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Selective External Oxidation of the Intermetallic Compound, BaAgs
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The selective oxidation of BaAgs has been examined at 650-680°C in flowing 3%H,/Ar (po, = 1.1 X 10~%° atm). Under these
conditions, a continuous external barium oxide scale formed. Depletion of Ba from the underlying BaAgs led to the formation of
acontinuous Ag layer between the oxide scale and the BaAgs. Ba was only detected along grain boundaries in the continuous Ag
layer, which was consistent with the negligible solubility reported for Bain bulk Ag. The local thickness of the continuousAg layer
was inversely correlated to the local Ag grain size. Subsequent experiments with Ag-clad BaAgs revealed that surface oxide for-
mation commenced at exposed Ag grain boundaries. BaAgs specimens clad with fine grained Ag foil exhibited more extensive
oxide formation in a given time than specimens clad with coarse grained Ag foil. These observations confirmed that outward Ba
migration through the continuous Ag layer occurred preferentially along Ag grain boundaries. Thiswork demonstrates that an inter-
metallic compound may undergo external oxidation even when a continuous metallic (or intermetallic) layer, that possesses a low
solubility for the oxidizable element, forms under the oxide scale.
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Under conditions where the oxide of only one component of an
intermetallic compound is thermodynamically stable, a continuous
external oxide scale may formif the rate of outward migration of the
oxidizable component to the intermetallic/oxide interface is suffi-
ciently high.2 During such externa oxidation, the intermetallic
compound will become selectively depleted of the oxidizable ele-
ment. If the intermetallic compound possesses a very limited solid
solution range, as is often the case, then such depletion can result in
the formation of one or more metallic or intermetalic layers be-
tween the external oxide layer and the virgin intermetallic com-
pound.! The oxidizable element must be able to migrate through
such a continuous metallic or intermetallic layer at a sufficient rate
in order to maintain the growth of the external oxide scale (i.e, to
avoid the formation of internal oxide particles).l-3

The selective oxidation of metallic solid solutions based on silver
and other noble elements (Au, Pd, Pt) has received considerable
attention.3-31 Much less work, however, has been conducted on the
selective oxidation behavior of noble-metal-bearing intermetallic
compounds. The selective, external oxidation of high melting, Ir-
based intermetallic compounds has been examined by a few
authors.3233 Sych Ir-based compounds have been evaluated for pos-
sible use as high temperature structural components for supersonic
aircraft, rockets, missiles, and spacecratft.e’4 Lee and Worrell exam-
ined the oxidation kinetics and microstructural evolution of Hf-Ir
and Al-Ir intermetallic compounds (and two-phase mixtures of such
intermetallic compounds) at 1550-1800°C at various oxygen partial
pressures.®? Continuous external HfO, and Al,O; scales were
observed to form on Ir-bearing compositions with >50 atom % Hf
and >55 atom % Al, respectively. Chou examined the microstructur-
a evolution of IrAl during oxidation at =1300°C in air.3® After
exposurefor 8 hto air at 1300°C, an external Al,O3 layer was detect-
ed that was separated from the underlying IrAl aloy by an interme-
diate Ir-rich layer. After 100 h of oxidation at 1300°C, aternating
Al,O5 and Ir-rich layers were observed. Such layer formation was
attributed by Chou to the sluggish rate of outward Al diffusion rela-
tiveto the rate of inward oxygen diffusion through the Ir-rich layer.33

In this paper, the selective external oxidation behavior of anoble-
metal-rich intermetallic compound, BaAgs, has been examined. The
formation of an external barium oxide layer on BaAgs will cause this
intermetallic compound to become depleted of Ba. Such Ba deple-
tion is likely to result in the formation of a continuous Ag layer
under the oxide, since (i) the BaAgs-type compound possesses alim-
ited solid solution range (see Fig. 1) and (ii) the BaAgs-type com-
pound is the most Ag-rich intermetallic compound in the Ag-Ba sys-
tem.3® The outward Ba permeability through such a Ag layer must
remain relatively high, compared to the inward permeability of oxy-
gen, in order to continue forming an external Ba oxide scale’

Because BaO is arelatively stable oxide, the oxidation of BaAgs can
be conducted at very low oxygen partial pressures, where the inward
permeability of oxygen through Ag can be greatly reduced.3¢38
However, since bulk Ag is reported to exhibit negligible solubility
for Ba, it was not clear whether Ba transport through a continuous
noble Ag layer could be sufficiently fast asto allow for sustained for-
mation of a continuous external oxide scale.®® This differs from the
prior work on the external oxidation of IrAl, where anoble Ir layer
with an appreciable solubility for Al forms under the Al,O3 scale at
=1300°C.32 The purpose of the present paper is to evaluate the
selective external oxidation behavior of BaAgs at low oxygen partial
pressures and to compare such behavior to prior work on Ir-bearing
intermetallic compounds.

Experimental

Specimen preparation.—A dense ingot of BaAgs was produced
by induction melting. A 60-70 g charge was prepared by blending Ba
granules (99.7% purity, 2.5 cm average diam, Johnson Matthey, Inc.,
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Figure 1. The Ag-Ba binary constitution phase diagram.3®

Downloaded on 2015-05-25 to IP 155.69.4.4 address. Redistribution subject to ECS terms of use (see ecsdl.org/site/terms_use) unless CC License in place (see abstract).


http://ecsdl.org/site/terms_use

2806 Journal of The Electrochemical Society, 147 (7) 2805-2813 (2000)
S0013-4651(99)05-076-4 CCC: $7.00 © The Electrochemical Society, Inc.

Valve

Ground Glass Joint

——— Silica Enclosure

‘ Ar Atmosphere
@ MgO Crucible
74

AL, O; Insulation

Ba granules
+ Ag shot

S & & & & & 9

a)

Ward Hill, MA) and Ag shot (99.9% purity, =3 mm diam, Johnson
Matthey, Inc.) in the atomic ratio BaAg = 1:4.7 (a slight excess of
Ba was used to compensate for some Ba loss by evaporation during
induction melting). The charge was placed within acylindrical mag-
nesiacrucible (1.9 cminternal diam, 15.8 cm internal length, 94.8%
relative density, 99.4% purity, Ozark Technical Ceramics, Webb
City, MO) and sedled within a silica tube enclosure, as shown in
Fig. 2a. In order to minimize tarnishing of the Ba prior to and dur-
ing heatup, the blending and sealing were conducted within a glove
box purged with Ar tapped from aliquid Ar tank. Prior to entry into
the glove box, the Ar was passed through a packed column of
Drierite (W. A. Hammon Drierite Co., Xenia, OH) and Ascarite |1
(Thomas Scientific, Swedesboro, NJ) and a model MO-5 Dri-Train
gas purification system (Vacuum/Atmospheres Co., Hawthorne, CA)
to remove residua water vapor, carbon dioxide, and oxygen, respec-
tively. The oxygen content of the Ar-purged glove box was main-
tained at =0.1 ppm, asindicated by a stabilized zirconia oxygen sen-
sor (model TM-1B, Ametek, Inc., Pittsburgh, PA). The sealed enclo-
sure was placed inside a water-cooled copper coil (11.4 cm internal
diam, 13.3 cm height, 7 turns) connected to an induction power sup-
ply (model VSG10, Balzers, Inc., Rochester, NY). The charge was
melted and stirred with the power supply operating at 9600 Hz and
5kV for 5 min followed by 10 kV for 10 min. The power supply was
then turned off and the melt was allowed to cool to room tempera-
ture. Upon solidification, the ingot separated cleanly from the mag-
nesia crucible. The ingot was sectioned into cylinders by electrical
discharge machining under abath of Rust-lick EDM-250 (ITW Fluid
Products Group, Tustin, CA) and then cut into 1.5 mm thick X 5-
8 mm diam wafers with a diamond saw. The large area surfaces of
the wafers were polished with a series of diamond pastes in kerosene
to a surface finish of 0.25 pwm prior to oxidation.
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Figure 2. Schematics of (&) the silica enclosure used for induction melting of
the BaAgs ingots, (b) the cellular cordierite sample holder (showing the diag-
onal arrangement of an BaAgs specimen within a cell), and (c) the furnace
setup for oxidation experiments.

Ag foil was bonded to some of the polished BaAgs., wafers
prior to oxidation. The as-received Ag foil (27.3+1.6 wm thickness,
99.9% purity, Johnson Matthey, Inc.) was first annealed at 400°C for
1 hto alow for recrystallization to afine grain size. Some of the Ag
foil was further annealed for 24 h at 840°C to alow for extensive
grain growth. Ag foils of each type were then bonded to BaAgs.
wafers under a modest uniaxial stress of 0.1 MPa during heating to
500°C in an Ar atmosphere.

Oxidation processing.—Selective oxidation of the BaAgs and
Ag-clad BaAgs specimens was conducted at 650-680°C in aflowing
3%H,/Ar gas mixture within a controlled atmosphere horizontal
tube furnace. The specimens were placed diagonally within the
channels of acellular cordierite honeycomb substrate (Corning, Inc.,
Corning, NY) so as to expose both large area surfaces to the reaction
gas (see Fig. 2b). Pt mesh was wrapped around both open ends of the
cordierite honeycomb to act as a catalyst for the reaction of hydro-
gen with residual oxygen in the furnace. The honeycomb substrate
was placed on a stainless steel scoop that was welded onto a hollow
stainless steel tube (see Fig. 2c). The tube was sealed by an O-ring
fitting to a port in the endcap at the end of the reaction tube. Prior to
the start of an oxidation experiment, the specimen was positioned
near the endcap within the reaction tube (i.e., well outside of the
heated zone of the furnace). The furnace was then heated and the
reaction tube was purged with the 3%H,/Ar gas mixture. Measure-
ments with a zirconia oxygen sensor revealed that the oxygen partial
pressures within the tube furnace during steady-state flow of the
3%H,/Ar gas mixture at 650 and 680°C were 1.5 + 0.7 X 10~20 atm
and 1.1 + 0.6 X 10719 atm, respectively. After the furnace achieved
the targeted temperature and oxygen partial pressure, the specimen-
bearing cordierite substrate was thrust into the hot zone of the fur-
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nace. By using the O-ring sealed stainless steel scoop, the specimens
could be inserted in and out of the hot zone while under a controlled
atmosphere. At the end of the oxidation treatment, the specimen was
quickly retracted back to the initial, cool position near the endcap.
No evidence of a reaction between the specimen and the cordierite
substrate was detected (i.e., the specimen did not adhere to the
cordierite, and the cordierite was not stained by the specimen).

Chemical and microstructural characterization.—The density of
the as-cast Ba-Ag ingot was measured by Archimede's method with
hexane as the buoyant fluid. The bulk composition of the Ba-Ag
ingot was evaluated with inductively coupled plasma optical emis-
sion spectroscopy (I CP-OES, Optima 3000, The Perkin-Elmer Corp.,
Norwalk, CT). Specimens for |CP-OES analyses were prepared by
dissolution into an agueous solution containing 5 vol % nitric acid
and 5 vol % hydrofluoric acid. The nominal Ag and Ba concentra-
tions of such solutions were 18.9 and 4.8 ppm (by weight), respec-
tively. ICP-OES analyses were conducted using the 243.779,
328.068, and 338.289 nm lines for Ag and the 230.424, 233.537, and
455.403 nm lines for Ba. The intensities of these lines were correlat-
ed to solution concentrations with the use of Ag and Ba solution stan-
dards of similar concentration as the specimen solutions. Chemical
analyses were a so conducted by wavelength dispersive spectroscopy
(WDS) using an electron microprobe (model SX 50 EPMA, Cameca
Instruments, Inc., Trumbull, CT). WDS analyses were used to evalu-
ate local variations in the compositions of the Ba-Ag ingot and the
oxidized specimens. WDS analyses were conducted with an electron
beam operating at a voltage of 15 kV, a current of 20 nA, and a
focused spot size of a few micrometers. Specimens for WDS analy-
seswere prepared by mounting in epoxy, cross sectioning with adia-
mond wafering blade, and then polishing with a series of diamond
pastes to a surface finish of 0.25 pm. WDS analyses were calibrated
with the use of Ag and BaSO, standards. The external surfaces and
polished cross sections of oxidized specimens were also examined
with a scanning electron microscope (SEM, XL-30 FEG, Philips
Electron Optics NV, Eindhoven, The Netherlands) equipped with an
energy-dispersive X-ray detector (Si/Li detector, Edax International,
Mahwah, NJ). Some of the polished cross sections of oxidized spec-
imens were etched for 2 min using a 60 vol % HCI/40 vol % HNO,
solution. Grain size analyses were then conducted on such etched
specimens by the linear intercept method. Over 500 grains were
examined by secondary electron imaging to obtain a reliable aver-
age.® Select oxidized samples were also characterized by transmis-
sion electron microscopy (TEM, model EM400T, Philips Electron
Optics NV). TEM specimens were prepared by cutting thin foils
from oxidized wafers, gluing the foils inside a 3 mm diam stainless
steel tube, and then thinning the foils to electron transparency using
standard grinding and ion milling procedures. The phase contents of
the ingot and of the oxidized specimens were also evaluated with
X-ray diffraction (XRD) analyses (Bragg-Brentano geometry). Pow-
der diffraction specimens were prepared by grinding with an agate
mortar and pestle within the Ar atmosphere glove box. Si powder
was blended with specimen powders to act as an internal XRD stan-
dard. The powder mixture was mixed with X-ray transparent grease
(high vacuum Si grease, Dow Corning, Inc., Midland, MI) within the
glove box and spread onto asingle crystal Si substrate. XRD patterns
were also obtained from the external surfaces of oxidized specimens
using Cu powder as an internal standard. XRD analyses (PAD-V sys-
tem, Scintag, Inc., Cupertino, CA) were conducted with Cu Ka radi-
ation using a beam voltage of 45 kV, a beam current of 20 mA, a 6°
takeoff angle, and a scan rate of 0.5°/min.

Results

Characterization of the Ba-Ag ingot.—XRD analysis of powder
obtained from the cast Ba-Ag ingot reveadled all of the mgor dif-
fraction peaks for hexagonal BaAgs-., (i.e., with relative intensities
in excess of afew percent).*® Least squares fitting of the diffraction
datayielded a and c |attice parameters of 5.776 and 4.608 A, respec-
tively, for hexagonal BaAgs.,, which is consistent with the data of

Bruzzone et al. for the composition BaAgs 1+ »->> Diffraction peaks
for other Ba-Ag compounds (eg., BaAg,, BaAg, BasAg,), for
metallic Ba, or for Ba-bearing oxides (e.g., BaO, BaO,, BaCOs,,
Ba(OH),) were not detected.3540 Secondary electron images of pol-
ished ingot cross sections revealed a small number of isolated pores
that were submicrometer in size. Backscattered electron images and
X-ray maps revealed that the ingot was chemically homogeneous on
the scale of afew micrometers. WDS analyses of the polished cross
section yielded an average (10 randomly positioned analyses) com-
position of 16.0 = 0.7 atom % Ba and 84.0 = 0.7 atom % Ag. ICP-
OES analysis yielded a similar overall composition of 15.9 atom %
Baand 84.1 atom % Ag for the bulk Ba-Ag ingot. The latter analy-
ses corresponded to a mixture of 97.8 = 0.2 vol % BaAgs, and
2.2 £ 0.2 vol % Ag (or 85.3 = 1.2 mol % BaAgs4 and 14.7 *
1.2 mol % Ag).2 Archimedes measurements yielded an average ingot
density of 8.30 g/cm?, which corresponded to 96.3% of the theoret-
ical density (8.62 g/cm?3) of such a mixture.3540

External oxidation of BaAgs specimens.—A dramatic change in
the microstructure of the BaAgs specimens was observed after expo-
sure to the 3%H,/Ar gas mixture at 650-680°C. Secondary electron
(SE) and backscattered electron (BSE) images, and associated X-ray
maps for Ba and Ag, of a polished cross section of a specimen
exposed for 24 h to the flowing 3%H,/Ar gas mixture at 650°C are
shown in Fig. 3. A continuous Ba oxide scale, containing discontin-
uousAg particles, was detected on the surface of this specimen. This
external scale was separated from the unoxidized BaAgs core by a
continuous Ag-rich layer. Some isolated pores were also detected
within this Ag-rich layer. A composition profile obtained by con-
ducting a series of WDS point analyses across the oxide and Ag-rich
layers is shown in Fig. 4. The external oxide and intermediate Ag-
rich layer were comprised of essentially pure barium oxide and pure
Ag, respectively.? Similar microstructural features were observed in
specimens annealed in the 3%H,/Ar gas mixture at 680°C.

Although the thicknesses of the external oxide and underlying Ag
layers tended to increase with oxidation time, considerable varia-
tions in thickness were observed within a given oxidized sample.
Indeed, such thickness variations made it impossible to fit, with any
real confidence, simple kinetic laws to the thickening rate data for
the oxide and Ag layers. SE images of relatively thick and thin
regions of the continuous Ag layer formed on a BaAgs specimen
during oxidation in 3%H,/Ar for 24 h at 650°C are shown in Fig. 5a
and b, respectively. These images were obtained after etching the
polished cross section in a60 vol % HCI/40 vol % HNO; solution to
reveal the Ag grains within the continuous Ag layer. Higher magni-
fication SE images of the grains within the relatively thick and thin
Ag layers of Fig. 5aand b are shown in Fig. 5¢c and d, respectively.
Although the grains in the continuous Ag layer were submicrometer
in size, alarger fraction of relatively coarse grains were detected at
locations where the Ag layer was relatively thin (Fig. 5d). The aver-
age size of the grains in the continuous silver layer at the location
shown in Fig. 5aand ¢ was 0.27 pm, whereas the average grain size
at the location shown in Fig. 5b and d was 0.45 pm.

TEM analyses were used to examine the grain boundaries within
the continuous Ag layer. After oxidation for 72 h at 680°C in a
3%H,/Ar atmosphere, the external oxide scale formed on one side of
the BaAgs wafer was removed by polishing with 1200 grit SiC
paper. Further polishing and ion beam thinning was conducted from
the other side of the specimen, so that electron transparent regions
were produced within the continuous Ag layer. A bright field TEM

2 For brevity, these BaAgs1-bearing specimens herein are simply referred to as
BaAgs specimens.

b The measured gradients in concentration near the oxide/Ag and Ag/BaAg; inter-
facesarelikely to beless steep than the actual gradients, owing to (i) overlap of the beam
interaction volume with both oxide and Ag or Ag and BaAgs phases when the beam was
located very close to the oxide/Ag or Ag/BaAgs interfaces, respectively, (ii) the discrete
step distances between spot analyses (5 wm), and (iii) the roughnesses of the oxide/Ag
and Ag/BaAgs interfaces (i.e., the interface position below the polished surface may not
have been the same as observed on the specimen surface).
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b)

d)

Figure 3. (a) Secondary and (b) backscattered electron images of a polished cross section of a BaAgs specimen that had been exposed for 24 h to the flowing
3%H,/Ar mixture at 650°C. X-ray maps for Ag and Ba, associated with the images in aand b, are shown in (c) and (d), respectively.

image of agrain boundary within the silver layer isshown in Fig. 6a.
A Ba-rich phase was detected in the grain boundary regions between
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Figure 4. A composition profile generated from a linear series of WDS
(EPMA) point analyses (with 5 um steps between analyses) conducted on a
polished cross section of a BaAgs specimen that had been exposed for 24 h
to the flowing 3%H,/Ar mixture at 650°C. The regions A, B, and C refer to
the locations of the external oxide scale, the continuous Ag layer, and the
underlying BaAgs, respectively.

Ag grains, asindicated by the energy-dispersive spectrometry (EDS)
pattern in Fig. 6b.°

External oxidation of Ag-clad, BaAgs specimens.—SE images of
external surfaces of Ag-clad, BaAgs specimens are shown in Fig. 7a
and b. Linear intercept analysesindicated that the average grain sizes
of the silver foils bonded to the specimens of Fig. 7a and b were
82.5 and 5.5 wm, respectively. SE and BSE images of the external
surfaces of Ag-clad, BaAgs specimens after exposure to the
3%H,/Ar gas mixture at 680°C for 1 h are shown in Fig. 8a-d. The
specimensin Fig. 8aand b were clad with the relatively fine grained
silver foil (of the type shown in Fig. 7b), whereas the specimensin
Fig. 8c and d were clad with the relatively coarse grained Ag fail (of
the type shown in Fig. 7a). After the 1 h oxidation treatment, the
grain boundaries of the Ag foil were decorated with oxide particles.
The coverage of the surface with oxide was more extensive for the
specimens clad with fine grained Ag than for specimens clad with
relatively coarse-grained Ag. A representative EDS analyses obtain-
ed from one of the oxide particles at an Ag grain boundary is shown
in Fig. 8e. The particle was enriched in Ba and oxygen. SE and BSE
images of the external surfaces of Ag-clad BaAgs specimens after
exposure for 18 h to the 3%H,/Ar gas mixture at 680°C are shown
in Fig. 9a-d. The externa surface of the fine-grained, Ag-bonded
specimen was nearly completely covered with oxide, whereas much

¢ The modest C and oxygen peaks detected in Fig. 6b were attributed to the forma-
tion of some BaCO5 upon exposure of the specimen to ambient air during transfer from
the Ar ion mill to the TEM.
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less oxide was observed on the surface of the coarse grained, Ag-
bonded specimen. In the latter specimen, the oxide was largely con-
fined to Ag grain boundaries.

Discussion

In order to reduce the inward oxygen permeability and enhance
the likelihood for external oxidation, BaAgs specimens were ex-
posed to flowing H,/Ar gas mixtures at 650-680°C (py, = 1.5 *
0.7 X 107010 1.1 + 0.6 X 10719 atm). Oxidation at such low oxy-
gen partia pressures did indeed result in the formation of an exter-
nal Baoxide scale (Fig. 3). Owing to the limited solid solution range
of bulk BaAgs.., (see Fig. 1), the depletion of Ba from the underly-
ing BaAgs-type phase resulted in the formation of a continuous Ag
layer immediately below the external oxide.3®> The morphology
shown in Fig. 3 was similar to that reported by Chou for the oxida-
tion of IrAl (the most Ir-rich intermetallic compound) for 8 h at
1300°C in air.33 In the latter case, an Ir-rich layer had formed be-
tween an external Al,O5 scale and the underlying IrAl aloy. How-
ever, while iridium possesses appreciable bulk solubility for alu-
minum at 1300°C (on the order of 10 atom %), the solubility of bar-
ium in a bulk silver lattice is reported to be negligible.3235 Hence,
while aluminum could dissolve into and migrate through the grains
in the continuous Ir layer formed during the oxidation of IrAl at

1300°C, a similar lattice transport mechanism was unlikely to have
been operative in the present work due the lack of appreciable Ba
solubility in bulk Ag at 650-680°C.

In order to alow for continued growth of the externa barium
oxide scale, Batransport through the continuous Ag layer islikely to
have occurred by an aternate (nonlattice) path. The formation of a
relatively thick Ag layer at locations where the Ag grains were rela-
tively fine (Fig. 5a-d) suggested that Ba migration through the Ag
was occurring preferentially along Ag grain boundaries. Additional
evidence for this transport mechanism was provided by TEM analy-
ses (Fig. 6) which revealed the presence of Ba aong grain bound-
ariesin the continuous Ag layer. In order to confirm such atransport
mechanism, experiments were conducted with BaAgs specimens
clad with Ag layers possessing significantly different grain sizes
(5.5 1.5pumor 82.5 = 11.7 um). After oxidation for 1 h at 680°C
in the Hy/Ar gas mixture, barium oxide particles were observed to
have formed preferentially on the exposed Ag grain boundaries of
the clad BaAgs specimens (Fig. 8a-d). The extent of surface cover-
age by barium oxide was greater for the specimen clad with fine Ag
than for the coarse Ag-clad specimen. This differencein surface cov-
erage became even more obvious after oxidation under similar con-
ditions for 18 h (Fig. 9a-d). The increase in the extent of barium
oxide formation at the external Ag surface with decreasing Ag grain

b)

d)

Figure 5. Secondary electron images of polished and etched cross sections revealing: (a) relatively thick and (b) relatively thin sections of the continuous Ag
layer formed on the same BaAgs specimen during exposure for 24 h to the flowing 3%H,/Ar mixture at 650°C (note: the oxide scale had spalled away from the
Ag layer in b). Higher magnification secondary electron images obtained from the regions shown in aand b are shown in (c) and (d), respectively.
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Figure 6. (a) Bright field TEM image of a Ba-rich phase located at a grain
boundary in the continuous silver layer generated upon exposure of a BaAgg
specimen to the flowing 3%H./Ar mixturefor 72 h at 650°C. (b) An EDS pat-
tern obtained from the Ba-rich phase shown in a

size, coupled with the preferred formation of oxide particles on
exposed Ag grain boundaries during short-term oxidation, provided
unambiguous proof that Ag grain boundaries were acting as pre-
ferred transport paths for Ba during the external oxidation of BaAgs
specimens at 650-680°C in the H,/Ar gas mixtures.

Although such a transport mechanism (metal migration aong
grain boundaries in a subsurface metallic layer) has not been previ-
ously reported for the external oxidation of intermetallic compounds,
an analogous mechanism was reported by White and Liu for the
selective external oxidation of Th-doped, 1r-0.3% W aloysat 1330°C
in low pressure (1.3 X 1073 Pa) oxygen.*! The Th was present in
such aloys as isolated Thirg particles in an Ir-rich matrix. White and
Liu found that Th (generated by the dissociation of Thirg particles)
migrated outward along Ir aloy grain boundaries to the external sur-

b)

Figure 7. Secondary electron images of the external surfaces of Ag-clad
BaAgs specimens. The average sizes of the Ag grainsin (a) and (b) were 82.5

and 5.5 wm, respectively.

face and was oxidized to form discrete ThO, particles.*! Given the
observations of these authors and the negligible solubility reported
for Thin Ir, %2 it seems likely that the oxidation of phase-pure Thirg
at 1330°Cinlow pressure oxygen (i.e., so astoyield an external scale
of the very high melting oxide, ThO,) would proceed by a mecha
nism similar to that observed in the present work for BaAgs.

As far as the present authors are aware, this paper is the first
report of the selective external oxidation of an intermetallic com-
pound involving rapid transport of the oxidizable solute element
aong the grain boundaries of a continuous, subsurface metallic
layer. This observation is significant in that it demonstrates that an
intermetallic compound may undergo external oxidation even when
an underlying, solute-depleted metallic (or intermetallic) zone pos-
sesses negligible bulk solubility for the oxidizable solute element.

Conclusions

The selective oxidation of dense, polished wafers of the noble-
metal-rich intermetallic compound, BaAgs, has been examined at
650-680°C in 3%H,/Ar gas mixtures (po, = 1.5 = 0.7 X 10~ % to
1.1 + 0.6 X 10719 atm). Under these conditions, a continuous bari-
um oxide scale formed on the external surface of the BaAgs speci-
mens. The depletion of Ba underneath the external oxide scale, cou-
pled with the limited solid solubility of Ag in BaAgs..,, led to the
formation of an underlying, continuous Ag layer. Considerable vari-
ation was detected in the thickness of the Ag layer within a given
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sample, with relatively thick layers located at positions where the ous Ag layer. These observations were consistent with the outward
average Ag grain size was relatively fine. TEM analyses aso migration of Bathrough the Ag layer along grain boundaries. Exper-
revealed the presence of Ba along grain boundaries in the continu- iments conducted with BaAgs specimens clad with Ag layers of sig-
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Figure 8. (a) Secondary and (b) backscattered electron images of the external T T
surface of a BaAgs specimen clad with fine grained (5.5 um) Ag foil after 0 2.0 4.0 6.0
exposure to the flowing 3%H,/Ar mixturefor 1 h at 680°C. (c) Secondary and
(d) backscattered electron images of the external surface of aBaAgs specimen Energy (eV)
clad with coarse-grained (82.5 um) Ag fail after exposure to the flowing
3%H,/Ar mixturefor 1 hat 680°C. (e) An EDS pattern obtained from an oxide
particle located at a silver grain boundary of the specimen shown in a e)
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d)

Figure 9. (a) Secondary and (b) backscattered electron images of the external surface of a BaAgs specimen clad with fine grained (5.5 um) Ag foil after expo-
sure to the flowing 3%H,/Ar mixture for 18 h at 680°C. (c) Secondary and (d) backscattered electron images of the external surface of a BaAgg specimen clad
with coarse grained (82.5 um) Ag fail after exposure to the flowing 3%H,/Ar mixture for 18 h at 680°C.

nificantly different grain size (5.5 vs. 82.5 um) revealed that (i) after
oxidation at 650°C for 1 h, barium oxide particles had formed pref-
erentially at exposed Ag grain boundaries, and (ii) the surface cov-
erage of barium oxide particles was much more extensive for the
specimens clad with the Ag foil of finer grain size. These observa-
tions provided unambiguous proof that outward Ba migration
through the continuous Ag layer occurred via a grain boundary
transport mechanism. This work demonstrates that external oxida-
tion of an intermetallic compound is possible even when a continu-
ous metallic layer, with alow bulk solubility for the oxidizable ele-
ment, forms between the oxide and the intermetallic compound.
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