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THE CORROSION OF SILICATE MATERIALS 

BY HYDROGEN GAS AND HYDROFLUORIC ACID SOLUTION 

Stephen T. Tso 

Materials and Molecular Research Division, Lawrence Berkeley Laboratory 
and Department of Materials Science and Mineral Engineering, 

University of California, Berkeley, California 94720 

ABSTRACT 

The reactions of silicate materials with hydrogen gas were studied, 

The mechanism for the reaction of pure silica glass with hydrogen gas was 

investigated o Alumino-silicate glasses and calcium alumino silicate 

glasses were used to reveal the compositional effect on corrosion res is-

tance. Different methods were employed to increase the corrosion resis-

tance, Mullite was found to have potential as a material for coal gassi-

fication applications. 

The reactions between silicate glasses and hydrofluoric acid solution 

were also investigated. The difference in reaction rates for different 

glasses were explained on the basis of phase separation and crystalliza-

tion. These two reactions (with hydrogen gas and hydrofluoric acid solu-

tion) are in strong contrast in several aspects. The latter is diffusion 

controlled while the former is kinetically controlled. Therefore, no 

empirical relative corrosion resistance between them was found. 



INTRODUCTION 

Natural gas has always been an important source of energy for the 

United States. Thousands of homes and factories are equipped with gas­

heating furnaces. The domestic natural gas production rate is already 

failing to match the demand by an enormous amount, Estimates indicate 

that domestic production of natural gas will amount to only about one-half 

of the demand by 1985. Therefore, it is urgent that the process of coal 

gasification, for producing synthetic natural gas on a large scale from 

the abundant supplies of coal in the U.S., be developed and utilized as 

quickly as possible. 

Coal gasification equipment must be lined with refractory materials 

to lower the temperature of the outer metal shell in order to reduce 

heat loss and prevent metal failure. However, the volatilization of 

silica and silicates in reducing atmospheres rich in hydrogen. methane. 

carbon oxides and water vapor presents a special problem to refractories 

used in the lining and insulation. Because silicates are the most 

inexpensive refractory material, it is desirable that their corrosion 

resistance be improved so that they may be used in a reducing atmosphere. 

Understanding the reaction occurring in the coal gasifier and then find­

ing a method of improving the corrosion resistance of silicates are 

therefore important research goals. In an attempt to understand mecha­

nisms of refractory failure. the reactions between silica, silicates and 

hydrogen gas have been studied. This is only a small segment of a more 

complex problem. It is found that the loss of silicate material in the 

presence of hydrogen gas is due to the following reaction: 
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(1) 

A computer aided survey of published papers showed that very little 

scientific study had been done in this field. Most studies have been 

engineering-oriented. The reaction mechanism has not been revealed. 

Neither has there been any systematic effort to increase the corrosion 

resistance of the materiaL Realizing that ordinary refractory material 

was too complex ~ pores, impurities, etc. - for a quantitative study, 

pure silica glass and silicate glasses were used as a starting material 

for this study. Mullite with controlled composition has also been 

studied as a potential candidate material for the coal gasifier applica­

tion. The corrosion reactions of pure silica glass and silicate glasses 

by hydrofluoric acid solution were also investigated in order to reveal 

the possible empirical reactivity correlation between these two reactions 

(with hydrogen gas and with hydrofluoric acid solution). 

Thermodynamics and kinetics of the reaction (1) are discussed in the 

following sections. The possible slowest steps were explored. The 

pressure and temperature dependence, which are important in explaining 

the empirical data and determining the mechanism for the reaction, are 

also discussed for each case. The heat transfer mechanism and its 

possible effect on the reaction is also covered. Phase separation and 

reaction in multicomponent systems are briefly discussed. 



I. Thermodynamic_s of Silicon~Hydrogen::-Oxygen System 

The thermodynamic system considered contains three components, 

namely, silicon, oxygen and hydrogen, and two phases - solid and gas. 

The number of degrees of freedom f of this system can be calculated by 

I 
the phase rule 

f = 2 + n ~ P = 2 + 3 - 2 3 

where n is the number of system components and P is the number of phases. 

Therefore, the silicon-hydrogen-oxygen system has three degrees of 

freedom and three independent experimental variables. Usually, tempera-

ture is chosen as one independent variable as its effect on the reaction 

rate and product composition is of interest. Pressure is taken as the 

second independent variable. The final independent variable can be 

taken as the ratio of the total flux of hydrogen atoms JH to the total 

flux of oxygen atoms J in the gas phase. This ratio may be converted 
o 

to the ratio of JH2/JH ° because in the temperature range l200°C~1400°C, 
2 

nearly all oxygen atoms will combine with hydrogen atoms and form water 

vapor. This is evident by considering the ratio 02/H20 at 16000K for 

1 
H2 + 2 02 ~ H20. 

2 At 1600 o K. ~G for this reaction is -37.93Kcal. 

[H
2
0] 

~G =: -RT 9,n -----,-­

[H2] [02] 



The principal reaction between silica and hydrogen gas at these H2 and 

H
2
0 pressures is 

(1) 

When the reaction is in dynamic equilibrium the reaction rate in the 

forward and reverse direction must be equal, The equilibrium constant is 

K 

The value of K under standard conditions is less than unity, 

Therefore, the standard free energy is positive, and the reaction is not 

favored. One way to force the reaction to proceed to the right is to pro-

vide excess hydrogen gas and reduce the concentration of silicon monoxide 

and water vapor. In the kinetic studies steps were taken so that the 

equilibrium was not achieved, The equilibrium cons tant is related \oJi th 

the free energy of the total reaction as 

K 
-I':.G exp( /RT). 

Where I':.G is the change in Gibbs free energy, R is the universal gas 

constant and T is the absolute temperature, For a reaction at constant 

pressure and temperature, the associated energy change can be written 

in terms of I':.H, the heat of formation of the reaction product, and I':.S, 

the change in entropy as I':.G = I':.H - TI':.S, 

Values of I':.H and 1':.8 for species of the silicon dioxide, hydrogen and 

water system can be obtained from the JANAF Table, The reduction of 

silicon dioxide by reaction 1 has a positive heat,i,e, it is an endother-

mic reaction which involves an absorption of energy, 



The equilibrium concentration of gas versus temperature for PH -
2 

1 atm = P 1 can be calculated as shown in the thermodynamic values 
tota 

listed below. 

(Kcal) Si02 + H -+ SiO (g) + H2O(g) 
(s) 2 (g) 

!J.G for crystobalite quartz K 
crist 

K quartz 

l3000K 69.2 69.03 2.48 x 10-12 
2.32 X 10-12 

l4000K 64.98 64,78 7.7 x 10-11 7.17 x 10-11 

l5000K 60.4 60.16 1.71 x 10-9 1.58 x 10-9 

l6000 K 55,86 55.58 2.56 x 10-8 2.34 x 10-8 

17000 K 51.34 51.04 2.74 x 10-7 2.51 x 10-7 

It can be seen that as 2 moles of gas are produced for every 1 mole 

of reacting gas. the equilibrium constant increases with increasing 

temperature. 

II. Kinetics of Redox Reaction 

When chemical systems are in equilibrium, thermodynamics of the 

reaction should be considered. However, in some cases, for example at 

low temperatures, the reaction rate is limited by the surface reaction 

rate and equilibrium may not be established. On the contrary. at high 

temperatures, the reaction rate usually is limited by the gas-phase mass 

transfer in which case local equilibrium does exist. The slow step may 

change as a function of temperature. There are also other factors that 

affect the slowest step. For example. if the mass-transfer is the slow-

est step at some temperature. the mass transfer process can be very much 

accelerated by forced convection. If this rate exceeds that of the sur-

face reaction. the surface reaction step becomes the rate determining 

step. The pressure and temperature dependence for different slowest steps 
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will be discussed in the following sections. 

1) Mass Transfer Controlled Reaction Rate3 

When the reaction rate is controlled by mass-transfer process, the 

rate can be described as: 

Where J
A 

is the molar mass transfer of species A measured relative to 

fixed spatial coordinates in moles/cm
2

'hr, KC is the convective mass­

transfer coefficient in moles of A·cm/hr. The physical significance of 

this constant will be explored in the next section. 6C
A 

is the con-

centration difference between the boundary surface concentration and the 

average concentration of the fluid stream of the diffusing species A in 

3 
moles/cm . 

In order to explore the physical significance of convective mass-

4 transfer coefficient K
C

' the boundary layer concept is discussed below. 

The boundary layer concept was proposed by Ludwig Prandtl in 1904 and 

has been widely accepted until now. According to Prandtl's hypothesis, 

the effects of fluid friction at high Reynolds number are limited to a 

thin layer near the boundary of a body, Therefore, a conceptual boundary 

layer exists. Furthermore, there is no significant pressure change across 

the boundary layer. This picture greatly simplified the real system and 

made analytical treatment possible. 

The general Equations which are valid for any type of fluid are 

ch 
zx 
z 



DV dT dT 

P ___ Z =: pg + ~ + ~ + 
Dt Z dX dy 

dO 
zz 
z 

where ~ "" ~ + V ~ + V ~ + V _L 
Dt dt x dX y dy Z dZ 

For incompressible, laminar flow with constant viscosity, the above 

equations could be reduced into Navier~Stokes equation. These equations 

may then be expressed in a more compact form in the single vector equa-

tion: 

Blasius developed an exact solution for the hydrodynamic boundary layer 

for laminar flow parallel to a flat surface. The solution gives 

K L 
DC = 0.664 ReT 1/2 

AB 

where L is the length of the plate, DAB is the mass diffusivity of 

species A in B, ReL is the Reynolds number: ReL = p~ and is the ratio 

of inertial forces to viscous forces. (p = density of the fluid, V = 

velocity of the fluid, ]J == viscosity of the fluid), 

For the gas phase mass transfer, similar results can be obtained. 

The mass transfer coefficient is affected by the diffusivity DG of the 

gas, the geometry of the object and the gas flow rate. An approximate 

derivation is given below. 

The frictional force per unit area between two adjacent layers is 

dU 
F =: ]J -

dy 

dX u is the velocity of the stream, and u "" 3t for laminar flow. 



The frictional force on an elemental area 1 x d x is Fdx ma, which 

results in a deceleration of the fluid 

m p 6(x)dx a :::: dU 
dt 

dU dX 
dX t 

dU 
u~ 

dX 

dU "" K 6(x) u dU 
dY 1.1 ox 

The boundary condition is that the velocity of the fluid next to the 

plate is zero. Approximate relations can be obtained by approximating 

dU U, dU 
the partial derivations by the quotients of differences: dX + ~ dY 

U 
+ 6(x) and u + U. 

J:( ) ~(1.1pux)1/2 This gives l) x --, 

8 = tJL 8(xldx 

o 

2 L ---
3 IRe

L 

The gas phase mass-transfer coefficient KC is given in terms of the 

average boundary layer thickness 6 and the diffusivity DG by 

3 
2 

This equation differs from that obtained by a more exact calculation by 

a factor of only 2. The gas·-phase mass transfer coefficient is only a 

weak function of temperature (DAB a: T3/
2 

for gaseous diffusion
3
). It 

increases with increasing Reynolds number. A Reynolds number greater 

than about 2000 indicates the flow in the tube is turbulent. For hydro-

gen gas at l500°F, for a sample with L "" lcm, this will correspond to a 

velocity of about 180m/sec. Since P is decreasing with increasing 

* Data from Welty, Wicks and Wilson, "Fundamentals of Momentum, Heat and 
Mass Transfer," p. 657. T=1500°F for hydrogen)J 1.44xlO-S lbm/ft sec 

P "" 0.00141 lbm/f t 3 
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temperature while ~ is increasing with increasing temperature, at a 

higher temperature an even higher flow rate (velocity) is needed to cause 

a turbulent flow, This flow rate is too high to be practical in an ordi­

nary furnace tube. A laminar flow is therefore expected in the furnace 

setup used in this experiment, 

2) Reaction Controlled Mechanisms 

When the mass transfer rate is much higher than the reaction rate 

at the surface, the surface reaction becomes the rate-determining step, 

The total gas-solid reaction can be divided into five stages, namely, 

1) transport of the reactant to the surface, 2) chemisorption of reactant 

gas, 3) reaction, 4) desorption of product gas and 5) transport of product 

away from the surface, The mechanism of stage I and 5 under forced Con­

vection has been discussed in the previous section. In this section. the 

cases of stages 2, 3 or 4 being the rate determining step will be con~ 

sidered, 

(a) If step (2) - chemisorption of the reactant gas (H
2 

in this case) 

becomes the slowest step, all the steps before and after chemisorption 

will be much faster, Then the partial pressure of H2 near the silica 

surface will be at equilibrium with the flow gas, i,e. equal to I atm 

because mass transfer is by far the faster step. The surface is assumed 

to consist of a certain number of sites which are all available for chem~ 

isorption (because the reaction and desorption are also much faster). 

From the Langmuir modelS the rate will be proportional to the product of 

pressure and the number of free sites which is a constant property of the 

solid. Therefore, the rate equation can be written as: R = KIP where 

R = rate of the reaction, P = pressure of the gas being chemisorbed and KI 



a constant, and Kl can be expressed as a function of temperature: 

1~ / 1/2 * Kl [NCOO exp(-Ea /RT)] (2nMRT) = A exp(-Ea /RT) 

The above equation indicates that the adsorption rate was taken 

simply to be the rate at which molecules from the gas phase would strike 

a site area 0° times the condensation constant C, which is the fraction of 

the molecule that will stick. Besides, the adsorption is activated 

(otherwise it will not become the slowest step), the fraction of mole-

cules hitting and sticking that can proceed to a chemisorbed state is 

'i~ '1< 
given by exp(-Ea /RT) where Ea is the activation energy for the chemi-

sorption reaction, In the above representation, it is implicitly assumed 

that all the surface sites are homogeneous which is expected to be the 

case for the glassy phase, 

(b) If step (3) - surface reaction is the rate-determining step, then 

the rate equation can be written as R:= K2" [H
2
]'[Si0

2
] := K

2
'[H

2
] '" K

2
'PH 

2 
for the reaction (1) H2 + Si02 -+ 8iO + H

2
0 for molecularly chemisorbed 

hydrogen. 

Where [H
2

] is the chemisorbed hydrogen concentration, the total rate 

is proportional to the partial pressure of hydrogen gas. 

However, if the hydrogen molecules dissociate into adsorbed atoms, 

and the reaction mechanism is A + H d -+ A.H 
a s 

(1) and A·H + H -+ HAH 
ads 

(2) and either step (1) or (2) is the slowest step, the reaction rate 

will be proportional to the root mean square of the partial pressure of 

hydrogen 



It can be seen that the chemical reaction mechanism is difficult to 

pin down. Different mechanisms may give the same dependence. A mecha-

nism can only be proved wrong but never proved correct. Again K2 can be 

expressed as a function of temperature 

A exp(-E IRT) 
a 

where E is the activation energy for the reaction. 
a 

(c) If the desorption of products is the rate-limiting step, similar 

relationships can be derived. The products of the reaction are silicon 

monoxide and water vapor. From the mass balance consideration, if there 

is no residue then both product species are desorbed at the same rate. 

As they are products of the reaction and have negligible initial concen-

trations, their concentrations must be equal, i.e. [SiO d ] = [H
2

0 d ] 
a s a s 

= C. 

The rate equation can be written as 

* and K3 = AI exp(-Ed IRT) 

* where AI is a constant, Ed is the activation energy of desorption 

* * * and Ed Ea + 8 where Ea is the adsorption activation energy for the 

same chemical species and e is the energy of adsorption, When the desorp-

tion is the rate limiting step. the surface reaction rate is faster and 

equilibrium can be achieved. 

c = eH 0 CSiO 
1 1/2 KI 1/2 = i~ PH 

2 2 2 

R K' P 
1/2 

3 H2 
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Therefore, the rate will be proportional to the square root of 

hydrogen gas partial pressure, while similar temperature dependence will 

still hold. Besides the mechanisms discussed above. the heat transfer 

mechanism may also affect kinetics of the reaction in some cases, it will 

be discussed in the following section, 

III. Heat Transfer Mechanisms in the 

The heat transfer through silica glass can be by either phonons or 

photons. These two mechanisms are discussed briefly below. 

(1) Phonons: The energy in a lattice vibration or elastic wave is quan-

tized. The quantum of energy in an elastic wave is called a phonon. The 

transfer of energy in a dielectric solid can be viewed as the propagation 

of anharmonic lattice waves through a continuum or as the interaction 

between quanta of vibrational thermal energy. The thermal conductivity 

coefficient K of a solid is defined 

Q := 

by the 

K
dT 
dx 

equation 

dT 
where Q is the flux of thermal energy. and dx is the temperature gradient. 

The temperature gradient term, similar to the concentration gradient 

term in the diffusion process indicates that the process of thermal energy 

transfer is random. The random nature of the conductivity process brings 

a mean free path into the expression for the thermal flux. By analogy 

with the molecular mean free path and the kinetic theory of 
6 

the gases, 

thermal conductivity can be expressed I 
as K "" "3 CV9,. 

Where C is the heat capacity per unit volume, V is the average 

particle velocity and 9, is the mean free path of a particle between colli-

sions. This result was applied by Debye to describe thermal conductivity 

in dielectric solids, with C as the heat capacity of the phonons, V the 



phonon velocity, and t the phonon mean free path. The phonon mean free 

path t is determined principally by two processes, geometrical scattering 

and scattering by other phonons. The lattice structure of glass does not 

have the periodicity and symmetry of a crystal lattice. The mean free 

path of phonon, t, in this case is short. It is independent of tempera-

ture and of the order of the dimension of the structural unit (the silica 

tetrahedra) at high temperatures. The phonon velocity is constant. As 

a result, the conductivity is proportional to the specific heat at most 

temperatures. Since the specific heat is nearly constant at temperatures 

above the Debye temperature, the thermal conductivity becomes nearly con-

7 
stant at temperatures above a value near room temperature. 

(2) Photons: In addition to heat energy transfer by vibrational modes, 

heat may be transferred through the solid by transmission or absorption 

and reradiation of electromagnetic energy. In transparent materials. un-

like the more familiar opaque materials. the emission and absorption of 

radiation are bulk, rather than surface, phenomena. Interaction of the 

simultaneous emission and absorption of radiation throughout the volume 

leads to a mechanism of radiative heat transfer in the interior of trans-

parent materials. This requires not only the familiar radiation through 

these referred layers but also internal radiant exchanges between nearby 

layers. By analogy with thermal conduction an equivalent "radiative con-

ductivity" has been defined. This is different to that of opaque mater-

ials, in which heat flows by thermal conduction only. For gray body 

material the radiative conductivity can be expressed as a function of 

8 
temperature. 

k rad 
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where n is the refractive index of the material, y is its absorption 

coefficient defined 

Boltzmann constant. 

by the equation I x 
3 

The T dependence 

-yx 
~ Ie, and 0 is the Stefan­

o 

makes this conductivity a very 

sensitive function of temperature, and at high temperatures it becomes 

far more important than the true thermal conductivity of glasses. 

At high temperatures, the combination of high 'radiative conductivi-

ty' and low thermal conductivity for transparent materials results in a 

different temperature profile. The bulk of the sample is at a higher 

temperature and decreases to a lower temperature at the surface. The 

temperature gradient near the surface becomes steeper due to the cooling 

effect from the presence of a constant flowing gas that is at an even 

lower temperature. This temperature profile will affect the re.action 

rate at the surface and bring about a special surface morphology for trans~ 

parent glasses. Because of the very high heat capacity of the hydrogen 

gas, the cooling effect due to flowing gas becomes more significant at a 

higher flow rate of hydrogen gas. The drilling effect is also expected 

to become more pronounced at a higher flow rate of hydrogen gas. 

IV. Multicomponent System and Reaction Mechanism 

In the silica glass and hydrogen gas reaction, the solid phase is 

considered as a homogeneous single phase. In the previous sections, the 

thermodynamics and kinetics considerations were based on the homogeneous 

solid phase. However, in the multicomponent glass system, the solid is 

no longer a single homogeneous phase, Crystallization and phase separa~ 

tion occurred upon reheating. Each solid sample contained more than one 

single phase. Spinodal decomposition and nucleation with subsequent crys-

tal growth are two mechanisms for the observed phase separation. In the 
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alumino-silicate system, a metastable liquid immiscibility between 7 and 

55 mole% of A1
2
0

3 
is found. 9 The phase separation on the cooling stage 

in the glass formation process is due to this liquid immiscibility. 

This phase separation helps the nucleation of finely divided mullite on 

reheating these glasses above lOOOoe. Crystallization of the siliceous 

matrix of mullite glass-ceramics to cristobalite normally occurs inter-

nally in radial sperulitic orientation when heated above l200o e. A small 

addition of modifying oxides such as the alkalis and alkaline earths 

3+ allow tetrahedral coordination of most of the Al and therefore reduce 

the tendency toward phase separation. This, in turn, tends to reduce or 

inhibit crystallization of mullite and cristobalite. However, heating 

to a higher temperature will still cause crystallization. It is im-

portant to recognize that phase separation can occur in the multicompo-

nent system. Besides, as the reaction with hydrogen gas goes on, a resi-

due is left behind. At temperatures below 1500oe, the reaction rate be-

tween alumina and hydrogen gas is negligible. When silica is etched out. 

the alumina is left behind and forms a new surface layer. It is hoped 

that by sintering the residue into a dense layer, a better corrosion 

resistance can be obtained. A better errosion resistance is also expect-

ed. Therefore. a corrosion and errosion resistant material may be formed 

through forming a surface layer first by reaction with hydrogen gas and 

then sintering of this surface layer into a dense layer. 



EXPERIMENTAL 

I, Apparatus 

1) Hydrogen Gas Corrosion 

A hydrogen furnace was built for corrosion testing of samples, A 

schematic of the hydrogen furnace system is shown in ,1. A carrier 

gas (usually argon or helium) is available. The flow rate is controlled 

by a regulator and a set of valves, and monitored by a flow meter. A 

palladium-silver hydrogen diffusion purifier was installed. The capa­

city of this unit is about 100 c.c. (S,T,P.)/min which is much less 

than the rate that was found to be required in this study. It was thus 

bypassed. An ice water cold trap was found to be necessary to condense 

the reaction products (mostly H
2

0) in order to prevent clogging of the 

flow valve and check valve. An alumina tube is used because of its 

corrosion resistance to hydrogen gas, but it is vulnerable to thermal 

shock, Design features and proper control of heating and cooling rates 

had to be introduced to minimize thermal shock problems, Figure 2 is a 

cross-sectional sketch of the furnace itself. Inside the alumina tube, 

two improvements were made: (i) Baffles were introduced as a heat 

exchanger to heat up the incoming hydrogen gas. They also reduced the 

heat loss from the ends of the furnace tube and thus provided a suitable 

uniform hot zone at a lower power consumption rate. (ii) A sample hold­

er was designed to effectively reduce the total cross-section of the tube 

so as to get a high linear gas flow velocity past the specimens with a 

much lower volume flow rate to reduce the gas consumption rate as well as 

the power consumption rate. In order to study the kinetics of the 

reaction, the linear flow rate of the gas past the surface of the 



specimens should be high enough so that the surface reaction becomes the 

rate limiting step for pore~free samples. Otherwise, the mass transfer 

of the reactants and products through the stagnant surface gas layer may 

become the rate limiting step. 

It is shown in Fig. 2 that a 36 inch long alumina tube (O.D. "" 3.25" 

I.D. 2.93") is placed inside a 20 inch long alumina core (O.D. = 4", 

I.D. 3.5") which has 6 grooves per inch. It was wound with a 0.040 

inch diameter, 60% Pt/40% Rh wire. Four inches on both the left and 

right ends were not wound. Power leads extend out of each end of the 

insulation shell. The winding is covered with EA-139 alumdum cement. 

The wound furnace core was wrapped with five sheets of 20" x 24" x 0.2" 

zirca felt. It was then wrapped with a piece of wax paper. With one 

transite end plate in a horizontal position, the furnace core was mounted 

in a vertical position. Four 2" x 6" X 20" sections of Vee-Block, and 

three tie rods were set upright in the annular space, Vee castable 

(putty-like consistency) was then added to fill up the annular space. 

The other transite end plate was set in place, and the whole assemblage 

bolted together. After several days of room temperature drying, the 

initial firing was accomplished by slowly raising the temperature to 

900°C over a period of several days. The use of castable eliminates 

channels through which heat can be lost (compared to fitted brick). The 

wax paper around the zirca felt keeps it from coming in contact with the 

wet castable slurry. The wax paper is burnt in the initial firing. 

A Pt-Pt/IORh thermocouple was used to measure the temperature. Since 

the thermocouple reacts with hydrogen gas, it was placed inside a 0.4 11-diameter 

alumina tube. Figure 3 shows that the hot zone was relatively uniform 
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over a distance of 10 cm. In each run, the specimens and the thermo­

couple were placed in this hot zone, 

A "Davis Combustible Gas Detector System ~ series 3800" sensor is 

hung from the ceiling over the furnace to detect any leakage of hydrogen 

gas. The control box is kept close to the furnace, The alarm is set to 

be activated when the hydrogen gas concentration around the sensor reaches 

20 to 22% of the lower explosion level (L.E.L.), The safety system is 

regularly checked and examined by safety engineers from L.B,L. and campus, 

A portable hydrogen detector is used to track down any leaks in the fur­

nace system. All the gas products, including the unreacted hydrogen gas, 

were dissipated outdoors. 

2) Hydrofluoric Acid Solution Corrosion 

A constant temperature water bath shaker was used to study the 

reaction between silicate glasses and hydrofluoric acid solution. A 

solid state time proportioning heat control allowed precise temperature 

control within the range of -IO°C to 100°C. A cooling core is necessary 

from ambient temperature to -IO°C. The oscillation speed was varied 

from 20 to 200 osc/min. Polyethylene bottles were used as containers 

for the hydrofluoric acid solution. Samples were hung in a net of plati­

num wire from the top of the bottles. 
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II. Material ion 

Nine silicate glasses were used. Their compositions are listed in 

Fig. 4. The silica glass was obtained from Amersil Co. as a 9mm-diameter 

rod which was first cut into 2mm thick discs. The as-cut glass discs 

were treated with hydrofluoric acid solution to remove microcracks caused 

by abrasion of the diamond saw. The impurity content of the Amersil 

silica glass was analyzed by American Spectrographic Laboratories spectro­

graphically: Si02 - major constituent, A1 203 - 0.045, FeO - 0.015, MgO 

- 0.0007, CaO - 0.0005, and CuO - 0.0005 wt%. 

The other silicate glasses were prepared by Corning Glass Works. 

The as-received glass chunks were first core drilled into 9mm diameter 

cylinders and then cut into 2mm thick discs. Hydrofluoric acid solution 

was used to remove the surface layer and provide a uniform surface mor­

phology. After this treatment, the glasses were stored in a dessicator 

until ready to use. 

The mullite sample with 73 wt% A1 203 was prepared in this 

laboratory. It was cold pressed into a 0.90cm diameter disc and sinter­

ed in air at l600°C. The as-sintered mullite discs were used without 

any treatment. Its microstructure is shown in Fig. 5. It is theoreti­

cally dense because of the presence of the glassy phase at the grain 

boundaries. 

Hydrogen gas with a reported purity of 99.999% and a dew point of 

-120°F was provided by Lawrence Berkeley Laboratory (LBL). The listed 

impurities are water vapor, 0.25 p.p.m. and oxygen, 1.5 p.p.m. The 

argon and helium gas were also provided by LBL and were 99.999% and 

99.998% pure, respectively 



The hydrofluoric acid solution was obtained commercially. The as­

received hydrofluoric acid solution is 52 wt% HF, or 30M (moles of HF/ 

liter). It was diluted with distilled water to ma~e solutions of speci­

fied concentrations. 

III, imental Procedure 

The gravimetric method was used to measure the reaction rate, 

Samples were weighed before and after the reaction, The weight loss 

divided by reaction time and surface area gives the reaction rate, The 

procedure in running a hydrogen reaction test consisted of inserting the 

specimen into the furnace at an accurately specified position, pumping 

to vacuum, adding inert gas -- Argon or Helium, raising the temperature 

to the specified temperature, holding for 30 minutes to insure a thermal 

equilibrium, introducing flowing hydrogen gas at atmospheric pressure 

for the desired time and at the desired rate of flow, introducing inert 

gas, and cooling, 

The volume flow rate of hydrogen gas and/or inert carrier gas were 

measured by flow meters, The linear flow speed past the sample is cal­

culated by dividing the volume flow rate by the total cross section of 

holes on the sample holder, The hydrogen flow meter is made by Fisher 

and Porter Co, and the calibration curve is plotted in Fig, 6, 

The surfaces of the reacted samples were examined by an optical 

microscope and a scanning electron microscope, When a scanning electron 

microscope is used, the sample has to be coated with a layer of gold 

by sputtering. Usually a tilt angle of 30° was used, 

The presence of crystalline phases was determined by x-ray 

diffraction. Chemical compositions and the concentration profiles were 



determined with the electron microprobe. Before electron microprobe 

analyses. the samples were polished to a quarter micron grade and coated 

with a carbon film by vapor deposition. 

When the reacted sample had a porous structure, the carbon did not 

stick to the surface due to the evaporation of oil that was absorbed 

during polishing. Also, the porous structure was subject to distortion 

during the polishing process. A vacuum mounting method was developed to 

overcome this difficulty. The sample was placed in a chamber which was 

pumped down below a pressure of 1 torr, and epoxy was then introduced as 

a mounting material. The epoxy flowed into the evacuated channels of 

the porous specimen. Distortion of the specimen was thus prevented 

during polishing. The pressure of the chamber requires careful control 

since epoxy decomposes at very low pressures. The curing time of the 

epoxy is controlled in order to adjust its hardness. Usually, it takes 

two to eight hours. 

All the microprobe measurements were made with an accelerating 

voltage of 15 KV and a specimen current of O.03~A. The concentration 

profile was obtained by traversing the electron beam of ~l~m diameter 

perpendicular to the reaction front. 

If large fluctuations were present because of either phase separation 

or porosity, line scanning of 50 ~lOO~m parallel to the reaction front 

was applied to every point to obtain an average composition and a smooth 

curve. An integrated count per ten seconds was monitored by logic cir­

cuit counters and simultaneously punched on IBM cards. The data were 

corrected by computer with magic IV program for absorption, fluorescence, 

atomic number, dead time, drift and background. The corrected data were 
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printed and plotted when requested. 
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RESULTS AND DISCUSSION 

I. Reaction Between Silica Glass and HYirogen Gas 

1) Devitrification of Silica Glass: 

It was observed that silica glass devitrified in the hydrogen 

atmosphere in the temperature range l200°C to l400°C. The product of 

this devitrification reaction was identified as cristobalite by x~ray 

diffraction. The extent of devitrification was found to be a function 

of reaction temperature and time. The formation of the cristobalite 

starts at the surface of the glass sample and propagates toward the 

center. Upon cooling, high or S cristobalite undergoes a displacive 

transformation to low or a cristobalite in the temperature range of 270 

and 200°C. As a result of the large difference in the expansion coeffi­

cients of these high and low forms, cristobalite cracks upon transforma­

tion. Because a gravimetric method was used to monitor the reaction rate, 

cracking of the sample was undesirable since the loss of a small portion 

of the sample due to cracking could result in a large experimental error. 

Therefore,eliminating the devitrification phenomenon was critical to the 

kinetic study. A series of qualitative observations revealed that the 

devitrification phenomenon decreased in extent with continuous use of the 

furnace tube. It was suspected that devitrification was caused by some 

vapor contaminants. Heating a piece of silica glass in air to the same 

temperature did not result in devitrification of the glass. 

By analyzing the condensate in the cold trap of the hydrogen furnace 

(Fig. 1), sodium and a small amount of potassium were identified as the 

major components by the Energy Dispersive X-ray Analysis (EDAX). Without 

a cold trap, sodium accumulated in the valves; upon hydration the valves 
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became clogged. The cold trap was thus necessary for normal operation of 

the hydrogen furnace system. 

The source of sodium and potassium was the alumina tube which was 

~95% pure, No alumina tube of higher purity was commercially available. 

Sodium oxide and potassium oxide are always present in commercial alumina 

products. From the literature,lO it is known that sodium silicate glass 

has a much stronger tendency to devitrify than fused silica. This can be 

seen from the critical cooling rate for glass formation: 
-4 

Si02 , 10 

In the presence of hydrogen gas, the sodium oxide and potassium 

oxide in the alumina tube are reduced to sodium and potassium vapor and 

are carried along by the flowing gas. Deposition on the silica glass 

occurs as a result of high concentration of water vapor near the silica 

surface due to the reaction of silica and hydrogen. Such deposition re-

suIts in the initiation of the devitrification of the silica glass on the 

surface. Therefore, if the sodium oxide could be removed from the tube, 

the devitrification of the silica glass should be halted. To achieve 

this objective, each new alumina tube was heated in flowing hydrogen at 

1500°C for about 24 hours. Such treatment eliminated the devitrification 

of silica glass in the hydrogen furnace.was eliminated. 

2) Weight Loss in Hydrogen: Reaction or Decomposition 

In the presence of hydrogen gas, silica glass shows a weight loss at 

high temperatures, This loss may be due to a reaction with hydrogen gas 

as 

(1) 



or to decomposition in a very low oxygen partial pressure, as 

1 
Si02(s) + SiO(g) + 2 02(g) (2) 

The equilibrium partial pressure in the presence of hydrogen gas with a 

partial pressure ~l atm is calculated as (see Introduction) 

(3) 

In order to estimate the partial pressure of water vapor. the reaction of 

Eq. (1) has to be considered. At 16000 K 

6G -56.24 - 37.93 + 150.03 =: 55.86 Kcal 

6G =: -RT 9,nK 
eq 

3 55.86 x 10 

2 3 10-8 • x 

~ [SiG]. then 

~[SiO] 
-4 1. 5 x 10 (4) 

This is the maximum equilibrium value predicted by thermodynamic calcula-

tions. Substituting Eq. (4) into Eq. (3) 

(5) 

It should be noted that without reaction (1), the partial pressure 

-6 of water vapor is reported to be lower than 10 atm in the hydrogen 



bottle provided by LBL, The oxygen partial pressure is even lower. NOw, 

let us consider the thermodynamic data for the decomposition reaction of 

Eq, (2). At 16000K 

/':,G 93.8 Kcal 

Substituting Eq, (5) into Eq, (6) 

[SiO] 

1 
- RT .Q,n [ S iO] [0

2
] 2 

-3 
~5 x 10 

-3 
The empirical weight loss rate of Sia2 at l6000K is ~2.5 x 10 

2 -5 2 P 5iO 
g/hr'sm (~4.2 x 10 mo1e/hr'cm), From the equation J = 44.33 

we obtain 

-5 4,2 x 10 
3600(sec) 

P
SiO 44,33 

/44 x 1600 

IMT 

(6 ) 

(7) 

(8) 

From Eqs, (4), (7) and (8), it can be seen that both reactions (1) 

and (2) are thermodynamically favorable. Which one is responsible for 

the weight loss is determined by the kinetics of these reactions. The 

following experiment was performed. A low partial pressure of oxygen in 

the absence of hydrogen was prOVided to ascertain whether or not a weight 

loss occurred. A piece of silica glass was heated in a tantalum furnace 

-6 -7 
in vacuum (10 ~lO torr) in the presence of titanium wool at 1300°C 

for one day, No weight loss was observed. As both tantalum and titanium 

are oxygen getters. a very low partial pressure of oxygen must have been 

present. The lack of weight loss excluded the possible mechanism of 
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(2) . d' 11 decomposition as represented by Eq. . However, prevlous stu les 

showed decomposition and volatilization of silica are significant in 

vacuum at higher temperatures (~1600°C). In the temperature range of 

this study, weight loss is then due to the hydrogen according to Eq. 1. 

3) Temperature Consideration 

Reaction rates are in general strongly dependent upon the 

temperature. Therefore, rate measurements should be made at a measured 

constant temperature. In these kinetic studies, a high flow rate of 

hydrogen gas was maintained to avoid the gas phase transport mechanism 

becoming the rate limiting step. Because the hydrogen gas has a 

high heat capacity, the flowing hydrogen gas will carry a considerable 

amount of heat away, This behavior imposes a limitation on the maximum 

temperature that the furnace can reach. Moreover, the flowing gas is at 

a lower temperature than the glass sample. Even though a set of baffles 

is introduced to provide a uniform hot zone and to heat up the incoming 

hydrogen gas, it is still expected that the hydrogen gas flowing at such 

a high volume rate will not become thermally equilibrated 

with the furnace and hence will be at a lower temperature than the glass 

samples. The thermocouple was kept as close to the sample as possible 

and the temperature was monitored continuously so that the sample tempera~ 

ture is as closely monitored as possible, 

As pure silica glass remained transparent during the reaction, it is 

expected that a temperature variation existed inside the glass sample. The 

other glasses became opaque with initiation of the reaction. In these 

cases, the temperature of the samples should be similar to the temperature 

of the furnace. 



4) The Effect of Gas Flow Rate on Total Reaction Rate 

It was found that the total reaction rate was dependent on the 

hydrogen gas flow rate as seen in Fig. 7. At a very low flow rate, 

the total reaction rate was negligible. As the flow rate increased, 

the total reaction rate also increased. In this range, generally known 

as the transport influenced range, the higher flow rate tends to decrease 

the thickness of the stagnant surface layer, Therefore, the transport 

rate through this stagnant layer is increased and so is the total reac­

tion rate. As the flow rate increases past a certain value, the total 

reaction rate becomes fairly constant and is independent of the flow 

rate. This behavior is due to the transition of the slowest step of the 

reaction from transport controlled to kinetics controlled, Further 

increase of the flow rate introduced a larger fluctuation and made ex­

perimental results less reproducible. This effect is probably due to 

the cooling effect of the flowing hydrogen gas at a very high volume 

flow rate. The hydrogen gas has a high heat conductivity. A high volume 

flow rate can seriously change the temperature profile inside the fur­

nace. Higher flow rates tend to shift the hot zone toward the do~mstream 

side of the furnace, Besides, at a certain flow rate, the furnace may 

not provide enough power and the temperature will be lower 

than specified, Therefore, a low volume flow rate of hydrogen 

gas with a high linear flow speed past the sample made the sample holder 

a necessary part of the furnace assembly. 

5) Surface Morphology after Reaction with Hydrogen Gas 

The reacted silica glass has an unusual surface morphology, Figure 

8 shows the change in the surface morphology with increasing reaction 
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time at l300°C. A set of as-cut silica glass samples was used. The as­

cut glass sample had microcracks on the surface and was therefore not 

transparent. Figure 8A shows the surface after only a slight reaction. 

As the reaction proceeded, the surface layer which was full of micro­

cracks completely disappeared as seen in Fig. 8B. At this stage, the 

glass became transparent again. Small holes started to form and, once 

formed, tended to grow (Figs. 8C, D, E, F). This kind of drilling effect 

was found to be unique to the silica glass; it was not shown on silicate 

glasses, which became opaque after reaction, This morphology is due to 

the temperature gradient in the transparent glass sample, At the tip of 

the hole, the temperature is higher than at the surface. Accordingly, 

the reaction rate at the tip of the hole will also be higher. The dif­

ference in the reaction rates means that the hole becomes deeper and 

deeper. The product concentration is also higher at the tip of the hole 

than at the surface. This conclusion is supported by Fig, 9 which shows 

the formation of cristobalite on the ridges. Apparently, silicon mon­

oxide and water vapor on leaving the pits become oversaturated when they 

come into contact with the cooler hydrogen gas. 

The reaction is complex, The rate determined from weight loss and 

apparent surface area data is not the true reaction rate. The actual 

surface area is larger than the surface area calculated from the overall 

geometric shape. The actual rate is thus lower than the indicated cal­

culated rate. On the other hand, the redeposition of cristobalite 

reduces the observed weight loss and makes the true reaction rate higher 

than the calculated rate. The temperature gradient makes it even more 

complex. A simple explanation of the apparent activation energy and the 
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rate values is not feasible. Bearing this in mind, the kinetic study 

results are given and discussed in the next section. 

It is interesting to compare this surface morphology with that for 

fused silica reacted with hydrofluoric acid solution in which case the 

mass transfer is the slowest step, 

6) Reaction Rate and Apparent Activation Energy 

The weight loss divided by the surface area of the sample 

calculated from its geometric shape was plotted against the total reac­

tion time in Fig. 10. By least-squares fitting, the slope of the curve 

was obtained as the reaction rate at a specified temperature. The appar­

ent activation energy can be obtained by plotting the reaction rate ver­

sus the reciprocal of temperature as shown in Fig. 11. As discussed in 

the previous section, there is no simple explanation of the apparent 

activation energy. Moreover, as the surface roughening effect was more 

significant at higher temperatures with larger weight losses, the acti­

vation energy should be lower than the value obtained. After adjustments 

for the indicated difficulties, the true activation energy would be ob­

tained. It indicates the energy barrier of the slowest step. Further 

investigations were carried out in an attempt to determine the reaction 

mechanism. 

7) Effect of Dilution of Hydrogen Gas on the Reaction 

The dependence of the reaction rate on the partial pressure of 

hydrogen gas was studied. The hydrogen gas was diluted by either argon 

or helium gas. The reaction rates showed striking differences. The 

reaction rate variation with partial pressure of hydrogen is shown in 
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Fig. 12. When the hydrogen gas was diluted by helium. the reaction rate 

decreased slightly. The apparent linear dependence of the data is not 

true taking into account the limiting points. Consideration of the helium 

c.urve (Fig. 12) shows a likely root mean square dependence on the 

partial pressure of hydrogen. On the contrary. a small amount of argon 

gas greatly reduced the reaction rate and further dilution had only a 

slight effect. As both helium and argon are inert gases, no chemical 

reaction is expected. 
12 

Schwerdtfeger explained this difference as an 

indication of a diffusion controlled mechanism. But the difference in 

the diffusivity of the product gas through different gas mixtures can 

not account for such a large difference. A possible explanation is 

that the argon gas was significantly enriched inside the furnace tube. 

Figure 13 shows the cross-section of the furnace tube assembly. 

The alumina tube area is four hundred times that of the stainless steel 

tube area. At steady state, the incoming flux must be equal to the out~ 

going flux. (Since the reaction rate is so low, the little change in the 

gas composition caused by the reaction can be neglected when the flow rate is 

high.) Inside the tube. the speeds of the gas molecules are different 

due to the difference in their mass. The hydrogen gas with a much lower 

3 
mass will travel at a much higher speed because iKT 1 V2 

r' Therefore, 

at point B, the escape probabilities can be different for the gases. The 

hydrogen gas with a higher speed will have a larger escape probability. 

The argon gas molecules will then accumulate until the concentration differ-

ence is large enough to compensate for the difference in their speed. Since the 

total pressure remains constant, the enrichment of the argon gas results 

in a decrease in the partial pressure of the hydrogen gas inside the 



-33~ 

alumina tube. A quantitative analysis is too complex to be feasible. 

A crude estimate . l' NAr/N glves a mo e ratlo H2 of about 5 if it is assumed 

that the escape probability is proportional to the product of molecular 

number and collision frequency at the cross~section which is in turn 

proportional to the speed of the gas molecules, 

Lack of dependence of the reaction rate on the flow rate of the 

reacting gas beyond a critical flow rate and the observed drilling effect 

suggest that the mass transfer process is not the slowest step. A sig-

nificant contrast exists between the reaction with hydrogen gas and 

hydrofluoric acid solution in which case the mass transport is the the 

slowest step. This will be discussed in Part E under Results and Di.s-

cussionn The total reaction rate varied roughly as the square root of 

partial pressure of hydrogen gas when diluted by helium gas. Such a 

pressure dependence excludes the possibility that adsorption is the 

slowest step. Therefore. either surface reaction or desorption is the 

slowest step for this reaction. It is difficult to distinguish between 

them. The desorption process is more likely to be the slowest step 

, . t d' 13, d' h Slnce preVlOUS S u les lD lcate t at water vapor has a very strong 

affinity for silica. The strong interaction between them could make 

desorption the slowest step. 
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II. Reaction Between Alumino-silicate Glasses and Hydrogen Gas 

1) Phase Separation and Crystallization 

The phase diagram for this system is shown in Figo 14. Phase 

separation can occur due to the metastable immiscibility gap in the 

11 0 ° p. dO 9 system which can be a precursor to crysta lzatlon. reVlOUS stu les 

indicate that crystallization occurs in alumino-silicate glasses upon 

heating above 1000oe. However, the crystalline phase remains very small 

so that the sample is still translucent to transparent. The extent of 

crystallization was monitored by the x-ray diffraction peak heights and 

densityo Figure 15 shows the x-ray diffraction results for L glass (30 

wt% A1203). The top curve was obtained after a heat treatment at l200°C 

for 10 hours and showed only mullite crystallization. Cristobalite crys-

tallization occurred on a subsequent heating at 1300°C for a further 10 

hours as shown by the lower curve. A comparison of these two curves 

shows that at l200°C crystallization of cristobalite is a slower process 

than is mullitization and that the mullite crystallization is not com-

plete after 10 hours. The other alumino-silicate glass K (20 wt% A1
2
0

3
) 

behaves similarly. It is apparent that alumino-silicate glasses used 

in the hydrogen gas corrosion test contain three phases, namely mullite, 

cristobalite, and the remaining glass matrix and are therefore no longer 

single phase, homogeneous materials. 

2) Surface Morphology of Reacted Alumino-silicate Glasses 

As the reaction rate of alumina with hydrogen gas is much slower 

than that of silica, alumina is left behind as silica is etched away. 

The residue forms a new opaque surface layer identified as a-alumina. A 

set of 'rosettes' formed on this alumina layer at l350°C and l400°C after 

reaction with hydrogen as shown in Fig. 16. At l500°C the rosette pattern 
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disappears, The formation of the rosette pattern is related to the 

cristobalite phase, 
9 It is reported that crystallization to cristobalite 

normally occurs with spherulitic orientation in alumino-silicate glasses 

when these materials are heated above l200°C, As cristobalite has a 

higher reaction rate, a depression in the shape of a rosette is formed, 

At lSOO°C, the surface diffusion rate is high compared to the reaction 

rate and thus the resulting surface morphology is much smoother, This 

kind of surface morphology is unique to alumino~silicate glasses, In the 

silicate glasses with lime addition, in which the cristobalite did not 

form, such a morphology was not found, The molybdenum spheres shown on 

the picture at lSOO°C (Fig, 16) apparently are impurities introduced in 

the glass preparation process, Cracks were also found on the alumina 

layer in Fig, 16. As alumina has a higher expansion coefficient than 

the core, a tensile stress results in the alumina layer upon cooling 

causing cracks to occur, 

3) Reaction with Hydrogen Gas 

L glass (30 wt% A1 203) was used for the kinetic study, The reaction 

rate plotted against the reciprocal of temperature is shown in Fig, 17, 

It was found that the total reaction rate (compared to that of silica 

glass) is suppressed by the addition of alumina. The decrease in total 

reaction rate was found to be much greater than that expected from a 

weight ratio consideration (Fig. 18), The alumina added stabilizes the 

"-« ..... : 
silica toward the reaction with hydrogen gas, 

It is interesting to note that in the petroleum industry, alumino~ 

silicates are generally used as catalysts for cracking, These alumino-

silicate catalysts can be either amorphous or crystalline (mostly 
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zeolites). They are not simple mixtures of alumina and silica. This is 

evident from the fact that a combination of silica and alumina is much 

more effective than alumina or silica alone. Typical silica-alumina 

cracking catalysts contain silica in excess, the amount of alumina being 

lO~25 wt%, which is close to the composition used in this study. In such 

materials. the structure may be viewed as tetrahedrally coordinated 

silicon and aluminum atoms linked through the sharing of oxygen atoms 

at the corners of 8i0
4 

and Al04 tetrahedra. For aluminum containing 

tetrahedra bonded at all four corners to silicon atoms there is an ex­

cess negative charge. A compensating positive charge must be present 

to provide electroneutrality for the trivalent aluminum atom. A proton 

coordinated to the structure satisfies this requirement, and is strongly 

acidic. Figure 19(a) shows the structure of a silica alumina catalyst 

dried at low temperature (100°C), exhibiting Bronsted acid sites. Heat­

ing to elevated temperatures leads to a new structure as in Fig. 19(b). 

The aluminum atom in this state is unsaturated and can serve as an accep­

tor for a pair of electrons. Hence. it functions as a Lewis acid site. 

This structure provides an explanation for the strong affinity of water 

vapor or the hydroxyl radical to the alumino-silicate material. In the 

reaction with hydrogen gas, the increased interactions with the hydroxyl 

radical and water vapor tend to make the desorption an even slower step. 

This is consistent with the observation that the addition of alumina 

slows the reaction. 

4) Concentration Profile of Reacted Alumino-silicate Glass 

The concentration profile of the reacted L glass (30 wt% A1
2
0

3
), 

was obtained by electron probe microanalysis. The profile (Fig. 20) shows 
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that there are two layers. In the figure the distance from 0 to 23 

marks a portion of unreacted core, 44 to 260 the intermediate transition 

layer and 270 to 330 the surface alumina layer. The distances 23 to 44 

and 260 to 270, where large fluctuations occur due to normalization of 

the data correspond to the cracks between different layers. 

Both the transition layer and alumina layer are porous, as evidenced 

by the fact that during the polishing process the color of the diamond 

grit \vas absorbed into the surface of these layers, In the coating pro~ 

cess the carbon did not adhere due to the evaporation of the absorbed 

polishing oil, The carbon adhered to the surface of a vacuum mounted 

sample. The density calculated from data obtained by electron probe 

microanalysis on a vacuum mounted sample (Fig. 21) confirmed the exist-

ence of porosity in these layers, However, these pores or channels are 

extremely smalL No pore structure could be observed by scanning electron 

microscopyo Moreover, the alumina reading in the transition layer without 

normalization (Fig. 22) (c.f. the readings are normalized in Fig, 20) 

showed little fluctuation, This indicat~s that the pore size is much 

smaller than the electron beam size so that an average value is always 

obtained. The electron beam size is of the order of a micron implying 

that the pore or channel sizes are of the order of 102 A or less, 

A comparison of Figs. 20 and 22 shows the difference between raw data 

and data normalized to 100%, The slope of the alumina concentration in 

Fig. 20 is caused by the silica concentration gradient. It is not ob­

served in Fig. 22 and is therefore not real, In Fig, 22, the slight 

increase in the alumina intensity in the transition layer over that in 

the unreacted core indicates a contraction of the residue. The 
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fluctuations in the alumina layer suggest non~uniform sintering of 

alumina to some extent. At the edge of the unreacted core, the silica 

concentration drops abruptly from a higher level to a lower level, sug­

gesting that there are at least two kinds of silica with different 

stabilities inside the sample and thus with different reaction rates. 

The normalized weight percents of 72 wt% Al20
3 

and 28 wt% Si02 at the 

inner edge of the transition layer corresponds to the mullite composi­

tion. The thickness of the inner or transition layer increases with 

total reaction time which is due to the lower reaction rate of mullite. 

At the outer edge of the transition layer the silica concentration drops 

to zero abruptly and the structure changes into a-alumina. This behavior 

is similar to that of a mullite sample and will be discussed later. 

III. Reaction Between CaO-A12Q3-Si02 Glasses and Hydrogen Gas 

1) Phase Separation and Crystallization 

The phase diagram of the CaO-A1203-Si0
2 

ternary system is shown in 

Fig. 23. It is important to note that there is a low temperature eutec­

tic composition with a melting point of 1170°C. A liquid phase can be 

formed in this ternary system above 1200°C. There is also a stable 

miscibility gap between Si02 and CaO as shown in Fig. 24 which probably 

can be extended metastably to lower teMperatures. Phase separation thus 

occurs more readily in this system than in the A1
2
0

3
-Si0

2 
system. It was 

observed that the glasses with lime became opaque upon heating below 

IOOO°C. The crystallization of CaO-AI 20
3
-Si0

2 
glasses also occurs at a 

lower temperature. Figure 25 shows that strong x-ray diffraction peaks 

were observed in R glass after 10 hours of heating at l200°C and a sub­

sequent heating of 10 hours at l300°C did not introduce significant 
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changes to the diffraction pattern although a small increase in bulk 

density was observed. It is apparent that crystallization in the CaO­

A1
2
0

3
-Si0

2 
sample was greatly reduced after 10 hours of heating at l200°C. 

Mullite peaks were found as well as a very sharp, reproducible x-ray dif­

fraction pattern whose peaks,although close to some of the known CaO-Si0
2 

could not be identified. No cristobalite 

peaks were found, suggesting the inhibition of cristobalite formation by 

the addition of CaO to the A1
2
0

3
-Si0

2 
binary compound, The addition of 

a small amount of lime to the alumino-silicate glass had a significant 

effect on the phase separation and crystallization, especially at tempera­

tures below l200°C. 

2) Surface Morphology of Reacted Alumino-silicate Glasses 

As calcia is a glass modifier, the viscosity of the CaO-A1
2

0
3
-Si0

2 

glass is lower than that of the alumino-silicate glass. The Q glass 

(5 wt% CaO, 19 wt% A1
2

0
3

) showed deformation due to viscous flow at 

l200°C. The reacted Q-glass at l250°C gave a different surface morpholo­

gy as shown in Fig, 26. By using Energy Dispersive x-ray analysis (EDAX), 

the surface was found to be composed only of alumina. The rod like 

alumina residue apparently came from the decomposed mullite which had 

previously grown out of the liquid phase. The pores surrounding the 

alumina residue resulted from the loss of the silica matrix. Figure 27 

shows the reacted surface of S glass (5 wt% CaO, 38 wt% A1
2
0

3
). At 

1500°C (lA, E, C of Fig. 27) the alumina residue agglomerate size is 

still smaller than that of Q glass at l250°C (Fig. 25), indicating that 

the original mullite crystal size of the latter is larger. The shape of 

the residue is also different. The S glass has a much higher viscosity 
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than the Q glass. No deformation is apparent up to l450°C. All of these 

differences are attributed to the amount of liquid phase formed. The 

additional alumina retards the formation of liquid phase. 

In a few cases, bloating occurs in some of these low alumina and 

high lime glasses and thus deforms the sample. It is probably due to the 

expansion of trapped gasses (seeds) upon heating as the viscosity of the 

sample decreases. 

3) Reaction with Hydrogen Gas 

As most glasses with lime started to deform at temperatures below 

l300°C, only S glass (5 wt% CaO, 38 wt% A1 203) was used for the kinetic 

study. It was found that the S glass has a slightly lower reaction rate 

than the L glass in the temperature range l200°C to l350°C (Fig. 17), but 

a slightly higher rate above l350°C. In general, the addition of lime 

does not have a significant effect on the reaction rate. 

4) Concentration Profile of Reacted CaO-A1
2
0

3
-Si0

2 
Glass 

The cross-section of the reacted S glass is shown in Fig. 28. At 

the bottom of the photograph is the unreacted core (#6), above the core 

is the transition layer followed by an alumina layer (#1) at the top. 

Preliminary examination by EDAX shows concentration variations across 

the reaction zone (Fig. 29). In order to get a better quantitative des­

cription of the composition change, electron probe microanalysis was used. 

The profile obtained by a normal spot probe is shown in Fig. 30 and the 

profile without composition normalization, in Fig. 31. The curves for the 

alumino-silicate system (L Glass) are much smoother (Figs. 20 & 22). The 

fluctuations for the S glass apparently are due to the phase separation 

which is of a size comparable to that of the electron beam. Therefore, a 



line scan parallel to the reaction front was performed and the profile thus 

obtained is shown in Fig. 31 (with normalization) and in Fig. 33 (without 

normalization). A much smoother profile curve was obtained. In Fig. 33, 

it can be seen that there are two layers: from left to right, the un­

reacted core, the transition layer and the alumina layer. The thickness 

of the transition layer or alumina layer varies from sample to sample 

and is a function of reaction time and temperature. The profile is basi­

cally similar to that for the alumino-silicate system (Figs. 20 & 22), 

However, in this case calcia is bonded to silica and therefore a new com­

pound is present in the transition layer. The profiles of Figs. 32 and 

33 indicate that calcia is not decreased in the transition layer but 

disappears together with the silica leaving an outer alumina layer. 

As the calcia is not expected to react with hydrogen according to 

the thermodynamics data, it should be left behind as a residue. Its 

absence in the outer layer suggests that at some Si0
2

/A1
2
0

3 
ratio calcia 

reacts with water vapor which is formed as a reaction product. At higher 

Si02/A1
2

03 ratios calcia is stabilized by the structure, Further study 

is needed to ascertain the mechanism, The composition normalized profile 

obtained from a normally mounted S-glass sample (instead of vacuum mounted) 

is shown in Fig. 34. A comparison between Figs. 32 and 34 shows that a 

smearing of the sample occurred in its preparation since the profile is 

smoother in the latter. The general features of the profile, however, 

are the same. 

5) Sintering of the Surface Layer 

The addition of A1 203 and CaO to the silica glass decreased the 

reaction rate, but did not stop the reaction. As the silica is etched 

away, alumina is left behind as a residue layer. However, the alumina 



layer remains porous and does not halt the reaction. If this alumina 

residue could be sintered into a dense layer, it may protect the interior 

from further reaction. The as-reacted samples were heated at l600°C for 4 

hours. In the alumino~silicate system the sintered alumina layer cracked 

into pieces due to the differences in the expansion coefficients of the 

two layers which also caused poor adherence between the different layers. 

In the CaO~AI203~Si02 system homogenization and mullite formation occurred 

before the alumina sintered. Rod-like mullite grains were found growing 

out of the surface (Fig. 35). The EDAX picture confirms the mullite com­

position. The rod shaped mullite crystal also suggests the presence of 

a liquid phase which is as expected (Fig. 23). As the mullite is not 

completely corrosion resistant, this surface layer will not be able to 

protect the sample from further reaction. 

IV. Reaction Between Mullite and Hydrogen Gas 

Mullite is the only stable alumino-silicate compound (Fig. 14). The 

stoichiometric composition (3A1203-2Si02) is 72 wt% A1
2

0
3 

and 28 wt% Si0
2

. 

The corrosion behavior of mullite and the glassy phase is of special 

interest. Mullite samples of a composition of about 73 wt% A1 20
3 

were 

used. No variations in composition or preparation processing were tried 

to evaluate the effect on the reaction rate since preliminary tests indi-

cated that mullite did react with hydrogen gas. It was thus not ex-

pected that a small change in the composition would affect the reaction 

rate significantly. 

As-sintered mullite without any other treatment was used for the 

corrosion test. The surface morphologies of the as-sintered and reacted 

samples are shown in Fig. 36. The reacted sample was polished to 0.25 
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micron before reaction. No evidence is observed in Fig. 36 that the grain 

boundaries are etched at a higher rate. When the grain 

boundaries react at a higher rate than the grains themself. the grains 

will stand out as in the reaction with hydrofluoric acid solution (Fig. 

37). Figure 36 shows that the grains react with hydrogen gas. After de­

composition and loss of silica, alumina is left behind as a-alumina crys­

tals. The profile of the reactedmullite sample is shown in Fig. 38 

(composition normalized) and Fig. 39 (without normalization), As the 

silica concentration is negligibly small, the composition normalized 

curve conceals the actual fluctuation in the alumina layer which is shown 

in Fig. 39. This fluctuation undoubtedly is due to the porous nature of 

the layer. It can be seen in Fig. 38 that there is no transition layer 

in the reacted mullite sample. The silica concentration drops to zero 

within a few microns of the unreacted core. The alumina data without 

normalization show a slight increase in alumina with distance from the 

reaction interface indicating a slight contraction. This contraction can 

be associated with the occurrence of some sintering. 

Photographs of a polished cross-section of the reacted mullite are 

shown in Fig. 40. Figure 40A shows the overall cross-section. In the 

higher magnification photos the smoother surface on the left is the un­

reacted mullite and the porous surface on the right is alumina left by 

the decomposition of mullite. At the highest magnification (Fig. 40D), 

the reaction front is flat within a few microns (Fig. 40D) suggesting 

that the reaction rate at the grain boundaries is not significantly faster 

than in the grain. This behavior justifies the decision that no variation 

in composition was necessary for the hydrogen corrosion study. Cracks 

are seen to go through the reaction interface. In the reacted alumino-



silicate glass sample 9 on the other hand, cracks follow the interface. 

Figure 4lA shows two pieces of reacted L glass (30 wt% A1 20
3
). The un~ 

reacted core. the transition layer and the alumina layer are separated in 

the right sample (arrows). The adherence seems to be better on the left 

sample. However. magnified photos (Fig. 41 B. C and D) of the portion 

inside the square in Fig. 41 A reveal cracks between unreacted core and 

the transition layer as indicated by the bright strips on the sample due 

to the charging effect. The alumina layer was not visible in these 

photos (Fig. 41 B. C and D). The poor adherence of the unreacted core 

and the transition layer is due to the mismatch in the expansion coeffi­

cient. In the mullite case. the interfacial bonding is strong enough to 

withstand the stress caused by the difference in expansion coefficients, 

resulting in good adherence. 

The reaction rates of the mullite with hydrogen gas at different 

temperatures were obtained by plotting the weight loss per unit surface 

area vs. reaction time (Fig. 42). The slope of the curve obtained by 

least squares fitting gives the reaction rate at the indicated tempera~ 

ture. The activation energy can be obtained by plotting the logarithm 

of these reaction rates versus the reciprocal of temperature (Fig. 17). 

It is interesting to note that the apparent activation energies for L 

glass (70 wt% A120
3

) and mullite are close, 86 and 93 Kcal/mole. However, 

as their concentration profiles are so different. no apparent correlation 

can be found. 

Mullite appears to be a potential candidate for a corrosion 

resistant material as it can withstand the high temperature necessary for 

sintering the porous surface layer and it has good interfacial bonding 

between the unreacted core and the surface reaction product layer. 
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Sintering of the alumina layer on the reacted mullite sample was 

attempted. The sintered samples at l550°C, l600°C, l650°C and l700°C are 

shown in Fig, 43, From the photos, it can be seen that the porous alumina 

layer was sintered at l600°C, Unfortunately, cracks occur in the alumina 

layer, It is not clear whether they were formed during sintering or cool­

ing, A picture of a crack is shown in Fig, 44, If cracking occurs during 

the cooling process, then combined reaction and sintering without cooling 

could possibly still be used to make a corrosion resistant material, 

V, Reaction Between Silicate Glasses and HF Acid Solution 

1) Surface Morphology 

As mentioned previously, the as-cut glass has a rough surface, This 

surface layer which is full of microcracks has a much larger surface area 

and hence a higher reaction rate. A large experimental fluctuation for 

specimens prepared this way is thus inevitable, Several methods, includ­

ing annealing, polishing and chemical treatments, were tried to remove 

this rough surface layer and thus reduce the empirical fluctuation. It 

was found that the simplest way to remove it was to treat the glass with 

HF acid solution which results in the reacted glass sample having a uni­

form surface morphology, The reacted glass has a similar morphology 

after 2, 4 and 6 hours of reaction with HF acid solution as shown in Fig, 

46. The depth of the cusps can be estimated by taking two pictures at 

different tilting angles and using a stereoscope. In Fig. 47, the depth 

of the cusps was estimated as 10 to 20 microns and the diameter as 50 to 

100 microns, The true surface area can be calculated from these figures 

and is only 4% higher than the projected flat surface area. Furthermore, 

because of the invariance of the surface morphology, the surface area 
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remains fairly constant. The contrast between glasses reacted with HF 

acid solution and hydrogen gas is very great and is due to the different 

reaction mechanisms. The latter reaction can not be diffusion controlled 

as the existent holes could grow deeper and deeper (Fig. 8). 

2. Diffusion Controlled Reaction Rate 

On the other hand, the surface morphology of the silicate glasses 

after reaction with HF acid solution suggests that the reaction is dif­

fusion controlled. For a diffusion controlled mechanism, the formation 

of deep holes is inhibited. As a hole grows deeper, the diffusion 

distance between the bottom of the hole and the constant concentration 

front will increase. Therefore, the concentration gradient decreases, 

and the diffusion and the reaction rates decrease. 

The reaction rate at the ridge will be higher than that at the 

bottom and the hole can not grow deeper. Therefore, a fairly constant 

surface morphology will be maintained as is the case for the reaction be­

tween silicate glass and HF acid solution. There are other pieces of 

evidence for the rate being diffusion controlled. It was found that 

without agitation the reaction rate at the bottom of the container was 

lower due to the precipitation of a silica gel formed during the reaction. 

A platinum wire hanger was used to prevent the samples from being surround­

ed by the silica gel. Also, a shaker was used to provide agitation to 

keep the product away from the surface of the sample. Different oscilla­

tion speeds between 20 cycles to 200 cycles per minute were used to re­

veal the relationship between the reaction rate and agitation. It was 

found that the reaction rate monotonically increased with oscillation 

speed without leveling off at the maximum speed of the shaker. This 
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behavior was again in strong contrast with the reaction between silica 

glass and hydrogen gas (Fig. 7). 

The effect of concentration of the HF solution was first studied at 

a fixed oscillation speed of 120 cycles per minute. In each experiment, 

a small piece of silica glass and adequate HF acid solution were used so 

that the HF concentration remained practically unchanged. The reaction 

time was also limited so that the shrinkage of the glass sample could be 

neglected. The observed relationship is shown in Fig. 48, The reaction 

rate was found to be linear with HF concentration when the total HF con-

centration was low. In the more concentrated solutions, the reaction rate 

was greatly accelerated. This increase in the reaction rate at higher 

concentrations is explained on the basis of the formation of considerably 

, b'fl 'd' 14 more actlve 1 uorl e lons. 

The temperature dependence of the reaction rate remained the same 

(Fig. 49). A unique activation energy of 5.3 Kcal/mole was observed with 

HF acid solution concentrations ranging from 3 to 24 M. This low value 

of activation energy also suggests a diffusion controlled mechanism. The 

same activation energy combined with an accelerated rate in the more con-

centra ted solutions can be explained by the more active bifluoride ion 

causing a higher equilibrium product concentration while diffusion remains 

the slowest step. 

A possible reaction mechanism is suggested as follows. It has been 

15 
reported that a silica gel film of thickness 2 to 4 micron is formed on 

a silica glass surface in the acid. Further reaction of HF and this 

silica gel is responsible for the weight loss of silica. Therefore, the 

reaction is assumed to consist of two stages 



(i) Protonizing the surface 

(ii) Reaction of protonized surface with HF 

A possible mechanism for the first stage is the attachment of the proton 

to a non~bridging oxygen. The next step is the attachment of nuclephilic 

groups (F-) on a coordination basis, which causes the reconstruction of 

electron orbitals of Si~O~H bonds. The results of such a reconstruction 

are the weakening of the silicon oxygen bond and the release of a silico~ 

hydrofluoric group into the solution which later dissociates to give a 

total or net reaction of Si02 + 4HF + SiF4 + 2H20 

4. Reactions Between Silicate Glasses and HF Acid Solution 

Eight different kinds of glasses were used (Fig. 4). The densities 

gm/ cm3) of these glasses (in are listed below 

K glass"" 2.31 L glass:: 2.42 

N glass 2.30 o glass 2.38 P glass 2.61 

Q glass 2.32 R glass 2.38 S glass 2.52 

All the reaction rates were measured using a 6M hydrofluoric acid solution 

and at a fixed oscillation speed of 120 cycles per minute. Under the same 

reaction conditions. the observed reaction rate can be used to evaluate 

the comparative corrosion resistance of each material against HF acid 

solution attack. 
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Generally speaking, the addition of either A1 203 or CaO to the 

silica does not increase the corrosion resistance against HF acid solution 

as they do against hydrogen gas. On the contrary, the reaction rate is 

increased. With alumina alone (K glass: 20 wt% A1
2
03 , and 1 glass: 30 

wt% A1
2

0
3
), the silicate glasses have only slightly higher reaction rates 

(Fig, 50). As mentioned before, the as-quenched alumino-silicate glasses 

are phase separated and contain a certain amount of mullite, The reported 

corrosion resistance series 9 against HF acid solution attack is : Mullite 

» silica glass> alumino-silicate glass, As the mullite formed in the 

quenching process is very small (less than 0.1 micron) and separated, no 

continuous structure can be formed, When the silica glass matrix is etched 

away, the mullite or alumina will just slough off and therefore increase 

the observed reaction rate, 

In the CaO-A1 203-Si02 ternary glasses, the reaction rates were much 

higher as shown in Fig, 51, Glasses N, ° and P all contain 2 wt% of CaO, 

Calcium oxide is very reactive towards acids and increases the reaction 

rate in an acid, The difference in the reaction rates between these 

glasses with different alumina contents is larger than those glasses 

without lime (Figs. 51 and 50). This can be explained as the addition of 

lime allows tetrahedral coordination of most of the aluminum ions and 

reduces the tendency toward phase separation during formation of the glass. 

Since the high alumina glass has the highest reaction rate, a combination 

of lime and alumina decreases the corrosion resistance to HF acid solution, 

For glasses containing about the same amount of alumina, the reaction 

rate increases with increasing calcium oxide content (Fig. 52). This may 

be attributed partly to the stabilization of more aluminum ions so as to 
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form more alumina~rich silicate glass, and partly to the fact that lime 

is a glass modifier and reacts with the acid solution much more readily, 

The reaction rate of P glass (2 wt% CaO, 39 wt% A1203), is much higher 

than expected. P glass also has the highest density among the glasses, 

This higher reaction rate may be due to its higher density, As a com­

parison alumina does not react with HF acid solution and the rate of 

reaction of mullite with HF acid solution is two orders lower than the 

glasses. 

The phase separation shows no effect on the surface morphology of 

the reacted silicate glasses. The surface morphology looks exactly the 

same as that of the silica glass (Fig. 46). In all cases, no residue was 

found to remain on the sample surface. Apparently. the reaction of 

silicate glasses with HF acid solution is different from that with hydro~ 

gen gas. There is no analogy and empirical relative corrosion resistance 

between these two different reaction patterns, 
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SUMMARY AND CONCLUSIONS 

The corrosion of silicate materials by hydrogen gas and HF acid 

solution was investigated by the gravimetric method. The reaction of 

silicate glasses with HF acid solution is found to be diffusion controlled 

as evidenced by the invariance of the reacted glass surface morphology, 

the monotonously increasing reaction rate with increased agitation and 

typical low activation energies «10 Kcal/mole). The corrosion resistance 

to the HF acid solution decreases with the addition of either alumina or 

lime. This decrease in corrosion resistance is due to the increased phase 

separation in the silicate glasses. A reaction mechanism for the silica 

glass and HF acid solution was postulated. The reaction is assumed to 

consist of two steps: hydration of silica glass surface and reaction 

between hydrated silica and HF. 

In the reaction with the hydrogen gas, the rate is kinetically 

controlled. A strong contrast is found between these two reaction pat­

terns (with hydrogen gas and HF acid solution). No empirical resistivity 

correlation was found. 

The loss of pure silica glass in the hydrogen atmosphere in the 

temperature range of l200°C to l400°C is due to a reaction with hydrogen 

gas and not a decomposition as a result of the low partial pressure of 

oxygen. The devitrification of silica glass in the hydrogen gas is due 

to a reaction with the sodium vapor originating from sodium oxide in the 

alumina tube. A drilling phenomenon was observed on the reacted silica 

glass. Redeposition of cristobalite on silica glass was also observed. 

Both phenomena are attributed to the temperature profile in the glass due 

to its transparency. The reaction mechanism of silica glass with hydrogen 



gas was studied. The desorption of reaction product was deduced as 

probably the slowest step, 

The addition of alumina and/or calcia to the silica glass decreases 

the reaction rate with the hydrogen gas. This effect can be explained on 

the basis of the formation of tetrahedrally bonded aluminum ions and thus 

the increased activity of the material. The silicate glasses are all 

phase separated and not homogeneous materials. The reaction rate is dif­

ferent for different phases. As the mullite had the slowest reaction 

rate. a transition layer was formed. An alumina residue was left behind 

after reaction with hydrogen gas in all cases. Electr0n microprobe 

analysis indicated that the glasses had an additional transition layer. 

The probe data further showed that the residue layers are porous and 

therefore do not stop the reaction. The weight loss per unit area is 

linear with reaction time, indicating that the surface residue layer is 

not a barrier to the mass transport and that the reaction is kinetically 

controlled. 

Apparent activation energies of ~90 Kcal/mole are obtained for 

alumino silicate materials. The activation energy for the glass with the 

addition of 5 wt% CaO is ~68 Kcal/mole. The reactions of the glasses are 

complex due to the presence of intermediate layer (silicate glasses) or 

the surface roughening and redeposition effects (silica glass). No corre­

lation between the apparent activation energies is feasible. 

Efforts were made to sinter the porous alumina layer into a dense, 

protective layer. In the alumino silicate glasses. the sintered alumina 

layer cracked into pieces as a result of mismatch in the expansion co­

efficients. For the silicate glasses with lime, homogenization and 
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mullitization occurred before alumina sintered. Mullite is the material 

with the most potential. It can withstand the high temperature necessary 

for the sintering of the surface residue layer and good adherence exists 

between the unreacted mullite and the surface layer, 
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Fig, 1. 

Fig. 2. 

Fig. 3, 

Fig, 4, 

Fig, 5, 

Fig, 6, 

Fig, 7. 

Fig. 8, 

FIGURE CAPTIONS 

Schematic of the hydrogen furnace. 

Cross-sectional schematic of the furnace tube, 

Temperature profile inside the furnace tube, 

Silicate glass compositions. 

Microstructures of the mullite sample used in this study, The 

sample was polished to 0,25 micron and etched with 30M HF acid 

solution for 10 minutes. 

Calibration curve for the hydrogen gas flow rate. 

Reaction rate between silica and hydrogen gas versus the flow 

rate of hydrogen gas, 

Surface morphology of silica glass after reaction with hydrogen 

gas at l300°C, Pictures A and F show how the surface morphology 

varies with increasing reaction time, 

Fig. 90 Deposition of cristobalite on the surface of silica glass. 

Fig. 10. Weight loss of pure silica glass per unit area versus reaction 

time o 

Fig, 11. Temperature dependence of the total reaction rate for pure 

silica glass. 

Fig, 12, Pressure dependence of the total reaction rate for pure silica 

glass, Dilution with helium and argon have different effects, 

Fig, 13. Schematic of the actual furnace tube system, 

Fig, 14, Phase diagram of the alumina-silica system, 

Fig. 15, X-ray diffraction curves for L glass (30 wt% A1
2

0
3

, 70 wt% 

Si02) showing crystallization after heat treatment. 



Fig. 16. Surface morphology of L glass after reaction with hydrogen gas. 

Fig, 17. Temperature dependence of total reaction rate of L glass (30 wt% 

A1
2
03 , 70 wt% Si02), S glass (5 wt% CaO, 38 wt% A1

2
0

3 
and 57 wt% 

Si0
2

) and mul1ite (73 wt% A1 20
3

, 27 wt% Si02). The activation 

energies for mullite, L glass and S glass are 92.5, 85.7 and 

67 0 8 Kcal/mole, respectively. 

Fig. 18. Weight loss per unit surface area versus time at l400°C for 

pure silica glass, L glass, S glass and mullite. The curve is 

linear with time. The surface residue layer does not decrease 

reaction rate indicating kinetically controlled rate. 

Fig. 19. Structures of alumino silicate compound with aluminum ion 

bonded tetrahedrally. 

Fig. 20 0 Normalized concentration profile for L glass (30 wt% A1 20
3

, 

70 wt% Si02) after reaction with hydrogen gas. 

Fig. 21. Density profile for L glass (provided by probe analysis). 

Fig. 22. Concentration profile of L glass without normalization. The 

low readings around 110 micron are the result of a hole in 

the sample. 

Fig. 23. Phase diagram of CaO~A1203-Si02 ternary system. 

Fig. 24. Phase diagram of CaO-Si02 system showing the immisibi1ity gap. 

Fig. 25. X-ray diffraction curves for R glass (4.8 wt% CaO, 28,6 wt% 

A1 203 , 66.6 wt% Si02) showing crystallization after heat 

treatments. 

Fig. 26. Surface morphology of Q glass (5 wt% CaO, 19 wt% A1
2
0

3
, 76 wt% 

Si02) after reaction with hydrogen gas at 1250°C. 



Fig, 27. Surface morphology of S glass (5 wt% CaO, 38 wt% A1 20
3

, 57 wt% 

Si0
2

) after reaction with hydrogen gas. 

Figo 28. Surface layers of S glass after reaction with hydrogen gas. 

The compositions at the different points (from 1 to 6) are 

shown on the next figure, 

Fig. 29. Compositions at points in Fig, 28 as determined by EDAX, 

Fig. 30. Normalized concentration profile for S glass obtained by normal 

spot scan method. 

Fig, 31. Concentration profile for S glass without normalization by spot 

scan method, 

Fig. 32. Normalized concentration profile for S glass obtained by revised 

line scan method. 

Fig. 33. Concentration profile for S glass with normalizatiion by revised 

line scan method. 

Fig. 34. Normalized concentration profile of S glass that is not vacuum 

mounted, shm"ing a possible smearing of the sample. 

Fig. 35. Sintering of alumina layer on S glass at l600°C, showing homo­

genization and mullitization. 

Fig. 36. Surface morphologies of as-sintered mullite and reacted mullite 

(with hydrogen gas). 

Fig. 37. Surface morphology of mullite after reaction with hydrofluoric 

acid solution. 

Fig. 38. Normalized concentration profile for mullite after reaction 

with hydrogen gas. 

Fig. 39. Concentration profile of reacted mullite (with hydrogen) 

without normalization. 
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Fig. 40. Surface layer of mullite after reaction with hydrogen gas. 

Cracks go through the interface indicating good interfacial 

bonding. 

Fig. 41. Surface layers of L glass (30 wt% A1
2
0

3
, 70 wt% Si02) after 

reaction with hydrogen. Cracks developed along the interface. 

Fig. 42. Weight loss of mullite per unit area versus reaction time. 

Fig. 43. Sintering of alumina layer on reacted mullite sample at 

different temperatures. 

Fig. 440 Cracks developed on the alumina layer after sintering at l600°C. 

Fig. 45. Surface morphologies of pure silica glass after reaction with 

hydrofluoric acid solution for 2, 4 and 6 hours. 

Fig. 460 Determination of cusp depth using two pictures with different 

tilting angles. 

Fig. 47. Concentration dependence of reaction rate between silica glass 

and hydrofluoric acid solution. 

Fig. 48. Temperature dependence of the reaction rate between pure silica 

glass and hydrofluoric acid solution. 

Fig. 49. Reaction rates of the alumino~silicate glasses. 

Fig. 50. Reaction rates of CaO~A1203~Si02 glasses with different alumina 

contents. 

Fig. 51. Reaction rates of CaO~A1203~Si02 glasses with different lime 

contents. 
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