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a b s t r a c t

Al2O3/FeeNieCo joints are achieved using AgeCue8Ti filler alloy, and the dependence of the joint
microstructure and mechanical performance on the brazing temperature has been studied by means of
SEM, EDS, XRD and tensile test. The results show that the brazing seam is composed of TiO, Ti3Al, Ag (s,
s), Cu (s, s), (Cu, Ni) and Ni4Ti3 phases. A layer of Ti3Al and TiO products is observed at the Al2O3/AgCuTi
interface and the fracture testing indicates that the thickness of the reaction layer plays a critical role in
the joint strength. The joint strength firstly increases and then declines with the thickness of the
(Ti3Al þ TiO) layer increasing, and the formation of the cracks is ascribed to the existence of Ti3Al phase.
The thermokinetic analysis for the interfacial reaction between Al2O3 and AgCuTi show that the Gibbs
free energy equals �88.939 kJ/mol for forming Ti3Al and TiO phases, and the growth rate of the reaction
layer mainly depends on the diffusion rate of Ti across the formed reaction layer. Meanwhile, the
quantitative relationship among brazing temperature, holding time and reaction layer thickness has been
established.

© 2015 Elsevier B.V. All rights reserved.
1. Introduction

Ceramic materials are widely used in many areas of industries
due to a combination of high-temperature resistance, corrosion
resistance and abrasion resistance. However, the application of
ceramic is always limited by its poor toughness and machinability,
so in order to make its excellent properties fully utilized in prac-
tical applications, ceramic materials are usually joined with
metals, which is FeeNieCo alloy in this paper, to manufacture a
component. The common methods to join ceramics and metals
can be classified into two kinds: one is the method of surface
metallization with subsequent Ni plating of ceramic surface before
brazing, and the other is active brazing by using active filler
containing a small amount of Ti, Zr or Hf elements. The method of
surface metallization of ceramic has been a standard industrial
process, but the inadequacies of complex process and time-
consuming limit its far-ranging applications in engineering. To
simplify operation process and shorten the production cycle, a
method of directly brazing metal to ceramic with the active filler
alloy has been appreciated.
The series of AgCuTi filler alloy are applied to the connections of
various ceramics or ceramics to metals, and the effect of reaction
process and reaction products between the ceramic and active filler
on the joint strength have attracted the most attention in recent
years [1e3]. Nanoindentation method is introduced for probing the
mechanical properties of reaction phases of Si3N4/AgCuTi/
SiCeSi3N4 joint and the digital image correlation (DIC) technique is
applied to clarified the strengthening mechanism of the joint [4].
The ZrB2eSiC composites (ZS) are also joined using an AgeCu/Ti
filler alloy [5], and the result shows that the mechanical properties
of ZS/ZS joint are improved by interfacial TiB accommodation due
to the reduction of the coefficient of CTE mismatch. For Al2O3/
AgePdeTi/Kovar joint [6], the effect of Ti content on the interfacial
microstructure and mechanical properties shows that the type of
titanium oxide are affected by the thickness of Ti layer, and the joint
strength are influenced by the thickness of reaction layer and re-
sidual Ti layer. M. Brochu [7] studied the active brazing of Si3N4
ceramic and FA-129 alloy, and they found a reaction layer formed at
Si3N4/Cu interface and discussed the relation between the thick-
ness and brazing time. The Al2O3/Al2O3 joint can be achieved using
AgeCueTiþ Bþ TiH2 composite filler [8], the results show that the
addition of B powders in composite filler increases TiB whiskers
content, but decreases the thickness of Ti3(Cu,Al)3O layer, while the
higher TiH2 powders content thickens Ti3(Cu,Al)3O layer.
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Fig. 2. The programming heating curve during brazing process.
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It is well accepted that during the active brazing process, the
active element, such as Ti, in the molten brazing filler is absorbed to
the surface of ceramic and forming a layer of reaction product with
ceramic at the interface. The morphology and the properties of the
reaction layer, which are determined by brazing process, play
important roles in the joint strength. However, the relationship of
brazing temperature, holding time and thickness of the reaction
layer and the discussion of growth process of the reaction layer are
rarely mentioned. In order to identify the dependence of seam
microstructure and the joint strength on the brazing temperature,
holding time and thickness of the reaction layer, AgCuTi filler alloy
is applied to braze Al2O3 and FeeNieCo at different temperatures
for various times in the present paper. The study also aims to
investigate the reaction between AgCuTi filler with Al2O3 ceramic,
the controlling factors in the growth of the reaction layer, the
reasons for the change of joint strength and the mechanisms of the
formation of the microcracks during tensile testing.
2. Experimental

The ceramic and metal used in this work were 95 wt% Al2O3

ceramic and Fe-33 wt% Ni-15 wt% Co alloy plates. FeeNieCo alloy
plates were chosen as another matrix treated with the surface
nickel-plated to ensure a favorable spreadability of the brazing filler
on it. Al2O3 ceramic and FeeNieCo alloy was assembled (shown as
Fig. 1) after their surface for brazing were coated by a commercial
pasty Ag-25.92 wt% Cu-7.89wt% Ti filler alloy (Lucas-Milhaupt, Inc).

Due to the high Ti content (7.89 wt%) in the used AgCuTi filler
alloy, the samples were performed in a horizontal vacuum at a
pressure of 3.0 � 10�3 Pa to avoid the oxidation of active Ti during
heating. The heating curve was shown in Fig. 2. A heating rate of
10 �C/min was set, which could effectively reduce the temperature
gradient of samples to prevent the generation of internal stress.
Heat preservation was set at 450 �C holding for 30 min to make
organic adhesive in AgCuTi filler fully decompose before being
pumped. All samples were preheated to 750 �C and held for 30 min
before they were heated to the brazing temperature to reduce the
time delay between the true specimen temperature and program
temperature. In order to reduce the temperature gradient of sam-
ples and prevent the generation of stress, the sample was cooled at
a rate of 3 �C/min from the brazing temperature to 720 �C and
subsequently cooled inside the furnace to room temperature. The
tensile strength of brazed joint was determined by RGX-M300
electronic universal testing machine with a speed of 0.5 mm/min.

For the characterization of metallographic structure, the sam-
ples were ground to 10 mm in thickness along the direction
Fig. 1. Sketch of assembling jig for samples.
perpendicular to the seam by diamond discs before being etched.
Microstructure and reaction phases were examined by means of
the HITACHI S-4800 scanning electron microscope (SEM) equipped
with an energy dispersive X-ray spectrometer (EDS). The different
phases were identified using the X'Pert PRO X-ray diffractometer
(XRD).
3. Results and discussion

3.1. Microstructures and interfaces

The microstructures of the brazing seam detected by SEM are
shown in Fig. 3. The results indicate that the joints are mainly
composed of three parts: an interfacial reaction layer with a
thickness of approximately 0.8e1.8 mm adjacent to Al2O3 ceramic, a
brazing seam zone consisting of banded structures, lump phases
and concave phases, and an interfacial reaction zone adjacent to
FeeNieCo alloy. Fig. 3(a) shows an interfacial reaction layer of
about 0.8 mm in thickness between Al2O3 ceramic and AgCuTi filler
alloy, which indicates the occurrence of metallurgical reactions
between Al2O3 and AgCuTi filler. However, the faying interface
between AgCuTi and FeeNieCo is clear, because the dissolution of
FeeNieCo towards AgCuTi is largely limited at such a low tem-
perature of 870 �C. In comparison, an interfacial reaction zone with
a tortuous joining line adjacent to FeeNieCo alloy is observed in
Fig. 3(b), which is benefited from the rise of brazing temperature
(890 �C). In addition, the reaction layer at Al2O3/AgCuTi interface in
Fig. 3(b) is continuous and the thickness increases to 1.4 mm due to
the violent interfacial metallurgical reaction that also caused by the
rise of brazing temperature. Comparing the three samples brazed at
different temperatures, the thickness of reaction layer adjacent to
Al2O3 ceramic increases with the rise of brazing temperature, and it
reaches 1.7 mm at a brazing temperature of 910 �C, as shown in
black-bordered box in Fig. 3(c).

Fig. 4 shows the elemental diffusion of the cross section of
Al2O3/AgCuTi/FeeNieCo joint. The results reveal that Ti element
aggregates to Al2O3 surface (zone A) and in the banded structure
(zone C), and Ni distributes in the whole brazing joint and present
higher concentration in banded structure and near FeeNieCo alloy.
It is noted that Al and O aggregate in the layer at Al2O3/AgCuTi
interface and Cu distributes in the whole brazing seam.

In order to identify the formed phases in the Al2O3/AgCuTi/
FeeNieCo brazing seam, an EDS analysis was conducted to inves-
tigate the composition of the phases as shown in Fig. 5. Table 1
shows the EDS analysis results of the Al2O3/AgCuTi/FeeNieCo
joint in Fig. 5. It can be seen that the lump phases (as marked by
“D”) are Cu-rich and the concave phases are Ag-rich. As a result of



Fig. 3. SEM micrographs of Al2O3/AgCuTi/FeeNieCo joints at different brazing tem-
perature (a) 870 �C; (b) 890 �C; (c) 910 �C.

Fig. 5. SEM micrograph of Al2O3/AgCuTi/FeeNieCo joint (brazed at 890 �C).
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the contents of Ti, Ni elements far more than Cu, it can be inferred
that Ti probably prefers to interact with Ni to form Ni4Ti3 phase
rather than Cu (as marked by “C”). (Cu, Ni) solid solutions (as
marked by “E”) forms adjacent to FeeNieCo alloy, because lots of Ni
Fig. 4. Component analysis of the cross section of A
from the molten FeeNieCo meet partial Cu-rich liquid from the
melting of AgCuTi [9]. Therefore, the banded structures are Ni4Ti3
phases and the interfacial reaction zone adjacent to FeeNieCo alloy
are mainly consisting of (Cu, Ni) solid solutions. Active element Ti is
adsorbed onto Al2O3 surface preferentially after AgCuTi melt into
liquid due to its high chemical activity [10], eventually leading to
the formation of Ti3Al and TiO at the Al2O3/AgCuTi interface (as
marked by “A”) through the following metallurgical reaction:

9Ti þ Al2O3 / 2Ti3Al þ 3TiO (1)

The standard enthalpy of formation, absolutely entropy and heat
capacity of Ti, Al2O3 and TiO can be detected from the thermody-
namic manuals [11]. However, for those thermodynamic data
which cannot be indexed directly from the manuals, such as the
free energy of AXBY alloy, we can regard it as a binary system
consisting of X moles of A and Y moles of B [12], and its free energy
can be approximately estimated as:

DG ¼ XGA þ YGB (2)

Gi ¼ G0
i þ RTInai ði ¼ A;BÞ (3)

ai ¼ gixi (4)

Where Gi
0 (kJ/mol) and ai are the partial free enthalpy and activity

of i substance, xi and gi are the mole fraction and activity coefficient
of i component. What need alludes is, gi can be calculated by the
formula proposed by Srikanth [13]. By calculating, relevant
l2O3/AgCuTi/FeeNieCo joint (brazed at 890 �C).



Table 2
Thermodynamic data of relevant reactants and reaction products.

Chemical compounds DG890 �C (kJ/mol)

Ti3Al �296.928
TiO �599.700
Al2O3 �1805.743
Ti �55.386 Fig. 6. Influence of the brazing temperature on the tensile strength of Al2O3/AgCuTi/

FeeNieCo joint.

Fig. 7. Influence of the brazing temperature on the thickness of reaction layer
(the brazing time is 5 min).

Table 1
The EDS analysis results of different areas in Fig. 5.

Zones Element (at. %)

O Al Ti Fe Co Ni Cu Ag

A 25.83 23.45 8.18 0.34 0.18 22.23 17.84 1.96
B 0.74 0.12 0.18 e 0.59 2.72 8.81 87.02
C 1.00 0.49 16.76 0.52 0.22 49.36 10.57 21.09
D 0.75 0.64 1.73 e e 9.84 85.64 1.39
E 0.69 0.23 1.41 4.60 1.80 24.87 66.06 0.35
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parameters of Ti and Al components can be obtained at 890
�
C as

follows: gTi ¼ 0.721, gAl ¼ 0.0107, xTi ¼ 0.75, xAl ¼ 0.25, aTi ¼ 0.5408
and aAl ¼ 0.0027. The free energies of Ti3Al, TiO, Ti and Al2O3 are
shown in Table 2. Since the change of the system free energy
is �88.739 kJ/mol (DG < 0), the formation of titanium oxide (TiO)
and titanium-aluminum intermetallic compound (Ti3Al) at Al2O3/
AgCuTi interface is thermodynamically feasible.

The interfacial structure of the samples can be expressed as
Al2O3/TiO þ Ti3Al/Ag (s, s) þ (Cu, Ni)/Ag (s, s) þ Cu (s, s) þ Ni4Ti3/
FeeNieCo. According to the phase diagram of AgCuTi ternary alloy,
the filler tends to separate into two immiscible liquid phases upon
melting, one liquid phase is rich in Ag and the other is rich in both
Cu and Ti [14]. When the reaction starts, Ni4Ti3 phase generates
immediately because of the reaction between active element Ti and
free Ni, leading to Cu-rich phase forming in the brazed seam zone
instead of (Cu, Ni) phase. Meanwhile, active element Ti in the
molten filler is adsorbed to Al2O3 surface due to its high chemical
activity, thus (Ti3Al þ TiO) layer is formed at the Al2O3/AgCuTi
interface through the fore-mentioned metallurgical reaction (Eq.
(1)). The high contents of Ni beside FeeNieCo alloy can react with
Cu liquid to generate (Cu, Ni) solid solution containing a small
amount of Fe and Co. Lastly, banded structure was surrounded by
liquid Ag and surplus liquid Cu until the end of the reaction.

3.2. Mechanical performance

Al2O3 ceramic/FeeNieCo alloy are brazed using AgCuTi filler
alloy at different temperatures, and the average tensile strength of
six samples for each temperature are obtained as shown in Fig. 6.

According to Fig. 6, it can be seen that the joint strength with a
little discrete nature firstly increases and then declines with
brazing temperature increase, and the highest tensile strength of
78 MPa is obtained when the sample is brazed at 890 �C for 5 min.
In order to find the reasons for the change in joint strength, the
relations of brazing temperature, holding time, joint strength and
thickness of reaction layer are discussed. The thickness relationship
of reaction layer at the Al2O3/AgCuTi interface under different
temperature conditions was shown in Fig. 7. Comparing the tensile
results in Fig. 6 and the reaction layer results in Fig. 7, it is feasible to
conclude that the strength of Al2O3/AgCuTi/FeeNieCo joint firstly
increases and then declines with the reaction layer thickness
increases.

It is generally believed that the interfacial reaction of ceramic-
metal is controlled by the diffusion in between ceramic and
metal, and the growth curve of the reaction layer keeps a parabolic
tendency. Thus the thickness of the reaction layer can be expressed
as [15]:

X ¼ Kt0:5 (5)

K ¼ k0 expð � Q=RTÞ (6)

Where X (m) is the thickness of reaction layer, K (m2/s) is the re-
action rate constant, Q (kJ/mol) and k0 (m2/s) are the activation
energy and the pre-exponential factor, and R is gas constant
equaled to 8.314 J/(K mol). The K0 and Q can be estimated as
2.2616� 10�1 m2/s and 143.85 kJ/mol, respectively, from the results
of the linear fitting shown in Fig. 8(a). The relationship among
thickness of the reaction layer, holding time and brazing temper-
ature can be written as:

X ¼ 2:2616� 10�1 exp
�
� 143:85� 103

.
8:314T

�
� t0:5 (7)

Where X (m) is the thickness of reaction layer, T (K) is the brazing
temperature and t (s) is the brazing time. To further prove the
correctness of Eq. (7), Al2O3 ceramic and FeeNieCo alloy are brazed
using AgCuTi filler for 1 min, 10 min, 20 min and 30 min at 890 �C.
Fig. 8(b) displays the theoretical values is very close to the



Fig. 8. (a) Linear fitting results of data from Fig. 7; (b) The comparison of theoretical
and experimental data; (c) Curvilinear relationship of brazing temperature and
thickness of reaction layer.
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measured mean counterparts. So it can be confirmed that Eq. (7)
can be used to evaluate the actual situation, and thus the rela-
tionship of brazing temperature and the thickness of reaction layer
was presented in Fig. 8(c).

The interaction between Al2O3 ceramic and AgCuTi filler alloy is
a reaction-diffusion process [15], consisting of the diffusion of Ti
atoms across the reaction layer and the metallurgical reaction be-
tween Ti and Al2O3. So the extracted activation energy (Q) can be
considered as the reaction-diffusion activation energy that includes
the activation energy of the Ti diffusion and the activation energy to
transition state of the reaction. The reaction between Ti in the
molten AgCuTi filler and Al2O3 stem from the adsorption of Ti onto
the surface of Al2O3 in two steps [16]: the physical adsorption firstly
stems from the Van der Waals forces between Ti and surface atom
of Al2O3 ceramic, and then the chemical adsorption occurs when
the activation energy is so high to counteract the atomic binding
energy. The initial reaction layer at the Al2O3/AgCuTi interface can
be obtained as reaching the activation energy to transition state.
However, the formed reaction layer becomes a barrier-layer of
further reaction between Ti and Al2O3. So the Ti atoms have to pass
through the formed reaction layer by diffusion to keep the further
reaction. The diffusion of Ti atoms in the formed layer achieves by
vacancy diffusion or diffusing along the grain boundary [17].

The growth rate of reaction layer lies on the diffusion rate of Ti
atoms across the reaction layer and the rate of the chemical reac-
tion. It can be observed that the growth rate of reaction layer de-
clines with the increase of brazing time as shown in Fig. 8 (b). This
phenomenon indicates that the diffusion rate of Ti atoms across the
reaction layer is less than the rate of the chemical reaction during
brazing, that is, the growth rate of reaction layermainly depends on
the diffusion rate of Ti atoms across the formed reaction layer.

The reasons for the change in joint strength can be described as
below. The reaction layer at the Al2O3/AgCuTi interface can effec-
tively realize the combination of ceramic and brazing seam in a
form of chemical bonds [18,19]. Practically, the higher brazing
temperature is, the more Ti concentrates near Al2O3 ceramic and
the faster Ti atom diffuses across the reaction layer. So Ti cannot
diffuse largely to the surface of Al2O3 ceramic at 870 �C. When the
temperature rises to 890 �C, the increase in thickness of reaction
layer leads to the improvement of joint strength. Although the re-
action layer benefits the strength of the joint, the joint strength
decreased due to the poor strength of its own when the tempera-
ture rises continually. Therefore, the thickness of the reaction layer
should be controlled in a reasonable range to ensure the higher
joint strength, which can be achieved by tuning the parameters of
Eq. (7) in the practical production.

3.3. Fracture analysis

Fig. 9(a) shows the fracture morphology of Al2O3/AgCuTi/
FeeNieCo joint. It can be seen that the Al2O3 fracture surface is
stereoscopic and angular, exhibiting the typical characteristic of
intergranular fracture. Fig. 9(b) shows that cracks form at the
interface between Al2O3 and AgCuTi and there are no cracks formed
at the reaction zone of FeeNieCo/AgCuTi and in the brazing seam.
This phenomenon indicates that the initiation of the cracks in the
joints relate to the reaction product formed at Al2O3/AgCuTi
interface under this experimental condition. When the external
load exceeds the intensity of local stress around Ti3Al particle,
which is hard and brittle [20], microcracks generate because of the
existing of stress between Ti3Al phase and TiO phase due to the
differences in elasticeplastic. Microcracks aggregate and grow up
with the loading, and then propagate into the Al2O3 grain bound-
aries as shown in Fig. 9(b). Although Ni4Ti3 compounds could be
also formed in the brazing seam, these compounds are not so brittle
and have a certain plasticity [21]. Therefore, no crack is observed in
the brazing seam. In addition, the product phases in the brazing
seam are reconfirmed by XRD analysis of the fracture surface of
Al2O3/AgCuTi/FeeNieCo joint as shown in Fig. 10, and the insets in
Fig. 10 are the magnification of the peaks of Ti3Al, TiO and Ni4Ti3.
Besides the well-defined peaks of Al2O3, TieAl inter-metallic
compounds (Ti3Al), titanium oxide (TiO), NieTi inter-metallic
compounds (Ni4Ti3) and phases of enrichment (Ag(s, s) and Cu(s,
s)) are found. Combining the XRD results with the composition of
the phases in the seam detected by EDS, it is verified that the
brazing seam zone is composed of Ni4Ti3(R-3), Ag(s, s) and Cu(s, s)



Fig. 9. Tensile fracture morphology of Al2O3/AgCuTi/FeeNieCo joint.
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and the interfacial layer is mainly composed of TiO(A2/m) and
Ti3Al(P63/mmc).
Fig. 10. XRD patterns from the fracture surface of Al2O3/AgCuTi/FeeNieCo joint (a)
XRD pattern of FeeNieCo side, (b) XRD pattern of Al2O3 side.
4. Conclusion

Al2O3 ceramic are brazed to FeeNieCo alloy using AgCuTi filler
alloy at different temperatures. The primary conclusions are sum-
marized as below:

1. With the brazing temperature increasing, the strength of Al2O3/
AgCuTi/FeeNieCo joint firstly increases and then declines, and
the joints with a 1.4 mm thick reaction layer at the Al2O3/AgCuTi
interface, which are obtained by brazing at 890 �C for 5 min,
have the highest tensile strength of 78 MPa.

2. The strength of Al2O3/AgCuTi/FeeNieCo joints firstly increase
and then decline with thickness of the reaction layer increasing.
The relationship of the thickness of reaction layer, holding
time and brazing temperature can be expressed as
X¼ 2.2616� 10�1exp(�143.85� 103/8.314 T)� t0.5, where X (m)
is the thickness of reaction layer, T (K) is the brazing tempera-
ture and t (s) is the brazing time. The quantitative relationship
means the joint strength can be controlled by the thickness of
reaction layer at the Al2O3/AgCuTi interface in practical
production.

3. The growth of reaction layer between Al2O3 and AgCuTi is a
reaction-diffusion process, and the growth rate of reaction layer
mainly depends on the diffusion rate of Ti atom across the
formed reaction layer.

4. The microstructure of Al2O3/AgCuTi/FeeNieCo joint can be
expressed as Al2O3/Ti3Al þ TiO/Ag (s, s) þ (Cu, Ni)/Ag (s, s) þ Cu
(s, s) þ Ni4Ti3/FeeNieCo and the reaction for forming Ti3Al
phase and TiO phase is validated by thermodynamics analysis.
The microcracks firstly form at the interface between Ti3Al
phase and TiO phase, and then propagate into the Al2O3 ceramic
along grain boundaries after their aggregation and growth.
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