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	 	 ABSTRACT	

The	 use	 of	 aluminium‐based	 particulate	 reinforced	MMCs	 for	 automotive	 components	 and	 aircraft	 structures	 have	 been	
shown	to	be	highly	advantageous	over	their	unreinforced	alloys,	due	to	their	high	specific	strength	and	stiffness	and	superior	
wear	resistance	in	a	wide	temperature	range.	The	forging	process	led	to	an	evident	grain	refinement,	while	it	did	not	lead	to	
significant	variations	in	the	size	and	distribution	of	the	reinforcement	particles.	This	paper	shows	a	study	of	the	effect	of	hot	
forging	and	heat	treatment	on	tribological	properties	of	Al	alloy‐nano	composites.	In	this	study	the	 importance	of	tailoring	
material	properties	 in	Aluminium	alloy	composites	 is	discussed	and	 shown	 the	available	 information	of	Aluminium	and	 its	
alloys,	composite	materials,	processing	of	composite	through	different	manufacturing	processes,	forging	process,	mechanical	
properties,	wear	behaviour	of	Al‐Si‐Mg	alloys	&	their	composites.	

	
Index	Terms:	Al	alloy,	Heat	Treatment,	Hot	forging,	Nano	composites,	Tribological	Properties.	

	

1.	INTRODUCTION	

The	requirement	is	of	the	materials	that	are	light	weight,	
are	 strong,	 abrasion	 resistant	 and	 are	 not	 corroded	
easily.	Driven	by	the	desire	to	reduce	automobile	weight	
and	 improve	 fuel	 efficiency,	 the	 auto	 industry	 has	
dramatically	increased	Aluminium	use	in	light	vehicles	in	
recent	 years	 as	 reported	 by	 Scott	 et	 al	 [11].	 Composite	
materials	 provide	 such	 unique	 combination	 of	
properties.	 So	 the	braking	system	of	 the	machines	 likes	
aircraft	 &	 formula	 one	 racing	 cars	 are	 redesigned	with	
the	substitution	of	lighter	materials	like	Aluminium	alloy	
composite	 brakes.	 Silicon	 is	 probably	 one	 of	 the	 least	
expensive	 alloying	 element	 commonly	 added	 to	
aluminium,	 which	 improves	 castability,	 increase	
strength	 to	weight	 ratio,	 enhances	corrosion	resistance,	
decreases	 the	 coefficient	 of	 thermal	 expansion	 and	
impart	 wear	 resistance	 to	 aluminium.	 But	 for	 many	
applications	it	is	further	necessary	to	improve	their	wear	
resistance.	 In	 particular,	 uses	 of	 aluminium	 alloys	 in	
automotive	 application	 have	 been	 limited	 due	 to	 their	
inferior	 strength,	 rigidity,	 and	 wear	 resistance,	 as	
compared	to	those	of	ferrous	alloys.	For	attaining	better	
properties	 Aluminium	 alloys	 are	 mixed	 with	
reinforcement	 such	 as	 Al2O3	 particles	 to	 develop	
Aluminium	 matrix	 composites	 (AMCs).	 These	
composites	are	not	only	 light	weight	but	also	have	high	
stiffness,	high	hardness,	good	strength,	low	coefficient	of	
thermal	 expansion	 and	 high	 abrasion	 resistance.	 The	
combination	 of	 these	 properties	makes	 them	 amenable	
to	 applications	 in	 automotive,	 mining	 and	 military	
engineering.	
	
2.	ALUMINIUM	ALLOYS	
Aluminium	 alloys	 are	 generally	 classified	 as	 wrought	
alloys	 which	 are	 available	 primarily	 in	 the	 form	 of	

wrought	 products	 such	 as	 sheets,	 foils,	 plate,	 tube	 etc.	
Cast	 alloys	 essentially	 used	 as	 cast	 product.	 Wrought	
alloys	 are	 used	 either	 in	 non‐heat	 treatable	 or	 heat	
treatable	 conditions	 as	 shown	 in	 fig.	 1	 &	 2.	 Non‐heat	
treatable	 alloys	 include	 all	 the	 various	 grades	 of	 pure	
aluminium	 and	 all	 other	 Al‐alloy	 in	 which	 strength	 is	
developed	essentially	by	solid	solution	hardening	and	by	
strain	 hardening	 from	 annealed	 temper.	 On	 the	 other	
hand,	the	heat	treatable	alloys	contain	one	or	more	of	the	
elements	such	as	copper,	magnesium,	nickel	and	zinc	etc.	
that	are	soluble	in	aluminium	in	considerable	amounts	at	
elevated	temperatures,	but	 to	a	much	smaller	degree	at	
room	 temperature.	 This	 characteristic	 renders	 them	
susceptible	 to	 heat	 treatment,	 and	 hence	 imparts	 the	
properties	[12].	

	

Figure	1:	Heat	treatable	and	non‐heat	treatable	wrought	

aluminium	alloy	
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Figure	2: Classification	of	aluminium	alloy 

2.1 DESIGNATION	 SYSTEM	 OF	 ALUMINIUM	 ALLOYS	
[50]	

2.1.1	ALLOY	DESIGNATION	 SYSTEM	 FOR	WROUGHT	
ALLOYS	(EN	573)	

Comité Européen de Normalisation (CEN) alloy 
Designation System  

The	 EN	 designation	 system	 for	 wrought	 alloy	
composition	is	made	up	of	the	following:		
 EN	for	European	standard	followed	by	a	space		
 Letter	A	for	aluminium		
 Letter	W	for	wrought	(followed	by	a	dash)		
 Alloy	composition	is	specified	either	by	
a) Numericals	(4	digits)	or		
b) By	means	of	chemical	symbols,	followed	in	each	case	

by	a	letter	and/or	digit(s)	for	temper	designation		
	
Example	a):	EN	AW‐5754‐O	Example b): EN AW‐Al Mg3‐O 

Numerical	Alloy	Designation		

A	 4‐digit	 numerical	 system	 is	 used.	 The	 first	 digit	
indicates	 the	alloy	group	as	 follows:	The	 last	 two	digits	
identify	 the	 aluminium	 alloy	 or	 indicate	 the	 aluminium	
purity.	The	second	digit	indicates	modifications	(1...9)	of	
the	original	alloy	or	impurity	limits.	

Table	‐	1:	Numerical	alloy	designation	for	wrought	
alloy	

						Alloy	
designation	

Details	 Temper

1XXX	 99%	pure	aluminium	 H

2XXX	 Cu	containing	alloy	 T

3XXX	 Mn	containing	alloy	 H

4XXX	 Si	containing	alloy	 H/T

5XXX	 Mg	containing	alloy	 H

6XXX	 Mg	and	Si	containing	alloy	 T

7XXX	 Zn	containing	alloy	 T

8XXX	 Other	alloys	 H/T

T‐	Thermally	treated,			H‐	Strain‐hardened	
	

	
	

2.1.2		Designation	System	of	Cast	Aluminium	Alloys	

Table	2:	Numerical	alloy	designation	for	cast	alloy	

Alloy	designation Details

1XX.X 99%	pure	aluminium

2XX.X Cu	containing	alloy

3XX.X Si,	Cu/Mg	containing	alloy

4XX.X Si	containing	alloy

5XX.X Mg	containing	alloy

6XX.X Zn	containing	alloy

													

3.	ALLOYING	ELEMENTS	AND	THEIR	EFFECTS	

3.1	ALUMINUM‐BORON	SYSTEM	

Aluminum‐Boron	 System	 Aluminum's	 electrical	
conductivity	can	be	improved	by	the	addition	of	boron	to	
settle	 the	 residual	 amounts	 of	 chromium,	 titanium,	
vanadium,	 and	 zirconium.	Boron	 reacts	with	 aluminum	
producing	AlB2	and	AlB12	and	with	those	impurities	to	
form	 heavier	 diborides	 that	 can	 be	 removed.	 In	
particualr,	 AlB12	 is	 a	 high	 temperature	phase,	whereas	
AlB2	 is	 stable	 at	 room	 temperature	 when	 the	 boron	
content	 is	 less	 than	 44.5	 wt%,	 according	 to	 the	 Al‐B	
phase	diagram.	This	diboride	acts	as	reinforcement	and	
increases	 the	 strength	 of	 the	 composite,	which	 has	 low	
production	cost	[13].	

3.2	ALLOYING	WITH	CUPPER	

Copper	 is	 one	 of	 the	most	 important	 alloying	 elements	
for	aluminum,	because	of	its	significant	solubility	in	α‐Al	
and	strengthening	effect.	Cu	dissolves	 into	 the	 liquid	Al	
phase	instead	of	reacting	with	the	borides.	Upon	normal	
cooling	 conditions,	 copper	 forms	 a	 solid	 solution	 with	
the	 Al	 matrix	 and	 tends	 to	 form	 Al2Cu.	 In	 addition	
copper	 can	 increase	 Al	 strength	 by	 Precipitation	
hardening.	Since	Cu	has	a	 low	solubility	in	α‐Al	at	room	
temperature,	 an	 Al‐Cu	 alloy	 quenched	 from	 solid	
solution	state	retains	copper	atoms	in	solid	solution	and	
becomes	 metastable.	 Therefore,	 given	 an	 opportunity	
copper	 atoms	 will	 tend	 to	 leave	 the	 solid	 solution	 and	
form	a	second	solid	phase	(precipitates).	This	can	occur	
even	at	room	temperature,	so	that	hardness	will	change	
as	 a	 function	 of	 time,	 a	 phenomenon	 known	 as	 natural	
age	hardening	[14].	

3.3	ALLOYING	WITH	MAGNESIUM	

Al‐Mg	alloys	are	well	 suited	 for	applications	where	 low	
density,	 ease	 of	 fabrication,	 structural	 durability,	 and	
most	 notably,	 resistance	 to	 corrosion	 is	 a	 neccesity.	
Aluminum‐magnesium	 alloys	 offered	 moderate	 to	 high	
strength	 and	 toughness.	 These	 alloys	 have	 excellent	
weldability,	machinability,	and	an	attractive	appearance	
in	 applications	 requiring	 a	 bright	 surface	 finish,	
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outstanding	 response	 to	 chemical	 finishing	 and	
corrosion	 resistance	 [15].	 For	 every	 1	wt%	Mg	 in	 solid	
solution	 the	 aluminum	 density	 decreases	 linearly	 by	
approximately	 0.5	 %	 [16].	 According	 to	 the	 Al‐Mg	
equilibrium	 phase	 diagram,	 Al‐Mg	 alloys	 with	 a	
magnesium	concentration	on	 the	order	of	or	below	5%	
are	solid	solutions,	with	substitutional	Mg	atoms	(Figure:	
3).	 Although	 at	 room	 temperature	 a	 thermodynamic	
driving	force	for	the	formation	of	the	intermetallic	phase	
Al2Mg2	exists,	the	kinetics	of	its	formation	are	very	slow	
[17].	In	practical	terms,	this	causes	a	metastable	solution	
to	exist	at	room	temperature	without	a	strong	tendency	
to	form	precipitates	of	a	second	phase.	

 

Figure	3:	Al‐Mg	phase	diagram	

3.4			ALUMINIUM	–	SILICON	ALLOY	SYSTEM	

Alloys	with	silicon	as	the	major	alloying	addition	are	the	
most	 important	 of	 the	 aluminium	 casting	 alloys	mainly	
because	of	the	high	fluidity	imparted	by	the	presence	of	
relatively	 large	 volumes	 of	 the	 Al‐Si	 eutectic.	 Other	
advantages	 of	 these	 castings	 are	 high	 resistance	 of	
corrosion,	 good	 weldability	 and	 the	 fact	 that	 silicon	
reduces	 the	 coefficient	 of	 thermal	 expansion.	 However,	
machining	 may	 be	 difficult	 because	 of	 the	 presence	 of	
hard	silicon	particles	in	the	microstructure.	Commercial	
alloys	 are	available	with	hypoeutectic,	 eutectic	 and	 less	
commonly,	hypereutectic	compositions.	

The	eutectic	is	formed	between	aluminium	solid	solution	
containing	just	over	1%	silicon	and	virtually	pure	silicon	
as	 second	 phase	 [Figure:	 4].	 The	 eutectic	 composition	
has	 been	 a	 matter	 of	 debate	 but	 it	 is	 now	 generally	
accepted	 as	 being	 close	 to	 Al‐12.7%	 Si.	 Slow	
solidification	of	a	pure	Al‐S	alloy	produces	a	very	course	
microstructure	 in	 which	 the	 eutectic	 comprises	 large	
plates	and	needles	of	silicon	 in	a	continuous	aluminium	
matrix.	The	eutectic	itself	is	composed	of	individual	cells	
within	 which	 the	 silicon	 particles	 appear	 to	 be	 inter‐
connected.	Alloys	having	this	course	eutectic	exhibit	low	
ductility	because	of	the	brittle	nature	of	the	large	silicon	
plates.	Rapid	cooling,	as	occurs	during	permanent	mould	
casting,	greatly	refines	the	microstructure	and	the	silicon	

phase	assumes	to	be	of	fibrous	form	with	the	result	that	
both	ductility	and	tensile	strength	are	much	improved.	

 

Figure	4:	Binary	equilibrium	phase	diagram	of	
aluminium	silicon	alloy	

3.5		ALUMINIUM‐SILICON‐COPPER	

This	 system	forms	a	 family	of	alloys	 that	 can	be	cast	 in	
sand,	permanent	mould,	or	die,	 and	may	be	used	 in	as‐
cast	 or	 heat	 treated	 condition.	 Their	 casting	
characteristics,	 pressure‐tightness,	 and	 resistance	 to	
corrosion	are	 superior	 to	 the	Aluminium	 copper	 alloys,	
whereas	their	Strength	and	merchantability	are	superior	
to	those	of	Aluminium‐silicon	alloys.				

3.6		ALUMINIUM‐SILICON‐MAGNESIUM	

Magnesium	 greatly	 increases	 the	 response	 of	 the	
Aluminium‐silicon	 alloys	 to	 heat	 treatment	 by	 forming	
the	 Mg,	 Si	 constituent,	 because	 of	 the	 variation	 in	 its	
solid	 solubility	 varies	with	 temperature,	which	 permits	
substantial	 heat	 treating	 effects.	 The	 addition	 of	
Magnesium	to	sand	cast	Aluminium	alloys	with	5	to	11%	
Si	 increases	 strength	 and	 hardness	 and	 decreases	
elongation.		

3.7	ALUMINIUM‐SILICON‐MAGNESIUM‐COPPER	

This	multi‐component	 system	produces	alloys	 that	may	
be	heat	treated	and	provide	an	excellent	combination	of	
castability	 and	 strength.	 Silicon	 provides	 good	 casting	
characteristics;	 copper	 and	 magnesium	 improve	
machinability	and	strength	on	heat	treatment.	

3.8		ALUMINIUM‐SILICON	AND	OTHER	ELEMENTS	

Addition	 of	 up	 to	 1%	 Fe	 has	 a	 negligible	 effect	 on	
resistance	to	corrosion,	substantially	reduces	elongation,	
reduces	 strength	 [particularly	 on	 heat	 treatment],	
minimizes	surface	shrinkage,	and	reduces	die	sticking	or	
soldering	 in	 the	 higher	 concentration	 of	 die‐cast	 alloys.	
Upton	1%	Zn	in	Aluminium	silicon	castings	has	no	effect	
on	 resistance	 to	 corrosion,	 increases	 strength	 and	
hardness,	and	decreases	elongation	Nickel,	chromium,	or	
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tin	 in	amounts	unto	0.5%	have	 little	or	no	 influence	on	
properties	 or	 characteristics	 of	 the	 Aluminium	 silicon	
alloys.	

3.9		ALUMINIUM‐SILICON‐MAGNESIUM	

Magnesium	 greatly	 increases	 the	 response	 of	 the	
Aluminium‐silicon	 alloys	 to	 heat	 treatment	 by	 forming	
the	 Mg,	 Si	 constituent,	 because	 of	 the	 variation	 in	 its	
solid	 solubility	 varies	with	 temperature,	which	 permits	
substantial	 heat	 treating	 effects.	 The	 addition	 of	
Magnesium	to	sand	cast	Aluminium	alloys	with	5	to	11%	
Si	 increases	 strength	 and	 hardness	 and	 decreases	
elongation.	The	Aluminium‐silicon‐magnesium	alloys	are	
characterized	 by	 excellent	 castability,	 good	 response	 to	
heat	treatment	and	high	resistance	to	corrosion.	

4.		Al‐6XXX	ALLOY		

Aluminum	 alloys	 have	 been	 the	 material	 of	 choice	 for	
aircraft	 construction	 since	 the	 1930s.	 The	 aerospace	
industry	 relies	 heavily	 on	 2XXX	 and	 7XXX	 alloys,	while	
6xxx	 aluminum	 alloys	 are	 of	 particular	 interest	
nowadays.	 6XXX	 alloys	 have	 numerous	 benefits	
including	 medium	 strength,	 formability,	 weldability,	
corrosion	 resistance,	 and	 low	 cost	 [96].	 He	 states	 that	
6xxx	 can	 be	 used	 in	 a	 variety	 of	 applications	 including	
aircraft	 fuselage	 skins	 and	automobile	 body	panels	 and	
bumpers,	 instead	 of	 more	 expensive	 2XXX	 and	 7XXX	
alloys,	 after	 appropriate	 heat	 treatments.	 Hence,	
microstructural	 characterization	 of	 the	 alloy	 and	
processing	 procedure	 is	 important	 for	 that	 approach.	
Characterization	of	Al‐6XXX	alloys	has	been	 the	 subject	
of	many	studies.	It	is	known	that	the	main	components	of	
heat	 treatable	 6xxx	 series	 Al	 alloy	 are	 Mg	 and	 Si,	 and	
6xxx	 derives	 its	 strength	 from	 the	 precipitation	
hardening	phase,	Mg2Si.	The	volume	fraction	of	Mg2Si	is	
affected	 primarily	 through	 the	 level	 of	 Mg	 within	 the	
alloy,	but	the	Si	content	is	also	important.	Increasing	Si	in	
6XXX	 type	 alloys	 increases	 strength	 in	 the	 T4	 and	 T6	
tempers	[18].		

Another	 study	 on	 6xxx	 showed	 that	 the	 addition	 of	
copper	 to	 Al‐Mg‐Si	 alloys	 not	 only	 changes	 the	
precipitation	 sequence	 but	 also	 enhances	 hardness	 and	
refines	 microstructure	 by	 segregating	 to	 the	 Q’/α	 ‐Al	
interface.	 In	 addition	 to	 Mg‐Si‐	 Cu,	 manganese	 and	
chromium	 are	 also	 used	 as	 alloying	 elements	 [19].	
Dorward	and	Bouvier	explained	the	beneficial	effects	of	
manganese	 and	 chromium,	 namely	 that	 these	 alloying	
additions	 inhibit	 the	 precipitation	 of	 magnesium	 and	
silicon	 on	 grain	 boundaries,	 thereby	 reducing	
intergranular	fracture	tendencies.	The	beneficial	effect	of	
manganese	 (or	 other	 incoherent	 dispersoid‐forming	
elements)	 on	 toughness	 is	 homogenization	 of	
deformation,	 leading	 to	 a	 reduction	 in	 intergranular	
fracture.	In	addition,	they	noted	that	a	refined	grain	size,	
as	 influenced	 by	 manganese	 (a	 grain	 structure	 control	

agent),	 was	 another	 positive	 effect.	 According	 to	 the	
alloy	 composition	 and	 aging	 procedure,	 different	
precipitates	 can	 be	 observed	 in	 the	 microstructure,	
which	will	affect	the	final	mechanical	properties	[20].	

	In	 order	 to	 obtain	 optimum	 mechanical	 properties,	 a	
suitable	 production	 procedure	 should	 be	 selected.	 In	
addition	to	aging	time	and	temperature,	the	presence	of	
deformation,	 its	 temperature	 and	 place	 in	 the	 whole	
production	procedure	should	be	carefully	checked.	Time	
passed	 between	 solution	 heat	 treatment	 and	 artificial	
aging	 have	 importance,	 time	 spent	 between	 quenching	
and	 aging leads	 to	 natural	 aging	 of	 the	 specimen	 and	
hence	 lowers	 hardness	 in	 the	 end	 [12].	 Deformed	
samples	 between	 quenching	 and	 aging	 have	 positive	
effects	 on	 hardness	 and	 strength	 [21].	 A	 different	
method	 dynamic	 aging	 procedure	 (integrated	 process	
combining	thermomechanical	processing	and	aging)	was	
superior	 to	 conventional	 aging	 in	 terms	 of	 both	
mechanical	 properties	 and	 time	 to	 peak	 strength.	 The	
properties	of	a	6XXX	alloy	containing	Si,	Mg,	Cu	and	Mn	
in	 the	order	of	1wt%	conforming	 to	AA6066	aluminum	
alloy	were	 investigated.	 Al‐6063	 has	 balanced	Mg‐Si	 to	
form	 stoichiometric	 Mg2Si	 and	 Al‐6061	 has	 a	 Cu	
ingredient	besides	balanced	Mg‐Si;	on	the	other	hand,	Al‐
6066	 has	 both	 Cu	 and	 excess	 Si.	 As	 stated	 previously,	
different	properties	were	obtained	with	various	amounts	
of	alloying	elements	[22].	

 

Figure	5:	Percentages	of	Mg	&	Si	in	Al	6xxx	alloy	

5.		COMPOSITE	MATERIALS	

The	properties	attainable	in	any	alloy	system	are	limited	
to	a	 certain	extent	and	 reach	a	 saturation	 limit;	 further	
improvement	can	be	done	by	strengthening	mechanism,	
Controlling	microstructure,	rate	of	solidification,	alloying	
constituents,	addition	of	modifiers	etc.	But	methods	like	
those	 mentioned	 earlier	 to	 attain	 improvement	 in	
properties	 may	 not	 always	 be	 viable	 due	 to	 several	
reasons	 such	 as	 cost,	 feasibility	 on	 a	 larger	 scale,	
complexity	 in	 fabrication	 etc.	However,	 the	 engineering	
sector	is	always	on	the	lookout	for	newer	materials	with	
superior	 properties	 combined	 with	 ease	 of	 fabrication,	
reproducibility	and	ability	 to	play	with	 the	constituents	
to	attain	a	 range	of	desired	properties.	During	 research	
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to	 design	 such	 materials,	 the	 concept	 of	 composite	
materials	 was	 developed	 which	 can	 bring	 together	 the	
combined	 advantages	 of	 the	 constituent	 materials	 not	
possible	when	they	were	employed	alone.		

Composite	 materials	 signify	 that	 two	 or	 more	
constituents	 are	 combined	 on	 microscopic	 scales	 to	
synthesize	 a	 useful	material.	 A	 variety	 of	materials	 can	
be	 combined	 on	 a	microscopic	 scale.	 The	 advantage	 of	
the	 composite	 materials	 is	 that	 their	 individual	
constituents	retain	their	characteristic	unlike	alloys.	As	a	
result,	various	combinations	of	useful	properties,	usually	
not	 attainable	 by	 alloys,	 can	 be	 obtained	 through	
composite	materials	by	suitable	tailoring	the	matrix	and	
reinforcement	 [dispersoid].	 The	 dispersoids/second	
phase	particles	may	be	either	harder	or	 softer	 than	 the	
matrix	alloy	and	affect	 the	properties	of	 the	composites	
accordingly.	For	e.g.	softer	dispersoids	like	graphite,	talc,	
mica	 shell	 etc.	 impart	 solid	 lubricating	 properties	
wherein	 the	 total	 wear	 resistance	 of	 the	 material	
improves	[23,	24,].	In	this	case,	other	properties	such	as	
strength,	hardness	etc.	of	the	composites	is	less	than	that	
of	the	matrix	alloy.	However,	they	have	been	found	to	be	
within	 acceptable	 limits	 as	 confirmed	 through	 some	
experiments.	 The	 reinforcement	 of	 hard	 ceramic	
particles	like	silicon	carbide,	alumina,	silica,	zircon	etc.	in	
aluminium	 alloys	 has	 been	 found	 to	 improve	 the	 wear	
resistance	 as	 well	 as	 high	 temperature	 strength	
properties	 [25,	26,].	Their	 abrasion	 resistance	has	been	
of	 special	 interest.	 Typical	 applications	 of	 aluminium	
alloys	composites	are	shown	in	Table	3.	

Table - 3: Various applications of composites [58] 

S. No. Composites Properties Applications 

1. Al-SiC  

Whisker 

High 
strength to 
wear 
resistance, 
High 
stiffness 

Piston, break & 
cylinder liner, 
Aerospace 
components 

2. Al-Al2O3 High 
Strength 
and 
Stiffness 

Connecting rods & 
Cylinder blocks. 

3. Al-TiC Reduced 
friction 
wear and 
light 
weight 

Cylinder liners & 
bearing pistons. 

 

5.1	RULE	OF	MIXTURES	

Rule	of	Mixtures	is	a	method	of	approach	to	approximate	
estimation	of	composite	material	Properties,	based	on	an	

assumption	 that	 a	 composite	 property	 is	 the	 volume	
weighed	 average	 of	 the	 phases	 (matrix	 and	 dispersed	
phase)	 properties.	 According	 to	 Rule	 of	 Mixtures	
properties	 of	 composite	 materials	 are	 estimated	 as	
follows:	

DENSITY	

dc	=	dm*Vm	+	df*Vf	

Where	 ‐	 dc,	 dm,	df	 –	densities	of	 the	 composite,	matrix	
and	dispersed	phase	respectively;	

	Vm,	 Vf	 –	 volume	 fraction	 of	 the	 matrix	 and	 dispersed	
phase	respectively.	

MODULUS	OF	ELASTICITY	
When	two	linear‐elastic	materials	(though	with	different	
moduli)	are	mixed,	the	mixture	is	also	linear‐elastic.	The	
modulus	 of	 a	 fibrous	 composite	when	 loaded	 along	 the	
fiber	 direction	 is	 a	 linear	 combination	 of	 that	 of	 the	
fibers,	Ef	and	the	matrix,	Em.	

Ecl	=	Em*Vm	+	Ef*Vf	 	

Where,	Vf	 is	 the	volume	fraction	of	 fibers.	The	modulus	
of	the	same	material,	loaded	across																												the	
fibers	is	much	less.	It	is	only	

1/Ect	=	Vm/Em	+	Vf/Ef	

5.2	TYPES	OF	COMPOSITE	MATERIALS	

The	nature	of	the	reinforcing	phases	and	the	matrix	are	
the	 important	 factors	 on	 the	 basis	 of	 which	 composite	
materials	are	classified.	For	engineering	purposes,	metal,	
ceramic,	 glass,	 and	 organically	 derived	 synthetic	 fibres	
are	 more	 significant.	 Metal	 fibres	 are	 used	 in	 high	
temperature,	 high	 strength,	 and	 light	weight	 composite	
materials.	The	coefficient	of	thermal	expansion	of	carbon	
fibre	 composite	 is	 negligible	 and	 so	 thermal	 strain	 in	
compatibility	 problems	 arise	 when	 it	 is	 used	 with	
aluminium	 alloys	 which	 have	 relatively	 high	 value.	 In	
fibre	 reinforcement	 composites,	 the	 reinforcing	 phase	
may	 be	 continuous,	 that	 is,	 extending	 the	 full	 length	 of	
the	composite	[as	wire	or	filament]	or	discontinuous	[as	
particulates,	 whiskers	 or	 short	 fibres].	 In	 the	 fibre	
reinforced	 and	 whisker‐reinforced	 composites,	 the	
second	phase	has	 an	 aspect	 ratio	 [i.e.	 ratio	 of	 length	 to	
diameter]	 from	 50	 to	 10,000.	 A	 number	 of	 such	
composites	with	reinforcement	of	alumina	fibres	[28,	4],	
carbon,	 boron	 [4]	 silicon	 carbide	 [528,	 4]	 are	 now	
commercially	 available	 for	 structural	 applications	
requiring	 exceptionally	 high	 specific	 strength	 and	
specific	modules.	

The	 second	 category	 of	 composites	 involves	 the	
dispersion	 of	 soft	 or	 hard	 particles.	 These	 composites	
are	 of	 great	 interest	 in	 tribological	 applications.	 In	 the	
case	of	particle	dispersed	composites	there	can	be	some	
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reduction	 in	 tensile	 strength	 [especially	 at	 room	
temperature],	ductility	and	fracture	toughness.		

5.2.1 CERAMICS MATRIX COMPOSITES 

There	 has	 been	 an	 increasing	 demand	 of	 high	
performance	 materials	 for	 use	 in	 a	 diverse	 range	 of	
application	 from	 aerospace	 and	 military	 to	 biomedical	
during	 recent	 years.	 The	 great	 interest	 that	 ceramic	
matrix	 composites	 have	 attracted	 through	 the	 recent	
decade	 stems	 from	 the	 combined	 effect	 of	metallic	 and	
ceramic	 materials	 relative	 to	 the	 corresponding	
monolithic	 alloy.	 Excellent	 characteristics	 of	 these	
composites	such	as	high	strength	and	modulus	as	well	as	
good	 high	 temperature	 properties	 make	 them	 suitable	
for	automotive	and	aerospace	applications.	Ceramics	and	
glasses	 exhibit	 relatively	 high	 strength	 and	 stability	 at	
elevated	 temperatures	 combined	 with	 low	 density	 and	
chemical	 inertness.	 However,	 owing	 to	 the	 absence	 of	
significant	 stress	 relieving	 mechanism	 at	 low	 and	
intermediate	 temperature	 these	 materials	 are	 notch	
sensitive,	brittle	and	susceptible	to	thermal	shock.	In	an	
attempt	to	increase	the	strength	and	toughness,	discrete	
particulate	 or	 fibres	 have	 been	 incorporated	 into	
ceramic	matrices.		

 

Figure	6:	Classifications	of	Composites	

5.2.2	METAL	MATRIX	COMPOSITES	[MMCS]	

There	 is	 a	 broad	 family	 of	 materials	 in	 this	 category	
aimed	 at	 achieving	 an	 enhanced	 combination	 of	
properties	and	this	can	be	attained	by	selecting	different	
matrices	as	well	as	reinforcing	phases.	In	addition	to	the	
matrix	 microstructure,	 reinforcing	 phase	 also	 controls	
the	 characteristics	 attainable	 by	 the	 MMCs.	 Matrices	
reinforced	with	 high	modules	 short	 fibres,	 whiskers	 or	
particulates	 have	 improved	 strength	 and	 stiffness	 and	
are	isotropic	in	nature.	This	variety	of	the	composites	is	
less	expensive	to	produce.	In	the	case	of	continuous	fibre	
or	whiskers	with	high	aspect	ratio	[length	/	diameter],	to	
align	fibres	in	the	desired	stress	direction	and	to	transfer	
the	 applied	 load	 to	 the	 fibres	 the	matrix	 serves	 to	hold	
them	 together.	 The	 mechanical	 properties	 of	 the	

composites	 are	 dependent	 upon	 the	 efficiency	 of	 the	
matrix	 in	 transferring	 the	 load	 to	 the	 reinforcement	
fibres	 and	 are	 therefore	 related	 to	 the	 quality	 of	 the	
fibre/matrix	interfacial	bonding.		

Compared	to	monolithic	metals,	MMCs	have:	

Higher	strength‐to‐density	ratios	

Higher	stiffness‐to‐density	ratios	

 Better	fatigue	resistance	
 Better	elevated	temperature	properties	

 Higher	strength	
 Lower	creep	rate	

 Lower	coefficients	of	thermal	expansion	
 Better	wear	resistance	

The	advantages	of	MMCs	over	polymer	matrix	
composites	are:	

 Higher	temperature	capability	
 Fire	resistance	
 Higher	transverse	stiffness	and	strength	
 No	moisture	absorption	
 Higher	electrical	and	thermal	conductivities	
 Better	radiation	resistance	
 No	out	gassing	
 Fabric	ability	of	whisker	and	particulate‐

reinforced	MMCs	with	conventional	
metalworking	equipment.	

Some	of	the	disadvantages	of	MMCs	compared	to	
monolithic	metals	and	polymer	matrix	Composites	are:	

 Higher	cost	of	some	material	systems	
 Relatively	immature	technology	
 Complex	fabrication	methods	for	fibre‐

reinforced	systems	(except	for	casting)	
 Limited	service	experience.	

5.2.2.1	ALUMINUM	BASED	MMCS	

Aluminium	 and	 its	 alloys	 form	 the	 most	 widely	
investigated	matrix	 for	use	 in	MMCs.	This	popularity	of	
Al‐alloy	as	a	matrix	material	can	be	attributed	to	its	low	
cost	relative	to	other	light	structural	metals	such	as	Mg,	
Ti,	etc.	its	current	dominance	on	the	aerospace	structural	
application	and	so	on.	There	are	two	types	of	reinforced	
aluminium	alloy	composite:	

1. Discontinuously	 [short	 fibre,	 whisker	 and	
particulate	reinforced].										

2. Continuously	 reinforcement	 aluminium	 alloy	
composites	[long	continuous	fibre	reinforced].	

5.2.3		POLYMER	MATRIX	COMPOSITES	[PMCS]	

Polymers	have	low	stiffness	and	are	ductile	on	the	other	
hand.	Ceramics	and	glasses	are	 stiff	 and	strong,	but	are	
highly	brittle.	In	PMCs	high	strength	of	ceramics	is	used	
while	 catastrophic	 failure	of	 the	 fibre	 is	 reduced	due	 to	
the	 polymeric	 matrix.	 The	 major	 reinforcements	 are	
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boron,	carbon,	graphite	and	kelvlar	aramid.	For	specially	
advanced	 composites,	 highly	 oriented	 partially	
crystalline	 polymers	 are	 used	 in	 addition	 to	 aramid	
fibres,	PET,	nylon.	

6.	PARTICLE	REINFORCED	ALUMINIUM	MATRIX	
COMPOSITES	

The	 development	 of	 metal	 matrix	 composites	 [MMCs]	
has	been	one	of	the	major	innovations	in	material	in	the	
past	20	years.	The	early	work	on	composites,	considered	
that	 the	 continuous	 fibre	 reinforcement	 composites	 are	
very	expensive	and	hence	limit	their	applications	[19].	It	
was	apparent	that	the	cost	of	continuous	fibres,	complex	
fabrication	 routes,	 and	 limited	 fabricability	 would	
restrict	 their	 use	 to	 those	 applications	 requiring	 the	
ultimate	in	performance.	This	led	to	the	development	of	
discontinuously	 reinforced	 composites,	 particularly	
short	 staple	 Al2O3	 fibre	 and	 SiC	 whiskers	 [23]	
reinforced	 composites.	 Discontinuous	 fibre	 has	 found	
commercial	application	as	selective	reinforcement	in	the	
ring	 land	 area	 of	 diesel	 piston	 [25]	 and	 whisker	
reinforcement	 is	 under	 development	 for	 aerospace	
applications.	

The	 two	 reinforced	 receiving	 the	 most	 attention	 are	
Al2O3	and	SiC.	SiC	is	a	very	promising	material	for	wear	
components	 such	 as	mechanical	 face	 seal	 rings,	 journal	
bearings,	 valves,	 nozzles,	 rotors	 etc.	 because	 of	 its	
excellent	 high	 temperature	 strength,	 low	 density,	 good	
oxidation	 resistance,	 low	 wear,	 high	 modulus	 of	
elasticity	 and	 high	 thermal	 and	 electrical	 resistance.	
However,	 like	 other	 ceramics,	 it	 is	 very	 sensitive	 to	
defects,	 such	 as	 pores,	 cracks,	 and	 large	 grains	 and	
generally	 exhibits	 rather	 high	 friction	 coefficients	
typically	 in	the	range	of	0.5‐0.8,	except	for	those	sliding	
in	 water	 or	 under	 lubricated	 conditions.	 Some	 of	 the	
properties	of	Al2O3	reinforcement	are	given	in	Table	4.	

Table	‐	4:	Properties	of	Alumina	[1]	
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7.	NANO‐PARTICLE	REINFORCED	COMPOSITES		

Nano‐particles	 have	 progressively	 replaced	 other	
discontinuous	 reinforcement	 structures	 such	 as	 nano‐

fibers,	 nano‐wires	 or	 nano‐platelets.	 SiC,	 TiC,	 WC,	 TaC,	
TiB2,	 AlN,	 and	 Al2O3	 are	 some	 of	 the	 most	 common	
types	 of	 nano‐particles	 that	 have	 been	 utilized.	 The	
characteristics	 of	 nano‐particle	 reinforced	 composites	
can	be	summarized	as	follows:		

 drastic	 change	 of	 fracture	 mode	 from	 inter‐
granular	 fracture	 of	 monolithic	metal	 to	 trans‐
granular	fracture	of	nano‐composites;		

 moderate	 to	 significant	 improvement	 in	
strength;		

 moderate	improvement	of	fracture	toughness;		
 significant	 improvement	 of	 creep	 resistance,	

thermal	shock	resistance,	and	wear	resistance;		
 Significant	enhancement	of	dimensional	stability	

at	high	temperatures.		
The	 temperature	 sensitivity	 of	 aluminum	 decreases	 in	
the	 presence	 of	 both	 micro	 and	 nano‐sized	 silicon	
carbide,	 though	 the	 effect	 of	 nano‐sized	 silicon	 carbide	
on	 dimensional	 stability	 is	 much	 higher	 than	 that	 of	
micro‐sized	 ones.	 After	 adding	 SiC	 nano‐particles	 (50	
nm)	to	7075	aluminum	alloy,	 increased	wear	resistance	
and	 high	 temperature	 creep	 resistance	 noticed	 when	
comparing	 to	 the	same	alloy	reinforced	with	13	μm	SiC	
particles	 [30].	 Furthermore,	 the	 volume	 percentage	 of	
nano‐particles	 needed	 to	 achieve	 this	 result	 was	
considerably	 smaller	 than	 micro‐particles	 volume	
percentage.	 Again,	 the	 tensile	 strength	 of	 an	 aluminum	
alloy	reinforced	with	1	%	volume	of	Si3N4	(10	nm)	has	
been	 found	 to	 be	 comparable	 to	 that	 of	 the	 same	 alloy	
reinforced	with	15	%	volume	of	SiC	particle	in	the	micro‐
size	range	(3.5	μm),	with	the	yield	strength	of	the	nano‐
metric	composite	being	significantly	higher	 than	that	of	
the	micro‐metric	[31].		

8.	PROCESSING	OF	METAL	MATRIX	COMPOSITES	

Primary	processes	 for	production	of	AMCs	at	 industrial	
scale	can	be	classified	into	two	main	groups.	

 Solid	state	processes.	
 Powder	blending	and	consolidation	(PM	

processing):	
 Diffusion	bonding	
 Physical	vapour	deposition	

 Liquid	state	processes.	
 Stir	casting	
 Infiltration	process	
 spray	deposition	
 In‐situ	processing	(reactive	processing)	

8.1		STIR	CASTING		
In	stir	casting	technique	process,	molten	metal	is	stirred	
with	 the	 help	 of	 either	 a	 mechanical	 stirrer	 or	 high	
intensity	ultrasonic	treatment.	This	action	disperses	the	
reinforcing	 phase,	which	 is	 added	 to	 the	 surface	 of	 the	
melt.	 Then	 the	 composite	 melt	 which	 contains	
reinforcements	 suspended	 in	 the	melt	 is	 solidified	 in	 a	
predetermined	mould	or	die.	Fig.:	7	shows	the	schematic	
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view	 of	 the	 stir	 mixing	 process	 using	 an	 impeller	
submerged	into	the	melt.	

 

 

 

 

 

 

 

Figure	7:	Schematic	views	of	stir	casting	process	

The	thermodynamics	and	kinetics	of	transfer	of	particles	
or	 fibrous	 reinforcements	 from	 the	 gas	 phase,	 to	 the	
liquid	phase	through	the	oxide	film,	and	finally	from	the	
liquid	to	the	solid	phase	has	been	worked	on	by	Rohatgi.	
The	process	has	been	designed	 to	make	different	metal	
matrix	composites.	

Stir	 mixing	 and	 casting	 is	 now	 used	 for	 large	 scale	
production	 of	 metal	 matrix	 particulate	 composites.	
Various	metals	such	as	Al,	Mg,	Ni	and	Cu	have	been	used	
as	the	matrix	and	wide	variety	of	reinforcements	like	SiC,	
graphite,	SiO2,	Al2O3,	Si3N4	and	ZrSiO4,	have	been	used	as	
reinforcements.	

8.2		SPRAY	DEPOSITION	

Spray	 deposition	 involves	 atomizing	 a	 melt	 and	 then	
allowing	 the	droplets	 to	spray	over	 the	particles,	which	
sprayed	 simultaneously	 towards	 the	 atomized	 metal	
streams.	 Thus	 the	 atomized	 metal	 collects	 the	
reinforcing	 phase	 and	 deposited	 on	 metallic	 substrate,	
and	 gets	 solidified.	 The	 process	 is	 hybrid	 rapid	
solidification	 process,	 because	 the	 metal	 experiences	 a	
rapid	 transition	 through	 the	 liquids	 to	 the	 solidus,	
followed	 by	 slow	 cooling	 from	 the	 solidus	 to	 room	
temperature	 (Figure:	 8).	 This	 results	 in	 a	 refined	 grain	
and	 precipitation	 structure	with	 no	 significant	 increase	
in	solute	solubility.	

 
Figure	8:	Spray	co‐deposition	unit	

8.3	POWDER	METALLURGY	METHODS	

This	 process	 involves:	 (i)	 blending	 of	 the	 gas‐atomized	
matrix	 alloy	 and	 reinforcement	 in	 powder	 form;	 (ii)	
compacting	 (cold	 pressing)	 the	 homogeneous	 blend	 to	
roughly	80%	density;	(iii)	degassing	the	preform	(which	
has	 an	 open	 interconnected	 pore	 structure)	 to	 remove	
volatile	 contaminants	 (lubricants	 and	 mixing	 and	
blending	 additives),	 water	 vapour,	 and	 gases,	 and	 (iv)	
consolidation	 by	 vacuum	 hot	 pressing	 or	 hot	 isostatic	
pressing.	 The	 hot	 pressed	 cylindrical	 billets	 can	 be	
substantially	 extruded,	 rolled	 or	 forged.	 The	 P/M	 hot	
pressing	 technique	 [32]	 generally	 produces	 MMCs	
having	properties	superior	 to	those	obtained	by	casting	
and	 by	 liquid	 metal	 infiltration	 (squeeze	 casting)	
techniques.		

 

Figure	9:	Powder	metallurgy	manufacturing	route	

8.4	IN‐SITU	FABRICATION	PROCESSES	

In	 the	 broad	 category	 of	 in‐situ	 composite	 fabrication	
techniques	 liquid‐gas,	 liquid‐solid,	 liquid‐liquid	 and	
mixed	salt	reactions	are	used	to	create	a	fine	dispersion	
of	 thermodynamically	 stable	 ceramic	 compounds	 in	 the	
matrix	 phase.	 These	 ceramic	 compounds	 serve	 as	 the	
reinforcing	 phase,	 and	 are	 usually	monocrystalline	 and	
homogeneously	distributed	in	the	matrix	phase.	Martin‐
Marietta’s	 Exothermic	 Dispersion	 process	 or	 the	 XDTM	

process	is	an	in‐situ	composite	growth	technique.		

Martin	 Marietta	 corporation	 U.S.A	 has	 been	 developed	
by	this	XdTM	process.	In	this	process	of	technique	ceramic	
particles	 are	 produced	 in	 situ	 in	 a	 melt.	 The	 ceramic	
particle	can	be	produced	upto	20%	volume	fraction	and	
their	 size	 could	 be	 of	 	 ultrafine	 (1	 µm	 or	 less).	 In	 this	
process,	 powder	 elemental	 components	 of	 the	 ceramic	
phase	are	heated	in	the	presence	of	the	metallic	phase	to	
be	 reinforced,	 above	 the	 metal	 melting	 point,	 the	
elemental	components	of	the	ceramic	phase	exothermely	
react	 with	 melt	 to	 produce	 the	 required	 reinforcing	
particle.	 This	 techniques	 has	 been	 applied	 to	 a	 wide	
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variety	of	matrix	material	including	Al,	Fe,	Cu,	Ni	and	Ti	
and	of		second	phase	particle	including	borides,	carbides,	
nitrides	 and	 mixture	 of	 the	 same	 .	 A	 wide	 range	 of	
ceramic	compounds	can	be	formed	by	this	process	.	But	
the	two	which	have	receiced	most	attention	are	TiB2	and	
TiC	which	can	be	formed	by	the	following	reactions:	

2B	+	Ti	+	Al													TiB2	+Al																																	‐‐‐‐‐‐‐‐‐	(2)	

	C	+		Ti	+	Al												TiC	+	Al																																					‐‐‐‐‐‐‐‐	(3)		

The	particles	are	typically	single	cyrstal,	and	should	have	
clean,	unoxidised	interfaces	because	they	are	formed	by	
the	 in	situ	method.	There	 is	 little	 literature	available	on	
the	processing	aspects	of		in	situ	composites.	It	has	been	
producing	 particles	 which	 should	 be	 inherently	 wetted	
by	 the	 matrix,	 and	 therefore	 provide	 high	 interfacial	
strength.		However,		the		fine		particle		size	is	expected	to	
produce	highly	viscous	melts,	which	may	make	handling	
and	dilution	difficult.	There	are	wide	range	of	composite	
production	 routes	 available	 in	 varying	 degrees	 of	
commercial	 development	 and	 the	 appropriate	 choice	
depend	upon	the	application	and	cost.		

9.		AGING	EFFECTS		 	

Aging	 effect	 is	 one	 of	 the	 important	 aspects	 in	
microstructure.	 Many	 studies	 of	 the	 age	 hardening	
response	of	metal	matrix	composites	have	been	reported	
and,	in	general	an	enhancement	of	the	aging	kinetics	has	
been	 observed.	 At	 low	 temperatures	 the	 aging	 kinetics	
has	 been	 observed.	 At	 low	 temperatures	 the	 aging	
kinetics	 are	 slowed	 down,	 or	 unaffected	 by	 the	
reinforcement.	 The	 more	 rapid	 aging	 kinetics	 were	
attributed	 to	 easy	 precipitation	 nucleation	 on	
dislocations	 punched	 out	 from	 the	 reinforcement	
particle	interface	as	a	result	of	the	coefficient	of	thermal	
expansion	 mismatch	 on	 quenching	 from	 the	 solution	
treatment	 temperature.	 In	 material	 processed	 by	
powder	metallurgy,	there	are	also	fine	oxide	particles	in	
the	 matrix,	 which	 are	 known	 from	 work	 on	 SAP‐type	
alloys	 to	 influence	 the	 aging	 kinetics.	 At	 higher	 aging	
temperatures	or	longer	times	precipitation	may	occur	at	
the	particle	interface	in	some	7091	alloys.		

The	 age	 hardening	 characteristics	 of	 an	 alloy	 are	
generally	modified	by	the	introduction	of	reinforcement.	
These	 modifications	 are	 due	 to	 the	 manufacturing	
process,	 the	 reactivity	 between	 the	 reinforcement	 and	
the	matrix,	the	size,	the	morphology	and	volume	fraction	
of	 the	 reinforcement.	 Donne	 et	 al.	 studied	 the	 age	
hardening	behaviour	of	a	30	wt%	(SiCp/Al‐Si)	composite	
and	 found	 that	 the	 ageing	 response	 was	 very	 rapid,	 in	
that	 order	 only	 1	 h	 ageing	 at	 120	 C,	 45%	 of	 the	 peak	
tensile	 strength	 and	 69%	 of	 the	 peak	 hardness	 were	
attained,	compared	to	the	unrienforced	alloy.	Cottu	et	al.	
showed	 that	 the	 hardening	 kinetics	 of	 Al‐Cu‐Mg	
alloy/10wt%	 SiC	 fiber	 composite	was	 enhanced	 by	 the	
presence	 of	 the	 reinforcement	 during	 heat	 treatment.	

They	 explained	 this	 by	 the	plastic	 deformation	 induced	
by	 the	 heat	 treatment	 due	 to	 the	 coefficient	 of	 thermal	
expansion	 (CTE)	 mismatch	 between	 matrix	 and	
reinforcement,	as	well	as	the	highest	dislocation	density	
in	 the	 composite	 that	 supplied	 precipitation	 sites.	
Srivatson	 and	 mattingly	 also	 attributed	 the	 enhanced	
properties	 of	 their	 heat	 treated	 2124	 Al	 alloy/SiC	 fiber	
composite	 to	 CTE	 mismatch	 and	 higher	 dislocation	
density	factor	[33].	

Discontinuously	 reinforced	 aluminium	 (DRA)	 matrix	
composites	have	been	used	in	aerospace	and	automotive	
applications	due	to	high	specific	strength	and	stiffness.	It	
has	been	reported	that	the	dislocations	are	punched	out	
at	the	reinforcement‐matrix	interface	to	relax	the	stress	
generated	owing	 to	mismatch	 in	 coefficients	of	 thermal	
expansion	(CTE)	of	Al	(24x10‐6	K‐1)	and	SiC	(4x10‐6	K‐
1).	It	has	been	reported	that	the	age‐hardenable	al	alloy	
–	 SiC	 composites	 demonstrate	 accelerated	 kinetics	 of	
aging,	when	compared	 to	 that	of	 the	unrienforced	alloy	
due	 to	 much	 greater	 dislocation	 density	 in	 the	 former.	
The	 dislocation	 provide	 sites	 for	 heterogeneous	
nucleation	 of	 the	 S’	 (CuMgAl2)	 precipitates.	 From	 all	
these	 considerations,	 it	 is	 accepted	 that	 the	 aging	
behaviour	depends	on	the	reinforcement	and	its	volume	
fraction,	 alloy	 composition,	 heat	 treatment,	 and	 other	
processing	parameters	[34].	

10.	WEAR	

Wear	 can	 be	 defined	 as	 “damage	 to	 a	 solid	 surface,	
generally	 involving	 progressive	 loss	 of	material,	 due	 to	
relative	 motion	 between	 that	 surface	 and	 a	 contacting	
substance	 or	 substances”	 [35]	 (ASTM,	 1999).	 In	 many	
applications,	 metal	 matrix	 composites	 are	 subjected	 to	
sliding	motion.	In	some	cases	this	motion	is	intentional:	
for	example,	 in	an	internal	combustion	engine	piston	or	
cylinder	 liner,	 or	 an	 automotive	 brake	 disk,	 or	 in	 the	
processing	 of	 material	 by	 machining,	 forging,	 or	
extrusion.	It	may	also	be	unintentional,	as	in	the	fretting	
wear	 of	 a	 joint.	 If	 hard	 particles	 are	 present	 e.g.,	 as	
contamination	in	a	lubricant	or	intentionally	in	abrasive	
machining,	 then	 the	 abrasion	 resistance	 of	 the	material	
may	be	relevant.	(Fig.:10)	illustrates	the	wear	under	two	
essentially	different	conditions	such	as	sliding	wear	and	
abrasive	 wear.	 In	 two‐body	 abrasion,	 in	 which	 hard	
abrasive	 particles	 are	 attached	 to	 one	 sliding	 surface,	
where	as	 in	 case	of	 three‐body	abrasion,	 in	which	hard	
abrasive	particles	 are	 free	 to	move	 in	 between	 the	 two	
sliding	surfaces.	

Archard	[84]	model	 for	sliding	wear	suggests	that	wear	
is	 associated	 with	 interactions	 between	 plastically	
deforming	asperites	(high	spots)	on	the	sliding	surfaces,	
and	leads	to	the	simple	equation:	

						Q	=	KW	/	H			 																										‐‐‐‐‐‐‐‐‐‐‐‐‐‐	(17)	
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Figure	10:		(a)	Sliding	Wear	(b)	Two	Body	Abrasion	(c)	
Three	Body	abrasion	

In	Eq.	17	Q	 is	 the	volume	removed	 from	the	surface	by	
wear	 per	 unit	 sliding	 distance,	 W	 is	 the	 normal	 load	
applied	 between	 the	 surfaces,	 and	H	 is	 the	 indentation	
hardness	 of	 the	 softer	 surface.	 The	 constant	 K,	 usually	
termed	the	 “Archard”	wear	coefficient,	 is	dimensionless	
and	 always	 less	 than	 unity.	 For	 some	 purposes,	 the	
quantity	K/H,	given	the	symbol	k	and	sometimes	termed	
"specific	 wear	 rate”	 (k)	 is	 useful.	 The	 units	 of	 k	 are	
usually	 mm3	 m‐1N‐1,	 representing	 the	 volume	 lost	
(mm3)	per	unit	sliding	distance	(m)	per	unit	normal	load	
on	the	contact	(N).		

Depending	 on	 the	 nature	 of	 movement	 of	 the	 media	
following	types	wear	has	been	classified.	

 Adhesive	or	Sliding	Wear		
 Abrasive	wear	
 Corrosive	wear	
 Oxidational	wear	

10.1		ADHESIVE	OR	SLIDING	WEAR	

Sliding	 and	 adhesive	 wear	 refers	 to	 a	 type	 of	 wear	
generated	 by	 the	 sliding	 of	 one	 solid	 over	 another	 slid	
surface.	 Erosion,	 cavitation,	 rolling	 contact,	 abrasion,	
oxidative	 wear,	 fretting	 and	 corrosion	 are	 traditionally	
excluded	from	the	class	of	“sliding”	wear	problems	even	
though	 some	 sliding	 (slip)	may	 occur	 in	 some	 of	 these	
types	 of	 wear.	 Adhesive	 or	 Sliding	 wear	 occurs	 as	 a	
result	of	relative	sliding	between	two	surfaces	under	the	
influence	of	an	applied	load.		

10.2		ABRASIVE	WEAR		

Abrasive	 wear	 is	 accomplished	 by	 plowing	 or	 cutting	
action	of	hard	particles	on	 a	 relatively	 softer	 surface	of	
the	 material.	 The	 hard	 particles	 may	 be	 either	 loosely	
held	 between	 two	 sliding	 surfaces	 as	 in	 two‐body	
abrasive	wear.		

10.3		CORROSIVE	WEAR	

This	 form	of	wear	 occurs	when	 sliding	 takes	place	 in	 a	
corrosive	 environment.	 In	 the	 absence	 of	 sliding	 the	
product	 of	 the	 corrosion	 would	 form	 a	 film	 on	 the	
surfaces,	which	would	tend	to	slow	down	or	even	arrest	

the	corrosion,	but	the	sliding	action	wear	the	film	away,	
so	that	the	corrosive	attack	can	continue.		It	is	a	form	of	
wear	 that	 primarily	 occurs	 during	 nominally	
unlubricated	 conditions	 of	 sliding.	 It	 is	 usually,	 but	 not	
always,	 a	 beneficial	 form	 of	 corrosion	 in	 which	 sliding	
interfaces.	 In	 many	 cases,	 tribological	 oxidation	 can	
reduce	 the	 wear	 rate	 by	 oxide	 films	 that	 are	
approximately	 3	 or	 4	m	 (120	or	 140	 in.)	 thick	 form	on	
the	real	areas	of	contact	at	the	relatively	high	"hot‐spot"	
temperatures	 that	 often	 occur	 between	 two	 orders	 of	
magnitude,	compared	with	the	wear	of	the	same	metals	
under	an	inert	atmosphere.		

However,	amelioration	of	the	wear	rate	will	only	occur	if	
the	 oxide	 layers	 are	 formed	 during	 sliding.	 It	 is	 not	
possible	 to	 artificially	 produce	 low‐wear	 surfaces	 by	
preoxidizing	 the	 surfaces	 under	 static	 furnace	
conditions.	 Oxidational	 wear	 can	 also	 occur	 under	
lubricated	sliding	conditions	when	the	oil	film	thickness	
is	 less	 than	 the	 combined	 surface	 roughnesses	 of	 the	
triboelements,	 for	 example,	 under	 conditions	 of	
boundary	 lubrication.	 Oxidational	 wear	 is	 the	 "last	
defense"	 that	 a	 lubricated	 metal	 surface	 has	 against	
scuffing.	 It	 is	 also	 the	 only	 defense	 hat	 some	 of	 the	
recently	 emerging	 ceramic	 tribosystems	 have	 against	
failure	when	running	at	high	temperatures.	[36]	

11.		SECONDARY	PROCESSING	OF	Al	MMC’s	

It	 is	 well	 known	 fact	 that	 the	 secondary	 processing	 of	
composites	by	extrusion,	rolling	and	forging	can	 lead	to	
improved	 mechanical	 properties,	 tribological	 behavior	
and	corrosion	resistance	of	the	primarily	processed	cast	
composites.	 The	 ability	 to	 achieve	 a	 near	 net	 shape	
structural	 component	 by	 conventional	 deformation	
processes,	 which	 cannot	 be	 applied	 to	 ceramic	 and	
polymer	matrix	 composites,	 also	 reduces	 the	 problems	
related	 to	 the	secondary	manufacturing	processes,	 such	
as	 cutting,	 machining	 and	 joining,	 making	 their	
application	more	attractive	also	from	an	economic	point	
of	 view	 [37,	 38,	 39,	 40,	 41].	 Some	 studies	 demonstrate	
that	 forging	 and	 extrusion	 can	 minimize	 or	 eliminate	
porosity,	 lead	 to	 a	 more	 uniform	 particle	 distribution	
and	also	improve	the	particle‐matrix	interfacial	bonding,	
with	a	subsequent	increase	in	strength	and	ductility	[42,	
38,	43,	44]	

	Khalifa	 and	 Mahmoud	 have	 reported	 on	 the	 tensile	
properties	 of	 as	 cast	 and	 extruded	 Al6063/10	 wt%SiC	
composites.	They	have	observed	 that	 increased	 content	
of	 SiC	particles	 increases	 the	 strength	up	 to	 10	wt%	 in	
both	 as	 cast	 and	 extruded	 conditions.	 The	 strength	 of	
extruded	 composites	 was	 higher	 than	 that	 of	 cast	
composites.The	 interfacial	 bond	 is	 a	 very	 important	
factor	 in	dictating	 the	 tensile	strength	of	Al	alloy	Al2O3	
short	 fibre	 composites	 [45].	 Ceschini	 et	 al.	 [45]	 have	
studied	 the	 beneficial	 effects	 of	 forging	 on	 tensile	
strength	 of	 AA2618/20	 vol%Al2O3	 composites.	
Thimmarayan	and	Thanigayarasu	 [48]	have	 carried	out	
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studies	 on	 cast	 and	 forged	 Al6082/SiCp	 composites.	
They	 have	 reported	 that	 the	 tensile	 strength	 of	 forged	
composites	 is	 higher	 when	 compared	 with	 cast	 ones.	
From	the	literature	survey	it	 is	evident	that	most	of	the	
researchers	 have	 focused	 on	 studying	 the	 mechanical	
behavior	 of	 extruded	 aluminum	 based	 composites.	
However,	meager	information	is	available	as	regards	the	
study	 on	 hot	 forging	 of	 aluminum	 based	 metal	 matrix	
composites.	Currently,	in	industries	forging	has	emerged	
as	 one	 of	 the	 important	 secondary	 processing	 route	 in	
view	of	its	several	advantages.	

12.	CONCLUSION	

It	 is	 observed	 that	 the	 microhardness	 of	 hot	 forged	 Al	
alloy‐	Nano	composites	increases	with	increase	in	weight	
percent	of	nano	Composites	in	the	matrix	alloy.	On	heat	
treatment,	 for	 a	 given	 content	 of	 nano	 Al2O3	 after	
quenching	in	water,	results	in	maximum	hardness	of	the	
composites.	 Co‐efficient	 of	 friction	 of	 hot	 forged	
composites	 reduces	 with	 increase	 in	 content	 of	 nano	
Composites	 in	 both	 as	 forged	 and	 heat	 treatment	
conditions.	An	increase	in	load	leads	to	drastic	reduction	
in	 co‐efficient	 of	 friction	 for	 both	 heat	 treated	 and	 un‐
heat	 treated	 hot	 forged	 Nano	 composites.	 It	 is	 also	
observed	that	co‐efficient	of	friction	of	both	matrix	alloy	
and	 its	 composites	 decreases	 with	 increase	 in	 ageing	
duration.	 Adhesive	 wear	 studies	 on	 hot	 forged	
composites	have	revealed	that	wear	rate	decreases	with	
increase	 in	 content	 of	 nano	 composites	 particulates	 in	
the	matrix	alloy.	 It	 is	observed	that	wear	rate	 increases	
with	 the	 increase	 in	 sliding	 velocity.	 Further,	 it	 is	 also	
observed	that	wear	rate	increases	with	increase	in	load.	
Further,	an	increase	in	ageing	time	resulted	in	decrease	
in	 wear	 rate	 for	 both	 the	 forged	 matrix	 alloy	 and	 the	
studied	forged	Nano	composites.	
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