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ABSTRACT

Sodium disilicate glass will react with pure iron at elevated
temperatures and reduced pressures to form sodium gas, iron(II) oxide,
and iron(II1) oxide as the major products. This reaction is shown to
be sensitive to the previous history of the iron specimen. That is,
if the iron substrate is characterized by a high activity of oxygen,
the reaction to form sodium gas will be hindered. In this study the
decomposition kinetics of the glass on the iron substrate were
investigated using various quantitative kinetic models and data

generated by thermogravimetric analysis.
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Introduction

A current theory of glass-to-metal bonding requires interface
saturation with the lowest valence metal oxide for chemical bonding to
occur. The interface is considered to be saturated when thermodynamic
equilibrium exists between the glass and metal phases, or when the
thermodynamic activity of the lowest valence metal oxide in the inter-
facial region is equal to unity. These concepts for the requirement
of adherence of a glass to metal, have been developed from wetting and
reaction studies of sodium silicate glasses on various meta]s.l'5

In most glass-metal systems, chemical reactions will occur once an
intimate interface has formed. The reactions will continue until the
system attains chemical thermodynamic equilibrium. Thus, it becomes
important, in a scientific and engineering sense, to study the nature
of the reactions and their rate of approach toward equilibrium. This
is because the chemical reactions involved can maintain, lead to, or
lead away from, the saturation of the interfacial zone with the lowest |
valence oxide of the substraté metal.

The manner in which interfacial reactions proceed in a glass-metal
system and the nature of the reaction sequences, haé been studied for

2,4-6,8

sodium silicate glass-metal systems involving iron, , iron-

4,7 3 to name a few. These studies were

cobalt alloys, and platinum,
generally qualitative or semiquantitative in nature, and established a
basis for understanding the reactions which occur in a glass-metal

system.



(3]

Generally, the reactions that are known to occur near the interface
involve a change in the valence of the reaction species. These
reactions (redox reactions) play an important role in the rate of "
chemical change near the interface for a glass-metal system. Thus, K
understanding the nature of the reaction sequences, the speed or
kinetics, and how certain parameters, such as temperature, and sample
history affect the reactions should give further insight into the
interplay of the redox reactions governing the development of the
g]ass—mefa] interface. |
Factors that can have an important influence on the kineticé of a
glass-metal redox reaction are mass-transfer effects such as the
dissolution of metal oxide into the molten glass. Most kinetic models
in heterogeneous reaction systems usually take mass transfer and
interfacial kinetics into accouht.
As yet, no known systems have been investigated in a complete,
" quantitative fashion. It will be the‘purpose of this work to establish

a quantitative model describing the reactions and mass transport

phenomena involved in a typical glass-metal system.



Theoretical
Extensive work on the iron-sodium disilicate system has been
done.z'8 Also, thermodynamic data for this system is readily
available.g'lo However, an extensive literature search has yielded
no quantitative studies of the iron-sodium disilicate system. There

4-6 Lith the

are two semi-quantitative studies done on this system,
rest being qualitative in nature. With these considerations in mind,
the iron-sodium disilicate reactions will make an ideal case study for
a systematic quantitative analysis of the reaction kinetics of a
glass-metal system. |

The modeling approach will consist of describing the possible
reaction steps that may take place within the system. The plausibility
of the proposed reaction sequence will be checked using. thermodynamic
data that is available from the literature. Once the reaction sequence
"has been established, a chemical rate theory will be applied to the
proposed reaction system. This process should give the integrated rate
equation that describes the chemical rate process under study.

The mass transfer effects will be considered next, and the
diffusion-]imited rate equation shall be derived. However, in some
reactions, especially those with heterogeneous phases, both diffusion
and interfacial reactions must be included. Thus, a third case will
deal with the combined effects of diffusion and reaction. The

resulting models will then be tested for validity, and if possible, the

temperature dependence of the interfacial reactions will be determined.



Using thermogravimetric and sessile drop measurements, Tomsia and
Pask have proposed the following reaction scheme for the iron-sodium
silicate system.6 The primary reaction, when no wustite is present
in the glass, is the reduction of soda in the glass by iron to form
iron (I) oxide and sodium gas. |

k
Fe(s) + Nay0(int) -91 FeO(int) + 2Na(g)T ’ (1)

The iron oxide formed at the interface, subsequently diffuses into the
glass where it can undergo further oxidation to form ferric oxide.
FeO(int) = FeO(glass) - (2)

k2
2Fe0(glass) + Nay0(glass) —» Fep03(glass) + 2Na(g)T (3)

Reaction (3) is followed by the diffusion of ferric oxide from the
glass to the glass-metal interface. v

Fe203(g1ass) = Fe203(int), - (4)
The ferric oxide at the glass-metal interface can undergo a reduction
reaction to form more ferrous oxide via the following process:

K
Fe(s) + Fe203(int) _.2 3Fe0(int). (5)

Notice, that in describing the reactions, the following were used:

S = Iron in the solid phase, at the interface.

int = Interface at glass-metal junction.

g = Gas phase.

kl = Irreversible reaction rate constant for reaction (1)
ko = Irreversible reaction rate constant for reaction (3)
k = Irreversible reaction rate constant for reaction (5)



The production of ferrous ions via reaction (5) will contribute to the
production of sodium gas via reaction (3). Thus, if'the sequence
proposed by Tomsia and Pask is valid, a reaction between sodium
silicate glass doped with Fe0, and iron metal should result in a higher
amount of weight loss than that for a homogeneous reaction of Fe0Q in
the glass with soda in the glass.

- Thermodynamics of the Proposed Reaction Sequence

The change in free energies for reactions (1) and (3), in a closed,

constant temperature, and constant pressure system are:

2
a (P)
FeO, .
86, = 863 + RT In ——nt) ___Na (6)
Nazo(g]) Fe(s)
and,
2
a (P)
Fe,0 ‘
a6; = 86 +RT In —23(a) Na : (7)
a a

The standard free energies at 1000°C, for (1) and (3) were calculated
to be 291 kJ/mole, and 328 kd/mole respective]y.11 The equilibrium
pressure of the sodium gas for reaction (1) at 1000°C, (assuming

8, = 1 and a(FeO)/a(NaZO) < 1) is greater than or equal to 0.1096

Pa. Also, the equilibrium pressure of the sodium gas for reaction (3),
(in this case the ratio of the activities will probably be less than

or equal to one)* will be approximately equal to 0.0193 Pa.

* This assumes that some soda is present in the glass, and that
a(Fep03)/a(Fe0) < 1.



Thus, reactions (1) and (3) should proceed, if the total ambient
pressure is less than .01 Pa, until an equilibrium concentration of
ferric to ferrous ions is attained in the glass. The standard free
energy at 1000°C for reaction (5) is negative,.—50.6 kJ/mole. Thus,
there are no thermodynamic barriers towards product formation in
reactions (1), (3) and (5) at 1000°C. Even though thermodynamics tells
us that the reactions should proceed spontaneously, this does not give
any information regarding the reaction kinetics. Thus, the kinetics
must be defived in some fashion from what we know of the proposed
elementary reaction scheme.

Reaction Rate Theory

The reaction rate for complex reactions and all elementary

reactions has the following phenomenological concentration dependence:

R. k. T c |l | (8)
b3y
where:
Rj = Rate of jth reaction process.
kj = Reaction rate constant for the jth process.
n = Number of components participating in the jth reaction.
Ci = Concentration of the i, component.
Vij = Stoichiometric coefficient for component i in reaction j

is positive if the ith component is a product and
is negative if the ii,, component is a reactant.
The rate of production or consumption of component i, in the jth
reaction sequence has the following form:



The overall production or consumption of a component species will be
the sum of all reaction sequences where the ith component takes part,

or for a complex reaction sequence:

N
r = j§1 vij Ry - | (10)
where N is the number of elementary, or step reactions.
Using the rate laws for elementary reactions given above, the rate

of consumption of sodium ions in the glass can be given as:

"Na,0 =~ K1 [NaZO(int)] - "Z[Feo(g”]2 [NaZO(g'I)] (11)

where the brackets denote concentration. If we can assume reactions
(3) and (5) to proceed appreciably faster than (1), then reaction (1)
will become the dominant rate-controlling step. Using this assumption,
we can invoke what is known in physical chemistry as the Quasi-Steady-
State-Assumption, or QSSA.

The QSSA states that if the intermediates are being produced and
consumed rapidly, then the over-all contributions of the rate of
production of the intermediates will be equal td zero. Or in other
words, the intermediates will form rapidly in the system till a

steady-state concentration is achieved. This can be stated as:

d [Feo(g])] o (12)

"FeQ = dt

for the total Fe0 production rate during steady state. For the Fe0

production rate, during steady state:

d[Fe0; 4]
_ (g 0= - kZ[FeO(g])]Z[NaZO( )] (13)

gl



yields the following result for the rate of soda consumption:
"Na,0 = = K1 [Na0(4pt)] (14)

For all preceeding equations, the catibn concentrations are expressed
in terms of oxide concentrations. This is due to the fact that
electroneutrality must be achieved in the system by balancing the
cations with the oxygen anions.

If the rate of sodium ion'consumption is dominated by the inter-
facial reaction, the rate of consumption should be linearly propor-
tional to the amount of soda present near the interface. If we
integrate equation (14) and note that, by stoichiometry, two sodium
atoms are 1iberated for evefy soda molecule, the following integrated

rate equation describing the kinetics of the sodium weight loss is

obtained:
N 1
1- - exp(-KAt) (15)
I .

where:

NI = Number of sodium equivalents initially in the glass.

N' = Amount of sodium liberated from the glass. |

A = Interfacial surface area.

K = Interface reaction constant.

t = Time of reaction.

The important result one obtains from (15) is that a semi-log plot of
left-hand-side of (15) vs. the time, t, should result 1in a straight
line, with the slope being equal to the reaction rate constant times

the interfacial area.



Mass Transfer Considerations

For many so]id-state reactions, the mass transfer rate of the
reactants.governs the reaction rate. This assumes that the reaction
proceeds at an infinitely fast rate. Reactions that fit this category,
are called mass transporﬁ Timited.

If the iron-sodium silicate reactions are mass-transport limited,
and assuming that convection can be negletted as one of the contribu-
tions to mass transfer of the reactants to the interface,* then the -
system can be modeled using flux contributions due to diffusion of the
reactants in the bulk glass media. For the geométry shown in Fig. 1,
one can use the one-dimensional form of the diffusion equations; also
known as Fick's lst and 2nd laws of diffusion in one dimension,. for

isotropic media, or:**

aCi
J1 =77y ax (16)
and
aC. ' -3C. |
1 3 1 .
aT’a_x)Di'a'}— (17)

* There are no density gradients contributing to natural or free
convection in the glass. Also the system is static, i.e., there is
no hydrodynamic flow of the glass on the metal substrate.

* Borom and Pask have shown that eq. (16) is applicable in this
system. This is because the diffusivity is independent of
concentration. o



10

where

Ji = Flux of component i in the glass.

Ci = Concentration of component i in the glass.

-Di = The.effective binary diffusion coefficient of species i, in
the glass.

Borom and Pask (12) have determined the effective binary diffusion
cbefficients for the chemical species in the iron-sodium silicate
system, and have shown the chemical interdiffusivity of soda in the
glass to be essentially concentration independent within the
temperature and composition ranges incorporated in this study.

Noting the geometry shown in Fig. 1, the glass layer of thickness
2 covers the metal. The direction perpendicular to the glass-metal
interface is considered to be the x-direction. The interface is
located at x = 0, and the glass surface is located at x = £. The metal
‘substrate is assumed to extend to x » - », Also, for simplification
of the diffusion equations, the interface is considered to be
stationary with respect to the glass surface.

Using the assumptions and geometry described above, the following
boundary conditions can be applied: First, at x = 0, assuming the
interfacial reaction to be infinitely fast, the concentration is fixed,

or,

Na,0 o° (18)

where C i< the final equilibrium concentration of the soda in the

glass.
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Second, at x = £, and adding the assumption that the evaporation
of the soda on the glass surface is very small, the flux of soda at

x = £ is zero, or:

J

aC
X =g

"
(&)
—
[l
(Yo
S

or

"
o
.
—
N
(=

The initial condition requires the glass to have a uniform
concentration of soda in the g]ass.v

Application of the boundary conditions, and the initial conditions
to the differential equation given in (17) gives the following result

for the sodium weight loss (Appendix A).

Moam N - §2 EE: exp[—(2m+1)22w?t'/4] _ '(21)
t - m=0 - (2m+1)
where:
Mt = Sodium weight loss in grams..
M, = Molecular weight of Na (grams/g-mole).
NI = Equivalents of sodium in the glass.
t' = Dimensionless time = £2¢/D.

Note that for the case where £ approaches infinity, it will give a

parabolic rate law for the loss of soda in the glass, or

2 _ .
Mt = Kpt 7 (22)

Kp = parabolic rate constant.
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Heterogeneous Reactions

Now, we come to the third, and final case that deserves some
attention. The case in question, involves the coupling of kinetic
phenomena, that is, the coupling of mass transfer rates with reaction
rates to give the overall result. This class of reactions frequently
occurs in solid-fluid systems, and can only be dealt with on a casé-by—
case basis.13’14 The advantage of this method of approach is
realized by giving a more complete ana]ysis of the reaction rates. The
more complete analysis is beneficial, because if interpreted properly,
it can give valuable insight to the reduction reaction at the glass-
metal interface. The chief disadvantage lies in the inherent |
complexity of the analysis.

For coupled reactiohs in heterogeneous systems, the boundary
conditions given in (18) no longer apply. The new boundary condition
at x = 0, states that the concentration of the soda at the interface
is not quite zero, but a rapidly decreasing function with respect to
time. The function can be determined by integrating (14) for the
concentration of soda at the interface, and assuming reactions (3) and

(5) to occur much faster than reaction (1). In mathematical terms:

C KAt (23)

=C
INT

The boundary condition at x = £, and the initial condition do not

e
Na20 NaZO(I)
change. The new boundary condition makes the solution of the diffusion
equation much more complex in nature, and the method of Laplace

transform analysis must be utilized in order to attain a solution.

The resulting solution is (18):



1 3 v AY

'Mt =M ’1 - exp(=KAt) b\ /2 tan(kas?/p)l/2
KAg2
8 i xp' (2n+1) = : 2n¢ 4y 2
- . (24)
2 AT (2n*1) [1 - (2n%1) %42 a(kAL2 /D) ]

Notice that equation (24) shows the importance of the dimensionless
parameter KAlZ/D. If the reaction rate is very large, then (24) will
decompose after some manipulation, to equation (20); the reaction is
said to be "diffusion controlled". The same will hold true if the
diffusivity is much smaller than the reaction rate constant times the
sufface area. On the other hand, if the reaction rate constant and
the surface area are much smaller than the diffusivity, then equation
(24) will become that for the reaction limited case.

Obtaining the experimental values for the reaction rate constants
as a function of time and temperature would be quite tedious by using
(24). If the reaction rate wére indeed small, then the nonlinear
boundary condition (23) can be expanded in a Taylor's series, and the
resultant nonlinear terms could be dropped out. Also if the ratio of
KAlZ/D is much less than unity, so that one could consider the
geometry to be é semi-infinite couple, then the following equation
would result (Appendix A), (again using the method of Laplace

Transforms).

oKAv D(8000)M

J>|3
2

W(Na 3/2 . (25)

T

3 Mw(g]ass)

where:
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Mw(Na) = Molecular wt. of sodium.

o = Initial density of the glass at temperature.

Mw(g1ass) = Molecular wt. of glass.

t = Time (seconds). .
Equation (25) shows an important résu]t, in that, if the log of the
weight 1os$ per area were plotted against the log of the time, a
straight line would result, with a slope of 1.5. Knowing the material
parameters, and the intercept w111‘yie1d a usable value for the

reaction rate constant.
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Experimental

Materials |

Substrates of Marz A iron(*), in the farm of 0;254mm thick foils
were used. The iron was specified to be 99.995 wt % pure. The major
impurities'were carbon (.002 wt %) and oxygen (.003 wt %). Before each
experimental run, the Marz A iron was annealled in a graphite furnace
at 1100°C for 18 hours. Armco iron was obtained in the form of a lmm
thick sheet, of reported 99.8 percent purity, with a typical analysis
of 0.015 wt % carbon, 0.025 wt % manganese, 0.005 wt % phosphorus,
0.025 wt % sulphur, and 0.002 wt % silicon. Precipitates of Fe0O were
detected metallographically. Rectangular specimens were cut to provide
surface areas of approximately 0.5 to 1.00 square centimeters. A1l
specimens were polished with dry 400 mesh SiC paper, and given-a final
metallurgical polish on a Tap wheel with 0.05 micron alumina. The
samples Qere cleaned in ethyl alcohol, acetone and distilled water in
an ultrasonic cleaner. A1l samples were prepared immediately prior to
the experiment. |

Sodium disilicate glass (NSZ)_was prepared using reagent-grade
sodium carbonate and fused silica glass(**). Batch materials to yield
0.25 kilograms of glass were mixed with isopropyl alcohol for 24 hours,
slowly dried at 60°C, melted at 1350°C in air for 3 hours with
occasional stirring in a platinum crucible; and subsequently were

cooled and crushed. The glass was melted twice to insure homogeneity.

* MRC., Orangeburg, N. Y. :
** 7940, 325 mesh, Corning Glass Works, Corning, N. Y.
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The final melt was outgassed at 1200°C for 2 houfs,* The glass was cut
with a diamond saw under kerosene, into cubes with a nominal edge size
of 2.0mm, and stored in a vacuum desiccator until used. The chemical
composition of NS2 and other glasses used in this study are presented
in Table 1. |

Experimental Apparatué

The furnace consisted of a Kanthal wire-wound, high density (Coors
AD-998) alumina tube (2.0 cm in diameter by 53 cm long), (Fig. 2).
The hot zone is approximately 30.4 cm long, and the wire was wound to
provide a flat < 2°C/cm temperature gradient inside the tube. Both
ends of the furnace were sealed with water-cooled Viton o-rings. The
temperature inside the furnace was measured with a Pt-Ptl10Rh thermo-
couple to = 1°C. The temperature measurements were calibrated
electronically within the 355" to 1200°C range with a precision
microvolt potentiometer attached to a standard reference thermocouple.
100 mg of calcium carbonate was decomposed and checked against the
decomposition temperature found in the 1iterature.11 The accuracy
of the temperature measurement and control was found to be within 2°C.

A Cahn R-100 automatic, precision microbalance was attached to the
furnace, and differential weight measurements were obtained with
respect to time. The balance was calibrated against 10 mg and 100 mg

standard weights and adjusted electronically to within 10 micrograms.

* This is the time and temperature required before bubbling of the
glass completely ceases.
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Table 1. Chemical Analyses of Glasses

Amount present in glass (wt %)

Oxide ' :
constituent ~ NS2 (wt %) Glass + 40 wt Fe0
Si0, 64.38 | 38.63
Nay 33.85 20.31
Fe0 0.00 38.23
Fe,0, ~0.00 2.15
A1,04 0.63 .38
Ti0, 0.001 .001
Ca0 0.13 .078
Mg0 0.02 .012
K,0 - 0.05 . ' .030

8203 ‘ 0.18 .108
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Continuous weight loss measurements were recorded on a stfip chart
recorder to within £ 0.1 percent accuracy on a 10.00 mg full scale.
Weight measurements taken before and after each experiment showed
errors of no greater than 10 micrograms.

The entire system, including the balance was sealed and subjected’
to a 6.67 x 10'3 Pa vacuum. The vacuum was produced by a liquid-
nitrqgen cold-trapped o0il diffusion pump. The pressure was measured
with a calibrated, cold-cathode ionization gauge.

Experimental Procedure

The reactions were carried out at temperatures over the interval,
955°C to 1145°C in 6.67 x 1073 Pa vacuum. The loss in weight was
initially recorded in milligrams on the strip-chart recorder. The
weight loss was then converted to the fractional sodium lost from the
g]ass_by redox reactions. The amount of sodium weight loss per square

»centimeter df interfacial area was 6150 calculated and recorded.*

The procedure for a test consisted of pumping the system down to
approximately 0.10 Pa, then closing all vacuum valves while ultra-pure
helium was admitted to atmospheric pressure. The system was pumped
down again, to approximately 0.10 Pa. Afterwards, a liquid nitrogen-
trapped diffusion pump reduced the pressure to the working (6.67 x

10"3 Pa) value.

* The glass completely wets the surface of the metal above 900°C
within one minute.
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After maintaining the vacuum for 20 minutes, the ba]ance was tared
and zeroed using an external precision resistor network. The furnace
was heated from room temperature to the softening point of the glass
(840°C), at 20°C/minute. The specimen was held at 840°C under vacuum
for one hour. The furnace was heated again to the working tempefature
at approximately 100°C per minute so that the experiment could be held
under almost isothermal conditions. When the final temperature was
attained, the test was carried out, and the furnace cooled at the end
of the experiment to room temperature.

The above procedures were followed for all Marz-A iron experiments
with NS2. One run each with Armco iron, aged Marz-A iron {7 months
aging in a vacuum desiccator), and fused silica (blank run) as sub-
strates were also done. Sodium disilicate glass doped with 40 wt % Fe0
were placed on Armco iron and fused si]icé as substrates, and one run

of each was done at 1030°C.



20

Results and Discussion

Figure 3, shows the experimental data for as-received Marz-A iron
specimens obtained at four different temperatures. The data is plotted
as a normalized weight loss, with respect to the equiva]enf sodium
ions. The curves for the data are generally sigmoidal in shape. That
is, there is a slow initial rate, followed by a faster reaction after
approximately 30 minutes. Then, the rate tapers off at longer times.

Inspection of Fig. 4, shows the reaction behavior of FeO-doped
glass on two different substrates. The top curve is for Armco iron as
the substrate, and the bottom one is for a fused-silica substrate.

The increase in reactivity shown with Armco iron can be explained by
the reaction sequence (3) through (5). That is, in the presence of
iron, iron(II) oxide can be fdrmed.by the reactidn between the
iron(III) and iron(0Q) species at the interface of the glass/metal
junction. And, the presence of more iron(Il) oxide, will drive
reaction (3) further to form more products. Sinte no 'free' iron is
present in the fused-silica experiment, we observe a reduction in the
reaction, as shown in Fig. 4.

FiguresVS ahd 6 show attempts to linearize the kinetics of Fig. 3
using equation (15). The curves are not very linear for the high
temperature reactions, (Figs. 5A, 5B and 6A). But the lower
temperature, Fig. 6B, shows a tendency for the reaction to dominate
the ovér-a11 kinetic of soda decomposition.

Figures 7a and 7b show further attempts to linearize the data,

assuming a semi-infinite couple, with diffusion being the predominant
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mechanism. Again, the approach to linearity is quite‘poor; These
results suggest that for the iron-sodium silicate system, the reaﬁtions
tend to be dominated by the interfacial reaction, with some modifica-
tions to the overall scheme by mass-transport, and bulk reactions,
(i.e., reaction sequences 3 to 5). |

The above attempts to undertake a simplistic linearization scheme
clearly shows that we are not considering the entire picture of the
reactions. We must also consider mass transfer effects in a detail
necessary to affect a solution towards understanding the interplay of
reactions with transport phenomena, that contribute to thé observed
behavior. Thus, the next step would be to add one more degree of
~complexity, and if possible to further add descriptive models to the
system. Taking the aforementioned arguments into account, and noticing
that equation (25) can be readily linearized on a 1og—1og.p1ot, we
obtain Fig. 8. Inspection of this figure shows very nearly linear
‘p1ots over a period of times. A linear regression analysis (up to
90 percent reaction) gives very good correlations, (with regression
coefficients of 0.997 or better). The equations for the lines for the
three higher temperatures are QiVen in TabTe 2. The kinetic data for
the Tow (955°C) température reaction was obtained from Fig. 5B.

The kinetic parameters for the 1146°C reaction were substituted
into equatioh (24), and compared wifh the experimental data. The
result of this calculation is shown in Fig. 9. The theoretical model
for the heterogeneous reaction system derived earlier works quite well
within experimental error, up to one hour. After the reaction proceeds

to the one hour time 1imit, a noticeable deviation begins to occur.
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Table 2. Kinetic Data for the Iron-Sodium Silicate System
_ ‘ Rate
Temp.. Area Diff. Slope Int. Const.
1228  0.6888 3.0 x 1077 = —— — 4.83 x 107°
1303 0.4195 6.5 x 1077 1.51  5.56 x 10°®  3.36 x 107°
1319 0.6703 7.5 x 107/ 1.50  2.17 x 107> 7.66 x 107°
1419 0.4623 2.0 x10°®  1.40 471 x 107 1.47 x 1073
Temp. = Temperature in Kelvin.
Area = Interfacial area in square centimeters.
Diff. = Diffusivity in cgs units. (From reference 12).
Slope = Slope of log-log plot.
Int. = Intercept of log-log plot (mass per interfacial area).

Rate constant is derived from the intercept, (units of inverse square

centimeters per second).
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That is, the data;shows a reductiqn in the sodium weight loss as
compared with the theory. This result can be rationalized if one looks
at the phase diagram for the soda-silica-wustite system (Fig. 10).

The reaction path is shown by'the the 1ine'connecting point A to B.

As one goes from pure sodium disilicate, to a mixture containing iron
oxide, a phase change will occur at the 1110°C isotherm. The phase to
be precipitatéd is cristobalite. The position on the diagram where
this effect takes place is roughly equal to a sodium weight loss of
about 60 wt %, with respect to equivalent Sodium jons. Notice that
the assumption is being made here that the presence of iron(III) oxide
should not alter the effect of the silica precipitation reaction.
Further evidence of the precipitates being formed; can be readi]y seen
in Fig. 11. The precipitates have been shown, by Kevex analysis to be
silicon rich. Considering the aforementioned observations, it would
seem likely that the precipftates will hinder the trahsport of the
reactant sodium ions from the bulk glass to the interfacial region,
thereby resu]fing in the observed decrease in the rate not predicted
by the theory.

The exact fits for the lower temperatures were not as good as seen
in Fig. 9; However, for short times, in all cases, the fit was nearly
perfect. The observed trends can be summarized in this case by the
theoretical model predictions of too low a weight loss after short
tfmes. This could be due to the failure of the geometrical assumption
of a semi-infinite couple used to derive the kinetic parameters; but a
more plausible argument can be found by dismantling the Q.S.S.A. The

Q.S.S.A. implies that the entire reaction sequence occurs at, or near
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the interface. This assumption will not hold if any appreciable bulk
glass reaction can occur. That is, if the diffusion of ferric oxide
is relatively slow, one can expect reaction (3) to play a more
important effect in the overall kinetics of the bulk glass reaction,
thus changing the differential equations, and resuiting in a nonlinear
higher order partial differential equation that would not be amenable
to éh analytical solution. However, for the high temperature case,
the 3-5 reaction sequence could be occurring rapidly enough to make
the implied interfacia] boundary condition (equation 22) hold..

The temperature dependence of the reaction rate constant is
‘represented by the well known Arrhenius equation.

' K = k.e—Ea/RT | (26)
‘where k' is the pre-exponential factdr, Ea the activation energy of
the interfacial reaction, and R is the universal gas constant. Thus
plotting the log of the rate constant versus the reciprocal temperature
in degrees Kelvin, should result in a straight-line plot. The results
of this type of plot, for the iron—sodiﬁm disilicate reaction system,
yields the curve shown in Fig. 12. The calculated value for the
activation energy is 463 kJ per mole, and the pre-exponential factor
is 9.53 x 1013 cm%s-1,

The effects of sample history were also studied, and the results
are shown in Figs. 12 and 13. Figure 12 shows an interesting case
where aging can play a significant role in the reduction of the
reaction rate constant. This result has also been found by others in
this lab (6). Assuming that the initiation reaction is the slow step

(reaction 1), if we change the thermodynamic driving force of
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reaction 1, to favor the reactants, then we should observe some
reduction in the reactivity of the metal. A thermochemical balance of
the Gibbs free energies given in equation 6, sths that a high activity
of Fe0 at the interface can shift the driving forces for chemical
reactioﬁ towards the reactants. The dged Marz-A iron was subjected td
an Auger analyses for the oxygen content, and was found to be saturated
with oxygen, thus giving credence to the argument mentioned above.
Figure 14 shows a similar effect. That is, the reduction of reactivity
ih Armco iron. However, one should note, that an increased activity

of the iron(I) oxide in the bulk glass phase will not necessarily
reduce the glass-metal redox reaction. But in effect, a high bulk
activity, due to sequence 3-5 will enhance the reduction of the sodium

ions in the glass
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Conclusions

For most heterogeneous reactions, the mode is usually quite complex
in nature. This is chiefly due to the fact that mass transport and
interfacial reactions can be coupled in some instances, as it was for
the iron-sodium disilicate reactions. The coupling will usually occur
when the flux contributions due to the mass transport, and reactions
are not negligible with respect to each other. This is particularly
true for solid-liquid systems, where the surface reaction is s]ow.,13

Analyses of heterogeneous reactions almost always utilize the
methodology of mass balances with generation effects. Also, if
convectional transport is to be taken into account, é momentum balance
must also be accounted for. Even so, the modeling of each system
should follow a case-by-case basis of approach. The importance of
proceeding in th%s fashion is that it will help one to deal with
coupling of the side reactions with the main elementary reactions and
mass transport. Even though this coupling can and will almost always
lead to nonlinearities in the model, which are not amenable to a
direct analysis or calculation, the model can tell us when and how
significantly the side reactions can perturb the system in question.
Also, we can gain further insight as to which parameters enhance or
reduce these reactions, which may be useful from an engineering
point-of-view.

The importance of the difference between bulk activities, and
jnterfacial values for the activities can be shown in an indirect

manner by measuring the reactivities with respect to changes in the
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activities of the reacting species. Analyzing the reaction kinetics
for a glass-metal interaction, although complex, can help us to
understand more about the development of the interface, and also helps
us to better appreciate the connections between equilibrium concepts

and reaction dynamics.
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APPENDIX A

Derivation of equation (21)

First, we start with equation (17) and assume that the chemical
interdiffusivity of the soda in the glass is independent with respect

to the concentration of the soda in the glass.

03C2=
wl 9

a
(a4 Kep)
——
P~
—
N

where C is the soda concentration and D is the chemical
interdiffusivity of the soda in the glass.14
The initial condition is:

Ct=o = CI A(A2)

CI is the initial soda concentration in the glass. The boundary
condition at x = 0 is Co. Where Co is the final equilibrium concentra-

tion of the soda in the glass. The second boundary condition states

that the flux of soda at x = gis zero, or:

.
’g—x/=z =0 (A3)

If we made the units dimensionless, the following equation may be

obtained:
e ot | ” (Ad)

where
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c;-C
C' =
CI—Co
, _ Dt
th==
X

Xl

The initial condition changes to:

C;// =0
t'=0

The first boundary condition (at X = 0) is:
C'/X=0 =1

The second boundary condition (at x= ) is:

aC;// = 0
LY X=1

The solution to (A4) may be found by the use of
transformations. If we Laplace transform (Ad4), the

will be obtained:

2
sg - C'(X,0) = d—g
dX
or _
42
=3 - sg+ C'(X,0) =0
dX
where:
g =./f e7St cr(x,t)dt
0
or

(A5)

the Laplace

following equation

(A8)
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Substituting the initial condition into (A8) gives:

(AN

99 _sg-0 (A11)

o

X

‘The general nontrivial solution to (All) is:

VsX , o, VsX

g = Ae ~ + Be (A12)

The transforms of the boundary conditions are:

Ed 1C)/ X=1‘ =9/ y_0 ='§ (A13)

/ X= 1‘ = E =0 (Al4)
Substitution of (Al3) and (Al4) into (Al2) will result in the following:

and

Z-a+8 , | (A15)

- Vs Vs

0 = -Ae + Be (Al16)

Application of Cramer's rule to (Al5) and (Al6) results in a

solution for A and B:17
% 1
0 e s % o /s (a17)
A= = —3 A
1 1 e . e” V3
R4
1
1 “r_-;
e~ "5 0 -% o~ A (a18)
B = = A
1 1 e S + ¢ s
- 5
-e e




34
Substitution of (Al7) and (A18) into (Al2) yields:

1
;{e K- VX

e/g.'.e-l’s

- 5 o 3

+ e

g=

%cosh (v s{1-X))

= (A19)
cosh Vs :
. %cosh(vfgil-X))
. - -1 A20
Ct= {9 = cosh Vs (A20)

Application of the residue therem to (A20) gives:

4 E (2am+1)%a%t 14 (2m*1 )
=1-= 7T ‘ sin -—2-— (A21)
In terms of C:

: -(2m+1 t'/4
. (2m*1)n
* (Cp-C )= :E: €N s1n[ 2) ﬂ

c

J(A22)
For the iron-sodium silicate system, CO is very sma11,6 Thus,
0, therefore:
. :E o-(2m1)2e%e /4 (2m+1 ) x

Integrating (A23) over the thickness of the glass, and multiplying

the result by a constant cross-sectional area results in an equation

giving the amount of soda left in the glass with respect to the

dimensionless time t'. That is:

e-(2m+1)2ﬂ2t-/4
N=AC (A24)
I :7 m=0 (2m+1)2
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By stoichiometry:

N(sodium) = 2 {N(Na,0,initial) - N(Nay0,t')} (A25)
And: | | |
-Mt = N(sodium)Mw (A26)

Where M_ is the atomic weight of sodium. Substitution of (A25)

and (A26) into (A24) gives a final rsult for Mt'

@

8 exp[—(2m+1)2n2t'/4]
1l - A27
2 2m= (2m+1)° (he7)

Note that NI = 2A CI' which is the gram equivalents of sodium
initially in the glass. |

Derivation of Equation (25)

Using the same assumptions given previously, the diffusion

equation is the same as (Al). The initial condition is:

c/t=0 - ¢, (A28)

CI is the initial soda concentration in the glass. = The boundary

condition at x = 0 is given by the following:

aC '
3% /[ xe0 = - KAC (A29)

The second boundary condition is a requirement that the concentration
be bounded as x goes to infinity.

Assuming that the final equilibrium concentration of soda in the
glass is much smaller thaﬁ the ihitia]vsoda concentration, we may

integrate (A29) and apply (A28) to obtain the following:
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C o= Cre A (A30)
Expanding (A30) in a Taylor's series expansion gives:
2 3 4
_ (KAt) (KAt) (KAt)
C x=0 = CI 1 - KAt + > 7T + 3T - ee
(A31)

If KAt is much smaller than unity, that is a small reaction rate),
then an approximation to (A31) can be immediately written by throwing

out all of the nonlinear terms.

2/// ~ CI(l-KAt) (A32)
X=0 ,

Solving the diffusion equation can be made easier if we make the

initial condition homogeneous. Doing this, one may obtain:

C' =0 at t = 0 | (A33)
and

C' = CIKAt at x = o (A34)
where:

C' = CI -C v (A35)

Taking a Laplace transform of C' and substituting the initial

condition (A33) gives the following result:

-sg=0 (A36)

where

9=;;§{c'(x,t)§ = _[we‘s"c'dt (A37)
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Thé general solution to (A36) is: '
g = aexp <— /(§- X * aexp //-g X) . (A38)

However, since C' must be bounded for all x, g must therefore be

bounded. This makes a, equal to zero, or:

g = aexp (- ‘/g x> | (A39)

One could attempt to transform (A34) and substitute the result
into (A39), whereby an inverse transform may result in a solution.
However, this method gives a transform that is not readily solvable.
So one must use»Duhame]'s, or the convolution theorem to try and
17

attain an answer.

The convolution theorem, briefly stated, is as follows:

Given two functions g and h in the Laplace domain, and their
corresponding functions in real space are given by G and H,
respectively; the inverse of the product of g and h will be given

by the following equation:

i‘l {g*h} =ft G(A)H(t-2)dx (A36)

0

Recasting (A39) by defining the following terms:

f = exp <—/§x> - (A37)

and by noting that:

a =3 fe xae (A38)
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This, with the convolution theorem gives the following result:

Ct a;ifl {qg} =£13f1 {f-a} =J/-tF(A)A1(t=x)dx

0
By the residue theorem:

2
=3/2 =X
F(t) = X _ t exp

2 /4D (&)

Substitution of (A40) and (A34) into (A39) yields:

2
v X -3/2 =X
C' = E:_:_— A exp (Iﬁf) CIKA(t-x)dA

)
on letting v2 = %ﬁf and rearranging:

2¢, V2 < 2\
C!' = — e ' KA(t - —_-7> dv
/7 f 4DV
X

2/ Dt

Integration of (A42) can be done using complex analysis.

the integration is:

.2 - X
C' = 4C.KAt i"erfc < >
I 2/ Dt

where

2 2

n
SO:

c=cp J1- akAtilerfc =X
2/ TE

The rate of loss of soda from the glass is given by:

2
i“erfc(a) =-% ’(1+2x2)erfc(x) - = e A k

(A39)

(A40)

(A41)

(A42)

The result of

(A43)

(A44)

(A45)

(A46)
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Integrating (A46) with respect to time will given the total amount of

soda lost from the glass at some time after the initiation of the

reaction.

sC 4CIKAt ' i

i 1erfc(x/2vfﬁi)

2./ Dt
where:
1 -xz-
jerfc(a) = e - aerfc(a)
Vr | |

Solving for the flux:

I 2v/Dt

= 2C/KA /Bi
L

Integrating (A49) with respect to t:

N4 D ,3/2
K=-3-CIKA/;t

By stoichiometry:

J= )ZCKA Dt ierfc ( X )

N .
(sodium) =_§ CIKA % t3/2

A
Also:
My = Mw(Na) N(sodium)
and
C, = b
I Mw(glass)

X=0

(A47)

(A48)

(A49)

(A50)

(A51)

Since Mt in the experiment is measured in terms of milligrams, we

must multiply the resulting solution by 1000.

The final result is:



=

gopo °KAV/D M, (Na)

3 Mw(g]ass) ﬁ

40

3/2

(A52)
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List of Figures Used in this Study

The experimental geometry used for the glass coating on the
metal.

The experimental apparatus used in the weight loss
experiments. |

The normalized sodium weight loss at various temperatures.
FeO doped sodium disilicate glass reaction profiles on two
different substrates.

Sodium weight loss data plotted as 1lst order kinetics (see
text for full description).

Sodium weight loss data plotted as lst order kinetics, with
the ordinate expanded and for lower temperatures.

Sodium weight loss data plotted for various temperatures

assuming a diffusion limiting process to occur.

. The same as 7a., only the scale is expanded for c]érity.

Sodium weight loss data linearized on a log-log plot for
short time (less than 60 to 90 minutes).
A comparison of the raw data to the theoretical results

predicted by equation (24).

. The Iron(II) oxide, soda, silica phase diagram, f]]ustrating

the reaction path taken by the Iron-Sodium Disilicate
reaction system.

An SEM photograph showing the silica rich precipitates
forming within the glass after two hours of reaction at

1000°C.
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Fig. 13.

Fig. 14.
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The Arrehnius plot of the interface reactions otcurring
between 955 and 1145°C, for the Iron-sodium disilicate system.
A plot of the reaction profiles, showing the differences in
reactivity between aged and as received Marz-A iron specimens
with sodium disilicate glass. |

A plot of the reaction profiles demonstrating the differences
in réactivity between Armco iron and as received Marz-A iron

specimens with sodium disi]icate glass.
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