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A comparison of the wettability of
copper—copper oxide and silver—copper oxide
on polycrystalline alumina

A.M. MEIER, PR. CHIDAMBARAM, G.R. EDWARDS
Department of Metallurgical and Materials Engineering, Colorado School of Mines,
1500 Illlinois Street, Golden, CO 80403, USA

The contact angles of liquid silver—copper oxide/alumina and liquid copper-copper
oxide/alumina systems were determined using the sessile drop method. Copper oxide (CuO)
additions of 1.5-10.0 wt % were made. Temperatures of 970-1250°C for the silver-based
alloys and 1090-1300°C for the copper-based alloys were studied. Minimum contact angles
of 42 + 8 and 64 +7° were obtained for the copper—copper oxide alloys and the silver—-copper
oxide alloys, respectively. The contact angle was approximately constant for the
silver—copper oxide alloy within the immiscible liquid composition range. While the contact
angles were higher for the silver-based alloys relative to the copper-based alloys, successful
infiltration of a porous alumina sample was achieved at only 1050 °C for a Ag-10 wt% CuO
alloy. Compression tests on infiltrated samples revealed similar compressive strengths for
alumina samples infiltrated with silver—copper oxide alloys, silver-copper-copper oxide
alloys and copper-copper oxide alloys. The compressive fracture strength for the infiltrated
samples was an order of magnitude higher than the fracture strength of the porous alumina
body without infiltration. Although silver-based alloys are more expensive than comparable

copper-based alloys, in many applications the additional cost may be offset by lower
processing or brazing temperatures, improved thermal and electrical conductivity, and

improved toughness.

1. Introduction

For many cermets, a porous ceramic body is infil-
trated with a liquid metal to provide higher toughness,
as well as improved thermal and electrical conductiv-
ity. In ceramic-metal brazing, a ductile metal inter-
layer is required for accommodation of thermal
expansion mismatch. Both copper and silver pro-
vide high toughness, high ductility, high thermal cond-
uctivity and high electrical conductivity. However,
copper is usually chosen as a base metal in these
applications because of its lower cost. The cop-
per—copper oxide system has been successfully utilized
for alumina brazing and infiltration applications
[1-5]. The wettability of this system as a function of
temperature and oxygen content has been previously
characterized [3, 6-12]. The silver—copper oxide sys-
tem should exhibit similar trends. However, only a few
studies have been performed on the Ag-Cu-O system
and they have centred on relatively low oxygen con-
tents [11,13].

The addition of oxygen to liquid copper or silver
improves the wettability of these liquids on ceramic
oxide surfaces by lowering the liquid-vapour inter-
facial energy, Y.y [6-8,11,12,14]. By varying the oxy-
gen partial pressure and temperature, y.y values
ranging from 700 to 1367mJm~ > for copper
[6-8,11,12,15,16] and from 600 to 915 mIm 2 for
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silver [4,5,11,15,17] have been measured. This re-
sults in a decrease in the contact angle from 170 to 90°
for copper on alumina [7,8,12, 15,16] and 159 to 102°
for silver on alumina [12, 15] with increasing oxygen
partial pressure. The wettability was strongly depen-
dent upon the oxygen partial pressure and only
a weak function of temperature. For ceramic infiltra-
tion, a contact angle of <90° is desired. In the cop-
per—oxygen/alumina system, this is achieved by the
formation of a liquid copper oxide (Cu,O) which
further lowers vy, and by the formation of a complex
spinel (CuAlO,) at the solid-liquid interface which
lowers the solid-liquid interfacial energy, .. Contact
angles in the range of 10-60° have been obtained for
liquid copper—copper oxide/alumina systems with
oxygen contents of 0.40-10.5wt% [3,9,10]. In the
silver-oxygen/alumina system, a contact angle of
< 907 is not obtained because silver oxide is unstable
above ca. 200 °C, and no silver oxide/alumina complex
oxides form at the solid-liquid interface.

The copper-oxygen binary phase diagram [18] is
shown in Fig. 1. At low oxygen concentrations, and
above 1100°C, a copper—oxygen liquid solution is
formed. At higher oxygen contents (ca. 3wt % oxy-
gen), two immiscible liquids are formed (a copper-rich
liquid with oxygen in solution and Cu,0). A previous
study [10] determined that the wettability was not
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Figure I The copper—oxygen binary phase diagram [18].
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Figure 2 The silver-copper oxide phase diagram [19].

a function of oxygen content within the immiscible
liquid region, but that the wettability increased with
increasing oxygen content until immiscibility was
reached.

Recently, a silver—copper oxide phase diagram has
been published (Fig.2) [19]. This diagram appears
very similar to the low oxygen section of the Cu-O
phase diagram (below 12wt% O). Both systems
manifest a monotectic invariant reaction with a metal-
rich liquid and an oxide liquid. Based on the cop-
per—copper oxide system [10], it is expected that the
best wettability of silver—copper oxide will be achieved
for a composition near the onset of liquid immiscibil-
ity and that the wettability will be constant for all
immiscible  liquid compositions. While the
copper—copper oxide and the silver—copper oxide sys-
tems are very similar, the monotectic  reaction and
eutectic reaction temperatures are considerably lower
for the silver—copper oxide system.

In this study, the wetting behaviour of silver—copper
oxide and copper—copper oxide liquids on alumina
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was studied as a function of initial copper oxide con-
centration and temperature. The relative wettabilities
were compared, and trends in wetting behaviour were
correlated with the respective phase diagrams.

2. Experimental procedure

The wettability of liquid copper—copper oxide and
silver—copper oxide alloys was measured using
a sessile drop technique. The materials used were
copper (99.99% purity), silver (99.99% purity), copper
oxide (99.5% purity) and polycrystalline alumina
(Coors AD996 electronic substrate, 99.6% purity).
The Coors AD996 substrate has a surface roughness
of 75-125 um (CLA), an average grain size of ca.
1.2 pm and an impurity concentration of 0.4% [20].
The substrates were cleaned with nitric acid and rin-
sed with ethanol before testing. The total metal-cop-
per oxide starting weight was 1.000 + 0.005 g and the
composition was varied from 1.5 to 10 wt % copper
oxide (1.5,3.0,5.0 and 10.0 wt % CuO with two tests
for the 10.0 wt % CuO samples). The pure silver or
copper was rolled into a foil and formed into a box.
Then the copper oxide powder was placed inside the
box and the box was placed on the alumina substrate.

The sessile drop measurements utilized an in situ
technique developed for the study of spreading kinet-
ics of reactive metals on alumina [21]. A tube furnace
with a viewing window was fabricated (Fig. 3) so that
in situ spreading diameter measurements could be
made. The system recirculated argon through an oxy-
gen scavenger until the temperature reached 500 °C.
Then the system was overpressured with argon to ca.
10 kPa and the oxygen partial pressure in the vicinity
of the sample was established by the oxygen in the
liquid drop. The spreading drop was videotaped, and
its spreading diameter was monitored as a function of
temperature from ca. 970 to 1250 °C (1243-1523 K) for
the silver-based alloys and from 1090 to 1300°C
(1363-1573K) for the copper-based alloys. The
spreading diameter was measured from the videotape
by freezing frames on a Leco image analyser. The
diameter measurements were accurate to within
+ 0.1 mm.

Two preliminary attempts at infiltration of a porous
alumina sample were also performed. The first test
utilized pure silver and pure copper oxide (CuO). In
the second test, copper was added to achieve the
eutectic composition (72Ag—28Cu) of the silver—cop-
per binary system. The additional copper was added
in an effort to lower the melting temperature of the
alloy and thus lower the infiltration temperature. Cir-
cular alumina discs (ca. 30% porosity and 10 um aver-
age pore size) prepared by vapour phase sintering of
alumina powders [1] were placed in small alumina
crucibles filled with solid metal and copper oxide
powder. The discs had a nominal 19 mm diameter and
a height of 5mm. A Ag-5wt% CuO sample was
heated to 1050°C and a Ag-20 wt % Cu-5 wt % CuO
sample was heated to 1250 °C. Both samples were held
at temperature for 10min (600s). Rectangular com-
pression samples (nominal dimensions: 3.8 x
3.8x5.3mm) were machined from the infiltrated
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Figure 3 Schematic diagram of the sessile drop apparatus used to monitor the spreading of copper—copper oxide and silver—copper oxide on

polycrystalline alumina substrates.

composite and additional samples were prepared for
microstructural analysis. Four compression tests were
performed for the Ag-20wt % Cu-5wt % CuO/Al,O;
composite, and two compression tests were performed
for the Ag-Swt% CuO/Al,O; composite. The test
conditions were the same as those used by
previous researchers, and are described in detail else-
where [1].

3. Results

3.1. Spreading and wetting

The spreading radius as a function of temperature is
plotted in Fig. 4 for the liquid copper—copper ox-
ide/alumina system and in Fig. 5 for the silver—copper
oxide/alumina system. The spreading radii shown in
Figs 4 and 5 are average radii based on an elliptical
liquid-solid contact area. The maximum and min-
imum radii varied by as much as 15%. Even though
two liquid phases were sometimes present (or a solid
and a liquid phase), the drops maintained a relatively
spherical cap geometry with a portion of the hiquid
oxide forming an asperity on top of the drop. The
contact angle was calculated from the spreading
radius by assuming a spherical cap geometry and
a constant drop volume [21]. Fisher [22] has shown
that this method is more accurate than direct contact
angle measurement for small angles ( < 90°). The
drop volume was calculated from the initial mass and
the liquid metal densities [23]. Because the liquid
copper oxide densities were not available, the density
of liquid copper was used as a first approximation.
For a spherical cap, the height, f, can be determined
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Figure 4 The spreading radius versus temperature for liquid cop-
per—copper oxide alloys on polycrystalline alumina (1.0 g samples).
The alloy compositions are for the initial composition before heat-
ing. Starting compositions: M, Cu-10 wt % CuO (1); O, Cu-10 wt %
CuO (2); ™, Cu-10wt % CuO (3) (compacted with glycerine); O,
Cu-3wt % CuQO; A, Cu-5wt % CuO; @, Cu-1.5wt % CuO.

from the spreading radius, r, and the volume, V:

1 h?
V = 575]’1(1’2 + ?> (1)
Next, the radius of curvature of the drop, R, can be
calculated:
1/r?
R = |
5 < h + h> (2)

The apparent contact angle, 6, can then be calculated:
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Figure 5 The spreading radius versus temperature for liquid sil-
ver—copper oxide alloys on polycrystalline alumina (1.0 g samples).
The alloy compositions are for the initial composition before heat-
ing. Starting compositions: O, Ag-3wt% CuO; M, Ag-10 wt %
CuO (1); O3, Ag-10wt% CuO (2); A, Ag-5wt% CuO; @, Ag-
1.5wt % CuO.
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Figure 6 The apparent contact angle versus temperature for liquid
copper—copper oxide alloys on polycrystalline alumina. The alloy
compositions are for the initial composition before heating. Starting
compositions: @, Cu-1.5wt % CuO; O, Cu-3 wt% CuO; A, Cu-
5wt % CuO; N, Cu-10wt % CuO (3) (compacted with glycerine); [,
Cu-10wt % CuO (2); B, Cu-10wt % CuO (1).

The apparent contact angle for copper—copper 0x-
ide/alumina is shown in Fig. 6 as a function of temper-
ature, and the contact angle for silver—copper
oxide/alumina is shown in Fig. 7. The data for a
copper-10wt % CuO sample from a previous investi-
gation [10] is also included in Fig. 6. The only experi-
mental procedural difference between this study and
the previous study concerned sample preparation. The
previous study used samples pressed with a glycerine
binder. For the copper—copper oxide liquid, 1.5wt %
copper oxide (0.3wt% O) formed a non-wetting,
93 + 2° contact angle. Additions of 3-10 wt % copper
oxide (0.6-2.0 wt % O) resulted in a wetting contact
angle contact angle which decreased from 79 + 2 to
42 + 8° as the copper oxide content increased. These
compositions and temperatures correspond to the
L, region of the Cu—O binary phase diagram. The
decrease in 0 with increasing oxygen content agrees
with previously reported results [9]. The apparent
temperature dependence of the Cu-10wt% CuO
sample pressed with glycerine is an anomalous result.
Equilibrium may not have been reached during heat-
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Figure 7 The apparent contact angle versus temperature for liquid
silver—copper oxide alloys on polycrystalline alumina. The alloy
compositions are for the initial composition before heating. Starting
compositions: @, Ag-1.5wt% CuO; A, Ag-5wt% CuO; B, Ag-
10 wt % CuO (1); U, Ag-10wt % CuO (2); O, Ag-3 wt % CuO.

ing until the residual carbon from the glycerine had
combined with oxygen to form CO, gas. At high
temperatures, this sample revealed a contact angle
similar to that of the other Cu-10 wt % CuQO samples.

The silver—copper oxide/alumina system also re-
vealed a non-wetting 108 + 8° contact angle for
1.5 wt % CuO (0.3 wt % O), and manifested a wetting
contact angle for 3.0-10.0 wt % CuO (0.6-2.0 wt % O).
However, the contact angle only decreased to 64 + 7°
in this composition range, and the contact angle re-
mained approximately constant regardless of com-
position. This constant contact angle region corres-
ponds to the range of immiscible liquids, L, + L,
(where L, is a Ag-rich liquid with oxygen in solution
and L, is a CuO or Cu,0 liquid). In this two-phase
regime, the activity of oxygen available at the point of
contact between the liquid and the substrate is a con-
stant, and additional oxygen does not improve wetta-
bility. A similar constant wettability regime has been
observed in the immiscible liquid region of the cop-
per—oxygen system (where L, is a Cu-rich liquid with
oxygen in solution and L, is liquid Cu,O) [10]. The
minimum contact angle for the liquid silver—copper
oxide/alumina systems was higher than the minimum
contact angle for the liquid copper—copper oxide/
alumina systems (42 4+ 8 versus 64 + 7°) but both
liquids have the potential to infiltrate a porous
alumina body if the pores are below a critical dia-
meter.

The error in the contact angle calculation was only
+ 4° (accounting for errors in the volume calculation
and errors in the radius measurement), but the repro-
ducibility error was considerably larger. Based on the
duplicate metal-10 wt % CuO samples, the reproduci-
bility error was estimated to be as high as + §°.

3.2. Infiltration of porous ceramics

A porous alumina pellet (30% porosity) was success-
fully infiltrated with a Ag-5 wt % CuO liquid. Com-
plete infiltration was achieved when the sample was
heated to 1050°C, and held at that temperature for
10min (600s). A Ag-20wt % Cu-5wt % CuO liquid



Figure 8§ Photomicrographs of an infiltrated alumina pellet with
30% porosity (polarized light): (a) Ag-24wt % Cu-1wt% O; (b)
Ag-4wt % Cu-1wt% O.

did not infiltrate a similar pellet after 600s at 1050 °C,
even though a liquid was observed at ca. 780°C.
Complete infiltration was achieved for this alloy after
600s at 1250°C. Even though the addition of copper
resulted in the formation of a low melting cop-
per-silver eutectic, a higher infiltration temperature
was required possibly because of the formation of
solid Cu,O at the alumina-liquid interface. Thus, any
additional copper increases the processing temper-
ature for infiltration with silver—copper oxide (CuO)
alloys. The microstructure for the resulting cermets is
shown in Fig. 8 Under polarized light, both of the
samples appeared identical. Both samples were com-
pletely infiltrated with no visible porosity. Under nor-
mal light, the samples appeared to be out of focus
because the alumina grains were transparent after
polishing. Thus, the back surfaces of many alumina
grains were observed rather than the front surfaces.
The alumina sample infiltrated with Ag-24 wt % Cu-
I'wt % O contained a copper-coloured reaction prod-
uct on nearly every grain. This reaction product may
have been Cu,O or a complex oxide (CuAlQ,). The
sample infiltrated with Ag-4 wt % Cu-1wt % O con-
tained only a small fraction of copper-coloured grains.
The prevalence of silver or grey coloured grains sug-

gests a lack of reaction product formation in this
system.

The samples infiltrated with Ag-4 wt % Cu-1wt %
O fractured at a compressive fracture stress of
680 + 70MPa (99 + 10ksi), while the Ag-20 wt %
Cu-1wt% O samples had a compressive fracture
strength of 810 + 80 MPa (118 + 11 ksi). These values
are similar to values obtained for compressive fracture
tests on alumina/copper—copper oxide cermets with
similar porosity and processing history (ca. 725 MPa,
or 105ksi), and are much higher than the values ob-
tained for the 30% porous alumina without infiltra-
tion (ca. 55 MPa, or 8kSi) [1].

4. Discussion

Based on the results of this study, both silver-copper
oxide and copper—copper oxide liquids (with initial
CuO compositions of greater than 1.5wt % exhibit
satisfactory wettability for alumina brazing and infilt-
ration applications. Using silver as a base metal is
more expensive than using copper, but offers several
advantages in these applications. First, brazing or
infiltration can be performed at considerably lower
temperatures. The monotectic reaction for silver—cop-
per oxide occurs at 964 °C (Fig. 2), while the corres-
ponding reaction in the copper—copper oxide system
occurs at 1223 °C (Fig. 1). For infiltration and brazing
near the lowest immiscible liquid composition, the
liquid alumina processing temperature can potentially
be lowered by over 250°C for a silver—copper oxide
alloy relative to a copper—copper oxide alloy with
a similar composition.

Pure silver is also a better electrical ( + 6%) and
thermal ( 4 8%) conductor than pure copper on a vol-
umetric basis, and has excellent corrosion resistance
[24,25]. The presence of oxygen in solid solution
lowers the conductivity of both of these metals but the
solid solubility is very low ( < 0.008 wt % oxygen in
copper [24] and 0.000003 wt % oxygen in silver [25]
in air at 20 °C). The decrease in conductivity is small
because the copper oxides formed are inert and only
lower the conductivity by a volume displacement of
copper or silver. For example, for each 0.01wt% O
added to copper, the resulting Cu,O formed lowers
the conductivity by only 0.136% [24].

Another advantage of silver versus copper is that
the formation of grain boundary copper oxides during
cooling is avoided in the former system. Both liquid
copper and liquid silver have relatively high oxygen
solubilities [24, 25]. When liquid copper is solidified,
the excess oxygen will form additional Cu,O. The
copper grain boundaries can act as heterogeneous
nucleation sites. Copper oxide layers along the grain
boundaries could lower toughness by providing brittle
crack paths as well as lowering the electrical and
thermal conductivity. Conversely, silver does not form
Ag,O until the temperature is below 400°C. The
lower oxygen solubility in solid silver will result in the
formation of gaseous oxygen or the oxidation of Cu,O
to CuO. (which is predicted from the Cu-O binary
phase diagram). Thus, unwanted copper oxide grain
boundary precipitates can be avoided.
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Finally, in brazing applications, the residual stresses
should be considerably lower for the silver—copper
oxide joint relative to the copper—copper oxide joint,
resulting in a joint with better mechanical integrity.
The approximate linear coefficients of thermal expan-
sion (CTEs) (per °C) for the metals and oxides are:
4.3 %1079 for Cu,O [26], 9.3x107¢ for CuO [26],
18.6 x 107° for Cu [26] and 18 x 107° for Ag [27].
This results in a CTE ratio of 4.3 for Cu/Cu,O and 1.9
for Ag/CuO. The significantly larger metal/oxide CTE
ratio for Cu/Cu,O will result in higher residual stress
development during sample cooling.

5. Conclusions

In conclusion, both silver—copper oxide and cop-
per—copper oxide liquids exhibit satisfactory wetting
for alumina brazing and infiltration applications.
Minimum contact angles of 64 + 7 and 42 4 8° were
obtained for silver—copper oxide/alumina and cop-
per—copper oxide/alumina, respectively, with CuO ad-
ditions 1.5-10.0 wt %. Within the silver—copper oxide
immiscible liquids composition range, the wettability
of the silver—copper oxide/alumina system was ap-
proximately constant. This agrees with previous stud-
ies of the copper—copper oxide/alumina system. Por-
ous alumina bodies were successfully infiltrated by
silver—copper oxide and silver—copper—copper oxide
melts. The infiltrated bodies exhibited compressive
fracture strengths similar to fracture strengths of cor-
responding alumina bodies infiltrated with copper—
copper oxide alloys. The compressive fracture
strengths obtained were an order of magnitude higher
than those obtained for the corresponding uninfil-
trated porous alumina samples. Although silver—
based alloys are more expensive than comparable
copper-based alloys, in many applications the cost
may be offset by lower processing or brazing temper-
atures, improved thermal and electrical conductivity,
and improved toughness.
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