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Abstract

Zirconia stabilized with yttria was bonded to a Ni-based superalloy by active brazing. An interlayer with the composition of the

silver±copper eutectic plus 1.75 wt.% titanium was used as brazing material. Various brazing heating cycles were performed using a
furnace with graphite heating elements and under ¯owing argon. The microstructure of the bonded couples is related to the che-
mical reactions occurring during the brazing cycles, to the properties of the speci®c compounds formed and to the interdi�usion

phenomena occurring across the interfaces. Critical feature for the success of the joint is the nature of the interfaces that the brazing
interlayer formed with the superalloy and the zirconia. At the interface with the superalloy adhesion is obtained under a relatively
wide range of experimental conditions. On the contrary, at the interface with zirconia, a good wetting and adhesion occurred only
when a titanium oxide sublayer with a speci®c thickness formed. The best results were obtained with a maximum temperature

between 870 and 900�C, a soaking time of 10 min and a fast heating rate (10�C/min). The optimal thickness of the TiOx sublayer
was less than 1 mm. # 2000 Elsevier Science Ltd. All rights reserved.
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1. Introduction

Zirconia is an important structural material because
of its high fracture toughness and strength.1 These
properties are bene®cial in many practical applications,
that often require the ceramic to be bonded to a metal
(pure, steel or alloy).2ÿ8 One of the more appealing
®elds of interest for the use of zirconia is represented for
example by gas turbines.9ÿ12 Superalloy components are
typically used for these applications. They are usually
coated with a thin layer of zirconia with the technique
of plasma spraying in order to increase the maximum
operating temperature of the components.10,11 The
weak feature of such thermal barrier coatings is the
residual porosity and the low adhesion of the coating to
the superalloy that promotes its spalling.12 An alter-
native is to use dense zirconia components for the hot
zone of the turbine strongly bonded at one end to the
superalloy. The advantage of such a design is the high
temperature performance of dense zirconia under
aggressive conditions coupled with the mechanical
strength of the superalloy. In addition the temperature at

the ZrO2-superalloy interface is lower if a thick ceramic
substrate is used instead of a china coating. A tight and
reliable bond between the ceramic and the superalloy is
the key factor for the success of the overall engine as well
as for several other industrial applications.
Various techniques can be proposed to bond zirconia

to metallic materials.13ÿ17 Among these, brazing is ¯ex-
ible and relatively simple.18ÿ20 Brazing is typically per-
formed with a metallic interlayer, which at the melting
temperature promotes the bonding by wetting and
eventually reacting with the two materials. One of the
advantages of this technique is the possibility to choose
the interlayer among a wide variety of di�erent compo-
sitions, according to the speci®c physico-chemical char-
acteristics of the materials.
Commercial brazing materials are generally systems

Ag±Cu, Ag±Cu±Ti, Ag±Cu±Sn±Ti, Ag±Cu±In±Ti, Ti,
etc.2,7,18,20 The eutectic composition of the system Ag±
Cu (mp 780�C) is often preferred because it is relatively
ductile and therefore able to limit the stresses arising
between two materials with di�erent thermal expansion
coe�cients.
The success of a brazing process depends in the ®rst

place on the ability of the interlayer to wet the two
materials. In the case of ceramic-alloy bonds, the
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ceramic is often poorly wet. To improve the wetting a
small amount of an `active' element can be added to the
composition of the interlayer. Elements like titanium or
zirconium lower drastically the contact angle with the
ceramic and in addition improve the adhesion by react-
ing with the oxide that constitutes the main phase of the
ceramic. In the case of alumina for example, the contact
angle decreases from 130� to 20� with the addition of
titanium (1 wt.%) to the Ag±Cu eutectic composition.7,8

Although the reduction of Al2O3 by titanium is gen-
erally thermodynamically unfavored, in the presence of
speci®c molten alloys or in the case of the formation of
Ti3Al, substoichiometric TiOx compounds can form at
the interface. 21ÿ23

The reactivity of titanium and the nature of the new
compounds depend on the speci®c system and experi-
mental conditions, in particular the oxygen partial
pressure in the furnace chamber. The oxygen in fact
may promote the formation of a brittle compound at
the interface which weakens the bond instead of pro-
moting the adhesion. Titanium also changes the melting
point of the brazing alloy and causes the liquidus and
solidus separation so that during melting a transitional
two-phase stage easily occurs, which leads to the stif-
fening and hardening of the joint.5,20,24

These represent some of the possible side e�ects that
must be carefully evaluated and controlled for the pro-
duction of reliable and strong joints. The following
processing parameters play a key role during the joining
process: amount of active element, heating cycle (heat-
ing rate, maximum temperature and soaking time) and
furnace atmosphere. The properties of the starting
ceramic material a�ect the bonding quality as well. For
example, ZrO2 stabilized with Y2O3 or MgO is readily
wet and strongly bonded by Ag±Cu based brazing
alloys containing various amounts of titanium whereas
zirconia stabilized with ceria exhibits a poor wetting
under the same processing conditions.5,15

In this work, the brazing technique is applied to bond
dense, yttria tetragonal stabilized zirconia to a Ni based
alloy. This particularly refractory alloy is selected
because it is used for turbine components and has a
coe�cient of thermal expansion close to that of zirco-
nia. The selected braze interlayer has the composition of
the Ag±Cu eutectic plus 1.75 Ti. As it melts at relatively
low temperature, brazing cycles can be performed in the
temperature range of 800±900�C. The in¯uence of some
critical experimental parameters on the characteristics
of the joints is discussed with particular emphasis on the
microstructural features of the interface a�ecting wet-
ting and adhesion.

2. Experimental procedure

The materials used in this work are:

. Tetragonal stabilized ZrO2: Zirconia powder con-
taining 3 mol% of yttria (TZ3Y, Toyo Soda,
Japan) was used to produce fully dense discs (6.05
g/cm3) by cold isostatic pressing and pressureless
sintering (1500�C for 1 h). The thermal expansion
coe�cient (a) of this material is 10�10ÿ6/�C.

. Alloy Inconel 738: This is a Ni-based superalloy
with a solidus and liquidus temperature of 1230
and 1315�C, respectively. The chemical composi-
tion and the properties of this material are repor-
ted in Table 1.25

. Brazing interlayer Cusil ABA (Wesgo, Inc., Bel-
mont CA): The composition (63.00 Ag±35.25 Cu±
1.75 Ti wt.%) corresponds to the Cu±Ag eutectic,
which occurs at 780�C, plus the titanium. The
softening temperature ranges between 780 and
815�C. The principal chemical and physical prop-
erties are reported in Table 1. Very thin foils (50
mm), easy to handle and cut, are used.

Table 1

Chemical composition and relevant physical and mechanical properties of the alloy Inconel IN 73825 and of the brazing alloy Cusil ABA

Material Cusil ABAa Inconel IN738b

Chemical composition (wt.%) Ag 63.00;

Ti 1.75; Cu bal.

C 0.17; Cr 17.00, Co 8.50; Mo 1.75; W 2.60;

Ta 1.75; Nb 0.90; Al 3.4; Zr 0.10; B 0.01; Ni bal

Solidus temperature 780�C 1230�C
Liquidus temperature 815�C 1315�C
Density 9.8 g/cm3 8.11 g/cm3

Thermal conductivity 180 W/mK 17.7±27.2 W/m K from 538 to 1093�C
Coe�cient of thermal expansion �
(from RT to 500�C)

18.5�10ÿ6/K 11.6±14.0�10ÿ6/K

Young's modulus 83 GPa 201±175 GPa from RT to 538�C
Yield strength 271 MPa 950 MPa

Ultimate tensile stregth 346 MPa 1095 MPa

a Supplied by Wesgo Inc., Belmont, Ca.
b Supplied by Ansaldo Ricerche, Genova, Italy.
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For the brazing tests, slices of ZrO2 and superalloy
(15�15�2 mm3), were used. One ¯at surface of each
was polished up to 1 mm with diamond paste. The
brazing foil was cut into slices (15�15 mm2). The three
materials were ultrasonically cleaned in acetone and then
ethanol for about 10 min each. Finally they were assem-
bled together with the polished surfaces in direct contact
tol the brazing interlayer, as shown in Fig. 1. The sand-
wich was then placed inside a gra®te crucible and pro-
tected by a powder bed containing 80 wt.% of Al2O3 and
20 wt.% Al as oxygen gatter. A furnace with graphite
heating elements and ¯owing argon atmosphere were used
for all the brazing cycles. The argon was not gettered and
therefore contained also some oxygen (less than 2 ppm).
The oxygen partial pressure was less than 2�10ÿ1 Pa.
Two sets of brazing cycles were performed (Table 2),

with the following processing parameters:

. Set I: Heating (10�C/min) up to 780�C (the solidus
temperature of the brazing interlayer). This tem-
perature was maintained for 20 min, then the
maximum temperature was reached with a slow
heating rate (2�C/min) and kept for 1 min.

. Set II: Heating (10�C/min) up to the maximum
temperature. Soaking time in the range 10±30 min.

For both sets the cooling rate was 2�C/min to
700�C and then about 10�C/min.

No weight change of the samples occurred during the
thermal treatments.
Interfacial microstructure and microchemistry were

analyzed by scanning electron microscopy (SEM) and
energy dispersive spectroscopy (EDS) on polished cross
sections. X-ray di�ractometry was used to analyze the
surfaces of those samples that were in contact during the
brazing cycle but failed during the cutting operations.

3. Results

The heating schedule and characteristics of the pro-
cessed samples are reported in Table 2. The brazing
interlayer formed two interfaces, one with the super-
alloy and the other with the zirconia.
Adhesion at the interface between the brazing interlayer

and the superalloy was obtained in all the samples. Con-
versely, adhesion at the interface zirconia-brazing inter-
layer depended on the heating schedule. This interface
was fractured or poorly bonded in all the samples of set

Fig. 1. Flow chart of the procedure used to assemble the samples.

Table 2

Brazing cycles performed on ZrO2/Cusil ABA/Inconel 738 samples

Set No. Holding step

(�C�min)

Heating rate

after hold

step (�C/min)

Brazing

cycle

(�C�min)

Final Cusil

layer (mm)

Final

Ti,Cu,Ni,

sublayer (mm)

Final TiOx

sublayer (mm)

Adhesion

at the

interface

I 1 780�20 2 820�1 50 2±3 No layer No

2 780�10 2 833�1 a a a No

3 780�20 2 850�1 30 3±4 No layer Partial

4 780�20 2 900�1 a a a Partial

5 780�20 2 950�1 a a a No

II 6 None 10 850�30 a a a No

7 None 10 870�10 50 No layer 0.6 Yes

8 None 10 870�30 40 No layer 0.8 Yes

9 None 10 900�10 35 5±10 1.2 Yes

10 None 10 920�10 30±90 a a Partial

11 None 10 940�10 a a a No

a The ®nal thickness could not be measured.
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I subjected to the holding step at 780�C. In the samples
that quickly reached the maximum temperature (set II)
the adhesion depended on the temperature itself and on
the holding time. The optimal temperature ranged
between 870 and 900�C, while at lower and higher tem-
peratures the adhesion was partial or absent and the
samples fractured when handled or cut.
Despite the di�erences in the heating schedule some

common features were observed in all the samples:

. The brazing interlayer thickness decreased during the
heating cycle as a function of the maximum tempera-
ture. (Table 2, Figs. 2 and 3). In samples of set II
with a constant holding time of 10min, the thickness
decreased down to a minimum value of 35 mm at
900�C. At higher temperature the interlayer partially
squeezed out of the interface because of its decreased
viscosity. As a consequence, its thickness became
irregular: for example, in sample 10, treated at
920�C, the ®ller metal thickness varied from 30 to 90
mm. The soaking time had probably similar in¯u-
ence: the ®nal thickness of Cusil in sample 8, treated
for 30 min at 870�C, was 10 mm less than in sample
7, treated for 10 min at the same temperature.

. The brazing interlayer separated to form two pha-
ses, one rich in silver and the other in copper (light
and dark gray, respectively, in the SEM pictures;
Figs. 2 and 3). The eutectic solidi®cation structure
of the braze was di�erent when cooled from dif-
ferent temperatures, i.e. a ®ne structure with rela-
tively small copper ``islands'' when cooled from
temperatures just above the liquids to a very
coarse structure when cooled from 900�C (com-
pare for example (Fig. 2a and 3c). Traces of tita-
nium were found in both of these phases.

Fig. 2. Cross-section of samples 1 (a) and 3 (b) (set I, Table 2). Layer I

contains Ti, Cu and Ni in similar amounts (at.%). Layer II is formed

by Inconel IN738 enriched with titanium (about 10 at.%) and copper

(about 4 at.%). Fig. 3. Cross-section of samples (a) 7, (b) 8 and (c) 9 (set II, Table 2).
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. The main elements interdi�used among the materi-
als. Titanium migrated at both the interfaces,
silver and copper di�used toward the superalloy
and some elements of the superalloy di�used
across the brazing interlayer toward the interface
with ZrO2. At this interface quantitative micro-
analysis revealed concentrations as high as 20
at.% of Ni and 10 at.% of Cr and also traces of
Co and Al. The concentration pro®les of Ti and Ni
along the cross-section are shown in Fig. 4.

In samples 7±9 the quality of the adhesion was asses-
sed with a Vickers indenter with 10 kg load. The inden-
tation was perfomed on zirconia about 50 mm far from
the interface (see the subset in Fig. 5). The crack that
developed perpendicular to the interface did not propa-
gate along the interface or into the brazing interlayer
(Fig. 5). The latter deformed plastically as a con-
sequence of the stresses induced by the crack (i.e. along
the interface), so that the crack opening displacement
was larger at the interface than at the indentation cor-
ner. The residual stresses at the interface also a�ected
the cracks that formed at the opposite corners of the
indentation in the direction parallel to the interface. In
fact, since �ceramic < �metal, compressive stresses devel-
oped along the interface on the ceramic side and tensile
stresses on the metal one.26 As a consequence the cracks
were oriented toward the interface, and did not follow a
straight line. Due to the absence of the crack propaga-
tion across the interface, no numerical information can
be obtained on the strength of the joint. However, as a
preliminary result, it must be mentioned that the shear
stresses induced by the crack at the interface actually
did not cause the failure of the joint.
In the following sections the speci®c features of the

two interfaces will be separately described.

3.1. Superalloy±brazing material interface

As previously mentioned, at the interface between the
superalloy and the ®ller metal a good adhesion with no

crack or pore was easily obtained (Figs. 2 and 3a), but
di�erences exist between the two sets of samples (Table 2).
In the samples where the maximum temperature was

reached after a step of 20 min at 780�C (set I) titanium
migrated in a massive amount to this interface, in some
cases up to about 30 at.%. Here it formed one or even
two distinct sublayers with the other elements of the
brazing interlayer and of the superalloy as indicated in
Fig. 2.. Ti, Ni, and Cu were found in equal amounts in
the sublayer closer to the brazing material. The thick-
ness of such sublayers increased with temperature. The
second sublayer had a composition similar to the
superalloy but with a higher titanium content and some
copper; it did not form a sharp interface on the alloy
side and contained dispersed particles of silver.
Sample 7, set II, was treated at higher temperature

and longer time (870�C, 10 min) than samples 1 and 3,
set I (820 and 850�C, respectively, and 1 min), but no
distinct sublayer was revealed at the interface (Fig. 3a).
Here, only a slight di�usion of copper and titanium
from the ®ller metal toward the alloy and the precipita-
tion of silver particles occurred, as revealed by the ele-
ment pro®les of the cross-section (Fig. 6). Such a di�use
sublayer is similar to the above described second sub-
layer present in samples 1 and 3 (Fig. 2). At higher
temperature (900�C, sample 9) a sublayer containing Ti,
Cu and Ni (i.e. similar to the ®rst sublayer of samples 1
and 3) was observed (Fig. 3c). The thickness of this
sublayer increased with temperature whereas the thick-
ness of the residual ®ller metal decreased (Table 2).

3.2. Zirconia±brazing material interface

The interface between ZrO2 and the brazing material
was fractured or contained numerous pores in all the
samples of set I (Fig. 2). The X-ray patterns of the two
open surfaces that were in contact during the heating
cycle did not repeat any new compound.
On the contrary complete adhesion was obtained in

samples 7±9 of set II (Table 2), treated, respectively, at
870�C for 10 and 30 min and at 900�C for 10 min (Fig. 3).

Fig. 4. Interface between ZrO2 and Cusil after the indentation test

with a Vickers indenter using 10 kg load on sample 7.

Fig. 5. Cross-section of the bonded region of sample 7 and the EDS

pro®les of nickel and titanium.
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In all the samples of set II, two sublayers were revealed by
the EDS pro®le of the elements (Figs. 4 and 7):
TiOx sublayer: sublayer containing titanium and oxy-

gen formed at the interface with ZrO2 (X-ray dif-
fractiometry could not be conducted on such bonded
samples). Although it was not possible to determine
experimentally its exact stoichiometry, it should range
between those of TiO and TiO2. The free energy of for-
mation of these compounds is in fact negative in the
temperature range tested. Since the PO2

required for the
TiO2 reduction is several order of magninitude smaller
than the PO2

in the furnace (2�10ÿ1 Pa),27 this oxide
should form and be stable at the interface. Indeed, other
factors may a�ect the Ti reaction, for example, when
the brazing interlayer melts and wets the ZrO2 and the
superalloy, Ti is not in direct contact with the atmo-
sphere of the furnace, therefore oxidation may be
inhibited. Moreover, oxygen contained in the ¯owing
argon partially reacts with the Al powder contained in
the powder bed and therefore the PO2

close to the inter-

layer should be less than 2�10ÿ1 Pa. Consequently, the
stoichiometry of the observed TiOx sublayer can be dif-
ferent depending on the speci®c experimental condition,
in particular the maximum temperature and the soaking
time. The thickness of the TiOx sublayer is very limited,
varying with temperature from 0.6 (sample 7) to 1.2 mm
(sample 9), as shown in Fig. 8. At temperatures higher
than 900�C, the TiOx sublayer did not grow homo-
geneously along the entire interface. In these cases (sam-
ples 10 and 11) the adhesion was poor and the samples
fractured at this interface during the handling operations.
Ti, Ag, Ni sublayer: The second sublayer that formed at

this interface contains mainly Ti, Ag, Ni and traces of Cr
(Figs. 7 and 8a). Its formation was particularly evident in
sample 7 (870�C/10min), as revealed in Fig. 7 by the SEM-
EDS analysis. At 900�C or at higher temperature the Ti,
Ag,Ni sublayer did not grow homogeneously along all the
interface (Fig. 8b). In particular, when the zirconia was in
contact with the region of the interlayer rich in Ag, also
theNi andCr amounts in the second sublayer were higher.

Fig. 6. Interface Inconel IN738/Cusil ABA of sample 7 (Table 2) and

related EDS concentration pro®les of the elements (qualitative).

Fig. 7. Interface Cusil ABA/ZrO2 of sample 7 (Table 2) and related

EDS concentration pro®les of the elements (qualitative).
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Conversely, where zirconia was in contact with a Cu rich
area, the sublayer was thinner or absent.
In order to determine the possible presence of new

phases, the half of the fractured joint of sample 11,
set II, (Fig. 9) was analyzed through the X-ray dif-
fractometry. The X-ray pattern did not reveal the pre-
sence of titanium oxide, probably because it was too
thin, but showed traces of TiAg3, probably within the
Ti, Ag, Ni sublayer that formed in these samples.

4. Discussion

The brazing cycles performed have shown that
adherent joints can be obtained between zirconia and
superalloy and that the critical step of the overall pro-
cess is to realize a good adhesion at the interface
between zirconia and the brazing material. This goal is
accomplished when a thin layer of titanium oxide form
at such interface, and this occurs under speci®c experi-
mental conditions: fast heating rate, temperature
between 870 and 900�C and soaking time of 10 min. The
thickness and homogeneity of this layer are the key
factors for the success of the joint and under these con-
ditions a adherent TiOx layer with a thickness of 0.6±1.2
mm forms at the interface with ZrO2.

The evolution of the TiOx layer depends also on the
formation of another layer containing Ag and Ti and
probably compounds as TiAg3. In fact, once a thin TiOx

sublayer formed, the production of a second sublayer
was probably favoured compared to the oxidation of
titanium. This sublayer also contains elements as Ni and
Cr that di�used from the superalloy across the brazing
material. The presence of these elements probably
enhanced the formation of such sublayer.
As previously described, poor or no adhesion was

obtained when the samples were held at 780�C for 20
min. Such holding step may have promoted the migra-
tion of titanium preferentially at the interface with the
superalloy. As a consequence the TiOx sublayer did not
form at the interface with zirconia and there was no
adhesion. The preferential titanium migration toward
the superalloy could be driven by the concurrent
migration of nickel to the same interface (Fig. 2).
No adhesion was obtained when samples were treated

at T>900�C (samples 10 and 11, Table 2). In these cases
the titanium migration within the brazing interlayer
toward the zirconia was probably faster compared to
lower temperatures. Moreover, the lower viscosity of the
brazing alloy hastened its separation in the Ag and Cu-
rich regions within the residual brazing interlayer during
cooling (Fig. 3c). Hence, titanium migrated fast toward
zirconia and formed a thick titanium oxide layer. The
failure of these joints may be driven by several features.
One is that a thick TiOx sublayer is less resistant to the
tensile stresses arising between the ZrO2 and the super-
alloy during cooling. Another feature is the stoichiometry
of the TiOx sublayer. Previous studies on the brazing of
Al2O3 have shown that the stoichiometry of the titanium
oxide a�ects the strength of the joint.7,8,28 The stoichio-
metry ranges between TiO, a metallic compound char-
acterized by a high wettability, to TiO2, a ceramic
compound with a lower wettability. The relatively high
PO2 of the adopted experimental conditions, together
with the faster titanium migration, could have promoted
and hastened the formation of titanium oxides with higher
oxygen contents, i.e. Ti2O3, Ti3O5 or eventually TiO2.

29

Once formed, such compounds drove the failure of the
joint because they are brittle; their wettability is poor and
therefore they cannot accommodate the thermal expan-
sion mismatch between the ceramic and the superalloy.
In the literature on the brazing of alumina7,18 the for-

mation of TiOx layers at the interface is often considered
the consequence of the reduction of Al2O3 by titanium.
Under the experimental conditions used, however, such
reaction is not thermodynamically favored. The energy
needed to produce an equal amount of zirconium is even
higher. In the present case, the observed formation of
TiOx compounds is more probably the consequence of
the reaction of titanium migrated at the interface with
the residual oxygen present in the atmosphere. Such mec-
hanism of reaction explains why, after the brazing cycles,

Fig. 8. Interface Cusil/ZrO2 of sample (a) 7 and (b) 9 and related TiOx

sublayers.

Fig. 9. Microstructure of the fractured surface of the Inconel side of

sample 11 (Table 2).
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the surface of ZrO2 in contact with the brazing interlayer
is still smooth and straight (Fig. 3). In fact, if ZrO2 had
reacted with Ti the surface would have been irregular, as
shown in the case of the reaction of Al2O3 with Ti.23

5. Conclusions

Successful joints characterized by a good wetting and
adhesion between zirconia partially stabilized with
yttria and a Ni-based superalloy (Inconel IN 738) were
obtained using a Cu, Ag, Ti brazing interlayer (Cusil
ABA). Titanium is the active element of this system and
its di�usion and reaction drove the overall process.
Under speci®c experimental conditions (fast heating rate
of 10�C/min, maximum temperature between 870 and
900�C and a soaking time of 10 min) a homogeneous
TiOx layer with a limited thickness formed at the inter-
face between zirconia and the brazing interlayer. Such
layer was assessed to be the key factor for the adhesion at
this interface. At the other interface between the brazing
interlayer and the superalloy adhesion with no pore and
limited interdi�usion of the involved elements was
obtained under a wider range of experimental conditions.
The consequent good wetting and adhesion between the
two materials promoted the formation of reliable joints
as con®rmed by the Vickers indentation tests.
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