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The kinetics ot strontium tungstate crystallization from sodium tungstate melts in plati- 
num crucibles were studied by differential thermal analysis at crystallization temperatures 
T 0 = 800, 900 and 1000 ~ by continuous cooling at rates R T = 40, 120 and 200 ~ per hour. 
Heterogeneous nuclei that first formed on the metal platinate particles in the solution 

during the induction periods (t) grew to small crystallites 0). The main crystal growth 

started after the development of some excess solute concentration (AC') at the end of 

the induction temperatures (T). For the first 80 ~ crystallization, the average crystal 

lengths (/~) varied with the growth time (T) according to the relation 12 = (]3 z + 

+ 4 kD~ MAC, where kD~ is the diffusion rate constant at temperatures near T,, and M 
is the metal salt molecular weight. The initial growth rates and the ratios 12/T depended 

on AC instead of R T. The last 20 ~ growth was controlled only by the rate of develop- 
ment of the excess solute concentration. 

The kinetics of crystallization of several inorganic substances from melts and 
aqueous solutions under slow continuous cooling have been reported [1 -8] .  
In some of these cases crystallization occurred practically immediately after the 
onset of cooling, while in other cases induction periods of various lengths were 
observed. In a crystallization, during an induction period only gradual development 
of excess solute concentration occurs. Therefore, at any time during an induction 
period the nucleation rate and the overall number of nuclei are very low; some very 
slow growth onto these early nuclei may take place. Eventually, however, at the 
end of the induction period, the number and the overall surface area of the nuclei 
become appreciable and a rapid growth surge occurs. The growth mechanism for 
systems with induction periods may become identical to that for systems without 
induction periods, but the kinetics relations will differ. Such kinetic relations for 
a system with induction periods depend on the length of the induction periods. 
Therefore, for a system with induction periods it would be interesting to study 
kinetic relations of crystal growth in terms of the induction periods. 

The present work reports a differential thermal analysis study on the kinetics of 
crystal growth of strontium tungstate from sodium tungstate melts. This system 
exhibited moderate induction periods for all To and RT. The kinetics of the main 
crystal growth after the induction periods were analysed in terms of a diffusion- 
controlled growth from solutions of varying residual excess solute concentrations. 
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Kinetic relations 

For a diffusion-controlled crystal growth, the growth rate of metal salt crystals 
in unstirred solutions of low permeability is generally controlled by the diffusion 
rate of the metal salt ions into the growing crystal surfaces. The rate of the main 
growth of (the 'major' side of the main crystal face of) metal salt crystals at any 
growth time "r after the induction periods (t-) would be expressed by the relation 
[9, 10] 

dl, 2(Sh)~DM(AC~o~)~ 
d~- -- l, (Psot/ P) (1) 

where Sh is the dimensionless Sherwood function; 
is an overall permeability factor, 

D is the diffusion coefficient of  the metal salt cations; 
(=  t - t-) is the actual growth time after the induction period, t being the 

total crystallization time from the onset of  cooling; 
(A C~ol), is the residual excess solute concentration at ~; 
p and P~ol are the densities of the crystals and the solution, respectively, 
Mis  the metal salt molecular weight. 

Treybal [10] has shown that when the natural convection in a solution is poor, 
Sh "~ 2. Then Eq. 1 becomes 

dl,: _ 4q)DM(ACsoJ)~ (PsoJP) (2) 

For crystallization under continuous cooling, for a system with induction periods 
where z > 0.1 i, the kinetics of slow growth would be expressed by the relation 

dl, 2/~D, AC 
dz l, 

(3) 

where A C is the excess solute concentration up to the induction period ~, and k D 
is the rate constant for diffusion-controlled growth of the 'wider' crystal side after 
the induction period. Comparing Eqs 2 and 3, 

d l r  2kD, M(AC~o,)~ (4) 
dz Ir 

For this equation, kD~ = (2 D~)(psoJp). Generally, in the crystallization of any 
metal salt from melts, the excess solute concentration at any growth time (z) 
would be 
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where A C~ is the overall excess solute concentration developed up to z, and W~ is 
the weight of crystals developed at different z. But A C~ and W~ are given by 

AC = AC + Ro~ (6) 

and W~ = Npf~ 13 = Mfl  13 (7) 

where A S is the excess solute concentration up to i; 
Re is the rate of development of the excess solute concentration ; 
N is the number of crystals at time t in any crystallization ; 
f~ is a shape factor; 
fl = N p f s / M  is a function of the crystal number. For final weights, fl becomes 
(ACf) / l  3, ACf  being the final excess solute concentration and If being the 
final crystal length. 

With the help of Eqs 6 and 7, Eq. 5 becomes 

(Aesop), = (AS + Rcr -/~t~). (8) 

Combining Eqs 4 and 8, 

dl~ _ 2/~D,M(AS + R~r - fll  3) (9) 

dr  l~ 

Integrating this equation by Picard's iterative method up to the firstapproximation 
gives 

12 = (])2 + (4/~D, MA(~ _ 4[:D,Mfl]3) + 2fCD, MRcZZ  (10) 

or i 2 = (])z + A z  + B z  z (11) 

where i is the maximum length of crystals up to the end of the induction periods ; 

A = 4feD, M A C -  4/~D, M f l ]  a 

and B = 2/CD~ M R r  

For any To and R~, A and B are constants. If the residual excess solute concen- 
trations remain approximately constant at (A Csol) ~ = A S, Eq. 4 simplifies to 

dis - 2 f~D~MAS (12) 
dr l~ 

Integration of this equation gives 

l 2 = (j)~ + 4 f ~ D ~ M A S z  (13) 

or l 2 = (])z + A'r  (14) 

where A' ( =  4kD~MAS) is a constant for any T o and RT; it is a function of AC. 
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Experimental 

Experimental methods have been described in an earlier paper [11]. Saturated 
s tront ium tungstate solutions at initial temperatures T O = 800, 900 and 1000 ~ in 
plat inum crucibles were cooled down to ambient temperature at constant  cooling 
rates R T = 40, 120 and 200 ~ per hour.  The rates (Rc) of  development of  excess 
solute concentrat ion were then R c = aRT mol/g h -1, where a ( =  dC/dT) was the 
variation of  solubility with temperatures. Induct ion periods (i) were determined by 
extrapolation o f  the linear part  of  the crystal length (lt) versus time (t) plots back 
to the t axis; the induction temperatures (or the critical temperatures) were then 
estimated as T = T o - R Tt .  The actual growth time (~) after the induction periods 
was given by z = t - L Overall excess solute concentrations (A CO at different 
were then estimated f rom the solubility versus temperature plots [12] as AC~ = 
= (Co - C,) mol/g soln, where Co was the initial concentrat ion and C, was the 
concentrat ion at z. The final overall excess solute concentrat ions (AC)~ at the 
eutectic temperature (T~u) were then (A C)f = (Co - C~u) mol/g soln, where Ceu was 
the solubility at T~. The residual excess solute concentrat ions (ACsol), at any ~, 
and the total crystal weights WJM deposited after different T, were estimated 
according to Eqs 5 and 7. 

Results 

Development of supersaturation 

(A) Overall excess solute concentrations. The overall excess solute concentrat ion 
(ACt) increase was approximately linear with cooling time and reached the final 
value (A C)r at T,u (Figs 1 and 2). 
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Fig. I. Crystallization of strontium tungstate from sodium tungstate melts at T O = 800 ~ and 
RT = 40~ Overall excess solute concentrations (ACt), residual excess solute concentrations 

(ACsol) t and total crystal weights at different times. (Wt/M has no dimensions) 
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(B) Total crystal weights. The total crystal weights increased significantly only 
after the induction periods. There was a discontinuity in Wt/M versus t plots at 
t = t*, where t* was the time after about  8 0 ~  crystallization; Wt/M values then 
equalled ACt. 

(C) Residual excess solute concentrations. Significant crystallization started only 
after the induction periods (at t > i) at critical temperatures (T) ;  very little material 
(or perhaps none at all) deposited on the early tiny crystallites until the excess solute 
concentrations in the solution attained some value A(7. Then the residual excess 
solute concentrat ions (ACsoJ)t in the solution at any cooling time t deviated more  
and more from the overall excess solute concentrations,  gradually attained the 
maximum value and then deviated rapidly to very low values at t = t*. 

The A Ct and Wt/M values show that in the early stages the amount  of  material 
deposited on the growing crystals was far less than the amount  of  excess solute 
concentrat ion developed by cooling. Total  crystal weights increased gradually as 
the excess solute concentrat ion increased with decreasing temperatures,  and as this 
excess solute deposited on the increasing surface of  the growing crystals. Then, 
probably after some time t*, all the excess solute deposited on the growing crystals 
and it is assumed that no further growth occurred. 

(D) Critical time (t), critical temperature ( T) and critical excess solute concentra- 
tion (AC): t, T and A(7 values were estimated (Table 1); i values decreased with 
increased rate of  cooling, but A C values increased with increased T 0 and R T. 
Generally, A (~ equalled 0 . 2 0 -  0.90 A Cf. 
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Fig. 2. Crystallization of strontium tungstate from sodium tungstate melts at To = 1000 ~ and 
Rr = 200~ Overall excess solute concentrations (ACt), residual excess solute concentrations 

(A CsoJ)t and total crystal weights at different times. (Wt/M has no dimensions) 
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Kinetics of crystal growth after the induction periods 

A~fter the start o f  cooling, heterogeneous nuclei slowly formed onto meta~ 
platinate particles within the solution during the induct ion periods. Probably very 
small crystallites developed onto  these nuclei up to the induction periods; their aver- 
age lengths increased slowly to values ] = 0.003 to 0.01 cm at the end of  the in- 
duction periods. The kinetics o f  growth of  these small particles were probably rate- 
controlled by a slow secondary mononuclear  nucleation process [9]. The main 
crystal growth started only after the induct ion periods, when sufficient amounts  o f  
excess solute concentrat ion had developed. Average crystal lengths (l~) at any 
growth  time (z) after the induction periods were evaluated f rom l t versus t plots; 
then l~ 2 values were plotted against the corresponding z (Figs 3 - 5 ) .  12 generally 
varied linearly with z according to Eq. 14 up to I t ~_ 0.5 If. The linearity of  the 12 
versus z relationships indicated that  the s tront ium tungstate crystal growth f rom 
sodium tungstate melts was probably  diffusion rate-controlled. The initial ratios 
l~/z were related to the excess solute concentrat ions in the solutions at the start o f  
the growth.  

The constant  A '  was evaluated for  different crystallizations (Table I). There was 
no correlation between these values and RT. 

Table 1 

Differential thermal analysis studies on the crystallization of 
strontium tungstate from sodium tungstate melts. Kinetics and 

mechanism of crystal growth 

Eutectic temperature (Teu) = 565 ~ 
Eutectic composition (Ceu) = 102• 10 -c mol/g solution 

Rr, r,, Ro, 7, ~, z~, A', 

~ ~ g/g h -  ~ h eC g/g soln cm~/h 

40 

120 

200 

800 
900[ 

1000 

800 
900 

1000 

800 
900 

1000 

0.0220 
0.0220 
0.0220 

0.0660 
0.0660 
0.0660 

0.1100 
0.1100 
0.1100 

0.50 
0.50 
1.0 

0.25 
0.25 
0.25 

0.10 
0.125 
0.25 

780 
880 
960 

770 
870 
970 

780 
875 
950 

0.0066 
0.0096 
0.0276 

0.0116 
0.0136 
0.0286 

0.0120 
0.0146 
0.0361 

1.0 
0.90 
2.25 

0.60 
4.70 
2.75 

0.90 
4.0 
4.25 
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Fig, 3, Crystallization of  strontium tungstate from sodium tungstate melts at Ta---- 800 ~ 
Square of crystal lengths (l~,) at different growth times (z) 

200~C/h] ~/120oC]h 

++'+t /J 
12 

~ J . .  t p.. 
0 l 2 3 

T~h 

Fig. 4. Crystallization of strontium tungstate from sodium tungstate melts at To = 900 ~ 
Square of crystal lengths (12~) at different growth times (r) 
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Fig. 5. Crystallization of strontium tungstate from sodium tungstate melts at To = 1000% 
Square of crystal lengths (I~,) at different growth times (T) 

The final 9rowth 
At crystallization times t > t* (growth times �9 > z*), all fresh solute released 

into the solution by further cooling was probably used up instantaneously and 
deposited onto the large crystals; the residual excess solute concentrations in the 
solution remained very low. Growth rates then depended only on the rate of devel- 
opment of further excess solute concentration by cooling. For this final growth, 

~( l~  - 1 .3)  = (~ - ~*)Ro (15)  

or I~ = t *3 + b ( - c -  z*) (16) 

where b = Rc/fl is a constant. Then 4 = l* at z = z*. This was observed experi- 
mentally, 
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RI~SUMI~ --  On  a 6tudi6 pa r  ana lyse  t h e r m i q u e  diff6rentielle la c in6t ique de la cr is ta l l isat ion du  
tungs t a t e  de s t r o n t i u m / t  par t i r  du  t ungs t a t e  de s o d i u m  f o n d u  dans  des c reuse ts  de p l a t i n e / t  
des  t emp6ra tu re s  de cr is ta l l i sa t ion:  To = 800 ~ 900 ~ et 1000 ~ sous  r e f ro id i s semen t  c o n t i n u  
h des vitesses R T = 40, 120 et 200 ~ pa r  heure .  Les  n o y a u x  h6t6rog6nes fo rm6s  in i t ia lement  sur  

les par t icules  de p la t ina te  du  m6tal  dans  la so lu t ion  p e n d a n t  les p6riodes d ' i n d u c t i o n  (t)  
gross issent  en peti ts  cristalli tes (i). La  c ro issance  pr inc ipa le  des cr is taux c o m m e n c e  apr6s le 

deve loppemen t  d ' u n e  concen t ra t ion  d 'exc6s de la subs t ance  solubilis6e (AC) h la fin des  tern- 
p6ratures d ' induc t ion  (T). P ou r  les premiers  80 p . c .  de cr is tal l isat ion,  les l ongueu r s  
m o y e n n e s  (l,) des cr is taux var ia ient  avec le t emps  de c ro issance  (r) se lon la re la t ion:  

l~ = (/) z + 4kD~ M A ~  od /~th est la cons t an t e  de vi tesse de la diffusion h des t emp6ra tu re s  

p roches  de T et M est le poids molecula i re  du sel m6tal l ique.  Les vitesses de c ro issance  

initiale et les r appor t s  lZ~/r, d6pendent  de A C e t  n o n  de Rr .  La vitesse des dern iers  20 p.c. de 
cro issance  n ' e s t  ccntr616e que  par  la vitesse du  ddve loppemen t  de l 'exc6s de concen t r a t i on  
dc la subs tance  solubilis6e. 

ZUSAMMENFASSUNG - -  Die Kine t ik  der Kr is ta l l i sa t ion  von S t r o n t i u m w o l f r a m a t  aus  N a t r i u m -  
wo l f r ama t -Schmelzen  in Pla t in t iegeln  wurde  du rch  Di f f e ren t i a l the rmoana lyse  bei den  Kr is ta l -  
l i s a t i ons t empera tu ren  T O = 800 ~ 900 ~ trod 1000 ~ un te r  kon t inu i e r l i chem K/,ihlen bei Geschwin -  
digkei ten R w = 40 ~ 120 ~ und  200 ~ pro S tunde  un te r such t .  Die  he t e rogenen  Kerne .  welche 

sich auf  den Meta l lp la t ina t -Tei lchen  in der L 6 s u n g  w~hrend  I n d u k t i o n s p e r i o d e n  (t) zuers t  

gebildet  ha t ten  wuchsen  zu kle inen Kris ta t l i ten  (l) heran .  Das  H a u p t k r i s t a l l w a c h s t u m  b e g a n n  

nach  der En twick lung  einer fiberschfissigen K o n z e n t r a t i o n  an  gel6ster  Subs t anz  (AC) am Ende  

der I n d u k t i o n s t e m p e r a t u r e n  (T). F~r  die ersten 8 0 ~  dcr Kr is ta l l i sa t ion  vari ier ten die du rch -  

schni t t l ichen Kristal l f ingen (l,) mit der W a c h s t u m s z e i t  (r) dem Z u s a m m e n h a n g  / 2 = (/)~ q- 

+ 4 k D M A C  en t sprechend ,  wobei /~D, die G e s c h w i n d i g k e i t s k o n s t a n t e  der Diffusion bei T e m -  

pc ra tu ren  in der N a h e  yon T-ist und  M das  Moleku la rgewich t  des  Metal lsalzes.  Die  an f ang -  

l ichen W a c h s t u m s g e s c h w i n d i g k e i t e n  und  die Verh~.ltnisse l~/r waren  yon AC abhfingig ans t a t t  
yon  R r. Die letzten 20~,, des W a c h s t u m s  waren  n u t  du rch  die En twick lungsgeschwind igke i t  
der  f iberschfissigen K o n z e n t r a t i o n  der gel6sten Subs t anz  geschwindigkei t sbedingt .  

Pe3roMe - -  C HOMOIL[bIO ;1HqbqbeperittHa~bgoro TepMuqecKoro aHa.qH3a ! A 3 y q e H a  KHHeTHKa 
KpBcyan.qpl3auuH BOnbqbpaMaTa CTpOHHH,q H3 pacn~qaBOB BO~qbqbpaMaTa naTpHa B HYlaTHIIOBblX 
r H r ~ x  np~t peMnepaTypax ~pHcTa~nH3at~uH 7],, = 800 ~ 900 ~ H 1000 ~ nyTeM ~enpepbmHoro 
oxnaAeunn co cxopocTbrO R T = 40 ~ 120 ~ rt 200~ B uac. FeTeporer~g~,m s a p a ,  nepBoRaqanr, no 
o6pa3yrotmtecs B pacx~ope Ha MeTann n~aTrmI~poBaHm,lx qacTrmax B TeueHH~ cap1,1xoro nepno-  

a a  (t), B~,IpacTarOT ~O ~e6oa~,mnx spHcTaannxoB (1). F~aBrm~ pocx KpHcTan:mB HauHHaeTc~ 

nocne HaKon~eHHS HeKOTOpOro KonUeHTpaImonrmro n36t,~TKa pacrBopenHoro BemecTBa (A C-) 

Kontte CKpbITOI~ TeMnepaTypbt (T). ~ n  naqa~,HOfi 80~o o ipncxananaa~a~t  cpe~nnn Znn~a  Kp~c- 

xaJma (1,) 143MellneTClt C gpeMeneM poc~ra cor:~acno ypaBnenv~n 12 = (1~ _+ 4k~flV/d C,, rzle K;~, - -  
)lnqbqbyanoHHan ~oncTanTa cKopocTrI n p n  TeMnepaType OKO:~O T, a M - -  MOYleKy~7npHb~ Bec C O ~  

MexaJ~na. CKOpOCTII lta,taJ/r, Horo pocTa a OTHOIIIeHI48 ]2/72 3aBIICItT OT A C~ BMeCTO R T. ]-Iocyle~ ~ 
H~Ie 20~o pocTa KOHTpOYlHpoBaY~ocb TOYlbKO CKOpOC'rt, tO naKonJ~eHB~ H 3 ~ b l T O H H O ~ I  gOHReHTpaIln 
pacTBopelq HOFO BenlecTBa. 
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