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KINETICS OF IRON - SODIUM DISILICATE REACTIONS AND WETTING 

Antoni P. Tomsia and Joseph Ao Pask 

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

Engineering, University of California 
Berkeley, CA 94720 

ABSTRACT 

Thermogravimetric and sessile drop measurements were used to study 

kinetics of redox reactions between sodium disilicate glass and iron. 

Two redox reaction sequences were identified; both introduced ferrous 

oxide into the glass at the interface. One consists of formation of 

ferrous oxide at the interface by reduction of sodfum ions in the glass; 

this is primarily dependent on the a(FeO) in the metal being less than 

oneo The second consists of oxidation of ferrous ions in the glass by 

the reduction of sodium ions to form ferric ions which subsequently 

react with the iron to form ferrous oxideo The reaction rates were shown 

to be sensitive to temperature, time, total ambient pressure, partial 

pressure of sodium and oxygen in the atmosphere and the a(FeO) in the 

iron. Decrease of contact angles and spreading occurs with the redox 

reaction in which the metal plays an active role, i"e" whose a(FeO) is 

less than one and whose composition undergoes a changeo 

This work was supported by the Director, Office of Energy Research, 

Office of Basic Energy Sciences, f~aterials Science Division f h U o t e .S. 

Department of Energy under Contract No. W-7405-ENG-48. 
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1. INTRODUCTION 

The theory of glass to metal bonding developed in this laboratory 

states that chemical bonding. or maximum adherence, occurs at the inter-

face when chemical equilibrium is realized by saturation of the inter-

facial zone with the lowest valence oxide of the metallic phaseo The 

thermodynamic activity of the lowest valence metal oxide in this zone is 

thus one" This condition results in a balance of bond energies and a 

continuous electronic structure across the interface, ioeo, a chemical 

bond. These concepts have been developed from wetting and reaction 

studies of sodium silicates on Fe, Ni, Co, Au and Pt, and on Ni 50Fe50 

d N. c 1 ( l-3) an 150 o50 al oys • 

Since chemical thermodynamic equilibrium seldom exists initially 

between most metal and glass systems, reactions occur after intimate 

interfaces are formedo It is important to understand these reactions 

and the conditions under which they occur, because they lead to satura-

tion of the interfacial zone with the oxide of the substrate metal. 

This study was undertaken to evaluate the nature of the reactions between 

iron and sodium disilicate (NS2) as a function of time, temperature, and 

nature of the ambient atmosphereo 

II" EXPERIMENTAL 

A. Materials 

Marz A iron in Oo254 mm thick foils was obtained from Materials 

Research Corporation, Orangeburg. NoYo, and was 99o995% pure as specified, 

The major reported impurities were carbon (8 ppm) and oxygen (~60 ppm). 

Armco iron was obtained in the form of sheet of 1 mm thickness of reported 
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99.8% purity with a typical analysis of 0.015% C, 0.025% MN, 0.005% P, 

0.025% S, 0.002% Si. Precipitates of FeO were detected metallographically. 

All metal samples were cut into 12 x 12 mm squares. The metal plates 

were then polished through a set of dry polishing papers and given a 

final high metallurgical polish on a lap wheel with 0.3 vm aluminao All 

samples were cleaned in distilled water, ethyl alcohol and acetone in 

ultrasonic cleaner. Samples were prepared immediately prior to an 

experimenL 

A sodium disilicate glass (NS2-LBL) was prepared in our laboratory 

from reagent grade sodium carbonate and fused silica glass #7940 (Corning 

Glass Works, -325 mesh). Batch materials to yield 250 grams of glass 

were mixed with isopropyl alocohol for 24 hrs, s1ovJly dried at 60°C, 

melted at 1350°C in air for 3 hrs with occasional stirring in a platinum 

crucible, cooled and crushed. The glass was remelted twice to ensure 

homogeneity. The final me1t was held at 1200°C for 12 hrs to remove 

bubbles and then poured into a heated graphite moldo After annealing 

the glass at 500°C for 2 hrs, it was cut under kerosene with a diamond 

saw to cubes with a nominal edge size of 2.0 ± 0.1 mm and a weight of 

200 ± 2 mg, and stored in a laboratory vacuum desiccator until used. The 

chemical analysis of NS 0 -LBL as well as other glasses used in this study 
L. 

is presented in Table l. 

B" ~erimental ARparatus 

Two vacuum furnaces were used in order to perform experiments at two 

partial pressures of oxygen, The first, which shall be referred 

to as graphite furnace, had an estimated P0 2 
of ~lo- 17 Pa which was 
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below the dissociation pressure of ferrous oxide. At l000°C the disso­

ciation pressure for bulk FeO is la5 x 10-lO Pa and for bulk Fe2o3, 6"4 

x 10-lO Pa. It consisted of a graphite tube resistance heating ement 

inside of which was an alumina D-tube on which the specimen was placed. 

It has been previously described( 4). The experimental vacuum chamber 

was connected to an inert gas supply and an oil diffusion pump capable 

-5 of a vacuum of up to ~10 Pa. Contact angle measurements within ± 1° 

were made by sighting along the alumina D-tube through fused silica 

windows in the vacuum chamber with a telescope equipped with a goniometer. 

The second furnace, which shall be referred to as alumina furnace, 

had an sstimated P02 of ~lo- 7 Pa which was above the dissociation pressure 

of ferrous oxideo It consisted of a one inch diameter, eight inch long 

Kanthal wire-wound high density alumina tube (Fig. 1). The furnace was 

inside a large vacuum chamber that had a vacuum capability of~lo-5 Pa. 

Both ends of the furnace tube were kept openo A leak valve on the vacuum 

chamber lowed inert gases to be introduced into the furnaceo The con-

tact angles were measured through a porthole in the vacuum chamber with 

a telegoniometero A camera was attached to the telegoniometer through 

which pictures of the substrates and drops were taken. 

The ambient pressures in both furnaces were measured with u calibrated 

cold-cathode ionization gageo A liquid nitrogen cold trap was used to 

condense vapors from the diffusion pump. Most of the e~periments 

were carried out at 2.6 x 10-4Pa at the test temperature. 

The temperature in both furnaces was measured with two Pt-Pt 10% Rh 

thermocouples whici1 were calibrated at four temperatures against the 

melting points of single crystals of KCl, NaCl, LiF and MgF2o The 
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accuracy of temperature control was ± 2°C. 

C. Experimental Procedure 

The glass cube and metal plate assemblies were weighed before and 

after each sessile drop experiment. The loss in weight was calculated 

as the percent of the total Na in the glass lost by redox reactions to be 

described later. The procedure for a test consisted of first pumping the 

system down to <2.6 x 103Pa, then pumping with a cold-trapped diffusion 

pump to <1.3 x l0-4Pa, heating to the test temperature (e.g., with a 

schedule of 30 min. to 600°C and 10 more min. to 1000°C), holding for the 

test time and furnace cooling (500°C in 5- 15 min.). 

The surface of the substrates, particularly at the periphery of the 

drop, was examined by metallographic and scanning electron microscopy. 

Selected specimens were cut with a diamond saw on a plane perpendicular 

to the metal-glass interface. After mounting in bakelite, cross-sections 

were polished on dry emery papers and on a lap wheel with 0.3 vm alumina 

and finally with 0.05 vm alumina. All specimens ~ere then etched in 10% 

HF solution for 10 seconds. 



Cross-sections were examined th a metal1ographic and a scanning 

electron microscope with EDAX capability" Quali ive information on 

adherence,. which was adequate for this study, was obtained by subjecting 

some of the imens to bending: poor adherence was associated with the 

glass cleanly separating from the metal substrate and good adherence, 

with the glass fracturing. 

II L RESULTS 

A. Experiments with Marz A Iron 

Sessile drop experiments at an ambient pressure of 2.6 x l0-4Pa of 

NS2-LBL glass on Marz A iron were made at 900 to 1000°C at increments of 

20°, each for 120 min (Figo 2)o A second series was made at 1000°C for 

times of 30 to 240 min at increments of 30 min (Fig. 3)o The figures show 

the contact angles obtained in both the alumina (Po2 ~lo-
7 Pa) and graphite 

( -17 ) P0 ~10 Pa furnaceso The contact angle decreased with temperature and 
2 

time, with spreading (indicated by a reported zero contact angle) occurring 

only in the graphite furnace at l000°C after 90 or more minutes. 

Figures 2 and 3 also show corresponding weight loss data for each 

point expressed as percent of total Na in the starting glass. Loss of Na 

was verified by chemical analysis of deposits that formed on the colder 

parts of the furnace including the viewing ports; the deposi were 

initially metallic in appearance and oxidized on exposure to air. Weighings 

before and after a t were ways made of the glass drop with its substrate. 

The weight loss in the graphite furnace under similar temperature, time 

and total ambient pressure conditions was always greater than in the 

alumina furnace A weight loss also indicated reactions since a blank 
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substrate of Marz A iron and NS2-LBL glass on Pt or fused Si02 substrate 

in either furnace at l000°C for l or 2 hrs showed no weight changes 

(Table 2). 

This data indicated the occurrence of continuing redox reactions at 

the interface involving replacements of 2Na+ in the glass by Fe+2 by the 

transfer of 2 electroms from an Fe atom to 2Na+ which become 2Na atomso 

Further verification of the occurrence of reactions was the development 

of a bluish color by the glass and the appearance of cristobalite (Si02) 

precipitates after about 65 wt% of the overall starting Na was lost, and 

also of fayalite (2FeO·Si02) after about 79 wt% losso These crystalline 

phases were identified by x-ray diffraction analyses of powdered specimenso 

Examination of the 1000°C isothermal section of the Na 20-FeO-Si02 
phase equilibrium diagram (Fig. 4) supports this phase sequence( 2,B)" 

Replacement of 2xNa+ 1n the NS2 liquid with xFe+2 results in a change of 

compositon with the liquid becoming saturated with Si02 after 70.5% loss 

of the total Na. Continued replacement of Na+ causes continued precipita-

tion of Si02 and change of the liquid composition to 5o4 wt% Na2o and 

3lol wt% FeO when the liquid also becomes saturated with FeO, and 

further replacement of 2Na+ by Fe+2 causes continued precipitation of 

cristobalite and fayalite with a decrease of the amount of liquid but with 

no change in its composition" The smaller amounts of Na lost experimentally 

before the appearance of the precipitate were due to kinetic and geometric 

factors generated by the fact that the actual reaction was occurring at 

a single interface with diffusion, and possibly because of the appearance 

of some Fe+3 in the glass composition. to be discussed later. 



-8-

Further evidence for the occurrence of a reaction in the graphite 

furnace at the indicated low ambient pressures was emergence of bubbles 

from the liquid sessile drop and drifting of the drops during contact angle 

measurements until precipitates formed. Since Na was the redox reaction 

product, its presence as a vapor in order to nucleate and form bubbles 

indicated that its internal pressure was above the furnace ambient pressure 

of 2.6 x 10-4Pa, but the bubble pressure was less than 105Pa since bubbling 

did not occur with an ambient atmosphere of 105Pa of He, also resulting in 

a limited weight loss. The boiling point of Na at 105Pa is 883°C and at 

2 -4 0 .6 x 10 Pa, 121 C. It is expected that the formation of these bubbles 

at the interface contributed to the mechanism for drifting of the drop. 

Drifting also occurred in the alumina furnace but not as extensively, and 

several bubbles appeared during a two-hour period. Drifting generally 

caused irregularly shaped drop peripheries. 

A third sessile drop series of NS2-LBL glass on Marz A iron was made 

at 1000°C for 2 hrs at ambient pressures of 2.6 x 10-4, 6.6 x 10-3, 0.10 

(all with a cold-trapped diffusion pump), 0.66 (just with mechanical pump). 

and 1 x 105 Pa (in helium) in both furnaces (Table 3), The amount of 

reaction in the graphite furnace decreased with increase of the ambient 

pressure which is discussed later. In the alumina furnace, however, the 

amount of reaction increased with ambient pressure up to ~0.66 Pa and 

then dropped significantly at 1 x l05Pa He; here, it is postulated that 

the Po2 increased with ambient pressure except for He which had originally 

only 2-3 ppm of oxygen and was additionally getteredo 

A cross-section of a sessile drop on Marz iron after 120 min at l000°C 

in the graphite furnace is shown in Fig. 5a, and after 240 min in the 



alumina furnace, in Fig" 5b; the lath-shaped crystals are cristobalite and 

the feathery globules in the zone next to the iron (Figo 5a) and away from 

the interface (Figo 5b) are mixtures of cristobalite and fayalite (identi­

fied by EDAX in SEM)o The difference in microstructure and positions relative 

to the interface, and approximately the same % weight loss in both specimensj 

indicated the dominance of different reactions in the two furnaces. 

Bo Experiments L4i th Other Iron Specimens 

A number of experiments showed the sensitivity of the reactions to the 

nature or condition of the iron specimenso A comparison of the behavior of 

as-received Marz A iron, which was used in all of the previous experiments 

and used up, was made with other specimens: Marz I (as-received Marz A 

stored for 8 months in a vacuum desiccator at room temperature and -lPa 

P
02

), Marz II (Marz I annealed in graphite furnace at 1050°C and 2.6 x 10-4 

Pa ambient for 2 hrs), Marz III (111arz I annealed at 1100°C for 18 hrs), 

Marz B (second lot of as-received), Marz C (third lot of as-received), and 

Armco iron. These substrates were all tested with the same previously used 

NS2-LBL glass at 1000°C and 2.6 x l0-4Pa for 2 hrs in both furnaces. The 

differences are signficant as seen in Table 3o 

Considering the conditions of the experiment the only factor that 

can vary is the a(FeO)int which is dependent on ambient conditions and 

strongly affects the extent of the redox reactions, as discussed later. 

The indications are that iron of high purity and unsaturated with oxygen 

can absorb oxygen fro~ tne anbient atmosphere during storage or aging. It 

would be expected that impure iron, with an excess of iron oxide, eogo 

Armco, would not change and remain inert with time since a(FeO)int remains 

at oneo 
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IV. REACTIONS 

An analysis and interpretation of the results of this study suggest 

a number of oxidation and reduction (redox) reactions. 

Ao Oxidation of Iron by Atmospberic Oxygen_ 

At 1000°C iron saturated with oxygen, and thus FexO (hereafter referred 

to as FeO), on exposure to a partial pressure of oxygen above 1.5 x lo-10Pa, 

which is the dissociation pressure of bulk FeO, results in oxidation of iron 

according to Eq.(l) 

by diffusion through the forming oxide layer. Thus, this reaction is 

thermodynamically favorable in the alumina furnace and unfavorable in 

the graphite furnace. 

Iron saturated with FeO has an activity of FeO of one (a(FeO) = 1) 

and when it is free of FeO, a(FeO) = 0. If oxide unsaturated iron is 

p'laced in the alumina furnace, oxygen adsorbs on the surface and diffuses 

into the bulk iron with a corresponding increase of a(FeO) in the bulk with , 

no growth of the oxide layer. On saturation, i.eo when a(FeO) becomes 

one, the oxide layer growso With increase of a(Feo) the surface energy 

of the iron decreases to that of FeO. 

If iron saturated with oxygen is placed in the graphite furnace, any 

FeO on the surface dissociates in the reverse direction of Eq.(l). After 

depletion of any oxide film, oxygen diffuses from the bulk toward the 

surface of the iron with a decrease of the a(FeO). There is a corresponding 

increase of the surface energy of the iron to that of pure iron. 



B. Oxidation of Iron by Reduction of Sodium in Glass 

As indicated 9 redox reactions can occur at a 0lass-metal interface 

if thermodynamic equilibrium is not present. Hagan and Ravitz(S) working 

in rv2 x l0-3Pa vacuum ·in the range of 935 to 1000°C showed that iron 

reacts with sodium disilicate to form FeO and Na vapor. This reaction 

was confirmed in previous wetting studies in a graphite furnace( 2•3) and 

in this sutdy" The early stages of this reaction before precipitates 

form, in accordance with previous discussions, can be represented by 

Eqs. (2, 3 and 4). 

or = xFeO(int) + 2xNa(g)t (2a) 

a(FeO)~ (P )2x 1nt Na 
6G = 6G1ooo + RT ln (2b) 

then 
( 3) 

or xFeO(int) = xFeO(gl) (3a) 

The net reaction is 

( 4) 

or simplified as 

( 4a) 
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0 

The standard free energy at 1000°C (6G1000 ) for reaction (2) was calculated 

to be 69.5 kcal/mo1 using data from JANAF Tables of Thermochemical Data( 6), 

Since 6G 0 is positive, the reaction can only occur when the activity quo­

tient or equilibrium constant in Eq.(2b) for the step reaction represented 

by Eq.(2) or (2a) is sufficiently smaller than one so that AG1000 becomes 

negative. AG 0 for mixing for the step reaction (3) or (3a) is negative, as 

experimentally verfied(?), Thus~ reaction (2) is the control! ing step and 

the overall reaction (4) or (4a) can occur when a(FeO)int or a(FeO)metal 

and PNa are small and a(Na20)gl is large. Actually~ some of the FeO at 

the interface will diffuse into the iron if the a(FeO) in the metal is <l 

because of the thermodynamic driving force tor equilibration of the a(FeO) 

in the two phases at the interface. Essentially all of the FeO, however, 

will dissolve in the glass as indicated by Eq.{3) since the solub1lity ot 

Feu in the glass is much greater than in the iron, ~44 vso ~0.01 wt.%o 

By assuming an activity of one for FeO and Na 2o only for thermodynamic 

calculations and a zero 6G for Eq" (2a), i.e. equilibrium under standard 

-4 conditions, PNa is calculated to be lo3 x 10 Pa. Although this pressure 

exceeds the ambient pressure of the furnace permitting the formation of 

bubbles, considering the uncertainties of the data and the fact that the 

a(Na2o) 91 is less than one, the ratio of a(FeU)int/a(Na2o) 91 should be 

less than one and as small as possible for the reaction to proceed. Con-

sequently, this reaction is more favorable in the graphite furnace because 

of its lower P0 on the basis of the discussion in Section IV-A. 
2 

From a thermodynamic viewpoint this reaction sequence will carry on 

as long as ~G of Eq. (2b) remains negative for the experimental conditions 
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of temperature, time, total ambient pressure, PNa' P0 , and glass and 
2 

metal structure and composition. The rate of the reaction will also be 

controlled by the conditions of the experiment. It would be expected 

that the minimum temperature for these reactions to occur readily is 89i.:°C, 

the boiling point of Na. 

C. Oxidation of Ferrous Ions by Reduction of Sodium in.Glass_ 

The loss in weight and a change in color from bluish to greenish-blue 

of a sessile drop of NS 2 + 10% FeO on a fused Si02 substrate in vacuum at 

lOoooc with no changes in a drop of ~s2 with 10% Fe2o3 under similar condi­

tions (Table 2) indicate that another type of redox reaction occurred which 

involved the oxidation of Fe+2 in the glass to Fe+3 by reduction of Na+ 

to Nao. Ferrous glasses are blue in color while ferric glasses are 

yellow-Drown; fe+2 in combination with Fe+3, both being in six-fold coordi­

nation, give rise to a greenish color( 9). Some abnospheric oxidation un­

doubtedly occurred in the alumina furnace as deduced from a lesser weight 

loss than in the graphite furnace. 

Some ferrous oxide initially enters NS2 glass by a redox reaction (2) 

if the a(FeO) is less than one in the iron at the start, or by solution 

by the glass of an oxide film if a ( FeO). t = l. The subsequent redox 1n 
reaction in the first case can be represented by Eqs. (5, 6 and 7), i.e. 

1. f Fe+2 t th l b · · en ers e g ass y reaox react1on (2) , and in the second case 

by lqs. (5a, 6a and 7a), i.e. if Fe2+ enters as FeO. In general, this 

redox reaction in both cases is represented by Eqs. (5b, 6b and 7b). 



(5) 

or (5a) 

or (5b) 

(5c) 

then (6) 

or 
(6a) 

or (6b) 

When a(FeO) at the interface in the metal is one, x in Eq. (6b) is zero. 

If any feO ... ) forms, Le. a.(FeO) <1 andy t 0, it is dissolved by the 
· \1 nt 

glass according to Eq.( ). This indicates that the same amount of FeO 

is introduced into the glass at the interface by reaction (6b) regardless 

of the value of x. The net reaction is 

or 

F 0 . l" +2s. o ~~ F +2s. o 2 .. 0 x e + Na2-4xre2x· lz 5 = l'a2-6x e3x lz 5 + xNa( .t 9) 

or simplified as 

(7) 

(?a) 

(/b) 
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lhe 6Go 1000 for reaction (5b) was calculated( 6) to be 78,3 kcal/mol, 

This reaction thus can only occur when the activity quotient in Eq.(5c) 

is sufficiently smaller than one so that 6G becomes negative. Calculating, 

as before, the PNa is O.Ol8Pa which is favorable for this redox reaction 

to occur in either furnace. Thus reactions (4 and 7) can take place in 

the graphite furnace. The latter, however, is the only one that probably 

can take place in the alumina furnace when the metal is saturated with 

oxide (a(FeO)int = 1). The a(Fe2o 3 ) 91 ;a(Fe0)~ 1 ratio must remain small 

and less than one because of a relatively low a(Na 2o)
91

• Since 6Go 1000 

for reaction (6b) is -12.1 kcal when the a(FeO) in the metal is one, 

Fe2o3(gl) reacts readily with the iron to form FeO(gl) which keeps the 

ferrous/ferric ratio in the glass small and the reaction (5b) favorable 

and continuous; this reaction becomes even more favorable when the a(FeO)in~ 

is less than one because of a favorable activity quotient for reaction (2). 

It is interesting to note that the net reaction (/b) is essentially the 

same as the net reaction (4b) although the step reactions are quite 

different which results in the different microstructures seen in Fig. 5. 

In the case of redox reaction (2) FeO formed at the interface and 

was dissolved by the glass causing a diffusion gradient of Fe+2 from the 

interface into the liquid glass with a counter diffusion gradient of Na+ 

to the interface. Therefore, the continuing reaction sequence of a glass 

with dissolved FeO, with precipitates of cristobalite, and then with 

precipitates of cristobalite and fayalite was 1nitiated at the interfaces 

as seen in Fig. Sa. In the case of redox reaction (5) or (5a) the first 

step of formation of Fe+3 takes place in the glass (with the reduced Na 

atoms diffusing out of the liquid) and the second step of formation of 



-16-

Fe2+ by reaction (6) or (6a) takes place at the interface. These reactions 

are expected to develop complex diffusion gradients of Fe+3 toward the 

interface and into the glass with probably a high point at some critical 

distance from the interface with a counter gradient of Fe+2 from the 

interface into the glass and a gradient of Na+ determined by charge balance 

requirements. The formation of Fe+3 in the glass took place at the distance 

from the interface at which the ratio of a(Fe2o3);a(Fe0) 2 was favorable for 

reaction (5) or (5a)" The above reaction sequence was thus initiated at 

some distance from the interface as seen in Fig. 5b. 

Generally, the same sequence of phase transformations occurs for 

Eqs. (b, 6 and l) on continuation of the reactions as for Eqs. (2, 3 and 4) 

assuming that all of the ferric oxide formed by Eq. (5) or (Sa) takes part 

in Eqo(6) as described in conjunction with the phase diagram of Fig. 4. 

If the amount of initial FeO dissolved is greater than ~15 wt%, a continu­

ation of the reactions represented by Eqs. (Sa, 6a and 7a) leads to the 

liquid being first saturated with fayallite and then also with cristobalite 

as indicated by the phase diagram. The change in composition at which 

saturation with any phase occurs due to the presence of Fe2o3 in the 

liquid is not known since the only equilibrium phase diagram available 

. f' th t" f L 0 N 0 .. 0 ( 8) 1s or e r1ree components o re - a2 -~1 2,. 

V. DISCUSSION 

In a sessile drop experiment in wnich the two phases are in stable 

or metastable chemical equilibrium, the familiar Yaung-Dupre equation 

Eqo(9) indicates the equilibrium contact angle (e) for the existing 

interfacial tensions which will remain constant with time. 
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(9) Ysv - Ysl = Ylv cos e 

(Ysv- Ysl) constitutes the driving force tor wetting. In case of a 

reaction at the interface with the sub~trate as the active participant, 

i.e. undergoes a change in composition, such as reactions (2 and 6b with 

y >0), the increment of the speci c tree energy of the reaction at a 

given time (6g) around the periphery of the drop becomes a part of the 

driving force for wetting and o is thus reduced. G will also have some 

change with time since the reaction causes changes in compositions which in 

turn affect surface energies or tensions. If the reaction rate is fast 

or large enough, the 69 contribution is large enough so that the driving 

-· f t . d lt. ' d' (l 2) F t' torce or we t1ng excee s ylv resu ing 1n sprea 1ng • or a reac 10n 

in which the substrate is the passive participant, i.e. undergoes no 

change in composition, such as reactions (5 to 7) the free energy of 

the reaction does not contribute to the driving force for wetting. 

In the case of as-received Marz A iron Fig" 3 shows the change in 

e and the amount of the total Na lost with time at l000°C in both furnaces 

indicating that· the amount of reaction in a given time was greater in 

the graphite furnace (lower Po ). On plotting the data as weight loss 
2 

vs. contact angle in Fig. 6 the points fell essentially on a monotonic 

curve indicating that the change in compos·ition of the glass was the 

critical factor in determining tl1e change in driving force for wetting. 

The data also shows that there was a (6g) contribution to wetting due 

to reactions (2 and bb withy >0) which remains essentially constant for 

a given compostion of liquid glass. Reaction (6b) is dependent on 

reaction (6a). The rate of reactions (L) and (tib) is dependent on 
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the magnitude of a(FeO)int which is smaller (but not one) in the alumina 

furnace. Reaction (6a) is inherently slower than reaction (2) in vacuum 

because the Na produced in the former reaction is removed from the reaction 

site by diffusion and in the latter as a vapor by bubbling. The relative 

rates of these two reactions then determine the overall rate which. on 

the basis of the above, i.e. slower than reaction (2), is slower in the 

alumina furnace. but the driving force for wetting is essentially unaffected 

as long as a(FeO)int <1. fhe relative rates also determine the micro­

structures observed in Fig. 5 and described earlier. 

In the cnse of Arnco iron, \Jhich has procipitntes cf FcxO nnd an 

a(FeO) of one, the metal does not react with the glass according to 

reaction (2) but does react according to reaction (6) in wl1ich the 

metal is a passive participant" Fe+2 produced by reaction (6) can now 

participate in reaction (5) producing Fe+3 which can then react according 

to reaction (6). This cycle can repeat itself with a continuing increase 

of iron oxide in the glass. Since reaction (6) does not contribute its 

(6g) to the driving force for wetting because the metal is a passive 

participant, the contact angle does not change significantly and remains 

large as seen in Fig. 6. 

The data indicate that Marz A iron on exposure to an ambient atmos-

phere with a P0 above the dissociation pressure of FeO absorbs oxygen 
2 

even at room temperature (Marz I) causing an increase of a(FeO). Thus, 

variations in behavior of different shipment lots of Marz iron (Bmd C 

in Table 3) could be interpreted to be due to storage under different 

conditions and time before shipment. Heat treatment at a Po below the 
- 2 

dissociation pressure causes a decrease in oxygen content and a(FeO), as 

shown by Marz III. 



-19-

Qualitative information on adherence was obtained by determining 

the ease with which the glass drops could be removed from the metal. Good 

adherence was always realized when the glass at the interface approached 

saturation with FeO due to redox reactions with the substrate. Reaction 

studies were continued until crystalline precipitates occurred for purposes 

of understanding and following the reactions. In practice, reactions would 

not be carried as far. 

VI. CONCLUSIONS 

All redox reactions involving iron lead to the introduction of ferrous 

oxide into the glass at the interface. The semiquantitative kinetic studies, 

indicated that the reactions are sensitive to temperature, time and ambient 

pressure and P02 . The redox reactions are complicated since several can 

be going on simultaneously. The materials must be characterized as to 

activities of the various oxides and impurities. Experimental conditions 

must be kept constant to obtain correlatable kinetic data for a given series. 

The a(FeO) in the iron has been shown to be particularly critical. In 

order to completely understand the reactions and to obtain quantitative 

kinetic data, concentration profiles will be necessary of the elements 

concerned with submicron details at the interface. 

Sessile drop experiments provide qualitative information in regard 

to the presence of certain reactions. Spreading or decrease of contact 

angles with time is an indication of a continuing reaction in which the 

substrate plays an active, i.e. undergoes a change in composition, instead 

of a passive role. Contact angle measurements thus become informative, 

particularly on a comparative basis such as in this study. 
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* TABLE 1. CHEMICAL ANALYSIS OF GLASSES 

Oxide Na20·2Sio2 
Constituent (tlS2-LBL) NS2+10%Fe0 NS2+ 1 O/~Fe2 o 3 

'"~~~--~-~-

Si02 64.38 58o8l 58074 

Na 2o 33.85 30.62 30.28 

FeO 8.81 0.35 

Fe2o3 0.041 0.,90 9.89 

Al203 0.63 Oo26 0.32 

Ti02 0.001 Oo 01 0.02 

CaO 0.13 0.17 0.06 

MgO 0 .. 02 OoOl Oo 01 

K20 0.05 Oo03 Oo05 

8203 0.18 Ool6 0 012 

*in weight percent. 
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TABLE 3. 

-2 

CONTACT ANGLES AND Na WT LOSS AT 1000°C FOR 2 HRS 

VS PRESSURES AND TYPE OF METAL SUBSTRATE 

MATERIAL+ PRESSURE ITE FURNACE ALUMINA FURNACE 

(Pa) 

* 5 ~~it r z p, l. 01 x 1 0 ( li c) 

Marz I 

~1a rz II 

f~a rz I I I 

* Marz B 

* Marz C 

ARMCO 

Oo66 

0.10 

6o6Xl0-3 

2o6Xl0-4 

2.6xlo-4 

2.6xlo-4 

-4 2o6Xl0 

2.6xlo-4 

2"6xlo-4 

2o6xlo-4 

Total Na Contact 

% wto loss angle 

11.8 

24.6 

49A 

90.0 

9504 

15.7 

18,8 

96.0 

86.5 

28.4 

52 

24 

0 

0 

55 

48 

0 

8 

44 

53 

Total Na Contact 

% wt. loss angle 

57.4 

8. 1 

5 

7 

10 

55 

21 

15 

56 

63 

*Three Marz iron specimens as-received: A-lot 26/52143 (used in 
experiments for Figs" 2 and 3), B-lot 26/57823, C-lot 26/2051 

+Ns2-LBL glass used in all experiments. 



FIGURE CAPTIONS 

Fig. l. A schematic drawing of the alumina furnace (XBL 7811-6110). 

Fig. 2. Contact angles and %weight loss of total sodium from NS2-LBL 
-4 glass on Marz A iron at 900°C to 1000°C after 2 at 2.6 x 10 Pa, 

(XBL 7910-7201) 

Fig. 3. Contact angles and % weight loss of total sodium from NS2-LBL 

glass on Marz A iron vs" time from 10 to 250 minutes at 1000°C 

and 2"6 X l0-4Pa. (XBL 7910-7200) 

Fig. 4. Isotherm for 1000°C on phase equilibrium diagram for Na 20-Si02-FeO 

system. Composition line with squares represents NS2 glasses 

with progressive replacement of Na2o by FeO" (XBL 722-6039) 

Fig. 5. Cross-sections of NS2-LBL glass sessile drop on Marz A iron 

a) in graphite furnace, after 2 hrs at 1000°C with a total ambient 

pressure of 2.6 x l0-4Pa and P0 of =lo- 17 Pa~ and b) in alumina 
2 

furnace with P02 of ~lo- 7 .Pa after 4 hrs at 1000°C at same 

ambient pressure. Approximately same weight of Na lost in both 

experiments. Specimens etched for 10 sec in 10% HF. Iron sub-

strate at the bottom. See text for description of microstructures. 

Fig. 6. Contact angles vs" % weight loss of total sodium for NS2-LBL glass 

on Marz A and Armco irons. Tne pointes marked as circles in 

squares are for Marz I. 
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