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Ceramic joining 
Part I Partial transient liquid-phase 
bonding of alumina via Cu/Pt interlayers 
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A method of ceramic-ceramic joining that exploits a thin layer of a transient liquid phase to 
join alumina to alumina has been developed, and the results of its application to joining 
alumina are reported. Through the use of microdesigned multilayer Cu/Pt interlayers, transient 
liquid-phase joining has been achieved at 1150~ yielding an interlayer that is platinum-rich 
at temperatures substantially lower than those required for solid-state diffusion bonding with 
pure platinum interlayers. Flexure tests indicate that ceramic/metal interface strengths 
exceeding those of the ceramic can be achieved. Post-bonding anneals of 10 h duration in air 
and gettered argon at 1000 ~ had discernibly different effects on room-temperature joint 
strength. The microstructure and chemistry of fracture surfaces were examined using SEM and 
EDS in an effort to identify the nature of strength-limiting flaws in both as-bonded and post- 
bonding annealed specimens. Topics requiring further study are identified. Opportunities for 
extensions of the method to other systems are discussed. 

1. In troduc t ion  
Fundamental studies of, and innovative approaches to 
ceramic processing have provided the basis for fab- 
ricating ceramics and ceramic ceramic composites 
with improved microstructures, properties, and 
performance. Fundamental studies of ceramic-metal 
interfaces are providing the scientific basis for pro- 
cessing ceramic metal composites with improved 
microstructures, properties, and performance. Curren- 
tly, there is renewed interest in the processing and 
properties of refractory aluminides and intermetallics. 

These advanced ceramics, ceramic-metal com- 
posites, and intermetallics are destined to become the 
building blocks for complex monomaterial or multi- 
material structures with improved or novel properties 
and function. The fabrication of large complex struc- 
tures consisting entirely of ceramics will most likely 
require the joining of smaller components. More com- 
plex structures may be designed in which combina- 
tions of materials are used to produce an intentional 
"functional" gradient in a material property. Altern- 
atively, if different regions of a larger structure see 
vastly differing service conditions, a wide range of 
materials with varying properties may be used in 
different regions of the assembly. Joining smaller com- 
ponents to one another will be an essential aspect of 
fabricating such new structures as well. As a result, 
fundamental studies of, and innovative approaches to 
joining these materials to themselves and to one an- 
other are required to provide the scientific basis for 
processing these new structures. 

This paper is the first in a series of reports focusing 
on the application of non-conventional approaches to 
ceramic-ceramic and ceramic metal joining. The 
methods that are being explored use microdesigned 
multilayer interlayers that incorporate some of the 
advantages of conventional liquid-state and solid- 
state joining methods. When the methods are applied 
to joining ceramics to themselves via refractory metal 
interlayers, ceramic metal joints with reduced ther- 
mal expansion mismatch and capable of use at eleva- 
ted temperature can be produced at substantially 
lower temperatures than those required for conven- 
tional joining approaches. 

2. Background 
Many researchers believe that solid-state diffusion 
bonding and liquid-based reactive metal brazing are 
the joining approaches that are most likely to succeed 
in producing strong joints for demanding high-stress, 
high-temperature applications. Advocates of diffusion 
bonding point to the flexibility of the approach, the 
potential for maintaining dimensional tolerances, and 
the ability to produce refractory joints as key advant- 
ages. Advocates of brazing Cite the greater flexibility in 
joint configuration, less stringent surface preparation 
requirements, freedom from the need to apply a load 
that may distort components, and suitability of the 
method for mass production as among the relative 
advantages of a brazing approach. Both methods can 
produce strong joints. 
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Recently, an interdiffusing multilayer metal inter- 
layer (IMMI) method was developed as an alternative 
to conventional solid-state diffusion bonding [1]. The 
process reduces the temperature requirements for for- 
ming a strong bond substantially, while retaining the 
other advantages of diffusion bonding. Studies ex- 
ploring the use of multilayer Ni/Nb/Ni and Nb/Ni/Nb 
foils for joining silicon nitride, have demonstrated that 
strong joints can be produced at significantly lower 
temperatures than when niobium or nickel foils are 
used alone. However, the basis for this enhanced bond 
formation is not fully understood. 

A method of joining that would combine the best 
features of diffusion bonding and brazing would be 
even more desirable. Transient liquid phase (TLP TM) 
bonding provides the most complete merger of bene- 
fits. TLP brazing has been applied commercially to 
the joining of nickel-base superalloys, and has yielded 
refractory bonds with a strength equivalent to that of 
the base materials that were joined [2]. 

The application of TLP bonding to ceramics is 
limited. Loehman pioneered the use of oxynitride 
glasses for TLP bonding of silicon nitride ceramics 
[3]. Subsequent work has examined the role of pro- 
cessing conditions, glass and silicon nitride chemistry, 
and environmental exposure on the properties and 
interfacial microstructures of oxynitride glass-bonded 
silicon nitride [4-7]. 

In conventional TLP bonding the entire interlayer 
is molten, and dissolution of the adjoining materials, 
interdiffusion, and possibly the nucleation and growth 
of new phases transform the interlayer into a more 
refractory material at the bonding temperature. 
Recent independent efforts by Iino [8] and by Glaeser 
[9] have focused on the development of multilayer 
metal interlayers in which only a portion of the inter- 
layer becomes molten. This variation on TLP bonding 
has been coined partial transient liquid phase (PTLP) 
brazing. The method retains the advantages of TLP 
bonding, and provides new flexibility in defining the 
properties of the interlayer and reducing the required 
bonding temperature. In principle, interlayers can be 
tailored to the needs of a broad range of material 
combinations and applications. 

3. P T L P  b o n d i n g  
In conventional diffusion bonding, a chemically 
homogeneous interlayer is used. In reactive metal 
brazing, layers of titanium or other reactive metals can 
be deposited directly on the ceramic or can be in- 
cluded in a multilayer foil that homogenizes and melts 
completely during brazing. Both the IMMI and PTLP 
bonding methods rely on an inhomogeneous inter- 
layer. For PTLP bonding, a thin film of a low melting 
point metal or alloy is deposited onto a much thicker 
foil of a more refractory metal or alloy as illustrated 
schematically in Fig. 1. Ideally, the refractory metal 
core can be selected on the basis of its temperature 
capabilities, thermal expansion coefficient, oxidation 
and corrosion resistance, or a combination of these 
and other characteristics. The choice of the low melt- 
ing point component plays a major role in dictating 
the processing temperature requirements, with the 
phase diagram and alloy property information serving 
to guide the selection of the most appropriate TLP 
former for a given application. 

There are numerous potential mechanisms for 
"consuming" the low melting point constituent. One 
approach is to select the two metals or alloys so that 
the more refractory metal incorporates the less re- 
fractory component, and produces a suitably refrac- 
tory alloy. When such a system is used for PTLP 
bonding, some of the best features of solid-state and 
liquid-based joining methods are combined. The low 
melting point thin film mimics brazing, and relaxes 
constraints imposed on surface preparation. By de- 
sign, only a small amount of liquid is formed, and it is 
formed only where it is needed. Diffusion of the less 
refractory metal into the refractory host can lead to 
the disappearance of the liquid at  the bonding temper- 
ature. If necessary, pressureless annealing or post- 
bonding hot isostatic pressing at higher temperatures 
can be used to further homogenize the composition by 
interdiffusion and to eliminate or reduce the severity 
of residual interracial defects. 

In conventional brazing, the melting point of the 
brazing alloy must exceed the intended use temper- 
ature; for high-temperature applications, this implies 
even higher temperature joining. Using a TLP, the 
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Figure 1 Schematic illustration of (a) ceramic/interlayer/ceramic assembly, (b) detail of microdesigned interlayer prior to heating, and (c) 
uniform interlayer after partial transient liquid phase bonding or solid-state bonding (and possibly additional heat treatment). 
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potential exists for forming the joint at low temper- 
ature, and for processing at temperatures less than or 
equal to the ultimate use temperature. This minimizes 
degradation of the ceramic during bonding, and in 
cases where ceramics are bonded to temperature- 
sensitive structural metals, avoids overaging of the 
metal constituent. When more reactive ceramics such 
as silicon nitride are to be joined, the reduced bonding 
temperatures may be useful in avoiding detrimental 
chemical reactions with the metal. The high melting 
point metal dominates the thermal characteristics of 
the ultimately uniform interlayer, and can be selected 
to match the thermal expansion characteristics of the 
ceramic in ceramic-ceramic joining or to provide an 
interlayer with intermediate expansion characteristics 
in ceramic-metal joining. This combination allows the 
component to be used at high temperature and min- 
imizes thermal expansion mismatch and associated 
fatigue and failure in thermally cycled assemblies. 

Perhaps the simplest implementation of PT LP  bon- 
ding occurs when the two components of the inter- 
layer exhibit complete mutual solid solubility. Fig. 2 
illustrates schematically a simple lens phase diagram 
for an A-B system. The interlayers are designed such 
that the ultimate interlayer composition is rich in the 
more refractory component, as indicated by the sha- 
ded region at the B-rich end of the diagram. Conven- 
tional brazing and diffusion bonding would require 
processing temperatures exceeding or approaching the 
melting point of the refractory interlayer, as indicated 
by points 1 and 2, respectively. The processing temper- 
atures for the PTLP  and IMMI approaches are linked 
to the melting point of the less refractory component, 
and are indicated schematically by points 3 and 4, 
respectively. The homogenized interlayer will have a 
composition indicated by points 3' and 4'. Because the 
melting points of A and B can differ substantially, the 
potential for reduced processing temperatures is evid- 
ent. 

The C u - P t  binary system provides a convenient 
basis for testing the applicability of PTLP  bonding to 
joining alumina to alumina. Platinum is an attractive 
choice for the metal core forseveral reasons. Platinum 
is relatively refractory, melting at 1769 ~ and oxida- 
tion and corrosion resistant. Like niobium, platinum 
matches the thermal expansion of alumina closely; 
thermal expansion mismatch stresses should be small. 
Several prior studies of diffusion bonding of alumina 
via platinum interlayers have been conducted 
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Figure 2 Schematic illustration of bonding conditions relative to 
phase fields in a simple lens phase diagram. The shaded region 
indicates the desired average compositions. Condition 1 corres- 
ponds to brazing conditions for a homogeneous alloy. Condition 2 
corresponds to diffusion bonding conditions that would be required 
for the homogeneous interlayer. Condition 3' shows the average 
composition and brazing temperature for PTLP bonding. The point 
labelled 3 gives the expected composition of the liquid in contact 
with the ceramic during joining. Condition 4' shows the average 
comt)osition of a multilayer interlayer and the bonding temperature 
for the IMMI method. The point labelled 4 represents a possible 
composition of the A-rich alloy in contact with the ceramic during 
the initial stages of bonding. 

[10 15]; a summary of processing conditions in prior 
P t -AI20 a bonding studies is provided in Table I. The 
"strength" of joints has been evaluated in several 
studies [10-13, 15]. In some instances, failure occur- 
red in the ceramic [12, 15], indicating that 
platinum alumina interfaces with a strength exce- 
eding that of the alumina used can be fabricated. 
Measurements of strength versus temperature indicate 
that ~ 7 5 %  of the room-temperature strength can be 
retained to temperatures up to 1200 ~ [11, 12]. Cop- 
per is an attractive choice for the TLP  former because 
of its relatively lower melting point (1083 ~ ease of 
deposition, and because considerable research on 
Cu-AI20 3 diffusion bonding [10, 13, 14, 16-19] and 
fracture ofCu/Al20 3 interfaces [10, 13, 15, 19-23] has 
been performed. The phase diagram for the C u - P t  
system is also attractive [24]. At temperatures above 
the melting point of copper, a copper-rich liquid is in 
equilibrium with a Cu -P t  solid solution, and no 
brittle C u - P t  phases form. At temperatures between 

TAB LE I Reported Pt/AI20 3 bonding conditions 

Reference Temperature (~ Pressure (MPa) Time (h) Maximum 
strength (MPa) 

1100 0.8 ~,60 
Allen and $ $ 4 ~, 
Borbidge [12] 1650 0.8 ~225 

(four-point bend) 
Dalgleish [ 151 1450 ~ 1 2 ~ 260 

(four-point bend) 
Klomp [13] 1550 0.03 10 0.33 ~200-250 

(four-point bend) 
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~816 and 1085~ copper and platinum exhibit 
complete mutual solubility and form a random substi- 
tutional alloy. (Cu3Pt and CuPt, can form at temper- 
atures below ~ 735 and ~ 816 ~ respectively, and the 
potential for forming other more platinum-rich inter- 
metallic phases has been indicated [24]. Formation of 
these brittle phases during cooling prior to sufficient 
homogenization was a concern.) 

4. Experimental procedure 
4.1.  Materials 
The alumina used was 99.5% pure, > 9 8 %  dense, and 
had a bimodal grain size distribution (Coors, Golden, 
CO), The material was machined into 19.5 x20.0 
x 22.5 mm 3 blocks. Substrates were hand polished 

using 30 gm diamond paste on glass, then 15 gm 
diamond paste on nylon cloth, and finally with 6 gm 
diamond paste on nylon. The 30 gm polish was ag- 
gressive, and although it flattened the bonding surface, 
it also caused some grain pull-out; these flaws were not 
removed completely by subsequent polishing. Follow- 
ing polishing, samples were cleaned ultrasonically in 
isopropyl alcohol for 30 min, and then blown dry with 
a heat gun. Cleaned substrates were placed in a high- 
purity alumina crucible, covered, and then annealed in 
air at 1000 ~ for 14 h with the bonding surface ex- 
posed to the crucible atmosphere in an effort to 
remove completely residual organic surface contam- 
inants. 

The platinum foil used was 99.95% pure. Pieces 
20 mm x 23 mm were cut from a larger 127 l~m thick 
sheet. The foil pieces were cleaned ultrasonically in 
isopropyl alcohol for several hours. The foil was occa- 
sionally turned over in the alcohol during this period. 
The foil was rinsed in nanopure distilled water (re- 
sistivity 18.3 M ~  cm), dried with a heat gun, and then 
stored in a wafer dish (used in microelectronics pro- 
cessing) until needed. 

4.2. Copper coating 
Thin layers 0f copper were deposited on to the alu- 
mina by evaporation of a commercial copper wire. 
(Consolidated Companies Wire and Associated, 
Chicago, IL). The wire was cut into segments which 
were then soaked in 2-propanol, rinsed in distilled 
H20,  bright-dipped in a 5:1 H N O 3 : H 2 0  solution, 
rinsed in a second dish of distilled H20,  soaked in a 
second dish of 2-propanol, and finally rinsed in nano- 
pure H20.  The copper wire segments were then placed 
in the high-purity tungsten baskets of the evaporator 
for premelting. Premelting was conducted under a 
vacuum of ~ 2  9 x 10 .6  torr (1 torr = 133.322 Pa). 
Subsequently, the polished alumina blocks were pla- 
ced into the evaporator, and copper coated. The 
chamber pressure was initially at ~ 3x  10-6 torr, and 
fluctuated between 7 and 10 x 10 .6 torr during depos- 
ition. 

The copper thickness was measured using two 
methods. The first relied on a measurement of the 
mass of a glass cover slip before and after coating. This 
yielded an estimate of 2.7 mgcm z for the coating 
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mass, which translates to an average coating thickness 
of the order of 3.0 gm. The coating thickness was also 
measured directly by using a profilometer to measure 
the step height produced where a portion of a glass 
slide was masked off with the cover slip. Measure- 
ments were made at several widely separated points 
on the glass slide, and thus, at varying distances from 
the copper source. Coating thickness was not con- 
stant, but decreased from ~3.1 gm to ~2.7/am with 
increasing distance of travel from the copper source. 
These thicknesses are consistent with an average coa- 
ting thickness of ~ 3 gin, and from this average thick- 
ness we deduce an average interlayer composition of 
> 94 at % Pt. 

4.3.  P T / P  b o n d i n g  
Bonding was performed in a vacuum hot press. The 
block/foil/block assembly was prepared immediately 
after the completion of coating. Tape was used to hold 
the assembly together and maintain edge alignment 
during loading into the graphite hot-pressing die, and 
was removed after light pressure was applied via rams 
to the assembly. After an adequate vacuum was 
achieved, the temperature was ramped to 1150 ~ at 
4 ~ min-1, maintained at 1150 ~ for 6 h, and then 
ramped down to room temperature at 2 ~ min -1. 
During this cycle, the vacuum in  the press was in the 
range of 8 20 x 10 .6 tort. A pressure of ~5.1 MPa 
was maintained on the assembly during the entire 
cycle. (This represents the minimtim positive load that 
can be applied to the sample using the hot press 
available. It is quite possible that a significantly lower 
load would be sufficient.) 

4.4. Beam preparation 
The bonded block assembly was mounted onto a 
glass support plate, and five plates were cut from the 
bonded block using a diamond wafering saw. The 
plates were numbered so that any systematic trends in 
strength or the appearance of the fracture surface 
could be related to the original position in the block 
assembly. The plate/support glass assembly was im- 
mersed in a detergent solution; this weakened the 
adhesion between the plates and support glass, facilit- 
ating removal of the plates. 

One plate surface was polished prior to sectioning 
of the plates into beams for flexure testing. The no- 
menclature used to describe the polishing treatments 
is summarized in Table II. The number following the 
treatment represents the number of hours for the 
specific treatment. Plates 1, 3, and 5 were hand pol- 
ished on plate glass with 30 gm diamond, and then 

TAB L E I I Polishing treatment nomenclature 

Treatment Description 

A 
B 
C 
D 
E 

Vibratory polish, nylon cloth, 15 pm diamond 
Hand polish, nylon cloth, 15 gm diamond 
Hand polish, plate glass, 30 ~tm diamond 
Vibratory polish, nylon cloth, 6 lain diamond 
Automatic polisher, iron lap, 1 gm diamond 



polished for more than 100h with 15 tam diamond on 
a vibratory polisher, this polishing treatment is de- 
signated C2, A > 100. To determine whether an im- 
proved surface finish would improve strength, Plate 2 
(C2, A > 100, D23) was given an additional 23 h polish 
with 6 lam diamond, and Plate 4 was polished to a 
1 lam finish on an automatic polisher. 

Beams of approximately square cross-section 
( ~ 3.4 mm x 3.4 mm) were cut from the polished plates 
with the metal interlayer at the beam centre. The 
relative positions of the beams in a given plate were 
indexed. Each beam was assigned an ij index where i 
corresponds to plate number, and j  corresponds to the 
position relative to the same block assembly face. This 
procedure was designed to permit a mapping of 
strength values to position within the original sample. 
Beam edges were bevelled on the polished face to 
remove edge flaws that could initiate failure. 

4.5. Post-bonding heat treatments 
Two plates were given additional heat treatments to 
determine whether further chemical homogenization 
of the interlayer and environmental exposure had a 
discernible effect on the flexure strength. Plate 1 was 
annealed for 10h at 1000~ in  high-purity argon 
passed through a gettering furnace held at 850 ~ and 
containing titanium-zirconium alloy chips. It was an- 
ticipated that this heat treatment would homogenize 
the interlayer further, and might also modify the 
oxygen content of the interlayer. Plate 3 was annealed 
in air for 10 h at 1000 ~ Oxygen diffusion in copper is 
extremely rapid, and it was anticipated that this an- 
nealing treatment might oxidize copper in regions of 
high copper content, and increase the dissolved oxy- 
gen content of the interlayer. The annealed plates were 
subsequently cut into beams and prepared for flexure 
testing using the procedure described previously. 

4.6. Flexure testing 
Beams were tested at room temperature using four- 
point bending. The inner span was 8 mm. Testing was 
done with a displacement rate of 0.05 mmmin 1. 
Stress-strain curves showed no evidence of plastic 
deformation during testing. Strengths were calculated 
from the load at failure using standard relationships 
derived for monolithic elastic materials, i.e., no correc- 
tion for effects of mixed mode loading arising from 
modulus misfit was attempted. Prior work had deter- 
mined that four-point bend strengths of (unbonded) 
alumina beams prepared from the same source 

T A B L E I I I As-prepared flexure strengths 

material and tested under the same conditions are of 
the order of 290 MPa. 

4.7. SEM/EDS 
Pieces that were trimmed from the edge of the bonded 
blocks to remove offsets created by slight shifting 
during loading and bonding were polished and sub- 
sequently examined using energy dispersive spectro- 
scopy (EDS) to evaluate the extent of diffusion of 
copper into platinum during the complete bonding 
cycle. Line scans were conducted perpendicular to the 
interface. The beam size is typically of the order of 
1 gm, and a typical detection limit is < 1 at %, and 
thus, we anticipated that this method might provide 
information on the extent of homogenization achieved 
during the bonding cycle. A microprobe scan perpen- 
dicular to the interlayer was also conducted as a 
cross-check on the EDS results. At least two stable 
intermetallics, CuaPt and CuPt, can form at lower 
temperatures, and thus, the formation of brittle inter- 
metallics near the interlayer/alumina interface was a 
concern. 

Failure often occurred along the ceramic-metal 
interface, but at widely varying stress levels. The two 
halves of the fracture surface were mounted adjacent 
to one another so that equivalent locations on the 
metal and ceramic side of the fracture surface were in 
mirror symmetry positions. Flaws and microstruc- 
tures at matching positions on the two surfaces could 
thus be identified readily, and were examined using 
scanning electron microscopy (SEM) in an effort to 
identify the failure-initiating flaws. The chemistry of 
fracture surfaces was also assessed to determine 
whether the different strengths reflected chemically 
different fracture paths. 

5. Results and discussion 
5.1. As-processed 
5. 1.1. Fracture strength 
Beams from Plates 2, 4, and 5 were tested to determine 
the as-processed failure strength, and to  assess the 
effect of tensile surface preparation on failure strength. 
The quality of the surface finish increased in the order 
5 ~ 2 ~ 4. Thus, if polishing-induced flaws were deter- 
mining the strength, one might anticipate that 
strengths would increase in the same order. The plate/ 
beam strength summary is presented in Table III. 
There is no obvious trend in the strength values with 
beam surface preparation. 

Preparation Plate 
(MPa) 

Beam 

1 2 
(MPa) (MPa) 

C2, A > 100, D23 2 192 168 
E 4 203 142 
C2, A > 100 5 61 180 

Mean 
(MPa) 

S.D. 

3 4 
(MPa) (MPa) 

148 O" 127 87 
198 64 152 65 
238 157 159 74 

a Beam failed during handling. Strength was > 0 MPa,  but value of 0 was used in computing mean. 
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The sample that yielded the highest fracture 
strength within this set of beams (238 MPa) exhibited 
ceramic failure. (This is somewhat lower than the 
"typical" strength determined previously for this ma- 
terial.) More generally, the results indicate that it is 
possible to achieve high joint strength via PTLP 
bonding at a substantially lower processing temper- 
ature than that required for diffusion bonding. Indeed 
the highest flexure strengths from this initial set of 
tests approach those of beams of similar geometry cut 
from an A12OJPt/A1203 assembly diffusion bonded 
at 1450~ [15]. 

The scatter in the strength values is considerable. In 
one instance, ij = 24, the sample failed during hand- 
ling prior to loading. There is an indication that edge 
beams (ij = 24, 44, 51) are more likely to exhibit low 
strength. A tendency for lower strengths of edge beams 
has been observed in diffusion-bonded samples [15] 
which is quite likely due to rounding of the bonding 
surfaces during polishing [25]. This rounding pro- 
duces a fall-off in height as one goes from the sample 
centre to the edges, and thus, may result in relatively 
large separation distances and poor edge contact 
when two crowned surfaces are brought into contact. 
In the present case, substrate surfaces were not poli- 
shed to the same degree, and thus, it is uncertain 
whether these low strengths have a similar origin. The 
flexure data are limited, and certain edge beams ex- 
hibit high strength, e.g. for ij = 21, 41. 

5. 1.2. Fractography and chemical analysis 
The microstructure and microchemistry of fracture 
surfaces of selected beams, spanning low to high 
(61, 157, 203 MPa) fracture strengths, were examined 
using SEM and EDS. The general characteristics of 
the fracture surface were of interest because they 
would provide information on the degree of bonding 
achieved, the size and size distribution of interfacial 
flaws, and insights on the wetting characteristics of the 
copper-rich liquid layer, and possible guidance on 
improving the processing procedure. It was also of 
interest to determine whether the wide variability in 

fracture strength could be correlated with a difference 
in the degree of bonding achieved, flaw population, or 
the chemistry of the fracture surface. 

Fracture in the three as-processed samples exam- 
ined was interfacial, and thus, the microstructures on 
the metal and ceramic sides of the fracture path could 
be compared. Three distinct regions/features were 
evident on the metal side of the fracture surface. 

In some regions, grain-boundary grooves outline a 
coarse-grained ( >  150 pm) structure, which we be- 
lieve reflects the grain structure in the metal foil. 
(These grain-boundary grooves are evident in the 
lower right hand corner of Fig. 3a, but can be seen 
more clearly in Fig. 6c.) In addition, a majority of the 
area on the metal side also contained an imprint of a 
finer bimodal ( < 10 and > 20 pm) grain-size struc- 
ture that reflects the grain structure in the ceramic, 
Fig. 3a. Thus, over much of the ceramic-metal inter- 
face, good contact was achieved and maintained dur- 
ing bonding. 

There were also regions on the metal side within 
which the ceramic grain-boundary imprints are ab- 
sent. Regions in which there is no contact could arise 
as a result of breakup (dewetting) of the continuous 
copper-rich film during bonding, or due to the pre- 
sence of cavities and polishing flaws on the ceramic 
surface. Fig. 3a and b were taken to produce a mirror 
image. Comparisons of equivalent positions on the 
metal and ceramic surfaces suggest that these feature- 
less islands on the metal reflect primarily defects in the 
ceramic bonding surface. The amount of liquid is 
apparently insufficient to fill these cavities, and thus, 
the regions are effectively unbonded. In comparing the 
low strength and high strength sample, the unbonded 
regions are larger and the total unbonded area ap- 
pears to be higher in the low-strength sample. 

Chemical analysis of the fracture surfaces was also 
conducted. Semiquantitative EDS analysis of the me- 
tal side of both grain-boundary imprinted and feature- 
less areas on both high- and low-strength samples 
indicated a composition of > 85 at % Pt, < 15 at % 
Cu. The probe samples a region ~ 1 2 pm in diameter 

Figure 3 Scanning electron micrographs of (a) the metal side of a fracture surface illustrating the grain-boundary imprints from the ceramic 
which has a bimodal grain-size distribution, and some evidence of the grain structure of the metal foil, and (b) the corresponding location on 
the ceramic side. The micrographs are taken and oriented to produce a mirror plane at the junction of the two micrographs. Comparisons of 
equivalent locations [(x, y) and ( - x, y) indicfite that the featureless regions on the metal size are the result of surface flaws in the ceramic. 
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that extends 1 2 ~tm below the surface. Although the 
actual surface concentration of copper is presumably 
higher, the metal fracture surface is platinum-coloured 
not copper-coloured which also suggests that the 
surface is not copper-rich. The average near-surface 
composition lies beyond the platinum-rich limit of the 
CuPt intermetallic stability region, and suggests that 
formation of this ordered alloy was avoided. There are 
indications that an orthorhombic and a cubic CuPt 3 
phase exist; however, the upper limits of the range of 
stability are uncertain, and the formation of a thin 
layer of a platinum-rich intermetallic during cooling 
to room temperature cannot be precluded. Nonethe- 
less, the EDS results and optical appearance indicate 
that a significant fraction of the 3 gm thick copper 
layer diffused into the platinum during the bonding 
cycle. 

EDS profiles were performed on cross sections cut 
perpendicular to the plane of the interlayer. To gener- 
ate the profile using EDS, the composition in a small 
region was determined, the beam position was moved 
by ~ 2 lain, the composition analysed, and the process 
was repeated until the entire interlayer had been 
traversed. The results, shown in Fig. 4, indicate a 
maximum copper concentration of the order of ~ 6-9 
at % near the interlayer/alumina interface, which de- 
cays to ,~ lat  % at the midplane of the interlayer (a 
depth of ~ 65 ~tm). The "average" copper concentra- 
tion in the interlayer calculated from the profile is 

4.2 at %, which is in reasonable agreement with the 
average value calculated from the relative thicknesses 
of the copper and platinum layers. X-ray maps also 
confirm a substantial penetration of copper. 

Multiple microprobe scans were also performed on 
the same samples, and information on the aluminium, 
oxygen, copper and platinum concentrations was ob- 
tained. The scans indicate three general regions: the 
alumina, a transition region, and the interlayer itself. 
In the alumina, the AI:O ratio is as expected for 
A120 3. Within a transition region, ~ 5 - 1 0  lam thick, 

Cu-Pt EDX Profiles 
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Figure 4 Chemical profile in the interlayer of an as-bonded sample 
as determined by EDS. Substantial penetration of (�9 copper into 
(r  plat inum is indicated. 

aluminium, oxygen, copper and platinum are all pre- 
sent, and the composition shifts from that of A120 3 to 
that of a Cu Pt alloy. Once within the interlayer, the 
aluminium and oxygen contents are very low or below 
detection limits. The Cu:Pt  ratio is initially of the 
order 1:10 and decreases as the centre of the interlayer 
is reached, in close agreement with the results ob- 
tained by EDS. However, the microprobe scans also 
indicate that there are some locations where an 

20 gm thick core region in the interlayer is copper 
free. The cause of this spatial variability in the degree 
of copper penetration is not known. As was the case 
for the EDS scan, the spatially averaged copper con- 
tents within the interlayer are also of the order of 
4 at %, somewhat lower than the value expected from 
the initial average film thickness. (It is possible that 
because the EDS and microprobe samples are taken 
from the edge of the block specimen that these corres- 
ponded to regions farthest from the copper source 
during deposition, and thus, regions of relatively lower 
initial copper coating thickness.) 

The most obvious and pervasive physical flaws on 
the ceramic side of the fracture surfaces were large 
voids in the ceramic, either intrinsic or reflective of the 
first stage of substrate surface p:'eparation. One other 
type of defect, a ~650 gm diameter region that ap- 
peared to reflect contamination, was observed in both 
the high- and low-strength samples, Fig. 5. Possibly, 
small droplets of diffusion pump oil were deposited on 
the surface during the pumpdown period prior to 
copper evaporation and deposition. In any event, 
these features were near to or on the non-tensile side of 
the neutral axis, and thus, not a likely failure origin in 
either sample. 

5.2. H e a t - t r e a t e d  pos  t b o n d i n g  
One of the objectives of PTLP bonding is to produce 
joints that are capable of use at elevated temperature. 
In the present study, the effect of 10h anneals at 
1000 ~ in both air and high-purity low-oxygen con- 
tent argon on subsequent room-temperature strength 
was assessed. 

Figure 5 Scanning electron micrograph of a large flaw that appears 
to reflect contaminat ion on the ceramic surface that evaded cleaning 
and an air anneal, or more likely, was introduced just prior to 
copper deposition. 
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In principle, such post-bonding anneals can have 
several effects on PTLP-bonded materials. Post- 
bonding anneals provide a means of homogenizing the 
interlayer, and reducing thermal expansion gradients. 
In the present case, this effect should be minimal. 
Prolonged annealing at elevated temperatures may 
allow further healing of interracial defects, and shift 
the flaw size distribution. Flaw size decreases should 
increase the flexure strength. High-temperature an- 
nealing may reduce the yield stress of the metal, and 
increase the contribution of plasticity to the work of 
fracture. This increased toughness should also in- 
crease the flexure stress. Anneals in high and low 
oxygen partial pressure atmospheres can be used to 
modify the interface chemistry, and this may impact 
the bonding characteristics at the interface, especially 
for copper-based PTLPs. Oxygen diffusion in copper 
at 1000~ is three orders of magnitude faster than 
copper self-diffusion [20]. It is possible that the rela- 
tively richer in copper Cu-Pt alloy adjacent to the 
alumina or the ceramic/metal interface itself provides 
a rapid diffusion path for oxygen into or out of the 
sample. Recent work by Yoshino indicates that the 
strength of copper/alumina interfaces is highly sensi- 
tive to the oxygen content of the copper [23]. Changes 
in the oxygen content in the near-interfacial region 
may then lead to changes in the fracture path by 
altering the relative energetics of interracial, metal, and 
ceramic failure. Changes in the oxygen content may 
also modify the contact angle between the solid metal 
and ceramic, and thereby the void perimeter shape. 
This may modify the stress concentration factor signi- 
ficantly while causing only a minimal change in the 
void "size". In addition, because only short-range 
diffusion is required to change the contact angle and 
pore geometry near the interface, these adjustments 
should be rapid. 

5.2.1. Fracture strength 
Annealing in air appeared to have a beneficial effect 
on the failure characteristics. The minimum strength 
was 171 MPa, the average was 217 MPa, and the 
standard deviation (44 MPa) was the lowest of any set. 
Three of the four beams tested failed at least partially 
in the ceramic. In contrast, after annealing in argon, all 
four beams failed along the interface during routine 
handling prior to testing. Although some stress is 
applied to the beams during post-bonding cutting and 
removal from mounting blocks, these stresses must be 
below ,,~ 60 MPa because beams with flexure strengths 
of this magnitude have survived similar handling 
steps. Thus, a substantial weakening due to annealing 
in argon is indicated. 

The major difference between the two anneals is the 
ambient oxygen partial pressure. It seems unlikely 
that oxygen will accelerate the healing of interracial 
defects, particularly at temperatures below the 
Cu-Cu20 eutectic temperature, or that argon will 
impede the healing of interracial defects. In other 
words, no substantial effect on transport rates is ex- 
pected, and it seems reasonable to assume that anneals 
in air and argon should have a similar effect on the 
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flaw-size population. Neither oxygen nor argon dis- 
solve in platinum to any substantial degree, and thus, 
effects on the yield strength of platinum, and the 
plasticity component of the toughness should be sim- 
ilar and minimal. The two most likely causes of the 
divergent behaviour appear to be changes in the 
adhesion caused by a change in interfacial chemistry, 
and changes in the morphology of defects due to 
chemistry-related changes in contact angle. 

Changes in near-interfacial chemistry during an- 
nealing in air appear likely in regions that are affected 
by inward diffusion of oxygen. Thermodynamic data 
[26-281 indicate that oxidation of copper to Cu20 in 
air at 1000 ~ is expected when the copper activity 
exceeds ~ 0.04. The average mole fraction of copper in 
the interlayer is < 0.06, but the near-interfacial copper 
concentration is higher; EDS and microprobe results 
suggest copper concentrations in the 6-9 at % range. 
Beraud e t  al.  [20] have examined interracial reactions 
between copper and alumina during joining. Their 
results indicate that when a superficial Cu20 film is 
present on pure copper, and joining is achieved by 
means of a copper-copper oxide eutectic liquid, a thin 
(0.1gm) layer of a hexagonal binary phase 
Cu20"A1203 forms at the metal/alumina interface 
after only a few minutes at 1070 ~ Thermodynam- 
ically, the reaction to form Cu/O'A1203 (CuA102) 
from Cu20 and A1203 is associated with a small 
negative free energy change at 1000~ [26]. Thus, 
CuA102 is a possible interfacial reaction product dur- 
ing air anneals. (Gadalla and White [26] used data for 
several reactions involving oxygen that were fitted to 
an Ellingham form ( A H  ~ - T A S  ~ to calculate free 
energies for several reactions which do not involve the 
gas phase. The results indicate that reactions to form 
CuA10 2 from Cu20 and A1203, and CuA1204 from 
CuO and A1203 have negative free energy changes at 
1000 ~ The res.ults also indicate that at temperatures 
below 1012 ~ the tie-line CuO-CuA10/should exist, 
wfiereas at temperatures above 1012~ the tie-line 
CuA1204-Cu20 will exist in the system. However, the 
authors point out that relatively small errors in the 
Ellingham slopes could have an appreciable effect on 
the AH ~ and AS ~ values for these reactions. Thus, for 
anneals in the vicinity of the calculated transition 
temperature, some uncertainty in the true equilibrium 
state of the system remains.) 

During an anneal in air at 1000~ further oxida- 
tion of Cu20 to CuO is expected [26, 27]. The reac- 
tion between CuO and A1203 to form the spinel phase 
CuA1204 also has a small negative free energy change 
at 1000 ~ [26]. Recent work by Donnet e t  al.  [29] has 
indicated that CuO and CuA1204 precipitates form in 
copper-implanted polycrystalline A1203 in response 
to 1 h anneals at 1000~ in air [29]. In these ex- 
periments, copper is present in the form of metallic 
precipitates in the alumina, and thus, the copper 
activity is unity. 

In summary, if oxygen diffusion along the 
alumina/Cu Pt alloy interface or through the Cu-Pt 
alloy is sufficiently rapid, internal oxidation of copper 
and reaction of these oxides with alumina to form 
binary oxide phases appear to be thermodynamically 



T A B L E  IV Annealed beam flexure strengths 

Preparation Plate Beam 

1 2 3 4 

(MPa) (MPa) (MPa) (MPa) 

Mean 
(MPa) 

S.D, 

C2, A > 100, 1 0 a 
+ 10h in Ar at 1000~ 

C2, A > 100 3 264 
+ 10 h in Ar at 1000~ 

0 a 0 a 0 a _ _ 

1 9 0  171 243 217 44 

"Beam failed during handling. 

possible consequences of air anneals. One would also 
expect an increase in the dissolved oxygen content in 
the near-interracial region relative to that established 
during bonding. The graphite die is expected to estab- 
lish an equilibrium oxygen partial pressure of the 
order of 10 -33 atm at 1150~ 

In contrast, anneals in argon were not expected to 
have a pronounced effect on near-interracial chem- 
istry. The oxygen partial pressure in the gettered 
argon when it enters the annealing furnace at 1000 ~ 
is also estimated to be of the order of 10 .33 atm. 
Although exact oxygen pressures during bonding and 
annealing in argon are not known, it seemed unlikely 
that post-bonding annealing in argon would lead to 
substantial changes in the dissolved oxygen content, 
and both the bonding treatment and post-bonding 
argon anneals would be expected to produce a low 
dissolved oxygen content in the C u - P t  alloy. 

In this context, the higher strengths of air-annealed 
samples would be consistent with the view that an 
increase in the oxygen content, possibly coupled with 
the formation of a thin reaction layer, promotes the 
formation of a "stronger" ceramic/metal bond. How- 
ever, the apparent loss of strength during annealing in 
argon was puzzling because the oxygen content estab- 
lished during bonding was expected to already be 
extremely low. 

5.2.2. Fractography and chemical analysis 
Several considerations motivated fractographic ana- 
lysis of the air- and argon-annealed samples. Fracto- 
graphic analysis would allow us to preclude a 
substantial "statistical" difference in the inherent flaw 
populations as the basis for the difference in mechan- 
ical performance. In addition, through studies of the 
fracture surfaces, it was hoped that chemically induced 
changes in interlayer morphology might be detected. 
The fracture surfaces of one argon-annealed and sev- 
eral air-annealed samples were examined using SEM. 

There is no obvious difference in the degree of 
bonding in the two types of samples; regions in which 
the imprints of the ceramic grain boundaries are found 
on the metal are common and occur over similar 
fractions of the total fracture surface. Fig. 6a-d  com- 
pare the metal and ceramic sides of the fracture sur- 
faces of air-annealed (a, b) and argon-annealed (c, d) 
samples, respectively. Thus, we do not believe that the 
substantial difference in failure stress is a statistical 
aberration. 

At higher magnification some differences in the 
appearance of the fracture surfaces were observed, 
generally in the regions of the fracture surface that are 
near the perimeter of the bonded assembly, and thus, 
most likely to show the effects of annealing. Selected 
regions in both air-annealed and argon-annealed spe- 
cimens had developed a microstructure that was dis- 
tinct from that characteristic of the remainder of the 
fracture surface. In addition, the morphologies that 
developed in these localized regions in air-annealed 
samples were clearly distinguishable from those that 
evolved during argon annealing. 

Fig. 7 illustrates the structure that evolved during 
air-annealing. A highly facetted structure has develop- 
ed on the metal side of the fracture surface (Fig. 7a). 
Studies of orientation relationships between thin cop- 
per films and polycrystalline alumina and sapphire 
have indicated a preference for the development of a 
texture in which copper { 1 1 1} planes orient themsel- 
ves parallel to the ceramic surface, but the texture is 
rotationally isotropic about the plane normal [30]. In 
the present case, the orientation of the facets appears 
to be linked to the orientation of the metal grains, with 
changes in the facet orientation coinciding with the 
transition from one metal grain to the next. The 
appearance of the ceramic side on the fracture surface, 
Fig. 7b, suggests an attack of the ceramic, and is 
compatible with the expectation that a Cu -AI -O  
compound, either C u 2 0 " A 1 2 0  3 o r  CuA1204, has 
formed. EDS and X-ray mapping of the facetted struc- 
tures evident in Fig. 7 were performed, with specific 
attention given to the detection of aluminium. The 
EDS results show aluminium present at below 1 at % 
levels; the microprobe scans across the interlayer 
showed similar background levels of aluminium. 
Thus, no compelling chemical information consistent 
with the development of a Cu A 1 0  containing bin- 
ary oxide was obtained. It is possible that the "reac- 
tion layer" is very thin with respect to the thickness of 
the layer probed, however, the height of the facetted 
structure in Fig. 7a appears to be of the order of a few 
tenths of a micrometre, and thus, regardless of whether 
CuzO'Al203 or CuAl204 formed, one would expect 
to detect aluminium. Further work will be required to 
clarify the nature of the facetted structure that de- 
veloped. 

Fig. 8 illustrates the structure that has evolved 
during annealing in argon. Dewetting of the ceramic 
by the metal interlayer is suggested. The morphologies 
resemble those that develop during the breakdown of 
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Figure 6 Scanning electron micrographs of the fracture surfaces of an air-annealed (fracture stress 190 MPa) and an argon-annealed (failed 
during handling) sample: (a) metal side, air anneal, (b) ceramic side, air anneal, (c) metal side, argon anneal, and (d) ceramic side, argon anneal. 

Figure 7 Scanning electron micrographs of (a) the metal side, and (b) the ceramic side of the fracture surface of air-annealed samples. The 
development of a highly facetted structure is evident. The attack on the ceramic is evident, and suggests that the alumina is a chemical 
participant in the reaction that forms the facetted structure. 

thin metal films on sapphire substrates [30]. Studies of 
the morphological instabilities of copper thin films 
on sapphire substrates during annealing under non- 
oxidizing conditions indicate that such solid-state 
dewetting can initiate at defects in the film in as little 
as 10 min at 650 ~ 
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The present situation is more complex. There is an 
opportunity for dewetting in the liquid state during 
bonding at 1150 ~ and the ambient oxygen partial 
pressure is as low as it is during post-bonding an- 
nealing. We expected that the constraint provided by a 
wettable refractory metal foil would inhibit dewetting 



Figure 8 Scanning electron micrographs of(a) the metal side, and (b) the 
structure suggests that solid-state dewetting of Cu-Pt alloy occurred 
mechanical strength. 

during processing, and the fracture surfaces of as- 
bonded samples support this view. The thin native 
oxide film that forms on copper at room temperature 
may also assist in promoting wetting, particularly 
since the total copper film thickness is only ~ 3 gin. 

The localized solid-state dewetting evident after 
anneals in argon at 1000 ~ may be related to deple- 
tion of oxygen (originated from the superficial oxide 
film on the copper) from the near-interfacial region, 
and a resulting change in the equilibrium contact 
angle. Unbonded regions that are open to the ambient 
atmosphere may provide the analogue to the non- 
wetting inclusions that serve as the heterogeneous 
nucleation sites for dewetting of thin films on sapphire 
[-30]. A possible explanation for the difference between 
the behaviour of as-prepared specimens and the 
argon-annealed samples may be that during bonding, 
outward diffusion of oxygen occurs at the block as- 
sembly perimeter, whereas during post-bonding an- 
nealing the actual tensile surface and the perimeter of 
flaws that connect to the tensile surface are exposed. 
This difference in the sample geometry may magnify 
the importance of the ambient atmosphere during 
post-bonding anneals of the type conducted in this 
study. Further and more detailed study of ambient 
atmosphere effects on the evolution of interfacial 
microstructure and bond integrity at elevated temper- 
ature is needed. 

We tentatively conclude that the strength difference 
observed between air-annealed and argon-annealed 
specimens reflects a difference in near-interfacial 
chemistry. In the case of air-annealed samples, an 
increase in oxygen content in the near-interfacial re- 
gion relative to that established during bonding is 
expected, and this may increase adhesion and improve 
the wetting characteristics of the metal in contact with 
the alumina. These changes may increase the tough- 
ness, and decrease the severity of interfacial flaws. The 
fracture-surface microstructure suggests formation of 
Cu-A1-O interfacial reaction products, and these may 
also have beneficial mechanical consequences. In 
argon-annealed samples, dewetting of the metal inter- 
layer is indicated, which produces large regions that 
are poorly bonded and may act as critical flaws. 

ceramic side of the fracture surface of argon-annealed samples. The 
at the interface during annealing, causing a loss of contact and 

Dewetting may occur preferentially along the peri- 
meter of voids that are open to the external atmo- 
sphere, increasing the effective flaw size. An increase in 
the contact angle resulting from oxygen depletion 
would also be expected to increase the severity of 
existing flaws. Several factors may thus contribute to 
the strength loss in argon-annealed assemblies. 

6. Conclusions 
The results indicate that high-strength joints between 
platinum and Al20 3 can be produced at lower temper- 
atures than are necessary for diffusion bonding 
through the use of a thin intervening layer of copper. 
Fractography results suggest that the scatter in flexure 
strengths reflects variations in the quality of the bond- 
ing surface, and that higher and more uniform 
strengths should be achievable. The importance of 
environmental effects on joint strength has been dem- 
onstrated. Future work in the Cu-Pt systems will 
examine the effect of processing conditions (bonding 
surface preparation, copper thickness, bonding tem- 
perature, etc). and post-bonding annealing on strength 
more thoroughly. A comparison of the fracture tough- 
ness and high-temperature mechanical properties of 
PTLP bonded and diffusion-bonded assemblies 
would also be of interest. 

Although the possibility of forming strong joints 
was demonstrated with the Cu/Pt system, the method 
is flexible, and extension of the method to a wide range 
of systems is possible. Copper and platinum have 
complete mutual solubility at sufficiently high temper- 
atures. Copper and nickel have similar characteristics, 
and copper has been used as a transient liquid-phase 
former to bond A120 3 to nickel using processing 
conditions similar to those used for Pt/AI20 3 bond- 
ing. Similarly high strengths have been achieved in as- 
processed samples 1-31]. Nicholas [32] has reported 
that strong Pd/A120 3 can be formed, provided that a 
void-free interface is achieved. The similarity between 
the Cu-Ni, Cu Pt, and Cu-Pd binary phase diagrams 
suggests that strong Pd/A1203 bonds can also be 
produced using copper as the PTLP former. 
Extension of the method to nickel-rich alloys and 
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nickel-based superalloys is being explored [33], and 
extension of the method to include palladium and 
platinum-rich alloys seems possible. Preliminary ex- 
periments have also demonstrated that gold can be 
used in place of copper [34], and thus, the potential to 
explore the effects of PTLP chemistry on ultimate 
bond properties exists. 

Although Cu-Ni and Cu-Pt have complete solid 
solubility at high temperatures, this is not a pre- 
requisite for success. Strong Nb/AI203 bonds have 
been produced at 1260~ using copper interlayers 
[31]. Nb/AI20 3 bonds have also been produced at 
temperatures as low as 650 ~ using a tin-based transi- 
ent liquid phase [35] ; in this case, the PTLP former is 
most likely consumed by a reaction that leads initially 
to the formation of a refractory intermetallic. Numer- 
ous other mechanisms for consumption of the PTLP 
former appear possible and are being explored. 
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