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Entre	 el	 2009	 y	 el	 2015	 estuve	 desarrollando	 proyectos	 en	 Francia,	 España,	 Chile	 y	

Arabia.	Finalmente,	en	noviembre	de	2015,	inicié	un	periodo	sabático	para	terminar	el	

Doctorado.	 Para	 finalizar	 el	 programa	 de	 investigación,	 se	 seleccionó	 el	 set	

experimental	 realizado	 en	 verano	 de	 2008.	 Del	 cual	 se	 obtuvo	 un	 buen	 producto,	

aunque	 se	 presentaron,	 una	 vez	más,	 variaciones	 importantes	 en	 los	 resultados.	 En	

esta	ocasión,	el	objetivo	ha	estado	orientado	a	determinar	las	causas	que	producen	la	

alta	dispersión	en	los	resultados	y	que	ha	dificultado	la	interpretación	de	los	resultados	

y	la	toma	de	decisiones.	
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1. Introduction.	

1.1 LNG	tank.	

Natural	 gas	 is	 transported	 by	 pipelines	 at	 high	 pressure,	 LPG,	 where	 the	 maximum	

rentable	 length	are	around	dozens	of	thousands	of	kilometers	or	at	 low	temperature	

and	ambient	pressure	by	LNG	sea	carriers,	where	natural	gas	could	be	transported	for	

longer	distances	than	LPG	technology.		

At	both	side	of	LNG	production	chain,	the	product	should	be	temporally	storage;	after	

liquefaction	while	is	waiting	to	be	charged	on	LNG	carriers,	and	at	receiver	side,	while	

it	 is	waiting	 to	be	processed	 in	 regasification	plant.	This	 temporal	storage	of	Natural	

Gas	 is	 made	 in	 liquid	 state	 a	 temperature	 below	 -165ºC	 in	 LNG	 tanks,	 which	 are	

designed	 like	 huge	 multi-layer	 thermo,	 with	 few	 insulator	 layers	 placed	 between	

different	structural	parts	of	the	tank.	

1.1.1 Base	metal.	

Carbon	steels	and	most	ferritic	materials	change	from	ductile	to	brittle	below	certain	

temperature,	 which	 depends	 on	 the	 chemical	 composition,	 heat	 treatment	 and	

material	 thickness,	 this	 temperature	 is	 called	 “Transition	 Temperature”.	 This	 natural	

characteristic	makes	 ferritic	materials	not	been	used	 in	applications	at	 temperatures	

below	-80ºC.	

The	heat-treated	9%	nickel	steels	have	good	toughness	at	temperatures	below	-196°C	

along	 with	 a	 high	mechanical	 strength.	 There	 are	 two	 9%Ni	 steels,	 the	 ASTM	 A353	

which	is	double	normalized	and	tempered	and	the	ASTM	A553	which	is	quenched	and	

tempered.	The	A553	T1	steel	has	a	microstructure	consisting	of	tempered	martensite,	

bainite,	and	about	4%	of	stable	austenite	obtained	during	tempering	of	the	steel	 just	

above	the	austenite	transformation	temperature.	

These	 steels	 have	 good	 weldability,	 so	 any	 of	 common	 welding	 processes,	 SMAW,	

GTAW,	FMAW	and	SAW,	could	be	used	to	weld	them.	Although	SMAW	and	SAW	are	

the	most	 frequently	used	welding	processes,	 FCAW	has	 shown	good	performance	 in	

recent	years.	



!

! l!

lnQ-! 5'))&! ')0(5! '3! 8)! )#5-&C! ,#40)'-:)(K!

T))@-04!-'!V36!#!vI-&)F!P)5-(%#&!,#40)'-5,!@)6!

5)! (3)50x'! 6)@6)5)0'! #0C! -55%)! V36! 'I)! 5'))&K!

8%'! -'! C)5! (%6-04! v)&(-04! 8C! #0C! )&)$'6-$! #6$!

@63$)(%6)K! @63(%$-04! yG6$! E&3vy! '63%8&)5!

vI#'! $6)#')! 6)[)$'#8&)! (-5$30'-0%-'-)5! -0! 'I)!

()@35-')(!v)&(!,)'#&F!

P)5-(%#&! ,#40)'-5,! -55%)! -5! $30'63&&)(! #<3-(-04! 'I#'! @&#')! v-&&! 8)! )k@35)(! '3! #0C!

,#40)'-$! V-)&(K! #<3-(-04! 'I)! @&#')! I#0(&)(! 8C! ,#40)'-$! ,#0-@%&#'365! #0(! )<)0!

#<3-(-04!'I#'!'6%$T5!v-&&!8)!@#6T)(!8)&3v!I-4IM')05-30!)&)$'6-$!$30(%$'-30!&-0)5F!

6767E F&@*!,&%/@'7!

2I)5)! 5'))&5! $3%&(! 8)! v)&()(! %5-04! 5-,-&#6! $I),-$#&! $3,@35-'-30! V-&&)6! ,)'#&5! -V!

#@@63@6-#')(! I)#'M'6)#',)0'! -5! #@@&-)(! '3! ,#'$I! 8#5)! ,)'#&!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!

,)$I#0-$#&! @63@)6'-)5F! "-&&)6! ,)'#&5! I#<-04! cen! 0-$T)&! I#<)! #&53! 8))0! ()<)&3@)(K!

5I3v-04! 433(! '3%4I0)55! 8%'! &3v! (%$'-&-'CF!])&(5! ,#()! v-'I! 'I-5! $305%,#8&)! I#<)!

5I3v0! 433(! 6)5%&'5! -0! 'I)! &#836#'36C! ')5'K! 8%'! I#<)! 03'! 8))0! #$$)@')(! V36! 'I)!

$305'6%$'-30!3V!&#64)!<)55)&5F!

"36! ;QB! 2#0T! $305'6%$'-30K! 'I)5)!

53&%'-305! #6)! 03'! <-#8&)F! 2I)6)V36)K! I-4I!

0-$T)&! #%5')0-'-$! $305%,#8&)5! #6)! %5)(F!

Q-$T)&! 8#5)! #&&3C5! #6)! $I35)0! (%)! 'I)-6!

433(! 5'6)04'IK! 433(! '3%4I0)55! #'! Mclgw.!

#0(! 8)$#%5)! -'5! 'I)6,#&! )k@#05-30!

$3)VV-$-)0'! -5! <)6C! $&35)! '3! ln! Q-! 5'))&!

'I)6)8C! 6)(%$-04! 'I)! 'I)6,#&! 5'6)55!

(%6-04!'#0T!3@)6#'-30F!

100)6!2#0T!WI)&&!

"-4!cM!c>!;QB!'#0TK!5I)&&!)6)$'-30!@63$)55F!

"-4!cM!e>!WG]!@63$)55!30!I36-:30'#&![3-0'!



	

	 10	

1.1.3 Welding	Consumables.	

For	 the	 SAW	welding	process	 there	 are	different	 types	of	wires	based	on	NiMo	and	

NiCrMo	alloys.	In	Europe	and	USA	AWS	A5.14	ER-NiCrMo-3	or	AWS	A5.14	ER-	NiCrMo	-

4	are	the	commonly	used.	

The	 AWS	 A5.14	 ER	 NiCrMo-3	 is	 an	 Inconel	 625	 type	 alloy,	 which	 increases	 its	

mechanical	strength	by	the	formation	of	precipitates.	Due	to	its	chemical	composition	

Gamma	 prime,	 Delta	 and	 Mu	 precipitates,	 and	 carbides	 MC,	 M6C	 and	 M23C6	 are	

stable	in	the	solid	phase,	but	the	thermo-mechanical	treatment	will	define	final	phases	

distribution.	

Undiluted	weld	metal	tensile	tested	has	an	UTS	around	760	MPa,	yield	strength	around	

510	MPa	and	elongation	around	46%,	making	 it	 the	 ideal	consumable	to	be	used	for	

this	 application.	 But	 its	 high	 hot	 cracking	 sensitivity	 makes	 that	 many	 tanks	

constructors	reject	to	use	it.	However,	should	note	that	using	the	proper	flux	and	right	

welding	 parameters,	 is	 possible	 and	 reliable	 to	 get	 sound	 welds	 with	 highest	

mechanical	properties.	

The	 AWS	 A5.14	 ER	 NiCrMo-4	 is	 a	 Hastalloy	 C-276	 alloy	 type,	 which	 increases	 its	

strength	by	solid	solution.	Only	M6C	rich	molybdenum	carbides	and	µ	precipitates	are	

stable	in	the	solid	phase.	Undiluted	weld	metal	tensile	tested	has	an	UTS	around	690	

MPa,	yield	strength	over	400	MPa	and	elongation	around	35%,	making	it	an	acceptable	

consumable	to	be	used	for	this	application,	specially	due	it	lower	hot	crack	sensitivity.		

Due	 that	 mechanical	 strength	 of	 this	 alloy	 system	 is	 controlled	 by	 solid	 solution	

mechanism,	dilution	with	base	metal	should	has	an	important	role	on	tested	strength	

by	 cylindrical	 all	 weld	 metal	 tension	 test,	 where	 the	 place	 where	 the	 sample	 was	

obtained	could	has	an	important	effect.		

This	is	one	of	hypothesis	in	this	dissertation,	attempting	to	compare	its	effect	against	

other	 typical	 welding	 variables.	 Using	 X-ray	 fluorescence	 technique,	 main	 alloy	

elements	 will	 be	 determined	 on	 each	 tensile	 tested	 sample	 and	 will	 be	 statistically	

correlated	with	other	parameter.	
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b) Solute	segregation.	

Hastelloy	C-276	weld	metal	tends	to	form	TCP	phases	that	precipitate	as	 last	solid	 in	

both	 interdendritic	 and	 intergranular	 zones,	 during	 solidification.	 The	most	 common	

secondary	phases	on	this	NiCrMo	alloy	are	the	called	Mu	phase	and	P	phase.		

Several	 researchers	coincide	 that	either	Mu	and	P	phases	play	a	detrimental	 role	on	

weld	metal	ductility,	 rupture	strength,	 impact	 toughness	and	corrosion	 resistance	by	

several	mechanisms.	

c) Sub	grain	boundary	

Subgrain	 boundary	 defines	 the	 boundary	 that	 between	 the	 primary	 solidification	

structures,	dendrites	or	cells.	This	zone	is	compositionally	defined	by	the	concentration	

of	 segregated	solute	during	 solidification.	This	 subgrain	boundary	 is	 characterized	by	

the	high	coherence	between	the	coincident	crystallographic	orientations,	produced	by	

the	subgrains	growth	along	preferential	crystallographic	directions,	which	correspond	

to	<100>	directions	 in	both	 the	BCC	and	 the	FCC	 systems.	This	 subgrain	boundary	 is	

crystallographically	 defined	 as	 "Low	 Angle"	 boundary	 and	 is	 characterized	 by	 a	 low	

density	of	dislocations	along	it	because	they	can	be	easily	crossed	[1-11].	

d) Grain	Boundary	

The	grain	boundaries	are	 those	areas	where	 the	grains	 that	grow	by	solidification	of	

the	 liquid	 coincide,	 being	 the	 result	 of	 the	 competitive	 growth	 of	 the	 grains.	 As	

coincident	 grains	 have	 different	 directions	 and	 growth	 orientations,	 these	 grain	

boundaries	 are	 characterized	 by	 a	 high	 angular	misorientation,	 also	 known	 as	 "High	

Angle"	boundaries,	which	generates	a	network	of	dislocations.	

The	 grain	 boundaries	 also	 have	 a	 compositional	 component,	 in	 which	 most	 of	 the	

impurities	and	the	segregated	elements	are	concentrated	during	solidification.	These	

compositions	lead	the	formation	of	low-melting	point	compounds	
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e) Migrated	Grain	Boundary	

1.2.3 Precipitates	

Hastalloy	 C-276	 deposited	 weld	 metal	 show	 two	 different	 type	 of	 precipitates,	

intermetallic	topological	close	package	and	carbides.	The	first	one,	also	known	as	TCP,	

adversely	 affect	 mechanical	 properties	 due	 austenitic	 phase	 depletion	 of	 key	 alloy	

elements	 like	Mo,	W,	 etc,	 and	 due	 incoherent	 interphase	 between	 precipitates	 and	

matrix.	Carbides	 in	general	tend	to	 increase	mechanical	properties	 if	they	precipitate	

in	 grain	 bulk,	 but	weaken	 it	 strength	 if	 they	 precipitate	 in	 grain	 boundary.	 Carbides	

tend	to	precipitate	at	grain	boundary	due	to	strong	positive	segregation	of	carbon	[3-

4].	Of	course	Carbide	type,	shape	and	quantity	have	an	important	role	on	actual	effect	

on	weld	strength.	

The	chemical	composition	of	Mu,	P	and	M6C	phases	are	very	close;	This	is	the	reason	

why	it	 is	not	possible	to	identify	these	phases	by	EDX	in	SEM.	The	closeness	of	P	and	

Mu	phase	composition	 is	not	 surprising	 since	 these	are	adjacent	phases	 in	Fe-Ni-Mo	

and	Ni-Cr-Mo	ternaries	alloy	system	[3-5].	Even	some	researchers	thought	that	P	phase	

is	a	transient	phase	decomposing	to	de	the	stable	Mu	phase	[3-5].	

The	Mu	phase	kinetic	of	formation	depends	on	two	steps,	nucleation	and	growth.	By	K.	

Zao	 [3-4]	 Mu	 phase	 seems	 to	 be	 nucleated	 from	 M6C	 carbides,	 what	 is	 supposed	

because	both	phases	have	an	almost	same	crystal	structure	and	composition.		

C-276	alloy	usually	show	only	Mu	and	P	phases	as	TPC	precipitates.	But	 in	our	study,	

and	due	weld	metal	high	 iron	pick	up,	presence	of	other	 intermetallic	phases	should	

not	be	discarded.		

1.2.4 Intermetallic	phases	

a) µ 	phase	

(Ref	 2.4-1)	 µ	 phase	 belongs	 hexagonal	 system,	 its	 space	 group	 correspond	 to	 D8
5d-

hR3m	(Fig	1-),	with	rhombohedral	lattice	a=0,476nm	and	c=2,56nm	(Zhao,	et	al.	2005)	

(Handbook	2000)	(Raghavan;,	Berkowitz	and	Scanlon	1982).	[3-4][3-5][1-13]		
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b) Carbides	

1.3 Submerged	Arc	Welding	Process.	

1.3.1 Introduction.	

Submerged	 arc	 welding	 process	 main	 feature	 is	 that	 the	 arc	 is	 produced	 inside	

(submerged	 in)	 a	powder.	 The	electric	 arc	discharge	 is	produced	between	a	metallic	

wire,	which	is	the	filler	metal,	and	metallic	pieces	to	be	joined,	base	metal.	the	electric	

power	 is	 supplied	 by	 welding	 machine	 which	 one	 could	 be	 operated	 at	 constant	

voltage	or	 constant	 current	mode,	each	welding	mode	has	 its	own	characterizes,	CC	

mode	 is	 better	with	 thick	wires	 and	 high	 currents,	 and	 CV	mode	 is	 better	with	 thin	

wires,	filled	at	high	speed	(high	deposition	rate)	or	in	specials	conditions	where	its	self-

regulated	arc	improve	arc	stability.	

1.3.2 Fluxes	

The	powder	 is	 known	as	 flux,	and	 is	made	by	big	amount	of	 compounds	 like	oxides,	

carbides,	 salts,	etc,	which	give	 them	 its	 features.	 	Because	the	electric	arc	welding	 is	

made	inside	the	flux,	operator	protection	is	one	of	the	fluxes	functions.	The	energy	of	

the	arc	produce	first	decomposition	of	some	of	flux	compounds	producing	some	gases	

like	CO2	or	 fumes	removing	the	air	 in	arc	area	protecting	the	melted	metal,	Some	of	

sodium	or	potassium	salts	between	other	compounds,	are	 ionized	by	the	arc	energy,	

supplying	ions	to	the	column	of	plasma	affecting	on	arc	stability	and	the	total	energy	

given	by	the	arc.	

Melted	 flux	 produce	 the	 slag,	 who	 play	 an	 important	 weld	 metal	 cleaning	 role	

removing	oxides,	sulfides,	and	other	chemicals	compounds	and	dissolved	gases	which	

affect	in	negative	way	deposited	weld	metal	properties.					

Fluxes	 are	manufactured	 by	melting	 together	 all	 its	 compounds,	milling	 it	 at	 proper	

size	after	its	solidification,	or	by	agglomeration	of	its	compounds	in	small	particles,	by	

peletization	 and	 synterization	 process.	 In	 both	 cases	 particles	 sizes	 distribution	 and	

average	 size	 are	 important	 variable	 for	 degassing	 and	 bead	 shape.
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2. Experimental	Procedure.	

2.1 Base	Metal	and	Welding	Consumables.	

This	 study	 were	 done	 as	 a	 benchmarking	 between	 three	 of	 the	 most	 popular	

submerged	arc	welding	fluxes	used	to	weld	LNG	Tanks	and	the	best	Lincoln	flux	to	be	

introduced	in	the	LNG	market	by	Lincoln	Electric	CO.	

The	benchmarking	trials	were	started	earliest	2007	when	4	Lincoln	fluxes	were	tested	

and	 compared	 with	 other	 2	 competitors'	 fluxes.	 In	 that	 trial,	 arc	 stability,	 slag	

detachability	 and	 weld	 metal	 finishing	 were	 the	 evaluated	 characteristic.	 These	

parameters	are	often	used	to	define	wire/flux	pair	weldability.	

In	this	dissertation	used	fluxes	are	going	to	be	identified	as	F1,	F2,	F3	and	F4.	Two	of	

them	were	 agglomerated	 type:	 F1	 is	 basic	 fluoride	 aluminate	 type,	 with	 Al2O3	 and	

CaF2	 like	main	 compounds,	 and	neutral	pick	up	of	Mn	and	Si;	 and	F4	which	 is	basic	

aluminate	 type,	 with	 Al2O3,	 MgO,	 CaO	 and	 MnO	 like	 main	 compounds,	 this	 flux	

produce	around	of	1%	of	Mn	pick	up,	in	accordace	wirh	EN-760	standard.	

The	other	two	fluxes	were	fused;	both	were	calcium	silicate	type,	with	CaO,	MgO	and	

SiO2	like	main	compounds,	producing	an	important	Si	pick	up.	

F1	 EN	760	 SA	AF	2	64	AC	H5	

F2	 EN	760	 SF	CS	2	DC	H5	

F3	 EN	760	 SF	CS	2	AC/DC	H5	

F4	 EN	760	 SA	AB	2	

		
Chemical	composition	of	flux	(%)	 Basisity	

	MnO	 SiO2	 Al2O3	 TiO2	 ZrO2	 CaO	 MgO	 CaF2	 FeO	 Na2O	 K2O	 BaO	 (IIW)	

	F1	 		 10-15	 36-42	 		 		 		 		 43-48	 		 1-5	 1-5	 		 1,65	

	F2	 0,02		 31,1	 2,68	 0,11	 	6,73	 40,4	 4,84	 6,55	 0,08	 0,83	 1,02	 1,99	 1,55	

	F3	 0,26	 36,48	 3,07	 0,09	 ＜0.05	 27,58	 5,69	 17,48	 0,29	 1,14	 1,59	 2,59	 1,48	

	F4	 7,39	 6,72	 47,6	 ＜0.05	 ＜0.05	 21,23	 0,094	 18,53	 0,076	 1,37	 1,05	 ＜0.05	 1,52	

	Basisity(IIW)=〔CaF2+CaO+MgO+BaO+SrO+Na2O+K2O+Li2O+0.5(MnO+FeO)〕/〔SiO2+0.5(Al2O3+TiO2+ZrO2)〕  (%)	

Note:	 The	 numerical	 notation	 system	 used	 in	 this	 thesis:	 decimal	 separation	 with	

comma	and	separation	of	thousands	with	point	(example:	1,500,25)	
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Due	 residual	magnetism	 issue	of	9%Ni	 steel,	 is	 recommended	 that	production	welds	

been	done	by	AC	current	to	avoid	arc	blow	tendency	produced	by	magnetic	fields.	But	

in	 earliest	 2000,	 most	 of	 the	 submerged	 arc	 welding	 machines	 only	 works	 in	 DC	

polarity,	so	most	of	the	tank	builders	used	DC	power	suppliers	to	weld	the	horizontal	

joints,	without	alternative	to	use	AC	current	in	this	process.		

Around	 2005	 some	Manufactures	 of	 welding	machine	 introduced	 a	 new,	 high	 tech,	

welding	machines	capable	to	weld	 in	AC	or	DC	current	and	others	setups	that	would	

improve	productivity	and	mechanical	properties	too.	

Current	 polarity	 has	 important	 effect	 on	 deposition	 rate,	 on	 arc	 energy	 distribution	

and	 also	 on	 dilution.	 So,	 current	 type	 is	within	 evaluated	 variables	 to	 determine	 its	

impact	on	weld	metal	strength.	

The	 voltage	 was	 the	 last	 studied	 variable.	 	 The	 voltage	 together	 with	 the	 welding	

current	determines	the	energy	of	the	electric	arc,	in	other	words,	the	heat	supplied	by	

the	electric	arc,	or	Heat	input.	Voltage	has	also	direct	influence	on	the	ratio	between	

amount	of	melted	flux	and	the	amount	of	weld	metal	and	on	welding	bead	width.		

When	voltage	 is	 increased	the	arc	 length	 is	 increased	too.	So,	more	flux	 is	melted	by	

longer	 arc.	 Then,	 voltage	 variations	 are	 important	 to	 get	 the	 proper	 relationship	

between	weld	meat	and	slag.	But	this	variation	becomes	critical	when	active	or	semi	

active	fluxes	are	used,	because	weld	metal	chemistry	is	changed.	

The	Weld	 bead	 surface	 finishing,	 as	 well	 as	 its	 roundness	 are	 determined	 by	 slag's	

surface	 tension.	 In	 horizontal	 welds,	 weld	 metal	 weight	 and	 its	 fluidity	 must	 be	

supported	 by	 the	 slag	 and	 by	 unmelted	 flux	 weight.	 The	 proper	 surface	 finishing	 is	

obtained	with	the	correct	balance	between	these	factors,	in	which	the	voltage	plays	a	

very	 important	 role,	 determining	 the	 amount	 of	 slag	 formed,	 in	 other	 words,	 the	

amount	of	melted	flux.	

By	 experience	 on	 production	 welds,	 root	 welding	 passes	 always	 are	 performed	 at	

lower	voltage,	between	25v	and	27v,	depending	on	the	gap	between	plates.	All	filling	

passes,	 between	 second	 layer	 and	 penultimate	 layer,	 are	 welded	 around	 2	 voltage	
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2.9 Statistical	Analysis:	

Statistical	 analysis	 was	 performed	 by	 MiniTab	 Express	 	 Versión	 1,5	 2014-2016	 For	

MAC.	

2.10 Image	Analysis:	

Image	J:	Version	2.0.0-rc-43-/1.51d	
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been	one	of	the	main	targets	of	all	tested	performed	by	in	previous	and	future	trials	in	

this	application.	

	Like	 is	 done	during	WPS'	 qualification,	 the	 sample	plates	were	welded	 in	horizontal	

position	 (2G),	using	an	asymmetrical	and	unbalanced	"X"	 joint	as	are	 the	production	

welds	joints.		

Wire	diameter	has	important	effect	on	deposition	rate	and	arc	density.	Wire	diameter	

reduction	was	the	key	for	 improving	weld	metal	deslagging	and	degassing	on	second	

welded	tank.	Also	welding	time	was	reduced	by	increased	deposition	rates.		

In	March	 to	May,	2005,	were	done	a	 trial	 to	determine	 the	wire	diameter	effect	on	

deposited	 weld	 metal	 mechanical	 strength	 using	 two	 fluxes	 and	 two	 wires,	 one	 of	

2,4mm	 and	 other	 of	 1,6mm	 of	 diameter.	 Those	 results	 suggested	 that	 mechanical	

strength	was	also	improved	by	reducing	wire	diameter.	

For	this	trial	two	wires	were	used,	one	of	1,6mm	and	other	of	2,0mm	of	diameter.	To	

get	 similar	 passes	 distribution	 in	 all	welded	 samples,	 using	 both	wires;	 the	 different	

deposition	rate	of	each	wire	was	compensated	by	adjusting	the	wire	feed	speed	(WFS).	

So,	the	WFS	used	with	2,0mm	wire	was	345	cm/min,	meanwhile	WFS	used	with	1,6mm	

wire	545	cm/min.	

Voltage	is	one	of	the	key	parameters	to	be	controlled.	The	length	of	the	welding	arc	is	

the	main	parameter	affected	by	electrical	voltage.	 	The	arc	 length	 is	 reduced	with	at	

lower	 voltage,	 shorts	 arc	 reduce	 pick	 up	 of	 air	 elements	 like	 nitrogen	 and	 oxygen,	

which	 are	 harmful	 for	 weld	 metal	 toughness	 and	 strength.	 The	 right	 voltage	 level	

produces	 the	 proper	weld	 bead	width-deep	 ratio,	which	 is	 important	 to	 reduce	 hot	

cracking	risk.	

In	this	trial	voltage	tested	at	two	levels,	low	voltage	and	high	voltage.	Low	voltage	set	

up	were:	Root	pass	25v,	filling	passes	27v	and	capping	passes	29v.	High	voltage	set	up		

was:	Root	pass	27v,	filling	passes	29v	and	capping	passes	31v.	

Last	 tested	 welding	 variable	 was	 the	 current	 type,	 using	 in	 this	 trials	 direct	 and	
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3.1 Testing	Results:	

3.1.1 Mechanically	tested	Samples:	

Cylindrical	tensile	samples,	Diameter	6mm:		

• 63	samples	tested	in	2008.	

• 62	samples	tested	in	2016.		

Charpy	V	notch	standard	10X10mm	samples		

• 32	sets	of	3	specimens	were	impact	tested	at	-196ºC.		

3.1.2 Chemical	Composition:	

• Chemical	 composition	 was	 analyzed	 on	 each	 side	 of	 the	 sample	 welded	 in	

Lincoln	Electric	facilities.	

Additionally,	By	X-ray	Fluorescence	technique	following	array	of	measurements	were	

performed:		

1. 3X3	array	of	measurements	on	cylindrical	section	of	tensile	specimen,	close	to	

the	 fracture	 surface.	 Target:	 to	 get	 average	 chemical	 composition	 of	 each	

tensile	tested	sample.	Measurement	performed	on	180	AWMT	specimens.	

2. 10X10	array	of	measurements	on	cylindrical	section	of	tensile	specimen,	close	

to	the	fracture	surface.	Target:	Identification	of	weld	beads	on	fracture	surface	

3. 30X30	 array	 of	 measurements	 on	 the	 base	 of	 the	 tensile	 specimen.	 Target:	

detailed	chemical	composition,	and	other	characteristics.	

The	tables	with	result	of	each	test	are	shown	finishing	this	chapter.		

3.1.3 Welding	Parameters:	

Using	data	acquisition	module	incorporated	on	welding	machine,	4	values	per	second	

of	instantaneous	welding	current,	voltage	and	wire	feed	speed	were	recorded	of	each	

weld	 bead	 of	 each	welded	 samples.	 Additionally,	 Arc	 Start	 (date	 and	 time),	 and	Arc	

Stop	 (date	 and	 time)	 information	 is	 recorded.	 This	 data	 is	 filed	 in	 a	 txt	 document,	
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which	could	be	used	by	any	datasheet	software.	

With	these	data	following	items	are	computed	by	its	formulas:	

Direct Welding Parameters: 

Average Amperage 

𝐴 = !!"#$
!"#$%&

     [Ampere]   Eq.  1 

Average voltage 

𝑉 = !!"#$
!"#$%&

     [Volts]     Eq.  2 

Arc Time 

𝐴𝑟𝑐!"#$ =  𝐴𝑟𝑐!"#$!"#$ − 𝐴𝑟𝑐!"#$"!"#$   [Seconds]     Eq.  3 

Travel Speed 

𝑇!"##$ =
!"#$%&#'("%!"#$!!

!"#!"#$
   [cm/min]    Eq.  4 

Indirect Welding Parameters: 

Energy: 

Heat Input 

𝐻𝐼 = !·!·!"
!!"##$

     [kJ/cm]     Eq.  5 

Heat on Wire 

𝐻!"#$ =
!·!·!"
!"#

    [J/mm]      Eq.  6 

Related to the density of electrons crossing an area: 

Arc Density 

A𝑟𝑐!"#$%&' =
!

!·!!"#$
!     [A/mm2]    Eq.  7 

Related to the Amount of Deposited Metal: 

Deposition Ratio 

𝐷𝑅 =
!!"#$ !""#$·!·!!"#$

!

!!"##$
   [gr/cm(length of weld)]     Eq.  8 

Related to the Electrical resistance: 

Electrical impedance 

𝑍 = !
!

     [Ω ]      Eq.  9 

Note:	 The	 numerical	 notation	 system	 used	 in	 this	 thesis:	 decimal	 separation	 with	

comma	and	separation	of	thousands	with	point	(example:	1,500,25)	 	
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3.6 Welding	Parameters	effect	on	weld	metal	toughness	

	Absorbed	 energy	 by	 impact	 test	 at	 -196ºC	 is	 one	 of	 the	 materials	 and	 joints	

requirements	 in	 design	 standards.	 For	 this	 application	 is	 requested	 that	 average	

absorbed	energy	shall	be	bigger	than	50	joules	for	deposited	weld	metal	and	HAZ.		

For	 this	 study	 have	 been	 prepared	 and	 tested	 a	 set	 3	 of	 specimens	 per	 each	

experiment,	 in	 accordance	 with	 ASTM	 E94.	 Like	 is	 shown	 in	 Fig	 3-	 17,	 the	 lower	

average	value	per	flux	 is	75	 joules,	which	reach	50%	over	the	standard	requirements	

(50	joules).	

Average	CVN	results	show	strongest	correlation	with	wire	diameter	and	current	type,	

grouping	 and	 ranking	 the	 data	 in	 accordance	with	 them.	 For	 same	 amperage	welds	

performed	with	1,6mm	of	diameter	wire	and	or	with	AC	current	produce	more	tough	

welds	 than	 those	 performed	 usign2,0	 mm	 wire	 and	 DC	 currents.	 CVN	 and	 wire	

diameter	 show	 a	 direct	 relationship,	 while	 CVN	 and	 current	 type	 show	 a	 reverse	

relationship	between	them.	

Form	 fluxes	 point	 of	 view,	 both	 fused	 fluxes	 are	 showing	 same	 behavior,	 with	

(CVN/HI)(1,6mm)	around	14,5	and	(CVN/HI)(2,0mm)	around	4,5.	In	case	of	agglomerated	flux	F4	

both	 (CVN/HI)(1,6mm)	 and	 (CVN/HI)(2,0mm)	 are	 almost	 parallel	 and	 around	 7,	 while	 F1	 flux	

shown	the	lowest	factors	(CVN/HI)(1,6mm)	=1,2	and	(CVN/HI)(2,0mm)	=3,3,	Fig	3-	18.	

Even	when	heat	inputs	values	are	around	10	KJ/cm,	what	is	in	the	recommended	range	

for	 nickel	 alloys	 welds;	 direct	 relationship	 between	 energy	 and	 absorbed	 energy	 is	

contrary	 than	expected	 results,	which	 implies	 that	 some	uncontrolled	 factor	 is	 been	

improved	when	current	is	increased.	
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there	is	any	evidence	of	anisotropy	in	the	diffraction	spectra,	the	equations	obtained	

from	 the	 Bragg	 Law	 are	 solved	 and	 applied	 to	 the	 first	 three	 peaks.	 The	 results	

obtained,	 Table	 3-	 8	 (E)	 show	 that	 there	 is	 a	 small	 difference	 between	 the	 sizes	 of	

these	 unit	 vectors,	 which	 could	 show	 the	 existence	 of	 any	 component	 of	 reticular	

deformation	 produced	 by	 internal	 stresses,	 or	 simply	 be	 caused	 by	 intrinsic	

measurement	errors.	

The	hypothesis	of	crystal	deformation	due	strain	produced	by	internal	stress	can	also	

be	supported	with	 the	peaks'	 location	and	width	data.	From	peaks'	 location	point	of	

view,	an	increase	in	the	distance	d(h,	k,	l)	,according	to	the	Law	of	Bragg,	produce	peak`s	

displacement	towards	smaller	2θ	angles,	whereas	peaks'	widening	implies	a	reduction	

of	 d(h,	 k,	 l),	 due	 atomic	 interference	 of	 waves	 who	 produce	 	 the	 wave	 cancellation	

effect2.	If	peaks’	displacement	/	widening	effects	are	not	uniform,	these	effects	could	

be	produced	by	anisotropic	deformation’s	due	to	internal	stress.	

3.8 Hardness	Analysis	

The	 micro	 hardness	 technique	 was	 systematically	 used	 to	 try	 to	 identify	 the	 heat	

affected	 zone	 extension,	 and	 relationship	 between	 chemical	 composition,	 hardness	

and	the	mechanical	strength	of	the	weld	bead.		

3.8.1 Test	P26	

a) G10	

Sample	 G10	 is	 the	 tensile	 tested	 specimen	 with	 lower	 mechanical	 strength	

(Rp0,2%=433MPa/UTS=643MPa)	 from	 Test	 P26,	 and	 placed	 on	 position	 111	 on	

UTSranking.	P26	Test	was	welded	using	fused	flux	F2,	filler	metal	of	2mm	of	diameter,	AC	

current	and	with	voltage	set	to	Low	Level.	Average	hardness	of	the	BS1	weld	bead	is	

around	218	HV.		

When	 cross-sectional	 hardness	 profile	 through	 fusion	 lines	 between	 BF1	 and	 its	
																																																								

2	Http://www.upct.es/~dimgc/webjoseperez/DOCENCIA_filivos/Aplicaciones_DRX_Apuntes_y_ejercicios.pdf	
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specimens'	are	located	in	position	8,	82,	87	and	122	in	UTS	ranking.	Or	test	P03a,	with	

its	UTS	results	placed	in	positions	2,	49,	50	and	53.	or	Test	P08,	with	its	samples	set	on	

5,	16,	93	and	104.	This	level	of	dispersion	explains	why	any	statistical	technique	fails	to	

try	to	found	the	effect	of	any	variable	regarding	test	strength.	

Within	 this	 subchapter,	 the	 Fractographic	 technique	 is	 going	 to	 be	 used	 to	 try	 to	

identify	 any	 other	 feature	 promoting	 early	 fracture.	 The	 fracture	 surfaces	 of	 the	

strongest	and	weakest	tensile	samples	will	be	analyzed	looking	for	fracture	patterns	to	

explain	difference	strengths.	 	
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4. Conclusions	

4.1 Regarding	DOE	variables	effect	on	Weld	Metal	Strength	

1) Fluxes	 play	 a	 small	 role	 on	 deposited	 weld	 strength.	 However,	 they	 have	 a	

strong	effect	on	weldability	and	welding	performance	that	is	translated	as	weld	

metal	soundness.	

2) Deposited	weld	metal	strength	is	higher	when	welds	have	been	done	by	DCEP	

(Direct	Current-Electrode	Positive)	than	weld	metal	strength	of	welds	done	by	

AC.	This	effect	is	stronger	by	using	thicker	wires.	

3) Deposited	 weld	 metal	 strength	 is	 higher	 when	 welds	 have	 been	 done	 using	

thinner	wires.	 The	 improvement	 effect	 of	wire	diameter	 is	more	effective	on	

welds	carried	out	by	AC.	

4) The	voltage	has	an	indirect	effect	on	weld	metal	strength.	The	samples	welded	

in	high	voltage	set	up	are	weaker	than	those	welded	with	the	low		

5) Statistical	 Analysis	 of	 variance	 performed	 on	 obtained	 results	 show	 that	 the	

observed	variations	of	 the	 results	are	not	 statistically	 significant	 to	guarantee	

that	 these	 differences	 had	 been	 produced	 by	 applied	 variations	 on	 tested	

variables.	 To	 enhance	 the	 comprehension	 of	 DOE	 variables	 effect	 on	 weld	

metal	strength	is	suggested	that	a	new	set	of	samples	been	welded	increasing	

variables	ranges	and	with	better	control	of	hidden	variables.	

6) AC	produces	wider	currents	ranges	(D=80	amp)	than	ranges	of	welding	currents	

produced	by	DC	(D=32	amp).	What	means	that	the	difference	between	average	

welding	 current	 of	 the	 samples	 welded	 using	 AC	 is	 high,	 meanwhile	 the	

averages	current	of	the	samples	welded	by	DC	were	closer.	

	

4.2 Regarding	Compositional	Effect	on	Weld	metal	Strength	

7) The	 compositional	 differences	 between	 the	 adjacent	 weld	 beads,	 which	 are	

forming	 the	 cylindrical	 section	 of	 the	 tensile	 specimens,	 were	 larger	 than	

initially	expected.	Although	in	most	of	the	tensile	specimens	the	differences	of	
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the	 Nickel	 content	 were	 between	 19%	 and	 26%,	 the	 minimum	 measured	

difference	was	6%,	and	the	maximum	reached	53%.	

8) Actual	Chemical	 composition	of	 tensile	 specimen	has	 substantial	 effect	on	 its	

measured	strength	

9) The	relationship	between	hardness	and	chemical	composition	is	no	so	clear,	at	

least	 from	 the	 statistical	 point	 of	 view.	 Although	 that	 some	 of	 the	 alloying	

mixtures	are	showing	a	hardness	differences	produced	by	thermal	cycles,	while	

other	doesn’t	show	any	effect.	

10) Due	 to	 the	convective	agitation	effect,	 some	weld	beads	 show	a	high-alloyed	

layer	at	the	bottom,	which	seems	to	be	harmful	to	mechanical	strength.	

	

4.3 Regarding	Fracture	Surface	Analysis.	

11) Tensile	 tested	 samples	 have	 a	 texturized	 rupture	 surface	 produced	 by	

intergranular	fracture	mode,	showing	ductile	grains	decohesion	by	micro	voids	

coalescence.		

12) The	 superficial	 cracks	 opened	 along	 the	 cylindrical	 section	 of	 the	 tensile	

specimens	during	testing,	"hook	cracks"	are	an	indication	of	the	“sensitization”	

of	weld	metals,	produced	any	hot	or	warm	cracking	mechanism,		

13) By	flux	F1,	the	weld	metal	slag	inclusions	have	an	average	size	between	0,35	to	

0,50	microns.	Neither	inclusion's	average	size	nor	its	sizes	distribution	of	seems	

to	be	directly	determined	by	any	of	the	DOE	variables.	

	

4.4 Regarding	Microstructure.	

14) The	 solidification	 macrostructure	 is	 mainly	 formed	 by	 large	 grains,	 some	 of	

them	 are	 even	 longer	 than	 weld	 bead	 width,	 this	 could	 be	 harmful	 to	

mechanical	strength	and	for	crack	resistance.	

15) Grain	boundaries	displacement	through	dendrite	core	has	been	observed.	This	

movement	seems	to	be	produced	as	a	stress	relief	mechanism.	
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16) Precipitates	in	Interdendritic	area	fix	grain	boundary	displacement.	

17) Evidence	 of	 residual	 stress	 has	 been	 observed	 on	 grain	 boundary,	 by	 the	

formation	of	uniaxial	and	shear	microcavities.	

18) There	 are	 many	 aluminates	 distributed	 along	 both	 interdendritic	 areas	 and	

within	dendrites	core.		

19) Some	of	the	Molybdenum-rich	particles	seen	to	be	nucleated	from	aluminates	

particles.	 Per	 the	 references,	 the	 Mo-rich	 precipitates	 used	 to	 be	 nucleated	

from	M6C	carbides	due	to	its	compositional	and	structural	similarity.	

20) Some	of	the	molybdenum-rich	precipitates	show	Silicon	as	a	component.	That	

is	difference	than	Mo-rich	precipitates	composition	found	in	the	references.	

21) The	carbides	detected	has	been	lower	than	expected.	

22) The	 iron	 picks	 up	 due	 dilution	 reduce	 the	 number	 of	 precipitates	 on	

interdendritic	zones.		

23) The	 presence	 molybdenum-rich	 precipitates	 seem	 to	 improve	 mechanical	

strength.	

24) Molybdenum,	 Tungsten,	 Silicon,	 Zirconium,	 and	 Manganese	 show	 positive	

segregation	 pattern.	 Meanwhile	 Aluminum	 and	 Iron	 show	 negative	

segregation.	
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Según	las	normas	de	diseño	de	tanques	atmosféricos	para	almacenamiento	criogénico,	

el	espesor	de	las	chapas	está	determinado	por	los	Esfuerzos	Máximos	Admisibles	que	

se	calculan	a	partir	de	 la	 resistencia	mecánica	del	elemento	estructural	más	débil,	el	

metal	base	o	la	junta	de	soldadura.	En	el	caso	de	la	soldadura,	la	resistencia	mecánica	

de	ésta	se	determina	a	partir	del	ensayo	de	tracción	con	probeta	cilíndricas	obtenidas	

del	 metal	 depositado,	 a	 partir	 del	 cupón	 de	 homologación	 del	 procedimiento	 de	

soldadura.	

Durante	 la	 homologación	 de	 los	 procedimientos	 manuales	 o	 semi	 automáticos	 los	

resultados	 obtenidos	 en	 los	 ensayos	 de	 tracción	 longitudinal	 y	 transversal	 son	

equivalentes.	 En	 el	 caso	 de	 la	 soldadura	 automática	 de	 las	 juntas	 horizontales,	 los	

resultados	obtenidos	de	las	tracciones	transversales	siempre	han	sido	muy	superiores	

a	 los	 resultados	 de	 las	 tracciones	 cilíndricas,	 determinando	 éste	 último	 resultado	 el	

espesor	 de	 las	 chapas	 del	 tanque,	 con	 un	 impacto	 económico	 de	 varios	 cientos	 de	

miles	de	euro	por	tanque.	

Además	de	los	bajos	valores	que	se	obtienen	de	las	tracciones	cilíndricas	del	metal	de	

soldadura	de	 las	 juntas	 horizontales	 con	 respecto	 a	 las	 tracciones	 transversales,	 con	

mucha	 frecuencia	 se	 observa	 que	 una	 importante	 diferencia	 en	 la	 resistencia	

presentada	los	diferentes	ensayos	de	tracción	de	una	misma	probeta	soldada,	siendo	

estas	 diferencias	mucho	mayores	 que	 la	 diferencia	 observada	 entre	 dos	 condiciones	

experimentales.	Situación	que	dificulta	la	correcta	interpretación	de	los	resultados	de	

los	diferentes	ensayos	o	pruebas	realizadas.	

Como	se	mostrará	en	el	capítulo	1.4	antes	de	este	ensayo	se	realizaron	otros	6	ensayos	

y	unas	cuantas	homologaciones	de	procedimientos,	en	las	cuales	se	usaron	chapas	de	

12,	 21,	 26,5	 y	 27mm	 de	 espesor,	 con	 hilos	 de	 2,4mm	 y	 1,6mm	 siempre	 de	 la	

clasificación	AWS	A5.14	ER-NiCrMo-4,	 correspondiente	a	 la	aleación	Hastalloy	C-276,	

con	diferentes	fluxes,	niveles	de	rigidización,	diámetro	de	probeta	cilíndrica	etc.		

Este	trabajo	de	doctorado	se	he	realizado	sobre	el	séptimo	ensayo	realizado	en	verano	

de	2008	en	las	instalaciones	de	Lincoln	Electric	Cleveland,	en	que	se	probaron	4	fluxes,	

2	 diámetros	 de	 hilo,	 corriente	 alterna	 y	 continua	 y	 dos	 niveles	 de	 voltaje,	
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desarrollándose	un	diseño	experimental	23	con	cada	flux.	Como	se	realizaron	todas	las	

pruebas	 correspondientes	 al	 DOE,	 se	 soldaron	 8	 probetas	 por	 flux,	 y	 en	 total	 32	

probetas.	

El	material	base	usado	en	este	experimento	fueron	chapas	de	acero	A553	T1,	con	9%Ni	

y	templadas	y	revenidas	con	un	espesor	de	21mm.	El	diseño	de	junta	de	estas	probetas	

es	en	“X”	asimétrica	y	desbalanceada	con	un	talón	de	1mm	y	una	separación	de	2mm.	

Siguiendo	el	diseño	de	junta	real	de	las	chapas	de	producción.	Con	el	fin	de	evitar	que	

el	baño	de	fusión	se	descuelgue	se	colocó	un	respaldo	de	flux.			

Los	ensayos	realizados	a	cada	probeta	han	sido	los	siguientes:	

Tracciones	 Cilíndricas	 de	 metal	 de	 soldadura:	 2	 probetas	 ensayadas	 en	 2008,	 2	

probetas	ensayadas	en	Barcelona	en	2016,	en	total	se	dispone	de	124	resultados	

Charpy	V	Notch	a	-196ºC	

Macro	

Análisis	Químico	General,	realizado	sobre	las	caras	laterales	de	las	macros.	

Análisis	Químico	en	las	probetas	de	tracción.	

Ensayos	de	microdureza	Vickers	y	Knoob.	

Las	tablas	con	los	resultados	de	estos	ensayos	están	en	el	apéndice.	

El	 análisis	 estadístico	 de	 los	 resultados	 muestra	 que	 los	 fluxes	 tienen	 un	 pequeño	

efecto	 en	 las	 propiedades	 mecánicas,	 estando	 todos	 los	 resultados	 dentro	 de	 los	

requisitos	 de	 diseño.	 Solo	 se	 observa	 una	 diferencia	 importante	 en	 el	 caso	 de	 las	

soldaduras	realizadas	con	el	flux	F4	con	el	cual	todos	los	valores	UTS	han	estado	muy	

por	debajo	de	los	valores	esperados.	

El	 diámetro	 del	 hilo	 ha	 mostrado	 un	 efecto	 similar	 al	 de	 las	 pruebas	 realizadas	 en	

Barcelona	 en	 2005,	 y	 es	 que	 las	 soldaduras	 realizadas	 con	 hilo	 de	menor	 diámetro	

presentan	una	resistencia	mecánica	superior	que	cuando	se	suelda	con	hilos	de	mayor	
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diámetro.	 Es	 posible	 que	 el	 aumento	de	 la	 tasa	 de	 aporte	 de	material	 junto	 con	 las	

menores	corriente	de	soldadura	sean	la	explicación	de	este	efecto.		

Con	respecto	al	tipo	de	corriente,	la	resistencia	mecánica	de	las	soldaduras	realizadas	

corriente	alterna	es	ligeramente	inferior	que	cuando	se	suelda	con	corriente	continua.	

Es	 posible	que	efecto	 se	produzca	debido	 a	 la	mayor	 estabilidad	de	 arco	 y	menores	

amperajes	de	las	soladuras	con	DC.	

El	voltaje	también	tiene	un	pequeño	efecto	sobre	la	resistencia	del	metal	de	soldadura,	

presentando	 una	 resistencia	 mecánica	 menor	 aquellas	 soldaduras	 realizadas	 con	 el	

esquema	de	bajo	voltaje.	

Ahora,	 cuando	 se	 realizó	 el	 análisis	 estadístico	 de	 las	 variaciones	 observo	 que	 la	

diferencia	entre	las	medias	de	los	resultados	no	es	estadísticamente	significativa	como	

para	 poder	 garantizar	 con	 una	 probabilidad	 razonable	 de	 que	 las	 variaciones	 de	

resistencia	mecánica	 hayan	 sido	 provocadas	 por	 las	 variaciones	 realizadas	 sobre	 las	

variables	 analizadas.	 Hay	 dos	 lecturas	 de	 este	 resultado:	 1ero,	 se	 deberían	 soldar	

algunos	 cupones	 adicionales	 ampliando	 los	 rangos	 de	 estudio	 de	 las	 variables	

analizadas.	2do,	se	debe	analizar	el	experimento	con	el	fin	de	determinar	las	variables	

ocultas	o	parámetros	no	controlados	que	estén	afectando	los	resultados.	Que	será	la	

línea	de	 investigación	que	 se	desarrollará	a	 continuación,	 y	 con	el	 fin	de	determinar	

qué	variables	no	controladas	afectan	a	los	resultados.	

Dispersión	de	Resultados:	

Como	ya	se	comentó	anteriormente	y	como	se	verá	en	detalle	en	el	desarrollo	del	libro	

la	 resistencia	mecánica	 de	 las	 tracciones	 realizadas	 a	 cada	 probeta	 presentaron	 una	

dispersión	 importante.	 Con	 el	 fin	 de	 poder	 visualizar	 con	 facilidad	 la	 resistencia	

mecánica	de	cada	probeta	con	respecto	al	grupo	total	de	124	muestras	ensayadas	se	

ha	creado	el	 llamado	UTSranking	que	define	 la	posición	que	ocupa	el	valor	UTS	de	una	

probeta	con	respecto	al	grupo.		
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mejora	 su	 resistencia	mecánica	 por	 solución	 sólida,	 por	 lo	 que	 las	 variaciones	 en	 su	

composición	deberían	afectar	a	su	resistencia		

	La	determinación	de	 la	 composición	química	de	 cada	probeta	de	 tracción	 se	 realizó	

con	la	técnica	de	fluorescencia	de	rayos	X	XRF.	Con	el	fin	de	corregir	posibles	errores	

de	 conteo	 o	 medición	 se	 realizaron	 varias	 mediciones	 sobre	 cada	 probeta,	

determinando	 con	 estos	 valores	 la	 composición	 química	 promedio	 de	 la	 sección	

cilíndrica	de	la	probeta	de	tracción.	Esta	repetición	de	mediciones	se	realizó	siguiendo	

un	arreglo	matricial	de	3X3,	o	sea	9	mediciones	por	cada	probeta.	Cuando	se	estaba	

calculando	los	promedios	y	las	desviaciones	estándares	de	las	mediciones	realizadas	se	

observó	que	varias	de	las	mediciones	realizadas	presentaban	variaciones	importantes.		

Cuando	se	analizaron	estadísticamente	los	resultados	de	los	ensayos	mecánicos	con	la	

composición	química	especifica	de	las	probetas	de	tracción	se	obtuvieron	coeficientes	

de	correlación	superiores	a	0,8	evidenciando	estadísticamente	 la	 fuerte	dependencia	

de	la	resistencia	mecánica	con	la	composición	química.	

Además	de	la	composición	química,	se	realizaron	análisis	por	difracción	de	rayos	X	con	

el	fin	de	determinar	si	existía	alguna	modificación	estructural	importante	que	causara	

la	dispersión	de	resultados.	También	se	aplicó	el	análisis	fractográfico	y	metalográfico	

para	 determinar	 las	 características	 diferenciadoras	 entre	 las	 probetas	 de	 mayor	 y	

menor	resistencia	mecánica.	

Conclusiones	

Respecto	al	efecto	de	las	variables	del	DOE	sobre	la	resistencia	del	metal	de	soldadura	

1)	 Los	 Fluxes	 juegan	 un	 pequeño	 rol	 en	 la	 resistencia	 del	 metal	 de	 soldadura.	 Sin	

embargo,	tienen	un	fuerte	efecto	sobre	la	soldabilidad	y	el	rendimiento	de	soldadura	

que	se	traduce	calidad	y	limpieza	del	metal	de	soldadura.	

2)	 La	 resistencia	del	metal	 de	 soldadura	es	más	 alta	 cuando	 las	 soldaduras	han	 sido	

hechas	por	el	DCEP	(Corriente	Directa-Electrodo	Positivo)	que	la	resistencia	del	metal	
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de	 soldadura	de	 las	 soldaduras	 hechas	por	AC.	 Este	 efecto	 es	más	 fuerte	 cuando	 se	

suelda	con	hilos	gruesos.	

3)	La	 resistencia	del	metal	de	 la	 soldadura	es	más	alta	cuando	 las	 soldaduras	se	han	

hecho	usando	 alambres	más	 finos.	 El	 efecto	de	mejora	de	Resistencia	mecánica	 por	

diámetro	del	alambre	es	incrementado	cuando	se	suelda	con	corriente	alterna.	

4)	El	voltaje	tiene	un	efecto	 indirecto	en	 la	resistencia	del	metal	de	 la	soldadura.	Las	

muestras	soldadas	con	voltajes	mas	altos	son	más	débiles	que	las	soldadas	con	el	bajos	

voltajes	

5)	Análisis	estadístico	de	varianza	 realizado	 sobre	 los	 resultados	obtenidos	muestran	

que	las	variaciones	observadas	de	los	resultados	no	son	estadísticamente	significativas	

para	garantizar	que	estas	diferencias	se	hayan	producidas	por	variaciones	aplicadas	a	

las	 variables	 ensayadas.	 Para	 mejorar	 la	 comprensión	 de	 las	 variables	 del	 DOE	 se	

sugiere	 el	 efecto	 sobre	 la	 resistencia	 del	 metal	 de	 soldadura	 que	 se	 ha	 soldado	 un	

nuevo	 conjunto	 de	 muestras	 aumentando	 las	 gamas	 de	 variables	 y	 con	 un	 mejor	

control	de	las	variables	ocultas.	

6)	La	CA	produce	rangos	de	corrientes	más	amplias	(D	=	80	amperios)	que	los	rangos	

de	 corrientes	de	 soldadura	producidos	por	DC	 (D	=	 32	 amp).	 Lo	que	 significa	que	 la	

diferencia	entre	la	corriente	de	soldadura	media	de	las	muestras	soldadas	usando	AC	

es	 alta,	 mientras	 que	 la	 corriente	 media	 de	 las	 muestras	 soldadas	 por	 CC	 fue	 más	

estrecha.	

	

Respecto	al	Efecto	de	Composición	sobre	la	Resistencia	del	Metal	de	Soldadura	

7)	 Las	 diferencias	 de	 composición	 entre	 los	 cordones	 de	 soldadura	 adyacentes,	 que	

forman	 la	 sección	 cilíndrica	 de	 los	 especímenes	 de	 tracción,	 eran	 mayores	 de	 lo	

inicialmente	 esperado.	 Aunque	 en	 la	 mayoría	 de	 los	 especímenes	 de	 tracción	 las	

diferencias	de	contenido	de	níquel	estaban	entre	el	19%	y	el	26%,	la	diferencia	mínima	

medida	fue	del	6%	y	el	máximo	alcanzó	el	53%.	
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8)	 La	 composición	química	 real	del	 espécimen	de	 tracción	 tiene	un	efecto	 sustancial	

sobre	su	resistencia	medida	

9)	La	relación	entre	dureza	y	composición	química	no	es	tan	clara,	al	menos	desde	el	

punto	 de	 vista	 estadístico.	 Aunque	 algunas	 de	 las	 composiciones	 han	 mostrando	

diferencias	de	dureza	producidas	por	ciclos	térmicos,	mientras	que	otras	no	muestran	

ningún	efecto.	

10)	Debido	al	efecto	de	agitación	convectiva,	algunos	cordones	de	soldadura	muestran	

una	banda	de	alta	aleación	en	el	 fondo,	 lo	que	parece	perjudicial	para	 la	 resistencia	

mecánica.	

En	relación	con	el	análisis	de	superficies	de	fractura.	

11)	Las	muestras	sometidas	a	prueba	de	 tracción	presentan	una	superficie	de	rotura	

texturizada	producida	por	el	modo	de	fractura	intergranular,	mostrando	la	decohesión	

ductil	de	los	granos	mediante	la	coalescencia	de	micro-huecos.	

12)	 Las	 grietas	 superficiales	 abiertas	 a	 lo	 largo	 de	 la	 sección	 cilíndrica	 de	 los	

especímenes	de	tracción	durante	la	prueba,	las	"grietas	de	gancho"	son	una	indicación	

de	 la	"sensibilización"	de	 los	metales	de	soldadura,	produjeron	cualquier	mecanismo	

de	fisuración	en	caliente	o	por	solidificación.	

13)	Por	el	flujo	F1,	las	inclusiones	de	escoria	de	metal	de	soldadura	tienen	un	tamaño	

medio	entre	0,35	y	0,50	micras.	Ni	el	tamaño	medio	de	la	inclusión	ni	su	distribución	

de	tamaños	parecen	estar	directamente	determinados	por	ninguna	de	las	variables	del	

DOE.	

En	cuanto	a	la	microestructura.	

14)	 La	 macroestructura	 de	 solidificación	 está	 formada	 principalmente	 por	 granos	

grandes,	algunos	de	ellos	son	incluso	más	largos	que	el	ancho	del	cordón	de	soldadura,	

esto	podría	ser	dañino	para	la	resistencia	mecánica	y	para	la	resistencia	a	la	fisuración.	
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15)	 Se	 ha	 observado	 el	 desplazamiento	 de	 los	 límites	 de	 grano	 a	 través	 del	 núcleo	

dendrítico.	 Este	movimiento	parece	 ser	producido	 como	un	mecanismo	de	alivio	del	

estrés.	

16)	 Los	 precipitados	 en	 el	 área	 interdendrítica	 fijan	 el	 desplazamiento	 del	 límite	 del	

grano.	

17)	 Se	ha	observado	evidencia	de	estrés	 residual	en	el	 límite	del	 grano,	mediante	 la	

formación	de	microcavidades	uniaxiales	y	de	corte.	

18)	Hay	muchos	aluminatos	distribuidos	a	 lo	 largo	de	ambas	áreas	 interdendríticas	y	

dentro	del	núcleo	de	las	dendritas.	

19)	Algunas	de	las	partículas	ricas	en	molibdeno	parecen	haberse	desarrollado	a	partir		

de	aluminatos.	Según	las	referencias,	 los	precipitados	ricos	en	Mo	suelen	nuclearse	a	

partir	de	carburos	M6C	debido	a	su	similitud	estructural	y	de	composición.	

20)	 Algunos	 de	 los	 precipitados	 ricos	 en	 molibdeno	 muestran	 silicio	 como	 un	

componente.	Segúnlas	referencias	encontradas,	esta	fase	está	formada	por	Fe,	Cr,	Mo,	

Ni	y	W.	

21)	Los	carburos	detectados	han	sido	más	bajos	de	lo	esperado.	

22)	El	increment	de	hierro	debido	a	la	dilución	con	el	metal	base	reduce	el	número	de	

precipitados	en	las	zonas	interdendríticas.	

23)	 La	 presencia	 de	 precipitados	 ricos	 en	 molibdeno	 parece	 mejorar	 la	 resistencia	

mecánica.	

24)	 El	 molibdeno,	 el	 tungsteno,	 el	 silicio,	 el	 circonio	 y	 el	 manganeso	 muestran	 un	

patrón	de	segregación	positivo.	Mientras	tanto,	el	aluminio	y	el	hierro	muestran	una	

segregación	negativa.	

	



7. Appendix	

7.1.1 Weld	metal	Strength;	Results.	

Test	performed	in	LECO,	2,0mm	wire	

	

App	3-	1:	 	Drawer	Num,	Sample	ID,	Test	ID,	Yield	Point	0,1%,	UTS,	Elongation,	of	samples	welded	with	wire	of	2,0	mm,	and	test	
performed	at	LECO.	 	
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C64 10125-01A P17 2,0 mm F1 412 MPa 662 MPa 46,0 % LECO
C65 10125-02A P17 2,0 mm F1 419 MPa 646 MPa 36,0 % LECO
C66 10126-01A P18 2,0 mm F1 397 MPa 652 MPa 34,0 % LECO
C67 10126-02A P18 2,0 mm F1 397 MPa 654 MPa 40,0 % LECO
C68 10127-01A P19 2,0 mm F1 441 MPa 666 MPa 40,0 % LECO
C69 10127-02A P19 2,0 mm F1 439 MPa 662 MPa 38,0 % LECO
C70 10128-01A P20 2,0 mm F2 407 MPa 560 MPa 14,0 % LECO
C71 10128-02A P20 2,0 mm F2 427 MPa 650 MPa 34,0 % LECO
C72 10219-01A P21 2,0 mm F1 434 MPa 678 MPa 39,0 % LECO
C73 10219-02A P21 2,0 mm F1 461 MPa 680 MPa 40,0 % LECO
C74 10220-01A P22 2,0 mm F4 410 MPa 611 MPa 25,0 % LECO
C75 10220-02A P22 2,0 mm F4 412 MPa 628 MPa 37,0 % LECO
C76 10221-01A P23 2,0 mm F4 416 MPa 647 MPa 39,0 % LECO
C77 10221-02A P23 2,0 mm F4 421 MPa 639 MPa 36,0 % LECO
C78 10222-01A P24 2,0 mm F4 428 MPa 664 MPa 40,0 % LECO
C79 10222-02A P24 2,0 mm F4 420 MPa 663 MPa 48,0 % LECO
G7 10355-01A P25 2,0 mm F4 426 MPa 670 MPa 42,0 % LECO
G8 10355-02A P25 2,0 mm F4 434 MPa 659 MPa 42,0 % LECO
G10 10356-02A P26 2,0 mm F2 433 MPa 643 MPa 32,0 % LECO
G9 10356-01A P26 2,0 mm F2 432 MPa 658 MPa 36,0 % LECO
G11 10357-01A P27 2,0 mm F2 434 MPa 650 MPa 30,0 % LECO
G12 10358-01A P28 2,0 mm F2 451 MPa 683 MPa 38,0 % LECO
G13 10358-02A P28 2,0 mm F2 456 MPa 675 MPa 41,0 % LECO
G14 10359-01A P29 2,0 mm F3 398 MPa 645 MPa 40,0 % LECO
G15 10359-02A P29 2,0 mm F3 401 MPa 645 MPa 40,0 % LECO
G16 10436-01A P30 2,0 mm F3 422 MPa 648 MPa 27,0 % LECO
G17 10436-02A P30 2,0 mm F3 429 MPa 661 MPa 36,0 % LECO
G18 10437-01A P31 2,0 mm F3 419 MPa 654 MPa 39,0 % LECO
G19 10437-02A P31 2,0 mm F3 408 MPa 626 MPa 38,0 % LECO
G20 10438-01A P32 2,0 mm F3 445 MPa 697 MPa 39,0 % LECO
G21 10438-02A P32 2,0 mm F3 442 MPa 681 MPa 39,0 % LECO
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Test	performed	in	LECO,	1,6mm	wire	

	

App	3-	2:	Drawer	Num,	Sample	ID,	Test	ID,	Yield	Point	0,1%,	UTS	and	Elongation,	of	samples	welded	with	wire	of	1,6	mm,	and	test	
performed	at	LECO.	 	
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C32 09136-01A P01 1,6 mm F1 446 MPa 705 MPa 36,0 % LECO
C33 09136-02A P01 1,6 mm F1 442 MPa 694 MPa 35,0 % LECO
C34 09137-01A P02 1,6 mm F1 445 MPa 671 MPa 31,0 % LECO
C35 09137-02A P02 1,6 mm F1 439 MPa 672 MPa 37,0 % LECO
C36 09421-01A P03a 1,6 mm F1 447 MPa 676 MPa 41,0 % LECO
C37 09421-02A P03a 1,6 mm F1 448 MPa 674 MPa 41,0 % LECO
C38 09138-01A P04 1,6 mm F1 416 MPa 641 MPa 39,0 % LECO
P04-no 09138-02A P04 1,6 mm F1 425 MPa 652 MPa 38,0 % LECO
C40 09139-01A P05 1,6 mm F3 445 MPa 678 MPa 38,0 % LECO
C41 09139-02A P05 1,6 mm F3 443 MPa 685 MPa 37,0 % LECO
C42 09140-01A P06 1,6 mm F3 439 MPa 671 MPa 43,0 % LECO
C43 09140-02A P06 1,6 mm F3 453 MPa 664 MPa 43,0 % LECO
C44 09142-01A P07 1,6 mm F3 445 MPa 680 MPa 39,0 % LECO
C45 09142-02A P07 1,6 mm F3 439 MPa 680 MPa 41,0 % LECO
C46 09143-01A P08 1,6 mm F3 420 MPa 651 MPa 41,0 % LECO
C47 09143-02A P08 1,6 mm F3 425 MPa 645 MPa 40,0 % LECO
C48 09417-02A P09 1,6 mm F4 422 MPa 636 MPa 39,0 % LECO
C49 09417-01A P09 1,6 mm F4 427 MPa 642 MPa 39,0 % LECO
C50 09418-01A P10 1,6 mm F4 425 MPa 654 MPa 39,0 % LECO
C51 09418-02A P10 1,6 mm F4 425 MPa 646 MPa 36,0 % LECO
C52 09420-01A P11 1,6 mm F4 420 MPa 642 MPa 35,0 % LECO
C53 09420-02A P11 1,6 mm F4 421 MPa 631 MPa 37,0 % LECO
C54 09721-01A P12 1,6 mm F4 443 MPa 650 MPa 32,0 % LECO
C55 09721-02A P12 1,6 mm F4 432 MPa 638 MPa 30,0 % LECO
C56 09722-01A P13 1,6 mm F2 425 MPa 682 MPa 46,0 % LECO
C57 09722-02A P13 1,6 mm F2 427 MPa 671 MPa 45,0 % LECO
C58 09725-01A P14 1,6 mm F2 430 MPa 654 MPa 40,0 % LECO
C59 09725-02A P14 1,6 mm F2 435 MPa 672 MPa 39,0 % LECO
C60 09727-01A P15 1,6 mm F2 437 MPa 663 MPa 40,0 % LECO
C61 09727-02A P15 1,6 mm F2 434 MPa 684 MPa 41,0 % LECO
C62 10124-01A P16 1,6 mm F2 432 MPa 660 MPa 37,0 % LECO
C63 10124-02A P16 1,6 mm F2 450 MPa 661 MPa 38,0 % LECO
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Test	Perfomed	in	BOSE,	2,0mm	wire	

	

App	3-	3:	Drawer	Num,	Sample	ID,	Test	ID,	Yield	Point	0,1%,	UTS	and	Elongation,	of	samples	welded	with	wire	of	2,0	mm,	and	test	
performed	at	BOSE.	
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G129 ZOU 17.1 P17 2,0 mm F1 412 MPa 628 MPa 41,8 % BOSE
G130 ZOU 17.2 P17 2,0 mm F1 451 MPa 658 MPa 37,0 % BOSE
G131 ZOU 18.1 P18 2,0 mm F1 487 MPa 684 MPa 35,0 % BOSE
G132 ZOU 18.2 P18 2,0 mm F1 452 MPa 671 MPa 34,8 % BOSE
G133 ZOU 19.1 P19 2,0 mm F1 480 MPa 680 MPa 35,2 % BOSE
G134 ZOU 19.2 P19 2,0 mm F1 474 MPa 669 MPa 35,8 % BOSE
G135 ZOU 20.1 P20 2,0 mm F2 452 MPa 693 MPa 36,7 % BOSE
G136 ZOU 20.2 P20 2,0 mm F2 465 MPa 664 MPa 38,7 % BOSE
G137 ZOU 21.1 P21 2,0 mm F1 487 MPa 677 MPa 37,3 % BOSE
G138 ZOU 21.2 P21 2,0 mm F1 473 MPa 698 MPa 34,7 % BOSE
G139 ZOU 22.1 P22 2,0 mm F4 433 MPa 645 MPa 35,5 % BOSE
G140 ZOU 22.2 P22 2,0 mm F4 437 MPa 653 MPa 35,0 % BOSE
G141 ZOU 23.1 P23 2,0 mm F4 425 MPa 643 MPa 37,6 % BOSE
G142 ZOU 23.2 P23 2,0 mm F4 446 MPa 652 MPa 35,8 % BOSE
G143 ZOU 24.1 P24 2,0 mm F4 BOSE
G144 ZOU 24.2 P24 2,0 mm F4 464 MPa 692 MPa 35,0 % BOSE
G145 ZOU 25.1 P25 2,0 mm F4 473 MPa 697 MPa 34,8 % BOSE
G146 ZOU 25.2 P25 2,0 mm F4 445 MPa 670 MPa 40,4 % BOSE
G147 ZOU 26.1 P26 2,0 mm F2 467 MPa 648 MPa 25,3 % BOSE
G148 ZOU 26.2 P26 2,0 mm F2 464 MPa 692 MPa 32,1 % BOSE
G149 ZOU 27.1 P27 2,0 mm F2 479 MPa 722 MPa 43,2 % BOSE
G150 ZOU 27.2 P27 2,0 mm F2 457 MPa 678 MPa 38,6 % BOSE
G151 ZOU 28.1 P28 2,0 mm F2 465 MPa 689 MPa 36,9 % BOSE
G152 ZOU 28.2 P28 2,0 mm F2 457 MPa 678 MPa 38,6 % BOSE
G153 ZOU 30.1 P30 2,0 mm F3 461 MPa 659 MPa 28,8 % BOSE
G154 ZOU 30.2 P30 2,0 mm F3 462 MPa 668 MPa 41,2 % BOSE
G155 ZOU 31.1 P31 2,0 mm F3 452 MPa 657 MPa 40,2 % BOSE
G156 ZOU 31.2 P31 2,0 mm F3 481 MPa 715 MPa 33,2 % BOSE
G157 ZOU 32.1 P32 2,0 mm F3 466 MPa 690 MPa 39,6 % BOSE
G158 ZOU 32.2 P32 2,0 mm F3 473 MPa 706 MPa 40,9 % BOSE
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Test	performed	in	BOSE,	1,6mm	wire	

	

App	3-	4:	Drawer	Num,	Sample	ID,	Test	ID,	Yield	Point	0,1%,	UTS	and	Elongation,	of	samples	welded	with	wire	of	1,6	mm,	and	test	
performed	at	BOSE.	
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G65 ZOU 01.1 P01 1,6 mm F1 525 MPa 731 MPa 40,5 % BOSE
G66 ZOU 01.2 P01 1,6 mm F1 475 MPa 686 MPa 33,9 % BOSE
G67 ZOU 02.1 P02 1,6 mm F1 467 MPa 684 MPa 34,7 % BOSE
G68 ZOU 02.2 P02 1,6 mm F1 460 MPa 686 MPa 40,7 % BOSE
G69 ZOU 3a.1 P03a 1,6 mm F1 503 MPa 725 MPa 41,0 % BOSE
G70 ZOU 3a.2 P03a 1,6 mm F1 466 MPa 675 MPa 42,0 % BOSE
G71 ZOU 04.1 P04 1,6 mm F1 504 MPa 715 MPa 40,8 % BOSE
G72 ZOU 04.2 P04 1,6 mm F1 444 MPa 677 MPa 44,6 % BOSE
G73 ZOU 05.1 P05 1,6 mm F3 447 MPa 688 MPa 42,3 % BOSE
G74 ZOU 05.2 P05 1,6 mm F3 470 MPa 680 MPa 39,9 % BOSE
G75 ZOU 06.1 P06 1,6 mm F3 473 MPa 700 MPa 37,2 % BOSE
G76 ZOU 06.2 P06 1,6 mm F3 455 MPa 698 MPa 41,9 % BOSE
G77 ZOU 07.1 P07 1,6 mm F3 493 MPa 701 MPa 38,1 % BOSE
G78 ZOU 07.2 P07 1,6 mm F3 481 MPa 706 MPa 39,1 % BOSE
G79 ZOU 08.1 P08 1,6 mm F3 476 MPa 721 MPa 40,3 % BOSE
G80 ZOU 08.2 P08 1,6 mm F3 472 MPa 697 MPa 38,2 % BOSE
G81 ZOU 09.1 P09 1,6 mm F4 461 MPa 651 MPa 40,1 % BOSE
G82 ZOU 09.2 P09 1,6 mm F4 471 MPa 652 MPa 40,8 % BOSE
G83 ZOU 10.1 P10 1,6 mm F4 443 MPa 643 MPa 33,2 % BOSE
G84 ZOU 10.2 P10 1,6 mm F4 463 MPa 658 MPa 36,2 % BOSE
G85 ZOU 11.1 P11 1,6 mm F4 425 MPa 654 MPa 41,0 % BOSE
G86 ZOU 11.2 P11 1,6 mm F4 455 MPa 636 MPa 34,0 % BOSE
G87 ZOU 12.1 P12 1,6 mm F4 457 MPa 643 MPa 33,7 % BOSE
G88 ZOU 12.2 P12 1,6 mm F4 454 MPa 647 MPa 38,3 % BOSE
G89 ZOU 13.1 P13 1,6 mm F2 470 MPa 685 MPa 43,5 % BOSE
G90 ZOU 13.2 P13 1,6 mm F2 452 MPa 673 MPa 41,6 % BOSE
G91 ZOU 14.1 P14 1,6 mm F2 481 MPa 724 MPa 39,4 % BOSE
G92 ZOU 14.2 P14 1,6 mm F2 455 MPa 674 MPa 39,6 % BOSE
G93 ZOU 15.1 P15 1,6 mm F2 462 MPa 694 MPa 39,8 % BOSE
G94 ZOU 15.2 P15 1,6 mm F2 447 MPa 675 MPa 38,8 % BOSE
G95 ZOU 16.1 P16 1,6 mm F2 486 MPa 717 MPa 42,8 % BOSE
G96 ZOU 16.2 P16 1,6 mm F2 483 MPa 692 MPa 36,0 % BOSE
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