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ABSTRACT

Metal-ceramic interfaces in thermodynamic equilibrium (Au/ZrO-) and non-equilibrium
(Au/MgO) have been studied by TEM and HREM. In the Au/ZrO, system, ZrO- precipitates
formed by internal oxidation of a 7%Zr-Au alloy show a cubic ZrO, phase. It appears that
formation of the cubic ZrO, is facilitated by alignment with the Au matrix. Most of the ZrO;
precipitates have a perfect cube-on-cube orientation relationship with the Aa matrix. The large
number of interfacial steps observed in a short-time annealing experiment indicate that the
precipitates are formed by the ledge growth mechanism. The lowest interfacial energy is indicated
by the dominance of closed-packed {111} Au/ZrO, interfaces. In the Au/MgO system, composite
films with small MgO smoke particles embedded in a Au matrix were prepared by a thin film
technique. HREM observations show that most of the Au/MgO interfaces have a strong tendency
to maintain a dense lattice structure across the interfaces irrespective of whether the interfaces are

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

INTRODUCTION

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 role in thin film
technology [1], electronic packaging [2]. composites [3], ceramic coaring and joining [4].
However, information on the structure and composition of these interfaces is still quite limired.

A number of model systems which are not expected to form reaction layers have been
studied by severai research groups [5-8]. Most of these studies were focused on low-energy
interfaces in thermodynamic equilibrium. A common technique to produce these interfaces is
internal oxidation of a metallic alloy [5-8] or internal reduction of a doped oxide [8]. Itis well
established that low-energy interfaces n cubic systems are parallel to the closed-packed {111}
lattice planes in beth crystals. In most cases, the interfaces incorporate an array of misfit
dislocations. However, our understanding of interface structures formed under non-equilibrium
conditions is quite embryonic. Studies of such metal-ceramic interfaces is of considerable
importance since many systems, especially in technological applications, are far from equilibrium.

In this paper, we describe our initial HREM observations of metal-ceramic interface
structures in thermodynamic equilibrium (Aw/ZrO,) and non-equilibrium (Au/MgO). In the
Au/ZrO, system, small ZrO, precipitates in a Au matrix, which were formed by internal oxidation
of a 7%Zr-Au alloy, were chosen to study the metal-ceramic interfaces (interface dislocarions.
steps, and ledges), and the role of the interface ledges in the internal oxidarion. In the Au/MgO
system, small MgO particles embedded in a Au marrix were chosen to investigate the atomic-scale
connection berween Au and MgO lattices at the mterfaces.

EXPERIMENTAL

The composite thin films with ZrO- precipitates in the Au matrix were prepared by electron-

beam co-evaporation of Au and Zr. The Au-Zr alloy films with an average thickness of 100 nm for
Au and 7 nm for Zr were simultaneously deposited on (100) cleaved and (110} polished surfaces
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of NaCl substrates at 325 °C. Deposition rates of Au and Zr were 0.2 to 0.3 nm/s and 0.01 to
0.02 nm/s, respectively. The composite films were then annealed on their substrates in vacuum at
325 °C for 30 min. The composite films were separated from the NaCl substrates in water and
picked up on Au microscopic grids. Subsequently, alloy films were internally oxidized ina 0.2%
Oo/Ar atmosphere at 600 "C for 2 hrs and for 14 hrs, respectively.

The composite thin films with the MgO smoke particles in the Au matrix were prepared by
collecting MgO smoke particles onto NaCl substrates, followed by vacuum depcsition of Au. By
burning a thin Mg wire in air, MgO smoke particles were obtained and collected on (110) NaCl
substrates. Subsequently, Au was deposited in vacuum on the substrates held at 300 “C. On their
substrates the films (~80 nm thick) were annealed in Ar at 350 "C for 1 hr 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 final specimens for electron microscopy observations were
prepared by argon ion-beam thinning. In this manner thin areas were obtained with thickness less
than 10 nm. A liquid-nitrogen-cooled stage was used during ion thinning. All HREM images
were obtained at close to axial illumination for several defocus values near the optimum focus
condition.

RESULTS AND DISCUSSION
Equilibrium Interfaces

A typical microstructure of the Au/ZrO, composite films annealed for 2 hrs is shown in Fig.
la, where the small precipitates are ZrO,. The size of the ZrO- precipitates varies from [ nmto 5
nm, and their shape is irregular. Selected-area electron diffraction patterns in Fig. 1b from a (100)
film and in Fig. Ic from a (110) fim indicate that the ZrO, phase is cubic and most of the
precipitates have a perfect cube-on-cube orientation relationship with the Au matrix. It is known
that cubic ZrO, is stable only at high temperature above 1400 "C [9]. However, the cubic phase
can be preserved by quenching to room temperature if some impurity such as MgO is present [9].
In the present study, high puriry materials were used, e.g. 99.9999% Au and 99.95% Zr. Hence,
it is unlikely that formation of the cubic phase was due to trnpurity contaminarion. Since the ZrO-
precipitates were nucleated and grown within the Au matrix, the structure of the ZrO- phase was
restrained by the matrix, which must have acted as a template for the nucleation of ZrO,.
Consequently, the ZrO- precipitates slightly deviated from the stable soucture at that temperarure,
and formed the cubic phase. Furthermore, the lattice parameter measured from the diffracrion

patterns (0.509 nm) and from HREM images (0.508 nm) matches the lattice parameter (0.507 nm)
of the cubic phase quite well [9].

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

e

Fig. 1 a) Small ZrO, precipitates were formed in the Au matrix by internal oidationof a
7% Zr-Au alloy. Selected-area electron diffraction pattemns in b) from a (100) film and in ¢) from a
(110) film indicate that the ZrO, phase is cubic and most of the precpitates have a cube-on-cube
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orieéniation relationship with the Au marrix.
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Fig. 5 a)Intzrracial step

corresponding to a mistit
dislocation: by HREM

tmage of such a step.

energy interfaces in the Ag/Ni system [11]. The interfacial steps of height d, ;s can correspond
to misfit dislocations at the interface, as depicted in Fig. 5a. The shaded areas represent the atomic

displacement of (I11) Au lattice planes. This kind of misfit dislocation can be observed in Fig. 4c.
An enlarged image of such a dislocation is skown in Fig. 5b. Clearly, the misfit at the interface is
accommodated both by the int=rfacial steps and the misfit dislocations, resulting in an aromically
well-connected interface.

CONCLUSIONS

The present study of the ZrO- precipitates in the Au matrix formed hy internal oxidation of a
7% Zr-Au alloy shows that the ZrO, precipitate phase is cubic. Formation of cubic ZrO- is likely
originate as a template effect of the Au matrix. Most of the ZrO- precipitates have a perfect cube-
on-cube orientation relationship with the Au matrix. A large number of inrerfacial st2ps observed
in the short-time annealing expzriment indicate a ledge growth mechanism. The closzd-packed
(L1} Au/ZrO; interfaces appezar to have the lowest interfacial energy. These interfaces are semi-
coherent, and the large misfic . 22%) is accommaodated by misfit dislocartions. In the AuMgO
svstem. HREM images of a nuinber of the Au/MgO interfaces with different misorientations and
structures show that most of th= interfaces have a strong tendency to maintain a dense lartice
structure across the interfacss irrespective of whether the interfaces are incoherent or semi-
coherent. This indicates that th2re may be relatively strong bonding between MgO and Au.
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