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Abstract

For the joining of ceramic materials as well as ceramics and metals, reactive air brazing (RAB) is an important
improvement compared to existing brazing technologies. In contrast to commonly used active brazing processes, no
vacuum atmosphere is needed in RAB. This is a crucial factor for certain materials, such as some functional ceramics,
which cannot be brazed in vacuum easily because they are thermodynamically unstable in atmospheres of low oxygen
partial pressure. Sometimes for those materials, RAB is the only possibility to obtain a gas-tight sealing, which works
safely up to high temperatures.

This paper presents current research findings concerning the influence of the copper oxide (CuO) content in AgCuO
braze on the microstructure of the brazing zone and the mechanical properties of reactive-air-brazed ceramic/
metal joints. The joining components are the perovskite-type ceramic Bag 5Srj sCo gFeq ,03_5 (BSCF) and the heat-
resistant austenitic steel AISI314. As braze materials, mixtures of silver with CuO contents between 1 mol% and
16 mol% were used.

The present study shows thatahigher CuO contentin the braze results in better wettability. However, achangein the
microstructure of the ceramic can be observed, which becomes more pronounced with increased CuO concentration.
This change in microstructureis characterized by higher and irregularly distributed porosity and increased grain sizes
with copper cobalt oxide phases at the grain boundaries. Mechanical tests show that this reaction area leads to lower

mechanical strength of the bonded specimens.
Keywords: RAB, reactive air brazing, perovskite, BSCE, CuO

I. Introduction

Ceramic components are becoming more and more im-
portant for many technical applications. Normally, ce-
ramic components require joining to an adjacent metal
structure. Joining ceramic to metal is a difficult task be-
cause of the insufficient wettability of metallic brazes
on ceramics owing to high interfacial tensions and the
handling of thermal stresses caused by different thermal
expansion coefficients. Furthermore, ceramic materials
are often integrated into high-temperature applications
because of their high-temperature stability so that the
seal usually needs to be heat-resistant. The most com-
mon joining technology applied to meet these require-
ments is active brazing. But active brazing needs a vacuum
atmosphere and some functional ceramics, for example
cathode materials like those used for Solid Oxygen Fuel
Cells (SOFC), are not stable in atmospheres with very low
oxygen partial pressures. Moreover, the perovskite-type
Bag 5Srg5Coq gFeq 035 (BSCF), which is a promising
high-temperature membrane material for oxygen sepa-
ration from air, exhibits decomposition in a vacuum at-
mosphere 1. BSCF membranes could be integrated in ap-
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plications where pure oxygen is needed for any process,
for example for oxygen supply in emission-free oxyfuel
power plants 2. The service temperature for BSCF mem-
branes is between 800 °C and 900 °C. Here, the joints have
to withstand the functional demands of the membranes
while they are exposed to high mechanical loading at the
same time.

As mentioned earlier, one typical problem of metal/ce-
ramic bonds is the difference in the thermal expansion
of the joining partners, leading to high thermal stresses
during cooling from brazing temperature and at temper-
ature cycles under service conditions. In the case of BSCF
and the austenitic steel ATST314 (DIN X15CrNiSi25-21,
Werk.-Nr. 1.4841), the coefficients of thermal expansion
(CTE) are almost equal. Both materials show high a CTE
of 15*10-6 K-l atroom temperature and about 19*10-6 K-1
at 850°C3. In this particular application, glass solders
could be considered an alternative, but they are not appli-
cable to join this material combination because their CTE
isusually lower than 10%10-6 K-1. Wang et al. 4 and Shao et
al. > used glass ceramic sealants to join BSCF in an oxygen
permeation testing device. After measuring and cooling to
room temperature, the thermal expansion mismatch dam-
aged the sealant and membrane. With regard to the use of
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metal brazes, itis necessary to take into account that Oxy-
gen Transport Membranes (OTM) work in an oxidizing
atmosphere. Consequently, only noble metals can be used
as braze material.

A brazing technology that might overcome the short-
comings of the technologies presented so far is reactive air
brazing (RAB), for which Scott Weil applied for patent
in the year 2002 6. Kim et al. 7 and Weil ez al. 89 intro-
duced this technology working with a silver-copper oxide
(AgCuO) braze, which can be brazed in air atmosphere.
The origin of this technology is “direct copper bonding”
10

The principle of RAB is to braze in air with a braze
alloy containing a noble metal as the base component
and a metal that forms a metal oxide as the second com-
ponent. In most cases silver is used as the noble met-
al and copper as the oxide builder. Hardy et 4l 1! and
Weil et al. 12 investigated the influence of the CuO con-
tent on the wetting behavior and mechanical proper-
ties of Lag¢Srg4CogoFeqgOs3.5 (LSCF 6428) - joints.
LSCF 6428 is a material that is chemically and crystal-
lographically comparable to the investigated BSCF per-
ovskite-type ceramic in this study and it is also used for
OTM components. They demonstrated that “brazes con-
taining 1.4 to 16 mol% CuO achieve the appropriate bal-
ance between braze composition, precipitate size, and
morphology” 11. In this range of CuO content no signifi-
cant influence on the microstructure of the perovskite was
observed. The three-point-bending strength of the joints
amounted to more than “60 % of the intrinsic strength of
monolithic LSCF-6428 substrates” 11. For CuO contents
higher than 34 mol%, the bending strength of the joints
decreases. Weil ez al. 13 investigated the influence of a low
content of TiO, in the AgCuO braze on the wettability
on LSCF 6428 and found out that the addition of TiO,
leads to better wettability. But at the same time, a reaction
zonein the LSCF 6428 appeared, “where evidence of grain
boundary melting was observed” 13.

Bobzin et al. 14 investigated the thermo chemistry of
brazing BSCF on AISI 314 with AgCuO braze and found
strong reactions between the braze and BSCF, which leads
to “thick reaction zones” in the ceramic.

The scope of this work is to estimate the reactions be-
tween the braze and BSCF in dependence on the CuO con-
tentin the braze alloy. Furthermore. it is necessary to con-
sider if those reactions have any effect on the strength of
BSCF/AgCuO/steel bonds.

II. Experimental

(1) Materials

BSCF 5582 powder (Treibacher, Austria) with an average
grain size of 2.7 um was granulated by means of spray
granulation to granules with an average size of 125 pum.
The chemical composition of the BSCF ceramic, measured
with electron microprobe analysis (average of 8 points), is
shown in Table 1.
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Table 1: Chemical composition of the ceramic BSCF 5582
in mol%.

Ba Sr Co Fe O

11.01 11.29 17.07 4.26 56.37
+0.16 +0.08 +0.18 +0.05 +0.18

For the wetting tests, the BSCF granulate was uniaxially
pressed with a pressure of 180 MPa to pellets with a diam-
eter of 20 mm and a height of 4 mm. After pressing, the
pellets were sintered in air at 1100 °C for 5 h. The braze al-
loy for the wetting test consists of silver powder (99.99 Al-
pha Caesar) doped with copper powder with varying con-
centrations from 1 mol% to 16 mol%. The Ag-Cu pow-
der mix was uniaxially pressed in pellets with a diameter of
6 mm and a height of 1 mm. The description of the braze
alloys with different concentrations is shown in Table 2.

Table 2: Chemical composition of the braze in mol%
(measuring accuracy is 0.2 mol%).

CuO Ag
AglCuO 1 99
Agl.4CuO 1.4 98.6
Ag2CuO 2 98
Ag3CuO 3 97
Ag4CuO 4 96
Ag6CuO 6 94
Ag8CuO 8 92
Agl0CuO 10 90
Ag12CuO 12 88
Agl14CuO 14 86
Agl16CuO 16 84

For the bond specimens a heat-resistant austenitic steel
of grade AISI 314 was used. The chemical composition of
the steel, measured by means of arc emission spectroscopy
(average of 5 points) is shown in Table 3.

(2) Specimen geometry

For the wetting tests, the smaller braze pellets were
placed on the sintered BSCF pellets (d =17 mm). This
assembly was placed in a furnace (Thermo-Star, Denta-
Star M2). For tensile specimens, shown in Fig. 1, the BSCF
was compressed by means of cold isostatic pressing at a
pressure of 180 MPa to tubes. After sintering at 1100 °C in
air for 5 h, the tubes have a length of 500 mm, a diameter
of 15.5 mm and a wall thickness measuring 0.85 mm. The
sintered tubes were cut with a diamond cutting wheel into
pieces with a length of 10 mm and the cutting edges were
manually ground with 1200-grit SiC paper. The BSCF
pieces were brazed between two sleeves of the AISI314
steel.
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Table 3: Chemical composition of the steel AISI 314 (DIN X15CrNiSi25-21) in mass%.

C Si Mn Cr Ni Fe P S
0.07 2.02 1.84 24.74 19.34 51.00 0.034 0.001
+ 0.004 +0.016 +0.012 +0.110 + 0.068 +0.071 + 0.001 + 0.000

The chosen geometry allows subsequent mechanical
testing of the specimens. The metal sleeves have internal
screw threads, to assemble the bonded specimens with
thread adapters into a testing machine for tensile tests.

Between the steel and BSCF component, two pieces of
brazing foil were positioned. This foil was cut into rings
with an outer diameter of 16 mm and an inner diameter
of 13 mm. The brazing foil consists of a pure silver foil
with a thickness of 70 pm and a galvanized copper layer
on both sides, whereby a copper concentration of 3 mol%
and alternatively 16 mol% was chosen. Fig.2 shows by
way of example a cross-section of the Agl6Cu brazing
foil, with the puresilver substrate inside and the galvanized
copper layers outside.
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< BSCF tube
N f adaptor
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—
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Fig. 2: Cross-section of a piece of brazing foil.

This type of geometry was chosen to reproduce the real
design of tubular oxygen transport membranes. For the fi-
nal application, 500 mm long BSCF tubes with a diameter
of 15.5 mm have to be joined to metal sleeves, to integrate
them into a pilot module for oxygen separation 1516, Up
to now the tubes have been joined with epoxy glues. But
when glues are used, the joint patch has to be cooled down
to temperatures below 200 °C and that means a reduction
in the efficiency of the entire process. A non-cooled joint

patch would have to fulfill certain requirements: it has to
be gas-tight at high temperatures over a long period to
guarantee a high purity of the supplied oxygen and further-
more it has to withstand stresses caused by the working
pressure and thermal cycling under services conditions.

(3) Processing

The brazing temperature is 955 °C with a dwell time of
0.2 h. The brazing profile is shown in Fig. 3. A 1-h dwell
time at 600 °C during cooling was introduced in order
to reduce the internal stresses in the ceramic/steel joints,
which had been proven in the authors” own finite element
calculations. Major mechanisms for this are the homoge-
nization of the temperature field and stress relaxation in
the metal components of the joint.

1000
150K/h

300K/h
800

600 -

T[°C]

400 400K/h 150K/h

200

t[h]
Fig. 3: Brazing profile.

(4) Finite element simulation

Finite element analysis (FEA) was used to predict the
residual stress state in the joint during cooling from braz-
ing temperature to room temperature. Residual stresses
arise owing to the difference in the coefficient of thermal
expansion (CTE) of the AISI314 and the BSCF. The met-
al component wants to contract more upon cooling but
is constrained at the interface. The brazing profile used
for simulation is shown in Fig. 3 and the joint geometry
in Fig. 13 (a) respectively. The joints were assumed to be
perfectly bonded at the interface, the presence of voids in
braze was ignored. The impact of metallurgical reactions
of the joint materials during brazing was not taken into ac-
count. Further, it is assumed that the materials are stress-
free at brazing temperature.

Axisymmetric, 4-node reduced integration elements
were used in Abaqus 6.10 for constructing the model.
On account of the symmetry, only a half model of the
joint was analyzed and the nodes lying on the plane of
symmetry were constrained in axial direction. The BSCF
ceramic was considered to be linear-elastic. For AISI 314
steel, elasto-plastic behavior and isotropic hardening were
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used. Itis assumed that the material behavior of both braze
options Agl16CuO and Ag3CuO is described accurately
enough by a visco-plastic constitutive equation for pure
silver. The uniaxial creep strain rate ¢, is given by Eq. (1).

Cor=A - Ggq )

Eq. (1) is known as the Norton-Bailey law, where G4
is the equivalent deviatoric stress, A and 7 are constants
depending on temperature. The physical properties of the
joint materials can be found in Table 4.

III. Results and Discussion

(1) Microstructural characterization

After brazing, a cross-section of the interfaces was pol-
ished. The cross-section of the wetting specimens was used
to determine the contact angle and to analyze the reactions
between the joining partners and the braze alloy.

The cross-section was analyzed with the light micro-
scope (LM) Axiophot from Zeiss and a scanning electron
microscope (SEM) of the type JEOL JSM 6400. The con-
tact angle was measured geometrically from the LM im-
ages.

It can be observed in Fig. 4 that with a higher CuO con-
centration the contact angle of the braze on a BSCF sub-
strate decreases from 55° in the case of Agl.4CuO to 34°
in the case of Ag16CuO, and at the same time formation

Table 4: Physical properties of joint materials 17,18
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of affected zones indicated by a change of microstructure
in the ceramic increases.

The dependence of the CuO content in the braze alloy
on the wettability of BSCF is shown by Fig.5. In gen-
eral it can be expected that a low contact angle is prefer-
able for brazed joints because that indicates better braze-
ability. Kim et al. 7-19 showed that the four-point-bend-
ing strength of Al,03/AgCuO/Al,O;and YSZ/AgCuO/
YSZ joints with CuO concentrations between 1 mol%
and 8 mol% rises with increasing wettability. But the wet-
ting angle is not the only quantity influencing the bond
strength. In the case of BSCEF, a layer with microstruc-
tural changes is visible in the ceramic below the braze
droplet. The higher the CuO content, the more serious is
the change in microstructure.

In the following, the area of the changed microstructure
is termed the affected zone. This affected zone was charac-
terized with image analyze software (analySIS) that works
with detected LM images. Thereby the thickness of the
layer below the braze drop is measured at six different po-
sitions per specimen.

Fig. 6 shows the measured dependence of the CuO con-
centration on the thickness of the affected zone in the
BSCE. Average thickness of the affected zone in the ceram-
icafter brazing with Ag16CuQO amounts to 520 um (Fig. 7)
whereas the affected zone with the Ag3CuO braze is mea-
sured with 180 pm.
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Fig. 4: Cross-section of wetting specimens (AgxCuO on BSCF) with different CuO concentrations in the braze (T}, = 955 °C, t4 = 0.2 h).

A reason for the change in microstructure can be found
in the CuO diffusion into the ceramic. Fig.8 shows an
SEM image of the area of the changed microstructure.
New phases are visible in the BSCFE. Energy-dispersive X-
ray spectroscopy (EDX) analyses detect that these phas-
es only consist of copper, cobalt and oxygen. Driessens et
al. 20 and Zabdyr et al. 21 investigated the phase equilib-
ria in the cobalt oxide (CoO)/CuO system and reported
that CoO exhibits high solubility in CuO at temperatures
above 900 °C. At900 °C CuO s able to dissolve about 5 %
CoQO 20,21,
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Fig.5: Dependence of the CuO concentration in the braze on the
wetting angle (T}, =955 °C, t4 =0.2 h).

Inaddition, bigger pores are visible. Whereas the unmod-
ified BSCF structure shows fine and uniform porosity, the
pores in the affected zone are larger and irregularly dis-
tributed. Caused by CuO diffusionalong the grainbound-
aries and dissolving of CoO into the CuO within the af-
fected zone, anincreased sintering activity can be assumed.

That leads to local re-sintering of the material during
the brazing process and an accumulation of pores. The
re-sintering process is accompanied by grain growth, as
illustrated in Fig. 9. In the upper part of the micrograph big
grains and larger pores can be found in the affected layer
whereas the lower part of the micrograph clearly shows
the unaffected BSCF structure.

Also a higher porosity in the affected zone can be ob-
served. Image analysis using LM reveals that the poros-
ity increases drastically from the unaffected bulk mate-
rial to the seam of the joint. Fig. 10 shows the distribu-
tion of porosity in the affected layer of a specimen brazed
with Ag16CuO braze. This increased porosity could in-
fluence the mechanical properties of brazed specimens, as
described in the next section.

Additionally the porosity leads to infiltration of the silver
into the ceramic, as shown in Fig. 11. This effectis support-
ed by the fact that compressive axial stress is used during
the brazing process to reach acceptable bond strength.

The influence of the infiltrated silver is not yet clear; it
has to be investigated in future with thermal cycling tests.
It can be expected that in the case of temperature gradients
the infiltrated silver causes tensile stresses in the ceramic
owing to the CTE mismatch of silver and BSCF.
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Fig. 6: Dependence of the CuO concentration in the braze on the
thickness of the affected zone in the BSCF ceramic (T}, =955 °C,
tg=0.2 h).
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Fig. 8: SEM image of a cross-section through a wetting specimen
(Ag14CuO on BSCEF, T}, =955 °C, t4 =0.2 h).

(2) Mechanical characterization

To estimate the joint strength, several methods can be
used which differ mainly in theloading system. Here it was
decided to measure the strength with tensile tests, which
is of course not commonly done in the characterization
of ceramics. Three- or four-point bending tests are usual-
ly preferred, in order to realize a well-defined and repro-
ducibleload case. The problemin tensile testing is that very
small amounts of superimposed bending stresses immedi-
ately influence the fracture force significantly. Neverthe-

less, with the particular application for the joints in mind,
itwas decided to test tubular joints under tensile load in or-
der to analyze a comparable stress state and effective vol-
ume respectively. Therefore, special attention was paid to
avoiding superimposed bending.

S ! ] > - ; 4 g A e
Fig. 9: SEM image of the microstructure in the BSCF in the brazing
influence zone (Ag14CuO on BSCE, section from Fig. 8).
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Fig. 10: Porosity in BSCF with Agl6CuO braze measured with
image analysis.

A total of 24 tensile specimens brazed with the
Ag3CuO braze and 16 tensile specimens brazed with the
Ag16CuO braze (five specimens failed during assembly)
were tested at room temperature in a Zwick ZMART-
PRO test machine with an elongation rate of 0.02 mm/
min. Primary failure mode for both braze options ob-
served in the tensile-tested specimens was failure in the ce-
ramic. A two-parameter Weibull distribution function in
accordance with Eq. (2) was used to describe the strength
distribution of the metal-to-ceramic braze joints.

F(o)=1-exp [-¥¢ ()] 2)
with
Oov =G0 (*\éfé—f)E ©)

In Egs. (2) and (3) Vg is the unit volume, o; the sin-
gle strength and F; the corresponding failure probability.
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V o 1s the effective volume, which is identical to the geo-
metrical volume of the ceramic component in the tensile
test. The strength distribution is then characterized with
the Weibull modulus m and the characteristic strength o,
which depends on the material, size of the component and
stress distribution in the joint, whereas ogy is independent
of the volume and only depends on the material. Results
of the measured tensile strength are shown in form of a

Weibull plot in Fig. 12.

= :‘: ;|—|ﬁopm

!!!!- f———4200um =

Fig. 11: SEM image of the interface of a brazed specimen (BSCF/
AISI314 with Ag3CuO-braze, T}, =955 °C, t4 =0.2).
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Fig. 12: Weibull diagram of the tensile tests for bond specimens with
Ag3CuO and Agl6CuO braze along with results of an O-ring test
for monolithic BSCF tubes (outer diameter = 15.5 mm, length =
10 mm, wall thickness = 0.85 mm).

The Weibull diagram represents the scatters in tensile
strength of both braze joint options. The Weibull modu-
lus m can be regarded as a measure of the scatter in strength
and thus of the reproducibility of the brazing process. Ac-
cording to Eq. (3), the strength of ceramic components de-
pends on the volume of the component and the effective
volume depends on the Weibull modulus m. Thus lower
m values result in a higher scatter of strength in the case of
ahigh effective volume. Effective volume in the tensile test

Table 5: Weibull parameters of the tensile tests.
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isapprox. 35 times higher (391 mm?) than in the O-ring test
(11 mm?). Further, the Weibull plots show that the tensile
strength level is relatively low for both brazes Ag3CuO
and Ag16CuO compared to the strength of monolithic
BSCEF tubes determined in the O-ring test. Metallurgical
reactions in the joint materials, the growth of the reaction
zones as well as formation of big pores in the BSCF al-
ter the base materials and can be considered as factors in-
fluencing the level and scatter of the joint strength. Fur-
thermore it cannot be ruled out that superimposed bend-
ing owing to misalignment of the joint itself or the imper-
fect assembly of the specimen in the test rig reduces the
strength level. The Weibull parameters for both braze op-
tions and the monolithic BSCF are summarized in Table 5.

As mentioned earlier, the primary failure mode of the
brazed joints is observed in the ceramic close to the joint
interface. FEA predicts the location of the maximum stress
after cooling from 955 °C to 20 °C on the inner BSCF tube
surface close to the interface. The residual stress state in a
section of the BSCF ceramic is illustrated with the distri-
bution of first principal stress in Fig. 13 (b). The maximum
principal stress in the BSCF after cooling to room temper-
ature is found to be 37 MPa and has an axial direction vec-
tor. These axial tensile stresses may superimpose with the
applied tensile force during testing and further reduce joint
strength. The maximum principal stress distribution in the
BSCF ceramic after cooling to room temperature and a su-
perimposed tensile force of approx. 570 N are shown in
Fig. 13 (c), where the magnitude is found to be 54 MPa and
again has an axial direction vector.

For every specimen tested the crack appears in the ce-
ramic, close to the brazing layer. One reason can be found
with the numerical simulation described above. The simu-
lations show that the highest normal stresses appear in the
ceramic close to the brazing layer (see Fig. 13). This fact
might explain the location of crack initiation but not the
differences in strength between the two brazing compo-
sitions. The stresses depend on differences in thermal ex-
pansion and elastic constants. With an increase in the CuO
contentin the brazealloy, it can be expected that the coeffi-
cient of thermal expansion will decrease by only a minimal
extentto avalue closer to the thermal expansion coefficient
of the BSCF and steel. This slight influence cannot be the
explanation for the differences in tensile strength. Conse-
quently, it can be expected that the major reason for the
difference in tensile strength in case of the Ag3CuO- and
the Ag16CuO-bonded specimens depends on the differ-
ent magnitudes of the affected zones in the microstructure
of the BSCE, as explained in Section 3.1.

Specimen Characteristic Weibull modulus m Effective
strength o [MPa] volume [mm?]
BSCF-Ag3CuO-AISI314- joint 14 2.2 391
BSCF-Ag16CuO-AISI 314- joint 1 15 391
Monolithic BSCF tube 95 5.3 11




102 Journal of Ceramic Science and Technology — A. Kaletsch et al.

X15CrNi
Si25-21

(a)

Vol. 3, No. 2

S, Max. Principal
(Avg: 75%)

+5.467e+01
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+3.290e+01
+2.6861e+01
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+2.001e+01
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-5.775e+00
-1.007e+01
-1.437e+01

(c)

Fig. 13:Joint geometry (a) and distribution of the maximum principal stress (in MPa) in a section of the BSCF ceramic after cooling from brazing
temperature at 955 °C to room temperature (b) and superimposed tensile load (c).

IV. Conclusion

Wetting tests show that with reactive air brazing of BSCF
with AgCuO braze the contact angle on the ceramic de-
creases with increasing CuO content in the braze. In this
work, braze alloys with CuO concentrations of 1 mol%
up to 16 mol% were used. A high CuO content in the
braze results in better wettability. But a change in the mi-
crostructure of the ceramic was also observed. The rea-
son is chemical corrosion owing to CuO diffusion at the
grain boundaries of the BSCF and a chemical bond of cop-
per-cobalt mixed oxides, accompanied with local re-sin-
tering of the BSCF during the brazing process. The re-
sulting microstructure in the affected zone is characterized
by higher porosity with larger and irregularly distributed
pores and enlarged grains with copper-cobalt-oxide phas-
es at the grain boundaries.

Mechanical tensile tests on ceramic/steel joints with
Ag3CuO braze and Ag16CuO braze show that the speci-
mens with the high CuO contentin the braze alloy exhibit
lower mechanical strength. Based on the fact that all spec-
imens cracked in the ceramic close to the brazing seam,
it can be expected that the cracks started at defects in the
affected layer of the ceramic. The wetting tests show that
the affected layer in the case of the specimens with the
Ag16CuO braze is much thicker and more pronounced
than in the case of the specimens with the Ag3CuO braze.
That appears to be the reason for the differences in the
mechanical strength. The characteristic fracture strength
og of the BSCF/AISI 314 brazed tensile specimens, tested
at ambient temperature is 14 MPa for the Ag3CuO braze
and 11 MPa for the Ag16CuO braze.
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