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ABSTRACT

huiu st ria! porcelain MO IlC'( l1l1 re samples ({'cre studied ant! compared ioittt Iabom toru ol1es
obtnincd with the «dditiou of slass-ceralllic,. Tile addition had bel'J1 dOl le ill bulk, addillS slass­
ceramic precursors to the suuuinrd r lli(l materials. A1icrostructll ral and 11lt!cJ ll1 11 icat
characterisations werecarried out atu! [raciurc Orii\i11I1 /1I1/i /sis (pas d011e 111 order to ieicHl in/ critical. , . . .
pmI" inu! charactcri-« their si:« and nature.

Till- niuiition of difjerellt s lass-cfrllJ1 lic systellls s i"es rise to di(ferellt material», ill a feu - cases
<'1'ell worsellillS both textu re 0 11.1 ntecbnnicat I'rol'erties, but gellenllllj illll'rol'illS the material
(Irarucicristics mui open iJlg the way for fit rthcr iH Ut'sf (~11 tiOll S of llCIP 111 ixt tt res and compositi01/ ::;.

The toia! porosity of sl/l lll'les 1I0t contninins; s'a;;s-cenllllics turned out to lie ill tile 2 - 6 "01';;,
rall ';:c l111d the ,lass i/ plwsc mnount bcttrccn 46 {{'I j ';, and 58 «('tj~. /11 the \;lass-ccra11l ic addcd
~t11l ~p lcs the t'allies i.~'c n: 111ltcII more scattered, tota! poro~ity being betH'CCIl J lJollj;) t111d 14 (lor; ;;
all d /11I111rplIollS plui-«: anun tn t bciioccn 46 wt/~, and 64 i.t' I ~:/;I ,

TIr" calculatcdImctu rc origill size was ill ti,,, railS" 1,,,t11'eeIl150 ,1Il11 and 950 ,11111 (sec Table 3 )
jor the sunutan! inanstria l matcrial». ?\TOraid or pore or crys tal gra i1l ( ~r such si:c (Pcrc noticed i ll
tire microetruct urc of the [ractu rc suriacc, so (( ,11I1t acl"d as critical fl m» was tire link-up of t(('O or
II10re defects closc 10 cnch other.

111 the glass-ceramic added samples tire ml clliated [nictu rc oris ill size was of tire same order of
lIlagllitllde of tile industrin! Olles , ill spite of tire hislrer I'orosily. 50, porosily btl iiscl ] is noi the ollilf
re'I'0II,iblefor tire brittlcncs« but some slrCIIstllCll illg etti-cl due to tire addiiun: ofSloss-ceramic hu»
to be clauucd.
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INTRODUCTION

The ceramic tile production has undergone a sharp growth in recent yea rs, focusi ng
now in particu lar on products suitable for inn ovati ve app lica tions, w ith great ad ded
va lue, and more and more resistant materi als . Porcelain stoneware is a low poros ity
p roduct with good mechanical properties and therefore it is a running cand idate for a
broader rang e of uses, wh ich include ex terna l areasll. ' I.

One of the most ex tens ive ly investigated ways to improve both technical perform ances
and aesthe tic cha rac teris tics of p orcelain stonewa re is the addition of glass -ceramics to the
bod y'". Gla ss-ceramics are polycrystall ine ma ter ials conta in ing residual amorpho us
phases, obtained by contro lled crystallisa tion of a molt en glassy mass. Some glass­
ceramics systems have thermal and che mica l s tability compat ible w ith the technologica l
requirements of porcela in stoneware p roduction and appropria te mixtures of glass­
ceram ics and sta nda rd raw materi als ca n be trea ted w itho ut rele va nt changes in
productive cycles.

The add ition of glass-ceramic precursors to the standard porcela in stoneware leads to
final charac teristics depending on the nature of the glass-ceramic system used !", To obtain
furt her improvem ent of mechanical properties of porcelain stone wa re it is important to
understand mechanism s and features which have detrimental effect on suc h properties in
orde r to design materi als and processes capa ble to d evelop the req u ired properties.

The microst ructure of this kind of materi als tend to be complex, more crystalline
pha ses are present , w ith an associated glassy phase. A wide range of gra in size is
observed , ge ne rally 1-100 urn . Porosi ty, w hich can be fine or coa rse, open or closed, is also
common!". What' s more, each of these microst ructu ral features can act as critica l defect,
under particu lar ex terna l cond itions .

The aim of this stu dy was to investigate the role of microst ru cture, in pa rt icu lar in
terms o f defects, in mechanical properties o f porcelain stoneware and to assess how and
why microstructure, mechanical properties and flaws, cha nge following the addition of
glass -cera m ics to the bod ies.

MECH ANICAL BEHAVIO UR OF CERAMICS

The mech anical properties of a material d etermine its limitat ions for the ap pl icat ions
whe re th e m aterial is requ ired to sustain a load. The theoreti cal s trength of a cera mic
materia l is its s treng th in absence o f fl aw s and it is genera lly ve ry high, but these
streng ths are rarely observed in p racti ce . Th e com mon strengths of cera m ics are
ge ne ra lly severa l o rde rs of magni tude less tha n th e theoreti cal val ues . This is due to the
p resence of fabri cati on flaws and struc tu ra l flaws in the ma te ria l, which res u lt in
fracture at a load well below the th eo reti cal s treng th. In fact, the presence of flaws such
as a cra ck, pore or inclusion in a ceramic m ateri al res u lts in s tress concentra tion w he n a
load is applied . Wh en th is concen tra ted stress at an individ u al flaw reaches a cr itica l
va lue that is eno ugh to initia te and ex tend a crac k, fracture occu rs":71. Eve n a small flaw
in ceramics is ex t remely critica l, compared to other kind s of ma terials . For re la ting the
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fra cture s tress , th e material properties and the flaw size, C riffith!" proposed an equation
of the form :

[1 ]

where o , is th e frac ture stress, E the Young's modulu s, Y, th e surface energy, c th e tlaw size
and Y is a constant that depends on the specimen and tlaw geometry.

Introducin g th e fracture energy, 'Ie in p lace of 't. and, hence, th e fra cture toughness K"

U = Y:' K Ic"
t Ic

[2]

Thus, the fra cture s treng th depends on the sq u a re root of th e cr itical flaw size . If th e
fracture toughness of the materia l is known, flaw size can be es tim a ted from the ab ove
equation m akin g so me assumptions on flaw geometry and position. Equations [1] and [2]
established th e correlation bet ween strength and mi crostructu re in brittle materia ls, and
they were th e theo retical ba sis from w h ich fractograph ic analys is was born .

M ATER IALS AND M ETHODS

Four in d ustria l porcelain s toneware tile s and six laborato ry samples we re stud ied . The
in d u st rial samp les had s tand a rd porcelain stoneware composition and were called CAE,
HEK OP and NT. Th e six laboratory sam pl es had been ob ta ined w ith the addi tion of 10­
30 wt% of g lass-ce ra m ic p recursors to stand ard industrial m ixtures. The addition had
been done in bulk, ad d ing gla ss-ce ramic precursors to the stand ard raw materia ls, and the
samples w ere ca lled D31, VC5, R20, 114, DVC19, and Pc. The glass -ce ra m ic systems were
i\'ap-Alp3-SiO , (?\'AS), Kp-CaO-MgO-AI,o,-SiO , (KCM AS), BaO-Alp,-SiO, (BAS),
ZrO,-CaO-SiO, (ZCS)and MgO-AIP3-SiO, (MAS).

Phase com posrtion was determined by RIR-XPRD (Rigak u Mi niflex, N i-filte red Cu
K« ). Open porosity, w a ter absorp tion and bu lk density were measured accord in g to ISO
EN 10545-3. Tota l porosity was det ermined on the basis of the ratio be tween bulk density
and speci fic weigh t of th e cera m ic materia l (AST:VI C329); closed porosity w as calcu lated
bv diffe renc e.

The You ng's modulus and the Poisson ' s rat io were m easured by resonant frequenc y
m ethod on specimens 70 x 2 x 10 mm', length x thi ckness x w id th , respectively, accordi ng
to ENV 843-2. The four-point flexura l strength w as m easured on specimens 45 x 3 x 4
m m', leng th x th ickness x wid th, respectively, accordi ng to ENV 843-1, using an Ins tro n
m ach ine mod . 1195. The frac ture toughness was measured , on th e same m achine, by the
Single Ed ge No tched Beam (SENB) m et hod on specimens 25 x 4 x 3 rnm', length x
th ickness x wi d th , respectively, and a saw cu t 0.1 m rn w ide and 1.2 mm deep, u sing a four­
point bending device w ith a lower span of 20 m m and an upper span of 10 m m , Th e
Vicke rs hard ness w as measured on poli shed surfaces acco rd ing to th e European Standard
EN 843-4, using a hardness testing machine Zw ick 3212 with an applied load of 9.8 i\'.

The calcu la ted fracture orig in size was determined from equation [2] with the shape
facto r Y=1.3191 for semicircu lar su rface fla ws. The fractog raphic ana lysis w as d one on
specim ens fractured in flexu ral s trength tests . The specimens were m ounted w ith the
tensioned su rfaces in con tact and th e fractu re su rfaces were ana lysed by Scannin g
Electron Microscope (Cam bridge Ste reoscan 360 ).
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RESULTS AND DISCUSSION

IN DUSTRIAL :VIATERIALS

CASTELLO',) (SPA ] ',))

Phase compos ition, porosity values and mechanical p ropert ies of industri al materials
are reported in Tables 1-3. The main cry stalline phases were quartz and mulli te, then
plagioclase, zircon, coru ndum and cristobalite. HEK and OP showed so me res idual K­
feldspar. Most of these valu es ranged around 55-58 w t% while NT showed a sensibly
lower va lue (46 wt%), however in the common range for porcelain stoneware!': 101. At the
sa me time, NT contains mo re closed porosity, let' s say residual porosity, th at was not
filled, during the firing treatment, at the sa me extent as in sa mples con taining more
am orpho us phase. The open po rosity was almost the sa me in all the samples. All the
tested tiles had been lapped and the open pores came from the removal of the as-fired
surface during the lapping p rocess.

Phase [wt%] CAE HEK OP NT

Mullite S.2 ± 1.5' 11 ,4 ±L5 13.6 ± 1.7 S.S ± I.S
Quart z 2S.2 ± 1.7 24.1 ± I. S 22,4 ± 1.7 2S.3 ± 1.0

Cristoba lite O.S ± 0.0 0.6 ± 0.1 I. S ± 0.1
Plagiocl ase 2.7 ± 0.0 0.9 ± 0. 1 0 ,4 ± 0.0 3.S ± 0.1
K-feldspar 0.7 ± 0.1 0 .3 ± 0.0

Z ircon 4.2 ± 1.1 1.3 ± 0.4 2,4 ± 0.4 7.9 ± 0.4
a -AI,O, 0.9 ± O. I 2.S ± 0.7 3.4 ± 0.5 3.4 ± 0.3

Am orphous phase 55.0 ± 2.2 5S.0 ± 2.4 57 .0 ± 2.0 46 .0 ± 3.2

• Mean ± I standard dev iation.

Table 1. PlllI5-t' connx xnton of the indusniainmtcriats.

CAE HEK 01' NT

Open poro sity [vol%] 0.3 ± 0.1" 0 .2 ± 0.1 0 .2 ± 0.1 0 .2 ± 0. 1

Closed porosity [vol%] 3.7 ± 0.2 4 .1± 0.1 1.6 ± 0.1 5.S ± 0.2

Total porosity [vol%] 4.0 ± 0.2 4 .3 ± 0.1 I. S ± O. I 6 .0 ± 0.2

, Mean ± I standard dev iation.

Table 2. Porosity [la l lleS of tile industrial materials.

CAE HEK 01' NT

Flexural Strength [MPa] 33.3 ± 1.6' 29.0 ± 1.4 40 .2 ± 1.2 76.7±3 .3

Calcul ated mea n frac ture origin size (u rn) 690 950 530 150

Young ' s Modulu s [GPal 64 ± I 63 ± I 7 1 ± 1 72 ± 1

Poisson ' s ratio O. IS O.I S O. IS 0.18

Fracture Tou ghnes s [MPa m°..' ] 1.14 ± 0.04 1.16 ± 0.06 1.20 ± 0.05 1.21 ±
0.05

Vickers Hardness [GPa] 6.4 ± 0.4 5.6 ± 0.6 6.S ± 0.5 5.9 ± 0.4

, Mean ± 1 standard devia tion .

Table3. s /ieclmnical ctmm ctcrieatton reeuue of the industrial nutteriuis.
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The infl uen ce of amorp hous phase conten t on flexura l streng th is illus tra ted in Figure
1. Th e amorphous phase has a we ake ni ng effect. Sam ple NT, w ith the lowest amorp hous
content showed the highest flexural st reng th va lue (76.6 MPa), a lmost the double of the
01' value (40.2 MP~ ) . Both Young's mo d ulus and fractu re tou gh ness va lues were sligh tly
highe r in NT, the sa mple with the lowest a mo rphous phase content, but th is is not
su fficien t to expla in the muc h h ig her fle xu ral streng th. Moreover, the ex pected
detrimenta l effect of porosit y on fl exural s trength and Young's mod u lus was not de tected
in samp le NT. On the cont rary, it seems tha t both flex ural streng th and Young's modulus
are more affected by amorphous phase amou nt than by resid u al por osity.

Fina lly, the Po isson's ra tio was the same for all the materials , be ing evi dence fo r the
sim ila r na tu re of the sa mples. The excellent characte ristics of NT were only spoilt by the
Vicke rs h ardne ss, 5.9 CP~, even if still in go od ag ree me nt with lite ra tu re d ~ t~ I Il · I3 I .
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Fiou rc 1. In}1u('llcc { ~f a Hltll pho ll ~ pllt1~c ((1I1/ clIl OI l }1t'xlIml .,:,f rcllgfh (~f illdl/:,frilll filt '~.

The reason of the differen t strength values was investigated by means of fractograpluc
ana lysis. Frac tu re ana lys is o r rractography is the examina tion of the frac tu red specimen in
an effort to reconstruct the sequence and cause of fracture. It helps to determ ine w hy and
where the fail ure occ u rre d and the na tu re, s ize and loca tion of the flaw w hich acted as
frac ture or ig in . Un fort una te ly, low fractu re e ne rgies as th ose found in coarse-g rained or
porous ceram ics, like the sa m ples we were d ea ling with, hard ly leave d istin ct frac tu re
markings, Anyway, wit h the help of the calcu la ted fra cture origi n size, in some cases we
were able to detect the ge ne ral region of the fracture origin, and to identify, loca te and
measure the flaw from w hic h the fractu re sta rted. At the same time, the mi crostructural
characterisa tion of the fractu re surfaces was perfo rmed ,

In Fig, 2 a comparison ~mong the fra ctu re su rfaces of the indust ria l sam ples is show n .
The m icrost ru cture o f H EK and Or, contain ing the highest amou nt of amorp hous phase,
ha d a glassy ap pea rance cha rac te rised by the prese nce of many bubbles, up to 50 urn in
size, while 0JT had the most crystall ine mi crost ructu re.

I'. L l - 97
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Figure 2. Micro:"-tructl/rc of tilt' [mcunv :; lII:ti/l"I':"- of til t' isuinstrinl :;l1l11 plc:;;.

a b

FigllTt· 3 11, b, 5£.\1 illl llSt':;; (~i ."'T /l l'.n m obar[mctured at 11./ AIPIl.

a b

Figure 4: 11, b. SEA'l i/1/agc:"- (~f NT flexure hdrf ractllred at 75.+ MPa.
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NT flexure specimens mainly broke because of surface located Haws, 100-150 urn in
size, as show n in Figs . 3 and -I. The size of the detected fracture origins agreed well with
the calculated fracture origin size. Cavi ties of tha t size were frequently present in the bulk
material, but the surface ones w ere the more critical with regard to the fai lure in bending
tests.

Th e agreement between calculated and detected fracture origin size was less clear in
the other sam ples. The calculated size was between 530 and 950 urn , and the fractured
surface appearance w as mostl v as the ones shown in Figs . 5 and 6.

• ...1 tIo ·. j .\ u· _ ,.~. 1 '"I I· •
. -. ._ r .. • .... _

. ~

a b

Figlll't' 5. 5£;\[ i ll/as L' ,;; l~ f the or ftexurc tar tracturc.t at 40.4 ,\IPa.

FiSlIr[' 6. Fracture origill in CAEflexlIrc bcr tmctured at 33.3 ,\ lPn.

The detected flaws were pore aggregates at maximum 200 urn in size. However, the
se verity of the strength reduction, together wi th the estimated fracture origin size , and the
rou gh and porous microstructure of the sa mples, allows to suppose tha t defects close
together, such as pores or big crysta lline grains , in ter acted and behaved like a m uch la rger
Haw tha t resulted in m u ch lower strength. In tha t case the intact materia l between the
flaws cracked first, the defects linked and the real defect size was the sum of the
individual si zes and the d istance between them .

• LA BORATORY SA~!PLES

Ph ase composition, porosi ty val ues and mechanic a l propert ies of the laboratory
samples con taining g lass-ce ramics, a re shown in Tables -1-6. Phase co mpositio n depended
on the type of g lass-cera mi c system ad ded to the industria l mi xtures. NAS and KCMAS
addition did not in fluence the nature of crystalline phases, producin g increases of

P. (; 1 - 9q
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amorpho us phase, up to 60 I'o't% in 0 31 and 64 wt% in R20, that did not result in any
lower ing of the poros ity content. Bodies contai ning ZCS, BAS and ZCS- BAS sy stems
developed some pha ses, unusual in standard porcelain stone ware, such as Ca,ZrSi,O I' in
VC5 and OVC19 and BaAI,Si,o, (celsian) in 114 and OVC19 sa mples . Th e latte r material,
in parti cul ar, turned ou t to consis t main ly (31.0 wt%) of celsian . In all of them lower
amounts of glassy phase and hi gh er porosity conten t were detec ted, compared w ith both
industria l and 0 31 and R20 bodies . The glass -ceramic addi tion in samp les 114 and VC5,
BAS and ZCS sys tems res pe ctive ly, had detrimental effect on mechan ical properties and
densification behaviour, The addition of a mixture of ZCS and BAS sy stems, as in OVC19,
caused better densification and mechanical properti es in comparison with th e p rev ious
samples, adde d with the two glass-ceramic systems, but separately, OVC19 showed the
h igh est You ng's modulus value (74 GPa ) as we ll as t1exural st rength and frac ture
toughness com pa rable with the industrial products, notwithstanding the significant
residual porosity (7.4 vo l%), Th e Poisson's ra tio of thi s sam ple (0,26) cons iderably d iffered
from the others, probably because of the very different phases developed in the material.

0 31 R20 VC5 OVC I9 114 PG
Phase [wt%] (NAS) (KCM AS) (ZCS) (ZCS-BAS) (BAS) (ZCS-MAS)

~l u ll ite 7.1 , 1.5' 6.5' 1.0 7.5 or. 1.8 8.2 , 1.6 8.h 1.9 6.3 , 1.9
Quartz 25.5 :t 1.4 24.1 :t 1.7 17.4, 0.9 3.5 :t 0.2 2~. 3:t 0.3 24.7:!: 1.6
Cristobalite 0.2 ± 0.0 0.3 ± 0.0 1.0 ± 0. 1 1.2 ::!: 0.1 0.9 , 0.1
Plagioclase 3.3 ± 0.0 3.3 ± 0.1 3.4 , 0. 1 1.6 ± 0.2 2.8 ::!:O.2 3.0 ± 0.1
K-feldspar 0.8 ,0.1 0.9 , 0. 1 0.8 ,0. 1
Cel sian 3 1.0 ::!: 3.2 15.5 ::!: 4.1
Zircon 0.4 ± 0.2 0.5 ± 0.1 10.3 ± 0.5 10.7 ± 0.8
Ca~ZrS i ~O I I 8.2 ± 0.9 3.0 , 0.4
u -AlIO" 2.5 :t 0.3 2.8 ± 0..1. 2.0 :!: O.O
A morphous phase 60.0 , 1.4 M .O ::!: 1.4 52.4 ::!: l. O 48.8, 1.0 46.0,0.6 5.fA ± 2.5

• Mcan e I standarddeviation

Table -l Phase connxei tion l~f the laboratory sllmples containing glass-ceramics.

OJ I R10 VC5 OVCl 9 114 PG

Open porosity [vo l%] 0 .0 0.4 ± O.S' 1.5 ± 0 .7 0. 1 ± 0.2 5.S ± 1.0 0 .04 ± 0.Q3

Closed porosity [vol 'k ] 3.7 ± 0.5 4.0 ± 1.5 13.0± 1.4 7.3 ± 0.3 6.0 ± 1.9 7.6 ± 0.5

Total porosity [volo/e] 3.7 ± 0.5 4.4 ± 1.5 14.5 ± 1.4 7.4 ± 0.3 11.S ±1.9 7.7 ± 0.5

. Mean ± I standard devration.

Table 5 Porosity vatuce of the laboratory samples.

0 31 R20 V CS OVC l9 114 PG

Flexural Strength [\ IPa] 3"9 . 1 ± 1.3' 42.8 ± 1.7 25 .8 ± 0.7 39. 7 ± 2.2 28.7 ± 1.0 76.6 .:!: 3.0

Calc ulated mean fracture origin 580 4~0 770 ~OO 760 150

sizefuml

Young's Modulus [GPa] 69 ± 1 73 ± 1 51 ± 1 7~ ± I 5 1 ± I 70 -t I

Po isson's ratio 0.19 0.18 0.21 0. 26 0. 18 0. 19

Fract ure Toug hness [~1 Pa rn'':" ] 1.22:::tO.O~ 1.17 ::t 0 .03 0.93 :!:: 0.03 1.03 ::: 0 .0 :' 1.03 ± 0.07 1.20 ± 0.0 4

V icke rs Hardness [GPa] 5.8 -t 0.5 6.8 ± 0.5 5.0 ± 1.1 5.... ± 0.5 :'.0 ::: 0 .5 6.0 ± 0.5

• Mea n ± 1 standard devi atio n.

Ta/de 6 A1echallical chumcterisation results (~fthe laboratory sampll!s .
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R20 (KGvlAS) had qui te high Young's modulus (73 C Pa), higher tha n in standard bod ies,
an d flexural st rength (-!2.S 1\[Pa) sim ilar to the average in standard materi als. The addi tion
of AS system in D31 did not cause any improvement regard ing eithe r mechanical
properties or resid ua l po rosi ty. PC had the high est fl exu ral st ren gth, almost the doubl e oi
the stre ngth oi R20 together with almost the double oi resid ual porosity, and good Young's
modulus, fracture toughn ess and hardness. Moreover, it sho we d the same st reng th oi NT
standard body, though it contained higher porosity and more amorphous phase.

The very porou s microstructure (Fig. 7a and b) oi 11-1 and VCS was res ponsi ble for the
verv bad mechanical properties . Furthe rmore, it mad e unirui tiul any eiio rt to locate the
fract u re orig in in those samples . The calc ulated frac ture origin size was abo ut 770-760 urn
ior both 11 -1 an d VCS, that means fl aw size oi approximately I ! -I the specimen thickness .

a b

FiXlln' S. 5£.\1 illlllSCio l~f tIJ I.' D \ 'CI9 Jk mrc h ,;- fractu red at 39.5 ,\ fPIl.

DVC l9 microst ru cture was less porou s tha n the p rev ious ones (Fig. Sa, b), showing
maxim um pore size oi about 30 urn. The ca lcu lated flaw size resu lted -100 urn for this
mate rial, bu t the detected fracture origins cons isted oi supe rficial big grains oi abo u t 100­
150 urn . close together to make up flaws 300 urn b ig. Aga in, some mergin g between close
deiects must be responsible ior the specimen failure at such low stress.

The PC sam p le (Figs. 9-10), with excellent mechanica l properties, flexural s treng th at
the top, showe d a microstru ctu re charac terised by sca ttered elonga ted internal vo ids 150­
200 [1111 in size , de fects probably ar ising irom incorrect iormi ng p rocess . Amon g them, the
d efectx closer to the fl exure suriace acted as fractu re o rigin and sta rted the failu re process.
The size of suc h fracture origins mat ched w ith the calcu la ted size.

1'. L I · I\l1
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a b

Figur« 9 d, [I. SEAl images t~f PC .flexure ll/lrfrnctllri'd II I / 9.0 ,\·IPa.

a b

Figure 10 11, [I. SEM imagc:, tlf PC .f1l'xlIn·/larfroc!llred at 75.2 A'IPa.

CO NCLUS IONS

For similar porcelain stoneware compositions, such as samples CAE, H EK, or and NT,
the in fluence of amorpho us phase amount on flexural strength follows an inversely
proportional relation. Between amorphous ph ase and porosity a so clear correlation was
not found, and neither between amorphous phase and Young 's mod u lus. In fact, among
the ind ust rial samples, the one with the highest porosity content showed , at the same
time, the highest flexural strength an d Young's modulus.

The ad di tion of different glass-ceramic systems gives rise to different materials, in a
few cases even worsening both textu re an d mechanical properties, but ge nerally
improving the material charac teris tics and opening the way for further inves tigations of
new mix tu res and composi tions.

The low fracture energy, characteristic of this kind of materials, makes it difficu lt to
perform frac tographic analysis. Anyway, in some cases, in specimens with h ighe r flexural
strength, it is possible to identi fy and measure the fracture or igin flaw and compare the
resu lt w ith the calculated frac tu re origin size. In most samples the d at a do not ma tch and
the detected flaw size is usually half the ca lcu lated one. It mean s tha t br idges be tween
defects close together cracked and the resu lting much larger flaw is responsible for the
flexu ral st reng th value . The size of the detected fracture origin well ag reed wit h the
calcu lated one only in two sa mples, the ones wi th the high est strength . No twithstanding
the number of initi al defects present in these materials and thei r size, o ften bigger than the
ini tial defects in othe r samples, the resu lting streng th was the highest because they do not
tend to link u p and form larger critical flaws.

1', c r . He
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