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ROLE OF "ADHERENCE OXIDES" IN THE DEVELOPMENT OF
, CHEMICAL BONDING AT GLASS-METAL INTERFACES" '
' Marcus P Borom and Joseph A. Pask '
o ’Inorganlc Materlals Research D1v1s1on Lawrence Rad1at10n Laboratory,
‘and Department of Mineral Technology, College of Engmeerln '
' Un1vers1ty of California, Berkeley, Callforma :
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Tt Lt ABSTRACT |

Adherence at glass metal 1nterfaces is dependent on chemlcal

'bondlng whlch results from achlevmg and mamtammg equlllbrlum com; :
pos1t10ns at an 1nterface Reactlons between 1ron and glasses w1th and ”
‘without ' adherence oxides' were. studled by the use of thermograv1metr1cu.i: L
; m1croscop1c and electron mlcroprobe technlques. Presence of ' adherence: )

ox1des enhances atmospherlc ox1dat1on of the metal and results in the :

formatlon of- alloys at the mterface that are in equ111br1um w1th the : T
| adJo1nmg glass These reactlons mamtam equ111br1um comp051tlons at

the mterface over an extended perlod of tlme The occurrence of dendrltesf

m the bulk glass and the functlon of a nlckel flash" in porcelam enamelmg .

-'!'l P

are dlscussed 1n terms of these reactlons

Presented at’ the 66th Annual Meetmg, The American Ceramlc ’
- Society, Chicago, Ill1n01s Aprll 22 1964 (Ceramlc-Metal Systems SR
D1v1s1on No. . 17 E 64) R T O

;.‘T\‘.At the time th1s work was done the erters were, respectlvely, L
L graduate research assistant and professor of ceramic engmeering, -
.~ Inorganic Materials Research Division and Department of Mmeral

Technology, Un1vers1ty of Callfornla.- ce S SR
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“the glass at the 1nterface then has a structure related to the oxide and

_vtrlbutes to a further understandmg of the thermodynamic equllibrium
concept by 1llustrat1ng more effectlvely that glass and ‘metal 1nterfaces
_-“:I.-v'vdevelop a chemical bond when equ111br1um comp051tions are present at
f--_f("the interface. Small amounts of certain transﬂ;mn metal ox1des, primarily-'“;:‘
t:"i_cobalt ox1de, are generally used in porcelam enamels to achleve good |

"": '-_-adherence and are referred to as adherence ox1des .:. It 1s shown that -

a1 . U UCRL-11825 -

. L INTRODUCTION . . = %!

A knowle_.dge of the’j:‘)hy'sical chemistry of'glass~metal :systems is "

" necessary for a fundamental understanding of how an interfa_cialchernica‘l; .

o . bond, which is a requirement for good adherence, isdeveloped and -

maintained. ‘This knowledge has been limited. Because of the needs of

' the porcelam enamel and glass-metal seal technologies however numerous g
o 'empirical studles have been made with the practlcal achievement of

' satisfactory bondmg

- Studies over many years ‘at the Unlver81ty of Callfornla at Berkeley

s :v.vj’:. ha.vevculminated in a theory of chemlcal bondmg based on the concept
& ':,f’that equillbrlum compos1t10nsa-re necessaryiat_the glassj-metal m.ter-.\
B face andthat,' as a conseque‘nc\e, a balance of bond energies and' a ‘
: continuous~'e1ectronic structure exist across ‘.the ivinterfac‘e ThlS
equlllbrium occurs ‘when the glass at the 1nterface is saturated with the
" low - valent ox1de of the base metal A concurrent study at Ba’ctelle2 also
" has shown that good adherence of porcelaln enamels on iron is dependent

lupon saturation of the glass at the mterface with FeO Phenomenoloaically, ,

.

'- . is both contiguous and m equilibrium w1th the metal This report con-

< 1

BT




L b ,‘v__the equlhbrlum formatlon of Fe3+); Th1s reactlon should contmue untll I

"+ “iron have not been estabhshed Na231 O5 and Fe-vunder - normal’

~-2- . - UCRL-11325

their function.is to'assist in maintaining the required equilibrium com- - e
) R . . ‘, L . . ) . . L . .

.Positions at the interface, : o .
1. THEORETICAL DISCUSSION o I
The experlmental studles were carried out with normal porcelam : |
, enamel-glasses However, smce they contain many atomlc constituents |
whose structural relatlonshlps become qulte complex ‘a model system
.‘ of Na281205 glass, Fe and FeO can be used more effectlvely to_Illustratev"i
- the potentIal reactions and the conditions under which thermodynamic |
.‘equilibriu‘rn;occpx(:s. 'This systém can be represented within the com-
ponent tetrahedron of Na Si, Fe, and O by the plane of Na O 8102,
-~ .and FeO Wthh has been determined by Carter and Ibrahlm3 for atmos— e
pherlc condltlons and whlch is shown in Flg 1. In actuahty the 'plane' -
would have some. varymg thickness that-would be dependent upon the
range of non-stoichiometry of the oxides. FIgure 1 also Includes an
- isothermal section showing‘the eqniiibriurn phase.regions,_at 1000°C
| ' .Hagan and R’.av.itz4 have shown that when Na,Si, O5 glass 1S placed:‘_: -
in contact w1th Fe. at elevated temperatures, a redox reaction occurs '

. between the- Fe and Na w1th the formation of’ Na(2 )Fe /28120_ (lgnormg

| SIO2 is preCIpItated however the final reatlon products in equlhbrlum Wlth o

I The formula FeO is used throughout the text for convenlence; In ’
actuality the compound’'is non-stoichiometric. ‘with the formula Fe o
where x is 0.875 - 0. 946 at 1000°C. .. - = . - oA
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cross section of a glass-—oxidized-iron interface at different time intervals.'

) w1th the- ox1d1zed 1ron equal act1v1t1es of 1ron in the metal and ox1de at
'thelr 1nterface indicates thermodynamlc equlllbrmm between them. -
' ':"Curve t1 shows equal act1v1t1es of iron in the glass and ox1de at thelr :
: : mterface, whlch is representatlve of the condltlon when the glass at the

' : : 1nterface is saturated and thus in equa llbrlum w1th the 1ron ox1de, thls

= rate is higher than the dlffusmn rate Curve t2 represents the s1tuatlon
| ;"i-if":"‘_."-just at the time when the last dlscrete layer of the ox1de has been dlssolved‘
s _Land the glass at. the 1nterface stlll retalns an ox1de-11ke structure. It 1s

" -‘l.‘apparent that at th1s pomt the act1v1ty of iron 1s the same in the iron, 1ron o>t1de,

;.'l“and the ox1de saturated glass at the 1nterface and that these phases must

3. . . UCRL-11325
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'cond1tlons in an open system are not at thermodynamlc equlllbrlum

" because the klnetlcs of the overall reactlon are. too slow

- On the other hand,, when Na 81205 is placed in contact w1th Fe

contalmng an FeO. layer, solutlon of FeO occurs (formmg Na Fe 81205+x)
o and results in an 1mmed1ate saturation of the l1qu1d at the mterface w1th
":the oxide. The rate of further solution of the rernammg oxide is depen-g: o
" dent upon diffusion into the bulk FeO-unsaturated glass. Of interest, -

then, is the c¢ondition of the molten glass-Fe interface upon complete

solution of the FeO layer. Because of the lack of information on the

phase relationships involving elemental iron, within the Na-Si-Fe-O S

tetrahedron this questlon can be best explored on the bas1s of elther the

act1v1t1es or chemlcal potentlals of iron oxide in the mdlcated phases. SRR

Figure 2.is a schematlc d1agram of the act1v1t1es of iron through t_he

" Curve t represents the 81tuatlon when the glass is 3ust placed in contact ' _ "fll,'"

e condltlon is mamtalned as long as an oxide layer ex1sts because the solutlon

o g

o
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. be in .equilibrinm. - Curve t3 represents- the situation some time 'after the

ox1de has been completely dissolved and after the iron concentratlon in

i

. e " the glass at the 1nterface has dropped because of diffusion into the bulk S v

N

- of the glass; equlllbrmm at the interface, thus, is lost since the redox
reaction between 1ron and glass is too slow to prov1de sufficient Fe-H- to
'rnamtam saturation. The sltuatlon mdlcate\dxby condition tz is the cr1t1ca1

o _one since no degree of latitude in time is indicated at this point whlch _1s ’

| necessary for successful practical applications. - | |
It thus becomes evident that cobalt oxide and other adherence '
~ox1des must play some role in prov1d1ng the needed latitude at condltlon ’
tz whlch results in the maintenance of equlllbrlumlcomposltlons at - the.‘f" C
| inter.face over an 'extended'period of time. A possible role is the estabiish- e
| ment of a mechanism for the introduction of Fe'  into the glass by atmos-
pheric oxidation of the base metal. . Another'role can be' p'articipation .of '
.‘th_e glass in ’che‘format‘ion of alloys‘ at the interface v‘vhose vc_o‘m.positi.ons
can easily adjust to that Of the glass in order to maintain equ.ilibriutn".'. o
‘ The.objective of this :'studyvhas been to experir‘nentally"inves.tigate these .~ -

~possibilities.

' IN; ‘EXPERIMENTAL PB,_OCEDURE: IR

[\

1y Preparation of S;SecirhenS' . R . SR Lo R R

o

LA . 2 . \"'.:‘” kN D T T

Commercial frlts of the cornpos:Ltlons shown in Table I. ;. calculated*

RN

from batch comp051t10ns were resmelted at 1350°C in a platmum cru01b1e.

" until there was no further ev1dence of bubbles. Glass B w1th adherence

t

oxides, as. expected develops good porcelaln enamel adherence Where-

d -as glass A without adherence ox1des does not One mch dlameter rods :




T castmg resin, and a sectlon perpendlcular to the mterface was cut from

" of the gilasses:were" cast in graphite molds,' and .th’e rodsvwere‘”subsle#"
" quently annealed"..- Sections 13/4 in. -and- 1/8 ’in'.b in thi}Cknessfwere cut =
from the rods. | . | B | o
Disks 7/8 1n in d1ameter were cut from 20 gauge Armco iron,
'cleaned in toluene and rinsed in acetone. The dlSkS were pohshed w1th
~-dry papers to remove any surface ox1de and the cleanmg and rmsmg pro- .
cedure was repeated The disks to be oxidized were welghed on an
analytlcal balance, oxidized in a water vapor atmosphere for 5 min at
1000°C and rewelghed to determme the amount of oxide formed The
" thickness of the layer was calculated by assummg that 1t con51sted of
ferrous ox1de h :
The iron dlSkS were sandw1ched between the glass sectxons w1th
' the 3/4 in, sectlon on. the top. The composmes were placed in either a ..;’ s
| platlnum or a recrystalllzed alumma cylmdrlcal cru01ble and sealed in -
".'van argonatmosphere with.a 10 mm-heatﬂmg at the test temperature. _The_ .
- samples-. were suhseduently subje‘cted'to‘dliffusion _anneals‘ either 1n an”
air atmosphere ina ther_mobalance,..which g.a‘ve a cdntihuous ’rec‘ord .of__, :
| weight change, or in an argon .atm‘osphere 1n a conv’ent_ional trertical ,

 resistance.heated furnace. . - -~

"(2) Examination of Specimens - R I U EURS e

‘,,l.t'

- The reacted compos1te glass—metal samples were mounted in clear "';7'

!

[ the center of the sample w1th a dlamond saw. _ Th1s section ‘was remounted

BRTE ,‘

) and glven a hlgh metallurglcal pol1sh After photomlcrographs of the _:, y

’f‘r‘pollshed Sample were made 1t was coated w1th a fllm of vapor depos1ted :




o 'r‘complex absorption and fluorescence effects and a lack of adcquate _ |
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carbon to make 1t conductive and was subjected to electron_dmicroprobe
analyeis | . |

The mlcroprobe data was gathered:

(1) by scanning perpendlcular to the glass—metal mterface at the |
‘rate of 96 microns per: mmute in order to obtain a dlffusmn profile; the
K-alpha radlatlon of both iron and cobalt were mo‘mtored.and the mten-
51t1es were automatlcally recorded |

(2) by scanmng across dendrites Wthh were located at various
dlstances from the interface ata rate of 8 microns per mmute, once |

‘again sunultaneously recording the 1nten51t1es of iron ‘and cobalt radlatlon
vand}, : | o |

l’ (3) by 'conducting a 'spectral'ecan of the d'endrites',.‘in order _'to R
. determine their oxterall 'compositions; _ ‘. | S ‘ ”

The reported mlcroprobe data should be regarded as. only semi-
'quantltatlve. No attempt has been made to apply the varlous correctlonsb 1 C
bnecessary for complete quantltatlve work (e.b., absorptlon fluorescence, <
ete.). 011v1ne and garnet °amp1ec contammg 8. 7 and 25. 6 wt% Fe,
respectlvely, were used as approx1mate standarde for the glass. Due to ©
" . standards the composﬂhon oﬁ the dendrltee was. approx1mated-by tak:ing. |

the absolute K -alpha peak 1nten31t1es from the spectral scan, subtractmg

L background and normahzmg the total to 100%.

v, '_RE'SULTS

(1); Weight Changee =
. Weight gain vs‘v’..".time‘.data were obtained for oxidized and "unoxidiZ‘ed"

R
[P )
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- jJ.ron vlmbedded in glasses w1thland w1thout adherence ox1des heated in
~air at 870 900 and 980°C Figure 3 shows the. curves. obtained in
. 'platinum crucibles'and Fig. 4 in alum1na'cruc1bles. The curves represent
‘data corrected for weight losses that occurred on heating glass blanks 4

: ‘, : | at the respective test temperatures, these weight losses resulted from '

' evolutlon of volatiles and exhlblted a typical temperature dependent |

' parabolic relationship The time period of the experlments was extended
in order to exaggerate reactims for purposes of mterpretatlon., The

- experimental conditions for the various runs, the total weight changes, '
and the iron content in the glasses at the interfaces are listed in Table II. ,

Comparison of the data for the different conditions are possible since the

‘_ . size and weight of the iron‘ispecimens were ve‘quivalent_and amounts of . _'.f‘_;.'}ji_t.
-glass were approximately equivalent in each experiment. o
| The indicated galins in weight are due to atmospheric oxidation of
- -the iron and should show parabolic weight vs. time curves 6 The nature
. of the experlmental curves, however, indicates a complex behav1or in- »I S
o volvmg several processes A number of general relationships never«

. theless, are evident The use of the glass contalnmg adherence ox1des,

.V\V1th other factors kept essent1ally constant results in more rapid oxi- e
dation of the metal and in different shapes of the curves than those
e obtained with the glass without adherence ox1des, these phenomena are - ‘

Partlcularly eV1dent for the-runs that used alumina cruc1b1es mstead of~ : .‘ -

e “platinum, ‘The degree of preox1dation of the iron also’ affects the shape SRR
AR ’ o) .o :'-. :
ool "'fof the curves, under comparable experlmental conditions, partlcularly

;oo in the early stages. ;- S
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. v(z). Analyses of Cross-Seetions
Cross-sections were made of ‘theilcomposites aft.er; the gl'avimetric

experiments:" Photor.nicro'graph’s of lhe cross-sections from runsl I-A
and II-B taken with reflected light are ‘shown. in Fig. 5; Figure 6 shows

. the same sections under dark field illumination. An impoftan,t feature
,' in run II-B, relative to II-A, is the presence of ghetallic layers at approxi-
.l"-;v-mately the position of the original metal surfaces, which will sabsequently

' be referred to as the "barrier layers''. Figu.re 6 also shows the preSehce
of dendrites throughout the iron diffusion zone in the glass. ,The metal
'surfaces undefgoing reactions in all cases except experlment III -A,.
showed roughenmg, but it was more pronounced for the surfaces facing
the open end of the crucible and for the surfaces in contact with the glass _v -
: corltaining adherenoe oxides, | Figures 5 and 6 are typical of all the
- experiments includihg the ones conducted in argon,with“the exception of.
ma_A.’b : ! | ’ | | | . | .‘
The cross-section of sample III-B indicated that all of the‘ ir’On.A o R
‘"_“mcludlng the "barrier layer, had reacted w1th the glass leavmg only a :
broad zone containing dendrltes whereas spec1mens I1-B and V- B, whlch
showed a s1mllar gain in welght of about 80 mg, _stlll had some of the | L

omgmal base iron present Complete ox1dat10n of the iron disk by - |

:.: ~atmospheric oxygen would have. resulted in a galn of weight of about 400 mg

;. ., profile for the glass containing "adherence oxides' shows that the -

This data provides further evidence that complex reactions are takmg
place in the glass-iron system that do not result in welght gams. _
Figure 7 shows the iron and cobalt d1ffus1on proflles from the - f v

sections of Figs, 5 and 6 obtamed with the electron rmc_roprobe. Th_eb'
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barrier layer" and dendrltes are alloys Whose composnlon ‘depends upon
‘their distance from the orlgmal mterface Table III. gives the’ surface

- compos:Ltlons of these dendrltes as well as the iron content of the glass
at the interfaces. An examination of the larger dendrites also indicated
‘a variation in compo'sition through their cross-sections with the Fe content

\

.” decreasing toward their centers.

V. DISCUSSION

‘(1) Reactions -

L al the iron ox1de equlllbrlum can potentlally be mamtamed by o

The interpretation of the experlmental data is based on the concept
g that when a glass -metal heterogeneous system is not at thermodynamlc
equlllbrlum, reactlons occur at the 1nterface in an attempt-to attam and
to mamtam‘the compositions of the phases representing thermodynamle " _'
vequilibriu'm. ”I‘he realization of this objective, in turn, is dependent upon -
the kinetics of the reactions involved. Wlth preox1d1zed iron, as pomted
| Aout earlier, a sufflc:lent amount of ox1de is flI'St dlssolved to saturate
the glass at the 1nterface with iron ox1de  With diffusion of the iron 1nto
Ab f ;the bulk glass because of a lack’of thermodynamlc equlllbrlum in the over— ; g
all system, a drlvmg force for replenlshment of the iron at the interface -

. 'f‘develops whlch leads to further solutlon of the ox1de. After solutlon of

—

atmospherlc ox1dat10n of the 1ron or by some redox reactlon w1th one

of the constltuents of the glass. The data further indicate, . however . 4‘-;5

establlshment or mamtenance of equlllbrlum is’ as51sted by an adJustment

" that in systems w1th glasses that contam adherence ox1des the :

" of both the metal and the glass compos1tlons at the mterface. , The-drlvetvi-.

: .



o U, 0. sodium atoms are retainedin the structure, but 1s not 51gn1f1cant in any ~'a

S -10- ) | UCRL-11325 - - »

for chemical equilibrium in_the latter case r_n.ay also lead to the in‘cidental )

[}

e

- formation and growth of dendrites which, however, contribute to the

[ %

| ‘roughening of the interface.
Analys1s of spec1f1c cases will become more 51gn1flcant after flrst
B examlmng the various reactlons that can take place. For SlmplICIty the

o7

followmg possible reactions consider the presence of only one adherence '
ox1de in the glass, that of cobalt,and iron as the substrate metal Wlth
additional adherence ox1des as in the case of ‘glass B used in thls study,
thereactior} would be similar but complicated by the presence of addltlonal
metal ions and the formation of more complex alloys. . |

‘The possmle reactlons of 1ron in contact with glass w1thout cobalt

- ox1de are represented by Eqs. (1), (3), and (4).

202 Ze =0T @
’ Fe . 2N; + _Fv'ew%z . 21-\ra5' BRI ;,}.,_(3‘.) RN

Oi‘ these Eq (1) at the 1nterface in assoc1atlon Wlth Eq. (2) at the surface e

represents atmosphemc ox1datlon and is. the only one that would show a .

gam in welght Equatlon (3) should cause a 1oss in welght unless the B

= case because'of its slow rate. 4, Equatlon (4) -which would show no change‘

in welght does not apply in the absence or llmlted amount of Fe 3.’

Glass contamlng cobalt oxide in contact w1th iron can flI"St undergo S

the reactions represented by Egs. (5), (6) and (7)



R C e + = +. : 5
S YXF.‘,?(S')_,- .v},{CQV XF? .'._XCO(S) N ,_(_ )

(1<x)Fe g +xCofy = Fe(l >C°x(_s>_ e

o ; : - . ) {7
o Feg wxCo EaFe THFery 1 Coalloy) @
~ Equation (5)' becomes possible because the oxidation potential of :cobalt is -
1ees'than that of iron; and Eq. (6) , because cobalt forms a c‘ontinudus' '.

- solid solution with.iro\n. ‘These equations are-’;he steps 'for'the: overall .'

' _, al‘lo'y\rea‘c;tiori\ indicated by qu. .(7) which occurs at‘ the interface and which
o det’re‘rx‘nines 'th_e"activi‘ty‘of iron in the alloy. .
| Further possible reactions of the base metal with coba'lt-‘containing '
; 'glass are reprebented by Eqs (8) and (9).  The drop of activity' or 'ck'xem'i-
" cal potentlal of the iron in the glass at the 1nterface due to diffusion into
the bulk unsaturated glass can be counteracted by havmg more iron
’_'brought into the glass either through reactlon (1) (m the early stages) or .

through reactlon (8) after alloy formatlon has begun.

- o 2 SR
Fe(l-x)cox(alloy) = Fe(1¢x~p)co(x~q) (alloy) + pFe “ + qu + (p+q)2e | 8 .

For simplieigy in Eq (8), the summauon of the subscrlpts for the alloy : .‘

on the rlght is not 1ntended to be equal to one: '1he half cell reactlons(B).
',plus (2} then represent atmospherlc ox1dat10n.< Preferentlal or selectlve

- :,,_ox1dat10n is 1nd1c~ated by use of the sub.,crlpts p and q. If an equ111b1 1um s

4 o

s not mamtalned by means of reactlon (8) and with contmued dlffusmn of "

B

Sl T cobalt to the mterface, a. further adJustment of compos1t10ns at the sub— SR

.V""S'crate 1nterface to re- establlsh equlllbl‘lum can be represented by Eq (9)




- to Eq. (10). i, LR

. ~12- .. UCRL-11325
to the right. E’qui_librium compositions, at the'interface, er equal -

activities of iron oxide and of cobalt oxide in the two phases, are thus |

maintained by the necessary adjustments in the compositions of the pheses

" substrate’
2 e —

| o N _ _
Fe Co -+ mFe ~+ mnCo ~—————— Fe Co,_ _
(1-x)= _x(alloy) | ‘dendrite (1-x-p) (;d-p) (alloy)
+ (m S p)Co R

- by meens of these two reactions. The extent-to which each of these -
‘reactlons w111 occur will be affected by the amount of preox1dat10n of the

j substrate metal and the relatlve kmetlcs of the varlous reactions.

~ As the tron diffuses from the glass-substrate metal mterface,‘; .eomf e

- poeitions are real:ized in the glass alo'ng‘.'th_e diffusion profite sueh that' the
| .' activities ef itfoh andv'cobalt ions in the glass are equivalent _to.those m a
-specific mixed.'oxide-of these metals. This mixed oxide; 1n turh, weuld o

be in equilibrium with a specificellv‘oy of. iron and eobalt, In the presence : |

of available .electrons, and with a suitable nucleation site, it becomes o

' .'thermodyriamically-more favoreble foi‘ the appearance of the metallic dehdvr.‘itej:».f:

instead of the mixed oxide. - The dendrites can form and grow'accorfding.

+2

" mFe' +nCot? + (p + q)2e"'" Fep Coq + (m v p)Fe + (n - q)Co 2 (10)
, The electrons are suppned elther by reactlon (8) at the mterface, or by
- _' reactlon (1 1) w1th1n the glass., The electrons are transported to the dendrlte
‘site through the glass as dlscussed in the next sectlon. T |
) Fe'2 = Fe+3' +e” or 'C“'o+2 E'Ce+3 'e‘ [: (11) i

- The reverse direction of Eq. (9), on the other hand expresses a p0551ble :

o adgustment of the alloy compos1t10ns that canoccurata’ dendrlte to re- estabhsh
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- equilibrium which is lost a's a result of the increase in iron concentration’ . '
) S . * R . PN

" in the adjacent glass due to the advancing Fe concentration gradient from -

the interface and a corresponding decrease in cobalt concentration."

o (2) Weight Gain vs. Time Data

The total gain in weight data’in Table II. indicates that the nature of
- “the crucible used to hold the specimens is s_lgnifi:cant. Glass A atld iron
heated in alumina"crucibles ln air,' experiments III-A, IVjA, and V-A,ﬁ
":;'showed insignificant gains indicating that Eqs (1) and (é) were“li‘mited by
slow conductioh and/or diffusion rates through the glasses. ‘ Corre‘spondf~
- irtg heating's.in platinum crucibles, 'experiments I-A and lI-A, on the other |
R 'hancl,. showed -significant gains in weight; indicating that the érucible
o , : , y ;
. provided a conductive path for electrons ther‘le'by facilitating atmospheric
: oxidation»of the iron. This interpretation, instead 'of some catalytic
effect was supported by showmg that no s1gmf1cant gain in. welght was
L experlenced by a spec1men w1th glass A and iron heated in an alumlna
cruc1ble which had been fitted w1th a platmum ring that contacted the .
glass only at the surface A s1m11ar type of electrm‘\transfer mechamsm
-':- hag been observed in thermally actlvated power cells..

‘Table II. also 1nd1cates that the presence of ' adherence ox1des in

i : ) ." the glass enhances atmospherlc ox1dat10n as can be seen by compamson IR R
EE of weight gam data obtamed under’ comparable conditions for glass A and

.. glass B spec:lmens e.g., I-A and I-B, III—A and III B ’I‘hls effect is

E -_emphasmed in the experlments w1th alumlna cru01bles 1n the absence of

R the conduct1v1ty mechanlsm prov:ded through the use of platmum cruc1bles.—_?:,

vt In this case, then the multlvalent cations must play some role in fac111- -'

,, " tating the transfer mechamsms through the glass. The strong temperature
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dependence of these transfer mechanisms is indicated by comparison of

data for IV-B and V-B. Recent work has indicated that certain oxide
glasses containing multivaleht cations, such as iron, cobalt, nickel,
exhibit electronlc conduct1v1ty 8.

Data m Table I1. further indicates that reactlons can occur in the

= ebsence of exygen. The presence of 8 to 10% iron in the glass at the

~

' inlerface in épecimens Ia-B, III;-B, and HIal-B 'cén only be accounted |
‘.i_‘or by reacti‘orls (8,), (9), and (10); cross sections from these ex'periments. '
were also similar in appearance to those of glass B over iron heated in
air. However, the. l.ower'iron content than that‘obtained orl heating speci=-
_. -merls:-with glass B in air indicates that afmospheric oxidetlon, as repre—'
" sented by Eq. (8) with (2), plays a'si.gnific'ant role Jin maintaining thermo; K
dynamic equilibrium at the interface. A lower iron concentration in the
N - glass in c:orltact with an alloy in eomparison ‘l)vith th_et in the glass in |
- contact \lvith FeO could be attributed to the di_fferences in the actlvit_ies B
| : of the iren in ".che substrate surfaces. h
Equilibrium compositioné l’lam'.n,c_g;r first been established at the e '

o 1nterface, normally by the solutlon of the preox1dlzed coatmg on the 1ron,

e may thus be mamtamed by concurrent reactlons at the mterface 1llustratecl : TR

) by Eq. (9 and by Eqs. (8) plus (2) (atmospherlc ox1dat10n)._ The r_elafclve
i rates of these Ar.eactions will be determined by the exi)erim'ental .’cqnditione.
) and.the relative demands of the system. As an example, the imlpo‘r'tancel» '
. of the amount of"preo:».cidation on the rates is indicated by comparing data
" for egperixhents II-B and IV-B, and I-B and 1I-B, listed in Table IL.

The salient features of the reactlons presented in sectlon V—A

can be demons’crated by examining the results of experlments II-A and i
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.II B ih greater detail. In these experiments the 'effects of atmospheric

oxidation were ampllfled by the use of platlnum cruc1bles - The weight .

gain vs. time curves are shown in Flg 3. Photomlcrographs of the cross

. sectlons of the spemmens are p1ctured in Figs. 5 and 6, and the iron and

' cobalt concentratlon proflles perpendlcular to the interface of the cross

~

Light preoxidation of the iron dlSk as in these cases, results in-

.a hlgh flux of iron away from the 1nterface at the pomt of complete solutlon
“of the oxide and in a corresponding tendency to move the 1nterfac1al com -

‘positions rapldly from thelr equlllbrlum values. The effect is a strong

initial driving force for equilibrium. It is satisfied in specimen I[-B by

' means of Egs. (8) plus (2) after possibly an initial reaction of (1) vp'lus o

(2) as indicated by the rapid weight gain during the first hour.. During .

~ this period reaction (9), however, was also proéeed‘ing concurrently due

L

to the diffusion of adherence cations to the interface with the resultant
formation of an alloy Wthh was becommg contmuously I‘lCheI‘ in adherence ;

‘metals. This alloy began to act as a barrler layer" to contmued

atmospherlc oxidation as it became more noble in nature, and the rate -

" of weight gain slowed down. Reaction (9) then predomlnated in malntammgt-

~ equilibrium at the 1nterface and remalned operatlve untll the supply of

adherence catlons to the 1nterface became 1nadequate At this time the

atmospheric oxldatlon processes represented by Eqgs. (8) and (2) once e
... again became dominant and proceeded most readily along high energy : _.}1 SR
- sites such as grain boundaries‘. As the reactlon consequently, moved et

- deeper 1nto the metal reglons rlcher 1n iron were exposed and the rate o !

of reactlon was further accelerated because of the h1gher ox1dat10n
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potential of the base metal. This transition corresponds to the increase

"1

in the rate of weight gain for curve II-B at about 6 hr.and is associated

‘with the bypassing of the "barrier layer" which remains as a marker of .

the original metal surface, as seen in Figs. 5and 6. The area under the
- iron concentration profile of II-B, shown in Fig. 7, indicates‘the extensive
oxidation of the iron aisk Whi_ch has occurred in an effort to maintain
‘equilibrium'; compositions. . The lesser attack end lower iron concen-
. 'fcration at the interface on the bottom side of the disk is due to a virtuellby )
complete depletion of adherence oxides from the thinner layer of glass
vand to a reduced participation in atmospheric oxidation becausleof poorer
* accessability to oxygen. N

Heavy preoxidation of the iron disk, as in‘experiment I-B, reduces
the earI’y demand for a'dditionai oxidation and also reduces the rate at ‘
which the cobalt content increeees in the alloy forrmed at the interface.' '
- -This system, ’cherefore,~ is ablev to maintain equilibrium for a longer
perlod of’ time and does not exhibit the early demand for atmospherlc
oxidation as shown by comparmg its welght gam vs. tlme curve in Fig. 3 .~
.- with that for experlment II-B. |
| In spemmen II—A on the other hand because of the vabsence of
adherence ox1des" the dr1v1ng force for equillbrlum, after solutmn of- .
- the oxide, was met only by atmospherlc ox1datlon of the iron accordmg | o
to Ecis. (1) and (2) - The correspondmg gains in welght w1thm the flrs'c',",; :
hour shown by the curves for II-A and II- B 1n Fig, 3 again- emphas1ze the ‘,
- effectiveness of the adherence ox1des in prov1d1ng a transport mechams;nx

~ for the oxidation of the iron. Absence of reactlons (8) and (9) ,in spec1men T

"II-A accounts for the lack of’ a barrler layer The weight 1oss curve -

-

-
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approaches a parabollc shape s1nce atmospherlc ox1dat10n dependcnt on
"dlffusmn is the only reactlon Wthh is active. The observed roughemng |
of the metal surface in experlment II-A (v1z Flo‘.. 5) is probably due to
~ faster oxidation rates a_long grain boundaries. o
| Similar analyses can readily be aoplied to other weight gain c‘:u'rves.
Critical factors under consideration would be glass composition, crucible
| materiall'and atnount of'preoxi'dation'of the metal. o |
. (3) Dendrltes |
Dendrltes 1solated from the base metal were observed throudhout
the dlffusmn zone for all experlments usmg glass w1th adherence ox1des
including those _1n argon for short _tlmes, dend,rltes occurrmg in experl-v
“ment II*B are 'seen‘in Figs 5 and 6. Thelr varlable composition 1n |
;_- relation to the ad_]omlng glass comp051t10ns, as shown in Flg 7 and
- ~ Table III is partlcularly s1gn1flcant for it 1nd1cates that it 1s possmle L :
for thermodynamlc equlllbrlum to be readlly mamtalned at the glass-‘ o
metal interfaces by adJustment of the composnlons (and thus, the chemical' '
'. potent1als of the Varlous elements 1nvolved) in the two phases | |

Sites for heterogeneous nucleation of the dendrltes can be prov1ded e

© by defects,such as bubbles. The nucle1 form as a result of local super- - ,

| ;v_l,_than the d1ffus1on of metal atoms in the dendrltes, therefore, each dendrlte

~ saturation due to small comp051t1onal fluctuations in the glass. The dendrltez "
. formation is represented b'y Eq. -(10) After a dendrtte is formed
: , experlences a constantly changmg glass cornp051t10n as a result of
o

_ diffusion processes. The dendrlte then'becomes a 51te for further :

;'_-growth The diffusion of the "adherence catlons in- the glass is faster

- ',exhlblts a compos1t10n prof1le wh1ch reflects the dendrlte S adJustment



which become continuously richer in iron and leaner in 'adherence metals'".

~minor role since 1ts operation should result in essentlally no growth or -

o 'occur from site to 51te along the 1nterface by means of reactions (8) and
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to its changing environment by growth. Those dendrites far removed

from the substrate, for instance, grow with the precipitation of phases

It is assumed that.the necessary electrons for reaction (10) aresupplied
primarily by the base metal through reaction >(8) \_and not by oxidation of
cations in the glass by reaction (1}1) sincel',no_ dendrites_ Were observed in
the speci‘mens of glass B in contact with FeO, " A type of galvanic cell is

thus established w1th both electrons and cations flowing from the substrate

- metal 'to the dendrites. Since thls cell only requlres a balance of p051t1ve
and negative charges and smce'each of the interfaces would attempt to main- - -

~tain equilibrium compositions, an 'eiact replacement of the types of ca"cions_ '

redu_ced at the dendrite is not necessarily made at the substrate interface. L

. ‘Although ddjustment of compositions at the dendrite surfaces can also

be effected by means of reaction (9) to the left, it undoubtedly plays a

~ zoning of the dendrites.

The more extensive 1n'cerfac1a1 roughenmg by glass B compared w1th

' -glass A can be attmbuted to the 1ncreased corrosmn of the base metal

resul’cmg from, both transfer of materal to 1solated dendrites and enhanced

atmospheric oxidation. Some of this roughenmg, however can also be -

- '.'v'attributed!to the establlshment of galvar_uc cells between pomts of different = "

* ‘compositions on the substrate surface.‘ Transport of material then WOul-d-*'

Is

" (10). Although such roughenmg contrlbutes to mechamcal adherence and" v

" provides a safety factor, the prlmary cons1derat10n should be the develop- -

1

- ment of ch_emlcal bonding which resultsf from the attamment and mainte-

 nance of equilibrium compositions at the interfaces.

B A




“

- of iron.
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g

‘ (4) Function of the "Nickel Flash"

A common practlce in mdustry is to apply a "nickel flash" to the.

iron to be enameled On the basis of this study, nickel must play a role

1n the maintenance of the equilibrium compositions at the glass-metal

interface. With the proper amount of nickel an Fe-Ni alloy forms readily.
V‘ and is not completely oxidized during the heating up period. This surface

. in contact with enamel glass now has additional degrees of freedom in the

drive towards the maintenance of equilibrium comp051t10ns at the interface.

.Reactions of the type represented by Eqs. (7), (8), and (9) will con-

tinue to be operative but they will be more complex since the substrate

" metal initially in contact with the glass is now a nickel-iron alloy instead

)

An excessively thick nickel coating, however, would be undesirable

be‘cause the nickel-iron alloy which would form under normal porcelain

~enamel heating conditions would not extend to the surface of the nickel

layer. . A glass saturated with nickelous oxide would then be necessary
at the interface to form a chemical bond to nickel. The cobalt oxide in
the normal enameling glasses, in this case, would not readily take part

in the development of adﬁere_nce, i. e., in the reactions represented by

. Egs. (7_), (8), and'(Q), since its free energy of formation (~80 kcal/mole O2

- at 700? C) is lower than that for niekel (-76 kcal/mole 02).. Extensive

discussions of such redox reactionshave been reported. 2 o

f

V1. CONCLUSIONS

This studj'r supports the concept that there always exists at a glass-; o

" metal interface.a driving force towards thermodynamic equilibrium, the

,‘1{;;1” !

-




, ‘aloneinthe glass however, is notasatlsfactory adherence ox1de for use
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achlevement of which is the necessary condltlon for chemlcal bondmg

across the 1nterface. Chemical reactions occur if nonequlllbrlum ex1sts,

their effectiveness in malntammg equlllbrlum comp051t10ns at the inter-
face is determined by the relative rates of the reactions and diftuslon of

| various elements in the bulk glass. The function of "adherence oxides'"

1

in porcelain enamels is-to play a favorable part in attaining and maintainincr
equlllbrlum composnlons at the 1nterfaces at the operatmg temperatures |
employed.  They play a role in providing a mechanlsm for atmospherlc :
oxidation'of the'metal but their most important functlon is to participate .
in the formation of alloys whose compositions .can readily adjust themselves
to maintain equilibrinm withl the changing c'ornpositions of the adjoining .
glasses, 1i. e._,. the chemical potentlals or \ac'tivities.of the respecti\iep.cornf
ponents in both phases become equal. o , s :
An "adherence oxide' is one whose metal has an oxxdatmn potent1al
'eqnal to or less thanthat of the base metal to be enameled so that Eq. (5) .
w1ll have a negative free energy change In addition this metal should
form a continuous solld solutlon w1th the base metal so that Eq (6) and’
the overall Eq (7) w1ll have negative free energles It thus becomes ,'
-poss1ble for small fluctuatlons in glass comp081t10n at the glass metal .
interface, whlch upset the chermcal equ111br1um to be compensated by an

equivalently small changemalloy compos1tlon Cobalt oxlde in the enamel

glass fulfills these requirements for enamelmg on iron. Copper omdet

" withiron even though it satlsfles the requlrement of Eq (5) Since’ copper forms

only limited solid solutlons with i iron, comp ositions can be reahzed in whlch a small

»

O

il
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| .'change in the glass comp031t10n w1ll result in large changes in the alloy
- composition. In thlS. case ‘the kinetlcs for the readgustment of the alloy
' comp’osition'would not b‘e I'apld enough to maintain equllibrium ina dynamic? '
system. In combinalion with other''adherence metals”; however, as in
the case of glass B, the range‘of solubility in the'metal' alloy phase may be
broad.ened.‘ Those oxides which assist in adherence,but fit neither of the
above re_quirements (e. g.,. Mn) possibly aid, by ;/irtneof their m(ultiva,lent-

" nature, in the maintenance of equilibrium compositions by facilitating

‘atmospheric oxidation through provision of a mechanism for transfer of

* electrons from the mterface to the surface of the glass.

It is now apparent that another 'barrier layer has been reached

.1n the quest for a fundamental and quantltatwe unders‘candmg of glass- :

- - metal mterfaces. Addltional knowledge is 'ne_eded on the structure of

glass' in order to have a be.t't_er undérsﬁanding of conductivity and transfer -
'mechanisms .and'nature of bonding. Also; and p‘erha‘ps of grealter im-‘k
portance, a knowledge is needed of the chemlstry of glass- metal systems
mvolvmg equxllbmum constants compos1t—10n stabilities, and act1v1ty A -
coefficients. With such knowledge a more spemfic and quantitatwe -
application of the equatlons presented as well as the more complex .ones

: mvolvmg all the ' adherence ox1des ’ w1ll be poss1ble.

. . N . et
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 Table II. Tabulation of experir-hen;t_al conditions
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= ‘ Table III. Approximate métailic contlent‘ of déndri_tes and associated

iron content in adjacent glass analyzed from experiment II-B
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Distance from - Approximate alloy composgitio ,
original substrate . wt% .. Wt% Fe in
interface to : - B L glassadjacent
-dendrite (microns):  Co - Ni - Cu - TFe. -  toalloy -

0 ("barrier layer" 3 . 8 2 87 . 19
facing open end o R
of crucible

30 - 14 86 9 a1 1 i1
1860 . . .13 0. . 9 .18 ¢ 11

2500 - i oo oes 1312 L e




_Fig.

Fig.
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- Fig.

» Fig.

2.

4‘

metal -glass compos1tes heated in recrystalllzed alumlna ‘ :3-- ‘ N

II-A and II- B

“Le’gend: (1), (2):. base metal glass 1nterface at conclusmn
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'FIGURE CAPTIONS - .
l\Tazo-S.iO2

-FeO phase diagram showing an approximate :
isothermal cut at 1000°C. |

Hypothetlcal iron act1v1ty Vs, penetratlon dlstance dlagram R g

for ox1dlzed 1ron glass contact zone showmg ferrous iron o

' act1v1ty in the ox1de and the glass_relatwe to metallic 1ron"j C

, as the standard state.

Net weight gam VS tlme curves for ox1dlzed iron-~ glass com= .

pos1tes heated in platmum cruc1bles.. Experlmental condltlons '

~are glven in Table 11,

Net welght gam Vs tlme curves for metal glass and ox1d1zed

cruc1bles. Experlmental condltlons are ‘given 1n Table II.
Photomlcrographs of the glass metal 1nterfaces of experlments
II-A (left) and II- B (right) taken w1th reflected llght (X 100)

Photomlcrograph of glass metal 1nterface from experlment

II B taken w1th dark fleld illumination showmg extenswe [

dendrlte formatlon (X 100)

Concentratlon vs penetratlon dlstance proflles for samples

R
ul

. " of experlments II-A and II B respectlvely '.; _. S
(3) "barrler layers a33001ated w1th experlment I
| (4) 'splkes mdlcate poslltllon and 1ron’covnt.efnt. of‘ o ‘ )

(dendrl’ces referred to in Table III
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