processes; the reduced waist of material and among others, make this process suited for the 

production of these composites. 

Components on aluminium based alloys, obtained by powder metallurgy, can exhibit high 

mechanical, wear and fatigue properties. They allow, also, the production of low weight 

components which contributes to energy consumption reduction. When regarding aluminium 

matrix composites, the ease of introducing different types of reinforcements, by the powder 

metallurgy technology, is an additional significant advantage. Therefore, PM processes are 

competitive solutions for the production of aluminium-based components. 

Carbon nanotubes (CNTs) outstanding properties seem to fit very well the design of high 

performance functionally graded materials composites due to their high specific tensile strength 

and elastic modulus, high wear resistance and also excellent thermal conductivity. 

CNTs nickel coated not only contributes to load transfer to CNTs but also maintaining CNT 

integrity. The Ni coating allows the introduction of CNTs on commercial alloys, an advance in 

current CNT-reinforced metal matrix composites. 

This thesis is concerned with the development of carbon nanotubes functionally graded 

metal matrix composites, obtained by powder metallurgy. Inspired by piston rings, AlSi-CNTs 

functionally graded material (FGM) here presented were designed in order to fulfill their 

requirements.  

Additionally, hybrid composites were also produced in order to verifiy the component 

properties. Combinations of CNTs and SiC particles additions were tested. Hybrid composites 

present as strategic advantage the ability to take benefit of different reinforcements for the final 

overall composite performance (regarding mechanical and wear). 

Following this rational, a comprehensive characterization of the produced materials, 

regarding metallurgical, mechanical, fatigue properties and also wear behaviour was conducted. 
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1.2 Work development strategy 

The main goal of this work is to develop and design new materials based on aluminium 

composites reinforced by CNTs towards more efficient components that respond differently in 

different locations, where suited materials are allocated (using smooth transitions) by a powder 

metallurgy route – hot pressing technology. 

To achieve this goal, a strategy was formulated, comprising the following steps: 

-  Review (Include chapter 2); 

- Assessment of several mixing processes for mixing aluminium powders and the 

reinforcement (Include chapter 3 and 10); 

 - Assessment of the optimum reinforcement fraction for these composites (Include chapter 

4); 

 - Study and explanation of the effective reinforcing mechanisms on these composites 

(tensile, fatigue and wear) (Includes chapter 5, 6, 7, 8); 

 - Development of an equipment to obtain components with selected graded composition 

and design of a graded composition (reinforcement distribution) for piston rings production (Include 

chapter 9). 

 

1.3 Thesis structure 

This thesis is organized as a compilation of eight research papers (6 published and 2 

submitted for publication in ISI journals). Preceding the research papers presentation, two chapters 

are included – chapter 1 and 2. 

Chapter 1 (current one) presents the motivation and objectives of the thesis, the 

implemented strategy of the work developed in the context of the thesis and its structure. Chapter 

2 presents a literature review (state of the art) on several theoretical concepts that are central to 

this work, namely, Aluminium  Silicon Alloy (2.1), Powder Metallurgy (2.2), Carbon nanotube 

aluminium composites (2.3), Carbon nanotubes (2.3.2), Carbon nanotube aluminium composites 
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(2.3.3), Functionally Graded Materials obtained by powder metallurgy( 2.4), Piston rings (2.5), 

Strengthening mechanisms (2.6), Fatigue in Metal Matrix composites(2.7) and Wear (2.8). 

These topics selection was based on the general objective of this thesis: production of 

piston rings with improved performance by using a powder metallurgy technique. 

Subchapter 2.1, besides a bibliographical research on aluminium silicon alloys, presents 

the criteria used for the selection of eutectic aluminium-silicon alloy for the composites developed 

in this work. Since a powder metallurgy technique was used for producing these composites, a 

general overview regarding these techniques (starting from powders production until the final 

sintered part) is presented on subchapter 2.2. 

Metal matrix composites (MMCs) are shortly addressed in subchapter 2.3, followed by a 

comprehensive review regarding Carbon nanotubes (CNTs), the reinforcement used for the 

production of these composites. Following this topic, subchapter2.3.3 presents a review on Carbon 

nanotube aluminium composites obtained by powder metallurgy techniques. 

Functionally graded materials (FGMs) production by power metallurgy, relevant topic for 

the final model of controlled deposition powders equipment (Chapter 9) and on this work general 

concept and approach, is presented in subchapter 2.4. 

Starting from piston rings requirements and aiming to their performance improvement, 

subchapter 2.5 brings a brief outline on Piston rings: their role in an internal combustion engine 

and manufacturing processes by power metallurgy. This subchapter is important for the 

understanding of the final model of controlled deposition powders equipment. 

Composites mechanical properties relation with several strengthening mechanisms is 

addressed in subchapter 2.6. Subchapter 2.7, on fatigue, presents some concepts on this area 

once high fatigue resistance is desirable for piston rings. Additionally reinforcement’s roles on 

composites fatigue resistance are also addressed. Once wear is an important issue regarding piston 

rings performance, subchapter 2.8 focuses on this subject, mainly abrasive and adhesive wear, 

the main wear mechanisms identified in the produced composites. 

Chapters 3 to 10 gather the research papers, which comprise the following sections: 

Introduction, Experimental procedures; Results and discussion and Conclusions. 

Chapter 3 (Evaluation of CNT dispersion methodology effect on mechanical properties of 

an Al-Si composite) presents an assessment on different dispersion methodologies influence on 
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mechanical properties of an Al-Si alloy reinforced with multi-wall carbon nanotubes (MWCNT), 

functionalized with Ni. 

In chapter 4 (Carbon nanotube dispersion in aluminium matrix composites – quantification 

and influence on strength) the influence of different volume fractions of carbon nanotubes in the 

metallurgical and mechanical properties of CNT-reinforced Al-Si composites are studied. 

Additionally CNT’s agglomerates were quantified and their content influence on these composites 

mechanical properties is assessed. 

Chapter 5 (Improvement on sliding wear behaviour of Al/cast iron tribopair by CNTs 

reinforcement of an Al alloy) is focused on the influence of different CNTs volume fractions on the 

tribological behaviour of these composites – under dry reciprocating sliding conditions against a 

grey cast iron (GCI). 

In chapter 6 (Mechanisms Governing the Tensile, Fatigue and Wear Behaviour of Carbon 

Nanotube reinforced Aluminium Alloy) the influence of several acting mechanisms in AlSi-CNTs 

mechanical, wear and fatigue behaviour are presented, through tensile tests (yield strength, 

ultimate tensile strength and strain and fracture morphology), wear and fatigue tests. 

Chapter 7(Dry sliding wear behaviour of AlSi-CNTs-SiCp hybrid composites) and chapter 8 

(Mechanical, wear and fatigue behaviour of an AlSi-CNTs-SiCp hybrid composite) concern the same 

hybrid composite: AlSi-2wt. %CNTs-5wt. %SiC. These two chapters fully characterize this hybrid 

composite when regarding mechanical, wear and fatigue behaviours and determine the combined 

effects of both reinforcing constituents (CNTs and SiC). 

In chapter 9 (Optimization of AlSi-CNTs functionally graded material composites for engine 

piston rings) an FGM piston ring design proposal is presented, encompassing the conclusions 

obtained from the previous studies (chapters). 

In chapter10 (Interface analysis on an eutectic AlSi alloy reinforced with Ni coated MWCNT) 

is performed a performed a detailed study about chemical reactivity between Ni coated MWCNT 

and AlSi matrix.   

Finally, in chapter11 (General discussion), a global analysis and discussion of all the 

performed work, the main conclusions and also an outlook for future works are presented. 
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2 State of the art 

This chapter presents a comprehensive review on theoretical concepts and 

technological aspects on several topics related with the main subject of this thesis: 

development of new and improved functionally graded materials (FGMs), based on 

aluminium-silicon alloys reinforced by Ni Coated CNTs, obtained by a powder metallurgy 

route. 

This review focuses on aluminium silicon alloys; powder metallurgy; metal matrix 

composites; Ni coated carbon nanotubes; Carbon nanotube aluminium composites; 

Functionally Graded Materials obtained by powder metallurgy and piston rings. Afterwards, 

a brief review concerning strengthening mechanisms, fatigue and wear are included. 

Starting with aluminium silicon alloys, a brief comment on aluminium alloys and 

particularly aluminium-silicon alloys is made, presenting the rational for the matrix alloy 

selection for developing these composites. In order to introduce powder metallurgy 

techniques and to contextualize their selection for the studies here presented, an overview 

on several aspects regarding these processing routes is included. 

Metal matrix composites, CNTs and CNTs aluminium composites are subsequently 

addressed, in order to contextualize readers with different backgrounds to several issues but 

especially to CNTs and their use as reinforcement. 

As the final aim of this work is FGMs development and production, an overview on 

FGMs, mainly regarding their productive process by powder metallurgy is included. This 

overview was conducted to understand different processes aiming to the final FGM 

production system. 

With the selected demonstrative component in mind, a review on piston rings is 

included, mainly focused on powder metallurgy for these components production. 

A review on strengthening mechanisms, fatigue and wear are included, in order to 

understand the role of reinforcements on mechanical, fatigue and wear behaviour.  
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2.1 Aluminium Silicon Alloys 

Aluminium and its alloys are widely used in a large number of applications due to 

their low density (Al density of 2.71 g/cm3, approximately one third of that of steel (7.83 

g/cm3)), high specific strength, high thermal and electrical conductivity, a relatively low 

melting temperature, corrosion resistance and the fact of being a 100% recyclable material 

without degrading mechanical and metallurgical properties [1]. Aluminium alloys are found 

in vehicles, due to the enormous advantage of reducing the vehicle weight and power 

consumption, increasing the load capacity. 

Aluminium alloys have the additional advantage of being processed using various 

techniques (cast, rolled, extruded, forged). The mechanical strength of aluminium alloys can 

be improved by modifying the alloy composition and also performing a variety of thermal 

and mechanical treatments. The addition of alloying elements and also reinforcements have, 

not only the intention of increasing mechanical properties, but, for instance, improve 

machinability, castability or sinterability (for powder metallurgy). 

Among aluminium alloys, near eutectic aluminium silicon (Al-12%Si) alloys present 

a superior   wear resistance. These alloys are widely used as piston materials for petrol 

engines due to their low thermal expansion coefficient and also high wear resistance [2]. Al-

12%Si alloy is a widely used commercial one, highly available, regarding which there are few 

works, opening an opportunity to explore new CNT-reinforced composites based on this alloy. 

 

2.2 Powder metallurgy 

Powder metallurgy  can be defined as a set of techniques and processes for 

producing powdered materials, and their subsequent processing into consolidated products 

with powder coherent mass (metallic or non-metallic) through simultaneous or subsequent 

application of high pressures and heat, generally below the melting temperature of the main 

constituent [3]. 

Powder metallurgy is used due to its multiple advantages, like being a near-net 

shape technology with great dimensional control and tight tolerances; the low material waste; 

the ability to process certain high melting temperatures metals or alloys (e.g. Tungsten) and 
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the fact of these processes can be more easily automated, making them a competitive 

process for certain materials [4]. However these techniques have some disadvantages, 

namely the high cost of tools, equipment and powders and the difficulty in storing and 

handling powders (oxidation, reaction, etc.) [4]. 

The manufacture of components by powdered techniques start with the production 

of powders, and their ensuing mixture (in the desired quantities, for alloy production; 

composites production; binder and/or lubricant addition), followed by the compaction step 

(being obtained a green compact in the case of press and sinter). After these steps, the 

sintering is carried out by heating. If necessary, a forging/cold work step can be performed 

to the sintered component, in order to obtain final desired properties (densification; 

reinforcement orientation; work hardening) [4]. There are processes where the compaction 

and heating are simultaneously performed and the forging/cold work step can be neglected 

(hot pressing and hot isostatic pressing). 

Powders production is mainly mechanical atomization. There are different kinds of 

mechanical atomization: by gas; by water; centrifugal atomization and ultrasonic atomization 

[5]. There are also combinations of different atomization systems - hybrid systems [6]. All of 

these processes act by breaking liquid into droplets [5]. 

In gas atomization, one or many stream of inert gas are projected towards a jet of 

molten metal [7]. This process was used to produce the Al-12%Si alloy powders used to 

produce the composites developed in the scope of this thesis (Figure 2.1). 

The process that is used to obtain metal powders influences the shape and size of 

the powders. Depending on the metal/alloy and also on liquid metal temperature, smaller 

surface tension leads to smaller and irregular powder particles [8]. For instance, in gas 

atomization, the cooling produced in the molten metal (process with low cooling rates) gives 

enough time to liquid metal particles to become spherical, due to surface tension. By water 

atomization, due to higher cooling rates, more irregular and harder particles are obtained 

[3]. Figure 2. 1 shows powders obtained by two different processes, evidencing the influence 

of the process on the final powders shape. 

The atomization process can also influence other aspects such as purity of the 

powders, particle size distribution, chemical composition and microstructure that can have 
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an effect on properties like flowability, compressibility and compaction of powders; green 

compact strength; sinterability and hardness [3].  

 

a) 

 

b) 

Figure 2. 1 - a) Al-12%Si alloy powder obtained by inert gas atomization (from TLS Technik) and b) Al-12%Si 

alloy powder obtained by a hybrid atomizer developed by O. Carvalho. 

 

The obtained powders mixing and homogenization is then performed, in order to 

proceed to compaction and sintering. Sintering can be defined as a thermal treatment for 

bonding particles into a coherent, predominantly solid structure via mass transport events 

that often occur on the atomic scale. The bonding leads to improved strength and lower 

system energy [9]. 

Sintering processes can be divided into two major groups: solid state sintering and 

liquid phase sintering. Liquid phase sintering occurs when one of the  constituents of the 

powder mixture melts (the one with lower melting temperature), promoting consolidation 

[4]. For example, to Al powders are often added Zn, Sn or Cu, such that at the aluminium 

sintering temperature, these metals melts, helping to consolidate the material [10-17]. Solid 

state sintering occurs when the powder compact is consolidated with all the constituents in 

the solid state (at the sintering temperature) [18]. 

Others types of sintering include transient liquid phase sintering and viscous flow 

sintering [18]. Phase diagrams help to identify where these different processes can occur 

(Figure 2. 2). 

A special attention will be given to solid state sintering once this was the process 

used in this work.  
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During solid state sintering there is a surface energy reduction. By the influence of 

heat there is a reduction of surface area, when comparing with the green compact (set of 

grains with a large surface area). This happens through growth and formation of bonds 

between particles. Macroscopic driving force for sintering is related with the reduction of 

excess free energy associated with surfaces.  

 

 

Figure 2. 2 - Schematic phase diagram with indication of various sintering processes [18]. 

 

This phenomenon can occur in two ways: by reducing the total surface area with 

increasing average particle size, leading to "coarsening" (particle growth) or by elimination 

of a solid/vapour interfaces and creating the contour area grain, followed by grain growth 

[18]. 

Figure 2.3 shows a schematic model of two spherical particles, representing the 

contact of two adjacent particles, typically used to explain the mechanisms involved in 

sintering. 

The sintering microstructure consists of a mixture of convex and concave surfaces 

and during sintering the curvature gradient gives a thermodynamic impulse that drives mass 

flow along this process[20]. As seen in Figure 2.3, the sinter neck is concave (curved inward) 

and the particle surface is convex (curved outward). The atomic motion takes place from 

regions of higher tension (convex region) to zones of lower tension (concave region). Thus, 

the atoms moves from convex region to concave zones (necks) which is responsible for neck 
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grow. Atom motion is faster at higher temperatures and small particles have large gradients 

in curvature, thus it is expected a higher sintering rate for smaller powders and higher 

temperatures [20].  

Vapour transport (evaporation/condensation), surface diffusion, lattice (volume) 

diffusion, grain boundary diffusion, and plastic flow (in amorphous material) are the main 

mass transport mechanisms during sintering and determine how mass flows in response to 

the driving force for sintering [21]. 

 

 

Figure 2.3 - Schematic model representing the sintering process by surface and bulk transport [19]. 

 

Evaporation/condensation occurs preferably on flat or convex surfaces of the 

particles, while the deposition occurs on the necks (concave). This is usually a dominant 

process mainly when fine powders (with high specific surface area and high vapour pressure) 

are used. Transport by surface diffusion occurs by movement along the surfaces of the 

particles boosted by roughness and defects such as vacancies or edges. Volume diffusion 

involves movement of vacancies through the crystal structure, and the diffusion rate is a 

function of temperature and composition of the particles. In the mechanism of diffusion 

through grain boundaries, the material is removed along the contours, and placed at the 

intersection of the neck's surface contours. Transport by plastic occurs via generation of 
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dislocations in the material, which interact with vacancies during sintering leading to atoms 

movement [9]. 

Vapour transport, surface diffusion, and lattice diffusion from the particle surfaces 

to the neck lead to neck growth and coarsening of the particles [20] but since they are 

surface transport mechanisms they do not provide densification to the compacts [19]. Grain 

boundary diffusion, lattice (volume) diffusion from the grain boundary to the neck and plastic 

flow cause neck growth and densification (shrinkage) [20]. Figure 2.3 shows two different 

mass transport mechanisms. 

Higher sintering rate is expected when pressure and temperature are applied 

simultaneously. Hot pressing is an example of these processes. With application of external 

pressure, lattice and grain boundary diffusion, plastic deformation and creep mechanisms 

are the major mechanisms, unimportant in pressureless sintering [18]. However, the overall 

densification rate of a compact is the sum of the densification rates for all the above-

mentioned mechanisms and additionally vapour transport (evaporation/condensation) and 

surface diffusion. 

An important aspect that influences the sinterability of metals and aluminium alloys 

in particular is the powders surface condition. For instance, during atomization and 

subsequent handling aluminium powders can oxidize and the oxide film can have different 

thickness and can be amorphous or crystalline [22]. Aluminium powder produced by air-

atomizing process have oxygen contents ranging from 0.3 to 0.6 wt.% [23]. 

Thermodynamically stable alumina (aluminium oxide) film on each aluminium 

particle tend to hamper the sintering process because this film works as a barrier to inter-

particle diffusion of aluminium atoms and to the diffusion of solute atoms into the aluminium 

particles [24]. Oxide films need to be chemically reduced or mechanically disrupted to 

enable effective sintering both in solid state sintering and liquid phase sintering. 

In pressure assisted processes (e.g. hot pressing), the powder compaction using 

pressure presents the advantage of disrupting these oxide films due to the considerable 

distortion of the ductile aluminium powders. Oxide films rupture at the points where particles 

touch are local areas of contact free from oxides [25].The rupture of oxide films can originate 

nanoscale oxide particles (Figure 2. 4) mainly when severe plastic deformation is higher than 

that required for sintering [26; 27]. 
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Figure 2. 4 - Disintegrated oxide films, into particles of 50–150 nmon pure aluminium powder [26]. 

 

2.3 Carbon nanotube aluminium composites 

2.3.1 Aluminium matrix composites 

Metal matrix composites (MMCs) first emerged in advanced military systems [28] 

and were extended to other fields like high technology aerospace [29,30], automotive 

industry [30, 31], sports, biomedical, electrical and electronic components and also 

machining tools. 

Generally speaking, composite materials can be defined as a matrix with one or 

more physically distinct, distributed phases, known as reinforcements. The reinforcement is 

added to the matrix to meet the desired properties improvement like strength, stiffness, 

toughness, thermal conductivity, electrical conductivity, coefficient of thermal expansion, 

electromagnetic shielding, damping and wear resistance [32]. 

Aluminium matrix composites (AMCs) are MMCs in which aluminium or aluminium 

alloys are the matrix material. According to literature, AMCs have some advantages when 

compared to unreinforced materials: greater strength; improved stiffness; reduced density 

(weight); improved high temperature properties; controlled thermal expansion coefficient; 

thermal/heat management; enhanced and tailored electrical performance; improved 

abrasion and wear resistance; control of mass (especially in reciprocating applications); 

improved damping capabilities [33]. 

According to the type of reinforcement used, AMCs can be divided into four main 

groups: Particle-reinforced AMCs (PAMCs); Whisker-or short fibre-reinforced AMCs 
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(SFAMCs); Continuous fibre-reinforced AMCs (CFAMCs); Mono filament-reinforced AMCs 

(MFAMCs) [4]. 

There is a wide variety of MMCs fabrication techniques, including powder metallurgy 

[34,35],molten metal methods [36,37],semi-solid casting, pressure infiltration [38] and 

spray deposition [39,40]. However, there are other techniques that have emerged making 

this division outdated. For example, in the production of metal matrix composites reinforced 

with carbon nanotubes, Bakshi et al. [41] and Agarwal [32] classified the production 

processes of CNTs metal matrix composites (CNT-MMC) in five major groups: Powder 

metallurgy, Melting and solidification, Thermal spray, Electrochemical deposition and other 

novel techniques (that include a mixing by chemical processes combined with powder 

metallurgy processes). Thermal spray, and Electrochemical deposition are difficult to include 

in any of the groups proposed by Srivatsan et al. [42]. 

 

2.3.2 Carbon nanotubes 

In 1991, a Japanese researcher Sumio Ijima discovered carbon nanotubes, i.e. 

cylindrical structures whose walls are formed by carbon atoms tri-coordinated in their sp2-

hybridized orbital's [43]. The bonds between carbon atoms confers to carbon nanotubes 

exceptional structural, mechanical and electrical properties, making these materials very 

appealing for research on several areas like physics, chemistry, materials science and 

biology pharmacology [43]. 

CNTs can be described as a graphite sheet rolled up into a nanoscale-tube [44]. If 

this tube has just one sheet, these are designated as single-layer nanotubes, called single-

wall carbon nanotube (SWNT). The double-walled nanotube is named double-wall carbon 

nanotube (DWNTs), a special kind of Multi-wall carbon nanotube (MWNTs), that have more 

than two layers [44,45]. 

CNTs diameter ranges between fractions of nanometres and tens of nanometres, 

while their length can go up to several micrometres, with tips normally closed. The bonding 

between CNTs layers are made by Van der Walls forces [45-47] conferring different 

mechanical properties to SWCNT and MWCNT reinforced composites, as shown by George 

et al. for aluminium composites [48]. Van der Walls forces between layers of MWCNT, 
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confers them a good self-lubricating properties, once the layers can slip or rotate, leading to 

a low coefficient of friction [49-51]. Due to the good tribological properties, CNTs can also 

be used in other applications such as additives in oils [52-54]. 

Some theoretical and experimental measurements have shown that CNTs have both 

excellent mechanical properties (e.g. elastic modulus of more than 1TPa [55,56] and tensile 

strength of 10 to 100 times higher than steel [45]) and exceptional physical properties (high 

thermal conductivity, of about twice that of diamond and electrical properties 1000 times 

higher than copper [57]). 

In addition, CNTs exhibit low density, with SWCNT having a density of 0.6 g/cm3 

and MWNT density ranging between 1 and 2 g/cm3. This makes CNTs a high specific 

strength material, making them ideal reinforcements for composites [58].  

CNTs stability under temperatures as high as 2700 K, in an argon atmosphere or 

under vacuum [59], can favour their application without degradation. Due to their electrical, 

optical and mechanical properties they have been used for the production of different types 

of devices, such as electron emitters, gas sensors and biological sensors, tips for atomic 

force microscope (AFM), and when combined with other materials such as polymers, 

ceramics and metals serve as reinforcing constituent, forming composites with improved 

properties [43]. 

The functionalization of CNTs walls is a promising trend for exploring these materials 

potential, by suiting the functionalization to specific requirements (e.g. favour chemical 

bonding). This process consists in promoting bonding between other molecules/elements 

and CNTs. When thinking on composites, functionalization has specific functions like 

improving bonding between CNTs and a matrix. This process is widely used in the production 

of polymer composites [60-62]. In the case of metal matrix composites, CNTs can be metal 

coated or used other inorganic coating, in order to improve interfacial adhesion between 

CNTs and the metal matrix [62-66]. Figure 2. 5 shows an example of CNT metal coated. 

Functionalized CNTs can present electrical and mechanical properties that are substantially 

different from non-functionalized CNTs [67]. 

SWCNT and MWCNT can be produced by several techniques like arc-discharge 

[68,69], laser ablation [70], gas-phase catalytic growth from carbon monoxide [71], and 

chemical vapour deposition (CVD) from hydrocarbons [72-74]. The process used for 
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producing CNTs influences their mechanical properties: CNTs produced by catalytic process 

exhibit worst mechanical properties when compared with those obtained by arc-discharge 

[46]. 

 

 

Figure 2. 5 - Carbon nanotube functionalized with magnesium (arroys indicate the Mg layer) [64]. 

 

2.3.3 Carbon nanotube aluminium composites by powder metallurgy 

Due to CNTs excellent properties, these have been used as reinforcement in 

different kinds of composites, whether metal, ceramic or polymeric matrix composites [75]. 

In recent years much work has been done with regard to metal matrix composites reinforced 

with CNTs [75,76]. With the introduction of CNTs, it is expected to overcome some of the 

shortcomings presented by some materials, such as electrical conductivity of polymers and 

toughness of ceramics.  

When analysing several research studies related with aluminium matrix composites 

reinforced with CNTs, a common issue arises: dispersion of CNTs, regarded as the 

dominating factor when considering these composites mechanical properties. 

Different approaches have been used to disperse CNTs in a metallic matrix. These 

processes can be divided in five main groups: powder metallurgy techniques, 

electrochemical processes, thermal spraying processes, welding processes and some 

innovative techniques [41, 77]. This work will mainly address power metallurgy processes, 

once they were used in the studies presented in this thesis. 
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Powder metallurgy processes usually start by mixing CNTs with the metallic matrix 

powder, both being introduced into a metallic cup with steel balls (the movement of the 

power mixture and the balls friction and shocks between balls and the mixture promotes 

CNTs deagglomeration). This process can also be designated as mechanical alloying. In this 

type of technique, different agitation speeds can be used, so that these processes can be 

divided into low and high energy milling [78], both leading to CNTs dispersion. Regarding 

these processes it is essential to control time and energy, once damage CNTs with excessive 

mixing times and velocities can occur. These processes can also lead to powder growth [79] 

as a result of the welding between particles, which hinders the composite sintering. 

Esawi et al. [80] used high energy milling to make the mixture of aluminium and 2 

wt% of CNTs, obtaining a tensile strength increase of about  21%. In this work the composites 

were extruded after sintering, which means that the mechanical proprieties could be lower 

if no extrusion had been performed.  

Carbon nanotube aluminium composites production by powder metallurgy process 

can be performed using cold pressing and sintering [48], hot pressing [81] and spark plasma 

sintering [82], with subsequent plastic deformation processes [48, 80, 83-86] or not. 

By cold pressing and sintering the mixture is cold pressed and then sintered[48]. 

On the other hand, by hot pressing [8,81] the mixture is compressed while it is sintered. In 

spark plasma sintering process [82] the mixture is sintered by pressing with electrical 

discharges. Final plastic deformation can be performed after sintering the composites 

(consolidation step) [48, 80, 83-86], by forcing the material to pass through a channel with 

a certain angle. This step contributes to the fragmentation of CNTs agglomerates, improving 

final mechanical properties. 

George et. al. [48] produced SWCNT and MWCNT reinforced aluminium composites 

(with 0-2 wt.%) by cold pressing and sintering with final hot extrusion. By this process, CNTs 

dispersion was improved (when compared to non-extruded) and an increases in yield 

strength (8% for composites with 0.5wt % CNTs and 24% for composites with 2 wt.% CNTs) 

as well as in elastic modulus (12 and 23% for 0.5 and 2 wt.%CNTs respectively). 

Hot pressing process [81] main advantage, when compared to cold press and 

sintering, is the possibility of achieving higher densification in a lower time interval. Spark 
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plasma sintering is even a faster process and can be carried out at lower temperatures, thus 

avoiding grain growth and undesirable reactivity [87]. 

Esawi et. al. [83] used hot pressing followed by a plastic deformation process 

(lamination).The mixture of aluminium and CNTs is placed in a copper package that is then 

hot laminated. Al-0.5wt.% CNTs samples presented the higher mechanical properties, with 

improvements of 43% and 20 % in yield stress and elastic modulus, respectively and a 19% 

reduction in strain to failure. This study, showed that higher CNT content's lead to poorer 

CNTs dispersion and consequent lowering of mechanical properties. 

Esawi et. al. have conducted a further study [80], which showed the effect of cold 

working on the composites final properties. In this study, there was a 21% improvement in 

tensile strength, for 2wt.% CNT composites. This improvement was attributed to cold working 

and hot extrusion (that dispersed and aligned the CNTs in the direction of load application 

during extrusion and compression process).The limitation of this technique is that it cannot 

be applied to all geometries, being especially suited to cylindrical samples, making difficult 

its industrial implementation. 

Deng et. al. [84, 88] used a similar processing route than Esawi et. al. [83], where 

the powders mixture (Al and CNTs) was placed in a rubber package that was then 

isostatically pressed. This compact was afterwards hot extruded. Deng et. al. [84 ,88] found 

that the higher properties were obtained for composites with 1wt.% CNTs, with 41, 34, and 

33% increase in elastic modulus, tensile strength and hardness respectively, accompanied 

by 4% reduction strain to rupture. 

Perez et. al. [85, 89] tried different mixing times and different volume fractions of 

CNTs (in an Al matrix), making the mixture by ball milling and using cold pressing and 

sintering, followed by hot extrusion. Effective dispersion was achieved and improvements 

of80, 53 and 48% in yield stress, tensile strength and hardness, respectively, were observed 

(for composites with 1.75 wt.% CNTs). 

Sridhar et. al. [86] used a similar process to Perez et al. [85, 89] obtaining  

improvements of 93, 88, 9 and 12% in yield strength, tensile strength, elastic modulus and 

strain to failure correspondingly. 
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The major challenge in the manufacture CNT-reinforced metal matrix composites is 

the CNTs dispersion on the matrix. The second major challenge is to establish a favourable 

bonding at metal matrix/CNT interface. 

Regarding aluminium matrices some studies use CNTs as reinforcement for 

commercial alloys by means of powder metallurgy. However, most of the studies use pure 

aluminium, once it allows a higher control over the reactivity between CNTs and the matrix. 

It has been reported that CNTs are very stable when regarding chemical reactions. 

Nevertheless, some of the defects on CNTs (open tips in CNTs [90]) might lead to reaction 

with aluminium [91]. According to the majority of the studies, the reaction product between 

aluminium and CNTs is aluminium carbide (Al4C3) [91-93]. In this reaction it is assumed that 

the free surface of CNT remains intact, due to the reduced processing time and temperature. 

Otherwise, CNTs would be fully transformed into Al4C3 [94]. 

This reaction product was mainly identified in liquid phase processes, like in plasma 

sintering [91]. However Al4C3 was also identified in processes like the one used in this work 

(hot pressing [95]), where aluminium melting temperature is not achieved.  

According to Kwon et. al. [92, 96] the formation of Al4C3 has a beneficial effect on 

enhancing mechanical strength. Additionally, this compound is responsible for an efficient 

stress transfer effect from matrix to reinforcement [97].For aluminium alloys, the formation 

of Al4C3 was also observed due to the presence of carbon, as in aluminium silicon matrix 

composites reinforced with carbon fibres, produced by metal liquid infiltration [98]. Vidal-

Setif et. al. [99] showed that in this case there was a strength reduction due to Al4C3 

formation. Therefore, Al4C3 formation and extent should be carefully controlled because of its 

brittleness [100,101]. 

Furthermore, in CNT-reinforced aluminium silicon composites, besides Al4C3, also 

SiC was formed [102,103]. Different carbides (formed in interfacial zones) distinctly 

influence these composites mechanical properties. The carbides strength determines the 

stress transfer ability from matrix to reinforcement. 

The reinforcement/matrix interface should guarantee the chemical stability of CNTs, 

by avoiding its complete reaction. Additionally, the interface should also assure the formation 

of reaction that allow the effective stress transfer from matrix to interface. 
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A possible approach to control reactivity between a reinforcement and matrix is the 

use of coatings on reinforcements [104, 105]. Similar to carbon fibres coating [104, 105], 

CNTs coating could be a solution towards reactivity control. Few works used this solution: Li 

et. al. [106] work added 0.67 wt.% nickel coated CNTs to a magnesium matrix, and achieved 

an increase of more than 150% on ultimate tensile strength besides a 30% ductility 

improvement. No studies were found concerning nickel coated CNTs as reinforcement for 

commercial aluminium alloys. 

Nickel is the most widely used metal for coating particles and ceramic fibres for use 

on aluminium composites [107-111]. The majority of the coatings are made by electroless 

plating, process also used for coating CNTs [112-114]. Coating the reinforcement influences 

the physical, mechanical and chemical properties of the composites. 

Aluminium reaction with Nickel can lead to the formation of stable intermetallic 

compounds like NiAl3 and Ni2Al3 [115]. 

In this work, Ni coated MWCNT were used to reinforce an AlSi alloy. As already 

mentioned, according to Kwon et. al. [92, 96] the formation of Al4C3can be beneficial to 

improve the stress transfer ability. Related with aspect, no studies were found regarding 

NiAl3 andNi2Al3CNT/AlSi (commercial alloy) interfaces. However, Miranda et. al. [115] (a 

work were the author of this thesis also participated) produced Ni particles reinforced AlSi 

composites where the formation of NiAl3 was detected. This intermetallic has higher strength 

than the matrix and Ni particles. It was noticed that this intermetallic contributed to the 

stress transfer from matrix to reinforcement (Ni). Therefore, it is expected the same 

behaviour for the CNTs nickel coating, where the formation of this intermetallic not only 

contributes to load transfer to CNTs but also maintaining CNT integrity. The Ni coating allows 

the introduction of CNTs on commercial alloys, an advance in current CNT-reinforced metal 

matrix composites.  

 

2.4 Functionally Graded Materials obtained by powder metallurgy 

Nature was the first to produce gradated materials and served as inspiration for the 

development of new materials designated as Functionally Graded Materials (FGM) [116-

119]. Bamboo for instance is a natural FGM, well known by the scientific community [117, 
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120] due to its mechanical properties. Some other examples of FGMs are teeth, bones, 

seashells, sedimentary rocks, soils and wood [116-119]. 

The term Functionally Graded Material emerged in the mid-eighties in Japan, where 

FGMs were developed for aerospace applications [121]. FGMs are materials in which there 

is a variation in composition and/or structure which results in material properties change 

along one axis, at least [122]. 

The great interest on using FGMs is the possibility of controlling composition or 

structure and thus obtain components with desired local properties, as regarding 

mechanical, tribological, thermal properties and other. FGMs have successfully been used 

to produce thermal barrier coatings, gas turbine blades, chemical reaction vessels, cutting 

tools, bio-implants and thermoelectric components [123-125]. 

Scientific community has developed techniques for manufacturing FGMs with spatial 

variation in composition being introduced during the fabrication. The goal is to avoid abrupt 

transitions from one material to another, thus avoiding sharp local stress concentrations 

[126]. 

According to Erdogan et. al. [127],Yang et. al. [128] and Kokini et. al. [129], the 

usage of FGMs, can be highly advantageous, namely:  i) thermal stresses reduction; (ii) 

reduction of thermal stresses at critical locations; (iii) diminution of sharp stress transitions 

at the interface; (iv) reduction of stress intensity factor (driving force for crack propagation) 

and (v) increase of the interfacial bond strength. 

According to Kieback et. al. [130] FGM manufacturing processes usually comprise 

two different steps: building the spatially inhomogeneous structure (gradation) and 

transformation of this structure into a bulk material (consolidation). 

Gradation processes can be classified into constitutive, homogenizing and 

segregating processes. Constitutive processes are based on a stepwise build-up of the 

graded structure from precursor materials or powders. In homogenizing processes a sharp 

interface between two materials is converted into a gradient by material transport. 

Segregating processes start with a macroscopically homogeneous material which is 

converted into a graded material by material transport caused by an external field (for 

example a gravitational or electric field) [130]. 
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Related with the FGM thickness, according to Ruys et. al. [131], these can be  

divided in three types: FGM films, interface-FGMs and bulk-FGMs. FGM films are thin graded 

coatings (10−6–10−4 m) which provide an ideal solution to the problem of film-substrate 

thermomechanical mismatch. Interface-FGMs (10−4–10−3 m) are films that are used to bond 

two dissimilar materials. Bulk-FGMs have large graded cross-sections (10−2–10−1 m) and a 

large volume of each component phase. 

The most commonly reported fabrication methods for bulk-FGMs can be grouped 

as: powder metallurgy processes, casting processes and thermal/chemical processes. Bulk-

FGMs produced by powder metallurgy (sintering) will be further explored in this chapter, 

once these were the type of FGMs used in this work. 

According to Kieback et al. [130], FGMs fabrication methods by powder metallurgy 

can  be grouped as follows: gradient of porosity and pore size, chemical and metallurgical 

composition gradients. These methods are addressed in the following sections. 

 

2.4.1 Gradient of porosity and pore size 

Porous structures are highly attractive for energy absorbers, damping devices and 

biomedical implants [132] to facilitate bone regeneration [133-136] and osteointegration 

[137, 138]. Porosity can be produced by adding space-holding fillers (space holders and 

alloy spheres), pressureless sintering, gas entrapment and reactive processing. 

By controlling porosity it is possible to manipulate mechanical properties and obtain 

materials with graded properties. A gradient of porosity can be obtained through the use of 

space-holding fillers (particles that occupy pre-determined positions). During the burning or 

sintering step, these space holders disappear, leaving a pore in place. NaCl space holders 

disappear by dissolution [139-142] as demonstrated in Figure 2.6.  

Carbamide (urea) and ammonium hydrogen carbonate space-holders [143, 144] 

have been used in different matrix alloys, like aluminium [144-146] stainless steel (316L) 

and several nickel-based super alloys (Hastelloy X, Hastelloy C, Inconel 600, Inconel 625 

[145]). These space-holders disappear by sublimation, with the additional advantage of 

producing uniform and regular pores (in shape and size) that contribute to higher and more 

predictable mechanical properties [144, 146-149]. 
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Figure 2. 6 - Schematic representation of the sintering-dissolution process for manufacturing foams 

by powder metallurgy [139] 

Another method to produce controlled porosity is by using hollow spheres [150]. 

Hollow spheres can be produced by coating polystyrene with metal powders (placing metal 

powders into a die and heated to sinter the metal powder into a dense, solid shell) followed 

by the polystyrene and powder binder burning. Another method to produce hollow spheres 

is by injection of metal through a coaxial nozzle [151] (Figure 2. 8). 

 

 

Figure 2. 7 - Schematic representation of the space-holder burning method by powder metallurgy [145]. 

 

The advantage of obtaining porous structures from space holders or hollow spheres 

is that there is a good control of the porosity volume fraction as well as their geometry and 

size, leading to reproducible structures and properties. 
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Figure 2. 8 - Prodution method of hollow spheres by injection of metal  through a coaxial nozzle [152]. 

 

Porosity can also be obtained by pressureless sintering, where insufficient 

compaction pressure is applied to loose powders. This process is broadly used for filters and 

self-lubricating bearings production. The porosity obtained by this process is simply derived 

from the incomplete space filling of powders, when poured and sintered in a die. By 

controlling the green density of the compact and also sintering parameters like temperature, 

time and pressure it is possible to manufacture a wide range of FGMs [153]. 

Another method to produce porosity is by gas entrapment, in which the 

consolidation of alloy powders is conducted in the presence of argon or another inert gas. 

After the material consolidation, the material undergoes a thermal treatment for a few hours 

making the entrapped gas to expand and create pores. 

Reactive processing is very similar to gas entrapment, but in this case the gas used 

for pores formation results from the decomposition reaction of some compounds introduced 

in the mixture [154] (as shown in Figure 2. 9). 
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Figure 2. 9 - Schematic representation of the combustion reaction for synthesizing porous materials [154]. 

 

2.4.2 Chemical and metallurgical composition gradients 

These type of gradients can be obtained by using single-constituent gradation or by 

using multi-constituents (different phases and/or grain sizes).In these gradients, powders of 

a single or multiple constituents are sequentially deposited, therefore creating an FGM. Most 

of the existing literature refers to multi-constituent gradients, varying constituent’s volume 

fraction, as metal-metal, metal-ceramic and ceramic-ceramic. FGMs by power metallurgy 

are mainly obtained by green compact consolidation (sintering) and additive manufacturing. 

 

Green compact gradient 

During the production of a green compact by powder metallurgy, a graded part can 

be obtained. The formation this gradient can be achieved mainly by varying discrete the 

composition (Figure 2. 10-a)) or by continuously variation (Figure 2. 10-b)). 

 

a 

 

b 

Figure 2. 10 - FGM with a).discrete and b).continuous composition variation. 
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Green compact gradient with discrete variation can be obtained by compressing 

different composition layers in a die (powder stacking). The gradient is obtained by stacking 

powders and manual layers of desired compositions can be selected [155]. These layers 

can be produced by laminating powder sheets, wet powder spraying and also by slip casting. 

The final step is the consolidation (sintering) of the graded powder stacked compact. Figure 

2. 11 is an example of a FGM obtained by this process. The main disadvantage of this 

process is the limited number of layers (due to the manual manufacturing). 

 

 

Figure 2. 11 -  FGM part obtained by powder stacking [156]. 

 

By laminating powder sheets, very thin sheets of different compositions can be 

produced. This can be obtained by using dry or wet powders, that are forced to pass between 

two rollers (powder rolling system), leading to compaction [130], like represented in Figure 

2. 12. This process is used for obtaining very large and thin sheets although not suited for 

complex geometries [157]. 
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Figure 2. 12 - Schematic representation of powder rolling system [158]. 

 

In the wet powder spraying process, a suspension (powder, binder and a volatile 

carrier) is applied on a substrate by means of an air stream or manual brush [159]. The 

major steps involved in this process are: preparing the mixture, the spray depositing (coating 

the surface by painting), drying and sintering. The gradation is obtained by spray deposition 

of multiple layers with different chemical composition. The main disadvantage of this process 

is that it is almost exclusively used for the production of FGMs coatings. In Figure 2. 13-a 

schematic flow diagram of the steps followed in wet powder spraying process are presented. 

Using slip casting, various suspensions (water and powder mixture) with different 

chemical compositions are deposited according to a FGM design, are deposited within 

porous mould. The water is absorbed by the mould walls, causing the formation of a material 

layer. The excess of suspension is removed and the body (deposited layer and mould) is 

dried to have sufficient strength. After dried, the body is sintered [160]. Figure 2. 14 shows 

the slip casting steps. 

The formation of a compact gradient with continuous variation of composition can 

be produced by continuously varying the powder mixture being deposited in the mould. This 

deposition can be performed by centrifugal powder forming; gravity sedimentation; 

centrifugal sedimentation; electrophoretic deposition; pressure filtration/vacuum slip 

casting. 
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Figure 2. 13 - Schematic flow diagram of wet powder spraying process [159]. 

 

In centrifugal powder forming, a powder mixture flux is deposited against the inner 

walls of a cylinder, using a rotary distributor plate that is computer controlled (Figure 2. 15). 

The green compact thus formed has sufficient strength for subsequent sintering [161]. The 

main limitation of this processes is the obtainable geometry, restricted to cylinders, although 

being fitted for producing different types of gradient with different sizes and shapes powders. 

 

 

Figure 2. 14 - Schematic representation of slip casting steps [160]. 

 

This process seems suited for piston rings manufacturing, one of the demonstrative 

components used in this thesis.  

By using gravity sedimentation (Figure 2. 16), the FGM results from differential  

sedimentation velocity of powders particles in a suspension, once this velocity results from 
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equilibrium forces actuating on the different particles. The movement of liquid around the 

particles, generates three forces: gravitational, drag and impulsion [162]. While the 

gravitational force is exclusively dependent on the body mass, impulsion depends on the 

liquid volume displaced by the particle. On the other hand, the drag force (force that opposes 

the particles sedimentation), depends on the liquid viscosity and particle front area [163]. 

By controlling mass, shape and fluid viscosity it is possible to achieve a smooth composition 

transition by this method [162, 164, 165].  

 

 

Figure 2. 15 - Schematic representation of centrifugal system powder forming equipment [122] . 

 

After complete particle sedimentation, the sedimented part is dried, compacted and 

sintered. This technique has some disadvantages, like the interaction between particles 

during sedimentation and the reduced range of obtainable gradients. 

Centrifugal sedimentation is somewhat similar to gravity sedimentation with the 

exception of another force involved: centrifugal force [166,167].  

In electrophoretic deposition, the deposition is carried out from solutions containing 

more than one constituent. In this process, there is a mixing system that provides 

suspensions with variable constituent(s) concentrations [168-171]. Figure 2. 17 shows an 

experimental set up for this technique, that suffered a great evolution, being now possible 

to produce graded materials in several axis [172].  
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Figure 2. 16 - Schematic representation of gravity sedimentation process [162]. 

 

 

Figure 2. 17 - Schematic representation of the experimental set up for electrophoretic deposition [171] 

 

Pressure filtration/vacuum slip casting is a technique where powders are placed in 

different suspensions (Figure 2. 18), that are injected using an FGM design assured by a 

computerized system. These suspensions are forced to pass through a filtration system (by 

using pressure and vacuum), in order to obtain the continuous variation of composition. This 

process is very similar to slip casting, although in this case pressure is applied to the fluid 

while vacuum is made in the ceramic mould [173, 174]. Another difference is the fact that 

the powders suspensions mixture production is computer controlled. 
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Figure 2. 18 - Schematic representation of computer controled slip casting process [175]. 

 

 

Additive manufacturing 

In additive manufacturing, graded parts, as regarding structure (e.g. controlled 

porosity) and/or composition are build layer by layer. These processes include selective 

laser sintering (SLS) [176-178] and selective laser powder melting/direct laser forming (DLF) 

(Figure 2. 19). These processes concept begin by defining the CAD structure that is sent to 

a prototyping machine that will build the component layer by layer. The first step is to deposit 

the powder layer with composition and dimension as required. Each of these layers are then 

sintered according to the CAD information. It is possible to obtain structures (e.g. controlled 

porosity) by not sintering designated areas of the powder layer. 

DLF and SLS represent huge advances in materials processing, once by controlling 

the composition of each layer and the laser path, structural and compositional structures 

are possible to be obtained without intermediate stages [180].These processes are viable 

for high value added products like in the medical field [181-183]. 

Based on additive manufacturing approaches and also on centrifugal powder 

forming, a technique for producing FGMs was developed in the scope of this thesis. 

In the developed technique a continuous powders mixture is formed (and controlled 

by computer) being then continuously deposited in a mould. After the deposition of the 

graded mixture, the powders are afterwards consolidated. 
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This technique main advantage (comparing with additive manufacturing and 

centrifugal powder forming) is the ability to control the produced gradient without using a 

solvent. Additionally, its high production rates makes it more able to be industrially applied. 

Furthermore, this technique allows to produce controlled porosity gradients using space 

holders, instead of expendable laser techniques. 

 

 

Figure 2. 19 - Schematic representation of rapid prototyping by direct DLF [179]. 

 

 

2.5 Piston rings 

Internal combustion engines are made up of three parts: engine head, engine block 

and crankcase. The engine block is entirely composed by the connecting rod-crank system 

that includes pistons, piston rods and crankshafts.  

This system converts the energy from the air/fuel combustion into mechanical 

energy. The piston (Figure 2. 20-a) has three functions within the motor: serves as a movable 

wall of the combustion chamber (ensuring their tightness), receives gas pressure and 
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transmits it to the connecting rod-crank system and guides the rod [184]. In order to allow 

the piston movement, a clearance and lubrication must exist between the piston and the 

cylinder wall.  

Piston rings (Figure 2. 21) are inserted in piston grooves (Figure 2. 20-b) in order 

to: assure the gas tightness of the combustion chamber [186]; transfer heat from the piston 

to the cylinder walls; control adequately the oil flow to the skirt and to the rings themselves, 

while preventing oil entrance to the combustion chamber. 

Normally piston rings are circular rings made of soft iron (Figure 2. 21), that in some 

cases may be submitted to electrolytic deposition of hard metals (chromium) to decrease 

friction against the cylinder walls and increase longevity. To ensure sealing, piston rings have 

a larger diameter than the cylinder, when not inserted. When introduced into the cylinder, 

the ring behaves like a spring, pressing the cylinder wall. Ordinarily, internal combustion 

engines have three different piston rings: compression ring, scraper ring and oil control ring 

[184]. 

 

 

 

 

a b 

Figure 2. 20 - Power cylinder system a) general view; b) detail view [185]. 

 

Piston rings for internal combustion engines or compression engine outer surface is 

subjected to high temperatures, corrosion and friction against the cylinder walls, therefore 

they must have high wear resistance as well as good physical (e.g. thermal conductivity) and 

mechanical properties. 
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Piston rings can be manufactured by several processes and casting followed by 

chromium coating by electrodeposition is probably the most conventional one. In this 

process, a subsequent treatment is made to create cracks on the surface which serve to 

retain oil. 

 

 

Figure 2. 21 - Internal combustion engine piston ring. 

 

As mentioned above, some pistons rings  are coated with hard metal to reduce 

friction and increase their longevity [187]. Several patents focus on this direction, offering 

various types of coatings ranging from chromium carbide, oxides, nitrides and other which 

are applied on piston rings sliding surfaces. These type of coatings presents some problems 

mainly related with the metal-ceramic bond, i.e. materials with different thermal expansions 

leading to de-bonding between metal and ceramic. This problem occurs mostly when the 

piston ring is covered with materials with reduced thermal conductivity because in this case, 

the piston rings heat outflow is not so efficient. In addition, when coating only the piston 

rings sliding surface, welding of the uncoated surfaces to the piston can occur. 

Some of the processes used for manufacturing piston rings fall on the powder 

metallurgy processes group. Special attention will be given to these processes in the 

following lines. 

Dworak et. al. [187] found that piston rings with a homogeneous composition avoid 

the problem of metal-ceramic bonding, thermally induced destruction as well as the welding 

between the piston and piston ring. Furthermore, Dworak et. al. obtained a piston ring with 

greater mechanical and wear resistance by power metallurgy. The obtained piston ring had 
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a homogeneous structure with partially stabilized zirconium oxide. These authors produced 

a piston ring with reduced porosity (less than 3%) and improved wear resistance, by using 

ceramic particles, that led to a weight reduction of 20% (comparing to commercially available 

piston rings). 

Another invention [188] that seeks to eliminate the inherent problems of coating 

pistons rings with chromium (like delamination),was the development of a piston ring 

containing a titanium aluminium alloy uniformly dispersed in an iron matrix. 

Koehler [189] was pioneer by addressing the piston ring design through the FGM 

concept. According to this author, a piston ring with homogeneous properties is not an 

adequate solution for improved mechanical and wear behaviour. Koehler ideal piston ring 

should have different properties along a cross-section, meeting the requirements 

(mechanical, wear) of each zone. For instance, high level of porosity in the outer zones can 

ensure greater lubrication, while no porosity in the inner part is best matched for higher 

mechanical properties. This controlled porosity allocation is obtained by a differentiated 

compression at inner and outer zones of the piston ring. The piston ring obtained by Koehler 

had a density of 7.5 g/cm3 in the inner, while 6.3 g/cm3 at the outer zones. 

Besides varying porosity, it is also possible to vary piston rings chemical 

composition, like proposed by Lagradere [190], that designed piston rings by juxtaposition 

of two rings of two different materials: inner part of cast iron and outer part with low friction 

coefficient and high melting point metals/alloys like copper, lead and bronze. 

Young [191] proposed a piston ring that has physical properties variation (like 

density) but also chemical (composition) along the piston ring cross-section. These authors 

produced a piston ring composed from metal powders suitable for nitriding. The presented 

solution was a method to obtain piston rings whose structure is predominantly pearlitic with 

dispersed metal particles having a good affinity for nitrogen. After their production a nitride 

layer is promoted at the outer surface. Different nitriding level can be achieved by controlling 

the porosity along the cross-section of the piston ring, i.e. higher porosity allows a deeper 

nitriding layer.  

By conjoining the methods of Koehler [189] and Young [191] i.e. combining a 

differential pressure during compaction of powders and a posterior chemical treatment, it is 

possible to produce a smooth variation in chemical and physical properties. 
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This chapter showed that there are many piston rings manufacturing processes by 

powder metallurgy. Some works looked for joining different materials and allocate them, for 

specific local requirements. As piston rings undergo higher wear on the outer surface, 

several attempts were made to increase wear resistance in this zone by placing hard 

particles or particles that lead to a wear reduction or even by introducing controlled porosity 

to retain oil. In the majority of these studies, piston rings have a sharp transition from one 

material to another, with some problems arising as delamination and undesired residual 

stresses. 

The goal of this work is the attainment of a graded composition along the piston ring 

cross-section by using powder metallurgy. This concept is innovative because most of works 

produce piston rings with a sharp composition transition. The chosen reinforcements were 

carbon nanotubes due to their excellent properties. Additionally, silicon carbide particles 

were used in order to assess the combination effect of two different reinforcements. The 

selected matrix material was an aluminium silicon alloy due to its thermal stability and 

lightweight (lighter than steel and cast iron piston rings). The selection of powder metallurgy 

processes is mainly related with the ability of these processes to introduce reinforcements 

with a controlled gradation. One of the novelties of this work lies on inserting reinforcements 

in a controlled manner, in order to obtain controlled gradients as regarding chemical 

composition as structures, aiming to local mechanical and wear requirements of a piston 

ring. 

 

2.6 Strengthening mechanisms 

A review on Strengthening mechanisms is presented in order to understand the role 

of reinforcements on composites mechanical behaviour. Thermal mismatch, Orowan looping 

and shear lag [48, 76] are some of the proposed mechanisms. 

Strengthening mechanisms can be grouped in direct and indirect mechanisms. 

Direct strengthening is when the load is transferred from the soft metallic matrix to the stiff 

ceramic reinforcement. Shear lag is an example of this type of mechanism. Indirect 

strengthening is related with the influence of a reinforcement on the matrix microstructure. 
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The following mechanisms are indirect strengthening ones: Thermal mismatch and Orowan 

looping. 

Shear lag model focuses on the load transfer from the matrix to the reinforcement, 

when an external load is applied [192, 193]. The continuum shear lag model was first 

developed to predict the direct strengthening of continuous fibre reinforced composites, by 

Cox [193]. The predominant direct strengthening factor is the volume fraction of 

reinforcement.  

Aspect ratio is an important parameter in load transfer and higher aspect ratios are 

known to lead to higher load transfer [194]. For low aspect ratio whiskers or particulates 

typically used as reinforcements in metal matrix composites, Cox's shear lag model 

underestimates strength [195]. 

Nardone and Prewo suggested that a better trade-off could be obtained if the shear 

lag model was modified to allow for whisker or fibre end loading effects [196]. This model 

has some limitations, once it assumes that the presence of the reinforcement doesn't affects 

the matrix and also assumes there is a perfect reinforcement/matrix interface. Nardone and 

Prewo [196] noticed that the strengthening effect result from load transfer but also from a 

strengthening effect due to an enhanced work hardening rate of the matrix, that Cox's model 

ignores. 

Another important aspect to consider is fibres orientation. Ho et. al. [197] studied 

the load-transfer efficiency of this type of reinforcement in MMCs. These authors updated 

the shear lag model by including geometry and alignment of the reinforcement (introducing 

a new term for alignment correction - effective aspect ratio parameter). Another aspect that 

should be considered is the fibres curvature, which influence the composites properties, as 

suggested by some FEM simulations [198] for composites reinforced with CNTs. Curvature 

is not taken into account in any of the shear lag models previously mentioned. 

Strengthening by dislocations interaction is a mechanism based on the interaction 

of dislocations with particles [199]. This mechanism, named Orowan looping, claims that 

when dislocations interact with the particles, an additional stress is necessary to make a 

dislocation pass between the particles. The applied stress should be sufficiently high to bend 

the dislocations in a roughly semi-circular form between the particles (Figure 2. 22). If so, 

the dislocations will extrude between the particles, leaving dislocation loops around them.  
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Inter-particle spacing reduction leads to higher strengthening effect by Orowan 

mechanism [200-202], once it is more difficult for dislocations to pass between the particles. 

Additionally, a reduction in particle size contributes to higher strengthening effect because, 

for the same volume fraction, there is a reduction in inter-particle spacing. A qualitative 

comparison of specimens containing whiskers and particles indicates that overall dislocation 

density tend to be higher in whisker-reinforced composites [203]. For this mechanism, 

particles of higher aspect ratio are more effective than equiaxial particles (the lowest aspect 

ratio) [204]. 

In whisker-reinforced composites, dislocation  nucleation takes place initially at 

whisker ends and spreads along the length of the whisker, as strain increases [205]. A higher 

dislocation density is find in the sharp corners of the fibre ends [206, 207]. 

 

 

Figure 2. 22 - Schematic representation of Orowan model. 

 

As can be seen in Figure 2. 23, for a given volume fraction, the dislocation density 

on a composite with spherical reinforcement is lower than for other reinforcements with 

higher aspect ratio [208]. 
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Figure 2. 23 - Calculated dislocation density (ρ) vs. reinforcement aspect ratio (R) [208]. 

 

The presence of clusters have also an effect on the dislocation movement, 

contributing to higher dislocation density near these clusters [205]. High dislocation density 

in these zones leads to higher void nucleation, contributing to a resistance reduction of the 

composite. 

Concluding, Orowan looping strengthening mechanism is dependent on size, shape, 

volume fraction of the reinforcement and inter-particle spacing (including dispersion) [209-

212]. 

Thermal mismatch strengthening mechanism results from differential thermal 

contraction between matrix and reinforcement [213], during cooling from sintering   

temperature, leading to creation of residual stresses [213, 214].  According to Arsenault 

and Shi [213], this strengthening effect increases proportionally to the thermal coefficient 

mismatch between reinforcement and matrix and the reinforcement volume fraction. On the 

other hand, this effect is inversely proportional to the reinforcing particle size [215].  

When comparing composites reinforced by a given volume fraction, smaller particles 

correspond to greater surface area, therefore generating higher dislocation punching. The 

dislocation density is also highest in the interface region because the thermal stresses 

between fibber and matrix, in the interface region, have the highest magnitude [215]. In the 

case of whisker or fibber reinforcements, aspect ratio should also be considered, with 

increasing aspect ratios leading to an increase of this strengthening effect. 
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Additionally, a modulus mismatch strengthening mechanism [216] can be 

addressed, resulting from elastic modulus mismatch between matrix and reinforcement. 

This mechanism’s contribution increases with higher elastic modulus mismatch and 

reinforcement volume fraction. On the other hand, this contribution decreases when 

increasing the reinforcement size. 

All the above-mentioned mechanisms contribute to the final yield strength of the 

composites, however different methodologies have been developed to determine its value: 

simple summation; Clyne method; Zhang and Chen method and Mirza method. 

The simple summation of each of the strengthening contributions can be used for 

calculating the final strength of the composite. This method neglects the effect of different 

mechanisms on each other [217] which makes this method more unrealistic. Clyne [217, 

218] method proposes the root of the summing of the squares of all the single strengthening 

contributions. Both these methods consider all the strengthening mechanisms: shear-lag; 

Orowan looping; thermal and modulus mismatch and also Hall-Petch strengthening. Hall-

Petch strengthening mechanism relates to grain size influence on the yield strength [219]. 

Zhang and Chen model [220, 221] is a modified version of the shear-lag model that 

takes into account Orowan strengthening mechanism, thermal mismatch mechanism, 

although not considering the Hall–Petch strengthening and modulus mismatch. In some 

nanocomposites, Hall–Petch strengthening can have a significant influence, due to this fact 

Zhang and Chen model can result in less precise predictions. 

Mirza et. al. [222] proposed an innovative approach to the calculation of the 

composite final yield strength, by considering a detrimental aspect: porosity. This effect is 

introduced in this model by using a porosity factor that is an empirical constant depending 

on the porosity characteristics such as pore size, geometry, and orientation. This aspect was 

neglected by any of the other methods. In the present method, all the above mentioned 

strengthening mechanisms are considered, together with the detrimental effect of porosity. 

 

2.7 Fatigue in Metal Matrix composites 

Dieter [223] defines fatigue as the tendency that a material has to break under the 

application of repetitive or fluctuating stresses, at a stress much lower than that required to 
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cause fracture on a single application of load. According to Dieter, three basic factors are 

needed to cause fatigue failure: (1) a sufficiently high maximum tensile stress; (2) a 

sufficiently large variation of the applied stress and; (3) a sufficiently large number of cycles 

of the applied stress. 

Fatigue damage in a metallic material is caused by plastic (irreversible) deformation 

which is generally produced by the dislocations motion. This motion is affected by 

precipitates, impurities and grain boundaries [224]. 

Fatigue limit is the stress amplitude about zero mean stress, below which fracture 

does not occur at all, or occurs only after a very large number (107) cycles [225] . 

According to Boyer [226] fatigue process occurs through three stages (Figure 2. 

24): Initial fatigue damage leading to crack nucleation and crack initiation; Progressive cyclic 

growth of a crack (crack propagation) until the remaining un-cracked cross section of a part 

becomes too weak to sustain the loads imposed and final, sudden fracture of the remaining 

cross section. 

The fatigue resistance of MMCs are affected by several factors like reinforcement 

volume fraction, size, shape and distribution; matrix/reinforcement interface; integrity of the 

reinforcement; matrix properties; presence of inclusions or defects that arise from 

processing and also the testing environment [228-231]. 

Crack initiation step starts at a localized point (generally at a notch or stress 

concentration point) and gradually spreads over the cross section until the member breaks. 

For non-reinforced materials, these initiation points are mainly located on the surface and 

include scratches, sharp fillets, keyways and threads. In addition, cyclic loading can produce 

microscopic surface discontinuities, resulting from dislocation slip steps that may also act 

as stress raisers and therefore as crack initiation sites [160]. 
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Figure 2. 24 - Schematic representation of a fatigue fracture surface showing 

the fatigue process stages [227]. 

 

Regarding MMCs some possible sites for cracks initiation (or nucleation) are [232]: 

in a large inclusion; near a porosity; in the reinforcement/matrix interface; at broken fibres 

regions and clusters. The primary cause for crack initiation can be by reinforcement 

cracking, void formation in matrix and interfacial de-bonding [233]. 

For reinforcement cracking to occur it is necessary that load is transferred to the 

reinforcement and the installed stress should be higher than the reinforcement tensile 

strength. In the case of fibres, their length has influence on their failure. For instance short 

fibres are more difficult to fracture [234]. Fibres orientation also influences the fibre cracking 

[235], with higher inclination from load application reducing their cracking. 

In the case of matrix cavitation and interfacial de-bonding, the nucleation of cavities 

will normally take place in the immediate vicinity of the reinforcement, due to higher strains 

in these zones. The higher strains are consequence of differential modulus and thermal 

contraction between matrix and reinforcement. The voids are originated within the matrix, 

when reinforcements are strongly bonded (interface) and the applied stress exceeds the 

matrix strength [233]. In case of weak interfaces between matrix and reinforcement, de-

bonding is more likely to occur. Higher volume fraction of reinforcement and decreasing 

particle size results in higher fatigue strength [230]. Irregular shapes (with sharp edges) 

contribute to void nucleation [236, 237]. A non-uniform distribution of reinforcements and 

the formation of clusters (agglomerates) can contribute to void nucleation. Porosity can also 

contribute to crack growth [238]. 



Chpater 2 

44 

Matrix work hardening inhibits strain relaxation to take place by deformation. This 

fact causes the onset of void nucleation at a lower field strain than that observed for an 

unreinforced material. 

Crack propagation in discontinuously-reinforced MMCs results from a void 

coalescence process. In Figure 2. 25 a schematic illustration of the sequence of events 

during tensile failure of these MMCs for two reinforcement shapes is presented. This figure 

shows how voids are formed in regions of high hydrostatic tension and afterwards coalesce 

by a ductile tearing mechanism. 

On a given MMC, crack propagation depends on several factors, as: matrix 

composition and microstructure; type, size, orientation and distribution of the reinforcement; 

composite processing and final porosity. Some mechanisms that contribute to slow the crack 

propagation and thus the fatigue life are: microcracking; crack bowing; crack deflection and 

crack bridging [227]. 

 

 
 

a) b) 

Figure 2. 25 - Schematic illustration of the sequence of events during failure of MMCs reinfroced by a) fibres 

and b) particles [233]. 

 

In microcracking mechanism, microcracks form ahead of the main crack, with 

possible crack branching, distributing this way the strain energy over a large area. The 

occurrence of crack branching reduces the crack propagation velocity, because the stress 

required to drive a number of cracks is higher than that required to drive a single crack 

[239]. 

The interaction between the cracks and a reinforcing constituent can lead to three 

phenomenon: bowing, penetration and deflection [240-242]. The crack progressing will 

always follow the path that offers least resistance. 
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In the bowing mechanism (Figure 2. 26), when a crack approaches a well bonded 

reinforcement, the propagation of a part of the crack is hindered. The remainder of the crack 

bows around this trap site and is consequently retarded (of its propagation process) [243]. 

A higher adhesion of the fibre to the matrix [243] along with a reduction of distance between 

fibres [228] and also their higher aspect ratio [243] tend to increase the crack bowing. 

 

 

Figure 2. 26 - Schematic representation of crack bowing mechanism [243]. 

 

Penetration occurs when the shear force acting on the particle is higher than its 

tensile strength. A good bonding is necessary to have higher shear force. 

Deflection results from thermal misfit stress and delamination between matrix and 

reinforcement, which introduces residual stresses on matrix that are responsible for crack 

deflection. In the composite matrix, deflection will happen through planes of higher 

weakness in the microstructure or by deflection when finding areas of higher resistance (e.g. 

second phases of higher toughness) [244, 245]. Penetration can also contribute to crack 

deflection when happening inside the particle (Figure 2. 27) [246]. 

Finally, in crack bridging (Figure 2. 29), reinforcements act by restricting the opening 

of cracks, shielding the crack when the matrix fails [249]. In elastic bridging it is assumed 

that a tightly bonded second phase works as an elastic or elastic-plastic spring. With the 

increase of crack opening or with the increase of the distance from the crack tip, de-bonding 

occurs, leading to frictional bridging [250]. Finally the pullout bridging can happen, due to 

frictional forces between fibre and matrix, with or without fibre rupture. 
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Figure 2. 27  - Crack deflection by cracking of the particle in an MoSl2/Nb composite [246]. 

 

 

Figure 2. 28 -Schematic representationof crack deflection by delamination [247]. 

 

 

Figure 2. 29 - Schematic representation showing elastic, frictional and pullout bridging [250]. 

 

Summarizing, reinforcement characteristics like shape, orientation, size and 

distribution and also the interface strength [251], affect the fatigue life of MMCs. For 

instance, angular particles contribute to a higher stress concentration when compared with 

spherical ones and cracks tends to nucleate in regions with high volume fraction of particles 

(mainly at clusters) [252]. These aspects affect not only the crack initiation but also their 

progression (microcracking; crack bowing; deflection and bridging) [253, 254]. 
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Another important aspect to address is the presence of defects 

(clusters/agglomerates/inclusions can be here included). Murakami studied the effect of 

small defects on fatigue behaviour and showed that fatigue life is higher for materials with 

higher static mechanical properties, while lowering when defects, including their size, are 

present in the material [255]. 

 

2.8 Wear 

Wear is a phenomenon that results from the contact between two surfaces with 

relative movement and usually with friction between them. The study of this interaction is 

very important to understand the wear behaviour. This analysis must regard mechanical, 

physical and chemical properties of the materials involved. For instance, geometrical 

characteristics such as shape and surface roughness, mechanical stress, temperature, the 

existence of lubricant and wear debris must be considered. Additionally, the surface layer 

metallurgical and mechanical properties (before and also during sliding) influence the 

tribological interaction. The surface layer is also influenced by its reaction with the 

environment and with other materials (chemical reactions, as oxidation may occur). 

Surfaces relative movement is hampered by the friction force. The fundamental laws 

that govern the friction of solids can be presented as: static friction is greater than kinetic 

friction; frictional force is proportional to the applied load; frictional force is independent of 

the aparent contact area [256-258]. 

Friction is characterized by the friction coefficient µ, the ratio between the frictional 

force and the applied normal load. The friction coefficient depends on many parameters 

such as the cleaning of the surfaces in contact, the real contact area, surface topography, 

the presence of oxides, etc. Therefore, friction coefficient is not an intrinsic property of a 

material. Another aspect to consider is that contact surfaces are not completely smooth at 

the microscopic level (Figure 2. 30). When two surfaces are in contact, by touching the tips 

of the asperities, the contact pressure leads to plastic deformation at a local level, increasing 

the contact area (Figure 2. 31) [259, 260].  
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a) 

 

b) 

Figure 2. 30 - Schematic representation of a) contacts between surfaces asperities [260] and b) roughness 

profile [257]. 

 

Roughness is responsible for the majority of the stick-slip behaviour. Friction-

distance records obtained in tribological tests are not smooth curves. Sliding surfaces often 

exhibit stick-slip behaviour. Figure 2. 32 shows friction coefficient versus sliding distance, 

where after a maximum friction value during the running-in period, a steady-state is reached, 

where oscillations are observed due to the stick-slip effect [261-264]. 

The stick-slip effect results from the surface asperities interlocking (Figure 2. 30), 

until the driving force is high enough to break the irregularities or slide them over one 

another. Relative motion does not occur until some critical shear stress is reached. In that 

moment, the interfaces slip each other to relieve the resultant stress. This occurs when the 

static frictional force is greater than the kinetic frictional force during sliding.  

Stick-slip behaviour depends on surface topography and on the elastic and plastic 

properties of the sliding materials. Thus the frictional force is the sum of two components: 

plastic deformation and adhesion. Plastic deformation relates with the force required to 

deform asperities and ploughing of the softest surface by the hardest surface. Adhesion 

relates to the force needed to shear the adhesive junctions between opposing materials 

[265]. Thus, it is not mandatory that higher roughness correspond to higher frictional force. 

Smoother surfaces and lower roughness lead to greater real contact area between surfaces, 

and consequently to greater adhesive friction. Conversely, rougher surfaces and sharper and 

more numerous asperities lead to greater plastic deformation. Between these two extremes, 

an optimal roughness is found, corresponding to the lower friction coefficient [265]. 
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Figure 2. 31 - Aparent and real contact area [259]. 

 

 

 
 

a) b) 

Figure 2. 32  - a) Friction coefficient vs sliding distance on a pin-on-disc test for a metal–metal contact under 

dry conditions b) Stick-slip effect [257]. 

 

During sliding, both surfaces are modified, which can lead to an evolution of the 

friction coefficient. These changes can be chemical, topographical or structural and can 

include oxidation, allotropic phase transformation, amorphization, crystallization, diffusion, 

melting, polishing or removal of material. Figure 2. 33 presents a list of variables that can 

affect the friction coefficient, presented by Budinski [266]. 
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Figure 2. 33 - Factors affecting friction force [266]. 

 

The interaction between both surfaces determine the different types of wear that 

occur: abrasive, adhesive, corrosion, fatigue. 

Wear is a complex phenomenon in which debris are produced (with weight loss) due 

to the relative movement between surfaces. During sliding, topographic, physical and 

chemical changes occur on the surfaces. Usually friction is accompanied by wear. Similarly 

to friction, wear is not a property of a material, once it depends on several parameters as 

testing temperature, normal load, sliding speed, amount of lubrication and also thermal, 

mechanical, metallurgical and chemical properties of the materials in contact. Materials 

exhibiting high friction coefficient also exhibit high wear rates, although this is not 

compulsory. For instance Teflon against steel, has a low friction coefficient but relatively high 

wear rate [267]. 

In literature one can find different ways to characterize wear. Ludema [268] lists 

thirty four different terms to describe wear, like abrasive wear, wear polish, erosion of solid 

particles, cavitation erosion, adhesive wear, fretting, wear, impact, corrosive wear, among 

other. 

Other authors prefer to be more concise and classify wear in fewer categories, as 

Neale [269] that presents three categories: adhesive wear, abrasion and surface fatigue. 

Rabinowicz [270] and also Katoand Adashi [271] identified four main types of wear: 

adhesive, abrasive, corrosive and fatigue. Oxidation, erosion, erosion by cavitation and 
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impact are sometimes classified as types of wear, but Rabinowicz [270] consider that in fact 

none of them is a form of wear. These types of wear can occur simultaneously and there 

may be a predominance of one over the others, depending on the sliding conditions. 

In this work, only abrasive and adhesive wear (Figure 2. 34) will be addressed, once 

these were the main types found in the experimental work developed in this thesis. 

  

Adhesive wear Abrasive wear 

  

Fatigue wear Corrosive wear 

Figure 2. 34 - Schematic representation of a main types of wear [271]. 

 

2.8.1 Abrasive wear 

According to Hutchings [257], abrasive wear occurs when a solid object is pressed 

(loaded) against a material having equal or higher hardness. This phenomenon leads to 

damage of the surface, caused by roughness or by hard particles. Hard particles can be part 

of the surface (two-body abrasion) or be in between two surfaces in relative motion, freely 

rotating, since they are not rigidly attached to a surface (three-body abrasion), as shown in 

Figure 2. 35. 

Figure 2.36 shows two surface micrographs that evidence the difference between 

two bodies (Figure 2.36-a) and three-body wear (Figure 2.36-b) topography. 
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Two-body abrasive wear 

 

Three-body abrasive wear 

Figure 2. 35 -Two-body and three-body abrasive wear [272]. 

 

Under two bodies wear, abrasive particles act as indenters, producing a series of 

parallel groves in the surface. The dimensions of the groves correspond to the dimensions 

of the abrasive particles. In the case of three body wear, particles are not stuck to one 

surface, and therefore they can rotate between the two surfaces and produce a highly 

distorted multiple indented surfaces, with no evidence of wear direction [273]. 

 

  

Figure 2.36   - Two-body a) and three-body b) abrasive wear [273]. 

 

In abrasive wear, wear losses can occur by cutting, fracture, pull-out of individual 

grains [274] or accelerated fatigue by repeated deformations. These mechanisms are shown 

in Figure 2.37. 
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cutting fracture 

  

Fatigue by repeated ploughing grain pull-out 

Figure 2.37 - Mechanisms of abrasive wear: microcutting, fracture, fatigue and grain pull-out [272]. 

 

Microcuting (Figure 2.37 - a) represents a mode in which the tip of a hard pin cuts 

a softer surface. The cut is always present but is most marked in fragile materials 

[272].When the worn material is brittle (e.g. ceramics), fracture of the worn surface may 

occur (Figure 2.37 - b). In this case wear debris result of cracks convergence. When a ductile 

material is worn by a blunt grit, then cutting is unlikely and the worn surface is repeatedly 

deformed (Figure 2.37 - c). In this case, wear debris result of metal fatigue. 

 The last mechanism illustrated on Figure 2.37-d represents a grain detachment or 

pull-out. This mechanism occurs mainly in ceramics and MMCs, where the boundary 

between grains can be relatively weak. By this mechanism the entire grain/particle is lost 

as wear debris [272]. 

Toughness and ductility (the ability of the material to deform without forming debris) 

play an important role in abrasive wear. To create a groove or slot is sufficient that the pin 

hardness is 20% higher than that of the scratched surface. When the worn material is ductile, 

a long strip is generated by microcutting. In the case of fragile materials, a wear particle is 

generated by crack propagation [271]. 
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Figure 2.38 -Abrasive wear of a) ductile and b) fragile materials [271]. 

 

According to Hutchings [257] the wear of materials can be quantified using a 

simplified model developed by Archard, which relates the worn volume by unit sliding Q (m2) 

with the normal load W (N) and the hardness H (N/m2) of the softer material according 

equation: Q=KW/H. 

The constant K is called dimensionless wear coefficient. Archard equation is widely 

used for its simplicity and also by allowing to quantify the wear severity of different systems 

(by comparing K coefficient). According to Hutchings [257] the determination of K for each 

system must be studied separately, since it is a characteristic of the tribological system, 

where the constant K is proportional to the wear.  

The dimensionless abrasion wear coefficient (Kabr) can vary between 10-4 to 10-1. 

As above mentioned, wear can occur by two or three body modes. From abrasive 

wear can result particles. These particles form third bodies in the contact zone. The third 

body characteristics play an important role on the wear rate: hardness; geometry; size. 

Regarding hardness, the ratio between the hardnesses of the abrasive and the worn 

material can provide an indication of the transition between lower to the higher wear level 

(Figure 2. 39). Non-homogenous material suffers lower wear in lower wear level, while for 

higher wear level, homogenous materials suffer less wear.  
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Figure 2. 39 - Abrasive wear as a function of the ratio between hardness of abrasive and hardness of the 

worn material (steel) for homogeneous material and non-homogeneous [259]. 

 

The geometry of the abrasive is another important factor. The material suffers more 

wear for higher angle of attack of the abrasive particles (Figure 2.40) [275-277]. There is a 

gradual transition from microploughing to microcutting with increasing angle of attack of the 

abrasive particles (Figure 2.40). 

Abrasive size is also an important factor, with many studies on the influence of this 

factor on abrasive wear. For small abrasives, the wear rate increases proportionately to the 

particle size, until a critical size is achieved. After this point, three phenomena may occur: 

wear increase at a lower rate, wear decrease at a lower rate or wear is independent of the 

size of the abrasive [278-289]. 
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Figure 2.40 - Ratio of microcutting to microploughing as a function of the ratio of the attack angle to the 

critical attack angle [259]. 

 

In addition to abrasive characteristics, also the base materials properties have a 

relevant influence over the system wear behaviour. Abrasive wear directly relates with the 

hardness of the abrasive particles and the surface that will be worn. The wear resistance 

increases with increasing hardness of the material to be worn, as shown in Figure 2.41. 

However, hardness alone is insufficient to fully predict the wear behaviour of a material. 

 

Figure 2.41 - Abrasive wear resistance vs material hardness [259]. 

 

Fracture toughness of the worn surfaces is an important factor that also influence 

the wear behaviour. This parameter effect in the wear resistance is clear when microcracks 

or microfractures exist [259]. 



Mechanical, fatigue and wear properties of sintered Carbon Nanotube-based functionally graded materials 

57 

When independently analysed, higher hardness and higher toughness both lead to 

higher wear resistance. However these properties must be addressed together, once they 

are connected. Usually, by increasing hardness, toughness is reduced. Regarding the wear 

process, during sliding the contact between surfaces (two or three body modes) leads to 

surface hardening by abrasion and plastic deformation of surface roughness. Moreover, the 

micro-displacement at surface material increases hardness. The overall wear resistance 

comes from the balance between fracture toughness and hardness [290]. 

Like surface hardening, also surface softening can occur, although less common. 

This happens in some materials, when recovery or recrystallization takes place. The recovery 

or dynamic recrystallization during abrasion may substantially improve its ductility or 

deformation capacity. Moreover, a lack of work hardening increases the width and depth of 

the wear grooves [259]. Ductility strongly affects the ratio between microcutting and 

microploughing. This ratio decreases with ductility increases.  

Microstructural characteristics such as: presence of secondary phases, precipitates, 

crystalline defects and microstructure anisotropy [259] also influence the wear process. 

These aspects are of utmost importance especially in composite materials. The addition of 

non-metallic particles can increase abrasive wear resistance of softer materials [259]. The 

volume fraction, size and mechanical properties of the reinforcing constituents, as well as 

their orientation and bonding to the matrix, all influence the abrasive wear rate. 

Reinforcements with smaller than the width or depth of the wear grooves do not have a 

larger influence on abrasive wear resistance, once they are more easily pulled out from the 

matrix. The opposite scenario occurs for reinforcements larger than the thickness or depth 

of the grooves.  

Reinforcements act as barriers, by supporting part of the stresses generated during 

sliding and thus preventing the abrasive wear progression. Figure 2. 42 presents a 

schematic representation of several reinforcement characteristics influence on the abrasive 

wear resistance. 
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Figure 2. 42 -Schematic representation of reinforcement orientation, size, modulus of elasticity, hardness 

and brittleness effect on the abrasive wear of composites [259]. 

 

2.8.2 Adhesive wear 

Adhesion is the ability of atomic structures to form surface bonds with other atoms 

or surfaces they are in contact during sliding. Microscopically, surfaces present peaks and 

valleys (roughness) and when two surfaces contact there are "touch points" that concentrate 

the contact pressure and can lead to cold or hot welding between these points. 

Adhesive wear comprehends joining and breaking of junctions (real contact areas) 

between the sliding surfaces [291]. The welding and breaking is responsible for high wear 

rates and coefficient of friction instability (stick-slip effect shown in Figure 2. 32). Adhesive 

joints are sheared and the weakest material is transferred [292] as represented in Figure 2. 

43. 
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Approach Adhesion Transfer 

Figure 2. 43 - Schematic representation of adhesive wear [272]. 

 

Adhesive wear occurs when surfaces slide and the contact pressure between the 

asperities is high enough to cause plastic deformation and material adhesion [291]. A strong 

adhesion between surfaces increases the frictional force [272] (adhesion component).This 

adhesion is favoured by chemical and structural compatibility and also by cleanliness of the 

surfaces (e.g. absence of oxidation) [291]. Adhesion may also be reduced by an increase on 

roughness or hardness of the surface, by reducing the real contact area. 

For metals, adhesion attractive forces are covalent, metallic or Van der Waals forces 

[259]. Higher adhesion rates occur between identical metals (e.g. iron - iron as in Table 2.1) 

while bimetallic combinations exhibit poor adhesion and therefore lower friction (Table 2.1). 

From Table 2.1 it is possible to verify that a higher adhesion does not mandatorily 

corresponds to a higher solubility. 

Adhesion between metals is also influenced by their chemical reactivity [293, 294]. 

The possible reaction products can influence the adhesive wear. The mechanical properties 

of material also influences the adhesive wear  where a higher hardness and modulus of 

elasticity lower the degree of adhesion [293,295]. 

Heterogeneous materials such as steel often show lower adhesion because of the 

interference of inclusions and non-metallic phases that are present in the microstructure 

[272]. Regarding composites the presence of reinforcements can affects adhesion in a 

similar way. For instance, for composites with hard reinforcements it is expected a lower 

adhesion. 
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Table 2.1 - Adhesion of some metals in contact with iron under vacuum system [293]. 

Metal Cohesive energy, 

kcal/g-atom 

Atomic size, A°(10-10 

m) 

Solubility in iron, 

at.% 

Adhesion force to 

irona, mN 

Iron 99.4 2.86 -  4 

Cobalt 101.7 2.50 35 1.2 

Nickel 102.3 2.49 9.5 1.6 

Copper 80.8 2.551 <0.25 1.3 

Silver 68.3 2.883 0.13 0.6 

Gold 87.6 2.877 <1.5 0.5 

Platinum 134.8 2.769 20 1 

Aluminum 76.9 2.80 22 2,5 

Lead 47.0 3.494 Ins. 1.4 

Tantalum 186.7 2.94 0.20 2.3 

 
a Applied load: 0.2 mN; temperature: 20°C; ambient pressure (0.01315789 atm). 

 

Adhesion force can be much higher than the contact force. For instance iron - iron 

contact, adhesion force is 20 times higher than the contact force (Table 2.1). 

The adhesion can easily occur at moderate or low temperatures [293]. For instance, 

for iron-other metals contact adhesion at 20°C was assessed (Table 2.1). 

Similar to abrasive wear, adhesive wear can also be modelled by Archard law. The 

Archard adhesive wear coefficient (Kad) ranges from 10-8 to 10-2. This large range is due to the 

vast possible chemical interactions [296]. 

Additionally, adhesion will also depend on the relative sliding speed and temperature 

[291]. 
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3.1 Abstract 

The aim of this paper was to evaluate the effect of different dispersion methodologies 

on mechanical properties of the Alumium-Silicon (AlSi) composites reinforced by Multi-Wall 

Carbon Nanotubes (MWCNTs) coated with Ni. Different mixing procedures of MWCNTs with 

AlSi powder were tested and AlSi-CNT composites were produced by hot pressing – Powder 

Metallurgy technique. The shear tests were performed to get the mechanical properties. 

Scanning electron microscopy (SEM) with X-Ray energy dispersive spectroscopy (EDS) 

analysis and thermal analysis (DSC) were used to investigate the microstructure of AlSi-CNT 

composites, interface reactions and fracture morphology after shear tests. The experimental 

results proved that an improvement of dispersion of CNTs was achieved by using a 

combination of different mixing processes. 

 

Keywords: Metal-matrix composites (MMC); Carbon nanotube (CNT); Powder 

processing; AlSi alloy 

 

3.2 Introduction 

The properties of carbon nanotubes (e.g. outstanding mechanical properties, low 

thermal expansion, high thermal conductivity, good electrical properties [1-4] etc.), that 
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exceed those of any conventional material [5], make them an excellent reinforcement to 

design high-performance composite materials.  

CNTs have been used as a reinforcement for different materials including polymeric 

[3], metal [5, 6-11] and ceramic matrices [12]. Among CNTs, several materials, such as Al, 

Ti, Cu, Mg [3-6, 8, 10, 13-20] etc. were used as reinforcement to produce metal-matrix 

composites. 

The enhancement in mechanical properties of the aluminium alloys is the motivation 

to study different innovative processing routes, and consequently improved composite 

materials. So far these materials have been produced by dispersing oxides, carbides or 

nitrides into the metallic matrix. More recently single-walled carbon nanotubes (SWCNTs) 

and multi-walled carbon nanotubes (MWCNT) are being tested and are raising a great 

interest in the scientific community as a new kind of reinforcement material for the 

production of novel MMCs, because of their already mentioned excellent properties [11]. 

However one of the biggest drawbacks in the field of CNTs reinforced metal matrix 

composites is the difficulty in the dispersion of CNTs during the mixing process, due to their 

attractive van der Waals interactions [11]. It is quite difficult to achieve uniform dispersion 

of CNTs in metal matrix [21-23]. Another potential problem is the possible interfacial reaction 

between CNTs and metal matrix that might result in the deterioration of composite properties 

[11]. Thus, the composite processing technique is critical for the composites success. 

Different approaches have been used to process MMC reinforced with CNTs such 

as conventional processes of powder metallurgy, electrochemical processes, thermal 

spraying, casting processes and other innovative techniques. 

Mechanical alloying is the most used powder metallurgy route [6-8, 17, 24, 25]. It 

has two main stages, such as (i) Mix of the metal powders and the CNTs; (ii) Sintering after 

cold pressing or pressure-assisted sintering. There are two milling processes: low and high 

energy milling [9]. Some studies showed that high energy milling process is more efficient 

in the dispersion process than the low milling process [7, 13, 24, 25], although some 

degradation may occur on CNTs [5, 18, 25]. Regarding the low energy milling there are two 

main disadvantages: the process is taking a longer time and the sintering process is more 

difficult due to the growth of the grains (welding of the particles) [5, 8, 18]. 
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It is well known that the enhancement on mechanical properties of the composites 

is highly dependent on the dispersion of CNTs, thus on the effectiveness of the CNT’s mixing 

process [5, 8, 18].  

In the technical literature is not common to find comparisons between different 

mixing procedures under similar conditions.  

The aim of this paper was to evaluate the effect of different dispersion methodologies 

on mechanical properties of the Aluminium-Silicon (AlSi) composites reinforced by Multi-Wall 

Carbon Nanotubes (MWCNTs) coated with Ni. It is shown that an improvement in dispersion 

of CNTs is achieved by using a combination of different mixing processes. 

3.3 Experimental procedure 

3.3.1 Materials 

An AlSi alloy, powders size < 325 mesh (<44m) with the following chemical 

composition (as provided by supplier) is (in weight %): Si 11.0, Fe 0.2, others 1.5 and 

balance Al, was used as matrix material. Ni coated MWCNTs were used as reinforcement 

(outer diameter > 50 nm, length 0.5-2.0 m, purity before coating > 95wt% and ash 

<1.5wt%). It should be highlighted that the Ni coating does not have a structural effect on 

CNT molecular structure. The Ni coating was used in order to improve the bonding between 

CNTs and matrix and to avoid some undesirable chemical reactions.  

 

3.3.2 Methods 

Sintering conditions.  

The AlSi-matrix composite reinforced by CNTs was processed by the traditional hot 

pressing (HP) technique. Applied pressure was 35 MPa for 10 minutes at 550°C. The 

compaction (powder/mixture) was made on a graphite cylindrical die with an internal 

diameter of 10 mm and 10 mm height. The powder/mixture was then sintered by a 

pressure-assisted sintering process in a vacuum chamber at 10-2 mbar, using a high 

frequency induction furnace (Fig. 1). The following procedure was used: (1) the mold was 

placed inside the chamber where the sample powder/mixture were compressed at 1.3 MPa; 

(2) it was heated up to the stage temperature (T=550°C) with a heating rate of 25°C/min.; 
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(3) at the stage temperature, the pressure was raised up to 35 MPa and maintained for 10 

minutes; (4) then the power was turned off and the system cooled down to room temperature 

under vacuum. 

 

Mixing processes.  

The following five processes were studied in this work: 

Process A. AlSi alloy was used for comparison purposes.  

Process B. The mixing of powders was made inside a closed stainless steel jar with 

10mm diameter steel milling balls. The bottle rotated with constant speed (40 rpm) during 

6 days (low-energy ball milling). The milling atmosphere was argon. 

Process C. The mixing of powders was made inside a ceramic jar containing 10mm 

diameter stainless steel milling balls. We used high-energy shaker milling (SPEX-8000M) 

during 1 minute. The milling atmosphere was argon. 

Process D. The mixing of powders was made inside a closed stainless steel jar with 

10mm diameter steel milling balls. We used high-energy shaker milling (SPEX-8000M) 

during 1 minute. The milling atmosphere was ethanol. 

Process E. The mixing of powders was made inside a jar with ethanol solution that 

was placed into an ultrasonic shaker (Axtor CD 4820 – 42 KHz – 170W). The mixing of 

powders was performed by using simultaneously two techniques: mechanical stirring (120 

rpm) and ultrasonic shaking, for 30 min. Then the solution was decanted by vaporizing the 

ethanol and dried at 100°C in a furnace. After that the mixture was placed in a ceramic 

mixing jar containing 10 mm diameter stainless steel milling balls. The milling processes 

used were: a High energy ultrasonic mixing (Axtor CD 4820), followed by high-energy shaker 

mill (SPEX-8000M) during 1 minute. The atmosphere was ethanol for ultrasonic mixing and 

Argon for powders milling. 

In all the cases studied, the initial ball-to-powder weight ratio was (BPR) = 10:1. In 

all mixing conditions 2 wt. % of MWCNTs were used. A total mass (AlSi and MWCNTs) of 

powders used was 5 grams for each mixing condition. 
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Mechanical testing.  

In order to study the mechanical properties of the composites shear tests were 

performed. The tests were performed at room temperature (23°C) by using a device that is 

fixed in a universal testing machine (Instron 8874, MA, USA). The shear tests were carried 

out according to ASTM standard B565, under a loading rate of 0.02 mm/s with five 

specimens under identical test conditions. 

 

Metallurgical evaluation.  

SEM with EDS analysis was used to examine the dispersion of CNTs within the ASi 

matrix and also to analyze the fracture morphology after shear tests. Thermal analysis (DSC 

- Differential Scanning Calorimetry) tests were carried out to evaluate the reactivity between 

CNTs and AlSi matrix. For DSC was used a heating rate of 10°C/min and a constant flow 

of argon. 

 

3.4 Results and discussion 

3.4.1 Microstructural characterization 

In Figure 3.1-a is presented the SEM image of CNTs (190x magnification), where 

can be noticed the presence of agglomerations. In Figure 3.1-a, b and c can be seen 

amplified images of a CNT agglomerate (30000x and 100000x magnifications). Figure 3.1-

d shows an amplified SEM image of a singular CNT (150000x magnification), where can be 

observed the CNT and the Ni coating. 

Figure 3. 2 shows EDS analysis of Ni coated MWCNTs. It can be seen that the 

composition is essentially carbon and nickel. The other elements can result from the 

manufacturing process of the MWCNTs. 

Microstructures of the unreinforced AlSi alloy (123x magnification) and all produced 

AlSi - CNTs composites are presented in Figure 3. 3 (123x and 5000x magnifications). As 

expected, the CNTs are placed at the powders/grains interfaces. It can be observed the 

presence of the CNT agglomerates in all the studied cases. 
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a  b 

  
c d 

Figure 3. 1 - SEM images showing: a. CNTs (magnification 190x); 
b. CNT agglomerate (magnification 30000x); c. CNT agglomerate (magnification 100000x and d. singular 

CNT (magnification 150000x) 

 

 

Figure 3. 2 - EDS spectrum of the CNT agglomerates corresponding to zone Z1 (white zone) identified in 

Figure 3.1-a. 
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As stated by Zhang [26] the agglomerates are formed due the existence of Van der 

Waals forces. Due to the nano scale dimensions of CNTs it was expected a better dispersion 

of the CNTs. This leads to a more isotropic composite material by reducing the stress 

concentration (the stress is not localized, it is distributed throughout the volume of the 

composite material) and consequently has a beneficial effect on mechanical properties. 

CNTs and CNT agglomerates correspond to the white dots/areas observed Figure 

3. 3. Based on a qualitative analysis, it seem that in the case of Process B fewer and smaller 

agglomerations are formed (Figure 3. 3 b and c) as compared to the other studied processes 

C, D and E. This means that in the case of Process B there is better distribution of the CNTs 

in the matrix. A detailed quantification and characterization of CNT agglomerates and 

dispersion as well as voids quantification is presented elsewhere [27].  

 

 

 
Process A 

 

  
Process B 

Figure 3. 3 - SEM images of unreinforced AlSi alloy and AlSi - CNT composites microstructure (cont.) 
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Figure 3. 3 - SEM images of unreinforced AlSi alloy and AlSi - CNT composites microstructure. 

 

3.4.2 Effect of the CNT mixing processing route on mechanical properties 

 

Figure 3. 4 presents the representative stress–strain curves for all studied mixing 

processes. 
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Figure 3. 4 -  Stress–strain curves for all studied mixing processes. 

 

Figure 3. 5 shows the shear test results for all studied mixing processes. All studied 

composites have equal or higher rupture shear (Figure 3. 5-a) and yield shear strength 

(Figure 3. 5-b) as compared to unreinforced AlSi alloy. Regarding the rupture shear strain 

there is a substantial decrease for all composites (Figure 3. 5-c) as compared to the 

unreinforced AlSi alloy. 

Regarding the effect of mixing processes on mechanical properties should be 

highlighted the following: (i) for the same mixing environment (dry mixing) the composites 

produced with high energy (process C) have lower properties than the ones produced with 

low energy (process B). This may be explained based on the reduced ability of high energy 

to disperse the CNTs for the mixing time used (1 minute). However, it has been already 

proved by several authors [25-29] that a higher mixing time lead to damage and fracture of 

CNTs; (ii) Regarding the high energy process, if a preliminary mixing step of powders, such 

as ultrasonic vibration in ethanol was added (compare process C with process E), the 

dispersion of the CNTs was improved (the rupture strength value in the case of process E is 

higher than of process C); (iii) if the mechanical mixing of powders was carried out in ethanol 

solution (process D) instead of in dry conditions (process C) the mechanical properties 

increased. 
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If the shear stress results of the present work have to be compared to other results 

presented in the technical literature (e.g. tensile tests), the rupture shear stress values 

should be duplicated. 

 
a 

 
b 

 
c 

Figure 3. 5 - Mechanical properties as obtained on the composites with different mixing processes (A to E on 

Table 3.2): a. rupture shear strength; b. yield shear strength; c. rupture shear strain. 
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The ability of the CNTs to improve mechanical properties of Al alloys is well known 

[13, 28, 29]. As previously mentioned the mixing process is a fundamental step. The low 

energy mixing process is the most used and studied process because it is simple and has a 

low cost. The ability of disaggregation mechanisms is essentially based on crushing of 

agglomerates and on friction ability of spheres to sequentially isolate each fibre from the 

agglomerate [5, 18]. Concerning the high energy milling mixing process, there are involved 

two opposing mechanisms: (ii) the improvement of dispersion due to the high velocity [22] 

and (ii) the degradation of the CNTs due to the high energy involved [25, 30-33]. 

It can be seen from Figure 3.5 that the mechanical properties did not improve for 

dry conditions (process C) and slightly improved for the other conditions (processes D and 

E). Thus, even if some CNTs may be destroyed/damaged during the process, it seems that 

the improvement in dispersion may compensate it, leading to better mechanical properties 

in some mixing environments. A longer mixing time, such as 1, 2, and 4 hours were also 

tested in this work, but there was observed the formation of large particles that does not 

allow an adequate sintering. This phenomenon of particle growth was also observed by Esawi 

et al. [5]. It was reported that after 48 hours of mixing, under dry conditions, the CNTs have 

not suffered any damage. This unexpected result may be due to the lower velocities involved 

in their mixing process (200 rpm) as compared to the velocities used in the present work, 

namely 1200 rpm. 

It can be observed that the mixing environment used in the case of high energy, has 

influence on the mechanical properties. As it was previously mentioned, the jar was 

completely filled with Argon (process C) or with Ethanol (process D). The Ethanol either helps 

on dispersion of CNTs or reduces the damaging of CNTs. In Figure 3. 5 can be seen that 

the in the case of process D (Ethanol medium) the properties are slightly higher than in the 

case of process C (in dry medium-Argon). The slight improvement in the properties may be 

attributed to the turbulence induced into the liquid medium that may contribute to a better 

dispersion of CNTs or may be due to the improved damping capacity of the liquid that may 

reduce the damaging of the CNTs and/or the growth of the powders/granules. To the 

author’s knowledge there are not many studies [24, 34] using this approach. It has been 

stated that it has potential to improve dispersion of CNTs. There are also studies [7, 8, 11, 

18] that used a wet mixing environment, where the powders are only slightly wet in alcohol. 

Munkhbayar et al. [30, 35] have shown that in the case of a wet mixing environment 
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(alcohol), there is a reduction on the damaging/breakage of CNTs. It has been proved in 

another studies [5, 7] that ethanol prevented the growth of the powders/granules. It is worth 

to mention that the growth of the powders/granules makes the sintering process more 

difficult [5, 7] and also contributes to a reduction in mechanical properties. 

Thus, the effect of wet mixing environment into the jar used in this work may 

simultaneously contribute to: (i) reduction of damaging of CNTs due to higher damping; (ii) 

improvement of dispersion of CNTs by improving the turbulence inside the jar, and (iii) 

reduction on the growth of granules due to lower impact energy. All previous mechanisms 

would contribute to the improvement of the mechanical properties. This may explain the 

slightly improvement of mechanical resistance in the case of process D when compared with 

process C. 

Regarding the other high energy approach tested in this work, two dispersion stages 

were used: (i) a first dispersion stage with an ultrasonic bath (at 42 kHz), (as used for 

specimens cleaning), along with a mechanical stirrer; (ii) a second dispersion stage, with a 

high energy milling mixing process. The improvement in mechanical properties is attributed 

to the better dispersion in the first stage, while the second stage alone does not have any 

influence (C). 

In literature it is not common to see the ultrasonic bath devices, as used in this 

work, for the dispersion of CNTs. However, horn or wand ultra-sonic devices (≈ 20 kHz) are 

reported to be very successful in improving the dispersion of CNTs in a liquid phase [1, 21, 

36-38] and thus improving the mechanical properties. This has been proved in the case of 

aluminium composites [6, 10], glass composites [39], and polymer composites [40-43] 

reinforced by CNTs. Thus, it seems that the previous ultrasonic approach (ultrasonic bath 

(42 kHz) plus mechanical stirring) was also able to improve the dispersion of CNTs (process 

E as compared to process C). 

The ability of the process to disperse the CNTs, by maintaining their integrity, is the 

key element to improve mechanical properties. In all studied mixing processes can be 

observed the existence of CNTs agglomerates (Figure 3. 6). The agglomerates are the reason 

for mechanical properties deterioration since the agglomerates act as pores/defects [5, 17]. 

In Figure 3. 6 are presented the SEM micrographs of the fracture surface of the 

produced unreinforced AlSi alloy (process A) and of all produced composites (processes B, 
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C, D and E) after the shear tests with two magnifications (150x and 2000x). In Figure 3. 7 

are presented the SEM images of the fracture surface of the composite obtained in the case 

of Process E with a higher magnification (10000x and 50000x magnification). The presence 

of agglomerates for all the mixing procedures can be noticed. Isolated CNTs and also some 

small and big agglomerates, located on aluminium powders boundaries, can be observed. 

This pattern distribution was similar for all the mixing processes. A comprehensive statistical 

study, quantifying the agglomerates size, for different CNT content, was performed in 

another study, in order to correlate these factors with the obtained tensile properties of the 

composite [27]. As previously mentioned less and smaller agglomerates were observed in 

the case of Process B (Figure 3. 6), while in the case of other processes there are more 

agglomerates and some of them bigger as compared to Process B (Figure 3. 6). 

   

Process A 

   

Process B 

Figure 3. 6 - SEM micrographs of the fracture surface of the composites obtained by different mixing 

processes (a, d, g, j, n – backscattered images with 150x magnification and c,f,i,l,o – 2000x magnification; 

and b, e, h, k, m – secondary electron images with 150x magnification).(cont.) 
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Process C 

   

Process D 

   

Process E 
Figure 3. 6 - SEM micrographs of the fracture surface of the composites obtained by different mixing 

processes (a, d, g, j, n – backscattered images with 150x magnification and c,f,i,l,o – 2000x magnification; 

and b, e, h, k, m – secondary electron images with 150x magnification). 

 

Regarding the fracture morphology of Process A with different magnifications (Figure 

3. 6-a, b and c) can be observed that the surface is very smooth. This is due the fact that 

the AlSi powders are very well bonded (thus controls the fracture behaviour). Thus, the crack 

travels through the AlSi grains of the material (intragranular fracture) and it is accompanied 

by a large amount of plastic deformation. 

Regarding the other processes B, C, D and E the fracture behaviour is similar. 

Cracks may initiate in the regions of agglomerates (stress concentration). If the crack 

reaches a region where the CNTs are well dispersed it may travel through the AlSi grain 
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(intragranular fracture), but if the crack reaches zones of weakness (zones where the 

agglomerates are located, between the AlSi grains), then the crack follows the grain of the 

material (intergranular fracture). The consequence of this is a rougher region where the 

agglomerates are formed and a smoother surface when the crack travels through the AlSi 

powder/grain. The propagation of the crack is accelerated for processes C, D and E because 

there are zones with bigger agglomerates, as can be observed in Figure 3. 6. 

 

   

a b c 

Figure 3. 7  - SEM micrograph of the fracture surface of the composite obtained by 

Process E; b. local magnification of zone indicated in a) with dashed line and c. very small isolated CNT 

agglomerates 

 

These observations are in accordance with the mechanical properties previously 

presented. Even though there are these zones that behaves like stress concentrations (as 

called weakness zones), the strengthening effect of CNTs in the zones where the CNTs are 

well dispersed prevails, thus the mechanical properties of the Process B are higher than the 

other processes. Thus, the increase in rupture shear (Figure 3. 5-a) and yield shear strength 

(Figure 3. 5-b) with the addition of the CNTs for all processes studied as compared to 

Process A is related to the fact that the AlSi powders/grains are bonded with an improved 

strength due to CNTs interface reinforcement effect, as stated for example by George et al. 

[44] through the shear lag theory. It is well known that the mechanical properties of the 

composites are controlled by stress transfer between reinforcement phase and the metal 

matrix at the interface [45], so the CNTs act like load-bearing element, thus there is a 

transfer of load from the matrix to the reinforcement by interfacial shear stress does 

increasing the tensile and yield strength [44, 46, 47]. 
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The increase in the rupture shear strength with the addition of the reinforcement is 

related to the fact the AlSi grains are bonded with an improved strength in direction of the 

load, due to CNTs interface reinforcement effect (Figure 3. 7) (shear lag theory). The CNTs 

act like load-bearing element, thus they protect the matrix (transfer of load from the matrix 

to the reinforcement by interfacial shear stress), while the CNT agglomerates behave like 

stress concentrations. In Figure 3. 7 can be observed some isolated CNTs, that may 

indicates that the CNTs were pulled out from the matrix. It can be seen from Figure 3. 7 that 

most of these isolated CNTs are oriented in the load direction. It is possible that pull out 

mechanism occurs due the interfacial de-bonding between the CNT and Al matrix, which 

leads to a subsequent sliding of the CNTs, orienting these in the load direction.  

Based on the previous considerations, the proposed physical mechanism for the 

fracture surface morphology for shear tests of AlSi-CNTs composites is schematically 

represented in Figure 3. 8. 

 
 

Figure 3. 8 - Schematic representation of the proposed physical model for the shear tests. 

In addition to direct strengthening (shear lag), a secondary strengthening (thermal 

mismatch) can occur due to differential thermal contraction between matrix and 

reinforcement [48] during cooling from sintering temperature which leads to creation of 

residual stresses. Another secondary strengthening is the presence of Orowan loops. The 

high number of volume-fractioned precipitates will effectively inhibit the movement of 

dislocations, generate more geometrically necessary dislocations and reach the critical 

dislocation density for fracture earlier during deformation, and thus increase the strength 
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and decrease the elongation. The nano size of CNTs increases the Orowan strengthening of 

the grain frontiers [49]. 

Based on obtained results some considerations may be suggested for futures 

research/testing: 

(i) The high energy process does not seem to bring advantages as compared to the 

low energy process, at least for one minute test duration. An increase in the mixing time 

would improve the dispersion but it could also deteriorate the CNTs and increase the grain 

size [30-32]. In addition, for industrial purposes this is an expensive process. Since the 

friction among liquid and CNTs may help on dispersion of CNTs a more viscous liquid could 

be tested.  

(ii) The addition of a preliminary ultrasonic mixing in ethanol to the high energy 

mixing process, does not seem to bring such advantages to overcome the costs associated 

with the process. 

(iii) Processing the mechanical mixing in ethanol instead of in dry condition does not 

bring substantial advantages to the material although properties are slightly higher than 

those in dry condition. 

(iv) The low energy mixing process seems to be interesting because it is simple, 

cheap and provide better results. However, the improvement in mechanical properties is still 

far from what is expected, based on excellent mechanical properties and cost of CNTs. Thus, 

an agent that would be able to further disperse the CNT agglomerates, such as rubber, cork, 

or any other material that would have higher friction forces between balls and CNTs would 

eventually be an advantage on the low energy process. Some experiments have been already 

carried out [15, 43, 44] and they seem to be promising routes to help on dispersion of CNTs. 

It should be highlighted that this agent, if necessary, can be easily removed from the 

obtained mixed composite, before sintering stage. 

 

3.4.3 Reactivity between CNTs and Matrix 

Another important aspect is the eventual reactivity between an industrial material 

acting as a matrix (AlSi alloy) and CNTs. This aspect is still ambiguous in technical literature. 

Deng et al. [6] reported that in the case of pure aluminium, the reaction between CNTs with 
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Al matrix has a degradation effect on the composite, while Ci et al. [14] mentioned that it 

may have a beneficial effect. However, when Al alloys (e.g. AlSi alloy) are used as matrix, 

several reactions would eventually take place. Undesirable reactions between the 

reinforcement (in the present case CNTs) and matrix elements should be avoided. These 

reactions may deteriorate the CNTs or create eventual unwanted interfaces. The Ni coating 

seems to work perfectly with AlSi alloys. 

Figure 3. 9 presents the DSC curves for the unreinforced AlSi alloy and AlSi-CNT 

composites obtained by processes C and D. It can be seen that no reactions (exothermic 

and/or endothermic peaks) were detected for any situation. The only endothermic peaks are 

observed due to melting of the matrix. This means that no degradation of the MWCNTs takes 

place during the sintering stage (until a temperature of 550 ±2 °C). Thus, it is acceptable 

that in the case of Ni coated CNTs, the Ni coating protects the CNTs [50]. It can also be 

seen on fig. 8 that above the working sintering temperature the thermal analysis curves 

present some differences between the unreinforced AlSi alloy and AlSi-CNT composites. The 

CNTs seem to reduce the melting temperature from 578°C to approximately 568°C. There 

is a study that reported [50] that by adding CNTs to Al2024 increased the melting 

temperature of the composite due to reduction of surfaces of Al2024 particles when CNTs 

are introduced which becomes more difficult the melting of aluminium alloy powders. In the 

present case, the opposite was observed. This means that some diffusion of Ni to Al may 

occur (Ni lowers the melting temperature of Al) and there is no diffusion or reaction between 

C and Al (C increases the melting temperature of Al). Thus even at the aluminium melting 

temperature it seems that no reaction between C and Al occurs and thus the shielding effect 

of Ni coating seems to be very effective. 

It has been shown by several authors [4, 7] that by using pure aluminium matrix 

and similar processing conditions (the mechanical alloying as mixing process, equal quantity 

of CNTs and similar sintering conditions) there is reactivity between carbon and aluminium, 

leading to formation of Al4C. In this work, as has been previously mentioned, this reaction 

did not happen probably due to several factors such as, the non existence of amorphous 

carbon, to effectiveness of nickel coating of CNTs or to short sintering times. It has been 

reported in other studies [6, 10] on aluminium alloys containing silicon that the reaction 

between aluminium and carbon should occur at temperatures higher than the sintering 
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temperature used in this work. Thus this could be another explanation for the non formation 

of Al4C in the present study. 

 

 
Figure 3. 9 - DSC curves obtained for samples with and without CNTs. 

 

As the AlSi matrix contains silicon, reactions between silicon and carbon could 

occur, leading to the formation of SiC. It has been reported [16, 17, 51] that this reaction 

may increase the wetability between matrix and CNTs. The DSC results (Figure 3. 9 ) did 

not indicate the occurrence of this reaction. Another possible reaction would be between 

Silicon and Nickel [52-56]. At temperatures up to 300° C the formation of Ni2Si is possible 

[53, 56]. Around 300°C there is a possible formation of NiSi [53, 56]. This last compound 

could lead, at higher temperatures (750°C) [53, 54], to the formation of NiSi2. In the present 

study none of these reactions were detected by DSC analysis (Figure 3. 9). Qian et al. [57] 

reported that reactions between Aluminium and Nickel may lead to formation of Al3Ni at 

temperatures lower than the temperatures used in sintering in this work. Also in this case, 

the DSC results did not indicate the occurrence of this reaction. The formation of this phase 

could be beneficial in order to improve the bonding between the CNTs and the AlSi matrix 

increasing the reinforcement strengthening effect. 
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Thus, no reactions between Ni coated CNTs and AlSi matrix occurred1. There 

occurred only some diffusion of Ni into the matrix, which caused a decrease on the melting 

temperature. Thus, concerning reactivity, this pair of materials (AlSi alloy and CNTs) seems 

to be adequate for the production of composites. 

 

3.5 Conclusions 

From the present investigation the following conclusions can be drawn: 

- Ni coated CNTs improved the mechanical properties of AlSi alloys; 

- The mechanical properties of the composites are dependent on the mixing process; 

- CNT agglomerates were found in all mixing procedures; 

- The low energy mixing process is to be more effective on dispersion of CNTs than 

the high energy processes; 

- A preliminary ultrasonic mixing step improved the dispersion of CNTs; 

- A wet environment (ethanol) during the mixing slightly improved the dispersion of 

CNTs; 

- The presence of Ni coating on CNTs prevents the reactions between the CNTs and 

AlSi matrix;  

- The combination of different mixing processes improved the dispersion of CNTs. 
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4.1 Abstract 

CNT incorporation in metal matrix composites is hampered by the development of 

attractive van der Waals forces, which lead to the formation of CNT agglomerates. Therefore, 

a detailed quantification and characterization of CNT agglomerates and consequently CNT 

dispersion can enlighten their influence in composites strength. This work presents a 

comprehensive study, quantifying agglomerates by size, for three different composites (2, 4 

and 6 CNT vol. %), made with an aluminium-silicon matrix by a powder metallurgy route. 

From the obtained experimental data, an empirical model that attempts to predict the tensile 

strength of these composites from CNT agglomerates analysis is presented. 

 

Keywords: Carbon nanotube (CNT), dispersion, aluminium alloys, powder 

metallurgy, tensile strength. 

 

4.2 Introduction 

Carbon nanotubes exceptional mechanical properties [1, 2], extremely low thermal 

expansion and high thermal conductivity [3], are leading to the development of new CNT-

reinforced composites, using polymeric [4, 5], metal [6-17] or ceramic [18] matrices. 

Concerning metal matrix composites (MMC), both single-walled carbon nanotubes 

(SWCNTs) and multi-walled carbon nanotubes (MWCNT) are being used as reinforcements, 

mainly in aluminium alloys [6-10], but also in titanium [11], copper [12-16] and magnesium 
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alloys [17].This way, CNT excellent mechanical properties combined with their low density 

make them suitable as reinforcement in aluminium composites. 

The main challenge concerning the production of CNT-reinforced metal matrix 

composites is to disperse nanotubes in the matrix and thus obtain a homogenous 

distribution. Attractive van der Waals forces between nanotubes lead to nanotube 

agglomeration, hampering the enhancement of the composite mechanical properties by 

incorporating CNTs [19, 20]. Additionally, when using powder metallurgy (PM), as the matrix 

powder average size is usually much larger than that of CNTs, it is difficult to achieve their 

homogeneous distribution in the composite [8]. Therefore, disperse CNTs in metal matrix 

composites using PM processing routes is not a fully accomplished task, especially for the 

most widely used CNTs mixing techniques, namely ball milling [2,7,8, 12, 23-26]. In this 

technique, matrix metal powders and nanotubes are placed in stainless steel jars containing 

stainless steel spheres. Normally the jars are filled with argon to avoid the oxidation of metal 

powders and then agitated with a certain rotation speed, using a mechanic system. 

Some processing techniques have demonstrated to be able to take a significant 

advantage of CNTs by substantially increasing composite properties. C. N. He et al., [19] 

obtained a 184% improvement in ultimate tensile strength, when compared with base 

material, with an addition of 5 wt. % CNTs. The composite was produced by using the 

chemical vapour deposition (CVD) technique. These CNTs were produced in situ, in 

aluminium powder, achieving, this way, a good dispersion. In order to compare these results 

with those obtained by a traditional route of mixing aluminium powders with CNTs, the same 

authors also produced specimens by ball-milling CNTs in the aluminium alloy powder. They 

verified that the improvement in ultimate tensile strength was 52% [19]. C. N. He et al., in 

another work [27] and using the same CVD process to produce aluminium CNTs 

composites, tried different amounts of carbon nanotubes (1.5; 3.5; 5 and 6.5 wt. %) and 

verified that the 5 wt. % samples presented the best mechanical properties (tensile strength 

and young modulus). Although effective at laboratory level, the CVD processing technique 

[19, 27] does not seem suitable for large-scale production. The most capable techniques for 

large-scale industrial implementation are still based on mechanical mixture of CNTs to metal 

powders following PM processing routes already used in industries. Hence efforts should be 

allocated in optimizing this process in order to achieve a homogeneous CNTs dispersion. 



Mechanical, fatigue and wear properties of sintered Carbon Nanotube-based functionally graded materials 

101 

There are some studies concerning the dispersion of carbon nanotubes in 

aluminium nanocomposites that go beyond simple qualitative methods to quantify 

dispersion, such as visual observation of micrographs images. In Yazdanbakhsh A. et al. 

[28] work, dispersion is measured based on the amount of work required to translate 

inclusions so they form the state of maximum uniformity, quantifying dispersion with a single 

parameter, but not correlating dispersion with mechanical properties. Bakshi S. R.et. al. [29] 

quantify the quality of nanotubes distribution using two different parameters, based on image 

analysis technique. Although these authors correlate CNT distribution to elastic modulus, 

this correlation is only presented for one CNT volume fraction (0.6 vol. %) and the elastic 

modulus measurements of are made by nanoindentation, giving this way a local mechanical 

property and not an overall mechanical property of the composite material. Yazdanbakhsh 

A. et al. and Bakshi S. R. et. al. methods where developed to quantify dispersion of carbon 

nanotubes in Al coatings. 

This work attempts to understand how CNT volume fraction influences the formation 

of agglomerates (number and size) and establish a correlation between these factors and 

the overall mechanical properties of the produced composites (obtained with standard 

testing techniques). Based on the obtained experimental data, an empirical model that 

intends to predict the ultimate tensile strength as a function of CNTs vol.% in the composite 

is presented. 

 

4.3 Experimental procedure 

4.3.1 Fabrication of CNT-reinforced Al-Si composites 

Aluminium Silicon powder (Al-Si 88-12 wt. %, 99% pure - 325 mesh) purchased from 

AlfaAesar - Germany, and Multi-Wall Carbon Nanotubes (MWCNTs) Nickel coated, grown by 

CCVD, from CheapTubes.com - USA, were used to produce Al-Si based nanocomposites. Al-

Si powder had a measured average particle diameter of 8 µm, while the MWCNT had a 

length between 0.5 and 2.0 µm and a diameter higher than 50 nm (information given by 

the supplier). 
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Powder metallurgy technique was used to obtain three types of composites, with 

different MWCNT additions: 2, 4 and 6 wt. %. Unreinforced samples (Al-Si 88-12 wt. %) were 

also produced by the same PM technique, for comparison purposes. 

Al-Si powders and MWCNTs mixture was made inside a closed stainless steel jar, 

together with 12 steel milling balls with 10 mm diameter, presenting a ball-to-powder weight 

ratio of 10:1. The jar was placed in a rotation device and the mixing was made with a 

constant rotation speed of 40 rpm, during 6 days (low-energy ball milling). 

Afterwards the Al-Si/MWCNT mixture was introduced in a rectangular profile 

graphite die (Figure 4. 1-a) and slightly compacted. The die was then placed in a vacuum 

chamber (Figure 4. 1b), where it was heated until 550°C.  

 

  

a b 

Figure 4. 1 - Hot pressing (a) schematic representation and (b) vacuum chamber detail. 

The samples were produced applying uniaxial load pressure of 35 MPa and a 

temperature of 550 °C during 10 minutes (hot pressing). The obtained samples had average 

dimensions of 44 x 3.4 x 6 mm. 

4.3.2 Characterization techniques and image analysis 

The produced composites were characterized regarding the distribution of MWCNT 

in the matrix, especially concerning the presence of agglomerates, by means of Scanning 

Electron Microscopy (SEM), in backscattered view. Figure 4. 2 shows the presence of 

agglomerates due to the fact that the CNT’s are nickel coated and easily observed in 

backscattered view (CNTs white colour comes from the nickel coating). Table 4. 1 presents 
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the chemical composition of the white areas, observed in Figure 4. 2, showing that the white 

areas are CNT’s. This fact allows an easy agglomerates size observation and quantification. 

Without the nickel coating, CNTs observation with these lower amplifications was not 

possible. 

The obtained images were then processed, applying a threshold filter in order to 

further highlight the agglomerates (Figure 4. 3-b) and be able to count and measure them, 

as described in Figure 4. 4. 

 

Figure 4. 2  - SEM image in backscattered view of an Al-Si/2%CNT composite sample. 

 
Table 4. 1  - Chemical composition of zones Z2 and Z4 presented in Figure 4. 2. 

Element Concentration (wt. %) 
Z2 Z4 

Al 60.8 89 
Si 3.6 11 
Ni 30 - 
C 5.6 - 

 

  
a b 

Figure 4. 3  - Figure 1.SEM image in backscattered view: (a) Al-Si/CNT composite with 2 wt. % MWCNT and 

(b) same SEM image, with threshold filter, enhancing the carbon nanotubes distribution and presence of 

agglomerates. 
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Figure 4. 4 -Implemented procedure for SEM images analysis, for CNT agglomerates quantification. 

 

4.3.3 Mechanical testing 

Dog-bone shaped tensile test specimens were machined from the produced 

samples, in order to perform tensile tests, in a servo hydraulic universal tensile testing 

machine (Instron 8874), equipped with a 25 kN capacity load cell. Tests were performed at 

room temperature (≈23 °C), with a crosshead speed of 0.05 mm.s-1. 

 

4.4 Results and discussion 

Results regarding tensile strength, as well as CNT distribution as a function of the 

CNT content in the matrix, for 2, 4, and 6 CNT vol. % are presented. 

4.4.1 Tensile Strength 

Figure 4. 5 shows the experimental results of tensile strength for the Al-Si/CNT 

composites produced in this work, as a function of CNT’s content. It can be seen that there 

is an increase of about 25% in tensile strength with incorporation of CNT’s (2% CNTs) but 

for CNT’s weight content higher than 2% the properties suffer a decrease. 
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In Figure 4. 6 are presented the results achieved by C.N. He et. al. [27], for Al/CNT 

composites produced using in situ chemical vapour deposition. It can be seen that properties 

increase until an amount of about 5% of CNT’s and tensile strength increases in about 185% 

as compared to the matrix properties. In the former work it is assumed that CNT’s are ideally 

distributed in the matrix (with no agglomerates) and these results will be used in this study 

for comparison purposes.  

 C. N. He et. al. [27] produced the CNT-reinforced aluminium composites by 

synthesizing CNTs into the aluminium powders in situ by a chemical vapour deposition (CVD) 

process. Post-processing analysis allowed concluding that the formed CNTs have a diameter 

between 5 and 25 nm, and a length between 1 and 3 µm. These as-grown CNTs are well-

graphitized multiwalled nanotubes, with the presence of Ni. According to the authors, a 

homogenous distribution is obtained, and no agglomerates are formed. Concerning the 

mechanical properties, assessed by means of tensile tests, the authors concluded that a 

strong interfacial bonding was obtained between CNTs and the matrix; once most CNTs are 

ruptured in the fracture surface, and few are pulled out. 

The present work uses Nickel coated Multi-Wall Carbon Nanotubes (MWCNTs), with 

length between 0.5 and 2.0 µm and a diameter of approximately 50 nm, while the matrix 

alloy is an Al12Si alloy in powder form.  

Although there exists some differences between both studies, namely on the matrix 

material (aluminium in C. N. He et. al. [27] work and aluminium-silicon in this work) and on 

the processing route that in the present study was by mixture of the CNTs and the matrix 

alloy by low-energy ball milling, followed by hot pressing, there are strong similarities 

between studies, allowing to make, on the opinion of the authors of this work, to some extent, 

a comparison between them in terms of the effect of the agglomerates in the composite 

tensile strength, since in both works, MWCNTs, with similar dimensions, are used in the 

composites. Thus, C. N. He et. al. work can be used as a reference, setting the influence of 

CNTs in aluminium composites in an ideal scenario - when agglomerates are not formed 

and a good dispersion is obtained, and the present work will allow taking conclusions about 

the influence of agglomerates in these composites.  
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Figure 4. 5 -Tensile strength for different Al-Si/CNT composites, with 0; 2; 4 and 6 wt. % CNT,produced and 

tested in the present work. 

 

 
Figure 4. 6 - Tensile strength of different Al/CNT composites, with 0; 1.5; 3.5; 5 and 6.5 wt. % 

CNT,produced and tested by C. N. He et al. Data extracted from [27]. 

 

While in the present work (Figure 4. 5) the highest tensile strength value is achieved 

with a CNT content of 2 wt. %., in C.N. He et. al. work, the highest value is obtained for 5 

wt. % CNT (Figure 4. 6). Moreover the improvement in mechanical properties is of about 

25% in the present work and of about 185% in ref. 27. The decrease in tensile strength 

improvement (25% as compared to 185%) as well as the CNT content for which it is obtained 

(2% as compared to 5%) will be considered a cause of the CNT’s agglomerates formation, 

commonly accepted as the main detrimental effect on CNTs reinforced aluminium based 

composites [21, 22]. 
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4.4.2 CNT distribution 

In order to clarify the influence of CNTs agglomerates in the composite mechanical 

properties (namely on tensile strength), an agglomerates distribution study, by size, in the 

produced Al-Si/CNT composites was performed. The obtained results allow a quantification 

of CNT’s dispersion as a function of CNT’s content in the produced composites. Results are 

shown in Figure 4. 7 to Figure 4. 10. 

Figure 4.7 relates to measurements of agglomerates with areas up to 50 µm2, 

representing well dispersed CNTs, as well as agglomerates of one to few CNTs 

(amplifications of 5000 times were used in used pictures). These results show a similar 

pattern in agglomerates distribution, for all the produced Al-Si/CNT composites (with 2, 4 

and 6 wt. % CNTs). In all of them it is verified that more than 93% of the agglomerates are 

less than 1 µm2 in area (Figure 4. 8). Considering the representativeness of these small 

agglomerates ([0, 1] µm2) in all of the produced composites, they will be, hereafter, named 

as Type A agglomerates (Figure 4. 8). 

Figure 4. 9 presents measurements of agglomerates with areas up to 1950 µm2. All 

Al-Si/CNT composites, with 2, 4 and 6 wt. % CNT, show a similar pattern in agglomerates 

distribution, however, agglomerates with area above 350 µm2 are less represented in the 

composite with 6 wt. % CNT (amplifications of 123x were used in these pictures). 

In all of the produced composites, more than 93% of the agglomerates have area 

above 50 µm2 and less than or equal to 550 µm2 (Figure 4. 10). Considering the 

representativeness of these agglomerates in all of the produced composites, agglomerates 

with area within the range ]50, 550] µm2 are named hereafter as Type B agglomerates 

(Figure 4. 10).  

It is worth to mention that different magnifications were used for the different 

measurements. Type A agglomerates were measured in pictures with 5000x magnification 

and type B agglomerates were measured with 123x magnification. In the type A pictures it 

was not possible to properly quantify big agglomerates due to higher amplification and in 

type B pictures it was not possible to properly observe the very small agglomerates due to 

the lower amplification. 
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Figure 4. 8 shows that Type A agglomerates are more represented in Al-Si/2%CNT 

composite, decreasing for greater CNTs contents. On the other hand, Type B agglomerates 

are more represented in Al-Si/6%CNT composite (Figure 4. 10). 

 

 
Figure 4. 7 - CNTs agglomerates distribution, determined in pictures with 5000 times magnification - 

percentage of agglomerates by size classes (y-axis withlogarithmic scale). 

 

 

 
Figure 4. 8 - Type A agglomerates ([0, 1] µm2) counts for Al-Si/CNT composites with 2, 4 and 6 wt.% CNT. 
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Figure 4. 9 - CNTs agglomerates distribution, determined in pictures with 123 times magnification - 

percentage of agglomerates by size classes (y-axis withlogarithmic scale). 

 

The first main observation from the previous results is that as the volume fraction 

of CNT’s increases in the composites (from 2 to 6 wt. %), the ability to disperse the CNTs 

decrease. There are less small agglomerates (Figure 4. 8) and more big agglomerates 

(Figure 4. 10) with increasing CNTs volume fraction in the composite.  

In order to quantify the influence of the agglomerates in the produced composites, 

the area occupied (as measured in photographs) by the agglomerates was measured. The 

results are presented as the area fraction of the agglomerates in the whole material. Figure 

4. 11 shows the results for the different CNT contents and type of agglomerate. 

It can be seen in Figure 4. 11 that both type A and type B agglomerates area fraction 

increase with CNT’s content in the composite. An interesting conclusion is that with 

increasing CNT’s content, the type A agglomerates area fraction increases, while the 

measured counts of these agglomerates decrease. This trend is explained by the fact that 

that with increasing CNT content, the agglomerates area tend to approximate the upper limit 

(1 µm2), indicating a tendency to agglomerate with higher CNT content. 
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Figure 4. 10 - Type B agglomerates ( ]50, 550] µm2) counts for Al-Si/CNT composites with 2, 4 and 6 wt.% 

CNT. 

 

 
Figure 4. 11 - Type A and type B agglomerates area fraction (in percentage) for Al-Si/CNT composites with 2, 

4 and 6 wt. % CNT. 

 

4.4.3 Proposed empirical model 

With the gathered results, a quantification of CNTs agglomerates effect on tensile 

strength as a function of CNTs content in the composite is proposed. In order to assess the 

influence of the different types of agglomerates in the tensile strength of the composite, all 

the obtained information was gathered in Figure 4. 12: C.N. He et. al. tensile strength results 

(with assumed complete CNTs dispersion) and the results obtained in this work concerning 

tensile strength and type A e type B agglomerates area fraction for all the produced Al-

Si/CNT composites (2, 4 and 6 wt. % CNT). 
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Figure 4. 12 - Tensile strength (C.N. He et. al. results and present work) and agglomerate area fraction for 

produced Al-Si/CNT composites. 

 

 Analyzing Figure 4. 12, it can be concluded that when no agglomerates are formed 

(C.N. He et. al. curve), the optimum point concerning tensile strength is reached at 5 wt. % 

CNT. In the present work, where CNTs agglomeration occurs, the 2 wt. % CNT composite 

revealed the higher tensile strength. As previously mentioned, the leading mechanism 

behind this difference lies in the formation of agglomerates. 

Based on the gathered information, an empirical model is proposed, where the 

influence of agglomerates in the final composite tensile strength is quantified. The ideal 

curve (without agglomerates), and the curve that includes the agglomerates influence are 

presented in Figure 4. 13. Also type A and type B agglomerates area fraction, for different 

CNT contents are included in Figure 4. 13. 

The agglomerates area fraction as a function of CNT content (in wt. %) in an Al-

Si/CNT composite is presented in Table 4. 2, for type A and type B agglomerates. This way, 

knowing the CNT content in the composite, it is possible to predict the amount of 

agglomerates, of each type, that will be formed. 
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Figure 4. 13 - Tensile strength (without and with agglomerates) and agglomerate area fraction (for types A 

and B) in Al-Si/CNT composites. 

 

Table 4. 2 - Agglomerates area fraction of: type A (y) and type B (z) agglomerates, as a function of CNT 

content (wt. %) (x) in an Al-Si/CNT composite. 

 Agglomerates area fraction 

 Type A [y] Type B [z] 

CNT wt.% [x] y = 0.7671e0.2296x z = 0.0928x + 0.0814 

 

Based on the curves presented in Figure 4. 13, the tensile strength of an Al-Si/CNT 

composite obtained by powder metallurgy (using low-energy ball milling to mixture CNTs 

with Al-Si alloy powder), can be obtained, from the ideal composite results, without 

agglomerates, (modelled from C. N. He et. al. results), by the following equation: 

𝜎𝑊𝑖𝑡ℎ 𝑎𝑔𝑔𝑙𝑜𝑚𝑒𝑟𝑎𝑡𝑒𝑠 = 𝜎𝑊𝑖𝑡ℎ𝑜𝑢𝑡 𝑎𝑔𝑔𝑙𝑜𝑚𝑒𝑟𝑎𝑡𝑒𝑠 + (315𝑦1.5 − 4380𝑧2 − 178)  ⟺ 

 ⟺ 𝜎𝑤𝑖𝑡ℎ 𝑎𝑔𝑔𝑙𝑜𝑚𝑒𝑟𝑎𝑡𝑒𝑠 = 170 + 50.7𝑥 –  3.9𝑥2 + 3.3𝑥3 − 0.5𝑥4 +  315𝑦1.5 − 4380𝑧2 − 178

 Eq. (1) 

where x is the CNT content (wt.%) in the Al-Si/CNT composite, y is the area fraction 

occupied by type A agglomerates and z the area fraction for type B agglomerates (both area 

fractions can be obtained by image analysis (measurements) or in alternative using the 

equations presented in Table 4. 2). This empirical model should now be tested under other 

different processing conditions, in order to evaluate its validity.  
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4.5 Conclusions 

The main conclusions that can be drawn from this work are as follows: 

 - CNTs dispersion in the matrix depends on CNT content in the matrix; 

 - The higher the CNT content in the matrix the higher the amount of big 

agglomerates; 

 - A correlation between CNT agglomerates and CNT content in the matrix is possible 

to be established; 

 - An empirical correlation of tensile strength as a function of CNT’s content in the 

matrix is possible to be established. 
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5.1 Abstract 

The results presented in this work show the wear characterization of an AlSi-matrix 

composites reinforced by Multi-Wall Carbon Nanotubes (MWCNTs) under dry reciprocating sliding 

conditions against a grey cast iron (GCI). The wear resistance is investigated as a function of the 

CNT content that varied from 2 wt. % to 6 wt. %. The results demonstrated that the CNT content 

plays a relevant role on wear behaviour by substantially reducing the wear loss of AlSi-CNT 

composites. Further, it also reduces the wear loss of the grey cast iron counterface. A physical 

model able to explain the improved behaviour in both mating materials is depicted from 

experimental results. 

Keywords: Carbon nanotubes (CNTs); AlSi-matrix composite; Wear 

 

5.2 Introduction 

Several studies exist on the use of CNTs as reinforcement to produce metal matrix 

composites (MMC) for wear purposes [1-13]. The tribological properties of the MMC can be 

enhanced by several factors such as: (i) the matrix [1, 4-6]; (ii) reinforcement phase [7-12]; (iii) 

production methods [13, 14] etc. Regarding the used CNTs as reinforcement to produce 

composites that can be used in tribological application, several metal matrix materials were used 

such as Cu [4, 5], Mg [6, 13], Ti [7], Zn [8] and Al [2, 5, 9–12]. CNTs are an effective reinforcement 

for improving wear characteristics of Al based composites [2, 5, 9-12]. To the authors knowledge 
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only one study, conducted by Bakshi et al. [2], investigated the wear response of AlSi alloy as a 

function of a CNT content [5 and 10 wt.% of CNTs) by plasma spraying. They observed that there 

is an improvement on wear resistance of the 5wt.% CNT, while in the case of 10 wt.% CNT the wear 

resistance decreased. This wear behaviour is explained based on CNTs dispersion, CNTs’ 

agglomeration size and fraction and carbide formation. In the present work is used a different 

production method: powder metallurgy. The main advantage of this technique in comparison to 

the plasma spraying is that it is possible to produce structural materials while the plasma spraying 

is effective to produce coatings. 

The degree of dispersion of CNTs plays an important role in wear resistance not only in 

the case of metal matrix composites [4-8,13] but also in other composites like non-metal 

composites (e.g. MWNTs/Carbon) [14]. 

Aluminium-based metal matrix composites are characterized by low density and high 

specific stiffness [15], but the poor wear resistance of the aluminium and its alloys is still a problem 

for its application in situations involving sliding contacts [4,5]. As CNTs are characterized by 

extraordinarily low thermal expansion and high thermal conductivity [16–18], it is supposed that 

the aluminium-based metal matrix composites reinforced with CNTs are good candidates to meet 

the necessary qualities for components under sliding contact. 

AlSi alloys reinforced with CNTs may be, for example, applied in automotive components 

where low weight is a key factor [19]. Two examples of components where wear characteristics 

may be important are the case of compression piston rings and engine pistons. In order to minimize 

the wear loss between the engine piston or the piston rings and cylinder the material pairs play an 

important role. For example, in practice the piston rings damage is attributed first to wear (as there 

are parts in contact and in relative motion), then to lubrication and fatigue [20]. The up and down 

movement against the cylinder wall makes wear properties of piston or piston ring a key 

requirement. Moreover, it is also important that the counterpart (cylinder wall - usually made in 

grey cast iron) is itself preserved from wear loss. Not only the piston ring or engine piston but also 

the cylinder wall (counterpart) must be wear resistant. The materials used to manufacture the 

engine piston or the piston rings must have the following properties: low weight, high strength, high 

wear resistance (under dry [21-24] and lubricated conditions) and good thermal conductivity. It is 

well known that the automotive piston tribological system is essentially lubricated [25, 26], but 

there are also situations when the lubrication system fails. So, the authors consider that it is 
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important first to improve the wear of the tribopair in the dry situations. Another possible application 

of AlSi- CNTs is the self-lubricating composite bearings. 

This paper investigates the wear behaviour of an AlSi matrix composite reinforced by 

MWCNTs, coated with Nickel, under dry reciprocating sliding conditions. The MWCNTs content 

ratios studied are 2 wt. %, 4 wt. % and 6 wt. % and it is shown that the carbon nanotubes content 

is very effective in reducing the wear loss of the composite, as well as of the grey cast iron 

counterpart. 

 

5.3 Experimental Procedure 

5.3.1 Fabrication of AlSi-CNTs composites 

An AlSi alloy, powders size < 325 mesh (< 44 µm), with chemical composition as listed in 

Table 5. 1, was used as matrix material. Ni coated MWCNTs were used as reinforcement (outer 

diameter > 50 nm, length 0.5-2.0 µm, purity before coating > 95wt% and ash < 1.5wt%). It should 

be highlighted that the Ni coating does not have a structural effect on CNT molecular structure. 

The Ni coating was used in order to improve the bonding between CNTs and matrix and to avoid 

some undesirable chemical reactions.  

The AlSi-matrix composite reinforced by CNTs was processed by the traditional hot 

pressing (HP) technique. Applied pressure was 35 MPa for 10 minutes at 550°C under vacuum 

(10-2 mbar). The mixing of the AlSi powders was made inside a closed stainless steel jar along with 

steel milling balls (10 mm in diameter). The ball powder ratio is 10:1. The bottle rotated with 

constant speed (40 rpm) during 6 days (low-energy ball milling). 

 

Table 5. 1 -  Chemical composition of AlSi alloy (wt%) 

Al Si Fe Others 

87.3 11 0.20 1.5 

 

Microstructures of an unreinforced AlSi alloy and of AlSi-CNT composites (after etching) for 

all CNT content are presented in Figure 5. 1. It can be seen that CNTs, as expected, are placed in 

the grain interfaces and also that there are some agglomerates. More than 93% of the agglomerates 

are less than 1 µm2 in area. There are also some bigger agglomerations, in composites with a 
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higher CNT content, with areas ranging from 50 µm2 to 550 µm2 and some voids. A detailed 

quantification and characterization of CNT agglomerates and dispersion as well as voids 

quantification is presented elsewhere [27]. The CNTs correspond to the white dots/areas (see 

explanation later in 3.4 discussion section). The average AlSi grain size is around 6 µm. As the 

grains are deformed due to the hot pressing processing technique the grain size was measured as 

an average size in two directions - horizontal and vertical). 

 

  

AlSi AlSi - 2 wt. % CNT 

  
AlSi – 4 wt. % CNT AlSi – 6 wt. % CNT 

  
Figure 5. 1 - SEM images of unreinforced AlSi alloy and AlSi - CNT composites microstructure. 

 

Figure 5. 2 presents SEM images where CNT agglomerates are in evidence, with two 

magnifications. In the first picture (magnification 190x and backscattered view) different 

agglomerates can be seen, and in the second picture (magnification 30000x) an amplified image 

of one agglomerate of CNTs is presented (see more details in 3.4 discussion section where a 

chemical analysis was performed). 
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Magnification 190x Magnification 30000 x 

Figure 5. 2 - SEM images of CNTs. 

 

 

5.3.2 Chemical characterization 

The obtained specimens were characterized in terms of chemical composition by means 

of Scanning Electron Microscopy (SEM) / Energy Dispersive Spectrometer (EDS).  

 

5.3.3 Hardness measurements 

Hardness measurements were conducted in the produced composites and unreinforced 

matrix material. Vickers hardness measurements were obtained as a mean of 16 indentations per 

sample using a Shimadzu microhardness tester with a load of 200 gf during 15 s.  

 

5.3.4 Details of the reciprocating wear test 

A reciprocating pin-on-plate tribometer PLINT-TE67/R was used to evaluate the wear 

characteristics of AlSi-CNT composite/cast iron sliding pairs. Pins were machined from the AlSi 

matrix composites reinforced with CNTs. The CNT content of the pins varied from 2, 4 to 6 wt. %. 

An unreinforced AlSi alloy was used for comparison purposes. The content ratios of this paper have 

been chosen based on a previous work [27]. The effect of CNT content on the mechanical 

behaviour of AlSi-CNT composites was studied. It was concluded that in the case AlSi–2wt.% CNT’s 
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composite, there is an optimal improvement in all studied mechanical properties; while, with 

increasing CNT content, a drop in the mechanical properties was observed. Pins have the shape 

shown in Figure 5. 4. The dimensions of the pins are: radius of curvature 40 mm, thickness 3.5 

mm and the arc length 20 mm. This AlSi composite can eventually be used for engine pistons or 

compression piston rings.  

The counterpart consisted in flat plates (40185 mm) that were machined from grey 

cast iron (GCI) with a hardness of 338 HV. Table 5. 2 presents the chemical composition of GCI 

and Figure 5. 3 shows the microstructure of GCI. 

 

Table 5. 2 - Chemical Composition of GCI. 

Fe C Mn Si P Cr Ni Cu S Mo Others 

90,4 3,59 0,392 2,37 0,624 0,249 1,52 0,28 0,023 0,007 0,545 

 

 

Figure 5. 3 -  SEM image of cast iron microstructure. 

 

Figure 5. 4 shows, schematically, the test performed in this work: applied normal load (Fn) 

on the pin and alternative displacement (d) of the flat specimen. Experiments were carried out with 

a normal load of 10 N and relative displacement amplitude of 10 mm, for a sliding distance of 148 

m (for 2 hours), at a sliding speed of about 0.02 m/s. During the test compressed air was fed to 

the contact zone in order to remove loose wear debris. The frequency of the reciprocating motion 

was 1 Hz for all tests. All wear tests were carried out under the same conditions. All tests were 

performed in laboratory environment (20  ± 2°C). 
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Figure 5. 4  - Schematic test configuration: Fn – Normal applied load; d – alternated displacement amplitude. 

 

The data acquisition system associated to the tribometer recorded different testing 

variables including coefficient of friction and sliding distance. Both pin and flat specimens were 

cleaned ultrasonically in alcohol before and after the tests and the amount of wear was measured 

by weight loss. The dominant wear mechanisms were characterized by scanning electron 

microscopy (SEM) with X-Ray energy dispersive spectroscopy (EDS) analysis. 

 

5.4 Results and Discussion 

Coefficient of friction, hardness, wear loss, and wear mechanisms will be discussed 

subsequently both for the pin and for the flat plate counterpart. 

 

5.4.1 Coefficient of friction as a function of the CNT content 

Figure 5.5 shows the evolution of the coefficient of friction (COF) with sliding distance in 

the case of unreinforced AlSi alloy and of AlSi - CNT composites against GCI. It is observed a typical 

evolution of the COF with the sliding distance for a reciprocating sliding wear test. After a first 

period corresponding to the running-in regime (where surfaces adapt to each other and COF 

changes significantly during the first period of sliding, increasing with the sliding distance) the COF 

enters in steady-state conditions and remains approximately constant during the whole test. 

Figure 5. 6 presents the average COF as a function of the CNT content. It can be seen that 

there is a slight decrease of COF with the addition of the 2 wt. % CNT (that may be due to the self 

lubrication effect of CNTs), but after that the values of the coefficient of friction obtained in this 

study are approximately the same no matter the CNT content. 

Fn GCI flat plate 

pin 

d 
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It has been reported in other studies [2, 5, 8-12, 28] that COF decreases with CNT content. 

In those studies it is said that the CNT content causes a reduction on COF possibly due to the self 

lubrication effect of carbon content. In the current work, the counterpart is a grey cast iron and, 

consequently, there is a substantial amount of free carbon compared to the eventual contribution 

of carbon due to the CNT content. Thus, the effect of carbon present in the GCI overlaps any 

possible influence on COF provided by the CNTs in the AlSi - based composites. It should be 

highlighted that the carbon graphite present in the GCI is different from the CNTs. It was expected 

that there would be a different lubricant effect between graphite in the GCI and in CNTs because 

they have different chemical structure. So, the graphite in GCI is only expected to work like a solid 

lubricant and this does not contribute to the enhancement of the properties of the GCI (in this case 

the nodular graphite reduces the mechanical properties of the GCI because it behaves like pores - 

stress concentration). In this case the CNTs have more than one effect on the tribological behaviour 

of the composite: self lubrication effect and strengthening effect (increase the bonding between the 

grains on the Al matrix), so it is more difficult to remove them as the mechanical properties have 

confirmed [27]. Due to their shape and size, mainly the CNTs that come from the agglomerates 

could roll between the mating surfaces. A comparison can be made between the graphite in GCI 

and the agglomerates in the composites. 

In both cases these two do not have a beneficial effect on mechanical properties but could 

have a beneficial effect on wear behaviour. The agglomerates could have a higher effect on 

tribological properties because when these agglomerates are released into the contact there is a 

disaggregation of these agglomerations due to the shear forces, leading to the appearance of 

individual CNTs that could roll into the sliding contact [29]. Once the CNTs are released, they may 

behave as a third body that contribute to wear. The graphite does not have this ability. Some 

researchers tried to introduce the CNTs in the lubricants in order to [30] decrease both friction and 

wear. The possible rolling effect of the CNTs could be higher if the debris were not removed by the 

permanent air flow. Thus, the CNTs have a double effect on the wear behaviour: self lubrication 

effect between the mating surface and strengthening effect on the pin. 
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Figure 5. 6 - COF as a function of the CNT content. 

 

5.4.2 Hardness values as a function of the CNT content 

Figure 5. 7 shows the hardness results as a function of CNT content in all AlSi-CNT 

composites.  
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Figure 5. 5- Evolution of coefficient of friction with sliding distance for unreinforced AlSi alloy and all AlSi- CNT 

composites (AlSi - CNT against GCI. 
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As expected, the hardness increases with increasing CNT content. As compared to the 

unreinforced AlSi alloy (pin), the CNT composites show an increase of about 26% to 41%. This 

behaviour may eventually be explained based on the fact that the CNTs, placed in the grain 

interfaces, create barriers to dislocations thus increasing strain hardening during plastic 

deformation [31]. There are also some other strengthening mechanisms that contribute to the 

increase of mechanical properties, such as hardness: shear lag (load is transferred to the 

reinforcement via shear stresses at the interface between the matrix and the CNTs) [32] and 

thermal mismatch (due to differential thermal contraction between matrix and CNTs during cooling 

from sintering temperature leads to creation of residual stresses) [33]. In all mentioned studies [2, 

4, 5, 7, 9, 12] it is reported that hardness increases with CNT content. 

 

 

Figure 5. 7 - Hardness as a function of the CNT content. 

 

5.4.3 Wear loss as a function of the CNT content 

The wear characteristics (weight loss) according to the CNT content in AlSi alloy matrix 

composite pins and also for the mating GCI plate are shown in Figure 5. 8. 

It can be seen in Figure 5. 8 that the wear loss of both contact surfaces (pin and 

counterpart) decreases with increasing CNT content. In the case of AlSi-2% wt. CNT/GCI tribopair 

the wear loss decreased about 26% for the GCI plate and about 9% for the AlSi-2% wt. CNT 

composite (pin), as compared with the contact involving unreinforced AlSi alloy/GCI. For AlSi – 4 

wt. % CNT/GCI tribopair the wear loss decreased about 41% for the GCI plate and 38% for the AlSi 

– 4 wt. % CNT composite (pin). In the case of AlSi-6 wt. % CNT/GCI tribopair the decrease of wear 
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was about 51% for the GCI plate and 67% for the pin (AlSi-6 wt. % CNT composite). It is worth 

highlighting that the wear resistance was improved for both materials (pin and counterpart) involved 

in the sliding contact. 

The pin wear loss results are in line with some previous studies [5, 7, 9-12] where wear 

loss decreases with CNT content but only until a certain CNT content. Some studies show an 

inflection curve on wear behaviour above certain CNT content. For example for contents above 4.5 

wt. % CNT [9] the wear loss starts to gradually increase. They mentioned that there is a critical 

point. It is also interesting to observe that it was mentioned that while wear loss changed its 

behaviour the hardness values kept its increasing behaviour with CNT content. The decrease of 

wear resistance in spite of increasing hardness was also confirmed by Bakshi and co-authors [2]. 

Working with an Al-Si alloy, they attributed the improvement on wear resistance for AlSi - 5 wt. % 

CNT composite to an increase in hardness. But in the case of AlSi - 10 wt. % CNT composite, the 

wear resistance decreased in spite of the increased hardness. They explained this phenomenon by 

the existence of CNT agglomerates and on their poor adhesion to the matrix. 

 

 

Figure 5. 8 - Wear loss as a function of the CNT content. 

 

Thus, although hardness generally increases with CNT content, wear does not necessarily 

follow the hardness evolution. Even if hardness is usually considered the main material parameter 

governing the wear behaviour it seems that in this case the dominant factor affecting the wear 

behaviour of the AlSi – CNT composites is the CNT content. 
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In order to understand the mechanisms responsible for the reported wear behaviour, SEM 

and EDS analysis were performed on the surfaces of the unreinforced AlSi alloy and on the 

produced AlSi-CNTs composites. 

A novelty and important observation of the present study, when comparing to previous 

studies, is that the counterpart also improves its wear behaviour. To the author’s knowledge in 

previous studies [4, 6, 9-11] nothing is said about the counterpart wear response. 

 

5.4.4 Analysis of wear track (SEM and EDS analysis) 

High resolution images and the EDS spectrums (obtained by SEM) are shown in Figure 5. 

9– Figure 5. 12 for Al-Si - based pins (unreinforced AlSi alloy and AlSi-CNT composites) and GCI 

plate. 

GCI plates 

Figure 5. 9 shows SEM images of the worn surface of GCI plates after sliding against 

unreinforced AlSi pin and AlSi-based pins with different CNT content. 

It can be clearly observed that there is a difference in the wear track morphology between 

the plates used for sliding against unreinforced AlSi alloy (Figure 5. 9-a) and the ones 

sliding against AlSi-CNTs composites (Figure 5. 9-b, c and d). On the SEM image of the 

wear track of the GCI plate when this is sliding against unreinforced AlSi alloy (Figure 5. 9-

a) can be observed the destructive effects of delamination marks. This is the main wear 

mechanism observed in the case of unreinforced AlSi alloy, but there can also be observed 

a few tiny grooves. Regarding the worn surface morphology of GCI plates among the 

different CNT content, it can be seen from Figure 5. 9-b, c and d that there is no substantial 

difference between them in terms of the dominant wear mechanisms. All the surfaces 

presented similar abrasion deeper grooves. The presence of these deeper grooves on the 

plates sliding against AlSi-CNT pins will be explained later in this paper (see section AlSi-

based pins). However, the degree of GCI surface damage tends to decrease by the 

presence of CNTs at the mating surface (by increasing the CNTs content), as revealed by 

the increased extension of smooth plateaus at GCI worn surface from Figure 5. 9-a to d. 
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This observation is in good correlation with the weight loss results presented in Figure 5. 

8. 

 

  

a b 

  

c b 

Figure 5. 9 - SEM images of the worn surface of GCI plates after sliding against AlSi-based pins with different 

CNT content: (a) unreinforced AlSi alloy; (b) AlSi - 2 wt. % CNT; (c) AlSi – 4 wt. % CNT and (d) AlSi – 6 wt. % 

CNT. 

 

Figure 5. 10-a shows a backscattered SEM image of GCI plate worn surface (1000x 

magnification) after sliding against AlSi – 2 wt.% CNT composite (pin). This image shows that that 

material transfer occurred from the pin to the GCI plate (dark zones in backscatter images 

correspond to material transfer, while the lighter areas correspond to GCI). In order to identify the 

composition of the transferred material, EDS analysis was performed in the dark zones present in 

Figure 5. 10-b. The composition of these transferred layers revealed some transfer of aluminium 

and silicon derived from the pin counterface. The same transfer of aluminium was also found for 
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all test conditions in this work. For all GCI plates used for sliding against unreinforced AlSi alloy 

and AlSi-CNTs composites, EDS analysis revealed the presence of oxygen. This high oxygen content 

may indicate the presence of some aluminium oxides. The transfer of Al and Si from the pin to the 

GCI plate means that the wear mechanisms of GCI also included adhesion. Besides aluminium, 

silicon (coming from the matrix alloy) and aluminium oxides, there were found iron and carbon 

(coming from the GCI). 

 

 

 

 

 

a b 

Figure 5. 10 - a.Backscattered SEM image of GCI plate worn surface after sliding against AlSi -2 wt. % CNT pin;b. and EDS 

spectrum representative of the dark zones in the micrograph. 

 

AlSi-based pins 

Figure 5. 11 presents SEM images of the worn surface of unreinforced AlSi alloy and AlSi-

based pins with different CNT content. The surface morphology is emphasized at different 

magnifications (130x, 1000x and 5000x). There is observed a clear evolution in the worn surface 

morphology from unreinforced AlSi to AlSi-CNTs pins. 

In the case of unreinforced AlSi pins surface (Figure 5. 11-a) adhesive wear is present, due 

to the fact that the surface is under the influence of applied stresses. In the sliding direction the 

surface material is removed layer by layer, with deeper craters than the AlSi-CNTs pins. 

 

x    Z1 

http://www.sciencedirect.com/science/article/pii/S1359836814004193#f0070
http://www.sciencedirect.com/science/article/pii/S1359836814004193#f0070
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Figure 5. 11 - SEM images of the worn surface of unreinforced AlSi alloy (a), (b) and (c); AlSi -2 wt. % CNT (d), (e) 

and (f); AlSi – 4 wt. % CNT (g), (h) and (i) and AlSi – 6 wt. % CNT (j), (k) and (l). Global (130x) view (a), (d), (g) and 

(j); close-up (1000x) backscattered view (b), (e), (h) and (k); high magnification (5000x) view (c), (f), (i) and (l). 
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SEM images of the worn surface of AlSi-CNT pins (see Figure 5. 11 d, g and j) reveal that 

by increasing the CNT content (from 2 wt.% to 6% wt. CNT) the pin contact surfaces seem to have 

less voids but deeper. This can indicate a lower material loss in the AlSi-CNTs composites, when 

comparing to unreinforced AlSi.It can be observed on the contact region after sliding two types of 

plateaus: a smooth plateaus and others with more peaks and valleys. The smoother plateaus are 

increasing with the increase of the CNT content. This observation may be explained based on the 

anisotropy of the AlSi-CNT composite pins. Based on the microstructural images of the AlSi 

composites (Figure 5. 1) and on another study by the same authors [20], where the 

characterization and quantification of CNT agglomerates and dispersion were studied, it can be 

seen (Figure 5. 1) that there are zones where the CNTs are very well dispersed and zones with a 

poor dispersion (where the CNT agglomerations are located). By increasing the CNT content there 

is an increase in the number of macro-agglomerates and a reduction in the micro-agglomerates 

[27]. The smoother plateaus correspond to the regions where the CNTs are better dispersed and 

the rougher regions to the regions where there is a poor distribution of CNTs (where the 

agglomerates are located). These rougher regions are areas of weakness from which failure was 

initiated to cause wear of the AlSi-composites. It can be observed that the areas of weakness are 

decreasing with increasing the CNT content. This happens simultaneously with improved 

diminished wear loss (Figure 5. 8). It is expected that on the zones with good CNT dispersion, the 

hardness is higher and is responsible for the grooves that can be observed on the plates (Figure 

5. 9-b ,c and d). It seems that there is a competition between these two zones, so between adhesion 

and abrasion. 

Figure 5. 12 shows the EDS analysis corresponding to distinct zones of the pin worn 

surface of AlSi - 2 wt. % CNT composite. Three zones were examined: Z1, Z2 and Z3, which are 

identified in Figure 5. 11-e. It can be seen from Figure 5. 12-a that Z1 (white zone) corresponds to 

iron-rich transfer of material from the mating GCI plate and that Z2 and Z3 (dark zones) show the 

base material of the pin, namely Al and Al2O3. It is worth mentioning at this stage that some white 

spots in Figure 5. 11 (the biggest ones) correspond to Fe-rich transfer from the GCI plate. However, 

as can be seen in detail in Figure 5. 13 and Figure 5. 14 the smallest white points correspond to 

CNTs. This will be explained later in this paper. 
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a 

 

b 

Figure 5. 12 - EDS spectra of the pin worn surface with AlSi – 2 wt. % CNT content corresponding to three zones, Z1, 

Z2 and Z3, identified in Figure 5. 11-e: (a) spectrum from the analysis in Z1 (white zone); (b) spectrum representative 

of Z2 and Z3. 

 

From Figure 5. 11 with higher magnifications it seems that the powders/grains seem to 

be detached from the bulk and the void shows the grain/powder boundaries. The voids are formed 

from agglomerations (where there is a poor distribution of CNTs). Some grains are plastically 

deformed while some other grains detached from bulk. Thus, it can be concluded that wear 

damage of AlSi-based pins seems to be controlled essentially by two mechanisms: adhesive wear 
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that includes material transfer between the mating surfaces, as evidenced by EDS analysis (Figure 

5. 10-b and Figure 5. 12-a) and pull-out of grains/particles or agglomerates (Figure 5. 11). 

Regarding the pull-out mechanism correlation with CNT content, it can be verified that by increasing 

the CNT content there is an increase in macro-agglomerates, thus the detached grains/powders 

are less, but deeper. This is in agreement with the fact that CNTs and CNT agglomerates are 

located at the interfaces between Al-Si powders/grains. 

The strengthening mechanism of CNTs in Al-Si sintered parts takes place (increasing the 

strength or cohesion between AlSi powder or grain interfaces) [34-37] on the regions with well 

dispersed CNTs (on the smoother plateaus). This is why less detached powders are found when 

CNT content increases (6 wt. % CNT), as can be seen in Figure 5. 11-j, where there are smoother 

plateaus. 

On zones laden with agglomerates (Figure 5. 11-k), one notices multiples cracks on the 

sliding surface, as a consequence of the lower properties of the zones. The consequence of the 

cracks is the formation of debris and consequently of a surface with cavities.  

It can be seen in Figure 5. 11 that with increasing the CNT content, the number of cracks 

increases (with increasing number of macro-agglomerates), which may be due to the lower 

mechanical properties, as proved in [27]. In spite of the reduction of mechanical properties with 

the increase of the CNTs [27], there is an improvement in the wear response. This can be explained 

based on the self lubrication effect of CNTs and on the well dispersed zones, where the properties 

are higher in the composites with a higher amount of CNTs. So, the agglomerates have detrimental 

effect on void nucleation, but they may have a beneficial effect on wear behaviour if they are 

released into the contact, as has been already previously mentioned. 

The detaching mechanism is evident in Figure 5. 11 b, e, h, k. on the backscattered view. 

It clearly shows the CNT agglomerates are located on the interface of the detached grains. 

Figure 5. 13 shows SEM image of the AlSi-based pins with 2 wt. % CNT’s (5000 

magnification) backscattered view before the wear tests and Figure 5. 14 shows the EDS analysis 

corresponding to distinct zones of the pin Z1, Z2 (white zones) and Z3 (grey zone). In Figure 5. 13 

the marked zone Z3 shows the base material of the pin, namely aluminium and silicon. The marked 

zones Z1 and Z2 reveal besides the aluminium and silicon (base material of the pin) and aluminium 

oxides, the presence of carbon and nickel. So based on the chemical composition, the small white 

points (Z1 and Z2) are mainly CNTs and the white colour comes from the nickel CNT coating. 
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Figure 5. 13 - SEM image of the AlSi-based pins with 2 wt. % CNT (1000) backscattered view. 

 

 

 

 

a) b) 

Figure 5. 14 - EDS spectra of an AlSi surface with 2 wt. % CNT content corresponding to three zones, Z1 and Z3, 

identified in Figure 5. 13: (a) spectrum from the analysis in Z3; (b) spectrum from the analysis in Z1 (white 

zone)(this is equal to zone Z2). 

 

It is worth noting that while in Figure 5. 11 and Figure 5. 12, the mentioned white points 

corresponded to iron-rich transfer of material from the mating GCI plate to the pin, in this case 

(also in Figure 5. 11 to Figure 5. 14) the white points are CNTs, in the isolated form or in 

agglomerates. And if CNTs are found on the voids it means that those are grain boundaries since 
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the powder metallurgy processing only allows the CNTs to be placed at the grain boundaries. As 

there is no abrasion/plastic deformation inside the voids if a grain is detached/pull-out the CNTs 

appear in the grain boundaries. This is a physical evidence that the voids are grain boundaries 

created by detached/pull-out grains. It should be highlighted that the voids can also result from 

the agglomerates. 

Based on previous reasoning it may also explain the improvement in the GCI wear response 

and, consequently, in the AlSi-CNT composite/GCI tribopair. As the pin surface has smoother 

plateaus (less detached grains) the counterpart surface suffers less abrasion. Fewer voids (even if 

they are deeper with increasing the CNT content) mean a higher contact surface and, consequently, 

large load-bearing capacity and lower contact stresses. This means less material transfer by 

adhesion between both mating surfaces and thus an improved wear resistance of the tribopair. In 

line with those explanations, it seems clear by observing Figure 5. 9 that the deformation is less 

plastic as CNT content increases in AlSi -based composites. 

It seems that the main mechanisms, as observed in the fracture morphologies of wear test 

results, are: (i) Strengthening effect of CNTs: A stronger bonding between AlSi grain interfaces due 

to the CNTs, and the effect of the CNT’s reinforcement on the matrix most probably due to 

restrictions on matrix dislocations (mainly in the zones where the CNTs are well dispersed). This is 

basically in accordance with some of the proposed mechanisms, by George et al. [34], namely, 

thermal mismatch, Orowan looping and shear lag theory, or also with Zang and co-authors [38], 

or even with Bustamante et al. [39] suggested mechanisms. Also, it should be mentioned that the 

CNT agglomerations have detrimental effect on the strengthening, and they are responsible for 

voids nucleation. (ii) Self-lubrication effect. The CNTs and the CNT agglomerates are released into 

the contact where there is a disintegration of these agglomerations due to the shear forces, leading 

to the appearance of individual CNTs that could roll into the sliding contact. 

An important aspect to highlight is that previous papers on metallic bulk with CNT as 

reinforcements [4, 6, 9-11] either with Cu, Mg, Ti, Zn or Al, do not refer to counterparts wear 

behaviour. Reinforcements introduced in the composite improve its wear behaviour but depending 

on the counterface material, contact situation, reinforcement type etc. [40] it may reduce the 

counterpart wear behaviour. In this study one clearly sees the improvement of the wear response 

of the tribopair by reinforcing the AlSi alloy with CNTs. 
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When increasing the CNT content, there is clearly a tendency for improvement in the wear 

behaviour of the AlSi-CNT composites. Moreover also the wear of counterface material improved. 

Thus, the wear response of the tribopair by reinforcing AlSi alloy with CNTs is improved, when 

comparing it with unreinforced AlSi/GCI system. 

 

5.5 Conclusions 

From the present investigation on the sliding wear behaviour of AlSi-CNT composites/GCI 

tribopairs when increasing the CNT content, the following conclusions can be drawn: 

- All AlSi-CNT composites experienced a substantial improvement in the wear behaviour 

when compared to unreinforced AlSi alloy. 

- Wear mechanisms of AlSi-CNT composites were characterized dominantly by adhesive 

wear and by grain detachment. The grain detachment is responsible for the wear resistance 

improvement with increasing CNT content. The main wear mechanisms in the case of grey cast 

iron were abrasion and delamination. 

- It is shown that by reinforcing AlSi alloy with CNTs, the wear behaviour of tribopair (AlSi-

CNT/GCI) is improved, when compared with unreinforced AlSi alloy/GCI tribopair. 
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6.1 Abstract 

This work is concerned with understanding the influence of reinforcement mechanisms of 

carbon nanotubes (CNTs) on mechanical, wear, and fatigue tests on an Aluminium-Silicon (AlSi) 

alloy. The reinforcement mechanism is presented through the observation of fracture morphology 

of the different tests. Results of mechanical properties, fatigue life performance and wear loss is 

presented and discussed. It is shown that the CNTs reinforcement effect is active simultaneously 

in all previous properties and the reinforcement physical mechanism seems to be essentially due 

to a reinforcement effect of the interface that seems to be similar in all mentioned mechanical 

solicitations. 

 

Keywords: carbon nanotubes (CNTs); Al-matrix composite; static properties; fatigue life; 

wear; fracture morphologies. 

 

6.2 Introduction 

Aluminium alloys are widely used in engineering applications where components weight is 

a key factor (e.g. automotive industry) [1] mainly due to their low density, high thermal conductivity 

and high specific strength and stiffness [1-3]. 
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It is well known that the carbon nanotubes are hollow cylinders consisting of single or 

multiple sheets of graphite wrapped into a cylinder with remarkable mechanical (Young’s modulus 

is over 1 TPa and the tensile strength is an estimated 200 GPa), electrical, and thermal properties 

[4] that are used as reinforcements to increase the strength and stiffness of different materials [5-

9]. Due to the expected high potential of CNT’s as reinforcement, several studies exist on the use 

of CNT’s, mainly by using the powder metallurgy processing route, for mechanical [7,10-14] and 

wear [10, 15-20] enhancement purposes. Some of them are related to metal matrix composites 

and mainly Al based composites [10-13, 15-19].  

To better understand the physical mechanisms involved in the reinforcing effect of CNTs 

some authors proposed different strengthening mechanisms [7,9,21-25], such as: thermal 

mismatch [7,21], Orowan looping [21,25], shear lag theory [21,25,26], dislocation density model 

[7,22,25,27], grain-size refinement [25], etc. The proposed mechanisms are correlated to 

mechanical properties of the specimens including hardness and static properties, Young’s 

modulus, tensile strength, yield strength and rupture strain. 

In the technical literature, the increase of mechanical properties with the addition of CNTs 

[8,11,13,14,24,27,28] was directly related to several factors such as the amount of the CNT’s 

content [13,14,22], size of nanoparticles [22,28], dispersion/orientation of CNTs in matrix [14,22], 

the difference in the coefficients of thermal expansion between the matrix and nanoparticles, and 

the temperature change after processing [22]. 

To the author’s knowledge research work concerning the fatigue behaviour of metal matrix 

composites reinforced with CNTs is scarce and the results presented in technical literature are 

contradictory [29-33]. Some of the researchers observed an increase of the fatigue strength [32, 

33] with the CNTs content, while other reported a decrease of the fatigue strength with the CNTs 

content [29]. The increase on fatigue strength with CNTs was related with the separation and 

uniform distribution of CNTs in the matrix, by the formation of voids [33] and with the fact that 

CNTs can effectively suppress crack propagation generated under high stress loading (e. g. due to 

the CNT bridging mechanism) [31,32]. The decrease of the fatigue life has been attributed to the 

CNTs agglomerates that behave like local stress concentrations (crack growth rate is accelerated) 

[29]. 

The studies regarding the wear behaviour have demonstrated that CNTs in the case of Al-

matrix composite are an effective reinforcement for improving wear characteristics [8, 10, 15-18]. 
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The improvement in wear behaviour was explained in terms of bimodal CNT dispersion (well 

dispersed and agglomerations) in AlSi matrix, CNT agglomeration size and fraction [8], and on self 

lubricating effect of carbon content [15]. It has also been observed that an extensive increase in 

CNT content (more than 5 wt.%) causes the wear to increase [16]. This behaviour was explained 

based on the weak coherence between formed Al4C3 and conglomerated carbon as competing 

mechanisms. 

The present study proposes the understanding of the reinforcing mechanism effect of 

CNT’s based on fracture morphology observation in three different types of tests: tensile, fatigue 

and wear tests. It is shown that the reinforcement physical mechanisms are similar in all mentioned 

mechanical solicitations, although different mechanisms must act simultaneously in the composite. 

 

6.3 Experimental procedure 

6.3.1 Materials 

An AlSi alloy, powders size < 325 mesh (< 44 µm), with chemical composition as listed in 

Table 6. 1, was used as matrix material. As reinforcement, Ni coated MWCNT’s were used with 

outer diameter > 50 nm, length 0.5-2.0 µm, purity before coating > 95wt% and ash < 1.5wt%. 

The Al-matrix composite reinforced by CNTs was processed through traditional hot pressing 

technique. The pressure was 35 MPa, applied for 10 minutes at a temperature of 550°C under 

vacuum (10-2 mbar). The mixing of the Al powders was performed inside a closed stainless steel jar 

with the powders mixture and steel milling balls (10 mm diameter). The ball/powder ratio was 

10:1 and the atmosphere was argon. The jar was placed in a rotation machine and he mixing was 

made with a constant rotation speed of 40 rpm during 6days (low-energy ball milling). 

The obtained samples had average dimensions of 44 x 3.7 x 6 mm. 

The flat plates prepared for the wear tests were machined from grey cast iron (GCI). Table 

6. 2 presents the chemical composition of GCI. 

 

Table 6. 1 -  Chemical composition of AlSi alloy (wt%). 

Al Si Fe Others 

87.3 11 0.20 1.5 
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Table 6. 2  – Chemical composition of GCI 

Fe C Mn Si P Cr Ni Cu S Mo Others 

90.4 3.59 0.392 2.37 0.624 0.249 1.52 0.28 0.023 0.007 0.545 

 

Microstructures of CNTs are presented in Figure 6. 1 with 190x magnification (a) and of 

AlSi-2 wt.% CNTs (after etching) with 5000x magnification (b). In the first picture (Figure 6. 1-a) can 

be noticed the presence of some CNTs agglomerates and in Figure 6. 1-b can be seen that the 

average Al grain size is around 6 µm (< 40 µm) and that the CNT agglomerates are located between 

the grains. 

 

  

a  b 

Figure 6. 1 -  SEM images showing: (a) microstructure of CNT (magnification 190x) and (b) microstructure of AlSi-

2 wt.% CNTs composite (magnification 5000x). 

 

6.3.2 Methods 

 

Tensile tests. 

Tensile testing was carried out in order to obtain the mechanical properties, such as tensile 

strength, 𝜎𝑟, yield strength 𝜎𝑦 and tensile strain 𝜀𝑟. The flat-dog-bone shaped tensile specimens 

were machined from the produced samples. Tensile tests were carried out using a servo-hydraulic 

universal testing machine Instron 8874, equipped with a load cell capacity of 25 kN (tension). 

Tests were performed at room temperature (≈23 °C), with a crosshead speed of 0.05 mm.s-1 and 

5 specimens were used for each condition. 

CNTs 

agglomerates 
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Fatigue tests. 

In order to get the influence of the CNT content on the fatigue life (S-N curve), several 

fatigue tests were carried out at a stress ratio R=0.1 using a servo-hydraulic universal testing 

machine Instron 8874. All tests were performed at ambient temperature, in laboratory 

environment, and at a cyclic frequency of 16 Hz. Tests were performed until final fracture.  

Figure 6. 2 shows the geometry of the specimen used in tensile and fatigue tests. A single 

edge notched configuration was adopted only for the fatigue tests. 

 

Figure 6. 2 -  Geometry of the specimen for tensile and fatigue tests. 

 

Wear tests. 

A reciprocating pin-on-plate tribometer PLINT-TE67/R was used to evaluate the wear 

characteristics of unreinforced AlSi alloy/GCI and AlSi - 2 wt.% CNTs composite/GCI sliding pairs. 

This is a very simplified test for piston ring and cylinder liner materials with the pin representing 

the ring and the plate representing the cylinder. Figure 6. 3 shows schematically the test performed 

in this work: applied normal load (Fn=10 N) on the pin and alternative displacement (d=10 mm) of 

the flat specimen. The flat plates (40185 mm) prepared for the wear tests were machined from 

cast iron. Pins were machined from the unreinforced AlSi alloy and AlSi matrix composites 

reinforced with 2% wt. CNTs, which can be used for engine piston rings. The dimensions of the pin 

are: radius of curvature 40 mm, thickness 3.5 mm and the arc length 20 mm. 
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Figure 6. 3  -  Schematic test configuration: Fn – Normal applied load; d – alternated displacement amplitude. All 

tests have been stopped after a sliding distance of 148 m. During the tests compressed air was flown to the 

contact zone in order to remove loose. 

 

 

6.4 Results and discussion 

The reinforcement mechanisms governing the tensile, fatigue and wear behaviour of CNTs 

reinforced aluminium alloy (AlSi–2 wt.% CNTs composite) will be discussed subsequently. An 

unreinforced AlSi alloy is used for comparison purposes. 

The AlSi–2 wt.% CNTs composite has been selected for this study based on a previous 

research works of the same authors [34,35]. It was studied the effect of CNT content (from 2 wt.% 

to 6 wt.% CNT) over the mechanical behaviour of AlSi-CNT composites. It was concluded that in 

the case AlSi–2 wt.% CNTs composite there is an optimal improvement in all studied mechanical 

properties. Similar behaviour was reported by several authors [7, 13, 19, 20]. Esawi et al. [13] 

stated that the mechanical properties improve with the increase in CNT content. The best results 

were obtained in the case of 2% wt. CNT content, while with increasing the CNT content it was 

observed a drop in the mechanical properties. The explanation was based on the dispersion of 

CNTs and on the strain-hardening powders. Also, Bikiaris et al. [20] observed that the mechanical 

properties are reducing after the addition of more than 2-3 wt. % CNTs. The explication was based 

on fact that the CNTs tend to aggregate into bundles and it is difficult to be dispersed 

homogeneously in matrix. Bustamante et al. [7] showed that the CNTs content has a significant 

effect over the mechanical properties of AlSi composites. They also observed a maximum on the 

mechanical properties (such as yield strength 𝜎𝑦 and maximum strength 𝜎𝑚𝑎𝑥) for the composites 

with 2% wt. CNTs. 

6.4.1 Mechanical properties (Tensile tests) 

Figure 6. 4 presents the representative tensile stress–strain curves of both unreinforced 

AlSi alloy and AlSi-2% wt. CNTs composite. The mechanical properties (tensile strength 𝜎𝑟, yield 

Fn GCI flat plate 

pin 

d 
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strength 𝜎𝑦 and tensile strain 𝜀𝑟) are listed in Table 6. 3. It is observed that the tensile strength, 

𝜎𝑟, of AlSi-2% wt. CNT composite improved by about 23% as compared to unreinforced AlSi alloy. 

The yield strength 𝜎𝑦 of AlSi-2% wt. CNTs composite improved by 26% as compared to unreinforced 

AlSi alloy. However, the rupture strain decreases [11] with the addition of CNTs by about 46% as 

compared to unreinforced AlSi alloy. 

 

Figure 6. 4 -  Stress–strain curves from tensile testing of unreinforced AlSi alloy and AlSi – 2 wt.% CNT’s composite. 

 
Table 6. 3  -  Results of tensile testing of unreinforced AlSi alloy and AlSi-2 wt. % CNT’s composite. 

Material σr [MPa] σy [MPa] εr [%] 

AlSi 170 152 13 

AlSi-2 wt. % CNT’s 209 192 7 

 

Figure 6. 5 presents the SEM images of the fracture surface after tensile test of (a) 

unreinforced AlSi alloy and (b) AlSi-2% wt. CNTs composite, with two magnifications, 1000x and 

5000x.It can be observed that the surface of unreinforced AlSi alloy (Figure 6. 5-a) seems to be 

slightly smoother, while the surface of AlSi-2% wt. CNTs composite seems to have a mixture of two 

regions (Figure 6. 5-b): smoother regions and a few rougher regions. 
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magnification 1000x 

  

a                     magnification 5000x                       b 

Figure 6. 5 - SEM images of the fracture surface after tensile test of: (a) unreinforced AlSi alloy and (b) AlSi-2 wt. % CNT’s 

composite (with different magnifications). 

 

Figure 6. 5 a shows typical fracture surface morphology of aluminium alloys. The smother 

fracture surface (Figure 6. 5-a) observed in the case of the unreinforced AlSi alloy is due the fact 

that the AlSi grains are very well bonded (control the fracture behaviour). Thus, the crack travels 

through the AlSi grains of the material (intragranular fracture) and it is accompanied by a large 

amount of plastic deformation (can be observed the dimple appearance of the fractured surface - 

ductile fracture). 

Regarding the surface fracture of AlSi-2% wt. CNTs composite (Figure 6. 5-b), as it was 

previously mentioned, there can be well observed smoother regions and a few regions with more 

pronounced shaped peaks and valleys. The smoother regions are due to the fact that the AlSi 

grains are bonded with an improved strength due to CNTs interface reinforcement effect, while the 

CNT 

agglomerate 

 

Plastic 

deformation 

Plastic 
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rougher regions are due to the poor dispersion of CNTs leading to agglomerations. The presence 

of agglomerations can be better observed in Figure 6. 6. 

 

  

 

Figure 6. 6 -  SEM images of the fracture surface after tensile test showing the presence of CNTs agglomerates 

(AlSi-2 wt. % CNT’s composite –with magnification 1000x) 

 

It has been demonstrated in another study of the same authors that the CNT agglomerates 

have a big influence on the mechanical properties of the composites [34]. The agglomerations of 

CNTs act like stress concentration zones and thus decrease the mechanical properties. This is in 

accordance with several authors [11, 29, 31]. For example, Jen et al. [31] showed that a high CNT 

content has an adverse effect on the strength because the stress concentration effects caused by 

the CNT agglomerates reduce the tensile strength of the nanocomposites. 

As a result in the case of AlSi-2% wt. CNTs composite the fracture (crack) may initiates in 

the regions of agglomerates (stress concentration). If the crack reaches a region where the CNTs 

are well dispersed it may travel through the AlSi grain (intragranular fracture), but if the crack 

reaches zones of weakness (the zones where the agglomerates are located, between the AlSi 

grains), then the crack follows the grain of the material (intergranular fracture). The consequence 

of this is a rougher region where the agglomerates are formed and a smoother surface when the 

crack travels through the AlSi grain.  

Even though there are these zones that behaves like stress concentrations (as called 

weakness zones), the strengthening effect of CNTs in the zones where the CNTs are well dispersed 

prevails, thus the overall properties of the AlSi 2% wt. CNT composite are higher that unreinforced 

AlSi alloy. 
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Thus, the increase in the tensile strength and yield strength with the addition of the CNTs 

is related to the fact that the AlSi grains are bonded with an improved strength due to CNTs 

interface reinforcement effect (Figure 6. 5-b), as stated for example by George et al [21] through 

the shear lag theory. It is well known that the mechanical properties of the composites are 

controlled by stress transfer between reinforcement phase and the metal matrix at the interface 

[26], so the CNTs act like load-bearing element, thus they protect the matrix (transfer of load from 

the matrix to the reinforcement by interfacial shear stress) [21,25,26]. 

The substantial decrease in rupture strain with addition of the CNTs suggests that there 

was an embrittlement of the composite. This means that the aluminium-silicon matrix (AlSi) 

suffered also from the other mechanisms, namely thermal mismatch (coefficient of thermal 

expansion of CNTs is ≈10-6K-1 [21], while the measured value for AlSi alloy is 23x10-6K-1) and/or 

Orowan looping or an enhanced dislocation density [21, 22, 25]. Thus, not only the reinforcing 

mechanism of the CNTs is present at the interface but also an effect of the CNTs in the matrix 

properties is active. 

The proposed physical mechanisms for the fracture surface morphology for tensile tests 

for both unreinforced AlSi alloy and AlSi-2% wt. CNTs composite are schematically represented in 

Figure 6. 7. 

Figure 6. 7 - Schematic representation of the proposed physical model for the tensile tests: a. unreinforced AlSi alloy 

(intragranular crack) b. AlSi -2 wt. % CNT’s composite (intragranular and intergranular crack). 
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6.4.2 Fatigue properties 

The fatigue analysis reveals that it is possible to increase fatigue behaviour with the addition 

of CNTs. Figure 6. 8 shows the fatigue results obtained as S-N curves. It should be noted that the 

specimens contained a pre-notch, so life contains not only the initiation life bus also the propagation 

life. 

 

Figure 6. 8 - Maximum stresses ( max ) vs. number of cycles to failure for unreinforced AlSi alloy and AlSi-2 wt. % 

CNT’s composite. 

 

It can be seen from Figure 6. 8 that under identical loading conditions the AlSi-2 wt. % 

CNTs composite has longer fatigue lives (continuous line – Figure 6. 8) and a higher fatigue life 

than the unreinforced AlSi alloy (dashed line – Figure 6. 8). It can be seen that at a stress level of 

about 140 MPa the fatigue life of AlSi-2% wt. CNT’s composite increased by 270% compared to 

unreinforced AlSi alloy. The fatigue life is approximately 15% higher for the CNTs composite. These 

results are in line with some studies [31-33] where the fatigue life increased with the addition of 

CNTs. However, some other studies stated the opposite [29].  

Figure 6. 9 presents the SEM images of the fracture surface morphologies of both the (a) 

unreinforced AlSi alloy and (b) AlSi-2% wt. CNT’s composite (with different magnifications 500x and 

5000x). 

It can be clearly seen from Figure 6. 9-a that the crack path is very straight in the case of 

unreinforced AlSi alloy (smother surface), while in the case of AlSi-2% wt. CNTs composite (Figure 

6. 9-b) the crack path is very tortuous (slightly rougher surface). 
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This observation indicates that in the case of the unreinforced AlSi alloy the crack travels 

through the grains of the material (intragranular fracture), due to the fact that the AlSi grains are 

very well bonded.  

 

 

In the case of AlSi-2% wt. CNTs composite the fatigue crack may initiate in the region with 

agglomerations (fatigue cracks frequently initiates from the stress concentrated regions). If the 

crack reaches a region where the CNTs are well dispersed, the crack is deflected due to the 

stronger interface between matrix and CNT, then may travel through the AlSi grain (intragranular 

fracture). Crack deflection is a common effect in metal matrix composites [37]. If the crack reaches 

a region with agglomerates (zones of weakness) the propagation of the crack is accelerated. So, in 

the case of composite there is a mixture/competition between intragranular fracture and 

intergranular fracture. Thus, even though in the case of AlSi-2% wt. CNTs composite there are these 

weak regions (CNTs agglomerates) that may accelerate the crack propagation, CNTs act as 

interface barriers to crack propagation [31,32], increasing the fatigue life of the AlSi-2% wt. CNTs 

composite. 

  
magnification 500x  

  
a                    magnification 5000x                       b 

Figure 6. 9 -  SEM images of the fracture surface after fatigue test of: (a) unreinforced  AlSi alloy and (b) AlSi-2 wt. 
% CNT’s composite(with different magnifications). 
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Figure 6. 10 presents a schematic representation of the proposed physical mechanisms 

for the fatigue tests for AlSi-2 wt. % CNTs composite. 

 

 

Figure 6. 10 - Schematic representation of the proposed physical model for fatigue tests for AlSi-2 wt. % CNT’s 

composite. 

 

6.4.3 Wear properties 

The wear loss of both unreinforced AlSi alloy and AlSi-2% wt. CNTs composite are presented 

in Figure 6. 11. 

 

 

Figure 6. 11 - Wear loss as a function of the CNT content 

 

It can be seen in Figure 6. 11 that a lower wear loss was obtained for AlSi-2% wt. CNT pin 

when comparing to unreinforced AlSi pin. This is in accordance with some previous studies [14,15-

18,38] where wear loss substantially decreases with CNT content. 
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High resolution images (obtained by SEM) of the worn surfaces are shown in Figure 6. 12 

for both AlSi and AlSi-2% wt. CNT pins. SEM images of the worn surfaces (Figure 6. 12 a and b - 

magnification 130x) reveal that there is a clear evolution in the worn surface topography from AlSi 

to AlSi-CNTs pins. The worn surface of AlSi pin (Figure 6. 12-a) is clearly rougher than the AlSi-2% 

wt. CNT pin (Figure 6. 12-d). On a closer view (Figure 6. 12-b and e - magnification 1000x – 

backscattered view) it seems that the roughening of the worn surface is closely related to the plastic 

deformation (adhesive wear) but also to the substantial number of voids that seem to be material 

detached from the bulk. Voids are in a bigger quantity on the worn surface of AlSi pin. In the higher 

magnification (Figure 6. 12-c and f – magnification 5000x) it is possible to observe the voids and 

what seems to be the grain/powder boundaries. It is interesting to observe that the voids, mainly 

in the AlSi-2% wt. CNTs composite, have about the size of the Al powders (≈20-40 µm) used for 

sintering. Thus the detached areas are aluminium grains. In the unreinforced AlSi alloy it seems 

that various grains may be detached together. This happens simultaneously with improved wear 

resistance (Figure 6. 11) for the AlSi-2% wt. CNTs composite.  

Thus, it can be concluded that wear damage of reinforced AlSi alloy - based pins seems to 

be controlled essentially by two mechanisms: adhesive wear that includes material transfer 

between the mating surfaces, and pull-out of grains/particles (Figure 6. 12). Regarding the pull-out 

mechanism correlation with CNTs content it can be verified that by introducing CNTs it becomes 

more difficult to grains/powders to be detached from the bulk. They are detached in a smaller 

quantity. This is in agreement with the shear lag theory and the fact that CNTs are located at the 

interfaces between Al powders/grains. The strengthening mechanism of CNTs in AlSi sintered parts 

takes place by increasing the strength or cohesion between Al powder or grain interfaces. This 

grain detachment mechanism is schematically represented in Figure 6. 13. 

The proposed grain detaching mechanism seems to be evident of Figure 6. 12 on the 

backscattered view ((b) and e)). It shows clearly the CNTs on the grains interface of the detached 

grains. The small white points are mainly CNTs and the white colour comes from the nickel CNT 

coating/functionalization [35]. It is worth to mention that some white points (both in unreinforced 

AlSi alloy and also in AlSi-2% wt. CNTs composite) correspond to iron-rich areas that result from 

transfer of material from the mating GCI plate (grey cast iron) to the pin. However in the AlSi-2% 

wt. CNTs composite case (Figure 6. 12-e) the white points are mainly CNTs, in the isolated form 

or in agglomerates, as shown in a previous work [35]. 
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  a                    magnification 130x                   d 

  
b                         magnification 1000x                e 

  
c                         magnification 5000x                f 

Figure 6. 12 - SEM images of the worn surface of unreinforced AlSi alloy (a), (b) and (c); and 
AlSi-2 wt.% CNT’s composite (d), (e) and (f); b) and e) is a backscattered view. 

 

Based on the previous results it seems that the main mechanisms, as observed in the 

fracture morphologies of tensile, fatigue, and wear test results, are: a stronger adhesion between 

AlSi grain interfaces due to the CNTs, and the effect of the CNT’s reinforcement on the matrix most 

probably due to restrictions on matrix dislocations. This is basically in accordance with some of the 

proposed mechanisms, by George et al [21] namely thermal mismatch, Orowan looping and shear 
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lag theory or also with Zang and co-authors [22] or even with Bustamante et al. [7] suggested 

mechanisms. 

 

 

Figure 6. 13 - Schematic representation of the proposed physical model for the wear test: AlSi grains are bonded 

with an improved strength due to CNT’s interface reinforcement effect. Friction force (pin) cause pull-out of the 

grains. 

 

6.5 Conclusions 

From the present investigation on mechanisms governing the tensile, fatigue and wear 

behaviour of CNT’s reinforced AlSi alloy, the following conclusions can be drawn: 

- Compared to unreinforced AlSi alloy the tensile strength, 𝜎𝑟 and yield strength 𝜎𝑦 of AlSi 

– 2 wt. % CNTs composite was enhanced. The mechanisms responsible for improvement on the 

mechanical performance are based on the interface reinforcement and also on the matrix 

hardening; 

- Compared to unreinforced AlSi alloy the fatigue life of AlSi – 2 wt. % CNTs composite was 

notably increased. This can be attributed to the strengthening of the interfaces and to the crack 

path deflection due to CNTs that are placed at the interfaces; 

- Compared to unreinforced AlSi alloy the wear behaviour of AlSi – 2 wt. % CNTs composite 

was improved. Wear mechanisms of AlSi-CNT composites were characterized dominantly by 

adhesive wear and also by an improved resistance to grain detachment, being this last responsible 

by wear resistance improvement due to the CNT content. This means that a stronger interface 

between grains was promoted by the CNTs. 
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CNTs seem to be a good choice as reinforcement on AlSi alloy to improve mechanical, 

wear, and fatigue behaviours of AlSi-CNT composites. CNT’s reinforcement effect is active 

simultaneously in all previous properties and the reinforcement physical mechanism seems to be 

essentially due to a reinforcement effect of the interface that seems to be similar in all mentioned 

mechanical solicitations. 
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7.1 Abstract 

The aim of this paper was to examine the wear behaviour of a hybrid AlSi-2wt. %CNTs-

5wt.%SiCp composite. For comparison purposes the unreinforced AlSi alloy, AlSi-2%wt.CNTs and 

AlSi-5wt.%SiCp composites were used. A powder metallurgy processing route was used to produce 

the unreinforced AlSi alloy and AlSi composites. Dry reciprocating pin-on-plate wear tests were 

performed and the results showed that the wear behaviour was improved for all produced 

composites when compared to the unreinforced AlSi alloy. However the best wear behaviour was 

achieved in the case of AlSi hybrid composite. This improvement is attributed to the combine effects 

of both constituent reinforcements. The dominant wear mechanisms were characterized by 

scanning electron microscopy with X-Ray Energy Dispersive Spectrometry analysis.  

 

Keywords: CNTs; AlSi- hybrid composites; SiCp; sliding wear. 

 

7.2 Introduction 

It is well known that the specific strength of the materials used in the aerospace, aircraft 

and automotive industries is a key factor [1, 2]. Besides, these materials should exhibit a good 

compromise between mechanical, physical and tribological properties. For example, in practice 

the piston rings damage is attributed first to wear, then to lubrication and fatigue [2]. Aluminium-

silicon (AlSi) alloy is a good choice for engine components [1, 3], due to their satisfactory 



Chapter 7 

160 

mechanical and wear properties. The reinforcements incorporated in the Al alloys are used to 

increase desired properties, which make them attractive for specific applications. Some of 

reinforcements used in the case of Al alloys are SiCp [4-6], Al2O3 [7], TiC [8], TiAl [9], B4C [10], TiB2 

[11], CNTs [12-15], graphite [16], etc. Regarding the processing route, it is well known that by 

powder metallurgy (PM) it is possible to obtain a very good distribution of the particles. It should 

me also mentioned that the hot pressing allows a good densification process [17]. 

Regarding aluminium (Al) alloy reinforced by carbon nanotubes (CNTs), and to the authors’ 

knowledge, there are only few studies [12-15, 17-20] that are concerned with their wear behaviour. 

Most of the previous studies demonstrated that the CNTs are an effective reinforcement for 

improving wear characteristics of Al based composites [12-15]. The wear behaviour is explained 

based on CNT dispersion, CNT agglomeration size and fraction and carbide formation [12]. 

Regarding the coefficient of friction (COF) as reported by other studies [12-15, 17-20] it decreases 

with CNTs content, possibly due to the self lubrication effect of carbon content. Also, it was 

observed a reduction on COF when the agglomerations are formed (improving the wear resistance), 

as they act as a lubricant between the contacting surfaces [12]. It has been reported that there is 

a critical CNTs agglomeration concentration, above which starts the well known detrimental effect. 

Regarding the effect of CNTs content (from 2 wt.% to 6 wt.% CNTs) over the mechanical and wear 

behaviour of AlSi-CNTs composites, it was concluded on a previous research work of the same 

authors [21,22] ,that in the case 2wt.%CNTs content there is an equilibrium among improvement 

in mechanical properties in the different tests namely tensile, fatigue and wear. It was concluded 

that the 2wt.%CNTs was the optimal CNTs content for tensile properties. 

Thus, in order to improve wear properties without reducing tensile values, another 

reinforcement, that would introduce a different strengthening mechanism or the some 

strengthening mechanism, but at a different scale, would be necessary. SiCp as a second 

reinforcement, was used in the present work. SiCp as reinforcement of Al alloys, has been tested 

by several authors [4-6,23]. According to Mondal et al. [23] there are some factors that may explain 

improvement on wear resistance such as: (1) the hard SiCp are protruded on the surface, and thus 

it will lead to a rougher surface; (2) the debris get accumulated around the SiCp. 

So, by adding SiCp to the AlSi-2%wt.CNTs composite, it may lead to new advanced 

composite materials so-called hybrid metal matrix composites (HMMC) [16,24-26]. The increase 

in wear resistance in the case of hybrid composites was reported by several authors [16, 25, 26]. 
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It has been proved that by adding graphite to an AlSi- SiCp [23] as a second reinforcement, the 

wear rates of the hybrid composite compared to SiCp reinforced composite decreased. As reported 

by Aruri et al. [26] the increase on wear resistance of both hybrid composites studied (Al-SiCp/Al2O3 

and Al-SiCp/graphite) was attributed to the presence of both reinforcements. SiC particles acted 

like load bearing elements, while graphite acts like a solid lubricant. Also, Ames et al. [16] reported 

the improvement of wear behaviour when two reinforcements were added to an aluminium alloy 

(3 % graphite-20 % SiCp-A356). The higher wear rate was attributed also to the load bearing effect 

of SiC particles, but they reported that SiCp may also act as abrasives and can machine the 

counterface.  

This paper investigates the wear behaviour of an AlSi alloy reinforced by Multi-Wall Carbon 

Nanotubes (MWCNT) and SiC particles. The main purpose was to determine the combined effects 

(the advantages) of both constituent reinforcements (CNTs and SiCp) on wear behaviour in dry 

reciprocating sliding conditions. The purpose is to clarify if, when a certain reinforcement reached 

its optimal beneficial effect, another reinforcement could further increase the composites properties 

without compromising other relevant properties. 

 

7.3 Experimental procedure 

7.3.1 Fabrication of AlSi composites 

An AlSi alloy, powders size < 325 mesh (< 44 µm), with chemical composition as listed in 

Table 7. 1, was used as matrix material. AlSi powder was purchased from AlfaAesar – Germany. 

Ni coated MWCNTs (outer diameter > 50 nm, length 0.5-2.0 µm, purity before 

coating>95wt% and ash < 1.5wt%), and SiC particles (with 13 µm in size) were used as 

reinforcements. Ni coated MWCNTs were purchased from CheapTubes.com – USA. 

The AlSi-matrix composites were processed by the traditional hot isostatic pressing (HIP) 

technique. Applied pressure was 35x106 Pa for 10 minutes at 550°C under vacuum (10-2 mbar). 

The mixing of the AlSi powders was made inside a closed stainless steel jar along with 12 steel 

milling balls (10 mm in diameter). The ball powder ratio is 10:1. The bottle rotated with constant 

speed (40 rpm) during 6 days (low-energy ball milling). 
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Table 7. 1 -  Chemical composition of AlSi alloy (wt.%) 

Al Si Fe Others 

87.3 11 0.20 1.5 

 

7.3.2 Microstructural and chemical characterization 

The obtained AlSi composites and the worn surfaces (to observe the dominant wear 

mechanisms) were characterized by means of Scanning Electron Microscopy (SEM) / Energy 

Dispersive Spectrometry (EDS). 

7.3.3 Hardness tests 

Vickers hardness tests were conducted according to standards, using a Shimadzu 

microhardness tester. Hardness measurements were conducted for all AlSi composites. Sixteen 

readings were taken for each condition from which the average value was calculated. The hardness 

tests were carried out with a load of 200 gf during 15 s. 

 

7.3.4 Details of the reciprocating wear tests 

 

A reciprocating pin-on-plate tribometer PLINT-TE67/R was used to evaluate the wear 

characteristics of AlSi composites/GCI sliding pairs. Pins were machined from the unreinforced 

AlSi alloy and AlSi matrix composites (AlSi-2wt.%CNTs, AlSi-5wt.%SiCp and AlSi-2wt.%CNTs-

5wt.%SiCp). 

The dimensions of the pins are: radius of curvature 40 mm, thickness 3.5 mm and the arc 

length 20 mm. This AlSi composite can eventually be used for engine pistons or compression 

piston rings.  

The counterpart consisted of plates (40185 mm) that were machined from grey cast 

iron (GCI) with a hardness of 338 HV. Table 7. 2 presents the chemical composition of GCI. 
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Figure 7. 1- Schematic test configuration: Fn – Normal applied load; d – alternated displacement amplitude 

 

Table 7. 2 - Chemical Composition of GCI 

Fe C Mn Si P Cr Ni Cu S Mo Others 

90.4 3.59 0.392 2.37 0.624 0.249 1.52 0.28 0.023 0.007 0.545 

 

Figure 7. 1 shows a schematic representation of the test performed in this work: applied 

normal load (Fn) on the pin and alternative displacement (d) of the GCI plate. Experiments were 

carried out with a normal load of 10 N and relative displacement amplitude of 10 mm, for a sliding 

distance of 148 m (for 2 hours), at a sliding speed of about 0.02 m/s. During the tests compressed 

air was flown to the contact zone in order to remove loose wear debris. The frequency of the 

reciprocating motion was 1 Hz for all tests. All wear tests were carried out under the same 

conditions. The only variable was the material of the pins (the reinforcement – CNTs, SiCp or CNTs-

SiCp). An unreinforced AlSi alloy was used for comparison purposes. All tests were performed in 

environment temperature (20  ± 2°C). 

The data acquisition system associated to the tribometer recorded different testing 

variables including coefficient of friction and sliding distance. Both pin and GCI plate were cleaned 

ultrasonically in alcohol before and after the tests and the amount of wear was measured by weight 

loss. The dominant wear mechanisms were characterized by SEM/EDS analysis. 

 

7.4 Results and discussion 

7.4.1 Microstructural characterization 

Microstructures of the unreinforced AlSi alloy and all AlSi matrix composites (after etching) 

are presented in Figure 7. 2. 
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a b 

  

c d 

Figure 7. 2 - SEM images of the composites microstructures: a. unreinforced AlSi alloy; b. AlSi-2%wt.CNTs; c. AlSi-

5wt.%SiCp and d. AlSi-2%wt.CNTs-5% wt.SiCp. 

 

SEM images revealed that CNTs, as expected are placed at the grain interfaces and also 

that there are some CNTs agglomerates (Figure 7. 2-b). In a previous work of the same authors 

[31] it has been shown that more than 93% of the agglomerates are less than 1 µm2 in area. The 

CNTs correspond to the white dots/areas. The average AlSi grain size is around 6 µm.  

Figure 7. 2-c shows the AlSi microstructure for 5wt.%SiCp, where can be seen the black 

SiC particles distributed in AlSi matrix. The SiC particles are visible at the grain interfaces as 

reported also by Balani et al. [27] and no interface was formed between SiC particles and AlSi 

matrix. Walczak et al. [28] reported that there can be formed interface between SiC particles and 

AlSi matrix, but if the processing route is other then HIP technique (e.g. squeeze casting route [27, 

29]). 

Figure 7. 2-d shows the microstructure of the hybrid composite (Al-2wt.%CNTs-5wt.%SiCp). 

It can be observed the composite reinforcement (black SiC particles and the CNTs). There can be 

CNTs agglomerates 

CNTs agglomerates 

SiC particles 

SiC clusters 

SiC particles agglomerates 

SiC clusters 
agglomerates 
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observed some CNTs agglomerates. The addition of SiCp seems that does not have any influence 

on the distribution of the CNTs. 

In both AlSi-5wt.%SiCp and Al-2wt.%CNTs-5wt.%SiCp composites can be observed that 

some SiC particles can form also clusters (Figure 7. 2-c and d). These clusters can act like stress 

concentrations leading to microplasticity, as stated by other authors [30,31]. 

 

7.4.2 Hardness values 

Figure 7. 3 shows the hardness results in the case of unreinforced AlSi alloy and of AlSi-

composites. 

As expected, the hardness increases with addition of the reinforcements (CNTs or SiCp). 

As compared to the unreinforced AlSi alloy, the AlSi-2%wt.CNT composite shows an increase on 

hardness of about 25%, as reported in another study of the same authors [22], while in the case 

of AlSi-5%wt.SiC composite of about 27%. The increase of hardness was higher in the case of hybrid 

composite, about 36%. 

The hardness results are in accordance with the other studies [32-34] and the main factor 

that governs the increase of hardness in both cases seems to be the volume fraction of the 

reinforcement. 

The increase in hardness with the addition of the CNTs may eventually be explained based 

on the fact that the CNTs placed at the grain interfaces, create barriers to dislocations thus 

increasing strain hardening during plastic deformation, as reported by D.P. Mondal et al. [33]. 

Regarding the increase in hardness of AlSi-5wt.%SiCp compared to unreinforced AlSi alloy 

is in accordance to other previous studies [32, 35]. The increase in hardness was attributed to the 

high dislocation density in matrix induced by thermal mismatch between the matrix and the 

reinforcement [27] and to the harder reinforcements that impeded the movement of dislocations 

[24]. 
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Figure 7. 3 - Hardness of the unreinforced AlSi alloy and all AlSi composites. 

 

In the case of the hybrid composites the hardness increased as compared to unreinforced 

AlSi alloy and to studied AlSi composites (Figure 7. 3). These results are in accordance with the 

other studies [24, 26, 36]. The increase of hardness is due to strengthening effects of both 

reinforcements SiCp and CNTs (Shear lag [37], Thermal mismatch [25, 27] and Orowan looping 

[38,39]). Due to different properties, shape and size of both reinforcements, it is expected that 

they have different contribution on the previously mentioned models. The behaviour of hybrid 

composites is a sum of inherent advantages and disadvantages of both reinforcements. Some 

other authors have been already proved the additional effect of the reinforcements on mechanical 

properties [24, 27]. 

 

7.4.3 Wear loss 

The volume losses of the AlSi pins (unreinforced AlSi alloy and AlSi - composites) and also 

of the mating GCI plates are shown in Figure 7. 4. 

When comparing all AlSi composites with the unreinforced AlSi alloy it can be clearly seen 

that the wear of all studied composites is less than that of unreinforced alloy. 

The wear volume decreased with the addition of CNTs or SiCp, and it further decreased 

with the incorporation of both reinforcements (CNTs and SiCp).  
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Figure 7. 4 - Variation on volume loss for unreinforced AlSi and AlSi - composites 

 

 

In the case of AlSi-2wt.%CNTs/GCI tribopair the volume loss decreased with about 8% for 

the AlSi-2wt.%CNTs composite (pin) and 29% for the GCI plate, as compared with the contact 

involving unreinforced AlSi alloy/GCI [21]. As demonstrated by other studies [12-15, 18, 40], CNTs 

in the case of Al-matrix composite are an effective reinforcement for improving wear characteristics. 

The improvement in wear behaviour is explained in terms of CNTs dispersion in the matrix [15], 

CNTs agglomeration size and fraction [19], and on self lubricating effect of carbon content [13]. 

In the case of AlSi-5wt.%SiCp/GCI tribopair the volume loss decreased about 6 % for the 

pin and 10% for the GCI plate, as compared with the contact involving unreinforced AlSi alloy/GCI. 

The improvement on wear behaviour when SiCp are incorporated into the AlSi alloy is in accordance 

with some other studies [4-6, 23].  

In the case of AlSi-2wt.%CNTs-5wt.%SiCp/GCI tribopair the volume loss decreased about 

22% for the pin and 38% for the GCI plate, as compared with the contact involving unreinforced 

AlSi alloy/GCI. The combine effect of both reinforcements CNTs and SiCp in the AlSi matrix seem 

to have a beneficial role, once both pin and counterface material exhibited a reduction in wear 

volume, as compared to unreinforced AlSi/GCI tribopair and also to the AlSi composites/GCI 

tribopairs. 

Also in the present study the SiCp act like load bearing element and the CNTs have self-

lubrification effect. These effects will be later explained in the paper. Both reinforcements have a 

strengthening effect on the AlSi matrix, which also contributes to a better wear behaviour.  
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It is worth to highlight that in the present work, by improving the wear resistance of all 

studied AlSi composites (pins), it was also improved the wear resistance of other part involved in 

the sliding contact (GCI plate). In practice it is desirable to achieve optimal operating condition of 

the system (as called tribosystem optimization). 

 

7.4.4 Coefficient of friction 

Figure 7. 5 shows the evolution of the coefficient of friction (COF) with sliding distance in 

the case of AlSi-2wt.%CNTs-5wt.%SiCp hybrid composite against GCI. It is observed a typical 

evolution of the COF with the sliding distance for a reciprocating sliding wear test. After a first 

period corresponding to the running in regime (where surfaces adapt to each other and COF 

changes significantly during the first period of sliding, increasing with the sliding distance) the COF 

enters in steady-state conditions and remains approximately constant during the whole test. 

 

 

Figure 7. 5 - Evolution of COF with sliding distance of AlSi-2wt.%CNTs-5wt.%SiCp hybrid composite. 

 

Figure 7. 6 presents the average COF for unreinforced AlSi alloy and of AlSi - composites. 

It can be seen that there is a slight decrease of COF values of the AlSi-composites as compared to 

unreinforced AlSi alloy. The COF values obtained in this study for AlSi – composites are 

approximately the same. 

Regarding the slight decrease of COF with the addition of CNTs, as reported in another 

study of the same authors [22], as the counterpart is a GCI and, consequently, there is a substantial 

amount of free carbon compared to the eventual contribution of carbon due to the CNTs content. 
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The CNTs have two contributions on tribological behaviour of the composite: self lubrication effect 

and strengthening effect (increase the bonding between the grains on the Al matrix), so it is more 

difficult to remove them as confirmed by the mechanical properties results from another study of 

the same author [21]. Due to their shape and size, mainly the CNTs that come from the 

agglomerates could roll between the mating surfaces [41]. The agglomerates would have a higher 

effect on tribological properties if are released into the contact. There can be a disaggregation of 

these agglomerations due to the shear forces, leading to the appearance of individual CNTs that 

could roll into the sliding contact [41]. Once the CNTs are released may behave as a third body 

that contributes to wear. 

 

Figure 7. 6 - Average COF of the unreinforced AlSi alloy and of the Al-Si composites. 

 

The slight decrease of COF value observed in the case of AlSi alloy reinforced with SiCp as 

compared to unreinforced AlSi alloy can be explained based on the two mechanisms adhesion and 

abrasion. Related to adhesion there are two factors that may contribute to reduction of COF values: 

(i) the higher hardness of the matrix due to the presence of hard SiCp. Therefore, it is expected 

less adhesion between the pin composites and GCI plate; (ii) the presence of SiCp which work as 

load bearing elements [26, 42] protect the matrix from wear. Regarding the second mechanism, 

abrasion, it is expected a higher COF values because the harder SiCp may penetrate the counter 

surface, as stated in [23]. The presence of the SiCp also increases the hardness of the composite 

and is more difficult to cut down the picks of roughness, thus it is expected more abrasion of the 

SiCp and a harder matrix, as stated by Zhou et al. [15]. Therefore, due to the combination of less 

adhesion and more abrasion, there is only a slight decrease on COF value. Later in this paper these 

mechanisms will be better explained based on the morphological analysis of both contact pairs. 
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7.4.5 Wear mechanism - SEM and EDS analysis 

 

GCI plates 

Figure 7. 7 shows SEM images of the worn surfaces of GCI plates after sliding against 

unreinforced AlSi alloy and AlSi composites. 

  

a b 

  

c d 

Figure 7. 7 - SEM images of the worn surfaces of GCI plates after sliding against AlSi-based pins: a. unreinforced 

AlSi alloy; b. AlSi-2wt.%CNT; c. AlSi-5wt.%SiC and d. AlSi-2wt.%CNT-5wt.%SiC. 

 

Figure 7. 8 shows a backscattered SEM images of GCI plates worn surface after sliding 

against AlSi-2wt.%CNTs-5wt.%SiCp hybrid composite) and the EDS spectrum representative of the 

dark zones in the micrography.  

Grooves 

Grooves 

Grooves 
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Figure 7. 8 - Backscattered SEM image of GCI plate worn surface and EDS spectrum after sliding against (representative of 

the dark/grey zones in the micrograph) AlSi-2wt.%CNTs-5wt.%SiCp hybrid composite. 

 

Regarding the worn surface morphology of GCI plates among the different materials used 

in this study, it can be seen from Figure 7. 7 that even if the dominant wear mechanisms seems 

to be the same, such as: abrasion grooves (due to the reinforcement particles) and delamination 

marks, can be highlighted some differences. 

The GCI surface damage tends to decrease by the presence of CNTs or/and SiCp at mating 

surface, as revealed by the increased extension of smooth plateaus at GCI worn surface from 

(Figure 7. 7a-d). 

In the case of the hybrid composite it can be observed (Figure 7. 7) that the groove size 

decreases in width indicating less plastic deformation (less abrasion) and also less delamination 

(less adhesion). 

These observations are in accordance with the volume wear loss between the plates used 

for sliding against unreinforced AlSi alloy and AlSi composites (Figure 7. 4– decreasing tendency 

of the volume loss of the GCI plates). 

The EDS analysis performed in the dark zones (Z1) presented in Figure 7. 8 revealed some 

transfer of Al and Si derived from the pin counterface. EDS analysis in zone Z1 revealed the 

presence of the following elements: 19% O, 59% Al, 2% Si and 20% Fe. This oxygen content may 

indicate the presence of some aluminium oxides. The transfer of Al and Si from the pin to the GCI 

plate means that the wear mechanisms of GCI also included adhesion. Besides Al, Si (coming from 

the matrix alloy) and O, there were found Fe and C (from the GCI).  

Z1 

Z1 
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So, the main wear mechanism that governs the wear of the plates seems to be abrasion 

due to hard reinforcement particles and also adhesion as the AlSi matrix is softer then the GCI 

plate. 

 

AlSi composites (pins) 

Figure 7.9 presents SEM images (130x magnification) of the worn surface of unreinforced 

AlSi alloy and of AlSi-composites pins (Figure 7.9 a1, b1, c1, d1) and also of the mating GCI pins 

(Figure 7.9 a2, b2, c2, d2). 

Figure 7. 10 presents SEM images of the worn surface of AlSi-2wt.%CNTs-5wt.%SiCp hybrid 

composite with higher magnifications (1000x and 5000x). 

Figure 7. 11 shows the EDS analysis corresponding to distinct zones of the pin worn 

surface for the hybrid composite. It can be seen that zone Z1 shows the based material of pin, 

namely Al, Si and O. There is also Fe-rich and a small quantity of Mn transfer of material from the 

mating GCI plate. 

SEM images of the worn surfaces (Figure 7. 9- magnification 130x) revealed that there is 

a clear difference in the worn surface topography of unreinforced AlSi alloy and AlSi composites 

(Figure 7. 9- a1, b1, c1, d1).  

 

  

a1 a2 

Figure 7. 9 -  SEM images of the worn surface of AlSi-based pins (130x magnification) and mating GCI plates 

(backscattered): a1/a2 - unreinforced AlSi alloy/GCI plate; b1/b2 - AlSi-2wt.%CNTs/GCI plate; c1/c2 - AlSi-

5wt.%SiCp/GCI plate and d1/d2 AlSi-2wt.%CNTs-5wt.%SiCp/GCI plate (cont.). 
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b1 b2 

  

c1 c2 

  

d1 d2 

Figure 7. 9 -  SEM images of the worn surface of AlSi-based pins (130x magnification) and mating GCI plates 

(backscattered): a1/a2 - unreinforced AlSi alloy/GCI plate; b1/b2 - AlSi-2wt.%CNTs/GCI plate; c1/c2 - AlSi-

5wt.%SiCp/GCI plate and d1/d2 AlSi-2wt.%CNTs-5wt.%SiCp/GCI plate. 

 

It can be clearly seen from the worn surface topography of the unreinforced AlSi alloy 

(Figure 7. 9- a1) is more uniform as compared to AlSi composite reinforced with CNTs (Figure 7. 

9- b1).  

SEM images of the worn surface of AlSi-2wt.%CNTs pins (Figure 7. 9-b1) reveals that with 

the addition of the CNTs, on the pin contact surfaces can be observed two types of plateaus: a 

smooth plateaus and the other one with more voids, as reported in [23]. More details regarding 
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the worn surface topography of unreinforced AlSi alloy and AlSi-CNTs composite is given elsewhere 

[23].  

The strengthening mechanism of CNTs in AlSi sintered parts takes place (increasing the 

strength) [33, 34, 43, 44] on the regions with well dispersed CNTs (on the smoother plateaus).  

Regarding the worn surface of AlSi-5%wt.SiCp composite (Figure 7. 9-c1), it can be 

observed that is very similar to the worn surface of unreinforced AlSi alloy (Figure 7. 9-a1). It can 

be observed a large plastic deformation, but it is lower as compared to unreinforced AlSi alloy and 

much lower than AlSi-2wt.%CNTs composite (Figure 7. 9-b1). In Figure 7. 2-c can be observed that 

there was formed a SiCp cluster that is considered a weakness point (lower bonding strength), so 

it is easier for the SiC particles to be pulled out. Generally, the pulled out particles may increase 

the abrasive wear of the composite due to the third body effect [5,25], but in our case they were 

taken off from the sliding area by the permanent air flow, so they will not have a significant effect 

on the wear behaviour of the AlSi composites based pins. This is in accordance with other studies 

[45] that stated that the pull out mechanism increases the effect of abrasive wear, and 

consequently increased the wear loss. 

Regarding the worn surface of the AlSi-2wt.%CNTs-5 wt.%SiCp hybrid composite can be 

observed (Figure 7. 9-d1) similar plateaus as the ones observed in the case of unreinforced AlSi 

alloy: a smooth plateaus (adhesive wear) and the other one with more voids (abrasive wear). 

It seems that during sliding it is a competition between these two mechanisms, thus 

between abrasive and adhesive wear (Figure 7. 9-d1). It has been observed that the smoother 

region corresponds to the region where there is a good distribution of the CNTs and SiCp into the 

AlSi matrix. It can be seen that in the rougher regions (that seems to be less than the smoother 

ones) a layer of material has been removed as debris from the surface. The smother plateaus 

seems to be larger than in the case of AlSi-2wt.%CNTs composite, may be because the volume 

fraction is higher in the case of AlSi-2wt.%CNTs-5wt.%SiCp hybrid composite. 

It should be also mentioned that the amount of the transferred material is less in the case 

of AlSi-2wt.%CNTs-5wt.%SiCp hybrid composite from the pin to the plate (less dark zones in 

backscatter images – Figure 7. 9-d2) as compared to the unreinforced AlSi alloy and AlSi 

composites (Figure 7. 9-a2, b2 and c2). 

It can be seen that no pull out mechanism can be observed in the case of hybrid composite 

(Figure 7. 10). On Figure 7. 10 can be observed a SiC particle that is debonded, and it is also 
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fractured. It can be observed a lower level of plastic deformation in the case of AlSi hybrid 

composite as compared to the unreinforced AlSi alloy and AlSi composites. These happened 

simultaneously with the improvement on wear resistance (Figure 7. 4) of the AlSi - hybrid composite 

as compared to unreinforced AlSi alloy. Thus, it can be concluded that wear damage of 

unreinforced AlSi and AlSi composites based pins seems to be controlled essentially by two 

mechanisms: abrasive wear (with delamination/pull-out of grains/particles) and adhesive wear that 

includes plastic deformation and material transfer between the mating surfaces. The AlSi hybrid 

composite seems to be controlled by the same mechanisms, but with wear that includes plastic 

deformation and material transfer between the mating surfaces. 

 

  

magnification 1000 magnification 5000x 

Figure 7. 10 - SEM images of the worn surface of AlSi-2wt.%CNTs-5wt.%SiCp hybrid composite 

 

 

  

Figure 7. 11 - SEM image (backscattered view) and EDS spectra (corresponding to Z1) of 2wt.%CNTs-

5wt.%SiCp hybrid composite. 

 

The introduction of both reinforcements (CNTs and SiCp) in the AlSi matrix seems to have 

a beneficial role, as AlSi-hybrid composite/GCI tribopair exhibited an improvement on wear 
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resistance, as compared to unreinforced AlSi alloy/GCI and AlSi alloy- composites/GCI tribopairs. 

As referred above, the main contribution of the reinforcements are: 

(i) Strengthening effect of CNTs: A stronger bonding between AlSi grain interfaces due to 

the CNTs. This is basically in accordance with some of the proposed mechanisms, by George et 

al. [41] namely thermal mismatch, Orowan looping and shear lag theory or also with Zang and co-

authors [42] or even with Bustamante et al. [45] suggested mechanisms. Also, it should be 

mentioned that the CNTs agglomerations have detrimental effect on the strengthening, and they 

are responsible for voids nucleation. 

(ii) Self-lubrication effect of CNTs. The CNTs and the CNTs agglomerates are released into 

the contact and there is a disintegration of these agglomerations due to the shear forces, leading 

to the appearance of individual CNTs that could roll into the sliding contact; 

(iii) Strengthening effect of SiCp: the strengthening of the matrix by SiC particles (SiCp 

increased the hardness of the composite); 

(iv) Load bearing elements: SiC particles act like load bearing elements (during sliding the 

SiC particles support the load and prevent the contact between the AlSi matrix and the GCI plate). 

Finally it should be emphasized that the approach based on two distinct reinforcements 

with different reinforcement mechanisms or the same reinforcement mechanism but acting at 

different scales (nano-scale or micro-scale) seems to be effective. As a fact the tensile strength with 

CNTs as reinforcement, presented its peak with 2% of CNTs, as shown in a previous paper [21]. 

The same happened with the SiCp reinforcement that presented its saturation point, for tensile 

strength, at 5% of reinforcement. Thus, increasing the reinforcement content, in both cases, would 

allow to increase the wear behaviour but it would substantially decrease the tensile strength. It was 

also reported that when the peak of tensile strength was achieved with one reinforcement (CNTs), 

it was possible to further increase the tensile strength by adding another type of reinforcement 

(SiCp).  

Thus it is concluded that the use of two reinforcements, by using two different 

reinforcement mechanisms or the same mechanism but at different scales, may provide better 

overall properties than by using one reinforcement alone. Thus, hybrid composites, as proposed in 

the present paper, provide better overall properties.  
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7.5 Conclusions 

From the present investigation on the sliding wear behaviour of AlSi-composites/GCI 

tribopairs, the following conclusions can be drawn: 

- AlSi-2wt.%CNTs, AiSi-5wt.%SiCp and AiSi-2wt.%CNTs-5wt.%SiCp reinforced composites 

were successfully produced by hot-pressing technique.  

- Hardness of the all produced AlSi composites increased, and the hardness of the hybrid 

composite was higher as compared to unreinforced and also to the composites. Hardness of the 

hybrid composites increased due to the strengthening effect of both reinforcements CNTs and 

SiCp. 

- Both AlSi-2wt.%CNTs and AiSi-5wt.%SiCp composites experienced an improvement in the 

wear behaviour when compared to unreinforced AlSi alloy. The wear behaviour of AlSi-composites 

is controlled essentially by abrasive wear (with delamination/pull-out of grains/particles) and 

adhesive wear that includes plastic deformation and material transfer between the mating surfaces.  

- The addition of both reinforcements (CNTs and SiCp) in AlSi matrix improved the wear 

behaviour of the AiSi-2wt.%CNTs-5wt.%SiCp hybrid composite when comparing to AlSi- composites. 

The wear behaviour of AlSi hybrid composite is controlled essentially by two mechanisms: abrasive 

wear and adhesive wear. 

- It is shown that by reinforcing AlSi alloy with both reinforcement the wear behaviour of 

tribopair (AlSi-hybrid composite/GCI) is improved, when compared with unreinforced AlSi /GCI and 

AlSi alloy- composites /GCI tribopairs, due to the strengthening effect of CNTs, self-lubrication effect 

of CNTs and CNTs agglomerates, strengthening effect of SiCp and load bearing elements of SiC 

particles. 
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8.1 Abstract 

The aim of this paper was to study the mechanical, fatigue and wear behaviours of a hybrid 

AlSi-2wt. %CNTs-5wt.%SiCp composite. For comparison purposes the unreinforced AlSi alloy, AlSi-

2%wt.CNTs and AlSi-5wt.%SiCp composites were used. A powder metallurgy processing route was 

used to produce the unreinforced AlSi alloy and AlSi composites. Tensile, fatigue and dry 

reciprocating pin-on-plate wear tests were performed and the results showed that the hybrid 

composite AlSi-2wt.%CNTs-5%wt.SiCp proposed in the present paper, provided better overall 

properties than the single reinforcement composites. The improvement is attributed to the 

simultaneous effect of two different reinforcement mechanisms or on the same mechanisms but 

acting at different scales. 

 

Keywords: Composites, Metallic Matrix; Aluminum; Powder Metallurgy; Hybrid; Mechanical 

properties; Fatigue; Wear. 

 

8.2 Introduction 

Due to their mechanical properties (e.g. high specific stiffness, low density; high strength 

to weight ratio, improved damping capabilities, good corrosion resistance etc.) aluminium matrix 

composites are used in various industrial applications, such as: brake drums, cylinder liners, 

pistons, cylinder blocks, connecting rods etc. [1].  
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Different fabrication techniques were developed to produce metal matrix composites 

(MMC) such as: liquid metallurgy, powder metallurgical, diffusion bonding of filaments and foils, 

and vapour phase infiltration techniques [1]. The technique used in this work to produce the AlSi 

based composites is powder metallurgy. This technique is very versatile because it allows 

fabrication of a wide variety of composites. It permits to achieve a better distribution of the 

reinforcement mainly discontinuous reinforcements. The main advantages of discontinuous 

reinforced metal matrix composites (DRMMCs) are improved strength, specific modulus, high 

toughness, and good wear resistance property even at elevated temperatures, controlled co-

efficient of thermal expansion, increased fatigue resistance and superior dimensional stability at 

elevated temperatures etc. when compared with other materials [2].  

The most used reinforcements in MMCs are ceramics which can be continuous, in the 

form of fibres or discontinuous, in the form of whisker, platelets or particles embedded in a ductile 

metal matrix. The reinforcements are ranging from soft materials, such as graphite, talc, etc., to 

harder ceramic particles such as Silicon carbide (SiCp), Al2O3 etc. [3-5]. The SiCp is used as 

reinforcement primarily in aluminium matrix composites [1,4]. It has been already proved that it 

reduces the wear of the MMCs. In the dry sliding and abrasive wear conditions, this reinforcement 

supports the applied load by restricting surface deformations [6]. There are also some other 

reinforcement phases incorporated in aluminium alloys to improve their characteristics, such as: 

metals or other compound such as carbon nanotubes (CNTs). CNTs are also used in aluminium 

matrix composites due to their properties. CNTs have excellent mechanical properties [7-17], such 

as elastic modulus as high as 1 TPa and strengths 10 to 100 times higher than the strongest steel 

at a fraction of the weight.  

When there is an addition of different types of reinforcements (at least two types) in a metal 

matrix a new kind of MMCs are created, known as Hybrid MMCs. These are unique materials 

fabricated by reinforcements of at least two types of ceramic or metals particles into a metal matrix 

[18]. The purpose is to combine different reinforcement mechanisms and thus have an overall 

result better than the ones achieved with a single reinforcement. 

The advantage of hybrid composites, due to different properties of both reinforcements, 

shape and size, is that it is expected that they have different contributions on the previously 

mentioned models. The behaviour of hybrid composites is a sum of inherent advantages and 
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disadvantages of both reinforcements that cannot be achieved with the use of a single 

reinforcement.  

The main purpose of this paper is to understand the combined effects of (the advantages) 

both reinforcements (CNTs and SiCp) on the tensile, fatigue, and wear behaviour of a hybrid AlSi-

2wt.%CNTs-5wt.%SiCp composite. For comparison purposes the unreinforced AlSi alloy, and the 

single reinforced composites, AlSi-2wt.%CNTs and AlSi-5wt.%SiCp, were also tested. 

 

8.3 Experimental procedure 

8.3.1 Fabrication of AlSi composites 

An AlSi alloy, powders size < 325 mesh (< 44 µm), with chemical composition as listed in 

Table 8. 1, was used as matrix material. Ni coated Multi-Wall Carbon Nanotubes (MWCNTs) (outer 

diameter > 50 nm, length 0.5-2.0 µm, purity before coating > 95wt.% and ash < 1.5wt.%), and 

SiCp particles (with 13 µm in size) were used as reinforcements. 

The AlSi-matrix composites were processed by the traditional hot isostatic pressing (HIP) 

technique. Applied pressure was 35 MPa for 10 minutes at 550°C under vacuum (10-2 mbar). The 

mixing of the AlSi powders was done inside a closed stainless steel jar along with 12 steel milling 

balls (10 mm in diameter). The ball powder ratio is 10:1. The bottle rotated with constant speed 

(40 rpm) during 6 days (low-energy ball milling). The flat plates prepared for the wear tests were 

machined from grey cast iron (GCI). Table 8. 2 presents the chemical composition of GCI. 

 

Table 8. 1 - Chemical composition of AlSi alloy (wt.%). 

Al Si Fe Others 

87.3 11 0.20 1.5 

 

 

Table 8. 2 -  Chemical composition of GCI. 

Fe C Mn Si P Cr Ni Cu S Mo Others 

90.4 3.59 0.392 2.37 0.624 0.249 1.52 0.28 0.023 0.007 0.545 
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In Figure 8. 1-a is presented the SEM image of CNTs (190x magnification), where can be 

notice the presence of agglomerations. Figure 8. 1-b shows the SEM images of the SiCp (2000x 

magnification), where can be observed their irregular shape. 

 

 

  

Figure 8. 1 - SEM images showing: a. CNTs and b. SiCp. 

 

8.3.2 Methods 

 

Tensile tests 

Tensile tests were carried out using a servo-hydraulic universal testing machine Instron 

8874, equipped with a load cell capacity of 25 kN (tension). Tests were performed at room 

temperature (≈23 °C), with a crosshead speed of 0.05 mm.s-1 and five specimens were used for 

each condition. 

 

Fatigue tests 

In order to get the influence of the CNT content on the fatigue life (S-N curve), several 

fatigue tests were carried out at a stress ratio R=0.1 using a servo-hydraulic universal testing 

machine Instron 8874. All tests were performed at ambient temperature, in laboratory 

environment, and at a cyclic frequency of 16 Hz. Tests were performed until final fracture. More 

details regarding the tensile and fatigue tests are given elsewhere [19]. 

 

CNTs 

agglomerates 
 

a b 
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Wear tests 

A reciprocating pin-on-plate tribometer PLINT-TE67/R was used to evaluate the wear 

characteristics. Experiments were carried out with a normal load of 10 N and relative displacement 

amplitude of 10 mm. All tests have been stopped after a sliding distance of 148 m. During the 

tests compressed air was flown to the contact zone in order to remove loose. The flat plates 

(40185 mm) prepared for the wear tests were machined from grey cast iron (GCI). Pins were 

machined from the unreinforced AlSi alloy and AlSi composites. The dimensions of the pin are: 

radius of curvature 40 mm, thickness 3.5 mm and the arc length 20 mm. More detailed regarding 

the wear test procedure is give elsewhere [20,21]. 

 

8.4 Results and discussion 

8.4.1 Microstructural characterization 

In Figure 8. 2 are presented the SEM images of the unreinforced AlSi alloy and of the AlSi-

composites (after etching). It can be observed that there is no porosity, proving the effectiveness 

of the hot-pressing process for the production of these composites. 

In the SEM images of the AlSi-2 wt.%CNTs composite (Figure 8. 2-b) and AlSi-2wt.%CNTs-

5wt.%SiCp hybrid composite (Figure 8. 2-d) can be observed the presence of the CNT 

agglomerates. A uniform dispersion without formation of CNTs agglomerates would be the ideal 

situation in terms of mechanical properties. However, due to the existence of Van der Waals forces 

[22] is not possible to achieve a uniform distribution with the used technique, and this results in 

the formation of agglomerates which have a negative effect on the final properties of the 

composites.  

It can be observed in Figure 8. 2-c that there are some SiCp fractured particles. The 

fracture of these particles resulted from their high modulus. In zones with clusters the fracture of 

the SiCp is less probable to occur and interfacial rupture between the particles and the matrix is 

the common occurrence. In Al-SiCp composites, microplasticity can occur due to stress 

concentrations in the matrix at the poles of the reinforcement and/or at sharp corners of the 

reinforcing particles [23, 24]. When these reinforcements are in form of clusters, these places are 

more favourable to crack growth [25]. The presence of silicon content contributes to the absence 

of reaction between AlSi matrix and SiCp. This fact resulted from the reaction of AlSi matrix with 
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SiCp in which reaction products are Al4C3 and Si. In this way higher the content of Si, lowers the 

reaction probability [26]. 

In Figure 8. 3 is presented the amplified SEM image of the hybrid composite. The 

preferable etching on samples with CNTs is due to strain hardening effect of the well dispersed 

CNTs. The higher strain effect is between the powders because are zones where the CNTs are 

localized and thus there is higher dislocation density. It can be observed a higher corrosion in these 

zones after etching. Another explanation could be the formation of galvanic pairs between the 

reinforcements and the matrix and even between reinforcements. 

 

  
  

  
  

Figure 8. 2 -  SEM images of: a. unreinforced AlSi alloy; b. AlSi-2wt.%CNT; c. AlSi- 5wt.%SiCp and d. AlSi-

2wt.%CNT-5wt.%SiCp composites. 
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Figure 8. 3 -  SEM images of AlSi-2%wt.CNTs-5%wt.SiCp hybrid composites. 

 

8.4.2 Mechanical properties (Tensile tests) 

Figure 8. 4 presents the representative tensile stress–strain curves of the unreinforced AlSi 

alloy and all produced composites. The mechanical properties (tensile strength, 𝜎𝑟, yield strength 

𝜎𝑦 and tensile strain 𝜀𝑟) are listed in Table 8.3. 

The results of the tensile tests revealed that all composites presented higher tensile 

strength and yield strength than the unreinforced AlSi alloy. The best results were obtained in the 

case of AlSi-2wt.%CNTs-5wt.%SiCp hybrid composite. The tensile strength in the case of hybrid 

composite increased with about 37%, while the yield strength increased with about 53% as 

compared to the unreinforced AlSi alloy. However, the rupture strain decreased for all the 

composites as compared to unreinforced AlSi alloy. The hybrid composite exhibited the highest 

rupture strain reduction (about 89% as compared to the unreinforced AlSi alloy) which may be 

explained based on work hardening due to geometric constraints imposed by the presence of both 

reinforcements (CNTs and SiCp). Another factor that may contribute to the reduction of the rupture 

strain of the composites is the presence of CNT agglomerates or/and SiCp clusters. 

 
Figure 8. 4 - Stress–strain curves from tensile testing of unreinforced AlSi alloy and of the AlSi composites 
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Table 8. 3 -  Results of tensile testing of unreinforced AlSi alloy and of the AlSi composites. 

Material r [MPa] y [MPa] r [%] 

AlSi 170±11.1 152±4 13±1.1 

AlSi-2%CNTs 209±10.5 192±7.9 7±1.3 

AlSi-5%SiCp 200±9.3 165±5.4 10±1.1 

AlSi-2%CNTs-5%SiCp 233±7.8 233±4.8 0.7±1.4 

 

Figure 8. 5 presents the SEM images of the fracture surface after tensile test of 

unreinforced AlSi alloy and of all AlSi composites. More details regarding the fracture morphology 

of the unreinforced AlSi alloy and of the AlSi-2%wt.CNTs composite are given elsewhere [19]. 

The fracture surface of the AlSi-5wt.%SiCp composite (Figure 8. 5-c) seems to be very 

similar with the one the unreinforced AlSi alloy (Figure 8. 5-a), but with more picks and valleys. The 

deeper valleys are formed due to the fact that the crack travels through the AlSi grains/particles of 

the material (intragranular fracture) between the SiCp. The AlSi-5wt.%SiCp presents large plastic 

deformation with a longer dimple size. In Figure 8. 6-a can be also be observed some fractured 

SiCp particles. The fracture of the particles means that shear strength at the interface was higher 

than the particle fracture strength. Also, can be observed some pull out SiCp particles. In this case, 

the bonding between SiCp particles and AlSi matrix has less resistance than particles fracture 

resistance. Another aspect that was already mentioned, the presence of SiCp clusters, as were 

observed in Figure 8. 3-c, have detrimental effect on mechanical properties of the composite.  
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Figure 8. 5 - SEM images of the fracture surface after tensile test: a unreinforced AlSi alloy; b. AlSi - 2wt.%CNTs; 
c. AlSi - 5wt.%SiCp and d. Al-2wt.%CNTs-5wt.%SiCp. 

 

 

Regarding the fracture morphology of AlSi-2wt.%CNT-5wt.%SiCp hybrid composite (Figure 

8. 5-d) there can be observed a mixture between two types of regions: a smooth region and the 

other one with more voids, but there are more voids as compared to AlSi-2wt.%CNTs composite. 

In this case the crack propagation is a combined effect between both reinforcements (Figure 8. 6-

b), such as debonding of SiCp -AlSi grains, fracture of SiCp and also from the presence of CNT 

agglomerates (it can be well seen in Figure 8. 6-b the voids from the CNT agglomerates). The crack 

in this case can nucleate from the CNTs agglomerates or from the interface between the SiCp 

particles and AlSi matrix (stress concentration points). In well dispersed zones the crack propagates 

thought AlSi matrix grains/powders and when reaches to SiCp particles the crack may have two 

possibilities to go: (i) if there is not boding between the SiCp particle and the AlSi matrix (that is 

the common case) then the crack may travel around the SiCp particle; (ii) if there is bonding 

between the SiCp particle and AlSi matrix (few cases) the crack may travel through the particle 

(there can be observed some fractured particles- Figure 8. 6-b). If the crack reaches zones with 

agglomerates, then the crack follows the agglomerates (as these are zones of stress 

concentrations). 

d c 

b a 
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Figure 8. 6 -  SEM images of the fracture surface after tensile test of: a. AlSi - 5wt.%SiCp and b. Al-2wt.%CNTs-

5wt.%SiCp 

 

Based on tensile tests results and on the fracture morphologies there seems to be three 

main mechanisms of reinforcement in composites: 

(i) Shear lag model. In this model the higher ultimate tensile strength [22] results from the 

load that is transferred to the reinforcement via shear stresses at the interface between the 

components (shear lag theory - direct strengthening [27]). The presence of agglomerates decreases 

the efficiency of load transfer from the matrix for reinforcement [28], thereby not all CNTs 

contribute to shear lag strengthening mechanism. The clusters of SiCp are less thus this problem 

should be less prevalent with SiCp reinforcement. It should be stated that the largest number of 

CNT agglomerates results not only due to the presence of Van der Walls forces, but also due to the 

difference in size of the CNTs and AlSi powder [29]. The reduction in relative particle size ratio 

(RPS) contributes to probability in agglomerations formation [30, 31]. These agglomerations during 

the sintering process prevent the AlSi matrix to deform and fill in the voids in agglomerates zones. 

Thus, these zones are favourable to earlier start of void nucleation [23, 25, 32] and also there is a 

reduction in load transfer from matrix to reinforcement [32] and consequently reduction of 

mechanical properties like hardness and stiffness [24, 32]. Another aspect to consider is that this 

model depends on the orientation of reinforcement. The strengthening effect is greater if the 

reinforcement is aligned in the direction of the load [33]. No statistical study was made for both 

reinforcements but it is expected that not all CNTs contribute in same manner. 

The most important aspect to consider in this strengthening mechanism is the 

effectiveness of the bonding between the reinforcement and matrix. In case of SiCp as can be 

observed in Figure 8. 3-c and Figure 8. 6-a, no reaction has been detected for most of the SiCp. It 
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seems that SiCp are only entrapped in AlSi matrix. It should be mentioned that there are also some 

cases where it was observed a bonding between the reinforcement (SiCp) and the matrix (see 

Figure 8. 5and Figure 8. 6). Regarding this strengthening mechanism, it is expected that SiCp has 

a lower contribution to strengthening of composite by this mechanism as compared to the CNT’s 

effect. 

In the case of CNTs because they are nickel coated, it is expected a good bonding between 

the CNTs and AlSi matrix, so between Nickel and silicon the intermetallic Ni2Si and NiSi can be 

generated [34-38]. Other studies [39] reported that reactions between Al and Ni may occur forming 

Al3Ni at temperatures lower than the temperatures used in sintering in this work. The formation of 

intermetallic contributes to better load transfer. Based on another study of the same authors [40], 

no reactivity was detected between Al and Ni. The reduced thickness of the nickel coating on CNTs 

could justify the non-detection of this reaction. The diffusion of nickel to matrix since also cannot 

occur because there is reduced amount of Ni on CNTs and the matrix can dissolve the existent Ni. 

If Ni is totally dissolved in matrix and the CNT is expose to matrix, a reaction between the CNTs 

and matrix can occur leading to formation of SiC and Al4C3 [41,42]. It has been reported that the 

formation of SiC may have a beneficial effect in loading transfer [41]. The shear lag model should 

be adjusted and take in consideration the two new product formed between the AlSi matrix and 

CNTs [43]. In this case it is expected that the effect of shear reinforcement is less because the 

properties of these intermetalics are worst than CNTs. Another aspect that should be considered 

is the high probability of CNT to breakdown/damage during mixture, which can reduced the length 

of CNTs [44, 45]. This reduction contributes to a lower strengthening by shear lag [46,47]. It should 

be mentioned that the shear lag model does not take into account the effect of the CNTs curvature 

on the composite which have an influence on properties of the CNT composites as suggested by 

some FEM simulations [48]. 

(ii) Thermal mismatch. In addition to direct strengthening (shear lag), it can occur a 

secondary strengthening due to differential thermal contraction between matrix and reinforcement 

[49] during cooling from sintering temperature. This leads to creation of residual stresses. This 

strengthening should be higher in the case of SiCp reinforcement due to higher value of coefficient 

of thermal expansion (CTE). The CTE of CNTs [50] is close to zero 10-6 K-1, the CTE of SiCp is 4.0× 

0-6 K-1, while the AlSi have a higher CTE (24×10-6 K-1) than both reinforcements and thus both 

contribute to this strengthening mechanism. According to Arsenault et al. [49] indirect 

strengthening due to thermal mismatch is directly proportional to volume fraction and aspect ratio 
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and inversely proportional to particle size. It is expected an enhanced dislocation punching with 

larger degree of interfacial area (i.e., smaller particle size) and due to this it is expected that CNTs 

have a larger contribution to strengthening by CTE reduced size in higher aspect ratio and also 

higher difference in CTE between the CNTs and the matrix. 

(iii) Orowan strengthening mechanism. Another secondary strengthening is the presence 

of Orowan loops. The high number of volume-fractioned precipitates will effectively inhibit the 

movement of dislocations, generate more geometrically necessary dislocations and reach the 

critical dislocation density for fracture earlier during deformation, and thus increase the strength 

and decrease the elongation. The nanosize of CNTs increases the Orowan strengthening of the 

grain frontiers [51, 52]. Orowan strengthening can be related with the thermal mismatch because 

the difference in CTE between the matrix and reinforcements can introduce stress around the 

particles, that can be enough to cause plastic deformation in the matrix and dislocation loops 

around the vicinity of the particles [53]. CNTs may act as impenetrable obstacles similar to non-

shearable precipitates and increase the yield stress through an Orowan mechanism [54]. 

 

8.4.3 Fatigue properties 

Figure 8. 7 shows the fatigue results obtained as S-N curves for the unreinforced AlSi alloy 

and also for all AlSi composites. It should be noted that the specimens contained a pre-notch, so 

life contains mainly the propagation life. 

It can be seen from Figure 8. 7 that under identical loading conditions the AlSi-2wt.%CNT 

composite (red continuous line – Figure 8. 7) has higher fatigue life than the unreinforced AlSi alloy 

(small blue dashed line – Figure 8. 7). More details regarding the fatigue behaviour of the 

unreinforced AlSi alloy and o AlSi-2%wt.CNTs composite are given elsewhere [19]. 
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Figure 8. 7 - Maximum stresses ( max ) vs. number of cycles to failure for unreinforced AlSi alloy and for the AlSi 

composites. 

 

In the case of AlSi-5wt.%SiCp composite at lower stress (purple dashed line – fig. 7), the 

fatigue life is higher as compared to unreinforced AlSi alloy (red continuous line – fig. 7), while for 

higher stress levels the fatigue life is lower as compared to unreinforced AlSi alloy. The decrease 

of fatigue life in the case of AlSi-5wt.%SiCp composite at a higher stress level it can be explained 

based on large size of SiCp particles. At higher stress levels, according to Masuda et al. [55] the 

fatigue crack propagates mainly through the AlSi matrix, thus the lower fatigue life can be explained 

based on the fact that AlSi matrix has a high yield stress (according to [56]) due to hardening effect 

of SiCp. The hardening is consequence of different CTE between the SiCp and the AlSi matrix 

(thermal mismatch strengthening mechanism) and due to retention of dislocations (Orowan 

strengthening mechanism). 

At lower stress levels (fatigue limit) the crack tends to orient in the direction of 

reinforcement particles [55] and thus it is expected a tortuous crack and thus a higher fatigue life. 

The presence of particles can also contribute to improve in fatigue life due to crack arrest. When 

the crack reach the particle two thinks can happen: the crack is blocked or the crack tends to be 

deflected by the particles [57] which contribute to an increase in fatigue like. Another aspect that 

should be mentioned in the case of AlSi composites is the shape of the SiCp particles which have 

very sharp edges that contributes to void nucleation due concentration of maximum shear strain 

near the tip of the of long SiCp particles [58]. 
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Even for lower stress levels, the fatigue life just have a slight increase in fatigue life which 

can be explained by the presence of SiCp clusters, high yield stress due to hardening effect of the 

SiCp and the weak interface between the reinforcement and the matrix which contributes to void 

nucleation.  

In case of AlSi-2wt.%CNTs-5wt.%SiCp hybrid composite (green dashed line – Figure 8. 7) 

the fatigue life is lower than the unreinforced AlSi alloy (red continuous line – Figure 8. 7) until the 

stress level of about 137 MPa, but after this the value the fatigue life is higher. At lower stress 

levels (fatigue limit) for all produced composites the fatigue life is higher. This fact is due to the 

presence of reinforcements (CNTs and SiCp) that have high modulus, high strength, and thus for 

a given stress, the composite undergoes a lower average strain. It can be seen from Figure 8. 7 

that the CNTs have a beneficial effect on the fatigue life at all stress levels (red continuous line – 

Figure 8. 7). In the case of SiCp particles the fatigue life is lower until the stress level of about 125 

MPa, while in the case of the hybrid composite this value is higher 137 MPa. Thus, the fatigue life 

of the hybrid composite is a consequence of the combined effects of both reinforcements. The 

improvement in the fatigue life of the hybrid composite life compared to unreinforced AlSi alloy is 

not linear because of the change on the total volume fraction of the reinforcement. 

Figure 8. 8 presents the SEM images of the fracture surface morphologies of unreinforced 

AlSi alloy and AlSi composites. 

It can be clearly seen from Figure 8.8-a that the crack path is very straight in the case of 

unreinforced AlSi alloy, while in the case of AlSi-2wt.%CNT composite (Figure 8. 8-b) the crack path 

is very tortuous. More details regarding the fracture morphology of the unreinforced AlSi alloy and 

of the AlSi-2%wt.CNTs composite are given elsewhere [19]. 
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Figure 8. 8 -  SEM images of the fracture surface after fatigue test: a. unreinforced AlSi alloy; b. AlSi-2wt. %CNT; c. 

AlSi-5wt.%SiCp and, d. Al-2wt.%CNT-5wt.%SiCp 

 

From Figure 8. 8-c can be observed that the crack path in the case of AlSi-5wt.%SiCp it 

similar with the one observed in the case of unreinforced AlSi alloy, but slightly more tortuous. So, 

the crack travels through the grains of the material (intragranular fracture) and when it reaches a 

SiCp (as previously mentioned in the case of the tensile tests) if there is not boding between SiCp 

and AlSi matrix it may travel around the SiCp, but if there is bonding between the SiCp and AlSi 

matrix the crack may travel through the particle. It can be seen on the fracture surface of the AlSi-

5wt.%SiCp composite a very smooth surface of the SiCp particle which can means that the SiCp 

was fractured. The fracture of the particles may occur when the interface strength is greater than 

strength of the SiCp and the particle-matrix de-cohesion occurs when the interface strength is less 

than the strength of the particle [26]. 

From Figure 8. 8-d can be observed that the crack path in the case of AlSi-2wt.%CNT-

5wt.%SiCp hybrid composite is very tortuous. So, the crack propagation is a combined effect 

between both reinforcements, such as from the SiCp particle-AlSi de-bonding and also from the 

presence of CNT agglomerates. In well dispersed zones the crack propagates thought matrix 

a b 

c d 
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grains/particles (intragranular facture) and when reaches the SiCp, the crack may travels around 

it and the crack is accelerated due to weak bond between SiCp and AlSi matrix or may travels 

through it when there is bonding between SiC and AlSi matrix. If the crack reaches a region with 

CNTs (with good dispersion) the crack propagation is decelerated due to the strengthening effect 

of CNTs. If the crack reaches a zone with a poor CNT dispersion the crack is accelerated. This 

happened due to the presence of agglomerates. It is well known that in the case of fine particles, 

the crack goes around the particles [59], thus it is expected that the crack will not fracture the CNT 

due to their reduced size. So, CNTs should contribute to an increase in fatigue life due to crack 

deflection. 

The fatigue damage in a metallic material is caused by plastic (irreversible) deformation 

which is generally produced by the motion of dislocations. The dislocation motion is affected by 

the precipitates, impurities, grain boundaries [60]. There are different factors that affect the fatigue 

life of MMCs. Thus, there are several factors related with particles that affect the fatigue resistance 

of MMCs like particle volume fraction, size, shape and distribution [61-63]. These variables may 

have a different influence in proposed toughening mechanisms in particulate MMCs, such as crack 

front bowing (or crack pinning), crack-tip blunting, matrix plastic yielding, particle–matrix interfacial 

de-bonding, micro-cracking, crack deflection by hard particles etc [64-68].  

Higher volume and decreasing in particle size result in higher fatigue strength [62]. 

Irregular shapes with sharp edges contribute to void nucleation [69, 70]. Thus, the irregular shape 

of the SiCp particles contributes to the reduction on fatigue life, while due to the nanoscale size of 

the CNTs, they contribute to an increase on the fatigue life.  

A non uniform distribution of the reinforcement and formation of agglomerates can also 

contribute to void nucleation. Also it well known that the presence of porosity can contribute to 

crack propagation [71]. In this work is used the powder metallurgy and is used the hot pressing as 

consolidation processes, thus is not expected porosity. Some porosity can result from the 

agglomerates of CNTs which does not allow the fill by the matrix. The work hardened of the matrix 

inhibits strain relaxation to take place by deformation which causes the onset of void nucleation 

and propagation at a lower far field strain than that observed in the unreinforced material. 
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8.4.4 Wear properties 

The volume loss of the AlSi pins (unreinforced AlSi alloy and AlSi - composites) and also of 

the mating GCI plate are shown in Figure 8. 9. 

 

 

Figure 8. 9 -  Variation on volume loss for unreinforced AlSi alloy and AlSi - composites 

 

When comparing all AlSi composites with the unreinforced AlSi alloy it can be clearly seen 

that the wear of all studied composites is less than that of unreinforced alloy. The wear volume 

decreased with the addition of CNTs or SiCp, and it is further decreased with the incorporation of 

both reinforcements.  

Figure 8. 10 presents SEM images of the worn surface of unreinforced AlSi alloy and of all 

AlSi-composites pins. 

In the case of unreinforced AlSi pins surface (Figure 8. 10-a) adhesive wear is present, 

while in the case of AlSi-2wt.%CNTs pins (Figure 8. 10-b) it seems that there is a competition 

between adhesion and abrasion. More details regarding the wear behaviour of unreinforced AlSi 

alloy and AlSi-composites are given elsewhere [20, 21]. 

Regarding the worn surface of AlSi-5wt.%SiCp composite (Figure 8. 10-c) can be observed 

that it is very similar to the worn surface of unreinforced AlSi alloy (Figure 8. 10-a). It can be 

observed a large plastic deformation, but it is lower as compared to unreinforced AlSi alloy and 

much lower than AlSi-2wt.%CNTs composite. It has been demonstrated in a previous work of the 

same authors that this composites has a lower ductility [72] due to the hardening effect of the SiCp 

particles. 
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Regarding the worn surface of the AlSi-2wt.%CNTs-5wt.%SiCp hybrid composite can be 

observed (fig. 10d) similar plateaus as the ones observed in the case of unreinforced AlSi alloy: a 

smooth plateaus (adhesive wear) and the other one with more voids (abrasive wear). The AlSi 

hybrid composite seems to be controlled essentially by two mechanisms: abrasive wear and 

adhesive wear that includes a small amount of plastic deformation and material transfer between 

the mating surfaces. The introduction of both reinforcements (CNTs and SiCp particles) in the AlSi 

matrix seems to have a beneficial role, once both pin and counterface material exhibited an 

improvement on wear resistance, as compared to unreinforced AlSi/GCI tribopair.  

The main contributions of the reinforcements are: (i) Strengthening effect of CNTs (a 

stronger bonding between AlSi grain interfaces due to the CNTs); (ii) Self-lubrication effect of CNTs 

(CNTs and the CNTs agglomerates are released into the contact - that could roll into the sliding 

contact); (iii) Strengthening effect of SiCp (SiCp increased the hardness of the composite); (iv) Load 

  

  

Figure 8. 10 -  SEM images of the worn surface of: a unreinforced AlSi alloy; b. AlSi - 2wt.%CNTs; c. AlSi - 5wt.%SiCp 

and d. Al-2wt.%CNTs-5wt.%SiCp. 
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bearing elements (during sliding the SiCp particles support the load and prevent the contact 

between the AlSi matrix and the GCI plate).  

It should highlight that the addition of different reinforcement types can contribute in 

different ways: similar reinforcement mechanisms and/or the same mechanisms by acting at 

different scales nano-scale or micro-scale) to the final overall mechanical and wear properties of 

the composites. 

It should be mentioned that the beneficial effect of the addition of CNTs and SiCp was 

mainly observed in the case of the tensile tests. Is was already proved that by increasing the volume 

fraction of the CNTs until 6wt.%CNTs there was an increase in the tensile strength until a certain 

reinforcement volume fraction (2%wt of CNTs). The tensile strength increased from 𝜎𝑟 = 170 MPa 

for unreinforced AlSi alloy to 𝜎𝑟 = 209 MPa for 2%wt of CNTs, followed by a drop on the same 

mechanical property for a higher content of CNTs. Thus, by adding other reinforcement (5 % wt. 

SiCp) it was possible to further increase the tensile strength (𝜎𝑟 = 233 MPa). This was possible 

only with the simultaneous effect of one mechanism at different scales or with the effect of two 

different mechanisms. 

In the case of fatigue and wear tests this phenomenon may not necessarily occur. As a 

fact in the case of fatigue behaviour the microstructural characteristics such as pores (ex. CNTs 

agglomerates, SiC clusters) and defects have a higher detrimental impact than in tensile tests. 

Thus the fatigue behaviour did not follow the tensile behaviour. 

Also in case of wear, the improvement cannot be necessarily attributed to the cumulative 

effect of both reinforcements. In another study [20] it was already proved the effect of CNT content 

(from 2wt.% to 6wt.%CNTs) over the wear behaviour of AlSi-CNTs composites. All AlSi-CNT 

composites experienced a substantial improvement in the wear behaviour when compared to 

unreinforced AlSi alloy. Although the addition of the 5 % wt. SiCp improved the wear behaviour, it 

cannot be attributed to the cumulative effect of both reinforcements but to the higher volume 

fraction of the reinforcement.  

So it is important to highlight that by adding the SiCp there is an improvement on 

mechanical properties such as tensile strength, 𝜎𝑟 and yield strength 𝜎𝑦 but in the same time 

maintaining the other properties such as wear and fatigue properties. Thus it is concluded that the 

use of two reinforcements, by using different reinforcement mechanisms or the same mechanism 

but at different scales, may provide better overall properties than by using one reinforcement.  
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8.5 Conclusions 

From the present investigation on mechanisms governing the tensile, fatigue and wear 

behaviour of AlSi composites the following conclusions can be drawn: 

- AlSi-2wt.%CNT, AiSi-5wt.%SiCp and AiSi-2wt.%CNT-5wt.%SiCp reinforced composites were 

successfully produced by hot-pressing technique. 

- Compared to unreinforced AlSi alloy the tensile strength, 𝜎𝑟 and yield strength 𝜎𝑦 of AlSi 

composites was enhanced. The mechanisms responsible for improvement on the mechanical 

performance are based on the interface reinforcement and also on the matrix hardening. The best 

result was obtained in the case of hybrid composite. 

- Compared to unreinforced AlSi alloy the fatigue life of AlSi–2wt.%CNTs composite was 

notably increased. This can be attributed to the strengthening of the interfaces and to the crack 

path deflection due to CNTs that are placed at the interfaces. Compared to unreinforced AlSi alloy 

the fatigue life of AlSi–5wt.%SiCp and AlSi-2wt.%CNT-5wt.%SiCp composites increased only for lower 

stress levels. The CNTs have a predominant effect on improvement on the improvement on the 

fatigue properties. 

-The addition of both reinforcements (CNTs and SiCp) in AlSi matrix improved the wear 

behaviour of the AiSi-2wt.%CNTs-5wt.%SiCp hybrid composite when comparing to AlSi- composites. 

It is shown that by reinforcing AlSi alloy with both reinforcement the wear behaviour of tribopair 

(AlSi-hybrid composite/GCI) is improved, when compared with unreinforced AlSi /GCI and AlSi 

alloy- composites /GCI tribopairs, due to the strengthening effect of CNTs, self-lubrication effect of 

CNTs and CNTs agglomerates, strengthening effect of SiCp and load bearing elements of SiC 

particles. 

The introduction of both reinforcements CNTs and SiCp seem to be a good choice for AlSi 

alloy, as the combination of these reinforcements lead to improvement on overall mechanical and 

wear behaviours of AlSi hybrid composite. 
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9.1 Abstract 

The damage of piston rings is attributed first to wear, then to lubrication and fatigue. Their 

damage may be substantially mitigated by creating a FGM-Functionally Graded Material composite 

with optimized mechanical behaviour. The aim of this paper was to produce an AlSi-CNTs 

functionally graded material (FGM) that can be considered for engine compression piston rings. 

The AlSi graded composites (reinforced with 0 to 2wt.%CNT FGM approach) was obtained with a 

new equipment that was designed to produce FGMs by powder metallurgy (PM) processing route. 

SEM analysis showed that the produced FGMs have a gradual change in %wt. of reinforcement and 

on mechanical properties. Results of yield strength, ultimate tensile strength, tensile strain, fatigue 

limit performance and wear loss are presented and discussed. It is expected that the obtained AlSi-

CNTs functionally graded composite developed for piston rings may have a global equilibrium of 

properties and cost. 

 

Keywords: FGMs; CNTs; AlSi; static properties; fatigue life; wear. 

 

9.2 Introduction 

In practice the piston rings damage is attributed first to wear (as there are parts in contact 

and in relative motion), then to lubrication and fatigue [1]. Thus, a compression piston ring should 
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have some fundamental technical specifications such as: substantially high bulk modulus; high 

wear resistance on the surface that contacts the cylinder wall; high fatigue resistance; ability to 

retain oil on its structure during dead periods so that when engine starts there is lubricant on the 

ring-cylinder wall interface. 

There are many manufacturing processes for piston rings. Probably the most conventional 

production process is casting and subsequent finishing followed by electrodeposition chromium 

coating in which a process is made that leads to the creation of small surface cracks which serve 

to retain the oil [2, 3] during dead periods. In order to improve the wear resistance the rings are 

coated with a hard coating [4]. The main problem here is the interface between the metal and 

ceramic due to the different thermal expansion coefficients when it is subjected to temperature. 

The discrete dilatation of the metal and the ceramic leads to the delamination of the coating. Other 

coatings have an outer surface with a certain degree of porosity in order to retain oil during dead 

periods. The main problem with these rings is the low mechanical and fatigue resistance, as well 

as low wear properties [4]. Among the last generation compression piston rings are the physical 

vapour deposition (PVD) coated steel rings and chromium ceramic coated cast iron rings. PVD 

have the interface problems (delamination) between steel and coating while the chromium coatings 

show some problems related with the fatigue resistance due to surface micro-cracks induced during 

the processing for oil retention [2].  

Thus, the solution to overcome the previously mentioned problems would be the creation 

of a ring with different properties along the section, in accordance with the different local 

solicitations. In this case, the inner part of the ring should provide the strength and modulus and 

the outer part should guarantee wear and fatigue resistance along with the ability to retain oil. 

The present paper proposes a solution that is able to overcome the previously mentioned 

problems. This would be achieved by using a Functionally Graded Material (FGMs – creation of a 

chemical gradient in the component by using a gradation of the reinforcement along the cross 

section of the piston ring). The processing solution is via a powder metallurgy (PM) route and it will 

be shown that the process is adequate to produce FGMs.  

As reinforcement, CNTs were tested along with an AlSi matrix. CNTs have excellent 

mechanical properties and high wear resistance while the AlSi alloy is frequently used in engine 

components such as engine pistons [1] due to low weight. 
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Among the amazing properties of CNTs, some of them seem to fit very well the design of 

high performance engine compression piston rings, such as:  

(i) The tensile strength of SWNTs can be 20 times that of steel [5] and 6 times more than 

the most resistant carbon fibre available at the market (T1000 from Torayca). It is about 45 GPa 

[6] for SWNTs and about 150 GPa for perfect MWNTs from electric arc [7]. It has been already 

shown that by adding a small volume fraction of CNTs (about 0.5 and 2%, respectively) into an Al 

alloy, there is an increase of the yield and ultimate strength of about 12% and 23% respectively, as 

compared to pure Al [8]. 

(ii) Tensile modulus reaches the highest values ever, 1 TPa for MWNTs [9], and possibly 

even higher for SWNTs, up to 1.3 TPa [10].  

(iii) CNTs are highly wear resistant. CNTs can be used to fabricate composites and coatings 

with excellent tribological performance [12-16]. The CCVD MWNTs-Cu composites [9, 11] show a 

high hardness and a low coefficient of friction (COF) and wear loss. The COF was also shown to 

increase and the wear loss to decrease upon the increase in nano-tube volume fraction in 

carbon/carbon composites [12].  

(iv) CNTs are able to retain oil. The CNTs are able to retain oil inside the tubes. As a fact 

the inner diameter of CNTs may vary from few nanometers to about 100 nm. These would allow 

the oil to enter in the CNTs and to be retained there during dead periods. This ability to retain oil 

along to its liquid adsorption properties make CNTs adequate to be at the contact surface between 

ring and cylinder wall when engine starts up.  

(v) CNTs are light. They have half the mass density of aluminium. Its density may vary from 

1,2 g/cm3 for SWNT to 1,8 g/cm3 for MWNT [8]. Thus an aluminium matrix composite compression 

ring reinforced with CNTs will become lighter not only because the matrix is lighter but also due to 

the reinforcement. This reduces inertia and consequently consumption. 

(vi) CNTs have excellent thermal conductivity. Heat transfer from the piston to the cylinder 

wall is also important on compression piston rings. Thus an AlSi matrix composite compression 

ring reinforced with CNTs will become a better thermal conductor not only due to the matrix that 

have a high thermal conductivity, but also due to high thermal conductivity of CNTs.  

Some studies show the ability of PM technique to be used with CNTs reinforcement [13-

19]. SWNTs are stable up to 750°C in air and up to ≈ 1500–1800°C in inert atmosphere. Thus, 
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in terms of processing, the CNTs seem to fit the PM technique. In service, (working temperatures 

of compression piston rings are less then 200°C) the CNTs incorporated in the rings do not suffer 

degradation. On the other hand on the automotive field, when producing large series, there is a 

general movement towards sintered parts. There are basically two market drivers that shape the 

development of automotive components: the drive to reduce costs and the drive to improve vehicle 

performance. At present, the move to PM parts is being driven by the first of these. Sintered parts 

can reduce costs dramatically, by up to a half, because of their good precision, suitability for mass 

production and low material wastage [20]. 

CNTs are also promising materials as reinforcement in FGMs obtained by PM. PM is also 

suitable for the production of FGMs. With a proper distribution of the powders and reinforcement 

is easy to place the materials in the intended locations. In the particular case of the compression 

rings, powders and CNTs will be placed with the aid of a centrifugal movement in order to change 

their volume fraction in the radius direction. One of the main advantages of FGMs as compared to 

coatings is that FGMs present a smooth transition of composition allowing a better distribution of 

residual stresses. This effect highly enhances the fatigue behaviour of the component as well as 

its thermal properties.  

The aim of this paper was to produce an AlSi-CNTs functionally graded material (FGM) by 

powder metallurgy (PM) processing route with the aim of being a candidate for engine compression 

piston rings production. Results of mechanical properties, fatigue limit performance and wear loss 

of the proposed solution are presented and discussed. 

 

9.3 Experimental procedure 

9.3.1 Materials 

AlSi alloy powder (size < 325 mesh < 44 µm), with chemical composition as shown in 

Table 9. 1, was used as matrix material. AlSi powder was purchased from AlfaAesar – Germany. 

Ni coated MWCNT’s with outer diameter > 50 nm, length 0.5-2.0 µm, purity before coating > 

95wt% and ash <1.5wt% were used as reinforcement. Ni coated MWCNTs were purchased from 

CheapTubes.com – USA. 
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Table 9. 1 - Chemical composition of AlSi alloy (wt.%) 

Al Si Fe Others 

87.3 11 0.20 1.5 

 

AlSi-2wt.%CNT graded composites were obtained by two steps: gradation and 

consolidation. The first step, initiates with the mixing of AlSi alloy with MWCNT’s inside a closed 

stainless steel jar with 10 mm diameter steel milling balls at 40 rpm during 6 days (low-energy ball 

milling) under argon atmosphere. Then, the gradient containing 2wt.% of CNT in AlSi alloy was 

created using a new equipment as described in section 9.4.2. The bulk consolidation of graded 

green compact was achieved using powder metallurgy. 

 

9.3.2 Sintering process 

The AlSi-matrix composite reinforced by CNTs (AlSi-CNTs) were processed through 

traditional hot pressing (HP) technique. The specimens were produced under pressure (35 MPa) 

during 10 minutes at 550°C and under vacuum (10-2 mbar), using a high frequency induction 

furnace. The compaction was made on a graphite cylindrical die with an internal rectangular cavity. 

The mold was placed inside the chamber where the sample was compressed at 1.3 MPa and 

heated with a heating rate of 25°C/min. Then, the sample cooled to room temperature under 

vacuum. 

 

9.3.3 Mechanical characterization 

 

Tensile tests. 

Tensile testing was carried out in order to obtain the mechanical properties, such as tensile 

strength 𝜎𝑟, yield strength 𝜎𝑦 and tensile strain 𝜀𝑟. The flat-dog-bone shaped tensile specimens 

were machined from the produced samples. Tensile tests were carried out using a servo-hydraulic 

universal testing machine Instron 8874, equipped with a load cell capacity of 25 kN (tension). 

Tests were performed at room temperature (≈23 °C), with a crosshead speed of 0.05 mm.s-1 and 

5 specimens were used for each condition.  
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Fatigue tests. 

In order to get the influence of the CNT content on the fatigue life (S-N curve), several 

fatigue tests were carried out at a stress ratio R=0.1 using a servo-hydraulic universal testing 

machine Instron 8874. All tests were performed at ambient temperature, in laboratory 

environment, and at a cyclic frequency of 16 Hz. Tests were performed until final fracture. The flat-

dog-bone shaped specimens were machined from the produced samples. A single edge notched 

configuration was adopted for the fatigue tests. 

 

Wear tests. 

Reciprocating pin-on-plate wear tests has been used as a very simplified test for piston ring 

and cylinder liner materials with the pin representing the ring and the plate representing the 

cylinder. Figure 9. 1shows schematically the test performed in this work: applied normal load (Fn) 

on the pin and alternative displacement (d) of the flat specimen. The flat plates (40185 mm) 

prepared for the wear tests were machined from cast iron. Pins were machined from the AlSi matrix 

composites reinforced with 2wt.%CNTs, that can be used for engine piston rings. The dimensions 

of the pin are: radius of curvature 40 mm, thickness 3.5 mm and the arc length 20 mm. 

 

 

 

 

 

 

 
Figure 9. 1 - Schematic test configuration: Fn – Normal applied load; d – alternated displacement amplitude. 

 

Hardness measurements 

Hardness measurements were conducted in the unreinforced matrix material, produced 

MMCs and FGMs. Vickers hardness measurements were obtained as a mean of 16 indentations 

per sample using a Shimadzu micro hardness tester with a load of 200 gf during 15 s. 

The obtained FGM composites were characterized by means of Scanning Electron 

Microscopy (SEM)/Energy Dispersive Spectrometer (EDS).  

Fn GCI flat plate 

Pin 

d 
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9.4 Results and discussion 

As the aim of this paper was to develop a FGM that fulfil engine compression piston rings 

specifications. It well known that stresses are mainly located at inner and outer surfaces. Thus 

mechanical and fatigue properties are mainly required at these surfaces. Wear resistance is also 

required mainly at the outer surface due to contact with cylinder wall. 

A Functionally graded composite seems to be an adequate solution to achieve these 

properties by building a linear gradient where the maximum fraction of reinforcement is where the 

maximum stress and wear properties are required. In order to choose the optimal CNT content 

that can support the mechanical and wear solicitations of a piston ring first it will be briefly shown 

the mechanical and wear results of the AlSi-CNT composites with different volume fractions of 

CNTs and after that the methodology used to develop the proposed FGM and also the mechanical 

(tensile and fatigue) results of the chosen FGM. 

 

9.4.1 Effect of CNT content over the mechanical behaviour of AlSi-CNT composites 

In order to define the best CNTs volume fraction for improved mechanical and fatigue 

properties, to apply in each zone of the FGMs solution, homogeneous composites were produced. 

The effect of CNT content (from 0 wt.% to 6 wt.% CNT) over the mechanical behaviour (tensile, 

fatigue and wear) of AlSi-CNT homogeneous composites was studied.  

 

 Mechanical properties (Tensile tests) 

Figure 9. 2 shows the mechanical properties (tensile strength, 𝜎𝑟, yield strength 𝜎𝑦 and 

tensile strain 𝜀𝑟) of unreinforced AlSi alloy and of the AlSi composites.  

The tensile tests revealed that the AlSi-2wt.%CNT composite is the volume fraction that 

maximizes tensile strength (improved by about 23%) as well as yield strength (improved about 26%) 

as compared to unreinforced AlSi alloy and other CNT volume fractions. 

This peak was achieved with a reduction in rupture strain. The substantial decrease in 

rupture strain with addition of the CNTs suggests that there was an embrittlement of the composite. 

This is due to the difference in the coefficients of thermal expansion between the matrix and the 



Chapter 9 

212 

reinforcement (CNTs is ≈10-6 K-1 and for AlSi alloy is 23x10-6 K-1). However although this reduction, 

a substantial ductility, (about 65% on initial ductility) is still kept in the composite for the AlSi-

2wt.%CNT composite. 

Figure 9. 3 shows the SEM images of the fracture surface after tensile test (with 1000x 

magnification) of the unreinforced AlSi alloy and of AlSi - 2wt.%CNT composite. 

Figure 9. 3-a shows typical fracture surface morphology of aluminium alloys. The smoother 

fracture surface observed in the case of the unreinforced AlSi alloy is due the fact that the AlSi 

grains are very well bonded (control the fracture behaviour). Thus, the crack travels through the 

AlSi grains of the material (intragranular fracture) and it is accompanied by a large amount of 

plastic deformation. 

Regarding the surface fracture of AlSi-2%wt.CNTs composite (Figure 9. 3-b), there can be 

well observed smoother regions and a few regions with more pronounced shaped peaks and 

valleys. This observation may be explained based on the anisotropy of the AlSi-2wt.%CNTs 

composite pins.  

Based on the microstructural images of theAlSi-2%wt.CNTs composite (Figure 9. 4) and on 

another study of the same authors [21] where was studied the quantification and characterization 

of CNTs agglomerates and dispersion, it has been demonstrated that there are zones where the 

CNTs are very well dispersed and zones with a poor dispersion (where the CNTs agglomerations 

are located). The smoother plateaus correspond to the regions where the CNTs are better dispersed 

and the rougher regions to the regions where there is a poor distribution of CNTs (where the 

agglomerates are located). These rougher regions are areas of weakness from which failure was 

initiated.  
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a 

 

b 

 

c 

Figure 9. 2 -  Results of tensile testing of unreinforced AlSi alloy and of the AlSi composites: a. tensile strength, b. 

yield strength, and c. tensile strain. 
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a b 

Figure 9. 3 - SEM images of the fracture surface after tensile test (with different magnifications) of: a. unreinforced 

AlSi alloy; b. AlSi - 2wt.%CNT. 

 

It has been demonstrated in another study of the same authors that the CNT agglomerates 

have a big influence on the mechanical properties of the composites [22]. The agglomerations of 

CNTs act like stress concentration zones and thus decrease the mechanical properties. This is in 

accordance with other studies [24-25]. For example, Jen et al. [25] showed that a high CNT content 

has an adverse effect on the strength because the stress concentration effects caused by the CNT 

agglomerates reduce the tensile strength of the nanocomposites.  

 

 

  

 

Figure 9. 4 - SEM images of the fracture surface after tensile test showing the presence of CNTs 

agglomerates (AlSi-2 wt. % CNT composite –with magnification 1000x). 
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As a result in the case of AlSi composites reinforced by CNTs the fracture (crack) may 

initiate in the regions of agglomerates (stress concentration). If the crack reaches a region where 

the CNTs are well dispersed it may travel through the AlSi grain (intragranular fracture), but if the 

crack reaches zones of weakness (the zones where the agglomerates are located, between the AlSi 

grains), then the crack follows the grain of the material (intergranular fracture). The consequence 

of this is a rougher region where the agglomerates are formed and a smoother surface when the 

crack travels through the AlSi grain.  

Even though there are these zones that behaves like stress concentrations (as called 

weakness zones), the strengthening effect of CNTs in the zones where the CNTs are well dispersed 

prevails, thus the mechanical properties of the AlSi 2wt.%CNT composite are higher than 

unreinforced AlSi alloy. Thus, the increase in the tensile strength and yield strength with the addition 

of the CNTs is related to the fact that the AlSi grains are bonded with an improved strength due to 

CNTs interface reinforcement effect (Figure 9. 2-b), as stated for example by George et al. [8]. 

A detailed explanation regarding the tensile behaviour of the unreinforced AlSi alloy and of 

the AlSi-CNTs composites is given elsewhere [26]. 

 

Microstructural characterization 

Figure 9. 5 shows the SEM micrographs of the composites with different amounts of CNTs. 

These images were derived from the images which were obtained by SEM/EDS (x-ray maps). The 

white areas are CNT agglomerates that were isolated and enhanced by image processing. Doing a 

qualitative analysis of images represented in Figure 9. 5, it can be seen that CNT agglomerations 

are increasing as the weight percent of CNTs increases, which contributes to a deterioration of 

mechanical properties as seen in Figure 9. 2.  

Figure 9. 5 shows that the dispersion of CNTs has not been well achieved. As a fact the 

presence of CNT agglomerates is a major problem in regard to mechanical performance. This 

phenomenon is difficult to overcome because of the large difference between the size of CNTs and 

the metal powders and due to their attractive van der Waals interactions [16]. This study is in 

agreement with other studies which confirm that the amount of CNTs may substantially affect 

mechanical properties [27-29]. 
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So it is possible that the maximum dispersion rate is achieved with 2 wt% CNTs. When the 

amount of CNTs increases it is possible that they start functioning as a defect due to 

agglomerations formations. In fact it was found that some agglomeration of CNTs occurred in 

samples with 2% wt CNTs (see Figure 9. 4). Therefore, with a quantity higher than 2 wt% it is 

probable that the number of agglomerates is higher, which is confirmed in Figure 9. 5. 

In Figure 9. 6 can be noticed the detrimental effect of CNTs agglomerates on mechanical 

proprieties. It can be observed the presence of the crack on the agglomerate zone. As already 

mentioned when the fracture surface was analysed, the agglomerates are considered weak zones 

that are favourable to crack grow and propagation as can been seen in Figure 9. 6. 

 

  
a b 

 
c 

Figure 9. 5 - SEM micrographs of the composites with different amounts of CNTs to highlight the CNTs 

agglomerates: a. 2wt.% CNTs; b. 4 wt.% CNTs and c. 6 wt.% CNTs. 
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Figure 9. 6 -  SEM micrographs of the composites with 2 wt% CNTs showing the crack formation on an CNT 

agglomerate. 

 

Hardness values as a function of the CNT content 

Figure 9. 7 shows the hardness results as a function of CNT content in all AlSi-CNT 

composites. 

As expected, the hardness increases with increasing CNT content. As compared to the 

unreinforced AlSi alloy (pin), the CNT composites show an increase of about 26% to 41%. This 

behaviour may eventually be explained based on the fact that the CNTs, placed in the grain 

interfaces. A deeper explanation regarding the increase of hardness with the CNTs are presented 

elsewhere [30], and this is in agreement with other studies [31-36]. 

 

 

 

Figure 9. 7 - Hardness as a function of the CNT content. 
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Wear properties 

The wear characteristics (weight loss) according to the CNT content in AlSi alloy matrix 

composite pins and also for the mating GCI plate are shown in Figure 9. 8. 

 

 

Figure 9. 8 - Wear loss as a function of the CNT content 

 

It can be seen in Figure 9. 8 that the wear loss of both contact surfaces (pin and 

counterpart) decreases with increasing CNT content. The pin wear loss (AlSi-CNT composites) 

results are in line with some previous studies [33, 35-38] 

Figure 9. 9 shows SEM images of the worn surface unreinforced AlSi pin and AlSi-based 

pins with different CNT content (left side) and of the GCI plates (130x magnification) (right side). 
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Figure 9. 9 - SEM images of the worn surface of unreinforced AlSi alloy and all AlSi-CNT composites and of the 

GCI plates: (a/b) unreinforced AlSi alloy/GCI plate; (c/d) AlSi - 2wt.%CNT/GCI plate; (e/f) AlSi – 4 wt. % CNT/GCI 

plate and (g/h) AlSi – 6 wt. % CNT/GCI plate. 
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In the case of unreinforced AlSi pins surface (Figure 9. 9-a) adhesive wear is present, due 

to the fact that the surface is under the influence of applied stresses. In the sliding direction the 

surface material is removed layer by layer, with deeper craters than the AlSi-CNTs pins. 

SEM images of the worn surface of AlSi-CNT pins (see Figure 9. 9- c, e and g) reveal that 

by increasing the CNT content (from 2 wt.% to 6% wt. CNT) the pin contact surfaces seem to have 

less voids but deeper. This can indicate a lower material loss in the AlSi-CNTs composites, when 

comparing to unreinforced AlSi. It can be observed on the contact region after sliding two types of 

plateaus: a smooth plateaus and others with more peaks and valleys. The smoother plateaus are 

increasing with the increase of the CNT content. The smoother plateaus correspond to the regions 

where the CNTs are better dispersed and the rougher regions to the regions where there is a poor 

distribution of CNTs (where the agglomerates are located). More explications regarding the 

presence of the agglomerates and their influence on the wear behaviour is given elsewhere 

[30].These rougher regions are areas of weakness from which failure was initiated to cause wear 

of the AlSi-composites. It can be observed that the areas of weakness are decreasing with 

increasing the CNT content. This happens simultaneously with improved diminished wear loss 

(Figure 9. 9). It is expected that on the zones with good CNT dispersion, the hardness is higher 

and is responsible for the grooves that can be observed on the plates (Figure 9. 9-c, e and g). It 

seems that there is a competition between these two zones, so between adhesion and abrasion.  

On the SEM image of the wear track of the GCI plate when this is sliding against 

unreinforced AlSi alloy (Figure 9. 9-b) can be observed the destructive effects of delamination 

marks. This is the main wear mechanism observed in the case of unreinforced AlSi alloy, but there 

can also be observed a few tiny grooves. Regarding the worn surface morphology of GCI plates 

among the different CNT content, it can be seen from Figure 9. 9- d, f and h that all the surfaces 

presented similar abrasion deeper grooves. However, the degree of GCI surface damage tends to 

decrease by the presence of CNTs at the mating surface (by increasing the CNTs content), as 

revealed by the increased extension of smooth plateaus at GCI worn surface from Figure 9. 9-b to 

g. This observation is in good correlation with the weight loss results presented in Figure 9. 8.  

An important aspect to highlight is that previous papers on metallic bulk with CNT as 

reinforcements [9,11,35,37-39] either with Cu, Mg, Ti, Zn or Al, do not refer to counterparts wear 

behaviour. Reinforcements introduced in the composite improve its wear behaviour but depending 

on the counterface material, contact situation, reinforcement type etc. [40] it may reduce the 

http://www.sciencedirect.com/science/article/pii/S1359836814004193#f0070
http://www.sciencedirect.com/science/article/pii/S1359836814004193#f0070
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counterpart wear behaviour. In this study one clearly sees the improvement of the wear response 

of the tribopair by reinforcing the AlSi alloy with CNTs. 

When increasing the CNT content, there is clearly a tendency for improvement in the wear 

behaviour of the AlSi-CNT composites. Moreover also the wear of counterface material improved. 

Thus, the wear response of the tribopair by reinforcing AlSi alloy with CNTs is improved, when 

comparing it with unreinforced AlSi/GCI system. A more detailed explication regarding the 

improvement in wear behaviour is given elsewhere [26,30]. 

 

Fatigue properties 

The S-N curve for 2wt% CNT is presented in Figure 9. 13. Fatigue tests were not performed 

in all homogeneous CNT volume fractions. As a fact fatigue limit usually follows static strength. 

Thus, based on static results the fatigue limit should have the peak at 2wt% CNT. Moreover, by 

increasing the CNT volume fraction, as the agglomerates increase and as they act as pores, it is 

expected that higher volume fractions of CNTs would result in lower values of fatigue limit as 

compared to the ones obtained for 2wt% CNT. 

 

9.4.2 Developed equipment and the feasibility of the proposed process 

 

Equipment to produce FGMs by powders deposition 

The existent techniques used to produce FGM have limitations because they can be only 

used in cylinder specimens and some of them, such as gravity sedimentation lead interaction 

between particles during the process and also have limitations in types of gradients that can be 

produced [41]. For these reasons a new equipment (Figure 9. 10-a) was developed. This 

equipment allows the creation of a continuous variation of powder distribution along a given axis 

of the sample. The characteristics of the equipment are represented in Table 9. 2. 

The powder mixture (2wt.%CNT with AlSi) inside of equipment was made mechanically 

through the action of two individual feeders by a stepper motor electronically controlled. In these 

feeders are introduced the constitutive powders of gradient. The equipment just allows mixtures of 

two types of powders. However, it is possible, by adding more feeders, to achieve mixtures with 

more than two types of powders. Then powders pass into a tube where exists a dispersing grid 
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responsible to spreading the powders, promoting at same time mixing of powders coming from 

feeders. This grid has a vertical movement due to eccentric, which is connected to the DC motor, 

and by this way avoids overlap of the powders a single zone. Then, the obtained powder mixture 

enters in the matrix. 

The type of gradient is created by software which was developed by the authors of this 

work and where the users chose some parameters (e.g. powder mass, final height of specimens, 

matrix diameter and bulk density). In this work was created linear gradient of AlSi-2wt.%CNT 

gradient composites. 

Afterwards, the AlSi-matrix composite gradually reinforced by CNTs (AlSi-CNTs) were 

processed through traditional hot pressing (HP) technique previously presented (see 2.2. Sintering 

process). 
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a b 

 

c 

Figure 9. 10 -  Schematic representation of the equipment developed to produce FGMs by powders deposition; b. 

improved device to produce piston rings from FGM: c. centrifugal system 

 

 

Table 9. 2 - Characteristics of equipment developed to produce FGMs 

Capacity of container 3.14×10-6 m3 

Operating speed of the stepper motors Maximum: 0.42 rot/s 

Reproducibility Good reproducibility 

Feasible powders 
possibility of using different powders 

(powders flowbility necessary ) 

Software LabVIEW + Excel 

Dimensions 170 mm*180 mm*300 mm 
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Validation of the equipment developed to produce FGMs by powders deposition 

It should be emphasized that based on previously presented results in the case 2 wt.% 

CNT content there is an equilibrium among improvement in mechanical properties in the different 

tests namely tensile and wear. As a fact the tensile strength with CNTs as reinforcement, presented 

its peak with 2% of CNTs. Regarding the wear results, increasing the reinforcement content would 

allow to increase the wear resistance but it would substantially decrease the tensile strength (see 

Figure 9. 8). 

Based on the obtained results, and according to the application (piston ring), and based 

on the fact that different properties are required in specific areas of the piston rings, a functionally 

graded composite will be produced with a linear gradient where the maximum fraction of 

reinforcement is 2wt%CNTs at the surfaces (where the maximum tensile and wear are required). 

The inner part of the ring does not have CNTs due to the cost of them. 

With the controlled deposition equipment (Figure 9. 10-a) will be produced a powders 

gradient with a linear variation from 2wt.% in the periphery and 0wt.% in the middle again increasing 

up to a maximum of 2 wt% in another periphery.  

In order to verify the distribution of the CNTs along the axis of the sample the following 

procedure it was followed: (i) Micro-photographs were taken for each polished sample by using an 

optical microscope (Leica DM 2500M, Leica Microsystems, Germany) connected to a computer 

for image processing, using Leica Application Suite software (Leica Microsystems, Germany); (ii) 

The software Adobe Photoshop (Adobe Systems Software, Ireland) was used to produce black and 

white images, with the black representing the AlSi matrix and the white the CNTs. (iii) Image J 

software (National Institutes of Health, USA) were used to quantify the amount of CNTs in 

percentage. 

It can be seen from Figure 9. 11 that the real curve is similar to theoretical curve which 

proves the reliability of the produced equipment (Figure 9. 10-a).  

 



Mechanical, fatigue and wear properties of sintered Carbon Nanotube-based functionally graded materials 

225 

 

 

a b 

Figure 9. 11 -  The variation of chemical composition of AlSi-2 wt. % CNTs FGM composite. a. Cross section of 

sample where the chemical composition was evaluated; b. Variation of the CNTs (wt.%) vs. position 

 

Proposed device to obtain an engine piston ring by powder metallurgy 

Figure 9. 10-b shows the proposed design for building a piston ring from the AlSi-CNT 

FGM. 

In order to optimize the relationship between the mechanical and wear properties, and the 

final cost of the piston ring has been proposed a new FGM for piston ring. 

The CNTs are placed only on the outer surfaces of the piston ring since it is the area which 

is subject to more wear and higher stresses. The inner surface of piston ring is subject to 

compressive stresses so that they do not contribute to the appearance of fatigue cracks. 

Figure 9. 10-b schematically shows the changes made to the device in order to produce 

the piston rings. This device allows to make a radial distribution of the powders. This device consists 

of a matrix and some punches. Once distributed powders of the desired punches are driven 

gradient powders pressed into its final shape. The action of the punch may also be responsible for 

creating a porosity gradient if desired. Subsequently, the consolidated powders are sintered. 

The equipment as well as the analysis developed in this work can be applied to other pairs 

of materials, depending on the local requirements of defined component. 
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9.4.3 Mechanical properties of the AlSi -CNT functionally graded composite 

 

Tensile tests of AlSi –CNT functionally graded composite 

Figure 9. 12 presents the representative tensile stress–strain curves of unreinforced AlSi 

alloy, AlSi-2% wt. CNT and AlSi - CNT FGM composites. The mechanical properties (tensile strength, 

𝜎𝑟, yield strength 𝜎𝑦 and tensile strain 𝜀𝑟) are listed in Table 9. 3. 

 

 
Figure 9. 12- Stress–strain curves from tensile testing of unreinforced AlSi alloy and AlSi – 2 wt.% CNT’s composite 

 

 
Table 9. 3 -  Results of tensile testing of unreinforced AlSi alloy and AlSi-2 wt. % CNT’s composite 

Material r [MPa] y [MPa] r [%] 

AlSi 170 152 13 

AlSi-2 wt. % CNT’s 209 192 7 

AlSi - CNT FGM 192 172 9 

 

It is observed that the tensile strength, 𝜎𝑟, of AlSi-2% wt. CNT composite improved by about 

23% as compared to unreinforced AlSi alloy. The yield strength 𝜎𝑦 of AlSi-2% wt. CNT composite 

improved by 26% as compared to unreinforced AlSi alloy. The AlSi - CNT FGM composite have, as 

expected, an average behaviour between unreinforced AlSi alloy and AlSi-2 wt. % CNT. 
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Fatigue properties of AlSi –CNT functionally graded composite 

Figure 9. 13 shows the fatigue results obtained as S-N curves for the unreinforced AlSi 

alloy and also for all the produced composites.  

It can be seen from Figure 9. 13 that under identical loading conditions the AlSi-2 wt. % 

CNTs composite has longer fatigue lives (continuous line – Figure 9. 13) and a higher fatigue life 

than the unreinforced AlSi alloy (dashed line – Figure 9. 13). It can be seen that at a stress level 

of about 140 MPa the fatigue life of AlSi-2% wt. CNTs composite increased by 270% compared to 

unreinforced AlSi alloy.  

 

 

Figure 9. 13 -  Maximum alternating stresses (max) vs. number of cycles to failure for unreinforced AlSi alloy , AlSi-

2 wt. % CNTs and AlSi-2 wt. % CNTs FGM composite 

 

Figure 9. 14 presents the SEM images of the fracture surface morphologies of both 

unreinforced AlSi alloy and AlSi-2% wt. CNTs composite. 

It can be clearly seen from Figure 9. 14-a that the crack path is very straight in the case of 

unreinforced AlSi alloy (smoother surface), while in the case of AlSi-2% wt. CNTs composite (Figure 

9. 14-b) the crack path is very tortuous (slightly rougher surface). This observation indicates that 

in the case of the unreinforced AlSi alloy the crack travels through the grains/powders of the 

material (intra Al-Si matrix particles fracture), due to the fact that the AlSi grains/powders are very 

well bonded. In the case of AlSi-2% wt. CNTs composite the fatigue crack may initiate in the region 

with agglomerations (fatigue cracks frequently initiates from the stress concentrated regions). If the 
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crack reaches a region where the CNTs are well dispersed, the crack is deflected due to the 

stronger interface between matrix and CNT, and then may travel through the AlSi grain (intra Al-Si 

matrix particles fracture). Crack deflection is a common effect in metal matrix composites [42]. If 

the crack reaches a region with agglomerates (zones of weakness) the propagation of the crack is 

accelerated. So, in the case of composite there is a mixture/competition between intra and inter 

Al-Si matrix particles fracture. Thus, even though in the case of AlSi-2% wt. CNTs composite there 

are these weak regions (CNTs agglomerates) that may accelerate the crack propagation, CNTs act 

as interface barriers to crack propagation [25, 43], increasing the fatigue life of the AlSi-2% wt. 

CNTs composite. More explanation regarding the fatigue behaviour of the unreinforced AlSi alloy 

and of the AlSi-2%wt. CNTs is given elsewhere [26]. 

The crack propagation in the case of FGM composite has an average behaviour between 

unreinforced AlSi alloy and AlSi-2 wt. % CNTs. 

 

  

a b 

Figure 9. 14 -  SEM images of the fracture surface after fatigue test of: 

a. unreinforced  AlSi alloy and b. AlSi-2 wt. % CNT’s composite 

 

Hardness values as a function of the CNT content 

Figure 9. 15 shows the hardness results as a function of the position of the CNT variation.  

 

CNT 

agglomerate 
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a b 

Figure 9. 15 -  Hardness values of the AlSi-2 wt. % CNT’s FGM composite: a. Position on the sample where the 

hardness was measured and CNTs wt% as a function of the position; c. Hardness as a function of the position. 

 

As expected, the hardness decreases with decreasing CNT content. Comparing the values 

obtained in the FGM in positions where the CNTs content is 0 wt% (position 5, in the middle of the 

sample, and 2wt% (position 1 and 9 in the top and bottom of the sample) it can be seen that the 

values are very similar with the values obtained in the case of unreinforced AlSi alloy and AlSi-2 wt. 

% composite respectively (Figure 9. 7). 

Thus, it can be seen that the FGM, with the gradient defined in this study, allows for the 

improvement in mechanical properties, fatigue resistance, and wear behaviour. This is achieved 

with the introduction of a small quantity of CNT’s having thus a small additional cost due to the 

reinforcement. These properties may not be achieved with a coating solution. Further to this it is 

expected and already demonstrated in other studies [44] that the introduction of CNT’s enhance 

the thermal conductivity of the matrix. Another benefit from this approach is the retention of oil in 

the CNTs which is important for lubrication in dead periods. The CNTs have more than one effect 

on the tribological behaviour of the composite: self lubrication effect and strengthening effect 

(increase the bonding between the grains on the Al matrix), so it is more difficult to remove them 

as the mechanical properties have confirmed [21]. Due to their shape and size, mainly the CNTs 

that come from the disaggregation of agglomerates could roll between the mating surfaces [45,46]. 

 

40

50

60

70

80

1 2 3 4 5 6 7 8 9

H
ar

dn
es

s 
[H

V]

Position



Chapter 9 

230 

9.5 Conclusions 

From the present investigation on an AlSi alloy reinforced by CNTs that aimed to develop 

a strategy to produce an FGM that that can fulfil all the requirements of a piston ring, the following 

conclusions can be drawn: 

- AlSi-CNT composites were successfully produced by hot-pressing technique in order to 

evaluate the different fractions of CNTs; 

- The best mechanical properties for homogeneous specimens were obtained in the case 

of 2wt% CNTs, while the best wear results were obtained in the case of 6wt% CNTs. Thus, the 2wt% 

of CNTs composite was chosen to produce the FGM since it was the composition that has the best 

compromise between mechanical and wear properties; 

- The AlSi-CNT FGM composite was successfully produced by controlled deposition 

equipment. The linear gradient consists of variation from 2wt% of CNTs on inner surface to a 0wt% 

of CNTs in middle and 2wt% of CNTs on the outer surface of piston ring. This gradient was chosen 

taking in account the mechanical and wear solicitations of a piston ring; 

- The evaluation of mechanical properties of AlSi-CNT FGM composites shows that it 

improves the properties as compared to the unreinforced alloy and that it has an intermediate 

behaviour between unreinforced alloy and 2wt% CNTs composite; 

- The evaluation of fatigue limit of AlSi-CNT FGM composites shows that it improves the 

properties as compared to the unreinforced alloy and that it has an intermediate behaviour between 

unreinforced alloy and 2wt% CNTs composite; 

Finally it was proposed a FGM piston ring were CNTs are placed on the outer surfaces of 

the ring as these are the regions that are subjected to higher mechanical stresses and increased 

wear. It should be also highlighted that the choice of a 2wt.% gradient only on the outer surfaces is 

related with the best cost benefit ratio. The better compromise between mechanical properties and 

wear arise at composition of 2wt.%. CNTs larger fractions contribute to improved wear resistance 

but in return we are witnessing a reduction in mechanical properties. 
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10.1 Abstract 

This aim of this paper was to study the interface reaction between an AlSi alloy reinforced 

with Ni coated Multi-Wall Carbon Nanotubes (MWCNTs). A powder metallurgy processing route was 

used to produce AlSi composites. SEM, DSC, XRD and TEM analysis showed the formation of Al3Ni 

due to the presence of Al from AlSi matrix and Ni from CNT coating. This contributes to stress 

transfer from matrix to CNT reinforcement and consequently to enhancement of mechanical 

properties of the composites. Also it was observed some dissolution of Ni to AlSi and that the CNTs 

are very stable as they maintain their integrity. The coating of CNTs seems to be a good solution 

for application of this reinforcement in commercial alloys.  

 

Keywords: Carbon nanotube (CNT), powder metallurgy, AlSi eutectic alloy. 

 

10.2 Introduction 

Due to CNTs excellent properties, these have been used as reinforcement in different kinds 

of composites, whether metal, ceramic or polymeric matrix composites [1].With the introduction of 

CNTs it is expected to overcome some of the shortcomings presented by some materials, such as 

electrical conductivity of polymers and toughness of ceramics. The major challenge in the 

manufacture CNT-reinforced metal matrix composites is the CNTs dispersion on the matrix. The 

second major challenge is to establish a favourable bonding at metal matrix/CNT interface. 
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Regarding aluminium matrices, some studies use CNTs as reinforcement for commercial 

alloys by means of powder metallurgy. However, most of the studies use pure aluminium, once it 

allows a higher control over the reactivity between CNTs and the matrix. 

It has been reported that CNTs are very stable when regarding chemical reactions, 

nevertheless some of the defects on CNTs (open tips in CNTs [2])might lead to reaction with 

aluminium[3]. According to the majority of the studies, the reaction product between aluminium 

and CNTs is aluminium carbide (Al4C3) [3-5]. In this reaction it is assumed that the free surface of 

CNT remains intact, due to the reduced processing time and temperature. Otherwise, CNTs would 

be fully transformed into Al4C3 [6]. Al4C3 was identified mainly in liquid phase process (plasma 

sintering processes [3]) but also in solid sate process (hot pressing [7]). 

According to Kwon et. al. [4, 8] the formation of Al4C3 has a beneficial effect on enhancing 

mechanical strength. Additionally, this compound is responsible for an efficient stress transfer 

effect from matrix to reinforcement [9]. For aluminium alloys, the formation of Al4C3 was also 

observed due to the presence of carbon, as in aluminium silicon matrix composites reinforced with 

carbon fibres, produced by metal liquid infiltration [10]. Vidal-Setif et. al. [11] showed that in this 

case there was a strength reduction due to Al4C3 formation. Therefore, Al4C3 formation and extent 

should be attentively controlled because of its brittleness [12, 13]. 

Furthermore, in CNT-reinforced aluminium silicon composites, besides Al4C3, also SiC was 

formed [14, 15]. Different carbides (formed in interfacial zones) differently influence these 

composites mechanical properties. The carbides strength determines the stress transfer ability 

from matrix to reinforcement. 

The reinforcement/matrix interface should guarantee the chemical stability of CNTs, by 

avoiding its complete reaction and simultaneously provide that the reaction products ensure an 

effective stress transfer from matrix to interface. 

A possible approach to control reactivity between a reinforcement and matrix is the use of 

coatings on reinforcements [16, 17]. Similar to carbon fibres coating [16, 17], CNTs coating could 

be a solution towards reactivity control. No studies were found concerning nickel coated CNTs as 

reinforcement for commercial aluminium alloys. 

Nickel is the most widely used metal for coating particles and ceramic fibres for use on 

aluminium composites [18-22]. The majority of the coatings are made by electroless plating, 



Mechanical, fatigue and wear properties of sintered Carbon Nanotube-based functionally graded materials 

237 

process also used for coating CNTs [23-25]. Coating the reinforcement influences the physical, 

mechanical and chemical properties of the composites. 

Most of the existing studies use pure aluminium and uncoated CNTs, where the formation 

the formation of Al4C3 is found beneficial to improve the stress transfer ability (Kwon et. al. [4, 8]. 

This work presents a different approach, by using Ni coated MWCNT to reinforce a commercial 

aluminium-silicon alloy. This work addresses the reinforcement/matrix interface, once this should 

guarantee the chemical stability of CNTs, by avoiding its complete reaction and simultaneously 

provide that the reaction products ensure an effective stress transfer from matrix to interface. 

 

10.3 Experimental procedure 

10.3.1 Fabrication of CNT-reinforced Al-Si composites 

Aluminum Silicon powder (Al-Si 88-12 wt. %, 99% pure - 325 mesh) purchased from 

AlfaAesar - Germany, and Multi-Wall Carbon Nanotubes (MWCNTs) Nickel coated, grown by CVD, 

from CheapTubes.com - USA, were used to produce Al-Si based nanocomposites. Al-Si powder had 

a measured average particle diameter of 8 µm, while the MWCNT had a length between 0.5 and 

2.0 µm and a diameter higher than 50 nm (information given by the supplier). 

The Al-matrix composite reinforced by CNTs was processed through traditional hot pressing 

technique. The pressure was 35 MPa, applied for 10 minutes at a temperature of 550°C under 

vacuum (10-2 mbar). The mixing of the Al powders was performed inside a closed stainless steel jar 

with the powders mixture and steel milling balls (10 mm diameter). The ball/powder ratio was 

10:1 and the atmosphere was argon. The jar was placed in a rotation machine and the mixing was 

made with a constant rotation speed of 40 rpm during 6 days (low-energy ball milling). 

Afterwards the Al-Si/MWCNT mixture was introduced in a graphite die (Figure 10. 1) and 

slightly compacted. The die was then placed in a vacuum chamber (Figure 10. 1), where it was 

heated until 550°C.  
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(a) 
 

(b) 
Figure 10. 1 - Hot pressing (a) schematic representation and (b) vacuum chamber detail. 

 

The samples were produced applying uniaxial load pressure of 35 MPa and a temperature 

of 550 °C during 10 minutes (hot pressing).  

10.3.2 Metallurgical evaluation 

Scanning Electron Microscopy with Energy dispersive spectroscopy (EDS) analysis was 

used to examine the dispersion of CNTs within the AlSi matrix. Differential Scanning Calorimetry 

(DSC) tests were carried out to evaluate the reactivity between CNTs and AlSi matrix. DSC heating 

rate of 10°C/min and a constant flow of argon was used.X-ray diffraction analysis was performed 

using a Bruker AXS D8 Discover diffractometer, in mode 929 with steps of 0.04° and an integration 

time of 1s. XRD was used for phase identification. Transmission electron microscopy (TEM) was 

performed in order to analyse the formed interface and potential reactions. 

 

10.4 Results and discussion 

10.4.1 SEM with EDS analysis 

Figure 10. 2-a shows a SEM image of CNTs, where can be noticed the presence of 

agglomerates. In Figure 10. 2-b, c amplified images of a CNT agglomerate are presented. Figure 

10. 2-d shows an amplified SEM image of a singular CNT, where the CNT and the Ni coating can 

be observed. 
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a b 

  
c d 

Figure 10. 2 - SEM images showing: (a) CNTs (magnification 190x); 

(b) CNT agglomerate (magnification 30000x); (c) CNT agglomerate (magnification 100000x and (d) singular CNT 

(magnification 150000x). 

 

Figure 10. 3 shows the chemical composition performed on a CNT agglomerate (powder 

sample), where mainly C and Ni were found, together with some residual elements (resulting from 

CNT production process). 

Figure 10. 4 shows, for a CNT-reinforced composite, the presence of agglomerates. Once 

CNTs are Ni coated these are easily observed in backscattered view (CNTs white colour comes 

from the nickel coating). Table 10. 1 presents the chemical composition of the white areas, 

observed in Figure 10. 4, confirming that the white areas are CNTs. 

 

x   Z1 

CNTs 

agglomerates 

Ni coating 

CNT 
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Figure 10. 3- EDS spectrum of a CNT agglomerate, corresponding to zone Z1 (white zone) identified in Figure 10. 2 

a). 

 

 

 

Figure 10. 4 - SEM image in backscattered view of an Al-Si/2%CNT composite sample. 
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Table 10. 1 - Chemical composition of Z2 and Z4 zones, presented in Figure 10. 4. 

Element Concentration (wt. %) 

Z2 Z4 

Al 60.8 89 

Si 3.6 11 

Ni 30 - 

C 5.6 - 

 

10.4.2 Differential Scanning Calorimetry analysis 

Figure 10. 5 presents DSC curves for unreinforced AlSi alloy powders and for AlSi-CNT 

composite powders. From this figure it can be seen that only endothermic peaks, attributable to 

the powder melting were detected. These results indicate that no reactions between Ni coated 

MWCNTs and the AlSi alloy were detected during the sintering stage (until a temperature of 550 ± 

2 °C). It can also be seen on Figure 10. 5 that above the working sintering temperature the thermal 

analysis curves present some differences between the unreinforced AlSi alloy and AlSi-CNT 

composites. CNTs seem to reduce the melting temperature, possibly due to some Ni diffusion 

through the AlSi matrix, once Ni lowers the melting temperature of Al. Thus, it means that some 

Ni coating can be dissolved in AlSi matrix, preserving the CNT integrity (no C diffusion). 

 

 

Figure 10. 5 - DSC curves obtained for AlSi alloy andAlSi-CNT composite powders. 
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10.4.3 X-ray diffraction analysis 

X-ray diffraction analysis was performed with analytical software EVA. The crystalline 

phases were indexed with the ICDD database. The determination of each phase amount was 

performed with TOPAS software.  

By analyzing XRD pattern (Figure 10. 6) it is possible to detect peaks corresponding to AlSi 

alloy. These CNTs peaks were not detected.  

 

Figure 10. 6 - XRD analysesfor AlSi alloy andAlSi-CNT composite powders andAl-Si/2%CNT composite. 

 

10.4.4 Transmission electron microscopy 

By using SEM/EDS, DSC and XRD no reaction between CNTs and AlSi matrix was detected. 

In order to complement this study, TEM analysis was performed, and it was possible to verify that 

a Nickel-aluminide was formed on the interface, namely NiAl3. 

Figure 10.7 shows the chemical analysis of different regions (performed by TEM). This 

analysis was performed in an area where an agglomerate is present to more easily identify CNTs. 

Figure 10.7-b (z1 zone) corresponds to a Si particle. Figure 10.7-c (z2 zone) corresponds 

to a reaction product between Al and Ni, with 74.72 at.% Al and 25.28 at.% Ni. The atomic ratio 

between Al and Ni indicates that Al3Ni is formed in this region, due to CNTs Ni coating reaction 

with Al as expected. 
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Figure 10.7-d (z3 zone) evidences the presence of Ni, P and Pb, corresponding to a particle 

derived from CNT production process. Figure 10.7-e (z4 zone) corresponds to a CNT, once mainly 

Ni and C were detected. Figure 10.7-f (z5 zone) corresponds to the Al matrix, once only Al was 

detected. 

Figure 10.8 shows different regions of a CNT-AlSi composite. In Figure 10.8a) an isolated 

CNT is found next to an agglomerate, while in Figure 10.8b)-d) well dispersed CNT are found. In 

Figure 10.8-c the catalyst Ni particle (form where the CNT growed during the CVD production) is 

shown. These TEM images showed that the Ni coating guaranteed the CNT integrity. 

From this analysis it is possible to conclude that Al reacts with Ni (coming from CNTs 

coating) leading to the formation of Al3Ni. This reaction is more extensive in regions where Al is in 

contact with Ni coated CNTs. When CNTs are in contact with Si (z4 zone on Figure 10.7-e), 

apparently there is no reaction between CNT and Si, once CNT is not bonded to Si. These sites 

can be void nucleation points when subjected to mechanical stress. 

According to Kwon et. al. [4,8] the formation of Al4C3 can be beneficial to improve the stress 

transfer ability. Related with Ni coated MWCNT reinforcing commercial AlSi alloy, no studies were 

found regarding Ni-Al intermetallic formation (particularly Al3Ni). However, Miranda et. al. [26] 

produced Ni particle reinforced AlSi composites where the formation of Al3Ni has detected. It was 

noticed that this intermetallic led to a stress transfer enhancement (from matrix to reinforcement 

(Ni)). 
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a -  Identified zones b - z1 

  
c - z2 d - z3 

  
e - z4 f - z5 

Figure 10.7 - EDS spectrum of several identified zones. 

 

Therefore, it is expected the same stress transfer effect to these Ni coated MWCNT. The 

formation of Al3Ni intermetallic not only contributes to the stress transfer but also guarantying the 

CNT integrity. By coating CNTs, it seems possible to introduce these reinforcements on commercial 

alloys, an advance to current CNT-reinforced metal matrix composites. 
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*Z3 

*Z4 
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a b 

  
c d 

Figure 10.8 - TEM images of CNT-AlSi composite regions, showing a) CNTnext to agglomerate; b)-d) well dispersed 

CNT. 

 

10.5 Conclusions 

This study allowed to conclude that Al3Ni is formed due to Al reaction with Ni, coming from 

the coating of the MWCNTs. Additionally, some Ni dissolution was found in the AlSi matrix. This Ni 

coating was proven to be effective for maintaining CNT integrity.   

The formation of Al3Ni was considered beneficial to stress transfer from matrix to CNT 

reinforcement, thus contributing to enhance the composites mechanical properties.  

This approach, the coating of CNTs for use as reinforcement in a metal matrix, seems to 

be an effective solution to incorporate this reinforcement in commercial alloys.  
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11 General discussion 

 

The aim of this work is the development and characterization of new and improved 

functionally graded materials, based on aluminum-silicon alloys reinforced by nickel coated carbon 

nanotubes and obtained by a powder metallurgy technique. 

This development was based on a demonstrative component: an AlSi-CNTs functionally 

graded material engine compression piston ring, designed to fulfil its specifications such as high 

wear resistance on the contact surface (with cylinder wall) and high fatigue resistance for instance. 

As referred in Chapter 1, the theoretical and experimental work towards the development 

of AlSi-CNT FGM piston ring, followed the below mentioned steps: 

-  Review (Include chapter 2); 

- Assessment of several mixing processes for mixing aluminium powders and the 

reinforcement (Include chapter 3 and 10); 

 - Assessment of the optimum reinforcement fraction for these composites (Include chapter 

4); 

 - Study and explanation of the effective reinforcing mechanisms on these composites 

(tensile, fatigue and wear) (Includes chapter 5, 6, 7, 8); 

 - Development of an equipment to obtain components with selected graded composition 

and design of a graded composition (reinforcement distribution) for piston rings production (Include 

chapter 9). 

 

This work starts with optimization of the processing parameters for the aluminium-silicon 

matrix alloy was performed, in order to obtain the better mechanical properties. Although not been 

presented in any chapter of this thesis, this assessment focuses on the following processing 

parameters: temperature, time and sintering process. 

Two consolidation processes were evaluated: cold pressing and sintering and also hot 

pressing. In the cold pressing and sintering process, a green compaction pressure of 750 MPa and 
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a sintering temperature of 550 °C during one hour, under vacuum (≈10-5 mBar) were used. In the 

hot pressing process, two different sintering temperatures were tested (500 and 550°C) and three 

sintering times (10, 30 and 60 minutes), with compaction pressure of 35 MPa.  

Sintering by hot pressing process (temperature of 550°C during 10 minutes), lead to the 

better mechanical properties. Furthermore, this evaluation allowed to show that with hot pressing 

it is possible to achieve higher densification with less time. A reduction of the sintering time is an 

advantageous aspect once it allows a better control over the reactivity between reinforcement and 

matrix. 

In Chapter 3, designated by Evaluation of CNT dispersion methodology effect on 

mechanical properties of an Al-Si composite, it was made the assessment and optimization of the 

dispersion methodologies of the reinforcement (multi-wall CNT functionalized with Ni) on the 

aluminium-silicon matrix. This assessment was mainly based on the mechanical properties of the 

obtained composites (processed by hot pressing). 

Different procedures for mixing CNTs with the AlSi matrix were tested, using for all of them 

2wt.% CNTs. The mechanical behaviour of the specimens was assessed by shear tests. Scanning 

electron microscopy (SEM) and differential scanning calorimetry (DSC) were used to investigate 

the microstructure of the composites and interface reactions. This work evidenced the influence of 

the CNTs dispersion methodology in the enhancement of the composites mechanical properties. 

Mechanical alloying process was used for all the tested mixing methodologies. However, 

different procedures were tested: effect of the milling time, the existence or not of a mixture pre-

treatment (preliminary ultrasonic mixing in ethanol), the energy involved in the milling process 

(high/low energy milling) and the milling environment (wet or dry). 

This work allowed to conclude that the mechanical properties of the composites are 

dependent on the mixing process and the pre-treatment of the mixture, once they have influence 

on the reinforcement distribution. The addition of a preliminary ultrasonic mixing in ethanol, to the 

high energy mixing process, does not seem to bring relevant advantages to overcome the costs 

associated with the process. 

Regarding the mechanical mixing environment, a wet environment was tested in order to 

evaluate the influence of liquid viscosity and turbulence on CNTs dispersion. It was shown that a 

wet environment (ethanol) during the mixing slightly improved the CNTs dispersion, when 

comparing with dry conditions. 
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Regarding the mechanical mixing energy, the high energy process (one minute test 

duration) does not seem to bring advantages when compared to low energy processes (at least for 

one minute test duration). For high energy mechanical alloying, further increases on the mixing 

time, would improve CNTs dispersion, although their deterioration could happen along with a 

powder size increase (by a powder welding  mechanism leading to worst sinterability). 

The low energy mixing process provided better mechanical properties, together with the 

advantage of its simplicity and low cost. However, the mechanical properties improvement is still 

far from what is expected, based on excellent mechanical properties and cost of CNTs. CNT 

agglomerates were found in all the composites, after all the tested mixing procedures. These were 

found responsible for the under expected mechanical properties. 

The main conclusion regarding dispersion processes is that a combination of different 

mixing processes lead to the highest improvement on CNTs dispersion. 

Therefore the selected process to mix AlSi powders and CNTs consisted in introducing AlSi 

powders and CNTs in a closed stainless steel jar, together with steel milling balls, with a ball-to-

powder weight ratio of 10:1 (ball diameter of 10 mm). Mechanical mixing with a constant rotation 

speed of 40 rpm, during 6 days (low-energy ball milling). 

At the end of this chapter a study on the reactivity between the Ni coated MWCNT and the 

AlSi matrix is presented. A more detailed study was performed and is presented on Chapter 10 

(Interface analysis on an eutectic AlSi alloy reinforced with Ni coated MWCNT). These studies 

allowed to conclude that Al3Ni is formed due to Al reaction with Ni coming from the coating of the 

MWCNTs. The formation of Al3Ni was considered beneficial to the stress transfer from matrix to 

CNTs, thus contributing to enhance these composites mechanical properties. 

In Chapter 4 designated as Carbon nanotube dispersion in aluminium matrix composites 

– quantification and influence on strength it was made optimization of the reinforcement fraction 

for AlSi-CNT composites. 

This chapter presents a study on the influence of different CNT volume fraction on the 

metallurgical and mechanical properties of the composites. This study also assessed the influence 

of CNTs agglomerates content on the mechanical properties of these composites. 
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Three types of composites were produced, with different CNT fractions: 2, 4 and 6 wt. %. 

For comparison purposes unreinforced AlSi samples were also produced by the previously selected 

mixing process (step three). 

These composites were characterized regarding CNT distribution on the matrix, especially 

concerning the presence of agglomerates, by means of Scanning Electron Microscopy. The 

obtained images were then processed, applying a threshold filter in order to further highlight CNTs 

for posterior quantification. 

Two types of agglomerates measurements were performed. The first, regarding 

agglomerates with areas up to 50 µm2, representing well dispersed CNTs, as well as agglomerates 

of one to few CNTs (pictures with magnification of 5000 times were used). The second, concerns 

measurements of agglomerates with areas up to 1950 µm2 (pictures with amplifications of 123 

times were used). 

In all the composites (with 2, 4 and 6 wt. % CNTs) it was verified that more than 93% of 

the agglomerates are less than 1 µm2 in area (Figure 4. 8). Considering the representativeness of 

these small agglomerates ([0, 1] µm2) they were named Type A agglomerates. Similarly, it was 

verified that more than 93% of the agglomerates have area above 50 µm2 and less than or equal 

to 550 µm2 (Figure 4. 10).Considering their representativeness (area within the range ]50, 550] 

µm2) these agglomerates were named Type B. 

This works shows that by increasing CNTs fraction in the composites (from 2 to 6 wt. %) 

the ability to disperse the CNTs is decreased, once well dispersed CNTs number are reduced, as 

well as "small" (Type A - [0, 1] µm2) agglomerates (with agglomerates area increase tendency). 

Additionally, with CNT fraction increase, the so called "bigger" agglomerates (Type B - ]50, 550] 

µm2) increase their number and also their area. 

Regarding mechanical properties, this study showed that 2 wt.% CNT-reinforced composite 

revealed the higher tensile strength. This result indicated that the detrimental effect of the 

agglomerates is higher that the beneficial effect of well dispersed CNTs. 

In the end of this chapter, an empirical correlation of tensile strength as a function of CNT 

content in the matrix was established. This analysis considered the beneficial effect of CNTs and 

the detrimental effect of agglomerates on CNTs reinforced aluminium mechanical properties. The 

proposed model should now be tested under other different processing conditions, in order to 

evaluate its validity.  
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In Chapter 5, named as Improvement on sliding wear behaviour of Al/cast iron tribopair 

by CNTs reinforcement of an Al alloy, and Chapter 6, designated as Mechanisms Governing the 

Tensile, Fatigue and Wear Behaviour of Carbon Nanotube reinforced Aluminum Alloy, it was made 

the explanation of the effective reinforcing mechanisms on these composites (tensile, fatigue and 

wear) was performed on the fifth step.  

Chapter 5 concerns the influence of different CNT fractions in the tribological behaviour of 

these AlSi-CNT composites. These tests were performed under dry reciprocating sliding conditions, 

against a grey cast iron (GCI) from a cylinder engine. The wear resistance was investigated as a 

function of CNT content, that varied from 2 to 6 wt.%. In order to understand the mechanisms 

responsible for the reported wear behaviour, SEM and EDS analysis were performed on the 

surfaces of the unreinforced AlSi alloy and on the produced AlSi-CNTs composites. 

This chapter clearly shows that by reinforcing AlSi alloy with CNTs, the wear behaviour of 

tribopair (AlSi-CNT/GCI) is improved, when compared with unreinforced AlSi alloy/GCI tribopair. 

The wear damage of AlSi-CNT composites seemed to be controlled essentially by two 

mechanisms: adhesive wear and pull-out of grains/particles or agglomerates. Regarding the pull-

out mechanism, correlation with CNT content was found, once by increasing CNT content an 

increase in pull-out of grains/particles or agglomerates occurred. 

With CNT content increase there is an increase in the number of observed cracks that 

could be associated with the higher number of macro-agglomerates (as seen in Chapter 4). The 

lower mechanical properties obtained for the composites with higher CNT contents (4 and 6 wt.%), 

as presented on Chapter 4, are related with this fact. 

In spite of the reduction on mechanical properties with CNT content increase, there is an 

improvement in the wear response. This can be explained based on two different phenomenon: 

the strengthening effect and the self lubrication effect of CNTs. Therefore although agglomerates 

have a detrimental effect on void nucleation, they may have a beneficial effect on wear behaviour, 

due to their release during sliding (CNTs self lubrication effect). 

The strengthening effect of CNTs is explained by a stronger bonding between AlSi interfaces 

(between AlSi powders) due to CNTs presence. Additionally, CNTs exert an effect on the matrix by 

restricting dislocations movement. On the other hand, CNT agglomerates have a detrimental effect, 

being responsible for voids nucleation. 
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The disintegration of agglomerates due to shear forces, on the wear tests, lead to the 

appearance of individual CNTs that roll into the sliding contact. These CNTs and CNT agglomerates 

released during sliding contribute to the self-lubrication effect. 

Chapter 5 demonstrated that the CNT content plays a relevant role on wear behaviour, by 

substantially reducing the wear loss of AlSi-CNT composites and additionally of the grey cast iron 

counterface. AlSi-CNT composites exhibited a substantial improvement in the wear behaviour when 

compared to unreinforced AlSi alloy. AlSi composites reinforced with 6 wt.% CNTs presented the 

highest wear behaviour improvement. 

In  Chapter6, named as  Mechanisms Governing the Tensile, Fatigue and Wear Behaviour 

of Carbon Nanotube reinforced Aluminium Alloy, It was studied the  influence of reinforcing 

mechanisms of CNTs on mechanical, wear, and fatigue of CNT-reinforced AlSi composites are 

presented. This study is based on fracture morphology analysis and comparison between AlSi 

matrix alloy and 2wt.% CNT-reinforced AlSi composite. 

 Chapter 5 and 6 showed that 2wt.% CNT-reinforced AlSi composite exhibited the highest 

mechanical properties and 6 wt.% CNT-reinforced AlSi composite exhibited the highest wear 

resistance. CNTs agglomerates were found in all the composites. The agglomerates detrimental 

effect on the mechanical properties was proven, however some beneficial effects on the wear 

behaviour due to its presence was found (self-lubricating effect). Thus, 2wt.% CNTs was found to 

be the composition in which is possible to obtain a better compromise between mechanical 

properties and wear resistance. In this context, chapter 6 aims to clarify the role of CNTs and CNTs 

agglomerates on these composites mechanical and wear behaviour.   

Fracture tests showed that in 2 wt.% CNTs-reinforced composite the fracture (crack) may 

initiate in agglomerates regions (areas of stress concentration). If the crack reaches a region where 

CNTs are well dispersed it may travel through the AlSi grain/particle (intragranular fracture), but if 

the crack reaches zones of weakness (lower bond strength region, where agglomerates are located, 

between AlSi grains/particles), then the crack follows the grain/particle border(intergranular 

fracture). The consequence of this phenomenon is a rougher region (where agglomerates are 

formed) and a smoother surface (when the crack travels through the AlSi grain/particle). 

CNTs strengthening effect is effective on zones where they are well dispersed. Thus, the 

tensile and yield strength increase with CNTs addition is related to the fact that AlSi grains/particles 

are bonded with an improved strength due to CNTs interface reinforcement effect. Despite the 
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existence of agglomerates, the well dispersed CNTs strengthening effect on mechanical properties 

was found to prevail over the detrimental effect of CNTs agglomerates (as shown in chapter 4). 

This chapter also showed that it is possible to increase fatigue behaviour with CNTs 

addition.  For 2 wt.% CNTs-reinforced composites, fatigue cracks may initiate in agglomerates 

regions (fatigue cracks frequently initiate at stress concentration sites).The presence of CNT 

agglomerates, that can be regarded as inclusions, have when concerning fatigue, a much more 

expressive detrimental effect than in tensile tests. 

During crack propagation, if a crack reaches a region where CNTs are well dispersed, the 

crack is deflected due to a stronger interface between matrix and CNT, and then may travel through 

the AlSi grain/particle (intragranular fracture). If the crack reaches a region with agglomerates 

(weaker zones) the crack propagation is accelerated. Therefore, for composites there is a 

mixture/competition between intragranular and intergranular fracture. Thus, even though there are 

weak zones (CNTs agglomerates) that may accelerate the crack propagation, well dispersed CNTs 

act as interface barriers to crack propagation, increasing the length of the crack (due to its 

deflection) and therefore the fatigue life of AlSi-2 wt.% CNT composites. 

Wear testes showed (as mentioned in Chapter 6) that CNTs improve the wear behaviour 

of AlSi-CNT composites by means of strengthening effect and self-lubrication effect. 

The strengthening effect of CNTs is revealed in both tensile and fatigue tests i.e. CNTs 

strengthens the bonding between AlSi grain interfaces by direct strengthening (shear lag) and by 

indirect strengthening through the Orowan and thermal mismatch mechanisms.  In wear tests the 

CNT agglomerates (poor dispersion zones) have a detrimental effect because it is easier to detach 

the grains but they have also a beneficial effect due to Self-lubrication effect (the explanation was 

previously done in chapter 5). Chapter 6 shows that CNTs area good choice for reinforcing AlSi 

alloys in order to improve mechanical, wear, and fatigue behaviour. 

Chapter 4, 5 and 6showed that composites with 2wt.%CNT revealed the highest 

mechanical properties and that 6wt.% CNT composites presented the highest wear resistance. 

CNTs agglomerates, found in all the produced composites, were found to have a detrimental effect 

on mechanical properties, although having some beneficial effect on wear performance due to their 

self-lubricating effect. AlSi-2wt.%CNT composites were found to have the best compromise between 

mechanical properties and wear resistance. 
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Hybrid composites present, as strategic advantage, the ability to take benefit of different 

reinforcement's, that have different properties, towards a composite with improved overall 

performance (regarding mechanical and wear). 

Chapter 7 named Dry sliding wear behaviour of AlSi-CNTs-SiCp hybrid composites and 

Chapter 8 designated as Mechanical, wear and fatigue behaviour of an AlSi-CNTs-SiCp hybrid 

composite focus on a new hybrid composite: AlSi-2wt.%CNT-5wt.%SiCp.These two chapters are 

concerned with the understanding of the reinforcing effects of Multi-Wall Carbon Nanotubes and 

Silicon Carbide particles on mechanical, wear and fatigue performance. 

By introducing two different reinforcements it was expected that different contributions 

would arise from these reinforcements that can differ in properties, shape and size. In order to 

explain the role of each reinforcement on the hybrid composite performance, tensile, fatigue and 

wear tests were performed, for unreinforced AlSi alloy and AlSi-2wt.%CNT, AlSi-5wt.%SiCp and AlSi-

2wt.%CNT-5wt%.SiCp composites. 

Chapters 4, 5 and 6 proved that 2wt.%CNT-reinforced composite revealed the highest 

tensile strength, with subsequent decay for higher CNT content (4 and 6 wt.%). Regarding wear, 

when increasing the CNT content from 2 to 6 wt.% an increase in wear resistance occurred, with 

all AlSi-CNT composites exhibiting higher wear resistance when compared to unreinforced AlSi 

alloy. 

In this sense, chapter 7 and 8 aims to to determine the combined effects of combined 

reinforcing constituents (CNT and SiC) on mechanical properties (tensile and fatigue) and also on 

wear behaviour. The purpose of this study was to clarify if, when a certain reinforcement reaches 

its optimal fraction (with highest beneficial effect on a given property), a second reinforcement 

could further increase a certain composite property, without compromising other relevant 

properties. 

The obtained results confirmed this expectation. The  5wt.% SiCp addition to the  2 wt.% 

CNT-reinforced composite (thus obtaining AlSi-2wt.%CNT-5wt.%SiCp hydride composite) leads to 

an increase in tensile strength without losing wear resistance. In fact, further increases in CNT 

content above 2 wt.% did not lead to tensile strength improvement, however when adding a different 

reinforcement (SiCp) to 2 wt.% CNT-reinforced composites, further improvement was possible. 

Wear tests performed on hybrid composites revealed that AlSi alloy, AlSi-2wt.%CNT and 

AlSi-5wt.%SiCp composites seemed to be controlled essentially by abrasive and adhesive wear 
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(including plastic deformation and material transfer between the mating surfaces). AlSi-2wt.%CNT-

5wt.%SiCp hybrid composites seemed to be controlled by the same mechanisms, although 

presenting a lower level of plastic deformation and material transfer between the mating surfaces. 

The introduction of CNTs and SiCp in the AlSi matrix seemed to have a beneficial effect, 

both on pin and counterface material, once they exhibited an improvement on wear resistance, as 

compared to unreinforced AlSi/GCI tribopair.  

This improvement resulted from: (i) strengthening effect of well dispersed CNTs; (ii) CNTs 

self-lubrication; (iii) strengthening effect of SiCp; (iv) SiC load bearing effect. The strengthening 

effect of well dispersed CNTs and also CNTs self-lubrication effect were detailed addressed in 

previous chapters. The strengthening effect of SiCp is related with matrix strengthening mainly by 

shear lag and thermal mismatch (SiCp increases the composite hardness). The SiC load bearing 

effect results when, during sliding, SiC particles support the load and prevent the contact between 

AlSi matrix and the GCI plate. 

Chapter 8 brings, along with a wear performance analysis, a mechanical properties 

assessment, characterizing AlSi-2wt.%CNT-5wt%.SiCp composite. Unreinforced AlSi alloy; AlSi-

2wt.%CNT and AlSi-5wt.%SiCp were also studied in order for comparison with the hybrid composite. 

AlSi-2wt.%CNT-5wt%.SiCp hybrid composite presented the higher tensile strength, and 

regarding the fracture morphology, this seem to result from de-bonding and fracture of SiCp and 

from the presence of CNT agglomerates. 

In these hybrid composites, CNTs agglomerates and interfaces between the SiCp and AlSi 

matrix act as stress concentration points where most commonly voids nucleate acting as crack 

initiating sites. In CNT well dispersed zones the crack propagates thought AlSi matrix grains and 

when finding SiCp two scenarios can occur: crack surrounds the SiCp (for weakly bonded particles) 

and crack travel through the particle (for well bonded particles). In CNT agglomerates zones, when 

the crack finds an agglomerate, the crack travels through the agglomerates (offering lower 

resistance to the crack progression). 

Shear lag effect, thermal mismatch and Orowan strengthening were found to be acting in 

AlSi-2 wt. %CNT-5 wt. % SiCp hybrid composite. Regarding the shear lag effect, this study showed 

that both SiCp and CNT contribute to strengthen the hybrid composite. Reactivity between 

reinforcement and matrix influences the load transfer (shear lag effect). Thermal mismatch 

strengthening contribution obtained by adding CNTs is larger than that obtained by adding SiCp, 
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due to a higher differential in coefficient of thermal expansion, reduced size and higher aspect ratio 

for CNTs. By Orowan strengthening, CNTs act as impenetrable obstacles, increasing the yield 

strength. Once SiC particles have a larger size when compared to CNTs, this mechanism should 

be less expressive for SiCp. 

Fatigue tests revealed that for identical loading conditions AlSi-2wt.%CNT composite 

showed higher fatigue life than unreinforced AlSi alloy and also AlSi-5wt.%SiCp and AlSi-2wt.%CNTs-

5wt.%SiCp composites. 

Regarding AlSi-2wt.%CNTs-5wt.%SiCp hybrid composite, for higher stress levels, the fatigue 

life was found lower than that of unreinforced AlSi alloy and AlSi-5wt.%SiCp. For lower stress levels, 

hybrid composite fatigue life although inferior to AlSi-2wt.%CNTs, was found to be higher than 

unreinforced AlSi alloy and AlSi-5wt.%SiCp. This behaviour can be explained by the reduction of 

ductility in hybrid composites that combined with a higher plastic deformation when under higher 

stress levels, leads to a lower opposition to crack propagation. 

Regarding wear, both AlSi-2wt.%CNT and AiSi-5wt.%SiCp composites exhibited an 

improvement in wear behaviour when compared to unreinforced AlSi alloy, AlSi- 2wt.%CNT and 

AiSi-5wt.%SiCp. These results, as referred in previous chapters, are consequence of the 

strengthening effect of well dispersed CNTs, CNTs self-lubrication effect and CNTs agglomerates, 

besides the strengthening effect of SiCp and SiCp load bearing effect. 

Summarizing, CNT-reinforced composites were found to achieve the higher tensile strength 

for 2 wt.% of CNTs, as shown in Chapter 4 and 6. Therefore, by increasing the CNT content above 

this value, the tensile strength was not improved, however this increase resulted in a wear 

resistance improvement (as shown in Chapter 5). This study has proven that the peak of tensile 

strength (when achieved with one reinforcement (CNT)) is possible to be further increased by 

adding another type of reinforcement (SiCp) (Chapter 8). The reason for this behaviour seems to 

lie on the simultaneous effect of two different reinforcement mechanisms or on the same 

mechanism but acting at different scales. AlSi–2wt.%CNTs composite fatigue life was notably the 

best among all the composites produced (Chapter 8). 

Finally in Chapter 9 named as Optimization of AlSi-CNTs functionally graded material 

composites for engine piston rings, it was made the development of a device to obtain components 

with a graded chemical composition and also the optimization of graded chemical composition 

(reinforcement distribution) applied to piston rings. 
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Piston rings damage is attributed first to wear, then to lubrication and fatigue. Their 

damage may be substantially mitigated by creating a FGM composite with optimized mechanical 

properties. This chapter aims to produce an AlSi-CNT functionally graded material that can fulfil 

the engine compression piston rings specifications. Once fatigue is an important specification for 

piston rings, the best composite composition, when regarding fatigue - AlSi - 2wt.%CNT composite, 

was set as the starting point for the production of the FGM piston ring. 

AlSi graded composites (from 0 to 2wt.%CNT) were produced by a new equipment that 

was developed/designed to produce FGMs by powder metallurgy processing route. This equipment 

was found highly efficient for the production of these graded composites. 

A first productive approach used a linear gradient through the cross section of the piston 

ring (2wt% CNTs at inner region, 0wt% in the middle and 2wt% at the outer region) was tested. This 

gradient was chosen by taking in account the mechanical and wear requirements of a piston ring. 

Results regarding tensile strength and fatigue life showed that this composite has an intermediate 

behaviour between unreinforced AlSi alloy and 2wt% CNT-reinforced composite. 

A second approach was proposed, being considered the most effective. According to this 

solution, CNTs are placed on the outer region of the piston ring, once this is the region under 

greater mechanical stresses and higher wear. Once the better compromise between mechanical 

properties and wear is found for a composition of 2 wt.% CNT, this was chosen for the outer regions. 

This study is very appealing for components design once it allows the development of 

controlled materials gradients suited for particular requirements. This work developed a possible 

solution for a piston ring, but a similar analysis/process can be applied to other components, 

where there is differential mechanical and wear requirements along a component. 

As general remarks it can be concluded that:  

 - The use of commercial aluminium alloys (at least Al-Si alloys) reinforced with Ni coated 

CNTs seems to be adequate for industrial applications; 

 - The use of the reinforcement distribution process seems to e adequate for some 

industrial applications such as the one in this thesis, with radial gradation, or even other 

components; 

 - The reinforcement dispersion along the matrix was not fully optimized and the expected 

contribution of the reinforcement on the overall composite behaviour was not fully achieved.  
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11.1 Suggestions for future works 

The findings of the research presented in this thesis opens future perspectives.  The first 

future work concerns the development of an integrated process for dispersion CNTs and production 

of CNTs reinforced composites. Ideally, CNT incorporation/dispersion should be performed during 

the metal powders production and/or by CNTs growth on the metal powder. For this work, the 

matrix powder and the reinforcement (CNT) should be in the same size range. 

Another future work relates with CNTs functionalization that should be done with particular 

features tailored for particular metals. This functionalization has two functions: eliminate Van der 

Walls forces and promote an optimized bonding between CNTs and the matrix, in order to enhance 

stress transfer to CNTs. 

These two future works should also include an integrated approach by converging different 

knowledge areas, like materials science, chemistry, physics and mechanical engineering. 

A third future work is the appliance of some results obtained in the scope of this thesis 

(AlSi - 2wt% CNT composite agglomerates quantification) to develop a predictive fatigue model. 

This model, inspired by Murakami model, will take in account inclusions (here including 

agglomerates) influence in the fatigue life of these composites. 

A final proposal is the development of a strengthening model for CNT-reinforced 

composites that takes in consideration the following main mechanisms/variables: shear lag, CTE 

and elastic mismatch, Orowan and also matrix microstructure characteristics (grain shape and 

size, inclusions, defects, porosity). The influence of each mechanism/variable over the other should 

be considered. This model should also consider CNT fraction, orientation, distribution/dispersion, 

curvature, number of walls and formed interface. This development will use different validation 

methodologies: micro mechanics analysis; finite element modeling and experimental data. 

 




