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Development	of	an	automated	underwater 	abrasion	rig	to	determine	galvanic	

effects	during	the	growth	and	localised	breakdown	of	surface	films	in	CO2-

containing	solutions	

Richard	Barker*,	Rouhollah	Yazdi,	Yong	Hua,	Andrew 	Jackson,	Ali 	Ghanbarzadeh,	Mick	
Huggan,	Thibaut 	Charpent ier 	and	Anne	Neville	

Institute	of	Functional 	Sur faces,	School	of	Mechanical 	Engineer ing,	University	of	Leeds,	
LS2	9JT.	*	Corresponding	author:	R.J.Barker@leeds.ac.uk 	
Abstract	

This	paper 	out lines	the	development 	of	an	automated	underwater 	abrasion	r ig	to	assist 	
in	 understanding	 the	 galvanic	 interaction	 induced	 by	 sur face	 fi lms	when	 continuous	
localised	mechanical 	fi lm	breakdown	is	encountered	on	the	sur face	of	carbon	steel 	in	CO2-

containing	environments.	The	r ig	enables	the	measurement 	of	galvanic	current 	between	a	small 	X65	steel 	pin	and	a	larger 	steel 	specimen,	as	well 	as	the	intr insic	corrosion	rate	of	
an	 addit ional,	 uncoupled	 larger 	 specimen.	 The	 sur face	 film	 developed	 on	 the	 pin	 is	
removed	per iodically	using	an	automated	 reciprocating	and	 rotating	shaft 	with	a	sand	
paper 	gr it 	pad	attached	 to	 the	base,	while	 the	sur face	 fi lm	 is	allowed	 to	establish	 itself	
undisrupted	 on	 the	 large	 specimen.	The	 setup	 essentially	 simulates	 a	 tr ibo-corrosion	
process	where	local	removal	of	mater ial 	occurs	within	a	carbon	steel 	pipeline	as	a	result 	
of	 per iodic	 sand	 par ticle	 impingement.	 Init ial 	 results	 focus	 on	 validating	 the	
reproducibi l ity	of	 the	 technique,	as	well 	as	determining	 the	galvanic	effects	associated	
with	 iron	carbide	and	 iron	carbonate	 for 	 two	model	sets	of	condit ions	 to	highlight 	 the	
capabilit ies	of	the	system.			 	
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1.0 	Introduction	

Localised	 carbon	 dioxide	 (CO2)	 cor rosion	 of	 carbon	 steel 	 remains	 one	 of	 the	 most	
aggressive	forms	of	corrosion	within	the	oil 	and	gas	industry[1] .	The	rate	of	local 	mater ial 	
loss	 exper ienced	 by	 steel 	 pipelines	 can	 be	 very	 difficult 	 to	 predict 	 and	 orders	 of	
magnitude	greater 	than	the	overall 	uniform 	corrosion	rate.	A	number 	of	environmental,	
operational 	and	metallurgical 	factors	have	been	attr ibuted	to	the	onset 	of	mesa-attack	in 	
carbon	steel	pipelines.	These	 include	poor 	chemical	 inhibit ion,	 local 	 flow 	disturbances,	
bacter ia,	organic	acids	and	hydrogen	sulphide	(H2S) 	amongst 	others[2-8] .	Consider ing	the	
number 	 of	 factors	 conducive	 to	mesa-attack,	 this	 form	 of	 degradation	 is	 notor iously	
difficult 	to	both	predict 	and	quantify.	
Under 	CO2-containing	 condit ions,	 a	 var iety	 of	 different 	 sur face	 fi lms	 can	 develop	 on	
carbon	steel;	the	most 	common	of	these	include	iron	carbide	(Fe3C)	and	iron	carbonate	
(FeCO3) [9-11] .	Fe3C	layers	are	produced	through	the	dissolution	of	the	fer r i te	phase	within	
carbon	 steels	 (i.e.	 they	 are	 already	 par t 	 of	 the	 steel 	microstructure	 and	 the	 layer 	 is	
revealed	fur ther 	as	a	result 	of	the	selective	dissolut ion	process) [9] .	The	development 	of	
porous	Fe3C	 fi lms	has	been	shown	 to	accentuate	 the	uniform	cor rosion	 rate	of	carbon	
steels	 through	 acceleration	 of	 the	 cathodic	 hydrogen	 evolution	 reaction	 in	 CO2	
environments	(due	to	its	abil ity	to	provide	a	lower 	over -potent ial 	compared	to	the	fer r i te	
phase) [12] .	The	precipitation	of	FeCO3,	however ,	has	the	abili ty	to	slow 	down	the	cor rosion	
process	at 	the	steel 	inter face	by	creating	a	diffusion	barr ier 	and/ or 	blocking	active	sites	
on	 the	 steel	 sur face[13-16] .	 The	 protective	 nature	 of	 this	 crystall ine	 fi lm	 and	 i ts	
precipitat ion	 rate	 are	 influenced	 by	 a	 number 	 of	 factors	 such	 as	 temperature,	
microstructure,	 CO2	 par tial 	 pressure,	 and	 the	 supersaturat ion	 of	 FeCO3	 within	 the	
system [10] .	It 	is	believed	that 	when	such	protective	layers	form 	and	are	locally	disrupted,	
the	init iat ion	and	propagation	of	localised	corrosion	can	result,	which	lead	to	the	failure	
of	pipelines[17-20] .		
The	 breakdown	 of	 FeCO3	 fi lms	 has	 been	 the	 subject 	 of	 extensive	 discussion	 in	 the	
l i terature	 and	 can	 occur 	 via	 mechanical 	 effects[18] ,	 chemical 	 dissolut ion[20] 	 or 	 a	
combination	of	both	processes[19] .	A	handful 	of	studies	have	suggested	that 	following	the	
breakdown	of	an	FeCO3	fi lm,	a	galvanic	cell 	is	cr eated	between	the	covered	and	uncovered	
areas	of	the	steel [1,	21] .	The	work	presented	in	this	study	is	directed	towards	building	upon	
such	previous	research	through	the	design	and	testing	of	an	underwater 	abrasion	device.	
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This	 unique	 setup	 enables	 the	 level 	 of	 galvanic	 interact ion	 at 	 different 	 stages	 of	 the	
corrosion	process	 to	be	observed,	providing	a	deeper 	 insight 	 into	 the	evolution	of	 the	
localised	corrosion	mechanism.	
1.1 Previously	 developed	 test	 cells	 and	 methodologies	 to	 evaluate	 localised	

corrosion		

Pr ior 	to	introducing	the	automated	underwater 	abrasion	r ig	setup,	i t 	is	perhaps	prudent 	
to	 review 	 other 	 tests	 cells	 developed	 to	 understand	 localised	 corrosion	 within	 the	
l i terature	 in	order 	 to	highlight 	 the	unique	abilit ies	of	 this	system.	Therefore,	such	 test 	
cells	are	summar ised	within	the	preceding	paragraphs.	
1.1.1 The	‘pencil	pit’	method	

One	par ticular 	method	which	has	proved	popular 	for 	evaluating	localised	cor rosion/ pit	
propagation	in	CO2	environments	is	the	so	called	‘ar t ificial	pit ’	or 	‘pencil	pit ’	technique[1,	
22,	23] .	The	system 	consists	of	a	 large	carbon	steel 	cathode	and	a	small 	diameter 	(1	 to	2	
mm) 	anodic	‘pit ’	sample	of	the	same	mater ial 	which	is	posit ioned	ideally	in	the	centre	or 	
in	 close	 proximity	 to	 the	 large	 sample	 (to	minimise	 ohmic	 resistance	 in	 the	 aqueous	
phase) 	and	 isolated	 in	 the	solution	using	 resin	or 	Polyether 	ether 	ketone	 (PEEK).	The	
anode	 and	 cathode	 are	 galvanically	 connected	 externally	 from	 the	 cell 	 using	 a	
potentiostat 	and	monitored	using	a	zero-resistance	ammeter 	(ZRA).	In	some	instances,	
researchers	have	made	the	depth	of	the	anode	adjustable	to	simulate	different 	stages	of	
pit 	propagation,	although	it 	is	debatable	how 	representat ive	such	a	scenar io	is	of	a	truly	
natural	pit.		
The	 pencil 	 pit 	 technique	 essent ial ly	 tr ies	 to	 replicate	 a	 system	where	 either 	 the	 fi lm	
breakdown	 is	chemical 	or 	a	where	a	pit 	generates	due	 to	 the	 inherent 	 inhomogeneous	
nature	of	 the	 film.	Examples	of	 the	applicat ion	or 	var iat ions	on	 this	galvanic	coupling	
technique	 include	work	by	Marsh	et 	al.[22] 	and	Turnbull 	of	al.[23] 	 to	evaluate	 localised	
corrosion	propagation	in	CO2	environments	in	the	presence	of	inhibitors,	Amri 	et 	al.[6,	7] 	
to	investigate	pit 	growth	in	carbon	steel 	in	the	presence	of	acetic	acid,	and	by	both	Han	et 	
al.[1] 	 and	 Fernandez-Domene	 et 	 al.[21] 	 to	 evaluate	 the	 propensity	 for 	 localised	
corrosion/ pits	 to	 propagate	 in	 environments	where	 the	 formation	 and	 disruption	 of	
protective	FeCO3	films	are	possible.	
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Fernandez-Domene	et 	al.[21] 	established	that 	galvanic	effects	can	exist 	between	the	bare	
steel 	and	an	FeCO3	covered	sur face.	They	 identified	 that 	 the	magnitude	of	 the	galvanic	
current 	density	was	 influenced	by	 the	anode	 to	cathode	area	ratio.	Tests	per formed	at 	
60oC	and	pH	5.5	produced	galvanic	interactions	between	3.8±0.12	to	263.0±43	µA/ cm2	
for 	cathode:anode	area	ratios	from 	1:1	to	200:1,	respectively.	
In	a	separate	study,	Han	et 	al.[1] 	util ised	the	ar tificial 	pit 	technique	to	understand	the	CO2	
environments	 and/ or 	 operating	 conditions	which	were	 conducive	 to	 localised	 attack.	
They	 ident ified	 that 	 the	galvanic	 interact ion	between	 the	bare	steel 	and	FeCO3	 fi lmed	
steel	was	dr iven	by	the	potential	difference	between	the	two	areas	and	as	a	consequence,	
local 	attack	could	only	be	sustained	by	maintaining	 this	potential	difference.	Based	on	
these	 observations,	Han	 et 	 al.[1] 	 suggested	 that 	 a	 unique	 set 	of	 condit ions	 need	 to	 be	
established	whereby	no	significant 	dissolution	nor 	precipitation	can	be	expected	once	a	
protective	fi lm	had	formed	and	been	disrupted.	This	was	estimated	to	be	within	the	FeCO3	
supersaturation	range	of	0.5	to	2.	
1.1.2 The	‘scratch’	test	

One	method	by	which	protective	 layers	on	car bon	steel 	sur faces	such	as	FeCO3	can	be	
removed	is	through	the	impingement 	of	sand	par ticles.	In	multiphase	flow 	environments	
with	sand	par ticles,	competit ion	wil l	exist 	between	the	removal 	of	the	protective	fi lm	by	
mechanical 	erosion	and	the	rate	at 	which	the	film	heals.	If	the	removal 	rate	of	the	fi lm	is	
greater 	than	the	formation	rate,	then	accelerated	corrosion	rates	will 	exist 	in	the	area	of	
removal,	purely	 through	differences	 in	 the	 intr insic	corrosion	rates	at 	each	 location.	 In	
addit ion,	galvanic	interactions	may	occur 	locally	within	the	vicinity	of	the	removal	region,	
accentuating	 the	corrosion	 rate	even	 fur ther .	Such	a	process	 is	essentially	an	erosion-

corrosion	 or 	 tr ibo-corrosion	mechanism	 involving	 galvanically	 enhanced	 dissolution,	
which	has	the	potential	to	lead	to	excessive	local ised	corrosion	rates.	
One	method	to	understand	and	model 	this	process	is	to	use	a	‘scratch	test ’	exper imental 	
setup.	These	exper iments	have	been	conducted	by	McMahon	and	Mar tin[24] 	to	evaluate	
the	effects	of 	mechanical 	damage	on	corrosion	resistant 	alloys,	as	well 	as	Rincon	et 	al.[25,	
26] 	to	evaluate	the	erosion-corrosion	resistance	of	13Cr 	alloy	as	a	function	of	solution	pH	
and	 temperature	 in	CO2	environments.	Based	on	a	review 	of	 the	 l iterature,	 the	scratch	
test 	methodology	appears	 to	have	only	been	 implemented	on	passive	mater ials	which	
establish	a	protective	chromium 	oxide	 layer .	The	setup	of	 the	system	 is	essentially	 the	



5

same	as	the	pencil 	pit 	method,	however,	the	anode	and	cathode	have	to	be	fully	separated	
in	this	instance	(as	opposed	to	the	anode	being	isolated	in	the	centre	of	the	cathode).	The	
small 	anode	pin	is	posit ioned	underneath	a	gr inding	disc.	Once	protective	passive	fi lms	
are	established	on	both	the	large	cathode	and	small 	anode,	the	gr inding	pad	is	lowered	
onto	 the	anode	pin	 to	abrade	 the	passive	 fi lm	away.	The	mixed	potential	and	galvanic	
current 	between	the	two	working	electrodes	are	then	monitored	to	identify	how 	quickly	
the	protective	 fi lm	 re-establishes	 itself	on	 the	anode.	The	gr inding	process	made	on	 a	
well-defined	pin	area	may	be	interpreted	as	similar 	to	the	removal 	of	the	passive	layer 	
due	to	par ticle	impact;	hence	this	system	can	be	used	to	understand	the	accentuation	of	
corrosion	locally	on	the	alloy	sur face	as	a	result 	of	the	mechanical 	removal	process.	
The	research	conducted	in	the	present 	study	focuses	on	building	upon	the	previous	work	
of	 the	 aforementioned	 authors	 by	 implementing	 an	 automated	 abrasion	 system 	 (or 	
automated	 scratch	 test) 	 to	 look	 at 	 the	 implications	 of	 continuous	 removal 	 of	 sur face	
layers	on	carbon	steel 	in	CO2	environments	and	how 	the	galvanic	current 	manifests	it self	
over 	 t ime	 dur ing	 fi lm	 growth	 on	 the	 cathode.	 This	 essentially	 replicates	 an	 erosion-

corrosion	environment 	whereby	a	sur face	film	(Fe3C,	FeCO3	or 	otherwise) 	is	completely	
prevented	 from	 ever 	 properly	 establishing	 i tself	 locally	 on	 a	 section	 of	 pipework.	By	
continually	 disrupting	 the	 fi lm,	 a	 scenar io	 will 	 be	modelled	 in	which	 the	maximum	
possible	localised	cor rosion	can	occur 	due	to	erosion-cor rosion	conditions.	This	will 	help	
to	better 	understand	systems	with	controlled	exper imental 	var iables.	
2.0 	Experimental	Procedure	

This	section	 introduces	 the	design	of	 the	underwater 	abrasion	r ig,	before	outlining	 the	
test 	matr ix	and	specimen	preparation.	
2.1 	Development	and	setup	of	the	underwater 	abrasion	rig	

The	underwater 	abrasion	system	is	depicted	through	the	schematic	shown	in	Figure	1.	
The	setup	consists	of	a	sample	holder 	(which	contains	two	4.9	cm2	X65	samples	as	well 	
as	a	0.0314	cm2	X65	pin),	a	motor 	(to	control	rotation	of	the	gr inding	pad),	a	solenoid	(to	
apply	a	pre-cal ibrated	load	to	the	X65	pin	surface	using	a	gr inding	pad	dur ing	abrasion) 	
and	 the	gr inding	pad	 itself	 (to	abrade	 the	sur face	with	a	chosen	grade	of	1200	sil icon	
carbide	 (SiC) 	gr it 	paper).	 In	addit ion,	var ious	support 	shafts	and	mounting	plates	are	
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provided	for 	stability,	as	well 	as	spr ings	to	facil itate	retraction	of	the	gr inding	pad	once	
the	load	is	finished	being	applied.	
The	system 	allows	the	user 	to	follow 	the	effect 	of	cor rosion	product 	formation	on	the	total 	
dissolution	 rate	of	 the	steel	under 	different 	condit ions	whilst 	also	measur ing	galvanic	
interact ions	between	the	filmed	portion	of	the	steel 	and	the	small,	exposed	bare	steel 	pin.	
Such	 a	 process	 can	 identify	whether 	 local 	 disruption	 to	 a	 corrosion	 product 	 layer 	 is	
capable	of	establishing	significant 	galvanic	effects	which	may	be	able	to	result 	in	localised	
cor rosion.		

	

(a) 	 (b) 	 (c) 	

Figure	1:	Schematic	of	under-water 	abrasion	rig	(a) 	front	view;	(b) 	isometric	

view;	and	(c) 	rear 	view.	

	

2.2 	Sample	configuration,	electrochemical	measurements	and	abrasion	process	

The	test 	samples	consist 	of	a	small 	X65	carbon	steel 	pin	(0.0314	cm2	exposed	area) 	and	
two	large	X65	steel	specimens	(4.9	cm2	area	each).	Wires	were	soldered	to	the	back	of	
each	 sample	 and	 embedded	 in	 a	 non-conducting	 resin.	 The	 pin	 was	 machined	 and	
embedded	into	resin	in	a	par ticular 	shape	to	ensure	consistent 	scratch	geometr ies	after 	
every	abrasion	process	and	ensure	minimal 	abrasion	of	the	resin.	It 	was	also	posit ioned	
within	very	close	proximity	to	the	larger 	sample	to	which	i t 	was	coupled	to,	in	order 	to	
minimise	ohmic	resistance	in	the	aqueous	phase.	For 	all 	samples,	only	one	sur face	of	the	
electrode	was	exposed	to	the	solution,	with	the	other 	sides	all 	being	covered	with	epoxy	
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resin.	The	sets	of	samples	and	arrangement 	within	the	sample	holder 	is	shown	in	Figure	
2.		

	
Figure	2:	Schematic	of	sample	configuration	for 	LPR	and	galvanic	measurements	

of	X65 	steel	electrodes	in	the	abrasion	rig	

One	of	the	4.9	cm2	specimens	was	l inked	to	one	channel 	of	a	multi-channel	potentiostat 	
and	forms	the	working	electrode	in	a	three-electrode	cell 	arrangement 	which	includes	a	
platinum	counter 	electrode	and	a	silver / silver 	chlor ide	 (Ag/ AgCl) 	 reference	electrode.	
The	 l inear 	 polar isation	 resistance	 (LPR) 	 technique	 was	 applied	 to	 this	 sample	 to	
determine	 the	 intr insic	corrosion	rate	response	with	 t ime.	This	consisted	of	polar ising	
the	working	electrode	from	-15	mV	vs	the	open	circuit 	potential 	(OCP)	to	+15	mV	vs	OCP	
at 	a	scan	rate	of	0.25	mV/ s	once	every	hour .	The	polar isation	resistance	determined	from	
the	technique	was	corrected	for 	solution	resistance	(determined	from	AC	measurements) 	
to	produce	a	charge-transfer 	resistance	 (Rct)	which	was	subsequently	conver ted	 into	a	
corrosion	current 	density	using	the	Stern-Geary	relationship	(Equation	(1)):		

= =
1

2.303( + )
	 (1)	

where	B	 is	the	Stern-Geary	coefficient,	βa	is	the	magnitude	of	the	anodic	Tafel 	constant 	
and	 βc	 is	 the	 magnitude	 of	 the	 cathodic	 Tafel 	 constant 	 (determined	 in	 separate	
exper iments).	The	value	of	icor r 	was	then	used	in	conjunction	with	Faraday’s	Law 	and	an	
appropr iate	 conversion	 factor 	 (Equation	 (2)) 	 to	 obtain	 the	 corrosion	 kinetics	 in	
mm/ year .	
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= 	 (2)	

where	K	 is	a	conversion	 factor 	 to	obtain	cor rosion	 rate	 (CR) 	 in	units	of	mm/ year 	 (K	=	
3.16x105),	MFe	is	the	molar 	mass	of	iron	(55.8	g),	n	is	the	number 	of	electrons	freed	in	the	
cor rosion	reaction	(2	electrons),	ρ	is	the	density	of	steel	(7.87	g/ cm3)	and	F	is	the	Faraday 	
constant 	(96,485	coulomb/ mole) 	
The	second	channel 	of	the	potentiostat 	was	used	to	provide	an	external 	couple	between	
the	small 	X65	pin	and	the	second	large	X65	sample	through	a	zero	resistance	ammeter 	
(ZRA),	with	the	samples	being	coupled	from	the	very	beginning	of	the	exper iment.	This	
faci l itates	real-time	measurements	of	the	cur rent 	exchange	as	well 	as	the	mixed	potent ial	
relative	to	a	Ag/ AgCl	reference	electrode.	The	technique	enables	the	galvanic	interact ion	
between	the	small 	abraded	pin	and	the	larger 	filmed	sample	to	be	quantified.	
The	 potentiostat 	 used	 for 	 the	 exper iments	 (ACM	 Instruments	 Gill 	 AC),	 operates	
sequentially,	with	only	one	channel 	in	operation	at 	any	given	point 	in	the	exper iment.	For 	
these	 par ticular 	 exper iments,	 the	 sequence	 of	 measurements	 chosen	 is	 provided	 in	
Figure	3.	 Ini tially,	an	LPR	measurement 	 is	performed	on	 the	 large	uncoupled	sample,	
lasting	approximately	2	minutes.	The	potentiostat 	then	switches	to	the	second	channel 	
and	records	both	the	mixed	potent ial 	and	galvanic	current 	exchanged	between	the	two	
coupled	samples	(one	measurement 	every	5	seconds	 for 	~ 58	minutes).	Approximately	
500	seconds	 into	 the	galvanic	measurement,	 the	abrasion	process	of	 the	small 	X65	pin	
occurs.		
The	abrasion	process	was	controlled	through	the	use	of	a	simple	Labview 	program	which	
was	 synchronised	 with	 the	 software	 employed	 by	 the	 potentiostat.	 The	 Labview 	
programme	 init iates	 the	motor 	 to	run	at 	250	rpm	pr ior 	 to	engaging	 the	solenoid	 for 	3	
seconds,	placing	 the	1200	SiC	gr inding	pad	onto	 the	sur face	of	 the	X65	steel 	pin.	The	
power 	to	the	solenoid	is	then	cut 	and	the	gr inding	pad	is	retracted	using	the	spr ing	system	
pr ior 	 to	 the	 rotat ion	 of	 the	 shaft 	 ceasing.	 The	 process	 is	 repeated	 every	 hour 	 in	 the	
exper iments	presented	here	for 	60	hours.		It 	is	impor tant 	to	note	here	that 	this	process	
was	evaluated	in	terms	of	i ts	sensit ivity	to	abrasion	t ime	and	load,	with	no	sensit ivity	to	
the	behaviour 	of	 the	sample	being	shown	beyond	3	seconds	of	contact 	or 	at 	any	of	 the	
loads	capable	of	being	applied	within	the	system.	
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Figure	3:	Measurement	and	abrasion	sequence	performed	by	the	potentiostat	and	

Labview 	program	during	experiments;	the	cycle	shown	was	repeated	over 	the	

entire	duration	of	the	experiment.	

2.3 	Materials	and	solution	preparation	

All 	working	electrodes	were	made	from	API	5L	X65	steel 	with	the	composit ion	provided	
in	Table	1.	The	steel	possesses	a	fer r it ic-pear lit ic	microstructure	as	shown	in	the	optical	
microscope	image	in	Figure	4.	Pr ior 	to	every	exper iment,	samples	were	wet-ground	with	
SiC	papers	up	to	1200	gr it 	finish.			

Table	1:	Elemental	composition	(wt.% ) 	of	API 	5L	X65	carbon	steel	

C	 Si	 Mn	 P	 S	 Cr 	 Mo	 Fe	

0.12	 0.18	 1.27	 0.008	 0.002	 0.11	 0.17	 Balance	

	
Figure	4:	Microstructure	of	API 	5L	X65 	depicting	a	ferritic-pearlitic	structure;	

Surface	preparation	consisted	of	polishing	the	surface	using	3	µm	diamond	

suspension	to	attain	a	mirror 	finish,	followed	by	etching	in	a	2% 	nital	solution	for 	

10 	to	20 	seconds	
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All 	exper iments	were	conducted	in	a	glass	vessel 	containing	2	l i t res	of	3.5	wt.%	NaCl 	br ine	
which	was	fully	saturated	with	CO2	at 	atmospher ic	pressure.	The	pH	of	the	solution	was	
adjusted	i f	required	using	sodium	bicarbonate.	CO2	was	bubbled	into	the	test 	solution	for 	
at 	least 	4	hours	pr ior 	to	per forming	the	exper iment,	as	well 	as	continuously	throughout	
the	test 	to	ensure	complete	saturat ion.	The	rate	of	bubbling	was	carefully	control led	to	
ensure	 no	 hydrodynamic	 disruption	 to	 the	 steel	 sur face.	 The	 two	 preliminary	 tests	
conducted	within	this	paper 	are	outlined	in	Table	2.	The	purpose	of	these	test 	condit ions	
was	 to	 develop	 two	 distinctly	 different 	 sur face	 layers	 on	 the	 carbon	 steel 	 sur face	 to	
evaluate	 their 	 galvanic	 effects.	 Test 	 Environment 	 1	 in	 Table	 2	would	 predominantly	
create	 a	Fe3C	 layer 	 (low 	 temperature	and	 low 	pH),	whilst 	Test 	Environment	 2	would	
result 	in	the	gradual 	growth	of	an	FeCO3	fi lm 	(high	temperature	and	high	pH).	

Table	2:	Experimental	conditions	evaluated	using	the	underwater 	abrasion	rig	

Parameter 	 Test	environment	1	 Test	environment	2	

Brine	chemistry	 3.5	wt.%	NaCl	
Temperature	 30oC	 70oC	

Initial	pH	 ~ 3.8	 ~ 6.8-6.9	
pCO2	 0.96	bar 	 0.69	bar 		

The	morphology	of	the	corrosion	products	was	examined	using	a	Car l 	Zeiss	EVO	MA15	
scanning	electron	microscope	(SEM) 	at 	the	end	of	each	exper iment.	All 	SEM	images	were	
collected	at 	an	accelerating	voltage	of	20	kV	and	at 	a	working	distance	of	around	8	mm.		
3.0 	Results	and	discussion	

3.1 	Test	Environment	1	–	development	of	Fe3C	film	

3.1.1 	Corrosion	rate	behaviour 	of	uncoupled	sample	

Figure	5	shows	the	corrosion	rate	and	open	circuit 	potential 	(OCP) 	behaviour 	of	X65	steel 	
over 	60	hours	at 	30oC	in	a	CO2-saturated	3.5	wt.%	br ine	at 	pH	3.8.	A	gradual 	increase	in	
cor rosion	rate	is	observed	from	~ 1.1	to	1.4	mm/ year 	in	conjunction	with	a	r ise	in	OCP	by	
30	to	40	mV	over 	60	hours.	Such	behaviour 	can	be	attr ibuted	to	the	revealing	of	a	Fe3C	
network	 as	 a	 r esult 	 of	 preferential 	 dissolution	 of	 the	 fer r ite	 phase	 within	 the	 steel 	
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microstructure	and	accentuation	of	the	cathodic	hydrogen	evolution	reaction [12,	27] .	The	
ability	of	Fe3C	to	enhance	the	corrosion	rate	of	the	steel	l ies	in	i ts	conductive	nature	and	
the	fact 	i t 	is	able	to	increase	the	rate	of	the	cathodic	reaction,	through	either 	the	process	
of	internal 	acidification,	galvanic	effects	or 	a	combination	of	both [9,	12] .	Such	effects	have	
been	 reported	 by	 numerous	 authors	 under 	 CO2-containing	 environments	 where	 the	
formation	of	protective	cor rosion	product 	layers	does	not 	occur [2,	3,	27-31] .	The	difference	
between	the	OCP	of	the	Fe3C-r ich	sur face	at 	the	end	of	the	exper iment 	and	the	bare	steel 	
sur face	at 	the	beginning	of	the	exper iment 	suggests	that 	a	galvanic	cell 	is	capable	of	being	
established	between	the	two	sur faces.	
The	SEM	images	provided	in	Figure	6(a) 	and	(b) 	indicate	that 	there	has	been	prefer ent ial 	
dissolution	of	 the	 fer r ite	phase	within	 the	steel	microstructure.	Ferr ite-r ich	areas	have	
receded	and	the	fer r i te-containing	regions	within	the	pear lite	lamella	structure	have	also	
preferentially	dissolved.	The	corresponding	x-ray	diffraction	pattern	of	the	specimen	in	
Figure	6(c) 	indicates	the	presence	of	Fe3C	on	the	steel 	sur face.	

	

Figure	5:	Corrosion	rate	and	open	circuit	potential	of	X65 	carbon	steel	exposed	to	

a	CO2-saturated	3.5 	wt.% 	NaCl	solution	at	30oC	and	pH	3.8 	for 	60 	hours.	A	Stern-

Geary	coefficient	of	14 	was	used	to	convert	the	charge-transfer 	resistance	into	

corrosion	rate.	
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(a) 	 (b) 	

	

(c) 	

Figure	6:	SEM	images	of	X65 	carbon	steel	exposed	to	a	CO2-saturated	3.5 	wt.% 	

NaCl	solution	at	30oC	and	pH	3.8 	for 	60 	hours	at	(a) 	lower 	and	(b) 	higher 	

magnification,	as	well	as	(c) 	the	corresponding	diffraction	pattern	from	the	

specimen	surface	

	

3.1.2 	Galvanic	current	and	mixed	potential	behaviour 	of	coupled	samples	

Figures	7(a) 	 to	 (c) 	show 	 the	galvanic	 interact ion	between	 the	 repeatedly	abraded	pin	
(noting	that 	i t 	is	abraded	once	every	hour 	for 	3	seconds) 	of	area	0.0314	cm2	and	the	larger 	
sample	on	which	the	Fe3C	fi lm	is	allowed	to	evolve	over 	60	hours	without 	any	disruption.	
This	interaction	is	displayed	in	the	form	of	a	mixed	potential	between	the	two	samples	
and	 their 	 galvanic	 current 	 density	 measured	 using	 a	 ZRA	 (with	 a	 posit ive	 current 	
signifying	the	pin	as	the	anode	within	the	galvanic	couple).		
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For 	clar ity,	key	stages	in	the	evolut ion	of	the	galvanic	interact ion	between	the	pin	and	the	
large	 sample	 are	 shown	 over 	 the	 60	 hour 	 period	 in	Figures	 7(a) 	 to	 (c).	The	 galvanic	
transient 	responses	consist 	of	galvanic	cycles	which	compr ise	of	peaks	(coinciding	with	
the	onset	of	the	abrasion	process),	followed	by	a	current 	decay	(noting	that 	the	galvanic	
current 	densit ies	are	represented	based	on	the	area	of	the	small 	pin).	In	addit ion,	a	mixed	
potential 	is	provided,	with	the	potential 	being	dominated	by	that 	of	the	larger 	sample	in	
this	instance.	This	was	confirmed	in	separate	exper iments	where	the	uncoupled	potential	
of	both	specimens	was	monitored,	and	after 	each	abrasion,	the	OCP	of	the	pin	was	shown	
to	 remain	 within	 a	 few 	 mV	 of	 the	 star t ing	 potential 	 of	 the	 larger 	 sample.	 Such	
observations	are	sensible	given	 that 	 the	sur face	 is	 returned	 to	 i ts	or iginal 	wet-ground	
state	after 	each	abrasion	processes.	
As	shown	in	Figure	7(a),	dur ing	the	ear ly	stages	of	the	exper iment,	the	galvanic	current 	
exhibits	a	sharp	r ise	in	the	posit ive	current,	followed	by	a	decay	for 	each	one	hour 	cycle.	
The	potential	difference	between	the	large	sample	and	the	abraded	pin	gives	r ise	to	the	
observed	 current 	 response.	 The	 potential 	 difference	 is	 such	 that 	 the	 large	 sample	
establishes	 i tself	 as	 the	 net 	 cathode	within	 the	 galvanic	 couple,	 result ing	 in	 the	 pin	
becoming	a	net 	anode,	causing	i t 	to	corrode	faster 	than	i ts	intr insic	corrosion	rate.	After 	
each	 abrasion	 process	 in	Figure	 7(a),	 the	 galvanic	 cur rent 	 peaks	 and	 decays	 back	 to	
values	close	to	0	mA/ cm2	by	the	end	of	each	one	hour 	cycle,	presumably	related	to	the	
diminishing	potential	difference	between	the	two	samples	with	t ime	as	Fe3C	evolves	on	
the	pin.	Over 	the	t ime	per iod	shown	in	Figure	7(a),	the	average	galvanic	current 	density	
is	0.036	mA/ cm2	which	equates	 to	~ 0.4	mm/ year 	accentuation	of	 the	carbon	steel	pin	
from 	i ts	init ial 	intr insic	corrosion	rate	of	~ 1.1	mm/ year 	in	this	environment.		
As	the	mixed	potential	increases	throughout 	the	duration	of	the	exper iment,	the	potential	
difference	between	the	abraded	pin	and	the	large	sample	inevitably	becomes	larger 	at 	the	
star t 	of	each	cycle	(recalling	 that 	 the	OCP	of	 the	pin	returns	 to	a	very	similar 	potent ial	
after 	every	abrasion	process,	whilst 	the	potential 	of	the	large	sample	is	allowed	to	evolve).	
This	 is	 demonstrated	 in	 Figure	 7(b) 	 between	 30	 and	 35.5	 hours	 where	 the	 mixed	
potential	is	~ 10	mV	greater 	than	that 	at 	the	beginning	of	the	exper iment 	(noting	again	
that 	 the	 mixed	 potent ial 	 is	 dominated	 by	 the	 larger 	 sample).	 Owing	 to	 the	 greater 	
potential	difference	as	a	result 	of	the	more	established	Fe3C	layer 	on	the	larger 	sample,	
the	galvanic	current 	is	unable	to	‘recover ’	within	the	1	hour 	cycle,	producing	a	posit ive	
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current 	which	fails	to	fully	decay	to	zero.	Over 	the	per iod	of	30	to	35.5	hours,	the	aver age	
galvanic	current	 is	0.070	mA/ cm2	(~ 0.8	mm/ year).	This	means	 that 	 the	galvanic	effect 	
has	 almost 	 doubled	 the	 corrosion	 rate	 of	 the	carbon	 steel 	 pin	 from	 that 	 of	 i ts	 init ial 	
intr insic	corrosion	rate	by	this	stage	of	the	exper iment.		
Figure	7(c)	shows	the	galvanic	response	towards	the	end	of	the	60	hour 	exper iment 	(54	
to	59.5	hours).	Again,	an	increase	in	the	mixed	potential	and	galvanic	current 	density	is	
recorded.	The	potential	has	r isen	by	15	to	20	mV	from 	that 	at 	the	star t 	of	the	exper iment,	
and	the	galvanic	current 	fai ls	to	fal l 	below 	0.15	mA/ cm2	with	an	average	cur rent 	of	0.195	
mA/ cm2	(2.3	mm/ year ) 	produced.	It 	is	clear 	from	the	behaviour 	over 	the	course	of	the	
exper iment 	 that 	 the	OCP	 difference	 between	 the	 two	 specimens	 dr ives	 a	 significant 	
galvanic	current.	The	total 	corrosion	rate	of	the	anodic	pin	can	be	thought 	to	consist 	of	
the	intr insic	corrosion	rate	plus	the	galvanic	contr ibution.	Therefore,	over 	the	course	of	
the	cycles	 between	55	and	59.5	hours,	 the	average	corrosion	 rate	 in	 this	exper iment 	
(including	 the	galvanic	contr ibution) 	 is	3.4	mm/ year ,	which	 is	 three	 t imes	 that 	of	 the	
corrosion	rate	if	the	pin	were	to	be	uncoupled	under 	these	condit ions.	This	provides	proof	
that 	local	galvanic	cells	can	be	established	betw een	a	large	Fe3C-r ich	surface	and	a	small	
bare	steel 	sur face,	and 	that 	localised	corrosion	can	propagate	when	a	stable	difference	in	
potential 	between	the	two	is	established.	
The	 results	 show 	 that 	 this	 technique	 is	 able	 to	 determine	 the	 galvanic	 interaction	
between	a	cont inuously,	locally	eroded	region	of	carbon	steel,	and	a	larger 	nearby	area	
with	a	continuously	evolving	Fe3C	layer 	on	the	steel 	sur face.	Through	repetitive	abrasion	
of	 the	small 	X65	pin,	 i t 	 is	possible	 to	determine	how 	 the	evolution	of	Fe3C	on	 the	steel 	
sur face	influences	the	magnitude	and	r ecovery	rate	of	the	galvanic	response,	which	are	
both	 impor tant 	 factors	 when	 identifying	 the	 threat 	 of	 localised	 corrosion	 within	 an	
erosion-corrosion	CO2	environment.		
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(a) 	

	

(b) 	

	

(c) 	

Figure	7:	Galvanic	current	and	mixed	potential	as	a	function	of	time	for 	an	X65 	

steel	pin	connected	to	a	larger 	X65 	sample,	where	the	steel	pin	is	abraded	

repetitively	every	hour 	for 	3	seconds	and	the	large	sample	if	left	to	corrode.	Tests	

conditions	are	a	CO2-saturated	3.5 	wt.% 	NaCl	solution	at	30oC	and	pH	3.8 	for 	60 	
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hours;	(a) 	time	period	of	0	to	5.5 	hours;	(b) 	time	period	of	30 	to	35.5	hours	and	(c) 	

time	period	of	54 	to	59.5 	hours	displayed	for 	clarity.	

Figures	7(a) 	to	(c) 	shows	in	stages	that 	as	the	mixed	potential 	r ises	throughout 	the	course	
of	the	exper iment 	(in	accordance	with	the	evolution	of	Fe3C	on	the	larger 	steel 	sample),	
so	too	does	the	magnitude	of	the	galvanic	cur rent 	between	the	small 	pin	and	the	larger 	
sample.	In	fact,	the	two	proper ties	r ise	almost 	concomitantly	with	one	another 	over 	the	
duration	of	the	exper iment.	
To	i l lustrate	the	overall 	response	more	clear ly,	Figure	8	shows	the	intr insic	cor rosion	rate	
of	the	pin	at 	selected	one-hour 	t ime	per iods	(which	is	assumed	to	be	relatively	stable	due	
to	repeat 	abrasion	and	the	slow 	evolution	of	Fe3C	on	the	steel 	sur face,	which	would	not	
change	 the	 intr insic	 rate	substantially	over 	 1	hour) 	compared	 to	 the	galvanic	current	
density	over 	the	same	t ime	per iod.	The	galvanic	contr ibution	in	the	stacked	bar 	within	
Figure	8	is	an	average	over 	the	entire	one	hour 	t ime	per iod	mentioned.	This	figure	also	
contains	 data	 from 	 two	 repeat 	 exper iments,	 indicating	 the	 reproducibility	 of	 the	
exper iments.	
Figure	8	shows	a	clear 	increased	contr ibution	from 	the	galvanic	effect 	over 	time	towards	
the	 total 	 corrosion	 rate	 of	 the	 pin,	 corroborating	 the	 transient 	 response	 from 	 the	
exper iment 	shown	in	Figure	7.	The	 l ine	graph	within	Figure	8	relates	 to	 the	secondary	
axis	and	 indicates	 the	 increase	 in	 total 	corrosion	 rate	 (the	summation	of	 the	 intr insic	
cor rosion	rate	and	galvanic	effect) 	in	mm/ year .	An	increase	in	total 	cor rosion	rate	from	
~ 1	to	~ 2.8	mm/ year 	is	observed	over 	the	course	of	the	exper iment 	based	on	the	averages	
from	repeat 	measurements.	
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Figure	8:	Intrinsic	corrosion	current	density	of	the	X65 	carbon	steel	pin	at	the	

start	of	each	abrasion	cycle	compared	to	the	average	galvanic	current	between	

the	large	steel	sample	and	the	pin	over 	selected	1	hour 	abrasion	cycles	(both	

represented	as	stacked	bars).	The	line	graph	displays	the	summation	of	the	

intrinsic	and	galvanic	values	to	produce	a	total	corrosion	rate	for 	the	pin	over 	

each	cycle	(expressed	in	mm/ year).	Test	conditions	are	a	CO2-saturated	3.5 	wt.% 	

NaCl	solution	at	30oC	and	initial	pH	of	3.8 	for 	60 	hours.	

3.2 	Test	Environment	2	–	development	of	FeCO3	film	

3.1.1 	Corrosion	rate	behaviour 	of	uncoupled	sample	

Figure	9	shows	the	corrosion	rate	and	OCP	behaviour 	of	X65	steel 	over 	60	hours	at 	70oC	
in	 a	CO2-saturated	 3.5	wt.%	 br ine	 at 	 pH	 6.8	 to	 6.9.	 A	 reduction	 in	 corrosion	 rate	 is	
observed	from	~ 1	to	<0.1	mm/ year 	over 	60	hours.	The	suppression	in	corrosion	rate	can	
be	attr ibuted	to	the	formation	of	a	protective	FeCO3	corrosion	product.	The	ability	of	this	
corrosion	product 	is	well	documented	in	l i terature	in	terms	of	i ts	ability	to	significantly	
suppress	general 	cor rosion[31] .	 It 	has	been	suggested	 that 	FeCO3	 is	able	 to	 reduce	 the	
corrosion	rate	by	acting	as	a	diffusion	barr ier 	and/ or 	blocking	active	sites	on	 the	steel 	
sur face	through	the	formation	of	a	porous	crystall ine	structure[31] .		
In	contrast 	 to	 the	 low 	 temperature	exper iment 	where	 the	 revealing	of	 the	Fe3C	 layer 	
produced	 a	 cont inuous	 increase	 in	 OCP,	 the	 potential 	 trend	 in	 Figure	 9	 dur ing	 the	
precipitation	of	FeCO3	 is	more	complex.	The	X65	steel 	potential 	 reduces	 immediately	
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after 	 being	 placed	 in	 the	 br ine	 solution.	 The	 OCP	 then	 continues	 to	 decline	 as	 the	
protective	 fi lm	 init ially	 establishes	 i tself,	 reducing	 from 	 -735	mV	 to	 -745	mV	 as	 the	
corrosion	rate	drops	from 	1	to	0.5	mm/ year 	over 	the	first 	8	hours.		
After 	the	8	hour 	mark,	the	OCP	begins	to	r ise	to	~ -670	mV	at 	30	hours	in	conjunction	with	a	fur ther 	decline	in	cor rosion	rate	to	~ 0.1	mm/ year .	Beyond	30	hours,	i t 	could	be	argued	
that 	the	OCP	again	drops	in	conjunction	with	a	small 	reduction	in	corrosion	rate,	however ,	
no	significant 	decline	in	OCP	is	determined	based	on	repeat 	measurements.	A	very	similar 	trend	in	the	t ime	dependence	of	the	OCP	was	observed	by	Han	et 	al.[1] 	at 	
condit ions	of	80oC	and	pH	6.6	in	a	1	wt.%	NaCl 	solution	with	the	addit ion	of	50	ppm	Fe2+.	
They	 reported	an	 init ial 	decrease	 in	corrosion	 rate	of	65	carbon	steel 	over 	 the	 fir st 	 3	
hours	of	 the	exper iment,	 in	conjunction	with	a	reduction	 in	corrosion	 rate	 from 	0.8	 to	
~ 0.4	mm/ year .	Beyond	this	per iod,	the	OCP	began	to	r ise	by	~ 30	mV	within	24	hours	as	
the	corrosion	rate	cont inued	to	reduce	to	0.1	mm/ year .	The	work	by	Han	et 	al.[1] 	indicated	
that 	such	OCP	differences	between	the	FeCO3-covered	sur face	and	the	wet-ground	steel 	
sur face	resulted	in	the	formation	of	galvanic	cells.	
The	SEM	 image	 provided	 in	Figure	 10(a) 	 and	 (b) 	 show 	 that 	 the	FeCO3	 crystals	 have	
covered	near ly	the	entire	steel 	sur face.	The	support ing	diffract ion	pattern	from	the	steel 	
sur face	in	Figure	10(c) 	confirms	the	presence	of	FeCO3.	

	

Figure	9:	Corrosion	rate	and	open	circuit	potential	of	X65 	carbon	steel	exposed	to	

a	CO2-saturated	3.5 	wt.% 	NaCl	solution	at	70oC	and	pH	6.8 	for 	60 	hours.	A	Stern-

Geary	coefficient	of	17 	was	used	to	convert	the	charge-transfer 	resistance	into	

corrosion	rate.	



19

	 	

	(a) 	 (b) 	

	

(c) 	

Figure	10:	SEM	images	of	X65 	carbon	steel	exposed	to	a	CO2-saturated	3.5 	wt.% 	

NaCl	solution	at	70oC	and	pH	6.8 	for 	60 	hours	at	(a) 	lower 	and	(b) 	higher 	

magnification,	as	well	as	(c) 	the	corresponding	diffraction	pattern	from	the	

specimen	surface.	

3.2.2 	Galvanic	current	and	mixed	potential	behaviour 	of	coupled	samples	

Figures	11(a) 	to	(d) 	show 	the	galvanic	interact ion	between	the	repeatedly	abraded	pin	
and	 the	 larger 	sample	on	which	 the	FeCO3	 film	 is	allowed	 to	establish	over 	60	hours.	
Again,	for 	clar ity,	key	stages	in	the	evolution	of	the	mixed	potential	and	galvanic	current	
density	between	the	pin	and	the	large	sample	are	shown	over 	the	60	hour 	per iod	in	these	
figures.			
As	shown	in	Figure	11(a),	dur ing	the	ear ly	stages	of	the	exper iment,	the	galvanic	current	
density	exhibits	a	sharp	drop	 to	negative	current,	 followed	by	a	 r ise	 to	a	 less	negative	
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value	 for 	 each	 one	 hour 	 cycle.	 The	 negative	 current 	 signifies	 that 	 the	 large	 sample	
establishes	 i tself	 as	 the	 net 	 anode	 within	 the	 galvanic	 couple,	 result ing	 in	 the	 pin	
becoming	a	net 	cathode,	causing	i t 	to	corrode	at 	a	rate	lower 	than	i ts	intr insic	corrosion	
rate.	This	behaviour 	 is	attr ibuted	 to	 the	 fact 	 that 	 the	OCP	of	 the	 large	sample	 initial ly	
drops	dur ing	the	ear ly	stages	of	the	development 	of	the	FeCO3	fi lm 	(as	shown	previously	
in	Figure	10).	Over 	 the	per iod	shown	 in	Figure	11(a),	 the	aver age	galvanic	current 	 is	-
0.028	mA/ cm2	which	equates	to	a	0.3	mm/ year 	reduction	in	corrosion	rate	for 	the	carbon	
steel	 pin	 from	 i ts	 init ial	 intr insic	 corrosion	 rate	 of	~ 1	mm/ year 	 in	 this	 environment.	
Again,	 over 	 this	 per iod	 (and	 for 	 the	 entire	 exper iment 	 for 	 that 	 matter ),	 uncoupled	
measurements	 revealed	 that 	 the	mixed	potent ial 	was	dominated	by	 that 	of	 the	 larger 	
sample	 (in	agreement 	with	 the	observations	of	Han	et 	al.[1]).	Fur thermore,	 i t 	 is	worth	
noting	that 	from	uncoupled	measurements,	after 	each	abrasion,	the	OCP	of	the	pin	was	
shown	to	revert 	to	be	within	a	few 	mV	to	that 	of	the	star ting	potential 	of	the	larger 	sample	
at 	the	beginning	of	the	exper iment 	(i.e.	~ -740	mV).	Therefore,	the	changes	in	the	mixed	
potential 	relative	to	i ts	star t ing	value	at 	0	hours	can	be	thought 	of	as	an	indication	as	to	
the	 size	 of	 the	 potential	 difference	 between	 the	 two	 specimens	 at 	 the	 star t 	 of	 each	
abrasion	cycle.	
After 	reaching	a	minimum 	value	at 	~ 8	hours,	the	mixed	potential 	begins	to	r ise	(as	shown	
in	Figure	11(b)).	As	the	potential 	of	the	large	sample	r ises	back	above	that 	of	the	abraded 	
pin	 (~ -740	mV),	 there	 is	 a	 reversal 	 in	 the	 direct ion	 of	 the	 galvanic	 cur rent 	 density.	
Consequently,	the	abraded	pin	shifts	from	becoming	a	net 	cathode	to	a	net 	anode.	These	
results	show 	that 	the	level	of	FeCO3	development 	on	the	steel 	sur face	plays	a	cr it ical 	role	
in	influencing	not 	only	the	magnitude	of	the	interaction,	but 	the	direction	of	the	galvanic	
current.	From	the	per iod	of	14	to	19.5	hours,	the	average	galvanic	current 	density	is	0.001	
mA/ cm2	(0.01	mm/ year ).	Such	a	small 	cur rent	density	 is	sensible	given	 that 	 the	mixed	
potential	does	not 	deviate	significantly	from	that 	of	the	potential	at 	the	very	star t 	of	the	
exper iment 	(i.e.	that 	of	the	pin	every	t ime	i t 	is	abraded).	
As	the	test 	continues	(Figure	11(c)),	the	mixed	potential	continues	to	r ise	to	-685	mV.	In	
conjunction	 with	 this	 r ise	 in	 potential,	 an	 increase	 in	 the	 cur rent 	 response	 is	 also	
observed.	However ,	each	transient 	cycle	consists	of	a	posit ive	peak	in	cur rent,	followed	
by	 a	decay	 to	~ 0	mA/ cm2	within	 the	 1	hour 	 time	 frame	 for 	each	abrasion	cycle.	This	
shows	 that 	 the	 FeCO3	 fi lm	 is	 able	 to	 reform	 relatively	 quickly	 in	 these	 par ticular 	
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exper iments.	This	is	to	be	expected	given	that 	the	br ine	solution	has	theoretically	reached	
FeCO3	saturation,	 the	bulk	pH	 is	high,	 the	 temperature	 is	 relatively	high	and	 the	pin	 is	
being	posit ively	polar ised,	increasing	the	sur face	Fe2+	concentrat ion.	All 	these	factors	are	
known	to	encourage	the	growth	of	FeCO3

[13,	31] .	Therefore,	i t 	is	impor tant 	to	understand	
that 	 changes	 in	 any	 of	 these	 parameters	 are	 l ikely	 to	 influence	 the	 kinetics	 of	FeCO3	
formation,	as	well 	as	 the	protective	proper ties	of	 the	 layer 	 formed,	both	of	which	will	
influence	the	transient 	response	and	the	threat 	of	localised	corrosion	generated	through	
galvanic	effects.	
It 	 is	perhaps	wor th	noting	at 	 this	point 	 that 	both	Sun	et 	al.[32] 	and	 	Han	et 	al.[1] 	have	
suggested	 that 	 the	 level 	of	saturation	 in	 the	bulk	solution	plays	 a	cr it ical	 role	 in	such	
transient 	 galvanic	 current 	 density	 responses.	They	 suggested	 that 	 the	 propagation	 of	
localised	corrosion	would	only	occur 	 i f	 the	cor rosion	condit ions	 fell 	 into	 the	so-called	
‘grey	 zone’.	 This	 region	 was	 defined	 as	 condit ions	 where	 the	 solution	 was	 close	 to	
saturation	of	FeCO3.	 It 	was	assumed	 that 	when	supersaturat ion	was	>>1,	FeCO3	would	
precipitate	on	all 	sur faces,	resulting	in	the	‘healing’	of	active	localised	regions.	Conversely,	
for 	systems	under-saturated	with	respect 	 to	FeCO3,	 the	FeCO3	 film	would	dissolve	and	
uniform	cor rosion	would	occur.	It 	was	believed	that 	only	at 	the	near 	saturat ion	point,	that 	
protective	 layers	 would	 neither 	 be	 dissolved	 from	 the	 sur face	 of	 the	 cathode,	 nor 	
precipitation	would	 occur 	on	 the	 anode,	 allowing	 a	 steady	 galvanic	 interaction	 to	 be	
maintained.	
Based	on	this	discussion	from 	Sun	et 	al [32] 	and	 	Han	et 	al.[1] 	i t 	could	be	argued	that 	one	
l imitation	 of	 the	 exper imental 	 technique	 per formed	 in	 this	 study	 is	 that 	 the	 level 	 of	
supersaturation	 in	 the	 solution	 is	 not 	 maintained	 throughout 	 the	 course	 of	 the	
exper iment 	(i.e.	not 	analogous	 to	one	steady-state	point 	within	a	carbon	steel	pipeline	
dur ing	 production).	 Nonetheless,	 the	 technique	 is	 able	 to	 indicate	 how 	 the	 galvanic	
interaction	 responds	 dur ing	 the	 formation	 of	 an	 FeCO3	 layer .	 Controlling	 and/ or 	
consider ing	the	br ine	saturation	level 	of	FeCO3	is	a	cr it ical	for 	such	environments	and	will	
be	 the	 subject 	 of	 future	 exper iments,	 allow ing	 the	 galvanic	 effects	 to	 be	 evaluated	 at 	
specific	fixed	values	of	pH,	temperature	and	FeCO3	supersaturation.	Numerous	authors	
have	shown	 that 	while	 localised	corrosion	of	carbon	steel 	appears	 favourable	 in	some	
environments,	 in	others	 i t 	does	not 	occur [1,	2,	33,	34] .	By	controlling	 the	br ine	chemistry	
more	carefully	in	exper iments	such	as	these,	i t 	is	possible	to	investigate	such	boundar ies	
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of	operation	and	environments	conducive	 to	 localised	corrosion	 i.e.	 the	so-called	 ‘grey	
zone’.	
From	30	 to	35.5	hours	 in	Figure	11(c),	 the	average	galvanic	cur rent 	density	 is	0.027	
mA/ cm2	(0.31	mm/ year)	with	a	mixed	potential	~ 45-50	mV	above	the	star t ing	potential.	
Interestingly,	over 	this	per iod,	the	mixed	potential 	is	influenced	by	the	abrasion	process.	
This	can	be	attr ibuted	to	the	fact 	that 	the	suppression	of	the	corrosion	rate	on	the	large	
specimen	 is	 so	 significant 	 that 	 once	 the	 pin	 is	 abraded	 the	 anodic	 and	 cathodic	 total	
currents	are	large	enough	to	result 	in	the	mixed	potential	being	influenced	slightly	by	that 	
of	the	smaller 	specimen.	
Figure	11(d) 	shows	that 	for 	this	par t icular 	exper iment,	the	mixed	potential	drops	toward	
the	end	of	the	test 	to	-700	mV	(30-35	mV	above	the	star t ing	potential).	Over 	this	range	
from	 50	 to	 55.5	 hours,	 the	 average	 galvanic	 cur rent 	 density	 is	 0.023	mA/ cm2	 (0.26	
mm/ year).	 Compar ison	 between	 Figures	 11(c) 	 and	 (d) 	 indicates	 that 	 this	 galvanic	
current 	 response	 is	 dr iven	 by	 the	 potential	 difference,	 as	 shown	 previously	 in	
exper iments	 by	 Han	 et 	 al.[1] 	 i.e.	 a	 higher 	 potential 	 difference	 results	 in	 a	 greater 	
magnitude	 in	galvanic	current	before	 the	 ‘healing’	of	 the	anodic	pin.	However ,	 in	 this	
instance,	the	galvanic	effects	induced	by	the	Fe3C	layer 	at 	low 	temperature	appear 	to	be	
far 	more	significant 	 than	 those	observed	 in	 the	higher 	 temperature	 tests	where	FeCO3	
precipitates.	It 	is	also	impor tant 	to	mention	that 	the	average	current 	densit ies	repor ted	
for 	 Figures	 11(c) 	 and	 (d) 	will 	 be	 a	 strong	 function	 of	 the	 frequency	 of	 the	 abrasion	
process.	
The	response	in	Figure	11(d) 	relates	to	that 	encountered	for 	a	fully	protect ive	FeCO3	film,	
enabling	the	values	to	be	compared	with	other 	studies	repor ted	in	the	l i terature	focusing	
on	the	galvanic	interactions	produced	by	fully	established	protective	layers.	In	a	similar 	
setup	 to	 the	 one	 conducted	 here,	Han	 et 	 al.[1] 	 evaluated	 the	 galvanic	 current 	 density	
exchanged	between	a	16	cm2	cathode	(FeCO3	covered	X65) 	and	a	0.018	cm2	anode	pin	
(bare	X65	surface) 	over 	a	wide	range	of	condit ions,	using	a	pencil 	pit 	configuration	with	
the	 anodic	 pit 	 isolated	 in	 the	 centre	 of	 the	 cathode.	Depending	 upon	 the	 condit ions	
studied,	the	‘healing’	t ime	for 	the	anodic	pit 	var ied	significantly,	ranging	from	<1	hour 	(as	
with	exper iments	per formed	here) 	to	not 	fully	healing	at 	all	over 	100	hours.	In	the	tests	
where	rapid	healing	was	observed,	these	were	r ecorded	in	supersaturated	environments	
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which	were	>1,	suppor ting	the	observations	in	this	study	regarding	the	observed	rapid	
healing	of	the	anode.	
In	relation	to	the	magnitude	of	the	galvanic	current,	this	has	been	shown	to	be	strongly	
dependent 	on	 the	cathode	 to	anode	area	 rat io.	This	was	demonstrated	by	Fernandez-

Domene	et 	al.[21] 	in	which	different 	areas	of	the	FeCO3	covered	cathode	were	connected	
to	a	fixed	area	bare	steel 	anode,	resulting	in	area	rat ios	ranging	from	1:1	up	to	200:1	for 	
the	 cathode	 to	 anode	 ration,	 respectively.	 Tests	 were	 conducted	 in	 a	 CO2-saturated	
solution	at 	60oC	and	pH	5.5,	 therefore	 the	process	of	anode	 ‘healing’	was	par ticular ly	
slow.	The	results	showed	that 	as	the	area	rat io	increased	from	1:1	to	200:1,	so	too	did	the	
galvanic	cur rent 	from	3.8±0.12	to	263±43	µA/ cm2	(0.0038	to	0.263	mA/ cm2).	Compar ing	
to	the	results	in	this	work	(where	the	area	ratio	is	~ 150:1),	the	repor ted	galvanic	cur rents	
agree	well 	with	the	peak	current 	densit ies	of	between	0.05	and	0.15	mA/ cm 2	shown	in	
Figures	11(c) 	and	(d).	However ,	 the	rate	of	diminution	 in	 the	exper iments	 is	 far 	 faster 	
here	due	to	the	difference	in	operating	condit ions.	As	suggested	through	the	work	of	Han	
et 	al.[1] ,	the	rate	of	reduction	in	galvanic	current 	will 	be	sensit ive	to	temperature,	pH	and	
bulk/ sur face	 FeCO3	 saturation,	 with	 increases	 in	 all 	 the	 aforementioned	 proper ties	
inducing	faster 	reductions	in	galvanic	current.	

	

(a) 	
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(b) 	

	

(c) 	

	

(d) 	

Figure	11:	Galvanic	current	and	mixed	potential	as	a	function	of	time	for 	an	X65 	

steel	pin	connected	to	a	larger 	X65 	sample,	where	the	steel	pin	is	abraded	

repetitively	every	hour 	for 	3	seconds	and	the	large	sample	if	left	to	corrode.	Tests	

conditions	are	a	CO2-saturated	3.5 	wt.% 	NaCl	solution	at	70oC	and	pH	6.8 	for 	60 	

hours;	(a) 	time	period	of	0	to	5.5 	hours;	(b) 	time	period	of	14 	to	19.5	hours;	(c) 	
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time	period	of	30 	to	35.5 	hours	and	(d) 	time	period	of	50 	to	55.5 	hours	displayed	

for 	clarity.	

Figure	12	shows	the	intr insic	corrosion	rate	of	the	pin	at 	the	very	beginning	of	selected	
one-hour 	t ime	per iods	compared	to	the	average	galvanic	current 	density	over 	the	same	
selected	 t ime	 intervals.	Given	 that 	 the	diminution	 in	galvanic	current 	 in	each	cycle	 is	
associated	with	 protective	FeCO3	 formation,	 (result ing	 in	 suppression	 of	 the	 intr insic	
corrosion	rate	over 	each	cycle),	the	values	shown	in	Figure	12	for 	the	intr insic	corrosion	
current 	 density	 are	 overestimated	 somewhat 	 in	 terms	 of	 the	 entire	 1	 hour 	 cycle.	
However,	the	results	can	be	thought 	of	as	a	worst-case	scenar io	by	uti l ising	these	values,	
as	well 	as	providing	an	indication	of	the	relative	size	of	the	galvanic	effect 	compared	to	
the	init ial	intr insic	corrosion	behaviour 	of	a	bare	steel	sur face	over 	each	t ime	interval.	As	
in	Figure	8,	the	l ine	graph	provides	the	total 	corrosion	rate	based	on	the	summation	of	
the	two	components	and	is	expressed	in	mm/ year ,	relating	to	the	secondary	y-axis.	
Figure	12	shows	 that 	 the	 total 	corrosion	 rate	of	 the	pin	 is	suppressed	by	 the	galvanic	
effect 	induced	dur ing	the	ear lier 	stages	of	FeCO3	development 	on	the	larger 	sample	(as	
the	OCP	drops	below 	the	init ial	star t ing	value	(shown	previously	in	Figure	9)).	As	the	OCP	
r ises	from	~ 10h	onwards	and	the	cor rosion	rate	response	of	the	large	sample	plateaus	at 	a	low 	value,	the	average	galvanic	contr ibution	over 	each	cycle	also	r ises	before	stabilising	
at 	~ 0.03	mA/ cm2.	This	 results	 in	 the	 total 	corrosion	 rate	of	 the	pin	stabilising	at 	~ 1.4	
mm/ year 	(assuming	a	constant 	intr insic	corrosion	rate	of	~ 1	mm/ year 	over 	the	entire	1	
hour 	cycle	as	a	worst 	case	scenar io).		
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Figure	12:	Intrinsic	corrosion	current	density	of	the	X65 	carbon	steel	pin	at	the	

start	of	each	abrasion	cycle	compared	to	the	average	galvanic	current	between	

the	large	steel	sample	and	the	pin	over 	selected	1	hour 	abrasion	cycles	(both	

represented	as	stacked	bars).	The	line	graph	displays	the	summation	of	the	

intrinsic	and	galvanic	values	to	produce	a	total	corrosion	rate	for 	the	pin	over 	

each	cycle	(expressed	in	mm/ year).	Test	conditions	are	a	CO2-saturated	3.5 	wt.% 	

NaCl	solution	at	70oC	and	pH	6.8 	for 	60 	hours.	

4.0 	Conclusions	

This	paper 	 focuses	on	 the	design	and	preliminary	 test ing	of	an	automated	underwater 	
abrasion	r ig	to	assist 	in	understanding	the	galvanic	interaction	induced	by	sur face	fi lms	
when	cont inuous	localised	mechanical 	film 	breakdown	is	encountered	on	the	sur face	of	
carbon	steel	in	CO2-containing	environments.	The	r ig	is	used	to	look	at 	the	evolution	and	
galvanic	interactions	which	exist 	in	two	model	environments	where	either 	Fe3C	or 	FeCO3	
are	the	dominant 	corrosion	products	on	the	steel	sur face.	From 	the	study,	the	following	
conclusions	can	be	made:	

· The	designed	r ig	is	able	to	produce	repeatable	results	which	reveal 	information	
relating	 to	 the	galvanic	 interact ion	on	steel 	surfaces	which	are	 largely	covered	
with	 sur face	 fi lms/ corrosion	 products	 but 	 have	 local 	 disruptions	 where	 the	
sur face	fi lms	are	removed	i.e.	analagous	to	a	tr ibo-corrosion	process	where	local	
removal 	of	mater ial 	occurs	within	a	carbon	steel 	pipel ine	as	a	result 	of	per iodic	
sand	par ticle	impingement.	

· The	revealing	of	a	Fe3C	layer 	on	the	larger 	steel 	specimen	(4.9	cm2)	at 	30oC	and	pH	
3.8	resulted	in	an	increase	in	both	corrosion	rate	and	OCP	over 	60	hours,	which	
was	attr ibuted	to	the	ability	of	Fe3C	to	suppor t 	the	hydrogen	evolution	reaction	in	a	CO2	environment.	

· ZRA	coupling	of	the	large	specimen	with	the	Fe3C-r ich	layer 	to	a	small 	X65	sample	
which	was	repeatedly	abraded	resulted	in	a	the	small 	sample	establishing	itself	as	a	 net 	 anode.	This	 indicated	 that 	 the	 bare	 steel 	was	 suscept ible	 to	 accentuated	
corrosion	rates	due	to	the	galvanic	effects	induced	from 	the	Fe3C	covered	sur face.	
The	galvanic	interaction	increased	concomitantly	with	the	potential	of	the	larger 	
sample	(i.e.	the	potential 	difference	between	the	two	samples),	accentuating	the	
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corrosion	 rate	of	 the	small 	sample	 to	~ 3.4	mm/ year 	after 	60	hours,	which	was	
three	t imes	that 	of	the	intr insic	corrosion	rate.	

· The	precipitation	of	a	FeCO3	layer 	on	the	larger 	steel 	specimen	at 	70oC	and	pH	6.8	
resulted	in	a	diminution	in	cor rosion	rate	over 	60	hours	from	1	to	0.1	mm/ year ,	
with	OCP	 init ially	 fall ing	within	 the	 fir st 	 8	 hours,	 before	 r ising	 to	more	 noble	
values.	

· Galvanic	coupling	to	the	abraded	pin	resulted	in	the	small 	sample	acting	as	a	net 	
cathode	when	the	potential 	of	the	large	sample	fell 	below 	the	star ting	potential 	in	
the	ear ly	stages	of	fi lm	development.	However,	as	the	FeCO3	fi lm	evolved	on	the	
large	sample,	the	r ise	in	potential 	created	a	reversal 	in	polar ity,	turning	the	small	
pin	into	the	net 	anode.	The	galvanic	interactions	were	not 	as	significant 	as	those	
observed	at 	 lower 	 temperature	with	Fe3C,	however ,	 this	was	attr ibuted	 to	 the	
favourable	 condit ion	 for 	 rapid	 formation	 and	 ‘healing’	 of	 the	 abraded	 pin	
compared	to	the	slow 	revealing	of	Fe3C	in	the	lower 	temperature	environment.	

· The	system 	provides	an	effective	form 	of	measurement 	to	determine	how 	galvanic	
interact ions	evolve	dur ing	the	development 	of	sur face	fi lms.	The	system	has	the	
potential	 to	 be	 extended	 to	 hydrogen	 sulphide	 environments	 to	 consider 	 the	
effects	 of	 transit ion	 in	 iron	 sulphide	 fi lms	 over 	 long	 durations,	 as	well 	 as	 the	
behaviour 	 of	 cor rosion	 inhibitors	 and	 passive	 mater ials	 in	 oil 	 and	 gas	
environments.		
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