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THE EFFECT OF ATMOSPHERE AND GLASS 
COMPOSITION ON REACTIONS AT GLASS-METAL INTERFACES 

John J. Brennan 

Inorganic Materials. Research Division, Lawrence Radiation Laboratory, 
and Department .o:f Materials Science and Engineering, 

College o:f Engineering, University of' Cali:fornia 
Berkeley, Calif'ornia 

ABSTRACT 

Contact angles and adherence o:f sodium disilicate glasses with 

varying oxide additions on iron, cobalt, nickel, and their alloys, were 

studied at l000°C in two vacuum :furnaces, one with a graphite heating· 

' . 
element. When the oxide containing glasses were melted on the substrate 

.metals in the :furnace with carbon present, the glasses generallywet the 

substrate, with a contact angle of' approximately zero degrees, and 

adhered strongly~ A crystalline phase of' either silica (Si02.) or an 

orthosilicate usually precipitated out o:f the glass. When the base 

metal had a higher oxidation potential than the metal oxide dissolved 

in the glass, i.e., CoO glass on Fe, a redox reaction took place. This 

resulted in the reduced metal :forming ·a d€mdritic structure growing into 

the glass while_ the· glass became enriched with the base metal oxide. The 

composition ot: the dendrite was determined by the relative activities 

ot: the metal oxides in the glass. In the :fufnace without carbon present, 
.,.~,.r-7 . . 

only the latter reaction took place . 

. It was determined that carbon· present in·· the furnace produced CO in 

thE? furnac.e atmosphere which resulted in .the substrate metals becoming un-

saturated with respect to· oxygen. A driving :force was thus esatblished 

for a redox reactioh involving the Na2 0 in the glass and the metal 
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substrate which .. resulted in the wetting of the metal by the glass and the 

saturation of the. glass at the interface with the base metal oxide. At 

this point, equilibrium compositions were established at the interface 

·resulting in a continuous electronic structure existing across the glass

metal interface giving the observed good adherence. Good adherence was 

also obtained from the redox reaction involving the dissolved oxide in the 

glass and the base metal due to mechanical interlocking between the metal 

dendrites and the glass. 

• 
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I. INTRODUCTION 

A fundamental understanding of the mechanisms responsible for 

adherence .between a glass and a .metal is .of prime importance to those 

.~ ...... 
interested in eriameli_ng and. related glass-to-metal sealing techniques. 

The requirement of good adherence between the glass and .the meta:J. can be 

achieved either by means of surface roughening of the metal or by the 

establishment of a chemical bond across t.he interface, or both. A 

chemical bond usually produces the best adherence and has been the sub-

ject of many investigations. 

Studies done by Pask and Fulrath1 over a period of years indicate 

that for good adherence at the glass-metal interface a balance of bond 

energies must exist across. the interface. This balance of bond energies 

can be achieved by the solution of the lowest valent oxide of the·metal 

into the glass so that the glass at the interface is saturated with this 

~ide and a.continuous electronic structure exists across the interface. 

The activity of the metal oxide in both phases would then be equal to 

one. The result is a smooth chemical transition fi'om the base metal 

through an equilibrium transition zone into the. glass. A necessary 

criteria for saturation. at the interface is that the diffusion of the 

oxide away from the interface must be slower than the oxidation reaction 

at the interface. 

2-6 . 
Other .researchers · have also investigated the glass-to-metal 

bondiq.g field and have supported the. general theory that chemical bond-

ing occurs between a glass and a metal when thermodynamic equilibrium 
·• 

compositions relative to the lowest valent oxide of the metal exist at 

the interface. 
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Sessile drop or.contact angle studies .of oxide.containing glasses 

. 4 
on metals have .not been done to any great extent. Adams, et al. 

studied the contact 8:llgles and adherence .of sodium disilicate (Na20•2Si02) 

glasses with varying iron oxide additions on platinum and iron at l000°C 

in vacuum. As all the glasses were made under oxidizing conditions, it 

was expected that most of the iron in the glass would be in solution in 

the ferric state. The glass-iron systems showed a lowering of the con-

tact angle from 34° with no oxide in the glass to 20° with 44 mole per 

cent ferric oxide added to the glass. The previously reported value for 

the contact angle of pure sodium disilicate (NS 2 ) glass on iron is 55°.
2 

Adams explains this discrepancy by showi?g that the surface of the iron 

had become oxidized and that this oxide had been dissolved by the glass. 

The resulting higher iron content in the glass presumably caused the 

lower contact angle. Devitrification occurred in the glasses containing 

more than 9.1% ferric oxide with fayalite (Fe2Si04) precipitating out at 

the interface. Adherence increased w.ith increasing amounts of ferric 

oxide added to the glass. No explanation was given as to why devitrifica-

tion occurred at such small percentages of iron oxide addition. 

Gaidos, et al. 3 using seven different soda-silica compositions in-

vestigated the effect of the oxygen to silicon ratio in the glass on its 

wetting of iron. The effect of metal oxide.additions was also studied 

by saturating sodium disilicate glass with ferric and ferrous oxides, 

It was found that ferric ions in the glass react with the iron substrate· 

leading to an irregular interface; ferrous ions do not. It was also 

found that increasing the oxygen to silicon ratio either by increasing 

the amount of normal network-modifying cation oxides or substrate metal 

-· 
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oxides caused a decrease iri the contact. angle and the development of 

adherence with contact angles less thari about 30°. Adherence was de-. ·.. . 

scribed as bei.ng due. to chemical bond formation at the interface brought 

about by the lowering .of the internal energy of the glass so that some 

thermod;Ynamically stable state is reached. The lowering of the internal 

.+4 
energy of the glass was due t·o the more effective screening of the S1 

ions by an increase in non-bridging oxyg€=ns .which occurred with the 

addition of net-vrork modifying oxides. 

The purpose of the present investigation is to provide a comprehen-

sive study of the interfacial reactions between metals and metal oxide 

containing glasses, degree of wetting and the resulting adherence. The 

systems under investigation are sodium disilicate glasses containing 

dissolved iron, cobalt, and nickel oxides in contact with iron, cobalt, 

and nickel metals as well as NiFe and NiCo alloys. The effect of furnace 

atmosphere on the interfacial reactions was also studied. 



-4-

II. EXPERIMENTAL . WORK 

A. Preparation of Samples 

The samples of iron, cobalt, and nickel were obtained from Materials 

Research Corporation, Orangeburg, New York, and were approximately 

99.995% pure. The major impurities were carbon and oxygen at about 20 ppm 
/ 

each. The platinum and gold were obtained from the Lawrence Radiation 

Laboratory, Berkeley, California, and were of 99.999% purity. Armco 

iron (typical analysis: 0.015% C, 0.0285% :Mn, 0,005% P, 0.025% s, 

0, 003% ::ii, and an unspecified amount of oxygen) was also obtained from 

the Lawrence Radiation Laboratory. The NiFe and NiCo alloys were of 

50-50 composition and were made by the high-purity metals laboratory at 

the Lawrence Radiation Laboratory and had a purity of 99.99+%. All 

metal samples were approximately 15 mils thick and were cut into 1/2" 

by 1/2" squares. The metal plates were then polished through a set of 

dry polishing papers an~ given a final high metallurgical polish on a 

lap wheel with 1-~ diamond grit. All samples were cleaned in an ultra-

sonic cleaner and stored in a dessicator until ready to be used. 

The sodium disilicate glass (NS 2 ) was obtained in powder form from 

the Philadelphis Quartz Company, Berkeley, California. Reagent grade 

CoO and NiO were added to the glass powder, mixed, and melted in a 

platinum crucible in air at 1400°C in varying percentages from zero to 

saturation. The saturation point of CoO in NS 2 glass at 950°C is re-

6 
ported to be approximately 25 wt. %. The saturation point of NiO in 

NS 2 glass at l000°C is .reported to be 7.55 wt. %. 7 The glasses conta~n-

ing dissolved CoO very likely contained some cobaltic ions since the 

reaction: 
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0 

t.Fs27 = -5 kcal (1) 

has a negative free ene_rgy below 1000°C. On cooling from the melting 

temper~ture some cobaltic ions most likely formed in the_ glass. The 

glas·ses c6;taining dissolved NiO, however, did no~ form Ni+3 ions on 

cooling since no evidence exists in the literature that Ni+3 ions are 

stable under these conditions. The glasses containing dissolved CoO 

were deep blue in color while those containing dissolved NiO were brown. 

* The glasses containing dissolved FeO were i:nade by mixing appropriate 

amounts of reagent grade Fe and Fe203 powder together with NS2 powder 

and melting the mixture in an iron crucible in a flowing Co/C02 mixture 1 

·at' 1000°C. The CO/C02 ratio was such that the resulting oxygen pressure 

was 5xlo-15 atm. This oxygen pressure insures that most of the iron in 

the glass is in the ferrous state. However, ·some ferric ions are also 

likely to be present. Ferrous glasses .are blue in color while ferric 

glasses are yellow...:brown. It has been ~eported8 that Fe +3 in combination 

with Fe+
2

, both in six-fold coordination in the glass,_ gives rise to a 

green coloration. Since most glasses containing dissolved iron oxide 

made in this investigation were greenish-blue in color, it is assumed 

that some ferric ions are present in the glass. Glass was made with 

dissolved iron oxide content varying from zero to saturation, which has 

been reported to be 4 4. 4 wt. percent at 1000°C. 9 

*The formula FeO is used.throughout the text for.convenience; in 
actuality the compound is non-stoichiometric with the formula Fe 0 
where x is 0.875-0.946 at 1000°C. x 
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All glass samples were broken up into· approximately 3/16" chunks 

and stored in a dessicator until used •. 

B. Contact Angle Test Procedure 

Two contact angle.furnaces were used during this research. The 

first,,wh:t.ch shall be referred to as furnace I, consisted of a graphite 

tube resistance heating element inside of which was placed an alumina 

"dee" tube on which the sample rests. This furnace is shown in Fig. 1. 

The zirconium getter indicated in the figure was not used during these 

experiments. Temperature.measurement and control were by means of a 

platinum-platinum/rhodium thermocouple which rested on the alumina "dee" 

with the thennocouple.tip just touching the sessile drop substrate. 

' ., 
i 

I 

Contact angle measurements were made by sighting along the alumina "dee" 

through fused silica windows. incorporated in the vacuum chamber with a 

telescope fitted with a protractor with movable cross hairs. With the 

. 
cross hairs fixed on the glass-metal-vacuum triple point, the contact 

angle could be read with rut accuracy of-plus or minus one degree. 

Furnace II consisted of a tantalum wound alumina tube inside of 

which was also an alumina "dee." Temperature control, and contact angle 

measurements were carried out in a manner similar to fUrnace I. The 

i(otal pressure inside the vacuum chamber of furnace II was approximately 

-5 -5 -7x10 mm Hg. while the total pressure inside furnace I was 3xl0 mm Hg., 

both measured when the furnace te!Flperature was 1000°C. 

All glass-metal sessile drop experiments were run. for a period of 

two hours at 1000°C. .This time was found to be sufficient for steady 

state conditions to be attained in furnace II. Steady state conditions 
· .. _ 

~n~ furnace I were never' reached. The contact angle was )neasured every_ 
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ten minutes to determine if any change with time took place. All samples 

were furnace cooled, reaching room temperature in 40.to 60 minutes. 

C. Measurement of Oxygen Pressures 

The oxygen pressures in the hot zone of the two furnaces were 

measured with the use of an oxygen gage. The closed end of a small 

zirconia tube was filled with a mixture of nickel oxide containing excess 

nickel. A platinum wire was imbedded in the NiO and extended out the 

open end of the tube which was then sealed shut. A second platinum wire 

was extended along the outside of the tube and wrapped around the tip. 

When the end of this tube was inserted into the hot zone of the furnace 

:an emf was established between the two platinum wires and was measured 

~ith a potentiometer. The emf established was due to the transfer of 

ielectrons in one direction. through the end of the tube coincidental with 

:the opposite movement of oxygen ions, the oxygen ions moving from th~ 

1

high oxygen pressure region to the low oxygen pressure region according 

i 
to the half-cell reactions: 

I, (3) 

The difference in oxygen pressures between the inside and the out-

side of the tube can be calculated from the equation: 

RT 
E=-lnK 

nf 

, I 

: ·r'i •.' 

\. 

(4) 
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E = measured emf 

R = l. 987 cal/°K 

T = temperature OK' 

n = number of electrons transferred 

f - Faraday's constant 

where K is the equilibriurn constant for the full equation: 

(5) 

K l·s· equal to.p(o 2·.)
112 · th t· ·t· f N. d I""O b th 1 s1nce e ac 1 Vl 1es o 1 1 an .~l are o equa . 

to one. Since the equilibrium oxygen pr.essure over NiO is known (3xl0-ll ~ 

atm at l000°C), one can easily determine the oxygen pressure inside the 

hot zone of the 'furnace. The oxygen pressure inside furnace II was 

-16 
found to be approximately 10 atm. The.oxygen pressure in furnace I 

was measured to be 10-ll atm but it is believed that this is an erroneous 

value. 

Furnace I, with the graphite heating element present, should exhibit 

an oxygen ·pressure of approximately l0-19 atm 1-rhich is the equilibrium 

oxygen pressure for the· reaction: 

( 6) 

at 1000°C. It is believed that 10-19 atm is the true oxygen pressure in 

~ll 
furnace I and that the erroneous reading of 10 .· atm was due to· indue-

tion currents set.up in the oxygen probe due to the large current flowing 

through the graphite tube.· Furnace II used very small current, thus no 

erroneous readings due to induction were expected. 
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D. Analysis of Sessile Drop Specimens 

Selected samples of sessile drop specimens were subjected to electron 

microprobe analysis. . All interfacial zones .were probed in order to 

determine the presence.of any reaction products and their composition 

and also to determine the species and amount of metal oxide in the glass. 

X-ray fluorescence pictures and photomicrographs of the interfacial zones 

were also taken. 

Representative sessile drop specimens were. subjected to bending 

which either separated the glass from the metal substrate or fractured 

the glass. Qualitative data concerning the strength of interfacial 

bonding was obtained from this test. 
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III. RESULTS AND DISCUSSION' 

A. Iron Oxide Containing Glasses· 

The change in contact angle for sodium. disilicate glass with in-

creasing amounts. of dissolved FeO on various metal substrates is shmm 

· in Table I. Also shown are the relative adherences and the colors of 

·the resulting glasses, The contact angles of ferrous glasses on the 

various substrates tend to be between approximately zero and five degrees 

in·. furnace I and tend to remain high in furnace II. 

·pe..:.FeO Glass 

The oxidation of elemental iron by sodium disilicate glass has been 

shown empirically,by Hagan and Ravitz
10 

to occur by the reduction of 

·sodium ions in the glass to sodium. vapor. The overall. reaction can be 

represented by: 

Fe(s) + Na~~izOs(gl) = FeO(gl) + 2Si02(gl) + 2 Na(g) t (7) 

From the thermodynamic-data listed in Table IV in the Appendix, the 

standard free energy of. the above reaction was calculated to be 85,850 
0 

cal at 1000°C. By using the expression t.F1ooo = -RT ln(PNa) 2 the 

equilibrium partial pressure of sodium for the reaCtion at 1000°C was 

. -8 
calculated.to be approximately 5xl0 atm. ·Therefore, if the partial 

. -8 ( ) pressure of sodium in th·e system is 5xl0 . atm or less, reaction 7 is 

thermodynamically feasible. 

From experiment, it. was found that when· ·a 9 .1% FeO glass , for 

example, was placed on a pure iron substrate and heated to 1000°C for. 

2 hours in furnace I, the contact angle fell to zero and over half of 
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TABLE I 

Contact Angles of Sodium Disilicate Glass 
with Varying Amounts of FeO 

Fe Furn I 
Adherence 

0 

55° 
poor 

Fe Fum II 60 ° 
Adherence . . . . poor 

·2.94 

52° 
poor 

Ni Furn I 
Adherence 

560 oo 
poor · :poor 

Ni Furn II 
Adherence 

CO Furn I 
Adherence 

CO Fum II 
. . . Adherence. 

NiCo Fum I 
Adherence 

NiCo Furn II 
Adherence 

60° 
poor 

60° 
. poor. 

57° 
poor 

60° 
poor 

NiFe Furn I 55° 
Adherence poor 

NiFe ·Furn II 
Adherence 

60° 
poor 

52° 
poor 

5.98 

47° 
poor 

oo 
good 

oo 
poor 

oo 
fair 

9.1 .16~1 28.0 

oo 
good 

oo 
very 
goo-d. 

55° 
poor 

oo 
poor 

56° 
.poor . 

oo 
good 

55° 
poor 

oo 
very 
good 

oo 
very 
good. 

oo 
very 
good. 

·, \ ·. ' . ' ·. ~ \ . ·. 

oo 
very 
good 

36° 
.fair 

oo 
good 

44.5 

oo 
very 
good 

27° 
.good. 

oo 
very 
good 

oo 
very 
good 

Color of 
Oxide 

Contain
ing Glass 

green 

green
blue 

brown 

green
brown 

blue 

49° green
poor .. blue .. 

oo 
very 
good 

oo 
very 
good 

31° 
good 

blue 

green
blue 

green 

green
blue 

·.' '' '' .. ',.,. '·. 

-r, 
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the original sodium in the glass was removed, depositing on the cold 

parts of the vacuum chamber. The dissolved FeO content of the glass 

increased to 25% at .the edge of the drop and to 17% in the middle with 
. I 

Si02 precipitating out of the glass around the edge, as determined from 

electron probe measurements. When a longer heating time was used, the 

Si02 precipitated throughout the glass drop. Figures 2 and 3 are 

oscilloscope traces of this interface usirig Fe and Si radiation which 

show plainly the Si02 precipitates. Figure 4 is a photomicrograph show-

ing the cross-sect ion in greater detail. The glass-metal interface is at 

the bottom of the photograph. 

From the Na20 -Si02-Fe0 phase diagram (Fig. 5) it can be seen that 

when an NSz glass containing dissolve d FeO loses sodium, SiOz would pre-

cipitate .out of the glass when the original FeO content of the glass was 

approximately 15% or less. When the original FeO content of the glass 

was 15-40%, Fe 2 Si0 4 (fayalite ) would be the precipitating phase on suf-

f~cient loss of sodium. From 40-45% FeO content, FeO itself would pre-

cipitate on loss of sodium from the glass. \-Then the precipitate forms 

at or near the interface, which is experimentally observed, then the glass 

remaining at the interface is saturated with FeO with .respect to a 

~econd phase, either Si02, FezSi04, or FeO. Adherence develops at this 

point. Good adherence was found to exist around the edge of the glass 

where the Si02 precipitated out and where the FeO content of the glass 

was 25% while rather poor .adherence existed in .the middle of the drop 

where the FeO content was ·11% and where no precipitate was present. More 

sodium was lost from the edge of the glass drop . than in the middle. This 

is due to reaction (7) proceeding faster at the edge of the drop since 



Fig. 2 Oscilloscope trace of 
9.1% FeO gl ass -Fe inter
fac e , Fe radiation (64ox ). 

-14-

Fig. 3 Oscilloscope trace of 
9. 1% FeO glas s -Fe inter
f ace, Si radiation (64ox) 
140~ square. 

XBB 697 - 4572 

Fig. 4 9 .1% FeO gl ass -Fe interface showing Si02 
reaction product; Fe s ub strat e at bottom 
of photograph. (250x) 
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FeO=F 
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XBL 697-867 

Fig . 5 Na2 0· Si0
2 

•.FeO phase diagram. 



the diffusion path for escape of the sodium from the glass is shorter 

there than in the middle of the drop. 

Iron oxide glasses on Armco iron in furnace I did not wet or react 

as readily as. glasses on pure iron. For example, a 9.1% FeO glass melted 

on Armco iron for 2 hours at 1000°C exhibited a contact angle of 32° with 

no noticeable reaction. Only after 4 . hours at l000°C did the contact 

angle drop towards zero vi th a noticeable . reaction taking place precipi-

tating Si02 at the int~rface. Reaction (7) was retarted vith the use of 

Armco iron whereas it proceeded readily with pure iron. Armco iron is 

11 reported to contain small particle of iron oxide in its structure. 

In furnace II, no noticeable reactions took place . betvreen glasses 

containing dissolved FeO and iron substrates. The contact angles re-

mained quite high 1.ri th a drop in angle from 60° at O% FeO to 27° at 44. 5% 

FeO (saturation). A corresponding increase in adherence was observed 

due to the approach to equilibrium compositions at the interface which 

resulted in a lowering of the interfacial energy with addition of FeO. 

At saturation, equilibrium compositions exist across the interface with 

the adherence being due to chemical bonding, i.e., a continuous elec-

tronic structure existing at the interface. In the absence of reactions 

~he contact angle is determir.ed by a balance of the horizontal components 

of the three .surface energy forces acting at the three phase junction 

between gas, metal, and liquid; this is represented by Eq. (8) (Young's 

equation) where y , Yn, and nY are the solid-gas, solid-liquid, and 
sg sx- x-g · 

liquid-gas surface tensions, respectively. 

(8) 
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e is the interior angle the drop m~~es witp the .substrate. 

Using the values of 1990 dynes/em and 300 dynes/em for the surface 

tensions of iron ~~d sodium disilicate glass respectively at 1000°C,
12 

one can caJculate the interfacial energy of the glass-metal drops know-

* ing the contact angle. For 8 = 60°, s y 9., = 1840 dynes/ em and for 8 = 27°, 

8
y9., = 1723 dynes/em. Thus, by adding 44.5J; FeO to an NS 2 glass melted 

on iron the amount of reduction of the surface energy of the metal by 

the glass is e'lual to about 89% of the surface tension of the glass. 

This balance indicates that the bonding forces between the atoms at the 

interface are closely e'lui valent to the bonding energies of the atoms in 

the glass, which is the re'luirement for a continuous electronic structure 

or chemical bonding at the interface. The increase in adherence as the 

reduction in interfacial energy approache s the surface energy of the 

glass is supported by this analysis. 

When sodium disilicate glass with dissolved Fe20 3 is melted on iron, 

a reaction between the ferric ions and the iron takes place: 

+3 
2Fe( gl) + Fe ( s ) = 

+2 
;3Fe(gl) 

0 

6F1ooo = -12 kcal (9) 

The contribution of the free energy of this reaction lowers the inter-

facial energy, thus lowering the contact angle. 

This was observed in furnace II. The col·or of the glass changed 

from yellow-brown to green-blue as reaction (9) proceeded. For example, 

a 10% Fe203 glass on Fe heated for 2 hours at 1000°C resulted in a 31° 

* Although surface energy and surface t ension are not numerically e'lual 
for solids, they wi ll be used interchangeably throughout this text. 



Also, the presence of the ferric ions in the glass weakens the 

Si-0-Na or norr-bridging oxygen bodning due to the · greater screening denar,ds 

of the ferric ions t h a.TJ. the ferrous ions and the addition to the glass of 

more oxygen per iron atom. The sodium is therefore more available for 

reaction. For ex&~ple, a 1 0% Fez03 glass on iron in furnace I at 1000°C 

exhibited a zero .contact angle after only two minutes. The color of the 

glass changed from yellow-brown to green-blue indicating the presence of 

ferrous ions. Sodium was lost from the glass and SiOz precipitated out. 

Reaction -(7) is thus enhanced by the presence of ferric ions in the glass. 

Reaction (9) also took place. 

Ni-FeO Glass 

Sodium disilicate glasses containing dissolved FeO when melted on 

nickel substrates quickly attained a zero contact angle in furnace I. For 

example, when a 9.1% FeO glass was melted on Ni at 1 000°C the FeO content

decreased to 8%, the NiO content increased from zero to 7%, the contact 

angle dropped to zero, and Ni2Si04 with some Fe
2+ (i.e. Ni1.sFeo.zSi04) 

precipitated out at the interface. Sodium was also los~ from the glass. 

It appears that a reaction similar to reaction (7) is taking place. 

(10) 



-~ -
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Fig. 6 10% Fe2o3 glass-Fe interface showing attack 

of Fe) no rxn product. Fe substrate at bottom 

of photograph) glass on l eft) plastic ho l der 

on right. (32x). 
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The NazO-SiOz-NiO .phase di_agram is not known; however, it is apparently 

. similar to the NazO-SiOz-FeO diagram except that the NizSi0 4 and Si02 

phase regions are smaller and shifted down toward the Si02 corner of the 

diagram due to the lower solubility of NiO in NS2 as compared to FeO. As 

sodium is lost by reaction (10) the glass becomes saturated with NiO and 

NizSi04 precipitates out. When ferrous ions are also present in the 

glass, they enter into the precipitating phase to the extent that 

equilibriurJ. compositions at the glass-silicate interface, or equal 

activities of iron and nickel oxides in the two phases, are maintained. 

Figures 7, 8, and 9 are oscilloscope traces of the interface show

ing the formation of the iron nickel silicate phase at the interface and 

within the glass. Figure 10 is a photomicrograph of the same inter

facial area •rith the int~rface at the bottom of the photograph. 

Good adherence resulted as soon as the precipitate formed since at 

that point the glass became saturated with the base metal oxide thus 

establishing equilibrium compositions a~ the interface with a continuous 

electronic structure existing across it. The color of the glass cha.11ged 

from green-blue to brown as the reaction proceeded , indicating the 

presence of NiO in the glass. 

In furnace II the contact angle remained quite high with additi on 

of FeO to the glass, falling to 45° at 44.5% FeO content. The glass 

retained its green-blue color indicating that FeO is .the only dissolved 

oxide. The adherence remained very poor on addition of FeO to the glass. 

No sodium was lost from the glass indicating that reaction (10) did not 

proceed . From these observations it is apparent that no nickel oxide 

enters the glass, thei:efore no chemi cal bonding exists at the interface, 

. I 
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Fig. 7 Fig . 8 

Fig. 9 Fig . 10 XBB 697 - 4570 

Fig. 7 Oscilloscope trace of 9 .1% FeO gl ass - Ni interface 
Ni radiation. (64ox). 

Fig. 8 Oscilloscope trace of 9 . 1% FeO gl ass -Ni interface , 
Fe radi at ion. (64ox ). 

Fig. 9 Oscilloscope trace of 9 .1% FeO glass -Ni interface, 
Si rad i ation. (64ox). 

Fig. 10 9 .1% FeO gl ass - Ni interface showing reaction product; 
Ni substrate at bottom of photograph, gl ass in center, 
plastic at top. (250x ). 
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resulting in the observed poor aill1erence :of the FeO glasses to nickel. 

Co-FeO ·Glass .. . 

This system is simil a r to the previous one in .that when . an FeO 

glass was melted on cobalt in furnace I the contact angle fell to zero, 

the glas s changed color from green- blue to a cobalt blue, and the ad-

herence increased 1-ri th increasing FeO content, as shown in Table I. 

Very good adherence was observed at high percentages of FeO. For 

examp l e , when a 9.1% FeO glass was melted on Co for 2 hours at l000°C 

in furn a ce I, the r esulting glass cor;rposi tion, as determined by the 

electron probe , 1-ras 9% FeO and 15% CoO. The contact angle was essentially 

zero and sodium was lost from the glass. However, no second phase vras 

precipitated and ve~J poor adherence was observed. This is a good 

example of the fact that wetting of the metal by the glass does not 

ne_cessarily result in good adherence . The wetting, in this case, re-

sulted from the contribution of the free energy of the reaction: 

NazSizOs(gl) + Co(s) = CoO(gl) + SiOz(gl) + 2Na(g) t (11) 

to the reduction of the interfacial energy. Good adherence resulted 

only when the reaction proceeded to the point where the glass became 

saturated with CoO and a second phase of composition (Fe
1 

Co )z Si04 
· -x x 

was precipitated. When the 9.1% FeO glass was held for a longer period 

of time at ·1000°C or when a higher percentage of FeO was dissolved in 

the glass'· good adherence to Co resulted. 

In furnace II the adherence remained poor and the contact angle 

r emained high with addition of FeO to t he glass, as in the case of FeO 
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glass on nickel. The . color of the glass remained · green-blue indicating 

no · dissolution of CoO into .the glass, and no . sodium was removed from the 

glass. These results indicate that reaction ( 11), like reactions (7) 

and (10), does not proceed in furnace II. 

NiFe-FeO Glass 

From Table I, it can .be seen that the results .for an FeO glass 

melted on NiFe alloy .substrate are very similar to an FeO glass on an 

iron substrate • . For example, a 9.1% FeO glass melted on an NiFe substrate 

at 1000°C in furnace I .resulted in a contact angle approaching zero, good 

adherence, loss of sodium from the glass, ~Dd the precipitation of Si02 

at the interface. Figure ll shows the precipitate phase at the inter

face (bottom of photograph). Notice that . the precipitate appears to 

have nucleated at a crack in the metal substrate and then to have grown 

out into the glass. 

An interesting observation in this system is that the Si02 particles 

.were surrounded by Fe 2Si0 4• This phenomenon is associated with increase 

of FeO in the glass as the reaction proceeds, .the final glass containing 

36% FeO near the precipitate phase. As sodium was lost from the glass 

through reaction (7), Si02 first precipitated out. As the reaction con

tinued the FeO content of the glass increased and the Si02 content of 

the glass decreased. When the FeO content .r.eached about 35%, Fe2Si04 

started to precipitate out, as can be seen from the FeO-Si02-Na40 phase 

diagram, Figure 5. As reaction (7) continues, the composition of the 

glass follows the i000°C liquidus line which forms the left side of the 

cross-hatched phase fields. If the reaction were allowed to proceed 

long enough, FeO would begin to precipitate out of the glass. Finally, 
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XBB 697-4561 

6% FeO glass-NiFe interface showing reaction product; 
NiFe substrate at bottom of photograph, gl ass in 
center, plastic at top. (250X). 
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when all the sodium had .J,eft the glass, .the resultant product would be a 

Si02 , Fe 2Si0 4 , FeO composite. The nickel in the substrate did not enter 

into the reactions due to the .much higher .oxidation .potential of the 

iron. The absence of any brown coloration of the glass supports the 

absence of NiO. 

The contact angle data and adherence values for FeO glass on NiFe 

in furnace II are very similar to the values in .the FeO glass-Fe system, 

as expected. .The drop in contact angle and increase in adherence as the 

FeO content of the glass increases is due to the attainment of equilibrium 

compositions at .the interface which result in a lowering of the inter

facial energy. At saturation1
, equilibrium . compositions exJ.st across .the 

interface with the adherence being due to chemical bonding, i.e. , a con

tinuous electronic structure across the interface. 

Nico..:.Feo ·Glass 

The behavior of this system is a combination of .both the Ni-FeO 

glass and Co-FeO glass systems in that both reaction.s (10) and (11) took 

place when the glasses were melted in furnace I. The oxidation potentials 

of Ni (+0.250) and Co (+0.277) are very close so .that both substrate 

metals enter into the .reaction, unlike the FeO glass-NiFe system. The 

oxidation potential for Fe is +0.44. For example, a 6% FeO glass on NiCo 

when heated . at 1000°C for 2 hours resulted in a zero contact angle, good 

adherence, a glass composition of 4% FeO, 10% CoO, and 2% NiO, and a 

precipitate phase of approximate . compositi~n (Feo.4Nio.4C01·2)Si04. 

Again sodium is lost from the glass. When the glass became saturated 

with the oxide of the substrate metal with the highest oxidation poten

tial, a precipitate formed. The composition of the precipitate was 
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determined by the re l ative activities of the oxides in the glass. 

Figures 12, . 13, 14 and 15 are oscilloscope traces of a cross - section of 

this interface showing the precipitate phase and .the location of each of 

the four principal elements, Ni, Fe, Si, and Co. 

In furnace II, no reactions bet.reen the FeO glass and the NiCo 

substrate took place v.rith resulting high contact angles and poor adherence. 

Again, vrith no base metal oxide in the glass, the glass still being green

blue in color, chemical bonding vas lacking at the glass-metal interface 

resulting in poor adherence . 

B. Cobalt Oxide Containing Glasses 

Fran Table II, it can be seen that glasses containing dissolved 

CoO generally exhibit low contact angles in furnace I on all substrates 

except iron. In furnace II the contact angles remain fairly high on all 

substrates. 

Co-CoO Glas s 

This system parallels almost exactly the FeO glass - Fe system in 

that in furnace I a CoO glass melted on Co . attained a contact angle of 

zero and sodium was lost from the glass through reaction (ll). For 

exa.rnple, a 19.35%. CoO glass on Co melted at l000°C for 2 hours shmre d a 

z,ero contact a_r,.gle, good adherence, a final glass coffiposition containing 

22% CoO, and a Co2Si04 precipitate. Figure 16 shows the precipitated 

phase at the glass-metal interface. Almost 60% . of the original soda 

content of the glass was reduced to sodium vrhich vaporized and condensed 

onto the cold parts of the furnace. The good adherence was due to the 

saturation of the glass with the substrate metal oxide so that chemical 

bonding and a continuous electronic structure existed across the interface. 

.. 



.. 

-27-

Fig. 12 Oscill oscope trace of a 6% 
FeO glass-NiCo interface, 
Ni radiation. (64ox). 

Fig. 14 Oscilloscope trace of a 6% 
FeO gl ass -NiCo interface, Si 
rad i a tion. (64ox). 

Fig. 13 Oscilloscope trace of a 6% 
FeO glass-NiCo i nterface, 
Fe radiation. (64ox). 

XBB 697-4571 

Fig • . 15 Oscil loscope trace of a 6% 
FeO gl ass - NiCo interface, 
Co radiation. (64ox). 
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TABLE II 

Contact Angles of Sodium Disilicate Glass 
with Varying Amounts of . CoO 

0 -1.96 5.66 9.1 15.25 19.35 

560 48° 40° 50 oo oo 
poor poor poor fair good very 

.. good 

60° 56° 
. Adherence . poor poor . 

Furn I 55° 50° 40° 31° 
Adherence poor good good very 

25 .4 

oo 
very 
good 

24° 
.good . 

21° 
very 

.good . . .. _good 

Fe Fum II 60° 30° 24° 
Adherenc e poor very very 

. good . .. good 

Ni Furn I 56° 10° 90 10° 30 oo 
. . Adherence .poor :poor poor poor fair good 

Ni Furn II 60° 56° 19° 
Adherence poor :poor .. :poor 

FeNi Furn I 55° 46° 23° oo oo 
Adherence :poor good good very very 

good . .good 

FeNi Furn II 60° 45° 27° 
Adherence :poor good very 

. . . . . . . . . . . . . . . good . 

NiCo Furn I 57° 54° 50° 26° 10° 40 
Adherence fair 

.. 
fair good· . poor . :poor . :poor 

NiCo Furn II 60° 50° 27° 
Adherence poor poor fair 

. . . . . . . . . 

f . 

Color of 
Oxi de 

Contain-
ing Glass 

blue 

blue 

green 

green-
blue 

blue 

blue 

blue-
green 

blue-
green 

blue 

blue 
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XBB 697-4563 

Fig. 16 19. 35% CoO glass-Co interface showing 
reaction product; Co substrate at bottom 
of photpgraph, glass in center, plastic 
at top. (250X). 
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In furnace II, no .reactions took plac~ between the CoO glass and 

Co . The contact angle was determined solely by the three surface energy 

forces acting on the periphery of the drop as described previously. As 

the interfacial energy was .reduced with increasing CoO content of the 

glass, the contact angle also was lowered with a . corresponding increase 

in adherence. The best adherence was obtained when the glass was 

saturated with CoO. 

Fe-Coo ·class 

In this system the predominant reaction in furnace I is not the 

reaction to reduce the soda (reaction 7) .but is instead a redox reaction 

betvreen the CoO in the glass and the iron substrate. 

CoO(gl) + Fe(s) = FeO(gl) + Co(s) L'.F = :-9 kcal (12) 

Borom6 gave a detailed account of the reaction kinetics in this system. 

In .short, the CoO in the glass is reduced by .the Fe forming Co metal at 

the interface. Fe Co dendrites then begin grmring from the interface out 

into the glass, their composition being determined by the activities of 

the two oxides in the glass. Figure 17 shows the glass-metal interface 

(at the bottom of the photograph) for a glass drop originally containing 

5.66% CoO heated in furnace I. Notice how the base metal has been 

corroded by reaction (12). The glass now contains very little CoO but 

the FeO content has increased from zero to .17%. Figure 18 shows that 

when a glass '.vith 19.35% CoO dissolved in it was heated at l000°C in 

furnace I for 2 hours, reaction (7) has also taken place. Notice the 

second phase interspersed between the metal dendrites. This second phase 

{ . I 
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XBB 697-4562 

Fig. 17 5.66% CoO glass-Fe interface showing CoFe 
dendrites; Fe s ub strate at bottom of 
photograph, gl ass at right, pl astic at 
left. (32X). 
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Fig. 18 Fig. 19 

XBB 697-4569 

Fig. 20 Fig. 21 

Fig . 18. 19. 35% CoO glass -Fe interface showing 
CoFe dendrites and reaction product; 
Fe substrate at bottom of photograph, 
glass in center, plast ic at top. (32X ). 

Fig. 19 Oscilloscope trace of 19. 35% CoO glass -Fe 
interface, Si rad i ation. (36x) 240~ square . 

Fig . 20 Oscilloscope trace of 19. 35% CoO gl ass - Fe 
interface , Fe radiation. (360x ). 

Fig. 21 Oscilloscope trace of 19. 35% CoO glass - Fe 
interface, Co radiation. (360x). 
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is Si02. surrounded by Fe2.Si04 which precip-itated . ou~ of .the glass due 

to saturation of .the glass with FeO and the simultaneous loss of sodium, 

as previously described. This glass now contains 33% FeO and 1% CoO 

with less than half of the starting sodil.Lm content remaining. Figures 

19, 20, and 21 are oscilloscope traces of this interface. From the ~e 

I 
pictures it can be seen that the dendrites contain both Fe and Co and 

that the regions· between the dendrites are a mixture .of Si02. surrounded 

,by Fe2Si04 and FeO . containing glass. The .composition of the dendrites 

varies from 70% Fe-30% Co .to 80% Co-20% Fe from the interface outward. 

Reaction (7) did not take place in furnace II; no sodium was lost 

fro.r.:J. the glass and no. precipitates •rere formed . Reaction (12), however, 

did take place with the glass being enriched in FeO and CoFe dendrites 

being formed. The contact angles remain high in furnace I as well as in 

furnace II due to .the predominance of reaction (12) over reaction (7). 

Once the dendrite metal network forms in the glass, the glass does not 

seem to be able to spr.ead out over the metal substrate. Adherence was 

very good as soon as the dendrites formed even . though the interface was 

not yet saturated with .the oxide of the .base .metal. In this case the 

.adherence was due mainly to mechanical interlocking of the glass with 

the metal dendrites. 

Ni-CoO Glass 

Sodium disilicat.e' glasses containing dissolved CoO when melted on 

nickel substrates in furnace I rapidly attained a .contact angle approach-

ing zero. For example, a 25.4% CoO glass on Ni heated to 1000°C for 2 

hours resulted in a final_ glass composition of 17% CoO; 7% NiO and a 

solid solution of NiO and . CoO precipitating out at the interface. .Over 
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half of the original soda content of the glass was reduced to sodium. 

In figure 22, . the NiO·CoO solid solution can be seen ~s small needlelike 

crystals growing into . the glass from the metal~glass interface at the 

bottom of the photograph. The blocky grains are nickel. It is apparent 

that reaction (10) took place in furnace I. Furthermore, preferential 

attack of the nickel substrate along grain boundaries apparently resulted 

in some of the grains breaking loose from the substrate and drifting out 

into the glass . 

With less initial CoO in the glass, a cobalt nickel silicate was 

the precipitating phase. For example, when a 15.25% CoO glass was melted 

on Ni in furnace I for 2 hours, the contact angle dropped to 3°, the 

glass composition changed to 9% CoO and 4% NiO, and (Co 1 • 2Ni 0 • 8 )Si04 pre

cipitated at the interface. It is apparent that in just about all of 

the NSz-metal oxide/metal systems many precipitate-glass combinations 

are possible depending on the amount of sodium lost from the glass, 

species of oxides dissolved in the glas_s either initially or through 

reaction, and how much of each oxide leads to saturation. 

In furnace II, reaction (10) did not proceed with the resulting 

glasses being devoid of base metal oxide (NiO). Therefore, the contact 

~gles remained high and the .adherence was poor. 

NiFe-CoO.Glass 

This system is similar to the system CoO glass on Fe except that in 

furnace I the CoO reduced according to reaction (12) does not form den

drites in the glass, but instead, forms a thin .layer of Co along the 

glass-metal interface for initial CoO contents of 9.1% or higher. The 

nickel did not enter into the reaction due to the much higher oxidation 
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Fig. 22 25.4% CoO gl ass-Ni interface showing reaction 
product; Ni substrate at bottom of photograph, 

Fig. 23 

· gl ass in center, plastic at top. (250x) • 

.. 
H; ,, 

• . f .. . 
~ f· 

.. . ~· .... \ .. ' \ t ") ~ • ,:'.... . ~ .\1 
' . 'j . 
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XBB 697-4559 

9 .1% CoO gl ass-NiFe interface showing reaction product; 
NiFe substrate at bottom of photograph, gl ass in center , 
plastic at top. (250X ). 
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potential of iron . With percentages of CoO less than 9.1 the reduced 

cobalt alloyed . with iron from the base metal to form dendrites. For 

example, when . a l. 96% CoO glass was melted on NiFe at l000°C for 2 hours 

in furnace I, the .CoO content dropped to l/2%,the FeO content increased 

from zero to 4%, . the contact angle remained high ( 46°), and FeCo dendrites 

formed in the glass . The adherence was good. Very little sodium vms 

lost from the glass, indicating that reaction . ( 7) did not proceed to a.11.y 

great extent . Hovever, when a 9.1% CoO glass vras melted on NiFe at 1000°C 

for 2 hours, the CoO content dropped to l%, . the FeO content increased 

from zero to 22%, the contact angle dropped to zero, Co formed as a layer 

along the interface, and silica precipitated out of the glass. The ad-

herence was good, and .over half of the sodium was lost from the· glass. 

Figure 23 shows the interfacial area while Figs. 24, 25, 26, and 27 are . . 

oscilloscope traces shm·ring the location of the elements, Fe, Ni, Si, 

and Co. In Fig . . 27 the cobalt layer at the interface is clearly visible. 

It appears that at high percentages of CoO in the glass, reaction ( 7) 

proceeds at a faster rate than reaction (12). The rate .of reaction (12) 

is evidently slaved down due to the presence of nickel in the alloy sub-

strate. 

In furnace II, the only reaction taki?g place.is .the redox reaction 

oetween the cobalt oxide in the glass and the iron in the substrate 

alloy. A 25 . 4% CoO glass melt.ed on NiFe resulted in a final glass com-

position of 7% CoO and 19% FeO, a contact angle .of 27°, good adherence, 

no .loss of sodiQm from the glass, and the formation of FeCo dendrites 

extending from the base metal into .the glass. 
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Fig. 24 Oscilloscope trace of 9 .1% 
CoO glass - NiFe interface, 
Fe radiation. (64ox). 

Fig. 26 Oscilloscope trace of a 9 .1% 
CoO glass-NiFe interface, 
Si radiation. (64ox) . 
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Fig. 25 

Fig . 27 

Oscilloscope trace of a 9.1% 
CoO glass NiFe interface, 
Ni radiation. (64ox). 

XBB 697-4565 

Oscilloscope trace of a 9 .1% 
CoO gl ass-NiFe interface, Co 
radiation. ( 64ox ). 
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Nico..:.coo Gl ass 

In this _sys t em, with the similarity in oxidation potentials of 

nickel and cobalt , both elements in the alloy take part in reaction (10) 

and reaction (ll) in .furnace I. For example, a 25.4% CoO glass melted 

on NiCo for 2 hours at l000°C in furnace I resulted in a final glass 

composition of 22% CoO and 4% NiO, a precipitate phase of approximate 

composition Co1 . 7 Nio.3Si04 formed at the interface, loss of sodium from 

the glass, an~ good adherence. }~igures 28 and 29 are oscilloscope traces 

showing the location of the Ni and Si. No oscilloscope trace using Co 

radiation was taken due to the fact that the amount of Co in the pre-

cipi tating phase, the . substrate, and in the glass was so similar that 

the phases could not; be distinguished. Figure 30 is a photomicrograph 
' 

of the same cross-section with the interface .at the bottom showing the 

precipitate in greater detail. 

In furnace II, reactions (10) and (ll) did not proceed resulting in 

high contact angles and poor adherence Until saturation of the glass 

with CoO was approached. At saturation .(25.4% CoO) equilibrium existed 

.across the interface; the adherence was due to chemical bonding due to 

a continuous electronic structure across the interface. 

C. Nickel Oxide Containing Glasses 

From Table III it can be seen that NiO glasses, like CoO glasses, 

exhibited low contact angles in furnace I on all substrates except iron. 

The a.."rJ.gles for NiO glasses on Ni were not quite as lovr as the corres-

ponding angles for CoO glasses on Co, however. In furnace II the contact 

angles remaine d relatively high on all substrates. . . 
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Fig. 28 Oscilloscope trace of 25.4% 
CoO glass-NiCo interface, 
Ni radiation. ( 640 x). 

.. . .. 
.;: ... 

·. 

Fig. 29 Oscilloscope trace of 25.4% 
CoO glass-NiCo interface, Si 
radiation. ( 640 x). 

XBB 697-4566 

Fig. 30 25.4% CoO glass-NiCo interface showing reaction 
product; NiCo substrate at bottom of photograph, 
glass in center, plastic at top. (250x). 
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T.AELE III 

Contact Angles of Sodium Disilicate Glass 
with Varying Amounts of NiO 

0 1.14 2.18 3.20 5.11 6.115 

56° 40° 34° 21° 19° 20° 
poor poor poor fair fair fair 

60° 48° 
.poor poor 

55° 50° 44° 42° 40° 39° 
poor fair good good very very 

. . good . good 

60° 44° 
poor good 

56° 23° 13° 50 50 50 
poor poor fair good good very 

.good 

60° 52° 
poor fair 

55° 110° 32° oo 
poor fair fair good 

60° 47° 
poor . fair 

57° 55° 12° 50 
poor fair good .very 

. . . . . . . . . . . . . .. ·good _· 

NiCo Fum II 60° 49° 
Adherence poor fair 

Color of 
oxide 
Contain-

6.99 7.55 ing Glass 

170 60 brown 
good very 

good 

33° brown 
good 

37° green 
very 
good 

36° green-
very blue 

_good. 

50 blue 
very 
good 

43° blue 
good. 

oo green 
.good 

41° green-
.good blue 

50 blue 
very 
good 

39° blue 
good 
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Ni..:.NiO .Glass 

This system was . very similar to the . CoO glass-eo and .FeO glass-Fe 

systems except that the contact angle did not fall to zero . when . the 

glass was melted on Ni in furnace I. It is possible that the kinetics 

in this system are slower due to the lower oxidation .potential of nickel 

compared to cobalt and iron. Also, the low solubility of NiO in NS 2 

glass results in very little change in the oxygen to silicon ratio in 

the glass. This ratio is an important factor in determining the kinetics 

for the glass-metal reactio~s taking place in :furnace I, as will be ex-

plained in a later section. However, for a 7. 55% NiO glass melted on 

Ni for 2 hours at l000°C, the kinetics of reaction (10) were fast enough 

so that sodium was visibly lost from the glass, the contact angle dropped 

to 6°, Ni2Si04 precipitated from t he glass, and good adherence was 

attained. The good .adherence was due again to the saturation of the 

glass with the base metal oxide giving a continuous electronic structure 

across the interface. 

In furnace II no reactions took place .between the NiO glass and the 

nickel substrate. As the interfacial ene_rgy was reduced by . addition of 

NiO .to the glass the contact angle dropped and the adherence increased. 

The .best adherence was· obtained when equilibrium existed .across the 
. 
interface at the. saturation point of the glass with NiO. 

· Fe..:.NiO Glass 

This system is analagous to the system Fe..,.CoO glass in that the 

predominant reaction is .the redox reaction between the metal oxide in 

the glass and the metal substrate: 
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0 

NiO(gl) + Fe(s) = FeO(gl) + Ni(s) 6F1000 = -13 kcal (13) 

The NiO in the glass is reduced by the Fe. Simultaneously, the FeO pro-

duced by the oxidation of the base metal diffuses away from the interface 

into the glass. NiFe dendrites grow from the interface into the glass, 

their composition being determined by the activities of the two oxides 

in the glass. When the NiO in the glass is extremely reduced, the 

reaction and dendrite formation stop. 

Figure 31 shows the dendrite formation in the glass for a 7.55% 

NiO glass melted on Fe in furnace I. Very little NiO remained in the 

glass while the FeO content increased from zero to 15%. For the FeO con-

tent to increase to 15% reaction (7) must also have taken place in 

furnace I. However, the FeO content had not risen sufficiently high nor 

had the amount of sodium lost from the glass been enough to precipitate 

a second phase. The composition of the dendrites formed in this specimen 

vary from 50% Ni-50% Fe away from the interface to 80% Fe-20% Ni near 

the interface. 

In furnace II only reaction (13) took place with NiFe dendrites 

forming in the glass. A 1. 55% NiO glass melted on Fe in furnace II 

resulted in a final glass composition of approximately zero NiO and 7% 

FeO with very good adherence and a contact angle . of 36°. With only 7% 

FeO being dissolved in the glass, it is apparent that reaction (7) did 

not proceed in furnace II. Adherence is due to mechanical interlocking 

of the glass with the metal dendrites. 
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XBB 697-4564 . 

Fig. 31 7.55% NiO glass-Fe inte rface showing extensive 
dendrite formation . (250X ). 
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Co-NiO Glass 

As in the system Fe-NiO glass, the base metal has a higher oxidation 

potential than the NiO dissolved in the glass .leading to a redox reaction: 

0 

NiO(gl) + Co(s) = CoO(gl) + Ni(s) bF1000 = -4 .kcal T ( 14 ) 

The NiO in the glass is reduced by the cobalt substrate. NiCo dendrites 

then grow out into the glass. In this system, however, the negative 

free energy of reaction (14) is sufficiently small so that its rate is 

less than the rate of reaction (11) in furnace I after some CoO has been 

introduced into the glass from reaction (14). For glasses containing 

more than 3.20% NiO on Co reaction (11) proceeded at a fast enough rate 

so that the glass wetted the metal before the NiCo dendrites grew very 

far into the glass. For example, when a 7.55% NiO glass was melted on 

Co, the contact angle fell to 5°, sodium was lost from the glass, the 

adherence was good, and the final glass composition was approximately 1% 

NiO and 17% CoO. NiCo dendrites were also present · in the glass near 

the interface. Figures 32, 33, and 34 are oscilloscope traces showing 

the location of the Ni, Co, and Si in the cross-section of this specimen. 

~igure 35 shows the interfacial zone in greater detail. 

In furnace II _ the only reaction ta_"k.ing_ place is the redox reactiqn, 

Eq. (14), which resulted in high contact angles and good adherence. 

Again, adherence i n both furnaces is due primarily to mechanical inter-

locking bet,..reen the metal dendrites and the glass. 
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Fig. 32 Fig. 33 

XBB 697-4567 

Fig. 34 Fig. 35 

Fig . 32 Oscilloscope trace of a 7.55% NiO glass-eo interface, 
Ni radi at i on. (64ax). 

Fig. 33 Oscill oscope trace of a 7.55% NiO glass -Co interface, 
Co rad i ation. (64ox). 

Fig. 34 Oscilloscope trace of a 7.55% NiO glass-Co interface , 
Si radiation. (64ax ). 

Fig. 35 7-55% NiO gl ass -eo interface showing dendrite formation. 
(250x ). 
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NiFe-NiO .Glass 

This system parallels the sy~tem NiFe-CoO glass in that the nickel 

r educed by reaction (13) formed as a thin layer along the glass-metal 

interface for NiO contents of 3. 20% or higher in . furnace I. At lower 

percentages of NiO than 3.20 the nickel . formed as dendrites alloyed with 

iron. For example, a 2.18% NiO glas s on NiFe melted for 2 hours at 

l000°C resulted in a 32° contact angle 5 fair.adherence, NiFe dendrites in 

the glass near the int~rface, and a final glass composition of approxi

mately o% NiO and 5% FeO. Very little sodium was lost from the glass, 

indicating that reaction (7) did not proceed to any great extent. How

ever, a 3.20~~ NiO glass melted on NiFe resulted in a zero contact angle, 

good adherence, loss of sodium from the glass, an Ni layer at the inter

face, and 15% FeO in t he giass. Reaction -(7) was evidently proceeding 

at a faster rate in this case than reaction (13) which had been retarded 

due to the presence of nickel in the alloy ·substrate. 

In furnace II the only reaction taking place is the redox reaction 

between the NiO and the Fe in the substrat e alloy resulting in NiFe 

dendrites in the glass, good adherence, and h_igh contact angles. 

NiCo..:.NiO Glass 

This system is very similar to the Co-NiO glass system in that a 

redox reaction occurred betvreen the NiO j_n the glass and the Co in the 

substrate (Eq. (14)) resulting in NiCo dendrites that grew from the 

interface into the glass. Again, however, the negative free energy of 

reaction (14) is sufficiently low so that the rate _of .this reaction was 

less than the rate of reaction (ll)_ in furnace I after some CoO had been 

dissolved in the gJ.ass from reaction (14). In other i.rords , the sodium 
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in the glass was more easily reduced than the nickel. For glasses con-

taining more than 3.20% NiO reaction (11) proceeded at a fast enough 

rate so that the glass wetted the metal before the NiCo dendrites grew 

very far into the glass. For example, a 7.55% NiO glass melted on NiCo 

resulted in a final contact angle of 5°, loss of .sodium from the glass, 

formation of NiCo dendrites in the glass n e ar the interface, and a final 

glass composition of approximately 14% CoO and 1% NiO. The adherence 

was good as soon as the dendrites formed. Figures 36, 37, and 38 are 

oscilloscope traces of this interface •rhile Fig. 39 is a photomicrograph 

of the same interfacial area. The NiCo dendrites extending into the 

glass from the base metal are clearly visible. 

In furnace II only reaction (14) proceeded with NiCo dendrites form-

i .ng in the glass. High contact angles and good adherence were obtained. 

D. FeO, CoO, and NiO Containing Glasses on Gold and Platinum 

A few contact angles were determined in both furnaces for NiO, CoO, 

and FeO glass on the noble metals, gold and platinum. All glasses, 

regardless of amount or specie of oxide, when melted on gold resulted 

in a 60° contact angle and poor adherence in both furnace I and II. 

13 
Volpe, et al. found that the contact angle of NS2. glass on gold at 

1000°C was unaffected by the presence of either oxygen, carbon dioxide, 

water vapor, or hydrogen in the furnace atmosphere and remained at 60° 

for as long as 10 hours. It is apparent that the oxidation potential 

of gold . is so low that a reaction sirrQlar to reactions (7), (1) and (11) 

does not take place in furnace I. The contact angle is determined 

solely by the surface energy forces acting on the periphe_ry of the drop 

and represents a steady state condition. All glasses retained their 
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Fig. 36 Fig. 37 

XBB 697-4568 

Fig . 38 Fig. 39 

Fig. 36 Oscilloscope trace of a 7.55% NiO glass-NiCo interface, Ni 
radiat ion. ( 64ox ). 

Fig. 37 Oscilloscope trace of a 7. 55% NiO glass-NiCo interface, Co • 
radiation. ( 640< ). 

Fig. 38 Oscilloscope trace of a 7-55% NiO gl ass -NiCo interface, Si 
radiation. ( 64ox). 

Fig. 39 7. 55% NiO glass - NiCo interface showing dendrite formation. 
(250X). 
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original colors when . melted on gold in ei ti:er furnace. 

When the oxide .containing glasses were melted . on .platinum, the con-

t act angles observe d were in . the range 12-18° in botn furnaces and the 

adherence obtained >vas quite good. Even the sodium disilicate glass with 

·. 
no oxide additions exhibited a 16° contact ~Dgle and good aherence. It 

. 13 14 I 
has .been found prevlously ' that platinum has a strong affinity for 

oxygen and that the solubility of oxygen in platinum, although not knmm, 

must be quite high. It . is possible that in both furnaces, with their lm·T 

oxygen pressures, platinum is unsaturat ed with respect to oxygen. The 

oxygen is then obtained from the glass through a reaction similar to 

I 
reactions (7), (10) and (11): 

(15) 

The platinum oxide formed is not stable in the .bulk phase at 1000°C;15 

however, it could exist as a dissolved constituent in the metal or in the 

glass. No data is available concerning the .solubility of (PtO ) in NS2 

gla~s; nowever, it should be extremely small. Thus, the glass interface 

becomes s aturated with . (PtO) very quicklY: giving .the observed good ad-

herence. 

-. 
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.IV. DISCUSSION OF REACTIONS IN FURNACE I 

When glasses with additions of transition metal oxides were heated 

on the metals iron, cobalt, nickel and their alloys in .furnace I, ~n over-

all reaction of the .form 

NazO(gl) + M(s) = MO(gl) + 2 Na(g) t (16 ) 

was frequently observed as indicated by a loss of sodium from the glass 

which appeared as a deposit on .cdd portions of the vacuQm chamber and an 

enrichment of the glass with the oxide of the substrate metal. This 

reaction was also associated with an increased vetting of the metal by the 

liquid glass and, in many cases, with a spreading of the glass on the 

metal. This enhancement in >retting can be attriht}.ted to a reduction of 

the interfacial energy by a contribution from the free energy of the 

reaction, the actual amount being dependent on the magnitude of the free 

energy and the rate of reaction. 

Reaction (16) did not take place in furnace II, however. Conditions 

in furnace I thus apparently played a role in the development of a driving 

force for the reaction .to proceed. The operating difference in the two 

f~rnaces is the nature of the atmosphere. Furnace I, with the presence 

-19 of a carbon· heating element, has a very lmr oxygen pressure ( 10 atm., 

at 1000°C) and an atmosphere consisting mainly of carbon monoxide due to 

the reactions: 

0 

~F1000 = ~53.7 kcal ( l7) 
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0 

6F 10 o o - ~12. 7 k cal 

,. 
From Eq.' (18) the equilibrium' C02 and CO press.ures were calculated. 

(18) 

From these values an.activity of MO (or oxygen) in the metal substrate 

was determined from the equation: 
I 

MO(in M)(s) + CO{g) = ~d2(g) + M(s) (19) 

. A:sample calculation for the activity of FeO in Fe is shown in the 
. . 

Appendix. ' The following activity values were calculated at 1Q00°C: . for 
'· . 

. . 4 :....10 -12 - -12 
FeO. in Fe, xlO . ; CoO in Co, 9xl0 ; and NiO in Ni, 3xl0 · • The 

essentially pure metal substrates were thus unsaturated with respect to 

their metal oxides and a driving force therefore existed for the forma-

tion of metal oxide. 

Equation (16) is an overall equation. determined by the step reactions: 

Na2 0( . ) + .2e..;;. = 0~ + 2Na( ) t 
' . . gl . g. 

(20) --· 

: 

M(s) + o-:- . = MQ() + 2e- (21) 
.. . ·S .... ,.· 

,. 

MO . (s) = MO.(gl) 
(22) 
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which on summation result in the indicated, equation. The metal oxide 

that forms at the interface between the metal and glass by Eqs. (20) and 

(21) can either be dissolved by the glass or by the metal, both of which 

are unsaturated rela.ti ve to the metal oxide. Experimentally, it has 

been shown that essentially all of the oxide is dissolved by the glass 

(Eq. (22)) as would be expected on the basis that diffusion rates are 

generally considerably faster in liquids than solids. It is also pos

sible that the solution by the glass is energetically more favorable. 

The metal then remains unsaturated and the reaction continues with 

Eq. ( 21)' as the co:1t inuing driving force. Undoubtedly, any enrichment 

of the base metal with the oxide is counteracted by a reaction with the 

atmosphere according to Eq. (19). A dynamic situation prevails so that, 

if the reaction rates are fast enough, reaction (16) continues until all 

the sodium in the glass is reduced. 

The Na20 in the sodium disilicate glass does not exist as molecUlar 

Na20 but is incorporated into the glass. structure as Si-0-Na bonds. On 

addition of small amounts of metal oxide to the glass (3-9%) the oxygen

to-silicon ratio and the .number of non-bridging oxygens are increased. 

The metal ions coordinate with more oxygens than do the sodium ions thus 

resulti_ng in a greater screening effect on the silicon. This structural 

change results in a weakening of the Si-0-N.a bonds, and at some point 

reaction (16) proceeds •. No data is available concerning the activity of 

Na20 in NS2 glass and how this activity varies with oxygen to silicon 

ratio. .However, it appears that the activity of the Na20 is increased 

considerably with small oxide additions to the glass. From the equilib

riQ~ constant for reactions (20) and (21): 

. ,, 

(· 
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a(MO) (Pi'l'a) 2 

··.. . s g' 
a(M) a(NazO) 

1 s ' . g 

·, 

it can be seen that increasing the activity of the Na2 0 in the glass 

decreasesthe equilibrium constant, thus increasing the rate of reaction. 

Correspondingly, an increase in the activity of MO in M decreases the 

tendency for reaction. 

The presence of the carbon heating element in furnace I ·Has respon-

sible for the ·above .reactions since it allowed reactions (17), (18) and 

(19) to ta.ke 'place. In furnace II the P( Oz) of lo-
16 

atms is sufficient 
I 

to maintain saturation of the metal with its _oxide, i.e., an oxide 

activity of one or close t-o one in the metal. This analysis was verified 

by an expe:dinent where a 9.1% FeO glass was heated on Fe to l000°C for 

2 hours in furnace II in the presence of a few small pieces of carbon in 

the hot zone. The glass wet the metal ( e=5°) after approximately 30 

minutes and SiOz began to precipitate out of the. glass after one hour. 

Condensed sodium was found on the cold pajrts of the furnace. 

In summary, the unsaturated metal substrate in conjunction withan 

increased oxygen to silicon ratio in the glass due to added metal oxides 

created a driving force .for the oxidation of the substrate metal and the 

reduction of soda in the glass. ·The rates of the re~ctions appear to be 

the fastest for the iron substrate systems and slmrest for the nickel 

systems as would be expected on the basis of the respective oxidat:l.on 

potentials. 
. t . . : ~' 
·; .· ·,, 
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As the reactions proceed, the Na ions. in .the glass are replaced by 

the transition metal ions • .If sufficient Na ions are present, the glass ' 
• " I I . ' 

first becomes saturated with the substrate metal oxide and then a 

crystalline phase is precipitated. This phase is either silica or an 

orthosilicate as determined by the ternary Na2 0-Si02 -MO phase diagram. 

If an orthosilicate is precipitated in the presence of more than one 

divalent cation, then its composition is determined by the following 

equation and its equilibrium constant. 

( MO )~ gl) + ( MO ) ~~ = (MO)II + (MO)I 
. gl cr 

(22) 

where 

In addition to reaction (16) the reactions observed in furnace II 

that are independent of the oxygen pressure in the system also take 

place in furnace I. These are represented by Eqs. (9) and (12). The 

first one is a redox reaction involving the reduction of the valence of 

a dissolve.d ion by the base metal. The sec.ond is also a redox reaction 

that is dependent upon the existence of a negative standard free energy 

and is 'represented by a condition wherein the oxidation potential of 

the substrate metal is greater than that of the metal of a dissolved 

oxide in the glass. The: latter reaction. results in the formation of· 



. . 
., 

'· 

..... 

. ··' 

-.,· .. 

.. 

. ··. 

'~.-, 

,-55-

metallic precipitates in, the. glass which are. usually in the form .of den-' 

drites although layer precipitates .are.sometiines formed.at the interface. 

The kinetics of the three _types of, reactions both individually !L'1d when 

they occur concurrently, and.the factors.controlling the morphology of 

the crystalline precipitates, have not been. determined. 

' 
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V. CONCLUSIONS 

The following. conclusions have been drawn. regarding the systems 

explored in this study: 

1. The low oxygen pressure and large CO/COz ratio established by 

the presence of a carbon heating element in th~ furnace unsaturates the 

metal substrates Fe, .. Co, Ni, and their alloys with respect to oxygen 

which provides a driving force for the overall reaction: 

NazSizOs(gl) + M(s) = MO{gl) + 2S~Oz(gl) + 2Na(g) t 

leading to saturation of the glass with the bas~ metal oxide and sub-

sequent formation of precipitates if sufficie~tly extensive. 

2. Saturation of the sodium disilicate glass at the interface with 

the ba.se metal oxide, whether through reaction or initial addition to 

the glass, results in good adherence due to chemical bond formation 

across the glass-metal interface. 

3. 3+ The addition of triva~ent ions to the glass, such as Fe , 

results in the reaction: 

and also contributes to a weakening of the non-bridging oxygen bonds .. 

which results in a greater activity of sodium oxide, due to the scre<=n-

ing effect of the trivalent ions. 

I ' \ 

' ~ . 

,• 
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4. When the. substrate metal has a ·h_igher oxidation potential than 

the metal oxide in. the 'gla.ss' a redox reaction of the form 

() I II (-)II -_I 
MO ( gl) + M( s ) = MO ( gl) + M( s ) 

> ·I 

takes place with the formation of metal dendrites whose composition is 

determined by the metal oxide composition at the precipitation site. 

Good adherence is· obtained through mechanical interlocking of the metal 

dendrites with the glass. 

5. The wetting and adherence of sodium disilicate glass on the 

. noble metals, gold and platinu..m, is determined by their oxygen solu-

bilities~ Platinum has a high oxygen solubility resulting in an un-

saturated condition which leads to wetting and good adherence. Gold 

has an extremely low oxygen solubility resulting in saturation which 

leads to high contact angles and poor adherence. 
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APPENDIX 

'Sample calculations of ~ctivity of FeO in Fe in Furnace 1.19 

0 

C + C0 2 = 2CO L\F10~o = :-12.7 kcal 

At equilibrium liFT = 0 

0 

•• FT = -RTlnK 

-12.7 

= 102 • 2 = 159 (1) 

Since total pressure of system is "" 10-B atm and consists mainly of 
I 

CO with sdme C02 and 02 , one can write: 

P
02 

and PCOz are so small· compared to PC
0

.they can.be neglected, there

fore 
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From Eq. (1) above 

Now, one caD set up the relation: 

0 

FeO( in Fe) + CO( g) -+ Fe + C02.( g) ·~F1ooo = 2.1 kcal 

(Pco2) 
2.1 = -5.8 ln ( )( ) Pco A Feo 

using previously determined values for PC
02 

and PCO one obtains 

A FeO(iri Fe) = 4 x 10-10 

. 4 -10 So one can consider the. activity of FeO in Fe as being xlO 
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TABLE IV 

Standard Free Energies.of Formation from 
.the Elements .. at 1000°C (1273°K) 

Na(g) 

NazO ( £) 

Naz~izOs(gl) 

016 

-52 . 0 kc al/mo.le17 

41 . 18 
- 10 kca1/mole 

- f-.BiOz(s) -15 5. 5 -,kcal/mo1e;t 7 

. i 

~e 2Si0" ( s ), 

FexO(s) 

Fe30"(s) 

Fez03( s) 

C,o2SiO"(s) 

CoO(s) 

Co304(s) 

NizSiO~t ( s,) 

NiO(s) 

-244 kcal/mo1e16 

-43.l5 kcal/mole17 

.. -169. 3 kca1/mole17 

-117.9 kca1/mole17 

-225 kcal/mole (estimated) 

-34.6 kca1/mole17 

-102.8 kcal/mole17 

-216 kcal/mole (estimated) 

-30.4 kcal/mole17 

.. ' .. ' '.,_;''.' ·. ·. ·. · ... ·.' \; '' ·, ·. · ... 

-._ 
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