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Abstract

Synchrotron	grazing	incidence	X-ray	diffraction	has	been	used	to	newly	reveal	the	heating	rate	dependent	oxidation	reactions	that	develop	on	a	polycrystalline	nickel-based	superalloy.	A	continuous	layer	of	precursor

oxide	 was	 shown	 to	 form	 during	 the	 heating	 stage.	 Their	 approximate	 growth	 rates,	 their	 effect	 on	 local	 surface	 compositions	 of	 the	 alloy	 substrate,	 and	 their	 degree	 of	 interface	 planarity	 are	 considered	 critical	 in

determining	subsequent	oxidation	reactions	when	held	for	extended	thermal	exposures.	The	precursor	oxides	were	predominantly	nickel	or	cobalt	based	(NiO/CoO	and	Co3O4/NiCo2O4).	Following	the	fastest	heating	rates

(40	°°C		min−1	and	above),	the	stable	Cr2O3	phase	formed,	inhibiting	Ni	or	Co	diffusion	to	the	surface.	At	slower	heating	rates	(10-–20	°°C		min−1),	no	evidence	of	the	stable	Cr2O3	was	found,	even	after	200	h200	 hours	 at

elevated	thermal	exposure,	instead	continued	growth	of	the	precursor	oxides	was	observed.	Heating	at	5	°°C		min−1	gave	rise	to	an	intriguing	zone	where	sufficient	precursor	and	favourable	kinetics	enabled	the	formation	of	a

spinel,	NiCr2O4,	 surface	 layer.	 Cross	 sections	 observed	with	 electron	microscopy	 confirmed	 this	 to	 be	 planar	 and	 continuous.	 Heating	 at	 the	 slowest	 tested	 2	 °°C	 	min−1	 contrarily	 gives	 a	 non-protective	 surface	 layer

comprising	an	outwardly	growing	NiO/CoO	precursor	 oxide	on	 top	of	 an	 inwardly	growing	mixed	oxide.	The	quantities,	 interfacial	morphologies	 of	 oxides	 of	 the	precursor	 oxide	grown	and	 the	possible	 thermodynamic

reactions	that	lead	to	their	formation	are	discussed.
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The	high	temperature	capability	of	nickel-based	superalloys	used	in	gas	turbines	is	heavily	determined	by	their	resistance	to	oxidation.	For	a	given	alloy,	the	specific	oxidation	compounds	that	form	are	dependent	on	both	the

thermal	environment	and	atmosphere	subjected	to	the	component	in	conjunction	with	its	thermodynamic/kinetic	properties	that	are	intrinsic	to	the	alloy	itself.	As	both	the	compositions	and	thermal	cycles	observed	by	components	in

service	are	complex,	ascertaining	and	understanding	oxidation	reactions	is	a	key	aspect	of	alloy	development,	as	well	as	judicious	selection	of	in-service	conditions.

The	oxidation	process	can	be	divided	into	the	initial	stages,	a	transitional	stage,	and	finally,	longer	term	steady	state	oxidation,	where	one	or	two	oxides	dominate.	The	resultant	steady	state	oxidation	is	highly	dependent	on	the

prior	stages;	however,	identifying	behaviour	changes	is	exceptionally	challenging	when	oxidation	layers	are	thin.	Therefore,	initiation	stages	or	precursor	oxides	that	form	prior	to	steady	state	oxidation	are	not	well	characterised	and

the	mechanisms	are	not	unambiguously	understood.	This	is	especially	true	for	nickel-base	superalloys	where	alloy	compositions	are	complex	and	components	are	subjected	to	transient	high	temperature	thermal	cycles.

The	 initial	 stages	 involve	 the	adsorption	of	oxygen	onto	surfaces	 followed	by	a	 reaction	between	 the	cations	and	anions.	These	processes	have	been	studied	 for	 some	pure	metals	and	simple	alloy	 systems	using	exacting

experimentation	 techniques;	 e.g.	 [1–9].	 These	 studies	 involved	monitoring	 the	 changes	 occurring	 to	 clean	metallic	 surfaces	 when	 exposed	 to	 oxidising	 environments,	 using	 a	 number	 of	 high	 spatial	 resolution	 techniques.	 Such

investigations	have	shown	the	initial	adsorption	step	of	the	oxidising	species	to	the	surface	of	the	metal	followed	by	the	nucleation	of	islands	of	oxide.	Investigations	of	relevance	to	nickel-base	superalloys,	e.g.	Ni	-Cr	binary	alloys	[5–7],

demonstrated	the	formation	of	NiO	islands	interspersed	with	a	Cr	complex;	when	at	very	early	stages	of	Cr2O3	formation.	The	studies	all	show	that	the	nucleation	and	growth	rates	depend	on	a	number	of	factors	including	crystal

orientation	at	the	exposed	surface	of	the	metal	[2,3,4,5,8]	and	alloying	additions	[5–9].	These	processes	may	occur	rapidly	in	time	periods	of	a	few	minutes	or	may	extend	to	90	min90	minutes.	Such	carefully	controlled	experiments	have

yet	to	be	performed	on	complex	alloys	but	it	would	be	expected	that	oxide	islands	would	also	form,	with	each	island	potentially	composed	of	either	a	discrete	oxide,	a	mixture	of	individual	oxides,	ternary	or	higher	component	stable	or

metastable	oxide	phases.

The	steady	state	oxidation	regime	occupies	much	of	the	lifetime	of	metal	and	alloy	components,	making	it	of	utmost	interest	to	oxidation	vulnerable	engineering	applications.	At	this	stage	in	the	oxidation	process,	the	ease	that

oxidising	elements	diffuse	through	a	growing	surface	oxide	layer	becomes	a	significant	factor	[10].	 Investigations	 into	the	steady	state	oxidation	of	the	nickel-based	disc	alloy	of	 interest	 in	this	paper	have	been	conducted	[11–17]

providing	data	for	lifing	models	to	predict,	for	instance,	the	onset	of	breakaway	oxidation	[18],	or	the	loss	of	cross-section	and	mechanical	integrity.

The	transition	from	the	initial	processes	of	adsorption	and	nucleation	to	the	steady	state	oxidation	is	difficult	to	define	and	can	vary	between	metals	and	alloy	systems	[19].	A	useful	definition	is;	a	region	in	the	oxidation	process

where	complete	coverage	of	a	surface	oxide	exists	but	that	this	layer	comprises	a	mixture	of	oxides	including	stable	and	metastable	phases.	This	oxide	layer	continues	to	have	phase	transformations	and	compositional	changes	but	no

single	oxide	dominates.	In	addition,	this	region	can	include	thermal	transients	which	introduce	further	factors	for	consideration.

The	free	energies	of	formation	of	the	potential	oxides	are	important,	however,	the	kinetics	of	oxide	growth	play	an	increasing	role	in	the	establishment	of	the	steady	state	reactions	[19,20].	Often	a	number	of	oxides	will	be

thermodynamically	stable	in	alloy	systems	but	each	may	possess	very	different	kinetics,	thus	taking	time	before	a	slower	growing	protective	oxide	establishes,	if	this	occurs	at	all.	The	stability	of	an	oxide	under	these	conditions	will

depend	on	the	activity	of	the	element	within	the	alloy	and	also	the	partial	pressure	of	the	oxidant	at	the	reaction	sites.	Similarly,	the	growth	rate	will	be	dependent	on	the	supply	of	the	oxidising	element	from	the	alloy	and/or	the	oxidant

to	the	reaction	site,	i.e.	diffusion	becomes	an	important	factor	[10,18].

An	oxide	type	of	relevance	to	the	intermediate	or	transient	stage	in	the	oxidation	process	of	nickel-based	alloys	are	the	spinels;	with	the	formula	MN2O4	where	M,	for	most	nickel-base	superalloys,	is	nickel	or	cobalt	and	N	is

cobalt,	 chromium	or	aluminium.	 In	alloys	with	 sufficient	aluminium	NiAl2O4	 spinels	have	been	shown	to	 form	[21–26].	At	 lower	 temperatures,	and	on	alloys	with	 low	concentrations	of	aluminium,	NiCr2O4	would	be	 the	preferred

composition	[27–33].	Spinels	can	form	by	a	solid	state	reaction	between	adjacent	oxides	or	oxide	and	alloy	[27–31].	An	alternative	mechanism	may	be	via	solute	capture	of	alien	ions	within	an	oxide	where	concentrations	substantially

greater	than	the	solubility	levels	in	the	oxide	were	achieved	[32].	Capture	of	Ni	ions	within	Cr2O3	and	Cr	ions	within	NiO	have	been	demonstrated;	this	could	be	a	precursor	to	a	spinel	reaction.	With	increased	exposure	at	elevated

temperature,	a	transient	phase	could	transform	to	a	spinel.

Models	have	been	proposed	to	describe	the	oxide	formation	sequence	involving	spinels	[19,20,21–24,29–31].	In	these,	the	spinel	phase	is	shown	as	a	discontinuous	layer	hindering	rather	than	controlling	the	oxidation	process.

A	few	studies	have	shown	that	the	presence	of	a	protective	spinel	layer	impacts	the	oxidation	kinetics,	forming	a	more	continuous	layer	for	at	least	part	of	the	thermal	history	of	the	specimen	[25–27,30].	It	is	noted	that	in	studies	where

a	range	of	temperatures	were	investigated,	a	more	continuous	layer	of	spinel	formed	at	the	lower	temperatures	investigated,	[25,26,29,31].	The	concentration	of	chromium	in	the	alloys	was	also	shown	to	have	an	effect	[7,19,25,29]	as

did	low	concentration	elements	such	as	molybdenum	[9].

In	a	recent	experiment	[33]	intended	to	examine	the	effect	of	elevated	air	pressure	on	the	oxidation	properties	of	a	nickel-based	superalloy,	high-pressure	tests	resulted	in	the	formation	of	a	continuous	external	oxide	layer	of

nickel	chromite	spinel	(NiCr2O4)	rather	than	the	more	usual	titanium	doped	chromia,	(Ti,	Cr)2O3	,	observed	at	atmospheric-pressure	[11–17].	This	result	was	unexpected	and	was	unlikely	to	be	a	result	of	the	difference	in	test	pressure.

It	was	subsequently	realised	that	an	additional	variable	 introduced	 into	the	experiment	was	the	heating	rate	to	 the	test	 temperatures	of	650	°°C.	The	purpose	of	 this	paper	 is	 to	explore	the	effect	of	heating	rate	on	the	oxidation



formation	and	behaviour	of	a	polycrystalline	nickel-base	superalloy.	This	was	explored	using	a	combination	of	microscopy	and	high	angular	resolution	synchrotron	X-ray	diffraction	in	a	grazing	incidence	configuration	(SGIXD).	This

technique	uniquely	enabled	the	examination	of	very	thin	oxide	layers	formed	during	the	transient	oxidation	stage.

2	Experimental	methods
2.1	Material	and	sample	preparation

The	composition	of	the	coarse-grained	(30-–50	µm)	polycrystalline	nickel-based	superalloy	used	in	this	study,	RR1000,	is	given	in	Table	1.

Table	1	Nominal	composition	of	RR1000	[34].

alt-text:	Table	1

Ni Co Cr Al Ti Ta Hf Zr Mo B C

wt.	% bal. 18.5 15.0 3.0 3.6 2.0 0.5 0.06 5.0 0.015 0.027

at.	% bal. 16.5 18.0 6.4 4.3 0.63 0.16 0.04 3.0 0.08 0.13

Coupon	specimens	measuring	10	10	×	×	10	10	×	×	3	mm3	were	supplied	in	a	proprietary	heat-treated	condition.	The	surfaces	of	the	specimens	were	ground	using	successive	SiC	paper	down	to	1200	grit	and	polished	using

diamond	suspension	down	to	a	1	µm	finish,	as	used	in	a	previous	study	[33].	The	edges	of	specimens	were	chamfered	to	reduce	stress	accumulation	associated	with	oxide	growth	at	corners.	The	specimens	were	ultrasonically	cleaned	in

ethanol.

2.2	Oxidation	tests
A	 tube	 furnace	 equipped	 with	 a	 programmable	 controller	 was	 used	 for	 all	 thermal	 exposures	 examined	 in	 this	 study.	 The	 temperature	 within	 the	 hot	 section	 was	 monitored	 independently	 using	 a	 calibrated	 N-type

thermocouple.	The	heating	rates	chosen	were	2,	5,	10,	20,	40	°°C		min−1	and	nominally	‘fast’	(∼100	°°C		min−1),	reaching	the	target	temperature	of	650	°°C	in	<10	min.	The	heating	rates	were	deliberately	selected	to	both	overlap	and

extend	beyond	the	processing	heat	treatment	and	operating	conditions	typically	to	which	this	alloy	is	subjected.

Specimens	were	placed	into	alumina	boats	and	inserted	into	the	test	furnace	at	room	temperature,	before	heating	at	the	desired	rate	to	the	target	temperature	of	650	°°C.	The	specimens	were	removed	from	the	furnace	after

the	heating	stage	and	stored.	For	the	fastest	heating	rate	used,	the	boat	containing	the	specimens	was	inserted	into	the	furnace	at	temperature	and	removed	when	the	independent	thermocouple	indicated	that	the	specimens	and	boat

had	reached	650	°°C.	For	subsequent	thermal	exposures,	the	specimens	were	placed	in	alumina	boats	and	inserted	into	furnaces	set	to	650	°°C,	i.e.	the	specimens	experienced	rapid	heating	to	the	test	temperature	and	also	rapid

cooling	to	room	temperature	when	removed.	The	conditions	studied	were;	(11)	a	controlled	heating	rate	to	650	°°C	followed	by	immediate	air	cooling	when	this	temperature	was	reached,	(22)	fast	heating	to	650	°°C,	of	specimens	that

had	previously	followed	condition	(11)	then	held	for	100	h100	hours	followed	by	air	cooling,	and	(33)	comprising	an	additional	repeat	of	condition	(22)	i.e.	2	2	×	×	100	h100	hours	exposures.	Despite	the	thermal	cycling,	no	spallation	of

oxide	from	the	surface	of	the	specimens	was	observed.	An	additional	exposure	was	performed	for	1000	h1000	hours	on	specimens	which	had	undergone	the	slowest	heating	rate	of	2	°°C		min−1.	For	completeness,	a	specimen	of	the	alloy

which	had	undergone	the	same	surface	preparation	but	had	not	been	exposed	to	temperature	was	included	for	examination.

2.3	Synchrotron	GIXD
When	studying	multiple	low	volume	fraction	phases	with	laboratory-based	X-ray	diffractometers,	the	intrinsic	line	broadening	associated	with	this	technique	leads	to	significant	reflection	overlap.	This,	in	addition	to	its	low	flux,

prohibits	 the	 observation	 of	weak	 reflections,	making	 unambiguous	 phase	 identification	 impossible.	 These	 disadvantages	 are	 overcome	 by	 using	 synchrotron-based	 X-ray	 diffraction	 techniques.	Here,	 ex-situ	 synchrotron	 grazing

incidence	X-ray	diffraction	(SGIXD)	was	employed	to	examine	specimens	using	the	high	angular	resolution	powder	diffraction	beamline,	I11	at	the	Diamond	Light	Source	[35].	The	SGIXD	technique	enabled	the	identification	of	the

phases	present	in	thin	oxide	layers	formed	during	the	early	stages	of	oxidation.

An	X-ray	 energy	 of	 15	keV	was	 selected	with	 a	wavelength	 of	 0.824812	 Å;	 calibrated	 against	 a	 NIST	 640c	 Si	 standard.	 Specimens	were	 positioned	 using	 adhesive	 carbon	 pads	 onto	 aluminium	 stubs	 and	 placed	 on	 the

diffractometer	 stage	 in	 the	grazing	 incidence	geometry,	 shown	schematically	 in	Fig.	1.	By	 visual	 inspection	along	 the	beam	direction	 (x),	 the	 specimens	were	manually	 aligned	 via	 a	ψ	 rotation	 about	 the	 x-axis,	 to	 correct	 sample

orientation	in	the	y-–z	plane.	More	precise	positioning	of	the	specimen	in	the	z	and	θ	directions	was	performed	by	a	series	of	iterative	alignment	scans,	using	the	X-ray	beam.



Diffraction	patterns	were	obtained	via	a	2θ	scan	over	the	range	3°-–150°	using	the	high-resolution	multi-analysing	crystals	(MAC),	comprising	45	individual	Si	detectors	grouped	into	5	banks	of	9	detectors.	This	enabled	the	full

2θ	range	to	be	scanned	by	40°	of	motion,	with	overlap	between	detectors.	Data	from	the	45	individual	crystals	were	integrated	to	produce	a	final	spectrum.	In	the	initial	set	up	various	incident	angles	(obtained	by	the	adjustment	of	θ

about	the	y	direction)	and	scan	times	were	investigated.	It	was	found	that	an	incidence	angle	of	1°	with	a	30-minute	scan	time	provided	spectra	of	sufficient	signal-to-noise	ratio	for	interpretation.	By	default,	spectra	were	binned	into

2θ	intervals	of	0.001°.	To	improve	the	signal-to-noise	ratio	the	data	was	re-binned	into	0.01°	intervals.

For	phase	identification,	reference	patterns	were	obtained	from	the	Inorganic	Crystal	Structure	Database	(ICSD)	 [36].	This	 included	patterns	from	expected	oxides	as	well	as	a	number	of	spinel	phases	selected	by	using	a

combination	of	the	major	elements	present	within	the	alloy.	Details	of	the	candidate	phases	and	their	structures	are	given	in	Table	2.	Also	included	is	the	information	on	the	γ	(matrix)	and	γ′	(precipitate)	major	phases	of	the	substrate.

Examination	of	the	data	in	Table	2	shows	that	some	phases	have	similar	crystal	structures	and	lattice	parameters	that	makes	unambiguous	identification,	using	this	technique,	impossible.	Examples	are	Co3O4	and	NiCo2O4	and	also	NiO

and	CoO.	Due	to	this	ambiguity	the	nomenclature	Co3O4/NiCo2O4	and	NiO/CoO	will	be	used	to	indicate	the	peaks	associated	with	these	compounds.	It	is	noted	that	NiCr2O4	undergoes	a	phase	transformation	at	46	°°C	from	the	higher

temperature	cubic	structure	to	the	lower	temperature	tetragonal	structure	[44].	The	calculated	2θ	positions	and	intensities	for	the	major	reflections	for	these	oxides,	using	synchrotron	radiation,	are	presented	in	Table	3.

Table	2	Room	temperature	crystallographic	information	for	phases	of	interest	in	this	study,	obtained	from	the	ICSD	database	[37–46].
alt-text:	Table	2

Structure Crystal	system Space	group a/b	(Å) c	(Å) α/β	(°) γ	(°) ICSD	code

γ	gamma Cubic 3.583 3.583 90 90 –-

γʹ	gamma	prime Cubic 3.598 3.598 90 90 –-

Cr2O3 Trigonal 4.957 13.5923 90 120 75,577

(Cr0.88Ti0.12)2O3 Trigonal 4.97217 13.6343 90 120 74,195

TiO2	(rutile) Tetragonal P42/mnm 4.6012 2.9637 90 90 257,864

NiO Cubic 4.178 4.178 90 90 9866

CoO Cubic 4.263 4.263 90 90 9865

Figure	Fig.	1	Schematic	diagram	of	the	SGIXD	configuration	on	the	I11	beamline	showing	the	directions	and	axes	of	rotation	used	to	align	the	specimen	relative	to	the	incident	beam.

alt-text:	Fig.	1

	

	

	

	

	

	



Al2O3 Trigonal 4.7617 12.999 90 120 160,604

Co3O4 Cubic 8.072 8.072 90 90 36,256

NiCr2O4* Tetragonal* I41/amd 5.8102 8.4806 90 90 280,062

NiCo2O4 Cubic 7.983 7.983 90 90 181,262

CoCr2O4 Cubic 8.333 8.333 90 90 69,503

*	NiCr2O4	undergoes	a	phase	transformation	at	46	°°C	from	a	high	temperature	cubic	 to	a	room	temperature	tetragonal	structure.	[44].

Table	3	Peak	location	and	intensities	for	relevant	oxides.

alt-text:	Table	3

NiO/CoO Cr2O3 Co3O4/NiCo2O4 NiCr2O4

(hkl) 2θ	(°) I/Imax	(%) (hkl) 2θ	(°) I/Imax	(%) (hkl) 2θ	(°) I/Imax	(%) (hkl) 2θ	(°) I/Imax	(%)

{111} 19.7 73.5 (012) 13.1 66.7 {022} 16.5 26.9 (112) 16.1 35.8

{002} 22.8 100 (01 ) 17.8 100 {113} 19.4 100 (013) 18.7 47.0

{022} 32.4 62.0 (110) 19.2 93.5 {004} 23.5 20.0 (121) 19.1 100

{113} 38.2 30.7 (113) 21.9 29.0 {115} 30.6 26.0 (231) 30.2 30.2

(024) 26.3 38.5 {044} 33.4 39.4 (224) 32.5 45.6

(116) 28.6 97.4 (040) 33.0 22.1

The	technique	is	used	here	to	collect	spectra	from	a	number	of	specimens	exposed	to	different	heating	rates	and	exposure	times	at	650	°°C.	As	such,	each	spectrum	contains	information	obtained	from	a	different	interaction

volume.	Due	to	this	limitation,	qualitative	comparisons	can	be	made	between	specimens	but	not	quantitative.

2.4	Additional	examination	of	specimens
Surfaces	of	selected	specimens	were	examined	using	Scanning	Electron	Microscopy	(SEM)	in	secondary	electron	mode.	Compositional	analysis	was	obtained	using	Energy	Dispersive	X-ray	Spectroscopy	(EDS).	To	investigate

the	surface	oxide	in	cross-section,	a	Ga	source	Focused	Ion	Beam	(FIB)	milling	was	used.	This	was	appropriate	 for	 the	examination	of	 the	very	thin,	 friable	surface	oxides	formed	which	may	be	damaged	using	conventional	cross-

sectioning	techniques.	The	technique	also	has	the	advantage	of	precise	site	selection.

3	Results
3.1	Evaluation	of	the	heating	rate	on	oxide	formation

The	spectra	over	the	2θ	range	of	10°-–70°,	plotted	as	the	square	root	of	the	intensities,	obtained	from	specimens	following	the	heating	stage	only,	are	presented	in	Fig.	2	along	with	the	spectrum	obtained	from	the	un-oxidised

specimen	included	here	for	reference.	For	direct	comparison	of	spectra	over	shorter	2θ	ranges	no	modification	was	made.	In	all	cases	the	baselines	are	off-set	to	distinguish	between	different	diffraction	patterns.

	

	

	

	

	 	

		 	



It	can	be	seen,	by	comparison	to	the	un-oxidised	specimen,	labelled	Alloy	alloy	in	Fig.	2,	that	the	highest	intensity	peaks	were	from	the	γ/γ’	phases	in	the	alloy	substrate.	Also,	indicated	at	a	2θ	of	21.8°	was	a	peak	that	could	not

be	indexed	from	any	expected	phase.	The	unidentified	peak	was	observed	in	all	the	SGIXD	spectra	obtained	in	this	study	and	was	speculated	to	originate	from	a	minor	phase	or	oxide	present	in	the	alloy.	It	was	not	investigated	further

in	this	study.	This	peak	and	its	location,	as	will	be	shown	later,	was	sufficiently	remote	from	the	locations	of	the	oxide	peaks	so	as	not	to	impact	on	the	identification	process.

Clashes	in	peak	positions	are	inevitable	when	dealing	with	this	type	of	data,	as	can	be	seen	in	Table	3.	Thus,	a	comprehensive	examination	of	the	whole	spectra	was	necessary.	It	was	found	that	the	ideal	2θ	range	for	the	major

peaks	of	interest	was	between	17°	to	and	21°,	Fig.	3,	and	includes	the	{011}	γʹ	peak	at	18.7°.	As	can	be	seen	in	Fig.	3,	the	resolution	of	the	SGIXD	data	was	sufficient	to	distinguish	between	the	peaks	of	interest	including	those	from	the

spinels.

Figure	Fig.	2	SGIXD	spectra	of	alloy	following	exposure	over	the	heating	rates	shown	in	the	legend,	labelled,	and	cooled	to	room	temperature,	including	the	spectrum	from	the	un-oxidised	specimen,	revealing	the	additional	peaks	formed	during	the	heating	stage,	identified	as

NiO/CoO	and	the	Co3O4/NiCo2O4	spinel.	Also,	circled	on	the	alloy	spectrum,	is	an	unidentified	peak	associated	with	the	alloy	and	present	in	all	traces.

alt-text:	Fig.	2

Figure	Fig.	3	SGIXD	spectra	over	the	2θ	range	17°	to	21°	of	specimens	following	exposure	over	the	heating	rates	shown	and	cooled	to	room	temperature,	including	the	spectrum	obtained	from	the	un-oxidised	alloy,	the	locations	for	the	dominant	peaks	for	the	oxides	of	interest	are



The	major	peak	positions	for	alumina	(Al2O3)	and	rutile	(TiO2),	oxides	known	to	form	on	this	alloy,	are	found	at	2θ	positions	of	18.6°	&	13.6°	and	14.56°	&	19.05°,	respectively.	Neither	of	these	phases	were	positively	identified	in

any	of	the	spectra	obtained	in	this	study.

The	intensities	of	the	peaks	associated	with	the	γ/γʹ	remained	relatively	constant	for	each	specimen,	Fig.	2.	In	Fig.	3	the	peak	at	2θ	of	18.7°	appears	larger	on	the	specimens	after	the	heating	stage	compared	to	the	unoxidised

specimen.	This	may	be	due	to	the	formation	of	NiCr2O4,	(013)	reflection	Table	3,	however,	there	clearly	is	not	a	peak	forming	associated	with	the	100%	(121)	reflection	at	19.1°.	Thus,	the	difference	in	peak	intensity	may	be	due	to

differences	in	alignment	of	the	specimens	in	the	path	of	the	X-ray	beam.	The	similarity	in	the	height	of	the	peak	at	18.7°,	present	in	the	specimens	following	the	heating	stage,	enables	comparisons	of	changes	in	the	relative	heights	of

the	other	peaks	present,	Fig.	3.	For	instance,	examination	of	the	NiO/CoO	peak	at	2θ	of	19.7°	showed	that	this	oxide	was	present	on	all	specimens	after	the	heating	stage	and	that	the	relative	height	increased	with	decreasing	heating

rates.	This	indicated	that	NiO/CoO	was	forming	on	the	surface	of	this	alloy	during	low	temperature	exposure	and	thus	the	relative	quantity	increased	with	the	increased	thermal	exposure	time	associated	with	the	slower	heating	rates.

The	Co3O4/NiCo2O4	peak,	at	a	2θ	of	19.3°,	showed	a	similar	trend	although	the	intensity	was	less	than	that	observed	for	NiO/CoO.	No	evidence	of	NiCr2O4	or	Cr2O3	formation	was	seen	during	the	heating	stage.

3.2	Effect	of	heating	rate	on	extended	thermal	exposure
A	series	of	spectra	obtained	from	specimens	exposed	to	650	°°C	for	increasing	time,	up	to	200	h200	hours,	at	selected	heating	rates	are	presented	in	Fig.	4,	(a)	the	fastest	heating	rate	of	∼100	°°C		min−1,	(b)	10	°°C		min−1,	(c)	5	°

°C		min−1	and	(d)	2	°°C		min−1.	In	each	case,	the	spectrum	obtained	from	the	un-oxidised	alloy	and	that	obtained	after	the	heating	stage	only,	shown	in	Fig.	3	and	labelled	here	as	0	h0	hours,	are	included.

shown.

alt-text:	Fig.	3



The	oxides	that	had	formed	were	the	same	in	all	cases,	however,	the	relative	intensities	of	the	major	peaks	associated	with	these	phases	varied	depending	on	heating	rate,	Fig.	5.	No	peaks	associated	with	Al2O3	or	TiO2	were

found	in	the	spectra.	Each	spectrum	was	from	an	individual	specimen	and	some	level	of	specimen-to-specimen	variation	was	expected.	However,	the	following	key	trends	were	observed:

1. NiO/CoO	formed	in	all	cases	during	the	heating	stage.	Following	the	fastest	heating	rate	and	at	40	°C		min−1	the	relative	intensity	of	the	NiO/CoO	{111}	peak	at	2θ = 19.7°	after	200	h200	hours	decreased,	when	compared	to	the	100	h	condition.	Following	the	heating

Figure	Fig.	4	SGIXD	spectra	for	specimens	exposed	to	increasing	time	at	650	°°C,	up	to	200	h200	hours,	following	the	heating	stage	which	were	at	rates	of	(a)	∼100	°°C		min−1,	(b)	10	°°C		min−1,	(c)	5	°°C		min−1	and	(d)	2	°°C		min−1,	showing	the	formation	of	a	number	of	oxides.

Spectra	of	the	un-oxidised	alloy	and	after	the	heating	stage	(labelled	as	0	h0	hours)	are	included.

alt-text:	Fig.	4



rates	of	5	to	20	°C		min−1	the	intensity	of	the	NiO/CoO	peak	remained	constant	relative	to	the	intensity	at	100	h100	hours.	However,	at	the	slowest	heating	rate	the	intensity	of	this	peak	increased	with	increasing	time	at	650	°C.

2. Co3O4/NiCo2O4	also	formed	during	the	heating	stage	in	all	cases.	It	appeared	to	decrease	between	100	to		and	200	h200	hours	exposure	following	the	fastest	heating	rate	and	40	°C		min−1.	It	increased	following	the	heating	rates	of	20	°C		min−1	but	the	intensities	of	the

peaks	remained	mostly	unchanged	following	the	10	and	5	°C		min−1	heating	rates	and	increased	after	the	2	°C		min−1	heating	rate.

3. NiCr2O4	formed	during	exposure	at	650	°°C	and	the	relative	intensities	of	the	relevant	peaks	varied	depending	on	the	heating	rate.

4. Cr2O3	formed	during	the	prolonged	exposure	at	650	°°C,	however,	it	was	not	possible	to	obtain	quantitative	measurements	of	increased	volume	fraction	with	increasing	time	at	temperature.

3.3	SEM	evaluation	of	the	surface	of	the	specimens.

Figure	Fig.	5	SGIXD	spectra	over	the	2θ	range	of	17°	to	21°	for	specimens	exposed	to	increasing	time	at	650	°°C,	up	to	200	h200	hours,	following	the	heating	stage	which	were	at	rates	of	(a)	∼100	°°C		min−1,	(b)	40	°°C		min−1,	(c)	20	°°C		min−1,	(d)	10	°°C		min−1,	(e)	5	°°C		min−1	and

(f)	2	°°C		min−1,	showing	changes	in	the	oxides	forming	with	increasing	time	at	temperature.	Spectra	of	the	un-oxidised	alloy	and	after	the	heating	stage	(labelled	as	0	h0	hours)	are	included.

alt-text:	Fig.	5



SEM	examination	of	the	surface	of	the	samples	after	the	controlled	heating	stage	showed	that	a	surface	oxide	had	formed.	The	thinnest	was	evident	in	the	ability	to	observe	surface	polishing	scratches	and	individual	alloy

grains,	Fig.	6	(a).	At	higher	magnification	a	patch-like	pattern	to	the	oxides	appeared	with	dark	or	light	contrast	features	of	approximately	0.2	µm	diameter,	Fig.	6	(b)	and	(c),	within	a	medium	contrast	surface	oxide.	The	light	contrast

features	were	precipitates	in	the	alloy,	rich	in	the	heavier	elements	present.	A	more	uniform	coverage	of	oxide	was	observed	on	the	specimens	experiencing	the	slowest	heating	rate	of	2	°°C		min−1,	Fig.	6	(d)	but	still	containing	the	light

contrast	phases.

Focused	Ion	Beam,	FIB,	milling	was	performed	on	selected	specimens	following	the	200	h200	hours	thermal	exposure,	Fig.	7.	This	revealed	differences	in	the	thicknesses	of	the	surface	oxides	formed.	At	the	heating	rate	of	20	°

°C		min−1,	Fig.	7	(a),	a	uniform	coverage	of	approximately	0.08	+/−-	0.01	µm	was	found,	determined	from	12	locations,	with	crystallites	distributed	across	the	surface.	A	planar	interface	between	the	oxide	and	the	alloy	was	observed.

The	200	h	exposure	following	the	heating	rate	of	5	°°C		min−1,	Fig.	7	(b),	showed	a	surface	oxide	of	between	1.0	+/−-	0.22	µm	with	a	serrated	outer	surface	and	a	planar	interface	with	the	alloy.	For	a	200	h200	hours	thermal	exposure

following	the	slowest	heating	rate,	2	°°C		min−1,	Fig.	7	(c),	a	surface	oxide	ranging	in	thickness	from	0.6	µm	at	emergent	grain	boundaries	to	1.5	+/−-	0.2	µm	over	the	remainder	of	the	grain	surface	had	formed.	On	close	examination	of

the	section	a	dual	layer	of	oxide	could	be	discerned,	distinguishable	due	to	the	slight	difference	in	contrast.	The	outer	surface	was	relatively	smooth	but	the	interface	with	the	alloy	shows	that	the	underlying	oxide	was	growing	into	the

alloy,	shown	in	the	change	of	profile	of	that	interface.	This	effect	was	clearly	noticeable	for	the	specimen	following	the	slow,	2	°°C		min−1,	heating	stage	followed	by	1000	h1000	hours	thermal	exposure	at	650	°°C,	Fig.	7	(d).	The	thin,

protective	oxide	formed	at	the	grain	boundaries	could	be	used	to	assess	the	direction	of	growth	of	each	layer	across	the	remainder	of	the	surface.	This	showed	that	the	outer	oxide	layer	was	outwardly	growing	while	the	inner	layer	was

growing	into	the	alloy.	Examination	using	EDS	analysis	of	the	elemental	profiles	formed	after	1000	h1000	hours	exposure,	Fig.	8,	revealed	compositionally	different	oxide	layers.	The	outer	layer	was	rich	in	nickel	and	cobalt,	 i.e.	the

NiO/CoO	phase,	and	the	inner	was	more	compositionally	complex	comprising	all	of	the	elements	within	the	alloy.	No	evidence	of	a	simple	Co3O4/NiCo2O4	spinel	was	found;	although	this	crystal	structure	was	found	using	SGIXD.	It	may

be	surmised	that	a	far	more	complex	chemistry	of	this	phase	is	forming.	The	profiles	into	the	alloy	showed	no	elemental	depletion	consistent	with	inwardly	growing	mixed	composition	oxides.

Figure	Fig.	6	SEM	images	of	surface	observations	of	selected	specimens	after	the	heating	stages	of	(a)	20	°°C		min−1,	(b)	fastest	∼100	°°C		min−1,	(c)	5	°°C		min−1	and	(d)	2	°°C		min−1,	showing	variability	in	contrast	of	surface	oxides	at	a	micrometre	scale,	surface	marks	from

polishing	and	differentiation	of	alloy	grains	due	to	oxide	growth	orientation	effects.
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3.4	Thermodynamic	considerations	of	oxide	formation
Fully	understanding	the	oxidation	processes	requires	consideration	of	the	thermodynamic	stability	of	the	candidate	oxides	formed.	Possible	oxidation	reactions	for	this	study	are	presented	below	and	include	reactions	resulting

Figure	Fig.	7	SEM	images	of	FIB	sections	taken	through	selected	specimens	after	a	total	of	200	h200	hours	exposure	following	heating	rates	of	(a)	20	°°C		min−1,	(b)	5	°°C		min−1,	and	(c)	2	°°C		min−1,	also	(d)	specimen	after	exposure	for	1000	h1000	hours	at	650	°°C	following	the	2	°

°C		min−1	heating	rates	and	prepared	by	mechanical	sectioning,	showing	differences	in	surface	oxide	thickness	and	profile	of	oxide/alloy	interfaces.

alt-text:	Fig.	7

Figure	Fig.	8	(a)	SEM	image	of	a	cross-section	through	the	specimen	exposed	to	650	°°C	for	1000	h1000	hours	following	the	heating	rate	of	2	°°C		min−1	with	(b)	EDS	profiles,	taken	from	the	site	indicated	above,	showing	the	compositional	differences	between	the	dual	surface	oxide

layer	and	no	development	of	a	depletion	profile	into	the	alloy.

alt-text:	Fig.	8



in	spinel	formation.	These	reactions,	normalised	to	1		mol	of	O2,	are;

Annotations:

A1. 	Remove	the	"#"	symbol	and	right	align	letter	(A)	

A2. 	Remove	the	"#"	symbol	and	right	align	letter	(B)	

A3. 	Remove	the	"#"	symbol	and	right	align	letter	(C*)	

A4. 	iNCLUDE	A	SPACE	BETWEEN	4/3	AND	Cr	

A5. 	Remove	the	"#"	symbol	and	right	align	letter	(D)	iNCLUDE	A	SPACE	BETWEEN	THE	1/4	AND	THE	O2	

A6. 	Remove	the	"#"	symbol	and	right	align	letter	(E)*	

A7. 	Remove	the	"#"	symbol	and	right	align	letter	(F)**	

A8. 	Remove	the	"#"	symbol	and	right	align	letter	(G)	

In	most	of	the	reactions	above,	the	pO2	can	be	fixed	for	a	gaseous	environment	of	air,	the	conditions	of	the	experiments.	For	some	reactions,	the	formation	of	the	oxide	relied	on	or	may	be	constrained	by,	the	formation	of	other

oxides.	Where	applicable	(i.e.,	C,	E	and	F)	adaptions	were	made	in	the	calculation	thus:-

• (Replace	bullet	point	with	a	"*".) The	formation	of	Cr2O3	was	considered	as	either	forming	on	the	exposed	surface	and	reliant	on	the	atmospheric	oxygen	partial	pressure,	denoted	in	this	paper	as	reaction	(Ca),	or	forming	underneath	an	already	formed	NiO	layer,	where

oxygen	partial	pressure	would	be	controlled	by	the	NiO	dissociation	pressure,	denoted	as	reaction	(Cd).	Similarly,	for	the	spinel	formation	in	reaction	(E).	(Ea)	used	a	pO2	value	for	the	reactions	leading	to	the	formation	of	the	spinel	as	atmospheric	oxygen	and	(Ed)	as	a

result	of	a	solid	state	reaction	between	NiO	and	Cr2O3	formed	via	(Cd)

• (Replace	bullet	point	with	"**".) For	reaction	F	it	is	assumed	that	the	spinel	forms	by	a	reaction	between	NiO,	elemental	Cr	and	gaseous	O2;	it	was	assumed	that	this	reaction	occurred	at	the	base	of	the	NiO	layer	and	that	the	oxygen	partial	pressure	at	this	site	would	be

controlled	by	the	NiO	dissociation	pressure.

An	additional	reaction	route	resulting	in	the	formation	of	the	spinel,	NiCr2O4,	from	the	individual	elements	has	been	identified:-

Annotations:

A1. 	Remove	the	"#"	symbol	and	right	align	letter	(H)	

However,	it	is	generally	accepted	that	the	formation	route	of	NiCr2O4	is	via	the	solid	state	reaction	involving	NiO	with	either	Cr2O3	or	Cr	from	the	alloy,	Reactions	E,	F	or	G.	The	evidence	obtained	in	this	investigation	from	the

SGIXD	showed	the	early	formation	of	NiO/CoO	and	thus	the	reaction	shown	in	H	is	unlikely	to	be	occurring	and	will	be	excluded	from	further	discussion	here.

The	 thermodynamic	 favourability	 of	 all	 these	 reactions	 has	 been	 evaluated	using	 a	 standard	 thermodynamic	 approach	where	 the	 standard	Gibbs	 free	 energy	 of	 reaction,	 at	 a	 given	 temperature,	T,	 is	 calculated	 for	 pure

substances	by:
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where	 is	the	standard	Gibbs	free	energy	of	reaction	at	a	given	temperature,	T,	for	pure	elements	and	 is	the	standard	Gibbs	free	energy	of	formation	for	the	products	and	reactants,	at	temperature,	T,	based	on:

where	 and	 are	the	standard	enthalpies	and	entropies	of	formation,	respectively.

In	the	case	of	alloys,	where	elements	do	not	exist	in	their	standard	states	the	thermodynamic	activities	of	elements	cease	to	be	unity,	and	thus:

where	 the	 standard	 Gibbs	 free	 energy	 change	 of	 reaction	 is	 adjusted	 to	 give	 the	 Gibbs	 free	 energy	 change,	 ΔGr,	 T,	 by	 the	 molar	 gas	 constant,	 R,	 temperature,	 T,	 and	 the	 equilibrium	 constant,	 K,	 which	 for	 the	 reaction	

is	given	as:

where	ai	is	the	thermodynamic	activity	of	component,	i,	which	for	a	pure	substance	is	unity	and	for	a	gaseous	species	is	equal	to	the	partial	pressure	of	that	species.

Annotations:

A1. 	Insert	space	between	2x/y	and	M	and	also	between	2/y	and	MxOy	

A2. 	In	proof	the	superscript	fractions	look	too	large.	

The	Gibbs	free	energies	for	each	reaction	A	to	G,	were	calculated	using	standard	thermodynamic	data,	Table	4,	[47,48]	and	temperature-dependent	thermodynamic	activities	calculated	for	this	alloy	using	Thermo-Calc	and	the

TCNI8	database,	Table	5.	Reactions	for	Cd	and	Ed	use	the	pO2	value	in	equilibrium	with	the	dissociation	pressure	of	NiO,	Table	6.

Table	4	Free	energies	for	the	relevant	elements	and	oxides,	[47,48].

alt-text:	Table	4

T	(K) (kJ		mol−-1)

Ni NiO Cr Cr2O3 Co CoO Co3O4 NiCr2O4 O2

300 −8.96 −252.00 −7.13 −1154.03 −9.01 −254.78 −935.75 −1277.28 −61.51

400 −12.37 −256.53 −9.88 −1163.84 −12.41 −260.91 −948.05 −1244.08 −82.48

500 −16.49 −262.38 −13.25 −1176.50 −16.48 −268.36 −963.92 −1210.88 −104.22

600 −21.21 −269.45 −17.15 −1191.52 −21.12 −276.88 −982.91 −1177.68 −126.60

700 −26.49 −277.41 −21.51 −1208.56 −26.26 −286.31 −1004.66 −1144.48 −149.51

800 −32.24 −286.13 −26.28 −1227.36 −31.91 −296.51 −1028.90 −1111.28 −172.88

900 −38.38 −295.52 −31.42 −1247.71 −37.97 −307.42 −1055.42 −1078.08 −196.67

1000 −44.89 −305.51 −36.92 −1269.46 −44.43 −318.94 −1084.07 −1044.88 −220.83

1100 −51.73 −316.06 −42.74 −1292.48 −51.25 −331.04 Unstable −1011.68 −245.33

Table	5	Thermodynamic	activities	[49]	based	on	composition	of	alloy	and	pO2	values	at	equilibrium	with	NiO	formation.
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alt-text:	Table	5

T	(K) Thermodynamic	activity,	a

Ni Cr Co

300 0.01046 0.05900 0.01032

400 0.01022 0.04635 0.01026

500 0.00744 0.03125 0.00969

600 0.00464 0.01930 0.00888

700 0.00326 0.01408 0.00557

800 0.00246 0.01006 0.00344

900 0.00181 0.00774 0.00223

1000 0.00134 0.00609 0.00147

1100 0.00099 0.00498 0.00096

Table	6	Calculated	pO2	values	at	equilibrium	with	NiO	formation.

alt-text:	Table	6

T	(K) Equilibrium	pO2	at	Alloyalloy/NiO	interface

300 (The	temperatures	in	this	column	appear	as	bold	and	need	to	be	normal	emphasis.) 1.08	08	×	×	10−70

400 9.59	59	×	×	10−50

500 5.87	87	×	×	10−37

600 2.92	92	×	×	10−28

700 4.81	81	×	×	10−22

800 2.25	25	×	×	10−17

900 1.13	13	×	×	10−13

1000 1.13	13	×	×	10−10

1100 3.61	61	×	×	10−08

The	calculated	Gibbs	free	energy	change	for	the	reactions	A	to	G	are	presented	in	Fig.	9.	This	shows	the	relative	stabilities	of	each	potential	oxide	when	equilibrium	is	reached	and	demonstrates	the	effect	of	changing	the	pO2	to

accommodate	the	reaction	path	to	the	final	oxide	state	for	Cr2O3	and	NiCr2O4,	reactions	C	and	E,	respectively.



The	approach	taken	to	determine	the	free	energy	of	formation	of	each	of	the	reactions	given,	and	plotted	in	Fig.	9,	demonstrated	the	effect	of	pO2	on	the	thermodynamic	stability	of	the	reactions	A	to	G.	The	thermodynamic

favourability	of	Reaction	Ca	changes	significantly	when	Cr2O3	forms	at	the	interface	of	NiO	and	the	alloy,	bringing	it	closer	to	that	of	the	spinel	reaction	G.	Conversely,	for	Reaction	E,	formed	under	the	lower	pO2	conditions	at	the	same

interface,	this	spinel	reaction	becomes	more	stable.	The	calculations	shows	that	at	650	°°C	there	are	a	number	of	reactions	of	similar	stability	that	could	form	from	this	alloy	where	a	NiO	has	formed	on	the	surface.

Oxides	of	aluminium	and	titanium	are	also	expected	to	form	in	this	alloy	system:-

Annotations:

A1. 	Remove	"#"	symbol	and	right	align	the	(I)	and	insert	space	between	4/3	and	Al.	

A2. 	Remove	"#"	and	right	align	(J).	

The	calculated	values	of	ΔGr,T	for	Al2O3	at	650	°°C	(923	K)	were:	−720		kJ•	mol−1	in	atmospheric	air,	−510		kJ•	mol−1	in	equilibrium	with	NiO,	and	−190		kJ•	mol−1	in	equilibrium	with	Cr2O3.	For	TiO2	a	value	of	−650		kJ•	mol−1	was

calculated	using	atmospheric	oxygen	as	this	phase	formed	at	the	outer	surface.	Neither	of	these	oxides	were	detected	in	this	study,	possibly	due	to	the	low	volume	fractions	formed	or,	as	in	the	case	of	Al2O3,	the	site	of	formation,	i.e.,

internally.

It	is	important	to	note	that	the	calculated	Gibbs	free	energy	values	are	based	on	thermodynamic	data	for	the	formation	of	pure	oxides.	There	are	likely	to	be	minor	variations	in	these	values	as	oxides	formed	in	an	alloy	system

Figure	Fig.	9	Plots	of	free	energies	of	reaction	against	temperature	for	reactions	A	to	G.	Reactions	for	binary	oxides	are	shown	as	solid	lines	and	those	for	NiCr2O4	are	dashed	lines.	The	trends	can	be	used	to	identify	the	relative	stability	of	each	reaction,	where	only	those	with	a

negative	free	energy	of	formation	are	possible.	.

alt-text:	Fig.	9
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are	rarely	pure	and	stoichiometric,	where	the	actual	free	energies	of	formation	and	activities	of	the	oxide	phases	will	reflect	this.	However,	the	approach	taken,	in	assuming	unity	for	the	oxide	formed	and	accounting	for	the	effect	on

activities	of	elements	from	the	alloy	and	the	influence	of	differing	pO2,	demonstrates	the	principle	effects	on	the	stability	of	the	oxides	formed	under	equilibrium	conditions.

4	Discussion
This	study	provides	clear	evidence	that	the	oxidation	process	begins	during	the	heating	stage	and	the	subsequent	long	exposure	is	influenced	by	the	heating	rate.	The	SGIXD	spectra	showed	the	formation	of	NiO/CoO	and

Co3O4/NiCo2O4	across	all	specimens	independent	of	heating	rate,	Figs.	2	and	3.	The	relative	concentrations,	based	on	the	intensity	of	the	major	peaks,	increased	with	decreasing	heating	rate,	i.e.	increased	thermal	exposure	at	lower

temperatures.	Exact	concentration	values	for	the	oxides	formed	could	not	be	determined	as	the	data	was	not	collected	from	a	standardised	interaction	volume.	However,	qualitative	comparisons	could	be	made	based	on	intensities,

providing	an	unambiguous	method	to	track	previously	unobserved	oxide	reaction	sequences	and	oxide	development.

The	 processes	 of	 oxide	 formation	 observed	 during	 the	 heating	 stage	were	 transient	 and	 did	 not	 follow	 the	 predictions	 based	 on	 thermodynamic	 calculations,	 of	 the	 type	 presented	 in	 Fig.	8. (This	 should	 be	 Fig.	 9.)	Under

equilibrium	conditions	Cr2O3	would	be	the	expected	preferentially	formed	oxide	on	this	alloy,	following	reaction	Ca.	However,	no	peaks	associated	with	Cr2O3	were	seen	to	form	during	the	heating	stage,	Fig.	3.	This	was	in	agreement

with	studies	on	 the	early	stages	of	oxidation	on	binary	alloys	where	 it	was	shown	that	 the	 first	oxides	 formed	were	nickel,	nucleated	as	 islands	distributed	across	 the	surface	of	 the	specimen	 [4–7].	 It	has	also	been	shown	that	a

metastable	chromium-oxygen	phase	formed	on	the	surface	of	binary	alloys,	surrounding	the	NiO	islands	[5–9].	Examination	of	the	surface	of	the	specimens	after	the	heating	stage,	Fig.	6,	showed	dark	contrast	islands	within	lighter

contrast	oxides;	indicating	a	change	in	composition	of	the	two	sites	perhaps	as	a	result	of	island	formation.	The	reduction	in	the	number	of	dark	contrast	features	at	the	slowest	heating	rates	may	have	been	due	to	the	faster	outward

and	lateral	growth	of	some	of	the	oxides	which	grew	over	the	slower	growing	oxides	[7,29,50].

Early	formation	of	Cr2O3	at	emergent	grain	boundaries	is	also	known	to	occur	where	these	fast	paths	promote	diffusion	of	chromium	to	the	surface,	as	shown	in	ref	Ref.	[31].	However,	the	slow	growth	of	this	oxide	[50]	and	the

quantities	formed	at	grain	boundaries,	during	the	heating	stage,	would	be	too	small	to	detect	using	this	technique.	The	data	obtained	from	the	SGIXD	has	clearly	shown	that	less	thermodynamically	stable	oxides	formed	across	the

surface	of	the	alloy	in	sufficient	quantities	to	be	detected	and	thus	demonstrates	the	importance	of	the	kinetics	of	this	growth	in	the	establishment	of	the	surface	oxide.

During	the	fastest	two	heating	stages	it	can	be	envisaged	that	the	thinnest	oxide	coverage	was	achieved,	Fig.	7.	The	SGIXD	spectra	showed	that	once	at	650	°°C	the	more	thermodynamically	stable	oxides	of	Cr2O3	and	NiCr2O4,

potentially	following	reactions	Ca,	Cd	and	G,	developed	with	a	reduction	in	NiO/CoO	and	Co3O4/NiCo2O4.	This	replicates	the	oxidation	behaviour	previously	reported	for	this	alloy	[12]	and	follows	the	models	proposed	for	this	alloy	type

[10,23,29,30,51]	with	the	more	stable	Cr2O3	spreading	laterally	from,	for	instance,	emergent	grain	boundaries,	to	eventually	form	a	continuous	layer,	thus	restricting	the	supply	of	Ni	and	Co	to	the	outer	surface	and	slowing	further

growth,	shown	schematically	in	Fig.	10(a).	In	this	study,	the	location	of	the	Cr2O3	peaks	corresponds	to	the	location	for	an	undoped,	pure	form	of	the	crystal.	Doping	with	titanium,	for	example,	is	known	to	shift	peaks	[52].	Thus,	it	may

be	surmised	that	doping	of	Cr2O3	by	titanium,	reported	to	occur	in	this	and	similar	alloys	[33,53]	does	not	occur	within	the	first	few	hundred	hours	at	650	°°C.	It	is	inferred	that	SGIXD	can	potentially	detect	the	onset	of	doping-related

lattice	parameter	changes	and	could	complement	other	work	on	the	role	of	Ti	and	other	elements	in	such	alloys	[54].

Figure	Fig.	10	Series	of	schematic	diagrams	describing	the	formation	of	oxides	on	the	nickel-based	superalloy,	RR1000,	resulting	from	the	following	heating	rates:	(a)	fast	heating	rate	>40	°°C		min−1,	(b)	5	°°C		min−1	and	(c)	2	°°C		min−1.	Location	of	a	grain

boundary	is	indicated	by	a	dashed	line,	these	are	paths	of	faster	diffusion	of	elements	from	the	bulk	to	the	surface,	e.g.	chromium	to	form	Cr2O3.	.

alt-text:	Fig.	10



At	the	heating	rates	of	20	and	10	°°C	min−1	the	SGIXD	data	showed	significant	growth	of	the	NiO/CoO	and	Co3O4/NiCo2O4	during	exposure	at	650	°°C	for	up	to	200	h200	hours,	Fig.	5.	Cr2O3	and	NiCr2O4	were	also	shown	to	form

but	the	quantities	of	the	former	oxides	continued	to	dominate.	This	implies	that	a	significant	proportion	of	the	surface	of	the	specimens	was	covered	by	less	protective	oxides,	preventing	the	establishment	of	the	more	protective	Cr2O3

via	reaction	Ca,	Fig.	8 (Replace	with	Fig.	9.).	Instead,	this	reaction	becomes	less	thermodynamically	stable,	see	reaction	Cd	where	the	pO2	is	in	equilibrium	with	the	overlying	NiO.	As	further	information	is	needed	no	schematic	has	been

include	in	Fig.	10.

The	SGIXD	data	did	provide	insight	into	the	oxide	formation	sequence	following	the	5	°°C	min−1	heating	rate,	Figs.	3	and	5,	i.e.	the	surprising	formation	of	a	dominant,	protective	surface	oxide	of	NiCr2O4	which	initiated	this

systematic	investigation	[33].	SGIXD	spectra,	Fig.	5,	showed	the	formation	of	the	NiCr2O4	phase	within	the	first	100	h	exposure	at	650	°°C.	NiO/CoO	and	Co3O4/NiCo2O4	also	continued	to	form	but	remained	constant	after	a	further	100

h100	hours	exposure.	It	is	proposed	that	NiCr2O4	dominates	due	to	the	number	of	available	reaction	paths	that	leads	to	its	formation.	In	Fig.	8 (Replace	with	Fig.	9.)	Reactions	E,	F	and	G	all	lead	to	NiCr2O4	formation	with	Reaction	G

being	thermodynamically	equivalent	to	Reaction	Cd.	A	schematic	of	this	path	is	given	in	Fig.	10(b)	and	additional	testing	will	be	required	to	assess	at	what	time	the	NiCr2O4	becomes	the	dominant	oxide.

The	highly	beneficial	effect	observed	following	the	heating	rate	of	5	°°C		min−1	contrasted	with	the	devastating	finding	at	2	°°C		min−1.	SGIXD	showed	the	continued	growth	of	the	NiO/CoO	and	NiCo2O4/Co3O4	phases	during

exposure	at	650	°°C,	Fig.	5.	FIB	sectioning	showed	the	development	of	a	dual	oxide	layer	with	an	outwardly	growing	oxide	underlaid	by	an	inwardly	growing	layer;	EDS	analysis	revealed	the	difference	in	the	compositions	of	the	two

layers	and	showed	no	elemental	depletion	of	the	underlying	alloy.	This	dual	layer	formation	and	change	in	profile	of	the	oxide	alloy	interface	was	not	seen	at	faster	heating	rates.	The	effect	of	the	inwardly	growing	oxide	was	evident	in

the	FIB	cross-section	by	a	loss	of	the	flat	profile,	which	can	be	seen	in	Fig.	7(c)	and	this	effect	was	made	clearer	after	1000	h1000	hours	exposure,	Fig.	7(d).	Here	the	role	of	emergent	grain	boundaries	as	sites	for	the	formation	of	a

protective	surface	layer	of	Cr2O3,	can	be	seen.	These	can	be	used	to	locate	the	position	of	the	original	surface	of	the	specimen	thus	emphasising	the	extent	of	the	inward	and	outward	growth	across	the	remainder	of	the	surface.	Further

analysis	of	the	two	oxides	is	ongoing	but	the	chemistries	are	complex	with	the	outer	oxide	containing	Ni	and	Co	oxides	and	the	inner	consisting	of	oxides	comprising	all	elements	of	the	alloy.	The	development	of	oxides	resulting	from	a

slow	heating	rate	are	shown	schematically	in	Fig.	10(c).

A	 study	performed	on	 the	binary	 system	Ni-–20Cr	using	a	heating	 rate	of	5	K	min−1,	[30],	 showed	 some	 similarities	 to	 the	 findings	 here	 at	 the	 lower	 temperatures	 used	 in	 that	 study,	 i.e.	 500	 and	 600	 °°C.	Cr2O3	 formed

preferentially	at	emergent	grain	boundaries	and	also	as	discontinuous	particles	across	the	surface,	underneath	a	growing	NiO	layer.	Eventually,	after	approximately	2	h2	hours	at	600	°°C,	a	continuous	layer	of	mixed	oxides,	including

Cr2O3	 and	NiCr2O4,	 formed	 across	 the	 surface	 underneath	 the	 NiO.	 It	 was	 stated	 there	 that	 this	 This	 demonstrated	 that	 the	 chromium	 content	 was	 not	 sufficient	 to	 form	 a	 surface	 Cr2O3	 except	 at	 grain	 boundaries,	 at	 these

temperatures.	At	higher	temperatures	in	that	study,	i.e.	700	to	900	°°C,	a	more	continuous	inwardly	growing	layer	of	NiCr2O4	was	reported.	This	was	not	considered	protective	but	appeared	to	be	similar	to	the	behaviour	seen	in	this

study	by	the	specimens	experiencing	the	2	°°C	min−1	heating	rate,	i.e.	protective	oxidation	at	the	emergent	grain	boundaries	with	significant	inward	and	outward	growth	of	a	spinel	and	NiO,	respectively,	across	the	remainder	of	the

surface.	The	permeability	of	oxygen	into	the	alloy	was	observed	at	600	°°C	with	the	formation	of	internal	precipitates	of	Cr2O3	but	not	at	500	°°C	indicating	the	influence	of	temperature	on	this	parameter.	The	differences	in	the	finding

between	this	study	and	that	reported	by	Calvarin	et	al.	[30]	may	be	attributed	to	the	role	of	alloying	elements,	affecting	parameters	such	as	the	permeability	of	oxygen	in	the	alloy	or	the	stability	of	the	oxide	phases	formed.

The	 focus	of	 this	 investigation	was	 to	 study	 the	effect	of	heating	 rate	on	 the	oxide	 sequences	up	 to	200	h200	hours	 exposure	at	650	 °°C	using	SGIXD.	 The	 intriguing	 heating	 rate	 dependent	 oxide	 reaction	 sequences	 are

summarised	schematically	in	Fig.	9.	Further	testing	is	needed	in	some	areas	but	the	evidence	does	provide	new	insights	into	the	development	of	a	protective	NiCr2O4	layer	following	a	heating	rate	of	5	°C	min−1.	The	formation	of	the

spinel	is	known	to	occur	in	the	nickel-based	alloy	system	but	usually	the	layer	is	discontinuous	or	particulate	in	nature	[19,20,22–24,29–31].	An	explanation	for	the	persistence	of	so	complete	a	NiCr2O4	layer	across	the	surface	of	the

specimens	may	be	due	to	the	number	of	possible	thermodynamically	favourable	reaction	routes	available,	Fig.	9.	The	influence	of	other	alloying	elements	on	the	stability	of	the	oxide	also	needs	also	to	be	considered,	e.g.	molybdenum

has	been	shown	to	stabilise	this	oxide	on	simple	nickel	alloys	[9]	and	is	present	in	the	current	alloy,	Table	1.

Another	effect	on	the	development	of	a	continuous	surface	layer	may	be	the	retention	of	a	flat	interface	between	the	oxide	and	the	alloy,	Fig.	7(b).	The	retention	of	a	planar	interface	up	to	4000	h4000	hours	at	650	°°C	was

demonstrated	in	ref	Ref.	[33].	This	may	be	key	to	the	endurance	of	the	NiCr2O4	layer.	At	higher	temperatures	the	interface	of	this	alloy	loses	its	original	planar	topography	[12,16],	possibly	a	consequence	of	the	internal	oxidation	of

aluminium	and	associated	depletion	of	the	γʹ	precipitate	phase.	Work	is	ongoing	to	investigate	whether	the	same	beneficial	effect	of	using	a	5	°°C		min−1	heating	rate	is	observed	at	higher	temperatures	but	early	tests	suggest	it	is	not

the	case.

SGIXD	has	been	successfully	used	in	this	study	to	track	the	reaction	paths	in	oxide	formation.	The	results	showed	that	there	was	a	zone	of	heating	rates	around	the	5	°°C		min−1,	during	which	the	right	amount	of	oxide	formed

to	provide	the	precursor	to	the	formation	of	a	continuous	surface	layer	of	NiCr2O4	on	exposure	at	650	°°C.	Whilst	further	testing	will	refine	the	findings,	the	use	of	SGIXD	has	provided	new	information	on	phase	constituents	of	the	thin

oxide	films	formed	and	also	the	associated	role	of	heating	rate.

5	Conclusions



Synchrotron	GIXRD	has	been	successfully	used	to	track	the	oxide	formation	occurring	during	the	heating	stage	and	subsequent	transient	oxidation	stage	with	the	following	findings:

• NiO/CoO	and	Co3O4/NiCo2O4	formed	during	all	the	heating	stages	investigated.

• At	the	fastest	heating	rates	used	Cr2O3	formation	was	able	to	dominate	the	oxidation	reactions	within	the	first	100	h100	hours	at	650	°°C,	following	the	oxidation	behaviour	already	established	for	this	alloy	type.

• Over	the	range	20	to	10	°°C	 	min−1	the	oxidation	behaviour	diverged	from	that	expected	with	the	continued	formation	of	NiO/CoO	and	Co3O4/NiCo2O4	oxides.	Further	testing	has	been	proposed	to	assess	whether	a	protective	layer	of	Cr2O3

eventually	forms	and	dominates	beyond	the	200	h200	hours	thermal	exposure.

• At	the	slowest	heating	rate	of	2	°°C		min−1	a	non-protective	surface	layer	formed,	consisting	of	a	dual	layer	of	an	outwardly	growing	NiO/CoO	underlaid	by	an	inwardly	growing	mixed	oxide.

• The	results	showed	that	there	is	a	zone	within	the	heating	rates	investigated,	at	∼5	°°C		min−1,	where	just	the	right	amount	of	precursor	oxide	formed	during	the	heating	stage	to	aid	the	development	of	a	continuous	surface	layer	of	NiCr2O4.	A

number	of	factors	are	proposed	to	aid	in	this	behaviour,	e.g.,	numerous	reaction	routes	available	leading	to	the	formation	of	NiCr2O4	and	the	maintenance	of	a	planar	surface.

Further	testing	is	envisaged	where	the	ability	of	SGIXD	to	resolve	spectra	from	thin	surface	oxide	films	is	expected	to	provide	the	insight	required	for	greater	understanding.
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