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ABSTRACT	

				This	work	examines	the	fatigue	behavior	of	additive	friction	stir	layer	welding	(AFSLW)	

of	AZ31	Mg	Alloy.		The	AFSLW	process	was	used	to	fabricate	a	seven-layer	build	using	5	

mm	thick	plates	of	AZ31	Mg	alloy.	Optical	microscopy	of	the	cross-section	of	the	AFSLW	

build	revealed	an	asymmetric	grain	size	distribution	through	the	layers	of	the	build.		In	

particular,	the	middle	layers	of	the	build	exhibited	more	refined	grain	structure	compared	

to	the	initial	and	final	weld	layers.			Experimental	tensile	tests	results	of	AFSLW	specimens	

showed	a	33%	reduction	in	ultimate	tensile	strength	(UTS)	compared	to	the	base	material.		

In	addition,	experimental	fatigue	results	of	the	AFSLW	build	demonstrated	a	reduction	in	

the	stress-life	behavior	compared	to	the	base	material.	The	reduction	in	fatigue	

performance	is	likely	due	to	reheating	the	material	caused	by	the	multiple	pass	build	

method	used	to	fabricate	the	build.		The	fatigue	results	of	the	AZ31	Mg	alloy	processed	with	

AFSLW	are	not	unexpected	considering	the	loss	of	heat	treatment	due	to	the	AFSLW	

process.	Post-mortem	analysis	via	scanning	electron	microscopy	(SEM)	showed	that	the	

AFSLW	specimens	exhibited	similar	fatigue	crack	initiation	and	crack	growth	mechanics	

compared	to	the	base	material.	The	results	of	this	study	suggest	that	structurally	sound	

builds	with	generally	acceptable	mechanical	properties	for	as-built	structures	can	be	

achieved	using	the	AFSLW	process.			
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INTRODUCTION	

	 Friction	Stir	Welding	(FSW)	is	a	solid	state	joining	process	where	a	rotating	non-

consumable	pin	and	shoulder	tool	generates	heat	and	downward	force	onto	a	set	of	plates,	

plastically	stirring	them	together	forming	a	metallurgical	bond.		First	carried	out	in	1991	at	

The	Welding	Institute	[1],	FSW	is	effective	in	joining	metals	that	are	difficult	to	weld	by	

fusion	welding	techniques,	and	in	many	cases	can	be	superior	to	traditional	welding	

methods.		A	variation	of	FSW,	additive	friction	stir	layer	welding	(AFSLW)	or	friction	stir	

additive	manufacturing	(FSAM),	is	an	additive	manufacturing	process	where	layers	of	

material	are	joined	together	by	stacking	and	welding	new	plates	together	and	repeating	

until	the	desired	height	is	achieved	as	shown	in	Figure	1.	Potential	applications	for	the	

AFSLW	process	could	potentially	be	applicable	to	automotive	and	aerospace	components,	

where	as	an	example,	the	stir	zone	of	the	AFSLW	process	could	be	used	as	stiffeners	for	

such	structures	as	airplane	wing	supports/stringers	or	for	fuselage	panels	[23].			
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Figure	1.	Illustration	of	Friction	Stir	Additive	Manufacturing	(not	to	scale).	

	

Regarding	the	understanding	of	microstructure	and	mechanical	properties	of	the	

AFSLW	process,	a	few	published	studies	exist.		First,	Palanivel		et	al.,	[17]	recently	carried	

out	a	study	on	WE43	Mg	alloy	processed	using	AFSLW.	In	their	study,	four	2mm	plates	

were	stacked	and	subsequently	layer	welded	together	using	the	AFSLW	process.		Their	

study	demonstrated	the	feasibility	of	the	AFSLW	process	on	WE43	Mg	alloy.	In	addition,	

they	found	that	after	aging,	the	AFSLW	Stir	zone	(SZ)	exhibited	a	higher	strength	and	

greater	ductility	than	the	parent	material.	This	increase	in	strength	and	improvement	in	

ductility	was	in	spite	of	the	presence	of	volumetric	defects	produced	by	the	AFSLW	process.			

	 A	similar	study,	focusing	on	AFSLW	of	7075	Al	alloy	was	conducted	by Yuqing, Mao, 

et al	[25].	In	their	study,	the	AFSLW	process	was	used	to	weld	nine	layers	together	and	
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subsequent	microstructure	and	mechanical	performance	was	quantified	on	the	final	build.		

In	particular,	they	examined	specimens	in	the	build	direction	and	in	the	weld	direction	to	

determine	how	the	AFSLW	affected	the	mechanical	properties.		Unlike	the	study	on	WE43	

Mg	alloy,	this	study	showed	that	7075	Al	alloy	exhibited	a	decrease	in	total	elongation	of	

the	AFSLW	specimens.		In	addition,	the	hardness	experiments	of	the	AFSLW	of	the	7075	Al	

alloy	revealed	that	the	hardness	increased	from	the	bottom	layer	to	the	top	layer,	ranging	

from	61	HV	up	to	103	HV	in	the	build.		Further,	microstructural	analysis	of	the	AFSLW	of	

the	7075	Al	alloy	revealed	an	anisotropic	grain	structure	in	the	SZ.			

It	is	important	to	note	that	while	the	a	few	published	papers	have	established	the	

feasibility	of	the	AFSLW	process	and	have	reported	on	the	microstructure	and	static	

mechanical	properties,	to	the	best	of	the	authors’	knowledge,	no	study	exists	on	the	fatigue	

behavior	of	AFSLW	process.		As	such,	the	purpose	of	this	paper	is	to	quantify	the	fatigue	

behavior	of	AZ31	Mg	alloy	manufactured	by	the	AFSLW	process.	In	addition,	this	paper	will	

characterize	the	microstructure	and	hardness	of	the	cross-section	of	the	AZ31	Mg	alloy	

AFSLW	build.	For	a	baseline	analysis,	results	of	microstructure	and	mechanical	property	

examination	in	this	study	will	be	compared	to	the	AZ31	Mg	alloy	base	material	(BM).		The	

purpose	in	the	selection	of	Mg	alloy	AZ31	for	this	study	is	due	to	the	potential	applications	

for	this	lightweight	structural	metal	in	automotive	and	aerospace	applications.		The	density	

of	AZ31	is	roughly	66%	of	aluminum	alloy	while	capable	of	achieving	similar	properties	to	

various	aluminum	alloys	making	it	a	potential	replacement	metal	for	current	aluminum	

components.			 	
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MATERIALS	AND	METHODS	

	 It	is	well	established	that	the	tool	geometry	has	the	most	influence	on	material	flow	

and	selecting	the	proper	FSW	tool	can	reduce	the	occurrence	of	weld	defects	when	paired	

with	the	correct	traverse	and	rotation	speeds.		FSW	tools	have	a	pin	and	shoulder	feature	

for	the	purpose	of	generating	heat	and	stirring	the	materials	together.		In	this	study,	a	

shoulder	tool	with	a	replaceable	pin	as	shown	in	Figure	2	was	used.			The	shoulder	is	made	

of	H13	steel	with	an	18	mm	diameter	single,	counter-clockwise	scroll	to	reduce	flash	on	the	

edges	of	the	weld	and	provide	sufficient	heat	input	for	plastically	deforming	the	material.	

The	shape	of	the	pin	was	a	threaded,	tapered,	triangular	pin	with	a	pin	diameter	at	the	base	

of	7	mm	tapering	to	a	4.5	mm	diameter	over	a	length	of	6.5	mm.	The	tool	is	set	at	an	angle	

of	-0.5°	from	the	vertical	axis	to	prevent	excessive	flash	build	up	from	forming	on	the	edges	

of	the	weld,	and	to	improve	surface	finish	and	reducing		

	the	amount	of	milling	needed	between	layers.		
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Figure	2.	Dimensions	of	Pin	and	Shoulder	tool	used	in	experiment.	

	 	

	The	build	plates	used	in	this	study	were	5	mm	thick	plates	of	Mg	alloy	AZ31-H24	which	has	

a	nominal	weight	percent	composition	of	Al	3.08%,	Zn	0.76%,	Mn	0.15%,	Fe	0.005%,	Si	

0.01%	Ni	0.002%,	Cu	0.001%,	Be	0.0001%,	and	Mg	Bal.				The	properties	of	AZ31	Mg	alloy	

are	comparable	to	several	5XXX	aluminum	alloys	in	overall	performance	while	being	

significantly	lighter	than	those	alloys.	

	 The	AFSLW	process	was	carried	out	using	multiple	build	plates	of	AZ31	Mg	alloy	

stacked	on	top	of	one	another	with	each	sheet	welded	to	the	previous	sheet	until	the	

desired	height	was	reached.		The	rotational	and	traverse	speed	used	in	this	study	were	

chosen	initially	by	research	by	Yu	et	al	[11]	followed	by	testing	parameters	shown	in	Figure	

3.		

Pin	Length	 6.5mm	

Pin	tip	diameter	 4.5	mm	

Pin	root	diameter	 7	mm	

Shoulder	diameter	 18	mm	
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Figure	3.	Process	window	for	process	parameters	of	AFSLW	build.	

It	is	noted	that	at	lower	spindle	rotational	speeds	(<750	rpm),	wormhole	defects	were	

observed	on	the	advancing	side	of	the	pin	tool,	likely	due	to	the	lack	of	plasticity	in	the	

material.		As	such,	the	weld	parameters	used	in	this	study	were	1000	rpm	and	a	traverse	

speed	of	100	mm/minute.		The	depth	of	the	pin	tool	was	set	to	approximately	6.65	mm	

from	the	surface	of	the	material	to	ensure	that	the	tool	penetrated	into	the	build	plate	into	

the	previous	layer.	In	order	to	make	a	wider	SZ	to	allow	for	sufficient	volume	for	tensile	

and	fatigue	specimens,	a	multi-pass	weld	method	was	used,	where	the	pin	traverses	across	

the	material	three	times	for	each	layer	and	each	pass	is	offset	by	4	mm	on	the	advancing	

side	of	the	previous	weld	path.		As	new	layers	were	added	to	the	build,	the	next	weld	was	

made	15-20	mm	shorter	than	the	previous	weld	as	to	reduce	propagation	of	the	keyhole	

defect	left	by	previous	layers.			

	 Between	welds,	the	surface	was	milled	flat	in	order	to	remove	flash	and	to	prepare	

the	surface	of	the	next	layer	to	ensure	that	the	surfaces	between	layers	were	in	complete	
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contact	with	one	another.		After	the	flash	was	removed,	the	AZ31	Mg	alloy	plates	were	

sanded	thoroughly	and	then	cleaned	with	a	100%	ethanol	solution	in	order	to	remove	any	

grease,	dust,	or	other	unwanted	particulates	that	were	left	at	the	layer	interface.		The	

surface	of	the	next	layer	that	was	welded	onto	the	build	was	also	sanded	in	order	to	ensure	

sufficient	contact	at	the	plate	interface.		This	process	was	repeated	after	each	layer	until	the	

seven	layers	was	achieved.	Figure	4	shows	the	finished	AFSLW	build	of	the	AZ31	Mg	alloy.	

	

Figure	4.	Finished	AFSLW	Build	of	AZ31	Mg	plates.	

	 	

To	characterize	the	microstructure	and	to	evaluate	the	welds	for	defects,	a	cross-section	

was	cut	out	of	the	build	and	then	cast	in	epoxy	before	being	polished	to	a	0.25	μm	finish.		

The	section	was	then	etched	in	a	1:1	mixture	of	Ethylene	Glycol	and	Acetic	acid	for	30	

seconds	to	highlight	the	grain	structure.		After	etching	the	surface	of	the	cross	section	of	the	

AFSLW	build,	the	grains	are	measured	with	optical	microscopy	following	ASTM	standards	

[26].	
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	 In	order	to	characterize	the	hardness	throughout	the	cross	section,	the	weld	

material	was	cut	and	polished	to	ensure	good	surface	quality	before	measurements	were	

conducted	on	each	layer.		The	cross-section	was	subjected	to	500	grams	force	and	10	

seconds	of	dwell	time	to	acquire	Vickers	hardness	levels.	Each	testing	site	was	spaced	0.02	

inches	apart	in	order	to	form	a	general	hardness	map	of	the	build.			

Once	the	micro	hardness	data	was	collected,	tensile	and	fatigue	specimens	were	

machined	from	the	SZ.	A	schematic	of	the	specimen	used	for	the	tensile	and	fatigue	

experiments	is	shown	in	Figure	5.		The	specimens	were	cut	by	wire	electrical	discharge	

machining	(EDM)	from	the	SZ.	For	comparison	purposes,	control	specimens	were	also	

prepared	from	a	base	material	(BM)	using	the	same	dimensions	as	shown	in	Figure	4.		All	

specimens	were	then	sanded	to	a	600	grit	finish	before	being	tested	at	various	stress	

amplitude	levels	at	R=-1	in	order	to	determine	the	stress-life	curve	for	the	AZ31	Mg	alloy	

processed	by	AFSLW.	

	

	

Figure	5.	Fatigue	Specimen.	Dimensions	in	mm.	 	
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RESULTS	AND	DISCUSSION	
	

Figure	6	shows	the	cross-sectional	view	of	the	AFSLW	build	and	optical	microscopy	

of	the	re-stir	regions	of	the	SZ	of	the	build.		Figure	6a	shows	is	the	entire	cross-section	of	

the	view	of	the	SZ	of	each	weld	pass	in	every	layer	of	the	AFSLW	build.		As	shown	in	Figure	

6,	analysis	of	the	AZ31	Mg	alloy	processed	by	AFSLW	revealed	no	volumetric	defects	(voids,	

porosity,	etc.)	that	would	be	immediately	detrimental	to	material	performance,	including	

fatigue.		In	particular,	we	note	that	no	wormhole	defects	at	any	edge	of	the	SZ	profile	were	

found,	thus	indicating	that	that	the	process	parameters	chosen	in	this	study	provided	

enough	energy	to	allow	for	proper	material	mixing	and	sufficient	metallurgical	bonding.		

Figures	6b-6h	show	the	SZ	of	the	layers	in	the	AFSLW	build	indicating	how	the	grain	

sizes	vary	across	multiple	layers	of	the	build.		Figures	6b	and	6h	are	the	only	sections	that	

are	not	re-stirred	regions	shown	in	Figure	6	because	they	are	the	first	and	last	layers	of	the	

build.		Inspection	shows	that	the	grains	in	Figures	6b	and	6h	have	similar	sizes	while	all	

other	layers	are	smaller	in	size.		The	grains	varied	in	size	from	approximately	4	μm	in	

diameter	at	the	smallest,	to	26	μm	in	diameter	with	the	largest	grains	in	the	top	and	bottom	

layers	of	the	build	while	the	smallest	grains	are	in	the	middle	layers.		The	grain	structure	of	

the	base	material	is	shown	in	Figure	6i	where	the	as-received	AZ31	Mg	alloy	exhibited	an	

average	grain	size	averaging	14	μm	in	size.			The	alteration	in	grain	size	due	the	AFSLW	is	

highest	in	the	re-stirred	zones	where	the	grains	are	substantially	smaller	due	to	dynamic	

recrystallization	as	shown	in	Figure	4e	and	4f.		The	recrystallization	caused	by	the	pin	tool	
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changes	the	interface	of	the	layers	to	form	a	trapezoidal	type	profile	for	each	layer	clearly	

visible	in	Figure	6a.					

	

Figure	6.	AFSLW	AZ31	SZ	regions.	a)	Stir	profile,	b)	layer	1,	c)	layer	2,	d)	layer	3,																e)	

layer	4,	f)	layer	5,	g)	layer	6,	h)	layer	7,	i)	base	material.	
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Figure	7	shows	the	grain	sizes	for	each	layer	shown	in	Figure	6.		The	grains	varied	in	

size	depending	on	the	build	layer	and	have	the	smallest	grain	sizes	in	the	center	layers	as	

shown	in	Figure	6;	however,	the	grains	in	the	stir	zone	are	on	average	smaller	than	those	

located	in	the	as-received	AZ31	Mg	alloy	BM.		Layers	4	and	5	are	where	the	minimum	grain	

sizes	are	located	in	the	AFSLW	build	with	refined	grains	in	the	re-stir	region.		The	average	

grain	sizes	in	the	build	range	from	around	8	μm	to	13.5	μm	across	the	build	and	have	the	

smallest	grains	located	in	the	center.			

		 	

Figure	7.	Layer	grain	sizes,	labels	correspond	with	Figure	6.		
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Figure	8	shows	the	hardness	map	of	the	AZ31	Mg	alloy	processed	by	AFSLW.	Figure	

8a	depicts	the	hardness	profile	of	the	completed	AFSLW	build	along	the	weld	lines	as	

shown	in	Figure	8b	where	the	weld	lines	are	highlighted	on	the	cross	section	of	the	build.	

In	general,	the	hardness	measurements	ranged	from	approximately	53	to	80	on	the	Vickers	

HV	scale.			As	shown	in	Figure	8a,	the	weld	lines	each	displayed	slightly	asymmetric	

hardness	profile	in	the	build	direction,	most	likely	due	to	the	re-stirring	and	additional	heat	

input	from	the	subsequent	passes	on	the	same	layer.			The	peak	hardness	values	for	each	

weld	line	is	located	in	the	4th	and	5th	layers	of	the	build	corresponding	with	the	grain	size	

data	in	Figure	7	where	layers	4	and	5	have	the	smallest	grain	sizes	in	the	build.	The	layers	

with	the	smallest	grain	sizes	mostly	correlated	with	the	highest	Vickers	hardness	

measurements	as	shown	in	Figures	6	and	7.		This	is	consistent	with	the	Hall-Petch	

relationship	where	smaller	grains	in	a	material	correspond	with	higher	hardness	values	as	

seen	in	Figure	9,	where	in	this	figure,	hardness	measurements	were	plotted	against	the	

square	root	of	the	diameter	of	the	grain.		The	relationship	between	hardness	and	the	

square	root	of	the	grain	size	generally	follows	a	linear	relationship	suggesting	that	the	

asymmetric	hardness	profile	of	the	AFSLW	build	is	related	to	grain	size.	
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Figure	8.	Hardness	profile.	a)	Vickers	HV	for	each	weld	line,	b)	weld	lines	in	AFSLW	
cross-section.		 	
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Figure	9.	Effect	of	grain	size	on	hardness	in	AFSLW	AZ31	in	third	weld	pass.	

		This	variation	of	hardness	from	layer	to	layer	in	the	AFSLW	builds	suggest	that	the	

addition	of	layers	onto	existing	welded	layers	caused	the	hardness	values	to	be	altered	

depending	on	the	layer	location	in	the	build.			

Figure	10	shows	the	experimental	tensile	results	for	the	ASFLW	Mg	alloy	AZ31	and	

the	corresponding	Mg	alloy	AZ31	BM.	The	monotonic	tensile	tests	of	the	BM	revealed	a	UTS	

of	300	MPa,	and	for	the	AFSW	build,	the	UTS	showed	a	33%	reduction	at	200	MPa	as	shown	

in	Figure	10.	This	reduction	in	UTS	is	an	indication	that	the	AFSLW	experienced	several	

reheating	cycles	during	the	build	that	weakened	the	material	significantly.			
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Figure	10.	Comparison	of	AFSLW	AZ31	to	Base	Material.	

	

		

Figure	11	shows	the	results	of	the	stress-life	experiments	for	the	AFSLW	and	BM	

specimens.	The	designated	endurance	limit	in	this	experiment	is	10^6	cycles	for	both	the	

control	and	the	AFSLW	specimens.		The	yield	strength	and	UTS	show	significant	reduction	

in	the	AFSLW	specimens	while	the	fatigue	strength	coefficient	is	only	reduced	by	2%	as	

seen	in	Figure	11.			Figure	12	shows	the	experimental	stress-life	results	normalized	by	UTS.			

Comparing	the	fatigue	behavior	of	both	AFSLW	and	control	specimens,	there	is	no	

equivalent	load	amplitude	shared	between	the	two	materials	as	seen	in	Figure	11.	 	
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Figure	11.	Stress-Cycle	comparison	of	AFSLW	AZ31	to	BM		
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Figure	12.	Normalized	Fatigue	Life	of	AFSLW	AZ31.		

	

The	AFSLW	stress-life	results	shown	in	Figure	9	displays	a	very	noticeable	

reduction	in	maximum	load	amplitude,	averaging	around	10%	of	the	material’s	UTS.		Even	

though	there	is	relative	equivalency	in	both	materials’	Basquin	parameter	β,	the	fatigue	

data	of	both	materials	did	not	have	any	equivalency	in	numbers	of	cycles	to	failure	at	

equivalent	load	levels.		We	further	note	that	the	run-out	stress	amplitude	for	the	AFSLW	



	 18	

specimens	was	60	MPa,	however,	for	the	as-received	specimens	the	run-out	stress	

amplitude	for	the	BM	was		120	MPa.	

Figure	13	shows	the	fractured	fatigue	AFSLW	and	BM	specimens.	We	note	that	the	

BM	control	specimens	shown	in	Figure	13a	exhibit	fracture	surfaces	that	are	mostly	flat	in	

the	fracture	region.	Similar	observation	was	made	for	the	AFSLW	specimens,	as	shown	in	

Figure	13b.		Based	on	how	the	AFSLW	specimens	were	cut	from	the	SZ,	the	fracture	for	all	

AFSLW	specimens	is	located	near	where	the	tip	of	the	tool	would	have	passed	during	

welding,	likely	contributing	to	the	reduction	in	UTS.			

	

Figure	13.	Macroview	of	fractured	fatigue	specimens.	a)	Base	Material,	b)	AFSLW.	

	 	

Figure	14	shows	the	SEM	images	of	two	AZ31	AFSLW	specimens	at	different	load	levels;	

Figure	14a-c	at	35%	of	UTS	loading	and	Figure	14d-f	at	50%	of	UTS	loading.		Both	

specimens	shown	in	Figure	14a	and	14d	are	entirely	comprised	of	the	SZ	material	of	the	

AFSLW	build,	and	both	fracture	in	the	same	region	of	the	specimen.		Since	Figure	14d	is	a	
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specimen	tested	at	a	higher	load	level	than	Figure	14a,	it	has	a	larger	fast	fracture	region	

shown	as	light	grey	on	the	lower	half	of	the	specimen.		Figure	14a	is	the	cross	sectional	

view	of	a	fatigue	specimen	that	was	loaded	at	35%	UTS	during	the	fatigue	test.		The	crack	

growth	on	the	specimen	in	Figure	14a	can	be	tracked	from	right	to	left	in	the	SEM	image,	

and	the	slow	crack	growth	region	covers	most	of	the	fracture	surface	seen	in	Figure	14a.			

	 Figure	14b	is	a	crack	initiation	point	for	the	35%	UTS	load	specimen	with	a	series	of	

river-marks	diverging	from	an	initiation	site	on	the	corner	of	the	specimen.		Figure	14c	is	a	

microscopic	view	of	the	fast	fracture	region	of	the	specimen	in	Figure	9a;	the	region	

displays	a	ductile	failure	surface	typical	of	Mg	alloys.		Figure	14d	is	the	cross	sectional	view	

of	an	AFSLW	specimen	that	fractured	at	50%	UTS	loading.		The	50%	UTS	loading	specimen	

showed	a	convergence	of	two	fatigue	crack	growth	regions,	where	the	larger	dark	region	

on	the	left	of	Figure	14d	is	the	region	of	primary	crack	growth.		In	the	50%	UTS	loading	

specimen,	the	slower	fatigue	growth	region	and	faster	fatigue	growth	region	are	distinct,	

and	typical	of	fatigue	failure	in	ductile	metals.		Figure	14e	shows	particles	located	near	the	

free	surface	of	the	50%	UTS	load	specimen	seen	as	white	specs	on	the	SEM	image,	after	x-

ray	spectroscopy	of	the	particles	they	were	found	to	be	manganese	rich	particles.		We	note	

that	none	of	the	manganese	rich	particles	shown	in	Figure	14e	were	located	close	enough	

to	the	free	surface	of	the	specimen	to	suggest	that	the	particles	initiated	the	fatigue	crack	

for	this	crack	growth	region	in	the	AFSLW	specimen.		Figure	14f	is	an	SEM	image	of	the	fast	

fracture	region	of	the	50%	loading	specimen	showing	signs	of	ductile	failure	similar	to	

Figure	14c,	which	shows	that	the	failure	mechanisms	between	the	AFSLW	specimens	is	

similar	in	the	fast	fracture	region.		Overall,	the	SEM	post-mortem	analysis	suggests	that	

AFSLW	fatigue	crack	initiation	and	crack	growth	mechanisms	are	similar	to	the	BM.		
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Figure	14.	SEM	Images	of	AFSLW	Test	Specimens.	a)	35%	cross	section	b)	35%	crack	
initiation	site	c)	35%	fast	fracture	region	d)	50%	cross	section	e)	50%	Manganese	rich	

particles	(white	dots)	f)	50%	fast	fracture	region.	
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CONCLUSIONS	
	
The	following	conclusions	are	presented	based	on	the	results	of	this	study:	

• Multiple	layer	builds	of	AFSLW	AZ31B	Mg	alloy	can	be	achieved	with	the	same	

process	parameters	for	each	layer	without	any	volumetric	defects.	

• Multi-pass	welding	methods	produce	an	asymmetrical	hardness	profile	within	the	

weld	region.	

• The	highest	hardness	values	of	the	material	are	located	in	the	third	weld	pass	of	

each	layer	of	the	build.	

• A	general	linear	relationship	between	hardness	and	grain	size	was	observed	

consistent	with	the	Hall-Petch	relationship.	

• Grain	refinement	is	highest	in	re-stirred	regions	of	the	build,	particularly	in	the	

middle	layers	of	the	AFSLW	build.	

• The	AFSLW	material	displays	a	33%	reduction	in	UTS	when	compared	to	the	as	

received	base	material.	

• The	fatigue	response	of	the	AFSLW	build	is	significantly	reduced	in	comparison	to	

the	as	received	base	material,	likely	due	to	reheating	during	subsequent	welds.	

• The	AFSLW	material	fracture	in	comparison	to	the	base	material	fracture,	is	

relatively	similar.		

Future	research	should	explore	how	the	AFSLW	build	material	properties	change	using	

different	pin	tool	geometries	and	pin/shoulder	combinations.		It	is	possible	that	the	use	of	a	

multi-pass	welding	method	is	the	major	contributor	to	the	reduction	in	material	properties.	

These	and	several	other	factors	should	be	taken	into	account	before	any	implementation	of	
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AFSLW	material	builds	in	structural	components	as	to	maintain	the	necessary	level	of	

safety	required	for	the	intended	task.	
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