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EQUILIBRIUM AND NON-EQUILIBRIUM METAL-CERAMIC INTERFACES

Y. GAO and K. L. MERKLE
Material's Science Division, Argonne National Laboratory, Argonne. IL 60439

ABSTRACT

Metal-ceramic interfaces in thermodynamic equilibrium (Au/ZrO 2) and non-equilibrium
(A_gO) have been studied by _ and _M. In the Au_ 2 system, ZrO 2 precipitates
formed by intem_ oxidation of a 7%Zr-Au _oy show a cubic ZrO 2 phase. It appears that

, formation of the cubic ZrO 2 is facilitated by _ament with the Au matrix. Most of the ZrO 2
precipitates have a perfect cube-on-cube orientation relationship with the Au matrix. The I_ge

i number of interfaciai steps observed in a short-time anne_ing experiment indicate that the
precipitates are formed by the ledge growth mechanism. The lowest interfacial energy is indicated
by the dominance of closed-packed 1i 1 1} An/ZrO 2 interfaces. In the Au/MgO system, composite
films with sm_ MgO smoke particIes embedded in a Au m_ were prepared by a _ t-dm
technique. _M observations show that most of the Au/MgO interfaces have a strong tendency
to m_tain a dense lattice structure across: the interfaces _espective of whether the interfaces are

: incoherent or semi-coherent. This indicates that there may be a relatively strong bond between
MgO and Au.

J

l

: _ODUCTION
J

i_ A basic understanding of the structure and composition of metal-ceramic interfaces is of
, considerable interest because metal-ceramic bonding and adhesion control materials properties in a
; wide range of applications. It was observed that these interfaces play a dominant rote in thin f'llm
i' technology [1], electronic packaging [2]. composites [3], ceramic coating and joining [_].
i However, information on the structure and composition of these interfaces is sri11quite limited.
J

:_ A number of model systems which are not expected to form reaction layers have been
I

studied by severn research groups [5-8]. Most of these studies were focused on low-enerD
i, interfaces in thermodynamic equilibrium. A common technique to produce these interfaces is

internal oxidation of a metre alloy [5-8] or intemaI reduction of a doped oxide [8]. It is weil
established that tow-energ-y interfaces in cubic systems are parallel to the closed-packed { l [ l }
lattice planes in both crystals. In most cases, the interfaces incorporate an arTay of misfit

! dislocations. However, our understan_g of interface structures formed under non-equilibrium

:i conditions is, quite embr?'onic. Studies ofsuch metal-ceramic interfaces is of considerable
importance since many systems, especi_y in technological appIications, are fax from equilibrium.

t

. In this paper, we describe our ix_tiaI HREM observations of metal-ceramic interface
structures in thermodynamic equ_brium (Au/ZrO 2) and non-equilibrium (Au/MgO). in the

: Au/ZrO_ system, smaI1 ZrO-_ precipitates in a Au matrix, which were formed by internal oxidation

' ofa 7%Zr-Au _oy, were chosen to sm@ the meta.I-ceramic interfaces (interface dislocations.
i steps, and ledges), and the rote of the interface Ied__es_.in the internal oxidation. Irl the Au/MgO
i system, sm_ MgO particles embedded in a Au matrix were chosen to investigate the atornic-scaie

connection between Au and MgO lattices at the interfaces.

EXPEREVIENTAL

i The composite thin films with ZrO 2 precipitates in the Au matrix were prepared by electron-
beta,, ,.,_-_,u_oration of A,a ___.d7,. Tb_.eAu-Zr aIlny films with an average thickness of i00 nm for

_i Au and 7 nm for Zr were sirnultaneousiy deposited on (I 00) cleaved and-(110) polished surfaces



• _ NaCI substrates at 325 "C. Deposition rates of Au and Zr were 0.2 to 0.3 nm/s and 0.0l to
0.02 nm/s, respectively. The composite f'flms were then annealed on their substrates in vacuum at
325 °C for 30 min. The composite fflrrks were separated from the NaCI substrates in water and
picked up on Au microscopic grids. Subsequently, alloy firms were internally oxidized in a 0.2%
O2/Ar atmosphere at 600 "C for 2 b_rsand for 14 h.rs, respectively.

The composite thin f'rims with the MgO smoke particles in the Au matrix were prepared by
collecting MgO smoke particles onto NaC1 substrates, fotlowed by vacuum depcsition of Au. By
burning a thin Mg wire in air, MgO smoke particles were obtained and coUected on (110) NaCI
substrates. SubsequentIy, Au was deposited in vacuum on the substrates held at 300 "C. On their
substrates the films (-80 nm thick) were annealed in Al" at 350 "C for 1 hz to form good joints
between the MgO particles and the Au matrix. The films were then separated from the substrates in
water and mounted on Au grids. The fmaI specimens for eIectron microscopy observations were
prepared by argon ion-beam thinning. In this manner thin areas were obtained with thickness tess
than I0 nm. A Iiquid-nitrogen-cooIed stage was used during ion thinning. AI1 HREM images
were obtained at close to axial ilIumination for several defocus values near the optimum focus
condition.

RESULTS AND DISCUSSION

Equ_bri .um Interface,_

A typical microstructure of the Au/ZrO 2 composite f'flms annealed for 2 h_rsis shown in Fig.
1a, where the smaI1 precipitates are Zr(32. The size of the ZrO 2 precipitates varies from Inm to 5
nra, and their shape is irreguIar. Selected-area eiectron diffraction patterns in Fig. [b from a (i00)
trim and in Fig. lc from a (I tO) ffflm indicate that the ZrO 2 phase ks cubic and most of the
precipitates have a perfect cube-on-cube orientation reIationship with the Au matTi.x. It is known
that cubic ZrO 2 is stabte only at high temperature above I400 "C [9]. However, the cubic phase
can be preserved by quenching to room temperature if some impurity- such as MgO is present [91.
In the present study, high puri_" materials were used, e.g. 99.9999% Au and 99.95% Zr. Hence,
it is unlikeIy _at formation of the cubic phase was due to impuri_" contamination. Since the ZrO_2
precipitates were nucIeated and grown within the Au matrix, the structure of me ZrO 2 phase wa_s
restrained by the matrix, which must have acted a,s a template for the nucleation of ZrO 2.
Consequently, the ZrO 2 precipitates slightly deviated from the stabte structure at that temperature,
and formed the cubic phase. Furthermore, the lattice parameter measured from the diffraction
patterns (0.509 nra) and from H'REM images (0.508 nra) matches the Iattice parameter (0.507 nra)
of the cubic phase quite well [91.

A HREM image of a sinai1 ZrO 2 precipitate in the Au matrix is shown in Fig. 2. The
Au/ZrO 2 interfaces appear sharp with no evidence of existence of an intermediate layer or a second
phase. Furthermore, it is clearIy seen that the small particte is stronNy faceted on an atomic scale

Fig. 1 a) Small ZrO 2 precipitates were formed in the Au matrix by internal oxidation of a
7%Zr-Au alloy. Selected-area electron dLffraction pattems in b) from a (I00) frm and in c) from a
(1 i0) t-tim indicate that the Zfi). phase is cubic and most of the precpitates have a cube-on-cube
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A MgO /2!),)_

, , , corresponding to a misfit
db;Iocation b _HREM

image of .such a step.

energy interfaces in the Ag/Ni system ii i ]. The interfacial steps of height dtltliA u can correspond
to misfit dislocations at the Lqtefface, as depicted in Fig. 5a. The shaded areas represent the atomic

dis'placement of ( [ I I ) Au Ianice planes. This kind of misfit dislocation can be obse_'ed in Fig. 4c.
An enlarged image of such a dislocation is shown iaqFig. 5b. Cieariy, the misfit at the interface is
accommodated both bF' the LnteffaciaI s_e'_s and the misfit dislocations, resulting in an _omicallv

_- weil-connected interface.

CONCLUSIONS

i

:. The present study of the ZrO 2 precipitates in the Au matrix formed by intema! oxidation of a
7%Zr-Au aiIov shows that t_he7_,rO-,precinitate phase is cubic Formation of cubic Z_<)-, is likely t,-_

]. originate as a template effec': of the Au matrix. NIo_ of the ZrO 2 precipitates have a perfect cube-
on-cube orientation relationship with the Au matrL,:. A large number of interfacial s_eps obse,_'ed

"J in the short-time annealing erpe,qrnent indicate a ledge _owr.h mechanism. The ciosed-packed
{I [ I } Au/-ZrO 2 interfaces a_e_ to have the Iowe_ interfaciN energy. These inteffa:es m_esemi-
coherent, m-td the large ro_isr-it_22% _is accommodated bF"misfit dislocations. In the Au/.'NIgO
system. HRENt images of a number of the Au,./MgO interfaces with different misorientatiens and
structures show that most of t2qe " .-- " - _ .Lnt_r-:ac,.s have a sn-on_ tendency to mainra.Ln a dense lattice

structure across the interfaces L-re,vpective of whether the interfaces are incoherent or semi-
coherent. This indicate__ th_ cn_r,.':' _ ma? be r,.ta_t_,_", -,_,_Iv,siren_e_,__,ndin -_'=o_',,'_-,--,-,_n.\I_O= _n,,-_._Au.
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