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Abstract		

It	has	been	shown	previously	that	smart	low	transformation	temperature	(LTT)	

weld	fillers	can	be	used	to	control	residual	stresses	and	distortion	in	single	pass	

welds	in	austenitic	plates,	leaving	the	weld	in	a	state	of	low,	or	even	compressive,	

residual	stress.		However	in	a	single	pass	weld	the	filler	is	exposed	to	just	one	

thermal	excursion.		By	contrast,	weld	fillers	in	multipass	welds	experience	a	

number	of	thermal	excursions	as	successive	passes	are	laid	down	which	means	

that	the	benefit	of	the	smart	LTT	filler	is	not	realised.		Here	neutron	diffraction	

and	the	contour	method	are	used	to	measure	the	residual	stress	in	an	8	pass	

groove	weld	of	a	304L	stainless	steel	plate	using	the	experimental	LTT	filler	

Camalloy	4.	The	stress	measurements	show	that	the	stress	mitigating	effect	of	

Camalloy	4	observed	for	single	pass	welds	is	diminished	by	successive	thermal	

excursions	during	multipass	welding.	Consequently,	the	use	of	an	elevated	

temperature	interpass	hold	temperature	is	proposed	to	ensure	the	weld	

transformation	can	successfully	mitigate	residual	tensile	stresses.	Interpass	hold	

temperatures	of	50°C	and	200°C	are	investigated	experimentally	alongside	finite	

element	modelling	to	identify	the	optimum	hold	temperature.	These	results	

show	that	while	the	interpass	temperature	doesn’t	affect	the	final	transformed	

fraction,	an	interpass	temperature	of	200°C	is	successful	in	introducing	

compressive	residual	stresses	throughout	the	fusion	zone	if	somewhat	higher	

tensile	stresses	than	arise	for	low	interpass	temperatures,	or	when	using	non	

transforming	fillers.	
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Martensitic	transformation,	gas	metal	arc	welding,	displacive	transformation,	

low	stress	low	distortion	welding.	

Introduction	

Tensile	residual	stresses	that	form	as	a	result	of	welding	can	have	a	deleterious	

effect	on	the	structural	integrity,	leading	to	component	distortion,	mechanical	

under	performance,	or	even	catastrophic	failures	[1].	Such	weld	residual	stresses	

can	be	especially	problematic	for	the	nuclear	power	industry	[2],	because	there	

are	many	thick	and	large	welded	sections	which	can	not	be	heat	treated	to	

reduce	residual	stresses.		Further,	in	pressurised	water	reactor	(PWR)	

assemblies	such	welds	can	experience	operating	conditions	which	increase	their	

susceptibility	to	“environmentally	assisted	cracking”	(EAC)	or	creep	cavitation	

[3]	both	of	which	are	strongly	affected	by	residual	stresses.	This	makes	control	

and	mitigation	of	residual	stress	in	welded	joints	an	important	feature	of	modern	

weld	design.	

An	elegant	and	efficient	method	of	residual	stress	mitigation,	exploiting	

transformation	plasticity	associated	with	the	martensitic	transformation	in	

ferritic	steel,	was	shown	by	Wang	et	al.	[4]	and	Ohta	et	al.	[5]	to	be	highly	

effective.		This	approach	requires	a	sufficiently	low	martensite	start	temperature,	

Ms,	of	the	filler	material.	.	However	these	early	studies	tended	to	rely	on	the	

martensitic	transformation	resulting	in	welds	with	impractically	low	toughness.	

Bhadeshia,	Withers	and	co-workers	focused	on	the	design	of	low	transformation	

temperature	(Ms)	weld	fillers	with	higher	toughness,	both	for	stainless	steels	[6]	

and	ferritic	steels	[7–9]	In	these	studies,	alloys	specially	designed	to	have	low	Ms	

and	good	mechanical	properties	were	selected,	for	which	suitable	alloy	design	

processes	are	reported	in	[6].	The	ability	to	control	the	state	of	residual	stress	

using	such	alloys	has	been	demonstrated	by	Dai	et	a.l	[10],	Murakawa	et	al	[11],	

Moat	et	al.	[12],	Thibault	et	al.	[13]	and	Ramjaun	et	al.	[8,9,14]	who	used	neutron	

diffraction	and/or	the	contour	method	to	quantify	the	residual	stresses.		Further,	

these	stresses	have	been	well	explained	by	finite	element	models	that	capture	

the	transformation	strain	along	with	associated	transformation	plasticity	

[15,16].	
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The	low	transformation	temperature	filler	reported	by	Shirzadi	et	al.	in	[6]	

named	Camalloy	4,	is	a	martensitic	stainless	steel.		As	is	evident	from	the	Satoh	

test	shown	in	Figure	1	it	has	a	martensite	start	temperature,	Ms,	of	

approximately	200°C.		This,	alongside	good	mechanical	properties,	makes	it	well	

suited	as	a	stress	mitigating	filler	material	for	the	welding	of	austenitic	stainless	

steel;	giving	high	strength,	high	toughess	and	low	distortion	welds.		To	date	only	

single	pass	welds	of	Camalloy	4	have	been	examined	which	has	been	reported	in	

[12].	

Since	single	pass	welds	undergo	only	one	thermal	excursion	the	transformation	

upon	cooling	is	relatively	easy	to	control.		By	contrast	the	weld	filler	in	multipass	

welds	experiences	several	thermal	excursions	of	decreasing	intensity	as	

subsequent	weld	passes	are	applied.		This	opens	up	the	possibility	of	tensile	

residual	stresses	being	generated	in	a	multipass	weld	upon	subsequent	

reheating	cycles	that	are	sufficient	to	cause	re-austenisation	of	the	already	

deposited	layers	but	are	not	cooled	sufficiently	to	regenerate	martensitic	

structure.		In	this	paper	control	of	interpass	temperature	is	investigated	as	a	

means	of	controlling	the	timing	and	extent	of	martensitic	transformation	so	as	to	

generate	the	required	compressive	weld	residual	stresses.		Welding	was	

performed	using	two	different	interpass	temperatures,	50°C	and	200°C	(close	to	

Ms)	to	determine	the	effect	of	interpass	temperature	on	the	final	stress	state.	

Previous	multipass	weld	modelling	[16]	and	residual	stress	measurements		have	

suggested	that	an	interpass	temperature	of	200°C	should	be	enough	to	

significantly	delay	the	transformation	to	give	significant	compressive	weld	

stresses.	As	a	benchmark	to	demonstrate	the	effect	of	phase	transformation,	a	

third	weld	was	produced	using	a	standard,	commercially	available	non-

transforming,	austenitic	filler	Autorod	308LSi.		

Experimental	

Material	and	weld	preparation	

Four	identical	plates	(200	×	150	×	20	mm)	were	prepared	from	conventional	

austenitic	stainless	steel	(304L).	A	half-thickness	deep,	V-groove	was	machined	

along	the	centreline	of	each	plate,	with	an	enclosed	angle	of	60°.	The	thermal	
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history	was	followed	during	welding	by	thermocouples	spot-welded	onto	the	

surface	of	the	plate	near	the	groove.		The	preparation	of	the	plate	for	welding,	the	

order	of	weld	beads	and	it’s	representation	in	FE	are	shown	in	Figure	2.	The	

plate	was	restrained	by	fillet	welds	to	the	work	bench	(tack	welded)	on	all	sides	

of	the	plate.		

Two	filler	metals	were	chosen;	the	first,	CamAlloy	4,	designed	to	have	corrosion	

resistance	as	well	as	a	low	transformation	temperature	[6];	the	second,	Autorod	

308LSi,	which	is	a	commercially	available	non-transforming	austenitic	filler	

metal	commonly	used	for	welding	304L	steel.	The	chemical	compositions	of	

CamAlloy	4,	Autorod	308LSi	and	304L	base	metal	are	listed	in	Table	1.		

The	weld	trials	were	carried	out	using	gas	metal	arc	welding	with	a	shielding	gas	

of	98%Ar-2%CO2.	The	welding	current	and	voltage	were	230-295	A	and	26-30	V,	

respectively,	and	the	welding	speed	was	between	65-78	mm	min-1.	Eight	layers	

of	filler	metal	were	deposited	on	each	plate	using	the	interpass	hold	

temperatures	given	in	Table	1.	Plate	T50	and	plate	T200	are	produced	to	

investigate	the	effect	of	inter-pass	temperature;	while	plate	A50	serves	as	a	

reference	to	current	industry	practice.	

Metallographic	and	microhardness	examination	

A	10mm	thick,	cross	sectional	slice	was	taken	from	the	centre	of	the	weld,	after	

the	cross-weld	cut	for	the	contour	method	was	made	and	the	surface	had	been	

profiled.	The	cross	sectional	surface	was	ground	flat	and	polished	using	standard	

metallographic	techniques.	The	polished	surface	was	eletrolytically	etched	using	

Fry’s	reagent	and	imaged	using	optical	microscopy.	Because	the	base	metal	is	

anodic	with	respect	to	the	weld,	it	was	first	covered	with	nail	polish,	which	was	

removed	using	acetone	after	etching.		The	initial	examinations	showed	the	weld	

dilution	extended	to	5mm	outside	the	original	weld	groove	in	all	directions.	

Vickers	hardness	mapping	was	also	carried	out	on	the	transverse	section	of	the	

as	welded	plates	with	1	mm	by	2	mm	grid	spacing	using	an	applied	load	of	2kg.		

Metallography	and	hardness	measurements	are	only	presented	for	martensitic	

welds	(plate	T50	and	plate	T200).	
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Neutron	diffraction	stress	measurement	

Residual	stresses	in	each	sample	plate	were	first	characterised,	non	

destructively,	by	neutron	diffraction	method	using	the	Engin-X	beam	line	at	the	

ISIS	facility,	Oxfordshire,	UK.		The	lattice	parameter	variations	in	each	of	the	

phases	were	measured	in	three	orthogonal	directions	using	the	“time	of	flight	

method”	with	full	Reitveld	style	refinement	[17].	As	a	result	of	the	dual-detector	

system	employed	at	Engin-X,	the	three	orthogonal	directions	could	be	obtained	

using	2	sample	orientations.		A	set	of	3mm	radial	collimators	were	employed	to	

give	a	nominal	gauge	volume	of	3x3x3mm	[18].	When	the	sample	was	oriented	

such	that	the	welding	direction	was	vertical,	the	vertical	slits	were	opened	to	

10mm	to	reduce	counting	times,	but	without	reducing	the	spatial	resolution	in	

the	normal	and	transverse	directions.	Strain	was	calculated	using:	

ε = !!"#!!!
!"#

!!
!"#  (1) 

where	axyz	is	the	refined	lattice	parameter	at	a	particular	gauge	location	(x,	y,	z)	

and	a0x,y,z	is	the	lattice	parameter	corresponding	to	a	stress-free	condition	at	the	

sample	location	(x,	y,	z).	Stress-free	samples	were	created	using	comb-like	

sample	cut	from	a	region	towards	the	ends	of	the	welded	plates.	The	comb-like	

samples		allowed	stress	free	lattice	parameter	measurements	at	the	same	

distances	from	the	weld	centre	where	the	residual	stresses	are	measured	(i.e.	

each	tooth	on	the	comb-like	sample	corresponds	to	a	certain	gauge	location)	

[19,20].	Given	the	size	of	each	sample	plate,	cutting	a	thin	comb-like	sample	from	

the	end	of	each	plate	does	not	significantly	alter	the	residual	stress	profile	in	the	

centre	of	the	plates.		Stress	was	calculated	from	the	elastic	strain	measurements	

using:	

σ!! =
! !!! !!!!! !!!!!!!

!!! !!!"
	 (2)	

where	σii	and	εii	are	the	normal	stress	and	strain	respectively	for	the	respective	i-

direction.		In	view	of	the	fact	that	the	whole	diffraction	profile	is	refined	the	bulk	

Young’s	modulus,	E,	and	Possion’s	ratio,	ν,	are	employed	rather	than	diffraction	

elastic	constants	[21].	
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Contour	method	of	stress	measurement	

Upon	completion	of	the	neutron	diffraction	measurements,	the	plates	were	

sectioned	along	the	normal-transverse	plane	at	the	mid-point	along	the	weld	

beads.	The	sectioning	was	performed	using	Wire-Electro-Discharge-Machining	

(WEDM),	completed	in	a	single	pass	using	skim	cut	settings.	During	cutting	the	

plates	were	kept	clamped	to	the	work	table	to	prevent	any	rigid	body	movement.	

The	surface	displacements	were	mapped	using	a	Nano	focus,	Microscan,	confocal	

laser	profilometer.	The	data	were	cleaned	and	smoothened	to	remove	outliers	

and	noise	and	then	fed	into	an	FE	model.	The	stress	required	to	cause	such	

surface	displacements	was	determined	and	extracted	across	the	surface	of	the	

cut	to	reveal	the	stress	presented	in	the	sample	prior	to	sectioning.	

The	contour	method	can	be	affected	by	artefacts	resulting	from	the	cutting	

process	[22,23].	These	are	often	only	significant	in	the	first	millimetre	or	so	from	

a	free	surface.	Because	the	bulk	stresses	close	to	the	weld	deposit	(far	from	the	

plate	edges)	are	our	primary	interest,	no	attempt	was	made	to	correct	for	the	

surface	measurements	and	these	data	were	removed	from	the	calculation.	

Finite	element	modelling	

In	this	work,	SYSWELD	FE	code	[25]	is	used	as	it	is	one	of	a	few	specifically	

designed	codes	to	include	transformation	plasticity	(Greenwood	and	Johnson	

mechanism).	A	2D	model	was	built	to	investigate	the	effect	of	interpass	

temperature	which	was	verified	by	some	3D	modelling	previously	reported	[16].	

The	mechanical	properties	of	Camalloy	4	were	determined	as	a	function	of	

temperature	using	an	electro-thermo	mechanical	testing	(ETMT)	machine	

coupled	with	a	digital	image	correlation	(DIC)	system	for	surface	strain	

measurement.	More	details	of	the	mechanical	properties	of	the	tested	alloy	can	

be	found	in	[15,24].	

Defining	the	thermal	model	

Each	weld	bead	(pass)	is	considered	to	be	deposited	as	a	block	(sometimes	called	

block-dumping),	with	a	thermal	cycle	imposed	on	the	whole	pass	[25].	The	heat	

power	density	function,	as	shown	in	eq.	(3),	is	described	mathematically	by	
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empirical	parameters	that	need	to	be	calibrated	before	the	heat	source	can	be	

applied.	In	all	cases	an	arc	efficiency	of	0.8	was	assumed	for	each	welding	pass.	

The	calibration	was	carried	out	by	seeking	the	best	possible	reproduction	of	the	

fusion	zone	(FZ)	and	heat	affected	zone	(HAZ)	in	the	first	pass.	The	FZ/HAZ	

boundaries	are	normally	estimated	by	plotting	the	maximum	temperature	

envelope	on	a	contour	plot	focusing	on	a	contour	value	of	1500°C	for	the	FZ	and	

a	minimum	contour	value	of	850°C	for	the	HAZ.		

	 				 (3)	

An	averaged	thermal	cycle	for	the	whole	weld	bead	was	then	exported	and	

compiled	for	the	use	of	the	multi-pass	welding	simulations.		The	welding	speed	

for	Pass	8	was	1.08	mm	s-1	compared	to	1.3	mm	s-1	for	all	other	passes.	

Consequently	a	different	set	of	parameters	were	fitted	for	Pass	8	using	a	separate	

2D	transient	welding	analysis.	

The	thermal	properties	used	in	this	work	are	given	elsewhere	[16].	The	

predicted	1500°C	peak	temperature	contour	corresponding	to	the	fusion	zone	is	

compared	with	the	macrostructure	of	the	weld	cross-section	in	Figure	2.	

Considerable	weld	dilution	is	observed	in	the	fusion	zone	extending	well	beyond	

the	foot	print	of	the	original	groove,	but	still	comparable	with	the	optical	

micrographs.	

In	order	to	identify	the	optimum	interpass	hold	temperature,	four	different	

interpass	temperatures,	50,	100,	150	and	200°C,	are	modelled	(denoted	as	Model	

T50,	Model	T100,	Model	T150	and	Model	T200).	

Modelling	the	Martensitic	Transformation	

The	extent	of	the	martensite	transformation	can	be	described	by	the	Koistinen-

Marburger	relationship	[26]:		

																									for	T<Ms					 (4)	

where	Ms=214°C	and	b	is	a	fit	parameter	(=0.014	K-1	in	this	study).	
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The	details	of	FE	meshing	used	in	the	2D	analysis	of	multipass	welding,	is	shown	

in	Fig.	2c.	The	stainless	318L	plate	cannot	transform	throughout	the	entire	

welding	process	and	it	is	assumed	that	the	first	bead	stays	mostly	austenitic	in	all	

cases	because	of	dilution.	To	model	the	dilution	effect,	a	simple	approximation	is	

applied	in	which	the	initial	phase	of	the	first	bead	is	assumed	to	be	50%	

austenitic	plus	50%	martensitic,	while	the	second	to	the	eighth	beads	are	able	to	

fully	transform	martensitically.	If	the	amount	of	the	retained	austenite	can	be	

measured	or	accurately	estimated,	a	better	approximation	could	be	made	by	

calibrating	the	K-M	coefficients	Ms	and	b,	or	through	the	use	of	a	progressive	

transition	zone.	Nevertheless,	the	current	assumption	should	not	affect	our	main	

focus	on	the	effect	of	the	interpass	holding	temperature	of	residual	stresses.	

Results	

Vickers	Microhardness	

The	hardness	(HV2)	maps	are	shown	in	Figure	3	from	which	the	presence	of	

martensitic	weld	metal	is	evident	for	both	plates	T50	and	T200	from	the	high	

hardness	values	(>250	HV2)	compared	to	that	of	the	parent	austenitic	regions	

(<200	HV2).	It	is	also	observed	that	the	hardness	of	the	first	weld	bead	of	both	

tested	plates	is	between	of	200-250	HV2	similar	to	the	hardness	obtained	in	the	

heat	affected	zone	(HAZ)	for	both	plates	suggesting	the	microstructure	of	the	

first	bead	is	significantly	austenitic	rather	than	100%	martensitic.	It	is	also	

evident	that	the	hardness	plateau	of	the	HAZ	for	the	higher	interpass	

temperature	(200°C)	is	wider	than	for	the	lower	interpass	temperature	(50°C).	

For	the	plate	welded	using	a	200°C	interpass	temperature	(plate	T200),	the	

result	shows	that	except	for	the	first	weld	bead,	there	is	no	major	variation	in	the	

hardness	values	of	the	different	passes.	However,	for	plate	T50,	a	higher	

hardness	was	obtained	in	the	central	passes	(beads	2,	3,	4	and	5).	This	is	

presumably	due	to	accumulated	plastic	strain	in	the	martensite	caused	by	

subsequent	passes,	although	further	work	would	be	required	to	investigate	this	

relationship.	
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Phase	fraction	

The	variation	in	phase	fraction	of	martensite	measured	at	the	weld	centreline	is	

presented	in	Figure	4.	These	results	are	calculated	using	ASTM	standard	for	

retained	austenite	determination	from	the	neutron	diffraction	profiles.		As	

expected	no	martensite	is	observed	for	the	non-transforming	austenitic	filler	

(Autorod	OK	308LSi)	nor	towards	the	bottom	(~8mm)	of	the	plates.	This	is	

despite	the	presence	of	the	fusion	zone	extending	beyond	this	location.	

Martensite	is	first	detected	in	the	neutron	measurements	with	the	gauge	centre	

10mm	from	the	top	surface,	steadily	increasing	to	a	maximum	of	70-80%	6mm	

from	the	top	surface.	These	results	broadly	agree	with	the	hardness	maps	and	

are	within	the	tolerance	of	the	assumptions	made	for	the	FE	modelling.	

Residual	stress	measurements	

The	residual	stresses,	measured	by	neutron	diffraction	in	the	longitudinal	and	

transverse	directions,	are	shown	in	Figure	5	(versus	depth)	and	Figure	6	(versus	

lateral	distance	from	the	weld	centreline).	For	both	welds	made	with	the	

transforming	filler	material	(Camalloy4),	significant	regions	of	compressive	

stress	are	observed	in	the	weld	zone.	Unsurprisingly,	the	stresses	in	the	

longitudinal	direction	are	of	the	greatest	magnitude.	For	the	austenitic	weld,	the	

residual	stress	is	largest	at	the	weld	centre	reaching	around	+400MPa.		By	

contrast	the	stress	in	the	weld	zone	for	the	LTT	weld	filler	is	largely	compressive	

reaching	a	peak	of	about	-600MPa	when	using		the	higher	interpass	temperature	

(T200).		For	the	weld	with	the	lower	interpass	temperature	(plate	T50),	

significant	compressive	stresses	are	only	observed	for	the	later	passes	while	

tensile	stresses	similar	to	those	in	the	austenitic	weld	are	seen	for	the	earlier	

passes	(~+400MPa).		In	the	HAZ,	both	to	the	side	and	below	the	fusion	zone,	the	

stresses	are	similar	to	those	for	the	austenitic	weld.		The	contour	measurements,	

conducted	at	the	same	locations	as	of	the	neutron	diffraction	measurements,	

show	values	of	longitudinal	residual	stress	(see	Figure	5	&	6)	that	are	in	very	

good	agreement	with	the	neutron	diffraction	scans.	

Full	contour	maps	of	longitudinal	residual	stress	across	the	entire	normal-

transverse	plane,	calculated	from	contour	method	measurements	are	plotted	in	
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Figure	7	for	the	three	plates.	These	confirm	that	the	compressive	stress	in	plate	

T200	extends	across	the	majority	of	the	fusion	zone,	whereas	for	plate	T50	this	is	

confined	to	the	last	3	passes	only.	In	addition,	these	contour	maps	reveal	that	

despite	the	large	regions	of	compressive	stress,	regions	of	high	tensile	stress	are	

present	in	the	HAZ	for	plate	T200	and	in	the	HAZ	and	fusion	zone	of	plate	T50.	

These	tensile	stresses	are	of	greater	magnitude	than	those	found	in	plate	A50,	

albeit	over	smaller	regions.	It	should	also	be	noted	that	tensile	stresses	are	

observed	in	the	bottom	corners	of	the	plates.	These	arise	from	the	tack	welds	

used	to	attach	the	plates	to	the	welding	table.	

Discussion	

In	order	to	rationalise	the	measurements	it	is	useful	to	consider	the	FE	

predictions,	which	enable	us	to	examine	the	temporal	and	spatial	variation	in	the	

extent	of	the	transformation	(Figure	8).		From	the	FE	predictions,	it	is	evident	

that	for	the	low	interpass	temperature	model	(T50)	the	weld	filler	transforms	to	

around	50%	martensite	as	it	is	laid	down.		The	percentage	of	martensite	remains	

almost	constant	as	more	layers	are	deposited.	However,	after	the	final	(8th)	pass	

the	weld	is	cooled	to	room	temperature	causing	further	transformation	such	that	

the	final	martensite	fraction	is	around	70%.		The	martensite	fraction	predicted	

by	the	FE	model	is	in	good	accordance	with	the	phase	fraction	determined	

experimentally	(Figure	4).			

By	contrast	the	elevated	holding	temperature	between	weld	passes	(model	

T200)	prevents	significant	transformation	from	taking	place	during	the	welding	

procedure.	Consequently,	only	around	40%	martensite	forms	near	the	boundary	

with	the	base	plate	and	almost	no	transformation	is	predicted	to	occur	in	the	

beads	laid	down	away	from	the	base	plate.		It	should	also	be	noted	that	dilution	

may	decrease	the	level	of	transformation	observed	near	the	sides	of	the	original	

groove.	As	a	result	in	this	case,	most	of	the	transformation	is	predicted	to	occur	

upon	final	cooling	of	the	weld,	giving	approximately	the	same	fractions	of	

martensite	(~70%)	as	for	the	lower	interpass	temperature	weld.	

The	observed	differences	are	reflected	in	the	final	residual	stresses	as	a	function	

of	interpass	temperature	shown	in	Figure	9.		Whatever	the	interpass	
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temperature,	there	is	a	compressive	residual	stress	zone	towards	the	top	of	the	

fusion	zone	associated	with	the	martensitic	transformation	of	the	final	passes.		

Similarly	in	all	cases	the	stresses	in	the	parent	metal	beneath	the	weld	are	tensile	

just	below	the	groove	falling	almost	to	zero	towards	the	underside	of	the	plate.		

Similarly	in	all	cases	the	base	plate	far	from	the	weld	is	in	low	level	tension.		

Consequently	the	major	differences	lie	in	the	region	where	the	early	weld	beads	

are	laid	down.	As	the	interpass	temperature	is	lowered	the	compressive	stress	in	

this	region	is	lost.		

This	effect	can	be	seen	even	more	clearly	in	the	line	profiles	shown	in	Figure	10.	

Indeed,	the	FE	predicts	a	higher	magnitude	of	tensile	stress	in	the	lower	part	of	

the	weld	groove	(~1000MPa)	than	is	measured	(~400MPa).	By	contrast	the	

magnitudes	of	residual	stress	predicted	for	the	model	T200	case	is	in	good	

agreement	with	the	measurements	for	plate	T200.		

It	is	noteworthy	that	for	both	the	models	and	the	experimental	plates	the	

stresses	in	the	last	few	beads	are	the	same	independent	of	interpass	

temperature.	

The	over	prediction	of	tensile	residual	stress	in	the	region	where	the	early	beads	

were	laid	down	is	clear	from	Figure	10.		Further	work	is	required	to	identify	the	

source	of	the	inconstancy	in	predicted	and	measured	tensile	residual	stress.	.		

Clearly	a	number	of	factors	need	to	be	taken	into	account	including	annealing	

effect	of	subsequent	passes	as	well	as	the	effect	of	transformation	plasticity	and	

the	work	hardenability	of	this	zone.		

Nevertheless	the	simulations	do	indicate	that	a	temperature	around	200°C	is	

necessary	if	the	transformation	strain,	accompanying	the	martensitic	

transformation,	is	to	be	exploited	to	generate	compressive	weld	stresses	

throughout	the	whole	multipass	weldment.	

Another	important	effect	is	the	dilution	which	is	evident	form	Figure	2.		In	the	

model	the	composition	of	the	1st	bead	has	been	assumed	to	be	50%	austenitic	

plus	50%	martensitic	to	account	for	dilution.	For	the	T200	case,	some	further	

studies	on	the	effect	of	dilution	have	been	carried	out	by	modifying	the	

untransformed	and	transformed	phase	fractions	and	the	results	are	plotted	in	



Materials Science and Technology 34 (2018) 519-528	

Figure	11.	It	can	be	seen	that	the	compressive	zone	is	predicted	to	move	from	the	

bottom	of	the	1st	bead	toward	the	2nd	bead	when	the	level	of	retained	austenite	

increases.	This	is	not	surprising	since	transformation	plasticity	cannot	occur	

without	the	martensite	phase	transformation	leading	to	higher	tensile	residual	

stresses	there.	It	is	thus	very	important	to	accurately	measure	or	estimate	the	

retained	austenite	in	the	weld.	If	the	retained	austenite	cannot	be	controlled	

below	a	certain	level	(~70%	in	our	case)	a	significant	increase	in	the	tensile	zone	

should	be	expected..	

Conclusions	

In	this	study	three	weld	samples	have	been	produced,	two	using	the	novel	filler	

material,	Camalloy	4	but	with	different	interpass	temperatures	(~50°C	and	

~200°C)	and	the	third	weld	was	a	benchmark	sample	made	using	a	non-

transforming	austenitic	weld	filler	with	an	interpass	temperature	of	~50°C.		As	

expected,	the	stress	field	in	the	non-transforming	weld	filler	is	tensile	

everywhere	reaching	a	peak	stress	of	around	~+400MPa.		For	the	low	

transformation	temperature	filler,	70%	transformation	to	martensite	was	

measured	throughout	the	weld	zone	irrespective	of	the	interpass	hold	

temperature	in	excellent	agreement	with	predictions.	The	final	residual	stresses	

however	were	found	to	be	heavily	dependent	on	the	interpass	temperature.		The	

simulations	suggest	that	the	interpass	hold	temperature	needs	to	be	around	

200°C	in	order	to	delay	the	phase	transformation	of	the	deposited	layers	until	

the	whole	welding	sequence	is	complete	(i.e.	ideally	all	layers	should	be	cooled	

below	the	martensite	start	temperature	and	transform	to	martensite	in	the	same	

time).	In	this	case	the	whole	weld	zone	is	placed	in	residual	compression	

reaching	around	-600MPa	in	the	centre	of	the	weld	zone.	With	a	50°C	interpass	

temperature	most	of	the	transformation	occurs	immediately	as	the	bead	is	laid	

down.	The	stresses	in	the	HAZ	are	slightly	more	tensile	than	arise	when	non-

transforming	filler	or	a	lower	interpass	temperature	are	employed.			

While	this	study	has	used	an	LTT	filer	with	a	transformation	and	a	

transformation	temperature	such	that	significant	compressive	residual	stresses	

are	generated,	in	principle	it	would	also	be	possible	to	design	an	LTT	filler	such	
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that	the	weld	stresses	are	approximately	zero	according	to	the	structural	

integrity	requirements	in	a	given	application.	

The	modelled	tensile	stresses	appear	to	be	much	larger	in	the	early	weld	passes	

than	are	measured	in	practice	–	this	difference	will	be	the	focus	of	further	study.		

Nevertheless	this	study	shows	that	the	interpass	hold	temperature	needs	to	be	

carefully	selected	for	low	transformation	temperature	weld	fillers	if	they	are	to	

mitigate	tensile	weld	stresses	in	the	same	manner	as	had	been	demonstrated	

previously	for	single	pass	welds.	
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Table	1:	Chemical	compositions	(wt%).	

Alloys	 C	 Si	 Cr	 Ni	 Mo	 N	 Mn	

CamAlloy	4	 0.01	 0.73	 13.00	 6.00	 0.06	 0.026	 1.50	

Autorod	OK	308LSi	 0.01	 0.90	 19.70	 10.70	 0.00	 0.01	 1.90	

304L	(base)	 0.03	 0.75	 18.00	 8.00	 0.00	 0.10	 2.00	
	

	

	

Table	2:	Summary	of	welding	conditions.	

Weld	Plate	No.	 Interpass	/	°C	 Filler	Metal	 Plate	Condition	

Plate	T50	 50-70	 CamAlloy	4	 Constrained	

Plate	T200	 190-210	 CamAlloy	4	 Constrained	

Plate	A50	 50-70	 Autorod	308LSi	 Constrained	
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Figures	

		

Figure	1:	a)		Stress	recorded	during	constrained	cooling	(Satoh	test)	of	the	two	filler	metals	used	in	
this	study	[12]	
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	a)		 b)	 c)	

Figure	2:	a)	A	photograph	of	the	grooved	plates	prepped	for	welding	b)	optical	macrograph	showing	
the	fusion	zone	and	the	weld	lay-up	sequence	for	the	gas	metal	arc	welds,	c)	finite	element	mesh	
used	in	the	multipass	weld	model	showing	each	pass	and	the	1500°C	thermal	contour	that	
approximates	to	the	fusion	zone	boundary.	
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Figure	3:	a)	and	b)	weld	microstructures	and	microhardness	maps	(in	HV2)	for	the	plate	T50	(50°C	
interpass	temperature)	and	plate	T200	(200°C	interpass	temperature)	welds	respectively		
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Figure	4:	Variation	in	martensite	fraction	from	top	surface	to	weld	root	as	determined	by	neutron	
diffraction.	

	 	

weld	 base	plate		
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a) 		 b)	

Figure	5:	a)	Longitudinal	and	b)	transverse	residual	stress	profiles	with	depth	through	the	thickness	
of	the	plates	at	the	weld-centreline.	The	markers	denote	neutron	diffraction	measurements	while	in	
(a)		the	corresponding	continuous	lines	denote	the	contour	method	results	for	the	same	plate.	
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Figure	6:	Longitudinal	(top)		and	transverse	(bottom)	residual	stress	profiles	as	a	function	of	
distance	from	the	weld	centrelines	at	a	depth	of	4mm	below	the	plate	surface.	Markers	denote	
neutron	diffraction	measurements	and	the	corresponding	solid	lines	denote	the	contour	method	
results	for	the	same	plate.	
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Figure	7:	Maps	of	longitudinal	residual	stress	calculated	using	the	contour	method	for	plates	T50,	
T200	(both	Camalloy	4)	and	A50	(308L).	
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Figure	8:	The	predicted		martensite	fraction	for	after	the	laying	down	of	each	pass	for	interpass	hold	
temperatures	of	50°C	(left)	and	200°C	(right)	.		After	the	8th	pass	the	plate	has	been	allowed	to	cool	
to	room	temperature.	
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Figure	9:	Predicted	longitudinal	residual	stresses	for	4	interpass	temperatures	plotted	alongside	
measured	longitudinal	stresses	for	plate	T50	and	T200	using	the	same	stress	contours	levels.	
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Figure	10:	Predicted	longitudinal	residual	stresses	(continuous	lines)	plotted	alongside	the	contour	
method	measurements	for	similar	conditions	(modelled	data	denoted	M	and	contour		data	denoted	
P)		
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Figure	11:	Effect	of	final	austenite	fraction	on	the	predicted	stress	when	the	interpass	temperature	is	
kept	at	50°C.	
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