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Abstract 
The	suitability	of	post-weld	heat	treatments	are	often	measured	in	terms	of	reducing	residual	stress	
and/or	ensuring	hardness	homogeneity.	Here	we	use	detailed	digital	 image	correlation	to	quantify	
the	localised	deformation	behaviour	of	laser	welded	Eurofer-97	both	with	and	without	a	normalising	
and	 tempering	 treatment.	 This	 is	 coupled	 with	 detailed	 microscopic	 analysis	 to	 investigate	 the	
mechanisms	 for	 the	 localised	 plasticity	measured.	We	 show	 that	 although	 the	 treatment	 ensures	
hardness	 homogeneity,	 there	 remains	 variation	 in	 grain	 size,	 texture,	 carbide	morphology/density	
and	tensile	behaviour	across	the	weld.	A	quantification	of	strain	heterogeneity	throughout	the	test	
provides	 a	 new	measure	 of	 performance	 that	 indicates	 the	 suitability	 of	 both	microstructure	 and	
macroscopic	performance	for	engineering	applications.	

	

1 Introduction 
Localised	strain	heterogeneity	is	a	precursor	to	failure	[1,2]	and	full-field	strain	mapping	techniques	
such	 as	 digital	 image	 correlation	 (DIC)	 are	 able	 to	 quantify	 local	 deformation	 for	 a	 better	
understanding	 of	 failure	 mechanisms.	 The	 performance	 of	 welded	 sections	 in	 ferritic-martensitic	
steel	has	primarily	concerned	its	creep	behaviour	and	the	understanding	of	Type	IV	cracking	[3–6].	
For	 Eurofer-97	 [7],	 and	 its	 non-reduced	 activation	 analogue	 Grade	 91	 steel,	 post-weld	 heat	
treatments	(PWHTs)	have	been	optimised	towards	reducing	residual	stresses	and	hardness	variation	
across	 the	 weld	 [8–11]	 and,	 to	 some	 degree,	 towards	 improving	 mechanical	 performance,	 for	
instance	Charpy	toughness	[12]	and	creep	rupture	[13].	Measuring	and	understanding	the	full-field	
deformation	behaviour	of	a	heterogeneous	component	provides	quantitative	data	that	can	be	used	
to	optimise	PWHTs	and	 to	validate	numerical	models	of	 larger	components	with	welds,	 improving	
their	accuracy	and	reducing	conservatism	in	design.	Such	an	approach	could	have	wide	implications	
for	design	codes	and	regulations.	

DIC	is	well-suited	to	the	analysis	of	highly	heterogeneous	components	such	as	welds.	DIC	has	been	
used	to	observe	high	creep	strain	localisation	in	the	heat-affected	zone	of	welded	Grade	91	steel	as	
a	precursor	 to	Type	 IV	 cracking	 [14]	 and	DIC	has	been	used	 to	understand	 zone-dependent	 strain	
localisation	under	tension	in	F82H	[15].	While	DIC	has	been	used	effectively	to	extract	zone-specific	
data	over	welds	 in	 steels	 [16–18]	 and	 titanium	alloys	 [19],	 the	 full-field	 data	 in	 such	 studies	 lacks	
spatial	resolution	and	is	not	understood	in	terms	of	the	underlying	microstructure.	The	purpose	of	
this	 work	 is	 to	 bridge	 this	 gap	 by	 determining	 the	 suitability	 of	 a	 PWHT	 in	 terms	 of	 its	 tensile	
performance.	We	do	this	by	applying	DIC	with	sufficient	lateral	resolution	to	investigate	local	plastic	
phenomena	 as	 the	mesoscopic	 scale	 and	 parallel	 detailed	 electron	microscopy	 to	 investigate	 the	
underlying	deformation	mechanisms.	Importantly,	we	demonstrate	that	homogeneity	in	hardness	is	
a	 useful	 tool	 but	 does	 not	 necessarily	 correspond	 to	 homogeneity	 in	 microstructure	 nor	 tensile	
deformation	behaviour.		
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2 Experimental 
2.1 Material, welding, heat treatment and preparation for testing 
The	material	studied	here	is	Eurofer-97	(batch	2)	6	mm-thick	plate	with	composition	(wt.%,	balance	
Fe):	0.11	C,	8.7	Cr,	1	W,	0.10	Ta,	0.19	V,	0.44	Mn,	0.004	S	[20].	Autogenous	square	butt	welds	were	
produced	 from	 two	 6	 mm-thick	 plates	 using	 a	 laser	 keyhole	 welding	 process	 using	 a	 continuous	
wave	1060 nm	wavelength	Ytterbium	fibre	laser	source	operating	at	6	kW	with	a	0.6	mm	diameter	
spot	and	a	weld	speed	of	0.5	mm	min-1.	A	200	mm	focal	length	was	used	with	the	focal	point	at	the	
top	of	the	weld.	The	welds	used	in	this	work	where	taken	from	Weld	C	from	Kirk	et	al.	(2018)	[21].	
This	laser	welded	(LW)	piece	was	machined	by	EDM	in	cross	section	into	the	micro	tensile	geometry	
shown	 in	 Figure	 1.	 The	 following	 normalising	 and	 tempering	 heat	 treatment	 was	 performed	 on	
microtensile	 specimens	 both	 with	 a	 LW	 and	 on	microtensile	 specimens	 machined	 from	 the	 base	
material	without	a	LW:	Normalise	above	the	first	austenitic	transformation	temperature	at	1050	°C	
for	 40	 min;	 Air	 cool	 to	 room	 temperature;	 Temper	 at	 760	 °C	 for	 120	 min;	 Air	 cool	 to	 room	
temperature.	The	austenitic	phase	transformation	and	associated	volumetric	change	mean	that	the	
use	of	this	heat	treatment	in	engineering	application	would	be	limited.	However,	it	is	the	most	likely	
to	create	the	most	uniform	microstructure	variation	possible	across	the	weld	and	so	it	was	chosen	
for	the	purposes	of	demonstration.	

In	preparation	 for	hardness	measurements,	electron	microscopy	and	digital	 image	correlation,	 the	
microtensile	specimens	were	polished	to	a	mirror	finish	to	ensure	a	deformation-free	surface	from	
which	 to	extract	materials	property	data.	Four	 specimen	 types	 (with/without	a	weld	and	pre/post	
heat	 treatment)	 were	 prepared	 by	 mechanical	 grinding	 to	 remove	 the	 EDM	 recast	 layer	 and	
oxidation	layer	(removal	of	approximately	0.15	mm	of	material	from	the	specimen	surface)	with	SiC	
paper	 grades	 P800	 and	 P1200	 and	 then	mechanical	 polishing	 to	 a	 mirror	 finish	 by	 grinding	 with	
successively	 finer	 grit	 SiC	paper	 P2500	 and	P4000	and	 then	diamond	polishing	 at	 6	 µm	and	1	µm	
before	polishing	with	60	nm	colloidal	silica	particles	for	the	mirror	finish.	

	

2.2 Mechanical testing and digital image correlation 
Microhardness	measurements	were	 carried	out	on	 the	base	material,	 as-welded	and	heat	 treated	
conditions	on	a	Leco	LM	100AT	automated	microhardness	tester.	A	load	of	500	grams	(HV0.5)	was	
used	with	a	dwell	 time	of	10s.	 Indents	were	 taken	across	 the	cross	 sections	of	 the	as-welded	and	
heat-treated	weld	specimens.	Indents	were	spaced	at	400	µm	intervals	in	both	the	vertical	and	the	
horizontal.	The	measured	indents	were	used	to	produce	microhardness	colourmaps	using	OriginPro	
software.	For	the	measure	of	hardness	in	the	base	material,	nine	indents	were	performed	in	a	3×3	
grid	with	2	mm	spacings	from	a	non-welded	Eurofer-97	plate.	The	orientation	was	the	same	as	the	
cross	section	of	the	weld.	

Digital	 image	 correlation	 (DIC)	 requires	 features	 from	 which	 to	 track	 displacements	 in	 order	 to	
calculate	strain.	Here	we	have	used	a	combination	of	black	ink	and	white	paint	to	produce	a	speckle	
pattern	on	the	surface	of	the	prepared	microtensile	specimens.	Blank	ink	was	used	as	the	base	layer	
because	 ink	has	no	mechanical	 properties	 and	will	 therefore	deform	easily	with	 the	material.	 The	
black	ink	was	applied	directly	to	the	polished	surface	and	left	to	dry.	Fine	white	speckles	were	then	
applied	 to	 the	 black	 surface	 using	 white	 VITCAS®	 heat	 resistant	 paint	 and	 an	 Airbrush	 kit.	 The	
Airbrush	kit	 consists	of	an	air	compressor	and	a	paint	gun	 that	uses	a	0.5	mm	diameter	needle	 to	
produce	a	fine	spray	of	paint.	The	finest	speckles	possible	were	obtained	with	a	compressor	pressure	
of	approximately	1.5	bar	and	minimum	paint	feed	into	the	gun.	
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Speckle	 pattern	 quality	 is	 essential	 for	 good	 tracking	 of	 speckles	 during	 DIC.	 The	 speckle	 pattern	
quality	 can	 be	 assessed	 by	 the	 Shannon	 entropy	 of	 the	 pattern,	 such	 that	 a	 higher	 entropy	
corresponds	to	a	reduced	uncertainty	introduced	during	the	correlation,	as	shown	by	Liu	et	al.	[22].	
The	Shannon	entropy	is	defined	as	in	Equation	(1),		

𝐻 = − 𝑝 𝑎! log! 𝑝 𝑎!

!!!!

!!!

 #(1) 	

where	𝛽	is	the	bit	depth	of	the	image	(12	for	the	current	set	up),	𝑝 𝑎! 	is	the	normalised	probability	
of	each	grey	level	in	the	region	of	interest	(calculated	from	the	histogram	of	the	region	of	interest)	
and	𝑗	is	each	gray	level.	For	all	specimens	in	this	work,	the	pattern	entropy	was	within	7.44	±0.07	bits	
px-1,	demonstrating	a	consistent	patterning	method	and	corresponding	to	the	higher	quality	patterns	
determined	by	Liu	et	al.	[22].	

The	DIC	algorithm	works	by	tracking	grey	level	intensities	within	a	subset	of	pixels,	the	size	of	which	
is	selected	by	the	operator.	Uncertainty	in	the	resulting	displacement	maps	therefore	depend	on	the	
accuracy	 of	 the	 algorithm	 in	 performing	 this	 function.	 As	 suggested	 by	 the	 iDIC	 guide	 for	 good	
quality	DIC	experiments	[23],	uncertainty	in	the	measurement	of	strain	was	understood	by	way	of	a	
noise	 floor	 analysis,	 performed	 by	 capturing	 static	 images	 of	 the	 specimen	 under	 no	 load	 and	
calculating	the	strain	field	to	quantify	the	pseudo-deformation	due	to	random	noise;	with	no	applied	
load,	 there	will	 be	 no	 deformation	 and	 hence	 any	measured	 deformations	 can	 be	 assumed	 to	 be	
erroneous.	 Larger	 subsets	 decrease	 uncertainty,	 as	 they	 contain	 more	 distinct	 features,	 at	 the	
expense	of	 spatial	 resolution.	Therefore,	an	analysis	of	noise	 floor	uncertainty	with	 respect	 to	 the	
subset	 size	 allows	 the	 operator	 to	 determine	 the	 appropriate	 subset	 size	 for	 the	 correlation	
procedure	 and	 to	 determine	 the	minimum	 uncertainty	 of	 the	 DIC	measurements.	 This	 analysis	 is	
shown	for	one	of	 the	specimens	 in	the	present	work	 in	Figure	2,	 in	which	a	subset	size	of	25	×	25	
pixels	was	found	to	be	optimal	as	this	allowed	all	subsets	to	be	correlated	and	any	further	increase	
in	 subset	 size	 provided	 limited	 decrease	 in	 uncertainty.	 The	mean	 noise	 floor	 was	 approximately	
0.014	%	strain	across	all	strain	components	and	so	this	is	our	uncertainty	in	the	measure	of	strain.		

The	microtensile	specimens	were	gripped	with	cut-away	holds	on	a	10	kN	Intron	5966	and	deformed	
in	 uniaxial	 tension	 to	 failure	 at	 a	 constant	 crosshead	 displacement	 rate	 of	 0.005	 mm	 s-1.	 As	 all	
specimens	 were	 prepared	 to	 approximately	 the	 same	 thickness,	 the	 initial	 strain	 rates	 are	
comparable.		

Full-field	DIC	was	performed	throughout	each	tensile	test	using	LaVision’s	DaVis	10	software	version	
10.0.5.46211	using	the	least	squares	method	and	the	parameters	defined	in		Table	1.	

The	strains	!!!
!!!

	are	calculated	from	the	gradient	of	the	displacements	𝑢! 	(i	=	1,2,3)	along	the	principle	

directions	𝑥! 	(i	=	1,2,3),	resulting	in	a	n	=	3	matrix	of	strain	components.	The	measurements	in	this	
work	are	two-dimensional	resulting	in	a	n	=	2	matrix	for	the	strain	field.		

	

 
𝜕𝑢!
𝜕𝑥!

=

𝜕𝑢!
𝜕𝑥!

𝜕𝑢!
𝜕𝑥!

𝜕𝑢!
𝜕𝑥!

𝜕𝑢!
𝜕𝑥!

#(2) 	
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The	maximum	shear	strain,	𝜀!",	can	be	a	useful	measure	of	effective	strain	because	it	reduces	the	
vectoral	field	to	a	scalar	and	takes	into	account	all	of	the	in-plane	components	of	the	field	[24].		

	

𝜀!" =
1
2
𝜕𝑢!
𝜕𝑥!

−
𝜕𝑢!
𝜕𝑥!

!

+
1
2
𝜕𝑢!
𝜕𝑥!

+
𝜕𝑢!
𝜕𝑥!

!

 #(3) 	

	

The	rotational	component	𝜔!	can	be	used	to	visualise	heterogeneity	 in	 the	shear	strain	 field,	as	 it	
takes	into	account	all	of	the	in-plane	shear	components.	

	

 𝜔! =
𝜕𝑢!
𝜕𝑥!

−
𝜕𝑢!
𝜕𝑥!

#(4) 	

	

Strain	data	can	be	obtained	from	the	full-field	strain	maps	in	different	ways.	The	simplest	way	is	to	
create	 a	 virtual	 extensometer	 that	 is	 a	 direct	 comparison	 to	 a	 physical	 one-dimensional	 clip-on	
extensometer,	which	works	by	tracking	a	subset	of	pixels	at	the	top	and	bottom	of	a	defined	length,	
calculating	 the	 displacement	 between	 the	 two	 subsets	 and	differentiating	 the	 displacement	 along	
the	 direction	 of	 the	 line	 to	 obtain	 strain.	 A	 second	 way	 to	 extract	 strain	 is	 by	 defining	 a	 two-
dimensional	spatial	area	of	interest	and	taking	the	average	(mean)	of	the	strain	values	in	that	region.	
We	use	both	methods	in	this	work.	

Displacement	and	strain	data	were	exported	from	the	DaVis	software	and	manipulated	by	pythonic	
routines	 that	 used	Numpy	 [25]	 libraries	 for	mathematics	 and	Matplotlib	 [26]	 for	 visualisation.	 All	
data	is	available	for	download	[27].	

	

2.3 Characterisation 
A	 LaB6	 Zeiss	 Evo-60	 scanning	 electron	 microscope	 (SEM)	 was	 used	 for	 microscopic	 analyses.	
Backscattered	electron	(BSE)	imaging	was	performed	with	a	standard	Zeiss	BSE	detector	at	8	kV	and	
500	pA	at	a	working	distance	of	6.5	mm	to	optimise	for	both	image	intensity	and	spatial	resolution	
for	 features	 >	 200	 nm	 diameter	 (maximum	 size	 range	 of	M23C6	 carbides	 [20]).	 	 Fractography	was	
performed	with	a	secondary	electron	detector	at	working	distance	10	mm.	

Electron	 backscattered	 diffraction	 (EBSD)	 was	 performed	 using	 an	 Oxford	 Instruments	 symmetry	
detector	at	20	kV	and	10	nA	at	a	working	distance	of	8.5	mm,	resulting	in	pattern	Hough	indexing	in	
Aztec	 at	 1200	Hz.	 A	 system	magnification	 of	 1000×	 and	 a	 step	 size	 of	 280	 nm	was	 used	 across	 a	
region	of	290	µm	by	220	µm	for	each	region	of	interest.	Euler	data	was	post-processed	in	Channel5’s	
HKL	 software	 suite	 for	 analysis	 of	 pole	 figures,	 inverse	 pole	 figures	 and	 local	misorientation.	 Pole	
figures	were	calculated	in	HKL’s	Mambo	using	contours	with	a	half	width	of	10°	and	data	clustering	
of	 5°.	 For	 real-space	 mapping,	 the	 data	 were	 cleaned	 to	 remove	 wid	 spikes	 and	 fill	 immediate	
neighbours	with	interpolated	orientations	to	between	2-5%	of	data	points.	The	inverse	pole	figures	
were	calculated	in	HKL’s	Tango	and	projected	from	the	loading	direction	(the	horizontal	direction	in	
the	maps	shown	here).	Grains	were	defined	as	neighbouring	pixels	with	a	misorientation	exceeding	
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10°.	 Sub-grain	 misorientation	 was	 calculated	 in	 Tango	 using	 the	 grain	 reference	 orientation	
distribution	function	within	HKL,	which	takes	the	mean	grain	orientation	as	the	reference	orientation	
and	calculates	the	pixel	misorientation	relative	to	the	reference	for	all	pixels	in	the	grain.		

	

3 Results 
3.1 Mechanical performance 
Prior	to	heat	treatment,	the	presence	of	the	weld	has	a	drastic	effect	on	the	deformation	patterning	
by	 increasing	 strain	 localisation	 and	 heterogeneity	 during	 tensile	 deformation.	 We	 show	 this	 in	
Figure	3	with	the	𝜀!!	data	for	the	full-field	DIC	strain	maps	for	each	condition	at	25,	50,	75	and	100%	
time	to	fracture.	The	specimens	with	and	without	a	weld	show	very	different	behaviour;	the	latter	
shows	 diffuse	 necking	 followed	 by	 high	 strain	 concentration	 at	 the	 neck,	 plastic	 instability	 and	
fracture,	whereas	the	presence	of	the	weld	induces	regions	of	high	shear	either	side	of	the	central,	
harder	weld	region.	The	effect	of	the	heat	treatment	is	different	for	the	specimens	with	and	without	
a	weld.	Where	there	is	no	weld	present	after	HT,	the	strain	heterogeneity	due	to	the	neck	occurs	at	
a	shorter	fraction	of	lifetime	in	comparison	to	the	base	material	with	no	heat	treatment,	i.e.	there	is	
less	evidence	for	a	diffuse	necking	phase	and	strain	localisation	occurs	more	quickly.	Where	there	is	
a	weld	present	after	HT,	there	is	some	early	shear	banding	in	the	post-weld	heat	treatment	(PWHT)	
welded	 region.	 This	 banding	 is	 highlighted	 in	 the	 figure	by	 arrows	 and	becomes	 clear	 at	 50%	and	
75%	 time	 to	 failure.	 This	 shear	 banding	 region	 competes	 with	 the	 high	 strain	 localisation	 in	 the	
diffuse	neck	prior	to	fracture.	Importantly,	the	deformation	maps	in	Figure	3	part	d)	show	that	after	
heat	 treatment	 the	 tensile	 properties	 in	 the	weld	 region	 are	 different	 to	 the	 non-welded	 regions	
either	side	of	the	weld.	

A	 more	 immediate	 and	 direct	 way	 to	 assess	 the	 effectiveness	 of	 PWHTs	 towards	 performance	
homogeneity	is	with	hardness	measurements,	which	we	show	in	Figure	4	with	the	hardness	maps	for	
the	LW	pre-	and	post-HT.	Note	that	the	black	dots	are	the	points	at	which	data	was	collected	and	the	
values	have	been	interpolated	between	these	points.	There	is	a	missing	data	point	in	the	specimen	
prior	to	heat	treatment	(grey	area	in	the	central	weld	region),	which	is	where	data	was	removed	due	
to	being	exceptionally	 soft,	 likely	because	of	a	 sub-surface	void.	Prior	 to	PWHT	the	weld	 is	harder	
than	the	base	material	by	a	factor	of	approximately	1.8.	After	PWHT	there	is	homogeneity	across	the	
base	material	and	the	weld	region	with	approximately	the	same	hardness	of	the	base	material	prior	
to	PWHT.	Before	PWHT,	the	weld	shows	higher	hardness	lobes	either	side	of	the	centre	line.	

The	 hard	 region	 in	 the	 as-welded	 condition	 shown	 in	 Figure	 4	 is	 approximately	 6	 mm-wide.	 The	
strain	maps	in	Figure	3	part	b)	show	that	the	central	region	in	the	as-welded	specimen	experiences	
only	 elastic	 deformation	 under	 tension	 to	 failure	 and	 this	 region	 is	 also	 6	 mm-wide.	 We	 can	
therefore	 conclude	 that	 the	 plastic	 deformation	 appears	 to	 be	 fully	 contained	 within	 the	 base	
material	 next	 to	 the	 weld	 and	 does	 not	 occur	 in	 the	 weld	 region	 nor	 in	 any	 neighbouring	 heat	
affected	zone.	Interestingly,	the	region	with	the	highest	strain	in	Figure	3	part	b)	is	not	immediately	
adjacent	to	the	hard	weld	region	but	at	a	distance	approximately	1.5	mm	from	it.	This	length	scale	is	
half	the	original	width	of	the	specimen	and	therefore	is	dependent	on	the	specimen	geometry.	We	
therefore	propose	 that	 the	region	 immediately	next	 to	 the	hard	weld	 region	 is	constrained	by	 the	
hard	region	and	the	specimen	geometry	such	that	its	plastic	deformation	is	limited.	

To	compare	the	strain	data	to	that	which	would	be	obtained	by	a	physical	extensometer,	we	have	
used	 the	 virtual	 extensometer	 method	 (strain	 method	 1)	 with	 a	 length	 of	 20	 mm	 to	 obtain	
engineering	stress-strain	data	to	failure	for	each	of	the	four	specimens.	We	show	the	results	of	this	
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approach	 in	 Figure	 5.	 If	we	 compare	 the	 specimens	with	 and	without	 a	weld	 prior	 to	 the	HT,	we	
observe	 that	 the	 presence	 of	 the	 weld	 slightly	 decreases	 tensile	 strength,	 increases	 the	 strain	
hardening	and	 it	significantly	decreases	both	the	strain	at	ultimate	tensile	strength	(UTS)	and	total	
strain	 at	 failure.	 As	 we	 conclude	 that	 all	 of	 the	 plasticity	 occurs	 in	 the	 base	 material	 for	 these	
specimens,	similarity	in	yield	and	UTS	is	expected	[15,18].		

The	PWHT	affects	the	stress-strain	curves	for	the	specimens	with	and	without	a	weld	differently,	just	
as	we	observed	 for	 the	 full-field	maps	 in	Figure	3.	The	virtual	extensometry	shows	that	 the	PWHT	
decreases	 the	 yield	 stress	 and	 tensile	 strength	 of	 the	 welded	 material	 but	 does	 not	 affect	 the	
elongation	associated	with	 the	 tensile	strength	nor	 fracture	as	compared	to	 the	AR	condition.	The	
base	material	with	no	weld	experiences	a	similar	reduction	in	yield	stress	and	tensile	strength,	but	
the	 strain	 at	 tensile	 strength	 and	 at	 fracture	 is	 significantly	 reduced.	 In	 both	 cases	 for	 the	 HT	
specimens,	we	 observe	 in	 Figure	 3	 that	 fracture	 occurs	 in	 the	 base	material.	 However,	 in	 the	 LW	
material	 we	 observe	 that	 there	 is	 deformation	 in	 the	 weld	 region	 in	 addition	 to	 the	 neck;	 these	
regions	 compete	 and	 create	 a	 greater	 elongation	 to	 tensile	 strength	 and	 fracture.	 These	
observations	 point	 towards	 microstructural	 differences	 between	 the	 weld	 region	 and	 the	 base	
material,	 even	 after	 PWHT	 and	 even	 though	 the	 hardness	 is	 homogeneous.	 To	 investigate	 this	
further,	we	have	calculated	the	strain	heterogeneity	as	the	pixel	strain	divided	by	the	average	strain	
for	the	maximum	shear	strain	component,		

                                                                            𝑁𝑜𝑟𝑚. 𝜀!" =
𝜀!"
𝜀!"

                                                                  (5)  	

	

By	plotting	normalised	frequency	of	Norm.	εMS	on	a	log-log	scale	for	each	of	the	specimens	in	Figure	
6,	we	can	define	greater	strain	heterogeneity	as	an	extended	tail	in	the	of	Norm.	εMS	distribution.	As	
expected,	 the	amount	of	 strain	heterogeneity	 increases	with	 time.	To	quantify	 this	heterogeneity,	
we	have	calculated	the	gradient	of	the	high	end	tails	(mMS)	as	a	function	of	time	and	we	plot	this	in	
Figure	7	part	a).	If	we	define	mMS	<	-5	as	homogeneous	strain	then	we	can	quantify	the	proportion	of	
time	that	a	specimen	spends	 in	a	state	of	homogeneous	deformation.	We	show	the	results	of	 this	
approach	in	Figure	7	part	b).	This	is	a	quantified	value	of	deformation	homogeneity	which	confirms	
what	we	observe	in	the	full-field	data	in	Figure	3	and	in	the	virtual	extensometer	stress-strain	data	in	
Figure	5;	the	base	material	that	has	experienced	the	HT	is	heterogeneous	earliest,	whereas	the	LW	
material	with	the	same	HT	undergoes	homogeneous	deformation	for	longer.	

We	have	extracted	strain	data	 from	the	 full-field	maps	using	 the	 region	of	 interest	method	 (strain	
method	 2)	 to	 compare	 the	 strain	 evolution	 at	 the	 location	 of	 fracture.	 This	 approach	 limits	 the	
influence	of	the	geometry	on	the	strain	data,	i.e.	the	size	and	shape	of	the	specimen	relative	to	the	
size	of	the	weld	and	the	length	of	the	extensometer	chosen.	This	was	performed	with	a	pixel	size	in	
the	 tensile	 direction	 of	 0.28	 mm	 and	 the	 strain	 values	 were	 averaged	 over	 the	 width	 of	 the	
specimen.	We	 show	 the	 results	 of	 this	 approach	 in	 Figure	 8,	 which	 highlights	 several	 interesting	
aspects	that	are	not	found	in	the	virtual	extensometer	method.	Firstly,	the	total	strain	at	failure	for	
the	fracture	position	is	similarly	large	for	all	specimens.	This	is	very	different	to	the	case	described	by	
the	 virtual	 extensometer	 in	 Figure	5,	 for	which	 strain	 values	will	 vary	depending	on	 the	 specimen	
geometry,	 the	extensometer	 size	and	 the	size	of	any	 influencing	 inclusions,	 such	as	 the	hard	weld	
region.	Secondly,	we	can	use	the	stress-strain	data	at	the	point	of	fracture	to	infer	something	about	
strain	 hardening;	 the	 base	material	 strain	 hardens	more	 in	 the	 absence	 of	 a	weld,	 both	 pre-	 and	
post-HT.	This	is	interesting	because	it	suggests	that	the	mechanisms	of	local	strain	hardening	can	be	
affected	by	competing	mechanisms	of	deformation	when	a	weld	or	difference	 in	microstructure	 is	
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present	elsewhere,	a	hypothesis	supported	by	the	full-field	measurements	in	Figure	3	and	the	strain	
heterogeneity	 gradient	 analysis	 in	 Figure	 7.	 Thirdly,	 the	 strain-softening	 post-necking	 occurs	 at	 a	
similar	 rate	 with	 respect	 to	 strain	 at	 the	 fracture	 point	 for	 all	 specimens,	 suggesting	 similar	
mechanisms	of	damage	accumulation	towards	failure.	

	

3.2 Characterisation 
The	 strain	at	 the	 fracture	position	 is	 similar	 for	all	of	 the	 specimens	but	 the	 stresses	are	different	
when	comparing	the	pre-	and	post-HT	specimens.	Although	the	strain-softening	rates	are	similar	for	
all	specimens,	we	suggest	the	absolute	differences	in	stress	affect	failure.	Specifically,	high	stresses	
will	 cause	 more	 sudden	 onset	 of	 crack	 propagation	 at	 failure.	 In	 support	 of	 this	 hypothesis	 we	
observe	 similar	 fractography	 in	 the	 specimens	with	 and	without	 a	weld,	 showing	 similar	 features	
that	are	dissimilar	to	the	fractography	in	the	heat	treated	specimens	with	and	without	a	weld.	The	
images	 in	 Figure	 9	 show	 that	 for	 the	 material	 that	 is	 not	 heat	 treated	 the	 fracture	 surface	 is	
characterised	by	sharp,	angular	features	and	cracks	at	±	45	°	to	the	loading	axis,	suggesting	sudden	
crack	 propagation	 and	 brittle	 fracture.	 In	 contrast,	 the	 fracture	 surfaces	 for	 the	 heat-treated	
specimens	are	smoother.	We	suggest	 that	 this	difference	 is	due	 to	 the	higher	stresses	 in	 the	non-
heat-treated	 specimens	 and	 a	 resulting	 sudden	 failure	 event.	 Conversely,	 in	 the	 heat-treated	
specimens	there	are	larger	grains	that	allow	for	more	shape	change	and	plasticity	before	fracture.	

Backscattered	electron	 imaging	has	been	performed	in	the	SEM	to	 investigate	the	 likely	causes	for	
the	 increased	 hardness	 of	 the	 weld	 and	 how	 this	 compares	 after	 the	 heat	 treatment.	 Figure	 10	
shows	 the	microstructure	 for	 the	as-welded	material.	There	are	 spheroidal	 secondary	phases	with	
diameters	approximately	200	nm	decorating	 the	 lath	boundaries	 in	 the	BM,	consistent	with	M23C6	
carbides	 [28].	 There	 are	 also	 smaller	 spheroidal	 particles	within	 the	 laths	 approximately	 50	nm	 in	
diameter,	 possibly	 consistent	 with	 MX	 carbides	 but	 pushing	 the	 spatial	 resolution	 of	 the	 LaB6	
electron	 gun.	 In	 the	 HAZ	 of	 the	 as-welded	 material	 there	 are	 very	 few	 carbides	 and	 the	 lath	
morphology	 is	 much	 finer,	 accounting	 for	 the	 high	 hardness	 in	 this	 region	 by	 a	 Hall-Petch	 type	
relationship.	 In	 the	 FZ	 of	 the	 as-welded	 material	 the	 grains	 are	 large	 and	 have	 a	 strong	 lath	
morphology.	While	there	 is	some	evidence	 in	Figure	10	part	 l)	of	small	carbides	within	the	 laths	 in	
the	FZ	of	diameters	<	50	nm,	this	 is	too	close	to	the	spatial	resolution	of	the	LaB6	electron	gun	to	
report	with	any	certainty.	There	are	no	spheroidal	carbides	on	 lath	boundaries	observed	in	the	FZ,	
suggesting	 that	 the	 carbon	 is	 completely	 dissolved	 in	 solution	 within	 a	 fully	 martensitic	
microstructure,	increasing	the	hardness	relative	to	the	BM	but	not	relative	to	the	fine-lath	structure	
in	the	HAZ.	Figure	11	shows	the	microstructure	for	the	welded	material	after	the	PWHT.	After	the	
heat	 treatment	 there	 are	 carbides	 present	 in	 the	 base	 material,	 the	 HAZ	 and	 the	 FZ	 but	 with	 a	
significantly	 lower	 density	 in	 the	 FZ.	 The	 lath	 size	 after	 the	 heat	 treatment	 are	 comparable	 in	 all	
three	 areas.	 Therefore,	 we	 can	 conclude	 that	 the	 heat	 treatment	 was	 performed	 successfully	
regarding	 homogeneity	 in	 lath	 size	 and	 carbide	 precipitation,	 i.e.	 that	 tempered	 martensite	 is	
formed.	However,	the	carbide	size,	morphology,	density	and	location	are	not	as	well-defined	as	they	
are	in	the	as-received	material.	

To	 investigate	the	effect	of	 texture	on	strain	heterogeneity	and	mechanical	performance,	we	have	
performed	 EBSD	 texture	 scans	 and	 calculated	 pole	 figures	 for	 the	 {100},	 {110}	 and	 {111}	 planes,	
shown	in	Figure	12.	The	base	material	(BM)	in	the	AW	condition	shows	a	classic	rolling	texture	[29]	
but	 is	 rather	 weak.	 This	 texture	 deviates	 in	 the	 fusion	 zone	 (FZ)	 and	 heat-affected	 zones	 (HAZ),	
where	the	distribution	of	orientations	is	more	heterogeneous	and	there	are	greater	intensity	peaks	
due	 to	 larger	 grains,	 resulting	 in	 stronger	 local	 texture.	After	heat	 treatment	 the	BM	shows	 some	
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resemblance	 to	 the	 original	 BM	 but	 there	 is	more	 randomness	 in	 the	 off-peak	 positions	 and	 the	
peaks	themselves	are	stronger,	again	due	to	increased	grain	size.	The	patterning	in	the	pole	figures	
of	the	BM	post-HT	are	not	repeated	in	the	FZ	nor	in	the	HAZ.		

Performance	 is	 also	 affected	 by	 the	 prior	 austenite	 grain	 size	 and	 stored	 energy	 in	 the	 form	 of	
dislocation	 density.	 To	 investigate	 the	 effect	 that	 the	 HT	 has	 on	 these	 properties,	 we	 show	
characteristic	 inverse	 pole	 figures	 (from	 the	 loading	 direction)	 and	 grain	 reference	 orientation	
deviation	(GROD)	maps	in	Figure	13	and	we	show	the	corresponding	distribution	of	grain	sizes	and	
misorientation	 in	 Figure	 14.	 In	 the	 BM	 prior	 to	 any	 heat	 treatment	 the	 Eurofer-97	 grains	 are	
equiaxed	and	have	diameters	of	approx.	5	µm	(mode)	or	approx.	10	µm	(mean),	as	expected	[30,31].	
After	 the	 heat	 treatment	 the	 grain	 size	 distribution	 tails	 are	wider	 because	 there	 are	many	more	
larger	 diameter	 grains	 in	 the	 base	 material	 and	 even	 larger	 grains	 in	 the	 fusion	 zone.	 The	
misorientation	 maps	 and	 distributions	 show	 that	 after	 the	 heat	 treatment	 there	 is	 greater	
misorientation	in	all	areas	of	interest	and	especially	in	the	fusion	zone,	which	is	indicative	of	greater	
dislocation	 density	 and	 greater	 stored	 energy	 [32–34].	 Therefore,	 the	 heat	 treatment	 has	 been	
successful	 in	producing	 the	correct	 lath	 size	and	phase	composition	 through	carbide	precipitation,	
but	 the	 historical	 presence	 of	 the	 weld	 remains	 visible	 in	 the	 grain	 size	 and	 the	 orientation	
distribution.	

If	the	heat	treatment	had	truly	homogenised	the	microstructure,	as	the	hardness	maps	suggest,	then	
we	might	expect	the	grain	size,	carbide	density,	texture	and	ultimately	mechanical	behaviour	to	be	
the	same	 in	the	base	material	and	fusion	zone	following	the	heat	treatment.	We	have	shown	that	
this	 is	 not	 the	 case,	 and,	 although	 we	 can	 achieve	 hardness	 homogeneity	 with	 a	 given	 heat	
treatment,	 the	microstructure	 remains	 different	 between	 the	 welded	 and	 non-welded	 regions	 in	
terms	of	grain	size	and	morphology,	carbide	density,	texture	and	stored	energy.		

When	 there	 is	 large	 strain	 heterogeneity	 in	 the	 as-welded	 condition,	 traditional	 clip-on	
extensometry	averages	the	measurement	of	strain,	which	is	not	suitable	because	it	ignores	the	size	
of	 the	 heterogeneity	 relative	 to	 the	 specimen	 geometry	 and	 it	 ignores	 the	 extent	 of	 the	
heterogeneity	in	comparison	to	the	extensometer	length	over	which	the	data	is	averaged.	The	use	of	
such	an	extensometer	makes	such	results	difficult	to	interpret,	which	we	highlight	by	comparing	the	
two	methods	of	measuring	strain	in	Figure	5	and	Figure	8.	For	highly	heterogeneous	systems	such	as	
a	weld,	macroscopic	 differences	 in	 properties	 causes	 strain	 localisation	 in	 the	 softer	material	 that	
can	 compete	 with	 other	 locations	 at	 symmetrical	 positions	 in	 the	 gauge	 length	 to	 increase	 the	
overall	 elongation.	 Therefore,	 specimen	 geometry	 plays	 a	 significant	 role	 in	 quantifying	 weld	
performance.	 Furthermore,	 microstructural	 differences	 allow	 strain	 localisation	 to	 evolve	 at	
competing	 sites,	 increasing	 overall	 elongation.	We	 can	 quantify	 and	 isolate	 these	mechanisms	 of	
plastic	 evolution	 through	 full-field	 techniques,	 which	 are	 essential	 to	 explain	 local	 damage	
mechanisms	in	the	vicinity	of	macroscopic	and	microstructural	heterogeneity.	

	

4 Discussion 
In	comparing	the	material	before	heat	treatment	both	with	and	without	a	weld,	the	average	stress-
strain	data	 in	Figure	5	shows	that	the	strain	at	UTS	 is	 lower	 in	the	specimen	with	a	weld,	which	 is	
consistent	with	lower	elongation	at	UTS	for	welds	in	mild	steel	[18]	and	lower	ductility	in	TIG	welded	
F82H	 [15].	 The	 virtual	 extensometry	 takes	 the	 deformation	 of	 the	 whole	 specimen	 into	
consideration	and	so	the	UTS	occurs	at	lower	average	strain	because	there	is	physically	less	material	
experiencing	plasticity.	 Interestingly,	 ductility	 is	 not	much	 reduced	 in	 electron	beam	welded	 F82H	
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[15],	likely	because	of	the	slim	volume	of	material	in	the	fusion	zone.	Conversely,	the	fracture	point	
stress-strain	data	in	Figure	8	shows	that,	prior	to	the	heat	treatment,	the	strain	at	UTS	is	greater	for	
the	 specimen	with	a	weld	 (0.12)	 than	without	a	weld	 (0.07).	 This	 is	 important	because	 traditional	
extensometry	 implies	 that	 the	 deformation	 incurred	 at	maximum	 strength	 is	 reduced	 due	 to	 the	
weld,	 often	 explained	 in	 terms	 of	 triaxiality	 and	 promoted	 cavity	 development	 [15,35,36].	 As	 the	
strain	at	 the	point	of	 fracture	 is	a	 local	measurement,	our	 result	 implies	 that	more	deformation	 is	
allowed	 to	 accumulate	 at	 the	maximum	 strength	 because	 of	 the	 constraint	 imposed	 by	 the	 hard	
weld	region,	the	high	degree	of	strain	localisation	it	induces	and	the	competing	necking	site	on	the	
other	side	of	the	weld.		

As	we	show	 in	 the	 full-field	data,	high	“X”-shaped	strain	patterns	are	generated	either	 side	of	 the	
weld	 that	 suggests	 that	 the	 weld	 acts	 as	 a	 stress	 concentrator	 and	 possibly	 introduces	 stress	
triaxiality.	 To	 our	 understanding,	 such	 patterning	 has	 not	 been	 observed	 previously	 in	 similar	 DIC	
experiments	 in	welds	[16,18,19],	 likely	due	to	 lower	density	speckle	patterns	and	so	poorer	spatial	
resolution	 than	 the	data	presented	here.	Good	 speckle	patterns	are	essential	 for	high	quality	 full-
field	data	and	this	is	explored	in	terms	of	Shannon	entropy	in	section	2.2	of	this	work.	In	Figure	3	we	
show	 the	 “X”-shaped	 patterns	 as	 the	 ε22	 component	 because	 this	 component	 has	 the	 largest	
magnitude	and	is	therefore	the	clearest.	However,	in	reality	the	deformation	is	a	shear	strain,	more	
easily	 conceptualised	 as	 a	 rotation	 that	 accumulates	 early	 in	 the	 welded	 specimen	 like	 a	 hard	
particle	 rotating	 in	 a	 soft	 matrix	 due	 to	 strain	 localisation	 in	 the	 latter	 [37–39].	 We	 show	 this	
explicitly	in	Figure	15,	in	which	we	plot	the	approximate	instance	at	which	the	in-plane	rotation	(ω3)	
becomes	localised	for	each	of	the	four	specimens,	using	red	as	a	clockwise	rotation	and	blue	as	anti-
clockwise.	For	the	as-welded	specimen	the	rotation	occurs	early,	just	after	yield.	In	contrast,	for	all	
of	the	other	specimens	the	localised	rotation	occurs	later	to	accompany	necking,	either	just	before	
or	 just	 after	 the	 ultimate	 tensile	 strength	 is	 reached.	 In	 the	 as-welded	 specimen,	 the	 reduced	
elongation	 to	 fracture	 is	 explained	 by	 this	 early	 onset	 of	 rotation	 that	 is	 usually	 associated	 with	
necking.		

The	 higher	 hardness	 in	 a	 steel	 autogenous	weld	 is	well	 known	 and	 thought	 to	 be	 due	 to	 the	 as-
solidified	microstructure	 being	 fully	martensitic	 and	 containing	much	 carbon	 in	 solution,	 which	 is	
supported	by	the	backscattered	electron	images	presented	here.	However,	 it	should	be	noted	that	
the	higher	hardness	in	the	weld	region	has	been	attributed	to	a	greater	density	of	small	MX	carbides	
[40],	and	although	the	BSE	images	shown	here	might	hint	at	small	particles	<	50	nm	within	laths	in	
the	 FZ,	 this	 is	 pushing	 the	 spatial	 resolution	 of	 the	 analyses	 here.	 The	 hardness	 profile	 in	 the	 as-
welded	region	has	a	classic	“M”-shape	[17],	reminiscent	of	residual	stress	profiles	of	a	similar	shape	
[9,41,42].	However,	this	shape	could	equally	be	due	to	microstructural	variations,	especially	as	much	
of	the	residual	stresses	will	be	relieved	through	specimen	preparation.	Indeed,	here	we	demonstrate	
that	there	are	smaller	laths	in	the	HAZ	compared	to	both	the	BM	and	the	FZ,	which	are	a	response	to	
higher	 cooling	 rates	 away	 from	 the	 central	 welding	 line	 [11]	 that	 increase	 local	 resistance	 to	
deformation	by	providing	a	greater	number	of	boundaries	to	dislocation	motion	in	a	Hall-Petch	type	
relationship	 [43].	 After	 the	 normalising	 and	 tempering	 heat	 treatment	 the	 hardness	 is	 uniform	
across	the	weld	region,	which	is	an	observation	widely	supported	in	the	community	[44,45]	and	the	
motivation	for	this	work.	However,	we	have	demonstrated	that	this	homogeneity	in	hardness	does	
not	 correspond	 to	 homogeneity	 in	 microstructure	 nor	 behaviour	 under	 tension.	 While	 possible	
M23C6	carbides	on	lath	boundaries	are	found	in	the	FZ	after	heat	treatment	as	expected	[8,46],	we	
have	 shown	 that	 they	 are	 not	 well	 distributed	 at	 boundaries	 and	 that	 the	 prior	 austenite	 grain	
morphology,	texture	and	stored	energy	vary	across	the	gauge	length.	This	is	likely	because	the	FZ	of	
the	 AW	 material	 does	 not	 contain	 sufficient	 stored	 energy	 to	 drive	 grain	 refinement	 and	 the	
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crystallographic	 orientations	 of	 the	 FZ	 limit	 the	 possible	 transformations	 during	 heat	 treatment,	
directly	influencing	the	final	texture	after	cooling.	

After	the	heat	treatment,	the	average	stress-strain	data	 in	Figure	5	shows	that	the	strain	at	UTS	 is	
greater	 in	 the	 specimen	 with	 a	 weld.	 This	 is	 largely	 due	 to	 the	 average	 measurement	 of	 strain	
including	 the	 weld,	 which	 deforms	 significantly	 even	 though	 it	 is	 not	 the	 point	 of	 fracture.	 This	
competition	 is	 in	plastic	deformation	but	not	necking,	which	 is	why	the	fracture	point	stress-strain	
information	shows	less	strain	accumulation	in	the	fracture	region	at	failure.	The	lath	sizes	across	the	
gauge	length	are	comparable	but	the	grains	in	which	the	laths	are	contained	are	larger	in	the	fusion	
zone,	 which	 might	 suggest	 that	 the	 fusion	 zone	 should	 be	 softer	 than	 the	 base	 material	 [43].	
However,	 it	 should	be	noted	that	 the	 laths	are	densely	packed	and	so	their	 true	size	 variation	will	
have	 a	 greater	 influence	 on	 strength	 than	 the	 size	 of	 their	 bounding	 prior	 austenite	 grains.	 	 In	
contrast,	 the	 fusion	zone	grains	show	fewer	carbides	on	 lath	boundaries	and	have	more	sub-grain	
distortions,	 both	 of	 which	 would	 suggest	 that	 the	 fusion	 zone	 should	 be	 harder	 than	 the	 base	
material	 [47,48].	 We	 know	 that	 the	 hardness	 is	 homogenous	 across	 the	 gauge	 length	 so	 these	
effects	must	balance	one	another.	However,	 in	 tension	 this	 is	not	 the	 case	and	we	 see	 significant	
plasticity	 in	 the	 weld	 region	 after	 heat	 treatment.	 While	 this	 could	 be	 due	 to	 the	 larger	 prior	
austenite	grain	size	that	we	show	here,	it	could	also	be	due	to	a	sub-surface	pore	in	the	weld	region.	
Indeed,	 the	 strain	 pattern	 in	 the	 weld	 region	 of	 the	 heat-treated	 sample	 show	 long	 strands	 of	
alternate	clockwise	and	anti-clockwise	rotation	in	the	ω3	component	in	Figure	15	(specimen	LW	HT),	
which	 is	 reminiscent	of	 strain	patterns	 that	 surround	a	hole	 [49].	The	work	presented	here	would	
therefore	be	improved	by	non-destructive	testing	to	measure	pore	density	in	the	weld	and	by	repeat	
testing	 to	 assess	 the	 consistency	 in	 observations.	 However,	 our	 aim	 here	 was	 not	 to	 provide	 a	
statistical	 analysis	 of	 behaviour	 but	 to	 demonstrate	 the	 benefit	 of	 using	 full-field	 techniques	 for	
analysis	 of	 deformation	 phenomena	 in	 heterogeneous	 systems	 such	 as	 these.	 It	 is	 the	 surface	
measurement	 of	 deformation	 we	 use	 that	 leads	 to	 an	 uncertainty	 in	 the	 through-thickness	
deformation	homogeneity.	

In	this	work	we	have	introduced	the	idea	of	the	strain	homogeneity	distribution	gradient	in	Figure	6	
and	Figure	7,	which	 is	an	adaptation	of	a	similar	approach	 in	high-resolution	DIC	 in	a	two-phase	Ti	
alloy	[50].	This	is	a	way	of	highlighting	the	degree	to	which	the	whole	field	of	view	deviates	from	the	
mean	 strain.	 We	 do	 this	 because	 strain	 heterogeneity	 often	 precedes	 failure	 in	 plastic	 materials	
[1,2],	 and	 so	a	 system	 that	deforms	heterogeneously	early	on	 is	a	good	 indicator	of	 that	 system’s	
propensity	 for	 early	 failure.	 We	 show	 here	 that	 whilst	 the	 normalisation	 and	 tempering	 heat	
treatment	 performed	 ensures	 hardness	 homogeneity,	 it	 creates	 a	 situation	 in	which	 the	material	
deforms	heterogeneously,	even	in	the	absence	of	a	weld.	Therefore,	better	heat	treatments	towards	
weld	performance	optimisation	would	be	found	in	a	one-	or	multi-step	tempering	treatment	below	
the	austenitisation	temperature	in	line	with	recommendations	for	the	ITER	blanket	component	[11].	
Alternatively,	a	 less	 severe	normalising	 stage	might	be	appropriate,	as	explored	 for	grade	91	steel	
[46],	 or	 a	 localised	 tempering	 treatment	 at	 the	 weld	 zone	 to	 limit	 over-tempering	 in	 the	 base	
material.	

	

5 Conclusions 
We	 have	 presented	 detailed	 analyses	 of	 the	 full-field	 strain	 evolution	 of	 welded	 Eurofer97	
components	 both	 with	 and	 without	 a	 post-weld	 heat	 treatment.	 Our	 spatial	 resolution	 is	 much	
improved	 over	 previous	 attempts	 in	 the	 literature	 and	 so	 we	 are	 able	 to	 understand	mechanical	
properties	 both	 globally	 and	 locally	 in	 terms	 of	 both	 the	 underlying	 microstructure	 and	 the	
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rotational	strain	fields	that	develop	to	precede	failure.	In	particular,	we	can	conclude	that	while	the	
normalising	and	tempering	heat	treatment	homogenises	the	hardness	across	the	weld	region	it	does	
not	homogenise	the	microstructure	in	terms	of	carbide	size,	morphology	and	location	relative	to	the	
lath	boundary.	Further,	 it	does	not	homogenise	 the	prior	austenite	grain	 size,	 texture,	or	 the	 sub-
grain	misorientation,	implying	heterogeneity	in	dislocation	density	and	stored	energy.	Furthermore,	
the	full-field	approach	to	deformation	quantification	allows	us	to	determine	the	strain	homogeneity	
distribution	gradient,	which	is	a	direct	measure	of	the	strain	localisation	that	precedes	failure	and	if	
applied	in-situ	would	provide	an	indication	of	early	failure.	In	this	approach	we	have	shown	that	the	
microstructure	 produced	 by	 the	 normalisation	 and	 tempering	 heat	 treatment	 induces	 early	 strain	
heterogeneity	even	in	the	absence	of	a	weld	and	it	is	therefore	advised	that	such	a	heat	treatment	is	
avoided	 in	 certain	 engineering	 applications	 where	 even	 slight	 volumetric	 change	 needs	 to	 be	
avoided	due	to	constraint.	Full-field	techniques	are	a	useful	tool	in	determining	the	mechanisms	for	
changes	 in	 component	 performance	 due	 any	 type	 of	 heterogeneity.	 In	 the	 case	 of	 welds,	 the	
suitability	 of	 a	 given	 PWHT	 can	 be	 understood	 in	 terms	 of	 spatially-resolved	 mechanical	
deformation,	which	allows	us	to	probe	the	mechanisms	responsible	for	the	macroscopic	behaviour	
we	observe.		
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8 Figures 
	

	

Figure	1	Microtensile	specimens	taken	from	the	cross	section	of	the	weld	as	shown	in	part	a)	and	machined	by	EDM	into	the	
geometry	shown	in	part	b)	with	thickness	(t)	of	1	mm,	a	chamfer	radius	(R)	of	5	mm	for	a	gauge	length	of	26	mm	and	gauge	
width	3	mm.	
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Figure	2	The	speckle	pattern	and	pixel	subset	size	selection	as	a	 function	of	 the	uncertainty,	calculated	here	as	 the	noise	
floor	in	the	𝜀!!	strain	component.	For	this	speckle	pattern,	a	subset	size	of	25	pixels	was	found	to	give	a	reasonable	balance	
between	 minimising	 uncertainty	 in	 the	 measurement	 of	 strain	 (larger	 subsets)	 and	 the	 best	 spatial	 resolution	 (smaller	
subsets).	
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Figure	 3	 The	 𝜀!!	 component	maps	 from	 full-field	 DIC	 at	 25,	 50,	 75	 and	 100%	 time	 to	 fracture	 for	 specimens	 with	 and	
without	a	weld	and	with	and	without	the	heat	treatment	(HT).	The	arrows	in	part	d)	point	to	shear-dominated	regions	in	
the	weld	region	that	initiate	early	on	during	the	test.	



UKAEA,	2019	

	

	

	

Figure	4	The	hardness	profiles	across	the	weld	region	before	and	after	heat	treatment	(HT).	
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Figure	5	Engineering	stress-strain	and	plots	for	virtual	extensometer	of	20	mm	gauge	length	for	the	bulk	as-received	(AR)	
material	and	the	laser	welded	(LW)	material	in	the	as-welded	(AW)	condition	and	after	the	heat	treatment	(HT).	
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Figure	6	The	normalised	frequency	distributions	of	normalised	maximum	shear	strain	(strain	normalised	to	specimen	mean	
strain)	as	a	 function	of	%	 time	 to	 fracture	 for	 the	welded	and	 the	non-welded	specimen	both	with	and	without	 the	heat	
treatment	 (HT).	 Wider	 distributions	 signify	 greater	 deviation	 from	 the	 mean	 strain	 and	 therefore	 greater	 strain	
heterogeneity.	
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Figure	7	a)	The	gradient	of	the	log-log	histograms	in	Figure	6	as	a	function	of	time	and	b)	the	amount	of	time	spent	in	the	
homogeneous	deformation	regime	(<	-5	mhet)	for	the	bulk	as-received	(AR)	material	and	the	laser	welded	(LW)	material	in	
the	as-welded	(AW)	condition	and	after	the	heat	treatment	(HT).	
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Figure	8	Engineering	stress-strain	curves	derived	from	averaging	the	strain	over	a	small	region	at	the	point	of	fracture	for	
the	bulk	as-received	(AR)	material	and	the	laser	welded	(LW)	material	in	the	as-welded	(AW)	condition	and	after	the	heat	
treatment	(HT).	
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Figure	9	 Secondary	electron	 images	 showing	 the	 tensile	 fracture	 surfaces	after	 failure	 for	 specimens	with	and	without	a	
weld	and	with	and	without	a	heat	treatment	(HT).	The	contrast	arises	from	surface	topography.	
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Figure	10	Backscattered	electron	images	of	the	microstructure	in	the	welded	specimen	is	the	as-welded	state.	Images	were	
taken	from	the	base	material	(BM),	the	heat-affect	zone	(HAZ)	and	the	fusion	zone	(FZ)	at	magnifications	2kx,	5kx,	10kx	and	
30	kx.	The	contrast	arises	from	crystallographic	orientation	and	phase	composition.	
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Figure	11	Backscattered	electron	images	of	the	microstructure	in	the	welded	specimen	after	the	post-weld	heat	treatment.	
Images	were	taken	from	the	base	material	(BM),	the	heat-affect	zone	(HAZ)	and	the	fusion	zone	(FZ)	at	magnifications	2kx,	
5kx,	10kx	and	30	kx.	The	contrast	arises	from	crystallographic	orientation	and	phase	composition.	
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Figure	12	Pole	figures	for	different	regions	of	the	welded	specimens	in	the	as-welded	and	heat	treated	(HT)	condition.	The	
regions	of	interest	are	the	base	material	(BM),	the	heat	affected	zone	(HAZ)	and	the	fusion	zone	(FZ).	The	colour	scale	is	in	
multiples	of	random.	
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Figure	 13	 EBSD	 orientation	 data	 presented	 as	 IPF	maps	 (left)	 from	 the	 loading	 direction	 (horizontal)	 and	misorientation	
maps	 (right,	misorientation	calculated	as	 the	grain	 reference	orientation	distribution)	 for	different	 regions	of	 the	welded	
material	before	and	after	heat	treatment	(HT).	The	regions	of	interest	are	the	base	material	(BM)	and	the	fusion	zone	(FZ).	
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Figure	14	a)	Grain	diameter	and	b)	misorientation	distribution	 (calculated	as	 the	grain	 reference	orientation	distribution,	
GROD)	for	the	three	maps	in	Figure	13.	The	regions	are	the	base	material	(BM)	in	the	as-received	condition	and	the	fusion	
zone	(FZ)	before	and	after	the	heat	treatment	(HT).	
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Figure	15	The	approximate	instances	at	which	the	in-plane	rotation	ω3	becomes	clear	in	the	full-field	data	for	each	of	the	
four	 conditions	of	 the	 laser	weld	 (LW)	and	 the	bulk	material	 in	 the	as-welded	 (AW)	or	as-received	 (AR)	 state	before	and	
after	heat	treatment	(HT).	The	instant	at	which	ω3	heterogeneity	at	the	eventual	fracture	point	becomes	clear	is	highlighted	
with	 dotted	 lines	 on	 the	 virtual	 extensometry	 engineering	 stress-strain	 data,	 corresponding	 to	 the	 dotted	 box	 in	 the	ω3	
maps.	
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9 Tables 
	

Table	1	-	Parameters	used	to	perform	DIC	in	DaVis	10.	

Parameter	 Value	
Method	 Sum	of	difference	
Subset	size	 25	x	25	pixels	
Step	Size	 8	pixels	
Cameras	 LaVision	M-Lite	5M	
Optics		 Zeiss	Discovery	Stereo	Microscope	
Image	FOV	 488	x	2456	pixels	
Image	Scale	 89.3481	pixel		mm-1	
Imaging	Rate	 3	Hz	
	


