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Variations of rate constants in diffusion-controlled crystal growth of barium tung- 
state from solutions in sodium tungstate melts in platinum crucibles were studied by 
continuous cooling from crystallization temperatures T o = 800 to 1000 ~ to below the 
eutectic temperature at cooling rates R~ ----- 0.67 to 3.37 ~ min-L During the induction 
periods (i) heterogeneous nuclei slowly formed in the solution; the main crystal growth 
started only after the development of some excess solute concentrations (AC) at the end 
of L The diffusion rate-constants (kDH) for the growth increased with To and RT. These 
were much smaller than the real diffusion rate-constants (kDl)rea! but higher than those 
for diffusion-controlled crystal growth of barium tungstate from sodium tungstate melts 
in alumina crucibles. 

Crystallizations o f  barium tungstate f rom sodium tungstate and other melts 
have been reported [ l - 4 ]  but these works were mainly on the nucleation process 
and final crystal numbers  and sizes in different crystallizations. The present work 
reports a study on the variations o f  rate-constants for diffusion-controlled crystal 
growth o f  barium tungstate f rom sodium tungstate melts in plat inum crucibles 
by continuous cooling o f  the melt f rom the initial crystallization temperature 
(To) to below the eutectic temperature.  The system exhibited some induction period 
(i); during these induction periods heterogeneous nuclei first formed slowly onto  
the metal platinate particles within the solution, and also some excess solute 
concentrat ions (AC) developed. The main growth started only after the end of  J 
when sufficient AC developed; the actual growth after i was diffusion rate-con- 
trolled. 

The crystallization was studied by differential thermal analysis, and the degree 
o f  crystallization (at), the crystal lengths (l,) and the growth-rates (dl/dt) were 
evaluated. The diffusion rate-constants (kDl) were estimated and the effects o f  the 
variations o f  T o and RT on kt~t were investigated. 

Experimental 

Equimolecular weights o f  barium carbonate  and tungsten trioxide were thor-  
oughly mixed. Then the requisite amounts  o f  this mixture and sodium tungstate, 
necessary to prepare a saturated solution at the crystallization temperature, were 

* Present address: 47 Arlesford Road, London SW9 9JS 

J. Thermal Anal. 20, 1981 



380 ROY et al.: RATE-CONSTANTS FOR CRYSTALLIZATION 

mixed together and heated inside a "Carbolite" electric furnace to prepare a 
saturated solution. This saturated solution was rapidly cooled to the ambient 
temperature, ground and dried. 0.3 to 0.5 g of this saturated solid solution mix 
was heated (20~ in small platinum crucibles inside a "Du Pont" differential 
thermal analyser at a temperature (T') slightly higher than T O and held at that 
temperature to ensure complete solution. The crystallization was then carried 
out from To = 800, 900 and 1000 ~ down to below the eutectic temperature by 
slow continuous cooling at rates RT = 40, 120 and 200 ~ per hour according to a 
pre-assigned automatic cooling programme. 

The degree of crystallization at any crystallization time (t) is given by 

o~ t = A H t [ A H t o t a  I . (1) 

But A H t  = K A t  and AHLota I = KAtotal, where 
A H t  = enthalpy change at any time t; 

A H t o t a  I = total enthalpy change during the entire crystallization; 
At = area under the thermal curve at t; 

Atota~ = total area under the thermal curve at the end of  the process; 
K = thermal conductivity; 

Neglecting the variation of  thermal conductivity and other possible factors with 
temperature, 

~t = A t [A to ta l .  (2) 

The crystal length (It) at any crystallization time (t) is then given by 

l t = lfcclt/a (3) 

where lr is the final crystal length at the end of the crystallization. The experi- 
mental DTA curves were traced on the standard millimeter graph papers and cr t 
and It were evaluated from Eqs 2 and 3. If values were obtained from separate 
runs in alumina crucibles as described earlier [1 ]. 

Results 

K i n e t i c s  

( A )  The system exhibited some induction period Q); this corresponds to the 
induction temperature (T). Some excess solute concentrations (AC) at T gradually 
developed during the induction period; there was no growth till the end of  L 
The actual growth occurred only after the development of  some excess solute 
concentration at the end of  L 

( B )  at vs.  t plots (Figs 1 - 3) were approximately linear up to a t < 0.15. The in- 
duction periods varied from 0.25 to 1.5 hours depending on the rate of cooling 
and the crystallization temperature, a t attained the maximum value in about 
1 to 12 hours. 
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Fig. 1. Crystal l ization of  barium tungstate f rom sodium tungstatr melis at T O ----- 800 ~ 
Extents of crystallization after different times 
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Fig. 2. Crystal l ization of barium tungstate f rom sodium tungstate melts at T 6 = 900 ~ 

Extents of crystall ization after different times 

c( t 1.0 RT:I20~ RT :40~ 
08 "-- 
06 

0.4 

02 

0 IL_ 
2 4 6 8 10 12 14 

t~h 
Fig 3. Crystall ization of barium tungstate f rom sodium tungstate melts at T o = ' i 0 0 0  ~ 

Extents of crystallization after different times 
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Fig. 4. Crystallization of barium tungstate from sodium tungstate melts at T O ---= 800 ~ 
M a x i m u m  crystal lengths after different times 
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Fig. 5. Crystallization of barium tungstate from sodium tungstate melts at T O - -  9 0 0  ~ 
Maximum crystal lengths after different times 

(C)  l t vs. t plots (Figs 4 -  6) were linear up to It - 0.44 l t. The induction periods 
were estimated by extrapolation o f  these plots back to the t-axis. There was 
virtually no growth during these induction periods; the actual growth occurred 
only after i and reached the final size in about 1 to 12 hours. 

(D)  In a system which exhibits induction periods, the development o f  excess 
solute concentration will precede the occurrence o f  the main crystal growth; the 
"induction value" o f  the solute concentration may be expressed as, 
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Fig .  6. Crys ta l l i za t ion  of  b a r i u m  tungs ta te  f r o m  s o d i u m  tungs ta t e  mel ts  at  To = 1000 ~ 
M a x i m u m  crystal  lengths  af ter  different  t imes  

Table  1 

Ra t e - cons t an t s  for d i f fus ion-cont ro l led  c rys ta l l i za t ion  of  b a r i u m  tungs ta t e  f rom s o d i u m  
tungs ta t e  mel ts  by different ial  t h e r m a l  analys is  

In i t ia l  compos i t i ons  (Co) at  different  t empe ra tu r e s :  

(Co)8ooo = 9 g/100 g solvent  
(Co)9oco = 22 g/100 g so lvent  
(Co)1oooo = 48 g/100 g so lvent  
Eutec t ic  t e m pe r a tu r e  (Teu) = 570 ~ 
Eutec t ic  c o m p o s i t i o n  (Ceu) = 135 X 10 -6 mol /g  sol. 

i 
To i RT 

~'C ~ 

800 

900 

1000 

40 
120 
200 

40 
120 
200 

40 
120 
200 

I 
7 ~ 2 �84 

h ] '~ C 

0.50 780 
0.50 740 
0.25 750 

1.0 860 
0.25 870 
0.25 850 

1.5 940 
0.25 970 
0.25 950 

AT (dl/dt) t 
(at T) 

gig sol cm/h 

0.0026 0.0144 
0.0201 0.0600 
0.0176 0.0560 

0.0900 0.0094 
0.0385 0.0115 
0~0585 0.0350 

0.0869 0.0227 
0.0439 0.0667 
0.0739 0.2000 

(dl.~Id~) 
• 

cm2/h 

--  0.0150 
0.1556 

--  0.1643 

0.920 
--  0.6250 
--  1.443 

0.900 [ --  
--  ] 0.8888 
--  1.966 

i 

d@/dO 10-~kl)/ 

ctn2/h cm2/s 

0.400 
0.709 
0.768 

0.537 
1.172 
1 . 5 0 1  

0.659 
1.712 
1.848 
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A C = C 0 -  CE (4) 

where Co is the initial melt composition and CE is the equilibrium melt composi- 
tion. But C E = aRTS, where a ( =  dC/dT)  is the variation of concentration (C) 
with temperature near T o. Thus AC = Co - aRaL AC values were evaluated f rom 
the solubility vs. temperature diagrams [3]. No clear variation of AC with the 
changes in R T or To was noted. 

(E) The initial growth-rates, (dl/dt)~, immediately after the induction periods 
were estimated from the l t vs. t plots (Table 1). No clear variation of (dl/dt)~ 
with the changes in R T or To was noted. 

Average crystal lengths (It) at any growth-time ~(= t - 5) after the induction 
periods were estimated from the It vs. t plots. These values were plotted against 

(Figs 7 -  9). l~ varied linearly with z at low z values but at higher z values these 
plots deviated. 
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Fig. 7. Crystallization of barium tungstate from sodium tungstate melts at To = 800 ~ 
Crystal lengths (l~) at different growth times (3) 
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The main growth 

(.4) In this work the actual growth occurred only after the development of 
some excess solute concentrations at the end of L The lengths of the induction 
periods may vary depending on the crystallization temperature and cooling rates. 
For  such crystallizations, it is probably more convenient to express results in 
terms of  the actual growth time z after the induction period. For a system where 
z > 0.1 5, the kinetics of slow growth (rate controlled by diffusion when growth 
times are small) may be expressed as, 

dl jd 'c  = 2kD1AC = 2kD'aRT(i-+ "r) . (4) 
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Fig.  8. Crys ta l l iza t ion  o f  b a r i u m  tungs t a t e  f r o m  s o d i u m  tungs t a t e  mel t s  at  T o = 900 ~C. 

Crys ta l  l eng ths  (Ix) at  different  g rowth  t imes  (~) 
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Integrating, 

whereO = z(1 + z/2i)  
Hence, 

l # = 4kolaRTt:O (5) 

ko~ = (dlZe/dO)/4AC (6) 

k•, values for all To and RT (except Rr = 40~ for To = 900 ~ and 1000 ~ were 
evaluated from the slopes d l2 /d t9  of  the l 2 vs. 6) plots using Eq. 6 (Table 1). 

(B )  For a system with medium induction periods, i.e. z < 0.3 i, the diffusion 
rate-constants after the induction periods may be evaluated using the relation 

ko~ = (d l~ /dz ){ /4dC (7) 

In this work the kDi values for R r = 40~ at To 7 900~ and 1000 ~ were evaluated 
from the slopes d/2/dz of  l 2 vs. z plots using E q . .  
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Fig. 9. Crystallization of barium tungstate from sodium tungstate melts at To = 1000 ~ 
Crystal lengths (IT) at different growth times (z) 
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The diffusion coefficient 
For crystallizations by continuous cooling, crystal growth-rates at any crystal- 

lization time would be expressed by [5] 

dl/dt ~- (4DOAC/I)(~sol/~) (8) 

where D is the diffusion coefficient of  the metal cations, O is the permeability 
factor, esoJ is the density of  the solution and e is the density of  the crystals. Com- 
paring Eqs 4 and 8, the minimum value of kDx for growth along the major face 
would be (3D ~) (Q,o~/~). 

The diffusion coefficient for self-diffusion of  barium in barium tungstate at 
800 ~ has been reported [1] as Daa = 70x  10 -8 cm2/s. In this work the actual 
growth occurred at about 750~ therefore it is better to compare the diffusion 
coefficients at this temperature. Assuming that the actual diffusion coefficient 
depends on the viscosity of  the substance [4], the actual D-value of barium at 
750 ~ would be DBa = 45.5 X 10 -6 crn2/s. The density of  the solution was 4.956 
g/ml. Hence the real value of  the diffusion coefficient, (kDi)real, should be 82 x 

2+ 2+ x 10 -6 cm~/s. The rate constants varied from 0.006 to 0.026 Dna , where DBa is 
the diffusion coefficient of  barium at 800 ~ . 

Discussion 

Temperature is a function of time and so is the diffusion coefficient (kD). 
Ideally, the variation of k D with time should have been considered in the integra- 
tion of Eq. 5 from Eq. 4. However, since the kt~ values are small, ignorance of 
this variation probably did not introduce any significant change in the final 
k D values. 

In all crystallizations kDj increased with increased crystallization temperatures 
and cooling rates. The estimated kD, values are higher then those for diffusion- 
controlled growth of barium tungstate from sodium tungstate melts in alumina 
crucibles [1 ], but they are very much smaller than the (kol)teal values. 

The linearity of l~ vs. t, and /r versus z plots at the early stages suggests that 
the barium tungstate crystal growth from sodium tungstate melts in platinum 
crucibles was probably diffusion rate-controlled as observed in the crystallization 
of the same system in alumina crucibles [1 ]. 

Because of the small size of  the crucibles, probably the growing crystals settled 
at the bot tom in a densely packed manner which resulted in the low inter-particle 
void space whereby the diffusion rate of  material into the growing surfaces was 
hindered and the net result was the low k D values. 
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RI~SUMt~ - -  O n  a 6tudi6 les var ia t ions  des cons t an t e s  de vitesse lors de la croissance,  contr616e 
pa r  le diffusion,  des  c r i s taux  de t ungs t a t e  de b a r y u m ,  en so lu t ion  dans  le t ungs t a t e  de s o d i u m  
f o n d u  en creusets  de plat ine.  Le re f ro id i s sement  en  con t i nu  a 6t6 effectu6 depuis  la t emp6ra tu r e  
de  cr is ta l l isat ion T o ----- 800/ l  1000~ j u s q u ' a u - d e s s o u s  de la t e m p d r a t u r e  eu tec t ique  ~t des  vi tesses 
de re f ro id i ssement  R T = 0.67/ t  3.37 ~  P e n d a n t  les p6riodes d ' i n d u c t i o n  (i) des n o y a u x  
h6t6rog6nes se f o rmen t  l en temen t  dans  la so lu t ion;  la c ro issance  pr incipale  des c r i s taux  ne  
c o m m e n c e  qu ' ap r6s  le d6ve loppemen t  de concen t r a t ions  que lque  peu  sup6r ieures  ~t la su r sa tu -  
r a t ion  de la subs t ance  en so lu t ion  (C'), g la fin de t. Les  cons t an t e s  de vitesse de diffusion (kn~) 
c o r r e s p o n d a n t  /~ la c ro i ssance  a u g m e n t e n t  avec T o et R r. Elles son t  bien p lus  peti tes que  les 
cons t an t e s  de vitesse r6elles de  la d i f fus ion (k~,)r~,  ma i s  p lus  61ev6es que  celles de la c ro issance  
des cr is taux,  contr616e pa r  la diffusion,  du  t ungs t a t e  de b a r y u m  d a n s  le t ungs t a t e  de s o d i u m  
f o n d u  en creusets  d ' a l umi ne .  

ZUSAMMENFASSUNG - -  Die  .~nde rung  der 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 n  bei d e m  dif fus ionsbe-  
d ing ten  K r i s t a l l w a c h t u m  yon  B a r i u m w o l f r a m a t  aus  L 6 s u n g e n  yon  N a t r i u m w o l f r a m a t s c h m e l -  
zen in Pla t in t iegeln  wurde  du rch  kon t inu ie r l i ches  Kf ih len  yon  den  Kr i s t a l l i s i e rungs tempera tu -  
ren  T O = 800 bis 1000 ~ bis zur  eu tek t i schen  T e m p e r a t u r  un te r  A n w e n d u n g  von  Kf ih lgeschwin-  
digkei ten von  RT = 0.67 bis 3.37 ~ mi n  -1  un te r such t .  W/ ih rend  der  I n d u k t i o n s p e r i o d e n  (~) 
b i ldeten sich in der L 6 s u n g  l a n g s a m  he te rogene  K e i m e ;  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  
n u r  bei e twas  fibers/itt igter K o n z e n t r a t i o n e n  der  gel6s ten Subs t anz  (C') a m  E n d e  yon  L Die Dif -  
fu s ionsgeschwind igke i t skons t an t en  (kD~) des  W a c h s t u m s  n a h m e n  mi t  T 0 u n d  RT zu. Diese  
waren  viel niedr iger  als die wirkl ichen D i f fu s ionsgeschwind igke i t skons t an t en  (kD~)~e~, j edoch  
h 6 h e r  als die des  d i f fus ionsbed ing ten  K r i s t a l l w a c h s t u m s  yon  B a r 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 schme l zen  in A lumin iumt i ege ln .  

Pe3roMe - -  Bb~J~K ~3y~tem, i rz3MenenHn XO~JCTanT cx0pocTe-~ ZtHqbqby3HonHo-KoaTpoctHpyeMoro 
pocTa KpIIcTaJIJIOB BOJIbqbpaMaTa 6apHa H3 paCTBOpOB B pacnJIaBax BOJIbqbpaMaTa HaTpn~t B nJIa- 
TI, IHOBIalX THF.rDtx nyTeM Henpepl~IBaOrO oxJiax~eHHa OT TeMnepaTyp Kpi, lCTa~al, i3alll~i~i T o = 800 
)I0 1000 ~ ii HH;t~e TeMIlepaTypM 3BTeKTIIKI~I np~I CKopOCT~IX oxJia~K~enna R r OT 0.67 l, Io 3.37 ~ B 
MHHyTy. Bo BpeMll IIH~yKIIFIOHHOFO nep~Io~la (t) B pacTBOpe Me,/IJIeHHO 06pa3ylOTCa reTepo- 
relm~,ie 3apo~I, iUm. FJiaBm, i~ pOCT xp~cTaxI:Ia Ha~u, IaaeTca TO:II, I~O nocrte/IOCTHXeHa~I HerOTO- 
poro  l(OHtlenTpalmOSHOrO ~I36I, ITra pacTBopelmoro BelIIecTsa ( A C )  B r o n u e  t. ]Ii@~by3~ionm,ie 
KOItCTaHTbI cKopocTH (kDl,) pocTa yBeJIH~IHBalOTC~t C T O H R T. OHH HaMItOrO Merit,rue, qeM ,~e~- 
CTBIITe.rIIaHble KOHCTaHTbI CKOpOCTII (kD1) JleI~ICT., HO Bl, Ime, ~ieM TaKOBble )IJItI ~Ilqbqby3!lOHHO- 
KOItTpOY~lpyeMorO pocTa KpHcTaJLqOB BOJIl~qbpaMaTa 6apHa n3 pacIiJiaBOB BOJIbqbpaMaTa ltaT- 
pl, ffI B a.qlOMHmleBblX THFJIltX. 
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