
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 
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ABSTRACT. A metal-to-ceramic brazing 
process, termed active substrate process, 
was developed for joining partially stabi
lized 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 com
posite interfaces of excellent braze quali
ty 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 zirconia-
to-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, oxygen-
impoverished 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. 

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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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 prop
erties of the zirconia and nodular cast 
iron are developed by controlled heat 
treatments, and high brazing tempera
tures would erase the effects of prior 
heat treatments, thereby rendering the 
joint components unsuitable for the 
intended application. A low brazing tem
perature 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 molybde
num-manganese process uses a Mo-Mn 
paint initially applied to the ceramic sur
face, which after sintering and brazing 
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results in a mixture of refractory metal 
dispersed in a glass in the bond zone. 
Although this process has proven suc
cessful for applications requiring leak-
tight seals, joints produced by it generally 
have low strength. Also, since the pro
cess relies on a preliminary high-tempera
ture sintering treatment in wet hydrogen 
to reduce and coalesce the paint, the 
zirconia-base material stands to be seri
ously damaged. The active filler metal 
process relies on alloying of the filler 
metal with key active elements (e.g., 
titanium and zirconium) known to pro
mote wetting of ceramic surfaces. Braze 
joints with high strength can be produced 
with the active filler metal process, 
although the alloying required may signif
icantly compromise the ductility and 
toughness of the filler metal, and typically 
imposes the restriction of using high braz
ing temperatures. Recent alloy develop
ment 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., titani
um) 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). 

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 opti
mize 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 tempera
ture, high-strength stable joint, oxidation 
resistance, etc.). The essential features 
are illustrated in Fig. 1 for joining partially 
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Fig. 7 — Schematics of the principal approach 
investigated for joining ceramics to metals. 
NCI = nodular cast iron; PSZ = partially stabi
lized 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 tem
perature low enough to prevent undesir
able 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, prelimi
nary properties of joints are presented. 

Experimental Details 

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 zirco
nia. The nodular cast iron was Grade 
5506 nodular iron, which is composed of 
a pearlite-ferrite matrix containing spheri
cal graphite nodules. The filler metal 
selected for brazing was BVAg-18, which 
has a nominal composition of Ag-30Cu-
10Sn (wt-%). The BVAg-18 alloy was 
chosen because of its relatively low-
liquidus temperature, ~718°C (1324°F), 
and its good strength and ductility. 

Prior to brazing, the zirconia specimens 
were vapor coated with layers of titani
um metal, up to 2.0 pm thick, by sputter
ing. 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 nod
ules, 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 Glo-
bar 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 
10 - 6 torr) was maintained while holding 
at the braze temperature. Early tests indi
cated 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 subsequent
ly examining for any alterations in hard
ness and the pearlitic microstructure. The 
room-temperature hardness of the speci
mens 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. Titani
um was selected for this application 
because its coefficient of thermal expan
sion is nearly identical to that of partially 
stabilized zirconia, and it has excellent 
ductility. Consequently, strain due to mis
match of coefficient of thermal expan
sion is minimized between the zirconia 
and titanium, and any mismatch between 
the cast iron and the titanium is accom
modated 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 tran
sition 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 inter
faces of these joints were tested for 
shear strength by employing small (9.5-
X 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 0.14-
X 0.14-in.) pad/bar shear test specimens 
with 6.3-mm2 (0.01-in.2) shear area. 

The shear testing was performed in a 
special apparatus designed to place the 
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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 actu
ating 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 hori
zontal roll on-type Globar-heated fur
nace 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 ver
sus temperature of the test specimen. 

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 examina
tion 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 signifi
cant 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 
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Fig. 3-Demonstration (2.5-cm diameter) PSZ-NCI braze joints with and without the titanium 
transition piece 

copper-rich and silver-rich phases with 
some Sn dissolved in both phases. Addi
tionally, 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 contain
ing these three constituents is indicated. 
The schematic drawing in Fig. 6 summa
rizes the findings. The results portrayed 
are for a titanium sputter coating depos
ited 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 

titanium coating with oxygen fed by dif
fusion 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 tita
nium 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 condi
tions nonconducive to wetting and thus 
unsuccessful brazing. Nicholas (Ref. 13) 
reports that the TiO is wettable. Howev
er, it is possible that a thin surface layer of 
T2O3 (also blackish in color) formed and 

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

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

WELDINC RESEARCH SUPPLEMENT | 229-s 



BEFORE AFTER BRAZE 

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

IRREGULAR BOUNDARY 

Ti (0002)|| Zr0 2 SUBSTRATE 

TiO (111)||Ti (0002) 

O2" IMPOVERISHED 
ZrO. 

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 essen
tial to achieve a braze. 

As discussed later, excellent shear 
strength (187 to 235 MPa/27 to 34 ksi) is 
achieved with titanium coating thick
nesses 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-

fim thickness at a temperature of 800°C 
gave even lower shear strength. 

Transition Piece 

The dilatometer curves for the zir
conia, 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 tem
perature, whereas the commercially pure 
(Grade 1) titanium and zirconia exhibit no 
evidence of phase transformations. Com
parison 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 

Fig. 7-
Dilatometer curves 

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

Pad 
Material 

PSZ 
PSZ 
PSZ 
PSZ 
PSZ 
PSZ 
NCI 

NCI 

Treatment 

0.1-Mm Ti 
0.3-MITI Ti 

0.6-Mm Ti 
1.0-Mm Ti 
2.0-Aim Ti 
1.0-j.m Ti 
0.025-mm 

Cu 
0.050-mm 

Cu 

Braze 
Temperature 

(°Q 
750 
750 
750 
750 
750 
800 
750 

750 

Shear 
Strength 

(MPa) 

0 
235 
197 
187 
74 
36 

117 

234 

the zirconia (4.3 X 10" 6 / °C units higher), 
whereas the thermal expansion coeffi
cients of the titanium and zirconia are 
about equal (10 X 10" 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 mem
bers 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 temper
ature, 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 titani
um transition piece. The differential con
traction between the zirconia and nodu
lar 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 differ
ential 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 ther
mal expansion coefficient and high ductil
ity is apparent. 

Mechanical Properties 

Room-temperature shear strength data 
developed for optimized processing 
parameters for zirconia-titanium and tita
nium-nodular iron joints are presented in 
Table 1. When brazing at 750°C, a titani-
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Table 2—Shear Strength Data on Interfaces 
of PSZ Joints 

Pad/Bar Tests 

Interface^' 

Zirconia/nodular 
iron 

Zirconia/titanium 
Titanium/nodular 

iron 

Room-Temperature 
Shear Strength(b> 

(MPa) 

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 

24 thermal 
cycles'3' 

Argon quench 
from braze 

PSZ/NCI 

NP3>) 

NF 

PSZ/TP/NCI 

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. On 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 proper
ties 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 typ
ical room-temperature shear strength val
ues 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 evaluat
ed. Table 3 shows the results of quench 

Table 4—Shear Strength of Al203 Joints 
Made by Active Substrate Brazing 

Interface 

Room -Temperature 
Shear Strength 

Pad/Bar Tests 
AI203 /TiC-Ni, Mo 
AI203 /Nb-1Zr 
A l 2 0 3 /T i 
A l 2 0 3 + SiC/Ti 

(MPa) 

233 
125 
78 

137 

1 1 1 r 
THE CERAMIC IS STRAINED IN 
COMPRESSION IN BOTH CASES 

• 2.5 cm TYP 

FM SOLIDUS 

100 200 300 400 500 600 700 800 

TEMPERATURE CO 

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 

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, excel
lent resistance to thermal cycling and 
shock occurred. 

Some shear testing was also done for 
joints of alumina to a TiC-Ni, Mo 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 pro
mote the wetting of the TiC-Ni, Mo 
cermet, its surface was also sputter coat
ed 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 braz
ing. 

Conclusions 

A vacuum brazing process that incor
porates titanium as a vapor-deposited 
coating on the surface of a ceramic oxide 
to activate low-temperature ceramic-to-
metal brazing was developed for joining 
partially stabilized zirconia to nodular cast 
iron for advanced design diesel engines. 
This process includes the use of transition 
pieces to minimize strain on the ceramic, 
as well as electroplating the nodular cast 
iron with copper to enhance wetting. 

By incorporating the wetting activator 
on the ceramic rather than in the filler 
metal, as is customary in active braze 
alloys, and by using 60Ag-30Cu-10Sn as a 

filler metal, zirconia was brazed to nodu
lar iron at 735°C without altering the 
properties of either of the joint compo
nents. 

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 coef
ficient differential at the ceramic interface 
was held below 1 X 10~6°C, and differ
ential strain during braze cool down was 
minimized. Testing of the zirconia-nodu-
lar 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 appli
cations, including alumina, and disper
sion-toughened alumina for the ceramic 
component, cast iron, titanium, Nb-1Zr 
alloy and TiC-Ni, Mo cermet as the non-
ceramic component. 
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This Bulletin contains two reports that characterize the mechanical propert ies of two different 
structural shapes of construct ional steels used in the pressure vessel industry. 

( 1 ) Characteristics of Heavyweight Wide-Flange Structural Shapes 
By J. M. Barsom and B. G. Reisdorf 

This report presents information concerning the chemical, microstructural and mechanical (including 
fracture toughness) properties for heavyweight wide-flange structural shapes of A36, A572 Grade 50 and 
A588 Grade A steels. 

(2 ) Data Survey on Mechanical Property Characterization of A588 Steel Plates and Weldments 
By A. W. Pense 

This survey report summarizes, for the most part, unpublished data on the strength toughness and 
weldability of A588 Grade A and Grade B steels as influenced by heat t reatment and processing. 

Publication of this Bulletin was sponsored by the Subcommit tee on Thermal and Mechanical Effects 
on Materials of the Pressure Vessel Research Commit tee of the Welding Research Council. The price of 
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payment to the Welding Research Council, Suite 1301 , 345 E. 47th St., New York, NY 10017. 
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Bibliography on Fatigue of Weldments and Literature Review on Fatigue Crack Initiation from Weld 
Discontinuities 
By C. D. Lundin 

The bibliography together with a review of the present state of assessment of the factors which affect 
fatigue crack initiation make up this document. The bibliography was compiled through the efforts of 
many students at The University of Tennessee utilizing the previously available bibliographies and 
computer searches. 
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Components of the Materials and Fabrication Division of the Pressure Vessel Research Commit tee of the 
Welding Research Council. The price of WRC Bulletin 333 is $20.00 per copy, plus $5.00 for postage and 
handling. Orders should be sent with payment to the Welding Research Council, Suite 1301, 345 E. 47th 
St., New York, NY 10017. 
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