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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	aim	of	the	present	work	was	to	evaluate	the	effect	of	the	hot	forging	process	
on	 the	microstructure	 and	 tribological	 properties	 of	a	MMC	 based	 on	 the	 aluminium	 alloys	A6061	 reinforced	with	 nano‐
alumina	 particles	 (Al2O3p).	 Al6061	 matrix	 composite	 reinforced	 with	 nano	 Al2O3	 particles	 were	 fabricated	 by	 liquid	
metallurgy	route.	Percentage	of	nano	Al2O3	particles	in	Al6061	matrix	alloy	was	varied	from	1‐3wt.	%	in	steps	of	1wt%.	Cast	
Al6061	alloy	and	Al6061‐nano	Al2O3	composites	were	hot	forged	at	a	temperature	of	500oC.	After	forging,	both	Al6061	alloy	
and	Al6061‐Al2O3	composites	were	subjected	to	heat	treatment	by	solutionizing	at	a	temperature	of	530	̊C	for	2	hours	followed	
by	quenching	 in	water	media.	Artificial	ageing	was	done	at	different	durations	 like	2,	4,	6	and	8	hrs	after	quenching.	Hot	
forged	 and	 heat	 treated	 Al6061	 alloy	 and	 Al6061‐nano	 Al2O3	 composites	 were	 subjected	 to	 microstructural	 studies,	
microhardness	 test,	 friction	and	wear	 studies.	Microstructural	analyses	of	 the	as‐cast	and	heat‐treated	composites	 showed	
large	grain	 size	of	 the	aluminium	alloy	matrix	and	a	quite	non‐homogeneous	distribution	of	 the	 reinforcing	particles.	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.	It	is	observed	that	the	microhardness	of	hot	forged	Al6061‐nano	Al2O3	composites	increases	with	
increase	 in	weight	 percent	 of	 nano	Al2O3	 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	Al2O3	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.		

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

	

1.	INTRODUCTION	

The	need	of	efficient	use	of	energy	&	materials	 is	being	
felt	 strongly	 because	 of	 diminishing	 resources	 in	 the	
present	 times.	 There	 has	 been	 an	 important	 role	 of	
materials	in	the	development	of	civilizations.	Necessities,	
urge	 for	 excellence	 and	 quality	 have	 always	 acted	 in	
tandem	 to	 propel	 the	 development	 of	 science	 &	
technology.	This	has	driven	 researchers	 in	 the	 realm	of	
material	 science	 through	 the	 ages.	 The	 industrial	
development	 during	 the	 last	 century	 would	 not	 have	
been	 possible	 without	 a	 technological	 innovation	 in	
production,	 processing	 &	 effective	 utilization	 of	
materials,	 This	 fact	 is	 all	 the	 more	 apparent	 in	 the	
transportation	 sector	 when	 we	 compare	 earlier	 large	
bulky	 automobiles	 with	 today’s	 light	 weight,	
technologically	 superior	 vehicles.	 Man	 has	 been	 using	
iron,	 copper	 &	 their	 alloys	 for	 thousands	 of	 years,	 but	
surprisingly	until	the	last	century	he	was	oblivious	of	the	
bauxite	 ore,	which	 is	 the	 second	most	 abundant	 ore	 in	
earth	crust.	Aluminium	became	an	economic	competitor	
to	 Steel	 in	 engineering	 applications	 because	 of	 its	
excellent	 combination	 of	 properties.	 Now	 a	 days,	more	
Aluminium	is	consumed	(on	a	volumetric	basis)	than	all	
other	 non‐ferrous	 metals/alloys	 including	 copper.	 The	
high	 utility	 index	 of	 Aluminium	 is	 due	 to	 many	 of	 its	
unique	properties	such	as	light	weight,	low	density,	good	
thermal	 and	 electrical	 conductivity,	 good	 fabricability	

and	 excellent	 corrosion	 resistance.	 Because	 of	 these	
properties,	 it	 has	 found	 application	 in	 various	 sectors	
like	 transportation,	 packaging,	 electrical	 industries,	
chemical	and	food	industries,	architecture	etc.			

Aluminium	has	 a	density	of	 2.7	 gm/cm3,	 approximately	
one	 third	 of	 Steel	 (7.83	 gm/cm3)	 and	 copper	 (8.93	
gm/cc).	On	 the	 other	 hand,	 its	 electrical	 conductivity	 is	
nearly	 twice	 that	 of	 copper	 on	 an	 equivalent	 weight	
basis.	 The	 requirements	 of	 high	 conductivity	 and	
mechanical	strength	can	be	met	by	use	of	long‐line	high‐
voltage,	 aluminium	 steel‐cored	 reinforced	 transmission	
cable.	 Aluminium	 is	 non‐ferromagnetic,	 a	 property	 of	
great	 importance	 in	 electrical	 and	electronic	 industries.	
Aluminium	 is	 also	 non‐toxic	 and	 is	 routinely	 used	 in	
containers	 for	 foods	 and	beverages.	 It	 has	 an	 attractive	
appearance	 in	 its	 natural	 finish,	 which	 can	 be	 soft	 and	
lustrous	or	bright	and	shiny	[1,	2].	

In	 the	 present	 study,	 it	 is	 aimed	 to	 study	 the	 effect	 of	
reinforcement	 volume	 fraction	 and	 heat	 treatment	 on	
mechanical	 and	 tribological	 properties	 of	 forged	 Al‐Si‐
Mg	 alloy	 (Al6061)	 and	 its	 composite	 developed	 by	
reinforcing	1	wt%,	2	wt%	and	3	wt%	Al2O3	particles	 in	
the	 Al	 matrix.	 The	 wear	 studies	 include	 the	 effect	 of	
various	 extrinsic	 experimental	 variables	 (load,	 sliding	
speed,	 and	 sliding	 distance)	 and	 intrinsic	 variables	
(volume	 fraction	 of	 reinforcements,	 and	 matrix	
microstructures).	 The	 matrix	 microstructure	 is	 varied	
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through	 heat	 treatment.	 Change	 in	 wear	 rate	 and	
coefficient	 of	 friction	 for	 different	 sliding	 velocity	 and	
load	 is	 studied	 for	 alloy	 and	 its	 composite,	 keeping	
sliding	 distance	 constant.	 It	 is	 worthwhile	 to	 mention	
that	 interfaces	 between	 the	 reinforcement	 and	 the	
matrix	play	an	 important	 role	 in	 controlling	 the	overall	
properties	of	composites	and	hence	the	performance.		

In	the	present	investigation	AMCs	have	been	synthesized	
through	Ultrasonic	Assisted	Stir	Casting	technique	using	
Al‐Si‐Mg	 as	 matrix	 alloys	 and	 nano	 Al2O3	 particle	 as	
reinforcement.	The	average	size	of	nano	Al2O3	particle	is	
40	nm	and	the	amount	of	nano	Al2O3	used	are	1,	2	and	3	
wt.%.	 Matrix	 microstructures	 were	 varied	 by	 different	
heat	 treatment	 cycles	 like	 under	 aging,	 peak	 aging	 and	
over	 aging.	 The	 heat	 treatment	 cycle	 used	 was	
solutionising	 the	 samples	 to	 530oC	 for	 2	 hours	 then	
quenching	 in	 water	 at	 room	 temperature	 (32oC).	 Then	
aging	 of	 the	 samples	 was	 done	 for	 different	 aging	
duration	(2	hrs,	4hrs,	6	hrs,	8	hrs).	In	tribological	study,	
the	 detailed	 examination	 of	 worn	 surface	 is	 done	 to	
obtain	 information	 on	 the	 mechanism	 of	 material	
removal	 during	 sliding	 wear	 behaviour.	 The	 interface	
between	 the	 reinforcement	 and	 metallic	 matrix	 is	
studied	through	SEM	analysis.	

2.						MATERIALS	

2.1		MATRIX	ALLOY	
Aluminium‐Magnesium‐Silicon	alloy	(Al6061)	is	selected	
as	 matrix	 alloys	 for	 synthesis	 of	 AMCs.	 The	 chemical	
compositions	of	Al6061is	shown	in	the	Table	1.	
	

Table‐1:	Chemical	Composition	of	Al	6061	alloy	

	
2.2	ALUMINA	PARTICLES	(Al2O3)	
	
The	nano	Al2O3	particles,	used	as	 reinforcement	 in	 the	
Al6061	 matrix	 for	 synthesizing	 the	 composites,	 were	
obtained	 from	 MK	 Impex	 corporation,	 Mississauga,	
Canada.	 Properties	 of	 alumina	 is	 given	 in	 table	 4.2	 In	 a	

vibratory	sieving	machine,	the	particles	are	sieved	using	
standard	 sieving	 practice	 through	 different	 grades	 of	
sieves,	with	an	aim	to	get	particles	within	the	size	range	
of	40‐60	nm.	

Table‐2:	Properties	of	alumina	(Al2O3)	

Melting	Point 2072oC

Porosity 0%

Hardness	(Kg/mm2) 1440

Density	(g/cm3) 3.89

Coefficient	 of	 Thermal	 expansion	
(m/moC)

8.1

Fracture	toughness	(MPa‐m1/2)		 4	

Poisson’s	ratio 0.22

Colour White

	

3.	METHODS	 	

3.1	MELTING	PROCEDURE	

Al‐Si‐Mg	alloy	 is	melted	 in	a	A‐100	graphite	crucible.	 In	
each	 heat,	 fixed	 quantity	 of	 aluminium	 alloy	 (1700g)	 is	
melted.	 An	 electrical	 resistance	 furnace	 is	 used	 for	
melting	 the	 alloys.	 After	 complete	 melting,	 graphite‐
coated	 skimmer	 is	 used	 to	 remove	 the	 dross	 from	 the	
surface.	 Dry	 nitrogen	 gas	 is	 passing	 into	 the	 aluminum	
melt	 for	 5	 minutes	 to	 remove	 the	 dissolved	 gases.	
Bubbles	 of	 nitrogen	 gas	 also	 remove	 the	 dross,	 most	
probably	by	mechanical	action	i.e.,	the	oxides	are	carried	
to	the	surfaces	of	the	melt	by	inert	gas.	After	degassing,	
the	surface	 is	again	cleaned	and	the	 temperature	of	 the	
melt	 increases	to	780OC.	The	temperature	of	the	melt	 is	
brought	down	to	680OC	during	degassing;	this	takes	care	
of	minimum	gas	absorption	during	bubbling.		
	
3.2 COMPOSITE	PREPERATION	

An	 ultrasonic	 stir	 casting	 setup	 as	 shown	 in	 fig	 1	
consisted	 of	 a	 resistance	 Muffle	 Furnace,	 probe	
assembly,	 stirrer	assembly	 to	synthesize	 the	composite.	
The	 stirrer	 assembly	 consists	 of	 a	 steel	 stirrer,	 coated	
with	 ceramic	which	was	 connected	 to	 a	 variable	 speed	
electrical	motor	with	range	of	80	to	900	rpm	by	means	of	
a	 steel	 shaft.	 The	 stirrer	 was	 designed	 to	 get	 proper	
vertex.	The	stirrer	consisted	of	a	 four	blades	 inclined	at	
an	 angle	 and	 90o	 apart.	 Clay	 graphite	 crucible	 of	 2	 kg	
capacity	 is	 used	 to	 melt	 the	 aluminium	 alloy.	 Another	
graphite	 crucible	 is	 used	 for	 preheating	 the	 Al2O3	
particles.	 The	 main	 crucible,	 i.e.	 melting	 crucible	 is	
placed	at	the	centre	of	the	resistance	muffle	furnace	and	
the	 small	 crucible,	 used	 for	 preheating	 reinforcement	
particles,	 is	 placed	 in	 heating	 chamber	 of	 resistant	
furnace.	Weighed	amount	of	Al2O3	particles	are	placed	in	
the	small	crucible.	

Element	 Percentage	

Si	 0.43

Fe	 0.7

Cu	 0.24

Mn	 0.139	

Pb	 0.24

Ni	 0.05

Zn	 0.25

Ti	 0.15

Sn	 0.001	

Mg	 0.802	

Cr	 0.25

Al	 96.74	

MUKESH SAHU et al. Citation: 10.2348/ijset06150669
ISSN (O): 2348-4098 
ISSN (P): 2395-4752

International Journal of Science, Engineering and Technology- www.ijset.in 670



 

Figure	1:	Flow	chart	showing	steps	involved	in	
ultrasonic	assisted	stir	casting	

1700gm.	of	alloy	in	solid	form	was	melted	at	800oC	in	the	
resistance	 furnace.	 Preheating	 of	 reinforcement	
(alumina	at	300o	C)	was	done	for	one	hour	to	avoid	high	
drop	of	temperature	after	addition	of	particulates	and	to	
remove	 moisture	 and	 gases	 from	 the	 surface	 of	 the	
particulates.	 Stirring	 is	 initiated	 to	 homogenise	 the	
temperature.	 After	 homogenising	 the	 reinforcement	
added	into	molten	alloy	in	three	instalments.	Mechanical	
stirring	 is	 carried	 out	 for	 a	 period	 of	 10	 min	 at	 every	
stage	before	and	after	introduction	of	reinforcement.	The	
stirrer	 is	 positioned	 approximately	 to	 a	 depth	 of	 2/3	
height	of	the	molten	metal	from	the	bottom.	The	rpm	of	
the	 stirrer	 is	 gradually	 raised	 to	 400	 rpm	 and	 the	
preheated	 reinforcement	 particles	were	 added	 into	 the	
melt.	1/3	of	weight	was	added	in	every	instalment	with	a	
spoon.	

3.3 HOT	FORGING	OF	COMPOSITE	

Samples	 for	 forging	 are	made	 by	machining	 the	 32mm	
diameter	 and	 260mm	 longer	 castings.	 After	machining,	
30	 mm	 diameter	 and	 80mm	 height	 samples	 of	 Al6061	
alloy	 and	 composite	 obtained	 for	 forging	with	 different	
percentages	of	Al2O3	(0%,	1%,	2%,	3%).	The	cast	Al	6061	
and	 Al6061	 reinforced	 by	 Al2O3	 composites	 were	
subjected	 to	 hot	 forging	 using	 100T	 Universal	 testing	
machine	MANIT	Bhopal,	India.		

Table	‐3:	Forging	parameters	
1	 Type	of	forging	 Press	forging

2	 Initial	Billet	Temperature 500oC	

3	 Final	Billet	Temperature 430oC	

4	 Die	Type	 Flat	die	

5	 Deformation	Ratio	 4:1	

6	 Initial	Billet	Height	 80	mm	

7	 Final	Billet	Height	 20mm	

8	 Strain	 0.75	

The	deformation	 rate	 also	 controlled	by	 knob	provided	
on	UTM	machine.	The	machined	billets	were	preheated	
to	 500±3oC	 (above	 recrystallization)	 for	 30min	 in	
resistance	 furnace.	 Table	 3	 reports	 the	 forging	
parameters	 adopted	 in	 this	 study.	 To	 measure	 the	
temperature	 variation	 during	 hot	 forging	 a	 mobile	
thermo	couple	is	used.	

After	 preheating	 sample	 is	 placed	 between	 two	 flat	
plates	 which	 are	 at	 300oC	 and	 are	 already	 situated	 on	
computerized	UTM	as	shown	in	fig.	Now	with	the	help	of	
knob,	load	is	gradually	increases	up	to	550	KN	thus	billet	
deforms	from	initial	height	80mm	to	final	height	20mm	
at	90mm/min	average	deformation	 rate.	Thermocouple	
measure	the	temperature	variation	from	500oC	to	430oC	
during	 hot	 forging.	 Using	 this	 procedure	 perform	 hot	
forging	on	Al6061	and	Al6061	composite	with	different	
Wt.%	of	Al2O3	(1%,	2%,	3%).		

Figure	2:	Un‐forged	samples	

Figure	3:	Samples	after	hot	forging	

3.4	HEAT	TREATMENT	

As	 cast	 and	 hot	 forged	 Al6061	 alloy	 and	 Al6061‐Al2O3	
composites	were	subjected	to	heat	treatment	(T6)	using	
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an	 electric	 furnace	 equipped	 with	 programmable	
temperature	 controller	with	an	accuracy	of	±2 	 .	Heat	

treatment	 of	 the	 investigated	materials	 is	 completed	 in	
three	stages:	Solution	treatment:	 the	alloy	or	composite	
are	 heated	 for	 2	 hours	 at	 a	 temperature	 of	 530 	until	

the	alloying	solute	elements	are	completely	dissolved	in	
Aluminium	 solid	 solution,	 (ii)	 Quenching:	 the	 solution	
treated	material	is	cooled	in	water	at	room	temp	32oC	to	
obtain	 a	 super	 saturated	 solid	 solution	 and	 to	 prevent	
the	 precipitation	 of	 the	 solute	 elements	 (iii)	 Artificial	
aging:	 in	 this	 stage	 hardening	 is	 done	 by	 reheating	 the	
quenched	 sample	 to	 a	 temperature	 of,	 175 	 and	

perform	artificial	ageing	by	varying	aging	duration	from	
2	h	to	8	h	in	steps	of	2	h.	

	3.5	DENSITY	MEASUREMENT	

Density	 is	 the	 physical	 property	 of	 composite	 that	
reflects	 the	 characteristics.	 The	 proportions	 of	 the	
matrix	and	reinforcement	 in	a	 composite	are	expressed	
either	 as	 the	 volume	 fraction	 (v),	 which	 is	 commonly	
used	in	property	calculations,	or	the	weight	fraction	(w),	
which	 is	 relevant	 to	 fabrication.	By	 relating	weight	 and	
volume	 fractions	 via	 density	 (),	 the	 following	
expression	is	obtained		

	

Were,	 m	 stands	 for	 matrix	 and	 r	 for	 reinforcement	
material.	 Theoretical	 density	 can	 be	 calculated	 using	
above	equation.	

Experimentally	density	of	a	composite	is	obtained	as	per	
ASTM:	 D	 792‐66	 test	 method	 using	 a	 physical	 balance	
with	density	measuring	kit.	Further,	the	density	can	also	
be	calculated	by	the	basic	method	of	measuring	the	mass	
and	 volume	 of	 the	 specimen	 used.	 The	 density	 of	 the	
specimen	 was	 then	 calculated	 from	 the	 formula	 given	
below:	

	

3.6 MICROSTRUCTURAL	STUDY	

Samples	 of	 dimensions	 20	 mm	 diameter	 and	 15	 mm	
thick	were	cut	for	microstructural	studies	of	aluminium	
alloy	 and	 	Al2O3	 particle	 reinforced	Al	 composites	 in	 as	
cast	 and	 forged	 conditions	 (heat	 treated,	 non	 heat	
treated	 ).	 The	 specimens	 were	 polished	 mechanically	
using	standard	metallographic	practices.	After	polishing	
the	 samples	were	 etched	with	Keller’s	 reagent	 (1%	HF,	
2.5%	 HNO3,	 1.5%	 HCl,	 and	 remaining	 water)	 prior	 to	
their	 microstructural	 examination	 by	 SEM	 (Scanning	
Electron	Microscopy)	Model:	JEOL,	JSM‐6390.	

3.7	SCANNING	ELECTRON	MICROSCOPY	

For	wear	surface,	subsurface	samples	were	observed	in	a	
scanning	 electron	microscope	 (model:	 JEOL,	 JSM‐6390).	
In	 order	 to	 observe	 these	 samples	 For	 more	 clear	
observation	of	these	samples	in	SEM,	samples	are	etched	
deeply	and	sputtered	with	platinum	using	sputter	coater	
(model	:	JEOL	JFC‐1100).	For	sub	surface	study	the	worn	
samples	were	cut	transversely	along	the	cross	section	of	
height	10	mm	and	cold	mounted	and	were	studied	using	
SEM.	

3.8	HARDNESS	

The	 hardness	 of	 Aluminium	 alloy	 and	 composites	
reinforced	with	1,	2	and	3	wt.%	Nano	aluminium	oxide	
particle	 in	 as	 cast	 and	 forged	 conditions	 (heat	 treated,	
non	 heat	 treated)	 were	 measured	 in	 B	 scale	 using	
Rockwell	 Hardness	 testing	 machine	 (Model‐	 TRSN‐
D/TRSNT‐D).	The	hardness	test	specimens	of	dimension	
20mm	diameter	and	15mm	height	were	cut	from	as	cast	
and	 forged	 samples.	 Using	 metallogrphic	 practices	 the	
specimens	were	mechanically	polished	and	the	opposite	
sides	 of	 the	 hardness	 samples	 were	 made	 perfectly	
parallel	 before	 measurement	 of	 hardness.	 The	
specification	of	B	scale	is	indenter	ball	of	diameter	1/16	
inch;	 load	applied	on	 the	smooth	surface	 is	100	Kg	and	
dwell	time	as	8	seconds.	

	
4.	RESULTS	&	DISSCUSSIONS	

4.1	DENSITY	MEASUREMENT		

Figure	4	 shows	 the	variation	 in	density	with	percent	of	
Al2O3	 in	 Al6061	 alloy	 matrix.	 Increase	 in	 Density	 of	
composite	with	 percent	 of	 Al2O3	 can	 be	 attributed	 that	
alumina	has	more	density	than	Al6061	alloy.	The	density	
measurements	confirm	that	the	 forging	process	made	it	
possible	 to	 reduce	 the	 presence	 of	 casting	 defects	 [52,	
53].	 The	 density	 of	 the	 forged	 Al6061/3%Al2O3	
composite,	 in	 fact,	 slightly	 increased	 from	 2.6979	 to	
2.717	g/cm.		
	

	
Figure	4:	Variation	in	density	with	percent	Al2O3	of	in	

al6061	alloy	
	

4.2	MICROSTRUCTURE		

Microstructural	analysis	of	the	composite	carried	out	by	
SEM.	 Typical	 SEM	 image	 of	 the	 Al6061alloy	 and	
composites	in	the	as‐cast	condition	and	after	the	forging	
process	are	shown	in	figure	5.3‐5.6.		

MUKESH SAHU et al. Citation: 10.2348/ijset06150669
ISSN (O): 2348-4098 
ISSN (P): 2395-4752

International Journal of Science, Engineering and Technology- www.ijset.in 672



 

	

2	hrs	aged	 	 4	hrs	aged	

	

6	hrs	aged	 	 8	hrs	aged	

Figure	5:	Optical	Microphotographs	of	heat	treated	
Al6061/3wt%	Al2O3	Composites	after	ageing	at	175	OC.	

The	 forging	 process	 did	 not	 induce	 variations	 in	 the	
particle	 size,	 caused	by	 the	 reinforcement	 cracking	 [54,	
55,	33,].	Figure	5S	&	6	shows	a	similar	distribution	of	the	
reinforcement	 particle	 size	 for	 the	 as‐cast	 and	 forged	
samples.	 Even	 previous	 studies	 [54,	 56,	 57,	 52,	 85,	 44]	
concerning	 the	 effect	 of	 the	 plastic	 deformation	 on	 the	
MMC	 microstructure	 reported	 a	 homogenization	 of	
particle	 distribution	 after	 deformation,	 with	 respect	 to	
the	as‐cast	composite,	there	is	no	appreciable	differences	

in	the	degree	of	clustering	before	and	after	forging.		

These	 results	 are	 probably	 due	 both	 to	 the	 low	
deformation	 ratio	 (4.0:1)	 used	 in	 the	 present	 study,	 if	
compared	 with	 the	 typical	 extrusion	 ratio	 (>10:1)	 of	
other	papers	[20],	and	also	to	the	low	strain	rate	(0.1	s‐1)	

and	high	temperature	(500 )	adopted	during	forging.	

The	density	measurements	also	confirm	that	the	forging	
process	 did	 not	 induce	 an	 increase	 in	 the	 material	
porosity	but	it	made	it	possible	to	reduce	the	presence	of	
casting	 defects.	 The	 density	 of	 the	 forged	 Al6061/3%	
Al2O3	 composite,	 in	 fact,	 slightly	 increased	 from	2.6979	
to	2.717	g/cm3.	

Figure	6:	SEM	image	of	Forged	Al6061/	3%	Al2O3	
composite.	

	

Figure	7:	SEM	image	of	Forged	Al6061	alloy.	

	

In	 the	 liquid	 phase	 fabrication	 processes	 of	 the	 MMCs,	
the	clusters	are	often	induced	by	an	incomplete	wetting	
of	 the	 particles	 by	 the	 molten	 metal	 and	 from	 the	
dendrite	 formation	 during	 solidification,	 which	 pushes	
the	particles	at	the	solid/liquid	interfaces,	leaving	them,	
in	 the	 interdendritic	 regions,	 where	 cavity	 shrinkages	
are	 also	 present.	 In	 the	 as‐cast	 and	 forged	 composites,	
equiaxed	 grains	were	 present,	 but	 in	 as	 cast	 composite	
grain	size	is	more	as	Compare	to	forge.	This	reduction	in	
matrix	 grain	 size	 can	 be	 attributed	 to	 a	 dynamic	
recrystallization	process,	which	 is	 favoured	by	 the	high	
dislocation	 densities,	 induced,	 during	 plastic	
deformation,	by	the	presence	of	the	reinforcing	particles.	

5.	HARDNESS	

The	 hardness	 of	 as	 cast	 and	 forged	 Al6061	 alloy	 and	
composites	 in	 heat	 treated	 and	 unheat	 treated	
conditions	 were	 measured	 in	 B	 scale	 using	 Rockwell	
hardness	 testing	machine.	 Five	hardness	 readings	were	
taken,	and	average	values	were	reported.	Hardness	of	as	
cast	 unheat	 treated	 and	 heat	 treated	 Al6061	 alloy	 and	
Al6061	composite	with	varying	wt%	of	Al2O3	is	shown	in	
Table	 4	 and	 Table	 5	 respectively.	 Hardness	 value	 of	
unheat	treated	and	heat	treated	Al6061	alloy	and	Al6061	
composite	after	hot	forging	with	varying	wt%	of	Al2O3	is	
shown	in	Table	6	and	Table	7.	

Table‐4	Hardness	of	as	cast	unheat	treated	Al6061	
alloy	and	Al6061/Al2O3	composite	

Wt.%	 of	 nano	 0 1	 2 3
HRB 31 33	 34.8 37

Table‐	5	Hardness	(HRB)	of	as	cast	heat	treated	
Al6061	alloy	and	Al6061/Al2O3	composite	at	

different	ageing	durations	
Wt.%	of	nano	Al2O3 0	hr.	 2	hr.	 4	hr. 6	hr. 8	hr.

(	Al6061	Alloy)0% 32.5	 36.1	 39.9 42.1 41.5

1 34.7	 39.2	 44.3 47.2 46.5

2 36.8	 40.5	 45.3 48.6 48.1

3 39.2	 44.8	 48.2 51.8 51
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Table‐6:	Hardness	of	forged,	heat	treated	Al6061	
alloy	and	Al6061/Al2O3	composite	at	different	

ageing	durations	
Wt.%	of	nano	 0	 2	 4	 6	 8	

(	Al6061	Alloy)0%	 40	 46 49	 52.6 51.1
1	 44	 50 54.2	 56.5 55.9
2	 46.7	 53.6 58	 60.1 59.2
3	 48.5	 56.8 60.4	 65.2 64

Table	‐7:	Hardness	of	forged	unheat	treated	Al6061	
alloy	and	Al6061/Al2O3	composite	

Wt.%	 of	 0	 1 2	 3
HRB	 32.5	 35.3	 36.8	 39
	

6.	CONCLUSION	

We	are	founded	following	conclusions:	
1. Aluminium	 matrix	 nano	 composites	 have	 been	

successfully	 fabricated	 with	 fairly	 uniform	
distribution	of	nano	Al2O3	particles.	
	

2. Hot	 forging	does	not	 induce	damage	on	composites	
and	reduces	the	porosity	with	respect	to	the	as‐cast	
composite	 if	a	 low	deformation	ratio,	 relatively	 low	
strain	rate	and	high	temperature	are	adopted	during	
the	 process.	 There	 is	 no	 change	 in	 reinforcement	
particle	 size	 &	 distribution	 and	 no	 appreciable	
differences	 in	 the	 degree	 of	 clustering	 before	 and	
after	forging.	
	

3. Microstructural	 studies	 on	 Al6061/nano	 Al2O3	
composite	 clearly	 reveal	 uniform	 distribution	 of	
alumina	 particles	 in	 both	 as	 cast	 and	 hot	 forged	
conditions	with	 excellent	 bond	 between	 the	matrix	
and	the	reinforcement.	
	

4. The	 hardness	 of	 cast	 and	 hot	 forged	Al6061/	 nano	
Al2O3	 composites	 increases	with	 increase	 in	weight	
percent	of	Al2O3	in	the	matrix	alloy.	Forged	alloy	and	
composite	 show	 more	 hardness	 then	 cast	 one.	
Increase	 in	 ageing	 time,	 increases	 the	 hardness	 of	
both	matrix	and	composites	 studied.	Of	all	 the	heat	
treated	 studied,	 6hrs	 aged	 specimen	 exhibits	
maximum	hardness.		
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