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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 B-quartz s.s. and B-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 [1, 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).

AG*(SURF) ~ G*(VOL) f(@)

so that the phase transformation is accelerated during surface crystallization
or takes place at smaller undercooling (AT) (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 thin surface layer) for every chosen
thermal treatment precedes volume crystallization. The difference in the degree
of crystallization in the effective surface layer and in the bulk in dependence
on time leads to the formation of a maximum.
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Fig. 1. Schematic transformation curves (t vs. T' at 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:

r .1 dy
{SURF) = ™ BT " "d In Cavory

where I'; is the surface concentration of component ¢ (mol/cm?)
C; is the molar concentration of component 7 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/dC; < 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/dC; > 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. 1b that, when the sample is heat
treated at temperatures higher than 7', the crystallization in the surface layer
will precede the crystallization in the bulk and, at temperature lower than 7,
the opposite will occur. In the temperature range between 7'y and 7', 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 f-quartz s.s. and f-spodumene s.s.
are described.

EXPERIMENTAL

Plates with dimensions of 50X 10 mm, and thickness of 4+ mm were used to
investigate the base glass of the LiO,.ALO;.’SiO; (MgO . ZnO . TiO, . Zr0O, .
. Na,0 . K,0) 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 effect of time on the crystallization

During the heat treatment of the mother glass, f-quartz s.s. crystallizes as
a metastable phase; f-spodumene s.s. crystallizes after a longer time or at higher
temperatures.
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Fig. 2. DT A curves of powdered samples.
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(i) Crystallization of S-quartz s.s.

During the formation of S-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]. DTA curves for powdered samples (200 mg) of the
base glass with particle sizes of < 8 um, < 36 um and < 400 wm 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. 1a).
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Fig. 3. Time dependence of expansion, relative X-ray diffraction intensity and compressive stresses
created during heat treatment at 940 °C of nucleated base glass.
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(ii) Crystallization of f-spodumene 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 8-quarte
and f-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.

The effect of temperature on the crystallization

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 B-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 B-quartz s.s. to B-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 Avrami relationship

Xt =1 — exp (—Kin)
where X, is the degree of transformation, ¢ is time and =» 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 s.s. crystallization (a) with corresponding time dependence of stress
formation in the sample surface (b) at the given temperature (X = 0.32—0.51—0.72 at which the
mazximum stresses occur).
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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 9, the phase
transformation in the surface layer did not begin.
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I"ig. 5. Thin-film X-ray diffraction patterns (a) from the interior and (b) from the surface of a sample
indicating the delayed phase transformation of B-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.

212 silik4ty & 3, 1990



Volume and Surface Crystallization during Formation of Glass-Ceramic...

References

[1] Mec Millan P. W.: Glass-Ceramics. Academic Press, London 1979.

[2] Bezbodorov M. A. Glass-Ceramic Materials (in Russian), Nauka i technika, Minsk 1982.
[3] Strnad Z.: Glass-Ceramic Materials. Elsevier. Amsterodam 1983.

[4] Tucker R. W., Stewart D. R. in: Proc. 9th Int. Congress Glass, Versailles, 1971 p. 1119.

[56] Sakka S., Kamiya K.: Proc. 11th Int. Congress Glass, Prague 1977, A/4 p. 99.

[6] Pannhorst W., Wickelhaus W.: Proc. 13th Int. Congress Glass, Hamburg 1983, IT/4 p. 572.
[7] US Patent No. 4, 211.820 (1980).

[8] Strmad Z., Douglas R. W.: Phys. Chem. Glasses 14, 33, 1973.

[9] Burnett, D. G., Douglas R. W.: Phys Chem. Glasses 12, 117, 1971.

OBJEMOVA A POVRCHOVA KRYSTALIZACE
PRI TVORBE SKELNE KRYSTALICKYCH MATERIALU

Zdensk Strnad, Wada Masamichi*

Vyzkumny wstav Sklo Union, Teplice[/pracovisté 180 00 Praha 8
Nippon Electric Glass Col. Ltd., OTSU 520, SHIGA, Japan

Poznatky o Fizené preménd skla na skelné krystalicky materidl umoziiu)i dosazeni reproduko-
vatelnych vysledku pii vyrobé ruznych typu skeln® krystalickych materidli s pozadovanymi
objemovymi vlastnostmi. Uzitné vlastnosti skelnd krystalickych materidlii jsou vak v mnohych
piipadech vyznamne ovlivnény povrchovymi a podpovrechovymi vrstvami materidlu.

Je spiSe pravidlem nez vyjimkou, Ze krystalizace skel v povrchovych vrstvach, pii tvorbé
skeln® krystalickych materialu probihé zcela odli$né, nez je tomu uvniti (v objemu) vzorku, coz
muze mit pozitivni, ale i negativni vliv, zejména na mechanické vlastnosti. Odlisny prubéh
kinetiky fdzové pfemény na povrchu a v objemu vzorku muzZe byt komplexné analyzovan na
zéklad® diagramu TTT (obr. 1).

Pii tvorb® skelné krystalickych materialti na bézi systému Li,0—Al,03;—Si0; (TiO2, ZnOz,
Na,0, K;0) bylo experimentélns zjisténo, ze krystalizace pevnych vzorku B-kfemene se v povrcho-
vych vrstvich zpozduje za krystalizaci v objemu vzorku, o éemz svédéi jak méfeni rtg-difrakéni
analyzy, tak i méreni DTA na vzorcich s odliSnou zrnitosti (obr. 2).

Kinetika nésledné fazové premény pevnych roztoku B-kifemene na B-spodumen u tohoto typu
sklokeramiky byla sledovéna rtg-difrakéni analyzou a souéasné byla méiena mechanickd pnuti
na povrsich vzorku, ktera se vytvarela ndsledkem zpozdovéani fézové premény v povrchovych
vrstvach (obr. §). Zavislost stupné pfemény na ¢ase byla zpracovana pomocei Avramiho vztahu
(obr. 4a). Odpovidajici ¢asové zévislosti zmérenych mechanickych tlakovych pnuti (obr. 4b)
vykazuji maxima. Vysledky shrnuté v obr. 4 ukazuji, Ze stejny stupen pfemény lze doséhnout pri
ruznych podminkéach tepelného zpracovani (tj. teploté a ¢ase), ale pouze pfi jediném tepelném
zpracovani pro dany stupen premény lze doséhnout souc¢asn® maximélnich hodnot tlakovych
pnuti na povrchu skeln® krystalického materidlu. Zda se pravdépodobné, ze puvod rozdilného
prubséhu kinetiky krystalizace na povrchu a v objemu vzorku je nutno hledat v odliSsném chemie-
kém slozeni povrchovych vrstev.

Obr. 1. Schematické zndzornéni kiivek fdzové premény (t vs T pfi konstantnim X = 1 « 999;)
v objemu a v efektivni povrchové vrstvé vzorku (viz text).

Obr. 2. DTA kfivky préskovych vzorkii.

Obr. 3. Casové zévislost teplotni roztatnosti (e) relativni intenzity charakteristickyjch difrakénich éar
(d = 4,484 — Qssa d = 3,90A — Sss) (b) a tlakovych napéti (c) béhem tepelného zpracovéni
vzorkii zékladniho skla p#i 940 °C.

Obr. 4. Avramiho zévislost krystalizace pevného roztoku B-spodumenu (a) s odpovidajici dasovou
zdvislosti vytvéfenych tlakovych napéti na povrchu vzorku (b) pfi dané teploté. (X = 0,32 a¥
0,51—0,72 jsou stupné pfemény, pFi kterjych napéti dosahuje max. hodnot).

Obr. 5. Rtg-difrakénizdznamy z povrchu (b) a z objemu (a) vzorku indikugici zpozdéni fézové premény
pevnych roztoki B-kifemene v povrchové vrstvé.
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YINPABJAEMOE INPEBPAIEHHWE CTEHKJA
B CTERJOBUIHBIIT KPHUCTAJNJUUYECKUH MATEPUA.I

3nenex CrpHaj, Baza Macamunxn*

Hayuro-uccaedosamenvcruii uncmumym SKLO-UNION Tenauye/llpaza 180 00
*Nippon Electric Class Col., Ltd., OTSU 520, SHIGA, JAPAN

JlaHHEIE OTHOCHTEJLHO YNPaBJISIeMOro NpeBpallleHust CTeK:1a B CTEKIOBHHBIA KPHCTAIIIM-
9ecKMH MaTepuaJl NPefoCTaBIAIOT BO3MOKHOCTD JOCTH)KEHH s BOCIIPOH3BOIMMEIX Pe3yJIbTaTOB
OpH DOJIyYeHHH Pa3HBIX THIOB CTEK/JIOBHIHBIX KPMCTAJIZIAYECKAX MAaTepHaJIoB ¢ TpebyeMbIMu
00BbeMHRIMH cBoMcTBaMu. OJIHAKO Ha IIOJ/Ie3Hble CBOMCTBA CTEK/JIOBH/\HBIX KPHCTALIHYECKHX
MaTepHajIoB OKAa3plBalOT BecLMa 9acTO CYMecTBEHHOe B.UIsIHME II0BEDXHOCTHbiE I IIOj(-
OOBePXHOCTHLIE CJIOM MaTepHaJa.

Ilourn kak mpaBmiIo, a He MCKJIIOYeHHMe, AABJIAETCA TO, YTO KPHCTA/LUIM3AallMH CTEKOJI B IO-
BEDXHOCTHHIX CJI0AX IPH 00pa3oBaHMM CTEKJIOBUAHLIX KPHCTA/LINUECKHX MaTepHasoB IpPO-
TeKaeT cOBceM IOAPYromy, 9eM BHYTpHM (B o0heMe) MaTepHa.1a, UTO MOKeT OKa3hiBATH KAaK
OTpHIATeJIbHOE, TAK IIOJIO}KHTEJBHOE B/IMAHME Ha MeXaHMdecKne cBoiicTBa. Pasimunniii xop
KHHeTHKH (a30BOro mpeBpallleHMs Ha IIOBEDXHOCTH it B oObeme 06pa3iia MOKHO I10/(BepraTh
noxpo6HoMYy aBanmay, ucmoandysa TTT auarpammy (puc. 1).

IIpu o6pa3oBaHMM CTEKJIOBH/HBIX KDMCTa/UIMUECKMX MATEpHAJIOB HAa OCHOBE CHCTEMbl
LiOz—Al1;05—S8i0; (TiO2, Zn0;, Na,0O, K;0) 6Hil0 3KcnepuMeHTaJILHHM OyTeM YCTaHOB-
JIeHO, 9TO KPMCTaJUIM3aHMA TBep;biX 00pa3iieB (B-KBapIld B 1IOBePXHOCTHBIX C.IOAX OUa3/(bl-
BaeTcA 33 KPHcTAJIM3anuel B o6reMe 00pasi, ¢BHIETEIILCTBOM Uero sIBJIAETCH KAK H3Mepe-
HHe pPTr-gu)paKnMOHHOro aHaim3a, Tak M usMeperna J[TA, mpoBouumbix Ha o6pasiax
¢ pasHOH BeJIMYMHOH 3epHa (puc. 2).

Kunernky mocJiefoBaTelIbHOIO (1a30BOro npeBpallleHMA TBepj(hiX pacTBOPOB [-KBapna
B (B-cIIOZYMeH y JIaHHOTO THMIIA CTEKJIOKEePAMHMKH HCCJIe;|0Bali ¢ IIOMOINLIO PTT-i{H(paKIIMOH-
HOrO aHajHu3a M OJHOBPeMEHHO HM3MepsA/IM MeXaHMUeCKie HaNpsKeHMs Ha II0BEDPXHOCTHX
o6pasnos, o6pasoBaBmuecs B pe3yJIbTaTe ONa3[bIBaHHA (A30BOHO IIpeBpalleHHsA B MOBEPX-
HOCTHBIX cJIOAX (pMC.5). 3aBMCAMOCTh CTelleHM NpeBpalleHMA OT BpeMeHM HCCJIes0BaJIM
¢ IloMOWIBI0 oTHOMIeHUMA ABpamu (pHc. 4a). CooTBeTCTBYIOIIMEe BpeMeHHble 33 BUCUMOCTH H3-
MepsieMBIX MeXaHMUECKMX HaNps)KeHUH ;laBJleHuA (pHc. 4b) Ma0T MakcUMyMLL. Pe3yrpraThl,
ob6paboraHBbie Ha puc. 4, IIOKa3kBAIOT, YTO OAUHAKOBYIO CTEIIERH [ PEBPAIIEHH S MOKHO [10JTy-
YMTH IIDM Da3HBIX YCJOBMAX TepMHYecKo#t 00paboTKM (T. e. TeMHepaType M BpeMeHM), HO
TOJIBKO IPH efMHCTBEHHOH TepMHdeckoil o6paGoTke J.1f [aHHOIi cTelleHN IpeBpamleHH;I
MOKHO IIOJIyYHTh OJ(HOBDEMEHHO MaKCHMa.Jh,HHE Be[lYiHb HOIIPSKeHUsA ;(aB/IeHMA Ha I10-
BEeDXHOCTH CTEKJIOBHJIHOIO KPHCTA/LTHIECKOI'0 MaTepHa/ja. OkaspBaeTcs, YTO NPHYHMHY Da3-
HOI'0 X0jla KMHETHMKHM KPHMCTaJIJIM3AallMM Ha II0BEPXHOCTHM 3 B oOheMe obpaslla IPHXO;MTEs
HCKATh B Pa3jMYHOM XMMHYECKOM (OCTaBe 110BeDXHOCTHHIX CJIOEB.

Puc. 1. Cxemamuueckoe uzobpancerue xpussix ggazosoeo npespawerus (6 s, T npu nocmosaniom
X =1 u99 %) e o6veme u sffermusrnom nosepxrocmmom caoe obpasya (cs. mexcm).

Puc. 2. TA kpusoii nopoukoobpasnblx 06pasyos.

Puc. 3. Bpemenrnas aasucumocmov mepmunecrozo pacuwupenus (a) munuuwnsz oud paryuoHHsiz
epema (d = 4,484 — Qss u d = 3,904 — 3ss (b) u Hanpancenuii Oasaenus (c) 6o
épems mepmuveckoll o6pabomru 06padyos ocrosrozo cmexaa npu 940 °C.

Puc. 4. 3asucumocmd Kpucmasauzayuu Aepamu meepdozo pacmeopa B-cnodymera (a) ¢ omee-
uaiowell 6PEMERHOL 3ABUCUMOCBIO 00DA308ABWUTCA HANDAXCEHUH 0asaerus HA No-
seprrocmu obpaaya (b) npu dawnroti memnepamnype. (X = 0,32 — 0,61 — 0,72 nped-
cmasasem CMenenb npespawerur, npu KOmopoi HANPANCEHUE OOCMUHAEM MAKCUMANLL-
HBIT GEAUNUK).

Puc. 5. Pme-Ouparyuornsie aanucu ua noseprrocmu (a) u uz ob6vema (b) obpasya, seanro-
wuecs ceudemenvcmsom onaaoviearouezoca g$aaosozo npeepaujerus meeposblx pacmeopos
B-reapya 6 noseprrocmHom caoe.
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