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Physical Chemistry of Ceramic-Metal Interface Formation T
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Abstract

The formation and microstructure of the interface in ceramic-metal systems is discussed. Surface
phenomena control wetting in non reactive systems as well as the transitions from non reactive to
reactive systems. For reactive systems phase diagrams predict the final equilibrium state. However, the
intermediate stage, during which the diffusion path is built up and exists as a series of steady states,
is controlled by diffusion kinetics, which are taken into actount to understand the details of the
morphology of the reaction zone observed in varous SiC-metal systems.
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1. Introduction

Bonding of dissimilar materials, such as ceramics to
metals, require the formation of an interface. Mass
transfer must occur in order to achieve the transition from
two surfaces in contact at their aspenties to a continuous
interface. In non reactice ceramic-metal systems mass
transfer will be only along the ceramic surface becoming
an interface. In reactive systems mass transfer occurs from
the ceramic to the metal and vice versa across an
interfacial zone being formed by the reaction. The mass
transfer mechanisms of solid state joiming processes such
as fricion welding, diffusion bonding, or reaction bon-
ding, are plastic deformation by vield and creep, as well as
bulk, surface, and/or interface diffusion. Liquid phase
diffusion and spreading are the mass transfer mechanisms
in the liquid state joining processes such as (active metal)
brazing, eutectic bonding, or fusion welding. The driving
forces for these mechanisms of interface formation are (1)
the external pressure applied during bonding, (2) the
reduction of the total surface and interface energy of the
system due to wetting, and (3) the reduction of the bulk
Gibbs energy of the system due to chemical reactions.
While the external pressure applied is essential in the first
stages of interface formation D, only the latter two
driving forces can cause permanent bonding across the
interface. Thus, understanding of the phenomena of

wetting as well as phase formation contributes greatly to
predict interface behavior of of ceramic-metal joints,
coatings, and composites.

2. Wetting in Non Reactive Systems

In non reactive systems the bonding energy,or work of
adhesion (Waq).is due to wetting. Thus Wpd = Wwetting-
In ceramic-metal systems wetting occurs due to electron
transfer from the metal into the valence band of the
ceramic 2).This is possible, since even in the undoped,
pure ceramic at finite temperatures (T) some electrons are
promoted to the conduction band, leaving an equal
concentration of holes (c) in the valence band:

€ =cq. exp(Eg/ZkT) (eq.1)
(with co= c at T= 0K, and Eg the band gap energy)

The amount of electron transfer, and thus Wa4, depends
on this density of empty states available at the valence

band of the ceramic, as well as on the amount of electrons
available from the metal characterized by nysg,the electron

density at the Wigner-Seitz cell of the metal. Short of
putting forward an equation relating W to nws or Eg, in
a series of papers Li showed 2-}), that indeed W, scales
linearily with nwg of the corresponding metal (systems
Al2O3/non reactive metals 2), systems TiC./non reactive
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metals 3)). Furthermore, Li demonstrated a linear decrease
of Wyd with increasing Eg of non reactive ceramics

(systems ceramic/tin D, systems ceramic/copper 3)).

Combining the Dupre equation, which defines the work
of adhesion beeing equal to the surface and interface
energy difference occurring upon interface formation,

Wad= Yc+Ym-Ycm (eq.2)
(y ¢ surface energy of the ceramic, vy surface energy of

the metal, vy ¢y ceramic-metal interface energy)

with the equilibrium condition

Ye-Yem =Ym- cos O (eq.3)
yields the Young-Dupre equation
Wad/Ym =1+cos8 (eq4)

linking the wetting angle 6 to Wy Wetting (6<90°) or
non wetting (6>90°) in non reactive systems can be
predicted from data on Wy, accessible from either nywg
data of the metal or Eg data of the ceramic using the
correlations reported by Li, combined with data on ymy
available with reasonable reliability from literature 5).

3.Transition Non Reactive to Reactive System

While earlier models for wetting, based on correlating
Wad with the Gibbs energy of compound formation 6,7),
had great difficulties in accounting for the increase of Wyd
with temperature, the model of Li 2-4) predicts without ad
hoc assumptions, that increasing the temperature will
increase W due to the increasing number of holes avail-
able in the valence band of the ceramic (eq.1). Thus,there
must be a temperature,where this increase, and the simul-
taneous decrease of y m 5) will result in complete wetting
(6=0°) vielding Wad= 2y m.

On the other hand, as can be seen from eq.2, a positive
temperature coefficient of dWud/dT requres yc¢q to
decrease more rapidly with increasing temperature than y ¢
and Y combined. Again, at a certain temperature Y cm
will be zero, yielding Wad = ¥ c+Ym- With y¢m=0, the
interface becomes instable and reaction will occur at this
temperature.Unfortunately,at present there is no corre-
lation proposed, to predict accurately the temperature
coefficient of the interfacial emergy, to anticipate this
temperature.
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4. Reactive Systems

The occurrence of chemical reactions at the ceramic-
metal interface increases bonding beyond the contribution
due to wetting:

Wad =Wreaction + Wwetting

The concomitant breakdown of the original interface
and formation of new phases creates an interfacial reaction
zone consisting of one or more reaction product layers and
the resulting new interfaces confining them. Practical
Joining processes have a time scale of the same order of
magnitude as the kinetics of these reactions. Thus, not
only the energetics of the interfacial reactions, but also
their mechanisms need to be discussed.

4.1. Thermodynamics of Reactive Systems

Like any other chemical reéaction, the reaction at a
ceramic-metal interface is driven by the lowering of the
Gibbs energy due to formation of (solid) solutions or of
new phases. For example, in a system A (a metal) + BC
(a ceramic) the reaction 3A+2BC = ABy+2AC will
proceed to the right hand side, if (for a given temperature
and pressure) the Gibbs energy change is negative:

AG = AGy™B? + 2AGoAC - 3AGA - 24G,BC +
+ RTln {(aAB;-aac?/(aa3.apc?)} <0

(with AGOi = Standard Gibbs energy of formation of
phase i, R= gas constant, T= temperature, a;= activity of
component 1) ’

Reaction will continue until one of the reactants is
practically completely consumed and its activity becomes
so small, that AG of the reaction becomes zero. Alterna-
tively , if one of the reaction products is a gas, its partial
pressure (usually taken to be equal with the activity) may
become large enough to stop further reaction. Calculation
of such equilibria requires not only data on the Gibbs
energy of formation for all phases involved, and the varia-
tion of AGOi within the temperature and homogeneity
range of that phase, but most obvious and still not
trivial, knowedge on the existence of it. Having satisfied
these requirements, all phase equilibria of a given system
can easily be computed. Software automating this
procedure using a variety of strategies 8) is nowadays
readily available.

The graphical representation of phase equilibria derived
from calculations or observed in experiments indicates



coexisting phases by connecting tie lines. The phases
stable upon the completion of the reaction are determined
by identifying the phase field of the overall composition
of the ceramic-metal couple reacting. The relative amounts
of these phases can be calculated using the lever rule.
Phase diagrams for systems comprising binary oxide
ceramics or non oxide ceramics such as Si3Ny¢,SiC,AlIN,
Al4C3, BN, or B4C with metals have been extensively
investigated and reported in the literature 9-12),

The contribution to interfacial bonding due to chemical
reaction, Wreaction, 15 €qual to the Gibbs energy change
upon formation of one monolayer of reaction product at
the interface:

Wreaction = -n. AG
(n= number of moles of reaction product at the interface)

Upon joining, the bonding strength initially increases
with increasing bonding area and with the formation of
the first monolayer of reaction product. However, the pha-
ses formed in ceramic-metal joints are generally brittle,
and thus, as the reaction product layers become thicker,
residual -stresses due to thermal expansion mismatch are
not absorbed by ductile deformation, but rather reduce the
bonding stregth 13). Thus, in order to optimize the bond
strength, the thickness of the reaction product zone(s) has
to be controlled carefully. To achieve this, and because of
practicability of joining processes in general, the inter-
facial reaction frequently is stopped before either of the
two materials joined is completely consumed, and thus
before equilibrium, as described by the phase diagram, 1s
reached.

4.2. Kinetics of Phase Formation

For the intermediate stage, after reaction has started and
before it is completed by reaching equilibrium, the metal-
ceramic system can be viewed as a diffusion couple.The
composition, number, and sequence of phases formed
during this stage depend on the reaction path the atoms
are travelling along. After an initial period (the origin and
consequences of it will be discussed below) local equili-
brium between each pair of neighboring phases in the dif-
fusion zone is established. Though not truly equilibrium
phases of the ceramic-metal system under consideration,
these phases form a sequence of steady states and coexist
as long as the influx of reactants and the formation of
reaction products continues.Thus like any coexisting pha-
ses, each pair of phases sharing an interface must be con-
nected by tie lines on the isotherm of the corresponding
equilibrium diagram. The complete sequence of these tie

145

Trans. JWRI, Vol. 23 (1994), No. 2

lines across the isotherm from the pure ceramic to the
pure metal, the diffusion path, represents the average
composition in planes parallel to the original interface
throughout the entire diffusion zone 14),

Thus, knowing from the isotherm the phases occurring,
as well as the tie lines connecting or separating them,
reduces, together with the requirement of mass conserva-
tion (necessitating the diffusion path to cross at least once
the straight composition line between the end members of
the diffusion couple), the possibilities the diffusion path
can take. However, without additional kinetic data, only
in special cases can the number of possibilities be reduced
to just one and thus predictable diffusion path. Such
special cases occur in systems with simple "replacement”
type reactions like A + BC = AB + C, if a diffusion layer
sequence of A/C/AB/BC can be ruled out, because C is
immobile. Then the only possible sequence remaining is
AJ/AB/C/BC. Examples are the systems of SiC with
group VIII metals 11), where carbon rests immobilized
next to SiC, because otherwise it would have to diffuse
up its own activity gradient, which is not allowed by
thermodynamics. For complex ceramic-metal
reactive interfaces a helpful guideline seems to be the
general rule, that the diffusion path starts in the single
phase region of the metallic end member in the direction
of the faster diffusing component of the ceramic 14),
Assuming carbon to diffuse via an interstitial mechanism,
and silicon to diffuse via an vacancy type mechanism,
carbon is expected to be the faster diffusing component of
SiC. According to the rule, the diffusion path in the more
complex systems of SiC with group IV,V,and VI metals
18 expected to start on the metal end into the direction of
the metal carbide. This has been shown to occur for the
systems SiC'Ti 13:16) sic/v 15.17), sic/Nb 18-21),
SiC/Cr 15,17.22), and SiC/Mo 1523-26), Though this
seems to corroborate the above mentioned general rule,
the eludication of the complete diffusion path remains a
task to be done from the experimentally observed micro-
structure of the diffusion zone. Thus, the famous relation-
ship between the diffusion path and the microstructure of
the diffusion zone 27) still more often serves to establish
the diffusion path, than to predict the microstructure from
a known diffusion path.

more

One of the most nobable phenomena in ceramic-metal
reaction zones is the occurrence of duplex phase layers,
consisting of one phase with precipitates of another, or of
a zone with a corrugated interface between two phases.
This can occur because metal-ceramic diffusion couples
are ternary or higher order systems.While the Gibbs phase
rule limits binary diffusion couples to single phase zones
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and flat interfaces, the additional freedom due to the third
component allows in temary systems the occurrence of
two phase zones and corrugated interfaces. For simple
displacement reactions of the type A + BC = AB + C,
yielding an interface structure A/AB/C/BC, a kinetic argu-
ment, based on the relative fluxes of A through AB (J3)
and B through C (JB), predicts the formation of a flat or
- corrugated interface between AB and C layers 28). A pre-
supposed wavy interface between these two phases will
develop into a flat interface for Jg>Ja, because the
supply of A will be rate limiting, and thus protruding
tips of AB will be leveled out. If however JAo>JRB, the
waviness will be magnified by even accelerated growth of
the protruding AB tips and a corrugated interface develops,
which eventually cannot be treated as one-dimensional dif-
fusion problem anymore. Precipitates may occur due to
local fluctuations such as grain boundaries, grain
orientations, and grain sizes causing local supersaturation.
In SiC-metal systems two phase zones occur, if due to
the mass balance requirement, carbon has to interdiffuse
uphill, and thus for that section of the diffusion path the
metal becomes the faster diffusing species. Best
investigated examples are the systems SiC/Ti 15,16) and

SiC'Mo 1523-26) Kao and Chang 29) have extended
this argument to the case JA>>JB. For this case local
fluctuations are all leveled out, and the flux of B is
insufficient to react with all incoming A. Thus, the
remaining A diffuses through the layer of C, where it
again starts to react with B to form a new band of AB
creating newly a (B depleted) zone C. The original zone
AB stops growing because no fresh B arrives anymore.
Ongoing diffusion of A generates thus multiple, flat
interface bands of equal thickness. With time only the
number of these bands increase. Such bands have been
observed in the systems SiC/Fe 30), SiC/Ni 30), and
SiC/Pt 31), where carbon is completely immobilized and
thus Jmetal>>Jcarbon:

While the discussion of kinetics up to now has centered
on diffusion, it should be kept in mind that layer growth,
defined as the advance of the interface normal to the
interfacial plane, consists not only of material transport
from the interior of each phase to the interface, but also
of the actual reaction steps occurring at the interface.
Thus the growth rate (k) might be interpreted as "total
growth impedance"

1k =8/D + 1k

(with 9 the diffusion layer thickness, D the diffusion coef-
ficient ki the reaction rate of the interfacial reaction steps)

of Ceramic-Metal
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At steady state, 8/D>>1/k; , and diffusion should be rate
limiting. However at the very beginning of the reaction,
when d is very small, still close to zero, we have
8/D<<1/kj and thus the interface reaction steps will be
rate limiting. Integration of the interface reaction
controlled growth rate law yields growth proportional to
time (t), while integration of diffusion controlled gowth
rate yields growth proportional to t1/2. Thus initial
growth control by interface reaction has two
consequences: (1) Growth kinetics follow linear-parabolic
rather than simple t1/2 laws. (2) The formation of phases
is sequential, that is new phases appear only after other
phases have reached a critical thickness. Both phenomena
are observed in carefully executed experiments such as
recently done in the system SiC/Ti 32). The same
experiments also reveal the change of growth rate upon
the formation of an additional reaction layer. The abrupt
change of slope in a thickness?  versus time plot
observed 32) indicate contributions to growth control by
both, the original as well as the newly formed layer 13),

5. Conclusions

The physicochemical aspects of the initial step
(wetting) as well as final state (equilibrium) of interface
formation in ceramic-metal systems are well understood .
With the aid of existing material data such as nws and Eg,
or phase diagrams respectivly,the behavior of the ceramic-
metal system in these two regimes can be accurately
predicted.For the intermediate stage, which is diffusion
controlled , the principles are clear, but more data on
individual systems are needed for accurate predictions.

References

1)  B.Derby, "The Formation of Metal/Ceramic Interfaces
by Diffusion Bonding", in "Metai-Ceramic Interfaces",
M.Ruehle et al. eds. (Pergamon Press,Oxford, UK, 1990)
ppl61-167

2) J.G.Li "Wetting and Interfacial Bonding of Metals with
Ionocovalent Oxides" J. Amer. Ceram. Soc. vol. 75
(1992) pp3118-3126

3) J.G.Li,"Adhesion Between Non Reactive Liquid Metals
and Transition Metal Carbides" Rare Metals vol.11
(1992) ppl77-184

4) J.G.Li, "Role of Electron Density of Liquid Metals and
Bandgap Energy of Solid Ceramics on the Work of
Adhesion and Wettability of Metal-Ceramic Systems" J.
Mater. Sci. Lett. vol.11 (1992) pp903-903



5) J.C.Schuster, "Thermodynamics ans Phase Diagrams of
Ceramic/Metal Systems", in "Designing Ceramic Inter-

faces II", S.D.Peteves ed. (Commis. Eur. Commun.,
Petten, NL, 1993) ppl17-131
6) D.Chatain, L.Rivollet, and N.Eustathopoulos, "Thermo-

dynamic Adhesion in Nonreactive Liquid Metal-Alumina
Systems" J.Chim.Phys. vol.83 (1986) pp361-567

7 P.R.Chidambaram,‘G.R.Edwards,and D.L.Olsen,"A Ther-
modynamic Criterion to Predict Wettability of Metal-
Alumina Interfaces” Met.Trans.vol. B23 (1992) pp215-
222

8) H.LLukas, J.Weiss, and E.Th.Henig, "Strategies for the
Calculation of Phase Diagrams" CALPHAD vol.6 (1982)
pp229-251

9) EM.Levine, C.R.Robins,and H.F.McCurdie, "Phase Dia-
grams for Ceramists" (Amer.Ceram.Soc.,Columbus,OH,
1964ff)

10) P.Rogl, and J.C.Schuster "Phase Diagrams of Temary
Boron Nitride and Silicon Nitride Systems" (Amer.Soc.
Mater., Materials Park, OH, 1992)

11) J.C.Schuster, "Design Criteria and Limitations of SiC-
Metal and Si3N4-Metal Joints Derived from Phase Dia-
gram Studies of the Systems Si-C-Metal and Si-N-Metal"
in "Ceramics Transactions. Vol 33: Structural Ceramics
Joining II", A.J.Moorehead et al. eds. (Amer.Ceram.
Soc., Westerville, OH., 1993) pp43-37

12) G.Petzow, and G.Effenberg (eds.) "Temary Alloys" (Ver-
lag Chemie, Weinheim, FRG, 1987ff)

13) K.Suganuma, "Recent Advances in Joining Technology
for Ceramics to Metals" ISIJ Intern. vol.30 (1990)
ppl046-1058

14) F.JJ.van Loo, "Multiphase Diffusion in Binary and
Temary Solid State Systems" Progr.Solid State Chem.
vol.20(1990) pp47-99

15) K.Kurokawa,and R.Nagasaki,"Reactivity of Sintered SiC
with Metals” Int.Symp.& Exhib. Sci.& Technol. of Sin-
tering, Tokyo,Japan, 1987

16) W.Wakelkamp, "Diffusion and Phase Relations in the
Systems Ti-Si-C and Ti-Si-N" | thesis, Eindhoven Univ.
Technology,NL,1992

17) 1.Gotman,and Y.Gutmanas, "Coating of SiC by Reaction
with Metal Powders", Mater.Lett. vol.10 (1991) pp370-
374

147

Trans. JWRI, Vol. 23 (1994), No. 2

18) M.Naka, T.Saito, and [.Okamoto, "Niobium Silicides at
Interfaces Between Niobium and SiC" J Mater. Sci.Lett.
vol.6 (1987) pp875-876

19) M.Naka, T.Saito,and I.Okamoto,"Effect of a Silicon Sin-
tering Additive on Solid State Bonding of SiC to Nb"
J.Mater.Sci. vol.26 (1991) pp1983-1987

20) A.Joshi, H.S.Hu,L.Jesion,].J.Stephens,and J. Wadsworth
"High Temperature Interactions of Refractory Metal Ma-
trices with Selected Ceramic Reinforcements" Met.
Trans. vol.A21 (1990) pp2829-2837

21) J.C.Feng, M.Naka, and J.C.Schuster, this issue

22) G.V.Zemskov, A.lShestakov, V.S.Viderman, and A.S.
Sin'kovskii, "Structure of a Diffusionally Chromized
Layer on SiC", in "Metal Physics #57" (Kiev,SSSR,
1975) pp71-74

23) J.M.Guiot, "Contribution to the Study of Cermets Based
on SiC. I. Study of the System Mo-Si-C" Silicates Indus-
trielles vol.31 (1966) pp363-367

24) P.Steinmetz, B.Roques, and R.Pichoir, "Study of Dif-
fusion Couples in the Ternary System Mo-Si-C" J.Less
Common Met. vol.48 (1976) pp225-240

25) S.Morozumi,M.Kikuchi,S.Sugai,and M. Hayashi, "Reac-
tion Between Molybdenum and Carbon,and Several
Carbides" J.Jpn.InstMet. vol.44 (1980) pp 1404-1413

26) F.JJvan Loo, FM.Smet, G.D.Rieck, and G.Vespui,
"Phase Relations and Diffusion Paths in the Mo-Si-C
System at 1200C" High Temp. High. Press. vol.14
(1982) pp25-31

27) J.B.Clark, and F.N.Rhines, Trans.ASM. vol.51
ppl99

(1959)

28) R.A.Rapp, A.Ezis, and G.J.Yurek, "Displacement Reac-
tions in the Solid State" Met.Trans. vol4 (1973)
ppl283-1292

29) C.R.Kao,and Y.A.Chang,"A Theoretical Analysis for the
Formation of Periodic Layered Structure in Temary
Diffusion Couples Involving a Displacement Type of
Reaction" Acta Met.Mater. vol.4l (1993) pp3463-3472

30) R.C.J.Schiepers, thesis, Eindhoven Univ. Technology,
NL, 1991

31) T.C.Chou, " Anomalous Solid State Reaction Between
SiC and Pt" J.Mater.Res. vol.5 (1990) 601-608

32) J.C.Feng, M.Naka, and J.C.Schuster, to be published



