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A B S T R A C T 

The kinetics of the reaction between magnesium fluoride and 

water vapor were gravimetrically determined on three specimen types—; 

single crystal, sintered polycystall±ne disk, and powder—in the tem-

perature range from 950 to 'iiOO°C at a water-vapor partial pressure 

01 5.3-mm i.-ig. 

It was found that the rate-influencing effects of changing san -mie 

geometry and the formation of thick MgO product layers on samples re-

acted to large extents complicated the evaluation of the rate measure-

ments. Apparent activation enthalpies of 42, 57, and 23 kcal/mole were 

obtained for the single-crystal, polycrystalline, and powder specimens, 

respectively. The deviations of these values from the activation enthalpy 

of 46.4 kcal/rnole reported in Part I of this series are discussed with 

respect to possible r.teinfluencing factors. 

• 	 - 
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I. INTL0DUCTION 

In the early stages of this investigation, it was found that the 

results of reaction rate measurements were considerably influenced by 

carrying out the reactions until thick MgO product layers were formed. 

In addition, different rates and activation enthalpies were.obtained from 

measurements on di1feent sample types--single crystal, polycrystalline, 

and ppwder.. 

The objective of most kinetic measurements is the determination 

of a reactiOn mechanism. For high-temperature hydrolysis of magnesium 

fluoride, which is essentially an interface-controlled reaction, the mech-

anism determination requires the characterization and/or elimination of 

the e,ffects of the above-mentioned rate-influencing factors. The purpose 

of this paper is to illustrate some of the complications that may arise, in 

the evaluation of a reaction mechanism when the rate is influenced by 

several processes occurring simultaneously. 

U. EXPERIMENTAL PROCEDURE 

A. Apparatus 

The apparatus used for the weight-loss measurements was a mod-

fied version of that described in Part I. Weight loss was measured to 

within ± i mg with a fused-silica helix. The use of heated input tubing 

and immersion Of the saturator bottles in a thermostat allowed the attain-

ment of water-vapor pressures up to about 60-mm 1-1g. Single-crystal 

and polycrystalline-disk specimens were reacted ma platinum gauze basket, 

and the powder specimer s wcre reacted in a platinum crucible. 

B. Specimen Preparation 

• 	
The same MgF2  powder was used for making both sintered disk and 

' 	• 	powder specimens. That this material showed no detectable weight loss 

This papei is based in part on a t"iesis submitted by Donald R. Messier 

in partial fulLllment of the requrer'ients for the degree of Master of Science 

Supplied by K. K. Kelley, U. S. Bureau of Mines xperiment Station, 

• 	Berkeley, California. 
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upon being heated to 600° C indicated that its water content was negligible. 

T e sinLci ed pol >rcl 	1ie ci' \ ere rnade by pies sing the 

Mgf po der in au, then si tci ing ii a ci au gon at 'ospere fo 3 hours 

at 1100°C. The fired disks were about 1.0 cm diam by 0.2 cm thick, 

weighed about 0.5 g, and had an average density of 9'i%.of the theoretical 

value, 3.7 g/cc. They were reacted without further preparation., 

The single-crystal specimens v/crc fabricatedfrom material sup-

plied by two sources. 	Specimens of known crystallographic orientation 

were made from pieces of material whose orientations had been previously 

actermncdfrorn baci-rerlection Lauc x-ray patterns. Tue final specimens, 

which were either cubes or square slabs vicighing approximately .0.5 g each, 

were cut with a tharnoc saw and o' erd eownwitn3/0 paper.  - External 

Cimens-ons Ui (cLU11 	iie -(.i y LL1 LL1'L polycris tcLLJ.iU( 	J.S 

dctcrmneci within to ± 0.0O. cm wui a micrometer. 

C. Rate-Measurement Procedure 

Rate determinations were made at 50 0 C intervals from 950 to 0O°C. 

All runs were made with a water-vapor pressure of 55.3 mm H. The pro-

cedure for carrying out reaction runs was the same as that described in 

Part I. However, the ruirs were c.rried out to a much greater extent, and 

involved as much as 70% total reaction at•i00°C. 

D. Rate Calculations 	 . 

The interface nature of the hydrolysis reaction requires that the 

rate expression take into account the change of interfacial area with time. 

In the work reported in Part I, area-change corrections were avoided by 

using a more sensitive helix and carrying out reactions only until about 

. 2 0116 of the total reaction was completed. Under such conditions the surface. 

area could be assumed to have remained constant. 

For certain geometric shapes, such as sphers, a 2/3 order rate 

equation may be used to express interfacial area as a function of time. 2  

In this stuar, it was found that a modified 2/3 order rate equation com- 

pensated reasonaoly well for area changes in the polycrystalline cylinarical 

William D. Scott, Lawrence Radiation Laboratory, and A. Duncanson, 

Aberdeen University, Scotland 
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disks and square slabs, but that it applied exactly for cubes. The modified 

equation was developed with the assumption that the relative dimensions 

of the unreacted portion of the sample remained constant. For a disk of 

thic!mess a aria drameter . d, then, ia/a = CD, where C is constant 

for a given drsk; and for a square sine of cage length 	and tnckness h, 

h/ = C, where C. is constant for a given slab. Thus, for a disk spec-

imen, the area AD may be expressed in terms of the volume VD  as 

(a C D+ 	z/ 3 
AD 	oJ 

c 	ID 
ID 	/ 

• and for a square slab 

,p. 	;\ 
L 	

2/3 

AsZ C /3 	Vsli 
/ 

For a perfect cube, C = "1 and the relationship holds for any extent of 

• reaction. 

• 	If the rate of reaction is expressed in terms of weight change of the 

reactant per unit time, and if it is assumed that the reaction rate is pro-

portional to the surface area of the remaining reactant A, we have 

dw/dt = i A, where w is the weight of unreacted material. If the area 

is expressed in terms of v2/3  which is equal to ('/p )2/3 where V is 

the volume of unreated material and p  is the density of the reactant, 

the final integrated rate expression for both specimen types becomes 

( w ) /3 _ 	kBt 
1/ W 	 . 	 3 

0 	 WO 	 . 

where B = (2C+)/C2(3, k 	a constant, t = total reaction time, and 

w 0  = initial sample weight. This integrated form of the 2/3 order expres- 

sion shows that a plot of (/ 0 ) '  vs time should yield a straight line 

from whose slope a rate constant may be obtained. 	. 
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33. Sinterinof Powdcr Siccimens 

The low-activation entnalpy value for the powder specimens was 

• 	•• 	believed to be principally a result of surface-area changes due to sintering 

• •.e reactant powder. To test this belief, MgF 2  powder was'sintered by 

heating it in dry argon at rates similar to those used in the reaction runs. 

it reached t}e desired temperature, then The specimen was heated until  

the furnace power was immediatey shut off and the specimen was allowed 

to cool in the furnace. Specimcis heated to 950 and 'U00°C had final bulk 

densities of 1.68 and 2.34 g/cc, respectively. 

C. Microstructures of Reacted Specimens 

Figure 4 shows the structures of fracture sections of reacted spec-

irncns of the three types. On all specimens a clearly defined interface 

can be seen between the Mg? 2  reactant and MgO product layer. 

In the powder specimen, the reaction apparently occurred at the 

outside of tIte sintered Mg? 2  mass rather than on the surface of individual 

grains throughout the specimen. The extent of reaction is greatest on the 

top of the specimen, so evidcntly the sides and bottom received some pro-

tectibn Irorn the cruciole. 

The product layers on the disk and powder specimens appear un-

oriented and amorphous. I-iowever, the single-crystal product layer seems 

to consist of a system of plates andehannels oriented perpendicular to the 

MgF2  surface. Because the specific volume ratio of MgO toMgF 2  is 0.57, 

the unchanged external dimensions of the disk and single-crystal specimens 

after reaction indicated that the product layers were highly porous. 

IV. DISC tJSSION OF REScJLTS 

The following sections will discuss the effects of several rate-

influencing factors and indicate how they maylead to uncertainties in the 

apparent activation enthalpy values and their interpretation. 

A. Rate-Infiuencinc Factors 

i. Reaction Mechanism 

:1 
	

From the study of the reaction rate as a function of temperature 

and water-vapor pressure reported in Part I, a three-step interface—coi-

trolled-reaction mechanism was proposed. The rate expression developed 
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involved assumptions of.an ahsence of product-layer effects, constant 

• 	
intcrfacial area, negligible I-IF pressure, chcmisorption equilibrium, 

• 	 and steady-state conditions. The reaction rate was expressed as 

k. K O (\ P a 
R= k3 cr 

where R, i 3 , o, and .T have the same meaning as before, K is the 

equilibrium constant for chemisorption, a is the concentration of chem-

isorbed water vapor in molecules per cm 2 , p  is the water-vapor partial 

pressure, and k is Boltzmanns constant. The development of this rate 

indicates that a number of requirements must be satisfied in order to ob-

tain values of k 3 , and from these, an activation enthalpy value that is sig-

nificant in the interpretation of the reaction mechanism. One of these 

requirements is that, for a given set of experimental conditiOns, the as-

.sumptions used in deriving the rate expression must be valid. In addition, 

• 

	

	the rate dependence upon water-vapor pressure must be taken into con- 

sideration. 

2. Surface Effects 

The reaction rate of an interface reaction on a given specimen deL 

pends upon its true microscopic surface area. Therefore, in order to. 

compare rates on specimens whose surface areas have been determined 

from their external dimensions, it is necessary to prepare their surfaces 

in a similar manner. 

In addition, surface differences must be considered in comparing 

rates on different sample types. Although these differences are difficult 

to assess quantitatively, one would expect that, due to the presence of grain 

boundaries and pores, - reaction rates would be higher on polycrystalline 

specimens than on single-crystal specimens of the same geometrically de- 

- . .•. 	. termined surface area. 1-lowever, the experimental data do not indicate 

- .. significant differences in reaction rates obtained for single-crystal and 

polycrystalline disk specimens This benavior may be a consequence of 

the thick-product-layer effects discussed in Section IV. A.3.- 

In spite of the approximations involved, the 2/3 order rate expres-

sion fits the data reasonably well for all thice specirxen types. For the 
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polycrystalline-disk specimens, the assuniption of a constant thickness-

to-diameter ratio did not hold for large extents of reaction. However, 

the use of an empirical function that more accurately expressed the sur-

face area as a function of sample weight gave similar rate constants and 

• 

	

	the same activation enthalpy. Thercfoe, the simpler 2/3 order equation 

was used for rate calculations. 
• 	

The data for the powder specimens fit the 2/3order equation quite 

well, despite the circumstance that the specimens did not have simple 
• 

	

	 geometric shapes and that the reaction occurred unevenly on the powder 

mass as a whole. Barret et al. discussed analogous cases concerning 

• 	 thermal decompositions for which the 2/3 order expression may hold ap- 

proximately, even though the reaction takes place at an interface in the 

powder mass rather than on individual grains.' 6  These examples dem-

onstrate that a fit to a 2/3 order rate law does not necessarily confirm 

the assumption of a mechanism involving the formation of a reaion inter-

face on individual, approximately spherical grains. 

3. Thick-Product-Layer Effects 

The corrected weight-loss curves shown in Fig. 2 all have initial 

portions of decreasing rate followed by linear parts. The most likely 

• causes for this behavior are associated with the formation of a thick prod-

uct layer. Although there is some tendency for the amount of reaction up 

to the transition point to increase with temperature, no definite trend is 

• evident. In addition, there appear to be no significant differences between 

the results on single-crystal and polycrystalline disk specimens. Although 

the product-layer effect is difficult to characterie quantitatively, several 

possible reasons can be advanced for its presence. 

It is probable that the grain size of the:MgO that forms upon re- 

• 	 action is small. For example, the electron photorrdcrograph (presented 

• 	• 	in Part I) of material from the product layer of a specimen reacted at 

835°C indicated grin diameters in the range of 0.2 to 0.3 i.. At reaction 

• temperatures in the range from 950 to YiOO°C, it is likely that some 

• 	sintering of the product-layer particles took place. Although no shrink- 

age occurred in the product layer, it was coherent and possessed con-

siderable strength. Even a mechanism involving welding of the particles 

without shrinkage could conceivably play a role in blocking some of the 

e/iStiflg open pores, providing a certain amount of protection.for the 



t 

-3.- 	 CJCRL-9821 Rev. 

reactant surface. The formation of protective scales from initially porous 

ones through sintering has been observed in other cases, particularly in 

the oxidation of refractory metals. 
8 
 Although product-layer sintering may 

have affected the rate measurements reported here, a precise knowledge 

of the time and tmperature dependence of sintering under the experimen-

tal conditions used would he necessary to correct the data for its effects. 

Resistance to the effusion of reactant and product gases through 

the pore structure of the product layer could also contribute to a reaction-

rate decrease with an increase in product-layer thickness. Although effu-

sion under the reaction conditions is difficult to deal with quantitatively, 

its general features might be discussed qualitatively by means of the 

idealized model represented by Darcys law, which states v = 

where v is the velocity of effusion, )3. is a constant, Lp is the pressure 

gradient, and L the length of the effusion path. 

From Darcys law, it is evident that, if an effusion process were 

rate controlling and Ap remained constant, a parabolic rate law would 

result. Analysis of th experimental data showed that this law did not hold. 

On the other hand, it is possible that the pressure gradient as well as the 

product-layer thickness increased with time. This situation.could result 

in behavior intermediate between that prescribed by a parabolic and a 

linear law as observed in the beginning stages of the reaction. Eventually 

steady-state conditions, which correspond to the linear parts of the re-

action-rate curves might be obtained at a point when the pressure gradient 

increases proportionally with further increases in product -layer thickness. 

If the HF pressure in the reaction chamber were constant, and the 

rate-controlling step were effusion of HF away from the interface, an in-

creasing pressure gradient implies an increase in HF pressure at the 

interface. This condition could increase the back-reaction rate, resulting 

in a decreased net-reaction rate. Here again ., such an effect would be 

difficult to evaluate, especially in view of the mechanism discussed in 

Part I, in which it was shown that the reaction rate probably has a corn-

plicated HF-pressure dependence. 

The microstructures of sections of reacted specimens, as illus-

trated in Fig. 4, indicate different product-layer morphologies on the 

single-crystal and polycrystalline-disk specimens. Because effusion is 

influenced by such parameters as pore size, shape, interconnection, and 



-9- 	 UCRL-9821 Rev. 

tortuost!, tiese stiuctuie cfecnc s could cause dJferences in tie 

cnaracteristics and tcmpei atuc ocpcndecies of effusion thioug 1i the two 

pioduct layers 

B. 	Effects of Rate -Inihienci'ic ractors 

on Apparc'it Act1aLLon Cnti'alpy 

In Pait 1, an activation ctnalj of 46 4 kcal/molc was obtained 

from the temperature dependcice of 1, In this section the deviations 

from this value obtained from measurcnionts on the tnree types of spec -

irnens are discussed with regard to the differences in experimental con- 

• 	 ditions. 

The calculations of activation enthalpy values for the three spec-

imen types were based upon the assumption that the ivatervapor pressure 

• 	• • 	was high enough to ensure that the surface concentration of water vapor 

was at its saturation value. Calculations made by extrapolating the data 

from Part I to the temperature range from 950 to ii00°C indicated that 

the experimental water-vapor pressure of 55.3 mm Fig was high enough to 

give nearly full surface coverage. If surface coverage only were con- 

• sidered, and if o were not equal to o, o should decrease with increase 

of temperature at a given pressure. The rate-temperature dependence 

and activation enthalpy would thus be reduced. The value of 57 kcal/mole 

• obtained for the polycrystalline disk specimens is actually higher than the. 

• 	• 	•.: .tttrue" activation enthalpy of 46.4 kcal/mole. Although the single-crystal 

value of 42 kcal/mole is low, the expeiimental data are not preise enough 

• •. 	to make a definite conclusion concerning the lack of full surface coverage. 

The activation enthalpy of 23 kcal/mole calculated for the powder 

• :. 

	

	sliecimens is in agreement with that obtained by Deadmore et al. for 

similar specimens. The most reasonable explanation for this result is 

• that,thp mplicit assumption of constant surface area for a given sample 
• ••• 	

weight did not hold. The sintering experiments showed that a sample 

heated to I00°C had a greater bulk density, and consequently a smaller 

exteinal-surface area, than one neated to 950° C Because the reaction 

took place at an interface on the powder mass as a whole, a dispropoi - 

tionately low rate was obtaiied for the specimen reacted at i100°C, and 

a low activation enthalpy value was oaned 
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The difference.in activation enthalpics obtained from measure- 
• 	 ments on single-crystal and polycrystalline-disk specimens could have 

resulted from the difference in the morphologies of the product layers 

on the two specimen types. It is possible that effusion through the more 

complex product layer on the polycrystalline disks had a greater temper-

ature dependence than effusion through the single-crystal product layer. 

If the effusion process were rate controlling, this difference in temper-

ature dependence would result in a higher apparent activation enthalpy 

for the polycrystalline specimens. 

V. CONCLUSIONS 

The results Of this study have shown that the reaction rate of an 

apparently simple solid-gas reaction may be dependent upon a complex 

combination of factors, which in themselves may be temperature depen-

dent. Even if these factors are not taken into account, one still may ob-

tain a reasonably good Arrhenius plot from which an apparent activation-

energy value may be calculated. However, this value may not be signifi-

cant in terms of a reaction mechanism, and at best gives a rough estimate 

of the temperature dependence of the reaction rate under specific exper-

irnental conditions. 

• 	 k., ' 	 • 

• - 	

• !• 

4 -  • 

• 	 I 	 •- 	 • 
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FIGURE LEGENDS 

Fig. 1. Typical experimental plots of unreacted fraction vs reaction 

time for the three specimen types (D is polycrystalliñe disk, 

P is powder, and S is single crystal). 

Fig. 2. (w/w 0 ) 	vs reaction imc. (a) polycrystalline aisks; 
• 	.• 	• 	(b) single crystal specimens; (c) powder specimens. 	 • - 

Fig. 3. Arrhenius Plot of log k vs i/T. for the three specimen 

types (U single crystal; 0, polycrystalline disk; and A, powder). 

Fig. 4. Microstructure of sections of ieacted specimens (X13). Top, 

powder; center polycrystalline disk; bottom, single crystal. 

ri 
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this report. 

As used in the above, "person acting on behalf of the 
Commission" includes any employee or contractor of the Com-
mission, or employee of such contractor, to the extent that 
such employee or contractor of the Commission, or employee 
of such contractor prepares, disseminates, or provides access 
to, any information pursuant to his employment or contract 
with the Commission, or his employment with such contractor. 




