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The present dissertation discusses Wear behavior and microstructural 

characterization of the Wear srnfacc and Wear debris of an AI-Si alloy (A356) and an Al- 

Si (A356) based composite reinforceci with 20 vol.% Sic particdate as well as a high 

purity (99.99%) Al sliding against an M2 steel under unlubricated conditions using a 

block-on-ring sliding Wear tester. The siiding Wear tests were carried out at a constant 

sliding speed (0.2 d s )  aod sliding distance (1000 m) under various sliding loads in a 

range of 0.5 to 15 kg. It was observed that the Wear resistance of the Al-Si/SiCp 

composite material was superior to that of the Al-Si alby by one order of magnitude at a 

low sliding load. With an increase in the sliding load, the Wear resistance was a h s t  the 

same for the composite and the base alloy. The Unprovernent in the Wear resistance at low 

loads was rnainly due to the incorporation of the reinforcing Sic particles that acted as 

Ioad-bearing components during the sliding Wear. At high loads, the Wear behavior was 

rnainly governed by the formatioh fkagmentation and delamination of the mechanicdy 

mixed layers in which the rnajority of the Sic particles were fiagmented and no longer 

acted as major Ioad-bearing components. It was also observed that the Wear resistance of 

the Al-S US iC composite could slight ly be i n c d  by approximately 1 0 % due to the T6 

heat treatment of the composite. The increase in the Wear resistance, however, was not 

significant when compared to the increase in the bardness of the matrix due to the heat 

treatment. This can be partially attribut& to the fact that in-situ precipitat ion occurred in 

the subsuffhce during tbe sliding wear of the as-cast AI composites. 



Microstructural characterization of the wom surfaces and Wear debris was carried 

out by using Scanning Ekctron Microscopy (SEM), Transmission Electron Miioscopy 

(TEM) equipped wïth Encrgy Dispersive Spectroscopy (EDS), X-ray mapping a d  X-ray 

Difhction (XRD). In particular, longitudinal cross-section TEM analyses of the worn 

surfàces and Wear debw were successfully conduaed in the -nt work. The rpsults 

showed that the d e f o d  structures in the worn mfkes of the N-Si alloy and the 

composite contained a iarge number of ceUs and ebngated aibgrpms with an aspect ratio 

of 5 to 10. The microstructural evolution dong the depth was consistent with the shear 

strain distribution in the subsurface that could be best describeci by an exponential law, 

Le, E ( Z )  = E, exp(-kz) , where e is shear strain and z depth bebw the wom surface. It was 

also obsemed that mecbanically mixed layers (MMLs) were formd during the sliding 

Wear of the Al-Si/SiC composite and Al-Si alloy as well as the high purity (HP) Al 

against the steel. The MMLs were f o d  to be eomprised of elements îrom both sliding 

surfaces, which were mainly Al and Fe. The microstructures and chernical conditions of 

the transferred elements were mainly determined by the sliding loads and were studied in 

a great detail using SEM and TEM. 

Characterization of the Wear debris by meam of the above mntioaed techniques 

and Mossbauer spectroscopy revealed that the Wear debris bad feaîures similar to those of 

the MMLs in the worn surfàces of the Al bmed materials fiom which the debris were 

detached. For ail three materials, the debris aggregates generated at low loads consisteci 

mainly of a mechanical mixture of a-Ai and a-Fe. With an inmase in the sliding load, 

the agglomerated debris of nanomystaliine structures w m  iacorporaîed with Fe-Ai(Si) 



intermetallic compounds, and ahiminum- and iron oxides as a tesult of mechanical 

alloying and oxidation caused by a k g e  amount of plastic deformation during the sliding 

process in association with fnctional beating. The present work bes provided evidence of 

the formation of the intermetallic compound FeAi as a resuh of material transfér and 

mechanical k i n g ,  as mealeci by using XRD, TEM anâ M6ssbauer spectmropy. 

Arnorphization was observeci in the wear debris and worn Surfgces of both the Al- 

Si alloy and the Ai-Si/SiC composite sliding againn the tool steel d e r  the 

unidirectional dry sliding wear and a reciprocaîïng dry sliding wear. The amorphous 

phases were found to coexist with the uitrafïne grained aggregates (a few nrn to d o m  

nm depending on the loads) in the Wear debris. The mixture of the amorphous phases and 

the ultrafine p i n e d  particles were mainly comprised of Ai, Fe and oxygen, suggesting 

that an extensive mechanical rnixing of elements fiom both the sliding contacts occurred 

during the sliding wear. In the reciprocating dry Wear, the amorphou. phase was observed 

to coexist with precipitates containing Al and Ti, crystallographic stnicture of which was 

also characterized using TEM in the present work. The correlation of the microstructural 

characteristics of the wom adàce and Wear debris to the Wear behavior ami mecbanisms 

of the Ai-Si alloy and the Al based composite was discussed in detail. 



TABLE OF CONTENTS 

A cknowIedgwwnk 

Abstract 

Table of Contene 

List of Figwes 

List of Tables 

Chapter One Introduction 

Chapter Two Literature Review 

2.1 Wear 

2.1.1 DefinitionandMechanismsofWear 

2.1.2 Stress Distn'bution and Frictional Heating 

2.2.2. I Temperature at a Sliding Contact. 

2.2.2.2 Strain Distriiution and Deformation Structures m the Worn 

S d s  

2.1.3 Transfer and Mechanical Maring of Materials 

2.1.4 Wear Debris 

2.2 Metal Mat* Composites (MMCs) 

2.2.1 Modulus of  Elasticity and Strength o f  MMCs 

2.2.2 Fracture in Particdate Reinforcd MMCs. 

2.3 Wear of Al Alloys and AI B a d  MMCs 

2.3.1 Wear Performance 

iv 



2.3 -2 Defonnation Structure of the Wear Surfàce 

2.3-3 Mechanicai Mircmg itxiuced by Sliding Wear 

Chapter Three Scope of Present Researcb 

Chapter Four Materials and Experimental Procedures 

Materiab 

Wear Tests 

4.2.1 Block and Ring Unidirectional Wear Test 

4.2.2 Bali on Block Reciprocating Wear Test 

Tempemture Measurement 

X-ray Diffraction 

Scaaning Electron ~~~~py 

4.5.1 Wom S u r k x s  and Cross Sections of the Wom S&s 

4.52 Wear Debris 

Transmission Electron Microscopy 

4.6.1 Wom S h e s  and Cross Sections of the Wom SilrI'aces 

4 -6.2 Wear Debris 

Môssbauer Specttoscopy 

Chapter Five Wear Behaviour and microstructural 
CharacterizPtion of the Wom Surfaces 

5.1 Microstructural Cbrracterivtion of As Receivd AI-Si A b y  and Al- 
SüSiCp Composite Material 

5.2 Heat Treatment of the Base Alby and tbe Composite 

5.2.1 Heat Treatment 

5 -2.2 Microstructures of the Heat Treateâ Samples 

5.3 Wear Bebaviour 



5.4 Microstructuml ChimcteriPtioa of the Wom Siirhces 

- Scanning Ekbmn M '  StuAicF 

5 -4.1 . Morphology of The Worn Surfaces 

5.4.2. Cross Sections of the Worn Sudàces 

5.4.2.1. ï h e  Al-Si AUoy 

5 A.2.2. The AI-SiISiC Composite 

5.5 Microstructur~I Chincteriution of tbe Worn Surtices 

- Transmission Electron Microsco~ Studis 

5.5.1 . The High Purity AlunWIum 

53.2.  The Ai-Si Alioy 

5.5.3. The Al-SilSiC Composite 

5.5.3.1. Deformation Substnictures 

5.5.3.2. In-siru Precipitation Generated During the Siiding Wear 

5.5.3 -3. M e c w  Mixed Layer 

5.6 Discussion 

5.6.1. ïk Plastic Deformation Below the Worn Surfàce 

5 -6.2. The Mcchanically Mixed Layer 

5 -6.3. The Effect of Reinfiorcement and Second Phase Particles 

5 -6.4. The in-situ Precipitation During the Sliding Wear 

Chapter Six Amorphmtion and Precipitation Within the 
Arnorpbous Layer Induceà by Recipmcating 
Dry Sliding Wear of the Al-SüSiCp Composite 

Introduction 

Morphologies of the Amorphous Pbrse and Pneipitates 

Cbimcteriution of the Precipitates 

Intemal Twiaaed Gmwtb 

Discussion 

Summr y 

vi 



C hapter Seven Micnatnietural Characterimtion 

Introduction 

Scanniag Ekctron Micmscopy 

X-Ray Diffiction 

7.3.1. The HP Al and tbe Al Base Alloy 

7.3.2. The AI-SiISiC Composite 

TmnsmWsion Ekctron Mictoscopy 

7.4.1. The Al Base Alloy and The AI-SiISiC Composite 

7.4.2. The HP Al 

Mossbauer Spectmscopy 

Discussion 

7.6.1. The Formation o f  Wear Debris and Wear Mechanisrns 

7.6.2. The Uhrafine Grained Stnictures In The Wear Debris 

of the Wear 226 

Chapter Eight Summary 

Chapter Nine Geaeral Summary and Future Work 

References 

Appeodir 

Referred Journal Pubkations From the Ph.D. Study 



Fig. 2.1 

Fig. 2.2 

Fig. 2.3 

Fig. 2.4 

Fig. 2.5 

Fig. 2.6 

Fig. 2.7 

Fig. 2.8 

Fig. 2.9 

Fig. 2.10 

Schematic illustration of engineering surfice of rnetallic materials on a 
microscopic scde. 

Common classification of wear mechanjsms. 

Schematic illustration of transit ion of wear regimes in rnetdic materiais. 

(a) Scheniatic illustraiion of the classical adbesion mecfianism of sliding 
Wear. (b) Schematic illustration of adhesive mecbanism of sliding Wear, 
showing two possible modes of interaction between a hard asperity (an 
embedded abrasive part icle) and a second surface. 

(a) Schematic illustration of a possible oxidation Wear in which a surf& 
oxide film is formed and detached d e r  the sliding conditions. 
(b) Schematic illustration of delaminat ion Wear showing various stages 
involved, such as plastic deformation, subsurface crack nucleation and the 
eventual delaminat ion 

The Wear mecbanisms map for a steel sliding pair using a pin-on-disk 
configuration. 

Variation of Wear rate and surface temperature with speed for thermally 
insulateci and cooled pins. The solid line, Wear rate; the dash line, surhce 
temperature. Line A and line D, metal pin-holder; line B and line E, water- 
cooled pin-holder; lhe C and iine F, themially insulated pin-holder. 
AAer[49 1. 

The temperature map for a steel in a pinon-disk configuration. M e r  [Ml. 

Schematic illustration of a longitudinal cross section of a wom surfàce. 
The subsurface are divideà into different mnes or layers. The c w e d  lines 
indicate strains below the surface. 

Typical sections m m 1  to the worn surface using laminate structure as a 
market. (a) Mer trepanaiag, sbowing a high natural strain as cornpared 
with (b); (b) aAer abrasion. After[53]. 

viii 



Fig. 2. 11 

Fig. 2.12 

Fig. 2.13 

Fig. 2.14 

Fig. 2.15 

Fig. 2.16 

Fig. 2.17 

Fig. 2.18 

Iliustraiion of cakulation of shear strain below the wom surfàçe ushg 
flow lines. 

S m  profiles in a longitudinal cross section below a Wear d a c e  at 
successive times during siding. Regions A, B, and C correspond to Stage 1, 
Stage II and Stage m in a stress-- curve a~eording to the work 
bardening tbeory. Afier[5 51. 
Schematic illustrations of the structures of worn wdàces of metals with 
dinerent aacking fauft energies(SFE). (a) High SE; @) Low SFE. M e r  
[351- 

Effect of reinforcernent content on modulus of elasticity of SiC/6061 Al 
composites. 

Stress-strain curves for extnided A35qGSi) and A356(AESi)/SiCp 
composite with different particles sizes and tempers. Mer [8 11 

Schematic illustration of events of fracture of metal rnatrix composites 
reinforced with particulate. ( 1 ) deformation within plastic zone; (2) 
formation of voids along fiafture nir$ce; (3) &tu- of Sic particles 
along crack path; (4) interfhcial sepanition between matrk and SIC; (5) 
hcture of Sic within the plastic mm; (6) torhmus k t u r e  pa!h increase 
fiacture surface area; (7) matrix cracks near, but not continuou with, the 
main crack. M e r  [96]. 

Wear volume loss as a fùnction of sliding distance at different sliding 
velocit ies: (a) unreidorced 709 1 alloy; (b) perpendicularly onented SiCp 
composite; (c) perpendicularly oriented SiCw composite; (d) parallel- 
oriented SiCw composite. After[2 11. 

Wear rate as a function of applied load. Counterhce SAE 52 100. 
(a) With a base alloy of 20 14 Al. (0) 20 14 Al; (A) 20 14Al-20 pct SiC(2.4 
pm), and (0) 2014 Al-20 pct SiC(15.8 Cim) 
(b) With a basc alby of 6061 Al. (0) 6061 Al; (A) 6061 Ai40 pct 
A l , 0 3 ,  and (1) 6061 ,41020 pct Al,O, . AAer[23] 

Chapter Four 

Fig. 4.1 Schematic illustration of Block-on Riag wear tester. (1) Specimen Block; 
(2) Test Ring; (3) Load Arm; and (4) Block Holder. 



Fig. 4.2 

Fig. 4.3 

Fig. 4.4 

Fig. 4.5 

Fig. 4.6 

Fig. 4. 7 

A typical Wear çcar on a block specimen obtained using tbe Block-on Ring 
Wear tester. 

Schematic illustration of Bail-on Block Wear test. 

Schematic illustration of two W s  of cross-sections. (a) Unidirectional 
sliding Wear; and (b) Reciprocal sliding Wear. 

Schematic illustration of preparation of TEM thin foïis of longitudinal 
cross section of wom surface. (a) A longitudinal cross section is cut fiom a 
specimen; (b) and (c) Two pieces of the sections is put together with 
epoxy and supponed by a Cu ring of 3 mm; (d) The thin foiL 

SEM morphology of a cross section thin foil for TEM studies, showhg a 
perforation including the worn surface, mixed Iayer and subswface. 

Schematic illustration of the preparation procedures of Wear debris 
samples for TEM observation 

Chapter Five 

Fig. 5.1 

Fig. 5.2 

Fig. 5.3 

Fig. 5.4 

Fig. 5.5 

Fig. 5.6 

Fig. 5.7 

Microstructure of A356 Al-Si ailoy. 

Microstructure of A X 6  Ai-Si ailoy reinforced with Sic particulate. 

Dependence of tbe microbardwss of the Al base d o y  and the AI-Si/SiC 
composite on the t b e d  aging t h e  at the aging temperature of 1 55 C. 

SEM Micrograph of the T6 treated AI-Si alIoy reinforced with Sic 
particulat e. 

TEM Micrograph of the T6 treated AbSi &y reinforced with Sic 
particulate. 

Wear rate of the Al base alloy (T6) and the AI-Si/SiC composites at both 
the as cast and T6 conditions. Curve 1: T6 &Si Alloy, Curve II: As-cast 
AI-Si4iC composite, and Curve III: T6 Al-SVSiC composite. 

Typical SEM morpbology of worn surface of the AI-Si alloy at a Ioad of 5 
kg using the block-on-ring configuration 



Fig. 5.8 

Fig. 5.9 

Fig. 5.10 

Fig. 5.1 1 

Fig. 5-12 

Fig. 5.13 

Fig. 5.14 

Fig. 5.15 

Fig. 5.16 

Fig. 5.17 

Fig. 5.18 

Fig. 5.19 

Typical SEM mrphobgy of wom surfaEe of the AI-SBiC composite at a 
load of 5 kg using tht blockon-ring configuration. 

Microcracks parallel and prpendicular to the sliding direction in the 
smooth region in the worn SUffàce of the AI-Si alloy at a load of 3 kg 
using the block-on-ring tester. 

SEM Micrograph of a mata area m the worn surface of the Al-Si alloy at 
a load of 10 kg, showing very fine particles in the crater. 

SEM Micrograph of a crater a m  in the worn nirnice of the Ai-Si alloy at 
a load of 5 kg, showing relative larger particles in the Crater. 

Surface morphology of worn nirface at a sliding distance of lOOm 
showing "dimplen features and fkesh interface due to detachments of Sic. 

Elemental distributions of Al and Fe on the worn surface of &Si alloy at 
7 kg. (a) X-ray mapping; and (b) Morphology of the comsponding worn 
surface. 

S u W h c e  cracks in the worn d a c e  of the Al-Si alloy at a load of 10 kg. 
The anow shows the sliding direction. 

A crater region with sharp edges in the worn d a c e  of the Al-Si ailoy at a 
load of 7 kg, an indicative of adhesive Wear. 

SEM Micrograph of a flat Crater area (A) and Wear flakes (B) and (C) in 
the worn surface. The formation of the flat mater area and the Wear flakes 
might not be occurring at the same tirne. See text for details. 

Morphology of the worn surfàce HP alloy at a load of 5 kg, showing small 
fragments or agglomerates embedded in the worn surface. (a) At a low 
rnagnification; and (b) At a higkr niagnificaîion S.D. Slidiog Direction 

Ends of Wear tracks at a load of 3 kg, showing extruded lips. (a) Al-Si 
alloy; and (b) Al-Si/SiC composite. The arrow indicates the sliding 
direct ion 

(a) Deboading of Sic particles to the Al matrix; and (b) Fracture and 
fkqpentation of Sic particles in the worn sucface of the Al-Si/SiC 
composite. 



Fig. 5.20 

Fig. 5.21 

Fig. 5.22 

Fig. 5.23 

Fig. 5.24 

Fig. 5.25 

Fig. 5.26 

Fig. 5.27 

Fig. 5.28 

Longitudinal k t u r e  cross section of the worn JIPfacc of Al-Si alby at a 
load of 5 kg, sbowing higbly strained regions and the plastic f k w  of 
matrix in the subsurface of the worn surîàce. 

Longhdinal fiachtrr cross-section of tbc worn Surface of AI-Si alloy at a 
load of 5 kg, showing sbear M s  in the highiy strained nibnwfha and 
mechanical mixed layer above the shear banded structures. 

Transverse kture  cross section of the worn svfirce of the Al-Si alloy at 
a load of 5 kg, showing the shear bands in tbe subnirfw. 

Trsulsvefse fkture cross section of the worn s d k e ,  opposite to the Fig. 
5. 22, showhg trace due to shearing displacement in the subnirntce. 

Mechanically mixed layer in the transverse fkture cross section of the 
worn surfàce of the AI-Si alloy at a bad of 7 kg. Note a subsurfàce crack 
below the MML. (a) SEM micrograph, and (b) X-ray mapping. 

Longitudinal cross section of the worn surface of the AI-Si alloy at a load 
of 7 kg, showing presence of a mechanically mixed iayer (MML) and 
plastic flow in the subnuface. SD stands for the sliding direction. 
(a) At a IOW mapifkation; 
(b) At a higher magnification, the arrows indicate cracks paralle1 to the 

sliding direction 
(c) X-ray mapping corresponding to (b), showing Fe distribution in the 

MML. 

Fracture cross section of the worn surfàce of the Al alloy at a load of 5 kg, 
showing a layered structure in the MML. h y e r  1 is a layer without 
ultrafine particles and mainly contains Ai, and Layer 2 is a subsudàce 
layer with ultrafine particles containing a considerable amount of Fe. 

Longitudinal k t u r e  cross section of the wom SlDface of Al-SVSiC 
composite at a load of 7 kg. (a) Sbowing tbat piastic flow of matrix was 
irnpeded by the presence of Sic particles. (b) Showing hgmetation of 
the Sic particles and the f-s similar to those in (a). 

Mechanically mixed iayer in a longitudinal cross section of the won 
surfice of the AI-Si/SiC composite at a load of 10 kg. 
(a) At a low mgnification; 
(b) At a high magnification; 
(c) X-ray mapping corresporidiqg to (b), showing Fe distribution in the 

MML. 

xii 



Fig. 5.29 

Fig. 5.30 

Fig. 5.31 

Fig. 5.32 

Fig. 5.33 

Fig. 5.34 

Fig. 5.35 

Fig. 5.36 

Fig. 5.37 

Fig. 5.38 

A sandwich structure of tbe MML in a bagihdinal cross section of the 
worn s&ce of tbe AYSiC wmposite at a bad of 10 kg, m &ch 
sublayers eitber rich in Fe or Al aheriÿitively exist. SEM micrograph, and 
(b) X-ray mapping of worn surfâce showiag Fe and Al distnitioas in tbe 
MML. 

(a) The altemative sublayers in tbe MML of the worn su* of the 
AVSiC composite at a higher magnification. (b) Microcracks in the MML 
as indicated by arrows. 

Extensive subsurfàce cracks in the MML of tbe Ai-SiMC wmposite at a 
load of 7 kg. 

Transverse kture  cross-section of worn siirface of Ai-Si/SiC composite 
at a load of 7 kg, showing a layered m e  in the MML d absence of 
Sic particles in the original size in the MML. (a) Mffmgraph, and (b) X- 
ray rnapping in the cross section 

Mecbanically mked kyer in a longitudinal cross section of worn sudiace 
of Al-SVSiC wmposite. (a) Secondary electron image; and (b) 
backscattering electron image. Note that the cross section was polished 
using ion milling. 

Fracture and fbgmentation of SIC particles in tbe subsurface of the worn 
s u r t h  of the Ai-SiISiC composite at a load of 7 kg. (a) Cracking 
perpendicular and parallel to the sliding direction in the particle A and B, 
respectively; (b) Transparticle cracking of Sic. Partick C was broken into 
three parts as indicated by the arrow. 

Fracture and hgmentation of S ic  particles in tbe worn surface of Al- 
Si/SiC composite at a load of 10 kg. Particle A was ktured into five 
parts with microvoids in between the broken parts. 

Longitudinal cross section of the worn surfàce of tbe Al-SüSiC wmposite 
at a load of 5 kg, showing cracks grown between Sic particles. 

Fracture and fragmentation of eutectic Si particles in a transverse cross 
section of the worn sdke of the AI-SiSiC composite at a load of 7 kg. 
(a) Secondary electron image; and (b) backscaîtering electron image. 

TEM profile of tbe longitudinal cross section specimen of HP Al worn 
surfàce, showiug a partial perforation of the thin foil. Zone A, B, C wiii be 
discussed in following figurcs. Sa text for details. 
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Cell structures in tbe worn surikx of the HP Ai at a depth about 100 jun 
fiom tk top surface. (Low magnifcation) Note that the average ceil site 
was about 1.5 to 2 pm. 

Subsurface structures in the worn SUIfâce of the HP Al at a depth less than 
50 pm fiom the top surfàce, showing the cells started to get elongated, and 
that thin and line shaped boundaries formed as indicated by arrows. 

Microbands in the near swfàce of the worn surfkce of the HP Al. Tbe 
thickness of the microbands is about 0.03 pm. The tilting angle is about 
1 O' between (a) and (b). 

Longmidiaal cross section of worn surfàce of Al-Si alloy at a load of 5 kg. 
Zone 1, appmx. 4 to 8 )un iiom the top surface; Zone 2,10 to 20 ~ i m ;  and 
Zone 3 approx. 30 pm. Note tbat voids occur in the MML. 

S u W a c e  microstnictwe of worn surfhce of tbe &Si ailoy (T6) at a load 
of 5 kg. (a) showing tbc elongated substnictures, anâ dislocation structures 
within some su-. (b) Bright field image of dislocations in the 
elongated subgrains at a higher rnagnification. (c) Dark field image of 
dislocations in tbe ebngated subgrains. 

(a) and (b) Extensive matrix flow of elongated subgrains were impeded by 
the presencc of Si particles. 
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Fig. 5-50 Fracture of Si particles m the cross section of the worn sudkce of the AI-Si 
alloy. Note that tbc crack orients towards the sliding direction. 

Fig. 5.51 A crack in the Al matrix is associated with the crack in the Si Particle in 
the subsurface of the worn surfke of the Al-Si dloy. 

Fig. 5.52 h c t w e  of the Si partide kads to aaEturr in tbe matrix in the worn 
surfàce of the Ai-Si alIo y (T6). 

Fig. 5.53 Microvoids were obserwd at the interface between the Si particles and the 
Al matrix. 

Fig. 5.54 Microsauctrirc of the worn swfàce in the cxtreme worn surfàce of the Al- 
Si/SiC composite (as-cm) a! a load of 10 kg. The thin foi1 was prepared 
parailel to the worn nrrface. 

Fig. 5-55 S u M a c e  microstructure changes as a fuirtion of depth below tbe worn 
surface in a longitudinal cross section of tbe Ai composite (as-cast) at a 
load of 5 kg. Note the microstructure transition h m  ebngated subgrams 
to a structure that contains incipient ceils. 

Fig. 5.56 Subsurface microstructure of elongated subgrains in the worn surbce of 
the Al-Si/SiC wmposite (as-fast) at a load of 5 kg. 

Fig. 5.57 Subsurface microstructure in a longitudinal cross section 60 pm klow the 
worn surfâce of the Ai composite (as-crist) at a load of 10 kg. (a) at a low 
magnification (b) high nmgdication. (c) Bright field image that was tiled 
about 5" Erom (b); (d) Weak beam dark field fiom (c). 

Fig. 5.58 Dislocation structures in the subnirface about 60 pm below the wom 
surface of the AI-SiISiC composite (as-cast) at a load of 10 kg. (a) Bright 
field irnage; (b) Weak beam dark field image. B=(101). 

Fig. 5.59 Elongated subgrains and dislocation structures at a deph about 40 pm 
below the worn Surtàcc of the Al-SiISiC composite (as-cast). (a) Bnght 
field image; and (b) Central dark field image. 

Fig. 5.60 Direction of the plastic flow of the matrix with elongated subgrains was 
changed due to the presence of the Sic particle. 

Fig. 5.61 Elongated subgraias w m  imptdad a d  the matrix fbw of the subgrains 
was constraincd due to the prcsmce of the Sic particle in tbe worn &e 
of the Al-SVSIC composite (as-cast) at a load of 10 kg . 



Fig. 5.62 

Fig. 5.63 

Fig. 5.64 

Fig. 5.65 

Fig. 5.66 

Fig. 5.67 

Fig. 5.68 

Fig. 5.69 

Fig. 5.70 

Fig. 5.71 

Fig. 5.72 

Subnvfacc rnicrostructure about 60 -70 pn below tbe wom d c e  of as 
cast Ai-SVSiC composite at a bad of 5 kg. Note that high density 
dislocations w m  tangled and cells started to fonn Coarse precipitates 
were a h  noticed- 

Needle-like piefipitates and dislocation stmchms in the worn surfàce of 
the as cast Al composite at a load of 5 kg. Tbe insert shows two-beam 
condition of the niatrix and electron âifhction pattern of tbe precipitata. 
(a) Bright field; (b) Weak beam dark field. B=[101], g = [TOI]. 

As in Fig. 5.62, needle-Uce precipitates and dislocation ce11 structures in 
the worn Surnrce of tbe as cast Ai composite. (a) Bright field; (b) Weak 
beam dark field. B=[lOl]. 

Subsurface microstructure ai a deptb about 40 pm below the wom surfke 
of the as cast composite, showing coexistence of high density dislocations 
and rod precipitates. B=[101], g=[TTi]. (a) Bright field; (b) Weak beam 
dark field. 

Dislocation structures and the )situ precipitates in the subsurface of the 
wom surface of the as cast composite. B = [1 O 11, g = [I T TI . (a) Bright field; 
(b) Weak beam dark field. 

As in Fig. 5.66, the image was obtained using different g. 

B = [IO 11, g = [T T 11. (a) Bright field; (b) Weak beam dark field. 

As in Fig. 5.66, the thin foil was titled to Zone [112]. B = [i 121, g = [TT11 . 
(a) Bright field; (b) Weak beam dark field. 

As in Fig. 5.66, the thin foil was titled to Zone [101) but with difiérentg. 
B = [I O 11, g = [o~o]  . (a) Bright field; (b) Weak beam dark field. 

As in Fig. 5.66, the thin foi1 was titled to Zone [301]. B = [3ûi],g = [o~o]. 
(a) Bright field; (b) Weak beam dark field. 

As in Fig. 5.66, tbe thin foil was titkd to Zone [100] and dBerentg. 
B = [IOO]. g = [of01 . (a) Bright field; (b) Weak beam dark field. 

AS in Fig. 5.66, the thin foil was titled to Zone [112] but with differentg. 
B = [I 121. g = [220]. (a) Bright fieId; (b) Weak btam dark field. 



Fig. 5.73 

Fig. 5.74 

Fig. 5.75 

Fig. 5.76 

Fig. 5.77 

Fig. 5.78 

Fig. 5.79 

Fig. 5.80 

Fig. 5.81 

Fig. 5.82 

Fig. 5.83 

Disbcation s<nrturrs and the prccipiintes in îhe subsurfàce. Note that 
closely spaced dislocation bop at the interfke baween the matrix and 
the precipitates lying on direction [To il. B = [IO 11.8 = [O%]. (a) Bright 
field; (b) Weak beam dark field. 

Disbcation stnicnires d the precipitates in the subsdke. The foi1 was 
titled to Zone axis [001]. The precipitata showed d - o n  image decorated 
with dislocations. i# = [Ooi]. g = [O%]. 

Precipitaîes with endon images were dccoraîed with dislocation riawork 
The foi1 was titkd to Zone axk [OOl]. ~=[~ôi],g=[oSo]. (b) At a high 
magnificat ion. 

TEM micrograph of a longitudinal cross section of the worn h c e ,  
showing the mechanically mixed lay-) and elongated subsurface 
structure ai a load of 10 kg. The srnall m w  indicates a microvoid 
between aggregata in the MML. 

The ulnafine grained structure in the MML in the loiigitudinal cross 
section of the worn surface of tbe Ai-Si a b y  at 10 kg. Note that the 
uitrafine particles congregated along the plasîic flow in the aggregates. (a) 
At a low ~ i c a t i o n  ; (b) At a high rnagnificatioa 

Mechanically rnixed structures of the uluanne grained aggregates d 
subgrains of the matrix in the MML. Subgrains of the matrix mixed in the 
ultrafine grained aggregates shouid be mted as indicated by arrows. 

The uhranne grained structure in the MML in the longitudinal cross 
section of the worn surface of HP Al at 5 kg. 

EDS analysis of the uhrafine gtained structures in the MML, show@ a 
considerable amount of Fe and Al. 

Microhardness profile as a fiurtion of depth bebw the worn Surface of the 
KP Al and &Si alloy at a load of 5 kg. 

Equivalent Jtraiiis as a hinction of the depth below the worn nirnices of 
tbe A l 4  alby and the Al-Si/SiC composite a! a load of 5 kg. 

Average temperature on tbe worn d e  of tbc Ai composite as a 
fiuiction of sliding time at a load of 10 kg. 



Fig. 5.84 

Fig. 5.85 

Fig. 5.86 

Fig. 5.87 

Chapter Six 

Fig. 6.1 

Fig. 6.2 

Fig. 6.3 

Fig. 6.4 

Fig. 6.5 

Fig 6.6 

Fig. 6.7 

Recrys ta ibd  subgrains in a flake wear debris of the Ai-Si alloy at a bad 
of 10 kg. (a) Bright fieid, and (b) Dark field. 

SubgraUi structures in a fiaice-like Wear debris of the AI-Si alloy. 

Micmhardneu indentation pronle along depth below the worn SUfface in a 
cross section of HP Al at a sliding ioad of 5 kg. The indentaibn was made 
at a load of 15 g. 

Mechanically mked hyer in the worn surface of the HP AI at a sliding 
Ioad of 5 kg. (a) Secondary electron image; (b) backatterhg electron 
image; and (c) X-ray mapping, showhg presence of elementd Fe in the 
MML. 

Opticai micrograph of the transverse cross section of the worn surfàce of 
AI-SilSiC composite at a load of 1 kg7 showing hgmentation of Sic in 
the near surfke. 

An amorphous layer of AI-Si formed in the extreme worn surfhx of Al- 
Si.SiCp composite during the reciprocating sliding wear. 

DBhction patterns of the arnorphous phases (a) and polycrystalline 
phases (b) of very fine grains of Al(Si) in the worn surfàce. 

EDS analysis of the u1tdke graineci structure (a), amorphous (b) and the 
precipitate (c) phases in the near worn surfàce. 

Morphologies of the precipitates within the amorphous layer in the 
longitudinal cross section of the worn nirbice. The tiliing angle of the thin 
foil was about 10. between (a) and (b). Zone A is the amorphous phase, 
and Zone B contains mainly fine crystalline grains. 

Morphologies of the prccipitates within tbe amrpbous layer in the planar 
view specimen of the worn surke, Le., the thin foil was paralie1 to the 
worn surthce. 

Selected area difnaction patterns of the precipitates. (a) Zone [OOl], (b) 
[O 733, (c) Zone [O ï 2  1 , (d) [O 11 and (e) Zone 103 11 . 



Fig. 6.8 

Fig. 6.9 

Fig. 6.10 

Fig. 6.1 1 

Fig. 6.12 

Fig. 6.13 

Fig. 6.14 

Fig. 6.15 

Fig. 6.16 

Convergent bcam electron diffiraction of tbe wne axes [O011 and [of 11 in 
the precipitates. (a) [ûûl] showhg 4mm whok pattern Eymmetry, and (b) 
[O T II showing 2mm who k pattern symmtry. 

(100) stemgraphic projection of tbe precipiteta Difhction patterns in 
Fig. 6.7 are axresponding to the mnes (a)-(e) in the projectioa 
respectively. The internai twining is also shown in tbe projection, Le., 
zones 1-V correspond to zones (a) -(e) in Fig. 6.12. 

Morphology of the i n t e d  twin particle within tbe amorphus layer. (a) 
Bright field, and (b) Dark field. 

TEM micrograph of the amorphous iayer coexisting with the precipitates. 
Note that intemal twining occurred in some of the precipitates as indicated 
by arrows. 

Selected area dfiaction patterns of the twin particles. (a) Zone [T%], (b) 
Zone [Tzz] , (c) Zone [TT i J . (d) Zone [f T 11 and (e) Zone [TT 11 . 

Dislocation structures in the submrhce below the worn surfàce of the 
composite. Note that dislocation loops were formecl as a resul of 
dislocation interactions and movement, such as climbs, in the subsurface. 
Some dislocation loops were about to form as indicated. (a) 
8=pO 11, g=p 1 11, (b) 8=[1 O 11, g+111], (c) B=[1 O 11, g=[111], and (d) Weak 
beam dark field, B = [I 0il.g = (1 1 11 . 

Dislocation structures in the subsurfàce below the worn surfhce of the 
composite at a high magnification. Note that some dislocation loops, as 
indicated, were formed probably on the same slip plane. (a) Bright 
field, B=[i 0 il, g=[li il, and (b) Weak beam dark field, B = [i O 11, g = [i 1 11 . 

Schematic iilustration of dislocation model. Dislocation B suffers severe 
stress. Sorne of the dislocations are driven into motion, and sorne are 
immobile. A local amorphous region occurs behind the rnoving of the 
dislocations and the grain bounQry migration 

Schematic Gibbs h e  energy diagram for a binary system AB regardhg 
formation of an amorphous phase. 



Fig. 7.1 

Fig. 7.2 

Fig. 7.3 

Fig. 7.4 

Fig. 7.5 

Fig. 7.6 

Fig. 7.7 

Fig. 7.8 

Fig. 7.9 

Fig. 7.10 

Schemat ic iliustraîion of the format ions of Wear debris and mechanidly 
mixed layer in the block on ring sliding wear test. 

Wear debris in a form of aggregates comaining fine equiaxed particles 
generaîed h m  of the Ai-Si/SiC sliding against the steel at a load of 1 kg. 
(a) at a low niagnifïcation and (b) at a high magnification. 

A typical morphology of the plate Like Wear debris of the Al-SVSiC sliding 
against tbe steel at a load of 10 kg. 

Typical morphologies of the fine equiaxed particles in the Wear debris 
generated fiom of the HP Al (a), f i S i  d o y  (b) and the ALSVSiC 
composite (c) sliding against the steel at a bad of 3 kg. 

Energy dispersive X-ray analysis of wear debris using SEM-EDS mode. 
(a) EDS spectnim of the debris, showing presence of Fe in the debris; 
(b) Mass percentage of Fe in the debris as a function of the süding b d  

Small flakes in the mixture of fine equiaxed particle debris of the Al- 
Si/SiC composite at a load of 5 kg. EDS analysis showed that the flake 
debris were niainly cornprised of AL (a) At a low nmgnification, and (b) 
At a hi@ -cation. 

A mixture of ultrafine particles and small flakes in the Wear debris of the 
Ai-Si alloy at a load of 5 kg. Note sliding grouvings on the flake &ce. 

Plate debris was preseat and mixeci with the uhranne particles of tbe Al 
alloy at a load of 7 kg. Note the size of the plate debris was larger tban that 
of the Wear flakes at low loads. 

Debris Plates was presmt in the Wear debris of the Ai-Si/SiC composite at 
a load of 7 kg. 

Lamella or striation pattern on the surfàce of the plate like debris of the 
HP Al at a load of 3 kg. (a) At a low magnification (b) Striations 
correspondhg to the marked a r a  in (a) at a higher niagnification The 
spacings are cstimated about I pn Amws indicatc somc famellae 
extruding out of tbe deôris surface. (c) Striations with progressively 
changed spacings. 



Fig. 7.1 1 

Fig. 7.12 

Fig. 7.13 

Fig. 7.14 

Fig. 7.15 

Fig. 7.16 

Fig. 7.17 

Fig. 7.18 

Lamella and striation patterns on tbe surfâce of the plate like debris of tbe 
Al-Si a h y  at a bad of 5 kg. Note that two W s  of iamella structures are 
present, Le., d e f o d  lips or layers with a relative larger and non-uniform 
spacings, and striations uith extremely uniform spacings as shown in (b) 
in detail. (a) At a low magnificatioa (b) At a hi- magnifïcation. 

A typical morphology of the plate like debris of the Al composite at a load 
of 7 kg. Note extensive cracks were present on the surfàce of the Wear 
debris plate. (b) At a high rnsgnification 

A plate like debris of the Al composite at a load of 10 kg. Note fine 
equiaxed particles were present on the nirface and the fkcture noss section 
of the plaîe as iadicated, (b) At a high magdicatioa Some particles were 
embedded in the s u r f e  as marked. 

Ultrafine particles were embedded underneath a d  covered by a smooth 
layer of the Al matrix. The arrow indicates tk area that was viewed at a 
high @fication as in (b). 

A typicai rnorphology of the phte like debris of the HP Al at a load of 5 
kg, showing the presence of ultrafhe particles in the debris. (b) At a high 
magnificat ion 

A plate like debris of the HP Al at a load of 5 kg. Note that uhrafine 
particles were embedded underneath a film of Al on the surfàce of the 
debris plate. (b) X-ray mapping conducted on (a), showing presence of Fe 
element. 

Topographie and compositional contrasts of the ultrafine particles in the 
piate debris of the N-Si  alloy at a load of 10 kg, by using SE mode (a) and 
BE mode (b) in the SEM. The compositional contrast d e d  h m  the 
existence of Fe in the uitrafhe particles. 

Cornparison of plate Wre debris and ultrafine particles regarding the 
presence of Fe and mechanical mixing caused by the sliding wcar. 
(a) A group of wear debris with a presence of a large plate; 
(b) Cross section and surfàce morphobgy of the plate debris, sbowing two 

regions, Le., Region 1, compacted hyer with similar uhranne particles; 
and Region 2, with a hyered structure due ta plastic deformation ïhe 
arrows indicate some particles containhg Fe embedded in the 
s u b d c e ;  

(c) X-ray mapping analysis pedormed on the plate debris corresponding 
to (b), showing clemental distribution of Ai and Fe and S i  



Fig. 7.19 

Fig. 7.20 

Fig. 7.21 

Fig. 7.22 

Fig. 7.23 

Fig. 7.24 

Fig. 7.25 

Fig. 7- 26 

Fig. 7.27 

Fig. 7.28 

XRD analyses of wear debris at a variety of sliding bads and of the 
original Al alloy before Wear. Tbe straight arrow mdicates a peak shifiing 
away fiom that of the a-Al and comesponding to the FeAl phases. The 
curved arrows point to an aluminurn oxide pbase formed at high loads. 
Note thaî these oxide peaks are away h m  those of Si phases. 

Comparison of XRD analyses of the Wear debris of the HP Al in an Ar 
atmosphere and the AI-Si alloy in the ambient condition The bottom 
shows tbe standard XRD spectra (JCPDS) for Mirent phases. 

Muence of dissohrtion of Fe and Si into the a-Al solid solution in tbe 
debris on thc lanice parameta of the soiid solution as a iùnction of siiding 
bad- 

XRD analyses of the wear debris of the AI-Si/SiC at loads of 10 kg (a) and 
0.5 kg (b) in the ambient condition. The bottom shows the standard XRD 
spectra (JCPDS) for different phases. 

TEM morphology of Wear debris of the Ai-Si alioy at a load of 5 kg, 
showing the aggregates with ultrafine grained -es, (a) and (b). The 
insert is an elecvon dfiaction pattern of the aggregates. (c) EDS analysis 
of the Wear debris cocfesponding to (a) and (b), showing the presence of 
Fe. 

TEM rnicrographs of wear debris of the Al-Si d o y  at a load of 10 kg. 
(a) An aggregate at a low magnification. 
(b) Nanocrystaiiine structures within k aggregate at a high 

magnification. 

TEM micrographs of Wear debris of Ai-Si alloy at a load of 15 kg, 
sho wing nanocrystalline stmctures of a mixture of FeAl and A1203. (a) At 
a low niagnifïcation (b) At a high magnification The amws show sub 
boundary ôetween regions with dflerent orientations of the lamella 
structures. 

EDS analysis o f  the Wear debris in Fig. 7.25, showing a considerable amount of  
Ai, Fe and oxygen in the aggregate debris. 

Electron Difliaction patterns of  Wear debris at high loads, cmrcsponding to Figs 
7.24 and 7.25. (c) Schemtic illustration and indices of the difiaction pattcnis. 

Partial amorphimion of  Wear debris in the aggregates. The irtsert shows the 
electron difiaction o f  the partial amorphization in the debris. 



Fig. 7.29 

Fig. 7.30 

Fig. 7.31 

Fig. 7.32 

Fig. 7.33 

Fig. 7.34 

Fig. 7.35 

Fig. 7.36 

Fig. 7.37 

Fig. 7.38 

Fig. 7.39 

Eutectic Si particle in the w a r  debris of the AI alloys. Note that the particle size 
was snralla as comparad to that in the original mtaials.  

A Si partick was intcrmixed in the ultrafine grained aggregatcs in the Wear 
debris of the AI alloys. (a) Bright field image, (b) Dark field image. The insat 
shows the elactron difüaction patterns of the Si. 

Fragmentcd Si particles in a very small s u e  were intemixed in the u h r a h  
grahed aggregates in the Wear debris of the Al alloys. Note that the Si particles 
were fmced to orient the plastic flow in ihe uttrafïnc graimd structure. 

A mixture of uitrafine grained aggregatcs and plate like Wear debris of the HP Al. 
(a) Bright field image; (b) Electron difitaction patterns; (c) EDS conducted on 
the ultrafine graïned aggrcgaks; (d) EDS aducted on the plate debris. 

Müssbauer spectnim of the Wear debris of the HP Al sliding against the stcel ring 
at a Ioad of 5 kg. The experimental data (dottd patterns) are fit in solid lines 
using least square method. The velocities are relative to a-iron 

Typical Masbauer spectra of the phases in the binary alloy of AI-Fe. 

Masbauer spectrum of the Wear debrk of the AI-Si aHoy sliding against the steel 
ring at a load of 12 kg. The experimental data (dotted patterns) are fit in solid 
lines using least square met hod. The velocities are relative to a-uon. 

Schematic illustration of the repeated contact and cyclic loading condition of the 
asperities. (a) Asperity A is loaded, (b) Asperity B is loaded while aspaity A 
plastically deformed. 

Extension and devebpment of shear induceci fàtigue (Mode ïI) hto  
tension fatigue (Mode I) as a resuh of disturbance of secodary particles in 
the subsurface of the wom surfkce. 

Interaction of asperities between the sliding surfirces in a dry Wear of 
materiais containing secodary or reinforcing particles. 
(a) The actuai contaas are individual asperities including protubenuice of 

the stcondary or reinforcing particles; 
(b) Adhesive detachment, hgmentation and microchipping ocfur due to 

the fiirtbcr sliding d e r  the nonnal bad; 
(c) F&r fbgrnentation and mechanical mixing d e r  a beavy stress in 

association with fictional heating. See text for daails. 

Atomic Model of ihe mechanical mixing during the sliding wau. (a) At r high 
l ad ,  remangement of surfàce atoms because of ùitimite cohtact; (b) Mutual 
d i f i i o n  in the interface as rcsult of increascd defaets and fictional heatinn. 
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CHAPTER ONE INTRODUCTION 

Friction and wear of materials are subjects with a long history accompanying the 

civilization of human beings and of practical significance in modem industries. These 

subjects can be dated back to ancient times when man learned to use fnctional heating to 

start cooking fire, and learned to machine twls from stones. There are evidences chat 

early man used stones as Wear  resistant materials in the Neolithic period. In modern 

society, friction and Wear of materials are still very important engineering issues that can 

be found in many industrial applications as well as ordinary life. For exarnple. pistons 

and liners in engines. shah ,  bearings and brakes in automobiles and aircraft are subject 

to friction and Wear. Research on these subjects has been conducted not only from 

mechanical and chernical viwpoints, but also from a materials science and engineering 

point of view. Especially, in the last decade, many new materials have been developed 

for rribological applications[l], which has only been possible due to the research on Wear 

of materials using modem analysis methods and techniques. 

Wear is a complex surfacelinterface process in which several physical and 

chemical events take place depending on materials, tribological conditions such as 

different testing geometry, sliding load and speed sliding as well as the environment etc. 

The conditions of sliding Wear, especiaily in dry (unlubricated) States, produce large 

plastic strain near the wom surface. Not only does the material removal may occur on 

both the W e a r  surface and the counterface, but large subsurface strains and plastic 

deformation gradients can also be generated in the subsurface below the wom surfaces[l, 

2, 41. The high shear and compressive stress in association with frictional heating during 

Wear  processes, could induce several events in the worn surface and subsurface, such as 

work hardening[2], recrystallization(static or dynamic)[3, 41, mechanical twinning[5], 



deformation texture(61, strain-induced phase transformation[7]. Since two or three sliding 

componenü are involved in a sliding system, a mutual transfer and mechanical rnixing of 

materials from the counterparts are often observed in the wom surface[8]. Once the 

transfer occurs and mechanically mixed layer is formed, Wear khavior of the material is 

altered due to the distinct features of the mixed laya as compared to the onginai material. 

Therefore, problerns associated with friction and Wear are complicated. and many of them 

are still open to investigations with respect to a deep understanding of Wear mechanisrns 

of materi als, especiall y from a metallurgical point of view . 

Recently. more attention has been paid to Wear of multiphase materials. 

Especially, Wear of particulate reinforced aluminum metal matrix composites (MMCs) 

has been studied by numerous researchersj9-301 since MMCs are considered for several 

tribological applications in the aerospace, aircraft[9, 3 11 and, in particular the automotive 

indusuies[32]. nie  high strength-to-weight-ratio of aluminum based MMCs makes it an 

attractive replacement for steels in various engine components; this, in tum, can result in 

an improved engïne efficiency and a reduction of noise and friction. It has been an 

opportunity and a challenge that metal matrix composites will be gradually introduced 

into high volume automobile production[32]. Potential automotive applications mainly 

include engine blocks and cyiinder liners, connecting rod and piston, brake rotors, gears 

and valves, and even drive shaft. In these applications, Wear resistance of the components 

is a major requirement. 

Wear phenomenon and Wear mechanisrns involved in the Wear process could be 

further complicated for multiphase materials owing to the addition of secondary particles. 

Under certain conditions (load, siiding velocity etc.), Wear of a metal matrix composite 

can be treated as three-body abrasive system (the MMC, sliding counterface and the 

fiagrnented particles) as the hard particles are forced away from the matrix and get settîed 



in the Wear track during Wear. There b v e  k e n  a number of investigations and revKws[9- 

121 conceming the Wear behavior of MMCs in which an impoved Wear mistance has 

k e n  reported. However, Wear mechanisms of these muhiphase materials are stiU king 

investigated due to complications resuhing h m  the addition of the reuiforcing phases, 

especially on microstructurai featwes of the top wom surfafes and microsmicniral 

evolutions along the depth bebw the worn siirt8ces. In Al alloys and Al based mctal 

matrix composites, for enample, formation of a rnechanically mixed layer (MML) is 

generally found, which is reporteci to be comprised of materials fiom the sliding surface 

and the counterpari[l3, 22, 231. However, microstrumiral characteristics and formation 

mechanisrns still remain open to investigation and discussion Depending on different 

experimental conditions under which Wear tests were oonducteû, there are dflerences of 

the format ion mec hanism of the MML between dBerent observations. Some researc hers 

reported that the mixed layer was mainly comprised of oxides[l3], and others found little 

or no oxide in the mixed layer[34]. Clearly, there are a number of important issues that 

need to be addressed in a greater detail. 

The present investigation was camed oui with a primary objective of a deeper 

understanding of Wear of muhiphase Al alloys in temis of their microstmctural 

characteristics. In particular, Wear of an Al based MMC and its base alloy, in which 

second phases and cerarnic reinforcements are present, was targeted for an extensive 

investigation. In order to understand Wear rnechanisms of these materials and the 

influence of reinforcements and second phases on tbeir Wear behavior, a high purity Al 

was also chosen in the present study. In conjunction with the study on the Wear behavior 

of these materials under dry sliding Wear conditions, microstnictd characteritation of 

the wom surfaces and wcar debris were mainly investigated by using Scanning Electron 

Microscopy(SEM), Transmission Ekctron MicroscopflTEM), and X-ray 

DifEaction(XRi3) and other physical and metallurgid methods. 



The dkr ta t ion  is divided into eight chapters. In Chapter Two, the relevant 

literature is reviewed which is foiiowed by a description of the scope of present research 

in Chapter Three. The materials and experhental procedures and techniques involved in 

this nudy are provided in Chapter Four. The Wear behavior and microstructural 

characterization of the wom surfaces are presented and discussed in Chapter Five. Since 

an amorphous structure coexisting with certain precipitates was found in the worn nvface 

in a reciprocating sliding Wear system, a separate chapter (Chapter Six) is dedicated to 

d iscuss the amorphizat ion and crystallographic c haracteristics of the precipitates. Chapter 

Seven focuses on the microstructural characterization of the Wear debris with resuhs h m  

SEM, XRD and TEM as well as M6ssbauer spectroscopy. Finally, a comprehensive 

surnmary of the dissertation is given in Chapter Eight followed by recommended fbture 

work in Chapter Nine. 



CHAPTER TWO LITERATURE REVIEW 

2.1 WEAR 

2.1.1 Definition and Mechanisnis of Wear 

A general definition of Wear is damage to a solid surface when the surface moves 

relative to a contacting counterface. Wear process generally involves progressive loss of 

rnaterials from at least one of the contacting components and loose Wear debns may be 

generated. Wear process can also take place without removal of rnaterials, and only 

material displacement and plastic deformation occur in the surface and subsurface during 

the Wear process accompanying some changes in shape andor properties[ 11. The latter 

could also induce damage to solid surfaces. However, the definition of Wear in tenns of 

loss of matenal has been emphasized in most of the Wear studiesU31. 

Engineering surfaces are far from being perfectly smooth when observed under a 

microscope. They actually consist of peaks and valleys. as shown in Fig. 2.1. When two 

soiid surfaces are brought into contact under a load, the mie contact area is initially at 

three or more peaks, which are referred to as individual asperities. Subjected to a load. 

the contacting asperities defonn plastically, and this resu1t.s in more contact spots to 

appear. Brought to relative motion. surface darnage resulting from the friction and Wear 

events wi I l  start from the contacting asperi ties. 



Fig. 2. 1 shsaatic iIIustratim of cn&ssing d c e  of mcîallic mata-ials cn a 
m iuosc~pic sciale. 

It is common to ckssify types of wear in ternis of dinmnt relative motions such 

as stiding Wear, rolling Wear, impact wear and Iubricated/dubricated(dry) Wear and so 

forth. ïhese processes could act on the surfaces in the relative motion either 

independently or cooperaîively; for example, abrasion in a corrosive mdium. îhmfore, 

Wear mechanisms, which are responsible for rnaterial removals, Le., Wear processes, 

could be different under different conditions. To date, niany Wear mechanisms have been 

proposed to address the Wear phenornenon, and it seerns a h s t  impossible that a single 

Wear mec hanism can be expected to be responsible for Wear of materials 

The most common Wear mechanisms are listed in Fig. 2.2. It can be seen that a 

Wear mechanism is generally buih on phenomenological observations. These 

observations include measurernent of Wear rate, topographical informat ion and 

subsurfàce khavior as weii as Wear debris generation Wing[34] introduced the 

simplest classification of Wear into mild Wear and severe Wear based on numerical 

analysis of Wear rate. Mild Wear is generaliy associated whh low loads where the Wear 

debris consists of fine particles. At higher loads, severe Wear occurs and the Wear debris 

is of a much larger site, the wom sudàces are much roughcr and the Wear rate changes by 

several orders of magnitude. This chssitication of miId and severe Wear was proposed by 
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Archard and Hirst [35] on the basis of w e a  debris size. In mctaiiic materials the two 

types of Wear regimes can rapidly transit corn one to mther as tbe load is increased, as 

shown in Fig. 2.3. 

Samuels et al [37] summarized sliding wear mechanisms based on insights 

O btained fiom the morpbologic obsemt ion of wear debris m v e r e d  fiom a sliding Wear 

systern The adhesion theory of wear, initiaiiy proposed by ArchardD8, 391, has k e n  

widely accepted as a basis for understanding sliding wear phemmena. The approach is 

based on the concept of the above mentioned small contact asperities, Le., actuai removal 

of materials can occur only at a very s d l  fiaction of the asperity con*at as piastically 

deformed asperities adhere to each other, as shown in Fig. 2.4 (a). Subjected to a high 

pressure resulting fiom the load, the contacting asperities are plastically deforrned until 

the areas of contact are large enough to support the load. Large shear forces accumulate 

at the localized are* so that fbctwe in one of the materials occurs and a -ment is 

removed and transfmed to the other. 

The abrasive Wear is usually involved with a third body such as an embedded 

abrasive particle between the contacting d a c e  or hard protubrances that are forced 

against and move along the sliding surface. Several mechanisms can be responsible for 

the surfàce damage, including plowing, cutting, microcracking, micro fbt igue and wedge 

formation[37] during abrasive wear. Fig. 2.4 (b) sbows two possible modes of the 

damage caused by abrasive Wear. 



Fig. 2. 4 (a) Sdiernaîic illustration of the classicaI adhaion mechanism of sliding wear. 
(b) Schematic illustratim of adhesive mechanism of sliding Wear, showing two possible 

modes of interaction between a hard aspaity (an embedded abrasive particle) and a 
second surîàce. 

In a sliding motion, most of the work done against fiction is turned into kat  

resuit ing in a temperature nse on the surface. Oxidation may be observed in the sliding 

surface. and a possible mechanism of oxidation Wear may result fiom the repeated 

formation and rernoval of a surfàce oxide film, as demonstrated in Fig. 2.5 (a). Quinn 

[40] has developed an oxidation theory of mild Wear for dry sliding of steels, in which a 

film of oxide is formed on a sliding asperity and the oxide witl be removed when it 

reaches to a critical thickness and becomes mechanically unstable. It is believed that in 

many cases tribological oxidation could reduce the Wear rate compared to the running in 

Wear stage [40]. This theory is valid only for the case where oxidation is the dominant 

mechanism, such as at a very high load and a high sliding speed. 



Fig. 2.5 (a) Schematic illustration of a possible oxidation wear in wtiich a surfàœ oxide film is 
formed and detached under the sliding coriditions. 

(b) Schematic illustratiai of delaminaticm Wear showing various stages invotved, such 
as plastic deformation, subsurface crack nucleatim and the eventual delamination. 

It is also quite common that plate like Wear debris is observed in a sliding Wear 

system. This type of wear particle or debris has been the basis for the delamination theory 

of wear developed by Suhl4 11 and coworkers[42]. According to the delamination theory. 

normal and tangentid forces are tüst transmitted through the contacting asperities, and a 

large plastic shear strain açcumulates in the s u M a c e .  Cracks are then nucleated which 

grow and propagate nearly parallel to the sliding surface, as shown in Fig. 2.5 (b). As a 

result. loose plate-like particles are generated. The theory has described one of the 

important aspects of Wear debris formation and Wear rnechanisms involved, but it is still 



iirnited since this mode1 neglects the existence of transfer of materials between the two 

contacting surfaces and rnicrostnictural changes occumng in the worn surface. Actually, 

other mechanisms have demonstrated that plate-like Wear debris may be generated by 

entirely different mechanisms. Kayaba and Kato[43] suggested that a plastic deformation 

zone develops early in the interaction between two asperities and that shear displacement 

occurs in subsurface generating a shear tongue. When a crack eventually develops at the 

root of the tongue, a fragment consisting of a series of plates detaches from the surface, 

and individual debns subsquently is generated. 

Lim and Ashby[44] proposed Wear  mechanism maps which show the Wear rate 

and the dominant Wear regimes including delamination, mild and severe oxidation, 

melting and seizure Wear, in dry sliding Wear system of steels. The diagram can be 

constnicted empincally (Le., from experimental data alone) and by modeling(by 

theoretical analysis calibrated to experiments). They obtained the Wear rate mechanism 

map for a steel by using the oxidation wear theory together with thermal analysis of 

sliding contact, as shown in Fig. 2.6. 

In this map, contours of constant normalized W e a r  rates are superimposed on 

fields showing the regimes of dominances of different Wear  mechanisrns. There are 

discontinuities in the contours where they cross the field boundaries into the regimes of 

severe oxidation Wear and rnelting Wear. The Wear rates given in parentheses are the 

values when mild Wear takes place and the shaded area indicates a transition between 

mild and severe Wear. 
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Fig. 2.6 The vear nrchanisms map for a steel sliding pair using a pinondisk configuration. 
mer [44]. 

2.1.2 Stress distribution and frictional henting 

As mentioned above, many variables are involved in the Wear system These 

variables include: 1) extrinsic factors. such as test geometry(configuration). nonnal load, 

sliding speed and sliding distance, 2) inûïnsic factors such as material properties, 

microstructures and composition. These factors lead to two main phenornena narnely, a 

complex stress conditions and friction-induced temperature rise in the near surface and 

subsurface. Since they influence crack nucleation and propagation and are criticai to 

microstructural evolution dunng the Wear process. these factors play vital roles in 

determining Wear behavior and mechanisms. 
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2.1.2.1 Temperature at the siiding contact 

It is well known that most of work done against friction is converted into k a t  

during the sliding motion between two soiid surfaces, thus resulting in rise of temperature 

at the contact. Generally speaiung. the higher the süding speed the higher the surface 

temperature. The resulting nse in temperature may influence microstructure of the siiding 

surfaces and modify their mechanical properties, and at a higher speed it rnay cause them 

to oxidize or even melt[44]. As a result, the W e a r  rate and Wear mechanisms would be 

significantly influenced by the temperature rise. 

Many attempts have been made to estimate the surface temperature created by 

frictional heating[44-47]. Basically, the frictional heat is generated at tiny contact area. 

Le., asperities. which make up the tnie area of contact at the sliding surface[44]. The 

i nstan taneous temperature of those contact spots, i .e.. flash temperature is obviously 

higher than the average bulk temperature of the surface based on the consideration that 

the contact spots are plane source of heat and the frictional heat is conducted into bulk 

surface[48]. However, it is difficult to estimate the number and size of the contact 

asperities during the dynamical Wear process, especially for plastically deforrned contact 

spots. and the flash temperature cannot be aven accurately 1471, and sometimes the 

estimatecl temperatures are considerably higher than the rneasured values. 

Many investigations have discussed the influence of the frictionai heating on the 

W e a r  rates and Wear mechanisms[39, 44, 491. Hirst and Lancaster[49] studied Wear rates 



of bras as a function of sliding speed in a pin and ring apparatus in which the mean 

temperature of the pin was deliberately altered, Le., it was increased by insulating it 

themally from its holder and decreased by water cooling. As shown in Fig. 2.7, when the 

pin was cooled (curve B) the Wear rate continuously decreased with speed. This was 

different from that with the metal holder (curve A) which showed an increase in Wear rate 

at high loads (> 1 0 0  cmk). On the other hand, thermal insulation on the pin caused the 

Wear rate to increase earlier (curve C). It appears that the tendency of the Wear rate to 

decrease with speed is limited by the attainment of a critical temperature, rather than a 

critical speed. By analyzing the mean temperature of the surface of the brass pin and the 

flash temperature attained at the region of true contact, they concluded that the flash 

temperature had no discernible influence on the Wear rate- The increase in the Wear rate at 

high speeds was amibuted to softening of the bras  surface as a whole. 

Quinn and coworkers [45, 48, 501 have extensively studied frictional heating and 

its influence on sliding Wear and developed an oxidation theory of Wear. ïhey proposed 

that the frictional heat flux generated at the real areas of contact are divided so that part 

of the heat flows into one specimen while the remainder flows into the second specimen. 

This raises the temperahire of the contacting surface and, if the heat flux and the 

temperature is sufficiently great, the metal of the contacting asperities undergoes 

oxidation, so that an oxide film occurs on the contacting surface. î h e  oxide film thickens 

until, at a critical thickness, it spalls off, amibuting to the formation of Wear debris. 

Based on this assumption and with convincing evidence of Wear  of steels, Quinn has 

proposed the theoretical Wear rate in terms of his oxidation theory: 



where 

w: Wear rate 

L: Load 

V: Sliding speed 

f: Mass &action of oxygen in the oxide 

4: Oxide film thickness 

p,, : Density of the oxide 

A,: Arrhenius constant of the oxidation 

Q,: Activation energy of the oxidation 

T,  : Temperature at the contact. 

P: Hardness of metal 

Lirn and Ashby[44] hter developed rewed equations for buik and flash 

temperatures with a consideraiion of correction of the number of the contact asperities. 

They calcdated the heat flow and temperatures based on an assumption that the unit area 

of the asperity was constant a d  the reai area of coritact changed by changing the number 

of contacting points dependent upon the load. The calculated values were dibrated 

against the expsimental data, and a temperature map was developed giving a reasonable 



picture of the temperahires tbat appear in a steel pin sliding on a a d  disk during dry 

Wear test, as shown in Fig. 2.8. 

In terms of an increase in temperature in a Wear surfàce, Lim and Ashby[44] 

discussed various Wear mechanisms, especidy oxidat ion dominated Wear m e c k m s  of 

steels. When steel surfaces slide at speeds below about 1.0 d s ,  the Wear debris is largely 

metaliic and surfice M i n g  is negligible. Tbe Wear failure is mainly caused by plastic 

deformation. Above 1.0 m/s, the debris consists mainly of iron oxides. A velocity of 1.0 

m/s is just sufficient to give flash temperature which wiil cause oxidation. At speeds in 

the range of f .O m/s < Vc 10 d s ,  flash temperatures are enough to cause local oxidation, 

and the oxide film is thin and brittle. In this Wear regime, it was reporteci that niartensite 

transformation occurred when a hot aspenty lost contact with the counterface and was 

quenched by conduction of k a t  into the underlying bulk. At higher speed(> 10 mk), 

surface oxidation becomes more severe, and the oxide film ùecomes thicker and 

continuous, covering the entire surface. 

Ashby et al [5 11 later modified their previous mode1 of surface temperature 

generated d h g  sliding Wear. Considering a sliding Wear system at a normal Ioad F, 

sliding speed v, the coefficient of nict ion p at a sliding tirne t. The heat Q, generated at 

the sliding contact per unit siïding time can be written as 



Fig. 2.7 
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Variation of wcar rate and surface temperature with spœd for thermally insulated and 
cooled pins. Tbe solid hm, wear rate; the dash l k ,  surface temperature. Line A and line 
D, metal pin-holder, line B and liat E, water-cookd pin-holda; iine C d iine F, 
thermally insulated pin-holder. After[49]. 
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Fig. 2.8 nic temperature map for a steel in r p i n - o a d ~ ~  configuration. mer [441. 



Assuming tbat the fictional heat is injected imiformly through a n o d  contact 

area A,, the average W a c e  temperature T, can be written as 

where T, is the temperature of a point away from the contac? surface to whkh heat 

flows, i.e., a k a t  sink; ks and kc are the thermal conductivities of the sample anci the 

counterpart material respectively; 2, and Z, are the equivalent heat difhision distances 

mainly dependent on the t b e d  properties of the sliding contact materials as defmed in 

[5 1 1. The local flash temperature of contact asperities If, can be est imated, assuming that 

the &ict ional heat is injected only at the asperrity contact area A,, 

where T,' is the sink temperature, Z# and Zd are the equivalent diffusion distances 

considering "real" contact asperities for flash temperature estimation. Zhang and Alpas 

[St] have successfully applied this method to their sliding system of 6061 Al alloy 

against SAE 52100 steel. They found that the measured values were in good agreement 

with the calculated ones using the above estimation method of  buk temperature. 



2.1.2.2 Strain distribution and defonnation structures in the worn surface 

The conditions of sliding Wear, especially in dry(un1ubncated) state, produce large 

plastic strains at and near the Wear surface. Not only does the material removal occur on 

both the Wear surface and the counterface, but large subsurface strains and plastic 

deformations can also be generated near the worn surfaces[l, 2, 53-56]. Several 

researchers have emphasized the contribution of surface strains and plastic deformation 

to wear, either developing and modifying[53] or challenging[57] the adhesive theory. 

Moore and Douthwaite[53] studied the worn surface focusing on large plastic strains 

observed at considerable distances from the Wear surface, and they suggested that 

because of strain hardening, an extensive region below the worn surface was also 

deformed plastically and a large part of the energy expended in the sliding Wear might be 

expected to be absorbed by the plastic deformation. Many investigations [2, 3, 13, 17,53, 

551 have discussed plastic shear strain as a function of depth in the worn surface in a 

number of ways, such as measurement of deviation of plastic flow from being normal to 

the worn surface by using a marker technique[53, 551, and microhardness depth profile 

obtained on the cross section of the worn surface. 

With respect to the plastic deformation, the worn surface can be generally 

considered to be cornposed of different regions as shown in Fig. 2.9. In addition to a 

mechanically mixed layer that is located on very top worn surface, plastic deformation 

regions in the near surface c m  be described as huo subregions, namely 1) a very highly 

defonned structure which has a strong shear gradient and very fine rnicrostnicture, and 2) 



plastic deformed region wherein bulk piastic deformation occurs. The depth of 

deformation can be determined experimentally h m  the longitudinal cross section For 

example, Moore and Douîhwaite~3] observed bending of alternaîive layers of two 

different metais subjected to unidirectiooal sliding and measured the high strain and 

micro hardness at points below tbe wom surfke, as shown in Fig. 2.1 0. 

Based on measurements of the displacement of subsurfàce, the strain distribution 

below the wom surfàce couid be rneasured as propsed in [53]. Their mthod is 

summarized as follows. As shown in Fig. 2.11, the flow lines are initially normal to the 

wom surf'ace and progressively bend towards the sliding direction as a result of shear 

Sliding Direction - 

Fig. 2.9 Sdanaîic iiiuscrstion of a ~aigitwünai QOSS section of a w m  sipface. me sut>sutface 
are divided into different zones or layers. nie cuwed lines indicate strains below the 
surface. 



Fig. 2.10 Typiul sections normai to the worn surface uiing laminate smicnire as a marker. (a) mer 
trepanning, showing a higô nacurai sbain as compared wiîh (b); (b) after abrasion. After[53]. 



deformation. ï be  flow lines approach alrnost parallel to the worn surface in the near 

surface. The equivalent plastic strain, E, at any given depth 2, can be estimated by 

measuring the shear angle of the flow line to the w d  a d  using the following 

equat ion: 

This method has k n  used in dflerent sliding wear systems by different 

researchers. for example, copper sliding against a steel by Alpas et d[58] and aluminum 

alloys against steels by Venkataraman and Sundararajan[l3]. A strain distribution in the 

subsurface could be described using the above method, and the accuracy o f  masurement 

in the very near s u r f h  can be reduced due to the presence of mechanical transfer and 

mixing or oxidation in the near worn surface. 

Top n o m  sorf'ace 

Fig. 2. 11 iiiustraiion ofcaicuiation o f a u t  sain ~ C I O W  

the worn surface using flow line:.. 



Rigney and Hirth[55] proposed a simple mode1 to consider plastic deformation in 

a steady state sliding Wear. They used a typical stress-main curve together with a series 

of successive strain profiles to r~tiooaüze their modeî, as shown in Fig. 2.1 1. Region A 

would be associated with Stage 1 of the stress-strain curve, and region B with Stage 11 in 

which work hardening is dominant. Region C would correspond to stage El, in which 

dynamic recovery is important, and work hardening is then balanced by recovery and ceil 

structure format ion- 

Strain Strain Strain 

Fig. 2.12 Strain profiles m a laigitudinal uoss section M o w  a wcar surface at succcsrive t ima 
during siding. Regions A, B, and C mesporid to Stage 1, Stage Il  and Stage IR in a 
stress-simin curve rcoading to the wœk hardening t)ieay. A A a [ 5 5 ] .  

In recent years, s o m  important deveiopments in the understanding of 

deformation structures and work bardenhg effects in the wom nirface have been possible 

t hrough the utilization of transmission electron microscopy and other çophist icated 

techniques[59]. O h m  et al[60] studied deformation structures of the wear surface in a 

single crystal of copper subjected to a single pass sliding. By choosiag difFerent sliding 

surfaces and sliding directions which corresponded to primary crystallographic planes 



and directions in the FCC structure, they found that the deformation ce11 structwes were 

sirnilar to that of copper subjected to a tensile deformation at Stage II or Stage m. The 

dislocation density below the Wear surface was exîremely high and the formation of the 

ce11 stnicture was predorninant, and as the depth from the surface increased, the ce11 size 

and the misonentation between the cells became large. Sirnilar deformation structures 

were also observed by Rigney et a1[56] and Heilmann et al [61]. They characterized the 

deformation and dislocation substnictures formed at large strains during Wear of copper. 

They subdivided the plastically deformed material into different layers. The fwst layer 

was the furthest away from the top worn surface, and the structure in the fust layer 

consisted mainly of equiaxed cells bounded by relatively wide ce11 walls. The cells 

themselves contained dislocation networks and the ce11 structure at this depth was less 

well defined. Closer to the surface, the ce11 walls were sharper and the cells were 

elongated parallel to the sidling direction. Near the top surface, the walls were quite sharp 

and elongated subgrains were formed. The cells and subgrains decreased in size as the 

strain increased. These observations are very similar to those found in cold-rolled 

materials[62], and drawn wires 1631. 

in tems of the stacking fault energy(SFE), Samuels et al [37]summarized two 

general characteristics of the deformation smicture in the Wear surface of copper and 

bras. as schematically shown in Fig. 2.12 . In a metal with medium or high SFE, for 

example Cu[60, 611, relaxation to form ce11 structure occurs, and cells and microbands or 

shearbands are the dominant features in the wom surface, while in materials with low 

S E .  for examples 70-30 brass[64] and stainless steel[6]. dislocations, stacking faults and 



deformation twins are typical characteristics of the wom surface. 

Several researchers have dealt with recovery and recrystalization in the deformed 

layer in Wear surface[3,4,6,]. Dautzenberg[3] provided a good evidence for the presence 

of recystalized grains in the sliding surface of polycrystalline copper and single crystal 

copper. He observed fine equiaxed and highly elongated grains in longitudinal cross 

section by using TEM. and suggested that the equiaxed grains and possibly the elongated 

grains were recrystalized as difference in dislocations and texture were obvious in the 

deformation structure. ïhey thought the process was not static recrystallization but 

dynamic recrystallization which occurred many times during the deformation process, 

even though the process temperature was relatively low, and the large amount of 

deformation lowered the dynamic recrytallization temperature. 

Kou and Rigney[4] also observed recrystallization phenornenon in sliding Wear of 

Al and Al alloys, in addition to the observation of shear bands similar to miaobands. 

However, it was controversial to determine whether it was static or dynamic process, 

They observed well developed subgrains and dislocation structures within the subgrains 

as well as high angle boundaries which might be the evidence of dynamical 

recrystallization. On the other hand, they doubted that the static recrystallization would 

occur very quickly if an aluminum specimen was kept at the hot-working temperature 

after hot working had stopped. Consequently, they concluded thai it was diff~cult to 

determine whether the recrystaflization occurred during dynamic (sliding) or static 

process(soon after or after the sliding). Recently, Singh and Alpas[65] and Zhang and 
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Alpas[52] provided metallographic evidence for dynamic recrystallization occumng 

along subsurface strain gradients dunng the severe Wear of Al alloys at an elevated test 

temperature (350° C). They observed that the subgrains were elonpted in the direction of 

a strain gradient and had an aspect ration of 2 to 4. 

2.1.3. Transfer and mechanical m h h g  of materials 

Transfer of materials from one sliding surface to another occurs in a sliding 

system either in lubricated or unlubricated conditions. A nurnber of investigations have 

dealt with the mechanically mixed or alloyed layer generated by sliding Wear in the 

extreme Wear surface [66-691. Since the mixed layer is located on the top surface and 

may directly contribute to the formation of Wear debris, it is important to understand the 

formation mechanisrns and characteristics of mixing Iayers. 

Kemdge and Lancaster[69] systematically studied the transfer of materials in a 

Wear system of brasshard metal(Stellite, grade 20) using pin on ring experiment at a 

sliding speed of 4.5 cm/s with a varied of sliding loads. They concluded that Wear of the 

brass pin on the stellite ring is a multi-stage process beginning with transfer of bras to 

the surface of the ring. Further transfer then occurs preferentially to the ring and a film of 

b r a s  is formed on the ring, and portions of this film are finally detached as discrete 

particles. An equilibrium is established in which transfer rate is equal to pin Wear rate. 

and al1 Wear debris are generated from the transfer layer instead of directly from the pin. 
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Fig. 2.13 Schematic iiiustrations of the suuctures of worn surfaces of m e u s  whh different stacking 
fault energies(SFE). (a) High SFE; (b) h w  SFE. Aftcr (37). 



The transfer and mechanical mixing of materials fkom the sliding bodies have 

been funher obsewed and studied by Sasada[66] and Rigney et d[67J and coworkers[70, 

7 1 ]for a variety of sliding systems using SEM and EDS techniques. The -fer patches 

surface layers were developed through accumulation and mixing of small 'ctraosfer 

elements" as defined by Sasada 1661 and loose debris particles were generated nom the 

tram fer rnaterial as observed in dry sliding Wear systems of Cu-Ni, Cu-Zn using a p h n -  

disk geornetry. They noted that tbe Wear debris and tbe mixed surface kyers had the same 

ultrafine structure, the same average composition, and the same mixture of phases in a 

pin-on-disk sliding test of different testing materials such as copper, commercial ken, 

nickel etc., at a constant load of 0.78N, dflerent sliding speeds of 6.9 mm/s and 13.8 

mmk Heiirnann et al [70] studied Wear systems of Niœ40wt.%Cu block südhg against a 

440C stainless steel ring using a biock-on-ring geornetry at a load of 200 N, sliding 

speed 5 c d s .  They found that transfer layers begin to develop at a very early stage, even 

before loose Wear debris can be detected. Their observation is consistent with the early 

fmdhgs by Kerridge and Lancaster[69] which suggest that, when a transfer takes place, 

only a few contacting points are involved and the early asperities give rise to the m a i l  

"trans fer elements". The y a h  studied microstructural characteristic of the transfer layer 

using TEM. It was observed that a very fine structure formed in the transfer layer in a 

syaem of copper sliding against steel. Botb iron and chromium were detected in the fine 

structure region. They also noted that the amount of transfer rnaterial varied considerably 

with depth below th surfàce. Moreover, their resuhs showed negiigible inteidifnision, 

either between the very small grains in the traiisfer layer or between the tramfcr iayer and 

the base materials It is interesthg to note that the transfer iayer consists of an intimate 
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mechanical mixture of ultrafine crystallites from both sliding parmers when uniike 

materials slide each other, such as in a Cu/steel system. In a self-mated test, such as 

CulCu, the crystallite sizes are a little larger and the transfer layer is much thicker than 

for tests with unlike materials. 

Rigney [67, 721 has suggested that the mixing process is much similar to the 

commercial process of mechanical alloying first proposeci by Benjamin(731. In 

mechanical alloying. metallic powder are trapped between high energy milling balls and 

undergo a repeated process of heavy Ceformation, fracture, and intimately mixing. As a 

result, non-equiiibrium phases could be produced dunng the solid state powder process. 

Rigney et al [67] compared the microstructural features of the transfer layer in copper 

against an M2 steel at a load of 133 N, sliding speed 1 0 0  mm/s using a block on ring 

sliding geometry, with those of mechanically alloyed materials. In both cases, a fine 

substnicture developed. including dislocation tangles, twins, dislocation cells or 

subgrains, both elongated and equiaxed. with structure sizes varying from about 60 to 

300 nm. 

Antoniou and BorIand[34] and Subramanian[74] have discussed the 

characteristics of mechanical mixing in sliding Wear system of AI-Si binary alloys. Based 

on their expenment conducted in a pin-on-disk dry sliding condition at a siiding speed 

O. 1 m/s, applied pressure range of 0.1-5 Mpa, they found that there were two processes 

which were important in mechanical mixing or alloying: (i) debris removal from the 

wearing interface and (ii) debris particles reprocessing at the wearing surface. m e  Wear 



surfaces were protected by the formation of the rnixed layer and thus resulted in a lower 

Wear rate. They also found that the formation of the mixed layer was a product of a 

certain combination of the normal loads and sliding speeâs. i.e., high load and low speed. 

There was no mechanical mixing either at high loads or at high speeds. 

Interestingly, arnorphization phenornenon has also been found in a variety of dry 

sliding W e a r  systems[75-771. Wang et a1[75] fmt  gave evidence of amorphous phases 

being formed in the wom surface of a beciring steel 52100 against a hard metal WC- 

8%Co using a pin-on-ring dry sliding test at a load of 140 NT sliding speed 2 m/s for 600 

m s lidi ng distance. Ganapathi and Rigney(761 reported that nanocrystalline copper 

formed as Wear debris during sliding Wear of OFHC Cu against a stainless steel using 

ring-on-block at a load of 34 kg, sliding speed 5 crnfs. Recently, Bednar and D. 

Kuhlmann-Wilsdofl771 have reported that an amorphous and alloy film was fcnmed in 

sliding Wear of silver on copper in a special test geometry of Bridgman anvil apparatus at 

a Iow rotation speed 1 .O rpm at a shear stress of OSGPa. They have proposed that the 

formation of the amorphous alloy is mainly due to the severe plastic deformation rather 

than rapid quenching [76] resulting from the fnctionai heating[44]. As discussed in [78], 

the potential applications of the amorphous tribofilrns are most likely to be achieved as 

uiey could reduce friction and increase Wear resistance. However, formation mechanisms 

of the wear-induced amorphous phases and related phenornena are stiîi not fully 

understood, especially not only for the pure metal tribsystem, but for multiphase 

materials as welL 



2.1.4. Wear debris 

As discussed in the previous section, the conditions existing in the surface iayer 

are, to sorne exîent, an indication of what is going on during a siiding proces, and the 

suface layer directly leads to the formation of loose wear debris in the slidiag system 

subjected to fbther deformation The two muhaots of the Wear system, namely, the 

worn surface and wear debris, are critical to the u n d e d i n g  of the Wear mechanisms 

thoroughly. The wom surnice studki, is a cumulative resuhant, and it is Wrely that the 

worn surface have been obscwd by subsequent events[37]. However, the phc l e s  of 

Wear debris that normally faIl out of the Wear systm m t l y  in a dry slidiug Wear 

system are Iess likely to have been darnaged by the subsequent events but recording 

previous events before king detached. Thus they are more likely to be representative of 

single material removal events, ahhough their origin must always be comlated to the 

worn surface fkom which the debris are generated. 

In their excellent review[37], Samules et al discussed typical types of particies 

present in the Wear debris recovered fkom a variety of sliding Wear systems, mostly fiom 

oil-lubricated systems. Their discussion can be summarized in Table 2. 1. Most of the 

classification and related Wear mechanisms are emphasited accordhg to the shape and 

the size, which are usefiil, but much more information can be obtained when structural 

and c hemical details are investigateû using modem techniques such as X-ray, SEM, TEM 

and EDS etc. 



Table 2.1 Classincation of Wear debris and related Wear mechanisms. 

Debris Shape 
Laminar Particles 

Wedge-shaped panicles 

Ribbon shaped particles 

I . 
Sphencal particles 1 Vimally prfect spheres 1-5 pm 1 Rolling contact fatigue 1 

Fea tures 
Thin. plate-shaped, size of ten to 

irregulv particles 

In recent years, utilization of these modem techniques to investigate the nature of 

wear debns has made it possible to get more insight and understanding on Wear 

rnechanisrns. It is generally observed that fine equiaxed particles are generated at a low 

sliding load, and plate like debris with a relative larger size are present at a higher load. 

By using TEM, Hef mann et a1[70] examined Wear  debris particles of Cu alloys sliding 

against an M2 steel in a dry sliding Wear using a pin-on-disk geometry at a load of 67 and 

133 N. sliding speed 5 c d s .  They found that the microsaucture of the debris is similar to 

the transfer layer, i. e. a fine-grained structure without evidence of interdiffusion between 

the very small grains. The nature of Wear debris and transfer layer of worn surface of Al 

alloys have received particular attention, due to the engineering importance of these 

materials in terms of tribological applications. It is generally fuund that in a system of Al 

alloy sliding against a steel, iron frorn the counterpart is present in Wear debris mainly 

because of transfer of materials. Regarding the phases present in the wear debns and 

wom surface, other phases such as oxides have been reporteci in addition to the original 

phases (iron, aluminum) [78,79] on a pin-on-disc sliding against a steel(1 %C, 1.5%Cr) at 

Wear Mechanisans , 
Delamination 

tenths of  a micrometer 
Plate-! ike, a little thicker 

Large aspect ratio, usuall y curved 

, 
Low cycle high stress fatigue 
Wear 
Abrasive 

or ~~~~~~~senated on one surface 
Small fragments, Adhesion, Delamination 
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a sliding speed of 100 crnls. In contrast, little or no oxide in the W e a r  debris produced in 

the sliding Wear  of Al alloys has also k e n  reported [34, 801 in a sliding speed 0.5 mis 

over a pressure range of 0.6 to 3 Mpa in a dry sliding Wear. The arguments remaining in 

sliding Wear of Al alloys against steels will be reviewed in detail in section 2.3. 

2.2. METAL MATRIX COMPOSITES 

Modem composite materials are referred to as advanced matenals in which two or 

more components are combined on a macroscopic andlor microscopie scale. These 

materials cm be tailored to take advantage of the desirable properties and minimize the 

undesirable properties of their consti tuents. Consequently, composite materials often 

exhibit some qualities that their constituent do no: possess individually. Metai Matrix 

Composites (MMCs) are comprised of a metal matrix and reinforcements such as fiber. 

whisker and particulate cerarnics which are incorporated in the matrix in order to provide 

enhancement in properties such as strength, stiffness, and temperature-dependent 

strength, Wear resistance, as well as modifications of the thermal expansion and electrical 

conductivity. The development of the MMCs has been one of the major innovations in 

materials science in the last two decades. These innovations include new materials, 

manu facturing methods, properties and microstructures of the MMCs. While there are 

still many areas about MMCs which are not well understood, the work of the last few 

years has led to a commercial production and utilization of the MMCs in many 

industries[8 1 1. 



2.2.1 Modulus of ehsticity rad strengtb of MMCs 

The modulus of the MMCs is found to be always significantly increased by 

addit ion of reinforcement. McDawb[82] investigated mmposites that had three different 

SIC morphologies, i-e., whiskers, nodules, and particdate in platelet form. It was 

observed that the modulus of elasticity of the 6061 Al matrix composites increased with 

increasing volume hction of tbe reinforcement, as shown in Fig. 2. 14. 

The volume h t i o n  of reinforcement is the dominant -or in increasing the 

moduIus of elasticity. For a given hction of reinforcement, the modulus tends to be 

isotropie with nearly equal values obtained fiom tests in the longitudinal and transverse 

directions. Moreover, the modulus appears to be insensitive to the type of reinforcement 

used. The modulus is also independent of the matrix alloy, but heat -nt may have a 

slight effect upon it if rneasured as the initial slope of the curve. 

The yield strengtb a, or uhimate tende me@ (UTS) of the MMCs is generaily 

found to be higher as compared to the base alloys. McDanels[82] investigated Sic 

whisker and particle reinfiorcd Al ailoys with different niatrices with respect to the yield 

strength and the UTS of the MMCs. It was found that an increase in yield strength and 

UTS was dependent on tbe volume M i o n  of reinforcement, aiioy matrix and the k a t  

treatment of rnatrix. LIoyd[81] studied stresstrain curves for A356 AI alloys and Sic 

particles reinforced A356 composites with two particle sizes and two tempering 

treatrnents. The investigations were consistent with the earlier work[82, 831. Fig. 2.1 5 



shows the comparison of stress-- curves of the unreinfiorcecl material and tbe 

composites. It cm be seen that the work hardening rate ai low shains is higher in the 

composites. It implies that work hardening in tbe composites is extremely rapid at low 

arains. Mer strains of about 3% the stress-suain curves of  the composite and the 
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unreinforced alloy are essemidly parallel, so al1 th stm@mhg is rwociated with the 

frst few percent of strah It cm be al- obsewed that the work h a r d e  rate iacreases 

with a decrease in particle sk. The strengtbenbg mechanisms of the particdate 

reinforced MMCs have been studied by a number of investigators[84 - 871. With respect 

to the interaction between the reinforcement d the matrix, the possible strengtbening 

rnechanisrns can be accounted for by the following[8 11: 

1. Orowan strenghening. 

2. Grain and substructure strengthening . 

O ? 1 1 1 1 1 1 1 1 1 I 1 1 1 I 
1 1 1 1 1 1 1 1 1 1 1 1 1 1 

0.00 0.02 0.04 0.06 0.08 0.10 0.12 0.14 

TRUE STIUIN 

Fig. 2.15 Stress-main curves fa cxtruded A35qAI-Si) and A356(AI-SiYSiCp composite with 
different particles sizcs and tcmpas. AAa (8 11 



3. Quench hardening resulting from the dislocations generated as a result of 

differences in coefficient of thermal expansion(ACE) between the reinforcement and the 

matrix. 

4. Work hardening from the strain rnisfit between the eiastic reinforcing particles 

and the pIastic rnatrix. 

The strengthening mechanisrns which operate in a composite will depend upon 

the microstructure and processing of particular materials. In composites fabncated by 

powder metallurgy, for exarnple, a very fine grain size c m  significantly contribute to the 

increased strength. In melt processed composites, it has k e n  accepted that the matrix c m  

be strengthened by strain rnisfit and dislocations generated due to ACTE. Arsenault[88] 

has proposed that the strengthening of Al alloys due to the addition of particulate S i c  

reinforcements occurred as a result of an increase in dislocation density due to the ACTE 

and a reduced subgrain size in the matrix. Based on the concept of ACTE, Taya et a1[87] 

have proposed that a back stress, which is the average interna1 stress in the matnx as a 

result of particulates resisting the plastic flow of the matrix, also contributes to the 

strengthening from the addition of reinforcements. 

The ability to transfer stress from the matnx to the ceramic reinforcing partides is 

also citical to the strengthening of the MMCs. As a composite is loaded, the matrix in 

the vicinity of the stronger reinforcing particles is able to transfer a portion of the load to 

the particIes[89]. This effect can be seen from the fact that an increase in elastic modulus 

is found in composites compared to the unreinforced alloys, as shown in Fig. 2.14. The 



load transfer, however, is depeodent upon a ~honger interfkial bord between the 

reidiorcement and the mtrix. To a large extent, an increase in the mechanical pro- 

of the MMCs is determined by the structure and propenies of the intedke. Brefore, a 

number of  studies have been coaducted on microstmctures and properties of the interface 

inc luding interfaoe react i o m ,  9 1 1, crystalbgrapbic relat ionships and int& 

precipitation[92]. In SiC/Al alioy system[93], it bas been shown that Al& will fonn as 

a result o f  the reaction between Sic and molten Al, which couM be detrimental to the 

interfacial strength. Orher investigations have show that some oxides nich as M g 0  [92 1 

and MgA.40, [91] codd possibly form in the i n t e k ,  which would certainly affect the 

pro pert ies of the interface. 

2.2.2 Fracture in particulte reinlorced MMCs 

In general, the hcture of the particulate MMCs is cousiàered to be associated 

with: 

1) The type of the reinforcing phase, including its size, volume k t i o n ,  and 

distribut ion. 

2) The properties of the rnatrix alloy. 

3) InterEacial characteristics. 

Fracture toughness of the MMCs is considered as the work of hcture, i.e., the 

dissipation of elastic emgy imposai in the specirnen by tbe extemally applied load per 

unit of new crack nvface fonned. As a crack grows rapidly through the particulate 



reinforced composite, many events ocfur that are potentially related to the bcture 

toughness, and eafh of  these either makes it easier or harder for the crack to extend. The 

events, as sbwn in Fig. 2.16, su& main mecbanisms associaîed with fracture of 

the MMCs with respect to the above aspects. As we can see fiom Fig. 2.16, the energy 

dissipated around a propagating crack tip of a Sic  particle in an MMC is satisfàctory with 

the e h i c  energy consideration regarding the fracture toughness, but a crack tip in the 

ductile mavix is readily associateci with pkstic deformation. 

Fig. 2.16 Schematic illustratim of events of hcture of metal rnatrix composites r e i n f d  with 
particulate. (1) defmatim within plastic zone; (2) formation of voids along fiacture 
surface; (3) fracîure of Sic particles almg crack path; (4) intdacial separatiai between 
matrix and Sic; (5) hcture o f  Sic within the plastic zone; (6) tortuous h c t w e  path 
increase frsicti~e surface area; (7) matrix cracks near, but n d  mtinuous with, the main 
crack. ARer [96]. 



1 ) Deformation within the plastic mne 

Most. but m t  ail, of the energy absorbed within the plastic mne of a gram 

crack occurs within the ma* A small amount of energy was absorbed within the 

reinforcement. The plastic deformation zone was iargely infiuenced by the matrix 

microstructure and tempering condit ions[94,95]. In an AVS iC composite, Lloyd[94] 

found that in the T4 temper, strain localization occurred only just prior to fkture ,  while 

in the T6 temper strain localizat ion made the major contribution to the k t u r e  strain- In 

the plastic zone, sorne of the energy was of elastic nature and would be recovered as the 

crack passed and the stress concentration associateci with the crack tip was 

dirninished[96]. 

2) Formation and growth of microvoids 

This is a very important energy absorption mechanisrn Voids which form duMg 

fiacture are fond as dimples on the hcture surface. The energy absorbed in void 

coalescence and growth is directly dependent upon the size of the voids and their aspect 

ratio. or deptk Wang and Zhang[97] compared difXerent k t u r e  morphologies of the 

dimples in the A356 aiioys and A356/SiC composites. They found that the size of the 

dimples was no longer uniform, and nor were their sfiapes circdar, compared to those in 

unrefiorced alloys. More importantly, bth  the size and shape of the dimples with Sic 

inside, were found to be associated with the Sic particles. The resuhs suggest that 

microvoids are Likely to be initiatecl by tbe particles in the composites, and tbe interfkial 

debonding plays an important role in the crack formation. 



It has been hypothesized[96] that the presence of a large number of microcracks 

near the main crack would effectively toughen the material because these microc~acks 

have the effect of blunting the main crack in a sense that the stress field experienced at 

the main crack tip is lowered. Thus, the stress intensity at the main crack tip caused by an 

applied external stress would be lowered by the formation of these rnicrocracks. In some 

particulate composites. microcracks were found to form near the main crack tip, at least 

at some levels of stress intensity factor, and at least some of these cracks were in the 

in terface between the particles and the matrix. 

3) Effecü of particle reinforcement on fracture 

Addition of hard partides to a ductile matrix can result in the following changes 

to the material behavior: 

(a) Slip characteristics of the matrix alloy is altered. Particles will have the 

primary effect of blocking the slip lines. However. there may be secondary effecü, such 

as limiting of the operation of secondary dislocation sources and lirniting of the extent of 

cross slip. 

(b) Presence of particles near the crack tip could also lirnit the strain to fracture at 

the crack tip. This might alter the dismbution of strain within the plastic zone. 

(c) Debonding of particles near the crack tip to form microcracks not directly 



comected to the main crack is another mechanism that bas tbe potenth1 to influence the 

fkacture toughness. 

The influence of particulate fracture on composite k t u r e  toughness has also 

been investigated and discussed[94,95,98]. Lloyd[94] proposed that the particle hcture 

would affect strain behavior of tbe composite. Paaicle fiacture was also thought to be 

responsible for the bwer ductility of the composite. On the other haad, the particle 

fracture rnight increase su&ce roughness, and that woulâ, in turn, enhance k t u r e  

toughness because of the increase in hcture d e  ares created. 

2.3 WEAR OF Al ALLOYS AND AI BASED MMCs 

2.3.1 Wear performance 

The rnajority of wear investigations have been carried out on Wear performance of 

the Ai alloys (20 14, A356, 6061, 7091) reinforcd with difSerent particles such as Sic, 

Al ?O, and TiB etc. These investigations have shown that reinforcement s have usually 

k e n  found to improve Wear resistanee under abrasive and lubricated slidiag conditions 

compared to the Wear resistance of an unreinforceci alloy under the same conditions[9]. 

However, some other renihs of dry sliding and erosion tests perfomied by various 

inveaigators did not show a consistent trend. Arnong these, Wilson and Bal1 [14]reported 

that erosion resistance of 6061 Al-Sic a h y s  was m dif5erent fkom that of the 

unreinforced alIoys. Wu et al [15]observed that the erosion Wear tesistance of 20 14AI 



reinforced with Sic or Ai,03 was inferior to that of the monolithic 2014Ai. This was 

attrïbuted to the lack of ductility of the composites. On the other hand, an increase in the 

dry sliding Wear resistance of  particdate-reinfoiced cast or wrought Al alloys was 

measured b y Hosking et al [ 1 61 in a pin-on-dix sliding test against 52 1 00 bearirig steel at 

a speed of 100 rnmk Aipas and Zbang[l7] observed simiîar increastd Wear mistance of 

the Al based composite sliding against a ùearing steel 52 1 00 using a block-on-ring test at 

a sliding speed of 0.8 mls, bad range of 1 to 15 kg. Parmila Bai et a111 81 explained the 

increased Wear resistance in tenns of the generation of uon rich layers on the &ces of 

the Al composites sliding against an En 24 steel in a pin-on-disc apparatus at a sliding 

speed 0.5 d s ,  sliding load of 6 to 75 N. Jokinen and Andemn[l9] observed a slight 

decrease in Wear rate with an increase in S i c  particle size in a Wear system of an Al based 

composite reinforced with SiCp against 52100 steel in a pin-on-disc test at sliding speed 

0.2 m/s at a higher load of 39.2 N, while at a lower load (10 N), the Wear rate of the 

composite decreased abruptly with an increase in the Sic particle size. Alpas and 

Em bury [ZO] sho wed tbat under the conditions where S iC particles promoted subsurface 

cracking and material removal by delamination, Sic reinforcement did not contribute to 

the Wear resistance of a 2024-Al alloy sliding against SAE 52100 bearing steel at a 

slid h g  speed of 0.1 mis, sliding load of 9 N by using a block-on-ring wear tester. Wang 

and Rack [2 1 1 studied transition Wear behavior of SiCp (20 vol?%) and SiCw (20 vo1Y0) 

reinfo rced 709 1 AI MMCs by doing unlubricated slid h g  Wear on Pin-on-Disc tester. Fig . 

2.1 7 shows the typical wear volume loss as a iùnction of sliding distance at different 

sljding veiocit ies for unreinforced 709 1 alloys, SiCp reinforcecl and S iCw reinforced 

composites, respectively. Based on the microstructural observations at diflterent Wear 



stages for the three samples, they concluded as follows: 

(1) Wear rates of both unreinforced and reinforced composites were of the same 

order of magnitude when the siiding velocity was less than 1.2 mlsec. The mechanisrns of 

Wear under these conditions were surface-fatigue-related surface cracking. It implies that 

S ic  reinforcement does not affect Wear resistance at low sliding speeds. 

(2) At sliding velocities greater than 1.2m/sec, the Wear rates of reinforced 

materials were lower than for the unreinforced matrix. The mechanisms of W e a r  under 

these conditions were controlled by subsurface-cracking-assisted adhesive transfer and 

abrasion. During steady state sliding. however, elevated W e a r  rates were maintained only 

by the unreinforced alloy, while much reduced Wear rates were observed with the 

reinforced composites. 

Zhang and Alpas[22] also demonstrated that the rate-controlling Wear 

mechanisms might change abruptly from one to another at certain siiding velocities and 

contact loads, resulting in an abrupt increase in Wear  rates. Alpas and Bang [23] further 

reponed the effect of microstnicture (such as particulate size and volume fraction) and 

counterface material on the sliding Wear resistance of particle reinforced Al composites. 

They found that the Wear mechanisrns could be divided into three regimes, narnely low 

load regime, high load regime and a transition regime in between the 1ow and high load 

regimes. The W e a r  rates versus the appiieû loads are typically shown in Fig. 2.18. The 

Wear rate decreased significantly with an increase in reinforcing particle size at a lower 



load, Fig. 2. l8(a). Regardhg the effkct of volume hction on Wear rate, it was observe4 

Fig. 2.18(b), that the transition ranges between the Wear regimes were shifted to higher 

loads. It suggested tbat increasing the particle volume noftion had a positive effect on the 

Wear resistance of the Al doys  by delaying the transition to more severe Wear rate 

reg irnes. 

Wear behavior of the Al composites at elevated temperatures is also an important 

issue since many high temperature eibological applications of these composites are 

found. for example, some engine components. Only limited investigations of the 

influence of ambient temperature on wear peperformance have been reported[24, 25, 261. 

Mart inez et a1[24] and Martin et ai[25] studied Wear behavior of an Al-SUS iCp composite 

and an eutectic Al-Si alby at ambient and elevated temperatures (20° c to 200" C). They 

reported that at low temperatures the Wear behavior was controlled by the eutectic Si or 

Sic particulate, and at high temperatures, on the other hand, the Wear behavior was 

controlled by the matrix which underwent large plastic deformations. Both materials 

experienced a transition temperature at which Wear mechanisms changed f?om mild to 

severe Wear with an increase in temperature, and the transition temperature was increased 

by the addition of Sic particles. There fore, they concluded that the main effect of the Sic 

reinforcement on the sliding Wear at high temperatures was to delay the transition fiom 

mild to severe Wear by about 50°C. Similarly, W i n  and Alpas[26] investigated the 

effect of ambient temperature on Wear performance of A356 Al and 6061 Al composites 

in cornparison with their base alloys. They found that the reinforcements increased the 

transit ion of wear mechanisms from mild Wear to severe Wear into high temperature and 
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Fig. 2.18 Wear rate as a hnoim of applied I d .  Cauiterha SAE 52 100. AAa f231. 
(a) Wim a bPY dloy of 20 14 Al. (0) 20 14 Al; (A) 20 14Al-20 pct SiC(2-4 pm), and 0) 

20 14 AI-20 pa SiC(15.8 pm). 
(b) With a base dlayof6061 Al. (0) 6061 Al; (A) 6061 Ai-10 pct Ai,@, and 



the increase could be 100-200°C higher than that in the umeinforced *YS. They 

attrïbuted the increase to formation of protective transfer layers of comminuted 

reinforcing particles and transferred steel debris fiom siider counterfaces. 

2.3.2 Deformatioa structureoftbewearsu~ace 

As discussed in section 2.1.2, deformation structures are complex in the worn 

surface, which could get hrther compücated during the sliding wear of ductile composite 

metaliic materials reinforced with hard second phase particles owing to the presence of 

the hard particles. Using SEM, many investigators[21-301 have characterized the 

subsurface features of the worn surt'ace and discussed the role of reinforcement. Alpas 

and Zhang [ 1 71 proposed that Sic part icles acted as load-bearing elements and at a higher 

load, decohesion of Sic  fiom the SiC/matrix inter& could lead to the formation of 

cracks causing delamination of the subsurface. Pramila Bai et d[18] suggested that the 

effect of S i c  particles is to resist the plastic flow as obstructions at and uear the wface. 

As well. several researchers [23, 651 have discussed the hgmentation of the 

reinforcement, which will be discussed in next subsection. 

Very few investigations, ho wever, have been conducted on the microstructural 

charaçterization of the worn surface in tbe MMCs by using TEM. Recently, Perrin and 

Rainforth [99] reprted the effect of alurnina fiber reinforcement on Wear of an Al- 

43%Cu alioy at a süduig speed 1 m/s, constant süding distance 10 km, in a load range of 

6 to 40 N by using a pin-on-discmachine. They observed that the depth of plastic 

deformation was significantly greater in the reinforced alloy tban in the unreinforced 



alloy. The load bearing capafity of tbe alloy was improved due to the addition of fibers. 

They extensively studied the microstnicturai evolution below the wom surface, and found 

tbat the spacing and morpbobgy of the fibers dictateci local strains in the inatrix and 

imposed changes in the direction of matrix £bw up to 45". The local strain was much 

higher wbere the spacings between the fibers were srnaIl- They also proposed that a 

dynarnic equilibrium existed between the work hardening due to defonnation of new 

subgrains and recovery mechanisms such as su- boundary migration anà 

coalescence. In their study, however, the deformation structure in the reinforceci alioys 

did not show changes systematicaily as a fùnction of depth below the wom surfàce. 

Age hardening and precipitation in the matrix can influence the microstructure of 

metal rnatrix composites and thus influence their Wear behavior [28]. A rnodified 

precipitation sequence and accelerated aging are fouad in the MMCs[81, 1001. As 

mentioned in previous sections, it bas been accepteci that matrix strengthening 

mechanisms of the MMCs are mainly due to the high density dislocations generated by 

the difference between the coefficients of t h m l  expansion (ACTE) of reinfiorcement 

and the matrix[85, 86, 883. The dislocations with an increased density would serve as 

nucleation site for strengthening precipitates during the aging of the composites. The 

incubation t h e  for the precipitate nucleation and aging tirne to achieve peak hardness in 

the rnatrix could be signifiifamly reduced for MMCs as compared to the unreinforceci 

matrix[100]. Therefore, work hardening characteristics and precipitation in the wom 

surtàce of the MMCs are of much interest and fàr h m  complete in derstanding the 

sliding Wear behavior where sbear strains and fiction heating are associateci. Pan et 



al[28] studied effects of aging on the Wear pedormance of  P M  2124 AVSiC composites 

agaïnst a 52100 bearing steel at a load 168 N, sliding speed 2 m l s .  Tbey found tbat the 

overaged composite had the ben Wear resistance arnoug ail the mated conditions 

(underaged 30 min, peak aged at 191" C for 6 h, overaged at 204" C for 12 h) It was 

thought that the decreased wear rate of the overaged composite was due to the easier 

crack propagation dong the incoherent precipitation/rnatrix interface compared to the 

matrix/SiC interfàce. 

2.3.3. Mechaaical muing induced by sliding W e a r  

Aiurninurn alloys undergo a transition îrom a mild Wear to a severe Wear, 

depending mainly upon the sliding load and speed during dry sliding Wear agahst steels 

at an arnbient environment [52, 80, 10 1, 1021. The main feature of the wom surfaces in 

the mild Wear regime is formation of rnixed surface layers that are generally found to be 

comprised of materials fiom the sliding surface and the counterpart. These layers are 

mostly believed to be protective layers that provide the alloys an excellent Wear 

resistance[80, 1011. During the sliding process, these iayers are subjected to repeated 

compaction and fiagrnentation, and consequently Wear debris is detached fiom the siiding 

surfàce. Formation of Wear debris is directly related to that of the mixed surface layers. 

An understanding of the nature of the Wear debris and the rnixed layer fiom which the 

debris is formed, especially k i r  microstructures a d  composition, could provide 

imponant insight into the wuir mecbanisms of these alloys aad development of new 

mat erials for t r i b  log ical applications. 



ïhere have been a number of investigations[l3, 34, 52, 74, 78, 79, 1011 into the 

formations of the mixed surface layers and nature of W e a r  debris in unlubricated sliding 

systerns, especial in Wear  of Al alloys sliding against ferrous alloys iike steels. 

Razavizadeh and Eyre[78,79] reporteci that the surface layer on the wom surface of AI-Si 

alloys was formed by the fracture and compaction of Al oxide particies dunng the sliding 

Wear  against a steel at a sliding speed of 100 cmk in a load range of 2 kg to 18 kg. In a 

Wear stridy of a 6061 Al al1oy sliding against SAE 52100 steel using a block-on-ring 

configuration within a load range of 1-40 N and a sliding speed range of 0.1 - 5.0 d s ,  

Zhang and Alpas[52] recently suggested that the surface layers and the debns particles 

contained an aluminum oxide phase with an arnorphous structure, in addition to the 

original phases of a-Fe and a-Al, based on the results obtained using X-ray 

diffraction(XRD). In contrast, other workers[34, 801 have found little or no oxide in the 

wear debris prduced in the sliding Wear of AI-Si alloys at an ambient environment. By 

using a pin-on-disc configuration for Wear tests of an AI-Si aIloy against AiSI 4330 steel 

discs in  a load range of 4.4 to 35.4 N and speed range of 0.25 to 1 -0 d s ,  Antoniou and 

Borland[34] found that the layers mainly consisted of an ultrafine mechanical mixture of 

Al, Si. and a-Fe particles created during the sliding process, with no evidence of any 

oxide or AI-Fe interrnetallics- These results are in agreement with those obtained by 

Pramila Bai and Biswas[80, 1011. Therefore, the nature of the Wear debns and the rnixed 

surface layers in an Al alloy/steel wearing system. especially their chemical and 

microsüuctural characteristics, remains to be further investigated. 



There bave long been arguriients about the cbernical condition of iron d 

format ion of intermetallics generated during dry siiding wear[67 ,78, 79, 1031. Recently, 

based on the observations of the Wear debris using Mthsbauer spectroscopy, Antoniou et 

al [103] inferred that the debris contained ternary Fe-Si-Al pbases that were the results of 

solid state reactions between the two sliding materialS. However, tbeir X-ray difE=action 

resuhs did not provide definite evidence that could support the formation of the teraary 

phases, even though broadened peaks of a-Fe, wbich were overiapped by alumUiwn 

peaks, were noted, with considerable uncertainty about the microstmctural and chernical 

informat ion in a very fine scale. 

Recently. Alpas and Zhang[23], Feng and Tandon[65] and others[l3] have found 

similar mechanical mixing layer in the sliding Wear of the MMCs. Not only did the 

mechanical mixing layer occur in the rnatrix, but the reinforced particles were fiagmented 

and redistributed in the mVred layer as well. Similarly, the occurrence of the mixed layer 

was mainly dependent on the normal load and sliding speed. In MMCs, incorporation of 

the reinforced particles is considered as an enbancement to the formation of tbe mixed 

layer during sliding wear[65]. The abrasive action of the hard particles resulted in debris 

fragments and some loose debris deposited on the contact s u r h x  of the composite. As a 

result. an oxidïzed mixed layer was formed by an association of stram and friction 

heat ing during the sliding Wear. 

However, microstructural and compositional characteristics of the mixed layer 

and their formation m e c ~ m s  are not yet weli understood, in compatison with the 



commercial mechanical abyhg[70]. Tbe xmjority of investigations concerning wear 

induced rnixing have not provided an evideme of the formation of intermetaiiic 

cornpounds during sliding wear. Ratbcr, tbe muthg layers were mainly wrnprised of 

mechanical mixture of niaterials h m  both the contact surfàces and oxides either fiom 

the wom surfàce or the coumerpart. 
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CHAPTER THREE SCOPE OF PRESENT RESEARCH 

As discussed in previous sections, in spite of the extensive data already available 

on the dry sliding Wear behavior of the Al alloys and the Al based MMCs, further 

detailed study of Wear of these materiaïs is needed, not only on their Wear performance 

but also on some fundamental aspects in terms of deformation structures, influence of 

second phases, reinforcements and precipitation on Wear  processes. In particular, a 

comprehensive understanding of mechanically mixed layers of the Al alloys and Al based 

composites is yet to be achieved in order to fully understand the Wear mechanisms of 

these materials. The present investigation was undertaken to study the Wear behavior of 

Al alloys and Al based metal matrix composite (Al-Si/SiCp). The pnmary focus of the 

present investigation was to study the rnicrostnictural characteristics of the worn surface 

and rnicroswctural evolution as a funcaon of depth below the Wear surface by using 

scanning electron microscopy and transmission electron microscopy equipped with 

energy dispersive spectroscopy as well as x-ray diffraction. Especially, the 

microstnictural characterization of the wom surface was extensively camied out using 

cross sectional TEM technique as described in Chapter Four, so that a depth profile of 

microstructural evolution below the worn surface was successfully achieved. 

In association with the study of the rnicrostnictural characteristics of the worn 

surface, W e a r  debns detached from the wearing system was also investigated by using the 

above analytical techniques as well as Mossbauser spectroscopy in terms of the presence 

of iron corning from the sliding counterpart. In order to investigate the influence of 

reinforcements and second phases(e.g., eutectic Si), a high purity of AI was also chosen, 

and parallel tests and analyses were conducted on these materials for a cornparison with 

the Al-SiISiCp composite and the base alloy. During the course of the present snidy, 



sarnple preparation methods of the longitudinal cross section of the wom surface and 

Wear debris for TEM studies were developed. 

The main objectives of the research were: 

1)  Investigation of Wear behavior of the Al-Si/SiCp composite and the AI-Si base 

alloy under different tribological conditions (applied load, sliding distance and 

environment) and different matrix characteristics, Le.. as cast state and T6 heat treatrnent. 

2) Studies on microstructural charactenstics of the wom surface and Wear debris 

of the Al base alloy and the Al composite by using the analytical electron rnicroscopy 

(SEM and TEM) attached with EDS and X-ray mapping. Mossbauer spectroxopy and X- 

ray Diffraction were used to analyze the nature of Wear debns in conjunction with SEM 

and TEM. The following aspects were mainly addressed in the present research: 

i) Deformation and dislocation structures as a function of depth below the worn 

surface; 

ii) Work hardening effects and strain distribution in the worn surface as a function 

of depth; 

iii) Microstructural changes as a result of a combined strain and frictional heating 

generated during the sliding Wear; 

iv) Material transfer and mechanical mixing between the sliding surfaces in the 

near worn surface causeû by the sliding Wear. ï h e  nature of the mechanically mixed 

layers in the wom surface and Wear debris that fel1 off the wearing system were 

examined. The formation mechanisrns and their influence on the Wear  behavior were 

studied as the microstmctural characterization and the Wear behavior of the Al alloys 

were correlated. 

V) Behavior of the reinforcing and secondary particles in the rnatrix during the 

sliding Wear. 



CHAPTER FOUR MATERIALS AND EXPERLMENTAL 
PROCEDURES 

An Al-Si alioy based composite material and the base AI-Si alloy were two main 

materials studied in the present work. In order to dernand the fundamentai aspects of  

Wear of m u l t i p h .  materials a d  microstructurai characterization of the wom surface, 

pure duminum (99.99%) was also chosen for study. The Wear behavior and 

microstructural characteristics of the worn surfàce and d e ~ s  of the HP Al were 

compared with the AI-Si alloy and the composite. The MMC was a cast Sic particdate 

reinforced A3 56 alumuium-siliwn al10 y prepared by Duralcan. The relliforcing S iC 

particles distributed uniformiy in the Al matrix, and the volume -ion of S ic  was 20% 

(Vo  1.). The size of the Sic particles was 5- 1 0 p. The nominal composition of the matrix 

of the MMC is shown in Table 4.1 : 

Table 4.1 Chernical Composition of  mat^ of tbe A356 MMC (WC./.) 

Si M g  Ti Fe Mn Cu Cr Ni Sn Al 

6.5-7.5 0.17 0.20 0.20 0.10 0.20 0.25 0.5-1.5 0.50 Balance 

Table 4.2 Chernical Composition of  the uareioforced A356.2 dloy (nt.%) 
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The unreinforced Al-Si alloy was A356.2, and the chemical composition of the 

alloy is shown in Table 4.2. The alloys were fabricated by Alcan Ltd., Kingston. Ontario. 

4.2 WEAR TESTS 

Sliding Wear tests were performed using two kinds of experimental set-ups, Le., 

Block-on-Ring unidirectional configuration and BalI-on-Block reciprocating configuration. 

Unless otherwise specified, most of the Wear tests were carrjed out at an arnbient 

environment (room temperature 22°C and hurnidity 3840%). No lubricant was used in al1 

the Wear tests which were carried out under a variety of sliding loads ranging from 0.1 kg 

to 15 kg. while the sliding speed and sliding distance were kept constant. The weight loss 

of specimen was determinec! by weighing the specimen before and after the Wear test. The 

weight of specimen was obtained using a digital micro-balance with an accuracy of 0.1 

mg. Al1 specimens were polished (down to 0.25 pm) and cleaned by an ultrasonic cleaner 

before and after Wear test. 

4.2.1 Block-on-Ring Unidirectional Wear Test 

The block-on-ring Wear test machine was designed and fabricated according to 

ASTM standard: G77-91. Fig. 4.1 schematically shows the configuration of the test 

machine. Basically, the test block (1) is held by the holder (4) which is connected tightly 

into the loading ami (3). and the test ring (2) is fastened on the shaft of the rotation 

assembly which can be dnven into rotation by the motor. The test block is loaded through 

the loading arm against the test ring that rotates in a given speed for a give number of 

revolutions. 



The Al alloy and Al MMC specimens were used as rectangular blocks of 9 x 9 x 9 

(mm3), and slid agahst a tempered M2 tool steel ring with an outer diameter of 35 mm a d  

width of 10 mm The hardness of the M2 steel ring was 60-64 HRC, and the nomina1 

composition of the M2 tool steel is show in Table 4.3. 'Ihe counterpart steel ring was 

polished to 1 pm in-siru by using the sarne Wear tester in a manner that special steel blocks 

attached with sand papers of different grits and plisbing clothes were sliding against the 

steel rings irnmersed in a coolant. 

Fig. 4.1 Schmiatic illustmîion of Block-on Ring wear testa. (1) Spccimcn BIock; (2)  Test Ring; (3) 
Laad Arm; and (4) Block Holder. 



Table 4.3 The Nominal Composition of the M2 Tooi Steel ( wt.%) 

C Mn Si Cr W V Mo S Fe 

0.84 0.25 0.30 4.00 6.50 1 - 9 0  5-00 0.20 Balance 

Before starting the Wear tests, the block and ring were carefuiiy adjusted to ensure 

full  contact, Le., initially was a line contact. The loading arm uras loaded gently. The W e a r  

scar on the specimen should be square in shape after the Wear tests, and those specimen on 

which the Wear scars were not square were discarded. The sliding speed was kept constant 

at 20 cm/s by adjusting the rotational speed of the ring, and the total sliding distance was 

kept nt lûûû m. Fig. 4.2 shows an example of the square-like wear scar on a block 

specimens using the block-on ring wear tester. 

4.2.2 Ball-on-Block Reciprod Wear Test Machine 

The ball-on-block reciprocating sliding Wear test, as shown in Fig. 4.3, was 

originally built to simulate the reciprocating sliding in an intemal combustion engine[90]. 

The set-up details can be found in [103]. Wear tests, especially microstructural 

characterization of wom surface in the reciprocating sliding systern, were initiated on the 

basis of a previous work[65] in which the so called surface mixed layer (SML) was found 

in the wom surface of the MMC sliding against a bearing steel SAE 52100. According to 

the previous work. a surface rnixed layer was developed in which the Sic particles were 

fragmented and redistributed during dry wear test. At a fixed load (1 kg). the depth of the 

SML changed with sliding cycles. and there existed a maxima in the mixed layer depth 

near 2000 sliding cycles. Therefore. the sliding :onditions existing at this maximum point 



were chosen for the present work, Le. load 1 kg, sliding speed 10 cdsec, total cycles 2000 

and sliding track kngth 25 mm ai ambiem enviromnent ( m m  temperature ZZ'C, humidity 

3 8-40%). Thus the sliding distance was 100 m and the contact stress level was approx. 1 0 

MPa. 

4.3 TEMPERATURE MEASUREMENT 

The average temperature (buk temperature) of the block specimen at the suff ie  

was measured using spot-welded thcrmolcoupks (NiCrNiAl-K type) adjacent to the 

wom surface. Very small wires of the thermol-couples were spot-welded on the sides of 

block specimen, and the welding spots were close to the Wear track (about 1 mm away 

fiom the Wear traçk) according to previous Wear tests. 

4.4 X-RAY DIFFRACTION 

Phase identification of the Wear debris and determination of the variation of the 

lattice parameters of the phases at different load levels were carried out using a Rigaku X- 

ray diffkctorneter using Cu K a  radiation In XRD analyses, Wear debris was placed as a 

thick paste using a few drops of acetom on a concave of a glass slide. In al1 experiments, 

Wear debris were colîected and MU) samples were prepared in the shortest time possible 

for observations with minimum contamination 



Fig. 4.2 A typiai VU- SGU on a b~odr çpccmi- obamed -g me ~1odr-011 wx ~~SUX. 

Sliding 
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4.5 SCANNING ELECTRON MICROSCOPY 

The microstnictural features of the Al base dloy and the composite prior to and 

after the W e a r  tests were examinad using opticai microscopy and scanning electron 

microscop y (SEM) to detennine topographic and microstnictural conditions. Characteristic 

X-ray microanalysis, Le., Energy Dispersive Spectroscopy (EDS) and X-ray Mapping 

techniques were also utilized in the study to understand compositional information of the 

worn surface. A JEOL JXA-840 scanning electron microscope was used in the present 

work. 

in SEM studies, both secondary electron ernission mode (SE) and back xattered 

electron ernission mode (BE) were used, which provided topographic and compositional 

images, respectively. EDS was conducted with a JEOL EDS system (Si detector, and 

Norvar plastic window) equipped with a Tracor Northern ïN-5500 X-ray analyzer. The 

Norvar plastic window makes it possible that the EDS spectra have a better detectivity for 

light elements such as C, O in t e m  of qualitative analysis. 

4.5.1 Wornsurfaceandcrosssection ofthewornsurface 

In addition to the surface morphology of the worn specimens, cross-sections of the 

worn surfaces were investigated to characterize the wear surface and the subsurface. Two 

kinds of cross sections were used in this study, namely, transverse cross section and 

longitudinal cross section. The longitudinal cross-section is referred to as a section normal 

to the Wear surface and parallel to the sliding direction, and the transverse cross section is a 

section normal to the Wear surface and perpendicular to the siiding direction, as 

schematically illustrated in Fig. 4.4. 



Two kinds of methods were used to prepare the cross section samples from the 

Wear specimens. 

Method 1: 

The wom specimens were fust eiectro-plated with a Cu Iayer to protect the worn 

surface from other damages. The Cu plate. specimens were cut half into either 

longitudinal or transverse cross sections, and then mounted and polished accordinp to 

standard metallographic specimen preparation method[l0.l]. The polished cross section 

samples (down IO 0.05 pm) were siightly etched using a Keller Reagent (2.5 ml HN03, 1.5 

ml HCl, 1 .O ml HF, and 95 ml water) prior to optical and SEM observations. 

Method 2: 

Two half blocks from the wear specimens were polished down to 0.25  un, and the 

polished sides were joined, face to face, tightly together using a small bolt. îhe  joint 

sample was then polished in such a way that the side to be polished, was perpendicular to 

the joint surfaces. The joint sample was then ready for W e a r  test with the polished side 

being slid against the steel and the joint surfaces being either parallel (longitudinal) or 

perpendicular (transverse) to the sliding direction. Dunng the Wear test, the joint surfaces 

near the wearing contacts would friction weld and be displaced. After the test, the joined 

bIocks were simply broken apart, and wom surfaces were also broken into two parts. Thus, 

fracture cross-sections of the wom surfaces were produced. These fracture cross-sections 

were expected to provide some unique information compared to those obtained from the 

Method 1. As well, no any contamination on the fracture cross-sections was present since 

the fracnired cross-sections were put into SEM for observation irnmediately after k ing  

fractured. 



Fig. 4.4 Schematic illustration of two ünds of cross-sections. (a) Unidirectionai sliding weu. 
and (b) Reciprocal sliding Wear. 

4.5.2 Wear Debris 

Microstructural characterization of Wear debris was also conducted using SEM 

and EDS examinations. Dunng the W e a r  tests. the debris was collected on a Cu plate 

which was then placed in the vacuum chamber of the SEM irnmediately after it was 

collected. ïhere was no other physical contact on the Wear debris. In doing so, 

contamination or other influence on Wear  debris would be rninirnized. especially in the 

case that transfer and mixing of materials during the sliding Wear were studied. 
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4.6 TIUNSMISSION ELECTRON MICROSCOPY 

Surface and subsurface microstructures of the worn specimens and Wear debris 

are of most interest in the present work, Therefore, transmission electron 

microscopy(TEM) was used extensively. A JEOL 2ûûûFX Transmission Electron 

Microscope with an EDS attachment was used for the study. The conventional selected 

ara electron diffraction(SAD) and image analyses were carried out by using an 

acceleration voltage of the electron source of 200 kV. The convergent bearn electron 

diffraction (CBED), by which crystallographic syrnmetry can be determined, was 

obtained at the acceleration voltage of 125 kV and with low camera constant. 

The most important step in a TEM study of the worn surfaces and Wear debris was 

the preparation of thin foils. Ion rnilling was mainly utiiized as a thinning technique of 

the TEM thin foils. A Gatan ion rniliing machine was used with a cooling system using 

liquid nitrogen. Complicated preparation procedures for the thin foils of the worn surface 

and Wear debris were carefully carried out with great patience and confidence. 

4.6.1 The Worn Surface And Cross Section Of The Worn Surface 

Ln order to investigate the microstructura1 features near the worn surface, 

longitudinal cross section specimens were prepared for TEM. The worn specimens were 

cleaned to remove loosely adherent debris and then were electroplated with a Cu layer as 

a protective layer prior to king sliceà for thin foils. An epoxy was then used as a 

protection and as a glue by which two pieces of half-disc (diameter of 3 mm) from the 

cross section were put together supported by a standard copper ring of 3 mm in diameter. 

In doing so. two worn surfaces. opposite and parallel to each other, were set up in the 

center of the copper ring. The process is schematically shown in Fig. 4.5. In order to 



obtain high quality electron transparent area in the cross section thin foils, two rotational 

speeds were chosen during the ion milling, so that tbe thinning along the glue iine 

between the two baif discs (at a higher rotation speed) would be les than that 

perpendicular to the glue line (at a lower mtation speed). Fig. 4. 6 demonstraîes a typicai 

close-up morphology of a cross section sample, showing the centre area with perforation 

The planar view specimens, i.e. the electron barn was normal to the wom surface 

in TEM were prepared as weii. In order to obtain p h  view thin foils, single side 

milling method, which was done successively for TiN coated sample by the author[lOS], 

was used for the worn surf2ce characterization by modifying in a way that one ion gun 

was applied with a high voltage(6 KV) to achieve suscient thinning fiom the un-worn 

side of the foil and another gun was applied a low voltage (1 KV) to prevent the wom 

surface fTom deposition of contaminants during the ion thinning process. As well the un- 

worn side was upward setting on tbe thin foil holder, while tbe worn surfke side was 

downward. in order to minimU'e the redeposition of contaminants during the thinning. 

Wear debris 

The specimens of Wear debris for TEM studies were prepared using Gatan G-1 

epoxy that is specially made with an enhanced resistance to electmn radiation in TEM. At 

first, the collected debris powder was mixed with the epoxy, and thea transferred into a 

brass tube of 3mm in out-diameter and cured for 20 min at an elevated temperature bebw 

80°c. The tube was sliced into a series of d i r s  in t h i c k m s  of about 500p.m iming a thin 

diamond saw. The discs were ground to achieve a thicLaess of 80 to 100 p and dimpled 

on the centers of both sides of the thin foils prior to ion miIiing. Finally, the dimpled foils 



.? Wear Track 
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Fig. 4.5 Schematic illustration of preparaîion of E M  thin foils o f  longitudinal aars section of w a n  
surfâce. (a) A longitudinal cross section is cct h m  a spechen; (b) and (c) Two pieces of the 
sections is put together with epoxy and supportai by a Cu ring of 3 mm; (d) The thin foil. 
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Fige 4. 6 SEM morpbology of a cross section &in foi1 for TEM wudies, rbowing a perforation 
including the worn surface, mixed layer and subsurface. 

were subjected to ion rnilling for 4 hrs at 5 KeV and half hrs at 2 KeV, using a Gatan ion 

rnilling machine at an angle of  12' with a cooling system using liquid nitrogen. Fig. 4. 7 

schematically shows the preparation process for the Wear debris samples for TEM 

observation. 

4.7 MOSSBAUER SPECTROSCOPY 

Since a significant amount of iron was found in the Wear debris. Mossbauer 

spectroscopy was also used. The Mossbauer spectroscopy is a useful method for the 



phase analysis of alioys containing Fe or Sn, and is extensively used in the studies of Al 

alloys and Ti alloys that contain a variety of arnount of Fe, especially obtained by 

mechanical alloying [lW-1081. Some fundarnentals and applications of the Mossbauer 

spectroscopy regarding the AI-Fe system is briefly sumrnarized in Appendix 1 - 

ln the present study, the Wear debris specimens for Mossbauer Spectroscopy were 

prepared as thick plates by compacting a mixture of the debris (approx. 100mg) and 

Benzophenone powder ( lûûmg). The specimens contained about 8- 10 mg/cm2 of Fe. The 

spectra were obtained using a y r a y  ernission with 5 7 ~ o  in a matrix of Rh source at room 

temperature. Isomer shifts in the spectra were given relative to a-Fe. The spectra were 

evaluated by standard least-square fit of lines. 

The Mossbauer spectroscopy experiments were conducted at the Magnetic 

Materials Lab in the Deparunent of Physics, the University of Manitoba. 



Step 1 Mix wear debris with G-1 epoxy resin 

Step 2 Cure resin mixture in a 3 mm diameter brass tube 

Step 3 Slice the tube into discs and grind the discs 

Sfep 4 Dimple and ion milling the discs 

Fig. 4. 7 Schematic illustration of ibe prcparation procedures of Wear debns samples for TEM 
observation, 



CHAPTER F m  WEAR BEHAVIOR AND MICROSTRUCTURAL 
CHARACTERIZATION OF WORN SURFACE 

5.1 MICROSTRUCïüRAL CHARACTEREATION OF AS-RECEWED AI-Si 

ALLOY AND AI-SUSiCp COMPOSm MATERIAL 

Fig. 5.1 shows a typical microstructure of the Al-Si alloy (A356) obtained using 

SEM. During solidification of the alloy, dendrites of aluminum (a solid solution) mlidify 

first. Then the spaces between these dencirites are filled with alurninum-silicon eutectic. 

When the eutectic freezes. it decomposes into aluminum and Si. The eutectic Si is 

acicular and randornly distributed. Mg is a major ailoying element that makes the alloy 

heat treatable. 

Fi$. 5.2 shows a typical microstructure of the Al-Si alloy reinforced with Sic  

particulates. The average size of S i c  particles is approximately 10 pm, and the volume 

fraction of the S i c  parcicles is 20 %. During the solidification process, reinforcing 

particles are generally rejected at the solid/liquid interface and pushed by the moving 

interface and then segregate in the interdendritic regions which solidify last[32 . 1091- 

In as-cast conditions of the base alloy and the composite. the matrix is free of 

precipitates and is mainly single phase of a-Al solid solution with the presence of the 

secondary particles Si and the reinforcing particles Sic. 



Fig. 5.1 Microstructure of A356 A - S ~  aiioy. 

Fig. 5.2 Microstructure of A356 AI-si aiïoy reinforced with Sic particuIate. 
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5.2 HEAT TREATMENT OF THE BASE ALLOY AND THE COMPOSITE 

5.2.1 Heat treaûnent 

T6 heat treatments of both the Al-Si base alloys and the Sic  reinforced 

composites were carried out using a single solution temperature and a senes of thermal 

aging temperatures in order to find out the peak aging conditions for both malerials. The 

T6 heat treaunents were as follows: 

(1 )  Soiid solution at 540" C for 8 hours; 

(2) Quenching in warm water at 50" C; 

(3) Subsequent aging at 155 O C for several aging perïods; 

(4) Air cooling. 

The hardness for the samples before and after the heat treatments for different 

thermal aging time was measured using Vickers hardness tester at a load of 20 kg. Fig. 

5.3 shows the effect of the thermal aging tirne on the hardness of both the base alloy and 

the composite. It is seen that the peak hardness occurs at aging time of 16 hours for both 

the base alloy and the composite. Ttierefore, ail heat treated samples for the Wear tests 

were chosen to be thermally aged for 16 hours. 



--+-Auoy 

- - Composite 

Fig. 5.3 Dependence of the microhardnas of the AI basc alloy and the AI-SiISiC 
composite on the thamal aging time at the aging tanperature of 1 55 C. 

5.2.2 Microstructures of the beat treated samples 

When subjected to the T6 kat trratment, the Si particles in the Al alloy 

agglomerated and changed thir shape and size in the soiid solution process. As show in 

Fig. 5.4, the Si particles were rounded as a resuh of the aggbnmation and the average 

size was approximately 5 prn During the age hardening process, precipitation occurred 

in the supersaturaîed soiid solution of tbe ma& Dcpading on the aging temperature 
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and time, the sequence of the precipitation in AI-Si-Mg temary alloys has k e n  generally 

considered to be as follows[l 10- 1121: 

( 1 ) Needle-shaped Guinier-Preston zones aIong d l 1  > matrix; 

(2) Rd-shaped metastable precipitates B'; 
(3) plate-shaped equilibrium precipitates p(Mg, Si). 

Fig. 5.5 shows a typical rnicrostnicture of the T6 aged Al-SiISiCp composites in 

the present work. It cm be seen that two types of precipitates are present in the matrix: 

(1) needle or rod shaped precipitates P' and equiaxed precipitates of Si. The 8' 
precipitates are uniformly dismbuted in the matrix. The average size of the P' precipitates 

is about 100 nm in length. 

5.3 WEAR BEHAVIOR 

The Wear rate of the alloys used in the Wear tests were detennined using the 

following expression: 

\Y = Wear Loss( g ) 
Sliding Dis tan ce( m ) 

Fig. 5.6 shows the W e a r  rate as a function of the sliding load for the base alloy 

(T6) and the composite at the as-cast and T6 conditions. The data were plotted using 

Lugarithrnic scale to p t  a better view of the dependence of the Wear rate on the sliding 

loads. Considenng Curve 1, it is seen that the Wear rate of the base alloy increased 

gradually with an increase of the sliding load, fiom 3.2~ 104 g/m ai a load of 0.1 kg and 



slightly accelerated at 3 kg until a transition to severe Wear is observed starting at 10 kg. 

In cornparison, the Wear rates of the composites in both the as cast and the T6 condition 

were considerably lower than that of the base alloy at the Zone 1 as indicated in Fig. 5.6, 

Le., at a load range of 0.1 kg to 3 kg. For example, the Wear  rate of the composites (at 

IO-' g/m) was one order of magnitude lower than that of the base alloy at a load of 0.1 

kg. The significant increase in Wear resistance resulting from the incorporation of the 

rein forcing Sic  particies is mostly manifesteci ai this load range. It can also be seen that 

at Zone II, the wear behavior for the three kinds of sarnples was similar, and the 

reinforcing SIC seemed not to offer any signifiant improvement to the Wear resistance of 

the composites. 

It should be noted that only a slight decrease in the Wear rate was found in the age 

hardened composite as compared to that of the as cast composite. This implies that the 

W e a r  resistance was not enhanced significantly as a result of the T6 heat treatment 

compared to the increase in hardness resulting from the heat treatment, even though the 

hardness was increased by alrnost factors of two due to the age hardening. The composite 

samples in both conditions showed very sirnilar Wear behavior at a low load range (Zone 

1). In Zone II, Wear loss of the as cast composite samples slowed down slightly in contrast 

to that of the T6 composite samples, but still was slightly higher than that of the T6 

samples. However, the Wear rate of the former was noticeably lower than that of the latter 

at high load range, Le. in Zone m. The Wear  rate of the as cast composite samples was 

also lower than that of the base alloy in Zone III. As will be discussed later, these 

in teresting findings are the resu lt of differen t Wear  mechanisms and microstructural 

changes generated during the sliding Wear. 
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Fig. 5.4 SEM Micrograph of the T6 treated Ai-Si alloy reinforced with SIC particulate. 

Fig. 5.5 TEM Micrograph of the T6 treated AI-Si dloy reinforced with S i c  particulate. 
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Fig. 5.6 Wear rate of the Al base alloy (T6) and the AI-SiISiC composites at bath the as 
cast and T6 conditions. Curve 1: T6 Al-Si AIlay, Curve 11: As-cast AI-Si/SiC 
composite, and C w e  III: T6 AI-Si/SiC composite. 



5. 4 MICROSTRUCTURAL CHARACTERIZATION OF THE WORN 

SURFACE-g EIWwn M b m c q y  StYdics 

5.4.1 Morpbology of the nom aarf"ces 

The worn surfàces of the unreinforcd aîioy showed two distinct regions: -0th 

and crater regions, at a load range of 3 kg to 10 kg using tbe unidirectionai block-on-ring 

configuration Typical SEM morphology of a worn d a c e  of the Ai-Si alloy at a load of 

5 kg is s h o w  in Fig. 5.7. The worn surface of the reinforced composites also showed 

similar morphology at the same load range, as shown in Fig. 5.8. It can be seen that 

ploughing and scoring along the sliding direction were mainiy present in tbe smooth 

region. Observed at a high magnification, the surface morphology showed the presence of 

microcracks at directions both parallel and perpendicular to the sliding direction in the 

smooth region (Fig. 5.9). It is seen that large flakes and extnided lips were adjacent to 

crater regions- In cornparison mth the extmded Lips and adjacent m e r s ,  it seems that the 

smooth regions were the last contact areas before the siiding stopped. It also appears that 

the material had been detached in the crater region, probabIy before the slider passed 

through the adjacent srnooth region or at les t  before the extruded lips were forrned under 

the compressive stresses. 

It was generally observed that equiaxed particles were predominantly present in 

the crater areas of the worn surfàces at this load range, as shown in Fig. 5.10 and Fig. 

5.1 1. From the topopphical features in the crater regions, it appears thaî h c t w e  surf%ce 

in the crater areas did not show a typical fracture feature, such as dimples, that take pbce 

in a normal tension test of a ductile materiai such as buik Ai alloys [97, 981. At worn 

surfaces with a shori sliding distance (100 m), it was obsemed that the worn surface was 
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Fig. 5.7 Typicai SEM morphology of worn surface of tbe AI-Si alloy at a load of 5 kg 
block-on-ring configuration. 

using the 

Fig. 5.8 Typical SEM morphology of wom surface of the AiSüSiC composite at a l o d  of 5 kg 
using tbe bloc k-on-ring configuration. 
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relatively flat and some areas showed fracture features similar to those in a nonnal tensile 

test, as shown in Fig. 5.12. It can be seen that there were "dimples" or fresh interfaces due 

to detachments of Sic. It is likely that the ma& material including the second phase 

particles Si or Sic was detached from the subsurface, so that the "dimples" were formed 

as a result of removal of the second particles. It is interesting to note that a considerable 

arnount of elemental iron was found on the wom surface by using EDS analysis. Fig. 5. 

13 shows x-ray maps of Al and Fe elements on the wom surface with the two distinct 

regions. It is seen that iron was present in both the smooth region and Crater areas. It is 

obvious that the iron was transferred from the sliding ring. It should be rnentioned that 

the crater areas with fine equiaxed particles were found to contain a larger amount of Fe 

than in the smooth regions. 

Fig. 5.9 Microcracks parallel and perpendicular to the sliding direction in the srnooth region in the 
worn surface of the Ai-Si alloy at a load of 3 kg using the block-on-ring tester. 



Careful SEM examination of the crater areas also indicated that there were 

different microstructurd features present on the equiaxed particles in the craters in the 

worn surfaces of the Al-Si alloys at different sliding loads. As shown in Tig. 5.1 1, the 

size of the equiaxed particles in the crater in the worn surface at a load of 5 kg was much 

larger than that of the particles in the crater area at a load of 10 kg as shown in Fig. 5.10. 

The particle size ranged between 0.2 to 1 pm in the former, and the size was about 2 -5 

pm in the latter. In addition, EDS analysis showed that the amount of Fe in the very fine 

particles was higher than that in relatively bigger equiaxed particles in the crater areas. 

Fracture in the subsurface below the wom surface was also noted. in the bottom 

of a crater shown in Fig. 5.14, it is evident that extensive cracking occwed in the 

subsurface as a result of severe deformation and heavy strains caused by the sliding Wear. 

Fie. 5.15 shows a crater with very sharp edges, from which debns very likely had 

detached by adhesion. In a montage rnicrograph s h o w  in Fig. 5.16. it was noted that in 

area A. the bottom of the crater seemed to be very flat with extensive cracks, and no 

particles simiiar to those in Fig. 5.10 were present. Furtbermore, Fiake B as marked in 

Fig. 5.16, did not show direct evidence of being detached from adjacent areas, and there 

were gaps between Flakes B and C and the subsurface betow Rake B. It suggests that 

Flake B rnight be displaced during the sliding motion, and Flake C rnight be smeared on 

the fonner in a subsequent event. 

During the Wear process, loose debris were detached from the wom surface, and 

some of debris were compacted into the surface again. This can be confvmed by the 

observation as shown in Fig. 5. 16. Ln the smwth region, some of flakes were found to be 
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Fig . SEM Micrograph of a cratcr area in tbe wom surface of the Ai-Si alloy at a load of 
showing very fiae particles in the crater. 

Fig. SEM Micrograph of a crater area in tbe wom surface of the Ai-Si alloy at a load of 
showing relative targer particles in the cratcr. 
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compnsed of small particles embedded in the large flakes (smooth region A), as shown in 

Fig. 5.1 6. This feature can be observed more clearly on the wom surface of HP Al at a 

load of 3 kg, as shown Fig. 5.17. The wom surface was comprised mainly of small 

fragments or agglomerates with a size of 2 p. It is likely that the cracks, either 

perpendicular or paraiiel to the sliding direction, occured at the boundaries or interfaces 

of the srna11 fragments. It was noted that these segments consisted of a large amount of 

Fe. 

Fig. 5.18 shows the comparison of surface morphologies for the Al-Si aiioy and 

the MMC at the ends of the Wear track at the same siiding condition at a load of 3 kg. It is 

obvious that the extnided iips are much larger in the unreinforcd alloys than in the 

reinforced composites, and the grooving is smoother in the former than in the latter. It 

Fig. 5.12 Surface morphology of worn surface at a sliding distance of 100m. showiog 
"dimple" feanires and fresh interface due to detacbments of Sic. 
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Fig. 5.13 Elemental distributions of Ai and Fe on the worn surface of A i S i  alloy at 7 kg. (a) X-ray 
mapping; and (b) Morphology of the conesponding wom surface. 



Fig. 5.14 Subwrface cracks in the wom surface of the Ai-Si aiioy at a load of 10 kg. Tbe 
shows tbe sliding direction. 

Fig. 5.15 A crater region with sharp edges in the wom surface of the AI-Si ailoy at a 104 
of 7 kg, an indicative of adhesive Wear. 
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Fig. 5.17 Moiphology of tbe worn surface HP alioy at a load of 5 kg. showing srnall fragmen 
agglomerates embedded in the wom surface. (a) At  a low magnification; and Ib) 
higber magnification. S.D. Sliding Direction. 

its or 
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Fig. 5.18 Ends of Wear  cracks at a load of 3 kg, showing exmided lips. (a) Ai-Si alloy: and (b) Al- 
SiISiC composite. The arrow indicates the sliding direction. 
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Fig. 5.19 (a) Debonding of Sic particles to the Aï matrix: and (b) Fracture and hagmnration of 
S ic  partictes in the wom surface of the Ai-SVSiC composite. 



suggests that piastic deformation was much severe m the weidorced alloys than in the 

composite at a lower bad. 

At the worn surface of the composite, bare Sic particles were less fkquently 

found in the smooth grooves. Within the crater areas, evidence of fniaun and debondhg 

of the SIC was found, as shown in Fig. S. 1 9. As will be discussed later, fhgmentation 

and fkacture of the Sic particles w m  ikquently observed in the cross section of the worn 

surfaces of the MMC. 

In summary, two distinct regions, m e l y  smooth region and crater regions, were 

observed in the worn svfaces of the Ai-Si alloy and the MMC at a variety of sliding 

loads under the unidirectional dry sliding condition It was found that the material 

transferred fiom the sliding steel Le., the major element of iron, was present in the worn 

surface, and the amount of iron element was found to be more in the crater regions than 

in the srnooth region Presence of  the fine equiaxed particles containhg iron were found 

to be the major feature of the crater regions in the worn sdkces  of the &Si alloy and 

the MMC- 

5.4.2 Cross-sections of the w o n  surfaces 

5.4.2.1 ACSi alloy 

Fig. 5. 20 sbows a longitudinal m s s  section of the worn surface of the Ai-Si 

ailoy. The cross section was obtained using the firacture mcthod (Method 2) described in 



section 4.5.1. The cross sections obtained by this unique method accentuate the highly- 

strained region and the pIastic deformation in the subsurface created during the sliding 

Wear. It can be seen that the cross section of the worn surface can be divided into three 

regions. The first region is the top surface layer in which fine fragmented particles were 

found. As will be discussed later, this laya was comprised of elements from both the Al 

ailoy and the siider steel. and thus called a mechanically mixed layer (MML). The second 

region just below the MML was the subsurface with highly defomed structures. Severe 

plastic flow and material displacement occumeû in the subsurface region. The third 

region is below the highly deforrned second region. and it was just slightly deformed with 

a transition to the unaffected matrix. Hence, the third region is less impomt  in the 

present study. 

From Fig. 5.20 and Fig. 5.21, it cm be observed that severe plastic flow occurred 

in the subsurface. The narrow band-like stnictures of matenal flow bent over towards the 

sliding direction and approach the near surface. As indicated in Fig. 5.21, the thickness of 

the band structure was about 1 to 3 Pm, and the extended length of the shear band was 

quite long as compared to the thickness. This implies that the shear deformation process 

was very intensive. 

The transverse fracture cross section also demonstrated similar features in the 

subsurface of the worn surface, as shown in Fig. 5.22 and Fig. 5.23. In conjunction with 

the longitudinal cross section, it appears that the subsurface underneath the worn surface 

was comprised of band structures in 3D. Since the surface of the cross section was 

originally polished before being joined and subjected to the sliding Wear, the layered 

features in i t evidently showed the extent of shear deformation. 



Sliding Direction 

F/g. 5.20 Longiiudinal liacture cross section of the wom surface of Al-Si alloy at s load of 5 kg, shomng 
liighly striincû regions and the plustic îlow of matrix in the subswface of the wom surhce. 
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As mentioned above, very fine particles were observed in the top layer of the worn 

surface. Fïgs. 5. 24 and 25 show ultrafine structures in the top layers in transverse cross 

sections of the worn surfaces at a load of 7 kg. From the morphologies of the fine 

equiaxed particles, it appears that these particles are the same as those observed in the 

Crater areas in the worn surface. EDS analysis also indicated that the top surface layers 

contained a considerably high amount of Fe from the slider steel, as found in the worn 

surface. The eiemental Fe was found to distribute over al1 the areas that contained 

ultrafine particles. Fig. 5.24 (b) shows both Al and Fe distributions in the cross section 

corresponding to Fig. 5.24 (a) by using X-ray mapping. Fig. 5.25 shows a polished cross 

section of the worn surface at a diffetent sliding load (7 kg). 

Fig. 5. 21 Longitudinal fracture cross-section of the worn surface of Al-Si alloy at a load of 5 kg. 
showing sbear bands in the highl y sbained subsurface and mechanical mixed Iayer above 
the shear bmded structures. 
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Fig. 5.22 Transverse fracture cross section of the worn surface of  the Ai-Si dey at a load of  5 kg. 
showing the shear bands in the subsurface. 

Fig. 5.23 Transverse fracture cross section of  the worn surface, opposite to the Fig. 5. 22, showing 
trace due to sbearing displacement in the subsurface. 
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Fig. 5.24 Mechanically mixed iayer in the transverse fracture cross seetion of the worn surface of the 
Ai-Si alloy at a load of 7 kg. Note a subsurface crack below the MML. (a) SEM mîcrograph. 
and (b) X-ray mapping. 
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Fig. 5.25 (continued) 



Fig. 5.25 Longitudinal cross section of the worn surface of the AI-Si alloy at a load of 7 kg, 
showing presence of a mecbmically mixed layer (MML) and plastic flow in the 
subsurface. SD stands for the sliding direction. 
(a) At a low mgnification; 
(b) At a higher mgni  fication, the arrows inâicate cracks parallel to the sliding direction. 
(c) X-ray mapping corresponding to (b), showing Fe distribution in the MML. 



Cha~rer Five 99 

Microcracks were aiso .loteci in the MML and some of which might have 

propagated and formed large cracks that appeared to be parallel to the sliding direction, 

as can be seen from the micrograph at a higher mapification as shown in Fig. 5.25 (b). 

Presence of plate-like subsurface crack underneath the fragmentai particle layer was 

another evidence of subsurface delamination. As weli, X-ray mapping showed 

mechanicd mixing of Fe from the slider steel into the top surface Iayer. Together with the 

EDS analysis conducted on the worn surface, the X-ray mapping results strongly suggest 

that an extensive mechanical mixing took place beoiveen the Al dloy and the slider steel, 

and a mechanically mixed layer (MML) containing the elements from the two siiding 

counterparts was formed in the wom surface. 

Fig. 5.26 Fracture cross section of the wom surface of tk Al alloy at a load of 5 kg, showing a 
layered structure in the MML. Loyer 1 is a layer without ultrafine particles and mainly 
contains Al, and Layer 2 is a subsurface layer with ultrafine particies containing a 
considerable amount of Fe. 



Fig 5.26 shows another example of the MML in the transverse fracture cross 

section. It was noteâ that there were two distinct sublayers in the fracture cross section, 

Le., 1) very top surface without ultrafne particles; and 2) subsurface with ultrafine 

particIes in an average size of 1 pn, as indicated in Fig. 5.26. EDS anaiysis indicated that 

the frrst top layer consisted mainly of Al, while the subsurface layer with ultrafine 

particles contained much more Fe than the first top layer. It is very likely that the Fe-rich 

sublayer was smeared and covered by a thin "fresh" film of Ai alloy in subsequent events 

during the mechanical rnixing process. This layered structure or a Sandwich Structure 

was formed as a result of mutual transfer of materials and mechanical mixing processes 

generated by the sliding Wear and would be subjected to further compaction, 

fragmentation and rnixing if the siiding was to continue. 

It was also noted that the MML was formed almost at al1 sliding loads used at the 

sliding speed and distance in the present work. The thickness of the MML however, was 

found not to be uniform across the entire Wear track. At some locations, the MML was 

very thin and the fresh matrix of the Al alloy almost approached to the top wom surface, 

for example in the center area shown in Fig. 5.20. 

5.4.2.2 AI-Si/SiC Composite 

The morphologies of the wom surface of the AVSiCp composite were basically 

similar to those in the Al-Si alloy. However, important differences resulting from the 

presence of the S i c  particles were noticeably observed at the wom surface of the 

composite. Fig. 5.27 shows cross sections of the wom surface of the cornpite. It can be 



seen that the wom surface was primarily divided into the deformation area and 

mechanically mixed area. In the hctwe! cn>ss section, it is ciear that a large amount of 

shear strain and piastic deformation flow of the mat& occurred in the n i M a c e ,  as 

shown in Fig. 5.27(a). The Sic particles were constrained by the plastic strain, and some 

of the particles were mticod to be nacM+d due to the heavy strain. Tbe matrhc flow had 

developed around Sic  particles, anà the direction of the matrix flow changed just in from 

of the Sic. 

Eaensive mechanicd mixing was also found in the worn d c e  of the MMC. 

Fig. 5.28 shows a cross section of the worn surfàce at a load of 10 kg. It was noted that 

across the ent ire cross section of the worn surface, the mechanically rnixed layer was not 

uniform in thickness, and it showed a wavy pattem in depth, as seen in Fig. 5.28(a). At a 

higher rnagnification, show in Fig. 5.28(b), the MML was comprised of two sublayers, 

Le.. a top sublayer in which very fuie particles were embedded in the rnatrix and a 

compacted layer rich in Fe undenieath the first top layer- The major element disuibutiom 

obtained using X-ray mapping showed a clear pictue of the layered structure in the 

subsurface, in Fig. 5.28 (c). In the Fe rich rnixed layer in the subsurface, it is noted thaî 

extensive cracking developed either parallel or perpendicular to the sliding direction. The 

layered or sandwich structure feature was one of the cornmon features in the MML at 

various Ioads. Fig. 5.29 (a) and (b) show amther typical morphology of the sandwich 

structure and the comsponding x-ray maps, respectively. It can be seen that the entire 

MML consisted of ahemate sublayers either rich in Fe (white layers), or rkh in Al (dark 

layers). The aiternation of the two kinds of sublayers was not d o m  across the entire 

cross section of the Wear track. It can also be observeci that in the Al rich sublayers there 

were quite a few small particles containing Fe embedded in the Al matrix material. These 

features of the MML provided evidence how the mechanically mixed layers were 

replenished with new fresh matrix materiai as the Wear debris was removed fiom the 



MML- A "fresh" matrix materiai was detached from some locations where the matrix 

approached in the near surface, and the detached material was further mixed with 

previously formed mixture. These "new" mixtures were not only compressed by the 

normal load, but also extended longitudinally by the shear strain during further sliding. 

Through this way, "new" matenal was replenished into the MML and the altemate layers 

formed. The aiternate layers could be further fragmented and rnixed if the sliding motion 

continued. 

Fig. 5. 30 shows the morphologies of the alternate structure in the MML at high 

rnagnifications. It is noted that there were microcracks in the Fe rich sublayers. The 

microcracking could be the result of high residual stress in the MML. As shown in Fig. 5. 

30(b). the microcracks could p s i  bly develop and coalesce into large cracks contributing 

to subsequent detachment from the MML. Fig. 5. 31 shows extensive crack propagation 

in the MML, which was very likely to lead to subsequent delamination and formation of 

Wear debns. 

It was also noted that large S i c  particles with the sarne size as in the original 

material were less frequently observed in the MML compared to those in the original 

matrix of the composite. Fig. 5. 32 shows a fracture transverse cross section of a worn 

surface of the composite. SIC particles of the original size can be observed below the 

MML that was about 10 pm in thickness, while Sic  particles of the same size were 

absent in the MML. This can be clearly observed in the X-ray mapping of Si element in 

the cross section, as shown in Fig. 5.32 (b). This phenornenon can also be found in the 

MML discussed above (Fig 5. 28 to Fig. 5. 31). Actually, Sic particles smaller than the 

original size can be found; for example, a SIC particle with a size about 5 ~ r m ,  half as the 

original size. is shown in Fig. 5. 28 (b). Compared to the original material, most of S ic  

panicles found in the MML were smaller, with the presence of a few of large particles as 



shown in Fig. 5. 33. The backscanering electron image in Fig. 5.33(b) shows clearly the 

contrast of the S ic  particles to the matrix and the MML. It suggests that the Sic particles 

were fractured and fragrnented in the subsurface dunng the sliding Wear, and it is very 

likely that fragmented S ic  paxticles were subsequently redistributeci in the wom surface 

as the sliding progressed. 

In the subsurface, fragmentation of the reinforcing particles was frequently 

observed. As shown in Fig. 5. 34, cracks were observed in particles A and B. in the 

particle A. the crack was running perpendicular to its longer ais, while in particle B, the 

cracks oriented dong the sliding direction as a result of large shear stress generated 

during the sliding Wear. It is seen that the fragments of the fractured Sic  particles had 

moved apart considerably. In particular, for example, particle A was fractured into pieces 

and the fragments moved away from each other. Refilling of the gaps between the 

fragments by the surrounding materials or microvoids occurred, as shown in Fig. 5.35 (b) 

at a high mapification. This provides evidence of a mechanism that the microvoids were 

forrned in the subsurface of the worn surface. The microvoids would serve as sites 

resulting in cracks in the subsurface. Cracks could possibly be initiated at the interface 

between the S ic  particles and the matrix, as confirmed by the observation that some 

cracks grew between S ic  particles as in Fig. 5.36. 

It should be noted that eutectic Si particles in the matrix were also found to be 

fragrnented in the wom surface as show in a transverse cross section in Fig. 5.37. The 

compositional image obtained using Backscanenng Electron mode clearly shows the 

contrast of Si. S ic  and the matrix. and confirmed the fragmentation of Si particles. It is 

seen that the Si particles became much finer by fragmentation in the near wom surface. 
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Fig. 5. 27 Longitudinal fracture cross section of the wom surface of Ai-WSiC composite at a load of 
7 kg. (a) Showing that plastic flow of matrix was impeded by the presence of Sic  particles. 
(b) Showing fragmentation of the Sic  particles and the features similar to those in (a). 



(b) 

Fig. 5.28 (continued) 



Fig. 5.28 Mechanically M x e d  layer in a longitudinal cross section of the wom surface of the Al- 
SiISiC composite at a load of 10 kg. 
(a) At a Iow magnification; 
(b) At a high rnagnification; 
(c) X-ray mapping conesponding to (b), showing Fe distribution in the MML. 
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Fig. 5. 29 A sandwich structure of the MML in a longitudinal cross section of the worn surface of the 
AVSiC composite at a load of 10 kg, in which sublayers either rich in Fe or Al altematively 
exist. SEM rnicrograph, and (b) X-ray mapping of worn surface showing Fe and Al 
distributions in the MML. 



Fig. 5. 30 (a) ïhe alternative sublayen in the MML of the worn surface of the AVSiC composite at a 
higher magnification. (b) Microcracks in the MML as indicated by arrows. 





Fig. S. 32 Transverse fracture cross-section of worn surface of AiSilSiC composite at a load of 7 kg. 
sbowing a layered structure in the MML and absence of Sic particles in tbe original sire in 
tbe MML. (a) Micrograph, and (b) X-ray mapping in tbe cross section. 
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Fig. 5. 33 Mechanically mixed layer in a longitudinal cross section of wom surface of Ai-SiISiC 
composite. (a) Secondary electron image; a d  (b) backscattering electran image. Note that the 
cross section was polished using ion milling. 
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Fig. 5. 34 Fracture and fragmentation of SiC particles in the subsurface of the wom surface of tbe Al- 
Si/SiC composite at a load of 7 kg. (a) CracLing perpeadicular and parallel to the sliding 
direction in the particle A and B, respeetively; @) Trarisparticle cracking of Sic. Particle C 
was broken into three pans as  indfcated by the arrow. 



Fig . 
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Fracture and fragmentation of Sic  particles in the worn surface of AI-SiISIC 
load of 10 kg. Particle A was fractureci into five parts witb microvoids in betw 
parts. 

compos 
leen the 
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Fig. S. 36 Longitudinai cross section of thc worn surfacc of the AI-SVS~C composite at  a load of 5 
kg, showing cracks grown between Sic particles. 



Fig. S. 37 Fracture and fragmentation of eutectic Si particles in a transverse cross section of the wom 
surface of the Ai-SifSiC composite at a load of 7 kg. (a) Secondilry electron image; and (b) 
backscattering electron image. 



5- 5 MICROSTRUCTURAL CEARACTERIZATION OF THE WORN 
SURFACE - Thasmisrion iilertmn Mikmsapy Stuâïts 

5.5.1 The high purity aluminum 

Longitudinal cross sections of the wom surfgce of HP AI at a bad of 5 kg were 

examined using TEM. Fig. 5.38 Jbows a TEM profile of tbe sample o k r v e d  at b w  

magnification, showing a part of the perforation of the thin foi1 just underneath the top 

worn surface. As discussed in the previous section of SEM results, the s t d  profile 

changes with the depth iiom the wom surface kom low saains at a deeper depth to a 

severe strains in the subsurfhce adjacent to the wom suf f i .  Therefore, the 

microstructural features of the worn d c e  of the HP Al are discussed here for low 

strained depths to the highly strained layers near the surface. 

Fig. 5.39 shows a typical micrograph of the microstructure between positions A 

and B indicated in Fig. 5.38, Le., at a depth of about 300 - 400 pxn It c m  be seen that 

dislocations becarne tangled and cells started to form A number of individual 

dislocations can still be observed in the interior of the cells. However, the nurnber of 

these dislocations in the interior of celis gradually decreased as the top near surface was 

approached, as shown in Fig. 5.40. The average size of the celis at these depths was about 

2.0 p.m to 3.0 p m  

With funher approachiog the top surtiice in the mm between positions B and C 

correspondhg to Fig. 5. 38, Le., at a depth of about 50 ptn to 300 pm, as shown in Fig. 



5.4 1 to Fig. 5.44, the cells became furttier refined and the number of dislocations in the 

intenor of cells decreased in most of the cells, as some of arrays of dipoles developed to 

ce11 walls in the substnictures (for example, dislocation arrangement as indicated in Fig. 

5.41). The reduction of the number of dislocations inside the cells continuai, and some 

of the ce11 walls were still quite thick and the spacing of dislocations in the cell walls 

decreased. ï h e  average size of the celis was about 1.5 pm to 2.0 p, as can be seen from 

a low magnification micrograph in Fig. 5.44. At a depth less than 50 pm, the cells 

became somewhat sharp and started to get elongated, as shown in Fig. 5.45. Some of the 

celIs started to develop very thin and iine shaped boundaries, for example as indicated in 

Fig. 5.45. Near the top surface, the walls developed into elongated subgrains with an 

aspect ratio of about 1 :4. 

Very narrow band-like substnictures were dso noted near the worn surface. As 

can be seen in Fie. 5.46, the aspect ratio of the narrow band was quite large, and the 

thickness of the band was about 0.03 pm. These bands were similar to those found in the 

wom surface of an aluminum in a pin-on-disc Wear test in vacuum by Kou and 

Rigney[4]. It is very likely that these bands were formed as a result of lower shear 

strength in cornparison with stress intensity[4] and strain heterogeneity due to shear 

instability[128]. The shear bands, delineated by two sharp and parallel walls, oriented 

almost paraiiel to the sliding direction. Interestingly, it seemed that the shear bands run 

through the subgrains as shown in Fig. 5.46. 
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In summary, the microstnictural evolution dong the depth below the wom surface 

is very much similar to roiied materials [113] at high strains in which formation and 

development of celi structures are more pronounced according to work hardening 

Wom Surface 

Fig. 5.38 TEM profile of th ioogituniduiai cross section specirnen of HP AI wom 
surface, showing a partial perforation of the thin foii. Zone A. B. C wiii 
be discussed in followiog figures. See text for details. 



Fig. 5. 39 Microstructure of tbe wom surface of tbe HP Al at a depch of about 300- 
400 ~ u n ,  (Zone between position A and position B). Sliding load: 5 kg. 
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Fig. 5.40 Microsirucnire of the wom surface of the HP Ai at a deprh of about 300- 
400 p. showing the cells with very few dislocations in the interior of 
the cells. Sliding load: 5 kg. 



Fig. 5.41 Microstrucâme of the worn sudice of the HP Ai at a deph of about 50-300 W. 
(Zone bctweai positim B and position C). Note that arrays of dislocation dipoles 
developed into d l  waiis. SLiding load: 5 kg, 
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Fig. S. 42 (a) and (b) Microstructures o f  the wom surface of the HP AL at a depth 
of about 50-300 p, showing reductioo of dislocation inside the cells, and 
presence of thick waiis of cells. Slidiog load: 5 kg. 



Fig. 5. 43 Ceü structures in ~bc wom s u r f .  of the HP ~i at a cieptb about 100 h m  the top surface. 

Fig. 5.44 ceil structures in the wom surface of the HP Al a a depth about 100 pm from the top 
surface. (Low magnification) Note that tbe average c e U  size was about 1.5 to 2 pm. 



'CM 
and 

Fig. 5 
(b) 

i. 45 Subsurface smctures in the worn surface of the HP Al at a depth less h a  
from the top surface, showing the ceUs started to get elongated, and that 
line shaped boundaries formed as indicated by arrows. 



(b) 
Fi& 5. 46 Microbands in the near surface of tbe worn surface of the HP Al. The thicknus of tbe 

microbands is about 0.03 pm. The tilting angle is about 10' between (a) and (b). 



5.5.2 The AGSi Alloy 

Fig. 5.47 shows a panoramic view of a cross section of the worn swliwe of the Al- 

Si d o y  (T6) at a load of 5 kg a! a low niagnifcation It can be seen that the subsurfaEe 

structures changed as a h c t i o n  of depth below the worn surface. At the very top wom 

surface, a mechanicaliy mixed layer (MML) was present, which contains Fe t r a n s f d  

fiom the steel slider and will be separately discussed later. Just below the MML, a mixed 

structure of equiaxed and ekmgated subgmns was found- As indicated as Zone 1, which 

is about 4 to 8 pm below the top worn surface, equiaxed subgrains were present with an 

average size of 0.2 to 0.5 pm At a depth of 10 to 20 pn below the worn surfàce, (Zone 

2), the substructure transition to elongated subgrains was noteci, and the aspect ratios of 

the elongated subgrains were about 5 to 10. In Zone 3 (about 30 p below the top worn 

surface), it c m  be observed that the thickness of the eiongated subgrains becarne large 

and so did the aspect d o .  Below this depth, the substructure traosited into a poorly 

developed structure. Fig. 5.48 (a) to (c) shows the substructure a! a higher magnification. 

Careful examination of the nibgrains, especially the equiaxed subgrains near the 

top worn surface indicated that the dislocation density in the interior of the subgrains was 

at a very low level. This is in agreement with other investigations involving the recovery 

and recrystallization of many d e f o d  Al aUoys[116118]. In the present work, it was 

also found that in some subgrains tbere were still a considerable number of dislocations at 

the elongated structures, as shown in Fig. 5.48. More detailed dislocation structures in 

the interior of the subgrains are sbown in Fig. 5.48 (b) and (c). 'Ibis implies that the 



abgrains might undergo nirther severe deformation during the recrystallization proces, 

Le.. the recrystaliization might be a dynarnic process instead of a static one. 

Influence of the eutectic Si particles was a h  n o t d  in the subsurtice in the cross 

section of the wom surface. Fig. 5.49 shows that the local plastic deformation in the 

matrix was controlled and obstructed by the presence of a Si particle, and the flow of tk 

elongated subgrain structures was nuuiing around the Si particle. S o m  of the equiaxed 

subgrains with sharp boundaries could also be observed near tbe Si particle. In al1 the 

deforrned zones below the wom surEace, extensive hgmentation of Si particles was 

fiequently observe& as shown in Fig. 5.50. The hcture  locations were found to be 

associated with the sliding direction, suggesting that the fiactures niainly resulted fiom 

the plastic de formation c a d  by the sliding Wear. The fiactures in these Si particles did 

not necessarily happen in association with the stackuig faults although the stacking fàults 

were observed very fkequently in Si particles. 

It is also of interest to note that k t u r e  of the Si particles occurred coincidentally 

with hctures in the Al ma* as can be seen in Figs. 5.51 d 5.52. This implies that the 

fiacture of the Si particles could be a source of initiation of cracks in the rnatrix since Si 

particles were more brittle than the matruc. Similar to the observations by SEM, 

microvoids were also fkequently observed between the Si particles and the rnatrix, as 

shown in Fig. 5.53. The microvoids could also be o b e d  in Figs. 5.50 and 5.52. The 

microvoids could resuh nom debonding at the interface between the Si particles and the 

mat& and fiom coalescence of cracks wntionod above during the fûrther deformation 

generated by the sliding Wear. 





Fig. 

(b) 

5.48 (continued) 
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Fig. 5.48 Subsurface microstructure of worn surface of the AL-Si alloy (T6) at a load of 5 kg. (a) 
showing the elongated substnictures. and dislocation structures within S o m  subgrains. 
(b) Bright field image of dislocations in the elongated subgrains at a higher 
magnification. (c) Dark field image of dislocations in the elongated subgrains. 



Fig. 5. (a) and (b) Extensive matrix flow of elongated subgrains were impeded by tl 
of Si particles. 
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Fig. 5.50 Fracture of Si particles in the cross section of the wom surface of the Ai-Si IUoy. Note 
that the crack orients towards the sliding direction. 

Fig. 5.51 A crack in the Al matrix is asoociated with the crack in the Si Particle in the subsurface of 
the wom surface of the AI-Si alloy. 



Fig. 5.52 Fracture of the Si particle Ieads to ûacture in the mmix ia the wan sv$ce of the AI-Si 
allw U6)- 

Fig. 5.53 Microvoids were o k m d  at the mtafaa beomai the Si particles and îhe Ai maîrix. 



5.53 The Al-Si/SiC Campoaite 

5.5.3.1 Deformation su bstmctu res 

A micrograph of TEM a specixncn prepared in a manmr that the TEM thin foi1 

was parallel to the sliding wear sriiface shows the microstmctwe of tbe very top worn 

surface was minly cornprised of equiaxed subgrains in a site of about 0.05 to 0.1 pn, as 

shown in Fig. 5.54. Since the parailel specimen could mt reveal the detailed information, 

longitudinal cross section TEM specimens were again used to investigate the 

microstructufal evolution of the worn surface in tbe composites. Fig. 5.55 shows the 

changes in the subsurface microstnicture as a funciion of depth below the worn surfàce at 

a load of 5 kg. It can be obse~ed that the microstmctural evolution of ce11 structures in 

the Al m a t h  was simila. to that observed in the Ai-Si dloy in terms of deformation 

generated during the sliding Wear. In the near surface, equiaxed subgrains could be 

observed near Sic particles, and then a sharp transition to elongated subgrains occurred. 

It should be mentioned tbat the elongated sutgrains were Iess well developed as 

compared to those observed in the unreinforced alloys, and high dislocation densities 

could be observed in the interiors of the subgrains. Fig. 5.56 shows a typical micmgraph 

of the elongated subgrains in the wom nuface of tir reinforced composite at a high 

rnagnificatioa Fmm a depth about 30 pn bebw the top worn Jurface, the ECU stmctum 

were poorly developed, and actually they were still at incipient stage, as can be s e n  in 

Fie. 5.55. 
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It was found that the deformation substructures of the worn surface were similar at loads 

of 5 kg and 10 kg, and the defonnation depth at the load of 10 kg was significantly bigger 

than that at 5 kg. The subsurface microstructure at a depth of about 60 pm at a Ioad of 10 

kg is shown in Fig. 5. 57. It can be seen that there was a high density of dislocations in 

the ce11 structures, some of which started to get elongated. By tilting the thin foil in the 

TEM, a subboundary could be observed when the foil was tilted about Sa from Fig. 5.57 

(b) to (c). The dislocation arrays on the sub-grain boundaries irnply that the dislocations 

had undergone a rearrangement. Some dislocation loops could also be observed in the 

ce11 structures with a high density of dislocations in the interiors. These phenomena 

suggest that the deformation was most likely taking place at a relatively high temperature. 

Fig. 5.58 shows another example of the dislocation structures in the subsurface of the 

worn surface. With an increase in the strain level approaching the top surface, the number 

of dislocations in the intenor decreased and the ce11 walls of the subgrains urere sharp and 

became elongated subgrains, as shown in Fig. 5 .  59. The orientation between the 

elongated subgrains seemed to be larger. 

The elongated subgrains were oriented conforming to the shape of the Sic 

particle, as shown in Fig. 5.60 and 5.61. It is obvious that the direction of the elongated 

substnicture flow in the mamx was imposed to change by the presence of the Sic 

particle. It can be seen that the elongated subgrains gradually tumeci the flow direction 

until the direction was almost vertical to the original direction, Fig. 5. 61. The aspect 

ratio of the subgrains seemed to decrease probably because of dynamic recrystallization 

within the stress field of the Sic particle. 
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Fig. 5.54 Microstructure of the wom surlace in the extreme wom surface of  the Al-SiISiC composite 
(as-cast) at a load of  10 kg. The thin foi1 was prepared parallel to the worn surface. 



Sliding Direction - 

From Top 

Fig. 5.55 Subsurface microstructure dianges as a ha ion  of depth below the wom surface in a 
Iongitudinal uoss section of the Al composite at a load of 5 kg- Note the microstructure 
transition fiom elongated subgrains to a structure that contains inci pient cells. 
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Fig. 5.56 Subsurface microstructure of elongated subgrains in the <rom surface of the Al-SiSC 
composite (as-cast) at a load of 5 kg. 
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Fig. 5.57 Subsurface microstructure in a longitudinal cmss section 60 p m  below the wom surface 
of the Al composite (as-cast) at a load of 10 kg. (a) at a low magnification (b) high 
magnification. (continued) 
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Fig. 5.57 Subsurface microstructure in the cross section about 60 p below the worn surface of the 
Al composite (as-cast) at a load of  10 kg. (c) Bright field image that was tiied about 5' 
from (b); (d) Weak beam dark field fiom (c). 



5.5.3.2 In-situ precipitation during the sliding wear 

It was found that fine precipitates were present in the subsurface below the worn 

surface of the as cast composites which were originally precipitate firee before the sliding 

wear. This finding of in-situ precipitation was noted to occur at high loads (> 5 kg). The 

microstructure in the subsurface about 60-70 pm below the top wom surface at 5 kg is 

shown in Fig. 5 .  62. It can be seen that dislocations with high density were tangled, and 

cells started to fom. Careful examination indicated that a large number of needle-Iike 

precipitates occurred in the matrix. Figs. 5.63 and 5.64 show the subsurface 

microstnictures of the wom surface at a high magnification- It is seen that the cells 

oriented towards the sliding direction. By using two-diffiaction-beam technique in the 

TE-M, images of the dislocations and the precipitates could be clearly observed in the 

weak beam dark fields, as shown in the figures. The electron diffraction pattern, for 

esample. using the two-bearn diffraction as shown in the insert in Fig. 5.63, confirms the 

presence of the precipitates. At this depth, it can be seen that the size of the precipitates is 

approsimately 80 nm in length. The orientations of the needle-like precipitates were in 

agreement with those found in the literature[l 1 1, 1121 i-e., parallel to c 001 >,,,, 

directions, as shown in Figs. 5.63 and 5.64. 

At the depth about 40 to 50 p m  below the worn surface, a large number of coarse 

precipitates were present, coexisting with highly dense dislocations in the matrix. The 

thick straight parallel line images, for example as shown in the upper left side in Fig. 5. 

62, were identified as coarse precipitates. In addition to the presence of fine precipitates 

mentioned above, rod -shaped particles were noticeably observed in the subsurface and 

their size was comparatively larger than that of the precipitates in T6 treated composite as 

shonn in Fig. 5.5 in Section 5.2.2. Figs. 5.65 (a) and (b) show the subsurface 



Chaprer Five 142 

microsmictures at the depth of approximately 40 prn below the wom surface. On the 

zone axis of 4 O b  of the matrix (the foil was approximately (1 01 )), the precipitates 

were observed to be lying on the directions of [O101 and [ h l ,  respectively. It was noted 

that the precipitates were frequently decorated with dislocations, which can be seen more 

clearly using weak beam dark field as shown in Fig. 5. 65(b). As can aiso be observed, a 

laye  number of dislocation loops were present in the subsurface, irnplying that the local 

temperature was considerably high during the process. in order to understand the 

mechanisms responsible for the substnicture and interaction of strain fieIds of the 

precipitates and matrix in the wom surface, fiuther study of the nature of the precipitates 

and dislocations in the subswface was conducted. 

Figs. 5.66 to Fig. 5.72. show the nature of coarse precipitates at high 

magnifications using different operation vectors 2. It seems that the precipitates were not 

coherent nith the matrix and misfit dislocations were present in the interface between the 

precipitates and the maîrix. By using different operation reflection g at "two diffraction 

bearn" conditions, the interface structures couId be observed clearly. Dislocation lines 

were found to be along and parallel to the lath-like precipitates. Almost vertical to the 

lath-Iike precipitates, rod-shaped precipitates were found to be accompanied with misfit 

interfacial dislocations. By tilting the thin foils and using invisibility criterion of 

dislocations, the nature of the dislocations was detexmined, as shown in Figs. 5.66 to Fig. 

5.72. It can be seen that the dislocations along the sides of the rod precipitates were 

invisible when the operation g = [1 ï ï ] a n d  [T i l ]  at zone axis B=[101], Figs. 5.66 and 

5.67, respectively. Fig. 5.68 shows another example of the invisibility of the dislocations 

at g = [ ï  T 11 with the foil being tilted to zone axis B=[112]. At g = [o?o] and [??O], the 
9 

dislocations along the sides of the rad precipitates were visible. Fig. 5.69 to Fig. 5.71 

dernonstrate the images of the dislocations at g = [oTo] with different zone axis, and Fig. 



5.72 shows the dislocation structures at g = [Izo], B=[112]. As a result, the Burgen 

vector of the dislocations should be c[101] according to the invisibility criterion. These 
2 

dislocations therefore have the nature of edge dislocations since they lie in the direction 

of [TOI] ,  perpendicular to their Burgers vector. It can also be observed that by tilting the 

foil, interfacial structures of the precipitates, for example, Moire patterns, were present 

because of the misfit between the precipitates and the matnx. As shown in Fig. 5.73, 

closely spaced dislocation loops were found along the length of the precipitates, 

indicating the interaction between the strain field of the dislocations and the elastic strain 

field of the precipitates. These phenornena are similar to those found by WeatherIy and 

Nicholson[ll3] in Al-Cu-Mg alloys which were simultaneously aged and plastically 

deformed under creep conditions. According to theml1 131, during the coarsening of 

precipitates under creep conditions, disiocations initially clirnb to the particles, and lie 

along the interface of the particles or loop around the particles. The dislocations then 

break up to form prismatic loops. In the present Wear process, a sirnilar mechanism of 

dislocation climb could also be responsible for the formation of the interfacial structures. 

due to the heavy plastic strain in association with the fictional heating. 

On the other hand, the initial nucleation and formation of the precipitates could 

also occure at dislocations [118]. It was observed that the rod precipitates were fiequently 

decorated by dislocations. Fig. 5.74 shows the precipitates along the dislocation lines 

when the above foil was tilted to zone axis of [OOl]. It is shown that the images of the 

precipitates changed into equiaxed particles, showing end-on images. The end-on images 

of the precipitates, in hm, confirm that the precipitates lay on the planes of (100) or 

(010). The presence of the precipitates preferably at the dislocation networks becomes 

evident as shown in Fig. 5.75. ïh is  is not surprising, and the phenomenon that 

dislocations in the matrix serve as nucleation sites for strengthening precipitares hîve 



been reporteci in the studies on strengthening mechanisms of composite materials [118, 

1191- The higher dislocation density in the wom surface of the composite generated 

during the sliding Wear would provide many preferential nucleation sites for precipitates 

as the sbain field associated with the precipitates could interact with the dislocations to 

reduce the suain component in the activation energy for the precipitates[ 1 19, 120 1. 

5.5.3.4 Mechanically mixed layer 

As discussed in the SEM observations in Section 5.4, mechanically rnixed layers 

were found on the wom surfaces of the matenals studied, at a variety of sliding loads in 

the present work. The MML contained the elements fiom both the sliding counterpans 

and a significant amount of Fe was present in the MML. Therefore, it is of great interest 

to study the microstmctures of the MML using TEM. 

Fig. 5.76 shows a longitudinal cross section of the worn surface of the base alloy 

at a load of 10 kg. It cm be seen that reIativeiy large aggregates (marked as MML) were 

just lying above the subsurface with elongated subgrains. It was aIso noted that 

microvoids were present between some aggregates, for example, a void as indicated by 

the arrow in Fig. 5.76. At higher magnifications, it was observed that the aggregates were 

actually comprised of ultrafine particles with a size of a few nanometers, as shown in Fig. 

5.77. It is of interest to note that the ultrafine particles in some aggregates seemed to 

congregate along the plastic flow. In Fig. 5.77, for example, the ultrafine particles 

onented in a direction towards the elongation direction of the substructure in the matrix 

below the mixed layer, Le, towards a direction parallel to the sliding direction. 
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Simikir structures of the aggregates in the MML were also found in the extremely 

worn surface of the composite (Fig. 5.78) and in the high purity Ai (Fig. 5.79). Fig. 5.78 

shows the mixed stmcture in the wom surface of the composite at a load of 10 kg. The 

aggregates with ultrafine structures coexisted with the recrystallized grains of the Al 

matrix. It should be noted that some aggregates were mixed and impressed into the Al 

matrix, and some of the matrix grains were rnixed in between the aggregates, as indicated 

in Fig. 5.78 (b). The interfaces between the aggregates and the maîrix grains remained 

clear and sharp. From the microstnictural characteristics of the MML, it is evident that 

the MML were formed by compaction and incorporation of Wear debris into the 

deforrned subsurface. 

EDS analyses conducted on the ultrafine particles in the MML of the wom 

surface exclusively indicated that a significant arnount of iron was present in the 

aggregates, and the amount of iron was in excess of the solubility of iron in the a-Al 

soIution. as s h o w  in Fig. 5.80. Moreover, in some particles, especially at a high load, 

oxygen was also noticeably present in the aggregate. Since the size of the nanocrystallites 

\vas much smaller than that of the focused electron beam used in the EDS mode, it \vas 

not possible to differentiate whether the particles contained some iron or they were 

"pure" iron particles. It is certain, however, that the iron element was transferred from the 

counterpart and got mixed either mechanically or chemically with the Al alloys mainly 

depending on the sliding load in the present work. The results are consistent with the 

observations using SEM. 



Chapter Five 146 

The selected area electron diffraction (SAD) revealed that the crystal structures of 

the ultrafine particles were different fkom one location to another in the MML. Since the 

microstructural features of the aggregates with ultrafine grained structures in the MML 

were found to be very simi1a.r to those in the Wear debns, the detailed studies of the 

crystalIographic characterization of the ultrafine grained structures of the debris will be 

discussed separately in Chapter Seven using TEM, X-ray diffraction and Mossbauer 

spectroscopy. The results show that the microstructures of the ultrafine grained structures 

were basicaily comprised of  a mixture of different phases. Depending mainly on snains 

and temperatures caused by sliding fiction, the mixture hcluded the constituents fiom 

both the sliding materials such as a-Al, a-Fe, and iron aluminum intennetallic 

compounds as a result of solid state reaction between both the sliding matenals, as weil 

as oxidation products with the environment, such as a-Al2O3. 



Fig. 5.58 Dislocation stmcnires in the subsurface about 60 below the wom surface at a load of 
10 kg. (a) Bright field image; (b) Weak beam dark field image. B= { 10 1 ) . 



Fig. 5.59 Elongated subgrains and dislocation structures at a depth about 40 pn below the wom surface 
of the Al-SVSiC composite (as-cast). (a) Bright field image; and (b) Central dark field image. 



Fig. 5.60 Direction of the plastic flow of the maaix with elongated rubgrains was changed due to 
the presence of the Sic particle. 



Fig. 5.61 Elongated subgrains were impeded and the matrix flow of the subgrains was consmined 
due to the presence of the Sic particle in the worn surface of the Ai-Si/SiC composite 
(as-cast) at a load of 10 kg . 



Fig. 5.62 Subsurfice micmîîructure about 60 -70 p bclow the w o m  nirface of as cast AI-WSiC 
composite at a load of 5 kg. Note that high density dislocations were tangled and cells 
started to form. Coarse precipitates were also noticed. 



@) 
Fig. 5.63 Needle-W<e precipitates and dislocation structures in the worn surtace or the as casr AL 

composite at a load of 5 kg. The insert shows two-beam condition of the mtrix and 
electron diffraction pattern of the precipitates. (a) Bright field; (b) Weak beam dark field. 
B=[lOl], = [ io l ] .  



Fig. 
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5.64 As in Fis. 5.62, needle-like precipitates and dislocation ce11 structures in the wom surface 
of the as cast Al composite. (a) Bright field; (b) Weak beam dark field. B=[lO!]. 



(b) 
Fig. 5.65 Subsurface micmstructure at a depth about 40 pm below the wom surface of the as cast 

composite, showing coexistence of  high density dislocations and rod precipitates. 

B=[101], g=[Ï 1 1 .  (a) Bright field; (b) Weak beam dark field. 
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Fig. 5.66 
(b) 

1 Dislocation structures and the in-situ precipitates in the subsurface of the wom si 

the as cast composite. B = Cl0 11, g = [l 1 ï] . (a) Bright field; (b) Weak beam dar 

urface of 
.k field. 



(b) 
Fig. 5.67 As in Fig. 5.66, the image was obtained using different g. B = [IO il. g = [ï ï i]  . (a) 

Bright field; (b) Weak beam dark field. 



(b) 
Fig. 5.68 As in Fis. 5.66, the thin foi1 was titled to Zone [112]. B = (1 121, g = [ï 7 l] . (a) Bright 

field; (b) Weak beam dark field. 



(b) 
Fig. 5.69 As in Fig. 5.66, the thin foi1 was titled to Zone [IOl] but with differentg. 

B = [lOl], g = [O~O] . (a) Bright field; (b) Weak beam dark field. 



(b) 
Fig. 5.70 As in Fig. 5.66, the thin foi1 was titled to Zone [301]. B = [301], g = [oIo]. (a) Bright 

field; (b) Weak beam dark field. 



(b) 
Fig. 5.71 As in Fig. 5.66, the thin foi1 was titled to Zone [100] and differentg. 

B = [l 001, g = [ o ~ o ]  . (a) Bright tield; (b) Weak beam dark fieid. 



(b) 
Fig. 5.72 As in Fig. 5.66, the thin foi1 was titled to Zone [Il21 but with differentg. 

B = [112], = [?20]. (a) Bright field; (b) Weak beam dark field. 
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(W 
Fig. 5.73 Dislocation structures and the precipitates in the subsurface. Note that closely spaced 

dislocation loops at the interface between the matrix and the precipitates lying on 
direction [Toi] . B = [ l  O 11, g = [0?0] . (a) Bright field; (b) Weak beam dark field. 



Fig. 5.74 Dislocation structures and the precipitates in the subsurface. The foi1 was titled to Zone 
axis [OOl]. The precipitates showed end-on image decorated with dislocations. 
B = [O0 Il, g = [020] . 



(b) 
Fig. 5.75 Precipitates with end-on images were decorated with dislocation network. The foi1 was 

titled to Zone axis [001]. B = [OOI], jj = [OTOJ. (b) At a high magnification. 
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Fig. 5.76 TEM micrograph of a longitudinal cross section of the wom surface, showing the 
mechanically mixed layer(MML) and elongated subsurface structure at a load of 10 kg. 
The srnaIl arrow indicates a microvoid between aggregates in the MML. 
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Fig. 5.77 
Cb) 

The ultrafie grained structure in the MML in the longitudinal cross section of the wom 
surface of the Al-Si alloy at IO kg. Note that the ultrafine particles congregated along the 
plastic flow in the aggregates. (a) At a low magnificatioo ; (b) At a high rnagnification. 



(b) 
Fig. 5.78 Mechanically mixed structures of the ultrafine grained aggregates and subgraùis of the 

matrix in the MML. Subgrains of the rnatrix rnixed in the ultrafine grained aggregates 
should be noted as indicated by arrows. 



Fig. 5.79 The ultrafine grained structure in the MML in the longitudinal cross seciion of the worn surface of HP Al. 



Energy (KeV) 

Fig. 5.80 EDS analysis of the ultrafine grained structures in the hth& showing a considerable 
amount of Fe and Al. 



S. 6 DISCUSSION 

5.6.1. Plastic deformation below the worn surface 

From the microstructural observations using SEM and TEM as discussed above, it 

c m  be generally concluded that in addition to the lwse debris, the wom surface can be 

divided into different sublayers dong the depth below the worn surface. The first or top 

layer is the actual contact surface with the sliding counterpart and contains a mixture of 

materials fiom both the sliding contact surface, i-e, mechanicaily mixed layer (MML). 

Underneath the MML is the highly deformed sublayer in which strong shear defonnation 

is dominant as a high degree of shear plastic flow is observed. Just between the shear 

deformed layer and the undeformed bulk material is the plastically defomed sublayer. 

In the highly shear defomed sublayer, as observed by the SEM examination, the 

passage of the shear band layers was aligned or parallel to the sliding direction, especially 

at the depth approaching the near surface. This may suggest that the maximum shear 

stress was parallel to the surface during the sliding motion. This phenornenon is in 

agreement with other observations in different sliding systems such as stainless steels [6] 

and Cu alloys [58 ]  as well as Al alloys[4]. According to the shear instability mode1 

proposed by Rosenfield [120-1221 and later modified by Kou and Rigney[4], shear 

localization could occur at a depth below the worn surface in the cornpetition of the flow 

strength of material and the stress intemity caused by the sliding wear. The stress 

intensity was associated with a force acting on the surface above a shear crack as a result 
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of combined eifect of nomal load and friction force during the sliding Wear as defineci by 

Rosenfield[l20, 1223. Shear localization could occur in the case of HP Al as a result of 

severe shear stresses in the wom surface, as micro-shear bands were evidently observed 

in the present work. The initial flow strength of the HP Al was Iower and could be raised 

after sliding for some distances due to the work hardening effect that was pronounced in 

the HP Al. In the case of the base alloy and composite, no shear localization was noted in 

the TEM microstnictural observations in the present work. Instead, elongated subgrains 

were the predorninant features in the subsurface of the base alloy and the composite at the 

depth range conesponding to the shear banded structure observed in the wom surfaces of 

the base alloy and composite in SEM. 

Kuhlmann-Wilsdorf [2] and other researchers [123, 1241 have suggested that a 

linear hardening law is most likely to be applicable in sliding Wear f!iom the theoretical 

vieapoint in tems of main distribution at a worn surface [2]. According to this model, 

the floa stress rises linearly with the logarithm of the strain. The model was compared to 

the work of Dautzenburg and Zaat[123] fkom which the expenmental data fitted the strain 

distribution model following an exponential relation: 

where y, is the shear strain at the surface. 

Jn the present work, the work hardening effects can also be observed through 

microhardness profile and/or strain profile dong the depth below the wom surface, and 

these profiles are thus compared to the micmstmctural features obtained using SEM and 
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TEM. Fig. 5.81 shows the microhardness profiles dong the depth below the wom surface 

of the HP Al and the Al base alloy. These values were obtained through an average of at 

least five readings, and no values that obtained fiom the mechanically rnixed layer were 

included, since the hardness values (1 70 HV) in the Mh4L were generally found to be 

much higher than those in the subsurface. The increased hardness in the near subsurface 

confims that the flow stress was raised as a result of work hardening caused by the 

sliding Wear, and deformation depth was quite deeper in the HP Al than in the Al base 

alloy, in agreement with the observations in TEM. Due to the difficulty of measurement 

of hardness below the wom surface of the Al composite with the presence of the S i c  

particies, an estimated strain distribution dong the depth can be used to evaluate the 

plastic deformation behavior of the Al base alloy and the Al-Si/SiC composite. A strain 

profile along the depth was obtained using a method in which the equivalent plastic strain 

s was calculated fkom shear angles between the plastic flow line and the normal to the 

Fig. 5.81 Minohardness profile as a hinction of deph below the worn surface of the HP AI 
and AI-Si alloy at a load of 5 kg. 



Chamer Five 1 73 

worn surface 0 [13,5O, 55, 1231, as reviewed in Chapter 2 and Fig. 2.1 1, i.e., 

at a depth z from the top surface. The plastic flow line was approximately traced using 

longitudinal cross sections of the wom surface. Fig. 5.82 shows the equivalent strain as a 

function of the depth below the worn surface of the Al-Si alloy and the Al -Si/SiC 

composite at a load of 5 kg using the above mentioned method. Since the work hardening 

behavior in the extreme surface would be affected by the presence of MML, the 

measurement at the very near surface was ignored. ?he curves were obtained using a 

fitting software [125] to fit the raw data. From the logarithm of the strain as a function of 

deprh shown in Fig. 5.82@), it appears that the nature logarithm of the strain is linearly 

related to the depth, Le., 

This is in agreement with the well-known Voce equation proposed to account for 

the relation between the plastic stresses and strains in compression tests [126]. This is 

also in good agreement with the mode1 proposed by Kuhlmann-Wilsdorf [2], and in good 

agreement with the results obtained in different sliding systeins by other researchers[2,6, 

22, 1271. The strain distributions are also consistent with the microstructural evolution 

along the depth below the wom surface, as observed using TEM in the present work. 

Since many equiaxed subgnins were observed in the near surface, for example, 

the microstructure just below the mechanically mixed laya as shown in Fig. 5.77 and 
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Fig. 5.78, dernonstrates that the recrystalization of the deformed structures may have 

been occurring in the worn surface. This is not surpnsing since large gadient shear 

strains and temperature nse as a result of fictional heating exist in the worn surface. 

With respect to the fnctional heating, many investigators [44,46, 47, 51, 521 have made 

great efforts to estimate and calculate temperature nse at the sliding surface. Lim and 

Ashby[44] and Ashby et al 1511 have developed a mode1 to estimate the bulk surface 

temperature and flash temperature at real contact asperities for steels. Zhang and 

Alpas[52] applied the similar method to estirnate the surface temperature of an Al alloy 

(6061) sliding against a bearing steel using Block on Ring sliding configuration, and 

developed a temperature map for the sliding system of the Al alloy. They found that the 

surface temperature of the worn surface could reach up to about 430 K, at a load of 98 N, 

sliding speed 1 .O m/s, which is below the melting temperature of the 6061 Al aiioy 

(Tm=925 K). In the present research, the sliding speed was lower (0.2 m/s), so that the 

surface temperature as a result of fnctional heat would be considerably Iower as 

cornpared to that obtained in [52] .  The average temperature on the surface was measured 

using spot-welded thermal couples adjacent to the worn surface at a load of 10 kg, as 

showm in Fig. 5.83. Although the bulk surfaçe temperature was not very high because of 

the low sliding speed, the local flash temperature at real contact aspenties could be much 

higher. This could also be estimated using microstnictural features in the subsurface, 

since a large nurnber of dislocation loops were noted and precipitation occurred in the 

worn surface of the as cast maa-ix. Therefore, the surface temperature rise would be 

favorable to the recrystallization of the deformed structure in the worn surface. 



Equivalent Strain 

0.01 o. 1 1 10 

Fig. 5.82 Equivaknt siraias as a fùnction of the depth beiow the wom surfhces of 
the Ai-Si alloy and the Ai-SVSiC composite at s load of 5 kg. 
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Recrystallization of deformed structures in the wom surface have been discussed 

b y many researchers[3, 4. 1 1 71. Dautzenberg [3] reported a dynamic recrystallization in 

the wom surface of copper. and proposed that the dynamic crystallization was only 

process that could satism the different properties in the wom surface, and it could occur 

at a lower temperature because the crystallization temperature could probably be lowered 

by the heavy deformation generated during the sliding process. Rao and Kosel [Il71 and 

Kou and Rigney[4] provided good evidence for dynamic recrystallization in the wom 

surface of Al alloys. However, there are still some uncertainty whether it is dynarnic or 

static recrystallization because static recrystallization would take place very quickly if an 

aluminum specimen was kept at an elevated temperature afier hot working had stopped 

\vi th respect to fiction-induced-heating during the sliding wear[4, 128 3. It is generally 

considered that dynamic recrystallization is unlikely to occur in aluminwn and its dilute 

ailoys because its high stacking energy makes it very easy for dynarnic recovery to occur. 

Hou-ever, there is evidence of dynamic recrystallization in aluminurn deformed to large 

strains at an elevated temperature. McQueen et a111 281 reported a change in the flow 

stress of Al alloys, i-e., there were peaks in the stress-strain curves that was different to 

the plateau, characteristic of a material which undergoes only dynamic recovery [ 1291. 

Similar results were also observed and reviewed by Kassner et a1[130] in which subgrain 

remained equiaxed and their site appeared to be approximately constant over a large 

range of strains which were attributed to geometric dynarnic recrystallization. Gottstein et 

al [ 1 3 1 ] suggested that extensive dynamic recovery could initiate dynarnic 

recrystaIlization if the dislocation density were sufficiently high. 



Sliding Speed: 20cmkec 
Sliding Load: 10 kg 

O 200 400 600 800 1 O00 

Sliding Distance (rn) 

Fig. 5. 83 Average temperature on the worn surface of  the Al composite as a function of sliding 
distance at a load of  10 kg. 

In the present research, large angle boundaries between the elongated grains in the 

near surface of the worn surface were observed, suggesting that recrystallization did 

occur in the subsurface in the near surface. Although intemal dislocation densities were 

low in many grains, some of the elongated grains were not completely dislocation fiee, 

for example Fig. 5.49 in which a considerable number of dislocations could be clearly 

observed in the elongated subgrains. This strongly suggests that the recovery and 

recrystallization were a dynamic process in the wom siaface in the present work. There 

might be a dynamic equilibrium of work hardening and recovery mechanism, which 
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could be attributed to the fnctional heating in association with a large amount of strains 

caused by the sliding Wear. The TEM observations made on smail flake Wear debris 

indicated that there were also substructures in the equiaxed subgrains, as shown in Fig. 

5.84 and 5.85.  These small grains were identified as a-AI and did not result fiom the 

rnechanical mixing process since no Fe was found in the flake debris. This is another 

strong evidence of dynamic recrystallization since cooling was extremely rapid once the 

srnall flake became loose fiom the sliding surface, so that static recrystallization had Iittle 

time to occur. 

It is interesting to note that the strain distribution dong the depth below the worn 

surface exhibited great discrepancy for the base alloy and the composite, although their 

microstructural evolution along the depth was sirniIar to each other as discussed above. 

Under the same sliding load, for example at 5 kg, it was noted that the equivalent strain 

was relatively smaller for the composite than for the base alloy in the subsurface below a 

depth away from the top worn surface (i-e., below approx. 30 p m  fiom the top surface in 

Fig. 5.82). This result is in agreement with the observation in uniaxial tensile tests of the 

A356 composite and the control alloy 1971 in which an increase in stress strength was 

attnbuted to the presence of S ic  particles. On the other hand, it was also noted that the 

surface strain appeared to be greater in the composite than in the base alloy in the near 

surface, as shown in Fig. 5.82, despite the fact that the yield stress of the composite was 

substantially higher than that of the base alloy. This could partly be attributed to the void 

formation in the near wom surface. As will be discussed in Section 5.6.3, the void 



Fig. 5. 84 Recrystallized subgrains in a fiake Wear debris of the AI-Si alloy at a load of 10 kg. (a) 
Bright field, and (b) Dark field. 
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formation in the matrix and transparticle void formation as a result of fiacture and 

fragmentation of the secondary particles or reinforcing particles, as observed using SEM, 

would contribute to an increase in local strains in the near surface. Moreover, the fiction 

coefficient of the composite might be higher due to the addition of reinforcing particles in 

cornparison with the base alloy [132]. As a result, the tangential force would be 

accordingIy higher, so that a larger amount of strain would be fonned in the near surface. 

Fig. 5. 85 Subgrain structures in a flakc-lte wear debris of the Al-Si alloy. 



The present work has provided evidence that a mechanicdy mixed layer was 

fonmed in the sliding wear of the HP Ai, &Si alloy anà Ai-Si/SiC composite against the 

M2 steel under dry condition The MML contained elements fiom both the sliding 

rnaterials, and at a high sliding bad, partial oxidatbn also took place in the MML. As 

observeci in the present work, the MML was much harder than the bulk material. Fig. 

5.86 shows a MML cross section of the worn su&ce of tbe HP Al at 5 kg, in which 

indentations were made along the depth using a microhardness indenter at a load of 15 g. 

The microhardness was about 170 HV, which was about 8 times higher than that of the 

bulk HP Al and was comparable with that of the MML in the base alloy. As will be 

discussed in Chapter 7, Wear debris detached fiom the Wear system were found to contain 

a significant amount of Fe which was obviously transferred fkom the steel counterpart, 

suggesting that the forrnation of Wear debris was most likely related to tbe formation of 

the mechanically mixed Iayer. Therefore, the MMLs played a vital role in goveming the 

Wear  pefiofmance of the rnaterials. 

It is well known that the transfer of materials from one component to another is 

qufe cornmon in a sliding system and the importance of traasfer phenornenon in 

understanding of wear mechanisms has been acknowlcdged [70-721. At the initial stage 

of sliding Wear, the actual wntacts between the sliding sudaces are at some individual 

spots, i.e., asperities, on the microropic scale. Friction caused by the sliding motion is 

actually dependent on the local asperity contacts. The conditions of sliding Wear, 



especially in unlubricated States, produce a high compressive pressure and large shear 

strains in the asperities. As confirmed in the present work and in other recent 

investigations [4, 56, 61, 771 on different material Wear systems, it is evident that the 

heaky plastic deformation and shear strains in the worn surface gave rise to a large 

number of dislocation cells and elongated subgrains. The local hgmentation and fkacture 

at some asperities could take place as the shear stress was sufficiently higher than the 

strength of the materials. Therefore, individual hgments could be detached as discrete 

particies from the surface. A similar process could also occur at the surface of the 

counterpart, especially in the AI-Si alloy and the composite where hard secondary 

particies of Si and S i c  could act as microcutters and result in fine fragments of iron from 

the ring surface. 

The transfer and mechanical mixing have been found in many sliding Wear 

systems of Al alloys and Al based composites 14, 23, 72, 74, 78-80, 132-1351. Antoniou 

and Borland[34] reported that the mechanically mixed layers mainIy consisted of an 

ultrafine mechanical mixture of Al, Si, and a-Fe particles during the sliding process, 

with no evidence of any oxides or AI-Fe intermetallics. Shang and Alpas[52] recently 

suggested that the surface layers and the debris particles contained an aluminum oxide 

phase with an arnorphous structure, in addition to the original phases of a-Fe and a-Al, 

based on the results obtained using X-ray diffiactionfXRD). Venkataraman and 

Sundararajan[l3] also reported formation of a mechanically mixed layer in the Wear of Al 

reinforced with S ic  particles and attributed the formation of the MML to a turbulent 

plastic fîow as proposed by Rosenfield [122]. They mphasized that the formation of the 
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LMML required a reinforcing particle that was harder than the mating material, based on 

their obsenations that the MML was found in the Al-Sic composites and no MML was 

noted in the case o f  Al in their Wear system. Theu statement seems rational and could be 

used to explain similar observations in the Al-Si alloy and the Ai-Si/SiC composite in the 

present work. However, it is not in agreement with other findings in the present 

investigation as a mechanically mixed layer was also present in the wom surface of the 

HP Al and a considerable amount of Fe was noted in the MML using EDS. Fig. 5.87 

shows the MML in the wom surface of the HP Al at a sliding load of 5 kg, and Fe 

distribution in the cross section of the worn surface can be cleariy seen fiom the X-ray 

mapping as shown in Fig. 5.87(c). This is in agreement with the obsenration by Kou 

[136] in which Fe transferred fiom the counterpart w s  observed after a prolonged sliding 

cycle of Al. Based on the observation in the present work, it is evident that the presence 

of reinforcing particles with a higher hardness in the onginal materials is not a necessity 

for .MAML to occur during the sliding wear. 

As pointed out by Rigney et al [70, 721 and Chen[71], fragmentation and transfer 

of materiah could occur at a very early stage during sliding wear. The earlier fiagments 

fiom both the contacting surfaces were likely to occur on local asperities, and subjected 

to a complicated process of mixing, compacting and smearing under the normal load and 

fnctional force between the contacts during m e r  sliding. These initial transfer 

fragments were highly strained [71], and work hardened [67]. As discussed earlier, 

although the bulk surface temperature was not very high because of the low sliding speed 

used, the local flash temperature at real contact asperities could be substantially higher. 
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Since the flash temperature was accumulated at real asperities that were very small, 

fragments mentioned above could be hot spots before they lost contact with the surfaces. 

Therefore, the elevated local temperature could be thermodynamically favorable for the 

interdiffusion during the mixing process caused by the sliding. With the heavy strain and 

frictional temperature rise, a possible oxidation and soiid state reaction between the 

transferred particles could occur, and consequently, the reaction products of particles 

containing the transferred elemental Fe and oxides would be present in between the 

sliding contacts. 

t 
Sliding 
Direction 

Fig. 5.86 Microhardness indentation profile along depth below the worn surface in a cross section 
of HP Al at a sliding load of 5 kg. The indentation was made at a load of 15 g. 



(b) 

Fig. 5.87 (continue4 



Fig. 5. 87 Mechanically mixed layer in the wom surface o f  the HP Al at a sliding load of 5 
kg. (a) Secondary electron image; (b) backscanering electron image; and (c) X- 
ray mapping, showing presence of elemental Fe in the MML. 

These in-situ formed particles could "reinforce" the MML as they were 

compacted and incorporated into the MML. Thus, a fürther transfer and mechanical 

mixing would be generated in the worn surface. Actually, a layered subsurface structure 

or a sandwich structure, in which alternate layers of a fresh Al matrix and mixed material 

(containing Al and Fe) were found to be present in the MML as shown in Fig. 5.29, has 

provided evidence of the above events. These mixed and compacted small elements 

would progressively accumulate and mix up in the wom surface, and as a result, transfer 

layers would be created. At this stage, fragments and the transfer layer could be a major 

load-bearing component since they were at direct contacts, and extremely high strains 
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acting on them could give rise to m e r  fracture and fragmentation. With M e r  sliding, 

extensive mechanical mixing of materials kom both contact surfaces would be involved 

in more areas in the wom surfaces. 

Based on the above discussion, i.e. the heavy shear strain in association with the 

fnctional heat, the mechanical mixing process dunng the sliding Wear is very similar to 

commercial mechanical alloying (MA) of metallic powders in a high energy bal1 mil1 

[733, in which high strain deformation, fine ce11 subsûucture formation and diffbsion- 

induced grain boundary migration resulted in the formation of intermetallic compounds. 

The microstructure and morphology of the nanocrystalline aggregates in the Wear debris 

in this research work, as will be discussed in Chapter 7, also showed very sîmilar feahires 

to those of nanocrystalline Fe-Al prepared by mechanical alloying [13 7,1381. Therefore, 

the a-Al solid solution with iron dissolved and the Fe-Al intermetallic phase formed in 

the wear debris c m  be reasonably attributed to similar mechanisms that occurred in the 

mechanical alloying. 

The present results have also shown that with an increase in the sliding load, Al 

oxides coexisted with other phases in the MML and Wear debris. This is an expected 

phenornenon since the Wear system was exposed to air, and the strain levei and fnctional 

heat were enhanced as a result of the increased loads. The oxides could provide 

microstructural stability as a second phase in the ultrafine grained structures in the MML 

and wear debris, as proposed by RigneyC67, 721. The oxides formed in the manner 

mentioned above were tiactured and comminuted as they were brought into the M e r  



sliding movernent. Participating in the mechanical rnixing process, the cmshed oxides 

dispened into the mixed surface layer, and acted as pinning source of the grain 

boundaries in the ultrafine mixture in the MML and in the Wear debris. 

From the examination of microstnictural characteristics and formation 

mechanisms of the M'ML, it appears that the mechanical mixing played a vital role in the 

dry sliding Wear of the Ai alloys at the sliding loads used in the present work. Once the 

mixed surface layer formed, it provided a protection due to its hi& hardness. The mixed 

structures in the MML are similar to a reinforced composite, which could rnodify the 

surface properties of the sliding materials. Under m e r  sliding, loose debris was 

detached or delaminated fiom the mixed layer as sirnilarities of microstnicture and 

chemistry in the MML and the Wear debris were found. It is likely that the sliding Wear 

took place by removal of materials in the mixed layer since cracks were obsemed in the 

subsurface and the MML in the present work. As mentioned above, the MML was not 

uniforrn across the entire Wear track, and actually, it exhibited a wavy pattern in the cross 

section of worn surface. At some locations, "fiesh" Al matrix was acnially approached in 

the very near surface. This phenornenon is very likely related to the plastic flow during 

sliding induced deformation. As the plastic flow proceeded dong the sliding direction, it 

was impeded by the material in front, and the material that had the maximum strain was 

ofien at a location where it was approaching the near surface. When the shear stress was 

in excess of the shear strength of the material, loose debris would be formed from the 

"fiesh" local surface. Thus, the rnixed layer could be replenished with "fiesh" base 

materiah with a large plastic flow in a manner mentioned above. As a resutt, the Wear 



performance was largely determined by the properties of the MML, and the Wear rate 

could be influenced by the detachment or delamination of the MML and in-siru formation 

of new MML as the sliding continued. 

5. 6. 3 The effect of reinforcement and second phase particles 

As was shown previously, no significant increase in the Wear resistance of the Al 

composite due to the reinforcement was observed at sliding loads above 5 kg, as 

compared to the Al-Si alloy. The Wear behavior of the Al base alloy and the Al composite 

npere sirnilar at a load range from 5 kg to 15 kg. In this load range, it was often observed 

that the reinforcing Sic  particles were fiagmented and fiactured in the subsurface of the 

wom surface (Fig. 5.34 and Fig. 5.35). Debonding of the reinforcing particles was noted 

occasionally as well (Fig. 5.19). The microcracks could propagate and consequently. 

delamination of the subsurface occuned. These observations are in agreement with many 

other researches [12, 13, 17-23]. Zhao et al [139] observed that at an elevated 

temperature tensile test, a particle reinforced composite failed with a predominant feature 

of voiding at the ends of reinforcing particles as a result of decohesion of the interface 

between the reinforcement and the matrix. While at a low temperature, particle fkacture 

was the main aamage pnor to final fracture of the material, and the void nucleation might 

be formed in between the fragmented particles. Alpas and Zhang[l7] proposed 

rnechanisms of subsurface crack initiation and growth in the wom surface of an Al- 

S i/S iC particulate reinforced composite, based on their observations. The mechanisms 

involved (i) void nucleation around silicon particles; and (ii) crack formation by 



decohesion of the Sic-maûix interfàce. The interfkcs also provided prefemtid paths for 

the growth of subsurfaEe cracks. The present work supports their mechanisms. 

Furthermore, cross sectional TEM studies of the worn surfàce have cleariy show 

evidence that ftacture of the particles Si or Sic serwd as nucleation source of 

microcracks in the matrix and resuhed in crack formation in the matrk In this work, the 

crack formation as a resuh of decobesion of the Sic-& interfàce was found to be Iess 

than the transparticle voiâ formation (Fig. 5.35). Once a piutkle cracked, additional Local 

strain in the region surroundhg the partick could be accommodated by growth of tbe 

transparticle voids. Upon furtbcr sliding, these fiiagments could be separated probably 

because of fiirther mechanical mixing process and, consequently, the Sic  particles 

kcame finer. The size reduction of the SiC particles may d u c e  the load-bearing ability 

of the particles, and thus the composite did not provide a superior Wear resistance at a 

high ioad as compated at a Iow load. 

5.6.4 The in siru precipitation during tbe sliding Wear 

The present results have shown tbat an in-situ precipitation occurred in the 

subsurface of the as-cast composites during the sliding Wear. As mentiowd above, 

extensive plastic deformaiion was generated in the worn surîace. It is well acceptai that 

the surface strains and associated changes in microstructure may be more salient by the 

sliding Wear tban those generated by conventional deformaiion processes [56]. It is 

energetically hvored that the strain energy produced by sliding fiction could be a 

driving force for the nucleation of precipitates and the precipitate coarscning. In terms of 



work hardening theory, a large number of cells and dislocations are produced in the 

deformed layer. In the present study, it is evident that high density dislocations and 

dislocation loops coexisted with the precipitates (Fig. 5.65). The highly dense manix 

dislocations were fiequently decorated with the precipitates. Therefore, it is reasonable to 

assume that the preferential nucleation and growth o f  precipitates at dislocation sites 

could be occming during the deformation process caused by the sliding Wear. This has 

been confirmed by the present work that the initial nucleation and growth of the 

precipitates were found to be occuming preferably at dislocations in the worn surface of 

the composite (Figs. 5.74 and 5.75). This phenomenon is in agreement with the 

obsenations in other composite materials, for example 2124 aluminum alloy reinforced 

by Sic whisker conducted by Christman and Suresh[100]. 

With respect to the influence of the reinforcing particles, it has been shown that 

the addition of the hard particles increased the dislocation density of the matrix due to 

differential thermal contraction of the matrix and S i c  on cooling [8S-88, 1401. Arsenault 

and Fisher [85] proposed that the increased strength observed in Al-Sic composites could 

be accounted for by a high dislocation density in the aluminum matrïx. By means of an 

in-situ TEM, they later confirmed that the increased dislocation densities were attributed 

to the difference of the coefficients of thermal expansion (ACTE) between the matrix and 

the reinforcing particles [88, 1401. Christman and Suresh[100] also reported that the 

increase in dislocation density due to Sic  reinforcement might lead to an accelerated 

aging of the Al composites. In sliding Wear of Al MMCs, some recent investigations have 

discussed the flow stress below the worn surface [13] and the presence of a defonnation 

Iayer gradient[99]. in the present work, TEM results show that the dislocation density 

was very high in the subsurface of the wom surface, and that the precipitates were 



fiequently associated with the matrix dislocations. These features substantiate the 

existence of an interaction between the dislocations and the precipitates in the wom 

surface of the Al composite. It should be mentioned that no similar phenomenon of 

precipitation was noted in the wom surface of the unreinforced Al base alloy at the same 

sliding conditions. On the other hand, dislocation activities could provide channels for 

diffusion in such a way that diffision rate through dislocations was very high, as 

proposed by other researchers [141] in sliding wear. The enhanced diffision could also 

lead to precipitation and subsequent coarsening of the precipitates. 

Strain effects on an enhanced precipitation were reported by Comi et al [142] in 

-41 composites in a tensile test at elevated temperatures (up to 565°C). The precipitation 

and dislocation behavior in the unreinforced alloy and the composite were compared. 

They found that the rod shaped precipitate density was higher in the composite than in 

the unreinforced material. The nucleation of the precipitates during the high temperature 

deformation was favored by the reinforcement. They amibuted the precipitation 

phenomenon to a combined effect of strain and temperature. As discussed earlier, the 

bulk surface temperature during the sliding wear was directly measured by using a 

thermocouple welded to the specimen in this work. It was found that even at a load of 10 

kg. the temperature rise showed an insignificant increase higher than the aging 

temperature, and was far below the solutionizing temperature, since the sliding speed 

used was very low. This result is in agreement with the estimation using the method 

provided by Lim and Ashby[44] and other investigations of dry sliding Wear on Al-Si 

aIIoys and Al base/SiCp composites[l2, 52, 1011 in which bulk surface temperatures 

were estimated to be around 300K or less, at the load of 1.5-20 kg and at a sliding speed 

of 0.8m.k. These values are much higher than those used in the present work. As a result, 

it  is reasonable to assume that the temperature rise resulting from fictional heating 

c m o t  significantly contribute alone to the precipitation and subsequent coarsening found 
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in the present work. n i e  evidence that a number of dislocation loops were formed in the 

matrix and at the interface between the precipitates and the matrix, implies existence of 

interactions between the strain field of the dislocations and the strain field of the 

precipitates; and local flash temperature could also be higher. It, therefore, suggests that 

the formation of the in-situ precipitates could be due to the high stress in association with 

fi-ictional heating. 

As indicated in the Wear  tests, the Wear resistance of the aged composite did not 

show significant enhancernent due to the age hardening of the matrix, as compared to the 

wear resistance of the as-cast composites. Based on the above results and discussions, 

this could be partiaIly attributed to the in-siru precipitation during the sliding Wear of the 

as-cast composites, with respect to matrix hardening. It seems reasonable to propose that 

during the sliding Wear, hi& shear stresses associated with the fnctional heating induced 

an in-situ precipitation and work hardening through matrix dislocations. The precipitates 

acted as obstnctions during the M e r  plastic deformation, and the interactions between 

the precipitates and the dislocations in turn influenced the work hardening behavior of the 

matris during the sliding wear. Such an effect may be similar to that resulting fiorn the 

thermal aging of the composites. On the other hand, the existing precipitates could be 

coarsened as a result of the fnctional temperame nse during the sliding Wear of the 

previously T6 treated composite, as observed by the present author[ 1431. This suggests 

that overaging actually occurred in the wom surface of the previously T6 aged composite, 

and as a result, Wear resistance of the T6 composite seemed to be higher than that of the 

as-cast composite at a higher load, for example, in Zone 3 as shown in Fig. 5.6. 



CHAPTER SIX AMORPEEIZATION AND PRECIPITATION WTHIN 
THE AMORPHOUS LAYER INDUCED BY 
RECIPROCATING DRY SLIDING WEAR OF Al- 
SUSiCp COMPOSITE 

6.1. INTRODUCTION 

From the SEM observations, it has been shown that severe deformation and large 

plastic strains were present in the near surface below the worn surface of the AI-Si alloy 

and the Al-Si/SiCp composite as well as the HP Al, and mechanical mixing occurred in 

the sliding Wear surface. Moreover, these features got enhanced during sliding Wear of the 

ductile composite materials reinforced with hard second phase particles owing to the 

presence of the harû particles. Under certain conditions (load, sliding velocity etc.), Wear 

of a meral mairix composite(MMC) c m  be treated as a three-body abrasive system 

(MMC. sliding bal1 and the fiagmented particles) as the hard particles are forced away 

fi-om the matrix and settle in the Wear track during Wear. In recent studies on the Wear 

behavior of MMCs, Alpas and ZhangE23, 1441 and Feng and Tandon[68] reponed that a 

surface mixed layer (SML), in which the reinforcing particles S i c  get fkagmented and 

redistnbuted, was found during the Wear of AVSiC metal matrix composites. The mixed 

layer is very simiIar to the "transfer layer" defined by Alpas and Zhang[23] in which 

fiagmented Al, O, -reinforcing particles were observed. These fmdings are in agreement 

with the observations of the mechanically mixed layer in the present work as discussed in 

the previous Chapter. It is therefore suggested that not only the reinforcing particles were 

fiagmented and fiactured, but also the presence of these particles resulted in large shear 

stresses and strains in the matrix, due to the fact that the hard particles constrained the 

plastic flow of the matrix during dry sliding Wear. It is very likely that much stronger 

mixing of materials could occur under dry sliding Wear conditions, and the resulting 

effects would be similar to the effects observed in mechanical alloying[73, 1451. The 
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effect would be more pronounced in the sliding Wear of the matenals with hard reinforced 

particles than in the unreinforced matenals. This may possibly induce some non- 

equilibrium phenomena in the worn surface as well. 

in this Chapter, a presence of an amorphous phase that was formed in the near 

surface of worn surface of the Al-SiISiC composite during a reciprocating sliding Wear 

under dry condition is reported and discussed. It has been reported in a few investigations 

that amorphous or nanocrystalline phases were induced by sliding wearf75, 761. Recently, 

Bednar and D. Kuhlmann-Wilsdofl771 reported that an amorphous film was found in 

sliding Wear of silver on copper. They proposed that the formation of the amorphous 

alloy was due mainly to the severe plastic deformation rather than rapidly quenching [75] 

resulting fkom the frictional heating[44]. This consideration is more pertinent to the 

present work. As discussed in [77, 146, 1471, potential applications of the amorphous 

tribofilms are most likely to be achievable as they could reduce fiction and increase Wear 

resistance. However, formation mechanisms of the wear-induced amorphous phases and 

related phenomena are still open to question, especially not only for the pure metal nibo- 

system. but a1so for multiphase materials. The present work discusses the formation of an 

amorphous phase and precipitation accompanying the formation of the amorphous phase 

in the near surface of the worn surface of the Al-Si/SiCp composite during a reciprocating 

unlubricated Wear. By means of transmission electron microscopy (TEM) with an EDS 

attachent,  the microstructural features of the amorphous and the crystallographic 

s tnc  t u e  of the precipitates were charactenzed and identified. The internai twinning and 

the formation mechanisms of the precipitates as well as the amorphous phases are also 

discussed. The present work was initiated on the basis of a previous work[68] in which a 

mixed layer was fond in the wom surface of the Al-Si/SiC composite in reciprocating 

dry wear. The experimental details have been reported in Chapter 4. 
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6.2. MORPHOLOGY OF THE AMORPHOUS PHASE AND PRECIPITATES 

Fig. 6.1 shows transverse cross section of the worn surface of the Al composite 

under the dry reciprocating sIiding conditions. It can be seen that the reinforcing particles 

Sic  were £iactured and fkagmented in the near worn surface, and the a-Al solid solution 

of the matrix was hgmented into fine equiaxed particles in the worn surface. The 

phenornenon is similar to that of the MML reported in the previous chapter. It is also 

similar to those in the sliding Wear of Al-Si alloy reinforced with AI,O, or SiCp [17, 21, 

231, and those in the sliding Wear of other Al based alloys[4,34, 1481. By using TEM, an 

amorphous phase intemixed with certain precipitates, was observed in the near worn 

surface, as s h o w  in a longitudinal cross section of the wom surface in Fig. 6.2. The 

amorphous layer was found to be in thickness of about 0.5 Pm- 3 prn parallel to the 

sliding direction. As is well known, there is no obvious contrast in the image of an 

amorphous phase under the conditions of electron microscopy. î h e  foils were tilted by 

various angles over a large range(+400) in the double goniorneter in T EM, however, no 

change in the contrast of the images of the arnorphous phase was noted. The electron 

diffraction pattern of the amorphous region showed a typical diffûsive ring or halo 

pattern, as shown in Fig 6.3(a). The EDS analysis of the amorphous area indicated that 

the phase was comprised of Al, Si and oxygen as show in Fig. 6.4 (specmim b). A 

similar s p e c t m  (Fig. 6.4, spectnim a) consisting of Ai, Si and 0, was observed for the 

region B in Fig. 6.2, where the matrix was found to get mashed into fine grains, for 

which a polycrystalline diffraction nng pattern of a FCC structure feature was observed 

as s h o w  in Fig. 6.3(b). The oxygen peak for the amorphous region was higher compared 



to that in the polycrystalline region B. This is an expected phenornenon since Al in the 

very near surface was exposed to air during the Wear process. It should be mentioned that 

no significant amount of Fe that may possibly corne from the counterface was noted in 

the amorphous and ul trafine phases. 

At a high magnification, as shown in Fig. 6.5, it can be seen that the area B was 

overlapped or intermixed with the amorphous phase and the ultrafine particles of the 

rnatrix, because the contrast of the images was changed by tilting the specimens in 

various angles and the corresponding diffraction patterns were shown as polycrystalline 

rings. It was also observed that some microcracks occurred in the crystallized area, and 

the microcracks were oriented parallel to the sliding direction. However, as mentioned 

above, no change in contrast was noted in the amorphous area except the largsr 

precipitates, when the foi1 was tilted from (a) to (b) in Fig. 6.5. 

Fig. 6.1 Optical micrograph of the transverse cross section of the worn surface of Al-Si/SiC 
composite at a load of 1 kg, showing Fragmentation of Sic in the near surface. 



Fig. 6.2 An amorphous layer of AI-Si fonned in the extreme wom surface of ACSi/SiCp 
composite during the reciprocating diding Wear. 
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(b) 
Fig. 6.3 Diffraction patterns o f  the amorphous phases (a) and polycrystalline phases (b)  of very 

fine grains o f  AI(Si) in the wom surface. 



(a) Polyc ystalline 
(b) Amorpbous 
(c) Prccipitates 

Fig. 6.4 EDS analysis of the ultrafine grained structure (a), amorphous (b) and the precipitate (c) 
phases in the near worn surface. 

Moreover, it is of interest to note that a nurnber of well distributed precipitates 

were present in the amorphous layer shown in Fig. 6.2. The morphology of the particles 

indicates equiaxed grains or square-like grains of the size of about 0.2 p m  as viewed in 

the cross section and planar view of the specimens, as shown in Fig. 6.5 and Fig.6-6, 

respectively. It was also noted that cracks occurred in some particles, for example, a 

fiactured particle is shown in Fig. 6.S(a). Furthemore, these particles were located within 

the amorphous layer and were not observed outside the amorphous layer which was 

localized in the near wom surface, about 6 lm below the top worn surface of the 

specimen. These features indicated that these particles might have been produced in 



conjunction with the formation of the arnorphous phase during the dry sliding Wear. It is 

noticed (Fig. 6.4) that the EDS analyses of these particles showed two main peaks of 

titaniurn and aluminum in the spectrum c shown in Fig. 6.4. The EDS spectrum c was 

different fiom those of the amorphous phase (spectrum b) and the polycrystalline phase 

(spectrum a) of the a-Ai solid solution corresponding to the area B in Fig. 6.2 where the 

matrix was fkagmented into very fine grains during the sliding Wear. It implies that these 

precipitates were not recrystallized grains fiom the amorphous phase because of the 

different compositions. It should also be noted that the oxygen peaks in the amorphous 

zone and the precipitates are higher compared to that in the poIycrystalline zone. As far as 

the composition of the precipitates is concemed, EDS analyses show averaged atomic 

ratio of Ti/Al(Si) as 70:30 obtained fiom several particles. As is known, EDS analysis is 

relatively adequate for a quantitative analysis of higher -2 elements such as higher than 

Mg, Al, Si and Ti etc. But it is relatively insensitive to radiation fkom low Z elements and 

the resuits are only semiquantitative for C, N, 0[149], Therefore, it is impossible to 

detemine quantitatively the amount of oxygen by EDS in the present work. Based on the 

above observation, it is imperative to m e r  investigate nature of the precipitates in order 

to understand the foxmation mechanism of the amorphous phase and the precipitates 

generated in the dry sliding Wear. 

6.3. CHARACTERIZATION OF THE PRECIPITATES 

Fig. 6.7 (a) to (e) show the selected area electron diffraction patterns of a 

precipitate which were obtained when the particle was titled in TEM by keeping the 



(b) 
Fig. 6.5 Morphologies of the precipitates within the amorphous layer in the longitudinal cross 

section of the wom surface. The tilting angle of the thin foi1 was about 10" between (a) 
and (b). Zone A is the amorphous phase, and Zone B contains mainly fine crystalline 
grains. 
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Fig 6.6 Morphologies of the precipitates within the amorphous layer in the planar view specimen 
of the worn surface, ie., the thin foi1 was paraiiel to the wom surface. 

shortest reciprocal lattice vector unchanged. By calculation and cornparison of the 

symrnetrical features according to the electron difiaction theory[l50] and the method 

discussed below, these difiaction patterns could not correspond to those of any known 

phases [15 11 present in similar composite materials. Since a significant amount of Ti was 

present in the precipitates, crystallographic features of the diffraction patterns of the 

precipitates were also compared with intermetallic compounds such as y- TiAi (LI0 

structure), a 2  - Ti3 AI @O1 9 Hexagonal structure)[ 1 521 and metastable 

Tiz AIN (Hexagonal structure)[ 1 531, and Ti02 [154] as well, by using careful calculations 

and making comparisons. They are not found to be consistent for this precipitate with the 



above mentioned compounds. It has also been noted that there exist several Ti-Al oxides 

listed in the X-ray powder diffraction standards(JCPDS, 1993 version). Narnely, they are 

A& no, (file No. 18-68), Ah TiO, (file No. 26-40, Onhorhombic, symrnetry Cmcm), 

AI,TiO,(file No. 41-258, Onhorhombic, symmetry Bbmm), and Ti-nch phase 

AI, Ti-0, ( f i  le No. 39-52, Monoclinic, symmetry Cam). However, the dieaction patterns 

of the precipitates in the present work can not be interpreted in tenns of those above 

phases, and the compositional information is also different even though AI, Tho,, is close 

to the ratio of Al and Ti in the precipitates. The difiaction pattems of the precipitates 

suggest that it may have tetragonal feature based on the observation of the geometric 

features of the reciprocal lanices. 

The suggested tetragonal symmetry was confinned by convergent beam electron 

di ffiaction (CBED). Corresponding to the SAD pattems of [O0 1 and CO 1 1 >, the CBED 

pattems indicate 4mm whole pattern symmetry in zone [O011 and 2mm whole pattern 

symmetry in zone (01 1> as shown in Fig. 6.8(a) and 6.8(b), respectively. It is well 

knonm, as indicated and reviewed for each of 32 crystal point groups by Bwton et al 

[155], that 4mm whole pattern symmetry in [O011 and 2mm whole pattern symmetry in 

<O1 1, are exclusively consistent with 4/mmm point group symmetry as cubic 

crystallographic features are easily excluded according to the observed SAD patterns. 

Correspondingly, the diffraction group and zone axis symmetries for the tetragonal 

structure are 4mm 1 R and 2mm 1 R for the [O011 and <O 1 1 >, respectively. 

Based on the above crystailographic syrnmetry analyses, the SAD pattems of the 

tetragonal structure can be indexed in the light of reciprocal lattice geometry [150] and 



the measurernent of interangles between zone axes in TEM. The real space lattice can 

also be deduced fkom the reciprocai lattice as the camera constant was calibrated by the 

known metals Al and Cu. As a result, it was detemined that the tetragonal lattice 

parameters are a = b = 4.423 A, c = 2.844 A .  

Table 6. 1 Cornparison of Theoretical and Measured Parameters of Diffraction 
Geometry corresponding to Fig. 6.6. 

Fig .No. 

Table 6.2 Cornparison of theoretical and measured angles between different zone axes 

in Fig.6.6 

- 

Even though the camera constant was calibrated, errors in the lattice parameter 

Measured Values 
km1 I 0 ( O )  

1 90 
3 -25 90 

1.83 90 
2.57 90 
3 -44 90 

LB1 A B2 

[O0 11 A [0?1] 
[ o o ~ ]  A [oT 11 
[oT 11 A [ o T ~ ]  
[ o i r ]  A [oT3] 
[OOI] A loi31 

calculations fkom electron diffiaction patterns may a ise  Eiom instrumental variations and 

Calculated Values 
&/Ri 1 0 (O )  1 (hikiZ, ) 1 (kkr l z  ) 1 B=[ullti] 

1 90 100 O10 O0 1 

3.268 90 1 00 012 021 
1.848 90 100 O 1  1 o ï l  
2.534 90 1 O0 02 1 012 
3 -3 84 90 1 00 03 1 o i 3  

some physical factors[] 501. In the present work, the calculated lattice parameters were 

O (Calculated) 

72.1 8 
57.25 
19.38 
10.47 
27.40 

justified by following calibrations: (1) the reciprocal lattice should be self-consistent, i.e., 

O' (Measured) 

69.71 
56.96 
19.65 
10.28 
26.72 

the calcu!ated reciprocal vectors should be consistent with the measured ones regarding 
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both the angles and plane spacing; and (2) more importantly, the interangles between two 

different zone axes shouid also be consistent with each other in cornparison with 

Fig. 6.7 (continue4 



Fig. 6.7 cted area diffraction patterns of the precipitates. (a) Zone [O( 

4 , (d) [O T i] and (e) Zone [OZ 11 . 



(b) 
Fig. 6.8 Convergent beam eiectron diffraction o f  the zone axes [O011 and [oïl] in the 

precipitates. (a) [O011 showing 4mm whole pattern symmetry, and (b) [or l]  showing 
Zmm whole pattern symmetry. 



Fig. 6.9 ( 1  00) stcrcographic projection of the prccipitates. Difhaion patterns in Fig. 6.7 are 
corresponding to the zones (a)-(e) in the projection, rcspectively. Tlie intemal twining is 
also shown in the projection, Le., zones 1-V correspond to zones (a) -(e) in Fig. 6.12. 
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the calculated values and the values measured by the double tilting goniometer in TEM- 

The rneasured and calculated values are listed in Table 6.1 and Table 6.2, where 2, and 

$ are the shortest vectors of the two dimensional reciprocai planes, 8 is the angle 

behieen R, and 4 respectively. O is the calculated angle between two different zone 

axes, and 0' is the measured angle in the double tilting goniometer when the crystal 

particle was rotated to get the diffraction patterns in different zone axes. The calculated 

values of the structure of the precipitate are in good agreement to the measured values as 

seen from the tables. The diffraction pattems in other zone axes s h o w  in Fig. 6.9 and 

discussed below, are also consistent with the suggested structure by using calculations in 

the above manner. Fig. 6.10 shows the stereographic projection (100) and the rotating 

sense corresponding to the Fig. 6.6(a) to (e).  

6.4. INTERNAL TWNNED GROWTH 

Intemal twiming was also observed in many precipitates. Fig. 6.10 shows the 

morphological features of the intemal twiming. As shown by arrows in Fig. 6.1 1, the 

intemal twins were apparently observed in this random orientation of the specimen to the 

electron beam in TEM. The corresponding diffraction pattems of the interna1 twins are 

shown in Fig. 6.12 in a manner such that the twin plane was kept parallel to the electron 

beam and twiming axis perpendicular to the electron beam with respect to zone axis 

changes from zone O to zones 1, ll, III, IV and V in the stereographic projection (100) of 

the tetragonal structure shown in Fig. 6.9. Therefore, it is determined that the twin 

dernent of the precipitates is (0 1 1)[011]. Again, as discussed above, the diffraction 

pattems corresponding to the int:mal twinning were verified witb the tetragonal structure 



by carrying out two ways of calibration, i-e., of reciprocal plane self-consistent in a zone 

axis, and interangle agreement of two different zone axes in cornparison of the calculated 

and measured values. They were found to be consistent with each other. 

6.5. DISCUSSION 

As descnbed above, the amorphous phase was formed in the mixed layer of the 

worn surface where fragmentation of S i c  particles was observed, and the precipitation of 

the tetragonal structure phase most probably coincided with the formation of the 

amorphous phase during sliding Wear of the composite. The sliding between the two 

counterparts can produce heavy deformation of surface layers, in addition to the fictional 

heat. Actually, the bulk swface temperature of the sIiding parts can be estimated by using 

the approach developed by Lirn and Ashby[44]. In some investigations of dry sliding 

Wear on Al-Si alIoys and Al-base/SiCp composites[l2, 1011, the bulk surface 

temperatures of the Al matrix were estimated to be around 300 K or less, where the 

normal loads(l.5 kg to 20 kg) and the sliding speed (0.8 m/s) were much higher than 

those in the present work. The sliding speed (0.1 m/s) in the present work was slow so 

that no appreciable fnctional heating (TF ) higher than the melting point (TM )of the matrix 

occurred at the normal load (1 kg), Le., TF cc T,,. As a result, the solid state 

amorphization and the related phenornenon are very likely to be attributed to the heavy 

plastic deformation induced by the sliding Wear. It has been accepted that the Wear 

induced deformation generates a large number of defects such as vacancies, interstitials, 

dislocations and subgrain boundaries, as discussed in Chapter 5. The reinforcing S i c  

particles were fragmented and redistributed in the mixed surface layer during the Wear as 

indicated in Fig 6.1. This led to changes in morphology and microstructure of the mixed 

surface layer of the composite in the sliding Wear, which was also confirmed by the 



Fig. 6.10 Morphology ofthe interna1 Win particle within the amorphous layer. (a) Bright Md, and 
(b) Dark field. 



Fig. 6.1 1 TEM micrograph of the amorphous layer coexisting with the precipitates. Note that 
intemal twining occuned in some of the precipitates as indicated by arrows. 



Fig. 6.12 (continued) 



Fig. 6.12 Selected area difiction patterns of the twin particles. (a) Zone [ Î 3 3 ] ,  (b) ~one[TT2], 

(CI Zone [T T 11 , (ci) Zone [I  T 11 and (el zone [Ti i 1 . 
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(b) 
Fig. 6.13 (continued) 



(dl 
Fig. 6.13 Dislocation structures in the subsurface below the worn surface o f  the composite. Note that 

dislocation loops were formed as a result o f  dislocation interactions and movement, such as 
climbs, in the subsurface. Some dislocation loops were about to form as indicated. (a) 
B=[lO 11, ~ = [ l l l ] ,  (b) B=[101], g=[I 1 11, (c) B=[10 11, g=[l I I l ,  and (d) Weak bearn dark field, 
B = [ tOlj ,g  = [ l l l ] .  
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(b) 
Fig. 6.14 Dislocation structures in the subsurface below the worn surface of  the composite at a hiph 

rnagnification. Note that sorne dislocation loops, as indicated, were fonned probably on the same 
slip plane. (a) Bright field,B=[lOl],g=[lll], and (b) Weak beam dark field, 

B = [Iol],g = [ l l l ] .  
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fact that a-Al solid solution was refined mechanically in the mixed surface layer during 

\vear[156]. Therefore, the Wear process could be treated similar to mechanical alloying 

which has been shown to produce amorphous transformations in powder metallic 

matenalsE73, 1 57, 1 581, especially with the occurrence of the hard rein forcing particle 

Sic.  As is well known, during a sliding motion hi@ compression plus shear stresses 

result in a large number of cells and dislocations in the worn surface. In terms of D. 

Kuhlmann-Wilsdorf 's work hardening theory in which ce11 structure is pronounced and 

dislocations are quite mobile in the defomed metals, some of dislocations generated and 

located in grain boundaries can be driven into motions which are kinetically preferable 

compared with thermodynamic factor under these conditions[l58]. Figs. 6.13 (a) to (c) 

show dislocation arrangement in a subgrain in the subsurface of the wom surface in the 

longitudinal cross section sample. The images were obtained by tilting the thin foi1 using 

different reflection operation 2. It can be seen that a number of dislocation loops were 

fonned. and some of loops were about to form most probably as a result of dislocation 

climb, for example, the dislocations as indicated in the figures. Fig. 6.14 shows the 

dislocations at a higher magnification at a different as compared to Fig. 6.13(a). A 

group of dislocation loops were noted lying on the sarne direction as indicated by arrows. 

It can be deterrnined that these loops are very likely on the same slip plan, but it is 

beyond the present study. It is evident, however, that the dislocations were quite mobile 

and dislocation movements were active in the subsurface of the worn surface. The motion 

of the dislocations can result in the grain boundary migration and proliferation as 

schematically shown in Fig. 6.15. The grain boundary spacing D could decrease as a 



result of the proliferation in a certain volume. According to [159], critical spacing D of 

the boundaries is logarithmically inversely proportional to the cntical shear strain under 

which the dislocations are driven into motion. On the other hand, break-dom of grain 

boundaries can also act as a source of dislocations, thus resulting in the cascade 

proliferation of dislocations during the severe deformation. Consequently, behind the 

moving of the dislocations a disordered region occurs which corresponds to local 

amorphous region. In summw, the movement of the dislocations produces disordered 

regions which may contribute to the formation of Iocal amorphous zones and induce the 

microsegregation[160] of Ti element which is primarily added as a grain refiner[l61] 

during the casting of the composite. Some immobile dislocations accornpanying the 

above dislocation motion and multiplication responsible for the amorphization can 

provide sites for the nucleation of the crystalline precipitates as a result of strain induced 

microsegregation. 

Regarding the existence of the reinforcing particle Sic, its possible influence on 

the formation of the amorphous layer may be attnbuted to the fact that the addition of 

hard particles enhances the dislocation density of the Al matrix due to the different 

coefficient of thermal expansion(CTE) of the S i c  particles and the Al matrix[85-881, and 

the hard particles act as an obstruction during the plastic defornation caused by sliding 

Wear. It was observed in the previous SEM work and the work conducted by Feng and 

Tandon[68] that the depth of the surface mixed layer, in which the hgmented S ic  

particles and the amorphous layer were found, increased with the sliding cycles under a 

certain load and with the loads at a given sliding cycles. The observations suggest that the 

existence of the mixed layer was dominantly dependent on the contact stress and the 



sliding cycles (or the sliding distance). No rnixed layer existed at al1 when the contact 

stress dropped. Therefore, it is reasonable that local shear behavior could be altered by 

the hard particles, and the presence of the fiagmented Sic  particles, due to the 

incorporation of the contact stress and the sliding cycles, M e r  enhances the mechanical 

mixing dunng the sliding Wear. 

It is well known that the defect concentration caused by mechanical attrition will 

raise the Gibbs fiee energy of crystalline phases. As proposed by Schwarz[l45, 1571, the 

arnorphization by mechanical alloying could be explained by Gibbs fige energy 

differences between the crystalline phases and the amorphous phases. Fig. 6.16 

schematicaI1 y shows the thermodynarnic consideration of the two phases. Cumes 1 and 2 

are fiee energies of the amorphous and the crystalline phases in a binary system, 

respsctively. The free energy of the solid solution (curve in dotted line) is raised by 

creation of a large number of defects induced by the Wear defomation, thus resulting in a 

large discrepancy of the Gibbs fiee energy required for the amorphization. According to 

the common tangent line nile, the composition of the amorphous phases should be 

corresponding to the line of the common tangent line, Le., at xi. It can be noted that the 

composition of the amorphous phase could be extended to x2 owing to the rising Gibbs 

fiee energy. It implies that the amorphization composition range of the alloys in a 

deformation mechanism under mechanical alloying is broader as compared to 

amorphization under a thermal mechanism (rapidly quenching). Sinilarly, the rising fiee 

energy caused by the defects could also convibute to the segregation of Ti as described in 

Maxwell-Boltzmann relationship: 



Sliding Direction 

Fig. 6.15 Schematic illustration of dislocation modcl. Dislocation B ruffen sevcre stress. Some of the 
dislocations am drivcn into motion. and some arc immobile. A local amorphous region occurs 
behind the moving of  the dislocations and the grain boundary migration. 
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Fig. 6.16 Schermtic Gibbs hee energy diagram for a binuy system AB regarding formation of an 
amorphous phase. 

where AG = G ,  -G,  < O,x,(B),x,(B) are fiaction covered with segrant and 

bulk solute fraction, and Gp, Gs are fiee energies of the precipitate and the solid solution, 

respectively. The segregation will increase as the free energy difference, IAGI , increases 

due to the increase of  Gs 
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It is noted that the EDS analysis of the precipitate shows a peak of oxygen 

occumng in the particles s h o w  in Fig. 6.4. This is an expected phenornenon since Al 

rnatrix in the very near surface was exposed to the fkesh air during the Wear process. 

Preferential depletion of Ti caused by oxidation in a local zone may also explain the fast 

diffusion of Ti owing to the stronger affnity of Ti to oxygen. Actually, in Al-nch alloys 

with 0.12-0.1 5 %Ti, Ti-AI intermetallic phases have been observed to precipitate in a 

peritectic reaction[ 1 dl]. 

As the precipitates were observed to have intemal twinning, the twins did not 

produce a shape change in the single crystal of the precipitate. It seems that the twins 

were formed in the embryonic nuclei and not in their mature grains by the subsequent 

shear process during Wear deformation. They grew coherently at paralle1 sides mirrored 

by the min  plane, and the nucleation of the growth twins may originate fiom defects such 

as stacking faults for which the energy required for the coherent twin growth would be 

smaller compared to untwinned precipitates. Such a stacking fault may exist in the 

migrating grain boundaries associated with the amorphous formation as a result of 

dislocation motions, and the stacking energy of local areas could be reduced because of 

the segregation of Ti. It is well known that in some cases of plastic deformation, fracture 

could propagate preferentially along the coherent twin boundaries. Actually, as 

mentioned above, microcracks were observed in sorne particles shown in Fig. 6.5, which 

most probably occurred at the twin boundaries due to severe shear deformation during the 

sliding wear. These characteristics may, on the other hand, substantiate the fact that the 

formations of the precipitates and the amorphous layer are due to the severe deformation 

caused by the dry sliding wear. 



6.6. SUMMARY 

The present work has provided a new evidence of the formation of amorphous 

phase induced by sliding Wear on the Al matrix composites under reciprocal dry Wear. 

Coexisting with the amorphous phases, precipitate Ti-AI-O was identified as a tetragonal 

structure which is different fiom the well-known Ti-AI intermetallic or oxide compounds. 

The lanice parameters of the tetragonal structure are: a = 6 = 4.423 À,c = 2 . 8 4 4 ~ .  

Interna1 twinning with the element (01 1)[011] was also found in the precipitates. The 

formation mechanisms of the amorphous phase and the precipitates are explained as 

follo~vs: 

1) In terms of dislocation and grain boundary migration: mechanical grinding 

and mixing caused by the sliding Wear result in dislocation movements and grain 

boundary migration thus promoting the proliferation or multiplication of the 

dislocations and the grain boundaries. When they have broken down, a locaI 

arnorphous region occurs. Accompanying this amorphization, a unique crystalline 

precipitate is also formed due to the defect-induced microsegregation. 

2) In terms of Gibbs fiee energy: thermodynamically, the Gibbs fiee energy 

of a phase is increased with increasing level of defects caused by plastic defonnation 

dunng the dry sliding Wear, thus the free energy of the crystalline solid solution is 

greater than that of the amorphous phase, Le., a large negative heat exists, which is 

required for the amorphization. 



CHAPTER SEVEN hlICROSTRUCTURAL 
CHARACTEFUZATION OF WEAR DEBRIS 

7.1. INTRODUCTION 

As discussed earlier, a reliable approach to understand the Wear mechanism in 

sliding Wear is to expenmentdly investigate nature of the resultants of the Wear 

system[57], namely, worn surface and Wear debris. From previous chapters, it has been 

s h o w  that not only do large subsurface strains and extensive plastic deformation are 

generated near the wom surface during the Wear process, but also a considerable amount 

of transfer of materials and mechanical mixing take place between the contacting 

surfaces. thus resulting in the formation of a mechanically mixed layer in the worn 

surface. On the other hand, Wear debris, that fa11 off the wearing system as schematically 

shown in Fig. 7.1, can provide information about single and instant events during the 

sliding wear, some of which might not be available fiom the worn surface due to possible 

influences of subsequent events. Therefore, an understanding of the nature of the wear 

debris, especially their microstructures and composition, could provide important insight 

into the Wear mechanisms of these alloys and substantiate the findings that were obtained 

fiom the observations on the worn surfaces. 

This Chapter deals with the characterization of the Wear debris fkom the Al-Si 

alloy and the Al based composite sliding against the M2 steel using Scanning Electron 

Microscopy with EDS at tachent  and X-ray mapping, X-ray difiaction, and Mossbauer 



Al Block 
Mixed layer 

M2 Ring \ Falli ng  of debris 

Fig. 7.1 Schemtic illustration of the foxmations of wear debris and 
mechanically mixed layer in the block on ring slidirig Wear test. 

spectroscopy. Wear debris from the HP Al against the sarne steet was also analyzed and 

cornpared to those of the base alloy and the composite. In particular, the microstructural 

features and crystallographic structure of the debris were extensively studied using 

transmission electron rnicroscopy with EDS attachent. The formation rnechanism of 

the debris and its relation to the formation of surface layers are also discussed. 

7.2. SCANNING ELECTRON MICROSCOPY 

Two types of morphology were observed in the Wear debns of the Al alloys (HP 

AI, AI-Si alloy and the Al composite) under a microscope, depending on the applied 

loads at the sliding speed used. Visually, the first type of Wear debns appeared dark in 

color, and was in the form of aggregates containing very fine equiaxed particles, as 

shown in Fig. 7.2. The aggregates were found to fa11 from the wearing system 



individually or as clusters in a wide range of sizes (less than 1 pm to a few hundred 

microns). Another type of Wear  debris was compnsed of relatively large particles with 

plate-like morphology, and they were often observed at high loads. To naked eyes, one 

side of the plate-like debris was dark in color, while another side had a metallic shine. 

Fig. 7.3 shows a typical morphology of the plate-Iike debris particles under SEM. 

At low loads, most of Wear debris were present as aggregates consisting of very 

fine particles. The equiaxed particles within the aggregates were in size of about 0-2-5 -0 

Pm. Morphology features of the fine particles in the aggregates were sirnilar in the Wear 

debris of the three Al base materials in the present work. Figs. 7.4 (a) to (c) show typical 

SEM micrographs of wear debris of the HP Al, Al-Si alloy and the Al-SiISiC composite, 

respectively. The morphologies of the ultrafine particles in the debris were very similar to 

those found in the Crater area at the worn surfaces as discussed in Chapter 5.  

EDS analyses of the Wear debris revealed that a significant arnount of iron was 

present in the Wear debris, which was obviously transferred from the steel counterpart, as 

sholvn in Fig. 7.5 (a). It was noted that the amount of elemental iron in the debris 

increased with an increase in the sliding load as demonstrated in Fig. 7.5(b). It seems that 

the transfer behavior of the elemental iron was different for the Al-Si alloy and the Al 

composite at different sliding loads, especially at the low load level. As is seen fiom Fig. 

7.5, the increase rate of the arnount of Fe with the sliding load can be divided into two 

stages for the base alloy, Le., a rapid linear increase fiom a low load up to 7 kg, beyond 

which it seemed to get saturated. In the case of the Al-Si/SiC composite, a considerably 

high amount of Fe was built up in the debns at very low loads, and it increased slowly in 



Fig. 7.2 Wear debris in a form of aggregates containing fine equiaxed particles generated fiom of 
the Al-SiISiC sliding against the steel at a load of I kg. (a) at a low magnification and (b) 
at a high magnification. 



Fig. 7.3 A typical morphology of the plate like Wear debris of the AI-Si/SiC sliding against the 
steel at a load of 10 kg. 



Fig. 7.4 (continued) 



Fig. 7.4 T y p i d  morphologies of the fhe equiaxed particles m îhe wear debris genssted bom of 
the HP Al (a), AI-Si alloy (b) and the AI-SI/SiC composite (c) sliding against the sted at  
a load of 3 kg. 

an approximately linear relationship wit h an increase in the sliding load. The element iron 

was present exclusively in the aggregates with uitrafine particles, and the amount of Fe 

was relatively l e s  on the surface of the rnajority of the plate-like debris. It is interesting 

that a correlation of the iron transfer behavior to the Wear behavior shown in Fig. 5. 6, 

shows similarities in the transfer and Wear behavior of the Ai-Si alioy and the Ai-Si/SiC 

composite at the high load level, suggesting that the transfer iron and mechanical mixing 

might play an important role in the sliding Wear of these materiais. 

It was also noted that some small flakes were mixed with fine equiaxed particles. 

As shown in Fig. 7. 6 and Fig. 7.7, the flake debris were usuaiiy 10 to 20 pm in size. and 



EDS showed that they were mainly composeci of AL With a fÛrther increase in the slidiag 

load, large flake-like debris were present either as a mixture with the uluanne particles 

(Fig. 7.8) or as individually (Fig. 7.9). It was interesting to note that m i c r o s t r u d  

features of the plate-like debris were different for different materials at different shdbg 

loads. In the debris of  the HP Al and the ACSi dloy, it was found tbat at a low load (3 -7 

kg), lamella structures were found predorninantly on the surface of the flakes, in addition 

to the presence of sliding grooves on the surtàce of the plate-iike debris. The lamella 

patterns were noted to be perpendicular to the directions of the sliding grwves that were 

apparently along the sliding direction Figs. 7.10 (a) to (c) show the lamella patterns on a 

plate-like debris of the HP Al, which is obviously an indicative of severe plastic 

deformation caused by the sliding Wear. A carefùl examination showed that the kmella 

features were prominent in between the sliding deformed "lips", as shown in Fig. 7.10 

(a). One example area, as marked by a square in Fig. 7.10(a), shows that the lamella 

patterns were closely spaced and the spacings between the lameliae were quite uniform. 

Fig. 7.10(b) shows a close-up image of the lamellae corresponding to the area marked in 

Fig. 7.10(a). Some lamellae were extended into micro-lips extruding out of the debris 

surfàce as a result of shear deformation, as indicated by arrows in Fig. 7.10(b). It was 

estimated that the spacings were approximately 1.0 pm when they were measured fiom 

top view. The thickness of the extruding micro-tips would be much thinner, if they were 

viewed and measured in a direction parallel to the surface. Though in most cases the 

spacings of the lamellae were noted to be uniform, it was observed that the spacings of 

lamellae changed progressively along the sliding direction in some areas on the plate 

debris, as seen in Fig. 7.10 (c). The average spacing changed graduaiiy fiom 



approximately 2.5 pm to 0.5 p m  This implies thaî the shear stresses at these locations 

might be altered during the course of the sliding. 

Similar features were also found in the plate-like debris of the AI-Si alloy, as 

shown in Fig. 7.1 1. It is observed that the deformed layen or lips were inhomogeneous 

with a variety of spacings, whereas the detailed striation patterns wahin the deformed 

layers were surprisuigly uniform with an average spaciag of 1.2 pm, as shown in Fig. 

7.1 1 (b). These deforrned lips or stMtion lke patterns are very similar to "chatter marks" 

due to a "stick-slip" motion suggested by Bowden [162]. In "stick-slip" motion, the wom 

sudace is actualiy subjected to a cyclic force, as fluctuation of coefficients of fiction (or 

Biction force) can be measured during the sliding[l36, 1631. In the present work, careh1 

observation on the striation patterns withia the shear deformed lips suggeas tbat the 

striation patterns with extremely uniform spacings were very similar to fatigue striations 

that are unique characteristics of fatigue of materials under a cyclic stress 11641. The 

fatigue striations c m  be clearly or poorly delineated taking dBerent shapes, fkom alrnost 

svaight to very curved. Since the extruding deformed lips contained a number of the 

closely spaced lamellae, Le., the striation-like patterns found in the present work there 

might be a correlation between the deformed lips and the striation patterns. Kou and 

Rigney [4] reported a lamella structure in the extruded material of the wom surface of HP 

Al. Theû larnella patterns were sirnilar to the extmding deformed lips observed in the 

present work, but no structures sunilar to the present striation patterns were reported in 

their work. Fmm the present work, the microstructural characteristic of the striation 

patterns in the flake debris suggests that there were a cyclic stress in the sliding surfaces. 



Fig. 7.5 

Sliding Load (Kg) 

Energy dispersive X-ray analysis of wear debn's using SEM-EDS mode. 
(a) EDS spectrum of the debris, showing presence of Fe in the debris; 
(b) Mass percentage of Fe in the debris as a fùnction of the sliding toad. 



(b) 
Fig. 7.6 Small flakes in the mixture of fine equiaxed particle debris of the AI-Si/SiC composite at 

a load of 5 kg. EDS analysis showed that the flake debris were rnainly comprised of  Al. 
(a) At a low magnification, and (b) At a high magnification. 



Fig. 7.7 A mixture of ultrafine particles and small flakes in the wear debris o f  the AI-Si alloy at a 
load of 5 kg. Note sliding groovings on the flake sudace. 



Fig. 7.8 Plate debris was present and mixed with the ultrafine particles of the AI alloy at a load o f  
7 kg. Note the size of the plate debris was larger than that of the Wear flakes at low loads. 

Fig. 7.9 Debris Plates was present in the Wear debris of the AI-Si/SiC composite at a load of 7 kg. 



(b) 
Fig. 7.10 (continue4 



Fig. 7.10 Lamella or striation patterns on the surface of the plate like debris of the HP Al at a load 
of 3 kg. (a) At a low magnification. (b) Striations conesponding to the marked area in (a) 
at a high magnification. The spacings are estimated about 1 Pm. The arrows indicate 
some lamellae extmding out of the debris surface. (c) Striations with progressively 
changed spacings. 



(b) 
Fig. 7.1 1 Lameiia ami striation patterns on tbe Surface of the plate iiice cidebris of the AL-si aiioy at a 

load of 5 kg. Note that two kinds of lameUa structures are present, i-e., deformed lips or layers 
with a relative larger and non-uniform spacings, and striations with extremely unifonn 
spacings as shown in (b) in detail. (a) At a low magnification. (b) At a higher magnïfïcation. 



The plate-like debris of the Al-Si/SiC composite at a higher sliding load (>5 kg) 

show similar features to those found in the wom suiface. Fig. 7.12 shows a typical 

morpholog of the plate debris of the composite at a load o f  7 kg. The surface of the plate 

d e h s  exhibited severe ploughng along the sliding direction and contained an evidence 

of extensive cracks that were perpendicular to the sliding grooves. It should be noted that 

fYagments and very fine particles were present in the plate debns, as s h o w  in Fig. 7.12. 

With a fbrther increase in the sliding load, the fine particles and fragments occurred 

extensively in the plate-like debris, characteristic of which was very similar to that fowid 

in the aggregated debris of ultrafine particles mentioned above. As shown in Fig. 7.13, 

the fine particles were predominant in the plate debris. Ln the smooth area as shown in 

Fig. 7.13 (b), it can be identified that fine particles were embedded in the plate surface, 

and their shape and size were the same as those of the particles on the surface. EDS 

analysis showed that a considerable amount of Fe was present in the plate debris with the 

fine particles, and also oxygen content was relatively higher than those at lower loads. It 

\\-as observed that the amount of Fe was also higher in the fine particles than in the 

smooth area. Actually, some particles were embedded undemeath and covered by a 

smooth layer that was mainly composed of Al element, as shown in Fig. 7.14. It seems 

that the particies were formed and compacted before a fresh layer of Al matrix alloy was 

smeared on them. It should be mentioned that no larnellae or striation patterns, similar to 

those found in the plate debris of the HP Al and the Al base alloy, were obsewed in the 

plate-Iike debris of the AI-SiISiC composite. It implies that the presence of the 

reinforcements might possibly alter crack propagation behavior of the composite and 

change the local shear stress condition in the wom surface. 
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As mentioned previously, the plate-like debris of the HP AI and the Al base alloy 

showed lamella or striation pattern as a result of local shear stress and a repeated motion 

at a Iow load (< 7 kg). However, it was not a case for the debris of the HP Al and the Al 

base alloy at a high load. Similar to the debris of the Al composite, the plate-like debris 

of the HP Al and the base alloy also contained a significant number of very fine particles 

at higher loads. Fig. 7.15 shows a typical rnorphology of the plate debns of the HP Al. It 

can be seen that two distinct areas were present showing different features, narnely, an 

area containing very fine particles, and a srnooth area. In some smooth areas, it was noted 

that ultrafine particles seemed to be covered by a thin smeared layer, as shown in Fig. 

7.16. The X-ray mapping showed that the presence of Fe significantly associated with the 

fine particles. Fig 7.1 7 shows a compositional contrast between the very fine particles 

and smeared base alloy in a plate debris of the Al-Si ailoy, by using a cornparison 

behveen secondary electron (SE) images and backscattenng electron (BE) images in 

SEM. In SE mode, a few small particles were noted on the surface of the plate debns due 

to the topographic contrast. However, the BE image highlighted the fact that a number of 

fine particles did exist under a thin film of the Al matrix material, since the fine particles 

had different compositions fiom the Al matrix material. 

It was also note that the fiactured section of the plate-like debns contained a 

considerable amount of Fe. Fig. 7.18 shows a group of Wear debris particles containing a 

large plate debris. Features of the hctured section of the plate were obviously different 

from those of a typical hc tu re  surface in buk Al alloys [165]. As shown in Fig. 7.18 (b), 

the fractured section exhibited two regions: 1) Region 1, near the top surface, showing 



the occurrence of ultrafine equiaxed particles; 2) Region 2, below region 1, showing a 

Iayered structure without equiaxed particles. interestingly, X-ray mapping indicates that 

there was more iron in the fractured section than on the surface, as shown in Fig. 7.18(c). 

Equiaxed particles were also noted in the subsurface, corresponding to the Fe-rich area on 

the surface as show in the X-ray mapping. In Si mapping, a large white spot might be 

kom a S i c  particle because the size was much Iarger than that of the eutectic Si, and the 

Sic  particle appears embedded undemeath the Ai mamx as compared with Fig. 7.18(b). 

The S ic  (about 5 pm) was smaller than the average size (10 pm) of S ic  in the original 

composite, implying that it rnight be a fragment of a fractured Sic particle. The above 

results strongly suggested that at a high load extensive mechanical mixing, such as 

fracture, fragmentation and repeated transfer and compaction, occurred between the 

contact surfaces during the sliding Wear. 

in summary, SEM observations showed that the Wear debris of the HP AI, AI-Si 

alloy and the Al composite exhibited a morphology of aggregates in which ultrafine 

particles clustered together at low loads. With an increase in the sliding load, both the 

plate-like debris and the ultrafine grained aggregates were generated fYom the sliding 

surfaces. For the HP Al and the Al-Si alloy at relative low loads(c7 kg), the characteristic 

of the plate debris suggested that the severe shear deformation was probably the 

predominant factor goveming the Wear mechanism based on the findings of lamella or 

striation structures. At high loads, the transfer of materials and mechanical mixing 

between the sliding contacts were extensively found in the three materials, since a 

considerable amount of Fe was found in the Wear debris. 



Fig. 7.12 A typical morphology of the plate like debris of the Al  composite at a load of 
extensive cracks were present on the surface of the Wear debris plate. (b) 
magnification. 

7 kg. Note 
At a hiçh 



(b) 
Fig. 7.13 A plate like debris of the Al composite at a load of 10 kg. Note fine equiaxed panicles 

were present on the surface and the fracture cross section of the plate as indicated. (b) At a 
high magnification. S o m  panicles were ernbedded in the surface as marked. 



(b) 
Fig. 7.14 Ultrafine particles were embeddcd undemeath and covered by a smooth layer of the Al 

matrix. The m w  indicates the area that was vicwed at a high magnitication as in (b). 



(b) 
Fig. 7.15 A typicai morphology of the plate like debris of the HP Al at a load of 5 kg. showing the 

presence of ultrafine panicles in the debris. (b) At a high magnification. 



(b) 
Fig. 7.16 A plate like debris o f  the HP Al at a load o f  5 kg. Note that ultrafine panicles were 

embedded underneath a film of Al on the surface of  the debris plate. (b) X-ray mapping 
conducted on (a), showing presence of Fe element. 



(b) 
Fig. 7.17 Topographie and compositional contnus of the ultrafine particles in the plate debris of 

the AI-Si alloy at a load of 10 kg, by using SE mode (a) and BE mode (b) in the SEM. 
The compositional contrast resulted from the existence of Fe in the ultrafine panicles- 



(W 
Fig. 7.18 (continued) 



Fig. 7.18 Comparison of  plate like debris and ultrafine panides regarding the presence o f  Fe and 
mechanical mixing caused by the sliding wear. 
(a) A group of wear debris with a presence of  a large plate; 
(b) Cross section and surface morphology o f  the plate debris, showing two regions, i.e., 

Region 1, compacted layer with similar ultrafine particles; and Region 2, with a layered 
structure due to plastic deformation. The arrows indicate some particles containing Fe 
em bedded in the subsurface; 

(c) X-ray mapping analysis performed on the plate debris corresponding to (b), showing 
elemental distribution of  Al  and Fe and Si. 



7.3. X-RAY DIFFRACTION 

7 .3 .1  The HP Al and the Al base alloy 

Fig. 7.19 shows XRD patterns of the Wear debris of the Al base alloy generated 

under several sliding loads and that of the original alloy before wear. It c m  be seen that 

the Al (a-solid solution) and the eutectic Si are easily identified as narrow peaks in the 

XRD pattern of the original binary alloy. The intensities of the Al (a-solid solution) 

peaks were in agreement with those of Al in the x-ray powder difiaction standards 

(JCPDS) according to structure factor calculations. Ln the XRD patterns of the Wear 

debris, it is evident that changes in the XRD spectnim of the Wear debris occurred in 

cornparison with that of the original alloy. The XRD patterns of the wear debris consisted 

of extensively broadened diffraction peaks, and the relative intensities of the peaks were 

not expected for the a-Al according to the structure factor caIculations. It is noted that the 

A1(200)i .41(220) and Al(222) peaks of the Wear debris were drastically broadened and 

the intensities of the peaks were increased, compared with the Al(111) peak which had 

the highest intensity in the original alloy. The broadening and increase in intensity 

became greater with an increase in the sliding load. For instance, at a load of 15 kg, the 

intensity of the AI(200) was significantly greater than that of the Al(l11). This strongly 

suggests that the iron coming fiom the counterpart was present in the Wear debris, as in 

ageement with the findings using EDS in the SEM observations. Al1 a-iron peaks were 

superimposed on the Al peaks with the even number indices (hkl), as indicated in the 

spectra. 



It is generally known that an ultrafine particle size and possibly high suain levels 

or a high dislocation density in the debris could be partially responsible for diffraction 

peak broadening according to Scherrer relationship [ 1 661 and W iIliamson and Hall 

method [167]. It is, however, noted that in the present work only the peaks, which 

overlapped with those of the a-iron, were broadened, while the Al(l11) and Al(3 1 1) did 

not show obvious broadening over the entire sliding load range. According to Scherrer 

relationship, the breadth P resulting fiom fine particles is inversely proportional to the 

particle size D and a cosine function of the Bragg angles 8, that is, 

where i. is the X-ray wavelength. If the broadening had occurred mainly due to the 

particle size, the Al(3 11) would have also been broadened and this effect would be even 

larger than those at low angles, but this was not the case in the present work. It is also 

noted that the broadening of the peaks seems to extend to a low Bragg angle direction 

rather than a symmetric broadening, as can be obviously seen in Fig. 7-19, with reference 

to the Al(200) and Al(222) peaks. Moreover, XRD analyses of the Wear debris that was 

annealed in an encapsulated vacuum tube at 480' C for 2 h showed no significant 

changes with respect to the broadening. suggesting that strain levels were not pnmarily 

responsible for the broadening in this work. It appears therefore that the broadening 

main1 y resulted fiom the presence of the element iron. Phases other than the a-Al and a- 

Fe c m  also contribute to the broadening at 28 ranges close to those of the overlapping 

peaks of the a-Al and a-Fe, as a result of interdiffision of the Fe and Al elements 

involved in the sliding system during the sliding Wear. 



Fig. 7. 19 X R D  analyses of Wear debris a a variety of sliding loads and of  the original Al alloy before 
Wear. The straight arrow indicates a peak shifting away fiom that of the a-Al and 
corresponding to the FeAl phases. The curved arrows point to an aluminum oxide phase 
formed at high loads. Note that these oxide peaks are away fiom those of Si phases. 

The asyrnmetric broadening, that is, a shift o f  the broadened peaks to low angles, 

c m  be fit to an intemetallic cornpound of FeAl, as  shown in Fig. 7.20, which is based on 

the analyses of the iattice parameter range and the diffraction intensities, using the whole 

diffraction pattern fitting analysis provided by the database o f  Rigaku. The intensities for 

the individual peaks of the FeAl were very similar to those of the a-Fe, but the Bragg 



angles of the FeAl phase were smaller than those of the a-Fe, since the lanice parameters 

of the phase increased due to the fact that the Al atoms diffised into the heavily deformed 

iron particles. In order to confirm the foxmation of the ïntermetallic phase, parallel sliding 

Wear tests were conducted using the high punty Al (HP Al) as a sliding block in an Ar 

gas environment with the same steel ring. In the sliding tests of the HP Al, the sliding 

loads were relatively low since the HP A1 was soft. 'The XRD results of the debns 

collected with the sliding of the HP Al in the Ar atmosphere revealed that similar 

broadening and diffraction peaks other than those of Al and Fe were present, as s h o w  in 

Fig. 7.20. In the case of the HP Al, no silicon peaks were present, and new peaks 

corresponding to the interrnetallic phase of FeAl were observed. The new peak shifted 

significantly away fiom the overlapping peaks of the Al(222) and Fe(211). 

It should also be noted that other new peaks appeared with an increase in the 

sliding load, as indicated with curved arrows in Fig. 7.19. It appears that the intensities of 

the peaks become higher with an increase in the sliding load, and no such peaks were 

found at low loads. Careful examinations show that these peaks were away fiom those of 

Si, and matched those of aluminum oxide rather than iron oxide using the Rigaku 

database. As well, the strongest aturninum oxide peak is very close to and overlaps the 

Al(111) and Fe(200) peaks as well as the strongest FeAl peak. This superimposition c m  

also contribute significantly to the drastic broadening in the 2 8  range of 40' to 48' in 

the XRD patterns. This suggests that with an increase in the sliding load, oxidation of the 

AI matrix occurred as a result of frictional heating. At low Bragg angles, a relatively high 

background diffusive diffraction peak was present. This is similar to that reported by 



Zhang and AIpas [52] who suggested that it corresponded to the formation of an 

alurninum oxide phase with an amorphous structure. However, this does not seem to be 

the case in the present work, since the glass slide, on which the debns was placed for the 

XRD analysis, did show the sarne diffisive pattern when it was run as a blank in the 

XRD analysis. It appeared as a noise background in the XRD spectra fiom the amorphous 

glass slide. This has also been confimed by Bishop et ai [l6 11. 

Fig. 7.20 Cornparison of  XRD analyses o f  the wcar debris of the HP Al in an Ar atmosphere and 
the AI-Si alloy in the arnbient condition. The bottom shows the standard XRD spectra 
(JCPDS) for different phases. 



It  was also observeci that the peaks of the a-Al shified to higher angles 

progressively with an increase in the sliding load. Since the Al(111) did not show a 

broadening, it was used to calculate the lattice parameter of the a-Al, as corrected and 

calibrated using pure silicon and the Si phase in the sarnples tested. Fig. 7.21 shows the 

lattice parameter contraction as a hinction of the sliding load. The lattice parameter 

contraction suggests that during the sliding Wear, Fe andlor Si dissolved into the a-Al 

since the atomic radii of Fe and Si were srnaller than that of Al. 

O 40 80 120 160 

Load (N) 

Fig. 7. 21 influence o f  dissolution of Fe and Si into the a-Al solid solution in the debris on the 
lanice parameter of the solid solution as a function of  sliding load. 



7.3.2 Tbe AI-SüSiCp Composite 

Fig. 7.22 shows the XRD muhs of the wear debris of the Al composite sliding 

against the steel ring at a variety of sliding loads. It can be seen that the structural features 

of the Wear debris of the Al composite were simiIar to those of the Wear debris of the Al 

base aiIo y. From the XRD, the eutectic Si and Sic reinforcing particIes were found to be 

present in the debris over the entire sliding load range. The Al(200) and Al(222) 

difhction peaks were broadened and the intensities of these peaks were increased as 

compared to that of Al( 1 1 1 ), due to the presence of Fe transfmed fkom the counterpart as 

discussed in the case of the Al base afloy. It should be noted that the broadening of the Al 

peaks occurred even at very low loads, as shown in Fig. 7.22. At a sliding load of 0.5 kg, 

the overlapping peaks of tbe Ai(200) and Fe(1 IO) were significantly higher than the 

Al(111) peak and largely broadened. This suggests that Fe transferring fiom the steel 

counterpart started to occur at very low loads, mostly because of the pfesence of the Sic 

reirforcements that could act as microcutters during the sliding process. This is in 

agreement with the composit ional observations using EDS that sbwed a considerably 

high arnount of Fe in the debris of the AVSiC composite even at a low load, as compared 

to those in the debris of the Al base alloy, as shown in Fig. 7.5. 

With respect to the formation of the FeAl phases and oxidation at higher ioads, 

there might be simiiar phenornena to those in the Al base doy,  since the broadening and 

shifis of difiaction pcaks near tbe Al peaks were observed. It was also noted that ai high 

sliding loads, a peak corresponding to the aluminum oxides occurred, as indicated in Fig. 



7.22. However, the situation was more complicated than in the Al base alloy, due to the 

fact that some peaks of the Sic particles were very close to those of the Al. Fe and FeAl 

phases. 

1 I 1 I I 

I FeAl 
l 1 1 1 

I Sic 

Fig. 7. 22 XRD analyses of the wear defxis of the AI-SiISiC at loads of 10 kg (a) and 0.5 kg (b) in 
the ambient conditicm. The bottom shows the standard XRD spectra (JCPDS) for 
di fferen t phases. 



7.3. TRWSMISSION ELECTRON hUCROSCOPY 

7.4. 1 The Ai alloy and the Al composite 

In order to reveal more detailed microstructure of the wear debris and verie the 

formation of the FeAl intermetallic phases and aluminum oxides mentioned above, TEM 

was utilized for the debris sarnples. The results show that the microstnictural features 

were similar for the HP Al, Al-Si alloy and the Al composite. For simplicity, therefore. 

the microstnictural characteristic of the Wear debris of the HP AI and Al alloy is mainly 

discussed in the sliding Wear against the tool steel under dry  condition using the block- 

on-ring wear tester at loads of 5 kg, 10 kg and 15 kg. Fig. 7.23 shows a typical 

morphology of the Wear debris at a load of 5 kg. It c m  be seen that the debris formed as 

aggregates with a very fine-grained structure. The ultrafine substructure within the 

aggegates \vas about 2-20 nm in size, while the average size of the aggregates was about 

0.25 to 1 .O Pm. The selected area electron diffraction showed that most of the aggregates 

exhibited FCC structure-like panerns, which were mainly fiom the a-Al solid solutions. 

as shown in the insert in Fig. 7.23(a). EDS analyses indicated that a significant amount of 

iron was present in the aggregates, and the arnount of iron was in a range of 30 at. % to 

40 at. % in the debris that was in excess of the solubiiity of iron in the &-Al solution 

(0.025 at. % at an equilibriurn state), as s h o w  in Fig. 7.23(c). Since the size of the 

nanocrystallites was much smaller than that of the focused electron bearn used in the EDS 

mode, it was not possible to differentiate whether the particles contained some iron or 

they were ''pure" iron particles. Based on the compositional and structural information 

above, it is believed that the FCC structure-like patterns shown in Fig. 7.23(a) result fiom 



combined electron difiaction of the a-Ai (FCC) and a-Fe (BCC), in which al1 the 

diffiacted rings of the BCC iron were overlapped by those of the a-Al w i t h  the even hkl 

indices. At this low sliding load, it appeared that the formation of oxides and 

interrnetallic compounds was minimal. 

At a high load (10 kg), the nanocrystalline structure within the aggregates of 

debris was found to be more cornplex as shown in Fig. 7. 24. The rnajority of the 

nanocrystallites were still equiaxed particles and the size of the crystallites was obviously 

smaller than those at the lower load level. It is of interest to note that some particles 

exhibited evidently a strong material flow in a direction that resulted from severe plastic 

flow during the sliding Wear. With m e r  increase in the sliding load, the microstructure 

of the debris gave rise to a M e r  evidence of refinement of particles within the 

aggregates. In addition to the equiaxed particies, lamella structures with extremely fine 

spacings were found, as shown in Fig. 7. 25. It can be observed that the lamella structure 

\vas about 20 to 30 n m  in length with spacings less than 5 nm. Sub-regions with different 

orientations of the lamella structures c m  also be identified in the ultrafine-grained 

structures of the debris- No obvious boundaries between the sub-regions were noted when 

tilting the debris sample in TEM. EDS analyses indicated that a considerable amount of 

iron and oxygen was present in the debris aggregates at the high sliding load, as shown in 

Fig. 7 26. 

Electron diffraction of these particles showed distinct patterns as compared to 

those obtained at the low load of 5 kg. Diflktion was f o n d  to be different fiom one 



region to another, although morphologie feahires were hardly distinguishable in the TEM 

study due to the extremely small sizes of the particles. Figs. 7.27 (a) and (b) shows 

typical diffraction pattems obtained from the ultrafine particles. It can be seen in Fig. 7. 

27(a) that a new set of difhction rings was present with extra peaks as compared to the 

overlapping pattems shown in Fig. 7. 23(a). Based on the calculations of atomic pIane 

spacings obtained fiom the diffraction pattems in reference to those of the a-Al solid 

solution. it was f o n d  that the new set of pattems could be interpreted as the intermetallic 

compound FeAl. Other phases such as, aluminum oxides, iron oxides, and silicide were 

eaçily ruled out by the calculations of the atomic plane spacings. Thus, the extra peaks 

were indexed according to the FeAl (CsC1-type) superiattice compound with some peaks 

being overlapped by those of the a-Al and a-Fe. Fig. 7.27@) shows diffraction patterns 

found in the debris at a higher load. It was noted that a strong diffraction ring with the 

smallest spacing occurred, and the rings corresponding to the AI (1 11) and Al (200) were 

broadened. According to the calculations of reciprocal lattice vectors in reference to those 

of M. the smallest ring can be associated with a-A1203, while other diffraction rings were 

most likely overlapped by those of the a-Al and a-Fe since their atomic spacings were 

very close to each other. It should also be noted that a diffiaction ring with a weak 

intensity conesponding to FeAl(100) also existed in concurrence with those of the 

aluminum oxide. This ring was present between the AIr03 (012) and Ai (1 11). Therefore, 

die pattems were indexed as a combination of different phases, as shown in Fig. 7. 27(c). 

Table 7. 1 summarizes the analysis of the electron diffraction patterns based on 

calculations of d-spacings of the phases. The results suggest that at a high sliding load 

the aggegates were comprised of a-Alz03, FeAI, a-Al, a-Fe, in agreement with the 



resul ts using X-ray diffraction discussed in the previous section. 

It should also be mentioned that partial amorphization was observed in sorne 

aggregates in the debris samples. Much less change in contrast of the image of the debris 

was noted as the samples were tilted in a large range of angles in the double goniorneter 

in TEM. The diffraction patterns showed a mixture of polycrystalline diffraction pattern 

and a halo pattern, confiming the amorphization in the debris, as shown in Fig. 7. 28. 

No detailed microsmictural characterization of the SIC rein forcing particles was 

available in the TEM study of the wear debris of the Al composite, since differentiation 

of the sputtering rate between the S i c  and other particles was quite large during the ion 

miliing process of the TEM samples. However, the eutectic Si particles were obsented in 

the debris of the Al alloy and the composite, as s h o w  in Fig. 7.29. It is seen that the Si 

particie had the same morphology as in the original matenal, and their size (about 0.1 

pm) was relatively smaller than that in the original material. This is in agreement with the 

observations of SEM cross sections of the worn surfaces where the Si particles were 

found to be fkagmented. A large nurnber of stacking faults were also noted in the Si 

particles, the same as those in the original matenal. It appears that the Si particle shown 

in Fig. 7.29 was detached as an individual particle from the Al matrix and mixed in the 

Wear debris. Some of particles were found to be embedded and intermixed within the 

ultrafine grained stmctures, for example as shown in Fig. 7.30. The electron diffraction 

pattem of the particles confirmed that the particles were Si, as s h o w  in Fig.7.30 (c). It is 

evident that some of Si were fiagmented into very small particles and intemixed in the 



Wear debris. It seems that the fiagmented Si particle in a very fine size was forced to 

orient along the plastic fiow of the ultrafine grained structure, as shown in Fig. 7.3 1. 

7.4.2  Tbe HP AI 

The Wear debris from the high purity of Al block sliding against the steel was also 

analyzed in cornparison with the results of the Al alloy and the composite. Wear debris 

samples at a Ioad of 5 kg in Ar atmosphere were chosen only because X-ray diffraction 

results showed a formation of iron aluminurn compound in the debris of the HP Al at tbis 

load. Fig. 7.32 demonstrates a TEM micrograph of the Wear debris, showing a mixture of 

Al flake-like debris and nanocrystalline structures. The electron diffraction showed that 

the area marked as Al exhibited a typical FCC structure and the area marked FeAl gave 

rise to a combined microstructure as shown in Fig. 7.32 (b). It can be seen that the 

diffraction was similar to that indicated in Fig. 7.27(a), Le. a mixture of the Al-Fe 

intemetallic compounds, a-Al and a-Fe. No oxides were noted, or the amount of oxide. 

if any. \vas much less to be detected. The EDS analyses also showed that the ukrafine 

grained structures contained a considerable arnount of iron and aluminurn, while the flake 

like debns was mainly comprised of aluminurn with a small amount of iron being 

dissolved, as shown in Fig. 7.32 (b) and (c), respectively. From the micrograph, it cm  

also be observed that a heavy plastic flow existed within the ultrafine grained structures. 

It seemed that some particles were elongated or heavily deformed due to the plastic flow. 
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(a 
Fig. 7. 23 E M  morphology of Wear debris of the Al-Si alloy at a load of  5 kg, showing the aggregates 

with ultrafine grained structures, (a) and (b). The insert is an electron diffraction pattern of the 
aggregates. (c) EDS analysis o f  the Wear debris corresponding to (a) and (b), showing the 
presence of Fe. 



(b) 
Fig. 7. 24 TEM micrographs of wear debris of the AI-Si alloy at a load of 10 kg. 

(a) An aggregate at a low magnification. 
(b) Nanocrystalline structures within the aggregate at a high magnification. 



(b) 
Fig. 7. 25 TEM micrographr of Wear debris of AI-Si alloy at a load of 15 kg, showing nanocrystalline 

structures of a mixture of FeAl and AI2O3. (a) At a low magnification. (b) At a high 
magnification. The anows show sub-boundary ktween regions with different orientations of 
the lamella structures. 



Energy (KeV) 

Fig. 7. 26 EDS analysis o f  the Wear debris in Fig. 7.25, showing a considerable amount of Al. Fe 
and oxygen in the aggregate debris. 



(a 
Fig. 7. 27 Electron Di f ict ion pattems of  wear debris a high loads, corresponding to Figs 7.2 4 and 

7.25. (c) Schematic illustration and indices o f  the diffraction patterns. 



Fig. 7.28 

Fig. 7.29 

Partial amorphization of Wear debris in the aggregates. The insen shows the electron 
diffraction of the partial amorphization in the debris. 

Eutectic Si particle in the Wear debris of the Al alloys. Note that the particle size was 
smaller as compared to that in the original materials. 



(b) 
Fig. 7. 30 A Si particie was intermixed in the ultrafine grained aggregates in the wear debris o f  the 

A l  alloys. (a) Bright field image, (b) Dark field image. The insert shows the electron 
diffraction patterns o f  the Si. 



Fig. 7. 31 Fragrnented Si panicles in a very small size were intermixed in the ultrafine grained 
aggregates in the Wear debris of  the AI alloys. Note that the Si particies were forced to 
orient the plastic flow in the ultrafine grained structure. 
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(b) 
Fig. 7. 32 (conrinued) 
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Fig. 7. 32 A mixture of ultrafine grained aggregates and plate like Wear debris of the HP Al. (a) 
Bright field image; (b) EDS amducted on the ultrafine grained aggregates; (c)  EDS 
conduded on the plate debris. 



Table 7.1 Analysis of electron d ihc i ion  pnttcrns of wenr dcbris correspondirig io Fig. 7. 27, 

No. of Ring Measured d l  it kl 
0 

4(h hkl hkl 
d-spacing ( A ) 

I 3.478 3.479 012 
3 
LI 2.87 1 2.899 100 
3 2,359/2.4 14 2.338 1 1  1 2.379 I I 0  
4 2.03212.0733 2.024 200 2.0268 110 2.048 Il0 2.085 113 
5 1.544 1 ,546 21 1 

ds is the plane spacing of lattice from the X-ray powder diffraction standards (JCPDS). 



7.5. MOSSBAUER SPECTROSCOPY 

Fig. 7. 33 shows Mossbauer spectra of the HP Al debns and the AI alloy debris. 

The hyperfine parameters obtained from experiments and calculations afier the least- 

square fitting are show in Table 7.2. The lines with dotted symbols were from the 

experimentally acquired data and the solid Iines fiom fitting to the data. 

Table 7.2 Mossbauer parameters of the wear debris of the HP Al and AI-Si alloy, relative to a-Fe. 
I.S.= Isomer Shift; Q.S., Quadrupole Splitting; Hhf. Hyperfuie Field- 

Phases 
Fe-.4I(Si) 

1 - 
FeL 

As can be seen, the spectra consist mainly of a large portion of central singlet and 

a small portion of sextets. According to the hyperfine parameters obtained, the singlet is 

indicative of paramagnetic components and the sextets result f?om ferromagnetic 

components in the debris. ln the case of the HP Al, as shown in Fig. 7.33, the central 

singlet strongly suggests that the debris was composed of paramagnetic substances 

containing the element iron. Fig. 7.33(a) shows the Mossbauer Spectnim of a-Fe as a 

re ference. 

Steel 

It is well known that the characteristic hypefine parameters (isomer shifi, 

quadrupole splitting and hyperfine field) observed in a Mossbauer spectnvn can be used 

Pure AUSteel 
I.S. ( m d s )  

-0 .O404 
-0.2849 
1.1761 

Al- Si/Steel 

1 I 

I.S. (mrnh) 
0.1 172 
-0.0637 
1.173 

0.0127 
-0.005 1 

I 1 

Q.S (rnm/s) 
O 
O 

0.0278 1 327.0.39 
0.0247 1 289.310 

0.01 27 
-0.005 1 

Hhf (kOe) 
O 
O 

Q.S (mm/s) 1 Hhf (kOe) 
0.6765 

O 

0-0278 
0.0247 

O 
O 

1.5277 
327.0.39 
289.3 1 O 

1.5244 1 O O 



10 identify phases in a way sirnilar to X-ray difiction patterns. Although the 

applicability of the Mossbauer effect is not nearly as general as XRD for this purpose, the 

Mossbauer effect, in some cases, may play an important role in identification of phases. 

In the Fe-Al system studied, the weI1-known phases (Alae, Ali3Fe4, &Fe2, AiFe and 

Al(Fe) solid solution) could have a paramagnetic component in Mossbauer spectroscopy. 

Fig. 7.34 shows typical Mossbauer spectra of the above phases obtained as general 

references, which are indicatives of characteristics of these phases regarding hyperfine 

interactions[l69]. If the phases in the debris in the present work were attributed to the 

phases Alae, AlI3Fe4, A15Fe2, the s p e c t m  would have strong quadrupole split 

components, due to the formation of complicated nearest neighbor configurations of Fe 

atoms [170]. This does not appear to be the case in the present spectnim in terms of the 

shape and hyperfine parameters, as compared to those in Fig. 7.34. Therefore, possible 

configurations that can conâribute to the presence of the singlet in the obtained spectrum 

are a-AI(Fe) solid solutions and an Fe-Al intennetallic compound with iron content 

approaching 50 at.%. Taking the line widths of the spectra into consideration, AI(Fe) 

solid solution could not be responsible for the singlet only, since the width (r=0.579 

mm/sec) in the spectnun was much wider as compared to that (r=0.26 mm/sec) of the a- 

Al(Fe) solid solution reported in the literature [171,172]. The singlet can therefore be 

understood as a superposition of single lines due to the formation of the FeAl 

intermetallic compounds and a-Al solid solution with iron dissolved. This is consistent 

with the XRD and TEM results as discussed in the previous sections. 

The sextet structures in the spectra resulted clearly fiom various configurations of 



Fe atoms in the onginal steel slider. It is believed that the sextet must be overlapped by 

structures with different nearest neighbor configurations, since the sextet was greatly 

broadened [173]. n i e  steel slider of BCC structure contained an number of alloying 

elements (W, Mo, Cr and V) symbolized as M. For a given Fe atom, there exist 15 

nearest neighbonng configurations, i. e., (1 4Fe, OM), (1 3Fe, lM), ....., (lFe, 13M), (OFe, 

14M). The observed Mossbauer spectrum with a broadened line, in fact, was an overlap 

of subspectra with various neighboring configurations. The probability for each 

configuration approximately obeys Binomial distribution. Among the 15 configurations, 

only (13Fe, OM), (13Fe, lM), and (12Fe, 2M) are important, while the others c m  be 

neglected because of their trivial probabilities. Therefore, the sextet was fitted using 

three subspectra based on above mechanisms and probability calculation of the atomic 

configurations. A divdent doublet was also noted as a small contribution in the specnum, 

and it was attributed to a phase with ~ e ' *  according to its isomer shift and quadrupole 

split, being very likely an iron oxide formed during sliding in the arnbient environment. 

This result is in agreement with that obtained by Antoniou et a1[133]. 

Similarly, the Mossbauer spectnuri of the debris of the Al-Si alloy also indicates 

the formation of paramagnetic substances, in addition to the sextet resulting fiom the 

original steel slider, as s h o w  in Fig. 7.35. It was observed that the paramagnetic 

component in the s p e c t m  exhibited a central doublet structure. This implies that the 

surroundings of Fe atoms in a cubic structure corresponding to the paramagnetic 

substances were altered as a result of addition of Si in the Al dloy, in comparison with 

that in the HP Al system. Since the quadrupole splitting of the doublet was much greater 



Fig. 7. 33 (a) Massbauer specmim of a-Fe as a reference; @) Mossbaua specmim of the Wear 
debris of the HP Al sliding against the steel ring ai a load of 5 kg. The experimental data 
(dotted patterns) are fit in solid lines using least square method. The velocities are 
relative to a-iron. 
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(Q. S. = 0.68 m m / s ) ,  the doublet was less likely to be the binary phases of the Ai&e 

(Q.S.4.26 mds) and A15Fez (Q.S.= 0.46 mm/s), although these phases show similar 

doublet spectra [170,173]. It is reasonably assumed that the doublet could be due to the 

formation of an FeAl(Si) compound in which sorne of Al atoms are substituted by Si. 

Based on this consideration, the doublet can be satisfactonly fitted as shown in Fig. 7.35. 

and the Mossbauer parameters are shown in Table 7.2. Frorn the spectrum, it can also be 

noted that the doublet corresponding to ~e was smdl since the debis was generated in 

the Ar atmosphere. 

! 
1 I 1 - 1 O 1 

Velocity [rnm/s] 

Fig. 7. 34 Typical Mossbauer spectra of the phases in the binary dloy of AI-Fe. (After [169].) 



Fig. 7. 35 Mossbauer spectrum o f  the wcar debris o f  the AI-Si dloy sliding against the steel ring at 
a load of 12 kg. The cxperimental data (dotted patterns) are fit in solid Iines using l em 
square method. The vclocities are relative to a-iron. 
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7.6. DISCUSSION 

7.6. 1 Formation of wear debris and wear mechanism 

In the literature of wear studies of Al alloys and Al composite[22,34,52,71,78,79, 

101 1 741, it is generaily acknowledged that there are two kinds of Wear debris generated 

by the sliding Wear of the Al based alloys, 1) aggregates with very fine particles at low 

loads and 2) plate-like debris with a relatively large size at median or high loads. This 

consideration was made in ternis of geometric features of the Wear debns. According ro a 

detaïIed characterization of the microstnictures of the Wear debris in this work, each kind 

of debris mentioned above can be further classified. The aggregates generated at a low 

load were mainly compnsed of a mechanical mixture of a-Al and a-Fe, while the 

ultrafine grained aggregates were products of solid state reaction and oxidation caused by 

the severe deformation and fnctional heating. The formation mechanisms of the hvo 

kinds of ultrafine grained aggregates will be discussed in detail in the following section. 

With respect to the plate-like debns with a relatively large size, the plate debns generated 

at a relatively low load were not composed of fine particles but instead were monolithic 

Al alloys with extensive shear deformation structures. At a high load, however, the plate- 

like debris were actually compacted layers that consisted mainly of the ultrafine grained 

particles similar to those found in the mechanically mixed layers (MML) in the Wear 

surface of the materials. This kind of Wear debris plate contained a considerable arnount 

of Fe that was transferred from the sliding counterpart. It is apparent that different plate 

debris were indicatives of different sliding Wear stages or different the Wear mechanisms 

that govemed Wear behavior dunng the sliding wear. 



Fig. 7. 36 Schematis illustration of the repeated contact and cyclic loading condition of the 
asperities. (a) Asperity A is loaded; (b) Asperity B is loaded while asperity A plastically 
defonned. 



The Wear debris plates having monolithic Al alloys were generated in conjunction 

with ultrafine grained aggregates in which alurninum and iron were mechanically rnixed 

at low loads. The debris plates were less dominant in proponion in the Wear debris as 

compared to the ultrafine grained particles at this load range. Based on the microstnicture 

observations, it is very likely that this kind of debris plates was generated at the exit end 

of the Wear tracks as a result of shear deformation when they were extruded from the 

worn surface. The lamella or striation panerns that were observed on the debns plates 

might be formed as a result of "stick-slip" motion il621 in which a cyclic stress was 

involved. A cyclic stress state could be also associated with local aspenty contact. Given 

the fact that the real contacts between the sliding surfaces would be aspenties, each 

asperity could be brought into contact in a cyclic mamer, that is, asperities could be 

loaded and unloaded altematively due to plastic deformation. One aspenty would be 

brought into contact, once another asperity lost contact with the aspenties on the 

counterpart surface due to plastic deformation at a relatively low load. Therefore, this 

would result in cyclic loading and unloading of the asperities during the sliding course of 

practical contact surfaces. Fig. 7. 36 schematically shows the repeated contact and cyclic 

loading condition of the asperities. It should be mentioned that the cyclic loading 

condition and alternative plastic deformation at the asperities could occur in both sliding 

contacts. This may result in a fatigue-like failure in the wom surfaces. 

It is seen that the surface and subsurface are subjected to a combined 

compression-shear stress, under which the fatigue crack growth is very complex, and no 

clear and sufficient data are available yet to address the complicated situation[l20, 175, 



1 761. In Rosenfield 's shear instability rnodel of sliding Wear, a shear crack in Mode 11 as 

defined in fatigue of materials[176] could fonn as a result of competition between the 

flow strength of the material and the stress intensity. This model, to some extent, could be 

used to interpret the results observed in the present work, and moreover, the TEM 

microstructural observations of the shear bands in the worn surface as discussed in 

Chapter 5, also support the model and is in agreement with striation findings. It should be 

mentioned that the actual situation of the crack growth in the subsurface of the worn 

surface is far more complicated than those descnbed in Rosenfield's model. The actual 

cracks might be deviated fkom the shear direction due to defects in the material and most 

probably due to the presence of particulate Wear debris fiom mechanically mixed layer 

although the MML was just a simple mixture of alurninum and iron at the relatively low 

load. Therefore, the cyclic shear-induced-fatigue (Mode II) might extend and develop 

into tension fatigue (Mode I), as shown in Fig. 7. 37. 

1- F, Frictional Force 

Sliding Load 

Fig. 7. 37 Extension and developmeot of shear induced fatigue (Mode II) into tension farigue 
(Mode 1) as a result of disturbance of secondary particles in the subsurface of the wom 
surface. 



The role of fatigue in the sliding Wear has been reviewed in several papes [177- 

1791. The fatigue concept in the Wear of materials has been initially developed to re- 

examine the Adhesive theory [39]. Although some interesting discussions have been 

reported in the literature, a clear evidence of fatigue-Iike striations in the wom surface or 

wear debris is stitl insuficient to support the fatigue concept of wear. As reviewed in 

[178], striation like patterns were found in a sliding system of a Ni-Cu alloy slid against a 

stainless steel, but the spacings of the striation were found to be as large as 4 to 5 Fm. 

According to fatigue theory of matenals [162, 1761, this could give nse to an extremely 

fast crack growth rate, thus it mipht not be fatigue striations. ln the present work, it was 

shoun that the observed striation spacings were about 1.2 Fm, which are more reasonable 

if the striation patterns are referred to as fatigue striation features. These hdings may 

suggest that at a relatively low load, cyclic deformation induced shettr cracks were 

responsible for the formation of plate-like debris of the Al alloys. The formation 

mechanisms of the striation patterns observed in the Wear debris, however, need to be 

further studied. 

It should be mentioned that the absence of such a monolithic plate debns in the Al 

composite could be due to the presence of the Sic  particles that increase the surface 

strength of the composite. instead, the plate debris of the Al composite, either at 

relatively low loads or high loads, were compnsed of mixtures that were similar to those 

observed in the mechanically mixed layers (MMLs) as discussed in Chapter 5. This is 

also tme for the plate-like debris of the HP Al and Al alloys at high loads. It suggests that 

these plate debris were most probably generated fiom the MMLs in a manner of 
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delamination as proposed by Suh [41,42] and reponed by Zhang and Alpas[l27]. 

7.6.2 Ultrafine grained structures in the Wear debris 

As descnbed and analyzed above, the results obtained fiom different techniques 

are in agreement and show that the ultrafine grained structure was formed in the Wear 

debris of the HP Al, Al alloy and the Al composite sliding against the tool steel under the 

unlubricated conditions. The ultrafine grained structure varied depending on the sliding 

Ioads at the constant sliding speed. At high loads, the Wear debris contained a 

nanocrystalline mixture of oxides and Fe-Al intermetallic phases, in which iron came 

from the counterpart steel as a result of transfer of materials and mechanical mixing 

dunng the sliding motion. At low loads, the Wear debris was mainly composed of a 

mechanical mixture of original matenals fiom both the contacting surfaces, i.e., a-Al and 

a-Fe, and no intermetallic phases or oxides were found. A s  discussed in Chapter 5, the 

mechanically mixed Iayers (MMLs) in the wom surface were also comprised of the 

ultrafine grained structures which microstnictural features were similar to those of the 

wear debris. This suggests that the formation of the MMLs was directly in conjunction 

with that of the Wear debris. 

in the present work, it is evident that the transfer of materials between the AI 

alloys and the steel slider was a common feature in the sliding system. Although the 

present work focused on the studies of the Al alloy and the Al composite, it was observed 

that the aluminurn was also transferred to the steel slider, i-e., a mutual transfer was 



literally occurring in the sliding system. As discussed previously, the actual contact 

points between the sliding surfaces were individual asperities on the rnicroscopic scale as  

shown in Fig. 7.38(a). Plastic deformation wouId be first occuning on the local asperity 

contacts. The local fiagrnentation and hcture  could take place at some of the asperities 

as the shear stress was sufficiently higher than strength of the materials. The local 

fragments could be generated on both surfaces in the sliding contact, especially in the 

present Wear systems where hard secondary particies of Si and S i c  in the Al matriv could 

act as microcutters, as shown in Fig. 7.38(b). 

More importantly, adhesion would be favored due to the plastic deformation in 

the sliding contact, Le., adhesive junctions were formed on one or both of the sliding 

matenals, These adhesive junctions are believed to contain microstnictures in which ce11 

and subgrains of the deformed matenals were pronounced. As the sliding motion 

continued, the adhesive junctions could be fractured and thus transfer of matenals 

occurred in the sliding contact. Some of the loose fragments and the fkactured adhesive 

junctions might stay in the sliding contact as they were compacted into the worn surface, 

n.hereas others might be detached from the sliding surfaces and fell as loose debns. The 

compacted materials, that were mostly not the same either stnicturally or chemically as 

the base materials [67], would continue to participate in the sliding process. Therefore, a 

complicated process of fiirther compacting, smearing and mechanicaliy mixing would 

occur under the sliding load and frictional force between the sliding contacts during a 

further sliding. Fig. 7.38 schematically shows major events of fragmentation and 

mechanical mixing during the sliding Wear. 



P 
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Fig. 7. 38 Interaction of asperities between the sliding surfàces in a dry Wear of materiais mtaining 
secondary or reinforcing particles. 

(a) The actual contacts are individual asperities including protuberance of the secondary or 
rein forcing particles; 

(b) Adhesive detachment, fragmentation and miaochipping occur due to the M e r  sliding under 
the normal load; 

(c )  Further hgmentation and mechanical mixing under a heavy stress in association with 
fiidional heating. See text for details. 



Although the fine grained structures containing aluminurn and iron were obsewed 

at low and high sliding loads, the microstnictural features were different, as indicated in 

the present work. The microstructurai changes of the ultrafine grained stnctures were 

mainly dependent upon the sliding loads under the dry sliding conditions. With an 

increase in the sliding load, the shear strain was also increased in the wom surface, 

especially, the tendency of shear localization could be enhanceci. This was favorable for 

fürther transfer of matenals as a result of local fracture and fragmentation, thus resulting 

in an increasing tendency of Fe content in the debris with an increase in the sliding load, 

as shown in Fig. 7. 5 (b). On the other hand, as discussed earlier in the formation of the 

MMLs in Chapter Five, the local flash temperature was substantially as higher as in a 

range of 180 OC to 450 OC depending on the loads at the sliding speed used, as estimated 

using Ashby model [Hl. The elevated local temperature was thermodynamically 

favorable for interdiffusion of matenals during the mechanical mixing caused by the 

sliding. Under the heavy plastic deformation in association with an increasing fkictional 

heating. the mechanical mixing process resulted in mutual diffusion of atoms fiom both 

the contacting asperities on an atomic scale. The present finding of dissolution of Fe into 

the a-Al and formation of the intermetallic phase FeAl confirms an atomic model of 

mechmica1 mixing generated by the sliding wear, as shown in Fig. 7. 39. Under a high 

load during sliding wear, the two contacting surfaces might be brought into atomic 

contact, in particular between the local contacting aspenties of the sliding surfaces. This 

might give nse to an increased attractive force between the atomic contact. However, 

some atoms in the interface might be forced to remange their positions in order to 

minimize surface fkee energy of the interface, as shown in Fig. 7.39 (a). Consequently, 



the interface got well accommodated resulting in an adhesive bonding. With an increase 

in the frictional heating under the high pressure, tktional welding, i.e., interdiffision of 

the atoms occurred between the sliding surfaces. At the same time, these adhesively 

bonded aspenties were M e r  refined as a result of frafture and fragmentation and were 

mixed ~ l t h  other nagments. Therefore, fictional welding of multi-particles could be 

generated with extensive interdiffbsion between the interfaces, as shown in Fig. 7.39(b). 

The repeated fictional welding and fracture of the powder particles resulted in a very 

intimate mixing of the debris powder particles that were trapped between the sliding 

contacts. With continued sliding the grain size of the particles was M e r  refined, and the 

strain and de fect concentration in the mixed particles were also concomitantly increased. 

The difhsion rates of the atoms in the sliding contact might be enhanced due to the 

increased defects. This was favorable for the alloying that resulted in the formation of 

supersaturated solid solution and intermetallic compound. The mechanical mixing and 

interdiffusion process during the sliding Wear at a high load is virtually similar to the 

commercial mechanical alloying (MA) of metallic powders in a high energy ball mill [73, 

180, 1 8 1 1, which involves repeated welding, fracturing and rewelding of powder particles 

in a dry and high energy ball mill. In an MA process, the solid solubility of Fe in Al was 

reported to increase fiom the value as low as 0.025 at. % at an equilibrium state to a value 

up to 4.5 at. % [181]. The microstructure and morphology of the nanocrystalline 

aggregates in the Wear debns in the present work also showed features sirnilar to those of 

the nanocrystalline Fe-Al prepared by mechanical alloying [136, 137, 181, 1821. In 

particular, as discussed previously in the expenmental results, the Mossbauer spectra of 

the nTear debris significantly substantiated the findings of the formation of the 



intemetallic compound and supersaturated a-Al solid solution containing Fe, in 

agreement with the observations using X-ray dif'fi-action and TEM. The Mossbauer 

spectra showed very sirnilar features of the mechanically alloyed materials in the Al-Fe 

system [136, 182, 1831. 

It is not surprising that the oxides were noted to coexist with the intermetallic 

compound in the debns at a high load, since the Wear system was exposed to air, with a 

concomitant increase in the strain level and fictionai heat as a result of the increased 

load. As mentioned above, the b u k  surface temperature was considerably lower dwing 

the sliding than that would be required for the oxidation observed. It is unlikely that a 

film of oxide covering most of the sliding surface, would be formed as a result of 

fictional heat in the present sliding system, as proposed by Quinn[40] in which oxidation 

wear was dominant. Considenng the mode1 presented in Fig. 7.38, oxidation is likely to 

take place locally at some aspenties which were not in contact with the counterpart but 

couid be hot sinks, since a large amount of frictional heat could be transferred into these 

spots fiom nearest asperities that were in contact and plastically defonned. As sliding 

proceeded, the oxidized spots were also brought into contact and underwent a mechanical 

mixing process, and finally got mixed with others including the intemetallic particles in 

the mixing process generated by sliding. This interpretation is in agreement with that 

proposed by Razavizadeh and Eyre [79] and consistent with the results observed in the 

present work which indicated the presence of oxides mixed with metallic debris. It is very 

likeIy that there was a cornpetition between the formation of oxides and intermetallic 

phases depending mainly on the sliding loads under the sliding conditions. 
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The oxides, on the other hand, provided microstructural stability as a second 

phase in the ultrafine grained structure in the debris. It is generally known that a structure 

with very fine grain size may be unstable because of a large number of grain boundaries 

that could induce grain growth to minimize the Gibbs fiee energy of the system. The 

oxides fomed in the manner mentioned above were hctured and comminuted as sliding 

continued. Participating in the mechanical mixing process, the crushed oxides dispersed 

into the mixed surface layer, and acted as a pinning points for grain boundaries in the 

ultrafine mixture in the Wear debris. 

Fig. 7.39 Atomic Mode1 of the mechanical mixing during the sIiding Wear. (a) At a high load, 
rearrangement of surface atoms because of intimate contact; (b) Mutual diffusion in 
the interface as result of increased defects and fnctional heating. 



Chapter Seven 296 

From the microstructural characterization and formation mechanisms of the Wear 

debris, it is clear that the formation of Wear debns was vimially related to that of the 

mechanically mixed layer as discussed in Chapter Five. The matenal transfer and the 

mechanical mixing were dominant events in the dry sliding Wear at the range of loads 

used in the present work. The debris pmicles generated at an early stage during the 

sliding would be entrapped in the sliding contact and could act as abrasives in the 

subsequent process of transfer and mixing. With m e r  refining and fragmentation in the 

above rnentioned manner, intimate mixing and alloying of the very fine grained particles 

occurred and the particles were compacted and incorporated into the worn surface thus 

foming the MML. Once the MML formed, it provided a protection and could be treated 

as a layer of solid lubricant before some critical conditions were reached and then loose 

debris was detached or delarninated £Yom the mixed layer. As observai in the present 

work, microcracks occurred in the MML and could propagated into large cracks parallel 

to the sliding direction. As a result, these cracks gave rise to delamination Wear in a 

manner as proposed by Suh[41,42]. Therefore, Wear debris, either as aggregates with 

ultrafine grained structures or plate-like, were mainly detached fiom the MMLs. The 

wear debris and the MML were basically compnsed of the mixtures that possessed the 

same chernical and microstnictures. 



CHAPTER EIGHT SUMMARY 

(1) The sliding Wear tests showed that the Wear resistance of the AYSi-SiCp composites 

either at as-cast or T6 conditions was superior to that of the AI-Si base dloy (T6). 

The increase in the Wear resistance, however, was significant only at the low load 

ranse. With increasing sliding loads, the Wear resistance was almost the same for 

the composite and the base alloy, and the reinforcing Sic particles did not seem to 

offer a si-gnificant improvement to the Wear resistance of the Al-Si alloy during the 

dry sliding wear. As discussed in the present work, the improvement in the Wear 

resistance at low loads was mainly due to the incorporation of the reinforcing S i c  

particles that acted as load bearing components during the sliding wear. At high 

loads, Wear mechanisms were mainly govemed by the formation, fragmentation and 

delamination of the mechanically mixed layers in which the majority of the S i c  

particles became fiagmented and were no longer exerted as major load-bearing 

components. 

The wear resistance of the AI-SiISiC composite c m  slightly be increased by a T6 

heat treatment (solid solution plus artificial aging). The increase in the Wear 

resistance was not significant when compared to the increase in the hardness of the 

rnatrix due to the heat treatrnent, while the hardness of the matrix was increased by 

almost twice by the age hardening. This Wear behavior cari be attributed to the 

findings that an in-situ precipitation occurred in the subsurface during the sliding 

wear of the as-cast Al composites. The precipitates were found to be the same as 

those in the matrix in the T6 state. It was also found that the coarsening of the 

precipitates occurred during the sliding Wear of the composite. 



Based on the microstructural characterization o f  the precipitates and the dislocation 

structures in the subsurface of the worn surface by using cross section TEM 

technique, it was proposed that the in-situ precipitates were induced mainly due to 

the high shear stress in association with the fictional heating during the sliding 

wear. The in-situ precipitation was not a stable structure in the worn swface, and as 

discussed in the present work, some precipitates were very small in size, thus giving 

a precipitation strengthening of the matrix in the worn surface. Some precipitates 

were coarsened due to the frictional heating, thus giving an overaged matrix. 

h4icrostructural observations of the subsurface in the worn surface showed that the 

deformed smichrres produced by the sliding Wear contained a large number of cells 

and elongated subgrains. The deformed structures varied along the depth, Le., with 

an increase in the depth below the worn surface, the size of the cells increased and 

the elongated subgrains became less developed fiom the well-developed structures 

in the near surface. The microstructural evolution along the depth was consistent 

with the strain distribution in the subsurface that could be best descnbed by an 

exponential iaw. It was also found that the elongated deformation stmctures were 

less developed in the worn surface of the Al based composite than those in the Al 

base alloy at the same sliding load. A considerable quantity of dislocations was also 

observed in the interior of the subgrains. 

(4) Small equiaxed subgrains were observed in the near surface of the worn surface. It 

was identified that the small equiaxed subgrains were formed as a result of recovery 

and recrystallization process. Based on the microstnictwal observations, the present 

work has provided an evidence that the recovery was a dynamic process during the 

sliding wear, and on the other hand, this initiated a dynamic recrystallization. 



( 5 )  Extensive fracture and fiagmentation of the secondary particles and reinforcing 

particles were found in the wom surface. The fiacture of the reinforcing particles 

was one of major reasons why the composite did not show a supenor Wear 

resistance as compared to the Al base alloy at a high load. 

( 6 )  Mechanically mixed layers were formed in the sliding Wear of the Al-Si/SiC 

composite and -41-Si alloy as well as the HP Al against the M2 steel under the dry 

sliding conditions. The MMLs were found to consist of elernents fiom both the 

sliding surfaces, and the detailed microstructures and chemical conditions of the 

transferred elements were mainly determined by the sliding load at the sliding speed 

selected in the present investigation. At a low load, the MMLs consisted mainly of 

simple mechanical mixtures of a-Al and a-iron, whereas intermetallic phases and 

osides coexisted in the MMLs at a high sliding load. The microstructural features 

of the MMLs were noticed to be similar to those of the Wear debris which were 

mostly detached fiom the MMLs. 

(7) It was also observed that a layered structure or sandwich structure, i.e, sublayers, 

either Fe-riched or Al-riched, existed altemately in the MMLs and was one of major 

features of the MMLs. Subjected to a further sliding motion, the sandwich structure 

could be brought into m e r  compaction, fiagmentation and extensive mixing. The 

formation of the sandwich structures provided an evidence of material 

replenishrnent in ternis of rnatenal transfer and mixing during the sliding Wear. 

(8) Microstructural evolution of the Wear debris of the Al based materials was 

extensively carried out by using XRD, SEM, TEM, and Mossbauer spectroscopy. 

From the georneaic features of the Wear debris observed in SEM, IWO types of 



debris can be identified: 1) aggregates with very fine particles; and 2) plate-like 

debris with a relatively large size. However, the two types can be M e r  classified 

in t ems  of the microstructural characterization of the aggregate debns and the 

plate-like debris. The debris aggregates generated at a low load were mainly 

composed of a mechanical mixture of a-Al and a-iron. With an increase in the 

sliding load, the agglomerated debns of nanocrystalline structure were incorporated 

with Fe-Al(Si) interme:allic compounds, and aluminum- and iron oxides as a result 

of mechanical alloying and oxidation caused by a large amount of plastic 

deformation during the sliding process in association with Wctional heating. With 

respect to the plate-like debris in a relatively large size, they were not composed of 

ultrafine particles but instead were monotithic Al matrix materid with extensive 

shear defonnahon structures at a low load. However, the plate debris at a high load 

were formed as a compacted layer that consisted mainly of the ultrafine particles 

containing iron eIement similar to those found in the MMLs. 

Based on the microstructural characterization, the present work has provided a 

strong evidence of the formation of the intermetallic compound FeAl, as confirmed 

using XRD, TEM, and Mossbauer spectroscopy. 

( 9 )  A new evidence of the formation of amorphous phases was found in the worn 

surface of the Al-Si/SiC composite sliding against a bearing steel under the 

reciprocating dry Wear. The arnorphous layer was fonned in the very near surface of 

the worn surface, and it was mainly composed of Al element with an occurrence of 

oxygen. No significant amount of Fe fiom the steel slider was observed. Coexisting 

with the arnorphous phases, the precipitates containing Ti. Al and O were also 

observed in the near wom surface. By means of SAD and CBED in TEM, the 

precipitates were identified as a tetragonal h i c n u e  phase that was different from 



the known Ti-Al intermetallic or oxide compounds. The lattice parameters of the 

tetragonal structure are: a = b = 4.423~, c = 2 . 8 1 1 ~  . The formation of the 

precipitates was associated with that of the amorphous phases during the sliding 

Wear. 

(1 0) Arnorphization was also observed in the Wear debris of the Al-Si alloy and the Al- 

Si/SiC composite sliding against M2 tool steels under a unidirectional dry wear. It 

was found that the amorphous phases coexisted with the ultrafine grained 

aggregates in the Wear debris. The mixture of the amorphous phase and the ultrafine 

grained particles was mainly comprised of Al, Fe and oxygen, suggesting that an 

extensive mechanical mixing of eiements fiom both the sliding contacts occurred 

during the sliding Wear. 



CHAPTER NINE GENERAL SUMMARY AND 
FUTURE WORK 

Friction and Wear of materials is a swface phenornenon of interacting matenals in 

relative motion under different conditions suc h as applied load, veloci ty, arnbient 

enviroment and with or without lubncation. These different conditions plus different 

materials give nse to many variables which are involved in a wearing systern. Therefore, 

Wear of materials is a complicated process and a thoroughly understanding of Wear 

problems is still a big challenge to engineers and scientists. The present dissertation was 

undertaken with a primary target of microstmctural characterization of worn surfaces and 

\vear debns of Al based materials. In particular, elaborate charactenzation of 

rnechanically mixed layers (MMLs), that was generated during sliding Wear, was 

conducted by using the modern analytical methods. 

From the present work, it was concluded that the structural and chemical features 

of the mechanically mixed layers, which were found to be common feature of the wom 

surface of these materials, were dependent on sliding conditions, for exarnple sliding 

loads in the present sliding systems. The influences of the MMLs on Wear mechanisms or 

wear regimes would be different even for the same sliding matenals but different sliding 

conditions. Correlation of the structural and chemical features of the MMLs and Wear 

debris has suggested that the MMLs played an important role in the intermediate and 

relatively high load range in the present work. Since the similarities of the MMLs and 

plate-like debns, the detachment of the plate-like debris fiom the MML may provide 



some new thoughts about the delarnination theory of Wear proposed by Suh[41,42], Le., 

the delarnination occurs due to crack initiation in the subsurface or it happens in the 

1MMLs. Obviously, there is difference between the MlMLs and subsurface of maîrix in 

terms of plastic deformation and fiacture mechanisms. The incorporation of the MMLs in 

the worn surfaces may largely alter the sliding contacts in the sliding system, and thus 

any mechanisms or formula (such as Wear equation, estimation of fictional temperature 

rise etc.) without consideration of the mixed layer are inadequate for real situations of the 

sliding systerns. 

In the present work, longitudinal and transverse cross-sections were extensively 

used. A fiactured cross section method was also proposed in order to provide clear and 

direct information of the wom surfaces. This simple method has its unique advantages as 

compared to conventional cross section preparation since no contamination or artifacts 

are involved in the sample preparation. This method may be of benefits to other wear 

systems mrhere mechanically mixed layers and subsurface are of interest. gyghgjgy 

As mentioned above, many variables can affect Wear mechanism and worn 

surface of materials. Although the present work has addressed some fundamental aspects 

of the microstnictural characterization of the wom surface and Wear debris in the Al 

based rnatenals, it has not conducted investigations on the effects of sliding speed, 

ambient temperature and different counterface materials on Wear behavior and 

microstructures of these alloys. In particular, the microstnictural features and formation 

mechanism of the mechanically mixed layer could be altered by different sliding speed 



since it may give rise to different strain rate and flash surface temperatures in the wom 

surface. As well, mechanical features (or properties) of the MMLs also need to be studied 

in a greater detail. such as hardness, coefficient of  fiction, residual stress and fracture 

phenornena which could provide fùrther information how the MMLs play an role in 

governing or influencing the Wear behavior of these matenals. 
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Appendix Môssbauer EfTect and Application in Physical 
Metallurgy 

The Mossbauer spectroscopy is refmed to as a phenomenon of the emission or 

absorption of a y-ray photon without loss of energy due to recoils of the nucleus and 

without thermal broadening. It was discovered by R. Mossbauer in 1957 and has had an 

important impact in many branches of physics and chemistry as well as physical 

metallurgy [Al]. Its unique feahue is in the production of monochromatic 

electromagnetic radiation with a very narrowly defined energy spectnim, so that it can be 

used to resolve minute energy differences. Because it can be applied to almost every field 

of science and technology and provides an important insight of nature of substances, R. 

Mossbauer uras awarded with a Nobel Prize in 196 1, just a few years later afler the young 

scientist discovered the phenomenon in his PhD graduate research. 

Since the Mossbauer effect was established on the basis of nuclear physics and 

solid state physics, an understanding of the physical insight of the effect could not be 

completely addressed in a shon frame of work such as the present appendix. Only basic 

concepts are given in terms of explanation of a Mossbauer s p e c t m  related to the present 

research. The comprehensive theory and principle of the Mossbauer effect is available in 

the Iiterature[A 1, A21 

1. A Mossbauer Spectrum 

The resonance absorption of radiation is a phenornenon well known in many areas 

of physics. The excitation of a tuning fork by sound at its resonance fkequency, is a 

farniliar example. It might be thought that the same phenomenon should occur for the y- 

radiation emitted when nuclei in excited States IOSS their energy by radiation. However, 



the effect of the recoil momennun, which c m  be neglected for sound, becomes dominant 

for y-radiation, because of its much higher energy. In order to compensate the energy loss 

resulting fiom the recoil and observe the nuclear resonance absorption, two methods were 

used before the discovery of the Mossbauer effect, 1) Increase the velocity of the emitting 

nuclei, or 2) Increase the thexmal broadening by heating the source and absorber. In 1957, 

R. Mossbauer camied out expenments of this kind and found that lowering the 

temperature increases the absorption rather than decreasing it. This can be sirnply 

explained by the fact that emitting atoms, bound in a crystal (through Iowering the 

temperature). are no longer able to recoil individually. This is known as the Mossbauer 

Effect. 

Experimentally, a Mossbauer spectnim can be obtained through the following 

method. If y-rays fiom a source which has a substantial recoil-f?ee fiaction are passed 

through an absorber of the same material, the transmission of the y-rays in the direction 

of the beam will be less than expected because of their resonant reabsorption and 

subsequent re-emission. This source is mounted on the "velocity modulator". A stationary 

absorber is placed between the source and the detector. If the nuclear levels in the 

absorber are split by hyperfine interaction, there will be a nurnber of different energies at 

which absorption takes place. The accounting rate at the detector will drop whenever the 

Doppler velocity applied to the source brings the emitted y -ray into coincidence with an 

absorption energy in the absorber. A typical Mossbauer spectnim obtained in the above 

manner is shown in Fig. Al.  

2. Basic parameters in the Mossbauer spectrum 

It is well known that the Mossbauer effect can produce monochromatic radiation 

with a definition of the order of 1 part in 10". This high precision makes it possible that 



Fig. A l  A typical Mossbauer spcctrum of a paramagnetic substance, showing an isomer shik 

chemical information of atoms and their surroundings can be analyzed. The key to the 

problem lies in the total interaction Hamiltonian [Al] for an atom, which contains ternis 

reiating to interactions between the nucleus on the one hand and the electrons (and hence 

chernical environment) on the other. The Hamiltonian can be written as 

where Ho represents al1 the terms in the Hamiltonian for the atom except the 

hyperfine interactions k ing  considered; Eo refers to electric monopole interactions 



between the nucleus an the electrons; MI refers to magnetic dipole hyperfine interactions; 

E2 refers to electric quadmpole interactions. Higher terms are usually negligible. 

The Eo Coulombic interaction dters the energy sepration between the ground 

state and the excited state of the nucleus, thereby causing a slight stuft in the position of 

the observed resonance line. The shifi will be different in various chemicd compounds, 

and is generally known as isorner shift, I.S., as shown in Fig. Al.  The isomer shift 

measures the charge density of the atomic electrons and is therefore directly related to 

chemicai bonding and covalency. 

The E2 electric quadrupole splitting is one of the most usefiil features of 

Mossbauer spectroscopy. This is the result of the interaction of the nuclear quadrupole 

moment, Q, with the gradient of the electric field due to other charges in the crystal. The 

nuclear quadmpole moment reflects the deviation of the nucleus fiom sphencal 

s y e t r y .  Therefore, the quadruple splitting can provide information of the nucleus with 

its surrounding electronic charge, thus being helpful for fiirther identification of the 

chernical structure of the substance. For example, the absence of quadrupole splitting is 

indicative of cubic or near-cubic site syrnmetry; its presence, of significant distortion of 

the crystal structure. 

The third important hyperfine interaction is the nuclear Zeeman effect[A2]. This 

will occur if there is a magnetic field at the nucleus. It is acknowledged that al1 

compounds containing unpaireci valence electrons would show a hyperfine magnetic 

splitting effect in the Mossbauer spectrum. As a result, an alloy or compound is of 

ferromagnetism or antiferromagnetism, a splitting will be recorded and a sextet line will 

be shown in the Mossbauer spectmm. On the other hand, a singlet Mossbauer spectnun 

wiIl be observed in a paramagnetic compound. 



3. AppIication of the Mossbauer spectroscopy in the Ai-Fe system 

One of the more active areas of Mossbauer spectroscopy has been in the study of 

metallic systems. Here are examples of the applications of the Mossbauer spectroscopy in 

the Al-Fe system related to the present graduate research. 

It is known that there are a number of phases: FeAl; (FelAli ;), Fez.415, FeAlt, 

FeAl and Fe3Al and ordered structures in the binary Al-Fe system. In a dilute Al alloy, Fe 

atoms are located on substitutional sites, and nom the absence of any quadrupole 

interaction one can deduce that the distortion by an Fe impur@ is cubicly symmetric. As 

a result, the Mossbauer s p e c t m  of the dilute Al alloy containing a small arnount of Fe 

shows a characteristic line of singlet as s h o w  in Fig. A2. The spectrum is actually 

comprised of a single line, corresponding to monomers, and a quadrupole iine, mainly 

due to dimers. The fiequency of occurrence of dimers is rather larger, which indicates a 

deviation from randonmess in the solid solution [Ml. 

The agglomeration of iron and the development of phases can be enhanced and 

advanced by aging, thermal annealing, radiation, cold work, etc. Chill casting of an Al- 

0.5 at.% Fe has been s h o w  to form the phase A16Fe, which appears to exist only as a 

metastable precipitates in an Al rnatrix with an orthorhombic structure. The Mossbauer 

spectrum of the stnicture is shown in Fig. A3 (b). 

The annealing of Al-rich Fe alloys lead to A1l3Fed or A13Fe precipitates with a 

monoclinic structure. ï h i s  intermetallic compound shows a Mossbauer spectnim of a 

single line in the center superimposed on quadrupole components as shown in Fig. A3 

(c). With increasing iron in the Al alloys, ordered or disordered FeAl and Fe3Al are 



Fig. A2 Massbauer spcctra a rmm temperature obtained witb a CO''-CU source. (a) Al-lat-%Fe 
specimen. The single linc represcnts Fe in solution, and the doublet rcpresents the dimers. 
(b) A W e  precipitatcs. (c) Ali3Fer prccipitates. (after E N ] ) .  



Fig. A3 Mossbauer spectra at room temperature of mechanical alloying samples. (a) 50 at.% Al; 
(b) 40 at.% Al; (c) 33 at.% Al; (d) 20 at.% AI; and (d) 10 at.% Al. (afier [A4]). 



formed. Ln ordered FeAl no magnetic moment is associated with the Fe atoms, and 

therefore a single-iine spectnim is observed. After severe cold working by cnishing, the 

s p e c t m  exhibits coexisting paramagnetic and magnetic hyperfine lines, due to the fact 

that partially disordered alloys are formed with a deviation of near neighbor configuration 

of the Fe atoms. in the ordered Fe;AI intermetallic compound the Fe atoms possess 

magnetic moments. The Mossbauer spectnim of the Fe3AI phase exhibits two 

superimposed six-line patterns. The phase changes with different composition of Al in 

the Al-Fe alloys obtained by a commercial mechanical ailoying process provide good 

examples of the different characteristics of the Mossbauer spectra of the alloys, as s h o w  

in Fig. A4. It c m  be seen that the Mossbauer spectra gradually change fkorn the six lines 

at a lower Al content into a singlet when the Al content approaches to 50 at.% [A4]. 
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