Brazing Ceramic Oxides to Metals at
Low Temperatures
Titanium vapor deposited on the ceramic surface was
demonstrated to produce sound low-temperature,
metal-to-ceramic brazements

BY J. P. H A M M O N D , S. A. D A V I D A N D M . L. SANTELLA

ABSTRACT. A metal-to-ceramic brazing
process, termed active substrate process,
was developed for joining partially stabilized zirconia to nodular cast iron for
advanced-design diesel engines. By vapor
depositing titanium on the ceramic to a
thickness of 0.3 to 1.0 pm and using a
60Ag-30Cu-10Sn braze filler metal, this
process enables joining in a single brazing
operation at a temperature sufficiently
low (735°C/1355°F) as not to impair the
properties of the ceramic or nodular iron.
Demonstration pieces of 2-cm (0.8-in.)
diameter were fabricated exhibiting composite interfaces of excellent braze quality and shear strength. Dilatometry was
used on the joint component materials to
assess thermal strain on the ceramic, and
a titanium metal transition piece was used
to reduce stress.
The composition and structure of the
ceramic-metal bond zone in the zirconiato-nodular iron joints were analyzed by
electron probe microanalysis and x-ray
diffraction. The microstructure of the
brazed zirconia surface was shown to
consist sequentially of Zr02, oxygenimpoverished Zr02, TiO, a TixCuySnz
intermetallic, and a two-phase filler metal
deposit. Brazing behavior, in terms of
limitations on braze temperature and
thickness of the vapor-deposited titanium
coating, was rationalized by depicting the
role of TiO in preventing wetting and
TixCuySnz intermetallic in abetting it.

ceramic and ceramic to metal. One such
problem studied at Oak Ridge National
Laboratory is joining partially stabilized
zirconia (PSZ) to nodular cast iron (NCI)
for an advanced diesel engine design. A
relatively low brazing temperature was
desired for these joints because the properties of the zirconia and nodular cast
iron are developed by controlled heat
treatments, and high brazing temperatures would erase the effects of prior
heat treatments, thereby rendering the
joint components unsuitable for the
intended application. A low brazing temperature and the desired mechanical
properties were attained with a process
termed "active substrate brazing," which
is described in this paper.
A major impediment to successfully
brazing ceramics with metallic alloys is the
well-documented observation that liquid
metals generally do not wet ceramic
substrates unless special provisions are
made. Three methods have been
detailed in the literature for promoting
wetting of ceramics and preparing
ceramic-to-ceramic and ceramic-to-metal
joints, i.e., the molybdenum-manganese
process (Refs. 1-3), the active filler metal
process (Refs. 4-6), and the active
hydride process (Ref. 7). The molybdenum-manganese process uses a Mo-Mn
paint initially applied to the ceramic surface, which after sintering and brazing

results in a mixture of refractory metal
dispersed in a glass in the bond zone.
Although this process has proven successful for applications requiring leaktight seals, joints produced by it generally
have low strength. Also, since the process relies on a preliminary high-temperature sintering treatment in wet hydrogen
to reduce and coalesce the paint, the
zirconia-base material stands to be seriously damaged. The active filler metal
process relies on alloying of the filler
metal with key active elements (e.g.,
titanium and zirconium) known to promote wetting of ceramic surfaces. Braze
joints with high strength can be produced
with the active filler metal process,
although the alloying required may significantly compromise the ductility and
toughness of the filler metal, and typically
imposes the restriction of using high brazing temperatures. Recent alloy development efforts have, however, significantly
reduced brazing temperatures for active
brazing alloys (Refs. 6, 8, 9). The active
hydride process involves applying a metal
hydride, such as titanium or zirconium
hydride, to ceramic surfaces prior to
brazing. As the braze assembly is heated,
the metal hydride decomposes, evolving
hydrogen and leaving a metal (e.g., titanium) residue on the ceramic. Although this
method enables brazing at relatively low
temperatures (as low as a nonactive filler
metal will allow), joints prepared by this
process are plagued with lack of ductility
and low strength (Ref. 6).

Introduction
The preparation of strong and reliable
ceramic joints is becoming an increasingly
important technological problem. For
instance, many advanced designs for
automotive engines have requirements
for high-strength joints of ceramic to
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In the active substrate process (Refs.
10-12), a material that promotes wetting
by the braze filler metal is vapor coated
onto the surface of the ceramic in a
preliminary treatment designed to optimize surface reactivity and adhesion.
Thus, flexibility is available for selecting
filler metals that are compatible with the
required processing constraints or joint
properties (e.g., low brazing temperature, high-strength stable joint, oxidation
resistance, etc.). The essential features
are illustrated in Fig. 1 for joining partially
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The zirconia used for this experiment
was Nilsen Grade MS, which is partially
stabilized with magnesia. It has a cubic
matrix containing a dispersion of fine
tetragonal precipitates and a small
amount of the monoclinic form of zirconia. The nodular cast iron was Grade
5506 nodular iron, which is composed of
a pearlite-ferrite matrix containing spherical graphite nodules. The filler metal
selected for brazing was BVAg-18, which
has a nominal composition of Ag-30Cu10Sn (wt-%). The BVAg-18 alloy was
chosen because of its relatively lowliquidus temperature, ~ 7 1 8 ° C (1324°F),
and its good strength and ductility.
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Fig. 7 — Schematics of the principal approach
investigated for joining ceramics to metals.
NCI = nodular cast iron; PSZ = partially stabilized zirconia; FM = filler metal; TP = transition
piece
stabilized zirconia to nodular cast iron.
The critical element of the process
involves suitable treatments of ceramic
and metallic substrates to enable wetting
and bonding at the joint interface.
The significance of this process is that it
has been successfully used to form strong
joints between partially stabilized zirconia
and nodular cast iron at a brazing temperature low enough to prevent undesirable solid-state phase transformations in
the materials being joined. The lowest
temperature at which high-strength joints
were obtained was 735°C. Forming
strong joints at such low temperatures
was not possible using existing ceramic
brazing approaches.
This paper describes the development
of a process to join ceramic oxides to
metals at relatively low temperature in
which the braze activator is incorporated
on the ceramic substrate. Also, preliminary properties of joints are presented.

Prior to brazing, the zirconia specimens
were vapor coated with layers of titanium metal, up to 2.0 pm thick, by sputtering. Prior to vapor coating, the ceramic
surfaces were ion etched in an argon
plasma for 10 min to aid adhesion. The
cast iron components were first cleaned
in a hot caustic solution, which etched
away some of the surface graphite nodules, then they were electroplated with
copper to a thickness of 50 pm to enable
brazing by the BVAg-18 filler metal.
The brazing was performed in a Globar vacuum furnace fitted with a mullite
tubular muffle that was evacuated with a
mechanical pump and an oil diffusion
pump with a liquid-nitrogen cold trap. A
vacuum of about 3.0 X 10" 4 Pa (2 X
1 0 - 6 torr) was maintained while holding
at the braze temperature. Early tests indicated that vacuum of about 7.0 X 10~3
Pa (5 X I O - 3 torr) also was acceptable. A
braze cycle of about 22 min, including a
10-min hold at the braze temperature,
was employed. Cool down from the
braze was performed by backfilling with
(99.99% pure) argon gas to minimize
microporosity in the filler metal deposit
and to reduce the time-temperature
effect of the braze cycle.
Two separate braze cycles peaking at
723° (the A-| transformation temperature
of Fe-C alloys) and 735°C (1333° and
1355°F) were qualified for performing
the brazing operation. This was done by
duplicating the individual braze cycles on
specimens of NCI in a thermomechanical

simulator (Gleeble 1500) and subsequently examining for any alterations in hardness and the pearlitic microstructure. The
room-temperature hardness of the specimens did not appear to change within the
limits of experimental error, nor did the
lamellar cementite platelets of the pearlite
appear to have spheroidized significantly.
Thus, we concluded that brazing
between 723° and 735°C is acceptable
for the hold time and the heating and
cooling rates employed.
In order to circumvent the mismatch in
coefficient of thermal expansion and
associated mechanical strain on the
ceramic component, a transition piece
material (in this particular case titanium)
was interposed between the zirconia and
the cast iron on some braze joints. Titanium was selected for this application
because its coefficient of thermal expansion is nearly identical to that of partially
stabilized zirconia, and it has excellent
ductility. Consequently, strain due to mismatch of coefficient of thermal expansion is minimized between the zirconia
and titanium, and any mismatch between
the cast iron and the titanium is accommodated in the titanium. The thermal
expansion/contraction characteristics of
the component materials employed in
the zirconia-to-nodular iron joints were
determined with a differential quartz
dilatometer. The system correction
was made with a silica standard, whose
coefficient of thermal expansion (CTE)
is known to within 1% over the test
range employed (25° to 800°C/77° to
1472°F).
The fabrication procedures developed
for preparing zirconia-to-nodular iron
joints with and without the titanium transition piece are shown schematically in
Fig. 2. A number of prototype joints of
intermediate size (2.5-cm diameter) were
successfully fabricated to demonstrate
viability of the process. The braze interfaces of these joints were tested for
shear strength by employing small (9.5X 9.5- X 5-mm/9.5- X 3.5- X 3.5-mm)
(0.37- X 0.37- X 0.14-in./0.37- X 0.14X 0.14-in.) pad/bar shear test specimens
with 6.3-mm 2 (0.01-in.2) shear area.
The shear testing was performed in a
special apparatus designed to place the

TEMPERATURE
LESS LIMITED

~1000°C LIMITED

— I 9.9 CTE
735°C LIMITED

TITANIUM
9.9 CTE
735°C LIMITED

LEGEND

:•

:CTE M A T C H U P

CTE = x l O - V C

WITH TP

Fig. 2 —Schematic of procedures developed for preparing: A —joining of PSZ to NCI; B—DTA to NCI (CTE = coefficient of thermal expansion)
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braze interface of test specimens under
shear stress. A 4.5-kN (1000-lb) Instron
tensile testing machine was used for actuating the apparatus. The tests were done
at room temperature. The shear strength
reported in this paper is an average of
two tests, unless otherwise noted. The
thermal properties testing was in a horizontal roll on-type Globar-heated furnace with a closed-end tubular mullite
muffle. Rapid temperature changes were
obtained by sequentially evacuating and
backfilling the furnace muffle with 75%
Ar-25% He gas and rolling the furnace on
and off the muffle, while charting time versus temperature of the test specimen.
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Fig. 3-Demonstration (2.5-cm diameter) PSZ-NCI braze joints with and without the titanium
transition piece

Results and Discussion
Microstructures
Samples of zirconia-to-nodular iron
demonstration joints with and without a
titanium transition piece are illustrated in
Fig. 3. A photomicrograph of the filler
metal deposit adjoining the structural
materials is shown in Fig. 4. The examination of the bond zone formed between
the zirconia and the BVAg-18 filler metal
done by electron microprobe, and x-ray
diffraction revealed a number of significant features. The thickness of the bond
zone between ceramic and braze filler
metal is about 2 to 5 ^ m .
An insight into the composition of the
bond zone and adjoining filler metal was
gained by x-ray diffraction analyses in
conjunction with energy dispersive x-ray
mapping of the elemental constituents Zr,
Ag, Ti, Cu and Sn. The x-ray maps (Fig. 5)
show that the filler metal deposit contains

copper-rich and silver-rich phases with
some Sn dissolved in both phases. Additionally, both Cu and Sn from the filler
metal deposit segregate preferentially in a
layer over the original Ti sputter coating
between the PSZ and filler metal deposit.
Line profiles taken across the bond zone
confirm the presence of Ti, Cu and Sn in
this layer. Thus, a ternary phase containing these three constituents is indicated.
The schematic drawing in Fig. 6 summarizes the findings. The results portrayed
are for a titanium sputter coating deposited on partially stabilized zirconia to a
thickness of about 1 pm.
For a braze cycle of 10 min at 735°C, a
bond zone consisting sequentially of
Zr02, TiO, possibly some Ti metal, a
Ti-Cu-Sn phase and filler metal deposit is
indicated. The TiO phase was confirmed
by x-ray diffraction and may form as a
result of an exothermic reaction of the

Fig. 4 — Microstructures of the filler metal adjoining the structural
components

titanium coating with oxygen fed by diffusion from the ceramic substrate, which
leaves the zirconia adjacent to this layer
with a characteristically darkened color.
The presence of a residual titanium layer
in the bond zone was verified with thick
coatings. The ternary Ti-Cu-Sn phase
seemed to form only under conditions
that resulted in strong bonding and is
believed to be the key to wetting.
When attempting to braze with a titanium coating that is too thin, e.g., 0.1 pm
in Table 1, the sputter coating completely
transformed to TiO, and poor wetting
was observed. The extent to which this
suboxide of purplish black color forms is
a reliable indicator of fabrication conditions nonconducive to wetting and thus
unsuccessful brazing. Nicholas (Ref. 13)
reports that the TiO is wettable. However, it is possible that a thin surface layer of
T2O3 (also blackish in color) formed and

Fig. 5 — Back-scattered electron image of the PSZ zirconia/filler metal
bond zone
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BEFORE

Table 1—Pad/Bar Shear Test Results for
Zirconia-Titanium and Nodular Iron-Titanium
Braze joints

AFTER BRAZE

Ag SS + Cu SS EUTECTIC
HAS DUCTILE Ag SS AS
CONTINUOUS PHASE

IRREGULAR BOUNDARY
Ti (0002)|| Z r 0 2 SUBSTRATE
TiO (111)||Ti (0002)
O2" IMPOVERISHED
ZrO.

Fig. 7Dilatometer curves
for PSZ, NCI and
titanium

fim thickness at a temperature of 800°C
gave even lower shear strength.
Transition Piece
The dilatometer curves for the zirconia, nodular iron and titanium are given
in Fig. 7. Observe that the Grade 5506
NCI shows a pronounced hysteresis loop
resulting from the ferrite-to-austenite
transformation at its lower critical temperature, whereas the commercially pure
(Grade 1) titanium and zirconia exhibit no
evidence of phase transformations. Comparison of curve slopes shows that the
mean (25° to 750°C/77° to 1382°F)
thermal expansion coefficient of the cast
iron is considerably greater than that of

i—i—i—i—i—i—i—i—r
THE NCI SHOWS EVIDENCE
OF PEARLITE TO AUSTENITE

PSZ
PSZ
PSZ
PSZ
PSZ
PSZ
NCI
NCI

Fig. 6-Schematic illustrating the structure and composition of the PSZ filler metal bond zone
formed by active substrate brazing
escaped detection by x-ray diffraction.
When brazing with a titanium coating
of sufficient thickness (0.3 /im and
above), bonding occurs, and the Ti-Cu-Sn
ternary phase forms within the bond
zone. This ternary phase apparently is
formed by the reaction of titanium metal
beyond the TiO layer with the filler metal
as it becomes molten. Thus, a threshold
thickness in the titanium coating is essential to achieve a braze.
As discussed later, excellent shear
strength (187 to 235 MPa/27 to 34 ksi) is
achieved with titanium coating thicknesses between 0.3 and 1 pm, but with a
titanium coating of 2-jum thickness, shear
strength is substantially diminished. Also,
brazing with the titanium coating of 0.1-

Pad
Material Treatment
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Braze
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750
750
750
750
750
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750

0
235
197
187
74
36
117

750

234

the zirconia (4.3 X 1 0 " 6 / ° C units higher),
whereas the thermal expansion coefficients of the titanium and zirconia are
about
equal
(10 X 1 0 " 6 / ° C
and
9.7 X 10" 6 /°C).
The significance of the coefficient of
thermal expansion differences and the
merit of inserting the TP are analyzed
quantitatively in Fig. 8. The differential
contraction between the mating members starting at the point at which they
become joined together on cooling
down from the brazing operation, i.e.,
starting at the filler metal solidus temperature, is analyzed. Figure 8 is constructed
from the contraction components of the
dilatometer curves of Fig. 7 starting at
600°C (1112°F). The graph compares the
zirconia-nodular iron joints of 2.5-cm ( 1 in.) diameter without and with the titanium transition piece. The differential contraction between the zirconia and nodular iron on cooling to room temperature
is given by the vector quantity a, whereas
the differential contraction between the
ceramic and the titanium is given by the
quantity b. Numerically, the former value
is 0.06 mm and the latter is only 0.01
mm.
Note further that the contraction in
both cases places the ceramic member in
compression, which is preferable to
stressing in tension. For a piston-size joint,
e.g., 12.5-cm (5-in.) diameter, the differential contraction for the directly brazed
joint would be five times the amount
indicated or 0.3 mm (0.012 in.), which
conceivably could impart damaging strain
to the ceramic or bond zone. Thus, the
desirability of incorporating into the joint
a transition piece having a favorable thermal expansion coefficient and high ductility is apparent.
Mechanical Properties

150
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Room-temperature shear strength data
developed for optimized processing
parameters for zirconia-titanium and titanium-nodular iron joints are presented in
Table 1. When brazing at 750°C, a titani-

Table 2—Shear Strength Data on Interfaces
of PSZ Joints

1

1

1

r

THE CERAMIC IS STRAINED IN
COMPRESSION IN BOTH CASES

FM SOLIDUS

• 2.5 cm TYP

Pad/Bar Tests
Room-Temperature
Shear Strength(b>
(MPa)

Interface^'
Zirconia/nodular
iron
Zirconia/titanium
Titanium/nodular
iron

136.5 ±

7.6

140.1 ± 18.6
253.0 ± 23.4

(a) 0.5-/im titanium sputter coating on ceramic surface.
(b) Mean of four determinations with standard deviation.

Table 3—Results of 2-cm-Diameter
Demonstration Joint Thermal Cycling Tests
loint Type
Test Type

PSZ/NCI

PSZ/TP/NCI

24 thermal
cycles'3'
Argon quench
from braze

NP3>)

NF

NF

NF

(a) 375° to 600°C at average heating and cooling rate at
56°C/min.
(b) No failure.

um coating thickness of 0.3 to 1 pm gave
good strength, but a coating thickness of
2 pm resulted in reduced strength — Table
1. Brazing at 800°C greatly reduced shear
strength in comparison to 750°C. O n the
other hand, bonding failed to occur
when brazing at 750°C with a titanium
coating of only 0.1-jum thickness. This
resulted from a nonwetting condition.
Considering all factors, including the
effects of the braze cycle on the properties of the pearlitic NCI, brazing 10 min at
735°C and allowing 20 min for heating
and cooling were judged to be optimum
for this application. Table 2 presents typical room-temperature shear strength values of braze interfaces made with a
sputter coating thickness of 0.5 pm.
These shear test results exceed estimated
design requirements by a considerable
margin. The shear strength of these joints
at elevated temperatures anticipated for
diesel engine application is being evaluated. Table 3 shows the results of quench

Table 4—Shear Strength of Al 2 0 3 Joints
Made by Active Substrate Brazing

Interface

Room -Temperature
Shear Strength
(MPa)

Pad/Bar Tests
AI 2 0 3 /TiC-Ni, M o
AI 2 0 3 /Nb-1Zr
Al203/Ti
A l 2 0 3 + SiC/Ti

233
125
78
137

100

200

300

400

500

TEMPERATURE CO

and thermal cycling tests performed on
the 2-cm demonstration joints. Results
show that for the PSZ/NCI joints with
and without the transition piece, excellent resistance to thermal cycling and
shock occurred.
Some shear testing was also done for
joints of alumina to a TiC-Ni, M o cermet,
Nb-1Zr, and titanium, as well as joints of
SiC-whisker-toughened alumina to Ti.
The brazing for these combinations was
performed at 735°C in vacuum using
Ag-30Cu-10Sn braze alloy and a titanium
sputter coating of 1.0 pm thick. To promote the wetting of the TiC-Ni, M o
cermet, its surface was also sputter coated with 0.5-,um-thick titanium. This testing
was performed in relation to work aimed
at joining the aluminas to nodular iron for
the piston cap application using the
aforementioned materials as transition
pieces —Fig. 2B. These data, presented in
Table 4, indicate that a very strong joint
can also be obtained with these material
combinations by active substrate brazing.
Conclusions

600

700

800

Fig. 8 - The differential
contraction with cool
down from the filler
metal solidus between
NCI and PSZ (joint at
left) is vector quantity
a. Between the
titanium transition
piece and PSZ (joint at
right), it is vector
quantity 6

filler metal, zirconia was brazed to nodular iron at 735°C without altering the
properties of either of the joint components.
To minimize thermal strain on the
ceramic in joints between zirconia and
nodular iron, a titanium metal transition
piece was introduced. Experiments
showed that the thermal expansion coefficient differential at the ceramic interface
was held below 1 X 10~6°C, and differential strain during braze cool d o w n was
minimized. Testing of the zirconia-nodular iron joints showed that the various
braze interfaces have excellent shear
strength and resistance to thermal cycling
and shock.
In addition, the process can be applied
for joining a number of other ceramics
and metallic materials for structural applications, including alumina, and dispersion-toughened alumina for the ceramic
component, cast iron, titanium, Nb-1Zr
alloy and TiC-Ni, M o cermet as the nonceramic component.
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Metal-to-ceramic brazing can be accomplished by first applying a metallic layer onto the ceramic surface or by braz-ing directly to the
unmodified ceramic (oxide) surface. Several metallization methods have been proven to work effec-tively; however, this article is limited
to the two metallization methods most com-monly used (Refs.Â controlled expansion alloy often used when brazing to ceramics. All of
the brazed samples shown in Table 1, as well as those shown in the subsequent tables (Tables 2â€“4) passed a helium mass-spectrometer leak detection test (leak rate < 2.0â€“9 atm-cc/s) prior to being tensile test-ed. The part brazed in two stages (the first stage
involving brazing of the copper with 1.4571 and the second stage, at a lower temperature, the brazing of this pre-stage with the
metallized ceramic) reached a leakage rate < 10-10 mbar Â· l/s for He in the tightness test. From the deformation of the copper by
around 1 mm per side lengthways in the joint zone, it can be seen that the mechanical stresses imposed there during cooling from the
brazing temperature have been sufficiently reduced by plastic flow.Â 11: Basic types of ceramic-metal joints FRIALITÂ®-DEGUSSITÂ®
Oxide Ceramics - Joining oxide ceramics. flat brazing with compensation ring. 7. This paper reviews a new, low-temperature process for
soldering and brazing ceramics to metals that is based on the use of reactive multilayer foils as a local heat source. The reactive foils
range in thickness from 40Î¼m to 100Î¼m and contain many nanoscale layers that alternate between materials with large heats of
mixing, such as Al and Ni.Â This paper draws on earlier work to review the bonding process and its application to a variety of ceramicmetal systems. Predictions of thermal profiles during bonding and the resulting residual stresses are described and compared with
results for conventional soldering or brazing processes.

