
HAL Id: hal-02947955
https://hal.science/hal-02947955

Submitted on 24 Sep 2020

HAL is a multi-disciplinary open access
archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.

L’archive ouverte pluridisciplinaire HAL, est
destinée au dépôt et à la diffusion de documents
scientifiques de niveau recherche, publiés ou non,
émanant des établissements d’enseignement et de
recherche français ou étrangers, des laboratoires
publics ou privés.

Microstructure evolution and thermal stability of
equiatomic CoCrFeNi films on (0001) alpha-Al2O3

Younès Addab, Maya K Kini, Blandine Courtois, Alan Savan, Alfred Ludwig,
Nathalie Bozzolo, Christina Scheu, Gerhard Dehm, Dominique Chatain

To cite this version:
Younès Addab, Maya K Kini, Blandine Courtois, Alan Savan, Alfred Ludwig, et al.. Microstructure
evolution and thermal stability of equiatomic CoCrFeNi films on (0001) alpha-Al2O3. Acta Materialia,
2020, 200, pp.908-921. �10.1016/j.actamat.2020.09.064�. �hal-02947955�

https://hal.science/hal-02947955
https://hal.archives-ouvertes.fr


1	
	

Microstructure	evolution	and	thermal	stability	of	equiatomic	CoCrFeNi	films	on	
(0001)	a-Al2O3		

	
Younès	ADDAB1,	Maya	K.	KINI2,	Blandine	COURTOIS1,	Alan	SAVAN3,	Alfred	LUDWIG3,	Nathalie	

BOZZOLO4,	Christina	SCHEU2,	Gerhard	DEHM2,	Dominique	CHATAIN1*	

	
1	Aix-Marseille	Univ,	CNRS,	CINAM,	Marseille,	France	

2	Max-Planck-Institut	für	Eisenforschung	GmbH,	D-40237	Düsseldorf,	Germany	
3	Chair	for	Materials	Discovery	and	Interfaces,	Institute	for	Materials,	Faculty	for	Mechanical	

Engineering,	Ruhr	University	Bochum,	D-44801	Bochum,	Germany	
4	MINES	ParisTech,	PSL	-	Research	University,	CEMEF	–	Centre	de	Mise	en	Forme	des	Matériaux,	CNRS	

UMR	7635,	06904	Sophia	Antipolis	Cedex,	France	
	
*	Corresponding	author	
	
	
Abstract	
	
Homogeneous	 face-centered	 cubic	 (fcc)	 polycrystalline	 CoCrFeNi	 films	 were	 deposited	 at	 room	
temperature	on	(0001)	a-Al2O3	(c-sapphire).	Phase	and	morphological	stability	of	200	to	670	nm	thick	
films	were	investigated	between	973	K	and	1423	K.		
The	fcc-phase	persists	while	the	original	<111>	texture	of	30-100	nm	wide	columnar	grains	evolves	into	
~10	or	~1000	µm	wide	grains	upon	annealing.	Only	the	metallic	M	grains	having	two	specific	orientation	
relationships	(ORs)	to	the	c-sapphire	grow.	These	ORs	are	OR1	(M(111)[110]//a-Al2O3(0001)[1100])	and	
OR2	 (M(111)[110]//a-Al2O3(0001)[1120])	and	 their	 twin-related	 variants	 (OR1t	 and	 OR2t).	 They	 are	
identical	to	those	reported	for	several	pure	fcc	metal	 (M)	films.	Thus,	the	ORs	 in	these	fcc/c-sapphire	
systems	 appear	 not	 to	 be	 controlled	 by	 the	 fcc	 phase	 chemistry	 or	 its	 lattice	 parameter	 as	 usually	
assumed	in	literature.		
Upon	annealing,	the	films	either	retain	their	integrity	or	break-up	depending	on	the	competing	kinetics	
of	grain	growth	and	grain	boundary	grooving.	Triple	junctions	of	the	grain	boundaries,	the	major	actors	
in	film	stability,	were	tracked.	Thinner	films	and	higher	temperatures	favor	film	break-up	by	dewetting	
from	 the	 holes	 grooved	 at	 the	 triple	 junctions	 down	 to	 the	 substrate.	 Below	 1000	 K,	 the	 film	
microstructure	stabilizes	into	10	µm	wide	OR1	and	OR1t	twin	grains	independent	of	film	thickness.	Above	
1000	K,	the	OR2	and	OR2t	grains	expand	to	sizes	exceeding	more	than	a	1000	times	the	film	thickness.	
The	grain	boundaries	of	the	OR2	and	OR2t	grains	migrate	fast	enough	to	overcome	the	nucleation	of	
holes	from	which	break-up	could	initiate.	The	growth	of	the	OR2	and	OR2t	grains	in	this	complex	alloy	is	
faster	than	in	pure	fcc	metals	at	equivalent	homologous	annealing	temperatures.	
	
Keywords:	thin	film,	HEA,	grain	growth,	orientation	relationship,	giant	grains.	
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1.	Introduction	
	 First	studies	of	multi-principal-element	alloys	(MPEAs),	earlier	referred	to	as	"high	entropy	alloys"	
(HEAs),	were	published	in	2004	[1-3].	At	that	time,	HEAs	were	defined	as	containing	at	least	5	components	
with	a	configurational	entropy	larger	than	1.5R.	However	today,	HEAs	include	materials	with	as	few	as	3	
principal	elements	[4].	These	alloys	are	complex	solid	solutions	in	which	the	different	components	occupy	
the	available	lattice	sites	with	the	same	probability	[5,6].	This	new	class	of	materials	 is	widely	studied	
owing	 to	 their	 promising	 physical	 properties	 with	 potential	 applications	 [7-10],	 and	 the	 need	 to	
understand	their	formation,	their	stability	and	the	origin	of	their	unusual	properties.	The	stability	of	the	
single-phase	multicomponent	 alloys	 was	 originally	 supposed	 to	 be	 related	 to	 a	 large	 configurational	
entropy	[11].	Nowadays,	intrinsic	properties	other	than	entropy,	are	considered	to	explain	such	stability	
[12-15].	This	is	supported	by	the	recent	measurement	of	the	excess	entropy	of	the	CoCrFeNi	alloy	which	
is	zero	above	300	K	while	having	a	high	maximum	at	100	K	[16].	
	 This	paper	focuses	on	the	equiatomic	CoCrFeNi	alloy.	Above	873	K,	it	has	a	face-centered	cubic	
(fcc)	structure	as	shown	both	experimentally	[6,17-21]	and	by	numerical	and	first	principle	calculations	
of	phase	diagrams	[21-25].	The	fcc	CoCrFeNi	remains	stable	after	annealing	treatments	up	to	1373	K,	as	
shown	 in	 [18]	 (1	h	at	1273	K)	and	 in	 [20]	 (1	h	at	1373	K).	The	calculated	melting	temperature	 (Tm)	of	
CoCrFeNi	is	1707	K	[26],	consistent	with	the	measured	value	of	1717	K	[27].	Below	630	K,	the	s-phase	is	
stable	 [21]	 but	 there	 is	 a	 lack	 of	 reliable	 data	 on	 phase	 equilibrium	 below	 600	 K.	 Calculated	 phase	
diagrams	report	that	when	Cr	exceeds	25%,	a	Cr-rich	s-phase	precipitates	[15,21].	
 The	present	work	is	dedicated	to	thin	films	of	this	specific	quaternary	MPEA	deposited	on	single-
crystalline	substrates.	Thin	films	provide	a	unique	opportunity	to	control	the	homogeneity	of	complex	
alloys,	which	in	turn	facilitates	the	study	of	their	phase	stability.	On	the	other	hand,	the	use	of	single-
crystal	oxide	substrate	enables	the	microstructure	of	the	film	to	be	controlled.	It	is	therefore	easier	to	
understand	some	of	the	properties	of	this	new	category	of	alloys	in	thin	films	than	in	bulk	materials	which	
have	a	complex	microstructure	and	are	more	 likely	to	 lack	homogeneity.	Also,	thin	films	facilitate	the	
studies	 of	 MPEA/HEA	 thermodynamic	 stability	 since	 their	 defects	 like	 surfaces,	 interfaces	 and	 grain	
boundaries,	which	enhance	the	kinetics	and	nucleation	of	phase	transformation	as	shown	in	[28]	for	the	
bulk	Cantor	alloy	(CrCoFeMnNi),	are	easier	to	track.	
	 Different	techniques	can	be	used	to	prepare	metallic	alloy	thin	films,	such	as	sputter	deposition	
[29,30],	pulsed	laser	deposition	[31],	thermal	spraying	[32],	electrodeposition	[33],	among	others.	The	
reviews	published	on	MPEA/HEA	films	contain	discussions	of	preparation	methods,	composition	design,	
properties	 and	 potential	 applications	 [34,35].	 In	 the	 present	 work,	 thin	 films	 were	 prepared	 by	
magnetron	sputtering,	a	technique	which	has	been	successfully	used	for	rapid	atomic-scale	investigations	
of	the	phase	evolution	of	MPEA/HEA	films,	i.e.,	stability	against	decomposition	into	competing	phases	
[36-39]	and	oxidation	[40].	
	 The	morphological	 integrity	 of	 annealed	 thin	 solid	 films	 is	 a	 complex	 issue.	 For	 a	 given	 film	
composition,	morphology	may	change	depending	on	several	parameters	such	as	substrate	preparation,	
annealing	time,	heating	temperature,	porosity	and	film	thickness.	Several	studies	on	polymer	[41-43]	and	
pure	and	alloyed	metallic	[44-46]	polycrystalline	films	have	shown	that	the	thinner	the	film,	the	lower	
the	 temperature	 at	 which	 break-up	 takes	 place.	 Polycrystalline	 metallic	 films	 on	 oxides	 are	 usually	
unstable	under	annealing,	and	break-up	[47]	well-below	the	melting	point	of	the	film.	This	phenomenon	
which	has	been	reviewed	by	Thompson	 [47],	happens	when	atomic	displacements	are	activated	 (e.g.	
surface	 diffusion);	 it	 is	 driven	by	 the	minimization	of	 all	 interfacial	 areas	 under	 the	 constraint	 of	 the	
equilibrium	of	the	capillary	forces	at	all	junctions	of	three	interfaces	like	the	T-junctions	formed	by	the	
grain	 boundaries	merging	 at	 the	 film	 surface.	 The	main	 stages	 of	 break-up	 are	 hole	 nucleation,	 hole	
growth,	hole	percolation	and	dewetting	into	islands.	Holes	form	either	by	grooving	at	grain	boundaries	
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and	their	triple	junctions	from	the	free	surface	towards	the	interface	with	the	substrate,	or	by	nucleation	
of	voids	at	the	interface	which	grow	towards	the	free	surface	[47-50].	Grooving	is	the	most	critical	process	
in	film	break	up.	However,	grain	growth	stabilizes	the	film	morphology	by	eliminating	grain	boundaries	
and	triple	junctions.	Thus,	the	film	integrity	depends	on	a	complex	interplay	between	the	kinetics	of	grain	
boundary	and	triple	junction	grooving	and	the	kinetics	of	grain	growth.	
	 This	paper	presents	an	original	study	of	the	evolution	of	<111>-textured,	quaternary,	equimolar	
fcc	CoCrFeNi	films	deposited	on	c-sapphire	((0001)	a-Al2O3	single-crystal),	annealed	up	to	1423	K	(0.8	Tm,	
where	Tm	stands	for	the	melting	temperature).	It	provides	information	on	the	thermodynamic	stability	of	
the	fcc	phase,	on	the	orientation	relationships	between	the	grains	of	the	film	and	the	substrate	and	on	
the	morphological	changes	of	these	films	upon	annealing.	The	microstructure	evolution	is	analyzed	by	
tracking	the	film	triple	junctions	at	which	holes	nucleate;	it	allows	a	better	understanding	of	the	complex	
interplay	 between	 film	 texture,	 film	 thickness	 and	 annealing	 temperature.	 Unexpectedly,	 these	 alloy	
films	behave	like	pure	fcc	metal	films	on	c-sapphire.	The	complex	chemistry	of	the	film	has	virtually	no	
impact	on	the	evolution	of	its	microstructure,	other	than	to	promote	its	morphological	stability	through	
the	rapid	growth	of	very	 large	grains	of	a	particular	orientation	relationship.	The	 interesting	feedback	
from	this	study	is	that	the	conclusions	on	the	behavior	of	these	fcc	alloy	films	can	be	extended	to	thin	
films	of	pure	fcc	metal	on	c-sapphire.	
	
2.	Experimental	
	 Equimolar	polycrystalline	CoCrFeNi	films	were	deposited	on	~	1	cm	x	1	cm	pieces	of	sapphire,	
cleaved	 from	wafers	 (5.08	cm	 in	diameter,	400	µm	thick,	provided	by	CrysTec	GmbH),	with	a	c-plane	
surface	with	less	than	0.1°	of	miscut.	Substrates	were	prepared	in	a	clean	room	to	prevent	contamination	
by	 air-suspended	 dust	 particles.	 Since	 the	 sapphire	 dust	 produced	 by	 the	 cleavage	 can	 accelerate	
dewetting	during	sample	annealing,	each	substrate	piece	was	further	cleaned	in	two	ultrasonic	baths	(5	
min	in	acetone,	5	min	in	isopropanol),	then	rinsed	in	de-ionized	water	and	dried	under	nitrogen	flow.	
Finally,	 the	 substrates	 were	 exposed	 to	 an	 oxygen	 plasma	 at	 473	 K	 for	 10	 min	 in	 a	 barrel	 reactor	
(Nanoplas,	France)	to	burn	off	organic	contaminants.	
	 Films	 were	 co-deposited	 from	 four	 elemental	 sources	 in	 a	 specialized	 magnetron	 sputter	
deposition	 system	 (DCA,	 Finland)	 [51]	 at	 room	 temperature.	 Today,	 it	 is	 the	most	 advanced	 tool	 to	
fabricate	homogeneous	multi-component	films.		Individual	100	mm	diameter	targets	of	Cr	(99.95	wt.%,	
MaTecK,	Germany),	Fe	(99.99	wt.%,	Evochem,	Germany),	Co	(99.99	wt.%,	MaTecK)	and	Ni	(99.995	wt.%,	
K.J.	Lesker,	USA)	were	confocally	arranged.	The	sapphire	substrates	were	transferred	into	the	deposition	
chamber	with	a	base	vacuum	of	4.5x10-6	Pa	via	a	 load	 lock.	Prior	 to	deposition,	all	 targets	were	pre-
cleaned	by	sputtering	against	closed	shutters,	while	the	substrates	received	a	low	power	radiofrequency	
(8-10	W	RF	(13.56	MHz))	Ar	ion	bombardment	for	6	min	to	remove	adsorbed	species.	The	power	applied	
to	each	cathode	was	adjusted	to	achieve	the	desired	elemental	composition	of	the	co-sputter-deposited	
thin	films,	with	an	overall	growth	rate	of	0.13	nm/sec.	During	deposition,	the	substrate	table	was	rotating	
at	20	revolutions	per	minute	to	achieve	a	uniform	composition,	later	confirmed	by	energy	dispersive	X-
ray	spectroscopy	(EDS)	in	a	scanning	electron	microscope	(SEM).	A	gradual	temperature	rise	to	311	K	at	
the	end	of	the	deposition	process	was	 indicated	by	a	thermocouple	 inside	the	substrate	manipulator.	
Measured	film	thicknesses	were	200	nm,	270	nm,	500	nm	and	670	nm.	Their	compositions	as	determined	
by	SEM-EDS	are	summarized	in	Table	1.	All	films	have	a	maximum	deviation	of	3	at.	%	from	equimolar.	
Three	EDS	measurements	of	the	same	500	nm	thick	film,	done	on	two	different	 instruments,	showed	
consistent	values	within	±0.7	at.	%	(standard	deviation),	that	indicates	a	reliable	composition.	
	 Finally,	the	samples	were	transferred	through	air	into	an	alumina	tube	fitted	in	a	tubular	furnace,	
and	heat	treated	under	a	10	cm3/min	gas	flow	of	60%	Ar	+	40%	H2.	Anneals	were	performed	at	973	K,	
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1273	K	or	1423	K	for	1	h,	each	one	on	a	different	as-deposited	sample.	The	heating	rate	was	25	K/min	
while	the	cooling	rate	was	imposed	by	switching	the	furnace	power	off	as	described	in	detail	in	[52].	It	
takes	about	two	hours	for	the	temperature	decreases	down	to	723	K	where	the	diffusion	of	the	alloy	
components	becomes	very	slow.	
	
Table	 1:	 Compositions	 of	 the	 as-deposited	 alloys	 measured	 by	 EDS	 with	 the	 standard	 deviation	 of	 repeated	
measurements.		

	

film	thickness	 Co	(at.	%)	 Cr	(at.	%)	 Fe	(at.	%)	 Ni	(at.	%)	
200	nm	 24.2±0.4	 25.1±0.1	 26.3±0.3	 24.4±0.2	
270	nm	 22.3±0.1	 23.5±0.1	 27.1±0.1	 27.1±0.1	
500	nm	 24.2±0.6	 26.0±0.6	 26.7±0.7	 23.0±0.6	
670	nm	 22.0±0.2	 23.6±0.3	 27.7±0.2	 26.6±0.3	

	
	 As-deposited	and	annealed	films	were	characterized	using	SEM	in	the	secondary	electron	(SE)	
imaging	mode,	EDS,	electron	backscattered	diffraction	(EBSD)	and	X-ray	diffraction	(XRD).	SEM	images	
and	EBSD	data	were	acquired	at	10-20	kV	on	a	Zeiss	SUPRA40	field	emission	gun	SEM	equipped	with	a	
Bruker	EBSD	detector.	EBSD	data	were	processed	using	the	Esprit	2.1	software	package	from	Bruker	and	
the	 MTeX	 Matlab	 toolbox	 [53].	 XRD	 measurements	 were	 performed	 on	 two	 different	 systems:	 a	
Panalytical	X’pert	Multipurpose	Diffractometer	operating	with	Cu-Ka1	radiation	(0.154	nm),	and	a	step	
size	of	0.03	degrees,	and	a	Seifert	X6_WS	diffractometer	operating	with	Co-Ka1	radiation	(0.178	nm),	and	
a	step	size	of	0.03	degrees.	
	 Since	 triple	 junctions	 are	 the	 major	 source	 of	 film	 instability	 [54,55],	 the	 microstructural	
evolution	 of	 the	 polycrystalline	 CoCrFeNi	 film	 has	 been	 tracked	 by	 measuring	 the	 density	 of	 triple	
junctions	(depressions	or	holes)	revealed	by	a	darker	contrast	on	the	SE	images.	
	 It	is	worth	noting	that	the	nominally	40%	H2	present	in	the	annealing	atmosphere	did	not	prevent	
Cr	oxidation	but	significantly	slowed	down	chromium	oxide	growth	at	the	surface	of	the	samples.		After	
annealing,	the	alloyed	film	surface	maintains	a	metallic	shine,	but	scattered	lumps	of	chromium	oxide	
were	detected	by	EBSD,	due	to	the	presence	of	oxygen	traces	in	the	gas	flow.	EDS-TEM	analysis	of	the	
thickest	film	(670	nm)	after	annealing	at	1273	K,	shows	a	Cr	depletion	of	about	1	at.%;	when	extrapolated	
to	the	thinnest	film	(200	nm)	the	maximum	Cr	depletion	could	reach	3	at.%.	To	optimize	the	quality	of	
the	 data	 on	 the	 alloy	microstructure,	 the	 surface	of	 the	 film	has	 been	Ar	 ion-sputtered	before	 EBSD	
acquisition.		
	
3.	Results	
3.1.	Fcc	phase	stability	and	<111>-texture	
	 The	pristine	surfaces	of	the	films	of	different	thicknesses	(200	nm,	270	nm,	500	nm	and	670	nm)	
are	similar.	Figure	1	displays	the	as-deposited	film	morphology	of	a	500	nm	thick	CoCrFeNi	film.	The	top-
view	in	Fig.	1a	shows	that	the	film	is	comprised	of	grains	with	lateral	sizes	between	30	and	100	nm;	similar	
microstructures	have	been	reported	for	single-element	and	binary	alloy	(Au,	AuPt,	Ni,	Al,	Cu)	[45,51,56-
58]	 or	MPEA	 (AlCoCrCuFeNi)	 [59]	 films	 deposited	 at	 room	 temperature.	 At	 lower	magnification,	 the	
surface	of	the	film	appears	continuous	and	uniform.	The	lighter	vertical	band	displayed	on	the	right	of	
Fig.	1a	is	a	frequent	topographic	anomaly	of	our	films	where	the	grains	are	slightly	above	the	nominal	
surface	level.	Fig.	1b	is	a	SE	image	of	the	cross-section	produced	by	focused	ion	beam	(FIB)	milling.	The	
film	appears	compact	and	homogeneous	through	the	thickness.	The	vertical	features	indicate	a	columnar	
grain	structure.	The	interface	between	the	film	and	the	substrate	appears	to	be	sharp	at	the	scale	of	the	
observation.	
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Figure	1:	SE	images	of	a	500	nm	thick	as-deposited	CoCrFeNi	film:	(a)	top	view	of	the	nanometric	grains	(b)	cross	
section	(inclined	view)	showing	the	columnar	grain	structure.	
	
	 The	stability	of	the	fcc	CoCrFeNi	phase	has	been	analyzed	by	SEM-EDS	and	XRD,	before	and	after	
annealing.	Polycrystalline	thin	films	are	interesting	to	investigate	phase	diagrams	because	they	contain	
grain	 boundaries	 and	 surfaces	 on	which	 new	 phases	 can	 nucleate	 after	 a	 short	 diffusion	 path	 upon	
annealing.		
	

	
	

Figure	2:	SEM-EDS	maps	of	a	670	nm	CoCrFeNi	film	deposited	on	c-sapphire,	annealed	for	1	h	at	1423	K	under	an	
Ar-40%	H2	atmosphere.	The	bright	regions	on	the	Al	map	reveal	the	substrate	at	holes	formed	during	annealing	and	
coincide	with	the	black	regions	on	the	Co,	Cr,	Fe	and	Ni	maps.		
	
	 Figure	2	presents	 the	EDS	maps	of	Al	 (from	sapphire	substrate)	and	the	 four	elements	of	 the	
CoCrFeNi	alloy,	 for	a	670	nm	film	annealed	 for	1	h	at	1423	K.	The	regions	where	the	Al	signal	 is	high	
(brighter	regions)	and	where	neither	Co,	Cr,	Fe	nor	Ni	is	detected	correspond	to	the	sapphire	substrate	
at	the	bottom	of	the	holes	running	through	the	film	(see	details	 in	§	3.3	and	Fig.	6i).	These	elemental	
distribution	maps	show	that	at	the	length	scale	of	SEM-EDS	there	is	no	phase	separation	occurring	in	the	
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film	or	associated	with	the	hole	formation.	Areas	of	higher	Cr	content	(see	the	brighter	areas	on	the	Cr	
map	of	Fig.	2)	are	likely	to	be	due	to	the	local	formation	of	chromium	oxide	at	the	surface	of	the	film;	this	
does	not	alter	the	concentration	distribution	of	the	three	other	components	as	already	mentioned	in	the	
paper	by	He	et	al.	[17]	which	shows	a	uniform	elemental	distribution	in	SEM-EDS	maps	of	bulk	CoCrFeNi	
annealed	at	1023	K	for	800	h	in	air.		
	

	
	

Figure	3:	XRD	diagrams	measured	using	Cu-Ka1	radiation	on	as	grown	670	nm	CoCrFeNi	films	and	on	annealed	ones,	
for	1	h	at	973	K,	1273	K	and	1423	K	under	an	Ar	-	40%	H2	atmosphere.	The	main	frame	displays	the	location	of	two	
weak	peaks	due	to	sapphire	(see	grey	arrows)	and	two	more	intense	ones	from	fcc	CoCrFeNi	(see	details	 in	the	
text).	Arrows	in	the	inset	indicate	the	position	of	expected	Cr2O3	peaks.	
	
	 Figure	3	shows	XRD	patterns	measured	on	as-deposited	670	nm	films	and	on	films	annealed	for	
1	h	at	973	K,	1273	K	and	1423	K.	Peaks	from	the	c-sapphire	substrate	appear	at	41.7°	and	90.5°	for	the	(0	
0	0	6)	and	(0	0	0	12)	planes,	respectively;	they	are	very	weak	and	the	former	is	barely	visible.	The	two	
main	peaks	in	all	XRD	patterns,	before	and	after	annealing,	appear	at	43.9°	and	96.7°.	They	correspond	
to	the	{111}	and	{222}	planes	of	the	fcc	CoCrFeNi	and	are	the	only	peaks	of	this	phase	appearing	on	the	
XRD	patterns.	This	indicates	that:	(1)	the	as-deposited	films	are	fcc	and	textured,	with	the	{111}	planes	
parallel	to	the	(0001)	plane	of	the	sapphire	substrate,	and	(2)	upon	annealing	the	fcc	phase	is	stable	and	
the	microstructure	remains	<111>-textured.	Other	very	weak	peaks	(see	inset	on	the	right	of	Fig.	3)	are	
present	 in	 the	diffractograms,	associated	with	Cr2O3	 formed	at	 the	surface	of	 the	 film.	As	mentioned	
earlier,	such	oxidation	slightly	depletes	the	alloy	from	Cr	but	this	does	not	impact	the	stability	of	the	fcc	
phase	as	reported	in	[17,21,24].	
	 The	lattice	parameter	of	the	deposited	CoCrFeNi	extracted	from	the	XRD	data,	using	the	Bragg's	
law	for	all	peaks	is	0.357	nm,	in	agreement	with	the	values	given	in	literature:	0.356	nm	[6]	and	0.359	nm	
[60].		
	
3.2.	Grain	size	and	grain	orientation	relationships	on	c-sapphire	
	 This	 section	 shows	 that	 grain	 growth	 in	 the	 annealed	 films	 occurs	 with	 different	 kinetics	
depending	on	the	orientation	relationship	of	each	grain	to	the	c-sapphire	substrate	(see	Table	2).	
	 The	size	of	the	grains	and	their	orientation	relationships	(ORs)	within	the	<111>-textured	fcc	film	
on	c-sapphire	substrate	were	analyzed	using	XRD	and	SEM	imaging	for	the	as-deposited	film	which	has	



7	
	

nano-grains,	and	using	EBSD	for	the	annealed	samples	with	grains	larger	than	a	micrometer.	The	ORs	of	
the	grains	of	the	metallic	film	with	the	c-sapphire	are	obtained	by	comparing	the	{110}	pole	figures	of	the	
fcc-alloy	to	the	stereogram	of	the	sapphire	substrate,	centered	on	the	(0001)	pole,	and	displaying	the	
{1100}	{1120}	and	{1102}	poles.	Both	crystallographic	data	on	the	film	and	the	sapphire	are	acquired	
during	the	same	run	on	each	film-sapphire	sample	as	explained	in	[52].		
	 As	 previously	 shown	 by	 XRD,	 all	 films	 are	 <111>-textured,	 i.e.	 all	 their	 grains	 have	 a	 <111>	
direction	perpendicular	to	the	substrate	surface.	Their	preferred	in-plane	orientation	to	the	c-sapphire	
depends	on	whether	the	film	 is	as-deposited	or	annealed.	The	grains	of	the	annealed	films	adopt	the	
same	two	ORs	as	the	ones	reported	for	several	pure	fcc	metals	(M)	on	c-sapphire	[58,61-66].	They	are	
called	OR1	and	OR2,	have	two	twin-related	variants	each	and	may	be	written	as:	
	 OR1		 	 	 M(111)±[110]//a-Al2O3(0001)[1100]	
	 OR2	 	 	 M(111)±[110]//a-Al2O3(0001)[1120]	
The	±	indicates	the	two	twin-related	variants	OR1	and	OR1t,	and	OR2	and	OR2t,	respectively.	OR1t	(OR2t)	
is	rotated	from	OR1	(OR2)	by	60°	around	the	<111>	normal	to	the	film	surface.	OR1(OR1t)	and	OR2(OR2t)	
are	 rotated	by	30°.	 The	notation	OR1/t	 (OR2/t)	will	 be	used	hereafter	 and	 in	 Table	2	 to	 refer	 to	 the	
coexistence	 of	 OR1	 and	 OR1t	 (OR2	 and	 OR2t).	 OR1/t	 and	 OR2/t	 can	 be	 visualized	 in	 Figs	 4	 and	 5,	
respectively,	either	by	using	the	sketches	of	the	panels	4(f),	4(g)	and	5(f),	5(g)	or	by	superimposing	the	
stereograms	of	sapphire	and	of	the	FCC	grains	in	the	different	ORs.	The	central	poles	a-Al2O3(0001)	and	
M(111)	 in	 the	 stereograms	 are	 superimposed	 and	 the	 alignment	 of	 in-plane	 rows	 correspond	 to	 the	
superimposition	of	the	poles	of	the	relevant	families,	located	on	the	edges	of	these	stereograms.	
	 Table	 2	 gathers	 the	 texture,	 microstructure	 and	 morphology	 details	 of	 all	 films.	 The	
microstructure	of	the	annealed	films	will	be	discussed	in	detail	in	a	later	section	§3.3.	
	
Table	2:	Summary	of	size	(estimated	from	SE	or	EBSD	images)	and	orientation	relationship	of	the	grains	in	the	200,	
270,	500	and	670	nm	thick	CoCrFeNi	films	on	c-sapphire,	as-deposited	and	annealed	at	973	K,	1273	K	and	1423	K	
for	1	h.		
	

	 Film	thickness	
(nm)	

Grain	size	
(mm)	

Preferred	
ORs	 Morphology	

as-deposited	 200-670	 0.03	-	0.1	 OR1/t	 smooth	surface	
973	K	 200-670	 ≤1	 OR1/t	 film	with	depressions	

1273	K	

670	
500	
270	
200	

~10	
~1000	
~10	

~1000	

OR1/t	
OR2/t	
OR1/t	
OR2/t	

film	with	depressions	
film	with	depressions	

network	of	connected	crystals	
film	with	holes	in	grains	

1423	K	

670	
500	
270	
200	

~10	
~1000	
~10	
1	-	3	

OR1/t	
OR2/t	
OR1/t	
OR1/t	

film	with	holes	
film	with	holes	in	grains	
poly-crystalline	fingers	
	single-crystalline	islands	

	
	 All	 the	as-deposited	 films	of	different	 thicknesses	and	the	ones	annealed	at	973	K	have	small	
grains	which	lateral	size	does	not	exceed	1	µm.	Figs.	4a	and	4c	display	the	XRD	{110}	pole	figure	of	an	as-
deposited	670	nm	film	and	the	sapphire	stereogram	of	the	substrate,	respectively.	Fig.	4a	shows	that	the	
azimuthal	orientation	of	 the	grains	 in	 the	as-deposited	<111>-textured	 film	 is	not	 random;	 the	grains	
prefer	to	be	in	OR1	and	its	twin	variant	OR1t	(shown	in	Figs.	4d	and	4e).	OR1/t	is	also	preferred	in	all	the	
other	as-deposited	films,	with	a	similar	frequency	of	the	twins	OR1	or	OR1t.	The	as-deposited	films	have	
about	4	vol.%	of	OR2/t	grains	whatever	the	thickness	of	the	films,	as	measured	on	XRD	pole	figures.	This	
is	an	important	feature	since	the	growth	of	grains	with	OR2/t	is	very	likely	to	proceed	by	overgrowth	of	
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already	existing	OR2/t	grains	at	the	expense	of	grains	of	other	orientations.	This	can	be	inferred	from	a	
recent	 study	 of	 a	 <111>-textured	 Al	 film	 on	 c-sapphire	 with	 OR1/t	 and	 OR2/t	 grains,	 which	 upon	
annealing	close	to	the	melting	point	of	Al,	showed	that	OR2/t	grains	grow	at	the	expense	of	OR1/t	grains	
[61].	
	 Since	after	annealing	at	973	K,	the	grains	of	all	films	have	grown	to	sizes	in	the	micrometer	range,	
their	orientations	on	c-sapphire	can	be	analyzed	using	EBSD.	This	annealing	 favors	 the	growth	of	 the	
OR1/t	grains	which	are	now	the	only	ones	to	be	present	on	the	EBSD	{110}	pole	figure	of	Fig.	4b.	Note	
that	XRD	(Fig.	4a)	reports	highest	intensities	for	OR1	and	OR1t,	but	still	some	intensities	for	OR2	and	OR2t	
as	well.	 The	 preference	 for	 OR1/t	 has	 already	 been	 observed	 for	 pure	 fcc	metals	 like	 Al	 [61,62],	 Cu	
[58,63,64],	Pt	and	Ir	[65],	and	Ni	[66]	grains	on	c-sapphire.	The	absolute	values	on	the	intensity	scale	in	
the	pole	figures	presented	on	Figs.	4a	and	4b	cannot	be	directly	compared	since	the	pole	figures	were	
built	from	crystallographic	data	acquired	using	different	techniques:	XRD	and	EBSD,	respectively.	In	both	
Figs.	4a	and	4b	it	is	observed	that	one	of	the	OR1	is	preferred	to	its	twin.		

		

	
	

Figure	4:	(a)	XRD	{110}	pole	figure	of	a	670	nm	thick	CoCrFeNi	film	as-deposited	on	c-sapphire;	(b)	EBSD	{110}	pole	
figure	of	the	grains	of	a	670	nm	thick	metallic	film	on	c-sapphire	annealed	for	1	h	at	973	K	showing	the	distribution	
of	the	{110}	poles.	The	intensities	are	given	in	multiples	of	a	random	distribution	(MRD).	(Area	scanned:	40	µm	x	
100	µm);	(c)	sapphire	stereogram	centered	on	the	(0001)	pole	and	containing	the	poles	of	the	{1100},	{1120}	and	
{1102}	planes	shown	as	white	and	dark	lozenges,	and	squares,	respectively.	(d)	and	(e)	are	the	stereograms	of	fcc	
metal	on	sapphire	in	OR1	and	OR1t,	respectively.	OR1	and	OR1t	are	identical	ORs	as	observed	from	the	symmetrical	
positions	of	the	poles	in	the	sapphire	and	the	fcc	metal	stereograms;	(f)	and	(g)	are	sketches	of	the	two	OR	variants	
where	a-Al2O3	(0001)	 is	represented	by	a	hexagon	with	<1100>	edges	and	FCC	{111}	as	a	triangle	with	<110>	
edges.	
	
	 In	the	thicker	films	annealed	at	1273	K	and	1423	K	grains	have	grown	and	have	adopted	either	
OR1/t	or	OR2/t	as	indicated	in	Table	2.	The	EBSD	maps	of	the	670	nm	thick	film	show	that	the	grains	have	
grown	to	about	10	µm	and	have	adopted	mostly	OR1/t,	while	the	grains	in	the	500	nm	thick	film	have	
grown	"abnormally"	to	sizes	1000	times	larger	than	the	film	thickness	and	have	adopted	OR2/t.		
	 Figure	5	illustrates	the	correlation	between	the	grains	in	OR2/t	on	c-sapphire	and	their	sizes	by	
using	 the	 EBSD	data	 obtained	 on	 the	 500	 nm	 thick	 film	 annealed	 at	 1273	 K.	 Fig.	 5a	 is	 an	 EBSD	map	
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acquired	on	this	film	and	Fig.	5b	is	the	corresponding	{110}	pole	figure.	The	color	codes	of	the	map	and	
the	pole	figure	are	identical.	The	film	has	been	scratched	on	purpose	(black	regions	of	the	map	of	Fig.	5a)	
to	acquire	EBSD	data	on	the	c-sapphire	and	the	film	during	the	same	run.	Comparison	of	the	{110}	pole	
figure	of	the	alloy	with	the	sapphire	stereogram	of	Fig.	5c	shows	that	the	in-plane	orientations	of	the	
grains	of	the	film	correspond	to	OR2	or	OR2t	within	±10°	each.	The	stereograms	of	these	two	fcc	crystal	
orientations	are	displayed	in	Figs.	5d	and	5e,	aligned	with	the	substrate	stereogram	reminded	on	Fig	5c.	
Fig.	5a	shows	that	the	very	large	grains	extend	over	several	hundreds	of	µm	and	up	to	a	mm,	and	that	
the	two	grain	variants	cover	equivalent	proportions	of	the	scanned	area:	48%	for	light	purple	grains	and	
52%	for	dark	purple	grains.	This	feature	has	been	checked	on	other	regions	of	the	sample.	Such	giant	
grains	are	remarkable	considering	that	literature	reports	that	in	thin	films	grain	growth	stagnates	at	sizes	
of	about	20	times	the	film	thickness	[56,65,67-69].	The	OR2/t-type	grains	have	grown	at	the	expense	of	
others	which	had	unfavorable	ORs	with	the	substrate	as	was	observed	for	Al	films	on	c-sapphire	[61].	
While	less	frequently,	OR2/t	has	also	been	previously	observed	in	other	pure	fcc	metals	(Cu	[63,70],	Pt	
[65]	and	Ni	[66])	on	c-sapphire.		
	

	
	

Figure	5:	(a)	EBSD	map	and	(b)	the	corresponding	{110}	fcc	pole	figure	of	a	500	nm	CoCrFeNi	film	annealed	for	1	h	
at	1273	K,	the	grains	of	the	map	and	their	{110}	poles	on	the	pole	figures	have	same	colors;	(c)	the	stereogram	of	
sapphire	(same	as	the	one	used	in	Fig.	4c)	built	from	the	EBSD	data	acquired	in	the	black	region	of	(a)	where	the	
film	has	been	scratched.	(d)	and	(e)	are	the	stereograms	of	fcc	grains	positioned	in	OR2	and	OR2t	on	the	sapphire,	
respectively.	Their	background	is	colored	according	to	the	two	OR2	variants.	OR2	and	OR2t	are	different	OR	as	seen	
when	comparing	the	positions	of	the	poles	inside	the	stereograms	of	sapphire	with	those	inside	the	stereograms	of	
the	fcc	alloy.	Note	in	(b)	the	spread	in	OR2	and	OR2t,	which	is	different	from	the	case	of	OR1	and	OR1t	(Fig.	4b);	(f)	
and	(g)	are	sketches	of	the	two	OR	variants	where	a-Al2O3	(0001)	is	represented	by	a	hexagon	which	<1100>	edges	
are	rotated	by	30°	from	the	<1120>		directions	on	which	the	<110>	edges	of	the	FCC	{111}	triangle	align.	
	
	 Upon	annealing	at	1273	K	and	1423	K,	the	270	nm	film	behaves	like	the	670	nm	film	as	far	as	the	
size	and	OR	of	the	grains	are	concerned.	However,	at	these	temperatures,	the	270	nm	thick	film	breaks	
up	because	it	is	too	thin;	at	1273	K,	(see	Fig.	6e),	holes	in	the	film	expand	along	the	network	of	the	grain	
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boundaries,	and	at	1423	K,	the	holes	have	percolated	(see	Fig.	6f)	and	left	wavy	pearled	strings	of	OR1	
and	OR1t	grains.		
	 The	200	nm	thinner	film	behaves	differently.	At	1273	K,	the	film	has	giant	OR2/t	grains	with	holes	
within	the	grains	(see	Fig.	6b),	while	at	1423	K	the	film	has	broken-up	into	single-crystals	(see	Fig.	6c).	A	
large	fraction	of	them	are	in	OR1/t,	but	22.4±9.6%	are	in	OR2/t.	This	mean	ratio	and	its	standard	deviation	
have	been	obtained	by	analyzing	 the	OR	of	562	crystals	distributed	on	20	SE	 images	such	as	 the	one	
shown	in	Fig.	6c;	the	ORs	have	been	determined	by	comparing	the	<110>	directions	of	these	facetted	
crystals	in	their	{111}	interfacial	plane	(i.e.	the	direction	of	the	edges	of	the	top	{111}	facet	of	each	crystal	
like	the	one	shown	in	the	inset	of	Fig.	6c)	to	the	<1100>	in-plane	directions	of	the	sapphire	measured	by	
EBSD.	For	these	annealing	conditions,	the	OR2/t	grains	size	has	been	estimated	to	be	10	µm,	based	on	
the	spatial	distribution	of	the	islands	while	the	OR1/t	grains	have	smaller	sizes	in	the	1-3	mm	range	(see	
Table	2).	

This	above	series	of	data	clearly	shows	that	there	is	a	correlation	between	the	size	of	the	grains	
and	their	ORs.	As	will	be	shown	in	detail	in	the	next	section,	the	morphology	of	the	film	does	not	simply	
depend	on	the	film	thickness,	but	also	on	the	microstructure	resulting	from	the	competition	between	
grain	growth	and	grain	boundary	grooving,	which	in	turn	depends	on	the	annealing	temperature.		
	
3.3.	Evolution	of	the	film	morphology	after	a	single	anneal	

Figure	6	presents	 the	morphology	of	 films	of	 the	 four	different	 thicknesses	after	 a	 single	1	h	
annealing	at	three	different	temperatures:	973	K,	1273	K	and	1423	K.	At	this	stage	of	the	presentation	of	
the	results,	the	200	and	270	nm	films	will	be	referred	to	as	the	“thinner	films”	and	the	500	and	670	nm	
films	will	 be	 referred	 to	 as	 the	 “thicker	 films”.	 Images	 (a)	 to	 (c)	 of	 Fig.	 6	 correspond	 to	 the	 200	 nm	
thickness	films,	images	(d)	to	(f)	correspond	to	270	nm	thickness	films,	images	(g)	to	(i)	correspond	to	500	
nm	thickness	films	and	images	(j)	to	(l)	correspond	to	670	nm	thickness	films.	It	is	important	to	emphasize	
that	 each	 annealing	 treatment	 has	 been	 performed	 using	 a	 different	 as-deposited	 sample;	 thus,	 the	
images	of	Fig.	6	show	"single-anneal"	morphologies	for	each	sample	thickness	rather	than	an	annealing	
sequence.	
	 In	order	to	facilitate	the	presentation	of	the	film	morphologies	displayed	in	the	images	of	Fig.	6,	
Figure	7	presents	sketches	which	 illustrate	the	two	main	processes	which	shape	the	morphology	of	a	
polycrystalline	 film	 along	 the	 annealing	 time	 and	 how	 these	 processes	 compete	 to	 lead	 to	 different	
morphologies.	
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Figure	6:	SE	surface	images	of	CoCrFeNi	films	annealed	for	1	h	under	an	Ar	-	40%	H2	atmosphere,	displayed	at	the	
same	magnification.	(a)-(c):	200	nm	thick	films	annealed	at	(a)	973	K,	(b)	1273	K	and	(c)	1423	K	where	the	inset	
shows	a	facetted	crystal;	(d)-(f):	270	nm	thick	films	annealed	at	(d)	973	K,	(e)	1273	K	and	(f)	1423	K,	(g)-(i):	500	nm	
thick	films	annealed	at	(g)	973	K,	(h)	1273	K	and	(i)	1423	K,	(j)-(l):	670	nm	thick	films	annealed	at	(j)	973	K,	(k)	1273	
K	 and	 (l)	 1423	 K.	 The	 different	 kinetic	 processes	 which	 are	 involved	 during	 annealing	 lead	 to	 these	 different	
morphologies	which	are	discussed	in	the	text	and	sketched	in	Fig.	7.	
	

Upon	annealing,	grain	growth	and	grooving	at	triple	junctions	and	at	grain	boundaries	undergo	
simultaneously	 [47].	 When	 grains	 grow,	 their	 boundaries	 move	 to	 reduce	 their	 total	 area	 and	
consequently,	 triple	 junctions	move	and/or	disappear	 (see	 sketch	 in	 Fig.	 7a).	 Thus,	 in	principle,	 grain	
growth	prevents	 film	break-up	by	 eliminating	 triple	 junctions	 and	 grain	 boundaries.	 This	 ensures	 the	
morphological	stability	of	 the	 film.	The	conducted	experiments	allow	to	 find	the	conditions	 for	which	
grain	growth	overcomes	triple	junction	grooving,	which	is	the	fastest	diffusional	process	to	produce	holes	
in	polycrystalline	film	[54].		

Except	for	the	two	thinnest	films	which	have	broken-up	at	the	highest	annealing	temperature	
(Figs.	6c	and	6e),	all	other	annealed	films	remain	continuous.	The	SE	images	of	Fig.	6	show	that	the	films	
contain	 scattered	 darker	 spots	which	 correspond	 to	 pits	 either	 in	 the	 shape	 of	 depressions	 or	 holes	
running	through	the	entire	film	thickness.	We	have	extracted	the	projected	areas	and	the	sizes	of	these	
dark	spots	from	the	images	of	Figs.	6	and	other	similar	ones.	The	values	presented	in	Table	3	are	averaged	
from	at	least	three	different	images	covering	between	10	µm²	and	9x105	µm²,	depending	on	the	size	of	
the	dark	spots	(equivalent	circle	diameter	between	0.16	and	5.32	µm).	The	contrast	threshold	for	spot	
detection	has	been	carefully	chosen	on	each	image	after	a	manual	check	on	representative	small	areas.			
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Table	3:	Pit	size	(with	the	standard	deviation	of	measurements),	density	and	area	fraction	for	the	200,	270,	500	and	
670	nm	thick	CoCrFeNi	films	annealed	at	973	K,	1273	K	and	1423	K.	No	measurement	has	been	performed	for	the	
two	thinnest	films	annealed	at	the	highest	temperature	since	they	have	broken-up	into	islands.	

	

Temperature	
(K)	

Film	thickness	
(nm)	

Pit	size								
(µm)	

Pit	density	
(/mm²)	

Pit	area	
fraction	

973	

670	 0.20±0.05	 2.3E+06	 0.07	
500	 0.16±0.09	 7.7E+06	 0.15	

270	 0.19±0.07	 3.2E+06	 0.09	
200	 0.20±0.05	 7.1E+05	 0.02	

1273	

670	 0.98±0.30	 2.0E+05	 0.15	
500	 0.56±0.20	 9.9E+05	 0.24	
270	 2.96±0.86	 5.9E+04	 0.40	
200	 5.32±1.30	 1.5E+04	 0.34	

1423	
670	 2.00±0.50	 1.5E+04	 0.05	
500	 4.94±0.41	 1.5E+03	 0.03	

	
	

	
	

Figure	7:	Sketches	of	the	processes	which	shape	a	polycrystalline	film	(blue)	on	a	single-crystal	substrate	(pink)	along	
annealing	time,	cross	section	and	 in-plane	views.	(a)	grain	growth;	(b)	grooving	of	triple	 junctions	(TJ)	and	grain	
boundaries	(GBs),	and	hole	nucleation	at	TJs;	(c)	when	grain	growth	dominates	kinetics,	the	holes	formed	at	the	TJs	
get	isolated	within	the	<111>	grains	and	grow	by	dewetting	of	the	surrounding	grain	adopting	triangular/hexagonal	
shapes	(here	they	are	sketched	as	triangles);	(d)	when	grooving	dominates	kinetics,	the	holes	nucleated	at	the	TJs,	
propagate	along	the	GB	network	and	eventually	percolate;	later	they	become	convex,	leaving	pearly	strings	of	the	
dewetted	film	material;	(e)	in	a	final	stage,	a	continuous	network	of	strings	break-up	into	elongated	single	or	poly-
crystals	 (for	 the	 sake	 of	 clarity,	 dark	 and	 light	 blue	 grains	 have	 been	 used	 to	 distinguish	 the	 two	 twinned	
orientations),	 the	 less	 elongated	ones	dewet	and	adopt	 a	 convex	 faceted	equilibrium	 shape	 (see	 the	dark	blue	
crystal	in	the	middle	of	the	left	sketch);	the	longest	ones	undergo	Rayleigh	instability	and	break-up	into	particles	
which	then	dewet	towards	their	convex	equilibrium	shapes.	
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3.3.1.	Hole	nucleation:	triple	junction	grooving	by	surface	diffusion	
This	section	addresses	pit	nucleation	at	triple	junction	of	the	films	which	takes	place	during	the	

so-called	incubation	time	[47]	before	holes	have	formed	through	the	entire	thickness	of	the	film.	This	
stage	is	sketched	in	Fig.	7b.	We	focus	on	the	films	annealed	at	973	K	and	on	the	two	thicker	films	annealed	
at	the	intermediate	temperature	(1273	K).	

After	the	973	K	anneal,	the	films	display	evenly	distributed	dark	spots	corresponding	to	surface	
depressions	(Figs.	6a,	6d,	6g	and	6j).	They	have	similar	sizes	between	0.16	±	0.09	µm	(Fig.	6g)	and	0.20	±	
0.05	µm	(Fig.	6j),	their	density	is	on	the	order	of	106	per	mm²	and	their	projected	area	occupies	between	
2%	and	15%	of	 the	total	 film	area.	 It	 is	 likely	 that	 those	spots	correspond	to	grooves	 formed	at	grain	
boundary	triple	junctions	by	surface	diffusion	at	973	K	[54].	

Similar	depressions	have	formed	in	the	two	thicker	films	annealed	at	1273	K	(Figs.	6h	and	6k).	
They	have	larger	sizes	of	0.56	±	0.20	µm	(Fig.	6g)	and	0.98	±	0.30	µm	(Fig	6j),	in	the	500	and	670	nm	thick	
film,	respectively.	They	have	smaller	densities	on	the	order	of	105	per	mm²,	and	their	projected	surfaces	
occupy	20	±	5	%	of	the	total	film	area.	The	depressions	are	about	10	times	less	frequent	after	annealing	
at	1273	K	than	at	973	K,	suggesting	that	the	grains	of	the	thicker	films	have	grown	larger	at	the	higher	
temperature.	Some	of	the	triple	junction	groove	pits	which	had	started	to	form	but	had	not	yet	reached	
the	substrate	are	left	without	underlying	triple	line	because	of	grain	growth.	These	pits	get	blurred	and	
turn	into	depressions	which	eventually	heal	by	surface	diffusion.		

	
3.3.2.	Hole	growth	and	dewetting	mechanisms	

This	section	focuses	on	the	second	step	of	the	morphological	change	of	polycrystalline	films,	i.e.,	
the	deepening	of	 the	 triple	 junction	groove	down	to	 the	substrate,	and	 the	growth	of	 the	holes	 thus	
formed	through	the	entire	thickness	of	the	film.	Here,	the	kinetics	of	dewetting	is	not	under	focus;	instead	
we	are	interested	in	identifying	the	path	through	which	film	break-up	happens	by	examining	the	shape	
of	the	dewetting	holes.		

The	dewetting	mechanism	of	a	film	starting	from	the	holes	running	through	it,	depends	on	the	
location	of	these	holes	in	the	film	which,	in	turn,	depends	on	its	microstructural	evolution.	We	have	found	
two	kinds	of	holes.	(i)	When	the	grains	grow	rapidly	to	a	large	size,	the	grain	boundaries	detach	from	the	
hole	formed	through	the	film	at	former	triple	junctions.	Such	holes	are	then	isolated	within	single	grains	
and	 expand	 according	 to	 the	 dewetting	mechanism	observed	 in	 single	 crystals,	with	 facetted	 shapes	
depending	on	the	crystal	symmetry	(see	e.g.	Fig.	6b	and	the	sketch	of	Fig.	7c	where	the	holes	in	one	of	
the	grains	have	been	assigned	triangular	shapes)	[47,71,72].	(ii)	On	the	other	hand,	grain	boundaries	can	
remain	attached	to	the	hole	because	grain	boundary	grooving	has	impeded	their	migration.	Such	holes	
expand	into	the	film	along	the	grain	boundary	network	[49],	forming	channels	which	eventually	percolate	
and	transform	the	film	into	a	connected	network	of	crystals	(see	e.g.	Fig.	6f).	This	is	sketched	in	Fig.	7d.	
This	dewetting	mechanism	is	typical	for	polycrystalline	films.	The	two	thinner	films	annealed	at	1273	K	
and	the	two	thicker	films	annealed	at	1423	K	are	shaped	by	one	or	both	dewetting	mechanisms.		

Holes	in	single-crystal	grains	were	observed	in	the	200	nm	film	at	1273	K	(Fig.	6b)	and	the	500	
nm	film	at	1423	K	(Fig.	6i).	They	have	triangular	shape	and	are	coalescing	 in	the	200	nm	film	or	have	
hexagonal	shape	and	are	well	separated	in	the	500	nm	film.	They	all	display	circular	edge-bumps	formed	
by	surface	diffusion	[47].	The	holes	are	scattered	within	the	films	with	equivalent	diameters	of	5.32	±	
1.30	 µm	 (Fig.	 6b)	 and	 4.94	 ±	 0.41	 µm	 (Fig.	 6i).	 Such	 similar	 hole	 sizes	 despite	 the	 difference	 in	 film	
thickness	is	likely	to	be	fortuitous,	related	to	the	thermal	acceleration	of	atomic	diffusion	in	the	thicker	
film	annealed	at	a	higher	temperature.	

The	 270	nm	 thick	 film	 annealed	 at	 1273	 K	 (Fig.	 6e)	which	 has	 10	mm	wide	OR1/t	 grains,	 has	
dewetted	like	a	polycrystalline	thin	film	[73].	This	is	sketched	in	Fig.	7d.	Holes	have	irregular	elongated	
non-convex	shapes	with	discontinuous	edge-bumps.	This	is	related	to	the	impingement	of	holes	and/or	
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to	the	extended	grooving	from	the	triple	junctions	along	the	grain	boundaries	of	the	film	[55].	Holes	have	
opened	to	sizes	of	2.96	±	0.86	µm	(Fig	6e),	smaller	than	the	holes	in	the	200	nm	/	1273	K	film	and	in	the	
500	nm	/	1423	K	film.	In	both	thinner	films,	the	density	of	the	holes	is	on	the	order	of	104	per	mm²	and	
their	projected	area	covers	37	±	3	%	of	the	total	surface	of	the	films.	This	indicates	that	dewetting	of	a	
film	by	hole	expansion	along	the	grain	boundary	network	is	a	slower	process	than	the	opening	holes	in	a	
single-crystal	grain.		

Finally,	 the	 holes	 in	 the	 670	 nm	 thickest	 film	 annealed	 at	 1423	 K	 are	 more	 isotropic	 and	
surrounded	by	irregular	ridges	located	further	away	from	their	edges.	They	are	2.5	times	smaller	than	in	
the	500	nm	thick	film.	While	the	total	projected	area	of	holes	is	similar	(4	±	1	%)	in	both	the	thicker	films,	
the	hole	density	is	10	times	lower	in	the	500	nm	thick	film	as	reported	in	Table	3.	This	suggests	that	the	
grains	in	the	500	nm	thick	film	have	grown	larger	than	the	ones	in	the	670	nm	thick	one.		

		
3.3.3.	Film	break-up	into	isolated	islands		

At	1423	K,	the	two	thinner	films	have	broken	up	into	micrometer-sized	facetted	grains	(see	the	
inset	of	Fig.	6c)	or	elongated	islands	(Fig.	6c	and	6f).	This	stage	is	sketched	in	Fig.	7e.	This	is	an	expected	
step	following	the	percolation	of	holes	like	the	one	observed	in	the	270	nm	film	at	1273	K.	In	the	270	nm	
film,	the	finger-like	islands	are	made	of	OR1	and	OR1t	grains	(highlighted	in	light	and	dark	shades	of	blue	
in	panel	7e)	with	Σ3	grain	boundaries.	The	islands	in	the	200	nm	film	are	mostly	single-crystals,	of	the	4	
possible	ORs	with	a	more	isotropic	shape	than	in	the	270	nm	film	due	to	less	material	to	diffuse	to	achieve	
equilibrated	single-crystal	grains	[47].	Two	break-up	scenarios	are	observed	depending	on	the	extent	of	
grain	growth.	(i)	In	the	case	of	the	270	nm	thick	film,	the	grains	are	OR1	and	OR1t	and	their	sizes	stagnate	
at	10	mm	(see	Table	2).	Between	these	grains,	the	grain	boundary	groove	faster	than	they	move	such	that	
break-up	propagates	by	grain	boundary	grooving	from	its	textured	state	(Fig.	7d);	(ii)	In	the	case	of	the	
200	nm	thick	film,	the	break-up	of	the	film	proceeds	in	two	steps:	like	in	the	270	nm	films	grooving	first	
separates	grains	of	the	4	different	ORs,	small	OR1/t	grains	and	larger	OR2/t	ones.	The	OR2	grains	had	
time	to	grow	before	they	get	isolated	by	grooving,	break-up	into	smaller	OR2	grains	by	dewetting	from	
their	edges	[74].	This	process	is	sketched	in	Fig.	7e	for	grains	of	only	two	variants	of	one	ORs.	

	
4.	Discussion	
4.1.	Film	thickness	and	phase	stability		
	 The	fcc	CoCrFeNi	phase	was	found	independently	from	film	thickness,	from	200	nm	to	670	nm.	
The	different	grain	growth	and	hole	nucleation	behaviors	observed	in	the	present	work	are	clearly	not	
related	 to	 any	 phase	 change	 since	 our	 CoCrFeNi	 films	 are	 fcc	 in	 the	 whole	 temperature	 range	
investigated:	at	room	temperature	(as	deposited	state)	and	when	annealed	from	0.55	Tm	up	to	0.8	Tm.	It	
is	surprising	that	the	as-deposited	phase	is	fcc	because	according	to	the	proposed	phase	diagram	[6,17-
21],	 the	 Cr-rich	 s-phase	 is	 stable	 below	 600	 K.	 Actually,	 when	 the	 CoCrFeNi	 films	 are	 prepared	 on	
amorphous	SiO2/Si	substrates,	the	s-phase	is	observed	in	XRD	in	the	as-deposited	state	(not	shown	here).	
Therefore,	we	suspect	that	the	3-fold	crystallographic	symmetry	of	the	c-plane	of	sapphire,	which	favors	
the	growth	of	<111>-fcc	grains	of	preferred	ORs	and/or	the	high	quenching	rates	during	the	process	of	
sputter-deposition	[75,76,77]	may	kinetically	suppress	s-phase	formation.	
	
4.2.	Preferred	orientation	relationship	of	the	CoCrFeNi	grains	on	c-sapphire	
	 The	anisotropy	of	the	film	grain/substrate	 interface	energy	depends	on	the	orientation	of	the	
grain	relative	to	the	substrate,	 i.e.	the	OR.	Moreover,	topographical	features	on	the	substrate	surface	
(like	steps)	can	participate	in	the	growth	of	specific	in-plane	orientations	[78].			
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	 The	 studies	of	 the	ORs	of	 fcc	pure	metallic	 films	on	c-sapphire	generally	 report	 that	OR1/t	 is	
preferred	 [58,62,66,79,80]	 but	OR2/t	 has	 also	 been	observed	 [61,63,66,70,81].	 Processing	 conditions	
(growth	temperature,	deposition	rate,	pressure	of	the	sputter	system)	may	play	a	role,	as	shown	in	[63].	
It	has	also	been	reported	that	in	samples	prepared	at	high	temperature,	OR2/t	is	favored	for	Al	[61,70],	
and	it	has	been	suggested	that	this	preferred	OR	might	be	controlled	by	kinetics	[61].	On	the	other	hand,	
Curiotto	et	al.	[58]	have	shown	that	when	OR1/t	Cu	crystals	formed	by	dewetting	in	the	solid	state	are	
melted	and	then	re-solidified,	OR1/t	is	no	longer	preferred	and	the	<110>	in-plane	direction	in	the	Cu	
interface	aligns	on	the	<1120>	in-plane	direction	of	sapphire	(i.e.	the	preferred	direction	of	sapphire	for	
alignment	of	the	<110>	direction	of	the	OR2/t	grains).		
	 In	this	study,	we	found	the	same	trend	as	in	previous	studies	on	the	orientation	relationships	of	
fcc	grains	on	c-sapphire:	grains	prefer	to	grow	in	OR1/t	at	low	temperature	but	are	likely	to	adopt	OR2/t	
at	high	 temperature.	However,	OR2/t	grains	may	not	appear	 if	 they	cannot	expand	 from	pre-existing	
small	OR2/t	grains	[52].	In	this	work,	CoCrFeNi	films	heated	up	to	0.8	Tm	either	grow	to	10	µm	large	grains	
in	OR1/t	or	~1000	µm	large	OR2/t	grains	within	a	±10°	in-plane	deviation.	Since	the	OR2/t	grains	have	
been	found	much	less	frequently	in	the	as-deposited	film	(4	vol.%),	it	could	happen	that	in	the	sample	
investigated,	they	are	not	observed	after	a	high	temperature	anneal	because	they	were	not	present	in	
the	as-deposited	films	(or	in	the	measured	region	of	the	annealed	film).		
	 The	 interfacial	 energy	may	 be	 lower	 for	 the	OR2/t	 grains	 at	 temperatures	 above	 973	 K.	 DFT	
calculations	performed	at	0	K	for	the	fcc	pure	Cu	have	shown	that	the	interfacial	energies	of	the	OR1	and	
OR2	 grains	 on	 sapphire	 are	 very	 close	 [82]	 but	 there	 is	 no	 information	 on	 how	 they	 evolve	 with	
temperature.	Thus,	it	is	not	yet	completely	understood	what	leads	to	OR1/t	or	OR2/t.	We	suspect	that	
the	sapphire	substrate	steps	may	play	a	role	on	the	stabilization	of	these	two	ORs,	consistently	with	what	
has	been	shown	in	[78].	
	 It	is	worth	mentioning	two	recent	papers	in	the	literature	that	attempt	to	explore	the	impact	of	
an	alloying	element	on	the	microstructure	of	a	metallic	thin	film	in	contact	with	an	oxide	plane.	They	
investigated	films	of	fcc	binary	alloys	which	were	prepared	by	stacking	of	pure	layers	on	single-crystal	
oxide	planes	(Ni-Cr	on	YSZ	[83]	and	Ni-Fe	on	c-sapphire	[84]).	Although	interfacial	segregation	of	Cr	[83]	
has	been	observed,	there	was	no	change	of	the	preferred	OR	of	Ni	on	YSZ	since	it	was	already	dictated	
by	the	Ni	layer	that	had	been	deposited	in	contact	with	the	oxide	crystal	before	Cr	segregation	occurred.	
The	same	situation	stands	 for	Ni-Fe	alloy	where	Ni	was	also	 the	as-deposited	 layer	 in	contact	with	c-
sapphire.	 In	 both	 cases,	 interfacial	 adsorption	 and	 bulk	 composition	 of	 the	 alloy	 change	 along	 the	
annealing	time	by	bulk	diffusion	through	the	layer	of	the	pure	component	which	was	deposited	in	contact	
with	the	substrate.	We	can	wonder	at	which	level	interfacial	adsorption	is	involved	in	the	preferred	OR	
of	the	grains	of	such	films.	In	our	experiments,	the	situation	is	different	since	interfacial	adsorption	and	
OR	 develop	 in	 parallel	 from	 a	 chemically	 homogeneous	 as-deposited	 state	 (confirmed	 by	 TEM-EDS	
studies	of	cross-sectional	samples	-	not	shown	here).	The	alloy/sapphire	interfaces	of	the	grains	are	at	
chemical	equilibrium	with	the	bulk	alloy	when	the	preferred	ORs	develop	at	the	expense	of	the	other	
ORs.	Interfacial	adsorption	decreases	the	magnitude	of	the	interfacial	energies	and	change	the	landscape	
of	their	anisotropy.	Given	that	adsorption	had	occurred,	the	preferred	ORs	corresponding	to	the	lowest	
interfacial	energies	(OR1	and	OR2	at	lower	and	higher	temperatures,	respectively)	are	the	same	for	the	
CoCrFeNi	fcc	alloy	investigated	here,	and	for	the	pure	fcc	phases	investigated	in	the	literature.	
	 One	 of	 the	 main	 conclusions	 of	 this	 paper	 is	 that	 despite	 the	 complex	 composition	 of	 the	
CoCrFeNi	films,	their	annealed	microstructure	consists	of	grains	of	the	same	two	preferred	ORs	as	those	
of	several	pure	fcc	metal	films	on	the	same	substrate,	in	the	same	equivalent	temperature	ranges.	While	
the	 interfacial	 energy	must	 be	 a	 function	 of	 the	 chemistry	 and	 lattice	mismatch	 of	 the	 two	 abutting	
phases,	we	observe	that	neither	the	lattice	parameter	nor	the	interfacial	segregation	of	one	or	more	of	
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the	alloy	components	affect	the	preferred	OR	of	several	different	fcc	phases	on	c-sapphire.	This	result	
suggests	that	the	preferred	ORs	of	a	fcc	phase	deposited	on	a	c-sapphire	substrate	must	be	related	to	
some	crystallographic	properties	of	the	substrate	plane	such	as	its	interfacial	steps,	which	are	usually	not	
considered	in	the	analysis	of	OR.	Our	recent	work	[78,85]	actually	underlines	the	major	role	on	OR	of	
substrate	steps	which	cannot	be	avoided	in	experiments	with	real	substrates.			

	
4.3.	Grain	growth	and	annealed	microstructure/morphology	
	 Here,	 the	 results	 are	 discussed	 by	 sorting	 the	 films	 according	 to	 the	 final	 OR	 of	 their	 grains	
(including	their	variants),	i.e.	the	OR2/t-films	and	the	OR1/t-films.	
	 OR1/t	grains	are	systematically	found	to	have	grown	at	the	lowest	annealing	temperature	of	973	
K,	while	both	OR1/t	and/or	OR2/t	grains	can	be	observed	after	anneals	at	the	higher	temperatures.	When	
they	have	grown,	the	OR2/t	grains	are	much	larger	than	the	OR1/t	grains	which	means	that	the	grain	
boundaries	which	delineate	the	OR2/t	grains	migrate	faster.	
	 In	 the	OR2/t-films,	grain	growth	has	eliminated	most	of	 the	grain	boundaries	upon	annealing	
(above	973	K).	Some	triple	junction	grooves	have	had	time,	before	being	swept	away	by	grain	growth,	to	
deepen	down	to	the	substrate,	forming	holes	through	the	film.	These	holes	are	left	isolated	in	one	of	the	
single-crystal	OR2	or	OR2t	grains	after	the	grain	boundaries	have	detached	from	them	under	the	driving	
force	 of	 grain	 growth.	 These	 isolated	 holes	 have	 a	 triangular/hexagonal	 shape	 typical	 of	 that	 of	
dewetting-holes	within	 a	 {111}	 fcc	 single-crystal	 (see	 Figs.	 6b	 and	 6h).	 They	 are	wider	 (for	 the	 same	
annealing	duration)	at	higher	temperatures,	and	in	thinner	films.	When	holes	expand	by	surface	diffusion,	
the	 film	 thickness	 enters	 only	 in	 a	 logarithmic	 term,	 such	 that	 its	 impact	 is	 limited	 to	 the	 short-time	
regime	[55].	The	other	factors	which	determines	the	growth	rate	of	holes	are	identical	for	all	films;	they	
are	 the	 equivalent	 contact	 angle	 of	 the	 film	on	 the	 substrate,	 and	 the	 absolute	 value	 of	 the	 surface	
energy,	 as	predicted	by	 the	2D	model	of	 Zucker	 et	 al.	 [86]	 and	as	demonstrated	by	 the	experiments	
performed	on	Ni	{100}	single-crystals	on	MgO	[74],	on	Si	single-crystals	on	amorphous	silica	[69]	or	on	Al	
large	 grains	 on	 c-sapphire	 [61,87].	 Thus,	 the	 larger	 hole	 size	 observed	 for	 thinner	 films	 and	 higher	
annealing	 temperatures	 are	 likely	 due	 to	 the	 shorter	 time	 required	 for	 their	 formation	 by	 surface	
diffusion,	a	mechanism	which	is	temperature	activated	and	according	to	which	the	linear	expansion	of	a	
groove	is	proportional	to	t1/4	[54].	
	 In	the	OR1/t-films,	grain	growth	is	much	slower	than	in	the	OR2/t-films,	and	grains	stagnate	at	
sizes	of	about	10	µm,	even	at	1473	K.	Thus,	in	the	270	nm	thick	films,	it	is	likely	that	the	apexes	of	the	
triple	junction	grooves	reach	the	substrate	before	the	grain	boundaries	have	detached	from	them.	This	
allows	dewetting	to	propagate	along	the	grain	boundary	network	of	the	film	[55,88];	at	1273	K,	finger-
shaped	holes	have	formed	as	seen	in	Fig.	6e,	and	at	1423	K	the	holes	have	percolated	into	a	network	such	
that	the	continuous	holey-film	has	switched	to	elongated	islands	as	shown	in	Fig.	6f.	In	the	thicker	films,	
triple	junction	groove	tips	need	more	time	to	reach	the	substrate	(proportional	to	t1/4	[54]),	and	at	1423	
K,	grain	growth,	while	slow,	tends	to	eliminate	the	grain	boundaries	around	the	triple	junction	grooves	
before	 they	 become	 too	 deep	 and	prevent	 the	 boundaries	 from	moving.	 The	 triple	 junction	 grooves	
which	have	reached	the	substrate	become	isolated	holes	within	one	of	the	OR1	or	OR1t	grains.	In	the	
670	nm	thick	films,	the	surface	morphology	that	is	observed	is	related	to	a	transition	from	triple	junction	
grooving	with	a	shallow	groove	angle	and	distant	bumps	to	dewetting-hole	growth	in	a	single-crystal	with	
vertical	walls	and	edge-bumps.	
	 In	the	case	of	the	200	nm	film	annealed	at	the	highest	temperature,	the	film	broke	completely	
within	a	short	time	by	grooving	at	the	triple	 junctions	and	probably	also	at	the	grain	boundaries.	The	
resulting	islands	are	crystals	of	which	25	%	are	OR2/t	grains	and	the	remaining	OR1/t	grains.	This	clearly	
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shows	that	the	OR2	grains	were	growing	at	the	expense	of	the	OR1/t	grains	before	the	complete	rupture	
of	the	film.	
	 Several	 studies	 have	 been	 carried	 out	 on	 grain	 growth	 upon	 annealing	 of	 pure	 metal	 films	
deposited	on	amorphous	silica	or	on	single-crystal	silicon.	They	have	shown	that	grain	growth	stagnates	
when	grain	size	reaches	20	times	the	film	thickness	[56,68,69,89].	Larger	grains	exceeding	50	times	the	
film	thickness,	have	been	found	in	ultrathin	(<	100	nm)	films	of	Si	on	SiO2	[90].	Recently,	much	bigger	
grains	have	been	prepared	in	fcc	films	(Ni	and	Cu)	thicker	than	300	nm,	deposited	on	a	(1102)	sapphire	
substrate	[52].	On	this	substrate,	the	Ni	grain	size	could	reach	300	times	the	film	thickness	when	annealed	
at	0.82	Tm	 (1423	K)	 for	1	h,	and	 the	Cu	grain	 size	could	extend	 to	500	 times	 the	 film	 thickness	when	
annealed	at	0.92	Tm	(1253	K)	for	78	h.	In	the	present	work,	CoCrFeNi	grains	well	beyond	these	sizes	have	
been	found	when	their	orientation	relationship	to	the	c-sapphire	substrate	is	OR2/t	and	the	film	thickness	
and	annealing	temperature	combination	is	such	that	grain	growth	is	not	impeded	by	grooving;	after	1	
hour	at	0.8	Tm	(1423	K),	the	CoCrFeNi	grains	are	more	than	1000	times	the	film	thickness.	Stagnation	of	
grain	growth	is	attributed	to	the	formation	of	grooves	which	prevent	grain	boundary	motion	[69].	We	
speculate	that	grooving	takes	place	mostly	on	slow-moving	grain	boundaries.	Thus,	to	overcome	grain	
growth	 stagnation,	 the	 grain	 boundary	 migration	 rate	 must	 be	 high.	 Since	 we	 observe	 grain	 sizes	
exceeding	1000	times	the	film	thickness,	the	grain	boundary	migration	rate	must	be	very	large,	i.e.	their	
driving	force	and/or	mobility	must	be	high.		
	 This	observation	disagrees	with	the	statements	found	in	literature	that	grain	boundaries	in	MPEA	
alloys	have	a	sluggish	diffusion,	because	they	are	pinned	by	defects	like	dislocations	[91]	or	because	of	a	
particular	distribution	of	the	components	at	the	grain	boundaries	[92].	These	arguments	may	apply	for	
certain	type	of	grain	boundaries,	but	not	for	the	<111>	tilt	boundaries	of	these	films.	The	adsorption	of	
some	of	the	component(s)	of	the	alloy	at	grain	boundaries	has	enhanced	their	mobility	compared	to	the	
one	for	pure	fcc	metal	like	Al	[61]	at	the	same	equivalent	temperature.	It	has	recently	been	shown	by	
calculation	that	Cr	adsorbs/segregates	at	one	of	the	grain	boundaries	of	the	Cantor	alloy	(CoCrFeMnNi)	
[93].	Since	this	paper	shows	that	only	Mn	could	compete	with	Cr,	it	is	likely	that	Cr	also	adsorbs	at	the	
grain	boundaries	of	the	quaternary	CoCrFeNi.	It	is	important	to	remind	that	adsorption/segregation	at	a	
grain	boundary	may	either	slow	down	(solute	drag	effect	[94])	or	accelerate	(see	for	example	[95])	grain	
growth.	Thus,	it	looks	like	adsorption	enhances	mobility	of	certain	of	the	grain	boundaries	of	the	<111>-
textured	CoCrFeNi	alloy	thin	film	on	c-sapphire	investigated	in	this	paper.			
	 Arguments	based	on	energy	decrease	must	be	considered	but	 they	cannot	be	simply	used	 to	
understand	kinetics	since	reaching	a	lower	energy	state	depends	on	the	mechanisms	involved	in	grain	
boundary	motion.	The	two	main	energetics	arguments	are	listed	below:	
(i)	As	discussed	in	the	previous	section,	the	interfacial	energy	anisotropy	between	sapphire	and	OR2/t	
grains	vs.	OR1/t	grains	could	be	enhanced	by	adsorption	of	some	of	the	component(s)	of	the	alloy	at	the	
interface,	such	that	the	interfacial	energy	with	sapphire	of	the	OR2/t	grains	has	become	much	smaller	
than	the	one	with	the	OR1/t	grains	at	temperature	higher	than	973	K.	However,	while	a	lower	interfacial	
energy	is	necessary	for	the	grains	of	preferred	OR	grow,	it	is	not	sufficient;	the	velocity	of	the	boundaries	
surrounding	these	grains	must	be	enhanced	for	they	grow	faster.	
(ii)	The	grain	boundaries	between	OR1	and	OR1t	are	S3	boundaries	while	the	grain	boundaries	between	
OR2	and	OR2t	deviate	from	S3	with	an	in-plane	orientation	spreading	of	about	±10°	(also	seen	for	Cu	
[70]	 and	 Al	 [61]	 on	 c-sapphire).	 The	 grain	 boundaries	 between	 OR1/t	 and	 OR2/t	 are	 general	 grain	
boundaries.	 Thus,	 from	 a	 strict	 crystallographic	 point	 of	 view,	 the	 energy	 of	 the	 OR2-OR2t	 grain	
boundaries	should	be	larger	than	the	one	of	the	OR1-OR1t	grain	boundaries	[96],	and	the	energy	of	the	
OR1/t-OR2/t	grains	should	be	the	largest.	Adsorption	at	grain	boundaries	in	alloys	is	stronger	at	higher	
energy	grain	boundaries.	It	is	probably	larger	at	the	OR2-OR2t	and	OR2/t-OR1/t	grain	boundaries	than	at	
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the	S3	 grain	 boundaries	 between	OR1	 and	 OR1t.	 This	may	 change	 the	 order	 of	 the	 grain	 boundary	
energies	which	decrease	as	adsorption	increases.	It	is	also	likely	that	the	grain	boundary	structures	have	
changed,	 (e.g.	 undergoing	 faceting)	 because	 of	 adsorption	 which	 provide	 defects	 like	 disconnection	
which	ease	grain	boundary	motion	[97].		
	 In	fcc	phases,	the	{111}	planes	are	the	most	densely	packed	and	the	lowest	surface	energy	planes.	
Thus	a	<111>	fiber	texture	minimizes	the	film	surface	and	interface	energies	[89,98,99].	Therefore,	this	
texture	is	usually	found	in	thin	fcc	films	[61,62,100].	During	deposition	of	metallic	films,	surface	energy	
driven	grain	growth	can	occur,	and	the	resulting	texture	develop	at	temperatures	as	low	as	0.2	Tm	[88].	
Wong	et	al.	[98]	showed	that	during	electron	beam	deposition	of	Au	films	at	room	temperature	(about	
0.22	Tm),	the	film	develops	a	texture	as	soon	as	it	becomes	continuous.	Chou	et	al.	[99]	have	correlated	
deposition	rates	and	textures	of	as-deposited	thin	Sb	films.	They	have	shown	that	when	the	deposition	
rate	was	<	2.5	nm/s,	grains	of	the	lowest	surface	energy	were	over-represented	because	atoms	had	time	
to	diffuse.	In	the	present	work,	after	deposition	at	room	temperature	(0.18	Tm)	at	a	relatively	low	rate	of	
0.13	nm/s,	the	films	were	already	fcc	and	textured,	with	{111}	planes	parallel	to	the	(0001)	plane	of	the	
c-sapphire	substrate	surface,	with	grains	of	a	preferred	OR	(OR1/t	as	shown	on	Fig	4).	This	metastable	
microstructure	may	have	been	stabilized	by	the	3-fold	symmetry	of	the	c-sapphire	substrate.	

This	work	shows	that	a	complete	understanding	of	grain	growth	in	the	CoCrFeNi	<111>-textured	
film	and	more	generally	of	bulk	alloy,	requires	investigating	the	reason	why	certain	grain	boundaries	are	
accelerated	while	others	are	slowed	down.	We	suggest	that	this	is	related	to	the	excess	of	one	or	several	
of	 the	components	at	 the	grain	boundaries.	Providing	specific	answers	 is	a	 large	piece	of	work	which	
requests	 the	 fine	 characterization	 at	 the	 atomic	 scale	 (e.g.	 by	 STEM-EDX)	 of	 the	 fast	 and	 slow	 grain	
boundaries	of	the	films	and	the	track	of	their	distribution	change	from	the	microstructure	of	as	deposited	
<111>-textured	films	with	nanometer	grains,	to	the	one	of	films	with	millimeter	OR2/t	grains.		
	
	
5.		Summary	
	 This	paper	reports	for	the	first	time	on	the	stability	(phase,	microstructure,	morphology,	grain	
growth	and	dewetting)	of	thin	CoCrFeNi	polycrystalline	films	deposited	onto	a	single	crystal	substrate.	
	 CoCrFeNi	 films	 were	 prepared	 at	 room	 temperature	 on	 c-sapphire	 by	magnetron	 sputtering	
which	allows	control	of	a	uniform	composition.	As-deposited	films	exhibit	a	nanocrystalline	columnar	fcc	
<111>	 fiber	 textured	microstructure	on	 the	 (0001)	plane	of	 sapphire.	The	columnar	grains	have	 sizes	
parallel	to	the	surface	plane	of	30	nm	to	100	nm	for	the	deposited	film	thicknesses	of	200	to	670	nm.	The	
low	deposition	rate	(0.13	nm/s)	is	one	of	the	parameters	responsible	for	this	early	texture	formation,	and	
the	 crystallographic	 symmetry	of	 the	 c-plane	of	 sapphire	may	be	 the	 reason	 for	 stabilization	of	a	 fcc	
structure	of	the	deposited	alloy.		
	 The	CoCrFeNi	fcc	phase	was	found	to	be	stable	from	room	temperature	up	to	1423	K.	No	other	
metallic	 phase	 precipitates.	When	 Cr-rich	 regions	 appear,	 they	 are	 related	 to	 the	 formation	 of	 thin	
surface	Cr	oxide	layers	because	of	slight	oxygen	content	in	the	annealing	atmosphere.	
	 The	microstructure	evolution	of	the	film	was	investigated	by	tracking	the	density,	size	and	shape	
of	 the	 grooves	 formed	 at	 the	 triple	 junctions	 between	 the	 grain	 boundaries	 upon	 annealing.	 Holes	
through	 the	 film	 nucleate	 at	 the	 grain	 boundary	 triple	 junction	 groove	 roots.	 Break-up	 is	 delayed	 in	
thicker	films	because	more	time	is	required	for	the	triple	junction	groove	to	reach	the	substrate.		Grain	
growth	and	grain	boundary/triple	junction	grooving	compete	to	control	the	morphology	of	the	film	upon	
annealing.	In	the	OR2/t-films,	grains	grow	to	giant	sizes,	exceeding	1000	times	the	film	thickness	at	1273	
K	and	above.	In	these	films,	holes	which	originated	from	former	triple	junctions	become	isolated	within	
single-crystalline	grains.	Local	dewetting	takes	place	from	these	holes	which	expand	with	a	hexagonal	
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shape	typical	in	<111>	grains.	In	the	films	where	OR1/t	grains	developed,	the	grain	size	is	limited	to	few	
micrometers;	these	films	are	 likely	to	dewet/break-up	by	propagation	of	the	holes	nucleated	at	triple	
junctions	along	their	grain	boundary	network.	Thus,	the	thinnest	OR1/t	films	are	unstable	and	break-up	
easily.	 The	 reason	 for	 the	 development	 of	 OR1/t	 or	 OR2/t	 is	 clearly	 connected	 to	 the	 annealing	
temperature	and	the	presence	of	OR2/t	seed-grains	 in	the	as-deposited	film.	Higher	mobility	of	some	
grain	boundaries	leads	to	abnormal	growth	of	OR2/t	grains.		
	 Finally,	despite	 their	complex	composition,	 the	 films	 investigated	behave	similarly	 to	pure	 fcc	
metal	films	on	the	same	substrate.	Neither	the	lattice	parameter	nor	the	segregation	of	one	or	several	of	
the	components	of	the	alloy	at	the	fcc/c-sapphire	interface	changes	the	final	microstructure	and	texture.	
The	fcc	structure	of	the	film	is	the	only	critical	parameter	controlling	the	annealed	microstructure,	while	
the	complex	chemistry	plays	on	kinetics.	Thus,	quite	unexpectedly,	most	of	the	conclusions	on	fcc	film	
stability	on	c-sapphire	found	for	these	MPEA	films	can	be	extended	to,	or	could	be	inferred	from,	pure	
metals.	
	
	
Acknowledgements	
This	work	was	performed	under	the	umbrella	of	the	ANR-DFG	joined	project	AHEAD.	The	French	authors	
at	CINaM	and	CEMEF	wish	to	thank	the	Agence	Nationale	de	la	Recherche	for	support	of	their	research	
under	grant	ANR-16-CE92-0015.	The	German	authors	at	MPIE	and	RUB	wish	to	thank	the	DFG	for	financial	
support	within	the	projects	DE	796/11-1	and	LU1175/22-1.	
All	the	authors	wish	to	acknowledge	Paul	Wynblatt	(CMU,	Pittsburgh,	USA)	and	Céline	Varvenne	(CINaM)	
for	useful	discussions	about	grain	boundaries	in	CoCrFeNi.	Sapphire	substrates	were	cut	and	cleaned	in	
the	PLANETE	CT	PACA	cleanroom	facility	(CINaM).	Benjamin	Breitbach	(MPIE)	is	acknowledged	for	XRD	
measurements	and	Stefan	Hieke	(MPIE)	for	discussions	on	dewetting,	grain	growth	and	metal-sapphire	
orientation	relationships.		

References		

1-	B.	Cantor,	I.T.H.	Chang,	P.	Knight,	A.J.B.	Vincent,	Microstructural	development	in	equiatomic	multicomponent	alloys,	Mater.	
Sci.	Eng.	A	375-377	(2004)	213-218.	https://doi.org/10.1016/j.msea.2003.10.257	

2-	J.W.	Yeh,	S.K.	Chen,	J.W.	Gan,	S.J.	Lin,	T.S.	Chin,	T.T.	Shun,	C.H.	Tsau,	S.Y.	Chang,	Formation	of	simple	crystal	structures	in	Cu-
Co-Ni-Cr-Al-Fe-Ti-V	alloys	with	multiprincipal	metallic	elements,	Metall.	Mater.	Trans.	A	35A	(2004)	2533-2536.	
https://doi.org/10.1007/s11661-006-0234-4	

3-	J.W.	Yeh,	S.K.	Chen,	S.J.	Lin,	J.Y.	Gan,	T.S.	Chin,	T.T.	Shun,	C.H.	Tsau,	S.Y.	Chang,	Nanostructured	high-entropy	alloys	with	
multiple	principal	elements:	novel	alloy	design	concepts	and	outcomes,	Adv.	Eng.	Mater.	6	(2004)	299-303.	
https://doi.org/10.1002/adem.200300567	

4-	D.B.	Miracle,	High	entropy	alloys	as	a	bold	step	forward	in	alloy	development,	Nat.	Commun.	10	(2019)	1805.	
https://doi.org/10.1038/s41467-019-09700-1	

5-	M.S.	Lucas,	G.B.	Wilks,	L.	Mauger,	J.A.	Muñoz,	O.N.	Senkov,	E.	Michel,	J.	Horwath,	S.L.	Semiatin,	M.B.	Stone,	D.L.	Abernathy,	
E.	Karapetrova,	Absence	of	long-range	chemical	ordering	in	equimolar	FeCoCrNi,	Appl.	Phys.	Lett.	100	(2012)	257907.	
https://doi.org/10.1063/1.4730327	

6-	J.	Cornide,	M.	Calvo-Dahlborg,	S.	Chambreland,	L.	Asensio	Dominguez,	Z.	Leong,	U.	Dahlborg,	A.	Cunliffe,	R.	Goodall,	I.	Todd,	
Combined	atom	probe	tomography	and	TEM	investigations	of	CoCrFeNi,	CoCrFeNi-Pdx	(x=	0.5,	1.0,	1.5)	and	CoCrFeNi-Sn,	Acta	
Phys.	Pol.	A	128	(2015)	557-560.	https://doi.org/10.12693/APhysPolA.128.557	

7-	J.-W.	Yeh,	Recent	Progress	in	High	Entropy	Alloys,	Ann.	Chim.	Sci.	Mater.	31	(2006)	633–648.	
https://doi.org/10.3166/acsm.31.633-648	

8-	Y.	Zhang,	T.	Ting	Zuo,	Z.	Tang,	M.C.	Gao,	K.A.	Dahmen,	P.K.	Liaw,	Z.P.	Lu,	Microstructures	and	properties	of	high-entropy	
alloys,	Prog.	Mater.	Sci.	61	(2014)	1–93.	https://doi.org/10.1016/j.pmatsci.2013.10.001	



20	
	

9-	D.B.	Miracle,	O.N.	Senkov,	A	critical	review	of	high	entropy	alloys	and	related	concepts,	Acta	Mater.	122	(2017)	448-511.	
https://doi.org/10.1016/j.actamat.2016.08.081	

10-	T.	Löffler,	H.	Meyer,	A.	Savan,	P.	Wilde,	A.	Garzón	Manjón,	Y.	T.	Chen,	E.	Ventosa,	C.	Scheu,	A.	Ludwig,	W.	Schuhmann,	
Discovery	of	a	multinary	noble	metal	free	oxygen	reduction	catalyst,	Adv.	Energy	Mater.	(2018)	1802269.	
https://doi.org/10.1002/aenm.201802269	

11-	D.B.	Miracle,	J.D.	Miller,	O.N.	Senkov,	C.	Woodward,	M.D.	Uchic,	J.	Tiley,	Exploration	and	development	of	high	entropy	
alloys	for	structural	applications,	Entropy,	16	(2014)	494-525.	https://doi.org/10.3390/e16010494	

12-	M.G.	Poletti,	L.	Battezzati,	Electronic	and	thermodynamic	criteria	for	the	occurrence	of	high	entropy	alloys	in	metallic	
systems,	Acta	Mater.	75	(2014)	297-306.	https://doi.org/10.1016/j.actamat.2014.04.033	

13-	F.	Otto,	Y.	Yang,	H.	Bei,	E.P.	George,	Relative	effects	of	enthalpy	and	entropy	on	the	phase	stability	of	equiatomic	high-
entropy	alloys,	Acta	Materialia	61	(2013)	2628–2638.	http://doi.org/10.1016/j.actamat.2013.01.042	

14-	D.	Maa,	B.	Grabowski,	F.	Körmann,	J.	Neugebauer,	D.	Raabe,	Ab	initio	thermodynamics	of	the	CoCrFeMnNi	high	entropy	
alloy:	Importance	of	entropy	contributions	beyond	the	configurational	one,	Acta	Materialia	100	(2015)	90–97.	
http://doi.org/10.1016/j.actamat.2015.08.050	

15-	G.	Bracq,	M.	Laurent-Brocq,	L.	Perriere,	R.	Pires,	J-M	Joubert,	I.	Guillot,	The	fcc	solid	solution	stability	in	the	Co-Cr-Fe-Mn-Ni	
multi-component	system.	Acta	Mater.	128	(2017)	327-336.		https://doi.org/10.1016/j.actamat.2017.02.017	

16-	J.	Wang,	J.	Li,	Q.	Wang	b,	J.	Wang	a,	Z.	Wang,	C.T.	Liu,	The	incredible	excess	entropy	in	high	entropy	alloys,	Scripta	Mater.	
168	(2019)	19-22.	https://doi.org/10.1016/j.scriptamat.2019.04.013	

17-	F.	He,	Z.	Wang,	Q.	Wu,	J.	Li,	J.	Wang,	C.T.	Liu,	Phase	separation	of	metastable	CoCrFeNi	high	entropy	alloy	at	intermediate	
temperatures,	Scripta	Mater.	126	(2017)	15-19.	https://doi.org/10.1016/j.scriptamat.2016.08.008	

18-	Z.	Wang,	S.	Guo,	C.T.	Liu,	Phase	selection	in	high-entropy	alloys:	from	nonequilibrium	to	equilibrium,	JOM	66	(2014)	1966-
1972.	https://doi.org/10.1007/s11837-014-0953-8	

19-	Z.	Wu,	H.	Bei,	F.	Otto,	G.M.	Pharr,	E.P.	George,	Recovery,	recrystallization,	grain	growth	and	phase	stability	of	a	family	of	
fcc-structured	multi-component	equiatomic	solid	solution	alloys,	Intermetallics	46	(2014)	131-140.	
https://doi.org/10.1016/j.intermet.2013.10.024	

20-	S.	Abhaya,	R.	Rajaraman,	S.	Kalavathi,	G.	Amarendra,	Positron	annihilation	studies	on	FeCrCoNi	high	entropy	alloy,	J.	Alloys	
Compd.	620	(2015)	277-282.	https://doi.org/10.1016/j.jallcom.2014.09.137	

21-	F.	He,	Z.	Wang,	Q.	Wu,	S.	Niu,	J.	Li,	J.	Wang,	C.T.	Liu,	Solid	solution	island	of	the	Co-Cr-Fe-Ni	high	entropy	alloy	system,	
Scripta	Mater.	131	(2017)	42-46.	https://doi.org/10.1016/j.scriptamat.2016.12.033	

22-	J.E.	Saal,	I.S.	Berglund,	J.T.	Sebastian,	P.K.	Liaw,	G.B.	Olson,	Equilibrium	high	entropy	alloy	phase	stability	from	experiments	
and	thermodynamic	modeling,	Scripta	Mater.	146	(2018)	5-8.	https://doi.org/10.1016/j.scriptamat.2017.10.027	

23-	D.J.M.	King,	S.C.	Middleburgh,	A.G.	McGregor	M.B.	Cortie,	Predicting	the	formation	and	stability	of	single	phase	high-
entropy	alloys,	Acta	Mater.	104	(2016)	172-179.		https://doi.org/10.1016/j.actamat.2015.11.040	

24-	C.	Zhang,	F.	Zhang,	S.	Chen,	W.	Cao,	C.	Weisheng,	Computational	thermodynamics	aided	high-entropy	alloy	design,	JOM,	
64	(2012)	839-845.	https://doi.org/10.1007/s11837-012-0365-6	

25-	F.	Tian,	L.	Delczeg,	N.	Chen,	L.	K.	Varga,	J.	Shen,	L.	Vitos,	Structural	stability	of	NiCoFeCrAlx	high-entropy	alloy	from	ab	initio	
theory,	Phys.	Rev.	B,	88	(2013)	085128.	https://doi.org/10.1103/PhysRevB.88.085128	

26-	M.A.	Gutierrez,	G.D.	Rodriguez,	G.	Bozzolo,	H.O.	Mosca,	Melting	temperature	of	CoCrFeNiMn	high-entropy	alloys,	Comput.	
Mater.	Sci.	148	(2018)	69-75.	https://doi.org/10.1016/j.commatsci.2018.02.032	

27-	M.	Vaidya,	S.	Trubel,	B.S.	Murty,	G.	Wilde,	S.V.	Divinski,	Ni	tracer	diffusion	in	CoCrFeNi	and	CoCrFeMnNi	high	entropy	
alloys,	J	Alloys	Compd.	688	(2016)	994-1001.	https://doi.org/10.1016/j.jallcom.2016.07.239	

28-	F.	Otto,	A.	Dlouhý,	K.G.	Pradeep,	M.	Kuběnová,	D.	Raabe,	G.	Eggeler,	E.P.	George,	Decomposition	of	the	single-phase	high-
entropy	alloy	CrMnFeCoNi	after	prolonged	anneals	at	intermediate	temperatures,	Acta	Mater.	112	(2016)	40-52.	
https://doi.org/10.1016/j.actamat.2016.04.005	

29-	V.	Dolique,	A.L.	Thomann,	P.	Brault,	Y.	Tessier,	P.	Gillon,	Thermal	stability	of	AlCoCrCuFeNi	high	entropy	alloy	thin	films	
studied	by	in-situ	XRD	analysis.	Surf.	Coat.	Technol.	204	(2010)	1989-1992.	https://doi.org/10.1016/j.surfcoat.2009.12.006	



21	
	

30-	V.	Braic,	A.C.	Parau,	I.	Pana,	M.	Braic,	M.	Balaceanu,	Effects	of	substrate	temperature	and	carbon	content	on	the	structure	
and	properties	of	(CrCuNbTiY)C	multicomponent	coatings,	Surf.	Coat.	Technol.	258	(2014)	996-1005.	
https://doi.org/10.1016/j.surfcoat.2014.07.044 

31-	M.D.	Cropper,	Thin	films	of	AlCrFeCoNiCu	high-entropy	alloy	by	pulsed	laser	deposition,	Appl.	Surf.	Sci.	455	(2018)	153-159.	
https://doi.org/10.1016/j.apsusc.2018.05.172	

32-	T.	Yue,	H.	Xie,	X.	Lin,	Y.	Haiou,	M.	Guanghui,	Microstructure	of	laser	Re-melted	AlCoCrCuFeNi	high	entropy	alloy	coatings	
produced	by	plasma	spraying,	Entropy	15	(2013)	2833-2845.	https://doi.org/10.3390/e15072833	

33-	C.Z.	Yao,	P.	Zhang,	M.	Liu,	et	al.	Electrochemical	preparation	and	magnetic	study	of	Bi–Fe–Co–Ni–Mn	high	entropy	alloy.	
Electrochem.	Acta.	53	(2008)	8359-8365.	https://doi.org/10.1016/j.electacta.2008.06.036	

34-	X.H.	Yan,	J.S.	Li,	W.R.	Zhang,	Y.	Zhang,	A	brief	review	of	high-entropy	films,	Mater.	Chem.	Phys.	210	(2018)	12-19.	
https://doi.org/10.1016/j.matchemphys.2017.07.078	

35-	W.	Li,	P.	Liu,	P.K.	Liaw,	Microstructures	and	properties	of	high-entropy	alloy	films	and	coatings:	a	review,	Mater.	Res.	Lett.	6	
(2018)	199-229.	https://doi.org/10.1080/21663831.2018.1434248	

36-	Y.	J.	Li,	A.	Savan,	A.	Kostka,	H.	S.	Stein,	A.	Ludwig,	Accelerated	atomic-scale	exploration	of	phase	evolution	in	
compositionally	complex	materials,	Mater.	Horiz.	5	(2018)	86-92.	https://doi.org/10.1039/C7MH00486A	

37-	S.A.	Kube,	S.	Sohn,	D.	Uhl,	A.	Datye,	A.	Mehta,	J.	Schroers,	Phase	selection	motifs	in	High	Entropy	Alloys	revealed	through	
combinatorial	methods:	Large	atomic	size	difference	favors	BCC	over	FCC,	Acta	Mater.	166	(2019)	677-686.	
https://doi.org/10.1016/j.actamat.2019.01.023	

38-	A.	Marshal,	K.G.	Pradeep,	D.	Music,	S.	Zaefferer,	P.S.	De,	J.M.	Schneider,	Combinatorial	synthesis	of	high	entropy	alloys:	
Introduction	of	a	novel,	single	phase,	body-centered-cubic	FeMnCoCrAl	solid	solution,	J.	Alloys	Compd.	691	(2017)	683-689.	
http://dx.doi.org/10.1016/j.jallcom.2016.08.326	

39-	A.	Marshal,	K.G.	Pradeep,	D.	Music,	L.	Wang,	O.	Petracic,	J.M.	Schneider,	Combinatorial	evaluation	of	phase	formation	and	
magnetic	properties	of	FeMnCoCrAl	high	entropy	alloy	thin	film	library,	Sci.	Rep.	9	(2019)	7864.	
https://doi.org/10.1038/s41598-019-44351-8	

40-	Y.	Li,	A.	Kostka,	A.	Savan,	A.	Ludwig,	Atomic-scale	investigation	of	fast	oxidation	kinetics	of	nanocrystalline	CrMnFeNiCo	
thin	films,	J.	Alloy	Compd	766	(2018)	1080-1085.	https://doi.org/10.1016/j.jallcom.2018.07.048	

41-	A.	Sharma,	G.	Reiter,	Instability	of	thin	polymer	films	on	coated	substrates:	rupture,	dewetting,	and	drop	formation,	J.	
Colloid	Interface	Sci.	178,	(1996)	383-399.	https://doi.org/10.1006/jcis.1996.0133	

42-	C.	Wang,	G.	Krausch,	M.	Geoghegan,	dewetting	at	a	polymer−polymer	interface:	film	thickness	dependence,	Langmuir,	17	
(2001)	6269-6274.	https://doi.org/10.1021/la010585q	

43-	M.	Ma,	Z.	He,	J.	Yang,	F.	Chen,	K.	Wang,	Q.	Zhang,	H.	Deng,	Q.	Fu,	Effect	of	film	thickness	on	morphological	evolution	in	
dewetting	and	crystallization	of	polystyrene/poly(ε-caprolactone)	blend	films,	Langmuir,	27	(2011)	13072-13081.	
https://doi.org/10.1021/la2036289	

44-	H.	Krishna,	R.	Sachan,	J.	Strader,	C.	Favazza,	M.	Khenner,	R.	Kalyanaraman,	Thickness-dependent	spontaneous	dewetting	
morphology	of	ultrathin	Ag	films,	Nanotechnology	21	(2010)	155601.	https://doi.org/10.1088/0957-484/21/15/155601	

45-	C.M.	Muller,	R.	Spolenak,	Dewetting	of	Au	and	AuPt	alloy	films:	A	dewetting	zone	model,	J.	Appl.	Phys.	113	(2013)	094301.	
https://doi.org/10.1063/1.4794028	

46-	S.	Kunwar,	P.	Pandey,	M.	Sui,	S.	Bastola,	J.	Lee,	Evolution	of	ternary	AuAgPd	nanoparticles	by	the	control	of	temperature,	
thickness,	and	tri-layer,	Metals	7	(2017)	472.	https://doi.org/10.3390/met7110472	

47-	C.V.	Thompson,	Solid-State	Dewetting	of	Thin	Films,	Annu.	Rev.	Mater.	Res.	42	(2012)	399-434.	
https://doi.org/10.1146/annurev-matsci-070511-155048	

48-	W.D.	Kaplan,	D.	Chatain,	P.	Wynblatt,	W.C.	Carter,	A	review	of	wetting	versus	adsorption,	complexions,	and	related	
phenomena:	the	rosetta	stone	of	wetting,	J.	Mater.	Sci.	48	(2013)	5681-5717.	https://doi.org/10.1007/s10853-013-7462-y	

49-	D.	Amram,	L.	Klinger,	N.	Gazit,	H.	Gluska,	E.	Rabkin,	Grain	boundary	grooving	in	thin	films	revisited:	The	role	of	interface	
diffusion,	Acta	Mater.	69	(2014)	386-396.	https://doi.org/10.1016/j.actamat.2014.02.008	

50-	E.	Shaffir,	I	Riess,	W.D.	Kaplan,	The	mechanism	of	initial	de-wetting	and	detachment	of	thin	Au	films	on	YSZ,	Acta	Mater.	57	
(2009)	248-256.	https://doi.org/10.1006/j.actamat.2008.09.004	



22	
	

51-	A.	Ludwig,	R.	Zarnetta,	S.	Hamann,	A.	Savan,	S.	Thienhaus,	Development	of	multifunctional	thin	films	using	high-throughput	
experimentation	methods,	Int.	J.	Mater.	Res.	99	(2008)	1144-1149.	https://doi.org/10.3139/146.101746	

52-	D.	Chatain,	B.	Courtois,	I.	Ozerov,	N.	Bozzolo,	M.	Kelly,	G.S.	Rohrer,	P.	Wynblatt,	Growth	and	orientation	relationships	of	Ni	
and	Cu	films	annealed	on	slightly	miscut	(1-102)	r-sapphire	substrates,	J.	Cryst.	Growth	508	(2019)	24-33.	
https://doi.org/0.1016/j.jcrysgro.2018.11.02	

53-	F.	Bachmann,	R.	Hielscher,	H.	Schaebenet,	Texture	analysis	with	MTEX–free	and	open	source	software	toolbox,	Solid	State	
Phenom.	160	(2010)	63-68.	https://doi.org/10.4028/www.scientific.net/ssp.160.63	

54-	F.	Y.	Génin,	W.	W.	Mullins,	P.	Wynblatt,	Capillary	instabilities	in	thin	films:	A	model	of	thermal	pitting	at	grain	boundary	
vertices,	Acta	metal.	mater.	40	(1992)	3239-3248.	https://doi.org/10.1016/0956-7151(92)90037-f	

55-	D.J.	Srolovitz,	S.A.	Safran,	Capillary	instabilities	in	thin	films.	II.	Kinetics,	J.	Appl.	Phys.	60	255	(1986)	255-260.	
https://doi.org/10.1063/1.337691	

56-	K.	Barmak,	E.	Eggeling,	D.	Kinderlehrer,	R.	Sharp,	S.	Ta’asan,	A.D.	Rollett,	K.R.	Coffey,	Grain	growth	and	the	puzzle	of	its	
stagnation	in	thin	films:	The	curious	tale	of	a	tail	and	an	ear,	Prog.	Mater.	Sci.	58	(2013)	987-1055.	
https://doi.org/10.1016/j.pmatsci.2013.03.004	

57-	G.	Atiya,	D.	Chatain,	V.	Mikhelashvili,	G.	Eisenstein,	W.D.	Kaplan,	The	role	of	abnormal	grain	growth	on	solid-state	
dewetting	kinetics,	Acta	Mater.	81	(2014)	304-314.	https://doi.org/10.1016/j.actamat.2014.08.038	

58-	S.	Curiotto,	H.	Chien,	H.	Meltzman,	P.	Wynblatt,	G.S.	Rohrer,	W.D.	Kaplan,	D.	Chatain,	Orientation	relationships	of	copper	
crystals	on	c-plane	sapphire,	Acta	Mater.	59	(2011)	5320–5331.	https://doi.org/10.1016/j.actamat.2011.05.008	

59-	V.	Dolique,	A-L.	Thomann,	P.	Brault,	Y.	Tessier,	P.	Gillon,	Complex	structure	/	composition	relationship	in	thin	films	of	
AlCoCrCuFeNi	high	entropy	alloy,	Mater.	Chem.	Phys.	117	(2009)	142-147.	
https://doi.org/10.1016/j.matchemphys.2009.05.025	

60-	M.B.	Kivy,	M.A.	Zaeem,	Generalized	stacking	fault	energies,	ductilities,	and	twinnabilities	of	CoCrFeNi-based	face-centered	
cubic	high	entropy	alloys,	Scripta	Mater.	139	(2017)	83-86.	https://doi.org/10.1016/j.scriptamat.2017.06.014	

61-	S.W.	Hieke,	B.	Breitbach,	G.	Dehm,	C.	Scheu,	Microstructural	evolution	and	solid	state	dewetting	of	epitaxial	Al	thin	films	
on	sapphire	(α-Al2O3),	Acta	Mater.	133	(2017)	356-366.	https://doi.org/10.1016/j.actamat.2017.05.026	

62-	G.	Dehm,	B.J.	Inkson,	T.	Wagner,	Growth	and	microstructural	stability	of	epitaxial	Al	films	on	(0001)	α-Al2O3	substrates,	
Acta	Mater.	50	(2002)	5021-5032.	https://doi.org/10.1016/s1359-6454(02)00347-6	

63-	G.	Dehm,	H.	Edongué,	T.	Wagner,	S.H.	Oh,	E.	Arzt,	Obtaining	different	orientation	relationships	for	Cu	films	grown	on	
(0001)	a-Al2O3	substrates	by	magnetron	sputtering,	Z.	Metallkd.	96	(2005)	249-254.	https://doi.org/10.3139/146.101027 

64-	H.	Bialas,	E.	Knoll,	Heteroepitaxy	of	copper	on	sapphire	under	UHV	conditions,	Vacuum.	45	(1994)	959-966.	
https://doi.org/10.1016/0042-207X(94)90220-8	

65-	R.	Vargas,	T.	Goto,	W.	Zhang,	Epitaxial	growth	of	iridium	and	platinum	films	on	sapphire	by	metalorganic	chemical	vapor	
deposition,	Appl.	Phys.	Lett.	65	(1994)	1095-1096.	https://doi.org/10.1063/1.112108	

66-	H.J.	Frost,	Microstructural	evolution	in	thin	films,	Mater.	Charact.	32	(1994)	257-73.	https://doi.org/10.1016/S1359-
0286(96)80026-X	

67-	J.E.	Palmer,	C.V.	Thompson,	H.I.	Smith,	Grain	growth	and	grain	size	distributions	in	thin	germanium	films,	J.	Appl.	Phys.	62	
(1987)	2492-2497.	https://doi.org/10.1063/1.339460	

68-	H.	Meltzman,	D.	Mordehai,	W.D.	Kaplan,	Solid-solid	interface	reconstruction	at	equilibrated	Ni-Al2O3	interfaces,	Acta	
Mater.	60	(2012)	4359–4369.	https://doi.org/10.1016/j.actamat.2012.04.037	

69-	H.J.	Frost,	C.V.	Thompson,	D.T.	Walton,	Simulation	of	thin	film	grain	structures	-I.	Grain	growth	stagnation,	Acta	metall.	
mater.	38	(1990)	1455-1462.	https://doi.org/10.1016/0956-7151(90)90114-v	

70-	C.	Scheu,	M.	Gao,	S.H.	Oh,	G.	Dehm,	S.	Klein,	A.P.	Tomsia,	Bonding	at	copper–alumina	interfaces	established	by	different	
surface	treatments:	a	critical	review,	J.	Mater.	Sci.	41	(2006)	5161-5168.		https://doi.org/10.1007/s10853-006-0073-0	

71-	M.	Abbarchi,	M.	Naffouti,	M.	Lodari,	M.	Salvalaglio,	R.	Backofen,	T.	Bottein,	A.	Voigt,	T.	David,	J.-B.	Claude,	M.	
Bouabdellaoui,	A.	Benkouider,	I.	Fraj,	L.	Favre,	A.	Ronda,	I.	Berbezier,	D.	Grosso,	M.	Bollani,	Solid-state	dewetting	of	single-
crystal	silicon	on	insulator:	effect	of	annealing	temperature	and	patch	size,	Microelectron	Eng.	190	(2018)	1-6.	
https://doi.org/10.1016/j.mee.2018.01.002	



23	
	

72-	A.	Kosinova,	O.	Kovalenko,	L.	Klinger,	E.	Rabkin,	Mechanisms	of	solid-state	dewetting	of	thin	Au	films	in	different	annealing	
atmospheres,	Acta	Mater.	83	(2015)	91-101.	https://doi.org/10.1016/j.actamat.2014.09.049	

73-	P.	Jacquet,	R.	Podor,	J.	Ravaux,	J.	Teisseire,	I.	Gozhyk,	J.	Jupille,	R.	Lazzari,	Grain	growth:	The	key	to	understand	solid-state	
dewetting	of	silver	thin	films,	Scripta	Mater.	115	(2016)	128–132.	https://doi.org/10.1016/j.scriptamat.2016.01.005	

74-	J.	Ye,	C.V.	Thompson,	Anisotropic	edge	retraction	and	hole	growth	during	solid-state	dewetting	of	single	crystal	nickel	thin	
films,	Acta	Mater.	59	(2011)	582–589.	https://doi.org/10.1016/j.actamat.2010.09.062.	

75-	M.	Ohring,	in	Materials	Science	of	Thin	films	-	Deposition	and	Structure,	Academic	Press,	San	Diego,	2002	p.	542.	

76-	P.	Harzer,	S.	Djaziri,	R.	Raghavan,	G.	Dehm,	Nanostructure	and	mechanical	behavior	of	metastable	Cu–Cr	thin	films	grown	
by	molecular	beam	epitaxy,	Acta	Mater.	83	(2015)	318–332).	https://doi.org/10.1016/j.actamat.2014.10.013	

77-	S.A.	Kube,	J.	Schroers,	Metastability	in	high	entropy	alloys,	Scripta	Mater.	186	(2020)	392-400.	
https://doi.org/10.1016/j.scriptamat.2020.05.049	

78-	P.	Wynblatt,	D.	Chatain,	A.D.	Rollett,	U.	Dahmen,	Origin	of	an	unusual	systematic	variation	in	the	heteroepitaxy	of	Ag	on	Ni	
–	the	roles	of	twinning	and	step	alignment,	Acta	Mater.	168	(2019)	121-132.		https://doi.org/10.1016/j.actamat.2019.01.049	

79-	S.H.	Oh,	C.	Scheu,	T.	Wagner,	M.	Rühle,	Control	of	bonding	and	epitaxy	at	copper/sapphire	interface.	Appl.	Phys.	Lett.	91	
(2007)	141912.	https://doi.org/10.1063/1.2794025	

80-	G.	Dehm,	M.	Rühle,	G.	Ding,	Growth	and	structure	of	copper	thin	films	deposited	on	(0001)	sapphire	by	molecular	beam	
epitaxy,	Phil.	Mag.	B	71	(1995)	1111-1124.	https://doi.org/10.1080/01418639508241899	

81-	D.L.	Medlin,	K.F.	McCarty,	R.Q.	Hwang,	S.E.	Guthrie,	Orientation	relationships	in	heteroepitaxial	aluminum	films	on	
sapphire,	Thin	Solid	Films	299	(1997)	110-114.	https://doi.org/10.1016/s0040-6090(96)09393-5	

82-	A.	Hashibon,	C.	Elsässer,	M.	Rühle,,	Acta	Mater.		53	(2005),	Structure	at	abrupt	copper–alumina	interfaces:	An	ab	initio	
study,	5323-5332.	https://doi.org/10.1016/j.actamat.2005.07.036	

83-	H.	Nahor,	Y.	Kauffmann,	W.D.	Kaplan,	The	Cr-Doped	Ni-YSZ(111)	interface:	Segregation,	oxidation	and	the	Ni	equilibrium	
crystal	shape,	Acta	Mater.	166	(2019)	28-36.	https://doi.org/10.1016/j.actamat.2018.12.023	

84-	A.	Sharma,	A.	Kumar,	N.	Gazit,	D.J.	Srolovitz,	E.	Rabkin,	Grain	growth	and	solid-state	dewetting	of	Bi-Crystal	Ni-Fe	thin	films	
on	sapphire,	Acta	Mater.	168	(2019)	237-249.	https://doi.org/10.1016/j.actamat.2019.02.015	

85-	D.	Chatain,	S.	Singh,	B.	Courtois,	J.	Silvent,	E.	Verzeroli,	F.	Ram,		M.	Degraef,	G.S.	Rohrer,	P.	Wynblatt,	Influence	of	step	
structure	on	preferred	orientation	relationships	of	Ag	deposited	on	Ni(111),	Acta	Mater.	200	(2020)	287-296.	
https://doi.org/10.1016/j.actamat.2020.08.082	

86-	R.V.	Zucker,	G.H.	Kim,	W.C.	Carter,	C.V.	Thompson,	A	model	for	solid-state	dewetting	of	a	fully-faceted	thin	film,	C.R.	Phys.	
14-7	(2013)	564–577.	https://doi.org/10.1016/j.crhy.2013.06.005	

87-	S.W.	Hieke,	M-G	Willinger,	Z.J.	Wang,	G.	Richter,	D.	Chatain,	G.	Dehm,	C.	Scheu,	On	pinning-depinning	and	microkink-flow	
in	solid	state	dewetting:	Insights	by	in-situ	ESEM	on	Al	thin	films,	Acta	Mater.	165	(2019)	153-163.		
https://doi.org/10.1016/j.actamat.2018.11.028	

88-	V.	Derkach,	A.	Novick-Cohen,	E.	Rabkin,	Grain	boundaries	effects	on	hole	morphology	and	growth	during	solid	state	
dewetting	of	thin	films,	Scripta	Mater.	134	(2017)	115–118.	https://doi.org/10.1016/j.scriptamat.2017.02.046	

89-	C.V.	Thompson,	Grain	Growth	in	Thin	Films,	Annu.	Rev.	Matter.	Sci.	20	(1990)	245-68.	
https://doi.org/10.1146/annurev.matsci.20.1.245	

90-	C.V.	Thompson,	Surface-energy-driven	secondary	grain	growth	in	ultrathin	(<100	nm)	films	of	silicon,	Appl.	Phys.	Lett.	44	
(1984)	603-605.	https://doi.org/10.1063/1.94842	

91-	A.	Varvenne,	A.	Luque,	W.A.	Curtin,	Theory	of	strengthening	in	fcc	high	entropy	alloys,	Acta	Mater.	118	(2016)	164-176.	
https://doi:	10.1016/j.actamat.2016.07.040		

92-		D.	Utt,	A.	Stukowski	,	K.	Albe,	Grain	boundary	structure	and	mobility	in	high-entropy	alloys:	A	comparative	molecular	
dynamics	study	on	a	11	symmetrical	tilt	grain	boundary	in	face-centered	cubic	CuNiCoFe	,	Acta	Mater.	186	(2020)	11–
19.	https://doi.org/10.1016/j.actamat.2019.12.031	

93-	P.	Wynblatt,	D.	Chatain,	Modeling	grain	boundary	and	surface	segregation	in	multicomponent	high-entropy	alloys,	Phys.	
Rev.	Mater.	3	(2019)	054004.	https://doi.org/10.1103/PhysRevMaterials.3.054004		



24	
	

94-	J.W.	Cahn,	The	impurity-drag	effect	in	grain	boundary	motion,	Acta	metall.	10	(1962)	789-798.	
https://doi.org/10.1016/0001-6160(62)90092-5	

95-	S.J.	Dillon,	M.P.	Harmer,	G.S.	Rohrer,	The	relative	energies	of	normally	and	abnormally	growing	grain	boundaries	in	
alumina	displaying	different	complexions,	J.	Am.	Ceram.	Soc.	93	(2010)	1796–1802.	https://doi.org/10.1111/j.1551-
2916.2010.03642.x	

96-	D.L.	Olmsted,	S.M.	Foiles,	E.A.	Holm,	Survey	of	computed	grain	boundary	properties	in	face-centered	cubic	metals:	I.	Grain	
boundary	energy,	Acta	Mater.	57	(2009)	3694–3703.	https://doi.org/10.1016/j.actamat.2009.04.007	

97-	J.	Han,	S.L.	Thomas,	D.J.	Srolovitz,	Grain	boundary	kinetics:	a	unified	approach,		Prog.	Mater.	Sci.	98	(2018)	386-476.	
https://doi.org/10.1016/j.pmatsci.2018.05.004	

98-	C.C.	Wong,	H.I.	Smith,	C.V.	Thompson,	Surface	energy	driven	secondary	grain	growth	in	thin	Au	films,	Appl.	Phys.	Lett.	48	
(1986)	335.	https://doi.org/10.1063/1.96543	

99-	L.H.	Chou,	Surface	energy	driven	secondary	grain	growth	in	thin	Sb	films,	Appl.	Phys.	Lett.	58	(1991)	2631.		
https://doi.org/10.1063/1.104816	

100-	D.	Chatain,	S.	Curiotto,	P.	Wynblatt,	H.	Meltzman,	W.D.	Kaplan,	G.S.	Rohrer,	Orientation	relationships	of	copper	crystals	
on	sapphire	(1	0	-1	0)	m-plane	and	(1	0	-1	2)	r-plane	substrates,	J.	Cryst.	Growth	418	(2015)	57-63.	https://doi.org/	
10.1016/j.jcrysgro.2015.02.023	


