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ABSTRACT 
The	 vehicles	 industry	 is	 facing	 increasing	 demands	 for	 fuel	 efficiency	 and	 cost	
reduction	due	 to	 environmental	 legislation,	 sustainability	 and	 customer	demands.	
Therefore,	there	is	a	great	need	to	develop	and	produce	lightweight	components	by	
using	 materials	 and	 processes	 that	 offer	 higher	 specific	 strength	 and/or	 design	
optimization.	Semi‐solid	aluminium	casting	offers	design	freedom	and	castings	with	
lower	shrinkage	and	gas	entrapment	defects	compared	to	high	pressure	die	castings.	
The	lack	of	understanding	of	microstructure	and	defect	formation,	and	design	data,	
for	semi‐solid	castings	is	a	barrier	for	foundries	and	designers	in	the	vehicles	industry	
to	use	semi‐solid	castings.		

In	 this	 study,	 the	 effect	 of	 two	 grain	 refiners	 on	 slurry	 formation	 and	 surface	
segregation	of	semi‐solid	Al‐7Si‐0.3Mg	castings	produced	by	the	Rheometal™	process	
was	evaluated.	The	influence	of	grain	refinement	on	primary	α‐Al	grain	size,	shape	
factor	and	solid	fraction	was	analysed	in	addition	to	the	solute	content	of	the	surface	
segregation	layer.		

The	 influence	 of	 magnesium	 on	 the	 formation	 of	 intermetallic	 phases	 during	
solidification	and	the	heat	treatment	response	of	Al‐7Si‐Mg	semi‐solid	castings	was	
investigated.	The	magnesium	content	was	varied	from	0.3	to	0.6wt.%	and	the	semi‐
solid	 castings	 were	 analysed	 in	 the	 T5	 and	 T6	 conditions.	 Energy	 dispersive	
spectroscopy	 was	 used	 to	 identify	 the	 intermetallic	 phases	 formed	 during	
solidification.	Tensile	testing	was	performed	and	the	results	were	correlated	to	the	
magnesium	and	silicon	concentration	measured	in	the	interior	of	the	α‐Al	globules	
formed	during	slurry	preparation.	

The	 results	 suggest	 that	 the	 addition	 of	 grain	 refiner	 decreases	 the	 solid	 fraction	
obtained	in	the	Rheometal™	process.	However,	no	significant	effect	was	observed	on	
the	α‐Al	grain	size	and	shape	factor.		

A	 good	 correlation	 was	 obtained	 between	 the	 magnesium	 concentration	 in	 the	
interior	of	 the	α‐Al	globules	 formed	during	slurry	preparation	and	the	offset	yield	
strength	for	all	alloys.	The	low	magnesium	solubility	in	α‐Al	at	temperatures	in	the	
solidification	range	of	the	Al‐7Si‐Mg	alloys	is	suggested	to	be	the	reason	for	the	low	
hardening	response	for	the	T5	heat	treatment	compared	to	the	T6	condition.	

		

Keywords:	 Rheometal™	 process;	 semi‐solid	 casting;	 aluminium	 alloys;	 grain	
refinement;	 segregation;	 intermetallic	 phases;	 heat	 treatment;	 mechanical	
properties.	
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CHAPTER 1  
 

INTRODUCTION 
 

CHAPTER INTRODUCTION 

In	this	chapter	the	subject	area	is	introduced	and	its	relation	its	relation	to	increased	
requirements	of	sustainable	solutions	in	transport.	

1.1 BACKGROUND 

The	viscosity	of	a	metal	in	the	semi‐solid	range	is	shear	rate	and	time	dependent	[1–
3].	When	a	partially	solidified	metal	with	non‐dendritic	crystals	is	sheared	after	being	
stand	for	a	while,	the	viscosity	decreases	with	time	until	reach	the	new	steady‐state	
point.	However,	if	it	is	allowed	to	stand	after	being	sheared,	the	viscosity	increases	
[4].	The	discovered	of	the	thixotropic	behaviour	of	semi‐solid	metal	alloys	started	the	
development	of	Semi‐Solid	Metal	 (SSM)	casting	[1].	 In	 the	SSM	casting,	a	so‐called	
slurry,	globular	crystals	dispersed	in	the	liquid,	is	injected	into	a	die‐cavity	to	produce	
castings.	This	process	has	advantages	 in	comparison	 to	High	Pressure	Die	Casting	
(HPDC)	 such	 as	 less	 gas	 entrapment	 and	 shrinkage	 porosity	 related	 defects	 [4].	
Therefore,	 the	 occurrence	 of	 blistering	 during	 T6	 heat	 treatment	 or	 welding	 is	
reduced	for	SSM	castings	in	comparison	to	HPDC	[5].	

The	 reduction	 of	 vehicle	 emissions	 has	 received	 increased	 attraction	 for	 the	
improvement	 of	 the	 Earth	 sustainability.	 European	 Union	 legislation	 has	 already	
targeted	the	emissions	of	vehicles	for	2020	[6].	Therefore,	the	reduction	of	vehicles	
weight	with	the	introduction	of	lightweight	components	is	one	possible	solution.	In	a	
life	 cycle	 assessment	 perspective,	 there	 is	 environmental	 benefits	 of	 using		
lightweight	aluminium	castings	in	commercial	vehicles	[6].		

Al‐7Si‐0.3Mg	SSM	castings	are	used	for	heavy‐duty	truck	structural	applications	with	
cost	 savings	 compared	 to	 gravity	 and	 low	 pressure	 die	 casting	 processes	 [7].	
Additionally,	 aluminium	 SSM	 castings	 replace	 spheroidal	 cast	 iron	 with	 weight	
reduction	[7].	The	ability	to	produce	reliable	thick‐wall	castings	that	can	undergo	T5	
or	T6	heat	treatments	may	be	required	for	structural	applications.	Additionally,	such	
applications	experience	 fatigue	 in	service	and	the	control	of	microstructure	(grain	
size,	 intermetallic	phases,	 eutectic	 silicon),	 and	defect	 formation,	becomes	 critical.	
Therefore,	 the	 understanding	 of	 the	 microstructure,	 defect	 formation	 and	 the	
response	of	SSM	castings	to	heat	treatment	is	essential	to	design	SSM	castings	for	high	
demanding	structural	applications.	
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1.2 ALUMINIUM ALLOYS 
 Al-7Si-Mg cast alloys 

Al‐7Si‐Mg	 cast	 alloys	 have	 good	 castability,	 corrosion	 resistance	 and	 high	 specific	
strength	 [8–11].	 Magnesium	 is	 added	 to	 increase	 the	 hardening	 response	 during	
artificial	aging	[12–14].	These	alloys	generally	contain	iron	as	impurity	that	during	
solidification	can	form	together	with	other	chemical	elements	intermetallic	phases	
that	can	be	detrimental	to	the	mechanical	properties	[15].	The	most	common	iron‐
rich	 intermetallic	 phases	 formed	 during	 solidification	 of	 Al‐7Si‐Mg	 alloys	 are	 β‐
Al5FeSi	 and	 π–Al8FeMg3Si6	 [14,16].	 The	 analysis	 of	 the	 phases	 formed	 during	
solidification	of	these	alloys	generally	requires	the	usage	of	the	quaternary	Al‐Fe‐Mg‐
Si	phase	diagram	[17].		

Figure	1	 shows	 the	polythermal	vertical	 section	of	 the	Al‐Fe‐Mg‐Si	phase	diagram	
calculated	using	ThermoCalc™.	Within	the	composition	range	of	the	most	common	
alloys,	A356	and	A357,	the	variation	of	silicon	content	does	not	change	the	phases	
formed	during	solidification	[17].	Thereby,	a	constant	silicon	concentration,	as	shown	
in	Figure	1,	can	be	used	to	analyse	the	phases	formed	during	solidification	in	these	
alloys	[17].				

	

	
Figure	1:	Polythermal	vertical	section	of	the	Al‐7Si‐Mg‐0.14Fe	phase	diagram.	β	–	Al5FeSi	and	π	–	

Al8FeMg3Si6	[18].	

	

Typically,	 π‐Al8FeMg3Si6	 and	 Mg2Si	 Chinese	 script	 phases	 are	 both	 obtained	 in	
addition	to	the	β‐	Al5FeSi	platelets	in	Al‐7Si‐Mg	cast	alloys	[8,19,20].	The	peritectic	
reaction		that	results	in	the	formation	of	the	π‐Al8FeMg3Si6	phase	occurs	due	to	non‐
equilibrium	solidification	in	Al‐7Si‐Mg	alloys	up	to	0.6wt.%	magnesium	[17].		

The	typical	solidification	sequence	of	Al‐7Si‐Mg	cast	alloys	is	described	by	Wang	and	
Davidson	 [8]	and	Bäckerud	et	 al.	 [21]	as	 follows;	 the	 solidification	starts	with	 the	
primary	α‐Al	 formation	 followed	 by	 the	 binary	α‐Al	 +	 Si	 and	 ternary	 Al	 +	 Si	 +	 β	
eutectics;	subsequently,	 the	peritectic	reaction	L	+	β		Al	+	Si	+	π	occurs	and	the	
solidification	ends	with	the	ternary	Al	+	Si	+	Mg2Si	followed	by	the	quaternary	Al	+	Si	
+	Mg2Si	+	π	eutectic	formations.	The	increase	of	both	iron	and	magnesium	contents	
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in	the	Al‐7Si‐Mg	alloys	increase	the	amount	of	π‐Al8FeMg3Si6	phase	formed	during	
solidification	[16].		

Samuel	 et	 al.	 [22]	 reported	 that	 the	 strontium	 addition	 can	 result	 in	 a	 significant	
reduction	 of	 the	 β‐	 Al5FeSi	 phase	 fraction	 obtained	 in	 Al‐6Si‐3.5Cu‐Fe	 alloys.	
Additionally,	strontium	decrease	the	precipitation	temperature	of	β‐	Al5FeSi	phase	in	
Al‐Si	alloys	[23].	Liu	et	al.	[24]	found	that	strontium	have	a	poisining	effect	on	the	β‐
Al5FeSi	 phase	nucleation	 sites	which	 results	 in	 a	decrease	of	 number	of	 β‐Al5FeSi	
phase	formed.	The	cooling	rate	can	also	influence	the	type	and	size	of	intermetallic	
phases	formed	during	solidification	[25].		

 Grain refinement 

Smaller	and	more	globular	crystals	formed	during	solidification	of	aluminium	alloys	
enhance	 feeding,	 promote	 a	 finer	 and	more	 uniform	 distribution	 of	 intermetallic	
phases	and	porosity	and	uniformity	of	mechanical	properties	[26–28].	Inoculation	of	
aluminium	alloys	 is	 the	most	common	method	to	promote	the	 formation	of	a	 fine,	
equiaxed	microstructure	[27].		

Al‐Ti‐B	master	alloys	are	the	most	common	grain	refiners	used	in	aluminium	alloys	
[29].	For	cast	Al‐Si	alloys,	typically	with	silicon	concentrations	greater	than	3	wt.%,	
such	as	Al‐7Si‐Mg	alloys,	the	silicon	poisoning	can	occur,	reducing	the	efficiency	of	
the	Al‐Ti‐B	grain	refiner	[30,31].	The	Al‐B	type	grain	refiners	showed	better	grain	
refinement	efficiency	for	Al‐Si	alloys	with	silicon	concentration	greater	than	4wt.%	
in	comparison	to	Al‐Ti‐B	grain	refiners	[29].	Combined	additions	of	strontium	and	
boron‐rich	master	 alloys	 can	 result	 in	 the	 formation	of	 SrB6	particles	 [32,33]	 and	
decrease	of	grain	refinement	efficiency	of	Al‐B	grain	refiners	[32].					

Vigorous	 stirring	 or	 agitation	 of	 the	 melt	 while	 being	 cooled	 is	 typical	 in	 SSM	
processes	to	produce	slurries	with	non‐dendritic	crystals	 [34–37].	Yang	et	al.	 [38]	
reported	a	loss	of	the	grain	refinement	efficiency	of	the	Al‐5Ti‐B	grain	refiner	in	an	
electromagnetic	stirred	A356	alloy.	The	New	Rheocasting	(NRC)	is	a	SSM	process	in	
which	a	superheated	alloy	is	poured	into	a	chill	cup	to	generate	a	copious	nucleation	
of	crystals	[39].		Easton	et	al.	[39]	found	that	the	grain	refinement	effect	of	Al‐5Ti‐1B	
decreases	as	the	pouring	temperature	is	reduced	in	the	NRC	process.		

1.3 SEMI-SOLID CASTING 

SSM	casting	processes	are	divided	in	two	main	routes,	thixocasting	and	rheocasting	
[40].	In	the	thixocasting	process	a	solid	billet	with	a	non‐dendritic	microstructure	is	
heated	to	a	semi‐solid	temperature	and	injected	into	the	die‐cavity.	In	the	rheocasting	
process	the	liquid	alloy	is	cooled	while	being	sheared	to	produce	a	certain	fraction	of	
non‐dendritic	crystals	dispersed	in	the	liquid.	Subsequently,	the	mixture	is	injected	
into	the	die‐cavity	[4].	The	main	advantages	of	rheocasting	are	that	traditional	die	
casting	alloys	and	the	scrap	produced	in‐house	can	be	used	in	the	process	[40].		

There	are	several	rheocasting	processes	developed	to	produce	SSM	castings	such	as	
Semi‐Solid	Rheocasting	(SSR™)	[34],	RheoMetal™	[36]			Gas‐Induced	Semi‐Solid	(GISS)	
[35],	 NRC	 [39],	 Swirled	 Enthalpy	 Exchange	Device	 (SEED)	 [37]	 and	 cooling	 slope	
method	[41].	The	Rheometal™	process	is	a	very	effective	process	that	produces	high	
solid	fraction	slurries	in	short	times	[36].				
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 RheoMetal™ process 

In	the	RheoMetal™	process	a	solid	alloy	block	is	immersed	into	a	superheated	alloy	
while	being	stirred.	The	solid	alloy	bock	 is	at	 lower	 temperature	compared	 to	 the	
superheated	liquid	before	immersion.	After	immersion,	an	enthalpy	exchange	occurs	
between	the	 liquid	and	the	rotating	solid	alloy	block,	so‐called	Enthalpy	Exchange	
Material	(EEM).	In	the	end	of	the	process	a	slurry	with	a	certain	solid	fraction	and	
enthalpy	is	formed	[42].	Subsequently,	the	slurry	is	poured	into	the	shot	sleeve	and	
injected	into	the	die	cavity	[43].	Figure	2	shows	the	steps	sequence	of	the	RheoMetal™	
process.		
 

 
Figure	2:	The	RheoMetal™	process;	1)	Alloy	is	collected	from	the	furnace,	2)	cast	EEM	3)	EEM	is	
immersed	into	the	superheated	alloy	while	being	stirred	and	4)	the	slurry	is	poured	into	the	shot	

sleeve	and	injected	in	the	die‐cavity	[43].	

 

The	 most	 critical	 process	 parameters	 in	 the	 Rheometal™	 process	 are	 the	 alloy	
composition,	 liquid	 superheat,	 EEM	 stirring	 rate,	 EEM	 wt.%	 addition,	 EEM	
temperature	 and	 EEM	 microstructure	 [9,44].	 Payandeh	 et	 al.	 [42,44]	 found	 that	
columnar	α‐Al	dendrites	grow	on	the	EEM	surface	when	is	immersed	into	the	liquid	
while	being	stirred,	denoted	freeze‐on	layer.		

 Microstructure 

Hitchcock	et	al.	 [45]	 identified	 three	different	primary	α‐Al	populations	 formed	 in	
SSM	casting,	shown	in	Figure	4	a).	These	α‐Al	populations	are	distinguished	by	their	
size	and	shape.	The	large	α‐Al	globules,	identified	as	α1,	are	formed	during	the	slurry	
preparation	process	under	intensive	shear	forces.	Subsequently,	the	slurry	is	poured	
into	the	relatively	cold	shot	sleeve,	where	the	smaller	and	dendritic	α‐Al	identified	as	
α2	can	form.	In	the	die	cavity,	solidification	occurs	with	the	growth	of	α1	and	α2‐Al	
crystals,	 nucleation	 and	 growth	 of	 in‐cavity	 solidified	 crystals	 and	 ends	 with	 the	
eutectic	formation.	The	fine	and	globular	in‐cavity	solidified	α‐Al	are	identified	as	α3	
in	Figure	4	a).		
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Figure	3:	Microstructure	obtained	in	an	A357	rheocasting	[45].	

	

Payandeh	et	al.	[43]	measured	the	silicon	concentration	in	the	interior	of	the	α1‐Al	
globules	of	quenched	slurries	for	alloys	with	different	silicon	contents.	The	results	
showed	that	the	silicon	concentration	in	the	interior	of	the	α1‐Al	was	very	uniform	
for	all	alloys,	as	shown	in	Figure	4.	In	the	same	work	similar	results	were	obtained	
for	the	α1‐Al	in	the	SSM	castings.					

	

 
Figure	4:	Silicon	concentration	profile	over	the	diameter	of	the	α1‐Al	globules	of	Rheometal™	

quenched	slurries	for	different	alloys	[43].		

 

 Segregation 

Surface	segregation	is	a	common	feature	of	SSM	castings	[46]	which	involves	a	region	
at	the	casting	surface,	with	a	distinct	microstructure	and	solute	content	compared	to	
the	 centre	 of	 the	 casting	 [47].	 This	 surface	 segregation	 strongly	 contributes	 to	
heterogeneous	 properties	 along	 the	 cross	 section	 of	 the	 casting	 [47].	 Figure	 5	 a)	
shows	the	microstructure	of	an	A357	SSM	casting	where	the	region	near	the	casting	
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surface	 have	 a	 distinct	 microstructure	 compared	 to	 the	 centre,	 so‐called	 surface	
segregation.		

Dilatant	shear	bands	can	form	in	solidifying	metals	when	sheared	within	a	range	of	
solid	fractions	[48].	Previous	works	proposed	that	the	shear	bands	observed	in	HPDC	
[48,49]	and	SSM	casting	[50]	result	from	localized	deformation	within	the	partially	
solidified	material.	These	dilatant	shear	bands	can	take	the	form	of	porosity	bands	or	
positive	macrosegregation	when	the	shrinkage	is	adequately	compensated	[48,51].	
Figure	5	b)	shows	a	typical	shear	band	in	a	low	silicon	SSM	casting	produced	by	the	
Rheometal™	process.			
 

  
Figure	5:	Micrographs	obtained	from	SSM	castings	showing;	a)	Surface	segregation	[52]	and	b)	shear	

band	[50].	The	dashed	line	shows	the	die	wall	position	during	casting.	

 

 Heat Treatment 

The	effectiveness	of	the	T5	and	T6	heat	treatments	is	strongly	affected	by	the	level	of	
magnesium	supersaturation	of	the	primary	α‐Al	at	the	artificial	aging	temperature	
for	 Al‐7Si‐Mg	 alloys	 [53].	 Increasing	 the	 supersaturation	 of	 magnesium	 in	 α‐Al	
promotes	 the	 formation	 of	 a	 larger	 amount	 of	 metastable	 and	 coherent	 β´´	
precipitates	 and	 increases	 the	 hardening	 response	 of	 the	 Al‐7Si‐Mg	 alloys	 during	
aging	[53].		

In	the	T6	heat	treatment,	a	solution	treatment	is	applied	to	homogenise	the	primary	
α‐Al,	dissolve	the	Mg2Si	phase	and	reduce	the	fraction	of	π‐Al8FeMg3Si6	phase	which	
transforms	to	β‐Al5FeSi,	releasing	magnesium	into	solution	[14,54].	Möller	et	al.	[53]	
studied	 the	 T6	 heat	 treatment	 response	 of	 semi‐solid	 processed	 A356	 and	 F357	
aluminium	alloys.	The	results	showed	that	for	magnesium	levels	above	0.4wt.%,	the	
π‐Al8FeMg3Si6	 phase	 is	 just	 partially	 transformed	 into	 	magnesium‐free	 β‐Al5FeSi	
phase	 during	 solution	 treatment	 at	 540°C	 [16].	 This	 incomplete	 transformation	
reduces	the	maximum	amount	of	magnesium	that	could	be	dissolved	into	α‐Al	and	
consequently	reduced	the	achievable	strength	[14,55].	Similar	results	were	reported	
in	other	studies	for	conventional	casting	processes	[8,10].	

The	time	at	which	the	alloy	remains	in	the	semi‐solid	state	is	longer	for	SSM	casting	
in	comparison	to	conventional	HPDC	[13].	Therefore,	the	concentration	of	solute	in	
the	interior	of	the	primary	α‐Al	is	more	uniform	in	SSM	castings	compared	to	HPDC	
castings.	This	characteristic	can	result	in	shorter	solution	treatment	times	for	the	T6	
heat	treatment	in	SSM	castings	[13].	

b) a) 
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The	T5	heat	treatment	is	less	expensive	and	distortion	and	blistering	are	prevented	
compared	to	T6	heat	treatment	[7,13].	However,	the	strength	obtained	for	castings	
after	T5	heat	treatment	is	generally	significantly	lower	compared	to	castings	after	T6	
heat	treatment	[56,57].	

1.4 KNOWLEDGE GAP 

From	 the	 literature	 review,	 most	 of	 the	 existing	 knowledge	 of	 grain	 refinement,	
segregation	and	heat	treatment	response	is	mainly	related	to	other	casting	processes,	
such	as	HPDC.	However,	SSM	castings	start	to	be	used	in	applications	where	HPDC	
castings	are	not	typically	used,	such	as	thick‐wall	castings.	Therefore,	there	is	a	great	
need	 for	 a	 better	 understanding	 of	 SSM	 castings	microstructure,	 segregation	 and	
defect	formation.	Additionally,	mechanical	properties	data	obtained	for	different	heat	
treatments	conditions	is	relevant	for	industry	to	design	SSM	castings.				

The	formation	of	globular	and	smaller	crystals	during	slurry	preparation	can	improve	
feeding,	promotes	a	more	uniform	dispersion	of	porosity	and	 intermetallic	phases	
and	increase	of	fatigue	resistance	[58,59].	The	effect	of	stirring	on	grain	refinement	
effectiveness	is	still	not	clear	from	literature.	Therefore,	the	effect	of	grain	refinement	
on	α1‐Al	crystals	formed	during	slurry	preparation	and	on	the	final	microstructure	is	
studied	in	this	work.	

Several	 studies	 are	 found	 regarding	 the	 effect	 of	 magnesium	 on	 heat	 treatment	
response,	 however,	 most	 of	 them	 focus	 on	 the	 T6	 heat	 treatment.	 The	 T5	 heat	
treatment	 is	 less	 expensive	 and	 blistering	 is	 prevented	 compared	 to	 the	 T6	 heat	
treatment.	 Therefore,	 the	 effect	 of	 magnesium	 on	 T5	 heat	 treatment	 response	 is	
relevant	to	increase	the	hardening	response	during	artificial	aging.		
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CHAPTER 2  

RESEARCH APPROACH  
 

CHAPTER INTRODUCTION 

This	 chapter	 introduces	 the	 purpose	 and	 aim	 of	 the	 study	 and	 describes	 the	
experimental	procedure.	

2.1 PURPOSE AND AIM 

The	purpose	of	 this	work	 is	 to	 analyse	 the	 effect	 of	 grain	 refinement,	magnesium	
content	and	heat	treatment	on	microstructure	and	mechanical	properties	of	Al‐7Si‐
Mg	semi‐solid	castings.		

The	aim	is	 to	 increase	the	knowledge	on	slurry	and	microstructure	 formation	and	
heat	treatment	response	of	SSM	castings.	 

2.2 RESEARCH DESIGN 

 Research perspective 

In	 this	 work,	 independent	 variables	 are	 intended	 to	 be	 manipulated	 to	 study	 a	
response.	Therefore,	experimental	design	method	is	the	most	suitable	for	this	study.		

The	 research	 topic	 was	 identified	 considering	 industrial	 needs.	 Subsequently,	
literature	review	reveals	the	knowledge	gaps	within	the	topic	and	research	questions	
were	 formulated.	 A	 series	 of	 experiments	 based	 in	 the	 research	 questions	 were	
designed	 and	 executed.	 Through	 data	 collection	 and	 analysis,	 conclusions	 can	 be	
stated.	

 Research questions 

The	 current	 study	 pretends	 to	 improve	 the	 existing	 knowledge	 on	 slurry	 and	
microstructure	formation	and	mechanical	properties	of	SSM	castings.	Consequently,	
this	study	tries	to	answer	the	following	research	questions:		

	

1. What	 is	 the	 influence	 of	 grain	 refinement	 on	 α1‐Al	 globules	 formed	during	
Rheometal™	slurry	preparation	process?	(Supplement	I)	

The	grain	refinement	 is	a	common	practice	of	 the	 foundries	 in	aluminium	casting.	
However,	 few	 studies	 are	 found	 relative	 to	 the	 effect	 of	 grain	 refinement	 in	 SSM	
casting.	

		

2. What	 is	 the	 effect	 of	 magnesium	 and	 heat	 treatment	 on	 the	 mechanical	
properties	of	Al‐7Si‐Mg	semi‐solid	castings?	(Supplement	II)	
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The	relation	of	magnesium	solubility	in	α1‐Al	phase	with	the	effectiveness	of	the	T5	
and	T6	heat	treatments	response	is	intended	to	be	clarified.	

	

3. What	is	the	effect	of	the	die	temperature	and	wt.%	EEM	addition	on	the	defect	
formation	of	thick‐walled	Al‐7Si‐Mg	semi‐solid	castings?	(Supplement	III)	

The	 influence	of	 the	different	parameters	of	 the	SSM	casting	process	 in	 the	defect	
formation	is	addressed	in	this	question.		

 Overview of the study 

Experiments	 were	 designed	 and	 executed	 to	 address	 the	 research	 questions.	
Therefore,	the	work	was	divided	in	three	stages	listed	below:	

	

 The	 influence	of	 grain	 refinement	on	 the	α1‐Al	 grain	 size,	 shape	 factor	 and	
solid	fraction	was	studied	in	Supplement	I.	Additionally	the	solute	content	of	
the	surface	segregation	layer	was	analysed.	

	

 The	 effect	 of	 magnesium	 on	 the	 formation	 of	 intermetallics	 and	 the	 heat	
treatment	 response	 was	 evaluated	 in	 Supplement	 II.	 Identification	 of	 the	
intermetallic	 phases	 formed	 during	 solidification	 and	 the	 mechanical	
properties	were	correlated	to	the	magnesium	and	silicon	concentration	in	the	
interior	of	the	α1‐Al.	

	

 In	Supplement	III	the	effect	of	the	die	temperature	and	EEM	wt.%	addition	on	
segregation	 bands	 and	 defects	 formation	 of	 aluminium	 SSM	 castings	 was	
investigated.		

2.3 MATERIALS AND EXPERIMENTAL PROCEDURE 

 Alloys 

Pre‐modified	 commercial	 base	 alloys	 ingots	 from	 Salzburger	 Aluminium	 Group	
(SAG),	Al‐7Si‐0.3Mg	and	Al‐7Si‐0.45Mg	were	used	in	this	work.	To	produce	an	Al‐7Si‐
0.6Mg	alloy,	pure	magnesium	was	added	to	the	Al‐7Si‐0.45Mg	to	obtain	the	intended	
magnesium	content	in	the	alloy	after	melting.		

A	Hindenlang	SLEPM	electrical	resistance	 furnace	was	used	for	melting	the	alloys.	
The	 chemical	 composition	 of	 the	 alloys	 was	 measured	 by	 an	 optical	 emission	
spectroscopy	Spectromaxx	LMX06.	Samples	of	the	liquid	alloy	were	collected	from	
the	 furnace	and	quenched	 in	a	steel	mould	 to	produce	discs	 for	chemical	analysis.	
Before	the	first	measurement,	chemical	analysis	on	standard	samples	with	a	known	
composition	was	 conducted.	 At	 least	 five	measurements	were	 performed	 in	 each	
sample.		
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The	compositions	range	of	the	Al‐7Si‐0.3Mg	alloy	used	in	this	study	is	shown	in	Table	
1.	For	the	alloys	Al‐7Si‐0.45Mg	and	Al‐7Si‐0.6Mg	a	single	melt	was	produced	and	the	
average	composition	in	shown	in	Table	1.		

	
Table	1:	Chemical	composition	measured	of	the	Al‐7Si‐Mg	alloys	used	to	produce	the	SSM	castings.	

Compositions	in	wt.%.		

Alloys		 Si	 Fe	 Cu	 Mg	 Ti	 Al	

Al‐7Si‐0.3Mg	 6.85‐7.10	 0.11‐0.16	 0.011‐0.072	 0.26‐0.35	 0.07‐0.15	 Bal.	

Al‐7Si‐0.45Mg	 7.24	 0.11	 0.021	 0.47	 0.11	 Bal.	

Al‐7Si‐0.6Mg	 6.94	 0.12	 0.014	 0.59	 0.11	 Bal.	
 

To	study	the	effect	of	grain	refinement	in	SSM	casting,	Al‐7Si‐0.3Mg	alloy	melts	were	
prepared,	one	with	the	base	alloy,	one	with	the	addition	of	0.15wt.%	of	Al‐8B	tablet	
and	another	with	the	addition	of	0.20wt.%	of	Al‐5Ti‐1B	master	alloy	rod.	The	master	
alloy	 rod	 and	 tablet	 were	 wrapped	 in	 aluminium	 foil,	 preheated	 to	 200°C	 and	
immersed	 into	 the	 liquid	 held	 at	 700±10°C.	 15min	 after	 addition,	 the	 liquid	 was	
stirred	for	homogenization.	

 Semi-Solid Casting 

The	 Rheometal™	 [9]	 process	 was	 used	 to	 produce	 semi‐solid	 castings	 from	 the	
different	alloys	 in	Table	1.	For	the	slurry	preparation,	Enthalpy	Exchange	Material	
(EEM)	was	cast	 from	the	alloys	 in	a	copper	die	with	a	40mm	diameter	cylindrical	
cavity	and	internal	water	cooling	channels.	A	12mm	diameter	stainless	steel	rod	was	
inserted	along	the	copper	die	cavity	centre	line	to	be	cast	in	the	EEM	interior.	After	
casting,	EEM	excess	was	cut	off	to	ensure	an	addition	of	7%	of	the	total	shot	weight.	
The	 rod	 and	EEM,	 preheated	 to	 200°C,	were	 inserted	 into	 a	 stirring	 device	 a	 few	
seconds	 before	 immersion	 into	 the	 liquid.	 Around	 1.3kg	 of	 superheated	 liquid	
aluminium	 alloy	was	 ladled	 from	 the	 furnace.	 As	 the	 temperature	 reached	 650°C	
(~35°C	superheat),	the	preheated	EEM	was	immersed	into	the	liquid	while	rotating	
at	 850rpm.	 When	 the	 turbulence	 on	 the	 surface	 stopped,	 the	 slurry	 preparation	
process	 was	 assumed	 to	 be	 complete.	 The	 time	 for	 slurry	 preparation	 was	
approximately	18s.		

The	prepared	slurry,	primary	α1‐Al	crystals	surrounded	by	liquid,	was	poured	into	
the	shot	sleeve	of	a	50	tonne	Vertical	High	Pressure	Die	Casting	(VHPDC)	machine	to	
produce	 the	 casting	 as	 shown	 in	 Figure	 6	 a).	 The	machine	 parameters	were	 kept	
constant	 in	 all	 experiments	 with	 the	 plunger	 advance	 speed	 of	 ~0.3m/s	 and	 an	
intensification	pressure	of	160bar.	The	die	temperature	was	controlled	by	internal	
oil	 circulation	 set	 at	 175°C,	 using	 a	 PolyTemp	 HTF	 300	 heater.	 To	 maintain	
reproducible	thermal	conditions	in	the	shot	sleeve	and	die	cavity,	a	first	set	of	shots	
were	performed	before	experiments	started,	to	warm	up	the	assembly.	The	relevant	
dimensions	 of	 the	 cast	 tensile	 bar	 are	 shown	 in	 Figure	 6	 b).	 This	 procedure	was	
followed	to	produce	the	SSM	castings	for	Supplements	I	and	II. 	
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Figure	6:	a)	Casting	shape	and	b)	cast	tensile	bar	dimensions	in	mm. 	

	

In	supplement	III,	semi‐solid	castings,	as	shown	in	Figure	6	a),	were	produced	with	
EEM	 additions	 of	 6,	 7,	 8	 and	 9wt.%.	 For	 the	 different	 EEM	 additions,	 the	 die	
temperature	was	 changed	 by	 set	 175	 and	 240°C	 for	 the	 oil	 that	 circulates	 in	 the	
internal	 cooling	 channels	 of	 the	die.	 For	 each	 condition,	 the	plunger	 advance	 that	
forces	the	slurry	into	the	die‐cavity	was	stopped	at	three	different	positions.	The	goal	
was	 to	 study	 the	 die‐cavity	 filling	 behaviour	 under	 the	 different	 conditions.	 The	
plunger	positions	were	controlled	by	three	12mm	diameter	steel	rods	fixed	to	the	
plunger	base,	as	shown	in	Figure	7.	When	the	plunger	advances	to	inject	the	slurry	
into	the	die‐cavity,	the	rods	follow	the	movement	until	their	top	hits	the	shot	sleeve	
base.	At	this	moment	the	movement	is	stopped,	and	the	plunger	position	is	preserved.	
Three	different	 rod	 lengths	were	used	 to	 stop	 the	 filling	 front	at	different	 lengths	
inside	the	die‐cavity.		

	

	
Figure	7:	Illustration	of	the	simplified	VHPDC	injection	system.	The	white	arrow	shows	the	plunger	

movement	direction.	

 

 Heat treatment 

Heat	treatments	were	applied	to	aluminium	SSM	castings	to	study	their	effect	in	the	
microstructure	and	mechanical	properties	in	Supplement	II.	The	T6	heat	treatment	
consisted	 in	 a	 solution	 treatment	 using	 a	 Nabertherm	 L40/11	 muffle	 furnace	
followed	by	quenching	in	water	at	room	temperature.	Within	a	period	of	24h	after	
quenching,	the	tensile	bars	were	artificial	aged	using	a	Nabertherm	TR‐120	oven	with	
air	circulation	followed	by	cooling	in	still	air.	The	artificial	aging	treatment	started	
within	a	period	of	24h	after	casting	for	the	case	of	T5	heat	treatments.		

Shot Sleeve Base 

Plunger base 

Steel rods 

P
lu

ng
er

 

a) b) 



Al-7Si-Mg Semi-Solid Castings – Microstructure and Mechanical Properties 
 

13 
 

The	temperatures	and	holding	times	used	for	the	heat	treatments	 for	each	casting	
condition	are	shown	in	Table	2.	The	holding	time	in	this	work	is	the	time	that	the	
tensile	 bars	 were	 kept	 at	 the	 solution	 and	 artificial	 aging	 temperatures.	 The	
temperatures	and	 times	used	 for	 the	heat	 treatments	 in	 this	work	are	based	on	a	
previous	heat	treatment	optimisation	study.	

	
Table	2:	Heat	treatment	temperatures	and	holding	times	used	for	the	different	Al‐7Si‐Mg	alloys.	

Alloy	 Condition	 Designation	 Heat	Treatment	

Al‐7Si‐0.3Mg	 T5	 0.3Mg	–	T5		
175°C/4.5h	

Al‐7Si.0.45Mg	 T5	 0.45Mg	‐	T5	

Al‐7Si‐0.6Mg	 T5	 0.6Mg	–	T5	 180°C/4.5h	

Al‐7Si‐0.3Mg	 T6	 0.3Mg	–	T6	
510°C/4h	+	190°C/2h	

Al-7Si-0.45Mg T6 0.45Mg – T6 

	

2.4 CHARACTERISATION  
 Optical Microscopy 

The	 cast	 tensile	 test	 bars	 were	 sectioned	 longitudinally	 along	 its	 midplane	 and	
studied	 by	 metallography,	 as	 shown	 in	 Figure	 8	 (supplements	 I,	 II	 and	 III).	 In	
supplement	 I	 the	 microstructural	 analysis	 focuses	 in	 the	 section	 B	 while	 for	
supplement	II	and	III	all	sections	were	analysed.	The	samples	for	optical	microscopy	
were	 ground	 and	 the	 last	 step	 of	 polishing	 was	 completed	 with	 1µm	 diamond	
suspension.	 A	 10%NaOH	 solution	 was	 used	 to	 etch	 the	 sample	 surface	 before	
microscopy	in	an	Olympus	GX71F.		

	

	
Figure	8:	Section	view	of	the	cast	tensile	bar	with	the	longitudinal	cross‐section	investigated	

highlighted.	

 

 Solid fraction - Weck´s reagent 

The	manual	point	count	method	described	in	ASTM	E562‐11	[60]	was	used	for	the	
measurements	 of	 solid	 fraction	 on	 micrographs	 obtained	 from	 polished	 surfaces	
etched	with	Weck´s	reagent.	The	Weck´s	reagent	was	prepared	with	4g	KMnO4,	1g	
NaOH	and	100ml	distilled	water.	A	drop	counter	was	used	to	release	drops	of	reagent	
on	 sample	 surface.	 When	 the	 sample	 surface	 was	 totally	 covered	 by	 the	 Weck´s	
reagent	and	after	a	 contact	 time	of	12s,	 the	reagent	was	 immediately	 swept	away	
using	distilled	water.		

Solidification	 occur	 on	 existing	 solid	 during	 quenching	 from	 a	 semi‐solid	
temperature.	If	the	quenching	is	fast	enough,	the	segregation	of	solute	elements	in	

B C A 
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the	α1‐Al	globules	can	be	preserved.	The	segregation	of	solute	elements,	like	titanium	
and	silicon,	in	the	α1‐Al	globules	is	revealed	by	the	different	britnesses	of	the	brown	
colour	 under	 the	 optical	 microscope	 in	 surfaces	 etched	 with	 Weck´s	 reagent.	
Therefore,	the	periphery	regions	of	the	α1‐Al	globules,	where	the	silicon	segregate,s	
have	a	brighter	colour	while	 the	α1‐Al	globules	core	with	smaller	concentration	of	
silicon	is	darker	when	observed	in	optical	microscope	[61].		

Hu	 et	 al.	 [3]	 and	Gao	et	 al.	 [62]	used	Weck´s	 reagent	 to	 identify	 the	 growth	 layer	
formed	 during	 quenching	 on	 α1‐Al	 globules	 of	 SSM	 castings.	 In	 this	 work,	 the	
peripheral	brighter	regions	in	the	α1‐Al	globules	observed	in	micrographs	taken	from	
surfaces	 etched	 with	 Weck´s	 reagent	 are	 assumed	 to	 have	 formed	 during	
solidification	in	the	die‐cavity.	Consequently,	the	darker	core	is	representative	of	the	
crystal	size	in	the	slurry	before	injection	into	the	die‐cavity.		

 Energy-Dispersive X-ray Spectroscopy (EDS) 

For	 Scanning	 Electron	 Microscopy	 (SEM)	 a	 last	 step	 of	 polishing	 with	 OP‐U	
suspension	was	 performed	 and	 the	 samples	were	 observed	 unetched.	 The	 silicon	
content	in	the	surface	segregation	layer	was	measured	by	EDS	in	a	JEOL	7001F	SEM	
for	 comparison	 between	 unrefined	 and	 refined	 alloys	 (Supplement	 I).	 The	
measurement	was	performed	in	ten	different	regions	of	the	segregation	layer	in	each	
sample.		

EDS	compositional	maps	were	used	to	identify	iron	intermetallic	phases	in	castings	
in	the	as‐cast	and	heat‐treated	condition	in	Supplement	II.	All	measurements	were	
performed	with	a	fixed	acceleration	voltage	of	15kV.	 	

 Electron Backscattered Diffraction (EBSD) 

EBSD	analysis	was	performed	in	a	JEOL	JSM‐7001F	SEM	operated	at	20kV	with	a	step	
size	of	5µm	to	identify	the	α‐Al	grains	(grain	boundaries	>15°)	and	Low	Angle	Grain	
Boundaries	 (LAGB)	 (grain	 boundaries	 between	 0‐15°).	 The	 EBSD	 analyses	 were	
performed	in	the	centre	of	the	cross‐sections,	where	the	Externally	Solidified	Crystals	
(ESCs)	migrate	during	die	filling	[63].	The	goal	was	to	analyse	the	α1‐Al	grains	formed	
during	slurry	preparation	in	Supplement	I.	An	image	analysis	software	was	used	to	
determine	grain	size	and	shape	factor	of	the	grains	identified	with	EBSD.	At	least	150	
grains	were	analysed	in	each	sample.	

 Wavelength-Dispersive Spectroscopy (WDS) 

Silicon	and	magnesium	contents	were	measured	in	the	interior	of	α1‐Al	globules	using	
WDS	 in	 Supplement	 II.	 The	 measurements	 were	 made	 in	 the	 centre	 of	 the	 α1‐Al	
globules	 in	 an	 area	 of	 225µm2.	 A	minimum	 of	 5	 globules	 were	 analysed	 in	 each	
sample.	The	acceleration	voltage	was	set	to	10kV	and	pure	elements	were	used	as	
standards.	
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2.5 DIFFERENTIAL SCANNING CALORIMETRY 
(DSC) 

DSC	 analysis	 was	 performed	 in	 a	 Netzsch	 404	 DSC.	 A	 sapphire	 disc	 was	 used	 as	
reference	 material.	 Baselines	 were	 obtained	 by	 DSC	 measurements	 in	 empty	
crucibles.	5mm	diameter	cylinders	were	machined	from	the	centre	of	the	tensile	bars	
in	different	conditions	using	a	lathe	and	cut	in	height	with	a	precision	cut‐off	machine	
to	obtain	discs	with	a	mass	of	42±2mg.	The	discs	for	DSC	analysis	from	each	casting	
condition	were	 inserted	 into	 a	 platinum‐rhodium	 crucible	 coated	with	Al2O3.	 The	
crucible	+	disc	was	heated	to	660°C	at	a	rate	of	10k/min,	held	 for	5min,	and	then	
cooled	 to	 40°C	 at	 the	 same	 rate.	 This	 is	 called	 the	 first	 heating	 cycle.	 As	 the	
temperature	reached	40°C,	the	samples	were	held	for	15min	and	then	the	previously	
cycle	was	repeated.	This	is	called	the	second	heating	cycle.	During	the	DSC	analysis,	
argon	flowed	through	the	system	at	a	rate	of	20ml/min	to	minimize	oxidation.	Three	
samples	 were	 tested	 for	 each	 condition.	 The	 characteristic	 temperatures	 were	
determined	from	the	first	derivative	(dT/dt).	

2.6 TENSILE TESTING 

Tensile	testing	was	performed	according	to	SS‐EN	ISO	6892‐1:2016	[64]	in	samples	
as	shown	in	Figure	6	b).	No	surface	treatment	or	machining	were	performed	in	the	
castings	before	 testing.	A	Zwick/Roell	Z100	equipped	with	a	100KN	 load	cell	was	
used	 for	 testing.	 A	 constant	 strain	 rate	 of	 0.00025s‐1	 was	 set	 for	 yield	 strength	
determination	 and	 0.002	 s‐1	 further	 until	 sample	 fracture.	 A	 laser	 extensometer	
Zwick/Roell	LaserXtens	was	used	to	record	the	elongation	during	the	test.	The	tensile	
tests	were	performed	in	5	samples	for	each	condition	in	Supplement	II.	
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CHAPTER 3  

SUMMARY OF RESULTS 
AND DISCUSSION  

 

CHAPTER INTRODUCTION 

In	 this	 chapter,	 the	 main	 results	 of	 the	 appended	 papers	 are	 summarised	 and	
discussed.		

3.1 MICROSTRUCTURE CHARACTERIZATION  
 Primary α1-Al grain size 

The	effect	of	grain	refinement	on	the	α1‐Al	grains	size	and	shape	in	RheoMetal™	cast	
samples	was	investigated.	One	base	alloy	Al‐7Si‐0.3Mg	and	two	grain	refined	alloys	
with	 Al‐8B	 and	 Al‐5Ti‐1B	 were	 used	 to	 produce	 the	 castings.	 EBDS	maps	 where	
individual	 α‐Al	 grains	 are	 distinguished	 by	 different	 colours	 according	 to	 their	
crystallographic	orientations	are	shown	in	Figure	9.		

	
 

Figure	9:	EBSD	maps	where	individual	grains	are	distinguished	by	different	colours	according	to	
their	crystallographic	orientations;	a)	Base,	b)	base	+	Al‐8B,	and	c)	base	+	Al‐5Ti‐1B	alloys.		

 

Large	dendrites	were	observed	in	all	castings,	as	shown	in	Figure	9	highlighted	by	
circles.	These	are	likely	α‐Al	grains	formed	in	the	shot	sleeve	or	on	the	EEM	surface	
during	 slurry	preparation.	 Few	crystals	 are	 formed	 in	 the	 shot	 sleeve	during	SSM	
casting	and	they	are	generally	dendritic	in	shape	and	smaller	than	the	α1‐Al	crystals	
formed	 during	 slurry	 preparation	 [43,45].	 Payandeh	 et	 al.	 [42]	 reported	 the	
formation	of	long	and	bent	columnar	dendrites	on	the	EEMs	surfaces	quenched	after	
immersion	into	the	superheated	alloy	while	being	stirred.	The	initial	shape	and	size	

a) b) c) 

800 µm 800 µm 800 µm 
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of	these	columnar	dendrites	can	change	during	the	slurry	preparation	process	and	
cavity	filling.	Therefore,	the	large	dendrites	observed	in	Figure	9	likely	originate	from	
the	freeze‐on	layer.		

The	average	equivalent	circular	diameter	and	shape	factor	were	determined	for	all	
castings	 and	 the	 results	 are	 shown	 in	 Table	 3.	 Grains	with	 an	 average	 equivalent	
circular	diameter	smaller	than	25µm	and	bigger	than	190µm	were	removed	from	the	
results	 because	 grain	 refinement	 likely	 is	 not	 determinant	 for	 these	 grains	 size	
populations.	Similar	grains	 size	and	shape	 factors	were	obtained	 in	all	 castings	as	
shown	in	Table	3.	Therefore,	it	seems	that	grain	refinement	has	no	significant	effect	
in	the	RheoMetal™	process.	However,	other	studies	reported	that	grain	refinement	
decreased	the	size	and	increase	the	sphericity	of	grains	in	SSM	casting	[65,66].				

When	the	EEM	at	~200°C	is	immersed	into	the	liquid	at	650°C	while	being	stirred,	a	
thermal	undercooled	region	is	stablished	in	the	liquid	close	to	the	EEM	surface.	In	
this	region,	a	copious	crystal	nucleation	events	can	occur,	similar	to	 the	“free	chill	
crystal”	 nucleation	mechanism	 suggested	 by	 Chalmers	 [67].	 The	 continuous	 EEM	
stirring	 can	 homogenise	 the	 temperature	 and	 composition	 in	 the	 original	 liquid	
which	 promotes	 the	 survival	 of	 crystals	 [68,69].	 It	 is	 possible	 that	 under	 these	
conditions,	the	grain	refiner	particles	distributed	in	the	liquid	are	not	determinant	in	
the	nucleation	of	crystals.	Crystals	that	are	not	attached	to	the	EEM	surface	can	be	
swept	out	of	the	thermal	undercooled	zone	into	the	original	bulk	liquid	flow	by	the	
rotation	speed	of	the	EEM.	The	crystals	that	are	attached	to	the	EEM	surface	grow	as	
columnar	 dendrites	 into	 the	 original	 liquid,	 so‐called	 freeze‐on	 layer	 [42].	
Fragmentation	 of	 the	 columnar	 dendrites	 formed	 on	 the	 EEM	 surface	 can	 occur	
because	of	the	stirring	rate	and	additional	crystals	can	be	added	into	the	liquid	that	
are	 not	 affected	 by	 the	 grain	 refiner	 particles	 in	 the	 liquid.	 The	 initial	 thermal	
undercooling	near	EEM	and	dendrite	fragments	originated	from	the	freeze‐on	layer	
may	decrease	the	effect	of	the	nucleant	particles	in	the	liquid.	The	disintegration	of	
EEM	can	result	in	additional	crystals	added	to	the	original	liquid	[42],	which	are	also	
unlikely	affected	by	the	grain	refiner	particles	in	the	liquid.		

	
Table	3:	The	average	equivalent	circular	diameter	and	shape	factor	obtained	for	each	casting.	

Castings	 Average	equivalent	circular	diameter	(µm)	 Shape	factor		

Base	alloy	 72±19		 0.44±0.15	

Base	+	Al‐8B	 73±18	 0.46±0.16	

Base	+	Al‐5Ti‐1B	 71±17	 0.43±0.17	
 

 Primary α1-Al solid fraction  

The	 solidification	 in	 the	 Rheometal™	 slurry	 preparation	 process	 starts	 with	 the	
formation	 of	 the	 primary	 α1‐Al	 crystals.	 When	 the	 slurry	 preparation	 process	 is	
complete,	a	mixture	of	α1‐Al	crystals	dispersed	in	a	solute	enriched	liquid	is	poured	
into	 the	 shot	 sleeve.	 Solidification	 likely	 occurs	 in	 the	 shot	 sleeve	 at	 some	 extent	
because	of	its	relatively	low	temperature.	However,	 in	the	shot	sleeve,	particularly	
for	the	VHPDC	used	in	this	study,	the	solidification	most	likely	occurs	mainly	at	the	
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bottom,	where	the	slurry	 is	 in	contact	with	the	piston,	which	 is	cooled	by	 internal	
water	cooling	channels.	Solidification	can	also	occur	close	to	the	shot	sleeve	walls,	but	
at	much	lower	extent.	When	the	piston	advances	vertically	and	forces	the	slurry	into	
the	die‐cavity,	most	of	the	α2‐Al	crystals	formed	in	the	shot	sleeve,	likely	remain	in	
the	 large	 biscuit	 section	 of	 the	 casting,	 Figure	 6	 a).	 Therefore,	 in	 the	 die‐cavity,	
solidification	 occurs	 mostly	 with	 the	 growth	 of	 α1‐Al	 crystals	 from	 the	 slurry,	
nucleation	and	growth	of	in‐cavity	solidified	crystals	and	ends	with	the	formation	of	
eutectic.		

The	 effect	 of	 grain	 refinement	 on	 the	α1‐Al	 globules	 fraction	 in	 SSM	 castings	was	
investigated.	Figure	10	a)	shows	a	representative	microstructure	of	the	SSM	casting	
refined	with	Al‐8B	and	etched	using	Weck´s	reagent.	The	α1‐Al	globules	have	a	dark	
brown	 core	 and	 a	 brighter	 peripheral	 layer.	 As	 referred	 previously	 in	 2.4.2,	 the	
brighter	peripheral	layer	is	assumed	to	have	formed	during	solidification	of	the	α1‐Al	
crystals	in	the	die‐cavity	while	the	darker	core	is	representative	of	the	crystal	area	
before	slurry	injection	into	the	die‐cavity.	Therefore,	the	area	fraction	obtained	for	
the	 darker	 core	 is	 assumed	 to	 be	 the	 slurry	 solid	 fraction	 before	 injection.	
Additionally,	when	both	the	brighter	peripheral	layer	and	darker	core	are	included,	
the	area	fraction	obtained	is	not	a	solid	fraction	but	the	α1‐Al	globule	fraction	when	
the	solidification	is	complete	in	the	die‐cavity.	Figure	10	b)	shows	that	for	the	alloy	
refined	with	Al‐5Ti‐1B	was	obtained	 lower	 solid	 fraction	 compared	 to	 the	 refined	
with	 Al‐8B	 and	 unrefined	 alloys.	 Similar	 solid	 fraction	 was	 obtained	 for	 both	
unrefined	 and	 refined	 with	 Al‐8B	 alloys.	 However,	 when	 the	 solidification	 is	
completed	the	unrefined	alloy	shows	a	significant	larger	α1‐Al	fraction	compared	to	
both	refined	alloys.							

	

 

Figure	10:	a)	Micrograph	of	the	casting	refined	with	Al‐8B	etched	with	Weck´s	reagent	showing	α‐Al	
globules	with	a	dark	brown	core	surrounded	by	a	brighter	periphery,	b)	α‐Al	area	fraction	
considering	the	brighter	periphery	+	core	and	darker	core,	as	observed	in	Figure	10	a).	

 

The	α1‐Al	globules	fraction	increased	20,	16	and	14%	during	solidification	in	the	die	
cavity	 for	 the	unrefined	and	refined	with	Al‐8B	and	Al‐5Ti‐1B	alloys,	 respectively.	
Therefore,	 the	 α1‐Al	 globules	 growth	 during	 solidification	 in	 the	 die‐cavity	 was	
inferior	for	the	refined	alloys,	as	shown	in	Figure	10	b).					

Titanium	 is	a	solute	element	with	a	 large	growth	restriction	 factor	 [26].	The	alloy	
refined	 with	 Al‐5Ti‐1B	 contained	 higher	 titanium	 content	 in	 its	 composition	 in	

b) a) 
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comparison	 to	 the	unrefined	and	refined	with	Al‐8B	alloys.	Therefore,	 the	smaller	
growth	 obtained	 for	 the	α1‐Al	 globules	 of	 the	 alloy	 refined	with	Al‐5Ti‐1B	during	
solidification	 in	 the	 die	 cavity	 may	 be	 explained	 by	 its	 greater	 titanium	 content.	
However,	it	would	be	expected	that	this	larger	growth	restriction	for	the	alloy	refined	
with	Al‐5Ti‐1B	would	decrease	 the	grain	size,	which	was	not	verified	as	shown	 in		
Table	3.	

Table	 4	 shows	 the	 silicon	 concentrations	 measured	 in	 the	 interior	 of	 the	 α1‐Al	
globules	by	WDS	for	all	alloys.	These	silicon	concentrations	were	used	to	calculate	
the	 corresponding	 solidus	 temperatures	 in	 Thermocalc™	 for	 each	 alloy,	 shown	 in	
Table	 4.	 The	 solidus	 temperature	 was	 used	 to	 calculate	 the	 corresponding	 solid	
fraction	 in	 Thermocalc™,	 shown	 in	 Table	 4.	 The	 solid	 fraction	 calculated	 in	
Thermocalc™	 was	 inferior	 for	 all	 alloys	 in	 comparison	 to	 the	 determined	 from	
micrographs	of	etched	surfaces,	Table	4	and	Figure	10	b)	respectively.			

 

Table	4:	Silicon	concentration	(wt.%)	measured	in	the	interior	of	the	α1‐Al	globules	and	the	
corresponding	slurry	temperature	(°C)	and	solid	fraction	calculated	in	Thermocalc™	for	each	alloy.	

Alloy	 Silicon	concentration	 Thermocalc™		

Slurry	temperature	 Solid	fraction	

Base	 0.99±0.04	 602	 0.23	

Base	+	Al‐8B	 1.00±0.04	 602	 0.22	

Base	+	Al‐5Ti‐1B	 0.94±0.03	 605	 0.20	
 

 Misorientation angles distribution of α-Al grain 
boundaries 

The	 misorientation	 angles	 distribution	 of	 grain	 boundaries	 for	 the	 refined	 and	
unrefined	castings	are	shown	in	Figure	11.	The	eutectic	regions	were	removed	from	
the	 results	 by	 setting	 a	minimum	 grain	 size	 of	 10µm	 and	 a	minimum	Confidence	
Interval	(CI)	of	0.1.	The	misorientation	angles	distribution	in	the	interval	from	5	to	
50	degrees	is	similar	for	all	castings.	However,	between	50	to	60	degrees	both	the	
refined	castings	show	higher	number	fraction	of	grain	boundaries	compared	to	the	
unrefined	 alloy.	 Additionally,	 both	 refined	 alloys	 have	 a	 similar	 evolution	 of	
boundaries	angle	distribution	in	the	range	of	50	to	60	degrees	of	misorientation.	The	
α‐Al	grain	boundaries	that	surround	the	eutectic	regions	have	very	low	CI,	similar	to	
the	eutectic	regions.	Therefore,	these	grain	boundaries	are	not	included	in	the	results,	
which	may	influence	the	distribution	shown	in	Figure	11.		
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Figure	11:	Misorientation	angles	distribution	of	grain	boundaries.	

 

Liquid	penetration	 in	primary	α‐Al.	Crystals	bending	can	occur	during	HPDC	by	
mechanical	 stresses,	 particularly	 in	 branched	 dendrites	 [70].	 Doherty	 et	 al.	 [71]	
showed	 that	 High	 Angle	 Grain	 Boundaries	 (HAGB)	 can	 form	 in	 bent	 crystals	 of	
aluminium	at	high	temperature.	The	misorientation	angles	between	adjacent	regions	
in	 the	 interior	 of	 the	 crystals	 becomes	 larger	 as	 deformation	 increases.	 When	 a	
misorientation	 exceeds	 ~15°	 a	 HAGB	 is	 formed	 and	 liquid	 wetting	 at	 the	 grain	
boundary	can	occur.	This	occurs	because	the	interfacial	energy	at	grain	boundaries	
(ygb)	becomes	superior	to	the	solid‐liquid	interfacial	energy	(ys/l),	ygb	>ys/l,	and	liquid	
wetting	at	grain	boundary	occurs	[70].	Subsequently,	the	disintegration	of	the	crystal	
by	liquid	penetration	can	occur,	as	observed	by	Karagadde	[72].		

Gao	et	al.	[61]	reported	that	Weck´s	reagent	can	reveal	HAGB	in	the	interior	of	α‐Al	
globules.	 Figure	 12	 shows	 a	 representative	 microstructure	 obtained	 from	 the	
unrefined	alloy	etched	with	Weck´s	reagent.	One	region	of	the	micrograph	shown	in	
Figure	12	is	highlighted	where	 it	 is	observed	what	seems	to	be	 liquid	wetting	at	a	
HAGB,	region	1,	and	black	lines	in	the	interior	of	an	α1‐Al	globule	that	may	be	HAGB	
as	 reported	 by	 Gao	 et	 al.	 [61].	 This	 suggest	 that	 crystals	 deformation	 and	 liquid	
wetting	at	HAGB	can	occur	during	the	Rheometal™	process.	It	is	likely	that	this	occur	
during	 intensification	pressure	stage,	where	 the	crystals	are	more	densely	packed	
and	 larger	 stresses	 are	 transmitted.	 In	 these	 conditions,	 formation	 of	 HAGB	 in	
deformed	 crystals	 can	 occur,	 particularly	 in	 branched	 crystals	 as	 the	 grain	
highlighted	in	Figure	12,	followed	by	liquid	wetting	and	disintegration	of	the	crystal.	
 
  

HAGB 

 

LAGB 
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Figure	12:	Micrograph	from	the	Al‐7Si‐0.3Mg	unrefined	casting	showing	liquid	penetration	(region	

1)	and	possible	HAGB	revealed	by	Weck´s	reagent	(region	2).			

 

 Silicon and magnesium concentrations in the 
interior of α1-Al globules 

The	 silicon	 and	magnesium	 concentrations	measured	 in	 the	 interior	 of	 the	 α1‐Al	
globules	of	the	different	castings	are	shown	in	Figure	13.	Excluding	the	Al‐7Si‐0.45Mg	
casting	 in	 the	 T5	 condition,	 the	 silicon	 concentration	 in	 the	 interior	 of	 the	 α1‐Al	
globules	 is	 similar	 for	 all	 castings.	 The	 Al‐7Si‐0.45Mg	 have	 a	 slighter	 higher	
concentration	of	silicon	in	the	interior	of	the	α1‐Al	globules	compared	to	the	other	
castings.	However,	the	magnesium	concentrations	in	the	interior	of	the	α1‐Al	globules	
shows	 a	 different	 result	 compared	 to	 the	 silicon	 concentration.	 The	 magnesium	
concentration	 in	 the	 interior	 of	 the	 α1‐Al	 globules	 increases	 with	 the	 increase	 of	
magnesium	content	of	the	alloy,	for	the	castings	in	the	T5	and	T6	conditions,	as	seen	
in	Figure	13.	Additionally,	 the	alloys	 in	 the	T6	condition	show	a	significant	higher	
concentration	of	magnesium	in	the	interior	of	the	α1‐Al	globules	in	comparison	to	the	
same	alloys	in	the	T5	condition.	However,	the	concentrations	obtained	for	the	Al‐7Si‐
0.3Mg	 and	 Al‐7Si‐0.45Mg	 castings	 in	 the	 T6	 condition,	 0.23	 and	 0.37wt.%	
respectively	are	lower	than	the	magnesium	content	of	the	alloy.	This	indicates	that	
magnesium	is	partly	bind	into	the	intermetallic	phases.	

The	magnesium	concentration	in	the	interior	of	the	α1‐Al	globules	of	the	Al‐7Si‐0.3Mg	
castings	in	the	T5	condition	is	too	low	to	have	a	substantial	precipitation	hardening	
effect	 during	 aging	 compared	 to	 the	 T6	 condition.	 Sjölander	 and	 Seifeddine	 [12]	
measured	 concentrations	 of	 0.04	 and	 	 0.1wt.%	magnesium	 in	 the	 interior	 of	α‐Al	
dendrites	of	directionally	 solidified	castings	with	SDAS	of	10	and	51,	 respectively.	
Pedersen	 and	 Arnberg	 [73]	 obtained	 0.05	 and	 0.1wt.%	magnesium	 for	 an	 Al‐7Si‐
0.24Mg	 direct	 chill	 casting	with	 SDAS	 of	 13	 and	 52µm,	 respectively.	 Therefore,	 it	
seems	that	the	magnesium	concentration	in	the	interior	of	α‐Al	dendrites	increases	
as	the	cooling	rate	decreases.		

	

2 
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Figure	13:	Silicon	and	magnesium	concentrations	measured	in	the	interior	of	the	α1‐Al	globules	for	

the	different	castings.	

 

Figure	 14	 shows	 the	 solidus	 lines	 for	 silicon	 and	 magnesium	 calculated	 in	
Thermocalc™	for	the	Al‐Mg‐Si	system	at	different	temperatures	in	the	solidification	
range.	 The	 solidus	 lines	 show	 that	 the	 magnesium	 solubility	 in	 α‐Al	 depends	 on	
silicon	concentration.	The	magnesium	concentration	measured	in	the	interior	of	the	
α1‐Al	globules,	the	solidus	lines	shown	in	Figure	14	and	the	literature	[12,73]	suggest	
that	the	magnesium	solubility	in	α‐Al	at	temperatures	in	the	solidification	range	of	
the	Al‐7Si‐Mg	alloys	is	very	low.		

	

 
Figure	14:	Solidus	line	of	the	primary	α‐Al	phase	in	the	Al‐Mg‐Si	system	at	different	temperatures	

[18].	

 

 Intermetallic phases 

The	 influence	of	magnesium	on	 the	 intermetallic	phases	 formed	 in	Al‐7Si‐Mg	 cast	
alloys	 was	 studied.	 The	 intermetallic	 phases	 that	 commonly	 form	 during	
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solidification	in	these	alloys	are	the	β‐Al5FeSi,	π‐Al8FeMg3Si6	and	Mg2Si	phases	[8,10].	
Figure	15	shows	representative	microstructures	obtained	for	the	SSM	castings	with	
magnesium	 contents	 of	 0.3	 and	 0.45wt.%	 in	 the	 T5	 and	 T6	 conditions.	 The	
microstructure	of	all	alloys	after	T5	heat	treatment	consisted	of	primary	α‐Al	globules,	
modified	Al‐Si	eutectic	and	a	minor	fraction	of	intermetallic	phases	distributed	in	the	
eutectic	 regions,	 as	 shown	 in	 Figure	 15	 a)	 and	 b).	 The	 as‐cast	 Al‐7Si‐0.3Mg	 alloy	
microstructure	was	similar	compared	to	at	observed	in	Figure	15	a).	

Figure	15	 c)	 and	d)	 show	 the	microstructures	 obtained	 for	 the	 castings	 in	 the	T6	
condition	which	consisted	of	primary	α‐Al	globules,	coarse	and	spheroidised	eutectic	
silicon	and	a	minor	fraction	of	intermetallic	phases	in	the	eutectic	regions.	Shorter	
and	thinner	intermetallic	phase	platelets	are	observed	in	the	eutectic	regions	for	the	
Al‐7Si‐0.3Mg	casting	in	comparison	to	the	Al‐7Si‐0.45Mg	casting,	as	shown	in	Figure	
15	c)	and	d).								
 

  
Figure	15:	Micrographs	obtained	for	each	condition.	Dark	grey	–	Eutectic	silicon.	Light	grey	–	iron‐

rich	intermetallic	phase.	a)	0.3Mg	–	T5.	b)	0.45Mg	–	T5.	c)	0.3Mg	‐	T6.	d)	0.45Mg	–	T6.	

	

The	identification	of	the	intermetallic	phases	obtained	for	the	different	castings	was	
based	on	the	analysis	of	the	EDS	maps,	as	shown	in	Figure	16,	and	literature	[8,12,21].	
Figure	 16	 shows	 SEM	 micrographs	 and	 the	 corresponding	 EDS	 maps	 of	 silicon,	
magnesium	 and	 iron.	 The	 π‐Al8FeMg3Si6	 phase	 was	 the	 only	 intermetallic	 phase	
detected	in	the	Al‐7Si‐0.3Mg	casting	in	the	T5	condition,	as	shown	in	Figure	16	a).	The	
same	phase	was	obtained	 for	 the	Al‐7Si‐0.3Mg	 casting	 in	 the	 as‐cast	 condition.	 In	
addition	to	the	π‐Al8FeMg3Si6,	Mg2Si	phase	is	observed	in	the	eutectic	regions	when	
the	magnesium	content	of	the	alloys	is	increased,	as	shown	in	Figure	16	e)	for	the	Al‐

Intermetallic	phase	

Intermetallic	phase	

α‐Al	

α‐Al	

α‐Al	

α‐Al	

Intermetallic	phase	

Intermetallic	phase	

a) b) 

c) d) 
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7Si‐0.45Mg	casting	in	the	T5	condition.	The	same	intermetallic	phases	were	obtained	
for	the	Al‐7Si‐0.6Mg	casting	compared	to	the	Al‐7Si‐0.45Mg	casting.						

In	 the	T6	condition,	 the	 intermetallic	phase	 identified	 for	 the	Al‐7Si‐0.3Mg	casting	
was	mostly	β‐Al5FeSi,	as	the	magnesium	concentration	was	lower	at	the	intermetallic	
region	compared	to	the	surroundings,	as	shown	in	Figure	16	e‐h).	This	indicates	that	
the	π‐Al8FeMg3Si6	phase	obtained	in	the	as‐cast	condition	transformed	into	β‐Al5FeSi	
phase	and	released	magnesium	into	solid	solution.	For	the	Al‐7Si‐0.45Mg	casting	in	
the	 T6	 condition,	 the	 π‐Al8FeMg3Si6	 phase	 remains	 in	 the	 eutectic	 regions	with	 a	
minor	 fraction	 of	 β‐Al5FeSi	 platelets	 observed	 on	 the	 π‐Al8FeMg3Si6	 phase,	 as	
indicated	in	Figure	16	m).		
 

 
Figure	16:	EDS	maps	showing	the	silicon,	magnesium	and	iron	distribution	in	the	different	castings.	
a‐d)	Al‐7Si‐0.3Mg‐T5	(scale	bar	5µm),	e‐h)	0.45Mg‐T5	(scale	bar	10µm),	i‐l)	0.3Mg‐T6	(scale	bar	

5µm)	and	m‐p)	0.45Mg‐T6	(scale	bar	10µm).	

	

DSC	was	used	to	study	the	formation	sequence	of	the	intermetallic	phases	identified	
in	 Figure	 16.	 Figure	 17	 a)	 and	 b)	 shows	 the	 DSC	 curves	 and	 characteristic	
temperatures	obtained	during	the	first	and	second	heating	cycles,	respectively,	 for	
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each	alloy	in	the	T5	condition.	In	the	beginning	of	the	first	heating	cycle	in	the	DSC,	
the	samples	have	the	original	SSM	casting	microstructure,	as	seen	in	Figure	15.	At	the	
start	of	the	second	heating	cycle	the	microstructure	of	the	DSC	sample	was	generated	
by	the	cooling	rate	in	DSC.	Therefore,	the	DSC	heating	curves	shown	in	Figure	17	a)	
are	 identified	with	 the	 alloy	 and	 initial	 condition	 of	 the	 casting	while	 the	 heating	
curves	 in	 Figure	 17	 b)	 are	 identified	 just	 with	 the	 alloy.	 The	 characteristic	
temperatures	shown	in	Figure	17	for	the	reaction	II	are	not	accurate	because	of	the	
overlapping	of	adjacent	peak	reactions.		

Two	peak	reactions	are	observed	in	the	DSC	curves	for	the	Al‐7Si‐0.45Mg	and	Al‐7Si‐
0.6Mg	castings	in	the	T5	condition,	as	observed	in	Figure	17	a).	For	the	Al‐7Si‐0.3Mg	
casting	only	the	peak	reaction	II	was	observed	and	consequently,	this	peak	reaction	
most	likely	results	from	the	dissolution	of	the	π‐Al8FeMg3Si6	because	was	the	only	
intermetallic	phase	identified	in	this	casting.	Consequently,	the	peak	reaction	I	results	
most	likely	from	the	dissolution	of	Mg2Si,	that	occurs	at	lower	temperature	compared	
to	 the	π‐Al8FeMg3Si6.phase.	The	heat	of	 reactions	 increases	with	 the	 increasing	of	
magnesium	 content	 of	 the	 alloy.	 This	 suggests	 that	 a	 larger	 volume	 fraction	 of	
intermetallic	 phases	 is	 formed	 during	 solidification	 of	 the	 alloys	 with	 higher	
magnesium	content,	as	seen	in	Figure	17.	
 

   

 

Reaction	 Temperature	(°C)	

0.3Mg‐
T5	

0.45Mg‐
T5	

0.6Mg‐
T5	

I	 ‐‐‐	 555	 554	

II	 556	 558	 560	

 

Reaction	 Temperature	(°C)	

0.3Mg	 0.45Mg	 0.6Mg	
	

I	 552	 553	 553	

II	 558	 560	 562	
Figure	17:	DSC	heating	curves	and	characteristic	temperatures	obtained	for	each	alloy	in	the	T5	

condition.	a)	first	heating	cycle,	b)	second	heating	cycle.	

	

The	microstructure	of	the	Al‐7Si‐0.3Mg	alloy	after	two	heating/cooling	cycles	in	the	
DSC	is	shown	in	Figure	18	a).	The	low	cooling	rate	in	the	DSC	change	the	original	SSM	
microstructure	significantly.	Large	eutectic	silicon	platelets	are	observed	in	addition	
to	 the	 intermetallic	phases.	The	 intermetallic	phases	observed	 in	 the	Al‐7Si‐0.3Mg	
alloy	after	second	heating/cooling	cycle	in	the	DSC	were	β‐Al5FeSi	phase	bound	by	
π‐Al8FeMg3Si6	and	Mg2Si,	as	seen	in	Figure	17.	The	increase	of	heat	flow	for	the	Al‐
7Si‐0.3Mg	alloy	starts	at	lower	temperatures	during	the	second	heating	cycle	in	the	

heating 

II I 

a) b) heating 
II 

I 
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DSC	comparised	to	the	first	heating	cycle,	as	seen	in	Figure	17	b)	and	a)	respectively.	
This	difference	can	be	assumed	that	results	from	the	Mg2Si	phase	dissolution	during	
the	second	heating	cycle.		
 

   

   

   

Figure	18:	Micrograph	of	the	Al‐7Si‐0.3Mg	alloy	after	two	heating/cooling	cycles	in	DSC.	a)	Optical	
microscopy	micrograph.	Dark	grey	–	Eutectic	silicon.	Bright	grey	–	Intermetallic	phase.	Mg2Si	–	

Darker	phase.	b)	SEM	micrograph.	EDS	maps	showing	elements	distribution	obtained	from	region	in	
b;	c)	silicon,	d)	magnesium	and	e)	iron.	The	scale	bar	is	20µm.	

 

Intermetallic	 phases	 formation	 during	 solidification.	 According	 to	 the	 phase	
diagram	shown	in	Figure	1,	the	solidification	of	the	alloys	used	in	this	study	ends	with	
the	 ternary	 eutectic	 reaction	 L		 Al	 +	 Si	 +	 β‐Al5FeSi.	 However,	 in	 this	work,	 the	
quaternary	π‐Al8FeMg3Si6	phase	was	obtained	instead	of	the	β‐Al5FeSi	phase	for	all	
SSM	castings	in	as‐cast	and	T5	conditions,	as	seen	in	Figure	16.	The	π‐Al8FeMg3Si6	
phase	 can	be	 obtained	 during	 solidification	 through	 the	 peritectic	 reaction	 L	 +	 β‐
Al5FeSi		Al	+	Si	+	π‐Al8FeMg3Si6	and	the	quaternary	eutectic	reaction	L		Al	+	Si	+	
π‐Al8FeMg3Si6	+	Mg2Si	[17].	Both	reactions,	occur	for	alloys	with	higher	magnesium	
content	 than	 that	 investigated	 in	 this	 study,	 as	 shown	 in	 Figure	 1.	 Therefore,	 the	
formation	of	π‐Al8FeMg3Si6	likely	results	from	the	non‐equilibrium	solidification	that	
occurs	in	the	die‐cavity	[17].		

Low	 cooling	 rates	 generally	 favour	 the	 formation	of	 β‐Al5FeSi	 and	 at	 high	 cooling	
rates,	the	start	temperature	of	β‐Al5FeSi	formation	is	decreased	[25].	Consequently,	
the	high	cooling	rate	that	occurs	during	solidification	in	the	die‐cavity,	may	decrease	
the	β‐Al5FeSi	phase	formation	temperature	to	such	an	extent	that	the	composition	of	
the	 liquid	 favors	 the	 formation	 of	 the	 π‐Al8FeMg3Si6.	 The	 microstructural	
observations	 and	 the	 DSC	 heating	 curves	 analysis	 of	 this	 work	 suggest	 that	 π‐
Al8FeMg3Si6	is	formed	instead	of	β‐Al5FeSi	during	solidification	of	the	SSM	castings.	
The	π‐Al8FeMg3Si6	is	the	only	intermetallic	phase	observed	in	the	eutectic	regions	of	
the	 Al‐7Si‐0.3Mg	 SSM	 castings,	 while	 for	 higher	 magnesium	 contents	 Mg2Si	 is	
observed	in	addition	to	the	π‐Al8FeMg3Si6.	There	is	no	evidence	of	β‐Al5FeSi	in	the	
microstructure	 of	 the	 SSM	 castings,	 therefore,	 is	 unlikely	 that	 has	 formed	 by	 the	
peritectic	 reaction.	 Consequently,	 π‐Al8FeMg3Si6	 most	 likely	 forms	 during	 the	
quaternary	reaction	L		Al	+	Si	+	π‐Al8FeMg3Si6	+	Mg2Si	 in	the	SSM	castings.	This	
reaction	 may	 also	 occur	 for	 the	 lower	 magnesium	 casting	 Al‐7Si‐0.3Mg	 [21].	
However,	the	volume	fraction	of	Mg2Si	formed	is	likely	too	low	to	be	observed	in	the	
microstructures	and	detected	in	the	DSC	heating	curves.	As	the	magnesium	content	
of	 the	 alloy	 increases,	 larger	 fraction	 of	 π‐Al8FeMg3Si6	 and	 Mg2Si	 are	 formed	 as	

π		β		

c) 

e) d) Mg2Si		

Intermetallic	phase	

α‐Al	

Eutectic	Silicon 

a) b) 
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suggested	by	the	 increase	of	the	area	under	the	peak	reactions	I	and	II,	as	seen	in	
Figure	17	a).		

As	shown	in	Figure	18,	β‐Al5FeSi,	π‐Al8FeMg3Si6	and	Mg2Si	phases	are	formed	during	
solidification	of	the	Al‐7Si‐0.3Mg	alloy	in	the	DSC.	The	π‐Al8FeMg3Si6	growing	from	
the	 β‐Al5FeSi	 suggests	 that	 the	 peritectic	 reaction	 L	 +	 β‐Al5FeSi		 Al	 +	 Si	 +	 π‐
Al8FeMg3Si6	 occurs	 during	 the	 solidification	 in	 the	 DSC	 for	 this	 alloy.	 This	 also	
indicates	 that	 the	 ternary	 eutectic	 reaction	 L		 Al	 +	 Si	 +	 β‐Al5FeSi	 has	 occurred	
previously	 to	 the	 peritectic	 reaction.	 The	 peritectic	 reaction	 was	 not	 completed	
during	 solidification	 in	 the	 DSC	 because	 the	 β‐Al5FeSi	 phase	 is	 observed	 in	 the	
microstructure,	as	shown	in	Figure	18.	The	solidification	in	the	DSC	most	likely	ends	
with	 the	 quaternary	 eutectic	 formation,	 as	 both	 π‐Al8FeMg3Si6	 and	 Mg2Si	 were	
detected	 in	the	microstructure	and	 in	the	DSC	second	heating	curves,	as	shown	in	
Figure	18	and	Figure	17	b),	respectively.	The	increase	of	magnesium	content	of	the	
alloy	 result	 in	 larger	 fractions	 of	 Mg2Si	 and	 π‐Al8FeMg3Si6	 formed	 during	
solidification,	as	suggested	by	the	increase	of	the	area	under	the	peak	reactions	I	and	
II,	Figure	17	b).		

Dissolution	of	 the	 intermetallic	phases	during	 solution	 treatment.	 Figure	 19	
shows	the	first	heating	curves	in	the	DSC	of	the	Al‐7Si‐0.3Mg	and	Al‐7Si‐0.45Mg	alloys	
with	 the	 original	 SSM	 microstructure	 in	 the	 T6	 condition.	 No	 peak	 reaction	 is	
observed	for	the	Al‐7Si‐0.3Mg	alloy	during	first	heating	in	the	DSC,	suggesting	that	
most	of	π‐Al8FeMg3Si6	has	transformed	into	β‐Al5FeSi	and	released	magnesium	into	
α‐Al	solid	solution.	For	the	Al‐7Si‐0.45Mg	casting	in	the	T6	condition,	a	peak	reaction	
is	 observed,	 likely	 result	 of	 π‐Al8FeMg3Si6	 dissolution	 that	 remained	 in	 the	
microstructure	after	T6,	as	shown	in	Figure	19.	Therefore,	a	fraction	of	magnesium	
of	the	alloy	remains	bound	into	the	π‐Al8FeMg3Si6	phase	after	solution	treatment.		

	

 

 

Reaction	 Temperature	(°C)	

0.3Mg‐T6	 0.45Mg‐T6	

I	 ‐‐‐	 ‐‐‐	

II	 ‐‐‐	 559	

Figure	19:	DSC	heating	curves	and	characteristic	temperatures	obtained	for	each	alloy	in	the	T6	
condition.	

 

According	to	the	polythermal	section	of	the	Al‐7Si‐Mg‐0.14Fe	phase	diagram	shown	
in	Figure	20,	a	fully	transformation	of	π‐Al8FeMg3Si6	into	β‐Al5FeSi	and	solution	of	all	
magnesium	 of	 the	 alloy	 into	 α‐Al	 can	 occur	 for	 magnesium	 contents	 close	 to	
0.45wt.%.	 However,	 in	 this	 study,	 the	 complete	 dissolution	 of	 the	 π‐Al8FeMg3Si6	
phase	was	not	achieved	for	the	Al‐7Si‐0.45Mg.	Similar	results	were	reported	in	the	
literature	for	magnesium	contents	higher	than	0.4wt.%	[14].	

	

heating 
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Figure	20:	Polythermal	vertical	section	of	the	Al‐7Si‐Mg‐0.14Fe	phase	diagram	calculated	in	

ThermoCalc™	[18].	The	dashed	lines	show	the	composition	range	of	the	alloys	studied	in	the	T6	
condition.	

 

3.2 Segregation  

Surface	segregation.	The	influence	of	grain	refinement	on	surface	segregation	was	
studied.	Figure	21	shows	the	first	1mm	surface	layer	near	the	die	wall	for	the	base	
(Al‐7Si‐0.3Mg)	 and	 refined	 alloys.	 A	 finer	 and	 more	 uniform	 microstructure	 is	
observed	near	 the	 casting	 surface	of	 the	grain	 refined	alloys,	Figure	21	b)	 and	 c),	
compared	to	the	unrefined	alloy,	Figure	21	a).		

	

	
Figure	21:	Microstructures	obtained	near	the	castings	surface	for	a)	base	(Al‐7Si‐0.3Mg);	b)	base	+	
Al‐8B;	c)	base	+	Al‐5Ti‐1B	alloys.	The	top	dashed	line	shows	the	die	wall	position	during	casting.	

 

The	silicon	content	of	the	α1‐Al	interdendritic	regions	in	the	surface	segregation	layer	
was	measured	 by	 EDS.	 The	 unrefined	 alloy	 showed	 higher	 silicon	 content	 in	 the	
surface	 segregation	 layer	 compared	 to	 the	Al‐5Ti‐1B	 refined	alloy.	This	 is	 likely	 a	
consequence	of	the	larger	solid	fraction	obtained	for	the	unrefined	alloy,	as	shown	in	
Figure	10	b),	that	results	in	more	solute	segregated	to	the	liquid.	
 

Segregation	 bands.	 The	 effect	 of	 EEM	 wt.%	 addition	 and	 die	 temperature	 on	
microstructure	 of	 SSM	 castings	 were	 analysed.	 Additionally,	 plunger	 advance	
movement	 was	 blocked	 at	 different	 lengths	 of	 die‐cavity	 filling	 to	 analyse	 the	

a) b) c) 
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microstructure	 evolution	 of	 the	 solidified	 slurry	 during	 the	 die‐cavity	 filling.	 The	
analysis	of	the	quenched	slurries	during	die‐cavity	filling	(interrupted	shots)	showed	
that	 a	 planar	 front	 filling	 was	 obtained	 for	 all	 EEM	 wt.%	 additions	 and	 die	
temperatures	used.	The	microstructure	analysis	of	the	quenched	slurries	in	the	die‐
cavity	 and	 SSM	 castings	 indicates	 that	 dilatant	 shear	 bands	 and	 V‐shape	 bands	
formation	 occurs	 mostly	 during	 intensification	 pressure	 period,	 as	 suggested	 in	
literature	[49].		

Figure	22	a)	shows	a	shear	band	formed	close	to	the	surface	layer	of	the	Al‐7Si‐0.3Mg	
cast	at	the	higher	die	temperature.	In	this	study,	shear	bands,	as	shown	in	Figure	22	
a),	were	observed	for	EEM	additions	of	6	and	7wt.%	when	the	higher	die	temperature	
was	used.	When	the	EEM	additions	was	increased	to	8	and	9wt.%,	shear	bands	were	
not	observed	using	both	the	higher	and	lower	die	temperatures.	V‐shape	segregation	
bands	were	observed	for	all	SSM	castings.	The	SSM	cast	with	EEM	addition	of	6wt.%	
using	 the	 lower	 or	 higher	 die	 temperatures	 showed	 formation	 of	 porosity	 in	 the	
interior	of	the	V‐shape	band.	Similar	porosity	bands	were	observed	for	the	SSM	cast	
with	EEM	addition	of	7wt.%	and	using	the	higher	die	temperature,	as	seen	in	Figure	
22	b).	The	 formation	of	 the	V‐shape	segregation	band	may	be	related	 to	 the	burst	
feeding	 mechanism.	 The	 burst	 feeding	 results	 from	 the	 collapse	 of	 the	 dendritic	
network	 formed	 in	 the	 casting	 and	may	 occur	 in	 Al‐Si	 cast	 alloys	 [74].	 However,	
further	investigation	is	necessary	to	understand	the	formation	mechanism	of	the	V‐
shape	bands.	

It	 seems	 that	 the	 formation	 of	 shear	 bands	 near	 casting	 surface	 can	 result	 in	 the	
formation	 of	 porosity	 in	 the	 interior	 of	 the	 V‐shape	 bands,	most	 likely	 shrinkage	
porosity.		
 

 
Figure	22:	a)	Micrograph	of	the	Al‐7Si‐0.3Mg	cast	at	the	higher	die	temperature	with	an	addition	of	
6wt.%	EEM	and	showing	a	shear	band	near	casting	surface.	Dark	grey	regions	are	eutectic,	and	the	

brighter	regions	are	primary	α‐Al.	b)	Cross‐section	of	the	Al‐7Si‐0.3Mg	cast	at	the	higher	die	
temperature	with	an	addition	of	7wt.%	EEM	containing	a	V‐shape	porosity	band.	Black	regions	are	

porosity	at	the	casting	centre.	Dashed	lines	show	the	position	of	the	die	wall	during	filling.	
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3.3 Mechanical properties 

The	effects	of	magnesium	and	heat	treatment	in	the	tensile	properties	of	SSM	castings	
are	 shown	 in	 Figure	 23.	 The	 offset	 yield	 strength	 increased	 with	 the	 increase	 of	
magnesium	 content	 of	 the	 alloy	 after	T5	 and	T6	heat	 treatments.	 The	 offset	 yield	
strength	obtained	for	the	castings	in	the	T6	condition	is	significantly	higher	compared	
to	the	T5	condition,	for	similar	magnesium	content.	However,	the	offset	yield	strength	
also	 increases	after	T5	heat	 treatment	compared	to	as‐cast	condition,	as	shown	in	
Figure	 23	 for	 the	 Al‐7Si‐0.3Mg	 alloy.	 This	 indicates	 that	 precipitation	 hardening	
occurs	 during	 aging	 treatment,	 even	 for	 such	 a	 low	 magnesium	 concentration	
measured	in	the	interior	of	the	α1‐Al	globules	for	the	Al‐7Si‐0.3Mg	casting	in	the	T5	
condition,	as	shown	in	Figure	13.	The	higher	concentrations	of	magnesium	and	silicon	
measured	 at	 the	 edges	 of	 the	 α1‐Al	 globules,	 0.04±0.01	 and	 1.90±0.20wt.%	
respectively,	may	contribute	for	the	increase	of	offset	yield	strength	during	artificial	
aging	to	achieve	T5	condition.	The	offset	yield	strength	obtained	for	the	castings	in	
the	T5	and	T6	conditions	show	a	good	correlation	to	the	magnesium	concentration	
measured	in	the	interior	of	the	α1‐Al	globules,	as	seen	in	Figure	23,	and	Figure	13,	
respectively.		
 

 
Figure	23:	Influence	of	magnesium	content	and	heat	treatment	in	the	Rp0.2,	Rm	and	%elongation	to	

fracture	of	the	SSM	castings.	

 

The	tensile	strength	was	similar	for	the	Al‐7Si‐0.3Mg	casting	in	the	as‐cast	and	T5	
conditions.	For	the	castings	in	the	T5	condition,	the	tensile	strength	just	 increased	
when	the	magnesium	content	increased	to	0.6wt.%.	In	the	T6	condition,	the	tensile	
strength	increased	with	the	increase	of	the	magnesium	content	of	the	alloy.	

The	 %elongation	 obtained	 for	 all	 castings	 in	 the	 T5	 condition	 was	 similar.	 The	
%elongation	obtained	 for	 the	Al‐7Si‐0.3Mg	casting	 in	 the	T6	condition	was	higher	
compared	 to	 the	 T5	 condition.	 This	 is	most	 likely	 the	 result	 of	 the	 π‐Al8FeMg3Si6	
phase	transformation	into	very	fine	and	small	β‐Al5FeSi	platelets,	as	shown	in	Figure	
16.	For	the	T6	condition,	the	%elongation	decreased	with	the	increase	of	magnesium	
content	of	the	alloy.	This	decrease	of	ductility	with	the	increase	of	magnesium	may	
be	 the	 result	 of	 the	 larger	 volume	 fraction	 of	 π‐Al8FeMg3Si6	 that	 remains	 in	 the	
microstructure	of	 the	Al‐7Si‐0.45Mg	casting	compared	 to	 the	Al‐7Si‐0.3Mg	casting	
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after	 solution	 treatment	 [55].	 However,	 for	 the	 Al‐7Si‐0.45Mg	 casting,	 the	
%elongation	was	 similar	 in	both	T5	and	T6	conditions.	The	Al‐7Si‐0.3Mg	 castings	
showed	larger	scatter	in	the	%elongation	values	in	comparison	to	the	Al‐7Si‐0.45Mg	
and	 Al‐7Si‐0.6Mg	 castings.,	 as	 shown	 in	 Figure	 23.	 This	 may	 indicates	 that	 more	
defects	were	obtained	in	the	castings	produced	from	the	Al‐7Si‐0.3Mg	alloy.						
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CHAPTER 4  

CONCLUSIONS  
 

In	this	chapter	the	main	conclusions	are	summarized.	

Effect	of	grain	refinement	on	slurry	formation	

	In	this	thesis	the	effect	of	grain	refinement	on	α1‐Al	grain	size,	shape	factor	and	solid	
fraction	was	studied.	The	results	showed	 that	 the	grain	size	and	shape	 factor	was	
similar	for	the	refined	and	unrefined	alloys.	Additionally,	the	solid	fraction	obtained	
in	the	Rheometal™	slurry	preparation	process	decreases	slightly	with	the	addition	of	
grain	refiners,	from	0.31±0.04	for	the	unrefined	alloy	to	0.28±0.01	and	0.24±0.02	for	
the	Al‐8B	and	Al‐5Ti‐1B	refined	alloys,	respectively.		

It	was	observed	in	some	of	the	α‐Al	globules	evidence	of	liquid	penetration	suggesting	
that	disintegration	of	α‐Al	globules	by	 liquid	wetting	of	 the	deformed	crystals	can	
occur	during	the	Rheometal™	casting	process.		

Effect	of	magnesium	on	intermetallic	phases	formation	and	dissolution	

π‐Al8Mg3FeSi6	phase	was	detected	in	the	eutectic	regions	of	all	Al‐7Si‐Mg	castings	in	
as‐cast	and	T5	conditions.	For	magnesium	contents	larger	than	0.3wt.%,	the	Mg2Si	
phase	 form	 in	 the	 eutectic	 regions	 in	 addition	 to	 the	 π‐Al8Mg3FeSi6	 phase	 during	
solidification.	The	results	suggest	that	high	cooling	rates	favour	the	formation	of	the	
π‐Al8Mg3FeSi6	phase	instead	of	the	β‐Al5FeSi	phase	of	Al‐7Si‐Mg	SSM	casting.		

After	T6	heat	treatment	most	of	the	π‐Al8Mg3FeSi6	phase	transformed	into	very	fine	
β‐Al5FeSi	phase	and	released	magnesium	into	solid	solution	for	the	Al‐7Si‐0.3Mg	SSM	
casting.	However,	for	the	Al‐7Si‐0.45Mg	SSM	casting	π‐Al8Mg3FeSi6	phase	remains	in	
the	microstructure	and	just	a	very	few	β‐Al5FeSi	is	detected.		

Effect	of	grain	refinement	and	casting	parameters	on	segregation	

A	finer	and	more	uniform	microstructure	was	obtained	near	casting	surface	for	the	
grain	 refined	 castings	 in	 comparison	 to	 the	 unrefined.	 The	 silicon	 content	 of	 the	
surface	segregation	layer	was	lower	for	the	alloy	refined	with	Al‐5Ti‐1B	compared	to	
the	unrefined	alloy,	most	likely	due	to	the	lower	α1‐Al	solid	fraction	obtained	for	the	
refined	alloy.				

Increasing	 the	 die	 temperature	 and	 decrease	 of	 EEM	 wt.%	 addition	 result	 in	
formation	of	shear	bands	close	to	the	casting	surface.	In	these	conditions,	porosity	is	
observed	in	the	interior	of	the	V‐shape	bands	formed	in	the	casting	centre.	The	V‐
shape	bands	were	detected	 in	all	conditions.	The	decrease	of	die	 temperature	and	
increase	of	EEM	wt.%	addition	result	in	a	V‐shape	band	filled	with	eutectic.	

Effect	of	magnesium	on	heat	treatment	response	

The	comparison	of	the	magnesium	concentration	in	the	interior	of	the	α1‐Al	globules	
to	the	offset	yield	strength	obtained	for	the	SSM	castings	show	that	the	offset	yield	
strength	increases	with	the	increase	of	magnesium	concentration	in	α1‐Al	globules.	
Consequently,	a	larger	offset	yield	strength	was	obtained	for	the	castings	in	the	T6	
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condition	in	comparison	to	the	T5	condition.	The	low	hardening	response	of	the	SSM	
castings	in	T5	condition	compared	to	the	T6	condition	is	suggested	to	result	from	the	
low	magnesium	solubility	in	α‐Al	at	temperatures	in	the	freezing	range	of	the	Al‐7Si‐
Mg	alloys.	

The	%elongation	obtained	for	the	Al‐7Si‐0.3Mg	SSM	castings	in	the	T6	condition	was	
higher	 in	 comparison	 to	 the	 T5	 condition.	 However,	 for	 the	 Al‐7Si‐0.45Mg	 SSM	
the	%elongation	was	similar	in	both	heat	treatment	conditions.	
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CHAPTER 5  

FUTURE WORK  
 

CHAPTER INTRODUCTION 

In	this	chapter,	ideas	that	emerged	from	this	work	to	improve	the	current	knowledge	
are	presented.	

The	 results	 of	 this	 study	 suggest	 that	 α1‐Al	 grain	 size	 and	 shape	 factor	 are	 not	
influenced	by	grain	refinement	addition.	The	refinement	of	α1‐Al	is	advantageous	to	
improve	 feeding,	 microstructure	 uniformity	 and	 fatigue	 resistance	 of	 the	 SSM	
castings.	Therefore,	the	study	of	the	influence	of	Rheometal™	process	parameters	and	
the	addition	of	a	solute	element	with	high	growth	restriction	can	be	beneficial.	

	

A	 deeper	 understanding	 of	 the	 formation	mechanisms	 of	 the	 surface	 segregation	
layer,	shear	bands	and	V‐shape	central	bands	is	critical	to	produce	SSM	castings	that	
can	withstand	high	 loads	 in	 service.	The	control	of	oxides	during	 the	Rheometal™	
slurry	 preparation	 process	 is	 also	 critical	 for	 the	 casting	 mechanical	 and	 fatigue	
properties.		

	

Fatigue	 is	 the	 cause	 of	 most	 component	 failures	 in	 service,	 therefore,	 the	
understanding	 of	 the	 influence	 of	 different	 parameters	 such	 as	 heat	 treatment,	
magnesium	content,	α1‐Al	grain	size	on	fatigue	resistance	of	SSM	castings	is	relevant.	
Additionally,	the	fracture	analysis	of	fatigue	tested	samples	can	give	information	of	
the	most	critical	defects	that	causes	crack	initiation	in	SSM	castings.	
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