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A study was conducted to understand the wetting phenomena observed in brazing of a Ti-containing
active filler metal on sapphire substrates. The goal of the study was to understand the interfacial
reactions that permit wetting of commercial Ag-Cu-Ti active filler metal to pure alumina, despite the
lower thermodynamic stability of TiO, relative to Al,O5. Based upon transmission electron microscope,
electron microprobe, and Auger analyses, it is proposed that two coupled reactions and diffusion of
reactants take place. The oxides TiO, Ti,O, and Cu;Ti;O were observed at the braze/ceramic interface.
It is suggested that the complex oxide CusTizO grows at its interface with TiO, and the oxide TiO is
produced by reaction of Ti and sapphire and is subsequently consumed at its interface with Cu;Ti;0.
It is also suggested that Ti,O forms from Ti and TiO while cooling from the brazing cycle.

I. INTRODUCTION

BRAZE alloys containing small amounts of an active
metal, commonly referred to as active braze alloys (ABAS),
are often used to join ceramics to metals and ceramics to
ceramics. Active metal brazing results in considerable cost
savings by means of simplified production sequences and
more efficient mechanical designs. Most notably, ABA filler
metals have the potential to eliminate the need for Mo-Mn
metallization and the subsequent Ni plating of alumina
surfaces prior to brazing, which is a standard industrial
process. The active constituent is often Ti, but other reactive
metals such as Nb, V, Zr, or Hf are also suitable constituents.
The bond developed by these braze alloys stems from the
reaction that occurs between the active constituent and the
ceramic while the alloy is in the molten state. That thin
reaction layer allows the molten alloy to wet the ceramic
surface, resulting in the joining of mating surfaces. Note that
ABAs spread only as a result of chemical reaction with the
ceramic surface. Several commercially available filler metals
exist, based upon Cu, Ag, Ni, or Au, that contain one of
the active constituents for joining ceramic materials.

The successful ABA joint requires the selection of an
active constituent such that the chemical reaction with the
mating ceramic surface yields a uniform and continuous
reaction layer. In addition, the brazing-process thermal cycle
and atmosphere must be properly controlled, in particular to
prevent unwanted dissolution and chemical reactions at the
mating metal or ceramic surface.

At present, commercial ABA filler metals typically have
Ti as the active constituent. The most widely used compos-
ition is 63 wt pct Ag, 35.25 wt pct Cu, and 1.75 wt pct Ti
(known by the trade name CusilABA, which is produced by
WESGO Metals, Inc. (Hayward, CA)). For many applica-
tions, Ti is an excellent active element because it reacts with
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many metallic and nonmetallic surfaces. However, there are
certain alloy surfaces such as KOVAR,* a low-expansion

*KOVAR is a trademark of Carpenter Technology Corporation,
Reading, PA.

Fe-Ni-Co alloy used extensively in electronic applications,
that scavenge Ti from the ABA filler metal, thus resulting
in nonhermetic joints and some loss in joint strength.!'! As
a result, it is important to carefully choose the active metal
and thoroughly understand the chemical reactions involved.

The brazing of 94 pct grade alumina (balance CaO-MgO-
Si0,) ceramic to itself or to metal substrates with a Ti active
braze is typically done with the ceramic surface air fired
(e.g., 2 hours at 1575 °C) prior to brazing. The air-firing
cycle permits silica from the glassy phase to diffuse to the
surface and to heal any grinding-induced microcracks in the
ceramic. Titanium-containing ABAs react very well with
alumina substrates containing a grain-boundary silicate
phase.”” The amount of this phase, i.e., the percent purity
of alumina, is not a critical parameter. However, it has not
been determined for certain whether Ti-containing ABAs
can wet sapphire—that is, alumina in the absence of the
glassy silicate phase(s).

It has been shown by Selverian et al.!® that vapor-deposited
Ti reacts with R-plane ((112) in rhombohedral notation or
(2312) in hexagonal notation) oriented sapphire substrates.
While the Ti was strongly textured in the as-deposited condi-
tion, no lattice matching with sapphire was observed. In addi-
tion, no lattice relationship with reactant phases was noted.
The reaction between Ti and sapphire was suggested to be

Ti + éA]2 0;—> %Tio.67 [Oga3] + %TgAl[O] [1]
where the reactant phases are solid solutions of Ti plus O
and TisAl plus O. Selverian et al. suspected that the partial
pressure of oxygen may play an important role in this
reaction. A limited thermodynamic analysis of this reaction
can be found in References 3 and 4. In similar experiments
on 95 pct alumina, Kang and Selverian®! found the same
TizAl phase as well as a TisSi; phase due to the reaction
between Ti and the glassy grain-boundary phase.
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Santella ef al.'®! brazed a CuAgSnTi alloy to an alumina
substrate and found a two-layer reaction zone. This zone
consisted of a 2 to 3-um-thick equiaxed layer of Cu;Ti;O
with trace amounts of Al and a thin 0.1 to 0.2-um-thick layer
of vy TiO having elongated grains. Note that Sn had no appar-
ent role in the reaction layer. Carim!”! used a commercial
AgCuTi alloy, with a composition corresponding to Cusil-
ABA, on sapphire substrates and also found a (Cu, Ti, Al);O
phase, but made no mention of the y TiO phase. The brazing
process used in Reference 7 consisted of a vacuum atmos-
phere and braze-process cycle consisting of 10 minutes at a
peak temperature of 1098 K.

More recent studies’® ! have shed additional light on the
reaction(s) between Ti-containing ABAs and alumina. Kelkar
et al. have demonstrated the thermodynamic possibility of
Reaction 8 and also estimated the solubility of Al in the
oxide Cu;Ti;O to be as high as 15 at. pct.”! Furthermore,
they suggest that Al substitutes for Cu in the crystal structure
of CusTi;0. Hao et al."® suggested that at and above 1123 K,
Ti reacts at the alumina interface to form the phase CuTi,
and a mixed layer of TiO and Ti,O. Ichimori et al."" exam-
ined the reaction of sapphire with a 66.7 wt pct Ag-28.4 wt
pct Cu and 4.9 wt pct Ti filler metal brazed in vacuum at
a peak temperature of 1173 K for 300 seconds using
transmission electron microscopy (TEM). They observed a
typical interfacial structure of Ag-Cu eutectoid/Ti;Cus;0
(~1 to 2-um thick)/TiO(10 to 50-nm thick)/sapphire for
all the orientations of sapphire examined. However, they
also observed isolated areas where the Ti;Cu;O was present
without the TiO interlayer and an occasional reaction phase
without Ti concentration, a Cu-Al-O phase, in direct contact
with the sapphire substrate.

The objective of the present work is to investigate a
Ti-bearing ABA and its reaction with sapphire substrates.
The use of sapphire substrates eliminates the possibility of
extraneous reactions with the grain-boundary silicate phase
found in polycrystalline alumina substrates. The brazing
conditions of time and temperature are chosen to simulate
those of a commercial process. It is realized that the short
brazing times employed here may prevent the formation of
equilibrium phases, and this will make it difficult to compare
results with those reported in the literature. However, it is
important to understand the phase development that results
from commercial processes. The brazements are examined
to determine phase identity, morphology, and constituency,
and these findings are compared with previous work. The
formation mechanism of these phases is then proposed.

II. EXPERIMENTAL PROCEDURE

A. Materials Preparation and Brazing Process

The braze alloy, CusilABA, was utilized for this investigation.
WESGO Metals supplied the material in 5.08-cm-wide strip
form, with a thickness of 0.076 mm. Table I shows the chemical-
analysis information supplied by WESGO Metals for the specific
lot (number 89186) of commercially available material used in
this study. While the chemistry of commercial products from
WESGO Metals is well controlled, the behavior of corre-
sponding products from other vendors is beyond the scope of
this study. Round disks of CusilABA with a diameter of
10.2 mm were punched from the strip material in order to per-
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Table I. Chemical Composition (Weight Percent) of
CusilABA Alloy, Lot 89186, Supplied by WESGO Metals

Major elements

Ag 64.18 Cu 34.09 Ti 1.73
Minor elements

Au 0.001 Cd 0.0004 Zn 0.0006
Co 0.004 Cr 0.0002 Ge 0.003
In 0.01 Fe 0.002 Mo 0.008
Si 0.002 Y 0.001 C 0.0110
N 0.0010 O 0.0010

form braze wetting experiments. The sapphire substrates had
a basal-plane orientation, 12.7 mm diameter, with a thickness
of 1 mm, and an optically polished surface finish. They were
supplied by the Swiss Jewel Company (Philadelphia, PA). Prior
to the braze process, the substrates were air fired for 2 hours
at 1848 K in a covered alumina boat to help remove any residual
hydrocarbons from the polishing process.

Duplicate wetting samples were fabricated. All brazing
processes were performed in dry hydrogen. The brazing was
performed in a Centorr Model 17 bottom-loaded furnace
equipped with a tungsten-mesh heating element. As a cau-
tionary procedure, ultrahigh-purity hydrogen gas, supplied from
a cylinder bank and passed through a Pt-Pd catalyst and mois-
ture dessicator, was supplied to the furnace atmosphere at room
temperature. This particular gas-scrubbing process results in
a hydrogen atmosphere with a typical input dew point of
—60 °C. The furnace was controlled with an Inconel-sheathed
(Omega Engineering, Inc., Stamford, CT) chromel-alumel (type
K) thermocouple, 1.6 mm in diameter, that was fixtured close
to the wetting samples in order to ensure that the sample tem-
peratures were very close to the control temperature. The fol-
lowing process cycle was used: heat from room temperature
to 1003 K at a rate of 15 °C/min, hold 15 minutes at 1003 K,
heat at 10 °C/min to 1118 K, hold 6 minutes at 1118 K, fol-
lowed by a furnace cool to room temperature.

B. Analytical Procedures

It was anticipated that the reaction layer(s) would be quite
thin, because of the short brazing cycle. Therefore, TEM was
performed to identify all reaction phases at the braze/ceramic
interface, using electron diffraction and X-ray energy-
dispersive spectroscopy (EDS) semiquantitative analysis.
Electron microprobe analysis (EMPA) and auger electron
spectroscopy (AES) were used to support the TEM evaluation.
Following braze processing, one sample was used for TEM
analysis, while the other sample was metallographically cross
sectioned for EMPA. The sample for TEM analysis was
lapped at a shallow angle through the braze metal, reaction
zone, and sapphire substrate and then polished. A thin cross
section through the entire reaction zone was extracted with
the use of a focused ion beam (FIB) instrument. The thin
section was placed on a carbon substrate on an aluminum
grid and examined in a PHILIPS* CM30 transmission electron

*PHILIPS is a trademark of Philips Electronic Instruments Corp.,
Mahwah, NJ.

microscope operating at 300 kV and equipped with an Oxford
Instruments EDS spectrometer. Typical EDS probe diameters
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used were 40 nm for spot-mode analyses and 25 nm for auto-
mated-profile-mode analyses.

Auger electron spectroscopy (AES) was performed on
Cu;Ti30 in the reaction zone of the shallow-lapped sample
by sputtering into the phase. The analysis was done in a
Physical Electronics (Minneapolis, MN) model PHI680
scanning auger microprobe with a 5 keV, 20 nA electron
beam. Sputtering was done using a 1 X 1 mm raster xenon
ion beam at 2 keV and 0.5 pA.

For EMPA, pieces were cross sectioned, mounted in epoxy,
metallographically prepared, and carbon coated. These were
examined with a JEOL* JXA-8600 electron microprobe oper-

*JEOL is a trademark of Japan Electron Optics Ltd., Tokyo.

ated in the wavelength-dispersive mode for both photo-
micrography and quantitative analytical traces. In addition to
backscattered electron (BSE) images, semiquantitative element
maps were obtained with the referenced elemental concen-
tration, by weight, noted on the individual map legend. The
instrument was operated using a Tracor—Northern automation
package and SandiaTask software (phi-rho-z corrections for
quantitative analyses).'?! Calibration of the elements of inter-
est used pure-element standards except for oxygen, which
used a previously analyzed, natural hematite (Fe,O3) standard.

III. RESULTS

A. Reaction-Layer Microstructure

Sapphire substrates wetted with the CusilABA alloy were
sectioned and polished for EMPA examination. Figure 1(a)
shows a BSE image of the cross section of one such speci-
men. The filler metal is located at the top and the sapphire
substrate at the bottom of this photomicrograph. Recognizing
resolution limits in the EMPA of approximately 1 um
(governed by the volume irradiated by the electron beam),
the six parts of Figure 1 suggest that there is only one phase
resulting from the reaction between the ABA and sapphire.
Furthermore, Figure 1(b) suggests that oxygen is a minor,
but uniformly distributed, constituent of the reaction layer.
Figures 1(c) and (d) show that Ag is confined to the braze
region, while Cu is a significant component of both the braze
region and reaction layer. Figure 1(e) suggests that Al is con-
fined to the substrate, and Figure 1(f) shows Ti to be a sig-
nificant component of the reaction layer, but also seems to
be dissolved in the Cu-rich regions of the braze. For example,
the large globular Cu-rich phase apparent in the right-hand
side of Figure 1(a) has a noticeable Ti content (Figure 1(f)).

Figure 2 shows an EMPA line analysis of Cu, Ag, Ti,
Al, and O taken perpendicularly through the reaction zone.
It is one of seven traces taken of this particular sample
and is characteristic of the set. It clearly shows the braze
and sapphire regions and a reaction layer that is approxi-
mately equiatomic in Cu and Ti. Also evident is a tail in
the Al distribution that extends well into the reaction layer.
It cannot be claimed, without some doubt, that this tail is
due to Al diffusion into the reaction layer. The tail could
also be caused by the X-ray sampling volume of the electron
beam. However, the Al X-ray map of this region, and also
in that of the other six traces [not shown], indicates some
Al activity in the reaction layer.
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Three Ti-bearing phases were identified by TEM in the
reaction layer, as shown in Figure 3. A thin layer of crys-
talline vy TiO is continuous and appears to completely cover
the sapphire interface. The major phase above the y TiO
layer is a coarser-grained layer averaging ~2.2-um thick.
This phase is CusTi;0. A third phase occurs discontinuously
between the y TiO and Cu;Ti;0 layers and was identified
as Ti,O. The linear fraction of Ti,O at this interface was
found to vary widely, from approximately 5 to 80 pct over
the length of interface examined using TEM. Note that it is
very easy to confuse the identification of Cu;Ti;O with that
of CuTi, from electron-diffraction analysis alone. Other tech-
niques (such as AES) that detect the oxygen are helpful to
verify the identity of the compound.

B. The TEM and AES Analyses

Figure 4 is a higher-magnification image of the thin TiO
layer at the sapphire interface. This layer is polycrystalline
and its thickness varies from ~20 to ~200 nm, with a mean
value of ~100 nm. The layer was continuous over the entire
length (~50 wm) of interface examined using TEM. The
EDS spectrum of this phase showed Ti and O peaks as well
as an Al peak. The Al peak arises from either spurious
fluorescence of the Al TEM grid supporting the thin FIB
slice or from its natural presence in the cross section. The
crystal structure of this phase was identified by electron
diffraction as y TiO (fcc, Fm3m, NaCl-structure-type,
measured a, = 0.419 nm). Figure 5 shows the [110] zone-
axis pattern.

The crystal structure of the coarser-grained phase above
the y TiO layer (Figure 4) was identified from electron
diffraction as that of Cu;Ti;O (diamond-cubic, Fd3m,
CFe;Wj;-structure-type, measured a, = 1.137 nm). Fig-
ures 6(a) and (b) show the [110] and [100] zone-axis pat-
terns, respectively. The EDS spectrum from this phase
showed strong Ti and Cu peaks and small Al and O peaks.
The O peak in that EDS spectrum was quite small, so the
O content of this phase was probed by AES, which showed
a significant O signal. Quantitative analysis of the AES
spectrum gave an O content of about 12 at. pct, which
compares favorably with 14.3 at. pct for stoichiometric
CusTi;0. Kelkar et al.™®! reported that this phase accommo-
dates Al, substituting for Cu, up to a limit corresponding to
Cu,AlTi;0. In the present work, AES analyses taken across
this phase in the inclined, lapped sample indicated an Al
diffusion profile, although quantification was not reliable.
Therefore, the Al, Ti, and Cu contents were quantified across
the Cu;Ti;0 layer by EDS analysis using TEM on an add-
itional FIB slice that was supported on a Ni grid. This avoided
spurious contribution to the Al, Ti, and Cu signals. Profiles
at ~0.1-um steps were obtained from two different traces
across the layer. The results are shown in Figures 7 and 8.
The oxygen content in these profiles was not quantified and
was assumed to be 14.3 at. pct for stoichiometric Cu;Ti;0.
The TEM micrographs showing the respective paths of the
two profiles are shown in Figures 9 and 10. The EDS analysis
indicated negligible Al and Ti contents in both the Ag-rich
and Cu-rich phases of the braze metal at locations just above
the CusTi30 layer (within 0.1 wm of the interface).

Recall that initial quantitative results on the Al content of
Cu;3Ti;O were obtained by EMPA and were held suspect.
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Fig. |—BSE image and semiquantitative element maps of a wetting sample of CusilABA on a basal plane sapphire substrate. The sapphire is at the bottom
of the micrograph. The sample was brazed in dry H, using a process profile with a peak temperature of 1118 K for 360 s. Each map is labeled in the lower-
left-hand corner as to the nominal dot density (weight percent) used to obtain the image. The aluminum and oxygen maps were taken at extended exposure
conditions to reveal the low concentrations found in the reaction layers: (a) BSE image of braze section, (b) 10 pct oxygen X-ray map, (c) 100 pct Ag
X-ray map, (d) 100 pct Cu X-ray map, (e¢) 20 pct Al X-ray map, and (f) 40 pct Ti X-ray map.

Follow-up measurements by AES and EDS support the con-
jecture that the diffusion-like tail of Al in this phase is real
and not due to beam overlap or some other artifact of the
analytical technique. The Al must come from reduced Al,O4
diffusion through the TiO and into the CusTi;O. Figure 7
shows that at the TiO interface, the Al content is approxi-
mately 5 at. pct, while at the ABA interface, it is slightly
less than 2 at. pct. It could be higher at the interface, but
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the resolution was insufficient. Two different measured
profiles, from separate regions of the same sample, seem to
agree within a small error. Figure 8 indicates that a diffusion
profile also exists for Cu diffusing in the opposite direction.
At the ABA interface, the Cu content is approximately
45 at. pct, while at the TiO interface, it is 41 to 42 at. pct.
Two Ti profiles do not indicate long-range diffusion gradi-
ents, although short fluctuations may be present. The EMPA
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Fig. 2—EMPA line analysis showing approximate chemistries for Cu,
Ag, Ti, Al, and O.

braze metal

Fig. 3—TEM cross section of reaction phases at braze metal/sapphire
interface.

shown in Figure 2 also suggests that an oxygen diffusion
tail is present and may, in fact, track that of Al. However,
the measurement of oxygen content is unreliable without
sufficient resolution. It could be higher, as Kelkar et al.!®!
suggested, but not within the profiles measured in this study.

Figure 11 shows a single grain of the Ti,O phase at the
v TiO-Cu;Ti;0 interface at a location where small amounts
of Ti,O were observed (compare Figures 3 and 11). The cor-
responding EDS spectrum is shown in Figure 12. (The small
Al and C signals are artifacts arising from the Al grid bar
and carbon substrate, respectively). Although the oxygen
signal is very low in this spectrum, electron-diffraction analy-
sis of this phase identified the crystal structure as that of
Ti,O (thombohedral, P3m]1, Cdl,-structure-type, and space
group 164).

Figure 13 shows the [1120] and [1010] electron diffraction
patterns from this phase (based on a hexagonal cell).
The presence of hkil reflections, for which / = odd in the
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Fig. 4—Thin, continuous, polycrystalline TiO layer (arrow) at the sapphire
interface.

Fig. 5—[110] zone-axis electron-diffraction pattern of y TiO (fcc, NaCl
structure type). Extra spots arise from portions of adjacent grains within
the selected-area aperture.

[1010] pattern, distinguishes the rhombohedral Ti,O structure
from that of hcp « Ti, which does not contain these reflec-
tions in the [1010] pattern. To investigate the stability of the
Ti,0 phase, an additional vacuum anneal for 7 hours at
773 K was given to two specimens, initially containing 5 and
75 pct linear fractions of Ti,O, respectively. The first speci-
men showed an increase to between 40 and 50 pct linear
fractions of Ti,O, while the second specimen showed no
noticeable increase. The influence of the existence and
preponderance of Ti,O on mechanical properties and the
effect of cooling rate on the stability of Ti,O were beyond
the scope of this work.
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(b)

Fig. 6—(a) [110] and (b) [100] zone-axis electron-diffraction patterns of
Cu3Ti30 (diamond-cubic, CFe; W5 structure type).

IV. DISCUSSION

A. Microstructural Analysis

Brazing experiments with CusilABA and basal-plane-
oriented sapphire were performed utilizing a braze cycle
having a maximum temperature of 1118 K and a time at
peak temperature of 360 seconds in dry hydrogen. It was
shown that the resulting reaction layer consists of three
phases all containing oxygen and titanium. Only one of the
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Fig. 7—Two different Al profiles taken by EDS in the same sample.
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Fig. 8—Two different Cu and Ti profiles taken by EDS in the same sample.

phases, Cu;Ti;0, contains Cu in any significant amount.
This phase was by far the thickest and was found to have a
diamond-cubic lattice. The other phases were y TiO, which
was thin but continuous over the interface and was deter-
mined to have an fcc (NaCl) lattice, and Ti,O, which was
found only in isolated regions of the interface and has a
rhombohedral lattice. These observations are in essential
agreement with the literature,'®'% although Ti,O has not
always been cited.

Data collected by EDS, EMPA, and AES provided
evidence for the presence of a diffusion tail of Al into the
reaction layer and away from the sapphire substrate. Indeed,
Kelkar and Carim™ have shown that Cu;Ti;O can dissolve
significant amounts of Al in solid solution, and Lee and
Saunders!'*! have predicted that significant solid solubility
for Al exists over large portions of the Ti-Al-O ternary-phase
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Fig. 9—Location of trace (arrows) for profile 1 across the Cu;Ti;O layer.
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Fig. 10—Location of trace (arrows) for profile 2 across the Cu;Ti;O layer.

diagram. The presence of a Cu diffusion tail suggests that
Al substitutes for Cu in the CusTi;O lattice, which is in
agreement with Kelkar and Carim. The lack of evidence
for a Ti diffusion tail suggests that it diffuses much more
rapidly than Cu and Al (Figure 8).

As shown in Figure 11, Ti,O occurs only at the Cu;Tis-
TiO interface and in singular grain form, with two of its inter-
phase boundaries converging into a Cu;Ti;O grain boundary.
According to the Ti-O binary-phase diagram,!'¥ this phase is
unstable above approximately 873 K. This suggests that Ti,O
may nucleate upon cooling from the brazing cycle. Titanium
from the braze region can diffuse rapidly along Cu;Ti;O grain
boundaries to the TiO layer, where it can react to form Ti,O.
No thermodynamic information on Ti,O could be found to
corroborate this idea.

Crystallographic data obtained from Pearson’s Handbook'™'
were used to compute the unit-cell volumes of Ti, TiO, and
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Fig. 11—Single grain (white arrow) of Ti,O phase at the TiO/Cu;Ti;O
interface.
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Fig. 12—X-ray EDS spectrum of a grain of the Ti,O phase.

Ti,O. The volumes of Ti and TiO crystal structures, each
containing 1 Ti atom, were found to be 18.07 and 18.39 A3,
respectively. The volume of Ti,O containing 2 Ti atoms is
36.74 A3, which represents a volume expansion of 0.28 cubic
angstroms. This slight expansion is not expected to cause
excessive residual stress due to phase transformation.

B. Reaction-Layer Formation Process

When molten metal wets solid metal or ceramic, it is
facilitated by a chemical reaction. Equilibrium thermody-
namic analysis of potential reactions often serves as a useful
predictor of the actual reaction. It is clear from the brazing
literature that the reaction chemistry for Ti and alumina may
be complex. The displacement reaction between Ti and
alumina does not proceed at the brazing temperature, but,
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(b)

Fig. 13—(a) [11-20] and (b) [10-10] zone-axis electron-diffraction patterns
of Ti,O (rhombohedral, CdI, structure type), zone axes indexed on basis
of a hexagonal cell.

in fact, wetting does occur. In addition, the free energy of
the reaction
. . 2
Ti + 3 AlL,O; = TiO + EAI [2]

is positive and approximately 4.66 kJ/mole of Ti at the
brazing temperature of 1118 K. According to Kelkar, et al.,’®
Cu;Ti;0 is a very stable oxide with a reaction free energy
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Fig. 14—Summation of reaction free energies for Eqgs. [2] + [4] (top curve)
and Eqs. [2] + [3] (lower curve). Note: both calculations assume a reaction
free energy (AGiomation) for CusTizO equal to —170 kJ/mole of Ti. The
Appendix provides details.

of approximately —170 kJ/mole of Ti. The formation reaction
for this compound can be written as

1 1
Cu+ Ti + 0, = 3 CuTi;0 13]

and the reaction free energy for Reaction [3], when added
to that of Reaction [2], produces an overall negative value,
implying that the conditions for wetting are favorable and
will occur at all temperatures above the melting point of the
ABA. The summation of these free energies is shown in
Figure 14, and the details of these calculations are shown
in the Appendix. Because no further thermodynamic infor-
mation on CusTi;O could be found, it was assumed that the
Kelkar et al. estimate is independent of temperature. Note
that this free energy is computed on a per-mole-Ti basis
for each equation (Egs. [2] and [3]). As shown previously,
the Cu;Ti;O phase occupies the preponderance of the
reaction-layer thickness, so partitioning the total reaction
free energy will not reverse the stability of this reaction
set. The reaction free energies computed here are approxi-
mate, as they do not include various dissolution energies.

The set of Reactions [2] and [3] do not sufficiently describe
the reaction process. Since the two product phases are con-
tinuous across the interfaces, the reactions producing them
should be consecutive and coupled, i.e., the reactant in one
reaction being the product of another. Reactions [2] and [3]
are not coupled, since there is no reactant/product corre-
spondence. Also, it is not clear how and where the oxygen
in Reaction [3] is provided. In the following paragraphs, an
attempt is made to clarify the reaction processes occurring
at the two interfaces bounding the Cu;TizO phase.

Cited literature and the analytical results presented here
suggest that Ti reacts with sapphire and that the product
phases CusTizO and TiO are produced during the brazing
cycle. At 1118 K, it should be expected that Ti and Cu can
diffuse rapidly through liquid ABA to the sapphire surface.
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What is not clear, either from the literature or the measure-
ments reported here, is whether oxygen is present in the
reaction layers in other than stoichiometric amounts. The
oxygen X-ray is weak (<1 KeV) and subject to poor spatial
resolution, extensive convolution, interference by other
elements present, and other problems. The oxygen trace shown
in Figure 2 suggests a concentration gradient. However, the
presence of that gradient cannot be stated with certitude.
Consequently, it will be assumed that oxygen is stoichiometric
and does not diffuse through the reaction layers.

It is suggested that at the initial ABA/sapphire interface,
Reaction 2 between Ti and alumina produces TiO and Al. At
least one more reaction is necessary to drive the production of
TiO, since its free energy of formation is positive at the braz-
ing temperature. This reaction is necessary to produce the
Cu;Ti30 phase at its interface with TiO. Thus, at the initial
Cu;Ti;0/TiO interface,

3 1 1
Ti + > Cu + — TiO — — Cu;Ti;O [4]
2 2 2

Note that CusTi50 is produced from TiO, a product in Reac-
tion [2], rather than from atomic oxygen that, by assump-
tion, does not diffuse. This effectively couples Reactions [2]
and [4], since TiO is both product and reactant. The sum-
mation of the reaction free energies for this reaction path is
shown in Figure 14 and is again computed on a per mole
Ti basis for each equation (Egs. [2] and [4]). The details of
this calculation are also shown in the Appendix.

Another consideration arises from the work of Kelkar
and Carim,” which estimates the solubility of Al in Cu;Ti;O
to be as high as 15 at. pct, along with the Al-profile
measurements shown in Figure 7 which show a diffusion
gradient. As a result, the Cu;Ti;O phase, at its interface with
TiO, is likely to be nearly saturated in Al. Thus, in addition
to Eq. [2], at the initial CusTi;O/TiO interface,

1 1 1
Ti+ Cu + - TiO + ZAl - —CwAITiEO  [5]

and, within Cu;Ti30,
1 . 1 1 . 1
5 Cu,AlTi;O + 5 Cu —» 5 Cu;Ti;O + > Al [6]

This effectively couples these three reactions, since TiO and
Cu,AlTi;0 are both product and reactant phases. Defining
the reaction free energy of Eq. [6] as AGs, the free energy
of reaction for Egs. [2], [5], and [6] can be computed. Also,
it can be shown that if the magnitude of AGg is negligible,
then the sum of the reaction free energy for equations [2],
[5], and [6] is identical to AG,_,. If Eq. [6] is viewed as a
solution/dissolution reaction, it would follow that AGg is
small enough to neglect within the context of this report.
The magnitude of the reaction free energy for these alternate
reaction paths differs markedly from that of Eqs. [2] and
[3], which suggests that the product phases are not as stable
as was once thought.

As the reaction layer grows in thickness, the Al produced
in Reaction [2] diffuses through the TiO and Cu,AlTi;O
phases. This reaction set is coupled through TiO and
Cu,AlTi30. Oxygen is provided to the Cu;Ti;0 layer from
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TiO, which explains why the TiO layer is relatively thin;
that is, it is consumed. Note also that, since it was assumed
that oxygen does not diffuse, no growth can occur, by this
mechanism, at the ABA/Cu;Ti;0 interface. The question
of oxygen diffusion remains an open one. Clever inert-marker
experiments would be very helpful, in the future, to elucidate
this mechanistic suggestion.

V. CONCLUSIONS

The work reported here has shown that a Ti-containing
ABA reacts with and subsequently wets the basal plane of
polished sapphire. A braze cycle that peaked at 1118 K for
360 seconds was shown to yield two oxides, TiO and Cu;Ti;0,
that completely cover the sapphire surface. After cooling from
the brazing cycle, a third oxide, Ti,O, forms at isolated regions
of the TiO interface with Cu;Ti;O. Heat treatment at 773 K
causes further growth of this oxide, and it was suggested
that Ti,O grows as a result of the reaction between Ti and
TiO. Since only minor volume changes result from this
reaction, it was concluded that residual stress would not result
in mechanical problems. Diffusion-like tails of Cu and Al
were found in the Cu;Ti;O layer, but only local fluctuations
of Ti were found. Coupled reactions were provided to suggest
that growth of CusTi;O occurs at its interface with TiO.
Thermodynamic estimations suggest that the product phases
are not as stable as the literature implies. The issue of the
oxygen gradient in the reaction layer merits further study.
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APPENDIX

The work described in this article is part of a larger pro-
gram of study to compare the effectiveness of the metals Ti,
Zr, and Hf as braze alloy active constituents. Consequently,
the stoichiometry in Eqgs. [2] through [6] was written on a
per mole Ti basis for comparison purposes. The reaction
free energies for Egs. [2] and [3] can be written as

2 1
AG, = Grio + EGAI =G — gGAle_z [A1]

and

1 1
AG; = g GCugTi3O — Gey — Gy — g Goz [A2]

where G is the Gibbs free energy, listed in the work
of Barin.!"® The only one not listed is Gey,ri,0, Which
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is determined as follows. From the formation reaction
described in Eq. [4], the unknown free energy can be
written as

1 1
3 Geumio = AGy + Gy + Gy + 6

Go, [A3]
where AG, is the reaction free energy of Cu;Ti;0 and was
estimated by Kelkar er al.'®® to be —170 kJ/mole of Ti.
Substitution of Eq. [A3] into [A2] and summing Eqs. [A1]
and [A2] yields

2 1
AG2-3. = Grio + EGAI =170 = Gy — gGAle3

and is plotted vs temperature in Figure 14. Using this same
process for Egs. [2] and [4] yields

1 1 2
AG,4 = 5 Grio — 5 Gri + E Ga
1 1 -3 [A4]
- g GAlz 0, + Z GOz 7(170)

and this equation is also computed from the data of Barin!!'®!
and plotted in Figure 14.
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