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bstract

artially stabilized zirconia was joined to stainless steel by pressureless active brazing with Ag–Cu filler metal and TiH2 powder. Microstructures,
icrochemistry and reaction products of the brazing seam were analyzed. The effects of brazing temperature and holding time on the joint shear

trength were also investigated. The results showed that there existed three zones in the brazing seam and a double-layer structure at the ZrO2/filler
nterface. Due to the difference in brazing condition, the microstructures including the thicknesses and compositions of the three zones and two

ayers were different. It is further found that Ti originated from TiH2 coating diffused into the whole interlayer, resulting in the reaction products
uch as CuTi3, Ti3Cu3O, Cu4Ti3, NiTi2, Ni3Ti and Ti. The maximum joint shear strength of over 90 MPa was obtained due to the improved interface
onding.
rown Copyright © 2008 Published by Elsevier Ltd. All rights reserved.
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. Introduction

Zirconia is an important structural and functional material
ecause of its high strength and fracture toughness, as well as
ood ionic conductor at elevated temperatures. For these rea-
ons, zirconia can be applied in wire drawing dies, cutting and
achining tools, oxygen sensors and hence fuel cells.1 How-

ver, most of advanced ceramics, including zirconia are brittle
nd show a poor machinability, which makes it difficult to fabri-
ate complex-shaped and large-sized components.2,3 Joining of
eramic/metal can overcome these drawbacks to a great extent.
he techniques for joining ceramics for high-temperature appli-

ations include sintering metal powder process, active metal
razing, and diffusion bonding, etc. Active metal brazing is an
ppropriate method for joining of zirconia ceramic in terms
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f structural reliability and economical industrialization. In
articular, by the addition of Ti to some alloys this method
an promote lower contact angles and hence wetting.1 Over
he past decades, many investigations on the joining of zir-
onia to metals or ceramics were obtained, with these alloys
dded with active Ti, such as Ag-base,1–14 Cu-base15–18 and
u-base brazes,19,20 etc. Up to now, two methods are usually

nvolved in the addition of Ti: smelting before brazing or fus-
ng during brazing with these alloys. Most of previous studies
sed the former. However, the latter showed an advantage over
he former for the Ti foil,4 braze coating containing-TiH2,5

iH2 powder coating,6 Ti vapor coatings,13,14 and TiH powder
oating.16

Usually mechanical load should be applied to improve
razing alloys spreading on the ceramic surface at brazing
emperature, but this limits the application fields in industrial
roducts with complicated shape. Pre-coating containing Ti on

rO2 surface can be used to solve this problem. TiH2 coating
as adopted to braze ZrO2 to cupper,6 but the strength was
ot investigated and microstructure was also not discussed in
etail. In this paper, partially stabilized zirconia (PSZ) ceramic
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perature was taken to the brazing temperature (820–860 ◦C) at
the speed of 5 ◦C/min and held for 10–50 min followed by grad-
ual cooling at a speed less than 10 ◦C/min. The flow chart for
Fig. 1. Microstructure of the PSZ sample.

as brazed in vacuum to stainless steel at different brazing tem-
eratures and holding times. The main aim of this work is to
nvestigate the microstructure of zirconia/stainless steel joint
abricated by active brazing with Ag–Cu filler metal and TiH2
owder, and to obtain high joint strength between two materials
zirconia ceramic and stainless steel) with significant difference
n coefficient of thermal expansion (CTE) through pressureless
oining technique.

. Experimental procedure

.1. Materials

ZrO2–3 mol.% Y2O3 powder (average particle size ∼0.3 �m,
henzhen Nanbo Structure Ceramic Co., Ltd, Shenzhen, China)
as used to prepare zirconia ceramic samples. The molding

orming was adopted, with linear pressing up to 200 MPa for
0 s. The green bodies were sintered in air at 1550 ◦C for 2 h.
SZ ceramic pieces were obtained, with porosity, density and
ending strength of 0.5%, 5.95 g/cm3 and 850 MPa, respectively.
ig. 1 shows the microstructure of the polishing sample after

hermal etching at 1400 ◦C × 60 min, which indicates average
rain size of about 0.5–1 �m. The sizes of PSZ pieces used for
razing were Ø 17 mm × 6 mm. Common commercial stainless
teel (AISI 304, S–S) was used as the metal component, with
imensions of Ø 10 mm × 5 mm. The average coefficient of ther-
al expansion (CTE, 0–600 ◦C) is about 10.0 × 10−6 ◦C−1 for
SZ1 and 18.5 × 10−6 ◦C−1 for S–S.21 The 72Ag–28Cu (wt.%)
lloy filament was used as brazing solder with a diameter of
0.8 mm. Commercial TiH2 powder (Northwest Institute for
onferrous Metal Research, Xi’an, China) was used, whose

hemical composition is shown in Table 1. Before and after
illing with roller for 80 h, the particle size distribution is shown

able 1
he chemical composition of commercial TiH2 powder (wt.%)

i H Fe Cl N C Si Mg Mn

6.72 3.45 0.06 0.06 0.04 0.03 0.02 0.01 0.01

t

ig. 2. Particle size distribution curves of TiH2 powder after and before milling.

n Fig. 2, and its meso-diameters D50 was 25.057 and 2.785 �m,
espectively.

.2. Joint sample preparation

The PSZ pieces, annular Ag–Cu alloy filaments and S–S
olumns were cleaned carefully. This procedure includes three
teps: boiling in alkalescent scouring agent for 20 min, rinsing
ith distilled water and finally ultrasonic cleaning in acetone.
he TiH2 paste was prepared from a mixture of TiH2 powder,
iethyl oxalate and collodion in a ratio of 10 g:6 ml:8 ml. TiH2
owder and diethyl oxalate were mixed firstly and then added
ith collodion. Ultrasonic vibrating and stirring were adopted

o get a homogeneous mixture, named as TiH2 paste. After the
eramic pieces were roasted for 80 ◦C × 3 h, one side of the PSZ
iece surfaces was painted with the TiH2 paste by writing brush
nd then air-dried. In order to promote the wettability of brazing
lloy on S–S surface, a thin Ni layer was coated on the braz-
ng surface of S–S columns by electro-plating in Watts’ solution
NiSO4 280 g/L+ NiCl2 45 g/L + HBO3 35 g/L + C12H25SO4Na
.1 g/L) at a current density about 1 A/dm2 for 30 min. PSZ
ieces with TiH2 coating, annular Ag–Cu alloy filaments and
ickel-plated S–S columns were assembled as shown in Fig. 3,
nd finally brazed in a vacuum furnace (vacuity: 7 × 10−3 Pa,
urnace model: High-multi 5000, Japan). At the first stage, the
emperature of furnace was taken to 400 ◦C at a rate of 10 ◦C/min
nd maintained for 30 min. Subsequently, the temperature was
aised to 750 ◦C at 6 ◦C/min and kept for 10 min. Then the tem-
he preparation process of PSZ/S–S joints is shown in Fig. 4.

Fig. 3. Chart of assembling the brazing parts.
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Fig. 4. Flow chart for the preparation process of PSZ/S–S joints.

.3. Sample characterization

Some PSZ/S–S joints were cut off along the direction ver-
ical to the joint line and polished. Theirs microstructures of
oint were characterized by scanning electron microscopy (SEM,

odel Quanta-2000, Philips-PET, Ltd., Holland, or JSM-7000F,
EOL, Japan). Energy dispersive spectroscopy (EDS, Model
xford INCA, British) was also adopted to determine element

omposition of the microstructural characteristic and their distri-
ution in the brazing seam. The phase compositions and reaction
roducts in the brazing area were identified by X-ray diffraction
XRD, Model X’Pert PRO, PANalytical, Ltd., Holland) analysis
t 40 kV and 40 mA using Cu K� radiation.

The joint strength was tested by shear-load method using an
nstron-1195 testing machine. A special clamp was adopted, as
hown in Fig. 5. The loading speed was 0.5 mm/min. The mean
alue of joint strength under each brazing condition was the
rithmetical average of five joint samples.

. Results and discussion

.1. Microstructure

The SEM images of the PSZ/S–S joint cross section at
50 ◦C × 30 min are shown in Fig. 6. Three main zones (I, II
nd III) with distinguished microstructure difference crossing
he brazing interlayer were formed. Fine microstructure adja-
ent to ceramic side appeared for the zone I, whose thickness
as equivalent to that of the original TiH2 coating. Zone III near
–S side also had fine microstructure and equivalent thickness of

he Ni plating layer. Zone II in the middle had obviously coarser
icrostructure than that of zones I and III, which was related
o the crystallization of compounds and the fewer nucleation
ores. The white blocks in the three zones were Ag-rich phases,
ccording to EDS analysis, and the black ones included Ti, Cu
nd Ni. At the heating stage, the organics (diethyl oxalate and

m
o
a
s

Fig. 5. The clamp and assemble chart for shear strength testing.

ollodion) in TiH2 coating were evaporated firstly, and then TiH2
as decomposed to form a loose Ti layer on PSZ surface. Com-
ared with Ti-containing alloys filler method, this neonatal Ti
n situ decomposed from TiH2 had fine particle size and clean
urface, leading to higher reaction activity. When the eutectic
emperature was reached, Ag–Cu alloy started to melt and pen-
trated into the loose Ti layer, and reactions of Ti/ZrO2 and
i/Ag–Cu alloy occurred simultaneously, forming the zone I.
t the same time, the neonatal Ti and the Ni (mainly originated

rom the Ni coating on S–S surface) diffused into the Ag–Cu
olten layer from both sides. Reacting, dissolving and precipi-

ating processes took place continuously. Finally, in the middle
zone II) there appeared big white and black blocks. It is also
hown from Fig. 6(c) that the zone III mainly consisted of Ag-
ich solid solution, which presented as a bright belt. It is fantastic
hat the original Ni coating disappeared due to its diffusing or
issolving into the molten alloy (also see Section 3.2).

For the ceramic/metal brazing, usually the microstructure of
hin layers near ceramic surface affects joint properties remark-
bly. Double-layer structure was found between ZrO2 and zone
, as shown in Fig. 6(d). As the Ti/ZrO2 reaction layer, a black
and near ZrO2 ceramic matrix was composed of Zr, O and
i from EDS analysis. A gray layer containing Ti, O, Cu and
inor Zr was closed to the reaction layer, which was named as

Ti, O, Cu) sublayer here. The two thin layers presented similar
hickness (∼1 �m) and legible interface, which are important
or strong bonding.

The cross section of PSZ/S–S joint brazed at 830 ◦C × 20 min
s shown in Fig. 7(a). Compared the Fig. 6(a) with Fig. 7(a),
t can be seen that, although the two brazing condi-
ions (830 ◦C × 20 min and 850 ◦C × 30 min) gave similar
icrostructure with three zones and two interfacial layers, some
bvious differences were also found. At lower brazing temper-
ture or shorter holding time (Fig. 7(a)), zone II presented finer
tructure (smaller phase blocks) and much more white phases
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Fig. 6. SEM images of the joint cross section at 850 ◦C × 30 min: (a) wh

Ag-rich phases). Zone III brazed at 850 ◦C × 30 min appeared
s a wide bright belt and no Ni coating layer was found, while
i coating layer brazed at 830 ◦C × 20 min was retained. With
razing temperature increasing, Ti and Ni have higher activity
nd solubility in Ag–Cu alloy, resulting in much more black
hases in the zone II and disappearance of Ni-coating. Higher
razing temperature and longer holding time increased the thick-
ess of reaction layer, as shown in Figs. 6(d) and 7(b), which
as related to the high strength of 850 ◦C × 30 min samples

Fig. 11).

.2. Microchemistry

The seven elements of interest, Ag, Cu, Ti, Ni, Zr, O and Fe,
riginated from the ZrO2 ceramic matrix, stainless steel, Ag–Cu
ller metal, TiH2 and Ni coatings. In order to determine the
lement distribution and migration behavior, EDS analysis was
dopted by line-scanning type for these elements to the sample
t 850 ◦C × 30 min. Fig. 8 shows the elemental EDS profiles
cross the whole brazing area. The white line in the top picture
as scanning line. The bright continuous block corresponded to
g profile, indicating that Ag existed in all the three zones as
g-rich phase marked in Fig. 6. Similar to Ag, Cu and Ti were

lso found in all the three zones. Although Cu was detected
n the Ag-rich phase, it mainly existed in the dark phase. The
lement distribution profile of Ti was similar to that of Cu, except
n zone III. A little Cu (∼10 wt.%) was detected in the bright

locks, but no Ti was found, which could explain the slight
ifference between Ti and Cu profiles. Even in zone III near S–S
urface, Ti can be detected, indicating that Ti migrated for a long
istance due to its high activity and solubility in filler metal at

a
t
r
f

razing seam; (b) zone I; (c) near stainless steel; (d) PSZ/filler interface.

he brazing temperature. Zr only existed in ZrO2 ceramic matrix
nd reaction layer near the ZrO2 surface. Oxygen mainly existed
n the two sides of brazing area, which originated from ZrO2
eramic matrix and oxygen in the S–S. Further EDS analysis
evealed that some oxygen from ZrO2 migrated into the middle
osition of zone I. It is noted that, compared with metal elements,
he oxygen content by EDS analysis is not very precise. So the
lement distribution profile of oxygen was only a reference. Ni
nd Fe presented unusual element distribution profiles, as shown
n Fig. 8. Both of them derived from metal side, i.e. stainless
teel or Ni coating, and their contents were very low in zone III
ear S–S surface. Ni mainly existed in zone II, and its profile
orresponded to that of Ti, indicating that Ni and Ti coexisted
n the same phase (dark blocks in zone II). Fe was detected with
bnormal content at zone II/III boundary. Cu and Ti had a strong
utual affinity and coexisted as intermetallics in zones I and II,

nd Ag was abundant in zone III. Furthermore, little Ni and Fe
ould appear in zone III due to their low solid solubility in Ag,
owever, a series of compounds can be formed due to high solid
olubility between the two of the three elements (Ni, Cu and
i). Therefore, Ni mainly existed in zone II. However, due to

he higher melting point of Fe and low solid solubility in both
u and Ag at room temperature, it was difficult for Fe to diffuse
long distance.

Fig. 9 shows the elemental EDS profiles across the
eramic/filler interface, indicating that the reaction layer con-
ained Ti, O and Zr. The sublayer was composed of Ti, O, Cu

nd minor Zr. It is noteworthy that Ag was hardly detected in
he two layers. The reaction layer was produced by chemical
eaction between the ZrO2 matrix and active Ti (decomposed
rom TiH2 coating), which was different from formation of
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Fig. 8. Elemental EDS profiles across the whole brazing area.
ig. 7. SEM images of the joint cross section at 830 ◦C × 20 min: (a) whole
razing seam; (b) PSZ/filler interface.

ones I, II and III. The sublayer mainly derived from chemical
eaction among Ti, Cu and O, in which there were strong interac-
ions. Therefore, the two layers existed as a dense double-layer
tructure, and it was very difficult for Ag to migrate into these
ayers.

.3. Phase composition

In order to determine the existing forms of Ti in the brazing
eam, a shear broken sample at 850 ◦C × 30 min that fractured
long the reaction layer was analyzed by means of XRD, which
as thinned layer-by-layer by polishing along the parallel sur-

ace to the brazing interlayer. Fig. 10 shows XRD patterns of the
orresponding layer positions.

From Fig. 10, the Ag element existed in the three zones as pure
ilver or Ag-rich solid solution, but the Cu did in the forms of
ompound. The products containing Ti were found in the whole
razing area, whose existing forms were greatly different. Ti
sually existed in compounds due to its high activity, however,

lemental Ti was found in zone III, as shown in the curves (f)
nd (g), due to low solid solubility of Ti in Ag or Ag-rich solu-
ion. Ni-containing phases mainly existed in the zone II rather
han zone III, as NiTi2 and Ni3Ti intermetallics instead of alloy, Fig. 9. Elemental EDS profiles across the ceramic/filler interface.
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those brittle products thickening. Both the weakened interface
and large residual stress led to a lower joint strength, when the
temperature was raised over 850 ◦C or the holding time was
prolonged over 30 min.
Fig. 10. XRD patterns of the corresponding layer position

lthough most of Ni originated from the Ni coating on the S–S
urface. A reasonable explanation was that the diffusion of Ni
or a long distance into zone II was brought on by the high active
i, resulting in reactions between them. The XRD and EDS (in
ig. 8) results for Ti and Ni had good consistency. Furthermore,
y comparing curves (a), (b) and (c), one can see that CuTi3 and
r mainly coexisted in the neighbor of the (Ti, Cu, O) sublayer,
nd the Ti3Cu3O phase mainly existed in the zone I near the
nterface, indicating that the oxygen diffused from ZrO2 side
o a limited distance of about 30 �m. In addition, the Cu4Ti3
hase mainly existed in zones I and II. So in the brazing area,
rom ceramic side to metal side, the evolution of Ti-containing
roducts was CuTi3, Ti3Cu3O, Cu4Ti3, NiTi2, Ni3Ti and Ti in
urn.

.4. Mechanical properties

Fracture strength and reliability of ceramic/metal joint are of
great importance. The main factors affecting joint mechani-

al properties are involved in joining process and characters of
he joined materials (ceramic and metal). The effects of braz-
ng temperature and holding time on joint shear strength are
hown in Fig. 11. From Fig. 11, brazing temperature gave a
ore remarkable influence on joint strength than the holding

ime. In the ranges of brazing temperature and holding time,
he joint strength increased firstly. The maximum shear strength
as over 90 MPa, and the average strength was about 75 MPa at
50 ◦C × 30 min. With brazing temperature increasing or hold-
ng time extending, the neonatal active Ti originated from TiH2
ould react with ZrO2 ceramic and filler metal more fully, there-

ore a firm reaction layer with a good bonding was formed, just
s showed in Fig. 6. Contrarily, when the temperature was too

igh or holding time was too long, the neonatal active Ti reacted
xcessively with the ceramic and the alloy. As a result, more
rittle intermetallics were formed near the interface and in the
razing interlayer, and hence the interface was weakened. Fur-

F
a

reaction layer; (b and c) zone I; (d–f) zone II; (g) zone III.

hermore, the residual stress in the joint was accumulated with
ig. 11. Joint shear strength at different conditions: (a) brazing temperatures
nd (b) holding times.
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ig. 12. Shear broken joints fractured in the ceramic matrix: (a) metal side; (b)
eramic side.

Most of the joint fractures developed in the ceramic matrix
ear the ceramic/filler interface, as shown in Fig. 12, because
he maximum residual stress in ceramic matrix appeared at the
osition under the interface to a certain distance related to joint
izes. Only several samples fractured along the reaction layer
nd gave lower strength. The lower the temperature or the shorter
olding time was, the higher the possibility of joint fracture along
eaction layer was.

. Conclusions

Zirconia ceramic was joined to stainless steel by pressure-
ess active brazing with Ag–Cu filler metal and TiH2 powder.

icrostructures, microchemistry and reaction products of the
razing seam were analyzed. The effects of brazing conditions
n the joint shear strength were investigated.
Three zones with microstructural difference in the brazing
eam and a double-layer structure including a reaction layer
nd a sublayer at the ZrO2/filler interface were formed. Due to
he difference of brazing condition, the microstructures includ-

1

1

eramic Society 28 (2008) 2701–2708 2707

ng the compositions of the three zones and the thicknesses of
wo layers were different. From ceramic side to metal side, the
volution of Ti-containing products in the brazing seam was
rom CuTi3, Ti3Cu3O, Cu4Ti3, NiTi2, Ni3Ti and Ti in turn. In
he ranges of brazing temperature and holding time, the joint
trength increased firstly and the maximum strength of about
0 MPa, and the average strength over 75 MPa were attained
t the optimum brazing condition. Brazing temperature gave a
ore remarkable influence on joint strength than the holding

ime.
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