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T h e surface nuclea t ion of h igh -qua r t z sohd Solution crystals at fractured surfaces of glasses of the stoichiometric cordieri te compo
si t ion ( 2 M g O · 2AI2O3 · 5Si02) was s tudied by opt ica l microscopy. Par t icular a t tent ion was focused on the nucleation kinetics. 

Α c o n s t a n t nuclea t ion density, Ν ~ 10""^ μm~^, was found no t to be significantly influenced by the time and the tempera ture of 
nuclea t ion t r ea tmen t . Even a very fast hea t ing of samples employing heat ing rates u p to 1200 K/min does no t lower Ν substantially. 
However , for small average crystal d i amete r s ( < 2 0 μ m ) a distr ibution of crystal size in the same order of magni tude is detectable 
indica t ing a s imul t aneous a p p e a r a n c e of b o t h measu rab l e nucleation rates and growth velocities. It can be concluded tha t the surface 
nuclea t ion of / / -cordier i te occurs du r ing the t h e r m a l t rea tment from a limited number of preferred nucleation sites; these sites are 
"used Up" rapidly e n o u g h t o cause a s t rong Saturation effect of nucleat ion, but slow enough to cause a crystal size dis t r ibut ion at 
the s ame t ime. 

T h e surface nuclea t ion rate, / s , was ca lcula ted f rom the observed dis t r ibut ion of crystal sizes. 4 progress ive^ increases with 
rising t empe ra tu r e similar t o the crystal g rowth velocity indicating a b road tempera ture ränge of essential nucleation activity. T h e 
lat ter m u s t be regarded as the m a i n obs tac le to m e a s u r e or to control surface nucleat ion densi ty by means of two-step nucleat ion 
a n d g rowth t r ea tmen t s a n d mus t therefore be c la imed to be mainly responsible for the observed cons tancy of N. 

Keimbildung auf Cordieritglasoberflächen: Kinetische Aspekte 

Die Kine t ik der oberf lächenini t i ier ten K e i m b i l d u n g von Hochquarzmischkr is ta l len („/ / -Cordier i t") auf Bruchflächen von Gläsern 
der Cord ie r i t s töch iomet r i e ( 2 M g O · 2AI2O3 · 5Si02) wurde mit Hilfe der opt ischen Mikroskopie untersucht . 

Es w u r d e eine k o n s t a n t e Ober f l ächenke imdich te von Ν ~ 10""^ μm~^ gefunden. Ein signifikanter Einfluß von Zeit u n d Tempera
tu r der W ä r m e b e h a n d l u n g auf Ν war dabei n ich t nachweisbar . Selbst ein schnelles Aufheizen der Proben mit bis zu 1200 K/min 
führ te zu keiner deut l ichen Verr ingerung von N. Andererse i t s wurde j edoch für den Fall kleiner Kris ta l ldurchmesser ( < 2 0 μm) eine 
brei te S t r euung der Kr i s ta l ldurchmesse r in derse lben G r ö ß e n o r d n u n g gefunden, was da rau f hinweist, d a ß Keimbi ldungsra te u n d 
Kr is ta l lwachs tumsgeschwindigke i t gleichzeitig (d .h . im gleichen Temperaturbereich) m e ß b a r e Werte annehmen . Insgesamt k a n n 
gefolgert werden , d a ß die Ke imb i ldung von / / -Cord ier i t zwar während der W ä r m e b e h a n d l u n g erfolgt, j edoch auf eine begrenzte 
A n z a h l ke imbi ldender Defekte be sch ränk t ist. D e r „Verb rauch" dieser Defekte erfolgt schnell genug, d a ß ein starker Sättigungseffekt 
result iert , zugleich aber l a n g s a m genug, u m eine Vertei lung der Kris ta l lgröße zu er lauben. 

Aus der b e o b a c h t e t e n Größenver t e i lung der Kr is ta l le wurde die Oberf lächenkeimbi ldungsra te 4 berechnet. Is steigt - ähnl ich 
der Kr is ta l lwachs tumsgeschwindigke i t - mi t wachsende r Tempera tur stetig an, was auf ein breites Temperatur interval l der Keimbil
d u n g hinweist . Dieser Effekt verh inder t die M e s s u n g u n d Beeinflussung der Oberf lächenkeimdichte mit Hilfe zweistufiger Keimbil-
dungs - u n d K r i s t a l l w a c h s t u m s b e h a n d l u n g e n u n d ist somi t auch für die beobachte te Kons t anz der Oberf lächenkeimdichte verant-
wor thch . 

1 . I n t r o d u c t i o n 

Crystal l izat ion Starts mos t readily from the glass surface 
if n o vo lume nucleat ion has been p r o m o t e d by adding 
nucleat ing agents to the glass compos i t ion . Desp i te the 
major scientific a n d technological i m p o r t a n c e arising 
from this fact, surface nucleat ion p h e n o m e n a have 
gained m u c h less a t ten t ion t h a n vo lume nucleat ion. The 
domina t ing factors tha t govern the kinetics of surface 
nucleat ion are still a ma t t e r of controversy. 

O n the one h a n d , the surface nucleat ion density, V , 
should be domina t ed by the t ime a n d the tempera ture 
of the nucleat ion t rea tment according to the classical 
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nucleation theory as it has been well-confirmed by com
prehensive studies of heterogeneous volume nucleation 
using noble metal Substrates [1 and 2]. Analogous results 
were observed for the interface between a glass forming 
melt and a pla t inum crucible wall [3] or a plat inum heat
ing element [4]. C o m p a r e d to the homogeneous nu
cleation, an enhanced nucleation rate at the plat inum 
glass interface was observed part icular at smaller un-
dercoolings [3]. A t "free" glass surfaces, evidence of a 
dominat ing influence of the time and the temperature of 
the nucleation t rea tment on the surface nucleation rate 
was reported by [5 to 8]. 

O n the other hand , the surface condi t ion has been 
observed more frequently to be the dominat ing factor 
that Controls surface nucleation phenomena [4 and 9 to 



16]. Α large scatter of Ν up to several Orders of magni
tude was brought about by different surface prepara t ion 
techniques. Fur the rmore , the surface nucleation density 
was found not to be substantially influenced by the time 
and the temperature of the applied thermal nucleation 
t reatment in [8 and 17 to 19]. Accordingly, surface 
nucleation was suggested to occur rapidly from a limited 
number of preferred nucleation sites reaching a Satura
t ion stage in a very short time. However, notwi ths tand-
ing an unmeasurably high rate of depletion of active nu
cleation sites, the kinetics of using u p these sites can 
cause a distr ibution of crystal sizes. This effect can be 
used to estimate the apparen t surface nucleation rate by 
indirect means [20]. 

Altogether, it seems to depend on the rate of e x h a u s t -

ing the given active nucleation sites whether the thermal 
nucleation t r e a t m e n t or the s u r f a c e condi t ion a c t s a s the 
main C o n t r o l l i n g factor of surface nucleation phenom
ena. Accordingly, it was shown in [8] that the surface 
nucleation density of one crystalline phase, Λ^ι, can be 
dominated by the thermal nucleation t reatment while the 
surface nucleation density of another crystalline phase 
simultaneously growing from the same surface, N2, is 
dominated by the surface condit ion. 

Against that background, the influence of bo th the 
thermal nucleation t reatment and different surface 
prepara t ion techniques on the nucleation of high-quar tz 
sohd Solution crystals at the surface of stoichiometric 
cordierite ( 2 M g O · 2AI2O3 · 5 S i 0 2 ) glass was investi
gated. In the present paper, a t tent ion is focused on the 
nucleation kinetics and its experimental evidence. In
vestigations concerning the influence of different surface 
preparat ions on surface nucleation activity and the na-
ture of active nucleation sites will be reported in a later 
publication. 

2. Experimental 

2 .1 . Specinnens 
Batches of nomina l composi t ion (in wt%) of cordierite 
51.3 S i 0 2 , 34 .9AI2O3 and 13.8 M g O were melted at 
1590°C for 8 h in a plat inum crucible. Glass plates of 
~ (10 X 15 X 1) cm^̂  were prepared by casting the melts 
onto S t e e l plates and cooling slowly to room temperature 
from 750 °C. Chemical analysis of the quenched glasses 
showed that no oxide componen t deviates more t han 
0.8 wt% from the nomina l composi t ion. Long-shaped 
glass bars ((45 X 5 X 5) mm-^) were prepared by means 
of a d i amond saw and were fmished by SiC grinding. 
Subsequently, the bars were fractured in three-point 
bending under controlled load. Small glass cuboids of 
( 5 X 5 X 5 ) mm^ with flat fractured surfaces of 
(5 X 5) mm^ were thus obta ined just before the begin-
ning of the appropr ia te thermal t reatment . 

2.2. Thermal treatments 
All thermal t reatments were performed in free a tmos-
phere. The accuracy of temperature measurement was 

abou t ± 1 0 K. I so the rma l t rea tments below 1 1 0 0 ° C were 
carr ied ou t in a convent iona l l abora tory furnace. T h e 
samples were driven in to the h o t furnace us ing a p la t i 
n u m the rmocoup le as the sample holder. S h o r t - t i m e 
the rma l t rea tments above 1100°C a n d n o n - i s o t h e r m a l 
t rea tments were per formed in a specially des igned ver
tical tube furnace. T h e the rmocoup le a n d the p l a t i n u m 
specimen holder were moved quickly a long the t u b e axis, 
where a l inear gradient of 20 K /cm between 300 a n d 
1500°C was ma in ta ined . D u e to the small hea t capac i ty 
of b o t h the small samples and the p la t inum holder , very 
high heat ing rates u p to abou t 1200 K / m i n were at-
ta ined, at least in the vicinity of the glass surface. 

2.3. Nucelation density measurement 
T h e surface nucleat ion density, N, was d e t e r m i n e d by 
opt ical microscopy. Single crystallites of 3 μηι o r m o r e 
in d iameter were detectable. To discr iminate single crys
tallites, the nearest ne ighbour dis tance be tween t w o crys
tallites, 2 /, h a d to be larger t h a n 3 μm. T h e c o r r e s p o n d 
ing Upper limit of the surface nucleat ion density, A^max^ 
can be roughly es t imated from 2 / assuming tha t , o n the 
average, each nucleus is su r rounded by an a rea of a b o u t 
( 2 / ) 2 . Consequent ly , A^̂ âx = 1/(2 If = 1/(3 pm)^ -

~ 10~^ μm~^ results. T h e lower limit of N, A^min^ is d u e 
to the fact tha t at least a few nuclei mus t be p resen t at 
the limited area of the glass surface. Thus , in order-of-
magn i tude accuracy, N^i^ of 10"^ p m " ^ c o r r e s p o n d s t o 
the occurrence of one crystal per (5 X 5) mm^. 

3. Theoret ical background 
Surface nucleat ion can be t reated in t e rms of the classi
cal nucleat ion theory as a he terogeneous nuc lea t ion 
p h e n o m e n o n . Comprehens ive reviews of the t h e o r y of 
he terogeneous nucleat ion have been presented in [21 a n d 
22]. For the sake of a m o r e t r anspa ren t discussion of the 
results given in the sections 4. a n d 5., some bas ic e q u a -
t ions from [21 a n d 22] are briefly summar i zed in this 
section. 

3 .1 . Influence of temperature 
T h e influence of the tempera ture , Γ, on the nuc lea t ion 
rate is basically related to the work W{T) needed t o 
form a crystalline Cluster within the paren t h q u i d . W(T) 
results from the ba lance of the m o l a r free e n t h a l p y sur-
plus of crystal l ization, Αμ(Τ), a n d the energy a m o u n t 
required to form the crystal/ l iquid interface o w n i n g the 
specific surface free energy, σ. While subcri t ical crys ta l 
line Clusters (embryos) tend to be redissolved, the stable 
supercrit ical Clusters (nuclei) tend to grow further. 
Neglect ing any kinetic effects, the steady-state nuc lea t ion 
rate, Io(T), results f rom the number of crystalline Clus
ters surpassing the critical size per unit t ime: 

/ ο ( Γ ) ^ const 
1 

exp 
kT 

(1) 

wi th Wc(T) = const 
Αμ(Τγ 



lVc(T) is the work to form a critical nucleus a n d η(Τ)Ϊ8 
the bulk viscosity; at low tempera tures Io(T) is limited 
by the viscosity-related diffusion rate while at h igh tem
pera tures Io(T) is l imited by Δ / / ( Γ ) tha t is steadily in
creasing wi th decreasing tempera ture below the melting 
poin t . Hence, the nucleat ion rate passes t h r o u g h a maxi
m u m at some in te rmedia te temperatures . 

Referring to he terogeneous nucleat ion, a low specific 
free surface energy at the crystal /substrate interface, σ*, 
is a s sumed to reduce W^T). This is usually described 
by in t roduc ing a dimensionless factor, Φ(Φ < 1), that 
does n o t depend o n tempera ture : 

(2) 

Hence, a qui te ana logous t empera tu re dependence is to 
be expected for b o t h h o m o g e n e o u s a n d heterogeneous 
nucleat ion rates. However, the he terogeneous nucleation 
rate, Io{T), should be considerably higher t h a n /ο (Γ) 
par t icu lar at small undercool ings where W^iT) is domi
na t ing in equa t ion (1). A t large undercool ings the domi-
na t ion of the viscosity prevents an essential enlargement 
of / * ( 7 ) . Thus , a low value of Φ b roadens the tempera
ture interval of essential nucleat ion activity par t icular to 
higher temperatures . 

3.2. Influence of time 
T h e appa ren t nucleat ion rates, I{T,t), derived from 
experiments , d o n o t always reach the cor responding 
steady-state value, IQ(T). Two reasons can be responsible 
for this Observation: a) the non-steady-state charac ter of 
nucleat ion a n d b) overall kinetic Saturation effects. 
a) W h e n the t empera tu re of the melt is changed , a non-
steady-state t ime lag, τ ( Γ ) , is required to es tabhsh a new 
s ta t ionary equi l ibr ium size dis t r ibut ion of subcritical 
crystalline Clusters before I{T,t) can a t ta in Ιο(Τ). This 
effect may be sufTiciently well approx imated as: 

7 ( 7 : 0 = / ο ( Ό e x p ( - τ ( Γ ) / 0 (3) 

b) T h e Overall kinetics of surface nucleation might be 
divided in to three dist inct cases tha t all may contr ibute 
to the a p p a r e n t nucleat ion density. In figure 1 the 
features of these specific cases are schematically exem-
plified. 

Firs t case: Generally, every poin t , even o n a pristine 
glass /vacuum interface, migh t be considered to be able 
to p r o m o t e surface nucleat ion dur ing appropr ia t e nu
cleation t rea tment . This " in t r ins ic" surface nucleation 
rate, 7i(7; t), causes a surface nucleat ion density, A î, that 
is domina t ed by the t ime t and tempera tu re Τ of the 
nucleat ion t r ea tment (figure 1, curve 1): 

A^i(7:o = / / i ( 7 : i ) d i . 
0 

(4) 

N o kinetic Saturation effect is caused until the nucleation 
is impeded due to crystal growth in this case. 

•σ 
c 
ο 
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Figure 1. Schematic of overall surface nucleat ion kinetics. 
Curve 1: " int r ins ic" surface nucleat ion according to equat ion 
(4); curve 2: " a t h e r m a l " surface nucleation; curves 3a and b : 
"si te-control led" surface nucleat ion according to equat ion (5) 
for low (curve 3a) a n d high (curve 3b) nucleat ion rates at 
active sites. 

Second case: O n the other hand , it might be assumed 
that nuclei had been generated already during the sur
face preparat ion, for instance due to strong local me
chanical damaging at low ambient temperatures. This 
"a the rma l" nucleation density, N^, would not be altered 
by any subsequent thermal t reatment . In contrast to A î, 
A^a is dominated by the surface preparat ion technique 
only (figure 1, curve 2). 

Third case: Finally, surface nucleation can be considered 
to occur dur ing the thermal nucleation treatment 
restricted to a limited number of uniform active nu
cleation sites. This "si te-controlled" surface nucleation 
density, Ns(T,i), depends on bo th the number of these 
active sites 77 per unit Square and the nucleation rate, 
7s (7^ / ) , at these active sites according to: 

Ns(Tj) = H- 1 - e x p f - / 7 s ( 7 : i ) d ( ^ 
\ 0 

(5) 

To avoid confusion, it is necessary to distinguish the 
nucleation rate at the active sites, Is{T,t), from the 
apparent "si te-controlled" surface nucleation rate, 
dNsiT, t)lat, that is p ropor t iona l to the number density 
of active sites not "used u p " so far: 

dTVs (T: t)lat = [H- Ns (T, t)] • 7s (T, t) . (6) 

For low values of 7s (7^ t) no evident Saturation effect is 
caused before the nucleation is impeded by crystal 
growth. Ns(T,t) remains much smaller than 77 and 
dA^s(T, t)/dt - Is(T, ή ' Η is valid. 77 remains unknown 
during this initial nucleation stage because no Saturation 
level is at tained. Accordingly, 7s (Τ; t) · Η can easily be 
misinterpreted as 7i(7: / ) , which could lead up to some-
what confusion in thermodynamica l calculations based 
on these da ta (figure 1, curve 3a). When 7s (7; t) reaches 
its steady-state value 7so(7') (see equation (3)) dur ing 
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Figure 2. Average d iameter of /^-cordierite surface crystals as a 
function of t ime at different temperatures . Α small delay of the 
observed linear growth indicates the appearance of a non-
steady-state t ime lag of nucleat ion. 

the initial stage already, a "steady-state" value of the 
apparent "si te-controlled" surface nucleation rate, 
aNso(T)/at, will be attained: 

aNso{T)/at ^ Η-IsoiT) . (7) 

For high values of / s (7^ t) the active nucleation sites are 
used u p very rapidly at least before any crystallite will 
grow u p to a detectable size. After the deplet ion of all 
nucleation sites a Saturation stage at Ns{T,t) = Η is 
reached (figure 1, curve 3b). Thus, / s ( 7 ; 0 is unmeasur
ably high and it is impossible to distinguish the "site-
control led" nucleation mechanism from the "a the rmal" 
one (figure 1, curves 3b and 2). 

4 . R e s u l t s 

4 . 1 . X-ray m e a s u r e m e n t s 

X-ray measurements were performed in order to ensure 
that the surface nucleation data discussed in the follow
ing sections are related to the same crystalline phase. 
According to [23], it was found that the pr imary crystal
line phase consists of metastable h igh-quar tz solid Solu
t ion crystals referred to as //-cordierite in the following. 
Al though this phase rapidly transforms into the high-
temperature po lymorph of cordierite at temperatures 
above 1000°C, //-cordierite is detectable as the pr imary 

phase even u p to 1300°C by m e a n s of shor t - t ime ther 
m a l t reatments . T h e ( lOl ) - in te rp lanar spacing, J i o i , was 
found to be (0.345 ±0 .001) n m in all cases. Th i s va lue is 
close to 0.344 n m calculated from the cell d i m e n s i o n s 
given in [23] for h igh-quar tz solid Solution crys ta ls of 
the cordieri te s toichiometry. T h e dioi value of p u r e h igh-
qua r t z is 3.37 n m (calculated from the c o r r e s p o n d i n g 
cell d imens ion da t a given in [23]). It can be inferred t ha t 
the chemical compos i t ion of / /-cordieri te does n o t es-
sentially differ from the cordieri te s to ichiometry of the 
pa ren t glass. T h e lat ter result well agrees wi th E S C A 
measuremen t s of the chemical compos i t ion of / / -cor
dierite crystals g rown at 870 a n d 1000°C wi th in the 
spatial resolut ion a n d accuracy. 

4 . 2 . C r y s t a l g r o w t h ve loc i ty 

For the sake of reproducible surface nucleat ion dens i ty 
measurements , small bu t well-detectable surface crys ta ls 
are required. Fo r tha t reason the influence of t e m p e r a 
ture o n the crystal g rowth velocity of / / -cordier i te was 
s tudied by opt ical microscopy between 850 a n d 1350°C. 

In figure 2 the average d iameter of single / / -cordier i te 
crystals is p lo t ted against the t ime for var ious t e m p e r a 
tures. T h e crystal g rowth velocity is independen t of t ime 
suggesting an interface-controlled growth m e c h a n i s m 
where long-range diffusion processes of single chemica l 
c o m p o n e n t s are no t necessary. This m e c h a n i s m is 
usually encounte red when the chemical c o m p o s i t i o n of 
the crystal phase does n o t essentially differ f rom t h a t of 
the melt . F igure 2 shows a small delay of Hnear crys ta l 
g rowth from 1 u p to 80 min for t empera tures be tween 
980 and 870 °C. This effect indicates the a p p e a r a n c e of 
a non-s teady-s ta te t ime lag of the surface- induced 
nucleat ion of / /-cordierite. 

T h e t empera tu re dependence of the crystal g r o w t h 
velocity is given in figure 3. T h e average d iamete r of iso
lated crystallites a n d the thickness of the c rys ta lhne sur
face layer were measu red at t empera tures be low 920 a n d 
above 980 °C, respectively. Between these t empera tu r e s 
b o t h m e t h o d s were used simultaneously. M o s t d a t a in 
figure 3 are related t o large crystals (see for example 
figure 4a in compar i son to figure 4b) . In this case, a n 
a lmos t uni form crystal size is evident a n d the co r re 
spond ing m e a n rad ius of single crystallites is qu i t e simi
lar to the thickness of the crystalline surface layer. 

Α max ima l crystal growth velocity of a b o u t 
600 pm/min is reached at 1250 °C. T h e s t ra ight l ine o n 
the low- tempera ture side was fitted accord ing to the 
Ar rhen ius law with 

ar{T)lat = 3 · 10^^ exp ( - 4 1 5 kJ / ( i? Γ)) pm/min . 

N o da ta for t empera tures above 1350°C are p resen ted 
due to the progressive occurrence of mullite crysta ls a n d 
the compos i t iona l change of the melt which is expected 
for this Situation. However, the crystal g rowth velocity 
will be zero, at the very least, at the melt ing p o i n t of the 
stable h igh- tempera ture p o l y m o r p h of cordier i te (melt
ing t empera tu re ~ 1467 °C, a r row in figure 3 [24]). 



4.3. Nucleation density 
The nucleat ion density of / /-cordierite crystals, N, at 
fractured glass surfaces heat- t reated isothermal ly at 
var ious tempera tures is shown in figure 5 as a function 
of time. Ν was found to be abou t 10"^ p m " ^ within an 
order-of -magni tude accuracy. Despi te the large scatter 
of A ,̂ n o systematic influence of the the rma l t reatment 
either in t ime or t empera tu re is evident. Even prelimi-
nary heat t rea tments u p to 310 h at t empera tures be
tween 100 a n d 860 °C d o no t influence Ν as demon-
strated in [8] for mechanical ly pol ished surfaces of the 
glasses used in the present investigation. It mus t be in
ferred tha t nucleat ion of / /-cordieri te at f ractured cor
dierite glass surfaces appea r s either as a n "a the rma l " 
p h e n o m e n o n (figure 1, curve 2) or as a "si te-control led" 
surface nucleat ion occurr ing from a limited number of 
preferred nucleat ion sites which have been completely 
exhausted dur ing the first stage of the the rma l t reatment 
(figure 1, curve 3b). 

In case of an " a t h e r m a l " surface nucleat ion even a 
very fast runn ing over the whole t empera tu re ränge of 
essential nucleat ion activity would no t alter the apparent 
surface nucleat ion density. Therefore, fractured cor
dierite glass samples were rapidly heated u p to tempera
tures between 990 a n d 1130°C. High heat ing rates up to 
1200 K / m i n were applied. T h e upper t empera tu re limit 
was carefully tuned to the applied heat ing rate in order 
to ensure an average crystal d iameter of abou t 10 pm for 
all experiments . 

T h e results are given in figure 6. Wi th increasing 
heat ing rate the surface nucleat ion density, N, tends to 
decrease. While this effect is somewhat obscured by the 
large scatter of Ν at fractured surfaces, it is more 
p ronounced at polished surfaces indicat ing a "site-con
trol led" nucleation p h e n o m e n o n . Nevertheless, the ob
served slight decrease in final nucleat ion densi ty is re
stricted to very high heating rates of abou t 1000 K/min 
due to a very strong Saturation effect. Two alternative 
causes may be responsible for that strong Saturation ef
fect. O n the one h a n d , an unmeasurab ly high nucleation 
rate a n d an unmeasurab ly shor t non-s teady-s ta te time 
lag of nucleat ion can be regarded to cause the almost 
complete deplet ion of active sites. O n the o ther hand, 
the ränge of essential nucleat ion activity can be broad-
ened even u p to 1100°C due to a very low value of the 
nucleat ion activity Φ in equa t ion (2). Accordingly, a füll 
Saturation of active sites can be accompl ished at rather 
high annea l ing tempera tures for m u c h lower nucleation 
rates. 

4.4. Crystal size distribution 
If the latter is t rue a n d a measurable crystal g rowth veloc
ity occurs at tempera tures of evident nucleat ion activity, 
crystals nucleated earlier t h a n o thers will grow up to 
larger diameters . N o t w i t h s t a n d i n g an a lmos t complete 
deplet ion of active nucleat ion sites, the corresponding 
deplet ion kinetics would cause a size d is t r ibut ion of the 

Temperature in °C 

15001400 1300 1200 1100 1000 

6.5 7.0 7.5 8.0 8.5 

- Temperature MT in lO'̂ ^K^̂  

F igure 3. Tempera ture dependence of the crystal growth veloc
ity of //-cordierite. The arrow indicates the melt ing tempera ture 
of the stable h igh- tempera ture po lymorph of cordierite at 
1467 °C [24]. 

100 μ m 

b) 5 0 μ m 

Figures 4a and b. / /-cordierite crystals nucleated at fractured 
glass surfaces. Transmit t ing optical micrographs, t o p view un
der slightly crossed nicols; a) 30 min at 960 °C, b) 10 min at 
950 ° C 
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Figure 6. Nuclea t ion density at fractured cordieri te glass sur
faces heated up with different heat ing rates to different hold-
ing temperatures . 

surface crystallites this way [20]. Α maximal deviation of 
different crystal diameters, Ad{T), would appear due to 
the "Saturation" time, Ats{T), required to use up all 
given nucleation sites (ar{T)/at is the crystal growth 
velocity): 

Ad(T) = AtsiT) · 2dr(r)/d/ . (8) 

Confirming similar results reported in [20], such a size 
distr ibution is detectable for low average crystal 
diameters d^iTj) < 20 pm. The results are given in 
figure 7 in terms of the relative number of surface crys
tallites belonging to different classes of crystal diameters. 
Α max imum deviation of the crystal diameter, Ad{T), 
u p to - 2 4 pm surpassing the mean crystal diameter was 
observed (see also figure 4b). Consequently, it can be 
excluded that the crystal growth morphology of differ-

ently or ien ta ted crystals has strongly affected t he results. 
W h e n the t ime of the the rma l t r ea tment becomes larger 
t h a n Ats(T), a p ro longed t he rma l t r ea tment yields a n 
average crystal diameter, ( ^ μ ( ^ 0. m u c h larger t h a n the 
nuclea t ion- induced size Variation Ad{T). Accordingly , 
an a lmos t un i fo rm crystal size d is t r ibut ion was obse rved 
for large average values of the crystal size (figure 4a) . 

Fol lowing the a p p r o a c h as already out l ined , figure 7 
gives clear evidence that the nucleat ion of / / -cordier i te 
occurs at t empera tures of detectable crystal g rowth 
velocity (which is in contrast to any a the rma l nuc lea t ion 
p h e n o m e n o n ) . Accordingly, the Saturation stage of 
nucleat ion is no t reached unti l the crystals have g rown 
u p to a detectable size. Hence, the strong Saturation 
effect (indicated by figure 6) is no t simply caused by a 
very rapid deple t ion of active nucleat ion sites wi th in a 
small t empera tu re interval of nucleat ion activity at low 
tempera tures . Ins tead of this, it mus t be inferred tha t the 
nucleat ion rate is considerably large even at h igh t em
pera tures u p to 1050°C. T h e m a x i m u m crys ta l size 
devia t ion, Ad(T), was found no t to be very sensitive t o 
the tempera ture . T h e value of Ad(T) lies in t he r änge of 
11 to 24 p m for the four tempera tures invest igated here 
a n d seems to pass t h rough a s m o o t h m a x i m u m at a b o u t 
950 °C. For tha t reason, a similar t e m p e r a t u r e de
pendence of b o t h the surface nucleat ion a n d the crysta l 
g rowth velocity of / /-cordieri te may be an t ic ipa ted . 

5, Discussion 
Based on crystal g rowth rate da t a (figure 3), t he deple
t ion kinetics of / /-cordieri te were calculated f rom the o b 
served size d is t r ibut ion (figure 7). T h e level of dep le t ion 
of the given active nucleat ion sites, A (̂7^ t)/H, is p lo t t ed 
against the t ime in figure 8 (points). T h e "Saturation" 
time, Ats(T), which is necessary to comple te the de
ple t ion of active nucleat ion sites ranges from 100 d o w n 
to 0.7 min at t empera tures between 870 a n d 1050 °C. 

T h e nucleat ion rate at the given active nuc lea t ion 
sites, / s ( 7 ; t), was calculated from equa t ion (5) us ing the 
da t a shown in figure 8 (points) . T h e non-s teady-s ta te 
charac te r of 4(7; t) was described according t o e q u a t i o n 
(3). Wi th respect to equa t ion (3), equa t ion (5) yields o n 
integrat ion [21]: 

NsiT,t) = H ' { l - exp [ - / s o ( Γ ) · t ' C(T,t)]} (9) 

with C(TJ) = e x p [ - T ( r ) / / ] + [τ{Τ)Ιί] • ( £ ί [ - τ ( Γ ) / / ] . 

T h e exponent ia l integral , ( £ τ [ - τ ( Γ ) / ί ] , was numer ica l ly 
approx imated according to [25]. T h e best-fi t ted curves 
of the level of Saturation, Ν^{Τ,ί)ΙΗ, are shown in fig
ure 8 (sohd lines). 

5 . 1 . Temperature dependence 
T h e fitted values of the steady-state surface nuc lea t ion 
rate, /so(O a n d the non-s teady-s ta te t ime lag τ ( Γ ) , a re 
p lo t ted against t empera tu re in figure 9. Values of τ ( Γ ) 
u p to 40 min at 870 °C were ob ta ined strongly decreas ing 



with rising tempera ture . These values roughly confirm 
the delay of l inear crystal g rowth found in crystal growth 
measu remen t s (figure 2). T h e value of Τ(Τ) becomes 
smaller t h a n 1 m i n beyond 1000 °C. / s o ( O steadily in
creases wi th increasing t empera tu re u p to 13 m i n ~ ^ N o 
tempera tu re m a x i m u m of ISO(T) was found up to 
1050 °C (more t h a n 200 Κ above Tg). Α further increase 
of / s o ( O wi th increasing t empera tu re migh t be reason-
ably expected causing a very b r o a d t empera tu re ränge of 
essential nucleat ion activity at h igh tempera tures . 

T h e lat ter indicates a very low value of Φ in equat ion 
(2). As i l lustrated in figures 3 a n d 9, a large nucleation 
rate can occur s imultaneously wi th a considerable 
g rowth velocity of / /-cordieri te in this case. Conse
quently, a lmos t any the rma l t rea tment , al lowing a suf-
ficient g rowth of / /-cordieri te crystals, p robably yields a 
füll deple t ion of all given active nucleat ion sites. This 
effect mus t be considered to be the m a i n obstacle for 
b o t h a successful s tudy a n d a technological control of 
the appa ren t surface nucleat ion densi ty by m e a n s of con
vent ional two-s tep nucleat ion a n d growth treatments . 

5.2. Numerical values 

For the sake of a c o m p a r i s o n wi th surface nucleation 
da t a repor ted in previous li terature, the appa ren t surface 
nucleat ion rate, aNs(T,t)/at, was calculated from 
equa t ion (5) based on the values of ISO(T) shown in 
figure 9 a n d the n u m b e r densi ty of active nucleat ion sites 
Η ~ 10""^ pm~^ est imated from figure 5. T h e maximal 
values of the appa ren t surface nucleat ion rate, 
(dA^s(^ O/dOmax» which were found to occur at some 
m e d i u m Saturation stages, ί ~ τ ( 7 ^ , for all temperatures 
investigated here, are shown by curve 5 in figure 10 
(points O). T h e solid po in t s of curve 5 ( • ) were calcu
lated from dA^s 0 d a t a for mechanical ly pol ished sur
faces of glass of the cordieri te compos i t ion [20], where a 
qui te similar value of Η was repor ted . (aNs(T, 0/dOmax 
ranges from 5 · 10~^ u p to 3.4 · 10""^ p m " ^ m i n " ^ an 
interval tha t comprises the da t a in figure 10, which 
are directly measured (curves 1 to 4). Besides the 
(aNs(T, 0/dOmax values, tha t are m o r e or less influenced 
by the Saturation effect, one migh t c o m p a r e the respec-
tive values of Η · /so (T) (see equa t ion (7)) to o ther litera
ture da ta . Η · /so (T) can be easily es t imated from figure 9 
by mult iplying the da t a of ISO(T) wi th Η = 10""^ pm"^. 
T h e result ing values (points O) r änge from 3.8 · 10~^ u p 
to 1.3 · 10"^ p m ~ " m i n " 

It should be emphas ized , however, tha t the apparent 
"s i te-control led" surface nucleat ion rate depends on the 
final Saturation stage, / / , tha t is strongly affected by the 
surface condi t ion . T h e latter ha s been widely accepted 
to play a crucial role in surface nucleat ion indicating 
"s i te-control led" nucleat ion p h e n o m e n a . Α strong in
fluence of the surface cond i t ion was also repor ted for 
the nuclea t ion da t a shown in curves 1 [5], 3 [7] and 4 
[26]. Therefore, it is difficult to c o m p a r e the surface nu
cleation da t a summar ized in figure 10 a m o n g each other 
wi thou t careful cons idera t ion of surface condi t ions and 
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Figure 8. Level of Saturation of active nucleat ion sites as a func
t ion of t ime at different temperatures . Points calculated from 
figure 7 according to equat ion (9), fitted curves according to 
equa t ions (3 a n d 5). 

the knowledge of the respective Η values. Unfortunately, 
no Saturation effect was reported in [6] for the nucleation 
da ta shown in curve 2 preventing an est imation of the 
corresponding value of H. For the surface nucleation 
da ta shown in curve 4 [26] a Saturation stage depending 
on the temperature was observed. In case of curve 3 [7] 
a Saturation stage was found only at temperatures 
above 850 °C. 
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difficult to c o m p a r e exper imental nucleat ion d a t a wi th 
those calculated according to the classical nuc lea t ion 
theo ry at all. 

6. Summary 
Α cons t an t surface nucleat ion density, TV, of / / -cordier i te 
of abou t 10""^ pm~^ was found at f ractured surfaces 
being no t substant ial ly influenced by t ime o r t e m p e r a 
ture of the applied i so thermal t h e r m a l t r ea tmen t . Even 
pre l iminary heat t rea tment u p t o 310 h at t empe ra tu r e s 
be tween 100 a n d 860 °C d o n o t p r o m o t e surface nu
cleat ion of / /-cordieri te as has been repor ted by [8]. A d -
ditionally, a very fast heat ing of samples, employ ing 
hea t ing rates u p to 1200 K/min , d o no t reduce Ν s u b 
stantially. However, for small average crystal d i ame te r s 
( < 20 pm) a d is t r ibut ion of crystal sizes of t he same or
der of magn i tude is detectable indicat ing a s imu l t aneous 
appea rance of b o t h measurable nucleat ion a n d g rowth 
velocity. 

S u m m i n g up , surface nucleat ion of / / -cordier i te m u s t 
be regarded as occurr ing from a l imited n u m b e r of 
preferred nucleat ion sites with a nucleat ion ra te which is 
fast e n o u g h to cause an a lmos t comple te Saturation 
du r ing all t he rma l t rea tments appl ied here a n d which is 
small enough to cause a measurable crystal size distr i 
bu t ion within the wide t empera tu re r änge f rom 870 u p 
to 1050 °C. This is due to the fact tha t the nuc lea t ion 
ra te is p rogress ive^ increasing wi th rising t e m p e r a t u r e 
u p t o 1050°C (similar to the rate of crystal g rowth) d u e 
t o a very b r o a d tempera ture interval of essential nuclea
t ion activity. T h e latter mus t be considered as the m a i n 
obstacle to b o t h measure a n d cont ro l the nuclea t ion 
densi ty by m e a n s of convent ional two-s tep nuc lea t ion 
a n d growth t reatments . 

Figure 10. Kinetic surface nucleat ion da ta for "free" glass sur
faces. Curve 1: Na2Si205 crystals at fire-polished surfaces of 
N a 2 0 · 2S i02 glass [5]; curve 2: N a 2 0 · 2 C a O · S i02 crystals at 
fire-polished surfaces of 57Si02 · 2 1 N a 2 0 · 2 1 C a O glass [6]; 
curve 3: cristobali te crystals at fire-polished surfaces of float 
glass [7]; curve 4: X-phase crystals at polished surfaces of cor
dierite glass ( 2 M g O · 2AI2O3 · 5S i02) [26], curve 5: //-cordierite 
at fractured (O, this work) and mechanical ly polished ( • ) [20] 
surfaces of cordierite glass. 

Α discussion of the kinetic surface nucleation data 
in terms of the the rmodynamic concept briefly outhned 
in section 3. suffers from ano the r problem. In using 
equat ion (5), infinite small active nucleation sites 
(points) are implicitly assumed leading to the physically 
uniformative unit (number of nuclei per minute) of 
ISOIT). For the sake of compar i son of surface nucleation 
data a m o n g each other, it would be better to introduce a 
substrate/melt interface area into equat ion (5). Α surface 
nucleation rate at the substrate/melt interface would be 
calculable depending on the nucleation activity Φ of the 
given kind of active sites this way. Unfortunately, even 
then the interface area of active nucleation sites will 
probably remain unmeasurable in most cases making it 
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7. Nomenclature 

7 . 1 . Symbols 

C reduc t ion of the t e rm: 
EXP[-T{T)/T] + [Τ{Τ)/Ί] · Ή[-Τ{Τ)/Ί] 

D d i ame te r of surface crystals 
DM average d iamete r of surface crystals 
(Si exponen t ia l integral 
Η n u m b e r densi ty of active nuclea t ion sites 
/ surface nuclea t ion rate 
IS ra te of us ing u p active nuclea t ion sites 
2 / m e a n neares t n e i g h b o u r d is tance be tween two crys

tallites 
Ν surface nuclea t ion densi ty 



R average rad ius of surface crystals o r thickness of 
crystal l ine surface layer 

T t ime 
Δ/s "Saturation" t ime, t ime tha t is necessary to complete 

t he deple t ion of active nuclea t ion sites 
Τ t empe ra tu r e 
W w o r k needed to fo rm a crystalhne Cluster wi thin the 

p a r e n t liquid 

Η bu lk viscosity 
Αμ m o l a r free en tha lpy surp lus of crystaUizat ion 
Ξ t ime 
Σ specific surface free energy 
τ non-s teady-s ta te t ime lag 
Φ d imensionless factor, "ac t iv i ty" of nuc lea t ion site 

7.2. Subscripts 
a re la ted to " a t h e r m a l " surface nuc lea t ion 
c re la ted to critical nucleus 
i re la ted to " in t r ins ic" surface nuc lea t ion 
m a x m a x i m a l value 
m i n m i n i m a l value 
S re la ted to "s i te -cont ro l led" surface nuc lea t ion 
0 s teady-s ta te value 

7.3. Superschpt 

* rela ted to he te rogeneous nuclea t ion 
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