
The Japanese Society for Dental Materials and Devices (JSDMD)

NII-Electronic Library Service

The  JapaneseSociety  for  Dental  Materials  and  Devices  {JSDMD)

ge. g; :. ; g. Smaee. 
mpg

 i 
mpg

 
Wx

 li #. 
Wg

 it -: : f gin 
devam

 gin 
',
 $th i S. g 

ma#

 
vax

 f 
Wg

 
vag

 
wutW,

 
Wve.

 g.･ i X. 
ve:

 it it k del w. : : "e tmu esma 
..
 grthe' g4Ei}glXmeg aj'ditil`kthptx. ee. geeemeemama$maes･#ma4ts/'.ee.agma.ge.

Original  Ptiper

Mechanical Propertie$ of  Dental
Sandblasting and  Heat Treatment

ZirconiaCeramicsChangedwith

Hideo SAI-O", Kiyotaka YAMADA2,  Giuseppe  PEZZOTT12,Masahiro  NAWA3  and  Seiji BANa

iDepartment
 of  Bion?ateriais Science, Graduate Schooi of  Medical and  Dentai Sciences, Kegoshima  Universily 8-35-1 Sakuragaoka, Kagoshima

890-8544, Japan
2Ceramic

 Physics Laborator)t and  Research  tnstitute for Atanoscience, Kyoto tnstitute of  lechnotogx  Sakyo-ku, Matsugasaki, Kyoto 606-8585,
Japan2Central

 Research  Laborator)c  Matsushita Electric tntbrks, Ltd, V048, Kadoma,  Osaka  57f-8686, Jepan

Corresponding authoc  Seiji BAN;  E-mailt sban@denta.hai,kagoshirna-u.acJp

Twe  types  ol' tetragona]  zircenia  pelycrystals  (TZP), a ceria-stabilized  TZP/Al203  nanoeomposite  (CZA) and  a  conventional

ytt]'ia-stabilized TZP  (Y-rl"ZP), were  sandblasLed  with  70-ptm  alumina  and  125- gem  SiC  powders,  then  partially annealed  aL

500-1200DC  fbr five minutes,  Monoc]inic Zr02  content  was  deterrnined  by X-ray ditl'Taetometry and  Raman  spectroscopy.

Biaxial fiexure test was  condueted  on  the  specimens  before and  after  the  treatments.  Monoclinie Zr02 content  and  biaxial
fiexure strength  increased after  sandbla6ting,  but  decreased  after  heat  treatment.  However', in both cases,  the  strength  of

CZA  was  higher than  that, of  Y-TZP.  Raman  spectroscopy  showed  that  n cempressive  stress  field was  introdueed on  the
sample  surface  after  sandblasting.  It was  eoneluded  that sandblast,ing  induced tetragonal-to-monoelinic phase  t･ransforma-
tion and  that  t,he volume  expansion  associated  with  such  a  phase  transformation  g'ave rise  to an  increase in compressive
stress  on  the  sut'face  of  CZA. With  the  oecurrenee  of  such  a  strengthening  meehanism  in the  microstructure,  it was

concluded  that  CZA  was  more  suseept,ible  Lo stress-induced  transtbrmation  than  Y-TZP.
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]NTRODUCT]ON

The  demand  fbr metal-t'ree  restorations  in dental
practice has  increased unabatedly  because  of  two

factors: strong  esthetic  demand  and  concern  about

metallic  hypersensitivityi). To  these delicate medieal

issues and  challenges,  zirconia  is indicated as  an

optimal  soltuion2'3),  Tetragonal zirconia  polycrystals
(TZP), especially  3 mol%  Y20,i-stabilized zirconia

(3Y-TZP), has been used  as  a  conventional  material

for medieal  andi  dental restorati,)ns.  On  the other

hand, some  researcher$  reeently  reported  that a  Ce-
TZP/A120.i nanocomposjte  (CZA) not･  only  exhibited

higher  strength,  but might  also  have higher f'racture
toughness  when  eompared  with  conventional  Y-TZP`･ 5).

   By  virtue  of  the abovementioned  beneficial

properties, zirconia-based  materials  are  employed  as

eoTe  materials  for erowns  and  bridges in restorative

dentistry. On  zirconia-based  frameworks  for erown

and  bridge restorations,  fabrication using  the CAD/
CAM  system  is a  standard  routine6･7).

   After fabrication using  CAD/CAM  system  and

before veneering,  one  oi' more  surface  treatments  are

typically  perfoi'med. In particula]", sandblasting  is an
important treatment  method  to get a  strong  adhesion

to veneering  porcelain. However, meehanical

stress  is known  to induee  phase  transformation
from  tetragonal to monoelinie  Zr02, subsequently

resulting  in eompressive  stressS'i6).  Therefore, heat
treatment  is reeommended  after  sandblasting  in
dental praetieei7). The  aim  of  this  study,  therefore,
was  to examine  the effects  of  sandblasting  and  heat
treatment  on  dental zirconia  ceramics.

MMERIALS  AND  METHODS

Dish specimen  prqparation
As Iisted in Table 1, two  types of  TZP  eeramics  were

used  in this study.  CZA  powder  was  proeessed  by
cold  isostatic pressing method  into a  cylindrical  rod,

19.5 mm  in diameteT and  100 mm  in length, After
peeling of  the  rod  surface  and  firing at 1450 ℃ for
two  hours, disk-shaped speeimens  of  two  sizes,  14

mm  in diameter!2  mm  in thickness and  15 mm  jn
diameterfO.5  mm  in thickness,  were  prepared  by
cutting  and  grinding  with  a  400-grit diamond  wheel.

   Conventional Y-TZP  was  used  fbr comparison  in
this  study.  Its powder  was  pressed  using  the same

method,  After firing at  13500C  for six hours, disk-
shaped  specimens  of  two  sizes  were  prepared  in the
same  manner  as  CZA.

Sandblasting  and  heat treatment
AII disk speeimcns  (ip 14 mm  /t 2 mm)  were

ground  with  diamond  papers  ca220, #400, #600,

and  #1000), and  subsequently  heated at  1200℃
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Table 1 Matei'ials used  in this study

Code
Product  Name

(Manufacturer)
Composition

 FinalSintering

CZA

Y.TZP

NANOZR(Matsushita

 EleetTic Works)

TZ.3YB.E

<Tosoh)

10 mol%  CeO!-ZrOv

3o vol.%  A1203

3 mol%  Y20mZrOv

14sOOC, 2 hr

1350℃  6hr     ,

for 10 minutes  (Cerafusion VPF,  Jelenko, MA,

USA)  to form homegeneous tetragonal Zr02. Disks
were  sandblasted  by 70-ptm  alumina  and  125-ptm

SiC  powders  for 10 and  90  seeonds  at  O.4 MPa  air

pressure  at  a  direction perpendicular  to the surface

and  at  a  distance 10  mm  away  (Hi-Blaster-II, Shofu,
Kyoto, Japan). Part  of the  sandblasted  specimens

were  heated  at  500-1200 ℃ for five minutes.

MicroscQpicobservation
Mieroscopie observation  was  conducted  on  both  types

of  zirconia  using  a  scanning  electron  microscope

(SEM; JSM-5510LV,  JEOL,  Tokyo,  Japan). It wa$

operated  at  an  aecelerating  voltage  of  20 kV  to

investigate the surface  geometry.  To characterize

the  microstructure,  the  surfaces  of  CZA  and  Y-TZP

befbre surfaee  treatments  were  thermally  etehed

at  13000C  and  1200℃ respectively  fbr one  hour. To
observe  the  effects  of surfaee  treatments  on  CZA
and  Y-TZP  surfaces,  grinding  and  sandblasting  were

performed,

ratio,  X., was  calculated  using  the Garvie and

Nieholson methodiS)  as  follows:

Xln=Ln(111)+IA,(111)

Surftice roughness  measurement

Surface roughness  of  the specimens  was  analyzed

using  a surface  roughness  tester (Surfeom 130A,

AeeTetech, Tokyo,  tJapan),  Six measurements  were

performed  for each  speeimen  aecording  to ISO
4287:1997.  The  arithmetical  mean  deviation of  the

assessed  profile (Ra) and  the  maximum  height of

profile (Rz) were  measured  under  these condition$:

cut-off  value  of  O,8 mm,  measurement  length  of  5.0

mm,  and  measurement  speed  of  O,6 mmfs.  Filtering
ef  the measured  data was  conducted  using  a

Gaussian filter.

XLray dithaction and  Raman  spectroscopy  analyses

The  amount  of  transfbrmation  which  was  induced

by  sandblasting  and  heat  treatment  was  determined
by measuring  the peak  intensity ratio  in the X-ray
diffbeaetion (XRD) pattern of  disk-shaped  specimens

(¢  14 mm  /t 2 mm)  of  both  zirconia  types (n=3 per
group). XRD  data were  eollected  with  a  ef2e
diff}raetometer (RINT.-2500, Rigaku,  Tokye,  Japan)

using  Cu-K. =  1.54A  radiation  at  40  kV and  120

mA.  Diffiractograms were  obtained  f'rom 20e  to 4oO

at  a  scan  speed  of  IVmin.  Monoclinic  peak  intensity

L,,(Ill)+1in(111)+L(101)
(1)

where  C and  L. represent  the  integrated intensity

(area under  the  peaks)  of  the tetragonal (101) and

monoelinic  (111) and  (-111) peaks  around  300, 310,

and  280 respeetively.  Monoclinic  volume  content,  V-,
was  ealculated  using  the method  of  Toraya et  al.M):

Vn=1.311XA,
1+O.311X.

(2)

Raman  spectra  were  collected  with  a  triple monoehro-

mator  spectrometer  (T-64000, ISA  Jovin-Ivon/Heriba
Group, Tokyo,  Japan)  equipped  with  a  eharge-coupled

device detector (high-resolution CCD  camera).  In
residual  stress  fields, the requircd  laser power  on

the  material  surface  was  typically  about  200  mW  at

the  laser head. A  suitable  exeitation  frequeney was
a  monochromatic  blue line emitted  by an  Ar-ion laser

at  a wavelength  of  488  nm,  Spectral integration

time  was  eight  seconds,  with  the reeorded  speetra

averaged  over  three successive  measurements.

Laser spot  of  1 ptm  in diameter  was  always  foeused
on  the  speeimen  surface.  Raman  peak  positions
were  obtained  by fitting the CCD  raw  ctata to mixed

Gaussian/Lorentzian eurves  with  a  eommercially

available  software,

    CZA  disk was  placed on  a  mapping  device
(lateral resolution  of  O.1 ptm), whieh  was  conneeted

to a  peTsonal computer  to drive highly preeise

displacements (along both x  and  y  axes)  on  the

specimen  surface  with  a  confocal  configuration.  The

monoclinic  eontent  of  CZA  phase, V., contained  in
a  partly transformed  zone,  eould  be quantitatively
evaluated  from the  relative  intensities of  seleeted

non-overlapping  Raman  bands, whieh  belonged to the
tetragonal phase  at  150  cm-L  and  to the monoclinic

phase  at  180 cm-i  and  190 cm'i.  Monoclinic  volume

content,  Vin, was  then  calculated  using  a  method  of

Katagiri et al.20}:
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Vn ==o.s
 (Iin'O+Il'n)

2.21'i50+ o.s (1'iiO+Il.'O)
(3)

where  L. and  L. represent  the intensities of  bands
identified by their  apexes.  In addition,  it is well

known  that  Raman  peak  positions shitL  linearly with
increasing stress.  In view  of  this, the equilibrium

stress  a.,  of  CZA  was  caleulated  as  fo11ows:

  O.,i=lk'o.4+  1/1'(L{A' a.+K'  o,) (4)

where  o,i, a., a., and  at  are  the  magnitudes  of

residual  stresses  within  alumina,  zirconia,  monoclinic

ziTconia  and  tetragonal  zirconia  phases, respectively.

ItiL, X, X,, and  K  are  the  local volume  contents  of

individual phases  with  alumina,  zireonia,  monoelinic

zireonia  and  tetragonal  zirconia  phases, respectively.

These  detections were  performed  on  the outermost

surface  and  to a  depth of  50 pm  along  the z-axis2i).

More  detai]s on  the experimenta]  setup,  calibration

procedures, and  stress  calculations  with  Raman
spectroseopy  were  as  per  described previoslyZ2･23).

Biaxial flexure test

Six specimens  (¢  15mm  /t O.5 mm)  with  sandblasting

and  heat treatment  were  used  for the  biaxial flexure
test using  a  piston-on-three-ball biaxial fixture
according  to ISO  6872:19952`). Disk specimen  was

supported  on  three  ball spheres  (3.2 mm  in diameter)
equally  spaced  along  a  diameter of  10 mm  and  eenter-

loaded  by  a  steel  piston (with a  fiat area  of  1.1 mm

in diameter ground  along  the  contact  surface)  until

fraeture occumred  at  a  crosshead  speed  of  O,5 mm/min.
Failure stress  was  calculated  using  the equation

listed in ISO  6872  with  Poisson's ratio  value  of  O,25
for both materials:

s--O.2387P(XL
 "

(5)
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where  S  is the maximum  center  tensile stress  in MPa
and  P  the  total  load eausing  flracture in N;

  Xt(1+v)ln(r2/r3)2+E(ILv)/2](r2fr:)2  (6)
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where  v

eircle,  rL,

speclmen,

omgln.

v)[1+ln(ri/r3)2]+(1-

is Poisson's ratio,  ri

the radius  ef  loaded
 and  d  the  speeimen

V)(ri/rs  
2) (7)

the radius  of support

area,  r3  the radius  of

thickness at  fracture

                   RESUUT-S

Figure 1 shows  the SEM  images of CZA  and  Y-TZP
surfaces,  CZA  was  compesed  of  10 mol%  Ce02-
stabilized  TZP  (white grains) as the matrix  and  30
vol%  of A1203 (black grains) as  the second  phase, Y-
TZP  consisted  of  homogeneous grains  of  an  average
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rTable
 2Surfac/e  roughness  values  of  zirconia

(rnean± SD in ptm)
after  grinding and  sandblasting  by alumina  and  SiC l'or 10 and  90 seconds

Material CZA Y.TZP

Parameter Ra Rz Ra Rz

grindingalumina-sand-10s

alumina-sand-90s

SiC-sand-10s

SiC-sand-90 s

O.33± O.12

O.60± O.15

O.56± O.06

1,18 ± O.e8

O.96 ±O.11

1.90 ± O.89

2,S7 ±. O.45

4.31± O.63

5.08 ± O.34

6.12 ± O.53

O.30  :LF O,04

O.47±O,09

O.68 ±. O,08

1.09=1 O.09

O.84 ±･ O.06

1.62± O,41

2.68 ± O.39

4.61 ±O.78

4.94± O.40

tt.40± O.40
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size  of  O.32 ptm.

   Figure 2 shows  the  SEM  images of  CZA  and

Y-TZP  surfaces  after  gTinding and  sandblasting  by
alumina  and  SiC  for 10  seconds,  After grinding,
many  uniformly  oriented  scratches  were  observed

on  the surfaees  of  both zirconia  types. With 70-pm
alumina  sandblasting,  the  surfaee  altered  to one

covered  with  many  grooves and  voids,  resulting  in

the disappearance of  the scratches.  With 125-gem

SiC sandblasting,  larger grooves and  voids  were

observed  on  the surfaces  of  both  zirconia  types.

Table 2 summarizes  the surface  roughness  values  of

Ra  and  Rz  fbr both  zirconia  types.  It eould  be  seen

that for both zirconia  types, sandblasting  by SiC
resulted  in surface  roughness  values  larger than

those  by  alumina  (p<O.Ol).
   Figure 3 shows  the XRD  patterns of  both
zirconia  types after  grinding, sandblasting  by
alumina  and  SiC for 10 seconds,  and  heat  treatment.

In comparison  to the XRD  patterns  after  heat
treatment,  the difflraction peaks  due to monoclinic

Zr02  increased with  grinding  and  both  sandblasting

methods,  Conversely, the peaks  for tetragonal Zr02
deereased and  shifted  to a  lower degree.

   Figure  4 shows  the  monoelinie  Zr02  content

derived firom the XRD  patterns  using  Eqs. (1) and

(2). Between  zireonia  types,  the  monoclinic  Zr02

content  of  CZA  was  larger than  that  of  Y-TZP  in each
condition  (p<O.Ol). Between sandblasting  methods,

the monoclinic  Zr02 contents  of both zireonia  types

after  SiC  sandblasting  were  larger than  those

with  alumina  sandblasting  (p<O.Ol). Between
sandblasting  durations, the monoclinic  Zr02  contents

of both zirconia  types were  larger after  being

sandblasted  fbr 90  seconds  as  compaTed  to those of

10 seeonds  only  (p<O.05). After heat treatment  at

1200℃  for five minutes,  the  menoclinic  Zr02  contents

of  both zirconia  types decreased dramatically.
   Figure  5 shows  the  ehanges  in monoclinic  ZT02

content  of  both zirconia  types  after  being sandblasted

by alumina  and  SiC for 10 seconds  as  a  funetion of

heat  treatment  temperature.  Monoclinic  Zr02  content

decreased gradually with  increase in temperature  and

dropped to appreximately  1%  after  12000C.

   Figure 6 shows  the  Raman  spectrum  of  CZA.

Figure  7 shows  the monoclinic  Zr02  contents  and

the equilibrium  stress  values  derived from Raman
spectrogram  using  Eqs. (3) and  (4) as a  function of
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 Moneclinic eontent  {'L'oE%> Stirt'ace roughness,  Ra (Frn)

 Relationship  between biaxial flexure strengths  and

 monoclinic  contents  and  surface  roughness  (Ra),

depth  firom the sandblasted  surfaee,  Monoelinic
ZrOL, contents  and  equilibriurn  stress  values  of  both
zireonia  types sandblasted  by  SiC  were  larger than

those by alumina  (p<O.Ol). Both  monoclinic  Zr02

content  and  equilibrium  stress  gradually  decreased
flrrom 10 ptm with  increase in depth. This seemed  to
be caused  by the deteetion limita'tion of  the deerease,

although  the laser beam  focused on  a  specific  depth.
The  differences in monoclinic  Zr02  content  between

XRD  analysis  and  Raman  spectroscopy  might  be due
to differences in wavelength  and  incidence angle.

   Figure  8 shows  the biaxial flexure strengths

of  beth zireonia  types after  being sandblasted  by
alumina  and  SiC  for 10  and  90 seconds  and  heat
treatment. The biaxial flexure strength  of  CZA  was

higher than  that of  Y-TZP  in each  eondition  (p<O.05).
Between  sandblasting  methods,  the biaxial fiexure
strengths  of  both zirconia  types sandblasted  by  SiC

were  slightly  lower than  those by alumina  (p>O.05).
After heat treatment,  the  biaxial fiexure strengths  of

both  zirconia  types  remarkably  deereased.
   Figure 9 shows  the relation  between  biaxial fiexure

strength  and  monoclinie  content  and  surfaee  roughness

(Ra). With  inerease in monoclinic  Zr02  content,  the

biaxial fiexure strength  also  increased. On  the  other

hand, there was  no  clear  relationship  between biaxial
flexure strength  and  surface  roughness.

                DISCUSSION

In light of  the results  obtained  in this study,  it
could  be concluded  that the mechanical  properties of
zireonia  were  strongly  infiuenced by  the monoelinie

ZrO, content,  Similar results  with  Y-TZP  have
been  previously reported  by various  researchersi!'"6).

Swain et  al.2") suggested  that volume  expansion

due to phase  transformation  from tetragonal to
monoc]inic  Zr02 induced compressive  stresses  (oR)
in the surfaee,  and  a  hypothetical equation  as  fo11ows

was  proposed:
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(8)

where  AV  is volume  expansion  due to phase  tTans-

formation at approximately  4%,  V. the monoelinie

content,  E  the inherent  elastic  modulus  of  CZA  or

Y-TZP  (240 and  21e  GPa, respectively),  and  v the
Poisson's ratio  (O.25 for bot･h zirconia  types).

    Figure  10 shows  the  calculated  results  derived

from the results  of  Fig. 4 using  Eq. (8). This study

revealed  that, although  the monoclinie  ZrOL, eontent
after  SiC sandblasting  was  larger than  i/hat after

alumina  sandblasting  (p<O.Ol), the biaxial flexure
strength  after  StC sandblasting  was  lower than

that after  alumina  sandblasting.  Moreover,  Raman

analysis  showed  that the transformation  zone

depth26) (TZD) in this study  was  determined to be
approximately  less than  10  ptm.  It could  be assumed

that exeessive  transformation  from tctragonal to

monoclinic  Zr02 reduced  the mechanical  properties2T).

This  effeet  might  also  infiuence the lifetime of

zirconia28･29}.  To assess  this hypothesis, further study
is needed.

    After sandblasting,  CZA  showed  a  higher
eontent  of  transfbrmed  rnonoclinic  ZrOL, and  higher

biaxial flexure strength  than  Y-TZP.  As  shown  in

Fig. 1, CZA  had  an  interpenetrated intragranular
microstructure,  where  submicron-sized  A1203 particle
were  dispersed among  submicron-sized  Zr02 grains,
Several 10-100-nm  A120/s particles were  trapped

within  the Zr02 grains,  and  several  10-nm  Zr02
partieles were  tTapped  within  the AIL,03 grains. It

was  reported  that the toughening  and  strengthening

of  ZrOL,-A120s multiphase  ceramics  is mainly  due to
the  dispersion of  A120,FO}. Indeed, the  strengthening

mechanism  of  CZA  could  be  ascribed  to twe  factors.
The  first was  related  to decrease in fiaw size  due to

reduced  grain sizes  for both Zr02 and  Al20/i grains,
which  is associated  with  interpenetrated  intra-

granular  nanodispersion.  Consequently, several

10-100-nm  sized  inclusions were  believed to have a

role  in d,ividing a  grain  size  into finer sized  partieles
by  forming  sub-grain  boundaries4). The  second

was  related  to the stress-induced  transformation

underlying  the stifiengthening  mechanism  of  TZP

ceramics.  The  retention  of  the  tetragonal  phase  is

critically governed  by  the grain size.  In other  words,

reduced  grain size  is predieted to increase the critical

stress  that induees the tetragonal-meneclinic

transfbrmation. Taken  together, these interactive
contributions  eulminated  in improved strength  of

CZA,
    The  biaxial flexure strengths  of  both  zirconia

types inereased with  increase in monoelinic  ZrOu
content  (which was  indueed  by  sandblasting),  but

decreased with  deerease in monoelinie  ZrO"  content

(which was  indueed  by heat treatmenO.  This meant

that the mechanical  properties of zireonia  were

strongly  affeeted  by  the  stress-induced  transforma-

tion. It is known  that the stress-induced  tTansforma-

tion of  zircenia  
--

 i.e., transfbrmation  from  tetragonal

to monoclinie  phase-eauses  plast･ic defbrmation,

thereby  leading to high  fractuve toughness3i), As
shown  in Fig. 7, the  transformed  zone  was  only  10
ptm, although  there  was  presence  of  the transformed

monec]inic  phase  toward  the interior in a  deereasing

trend. Thiekness of  the transformed  Iayer mainly

depends on  the  kind  of  sandblasting  particles, but

not  on  sandblasting  time.

    The fabrication of  zireonia-based  dental

restorations  entails  a  series  of  procedures  including
cutting,  grinding, polishing, sandblasting,  heat
treatment  after  sandblasting,  and  firing for veneering

porcelain6'i`). Thus, it should  be noted  whether

zirconia  can  maintain  its meehanieal  properties even

after  these procedures.  Against this baekground,
resteratives  made  with  zirconia  should  be  designed

based  on  the minimum  strength,  such  as  that yielded
after  heat treatment.

CONCLUSIONS

Investigation on  surface  and  heat  treatments  in

this study  showed  that CZA  was  more  susceptible

to stress-induced  transformation  than  Y-TZP,  and

therefbre showed  higher  biaxial fiexure strength.

This  was  probably  due to their differences in
microstructure.  Monoclinic Zr02  content  and  biaxial

fiexure strength  of  CZA  and  Y-TZP  increased with

sandblasting,  but deereased  with  heat treatment.

Furthermore, the monoclinie  Zr02 eontents  of both
zirconia  types  after  SiC  sandblasting  were  larger

than  those alter  alumina  sandblasting.  Conversely,
there were  no  significant  differences in biaxial flexure
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strength  between
sandblasting.

SiC sandblasting  and  alumina
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