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ABSTRACT
The kinetics of the reaction between magnesium fluoride and
water vapor were gravimetriccﬂ ly determined on three specimen types—.
single crystal, sintered polycwrystalline disk, and powder —in the tem-
perature range from 950 to 11C0°C at a water-vapor partial pressure

5.3-mm IHg.’

[
($3]

o
It was found that the rate-influe rncing effects of changing samnle

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 powdér specimens,
respectively. The deviations of these values from the activation enthalpy
of 46.4 kcal/mole reported in PartI of this series are discussed with

respect to possible rate-influencing factors
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In the ecarly 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 p*oduct layers were formed,

.

In addition, different rates and D.C'C"Vc.t;O“l cntnalpies were o'“*‘ained from

-measurements on different sample types--srwle crystal, polycrystalhne,

and powder.

The objective of most kinetic measurements is the determination .
of a reaction mechanism. Tor high-temperature hydrolysis of magnesium
fluoride, which is essentialiy an interface-controlled reaction, the mech-
anism determination requires the characterization and/or elimination of
the effects 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 simultancously.

I. EXPERIMENTAL PROCEDURE

A, AD aratus

iy

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

A
ified version of that described in Part I, Weight loss was measured to

~within + img 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 Hg. Single-crystal
and polycrystalline-disk specimens were reacted in a platinum gauze basket,

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

B. Specimen Preparation

The same MdI‘ powder was used for making both sintered disk and

st J‘
32

powder specimens. ’I‘nat this material showed no detectable weight loss

“This paper is based in part on a thesis submitted by Donald R. Messier

in partial fulfillrnent of the requirements for the Jegree of Master of Science.

b4 .,-

Supplied by K. K. Kelley, U S. Bureau of Mines Experlment Sta.tlon
Berkeley, California.
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po*x being heated to 600°C indicated that its water contcm was negligible.

The sintered polycrystalline disks were made by aressnw the
K X

- Mg?z powder in air, fche’n sivt“ring in a dry argon atmosnhere for 3 hours
at 1100°C. The fired disks were about 1,0 cm diam oy 0.2 cm n;ck,

weighed about 0.5 g, and had an average densiuy of 919 of the theoretical

value, 3.i17g/cc. Theywere reac Ledw:mo it further preparation,

The single- crysba' specimens were fabricated from maberlal sup-

plied by two sources, Specimens of known crystallographic orientation -

were made from pieces of material whose orientations had been prevxously

determined frorn back -reflection Laue x-ray patterns. The final specimens,

which were either cubes or sguare slabs weighing approximately 0.5 g each,
were cut with a diamond saw and polistcd down with 3/0 paper. External
dimensions of each single-crystal and pelycrystalline-disk specimen were

determined within to 20,004 ¢im with o micrometer,

C. Rate- Mv srement Procedure

Rate determinations were made at 50°C 1n‘te*vals from 950 to 1410C°C.

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

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

- Partl. IHowever, the runs were carried out to a much greater extent, and

involved as much as 70% total reaction at 14100°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.
Ih. the work reported in Part I, area-change corrections were avoided by
using a rnore sensitive helix and carrying out reactions only until about
29% 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 spheres, a 2/3 order rate

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

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

v'__'pensated reasonably well for area changes in the polycrystalline cylindrical .

W1111a.m D Scott, Lawrence Radiation Laboratory, - and A, Duncanson

Aberdeen Umvers;ty, Scotland
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disks and squarc slabs, but that it applicd exactly for cubes.  The modified
equation was develcped with the assumption that the relative dimeri_sioné

1 of the unrcacted portion of tae sample remained constant. For a disk of
thickness h and cnameter-d, ’thcn,' h/d = CD’ where C is constant
for a given disk; and for a square slab of edge length / and thickness h,
h/Z = CS’ where Cg is constant for a given slab. Thus, for a disk spec-

o® . ’ B . O
" imen, the area AD may be expressed in terms of the volume VD as

/2 + 4
A = 1.85] “o l\‘;V'Z/3
D s O ‘l\ C m‘ 1 D H
. Cp’ 7/
and for a square slab
/7‘ \\
P2 o400 ,
PO G- U I 72
S e 2/3 | 'S
\ /
LS
For a perfect cube, C. = 4 and the rclationship holds for any extent of

‘ S
- reaction.. ' ~ _ ,

{ the rate of reaction is expres sed in terms of weight cha'nge.'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 = & A, where w is the weight of unreacted material, If the area
is expressed in terms of V 2/3 which is equal to- (w/p) 2/3 , where V is
the volume of unrea(ited material and p 1is the density of the reactant,

tne final 1meﬁrated rate expression for both specimen types becomes

; | w )'1/3 -4 - kBt
W _ i3
. 0
where B = (ZC+'}.)/C2/3, k = a constant, t = total reaction time, ‘and
Wq = initial sample weight, This integrated form of the 2/3 order expres-

o sion shows that a plot of (w/wo)"‘/3 vs time should yield a straight line

from whose slope a rate constant may be obtained,




K - -5- UCRL-982% Rev.

B. Sintering of Powder Spccimens

The low-activation enthalpy value for the powder specimens was
believed to be principally a result of surface-area chanﬂes due to sintering
L .. ..e reactant powder. To test this belief, MgF, powder was sintered by

| ‘heating it in dry ar‘rro'n at rates similar to those used in the reaction runs.

" o The sp\,cur\en was heated until it reached the desirecd temperature, then
| the furnace power was immediately shut off and the specimen was allowed’
to cool in the furnace. Specimens heated to 950 and 1400°C had f{inal bulk

densities of 1.68 and 2.34 o/cc, respectively.
z/cc, resp v

C. Microstructures of Recacted Specimens

Tigure 4 shows the structures of fracture sections of reacted spec-
imens of the three types. On all specimens a clearly defined interface
- can be seen between the MgFZ reactant and MgO product layer.
In the powder specimen, the recaction apparently occurred at the
outside of the sintered MgFZ mass rather than on the surface of individual
grains throughout the specimen, The extent of reaction is areatest on the
top of the specimen, so evidently the sides and bottom received some pro-
tection irom the crucible.
he product layers on the disk and powder specimens appear un-
oriented and amorphous. However, the single-cryétal product layer secems
to consist of a system of plates and channels oriented perpendiculai‘ to the
'M;FZ surface, Because the specific volume ratio of MgO thgFZ 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. DISCUSSION OF RESULTS

The following sections will discuss the effects of several rate-
mﬂx.encma factors and indicate how they may lead to uncertainties in the

‘apparent activation enthalpy values and their 1nterpretat1on

A. Rate-Influencing Factors

4. Reaction Mechanism

From the study of the reaction rate as a functlon of temperatu*e
- a.nd wa.ter-vapor pressure reported in Part I, a three-step interf ace-con-

“trolled-reaction mechanism was proposed. The rate expression developed
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involved assumptions of.an absence of pr oduct ~layer efzccto, constant
interfacial area, negligipble HI pressure, ch Cl"’llSOI‘pth“l equ111br1um

nd stcady-state condltlons. The reaction rate was expressed as

: ksliacop
R=k,0 =
B 3 KT+ 7

where R, k,, Ty and T have the same meaning as before, Ka is the
2

equilibrium constant for CnCZ"’laO"')thI'l, o is the concentration of chem-
. ; 2 . : .

isorbed water vapor in molecules per cm , p is the water-vapor partial
pressure, and Kk is Boltzmann's constant. The development of this rate

indicates that a2 number of requirements must be satisfied in order to ob-

tain values of _’.-{3, and from these, an activation enthalpy value that is sig-

nificant in the interpretation of the rcaction 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 o .

- - ’ -’ - - . ‘ ('
The reaction rate of an interface reaction on a given specimen de-

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 pelycrystalline
specimens than on singl_e-crystal specimens of the same geometrically de-
termined surface area., However, the experimental data do not indicate
significant differences in reaction rates obtained for single-crystal and

polycrystalline disk épecimens This behavior may be a censequence of

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

In splte of the approlematlons involved, the 2/3 order rate expres-

'.smn fits the data reasona.bly well for all three speC1men types For the

%
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polycrystalline-disk specimens, the as sumption of a constant thickness-

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

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

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

the same activation enthalpy.‘ Therefore, the simpler 2/3 order equation
was uscd for rate calculations.

The data for the powder specimens fit the 2/3.order equé.tion quite
well, despite the circumstance that the specimens did not have simple
geometric snapes and that the reaction occurred unevenly on the powder
mass as a whole, DBarret et al. discusscd arnalogous 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

' N ST . 5,6
powder mass rather than on individual grains.™~ These examples dem-

onstrate that a fit to 2 2/3 order rate law does not necessarily confirm
the assumption of a mechanism involving the formation of a reaciion inter-

face on individual, approximatcly spherical grains,

3. Thick-Product-Layer Effects

The corrected weight-loss curves shown in Fig, 2 all have initial
portions of decreasing rate followed oy linear parts. The most likely
causes for this behavior are associated with the formation of a thick prod-
uct layer. Although there is sorae 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 specizﬁens. Although
the product-layer effect is difficult to characterize qua.ntltatlvely, several
possible reasons can be advanced for its presence,

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

action is small, For example, the electron photomicrograph (presented

in Part I) of material from the product layer of a specimen reacted at
835°C indicated grain diameters in the range of 0.2to 0.3 . At reaction
temperatures in the range from 950 to 1400°C, itis _likely that some
sintering of the product-layer particles took place. 7 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 conceiva‘bly play a role in blocking some of the

cristing open pores, providing a certain amount of protection for the
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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. = Although product-layer sintering may

_have affected the rate measurements reported here, a precise knowledge

A
of the time and temperature dcpendence of sintering under the experimen-~
tal conditions used would be necessairy to correct the data for its effects,
Resistance to the effusion of reactant and product gases through

the pore structure of the product laycr could also contribute to a reaction-
rate decrease with an increasc 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 wnodel represented by Darcyls law, 9 which states v = Bi(Ap/L),

-

where v is tne velocity of effusion, B, is a constant, Ap is the pressure
gradient, and L the length of the eifusion path.

Frorn Darcy's law, it is evident that, if an effusion process were
rate controlling and Ap remained constant, a parabolic rate law would
result., Analysis of the experimental data showed that this law did not hold.
On the other nand, it is possible that the pressure gradient as well as the
product-layer thickness increased with time, This situatioﬁ.c-ould result
in behavior intermediate between that prescribed by a parabolic and a
linecar law as oovserved 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 tne reaction chamber were constant, and the
rate-controlling step were effusion of EF 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 com-
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
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tov'tx.os*ty, these sti'uctur'—‘ differenges could cause d;ffeLences in the.
cnaracterlstlcs and Lcmnera’rurc ocpc,udcncnes of effusmn throuﬁh the two

produm 1aycr s.

"B, Effects of Rate-Influencing Factors

on Apparent Activation Enthalpy

In Part], an activatiori enthalpy of 46.4 kcal/mole was obtained
rom the temperature aepcndcnc‘, of 1 k. In this.section' the deviations
| “f; rom this value obtalncd from measurcments on the three types of spec-—
imens are discussed with 1e~arc to the differences in experlmcntal con-
ditions,

»  The calculations of activation entﬁalpy values_for.lthe' three spec-
bzln‘en types were based upon the assumption that the water-vapor pressure
- was hizgh enough to ensure that the surface concentration of water vapor
was at its saturation value. Calculations made by extrapolating the data
from Part1 to the temperature range from 950 to 1100°C indicated that
the experimental water~vapor pr.essure of 55.3 mm Hg was high enough to
- give nearly full surface coverage, If surface coverage only were con-
sidered, and if o were not.equal to Ogs O should decrease with'inczjease'
‘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 h'igher than the.

"".,_“true" activation enthalpy of 46.4 xcal/mole ~ Although the single~crystal

value of 42 kcal/mole is low, the experimental data are not pregise enough

“to make: a definite conclusion concerning the lack of full surface coverage,
- "The activation enthalpy of 23 kcal/mole calculated for the powder
slﬁec{fhens is in agreement with that obtained by Deadmore et al. for
similar specimens, 3 The most reasonable explanation for this result is
that-the implicit assumption«of\constant surface area for a given sample
'Weight did not hold. The sintering experiments showed that a sample

heated to 1100°C had a greater bulk density, and consequently a smaller

. . external-surface area, than one heated to 950°C. Because the reaction

- _-to'ok place at an interface on the powder mass as a« whole, a dispropor-
tionately low rate was obtained for the spcczmen reacted at 1100°C, and

-a low activation enthalpy value was obtained,
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The difference in activation enthalpies 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-

imental conditions.
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FIGURE LEGENDS

Fig. 1. Typical experimental plots of unreacted fraction vs reaction
time for the three specimen types (D is polycrystalline disk,

P is powder, and S is single crystal).

2. (w/wo)i/:‘} vs reaction time. (a) polycrystalline disks;"

sy
&
0Q

(b) single crystal specimens; (c) powder specimens.
Fig. 3. Arrhenius Plot of log k_ vs i/T. {or the three specimen
types ([J single crystal; O, polycrystalline disk; and A, powder).
Fig. 4. Microstructure of sections of reacted specimens (Xi3). Top,

powder; center polycrystalline disk; bottom, single crystal.
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This report was prepared as an account of Government
sponsored work. Neither the United States, nor the Com-
mission, nor any person acting on behalf of the Commission:

A. Makes any warranty or representation, expressed or
implied; with respect to the accuracy, completeness,
or usefulness of the information contained in this
report, or that the use of any information, appa-
ratus, method, or process disclosed in this report
may not infringe privately owned rights; or ‘

B. Assumes any liabilities with respect to the use of,
or for damages resulting from the use of any infor-
mation, -apparatus, method, or process disclosed in
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.
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