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Abstract	
	
The	 changes	 in	 mechanical	 properties,	 hydrothermal	 degradation	 and	 cell	
adhesion	were	studied	 in	3Y-TZP	after	 surface	grinding/polishing.	 Increasingly	
severe	treatments	were	used	to	produce	different	topographies	ranging	from	Sa=	
16	 to	 603	 nm.	 In	 addition,	 two	 different	 directional	 patterns	 were	 produced:	
unidirectional	 and	 multidirectional.	 Hardness,	 indentation	 fracture	 toughness	
and	scratch	tests	were	used	to	evaluate	mechanical	properties.	Accelerated	tests	
in	 water	 steam	 followed	 by	 a	 detailed	 characterization	 through	 micro-Raman	
spectroscopy	 and	 XRD	 were	 employed	 to	 evaluate	 ageing	 resistance.	 Finally,	
SaOS-2	 were	 used	 to	 evaluate	 the	 cell	 adhesion	 properties	 of	 the	 studied	
surfaces.	Apparent	fracture	toughness	increased	with	the	severity	of	the	applied	
treatment,	 as	 well	 as	 scratch	 damage	 resistance.	 All	 the	 ground/polished	
specimens	 improved	 the	 ageing	 resistance	 of	 mirror-like	 polished	 specimens,	
although	such	resistance	was	maximum	at	intermediate	conditions.	The	studied	
surfaces	 allowed	 cell	 attachment	 and	 displayed	 contact	 guidance	 when	
unidirectionally	ground	above	a	certain	roughness	threshold	(Sa=	150	nm).	
	
Keywords:	 Zirconia,	 Grinding,	 Mechanical	 properties,	 Hydrothermal	
degradation,	Cell	adhesion.	
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1 Introduction	
	
Zirconia-based	materials	have	gained	 increasing	attention	during	the	 last	years	
in	 restorative	 dentistry,	 and	 are	 now	 used	 to	 produce	 several	 prosthetic	
elements,	 such	as	 crowns,	bridges,	 endodontic	posts	 and	 cores,	 abutments	 and	
dental	 implants	 [1,2].	 Among	 the	 different	 zirconia	 compositions	 available,	
yttria-doped	zirconia	(Y-TZP)	is	still	the	most	commonly	used	solution,	although	
other	compositions	such	as	ceria-doped	or	zirconia-alumina	composites	are	also	
employed	in	order	to	improve	zirconia’s	ageing	resistance	[1–5]	(also	known	as	
hydrothermal	degradation	or	 low-temperature	degradation	[6]),	at	the	expense	
of	certain	mechanical	properties	[7,8].	The	superior	properties	of	zirconia,	which	
include	high	 strength,	 toughness,	hardness	and	wear	 resistance;	 and	especially	
its	 whitish	 colour	 resembling	 natural	 teeth,	 have	 been	 decisive	 for	 the	
development	of	new	advanced	ceramic	solutions	in	dentistry	[9].	
	
Due	to	the	harsh	environment	of	the	oral	cavity,	dental	materials	present	many	
challenges	from	the	mechanical	[10]	and	chemical	[11]	point	of	view.	On	the	one	
hand,	 cyclic	 contact	 loads	 from	chewing	as	well	 as	 sliding	 loads	 from	 food	and	
teeth	 abrasion	 can	 introduce	 flaws	on	 the	 surface,	which	may	 compromise	 the	
long-term	reliability	of	 the	prosthesis.	On	 the	other	hand,	 after	 long	periods	 in	
contact	 with	 moisture,	 yttria-stabilized	 zirconia	 may	 be	 affected	 by	
hydrothermal	 degradation	 [12,13].	 When	 kept	 for	 a	 long	 time	 in	 a	 humid	
environment,	a	martensitic	phase	transformation	from	the	metastable	tetragonal	
(t)	 phase	 to	 the	monoclinic	 (m)	 one	 takes	 place	 spontaneously	 on	 the	 surface.	
This	 transformation	 is	 associated	with	 an	m-volume	 expansion	 of	 around	 4	%	
that	generates	micro-cracks	through	which	water	can	penetrate	into	the	material	
and	further	degrade	it	until	the	final	failure.	However,	many	restorative	elements	
(e.g.	dental	implants)	should	not	only	preserve	its	structural	integrity	for	several	
years,	but	also	display	a	proper	biological	interaction	[14]	both	in	the	short	and	
long	term.	In	the	particular	case	of	dental	implants,	the	surface	plays	a	key	role,	
interacting	 with	 bone	 and	 guiding	 the	 biological	 response	 towards	 a	 proper	
osseointegration	and	mechanical	stability.	
	
Since	 it	 is	 indeed	the	surface	 that	provides	 the	 features	 that	will	 largely	decide	
the	success	of	an	implant,	the	ability	of	modifying	and	fine-tuning	its	properties	
has	 been	 a	 subject	 of	 study.	 Extensive	 research	 has	 been	 carried	 out	 to	
investigate	 the	 changes	 in	 microstructure,	 mechanical	 properties	 and/or	
hydrothermal	 degradation	 of	 Y-TZP	materials	 after	 surface	 treatments	 such	 as	
sandblasting	 [15,16],	 grinding	 [17–19],	 chemical	 etching	 [20,21]	 or	 laser	
patterning	[22,23].	 
	
	
As	 a	 surface-modifying	 technique,	 grinding/polishing	 is	 known	 to	 affect	 the	
properties	 of	 Y-TZP.	 Several	 changes	 are	 introduced	 on	 the	 surface	 and	
subsurface	 depending	 on	 the	 severity	 of	 the	 treatment	 such	 as	 increased	
roughness,	 microstructural	 modifications,	 residual	 stresses,	 cracks,	 etc.	 as	
detailed	 by	 Muñoz-Tabares	 et	 al.	 [17].	 The	 consequences	 of	 such	 changes	
inevitably	 leave	 their	 imprint	 on	 the	material’s	 properties,	 mainly	 in	 terms	 of	
mechanical	and	hydrothermal	degradation	behaviour.	In	the	first	case,	the	layer	
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of	residual	compressive	stresses	originating	from	the	expansive	stress-induced	t 
→	m	 transformation	enhances	the	mechanical	properties	of	the	surface,	as	 long	
as	 the	 introduced	 damage	 is	 controlled	 [15,17,24–27]	 In	 the	 second	 case,	
hydrothermal	 degradation	 can	 be	 delayed	 by	 certain	 microstructural	 features	
associated	with	 grinding	procedures	 [18,28–30]	 such	as	 the	 reduction	 in	 grain	
size	 in	 the	dynamically	recrystallized	surface	[31],	 the	 t-phase	stabilizing	effect	
of	 the	 residual	 compressive	 layer	 [32,33],	 and	 the	 reduction	 in	domain	 size	by	
ferroelastic	switching,	as	shown	by	Jue	et	al.	[34].	
	
On	 the	 other	 hand,	 the	 changes	 in	 surface	 topography	 introduced	 by	 such	
procedures	may	be	used	as	a	tool	to	improve	biological	response.	In	this	regard,	
grinding	as	well	as	sandblasting	and	chemical	etching	have	been	used,	mostly	in	
titanium	 surfaces,	 as	 a	 means	 to	 improve	 osseointegration	 [35,36].	 Both	
eukaryotic	and	prokaryotic	cells	can	be	affected	by	the	topographical	cues	of	the	
substrate	 in	which	 they	 are	 adhered	 [37,38].	 In	 particular,	 osseointegration	 of	
biomedical	 implants	 can	be	enhanced	by	 increasing	 surface	 roughness,	both	 in	
the	macro-scale	because	of	a	better	bone-surface	interlocking	[39,40],	and	in	the	
micro-	 and	 nano-	 scale	 because	 of	 the	 beneficial	 influence	 of	 roughness	 in	
osteoblasts	 activity	 [41–43],	 displaying	 higher	 levels	 of	 adhesion	 and	
extracellular	matrix	deposition	[44].		
	
Although	 the	 individual	 mechanisms	 able	 to	 affect	 surface	 properties	 after	
grinding	 are	 known,	 predicting	 the	 outcome	 of	 their	 combined	 effects	 after	 a	
specific	treatment	is	still	challenging.	Most	of	the	available	studies	are	based	on	
the	 comparison	 of	 a	 few	 grinding	 treatments,	 relying	 solely	 on	 the	 m-phase	
content	 to	 explain	 the	 observed	 differences,	 without	 providing	 a	 detailed	
characterization	of	the	surface.	As	a	result,	different	studies	report	contradictory	
outcomes	from	apparently	similar	treatments,	as	it	is	the	unique	combination	in	
terms	 of	 microstructure,	 surface	 defects	 and	 residual	 stresses	 after	 each	
treatment	what	 dictates	 the	 final	 properties	 of	 the	material.	 Therefore,	 it	 is	 of	
paramount	 importance	 to	 study	 how	 increasingly	 severe	 treatments	 affect	
surface	 properties,	 and	 to	 relate	 such	 properties	 with	 the	 microstructural	
features	 of	 the	 surface.	 This	 will	 allow:	 i)	 to	 understand	 and	 rationalize	
differences	 found	 among	 conflicting	 studies,	 and	 ii)	 to	 gather	 the	 necessary	
knowledge	 in	 order	 to	 smartly	 design	 surface	 microstructure	 and	 obtain	
materials	with	the	desired	mechanical,	ageing	and	cell	instructive	properties.	For	
this	 reason,	 in	 the	present	work	 a	 series	 of	 gradually	 ground/polished	3Y-TZP	
surfaces	 were	 prepared.	 The	 chosen	material	 resembled	 low-translucency	 3Y-
TZP,	mainly	 employed	 in	veneered	 restorations	as	well	 as	dental	 implants	 and	
abutments.	 Mechanical	 properties,	 ageing	 resistance	 and	 cell	 adhesion	
performance	were	studied	and	related	to	the	particular	features	of	each	surface	
[45].	Within	this	context,	the	hypotheses	under	examination	are:	
	

- Grinding/polishing	are	able	to	modify	surface	properties.	
- Different	abrasion	degrees	can	lead	to	different	surface	properties.	
- The	 increase	 in	 surface	 properties	 is	 not	 necessarily	 in	 direct	

correlation	with	the	abrasion	severity	employed.	
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2 Experimental	procedure	
	

2.1 Sample	preparation		
	
Specimens	were	produced	from	zirconia	powders	stabilized	with	3	mol%	yttria	
(TZ-3YSB-E,	 Tosoh).	 Powders	 were	 cold	 isostatically	 pressed	 at	 288	 MPa	 and	
sintered	 at	 1450	 °C	 for	 2	 hours,	 with	 constant	 heating	 and	 cooling	 rates	 of	 3	
°C/min.	 Disc-shaped	 specimens	 of	 15	mm	diameter	 and	 2	mm	 thickness	were	
obtained	 by	 this	 procedure.	 Grain	 size	 determined	 by	 the	 linear	 interception	
method	 was	 found	 to	 be	 0.32	 ±	 0.12	 μm	 and	 density	 was	 above	 99	%	 of	 the	
theoretical	one.		
	
	

2.2 Grinding/Polishing	treatments		
	
Specimens	 were	 gradually	 ground/polished	 (Ecomet4,	 Buehler)	 in	 order	 to	
obtain	 progressive	 levels	 of	 surface	 roughness	 and	 abrasion	 severity.	 Four	
different	 roughness	 grades	 (1	 to	 4)	 and	 two	 different	 directionalities	 were	
obtained:	aligned	(unidirectional,	U)	and	random	grooves	(multidirectional,	M).	
A	 mirror-like	 polished	 surface	 (labelled	 as	 MP)	 was	 also	 included	 in	 all	 the	
experiments	as	a	 reference.	Further	details	about	 the	procedure	and	 the	codes	
used	 to	 identify	 the	 specimens	 can	be	 found	 in	 [45].	The	main	microstructural	
and	 crystallographic	 features,	 residual	 stresses	 and	 surface	 damage	 of	 the	
studied	specimens	are	summarized	in	Table	1	[45].		

	
Table	 1	 Summary	 of	 the	 microstructure,	 phase	 composition,	 residual	 stresses	
and	surface	damage	of	 the	specimens	used	 in	 the	present	work	[45].	UT	and	UP	
indicate	 residual	 stresses	 measured	 transverse	 or	 parallel	 to	 the	 grinding	
grooves	(in	unidirectionally	ground	specimens).	

Specimen	
code	

Subsurface	
microstructural	

features	

Monoclinic	
content	

(penetration	
depth	=	5	μm)	

(Vm%)	

GIXRD	1°	
Monoclinic	
content	

(penetration	
depth	=	300	
nm)	(Vm%)		

Residual	stresses	
(MPa)	

Damage	

M	 U	 M	 M	 UT	 UP	
MP	 Bulk-like	 300	 nm	

equiaxed	grains	
0	%	 3.9	%	 -70	 No	

1-M/U	 No	 data.	 Thermal	
etching	 revealed	
partial	
recrystallization	 of	
nano-sized	 grains	 on	
the	surface.		

0	%	 0%	 5.1	%	 -99	 -134	 -110	 No	

2-M/U	 Layer	 (<100	 nm)	
with	 nano-sized	
grains	on	the	surface,	
followed	 by	 bulk-like	
microstructure	

2.2	%	 1.5	%	 24.1	%	 -430	 -466	 -308	 No	

3-M/U	 	No	 data.	 By	
comparing	 to	
literature	 it	 is	

4.1	%	 3.8	%	 21.6	%	 -865	 -1037	 -570	 No	
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expected	 to	 be	
similar	 to	 4-M/U	
[17].	

4-M/U	 Layer	 (<	 300	 nm)	
with	 nano-sized	
grains	on	the	surface.	
Followed	by	≈500	nm	
layer	 with	 highly	
deformed	 grains.	
Final	layer	with	bulk-
like	 grains	 with	
visible	 monoclinic	
laths.	

7.1	%	 5.4%	 16.7	%	 -1417	 -1521	 -1188	 Surface	
micro-
flaking	
linked	 to	
subsurface	
cracks	

	
	

2.3 	Surface	characterization	
	
Roughness	 parameters	 were	 obtained	 by	 White	 Light	 Interferometry	 (WLI,	
Wyko	9300NT,	Veeco).	Measurements	were	performed	 in	 regions	of	 150	μm	x	
150	 μm	 by	 stitching	 four	 images	 taken	 at	 a	 magnification	 of	 50x.	 Surface	
parameters	were	obtained	with	the	Veeco’s	Vision®	software.	Tilt	was	corrected	
and	 a	 filter	was	 used	 in	 the	 flattest	 conditions	 in	 order	 to	 separate	 roughness	
from	waviness.	For	this	purpose,	a	Robust	Gaussian	short	wavelength	pass	filter	
with	 a	 spatial	 cut-off	 at	 0.01	mm	was	 selected.	A	 description	 of	 the	 roughness	
parameters	studied	in	this	work	can	be	found	in	Refs.		[46–48].		
	
Wettability	 of	 the	 surfaces	was	determined	by	 static	 contact	 angle	 (CA,	OCA15	
Plus,	Dataphysics)	with	the	sessile	drop	method	[49].	Measurements	were	done	
at	 room	 temperature	 with	 ultrapure	 Milli-Q	 water	 (3	 μL	 drop	 volume)	 and	
contact	 angle	 determined	 by	 Laplace-Young	 fitting	 with	 SCA	 20®	 software	
(Dataphysics).	
	
For	 both	 WLI	 and	 CA,	 values	 shown	 are	 the	 mean	 of	 three	 different	
measurements	in	three	different	specimens.	
	

2.4 Mechanical	characterization	
	
In	 order	 to	 determine	 the	 Vickers	 hardness	 (HV)	 and	 indentation	 fracture	
toughness	(KIc),	four	indentations	per	specimen	in	three	different	samples	were	
made	on	 the	 surfaces,	 at	 10	kgf	 and	30	kgf.	 10	kgf	 indentations	were	used	 for	
Vickers	 hardness	 calculations,	while	 the	 cracks	 originated	 at	 the	 corners	 of	 30	
kgf	 indentations	 were	 measured	 to	 calculate	 apparent	 indentation	 fracture	
toughness	with	the	equation	proposed	by	Niihara	et	al.	 [50].	The	orientation	of	
indentations	 was	 arbitrary,	 regardless	 of	 the	 groove’s	 direction.	 However,	 to	
determine	 the	 presence	 of	 anisotropic	 properties	 after	 grinding,	 30kgf	
indentations	 were	 performed	 again	 in	 4-U	 samples,	 in	 order	 to	 induce	 cracks	
running	 parallel	 or	 perpendicular	 to	 the	 grooves.	 Indentation	 size	 and	 crack	
length	 were	 determined	 by	 Field	 Emission	 Scanning	 Electron	 Microscopy	
(FESEM,	Carl	Zeiss	Neon	40)	imaging.		
	
Scratch	 tests	 [51]	 were	 carried	 out	 on	 a	 CMS	 Revetest	 using	 a	 Rockwell	 C	
diamond	tip	(200μm	radius),	increasing	the	load	linearly	from	0	N	to	200	N,	with	
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a	scratch	length	of	5	mm	and	an	advancing	speed	of	1	mm/min.	Three	scratches	
were	 done	 per	 specimen,	 with	 one	 specimen	 per	 condition.	 After	 the	 tests,	
specimens	were	 observed	under	 FESEM.	 Some	of	 the	 specimens	were	 also	 cut	
transverse	 to	 the	 scratches,	near	 the	end	of	 the	 tracks,	 in	order	 to	observe	 the	
sub-superficial	damage	 induced	at	one	particular	 load.	The	cross-sections	were	
polished	and	observed	with	a	Confocal	Laser	Scanning	Microscope	(CLSM,	Lext	
OLS3100	Olympus).	
	

2.5 Hydrothermal	degradation	
	
Accelerated	degradation	 tests	 in	water	 steam	were	performed	at	134	 °C	and	2	
bars	 of	 pressure	 (Micro8,	 Selecta)	 [52].	 Monoclinic	 phase	 (m-phase)	 was	
quantified	 by	 X-Ray	 Diffraction	 (XRD,	 D8-Advance,	 Bruker)	 in	 Bragg-Brentano	
symmetric	geometry	using	Cu	Kα	 radiation	 (40	kV	and	40	mA)	with	0.02°	 step	
size,	 1s/step	 and	 a	 2θ	 range	 of	 26°≤2θ≤37°.	 In	 order	 to	 study	 t →	 m	
transformation	 kinetics,	 XRD	 spectra	 were	 collected	 at	 different	 degradation	
times	 (at	 0,	 2.5,	 5,	 10,	 15,	 20,	 30,	 40	 and	 50	 hours).	 Monoclinic	 content	 was	
calculated	with	the	equation	proposed	by	Toraya	et	al.	 [53].	For	each	condition	
and	 time	 point,	 the	 monoclinic	 fraction	 of	 three	 different	 specimens	 was	
averaged.	
	
Samples	degraded	 for	 50	hours,	which	 correspond	 to	 the	 last	 time	point	 used,	
were	 cut	 and	 the	 cross-section	 was	 mirror-polished.	 CLSM	 was	 employed	 to	
observe	the	extent	of	the	transformed	layer.	m-phase	maps	in	the	cross-sections	
were	 also	 obtained	 using	 Confocal	 micro-Raman	 spectroscopy	 (Cm-RS,	 inVia	
Qontor,	 Renishaw)	with	 a	Nd:YAG	 laser	 (wavelength	 532	 nm,	 integration	 time	
0.1	s).	m-phase	was	quantified	by	using	the	equation	proposed	by	Katagiri	et	al.	
[54].	
	

2.6 Cell	adhesion	study	
	
Human	 sarcoma	 osteogenic	 (SaOS-2)	 cells	 (ATCC)	 at	 passage	 15-17	 were	
cultured	 in	Mc	 Coy’s	 5A	medium	 supplemented	with	 10%	 (v/v)	 foetal	 bovine	
serum	 (FBS),	 2%	 (v/v)	 4-(2-hydroxyethyl)-1-piperazineethanesulfonic	 acid	
(HEPES),	 1%	 (w/v)	 sodium	 pyruvate,	 50	 μg/mL	 streptomycin,	 50	 U/	 mL	
penicillin,	and	1%	(w/v)	L-glutamine	[55,56].	Cells	were	maintained	at	37	°C	in	a	
humidified	 atmosphere	 containing	 5%	 (v/v)	 CO2,	 changing	 culture	 medium	
every	 three	 days.	 After	 reaching	 80%	 confluence,	 cells	 were	 trypsinized	
(Trypsin-EDTA)	and	seeded	at	a	 concentration	of	10,000	cells/specimen	 in	 the	
same	medium	used	for	cell	culture.	Cells	were	allowed	to	attach	and	spread	for	
24	 hours	 and	 then	 they	 were	 gently	 washed	 with	 PBS,	 fixed	 with	
paraformaldehyde	 (PFA,	 4	%	w/v	 in	 PBS)	 for	 30	min	 and	 permeabilized	with	
0.05%	 (w/v)	 Triton	 X-100	 in	 PBS	 for	 20	 min.	 Actin	 fibers	 were	 stained	 by	
incubating	 with	 TRITC-conjugated	 phalloidin	 (1:300,	 in	 permeabilizing	 buffer)	
for	 1	 h	 and	 nuclei	 were	 stained	 using	 4′,6-diamidino-2-	 phenylindole	 (DAPI)	
(1:1000,	 in	PBS-glycine	20	mM)	 for	2	min,	both	 in	 the	dark.	Between	all	 steps,	
samples	were	rinsed	three	times	with	PBS-glycine	 for	5	min.	All	 reagents	were	
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purchased	 from	 Sigma–Aldrich,	 unless	 otherwise	 noted.	 Specimens	 were	
mounted	in	Mowiol	4-88,	examined	under	a	fluorescence	confocal	laser	scanning	
microscope	 (CLSM,	 LSM	 800,	 Carl	 Zeiss)	 and	 images	 were	 processed	 using	
Fiji/Image-J	package	[57]	 to	calculate	cell-shape	parameters.	Assays	were	done	
with	triplicates,	and	repeated	twice.	
	

2.7 Statistical	analysis	
	
Values	 in	 all	 graphs	 are	 displayed	 as	 mean	 ±	 standard	 deviation.	 Statistical	
comparison	 of	 values	 was	 based	 on	 ANOVA	 using	 Tukey’s	 test	 for	 pair-wise	
comparisons	(p<0.05).	Differences	were	also	analysed	with	 the	non-parametric	
Mann-Whitney	test.	The	software	used	for	statistical	analysis	was	Minitab®	18.1.	
	

3 Results	and	discussion	
	

3.1 Topographical	characterization	
	
As	depicted	in	the	WLI	images	of	Figure	1,	during	specimen	preparation	the	use	
of	 distinct	 grit	 sizes	 and	 polishing	 dynamics	 allowed	 to	 obtain	 a	 range	 of	
topographies,	 combining	 different	 roughnesses	 and	 directionalities.	 As	 coarser	
abrasives	were	used,	an	increase	in	roughness	was	observed	(i.e.	specimens	from	
1	to	4).	As	plotted	in	Figure	2a	and	visually	depicted	in	Figure	2e,	Sa	increased	by	
a	factor	larger	than	or	equal	to	three	between	consecutive	roughness	grades,	and	
no	significant	differences	were	present	between	M	and	U	specimens.	An	evident	
textured	 directional	 pattern	 was	 present	 in	 U	 specimens,	 while	 grooves	 in	 M	
samples	showed	a	random	arrangement.	This	texture	was	further	confirmed	by	
Str	 (Figure	 2b),	 indicating	 a	 stronger	 anisotropy	 in	 all	 U	 specimens.	 A	 gradual	
increase	 in	 surface	 area	 was	 also	 noticed,	 which	 according	 to	 Sdr	 (Figure	 2c)	
increased	 to	 about	 20%	 in	 the	 case	 of	 4-M/U.	 Although	 grinding/polishing	
introduced	 evident	 topographical	modifications	on	 the	 surfaces,	 contact	 angles	
(Figure	 2d)	 remained	 almost	 constant	 between	 60°	 and	 70°.	 This	 may	 be	
attributed	to	the	relatively	narrow	Sa	range	of	the	studied	surfaces,	with	similar	
differences	as	found	by	other	authors	in	this	material	[58].		
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Figure	1	WLI	topographical	 images	of	the	specimens	after	surface	modification.	
From	 left	 to	 right,	 increasing	 levels	 of	 roughness,	 1	 to	 4.	 Multidirectional	 (M)	
patterns	are	displayed	on	the	top,	while	unidirectional	(U)	patterns	are	displayed	
on	the	bottom.		

	

	
Figure	 2	 Roughness	 parameters,	 contact	 angle	 and	 surface	 profile	 in	
ground/polished	specimens.	a)	Arithmetic	average	height	(Sa),	b)	Texture	aspect	
ratio	 (Str),	 c)	 Developed	 interfacial	 area	 ratio	 (Sdr),	 d)	 Contact	 angle	 and	 e)	
Surface	profile	of	heights.	

	

3.2 Mechanical	characterization	
	
The	interaction	between	abrasive	particles	and	the	surface	is	not	only	limited	to	
topographical	 modifications.	 As	 the	 diamond	 abrasives	 erode	 the	 surface,	
shearing	 and	 tensile	 stresses	 induce	 a	 t →	m	 transformation,	 reaching	 several	
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microns	 deep	 [17,45].	 The	 volume	 expansion	 of	 the	 m-phase	 induces	 a	
compressive	 stress	 state	 on	 the	 surface	 that	 can	 exceed	 the	 GPa,	 which	 may	
affect	 its	mechanical	properties	 [17,59].	10kgf	HV	 test	 results	 are	presented	 in	
Figure	 3a,	 in	 which	 no	 significant	 differences	 were	 observed.	 However,	 in	 the	
case	of	KIc	a	clear	increasing	trend	was	detected.	Figure	3b	shows	the	results	of	
KIc	 for	 M	 and	 U	 specimens,	 both	 presenting	 the	 same	 behaviour.	 As	 rougher	
abrasives	were	used	 (i.e.	 higher	 compressive	 state	on	 the	 surface,	 as	 shown	 in	
Table	1),	statistically	higher	values	were	obtained.	4-M/U	specimens	showed	an	
increase	of	1.5	MPa·√m	as	compared	to	MP,	which	represents	an	improvement	of	
around	 30	 %.	 In	 order	 to	 study	 if	 the	 anisotropic	 stress	 state	 found	 in	
unidirectionally	 ground	 specimens	 (see	 Table	 1)	 can	 result	 in	 anisotropic	
mechanical	 properties,	 further	 indentations	 were	 done	 in	 4-U	 specimens,	 this	
time	 aligning	 the	 originated	 cracks	 in	 two	 different	 directions:	 parallel	 and	
perpendicular	 to	 the	 grooves.	 According	 to	 results	 presented	 in	 Figure	 3c,	
despite	 the	 high	 variability	 in	 crack	 length	 measurements,	 a	 significantly	
increased	KIc	parallel	to	the	grinding	grooves	was	detected.	As	depicted	in	Figure	
3d,	 the	 higher	 stresses	 perpendicular	 to	 the	 grinding	 direction	 were	 able	 to	
hamper	crack	propagation	along	the	grooves.	
	

	
Figure	 3	 Mechanical	 surface	 properties	 of	 the	 studied	 specimens.	 a)	 Vickers	
hardness,	b)	Apparent	 indentation	 fracture	 toughness,	 c)	Apparent	 indentation	
fracture	 toughness	 in	 4-U	 specimens	 along	 two	 different	 directions:	
perpendicular	and	parallel	to	the	grinding	grooves.	d)	Schematic	representation	
of	 the	 influence	 of	 residual	 surface	 stresses	 on	 indentation	 crack	 length.	 Red	
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arrows	 depict	 the	 intensity	 and	 direction	 of	 the	 residual	 stresses.	 Anisotropic	
stress	states	in	unidirectionally	ground	specimens	led	to	anisotropic	mechanical	
behaviour.	Groups	identified	by	the	same	letter	are	not	statistically	different	(p>	
0.05).	

	
In	order	to	evaluate	the	effects	of	this	stressed	layer	on	flaw	development	after	a	
sliding	 contact,	 scratch	 tests	 were	 carried	 out	 in	 M	 specimens	 and	 surface	
damage	was	 evaluated	by	 FESEM.	Micrographs	 in	 Figure	4a	 correspond	 to	 the	
last	part	of	the	scratch	tracks,	showing	the	region	under	applied	loads	between	
120-200	 N.	 Images	 of	 the	 polished	 cross-sections	 near	 the	 end	 of	 the	 tracks,	
under	loads	above	180	N,	are	displayed	in	Figure	4c	and	4d.	From	the	top	view	it	
is	observed	that	 lateral	cracks	formed	along	the	tracks	at	high	loads,	except	for	
specimen	 4-M	 in	 which	 no	 cracks	 were	 visible.	 A	 magnification	 of	 the	 final	
section	 in	 4-M	 is	 presented	 in	 Figure	 4b.	 Yet,	 once	 the	 cross-sections	 were	
evaluated,	 all	 the	 specimens	presented	 sub-surface	 lateral	 cracks,	 generated	 at	
the	centre	of	the	track	(where	stresses	are	maximum)	and	propagating	laterally	
up	to	the	surface.	As	shown	in	Figure	4d,	MP	specimen	presented	two	symmetric	
lateral	 cracks	 at	 each	 side	 of	 the	 track.	 In	 the	 case	 of	 4-M	 cracks	 were	 also	
observed,	with	less	symmetry	and	irregular	length.	While	in	MP	they	were	wide	
and	reached	the	surface	open,	allowing	for	a	clear	identification	in	the	top	view,	
cracks	in	4-M	were	narrow	and	its	intersection	with	the	surface	was	difficult	to	
detect.	 Such	 differences	 between	 crack	 morphology	 may	 be	 related	 to	 two	
different	factors	found	in	coarsely	ground	specimens.	On	one	hand,	the	presence	
of	 a	 shallow	 layer	 of	 compressive	 stresses	 on	 the	 surface	 (around	 6-7	 μm	
thickness	 [45]).	 It	may	avoid	crack	opening	 in	a	 similar	 fashion	as	observed	 in	
the	KIc	experiments.	 On	 the	 other	 hand,	 possibly	 to	 a	 lower	 extent,	 the	 highly	
distorted	microstructure	under	 the	 first	micron.	 It	may	deflect	or	hinder	 crack	
propagation,	 as	 observed	 in	 severe	 plastically	 deformed	 materials	 [60].	 The	
obtained	 results	 demonstrate	 that	 the	 changes	 undergone	 after	
grinding/polishing	 procedures	 are	 able	 to	 improve	 surface	 mechanical	
properties,	 in	 particular	 crack	 propagation	 after	 contact	 damage	 events,	 by	
improving	 apparent	 fracture	 toughness.	 A	 close	 relation	 thus	 exists	 between	
surface	mechanical	response	and	the	layer	of	residual	stresses.	



	 11	

	
	 	
	
	
	
	
	

	

3.3 Hydrothermal	degradation	
	
Figure	5	plots	 the	 transformation	kinetics	of	both	M	(Figure	5a)	and	U	 (Figure	
5b)	 specimens	 after	 degradation	 in	water	 steam.	Degradation	 kinetics	 showed	
that	unlike	the	grinding	directionality,	whose	 influence	was	minor,	 the	severity	
of	the	abrasion	(i.e.	grit	size)	critically	influenced	the	degradation	behaviour.	All	
the	 ground/polished	 specimens	 exhibited	 an	 improved	 resistance	 to	
hydrothermal	 degradation,	 as	 compared	 to	 MP	 specimens.	 However,	 both	 too	
soft	 and	 too	 aggressive	 treatments	 failed	 to	 provide	 protection	 against	
degradation	over	 time.	 In	 contrast,	2-M/U	and	3-M/U,	presenting	 intermediate	
roughness,	 displayed	 an	 excellent	 resistance	 to	 degradation.	 The	 former	 in	

Figure	 4	 a)	FESEM	micrographs	 of	 the	 tracks	 left	 after	 scratch	 tests	 in	M	
specimens.	Note	that	no	cracks	were	visible	on	the	surface	of	4-M.	Dashed	
line	in	MP	indicates	how	specimens	were	cross-sectioned	to	obtain	figures	
c)	 and	 d).	 	 b)	 Magnification	 of	 the	 last	 section	 of	 the	 track	 in	 a	 4-M	
specimen.	c)	and	d)	CLSM	cross	sectional	images	of	 the	 last	section	of	 the	
scratch	 at	 loads	 above	 180	 N	 in	 4-M	 and	 MP	 specimens,	 respectively.	
Lateral	 cracks	 could	 be	 observed	 in	 both	 specimens,	 presenting	 different	
morphologies.	
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particular	showed	no	signs	of	 increase	 in	 the	monoclinic	content	even	after	50	
hours	 in	 water	 steam,	 which	 corresponds	 to	 roughly	 150	 years	 in	 vivo	 [52],	
much	 longer	 than	 the	 expected	 lifetime	 of	 any	 biomedical	 implant.	 Figure	 6	
shows	 CLSM	 images	 and	 a	 m-phase	 mapping	 of	 the	 cross-sections	 in	 all	 M	
specimens	 as	 well	 as	 in	 MP	 after	 50	 hours	 of	 degradation.	 MP	 specimens	
presented	 the	 maximum	 transformation	 depth,	 with	 a	 homogeneous	 fully	
degraded	 layer	of	 about	10-11	μm.	Meanwhile,	both	2-M	and	3-M	were	 free	of	
degradation.	 Specimens	 1-M	 and	 4-M	 presented	 partial	 transformation	 of	 the	
surface,	with	 a	 similar	 degree	 of	 transformation	 but	 a	 different	 distribution	 of	
the	 monoclinic	 material.	 On	 one	 hand,	 transformation	 in	 4-M	 was	 very	
heterogeneous	and	seemed	to	be	nucleated	around	specific	spots,	 leaving	other	
surface	 regions	 with	 lower	 amounts	 of	 m-phase.	 On	 the	 other	 hand,	 1-M	
presented	 a	 layer-like	 structure	 with	 maximum	 transformation	 in	 the	 surface	
region,	decreasing	with	depth.	Nevertheless,	both	1-M	and	4-M	displayed	lower	
transformation	depths	as	compared	to	MP.		
	
Several	 of	 the	 microstructural	 features	 observed	 after	 grinding/polishing	
procedures	 are	 known	 to	 have	 a	 protective	 effect	 against	 ageing.	 Reduction	 in	
grain	 size	 after	 surface	 recrystallization	 [31],	 as	well	 as	 in	 domain	 size	 due	 to	
ferroelastic	 switching	 [34],	 and	 presence	 of	 a	 layer	 of	 residual	 compressive	
stresses	[33]	are	known	to	delay	low	temperature	degradation	through	different	
mechanisms.	The	behaviour	shown	by	the	studied	specimens	can	be	explained	in	
terms	of	 the	presence	of	 such	 features,	 as	 summarized	 in	Table	1.	Both	2-M/U	
and	3-M/U,	presenting	an	excellent	resistance,	displayed	a	recrystallized	surface	
of	nano-grains,	a	certain	amount	of	domain	switching	(i.e.	 texture	as	shown	by	
(002)t	/(200)t	XRD	intensity	relation),	as	well	as	a	layer	of	residual	compressive	
stresses	[45].	3-M/U	was	ground	with	resin-bonded	and	relatively	large	diamond	
particles,	 presenting	 an	 affected	 layer	 of	 several	 microns	 deep.	 2-M/U	 was	
polished	 with	 smaller	 diamond	 particles	 in	 water-based	 slurries,	 involving	 a	
milder	 process	 that	 reduced	 the	 affected	 region	 to	 a	 very	 shallow	 but	 intense	
layer,	 in	 the	 first	 micron	 of	 material.	 However,	 both	 of	 them	 were	 able	 to	
effectively	 protect	 the	 surface.	 In	 fact,	 similar	 degradation	 resistance	 in	 softly	
polished	 specimens	 have	 been	 recently	 reported	 [30]	 with	 15	 μm	 diamond	
polishing.	 	 As	 the	 grinding/polishing	 varied	 from	 this	 optimal	 finishing,	
degradation	 started	 to	 occur.	 While	 1-M/U	 seemed	 not	 to	 present	 enough	
protective	 features,	 4-M/U	 showed	 a	 deterioration	 of	 the	 achieved	 protection.	
Regarding	the	former,	XRD	spectra	performed	in	a	previous	study	[45],	showed	
to	be	very	similar	to	the	one	in	the	mirror-polished	(MP)	with	almost	no	changes	
even	 in	 grazing	 incidence	 measurements,	 lacking	 the	 protection	 of	 surface	
texture	and	the	residual	stresses	following	the	t →	m	 transformation.	However,	
1-M/U’s	surface	was	found	to	present	partial	recrystallization,	which	seemed	to	
have	a	positive	effect,	as	degradation	was	clearly	improved	respect	to	MP.	In	fact,	
ageing	 in	 this	 specimen	 presented	 a	 degradation	 similar	 to	 4-M/U,	 in	which	 a	
very	severe	grinding	had	been	applied.	It	is	important	to	highlight	that	a	surface	
finishing	as	smooth	as	the	one	in	1-M/U,	with	a	Sa	=	16	nm,	was	able	to	introduce	
the	microstructural	changes	needed	for	the	delay	of	ageing.		
	
The	key	point	to	enhance	ageing	resistance	through	microstructural	tailoring,	is	
thus	 not	 to	 introduce	 large	 changes,	 but	 just	 the	 adequate	 ones.	 This	 could	 be	
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observed	in	the	case	of	4-M/U,	where	degradation	was	higher	than	in	2-M/U	and	
3-M/U,	 even	 though	 the	 former	 exhibited	 the	 largest	microstructural	 changes.	
The	decrease	 in	performance	 for	 this	specimen	was	related	 to	surface	damage.	
As	evidenced	in	Figure	7a	and	7b,	where	the	surfaces	of	3-M	and	4-M	specimens	
are	shown	right	after	grinding	(i.e.	not	degraded),	regions	with	extensive	damage	
in	 the	 form	 of	micro-cracks	 could	 be	 observed	 in	 4-M.	 This	 is	 different	 to	 the	
scenario	 found	 in	 the	 rest	 of	 the	 specimens,	 where	 ductile	 material	 removal	
mechanisms	took	place	exclusively.	In	order	to	study	whether	the	worsening	of	
the	degradation	behaviour	was	indeed	related	to	such	surface	state,	a	superficial	
m-phase	map	was	obtained	in	one	of	the	4-M	specimens	degraded	for	50	hours.	
Figure	7c	shows	the	obtained	phase	map	along	with	an	optical	micrograph	of	the	
corresponding	 region.	While	 most	 of	 the	 surface	 presented	 damaged	material	
(labelled	as	A),	a	damage-free	track	with	a	whitish	surface	crossed	the	measured	
region	almost	horizontally	 (labelled	as	B).	Phase	mapping	clearly	revealed	 that	
the	 entire	 surface	 was	 degraded	 except	 for	 the	 damage-free	 track,	 which	 was	
totally	 resistant	 to	 degradation.	 In	 fact,	 one	 damaged	 track	 crossed	 the	 non-
transformed	region,	acting	as	a	nucleating	zone	for	the	m-phase	(labelled	as	C).	
As	 shown	 in	 our	 previous	 study	 [45],	 as	 the	 diamond	 particle	 size	 increases,	
material	 removal	mechanisms	 tend	 to	 change	 from	ductile	 to	brittle,	 favouring	
the	 presence	 of	 damaged	 regions	 and	 allowing	water	 to	 bypass	 the	 protective	
layer.	 Thus,	 if	 microstructural	 tuning	 through	 grinding	 procedures	 is	 to	 be	
performed	 for	 ageing-protective	 reasons,	 a	 balance	must	 be	 achieved	 between	
the	 introduction	 of	 beneficial	 features	 and	 the	 prevention	 of	 surface	 micro-
damage.	
	

	

Figure	5	Degradation	kinetics	in	water	steam.	The	evolution	of	 the	monoclinic	volume	
fraction	 is	 plotted	 against	 degradation	 time.	 a)	M	 specimens	 and	 b)	U	 specimens.	No	
degradation	 was	 observed	 in	 2-M/U	 specimens	 and	 just	 a	 slight	 increase	 in	 the	
monoclinic	content	could	be	appreciated	in	3-M/U	specimens.	The	20	%	Vm	left	to	reach	
a	full	m-phase	material	in	MP	specimens,	corresponded	to	non-transformable	cubic	(c)	
phase.	
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Figure	6	Cross-sections	of	 the	degraded	specimens	after	50	hours	 in	water	 steam.	On	 the	 left,	
CLSM	 images.	 On	 the	 right,	 m-phase	 distribution	 determined	 by	 confocal	 micro-Raman	
spectroscopy.	Note	that	 for	each	condition,	CLSM	and	phase	 images	were	taken	from	the	same	
specimen	but	probing	different	regions.	
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Figure	7	FESEM	micrograph	of	the	surface	in	a)	3-M	and	b)	4-M	specimens	right	
after	 grinding	 (i.e.	 not	 degraded).	 Extensive	 damage	 could	 be	 seen	 in	 4-M	
surface,	with	 the	 presence	 of	micro-cracks	 and	 flaking,	while	 3-M	 presented	 a	
smoother	 damage-free	 surface,	 with	 evident	 signs	 of	 plastic	 material	 removal	
mechanisms.	c)	Insight	on	the	degradation	behaviour	of	4-M	specimens.	On	the	
left,	optical	microscopy	image	of	a	4-M	specimen	surface	degraded	for	50	hours.	
On	 the	 right,	m-phase	mapping	 of	 the	 outlined	 region	 through	 confocal	micro-
Raman	 spectroscopy.	 Labels	 A	 indicate	 large	 regions	 were	micro-damage	 was	
observed	on	the	ground	tracks.	Label	B	identifies	a	track	(in	whitish	colour)	with	
no	damage,	where	mainly	ductile	removal	mechanisms	took	place.	Label	C	shows	
a	damaged	track	crossing	the	damage-free	region.	

3.4 Cell	adhesion	study	
	
Surface	 topography	 of	 biomaterials	 is	 known	 to	 affect	 cell	 behaviour	 [61].	
Indeed,	 it	 is	well	 accepted	 that	 roughness	 can	 influence	 (positively	 or	not)	 the	
adhesion,	 proliferation	 and	 differentiation	 of	 osteoblastic	 cells	 [42,43,62,63].	
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However,	the	majority	of	works	have	generally	focused	on	titanium	and	studies	
on	other	materials,	e.g.	Y-TZP,	are	needed.		
	
Figure	8	displays	 the	 results	obtained	 in	 the	 cell	 adhesion	assays.	As	 shown	 in	
Figure	 8a,	 the	 number	 of	 adherent	 SaOS-2	was	 very	 similar	 on	 all	 the	 studied	
surfaces,	without	statistically	significant	differences	as	a	function	of	the	surface	
topography.	 	 	 In	detail,	neither	an	 increase	 in	surface	roughness	(i.e.	Sa	values)	
nor	the	presence	of	a	pattern	texture	(M/U)	seemed	to	influence	cell	attachment.	
In	contrast,	cell	morphology	and	orientation	were	dependent	on	the	topography.	
This	effect	can	be	observed	 in	Figure	8b	and	8c,	where	 for	both	3-U	and	4-U,	a	
slight	decrease	in	cell	area	(statistically	significant	for	4-U)	and	an	increase	in	the	
aspect	 ratio	 (statistically	significant	 for	3-U	and	4-U),	 i.e.	a	more	elongated	cell	
shape,	were	observed.	As	depicted	in	Figure	8d	the	morphological	changes	in	3-U	
and	 4-U	 were	 related	 to	 a	 strong	 alignment	 in	 the	 direction	 of	 the	 grinding	
grooves,	 which	 was	 only	 detected	 on	 these	 two	 surfaces.	 For	 the	 rest	 of	 the	
specimens	 no	 alignment	 was	 observed,	 displaying	 similar	 morphological	
features	as	 those	 found	 in	 the	mirror-like	polished	MP	specimen.	These	results	
indicate	 that	 roughness	 alone	 does	 not	 directly	 affect	 cell	 area	 or	 their	 aspect	
ratio,	but	in	combination	with	oriented	patterns	is	able	to	favour	cell	alignment	
above	a	certain	roughness	level,	changing	cell	morphology.	Previous	data	already	
reported	 such	 effect	 on	 ground	 titanium	 surfaces	 [64,65],	 as	 well	 as	 in	 other	
materials	[66].	The	ability	to	induce	cell	alignment	has	been	a	subject	of	interest	
for	many	researchers,	as	a	means	of	affecting	cell	behaviour.	In	fact,	it	has	been	
shown	to	 trigger	cytoskeleton	reorganization,	and	to	affect	extracellular	matrix	
remodelling,	 cell	migration,	membrane	 protein	 relocation	 and	 gene	 expression	
[67].	Herein	we	propose	the	existence	of	a	threshold	larger	or	equal	to	Sa	=	150	
nm	to	effectively	induce	cell	alignment	on	unidirectionally	ground	Y-TZP.	Figure	
8e	and	8f	show	two	fluorescence	CLSM	images	of	stained	cells	in	specimens	3-M	
and	3-U.	An	alignment	in	3-U	in	the	direction	of	grinding	is	clearly	noticed,	while	
cells	are	randomly	spread	onto	3-M	surfaces.	
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Figure	8	SaOS-2	adhesion	results	after	24	h	of	 incubation	in	FBS-supplemented	
medium.	 a)	 Cellular	 adhesion	 (cells/cm2),	 b)	 cell	 area	 (µm2)	 and	 c)	 cell	 aspect	
ratio.	 d)	 Angular	 histogram	 of	 cell	 orientation.	 Each	 bar	 of	 the	 histogram	
represents	the	relative	cell	number	aligned	to	a	specific	angle	on	the	surface.		In	
U	 specimens	90°	 corresponds	 to	 the	 grinding	direction.	 e)	 and	 f)	 Fluorescence	
CLSM	images	of	the	cells	cultured	on	specimens	3-M	and	3-U,	respectively.	Actin	
filaments	 are	 stained	 with	 TRITC-conjugated	 phalloidin	 (red),	 and	 cell	 nuclei	
with	 DAPI	 (blue).	 White	 arrow	 in	 f)	 points	 to	 the	 grinding	 direction.	 Groups	
identified	by	the	same	letter	are	not	statistically	different	(p>	0.05).	

	

4 Conclusions	
	
Microstructural	 and	 crystallographic	 changes	 after	 surface	 grinding/polishing	
were	 able	 to	 greatly	 affect	 both	 mechanical	 properties	 and	 hydrothermal	
degradation	 resistance	 of	 3Y-TZP.	 Furthermore,	 topographical	 changes	 (i.e.	
unidirectional	grooves)	efficiently	promoted	osteoblasts	alignment.	Although	the	
increase	 in	 properties	 showed	 a	 significant	 direct	 correlation	 with	 abrasion	
severity,	 surface	 damage	 introduced	 in	 the	 coarsest	 grinding	worsened	 ageing	
resistance.	In	particular,	it	was	observed	that:	
	

• The	 layer	 of	 compressive	 residual	 stresses	 as	 a	 result	 of	 the	 t →	 m	
transformation	 resulted	 in	 an	 increase	 in	 apparent	 fracture	 toughness,	
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which	 hindered	 the	 propagation	 of	 superficial	 cracks,	 as	 well	 as	 the	
opening	of	subsurface	cracks	reaching	the	surface,	the	latter	as	observed	
in	 scratch	 tests.	 The	 studied	 mechanical	 properties	 improved	 with	
grinding.	

• In	order	to	protect	3Y-TZP	from	ageing,	it	was	shown	that	coarse	grinding	
is	 not	 only	 unnecessary,	 but	 can	 be	 counterproductive.	 Instead,	
intermediate	 conditions	 (in	 terms	 of	 grit	 size),	 including	 both	 grinding	
and	rough	polishing,	could	protect	the	surface	from	degradation,	even	in	
damage-free	 specimens	with	 a	 roughness	 as	 low	 as	 Sa	 =	 45	 nm.	 In	 this	
regard,	 zirconia	 showed	 to	 be	 highly	 responsive	 to	 surface	 mechanical	
treatments.	Even	specimens	polished	until	a	surface	roughness	of	Sa	=	16	
nm	displayed	an	important	degree	of	surface	protection.		

• All	 the	 topographical	 modifications	 performed	 allowed	 cell	 attachment	
and	 presented	 contact	 guidance	 when	 unidirectionally	 ground	 above	 a	
certain	roughness	level.		
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