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CHEMICAL REACTIONS AND ADHERENCE
AT GLASS-METAL INTERFACES

by

Joseph A. Pask, Professor of Ceramic FEnginecering and
Principal Investigator, Inorganic Materials Research:
Division, Lawrence Berkeley Laboratory and Department -
of Materials Science and Engineering, College of
Engineering; University of California, Berkeley, Calif.

ABSTRACT:',Gbod'adherence of glass to metal is obtained when a con-

“tinuous électronic structure, or chemical bond, exists in the inter-
facial zone. This continuity is realized when both the substrate

‘metal and glass are saturated at'theninterfaee with the metal oxide,

resulting in altrensiﬁion,qxide—like layer. In the loss of this

- oxide layer by'diffusien into‘the-glass;iunder'certain conditions

oxidation-reduction reactions can occur which bring substrate metal

ions into the gless‘at the interface, thus maintaining saturafion

‘&nd the chemical bond, with a corresponding reduction of some metal

ions in_the'glassl ‘Two typés of reductions can 6ceur;' Metél_ions

b-'vhose-oxidation potentiais are lower than thbsexof the substrate

' metal (e.g.,_cobalt oxide in gless on iron)”can‘be reduced to form

metalllc dendrites in the glass in the JnterfaClal zone. Metal ionsv

in the glass whose ox1dat10n potentlals are hlghez than those of the

' substrate metal (e.g., sodium ox1dev1n_glass on 1ron) can be reduced
if the temperaturevis'abqve-the'boiling point of the reduced metal

* and the'compositicns of the reacting phaees—are favorable.

The subJect of chemical neaetioné atVglass—metal'interfaces ié of -

great fundamental 1mportance s1nce such reactions play a major role in

the development of adherence of porceLaln enamels to metals., There have



e
heen‘many'studies‘and;reportsleitherron or reiated'to the general prob-
lemiof“adherence; hoth‘within and‘outside ‘the field of porCelainhenamele.
» Although 1nterpretatlons of experlmental results have varled,_each study. .
, has made some contrlbutlon in the development of an overall understand— : »
1ng Of the'condltlons under»whlch adherence is achleved that‘succeedlng
workers have bullt on elther.hnowrnély or unknow1ngly |

No effort will be made ‘to rev1ew, survey or spec1f1cally analyze

Lo the volumlnous llterature. A monumental contrlbutlon in thls dlrectlon -

,has been made by Klng, Trlpp and Duckworthl at the tlme ‘they reported on
the1r exten51ve adherence studles.' The object;velof'thls lecture’vlll
befto discussrour preSent,understanding of’the nature'ofdthe_interfaces
Vith and'without adherenCe,:thehtynes_of'reactione’and?the'conditions
eunder‘which they_occur.atfgiaSS?metal interfaces,uand'the role that'theee
zreactione play in the develonment'of.adherence. Primarily, model systems
will be used to illustrate pointévhecauee of the complexity of the por-
celain{enamei_glasses;Ithe fundamentals on derived principlee;'hovever,
‘arehapniiCable to'the'porcelain enamel'svsteme. ‘Early studies at

3

Berkeley were made in collaboratlon w1th Fulrath 2 Adems,~ and Gaidos.%

Partlcular attentlon to the nature of the chemlcal reactlons and their

effect on adherence was first made in studles W1th Borom5~and wlth Borom, ..
'*and Longwell 6 ‘A further'ektension'of theSe etudies hae-been'made'in -
yet unpubllshed studles of Brennan7 and Hoge.8 e S v

‘ Nature of Interfaces
The nature‘of:and conditions at the'interfacehare all-important . in
realizing adequate adherence. In our’discussion we will not befconéerned

with prohlems associated with introduction of strains due to thermal
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expansion mismatches of the glass and metal‘phases at the interface; it
will be assumed that such problems are under control. We will also not
be concerned with the mechanlcal contrlbutlon to adherence realized by a

h'ighly ir_r'egula.r inte'rface’obtained by_abrasion.or chemical erosion of

_the metal surface, or by chenical eroeion during'the firing”of the

. enamel. Although such roughening of the interface-contributes adherence

and prouides avsafefy'factor'invtefme of'd‘freneition zone and a gfeater
contact area, 1t is theoretlcally not.necessary if a chemical bond (1 €.,
metalllc, ionic, and/or covalent) is attalned throughout the 1nterface.
A chemical bond meanS‘that contlnuity 'of ‘the electronic structure exists
acroes’the interface eevwell as & continuifyvof the atomic stfucture;

To'realize the continuity'of the atomic and electronic'Structures, a

_ tran51t10n layer or z0ne 1s needed that is compatlble or in equllibrium
w1th both the metal and glass at the 1nterface., Thls zone is the ox1dev
Of the metal and is retained only when both.the metal and glass at the -

. interface are saturated with the metal oxide. Figure 1 shows schematic

etomistic models of cross-sections across the interface'When an oxide

‘layer is present and also when absent. “In the former case (upper sketch)

& layer of metal atoms must exist between the bulk metal and oxide that

v,'hasfboﬁh metallic and;ionic—coValent‘cheracﬁeristics which resuifs in a

i'_crosé-sectional continuity’of the chemical-bond. In tne'letter case[
(bottomvsketch), the glass comes in dinect contact with tne metal re-

o eulting in atomic continuity buf not'in'electronic structure:continuity;

'a van der Waals type of bondlng then exists whlch is con51derab 1y weake*

theniafchemical,bond._ Another schematlc way of 1dent1fying this prln-":

ciple is shown in Fig. 2. *Thisipicturiiation;also'emphasizes that only
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a single layer of the oxide ispnecessary to realize chemical bénding
aeross the interfacial zone.
Thermodynamlcally, equlllbrlum comp051tlons across the 1nterfac1al

zone can be expressed as hav1ng equal act1v1t1es or chemlcal potentlals

of.the oxide. - The act1v1t1es of the ox1de are orie, or essentlally’one,
‘ﬁhen an ox1de layer is present and the ad301n1ng phases are saturated
w1th the oxide at the 1nterface, as shown schematlcally in Flg. 3.‘ The
flgure_represents the condltlon when a glass w1th no dlssolved metal
"oiide”is sealed'to a'metéliﬁifh’ah oxide layer; ‘The glass at the{iﬁterf
race dissolves the eduilibrium or saturation'amOUnt'of'metal_oXide, and'
.phe_oxide diffuses'into the'bulk“glass sihee the dri?ing'force’is’for”"
.the:whole system to moveftowards_thermodyeamic equilibrium.which is a
uniforﬁfacpivitchf“thé'oxidé. The solution reaction is faster than the
diffusiopdflux rate so that theiihterfaeial'giass’COmposition‘rémains
‘satﬁrafedngnd its oxidevactivitybis esseﬁtialiy'one as long as oxide
'rreﬁains;'as represented Ey timelti'and.tQ. When the‘oxide iayer’has been
completely disSolved, the difquion process contihues resulting in a
drop of the oxide:activities af the’interface, as represented by té and
: tg, Chemi cal bondlng exists when the act1v1ty of the ox1de is. one, and
the bonding transforms to the van der Waals type as the act1v1ty drops
towards-zero,’ |

The practical problem rs then one of attalnlng and malntalnlng | "
ox1de saturatlon ‘at the interface, preferably w1th no dlscrete and
identifiable oxide layer'since-its.presence Jeads to a decrease in
sfrengfh.p The initial saturation is achieﬁed by’solution of the‘oxide

layer formed on the"metal either by separate preoxidation,'atmospherically



6r chemically, or during the heating ﬁp period before the applied enamel

powder:eoating melts and forms a continuous liquid film which retards or

essentially breQents.the metal from'fufther_exidatien; ﬁhenvthe oxide

ldgyer is dissolved, the.maintenence"of saturation ean only be achieved

by Chemical:reactidns that‘dxidize the base metal and introduee the

metal cation in sufflclent quantltles into the glass at the 1nterface
The balance of the lecture will deal w:th a dlscu531on of the

poss1ble reactlons and the resultlng effect on the transition zone at

'the‘interface,* Illustratlve experlmental data was'obtalned 1n our

leboratories. The base glass uSed in most experiments was sodium

disilicate (32. 5 w/o Nazo 67 5 SlOz and des1gnated as Glass A), Glass B -

.had Co0 added (L. 8 w/o CoO 31 0 Nazo, 64.2 SlOz), and a series of
-vglasses were also used wlth additions to Glass A of FeO up tO'hB w/o. A
commercial enamel gless:without adherence ox1des wasealso used in some

' experiments (38.2 w/o SlOz, 19.0 By0s, 3.7 Aleg, 18.2 Naz0, 2.0 K,0,

10.3 Ca0, 4.7 BaO, 2.9 Fz, l 0 P20s5 and de51gnated as Glass C); Glass D

had addltlons of Co0, NiO, MnO, and CuO (36 8 w/o 8102, 18.2 3203, 3.5

: Alzos, 17 " Na,0, 1.9.K20, 9.9 CaO 4.5 Ba0, 2.8 Fp, 1. O P20s, 0.7 COO,

1.3vN;O, 1.7 Mn0O, 0.3 CuO). Two‘types of 1ron spec;mens were used:

Armeco iron (0.015 w/o c,_o;029_Mn, 0.005 P, 0.025 S, 0.003 Si, with an

undetermined amount of precipitated oxide particles); and Marz iron
(8 ppm C, 1.2 5, ‘7.0 N, 7 20).

Solution of Ox1de by Glass

Any oxide that forms on the metal prlor to the formatlon of the

- glass 1nterface is first dissolved by the glass at the firing temperature.

‘Dissolution and diffusion studies9 were-made'using eouples of_iron-rich
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‘wustlte and Glass A (sodlum dlSlllcate) 1n the temperature range of 900
to’ llOO°C (1653 to 2013°F) Concentratlon prof1les of §i02, Na0 and
FeO into the glass from the'oiide'interface were obtained By electron
'mlcroprobe analyses of the cross—sectlons; Such an analySis.of'alspeci-
men couple heated at 909°C (1670°F) is shown in Flg k. The interfacial
comp081tlon remalned constant for heat1ngs for 5s lO 20 and 50 hrs.
'1nd1cat1ng that thlstwas the‘equlllbrlum:comp051tlon 1n'contact.w1th
FeO undertthe condltions of thefexperiment and that the.dissolution
réaction_rate_was?faSter than the diffusion flnx‘rate;_

| 'ThewCHange-inucomposition'as-reﬁresented hy the'increase'in‘the :

0/si ratio in the glass at the interface due to the dissolution of FeO

‘should be noted. - The dissolutiOn-is_not completely a simple dilution of

the sodium disilicate as indicated by a higher Na;0/5i0; ratio at the
.lhterfaCé;3this intermediate state occﬁrs'because of‘the eitension of the
.lchemical interdiffusiOnlof Na+'and‘Fe+2theyondvthe'dilntion tone, in this
case at approximately lSOOu‘from the lnterface. |

The actual'soluhility of iron oxide‘in'a‘glass isbdependent upon its
compositlon. This tjpe.of experiment is most-conyenient and straight-
forwardlfor determiningndissolution.rates and the solnbility'limits at
a'glven.temperature;' L |

‘Oxidation of Netal at Interface'

When the . glass dlssolves the ex1st1ng ox1de layer and comes- 1n con=’

tact W1th the metal a dr1v1ng force then ex1sts for the ox1dat10n of

ithe metal.» It is importantvthat the system realizes such electrochemical

reactlons that oxidize the metal for they are the means by which the

,_1nterfa01al zone, . and thus the. glass, malntalns the requlred saturation
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with the oxide of the metal. 'The'possible reactions can be categoriied
as (1) gaseous ox1datlon, (2) redox—-reductlon of catlon valence, and
(3)‘redox—-reductlon of catlons to metalllc state.

(1) Gaseous OXidetion '

' Some ox1datlon of ‘the base metal can occur by atmospherlc oxygen

if- the comp051t10n of the glass is favorable.- Experlments of . Glass A

and Glass B (w1th Co0) in contact w1th Armco iron in eir at 950°C up to
2k hrs showed no welght galn, which would be requlred if atmospherlc _.
ox1dat10n did occur. | |

Eubanks snd Moore10 worklng with-an enamel frit comPOS1tlon (51 0
w/o Si0,, 16. 1 B203, 5.7 A1203, 15. 4 Nazo 3. 5 K20, 8. 3 CaF2) on iron
showed that no ox1dat10n roughenlng or- adherence occurred 1n oxygen
atmospheres without cobalt‘OXide.-;Roughehing_of.the]interface and

development of adherence occurred with enamels containing cohalt'oxide

that were fired in oxygen. Glass C at 870°C for 24 hrs did not show a

ﬁeight"gaing but'Glass D (ﬁith Co0, 'NiO 'MhO, and CuO).did..-Iﬁ would be
expected that the addltlonal presence of NiO, MnO and CuQ, most llkely
MnO has contributed to the ox1dat10n.

The presence of these addltlve oxldes, thhs heﬁe provided some

mechanism (probably electronic conductivity) for oxidation of metallic

"iron at the interface by introduction of oxygen from the atmosphere at

“the glass surface. This mechanism has been'referred,to as galvanic

corrosion. In any case, in addltlon to. roughenlng the 1nterface, such a
reactlon w1ll lead to the enrlchment of the llquld comp051tlon at the

1nterface Jn iron ox1de.
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Anéther pbssible supply of oxygen is in the entrapped water vapor
in the bubbles that are normally present in enamels. “The SOuree”df“the7
water is the decomp051tlon of the bentonltlc—type of clay that. 1s used

as & suspendlng-agent in ‘the preparatlon of enamel slurries.

(2) Redox--Reduction of Cation Valeneé“'r"
.If'a‘éléssdéontaiﬁiné:Fé203,ié'm91téd bh"fronQ‘& feactibn between .

the ferric ions in the glass and the iron can take place:

- Eez3‘ogﬁgl);r.Fe(s)t 3Fe O(gl) | ;_ L (1)

Thisdreaetion hasta“standard"free energy'bf 412.keal and thus readily'
‘proceedsl ”As‘an<example, Glass A with: 10% Fezoa on7Arﬁ¢o iron“for 2
hrs at 1000°C showed a reactlon at the' 1nterface as 1nd1cated bj roughen—
1ng;_as:seen in Fig. 5., The color of the glass ehanged from yellow—
'bronn'tovgreenéblne and'some adherence'deVeiOPeddastexneeted with an
_enriehment of FeO.

’Glass A containing increasing amounts ef'FeO, when nelted‘on'iren,
did~notvshow any ronghening'at the interfaceé. Adherence, hewever; im- _
’proved with-inerease of Fel and reached a'narimum at tne saturation |
amount (Glass A with' h3 w/o FeO at 1000°C).

(3) Redox—-Reductlon of Catlons to Metalllc State

These redox reactlons are of-greatest 1nterest forithey probably;‘
occur most exten51vely, the substrate metal is ox1dlzed by g1v1ng up
electrons that are transferred to a catlon in the glass whlch 1s reduced
: to the metalllctstate. A reaction between iron and Glass A is an

example:
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xFe + Nas1,05 = Na, , Fe §i05 + 2xlNa - - (2)

This reaction can Be'gi#en in the fblloving'genérdl form (where gls

refers to'glass,-andvint to interface):

4 1%0(gs) = P0(a1s) M . (3)

The étep'reaqtions_fOr'Eq.'(3)'ate:;'

W+ 072(gis) = MP0(int) v 2e (W)
Wl il (&)

The mechenism of the reaction &t the interféce as*répresentéd'by the step

reaétions is subject to interpretation. If MiO forms directly in the

glass, then step reactions (4) and (6) can be combined to form step

' reacfion (7):

,M§‘+ 0_2(gls) %,MI?O(gls) +“2e 1 7-,2' A1)

Then, Eq;,(3),wQuld consist of étepgfeaétioﬁs (L):énd,(T) instead of - .
(4), (5) ana (6). In'ahy case, the activity of MIO(gls) would not be’

‘affeéted since the MIO a¢tivity in the trahsitioh.zoﬁefwould always have
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a dr1v1ng force towards equlllbratlon and thus would tend to be equal in
‘thevglass,'lnterface, and metal. If MIO formed at ‘the 1nterface by (h)
_and the'ectiyityicf MIO in'the'glssS‘was less than:one, then the glass _ “
: wsuia-iﬁﬁediateiy_dissbive the'férned Mio,”' | U o
‘The free energy equstiqn fchEq. (3)'is'given'by:
| a(M o(gls))- a(MII

AF = AF° + BT 1n ,;(Mnmgls)) -a(M)

“(8)

..Thermodynamlcally, ‘the" reactlon takes place at a glven temperature 1f
dAF 1s negatlve, i. e ; the . energy for the system 1s reduced If the
.standard free energy, AF N is negatlve, then the reactlon is favorable
On the other hand, if AF° is p031t1ve then the reaction can still take
B place gn~z_1f the act1v1ty quotlent a(MIO(gls) a(MII)/a(MIIO(gls) a(MI)
.1s sufficiently less than one (51nce the log of a number less than oné
is negatlve) to result in a negatlve AF. |

Reactlon (3) thus takes place most readlly when AF is negdtive.
' This 51tuat10n occurs.when the glass or.enamel_hQS'ox1des uhdse free
energy of formation is larger than.thet effthe oxide of the substrate
metal or whose metaliic elenent has‘a_ldwer oridation-pqtential:than that
' of'the substrate metal. An’exemple is a glass ccntaining CoO applied.on -

iron:
Fe + CoO(gls) FeO(gls) +Co o (9)

“The AF for this reaction is -9 kcél/moie at 1000°C. NiO and CuO in the

uiglass can also be reduced when the glass is 1n contact with 1ron.v'
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Many studies have been besed on ‘this reaction. ifs neture is
illustrated in Flg. 6. It shows the conoentratlon profiles that formed
when Glass B was heated in air at 950°C (17h2°F) for 10 minutes in con-
tact w1th Armco iron that had been preox1d1zed to form about a 2 um thick
ox1de layer. Thls.specimen, 1nclud1ng one that had been heated for

9 hrs;bdid not show any'galn_ln welght, Therefore, ‘the proflles in the

“glass are the result of the solutlon of the ox1de and the redox reaction

'represented by Eq; (9).' The drop in SlOz and NaZO content at the 1nter—

face is prlmarlly due to the 1n1t1al dlssolutlon of the ox1de layer,

subsequent 1ntroduct10n of 1ron is due to the reductlon of cobalt ox1de.h

The”reduction'of'the cobaltvoxidé'leads‘to ‘the preoipitation of .
metallic cobalt flrst as a layer at the 1nterface and then as dendrites.

The nature of the reaction 'is shown in F;g. 7: the top photograph is of

a cross-section of Glass C and Armco iron, and the bottom two photographs

(middle one teken with reflected light, ‘and bottom one with dark field
v 5

illumination)"ere of Glass D and Armco.iron. .Both specinens were.heated

at 900°C for 28 hrs in platinum crucibiesvand‘showed a similar weight

vgain; the top of the crucible in each case was to the right. The

roughening of the interface in the top specimen was due to atmospherie

,ox1dat10n with the platlnum serv1ng as a path for electrons from the iron

‘to the glass surface where oxygen Was,lntroduced ‘The bottom photos show

the additional effect of the presence of'the'adherence'oxides.

_,Aﬁ analysis_of_dendrites'by.electron microprobing indicates that

v‘theirvcomposition'is'determined by the adherence oxide composition in the

glass at the point and time of precipitation.' The compositions of the

dendrites show Co, Ni, Cu and Fe and are variable; the ones close to the
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' inﬁéfface Where‘theiifon oxide ccnﬁent'ih the glaes is'the5highest (as
seen from the Fe proflle in Flg 6) are rlchest in Fe. The‘mechanism
vfor dendrlte formatlon as 1llustrated schematlcally in Flg 8 is based I
.on e galvanlc cell—type of reactlon. A c1rcu1t is establlshede;th_the -
.eiectrcne, thaﬁ'are'reieased by-Fe goihghintc}the.éiess, mcvihg élong
fhecdendiife and feaucihg‘CcfzviOhs aS'fhey deposit on the;dendrite; the
¢ircuit.iS'complehed'eé:the fesuiting neéative:héles.move towerdithe Fe
subéffateﬁehd pfOVidexe ;iheufor the %e+2"cafichs;, The reactlon proceeds
even though the dendrlte may not be in phy51cal contact w1th the sub-
~.sﬁrate prov;dlng the_gless compos;tlon Wlll allowvthe}movement of. elecf
tfchs; The cation adjuétment’ihethe'glaés is besed on diffusion o
éfédientsfand’alhaiehce_of‘chargesi‘fhe'oﬁyéen coﬁtenﬁ feﬁaining'constanf.
Thé.dehdrite'grdwe ihﬁo fhe regions where the ccbalt'cXidé-conteﬁt is

' the‘hjghest since it is the most favorable ccmpositionvin terme'of'having
the:sﬁalleSt AFO for'ﬁhe‘redcx‘reection;

:if should be emphaSized thef thié gaivanic-cell type of.reaction by
1tself will not produce maximum’ adherence 31nce 1t 1s 1mp0551ble to
:attaln the necessary saturatlon of the 1nterfac1al zone with iron ox1de
’because ‘of the small‘amount of so- called edherence ox1des‘added to the
3'glass. The reactlon,ls;of greatglmportance,_however, in a role of |
_es§%§f§hg‘in meihtainihg.cXide.satuyatioh.cf'the interface in cases
where the,glase at the ihterface hgd heeh enriched'with the substrate .
,vmetal oxide by some othef oXidation~mechaniem or by‘eolupion of the
dXide cn a'preoXidized;substrate. »'

v Aé.deécribed;;reactionv(3)‘cenhéléczfake:plece:evehhthchghkqu is

positive if its activity quotient (Eq. (8))'13 sufficiently smaller than
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one. This is the case wiih'regard‘te Eq. (2) which can be written more

simply as:
Fe + Na,0(gls) = FeO(gls) + 2Nat (10)

The free.energy equatieh for this reaction is

o | a(FeO(ng)) (P )2
A AF -+ RT n. a(NazO(ng)) =

(11)

At‘lOOo°C; the standard ffee:enexéy.is f9;3 kéei/mole. The activify
Quofient, thus, hes“to be smallffor_the reaction to occur. This require-
ment can be‘fulfilled by'a sufficientlyvioV activity of FeO and high ‘
activiﬁy.of NaZO'in theigiess.at'the interfaee,.end“lew perfialeéfessure
of Na vapor. The lattef:factof is fhe‘meetecrifieai sinee this redox
reaction is poSéibie onlyrbecause the boilingepoint'of liquid Na (880°C

or 1616°F) is below the test temperature.. The Ne vapor may diffuse to

the atmosphere 1nterface where the vapor pressure of Na is low and leave -

the system, or react with oxygen 1f present and stay within the system as

Na,0. Or, if‘may'diffuse to the bubbles'in.the'enamel where'it ceuld ,

-react with entrapped water vapor. In either case the Na vapor pressure

within fhe glass WCuld be kept small alldwing:fhe reacﬁion tovcontinuet

Reactlon (lO) can be followed by monltorlng the changes in the glase-

'comp031t10n.v loss of 2Na for each Fe *2 galned expressed aS'the corres—

pondlng loss of Nazo and - galn of FeO. The effect of this change of com-

position in the model Glass A can be followed bv examlnatlon of the
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'FéOQNazb;SiOz,phase‘diaéram, shown in.Fi'»g° 9. Any séiutiohfof FeO By
NSz‘(Sadiﬁm diéiliCafé) Corrésfoqdé‘to diiutibnAofiN82”andfan increésé : e
in the 0/Si ratio; the overall composition falls on the FeO-NS; join.

-Ah& one of these glasses in'contaét with Fé; on reaétion have'Nazo re-
'pléced'bvaeO ﬁithout Chéngiﬁg:the 0/si ratié.' An_éXample is shown on
thé:bhase,diagram byvthe*réw of déts; as‘evefy”2Na+ in NSé'continﬁeS'to
.bévreﬁlaCed by a Fe42, the éystém bécémés saturated with SiOz ﬁhiéh is

 preci§itéted} if.ﬁhé'iﬁitidl glaSé in.éonfact with‘FeFCOntains‘iS%Lorv

_ more of FéO, then_the reécfibn Of_febiaceméhffbf 2N‘é+ bysFe+2'66htinués
_i ﬁnfilVFezsibq (fayéiite,'FZS)'is precipitéted; The oCdurrehée 6f-pre;'
cipitﬁtes and their cémbosition‘can bejaéteﬁmihed_bybobtaihing eléétron
ﬁibroprbbeJoscilibscéﬁe tracés ofAﬁhe'épecimeh crdss;éection; As an
example,'Fiée'lO.shows traces.of:the Fe radiation on the'léft andithé Si
rédiation;on the'right;fbf:Glass A'with §ul%.FeQ af£er heating on an iron
.substréte for 2 Hlrs at 1000°C in a vaéuum‘of'very low partiél pfessuré
of 6xygen, indicating that the precipitates are Si0;.

"  'Reactioﬁ sﬁudies7’8 havé”shown‘that the redox reactiéh (10):ré$ﬁlting
iﬁ iﬁtroduction‘of.the substrate metal oxide»into‘the glass is sénsitiVev_
tévthevglass and the‘subStfate metal;coﬁpositions becausé’theyvaffect the
_éctivity.qﬁptient. Updef givénééohditioﬁs and for a_givén sgb§£réte, the
- réaétibh,oécurfedvﬁore readily with aﬁ increésing‘additioﬁ.of FeO to |
v»Glass A, or an incréase of the 0/8i ratio,,indicating’thét.fhe resulting
vincfease in aétivity.of NaéQ in the glass wés'gféétéf then the increase
in activity bf FeO.forva given addition of FeO. Also,_under’equivalént
cohditiéhs and_fof a_givén glass composition, ﬂhe feacti@n was found to

. ocecur more.feadily witthiFefalléy,.NiCo alloy, Co, and NiVsubstratesv
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‘than Fe, indicating that the activities of the transition metal oxides

in the substrate and thus'in £he glassjat the interface were smaller.
Similar studies of redox reactiOn (10) using enamel glasses have

not been made. It'ﬁould'be expected, however, that these glasses would

in general be more reactive in the sense of having larger activities of

' .lNézo'for'avgiven amount bf.NaQO'in_fhe éompoSitibn'because of the glass's

lower refractoriness and more complex network-forming oxide composition.

The reported dependence“of the reaction behavior on the nature“of:the

substrate also suggests that this may be the prinéipal function of the
commonly used nickel flash coating. The initially precipitated coating

of Co at the'interfaceias ideﬁtified'in the discussion relative to

v;Fig.j7'probably,also céntributes to this type of iedok reaction since

both Ni and Co readily allOy'with'Fe,.'This Co reaction particularly

would be enhanced if the substrate was pféoxidized because its solution .

- at the interface wQﬁld make the glass more reactive.

Summery and Conclusions

An efforf has been made“tb:explofe the conditions.undér which a
chemical bond, and thus good adhereﬁce,bére achiév¢d aﬁ glasé;metal
interfaées. It was showﬁ that this;contiﬁuity of eleétfonic structﬁre
weas obtained when thé inteffaciél zoﬁé ﬁgﬁ_saturated with_ﬁhe oxide'of‘

the substrate metal and thus had eqﬁilibriumvcompositions-relative to

‘the oxide. This condition is easily achieved when the metal is properly

preoxidized before the glass melts and wets the oxidized metal.

When the glass comes in contact with the unoxidized surface of the

metal -at any time, then a driving force for a chemical reaction occurs

whose net effect is to oxidize the'substraté. ThiszXidation_enriches
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the sﬁbstrate 0xidevcontent of.the:glass at the ihterface; thefe is a
counteractlng depletlcn.of the ox1de g01ng on at the same tlme because )
of chemlcal 1nterd1ffu51on 1nto the bulk due to the whole system mov1ng
towards‘chemlcal equllibr;um. If.the reaction ratés are faster,'then
'theeiniefface femains.saturafed with the oxide‘with repainment qf good
adhefehce;'ahyhrOﬁéhening of the ihfefface that-oécurs'in theiccurse cf"
the reacfions'contrihﬁfes tc'thefStrehgfh of the'ihterface. ;h

:‘_The_reacfions that can eccurrﬁith'ihe Substreie under favorsble
ccnéiiiehs are:'.(a)katmospheﬁic‘QXidetion, when the'gless cdmpositioh
provideS'a path for elecﬁrons from theTmetai'to the “surface; (b) redox
:reactlons w1th the reduction of the valence of a multivalent cation, -
ﬁ €.8.5 "Fe 3+Fe ?, (e) redox,reactions’with‘the reductiOn bf.ah cxide in
_the_glaSS‘wh6Se metal has a ioﬁer Oxidafichal'cOtenﬁiel'than thershb— L
_strate metal, e.gs, Co and Fe; and (d) redox reactions'with the reduction
of.an oxide ‘in the glass whose metal is above 1ts b0111ng p01nt;Ae S Na{ v

CoO 1n the glass appears to play a role 1n'three'of‘these types of

» reeCtiqns;: Ih eddition to its participafioh(ihithe'well—dccumented
redox‘reectionrresulting in the formation cf'dendrites, it enhances
'atmoSpheric oXidation of the subsfrate. Also by prec1p1tat1ng and
‘alloylng with Fe at the 1nterfece, it enhances the type of redox reaction
in Whlch Na is released; The N1 flash ‘unto iron substrates appears to
'perfcrm a 51mllar functlon of ‘enhancing the sodlum—formlng redox
reaction.' |

| (It is obvicusbthsflfhe ofereli{reacﬁiohipattefh is'ccmp;ex'end that '
 sit,consists‘of,a number of reactions going on simultanecusly and/or in

. sequence. ‘Most of the reactions that have been suggested in the-
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literature dOjtake_pléce,-énd'undér"a'giVen set of conditions one reaction

‘may be dominant. The end result, however, of all these reactions is to

enrich the.intéffaciéiizdne'in the oxides dfvthe substrate metal.

Studies are COntinuing7in an effoft £oiunderstand the mechahisms of these

- reaétioné better and tofplacéfthem:on'a=more.quénti£ativé basis.

This'work was qdne under the’auspiceévof.thé United States Atomic

Energy Commission.
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Figure Captions

Figure 1.

Figure 2.

Figure 3.

Figure 4.
Figﬁfe 5.

Figure 6.

Figure T.

Schemétic aﬁoﬁistiéarepreséhtétiOns'of”crossfsectioné across
the interfacial zone (a) when an oxide layer is present (top

sketch with métai—oxideégléSS'ieff to right), and (b) when no

oxide layer is preésent. -

Schematic représentatiqn of tranSifibn‘Zones thréugh metal_
glass interféées; shoﬁiné conditio@sifor ch?mical aﬁd Yan der
Waals type of Bohding:; (a) chemical bonding with and without
éisCréte intéfmediéﬂé oxide layef; aﬂd](b)”van'der;Wéals type
of ‘bonding.

Schematic picturizationf§f-thé chaﬁge in'éctiQity'éf iron
oXidéI(a(Feb)) veréus:diStance‘adfoss thé infeffaéiai zone of
a\sysfem éontéinihg'a S£artiné>§xide léyer after heaﬁing at‘
a'given:temperafuré for a.ﬁuﬁber’Of times. 2
ConCehﬁratidn”profiies:of'Féb; Nazb and Si0, in a cross—
seétionIOf é’FeO—sbdiﬁm disilicaté‘élass couﬁle heated at
909°¢C for 50 hrs.

Cross-section of interface (bottom of phétégraph) betﬁéen Fe

substratevand?sodium disilicate_glassﬁwith_lOvW/O'Fezog sHowing

chemical attack of Fe after heating at 1000°C for 2 hrs (  X).

Diffusion profiles ¢f glass.B-irén composite heated at 950°C

in en Al203 crucible for 10 minutes. |
fhotomicrographs of crdss—seéfioﬁé’of glass-iron ihterfacés'
heaxéd-at‘9oo°c for 28 hours: - (top photo)--Glass C taken with -
reflected light; (midaie photé);-Glass D takern with ref;écted

light, snd (bottom photo)--Glass D taken with dark field
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- illumination.

Figure 8.

‘Figure 9.

 Figure 10.

Schematic illustrating mechanism for dendrite formation, based

on galvanic cell type of reaction.

FeO-Na,0~-510,; phase diagram. Upper'shaded region--fayalite

(F2S) and liquia in’equilibrium af'lOOO°C; lower shaded
region--~5i02 and liquid iﬁ equilibrium.. |

Electron micrOprobe-OSCillosc0pé traces of cross-section of
Glass Avwith 9.1 w/o FeO heated én'iron_SUbstrate at 100060

for 2 hours: left--Fe radiation, right--Si radiation (  X).
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LEGAL NOTICE=

This report was prepared as an account of work sponsored by the
United States Government. Neither the United States nor the United
States Atomic Energy Commission, nor any of their employees, nor
any .of their contractors, subcontractors, or their employees, makes
any warranty, express or implied, or assumes any legal liability or
responsibility for the accuracy, completeness or usefulness of any
information, apparatus, product or process disclosed, or represents
that its use would not infringe privately owned rights.




TECHNICAL INFORMATION DIVISION
'LAWRENCE BERKELEY LABORATORY
UNIVERSITY OF CALIFORNIA

BERKELEY, CALIFORNIA 94720

. e



