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The effect of heat treatment on the course of crystallization in bulk and in the 
surface layers during the formation of f3-quartz s.s. and f3-spodumene s.s. glass 
ceramics was studied. The results suggest that the different kinetics of phase 
transformation in volume and in the surface layers is responsible for the forma
tion of stress at the sample surface during the formation of glass ceramics. 

INTRODUCTION 

The controlled crystallization of glasses enables preparation of useful polycrystal
line materials (glass-ceramics) which are non-porous with a uniform crystalline 
structure; the crystal size and distribution of crystals can be controlled by a 
suitable heat treatment. The choice of the initial composition then permits these 
materials to be prepared in an exceptionally wide range of chemical and phase 
composition of the crystalline and residual glass phases, structure, properties 
and fields of application [l, 2, 3). 

Knowledge of the controlled conversion of glasses into glass-ceramic materials 
including processes such as metastable separation in the liquid phase, various 
types of nucleation processes, crystal growth and secondary growth can be utilized 
to yield reproducible results in the industrial production of various types of glass
ceramic materials with required volume properties. 

However, the useful properties of glass-ceramic materials are often greatly 
affected by the surface and subsurface material layers. It is a rule rather than 
an exception that the crystallization of glasses in the surface and subsurface layers 
during the formation of glass-ceramic materials takes place in quite a different 
manner than in the bulk of the glass [4, 5, 6, 7). 

The formation of surface and subsurface layers with different properties is 
desirable if full control is possible but undesirable if it cannot be controlled for 
objective or other reasons. The basic question therefore arises of how to control the 
surface crystallization by a selected heat treatment or by choice of the volume 
composition to obtain the required properties in the bulk and also in the surface 
layers at the same time. From this point of view, the relationshops between the 
factors which govern the crystallization kinetics at the surface and in the bulk are 
of great importance. 

It is well known that heterogeneous nucleation (SURF) can reduce the thermo
dynamic barrier to homogeneous nucleation (VOL) . 

.:lG*(SURF) ::::: G*(VOL) , / (0) 

so that the phase transformation is accelerated during surface crystallization 
or takes place at smaller undercooling (ilT) [8, 9, 3). 
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The typical course of the phase transformation, i.e. the degree of transformation 
in dependence on time and temperature, is then expressed by the TTT diagram 
in Fig. la. 

Surface crystallization ( considered as a thm surface layer) for every chosen 
thermal treatment precedes volume crystallization. The difference in the degree 
of cryRtallization in the effectivP. surface layer and in the bulk in dependence 
on time leadR to the formation of a maximum.

t 
T 

logt - logt -

Fig. 1. Schematic tranaformation curves (t vs. Tat constant X = 1 and 99%) for crystallization 
in the bulk and in the effective surface layer (see the text). 

Another factor to be considered in multicomponent liquids is the difference 
in the chemical compositions in the surface and subsurface layers with respect 
to the composition in bulk of the sample. The components will tend to form a 
distribution in the surface layer such that the resulting surface energy is minimal 
(the Gibbs adsorption isotherm). The relevant excess of the component in the sur
face layer is defined in terms of the surface concentration: 

1 
ri<suRF> ::::: - -RT ·

dy 
d In ci(VOL) 

whern I'; is the surface concentration of component i (mol/cm2) 
Ct is the molar concentration of component i in the bulk 
y is the surface tension. 

The equation describes the relationship between the concentration of the com
ponent at the surface and in the bulk of the sample and generally expresses that 
only the given component will accumulate in the boundary layer, where dy/dCt < 0, 
i.e. the component whose increasing concentration reduces the surface tension.
On the contrary, the boundary layer will be depleted in this component when
dy/dCi > 0. Different concentrations of the components in the surface layer will
affect the phase transformation kinetics. The different crystallization kinetics
in the surface layer and in the bulk of the sample can be analyzed on the basis
of the TTT diagram. It can be seen from the Fig. lb that, when the sample is heat
treated at temperatures higher than T2, the crystallization in the surface layer
will precede the crystallization in the bulk and, at temperature lower than T1, 

the opposite will occur. In the temperature rauge between T1 and T2 bulk crystalli
zation is initially delayed but after some time it precedes crystallization in the
surface layer.
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Other factors can also affect the surface compositon profile and the course of the 
crystallization in surface layers such as the effect of the atmosphere, melt history, 
or depletion of readily volatile components in the surface layers. These factors are 
given by the preparation conditions and, except for the last one, they can be 
considered as constant in this study. 

In addition, the findings on the influence of heat treatment on the course 
of crystallization in the bulk and in the surface layers of the sample during the 
formation of glass-ceramic material based on �-quartz s.s. and �-spodumene s.s. 
are described. 

EXPERIMENTAL 

Plates with dimensions of 50 X 10 mm, and thickness of 4 mm were used to 
innstigate the base glass of the Li02 . A}z03 .'Si02 (MgO . ZnO . Ti02 . Zr02 . 
. K a20 . K20) system. The course of the crystallization for a selected heat treatment 
was followed up by X-ray-diffraction analysis and by dilatometric measurement. 
The surface stress as well as its profile in the cross section was evaluated using 
a polarizing microscope with a compensation wedge and a Senarmont compensator. 
The DTA of glass powders with different particle size was carried out to estimate 
differences in the volume and surface crystallization. 

The e f fect  of  t i m e  o n  t h e  crysta l l i zation 

During the heat treatment of the mother glass, /J-quartz s.s. crystallizes as 
a metastable phase; /J-spodumene s.s. crystallizes after a longer time or at higher 
temperatures. 

860 870 880 890 900 

Fig. 2. DT A curves of powdered samples. 
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(i) Crystallization of ,8-quartz s.s.

During the formation of ,8-quartz s.s. glass-ceramic, mechanical stress on sample 
surface was observed. X-ray diffraction analysis indicated that crystallization 
in the bulk of the sample during constant temperature heat treatment precedes 
crystallization in the surface layer. If the glass exhibits both volume and surface 
crystallization, their ratios can be estimated from the shift in the DTA peak for 
coarse and fine particles [3]. DT A curves for powdered samples (200 mg) of the 
base glass with particle sizes of < 8 µm, < 36 µm and < 400 µm are shown in Fig. 
2. The shift of the DTA peaks to higher temperatures with a decrease in the particle
radius (increase in the surface area) clearly indicates the suppresion of the crystalli
zation in the surface layer and also indicates that the crystallization is not initiated
on the glass surface by surface nucleation (compare Fig. la).
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Fig. 3. Time dependence of expansion, relative X-ray diffraction intenaity and compreaaive struses 
created during heat treatment at 940 °0 of nucleated base glass. 
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( i i) Crysta l l izat ion  of �-spod u m e n e  s.s. 

The initial glass was first heated to the nucleation temperature, 740 °C. Then 
the samples were placed in a furnace with a crystallization temperature of 940 °C 
and removed at time intervals of 3 hours. The measured values of the thermal 
expansion coefficient, intensity of characteristic X-ray diffraction lines for �-quartz 
and �-spodumene s.s. and the values of the surface stress formed on the samples 
(see Fig. 3) show that the phase transformation is accompanied by the creation 
of compressive stresses on the sample surfaces which reach a maximum just 
before completion of phase transformation in the bulk of sample. 

Th e ef fect  o f  temperature  o n  t h e  c r y s t a l l izat ion 

The effect of temperature on the crystallization has been followed on samples 
pretreated at 740 °C for two hours and at 840 °C for two hours so that total trans
formation to �-quartz s.s. has been achieved, These samples were then heat 
treated at temperatures of 925 °C, 940 °C and 970 °C for a preset time. The kinetics 
of phase transformation of �-quartz s.s. to �-spodumene s.s. has been followed 
by X-ray diffraction analysis and mechanical stresses on the sample surfaces 
were simultaneously measured. 

The dependence of the transformation degree on time can be expressed in terms 
of the A vrami relationship 

Xt = I - exp (-Ktn) 

where Xe is the degree of transformation, tis time and n is the Avrami constant 
(Fig. 4a). The corresponding time dependence of the measured compressive stresses 
on the sample surfaces is given in Fig. 4b. From Fig. 4 it can be seen that surface 
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Fig. 4. Avrami plot of spodumene a.a. crystallization (a) with corresponding time dependence of atress 
formation in the sample surface (b) at the given temperature (X = 0.32-0.51-0.72 at which ehe 

maximum stresses ooour). 
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stresses not only depend on the crystallization time, but also depend strongly on the 
crystallization temperature. It is obvious from Fig. 4 that the same degree of trans
formation (X) can be attained under various heat treatment conditions (tempera
ture and time) but only one heat treatment gives maximum values of compressive 
stresses for the required transformation degree (X). Surface stresses are created 
as a result of delayed phase transformation on the sample surface. This has been 
demonstrated by X-ray diffraction analysis performed on the sample surface 
and on the sample after grinding off the surface layer. These X-ray diffractograms 
of the sample heat treated at 925 °C for 3.5 hours are shown in Fig. 5. While the 
phase transformation in the bulk of the sample was greater than 50 % , the phase 
transformation in the surface layer did not begin. 
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1"0, S. Thin-film X-my diffraction patterns (a) from the interior and (b) from the surface of a sample 
indicnting the delayed phase transformation of 13-quartz s.s. in the surface layers. 

As pointed out above, these experimental results can be interpreted by model 
TTT-curves for the phase transformation (volume/surface) which also explains 
the temporary formation of stresses on the sample surfaces as a consequence 
of different phase transformation kinetics at the surface and in the bulk of the 
material, even when the stress release through relaxation processes must be also 
considered. From this point of view it would seem possible to effectively influence 
the optimal course of the phase transformation not only in the bulk but also in the 
surface layers by the choice of suitable heat treatment. 

It seems likely that the origin of different courses of the crystallization kinetics 
in the bulk and at the surface of the glass could lie in differences in the chemical 
composition of the surface layers. Further systematic research in this field is ne
cessary for it to be possible to control this factor by varying the bulk composition. 
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OBJEl\iOVA A POVRCHOVA KRYSTALIZACE 
PRI TVORBE SKELNE KRYSTALICKYCH i.IATERIALU 

Zdenek Strnad, Wada Masamichi* 

Vyzlcumny ustav Slclo Union, Teplice/pracoviste 180 00 Pralut 8 
Nippon Electric Glass Col. Ltd., OTSU 520, SHIGA, .Jopan 

Poznatky o rizene premene skla na skelne krystalicky material umozimJf dosazeni reproduko
vatelnych vysledku pi'i vyrobe ruznych typu skelne krystalickych materialu s pozadovanymi 
objemovymi vlastnostmi. Uzitne "lastnosti skelne krystalickych materiahi jsou vsak v mnohych 
pripadech vyznamne ovlivneny povrchovymi a podpovrchovymi vrstvami materialu. 

Je spise pravidlem nez vyjimkou, ze krystalizace skel v povrchovych vrstvach, pri tvorbe 
skelne krystalickych materialu probiha zcela odlisne, nez je tomu uvnitr (v objemu) vzorku, coz 
muze mit pozitivni, ale i negativni vliv, zejmena na mechanicke vlastnosti. Odlisny prubeh 
kinetiky fazove premeny na povrchu a v objemu vzorku muze byt komplexne analyzovan na. 
zaklade diagrnmu TTT (obr. 1). 

Pri tvorbe skelne krystalickych materialu na bazi systemu Li20-Al,03-Si02 (Ti02 , Zn02 , 
Na20, K20 )  bylo experimentalne zjisteno, ze krystalizace pevnych vzorku Ll-kremene se v povrcho
vych vrstvach zpozduje za krystaJizacf V objemu Vzorku, 0 cemz SV0dcf jak mefoni rtg-difrakcnf 
analyzy, tak i mereni DTA na vzorcich s odlisnou zrnitostf (obr. 2). 

Kinetika nasledne fazove premeny pevnych roztoku Ll-kremene na Ll-spodumen u tohoto typu 
sklokeramiky byla sledovana rtg-difrakcnf analyzou a soucasne byla merena mechanicka pnuti 
na povrsich Vzorku, ktera Se vytVare]a nasJedkem zpozdoVani fazoVe pfomeny V poVrchovych 
vrstvach (obr. 5). Zavislost stupne premeny na case byla zpracovana pomoci Avramiho vztahu 
(obr. 4a). Odpovidajici casove zavislosti zmerenych mechanickych tlakovych pnuti (obr. 4b) 
vykazujf maxima. Vysledky shrnute v obr. 4 ukazujf, ze stejny stupei'1 premeny lze dosahnout pi'i 
ruznych podmfnkach tepelneho zpracovanf (tj. teplote a case), ale pouze pri jedinem tepelnem 
zpracovanf pro dany stupe11 pfemeny lze dosahnout soucasne maximalnich hodnot tlakovych 
pnuti na povrchu skelne krystalickeho materialu. Zda se pravdepodobne, ze puvod rozdflneho 
prubehu kinetiky krystalizace na povrchu a v  objemu vzorku je nutno hledat v odlisnem chemic
kem slozenf povrchovych vrstev. 

Obr. 1. Schematiclcii znazorneni lcfivelc fazove pfeme11y (t vs T pfi konstantnim X = 1 " 99 % ) 
v objemu a v  efektivni povrchove vrstve vzorku (viz text). 

Obr. 2. DT A kfivky praskovych vzorku. 
Obr. 3. Casova zavislost teplotni roztaznosti (a) relativni intenzity charalcteristickych difraki5nich car 

(d = 4,48A -Qss a d  = 3,90A - Sss) (b) a tlakovych napeti (c) behem tepelneho zpmcovani 
vzorku zakladniho skla pfi 940 °C. 

Obr. 4. Avramiho zavislost krystalizace pevneho roztolcu I3-spodumenu (a) s odpovidajici i5asovou 
zavislosti vytvafenych tlakovych napeti na povrchu vzorku (b) pfi dane teplote. (X = 0,32 a:E 
0,51-0,72 jsou stupne pfemeny, pfi kterych napeti dosahuje max. hodnot). 

Obr. 5. Rtg-difrakcni zaznamy z povrchu (b) a z objemu (a) vzorku indikujici zpozdeni fazove pfemeny 
pevnych roztoku Ll-lcfemene v povrchove vrstve. 
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:i)l,eHeK CTpHa)l,, Ba;i;a Maca:-.u1xn* 

Hay,i,,;,o-ucc.11,eooeamMbcr;;uu u,;,cmumym SKLO-UNION Ten.11,ulfefllpa2a 180 00 
*Nippon Electric Class Col., Ltd., OTSU 520, SHIGA, JAPAN 

,l.l,aHHbie. OTHOCHTeJlbHO yrrpaBJUieMoro npeBpaJ:118Hllll CTCJUa B CT8KJl0BHJJ;Hblll xpncTaJIJill
'leCKHH MaTepnaJI rrpeAOCTaBJ!lIJOT B03M0lRH0CTb AOCTHJRCHHfl BOcrrpOI13B0AI1MbIX pe:iyJibTaTOB 
rrpn nonyqeHllll pa3HI,JX Tllll0B CTCI{;IOBll;J;Hb!X KpHcTaJIJifl'JeCJUIX MaTepHaJIOB C Tpe6yeMb!MH 
061,eMHb!Mll CBOHCTBaMH. Op;HaKO Ha none3Hbre CBOMCTBa CTeKJIOBH[\HbIX Kpl!CTa.CJ;Jll'leCKIIX 
MaTepHaJIOB 0Ka3b1B8JOT BeCJ,Ma 'laCTO cyJ:lleCTBeHHOe B.'ll!fIHlle JIOBepxHOCTHbre JI JIO/(
IIOBepXHOCTHble CJIOH Ma'repHana. 

Ilo'ITH K8K 11paBHJIO, a He HCKJIJOqeHHe, HBJIH8TClI TO, '!TO KpHcTaJIJill3al\HII CTCKOJl B 110-
BCpXHOCTHblX CJIOlIX npn o6pa30BaHHll CTCKi10Bll)l,HhlX KpHcTaJIJHl'ICCKllX M3TepnaJIOB npo
TeKaeT COBceM non;pyroMy, 'ICM BHYTPll (B 061,eMe) M3Tepna.,a, 'ITO MOlReT OJ{a3LlB/lTh KaK 
OTpH11;8TCJihHOe, T8K ITOJ!OlRllTC,1bHOe B;IlllIHlle Ha MCXaHH'lec1me CBOMCTBa. Pa3JIH'IHl,Ill XOA 
KHHCTHKH q>830Boro npeBpaJ:llCHllH Ha IlOBepxHOCTll II B o6'beMe o6pa3I\a MOJRHO ITO/\BepraTb 
non;po6HoMy aHaJIHay, HcnoJ11,ayH TTT ;i;rrarpaMMY (puc. 1). 

IlpH o6pa30BaHHH CTCKJIOBl!Ji;Hb!X KpHCTa.i!JIH'ICCKllX MaTCpnaJIOB Ha OCHOBC CllCTCMbl 
LiO:r-Ah03-Si02 (Ti02, Zn02, Na20, K20) 6b!JIO :mrneprrMeHTaJILHhlM nyTcM ycTaHOB
JJeHo, 'ITO KpHCT8JIJIH381\HH TB0pl\b!X o6p83l\0B (3-KBllpl\a B IIOBepXHOCTHbIX C;IOHX Oll83)],bI
BaeTcH 33 KpHCT8JIJIH3aI\HCll B 061,eMe o6pa3Wl, CBH;J;CT8JlheTB0M 'Iero fJBJIHCTCH KUK l!:'!Mepe
HHe pTr-n;ncppaKIJ;HOHHOro aHaJIH3a, TaK H ll:lMepCHIIH !1,T A, rrpoBO/_\IIMbIX Ha o6pa31\8X 
C paaaoii BCJIHqHHOH 30pHa (p11c. 2). 

HHHCTHKY IlOCJICAOB8TCJibHOI'O q>830BOro rrpeapaJ:llCHHH TBCP/\h!X pacTBOpOB (3-KB8pl\a 
B (3-cno)l,yMeH y )l,8HHOro THrra CTCKJIOKepaMllKH HCCJIC;_\OBa;rn C ITOMOIIU,JO pTr-/_\llq>p8Rl\llOH
HOro aH8Jill3a H OAHOBpeMeHHO H3MCpHJIH MCXaHHqecRIIC HanpHlRCHllH Ha l!OBepXHOCTHX 
o6pa3I\OB, o6pa30B8BlIIHCCH B pe3)'JlbTaTC orra3Ji;b!B3HIIH cpa30B0H0 rrpeBpal:IICHllH B IlOBepx
HOCTHbIX CJIOHX (pnc. 5). 3aBl1Cl!M0CTb CTerreHll npeBpal:IICHHll OT BpCMCHll ncc;re110BaJ!ll 
C IIOMOJ:llh!O OTHOilICHHJI ABpaM.11 (pnc. 4a). CooTBCTCTBYIOJ:I\HC BpeMCHHhlC 3aBl1Cl!MOCTH H3-
MeplieMbIX MCXaHH'ICCKHX HarrpHJReHnii ,J,3BJICHllH (pnc. 4b) AaIDT Mf\Kl"HMYMI,l. Pesy1IbTaTbl, 
o6pa60T8HHble Ha p11c. 4, JIOKa3L1B8IOT, 'ITO on;1rna1rnBy JO CTe!ICRb rrpeapall(CHUH MOlRHO l !OJIY
'il!Th npH pa3HbIX ycJIOBHHX TepMnqecROH o6pa60TKH (T. e. TCMrrcp,nype H BpeMCHll), HO 
TOJlhKO rrpn CAHHCTBCHHOii TCPMll'ICCKOM o6pa6on,e ,J,;rn /J;aHHOM CTClJCilll npeBparr�CHl!ll 
MOJRHO JIOJIY'IIITh 0/\HOBpeMeHHO MflKCl1Ma;11,Hb!C BCml'lIIHhl mirrpHlRCHUH ;\aBJICHHH Ha IIO
BepXHOCTH CTeKJIOBlli\HOI'O RpHCTa:I.'Ill'ICCKOl'O MarnpnaJia. 0Ka3b1BaCTCH, '!TO npH'rnHy pa:i
HO!'O X0/\8 RHHCTHJ{H KpllcTaJIJill3al\llU Ha ITOBepxHOCTH II B 061,eMe 06paa1�a npHXO/\llTCH 
HCKaTh B pa3Jlll'IHOM XHMl!qecKOM cocTaBe l!OBepXHOCTHb!X CJIOCB. 

Puc. 1. Cxe.Mamu,i,ecr;;oe uao6pa:!lceH.ue 1,puebtX <fiaaoeoeo np eapa111e,;,u.'i (t e s, T npu nocmo.11,,;,,;,o.M 
X = 1 u 99 %) B o6'be.Me u a<fi<fier.mue,;,o.M novepx,;,owinoM c.11,oe 06paa1+a (cs. mer.cm). 

Puc. 2. l(T A r;;pueoii nopoutr;;oo6pa3H,btX 06paa1+oe. 
Puc. 3. Bp e.Me,;,,;,a.11, aaeucu.Mocmb mep,o,tu,i,ecr;;ow pacutupenu.11, (a) niunu,i,,;,bl,X ou¢par.lfUOHHbtX 

epeM.11, (d = 4,48A - Qss u d = 3,90A - 3ss (b) u nanpJ1,J1CeHUU oaeMmm (c) no 
epe.M.11, mep.uu,i,ecr;;ou o6pa6omr.u o6paal{oe oc1t0B1toeo cmer;;.11,a npu 940 °C. 

Puc. 4. 3aeucu.Mocmb r;;pucma.11,.11,uaal{uu Aepa.Mu meepooeo pacmeopa (3-cnooy.Me1ta (a) c omec
,i,alOUfeU epe.MeHHou aaeucu.Mocrnb/0 06paaoeaewuxc.11, ,;,anp.11,:>tCe,;,ui.i oae.11,e,;,u.l/, na no
eepx,;,ocmu o6paa1fa (b) npu oa,;,,;,ou me.Mneparnype. (X = 0,32 - 0,51 - 0,72 npeo
cmaB.11,R,em cmene,;,& npeepaUfeHUll,, npu r;;omopou ,;,anp.11,:!lce,;,ue oocmu,;,aem .Mar.cu.Ma.11,b
nbtx ee.11,u,i,u,;, ). 

Puc. 5. Pme-ou¢par.l{UOHHb1e aanucu ua noeepx,;,ocmu (a) u ua o6'be,ua (b) o6paal{a, J1,6.11,R,10-
u1uec.11, ceuoeme.11,bcnwo.M onaaOb1,Ba10Ufe2oc.11, gjaaoeoeo npeepa111e,;,u.11, meepoblX pacmeopoe 
�-r.eap l{a e noeepx,;,ocmHo.M c.11,oe. 
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