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Abstract

Yttria-stabilized zirconia (YSZ)/stainless steel joints made using two commercial silver-based interlayers containing palladium (58 Ag—32Cu—
10Pd and 65Ag-20Cu-15Pd), were systematically analyzed for the microstructures of the interlayer matrices, interlayer—steel interface, and
interlayer—YSZ interface using scanning electron microscopy (SEM) and transmission electron microscopy coupled with energy dispersive
spectroscopy (TEM/EDS). In the interlayer matrix, a face-centered cubic (FCC) Cu-rich phase formed in the vicinity of the YSZ and dissolved a
significant amount of Zr from the ZrO, and minor amounts of Fe and Cr from the steel. The Cu-rich phase in the interlayer matrix in the vicinity of
the steel substrate was the ordered phase CuzPd with antiphase boundaries (APBs) and the L1, crystal structure. Silver particles precipitated within
the Cu;Pd phase in 58Ag—-32Cu—-10Pd; a Fe(Cr) needle-like phase, instead of Ag particles, precipitated within the Cus;Pd phase in 65Ag—20Cu—
15Pd. Although no reaction products at the interlayer—steel interface were found, dislocations appeared within the Ag- and Cu-rich phases. At the
interlayer—Y SZ interface, two reaction products, SiO, (impurity in YSZ) and TizOs (from the reaction of YSZ with Ti impurities in the steel) were
observed. Diffusion and chemical reactions led to the compositional changes and interface reconstruction, thereby yielding metallurgically sound

YSZ/steel joints.
© 2011 Elsevier Ltd and Techna Group S.r.l. All rights reserved.
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1. Introduction

The joining of ceramics and metals in solid oxide fuel cells
(SOFCs) is a critical and important step during their
manufacture. The ceramic/metal joints in SOFCs require high
strength, good wetting, and resistance to grain coarsening and
thermomechanical degradation [1,2]. Diffusion bonding, friction
welding, transient liquid-phase (TLP) bonding, and brazing are
commonly used for ceramic/ceramic and ceramic/metal joining
[3]. Active metal brazing is a cost-effective approach toward
creating structurally sound ceramic—ceramic and ceramic—metal
joints. Active braze fillers must enable wetting, spreading, and
bonding to occur without metallurgically degrading the joint.
Zirconia is most commonly used in the electrolyte materials of
SOFCs; it is also joined with metals for specific applications in
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SOFCs. Scanning electron microscopy (SEM), energy dispersive
spectroscopy (EDS), and X-ray diffraction (XRD) have been
employed to examine the microstructures and reaction products
at the interfaces and in the interlayers of zirconia—metal or
zirconia—zirconia joints prepared using active brazes, such as Ag-
based [4-6], Cu-based [4,7], Au-based [8], and Pd-based [9,10]
metal fillers. Nevertheless, it is not possible to reveal the finer
details of the joint microstructures at greater resolution when
using these techniques.

In this study, transmission electron microscopy equipped
with an energy dispersive spectrometer (TEM/EDS) was used
to analyze yttria-stabilized zirconia (YSZ)-to-stainless steel
joints. Two electrically conductive Ag-based commercial
interlayers (58Ag—32Cu-10Pd and 65Ag—20Cu-15Pd) con-
taining palladium as an alloying element with electrical
conductivities of 18.9 x 10° and 13.0 x 10° Q™' m™", respec-
tively, were used to join YSZ and stainless steel for possible
applications in SOFC interconnects. Palladium offers high use-
temperatures and good resistance against oxidation. Although
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Ag, Cu, and Pd have weak affinity for ZrO, and form large
contact angles (148°, 147°, and 98° at 1273, 1423, and 1833 K
[11], respectively), they have been successfully used to join
YSZ [9,10].

Selected area diffraction patterns (SADPs) in TEM and EDS
were used to identify the crystal structures of the new phases or
precipitates and to propose their orientation relationships with
the interlayer matrices and the interlayer—steel and interlayer—
YSZ interfaces.

2. Experimental procedure

A corrosion-resistant ferritic stainless steel (Allegheny
Ludlum) and YSZ substrates containing 3 mol% yttria were
used in the joining experiments. The steel nominally contained
17-19% Cr and minor alloying constituents (<0.1% Mn, P, Si,
Ni, and Ti). The YSZ substrates (~1.63 mm) were prepared by
tape-casting and stacking four of the tape-cast layers, followed
by sintering. Two Ag-based metallic interlayers containing Cu
and Pd as alloying elements, 58Ag—32Cu-10Pd and 65Ag—
20Cu-15Pd (numbers represent compositions in wt%; Morgan
Advanced Ceramics, Hayward, CA), were obtained in foil form
(thickness: 0.1-0.12 mm) and used to study the effect of the Pd
content on the joint microstructure and composition.

The brazing procedure consisted of placing a metallic
interlayer between YSZ and stainless-steel coupons (each
1.27 cm x 1.27 cm) under a normal load of approximately
0.3 N. All materials were pre-cleaned in acetone (ultrasonication
for 10 min) to remove surface contaminants. The sample
assembly was heated under a vacuum (~107° Torr) to the
brazing temperature (approximately 20 °C above the braze
liquidus), held isothermally at the brazing temperature for 5 min,
and then cooled to room temperature at a controlled rate. The
cross-sectional TEM specimens of YSZ/interlayer/steel joints
were cut, ground, polished and then ion milled by standard
procedures. The microstructures were characterized using a
JSM-6330F scanning electron microscope (JEOL, Tokyo, Japan)
and a JEM 2010Fx transmission electron microscope (JEOL,
Tokyo, Japan) equipped with an ISIS300 energy dispersive
spectrometer (Oxford Instrument, London, UK). Quantitative
composition analyses were performed based on the principles of
the Cliff-Lorimer [12] standardless method.

3. Results and discussion
3.1. SEM analysis

Fig. 1(a) displays a backscattered electron image (BEI) of
the steel/58Ag—32Cu—-10Pd/YSZ joint. Two main phases, dark
and white areas, within the 58Ag—32Cu-10Pd interlayer were
observed. In the Ag—Cu system [13], after cooling, the dark area
was a Cu-rich phase and the light area was a Ag-rich phase.
Small spherical particles (marked with arrows in Fig. 1) formed
in both the Cu- and Ag-rich matrices. In the Cu-rich areas,
white spherical particles formed near the steel; their abundance
gradually decreased upon approaching the YSZ. In contrast,
dark spherical particles formed in the Ag-rich areas. In the
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Fig. 1. Scanning electron micrographs (backscattered electron image, BEI) of
the (a) steel/58Ag-32Cu-10Pd/YSZ and (b) steel/65Ag—20Cu—15Pd/YSZ
joints.

steel/65Ag—20Cu—15Pd/YSZ joint [Fig. 1(b)], needle-like
precipitates formed in the Cu-rich areas, in contrast to the
white spherical particles that had formed in the steel/58Ag—
32Cu-10Pd/YSZ joint [Fig. 1(a)]; the dark spherical particles
formed in the Ag-rich matrices of both joints. The abundance of
the needle-like precipitates in the Cu-rich areas gradually
decreased upon progressing away from the steel toward the
YSZ; these precipitates formed due to elemental dissolution of
the steel constituents (e.g., Fe and Cr) in the interlayer.
Different variants of the needle-like precipitates formed within
the matrix, as indicated by the arrows in an enlarged image in
the inset to Fig. 1(b). At the steel-interlayer and interlayer—
YSZ interfaces, no obvious reaction layer formation occurred,
as evidenced by the SEM images in Fig. 1(a) and (b).

3.2. TEM analysis
3.2.1. Ag-rich matrix in interlayer

Fig. 2(a) presents a BFI (bright-field image) of a Cu particle
within the Ag-rich matrix in the steel/58 Ag—32Cu-10Pd/YSZ
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(b)  Atomic % | Ag Cu Fe Cr Pd zr
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Fig. 2. (a) Transmission electron micrograph (BFI) of the Cu particle within the
Ag-rich phase in the steel/58 Ag—32Cu—10Pd/YSZ joint. (b) Chemical compo-
sitions of the Cu particle and the Ag-rich phase. (c, d) SADPs of the Cu particle
and Ag-rich phase with zone axes of [I12]ey panicte//[T12]agmricn and
[1 1 1]Cu-panicle//[1 1 1]Ag-rich’ respectively.

joint, corresponding to the dark spherical particles in the Ag-rich
regions of Fig. 1(a). From the EDS analysis in Fig. 2(b), the
spherical particle is Cu-rich and the matrix is Ag-rich. Fig. 2(c) and
(d) display the superimposed SADPs of the Cu-rich particle and
the Ag-rich matrix with zone axes of [T 1 2)cy_puicte// [T 1 2] agericn
and [T 1 1]y paicte//[1 1 1] pgoricns  Tespectively. The  crystal
structures of the Cu particle and Ag-rich matrix are face-centered
cubic (FCC) and their orientation relationship is cube-on-cube.
The lattice parameters of pure Cu and Ag are 0.362 and 0.408 nm,
respectively; for the Cu particle and Ag-rich matrix in our joints,
the values were calculated as 0.374 and 0.418 nm, respectively.
Obviously, the lattice parameters of the Cu-rich particle and Ag-
rich matrix increased as a result of the other dissolved elements
(e.g., Fe, Cr, Pd, Zr) from the steel or the YSZ. The cube-on-cube
orientation appeared at the interface between the Cu matrix and
the Ag in the Cu-71.8 wt% Ag alloy system. The lattice
parameters also indicate that the lattice misfit between the Cu and
Ag phases will result in dislocations at the interface between the
two phases [13].

Fig. 3(a) displays a BFI of a Cu particle within the Ag-rich
matrix in the steel/65Ag—20Cu-15Pd/YSZ joint, correspond-
ing to the dark spherical particles in the Ag-rich matrix in
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Fig. 3. (a) Transmission electron micrograph (BFI) of the Cu particle within the
Ag-rich phase in the steel/65Ag—20Cu—15Pd/YSZ joint. (b) Chemical compo-
sitions of the Cu particle and the Ag-rich phase. (c) SADPs of the Cu particle
and Ag-rich phase with zone axes of [T 1 ey puricte// [T 1 Uagerich- (d) Dark-
field image in the [1 1 O] reflection, revealing the presence of an APB in the Cu
particle.

Fig. 1(b). The EDS analysis in Fig. 3(b) reveals that the particle
was Cu-rich and the matrix was Ag-rich. Notably, a large
amount of Pd (19.0 at.%) had dissolved in the Cu particle.
Several researchers have mentioned that Cu—Pd FCC solid
solution undergoes ordering reactions in the range of 10—
30 at.% Pd [14-16]. During cooling, the ordering phase is
CuzPd with an antiphase boundary (APB) and the crystal
structure is L1,. Fig. 3(c) presents the SADP of a Cu particle
and the Ag-matrix with [T11]¢, et/ /[T 1 1 ag-ricn» indicat-
ing that the superlattice spots (1 1 0) and (1 0 1) appear in the
Cu particle’s diffraction pattern compared with Fig. 2(d); these
spots are a forbidden reflection for FCC Cu. From the SADP
and EDS data, the Cu particle is CuzPd with an L1, crystal
structure and has a cube-on-cube orientation relationship with
the Ag-rich matrix. The lattice parameters of the Cu-rich
(CusPd) particle and the Ag-rich matrix were calculated to be
0.392 and 0.435 nm, respectively. The lattice parameter of the
Cu-rich (Cu;Pd) particle is 8.4% greater than that of pure Cu,
presumably because of the large degree of Pd dissolution
(19.0 at.%). The Cu;Pd particle featured an APB, as evidenced
by a dark-field image along with the [1 1 0] reflection in
Fig. 3(d).
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To summarize, fine Cu particles having a FCC crystal
structure precipitated in the Ag-rich matrix in the 58 Ag-32Cu—
10Pd interlayer after cooling; the relationship between the two
phases was cube-on-cube. Upon increasing the Pd content to
15 wt% in the interlayer (65Ag—20Cu-15Pd), ordered Cu;Pd
particles, instead of Cu-rich particles, precipitated in the Ag-
rich matrix; again, the orientation relationship between the
Cu;Pd particles and the Ag-rich matrix was also cube-on-cube.

3.2.2. Cu-rich matrix in interlayer

Fig. 4(a) displays a BFI of an Ag particle in the Cu-rich
matrix within the steel/58Ag-32Cu—-10Pd/YSZ joint, corre-
sponding to the white particles in the Cu-rich matrix in
Fig. 1(a). EDS analysis [Fig. 4(b)] revealed a large amount of
Pd (18 at.%) in the Cu-rich matrix. Fig. 4(c) presents the SADP
of a Ag particle and the Cu-matrix with [0 1 1]ag particie//
[0 1 1]cy-rich; the superlattice spots (1 0 0) and (0 1 1) appear in
the diffraction pattern of the Cu-rich matrix. The Cu-rich matrix
near the steel had the Cuz;Pd phase and the orientation
relationship between the Ag particles and the CuzPd phase was
cube-on-cube, similar to that of the Cu or Cu;Pd particles in the
Ag-rich matrix [Figs. 2(c, d), and 3(c)]. The lattice parameters
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Fig. 4. (a) Transmission electron micrograph (BFI) of an Ag particle within the
Cu-rich phase in the steel/58Ag—32Cu—10Pd/YSZ joint. (b) Chemical compo-
sitions of the Ag particle and the Cu-rich phase. (c) SADPs of the Ag particle
and the Cu-rich phase with zone axes of [0 1 1]ag-particte//[0 1 1]cu-rich- (d) Dark-
field image in the [0 I 1] reflection, revealing the presence of an APB in the Cu-
rich phase.

[011]Ag-particle/f[011]Cu-rich |25 nm

of the Ag particles and the Cuz;Pd phase were 0.430 and
0.390 nm, respectively. An APB appeared in the Cu;Pd phase,
as evidenced in Fig. 4(d) by a dark-field image along the [0 1 1]
reflection of Fig. 4(c).

Fig. 5(a) presents the BFI of the Cu-rich matrix within the
65Ag—20Cu—15Pd interlayer; it reveals needle-like Fe(Cr)
phase precipitates (with three variants marked by arrows in
Fig. 5a) corresponding to the Cu-rich regions in the SEM image
of Fig. 1(b). Large amounts of Fe and Cr had dissolved in the
Cu-rich matrix, resulting in a supersaturated Cu-rich matrix
from which the Fe(Cr) phase precipitated upon cooling.
Fig. 5(b) reveals the composition of the Fe(Cr) needle-like
phase and the Cu-rich matrix. Fig. 5(c)—-(e) present
the SADPs of the Fe(Cr) phase and the Cu-rich (CusPd)
phase, along with zone axes of [101]g,//[00 1]y pichs
[1 I O}Fe (cr) //[O 1 O]Cu rich? and (11 O]Fe(Cf)//[l 0 Ocu-rich,
respectively. The Cu-rich phase was CuzPd, as evidenced by
the large degree of Pd dissolution (35 at.%) and the appearance
of superlattice spots in the SADPs of the Cu-rich matrices.
From the SADP and EDS data, the Fe(Cr) phase was body-
centered cubic (BCC) and the Cu-rich phase was CusPd with an
L1, crystal structure. In addition, the orientation of the Fe(Cr)
and Cu-rich phases had a Bain relationship. Fig. 6(a)—(c)
display schematic representations of the Fe(Cr) and Cu-rich

Fe(Cr) precipitate

(b) Atomic % | Ag Cu Fe Cr Pd Zr
Fe(Cr) precipitate 03 31 757 163 44 02
Cu-rich 35 312 248 44 350 1.1

*020,
101]Fe(Cr)//[001]Cu-rich

[110]Fe(Cr)//[010]Gu-rich | [110]Fe(Cr)//[100]Cusrich

Fig. 5. (a) Transmission electron micrograph (BFI) of the Fe(Cr) precipitate in
the Cu-rich phase with three variants, indicated by the arrows, in the steel/
65Ag—20Cu-15Pd/YSZ joint. (b) Chemical compositions of the Fe(Cr) precip-
itate and the Cu-rich phase. (c—e) SADPs of the Fe(Cr) precipitate and the Cu-
rich phase with zone axes of (¢) [101]ge)//[00 1]y (d)
1 fo]Fe(cr)//[o 10]cyerichs and (€) [1 1 Olge(ery//[1 0 Olcy-rich-
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(CusPd) phases with three variants: [10 1)/ /[00 Ucyorichs
[1 1 O]Fe(cr)//[o 1 0]Cufrich’ and (11 O]Fe(Cf)//[l 0 OJcu-rich
according to the SADPs of Fig. 5(c)—(e). The Bain relationship
of the FCC to BCC transformation with three types of Bain
variants has been proposed in the corresponding iron system
[17,18]. They indicate that the FCC to BCC Bain transforma-
tion is a martensitic phase transformation that accompanies
crystal structure distortion or a rigid body rotation. From the
SADPs in Fig. 5(d) and (e), the angle between the (0 0 2) planes
of the Fe(Cr) and Cu-rich phases was rotated approximately
9.7°, suggesting that the Fe(Cr) crystal structure formed in the
CusPd phase was accompanied by either rotation or distortion.

The Cu-rich phases in the 58Ag-32Cu-10Pd and 65Ag—
20Cu-15Pd interlayers near the steel had different micro-
structures. According to the Cu—Ag phase diagram, Ag
particles precipitated with a cube-on-cube relationship in the
Cu-rich regions of the 58 Ag—32Cu—10Pd interlayer because of
a decrease in the solubility of Ag in Cu during cooling [19].
Upon increasing the Pd content to 15 wt% in 65Ag-20Cu-—
15Pd, however, large amounts of Fe and Cr dissolved in the Cu-
rich matrix, resulting in the precipitation of the Fe(Cr) phase in
the Cu-rich matrix with three variants and the orientation
relationship similar to that of the Bain transformation. The EDS
data in Figs. 4(b) and 5(b) revealed that approximately 10 wt%
of Pd effectively inhibited the diffusion of Fe (6.3 at.%) and Cr
(1.0 at.%) into the Cu-rich matrix of 58Ag-32Cu-10Pd,
thereby suppressing the formation of the needle-like Fe(Cr)
phase. In contrast, the higher (15 wt%) Pd content in 65Ag—
20Cu—15Pd aided the diffusion and redistribution of Fe
(24.8 at.%) and Cr (4.4 at.%) in the Cu-rich matrix of the
interlayer, leading to the formation of needle-like Fe(Cr) phases
within the Cu-rich matrix. Here, the Cu-rich phase dissolved a
large amount of Pd (18-35 at.%) and underwent transformation
into the ordered LI,-type CusPd phase with APBs upon
cooling.

3.2.3. Interlayer/steel interface

Fig. 7(a) presents a BFI of the interlayer—steel interface in a
steel/58 Ag—32Cu—10Pd/YSZ joint; it reveals good metallurgi-
cal continuity in the interfacial region and the absence of any
reaction product at the interface. The chemical compositions of

Zone axes = [107]Fe(Cr)//[001]Cu-rich
Habit plane: (101)Fe(Cr)//(100)Cu-rich

Zone axes = [110]Fe(Cr)//[010]Cu-rich
Habit plane: (001)Fe(Cr)//(001)Cu-rich

—34001)7}, Gu-rich

the steel and the Ag- and Cu-rich phases [Fig. 7(b)] indicate the
dissolution of Fe and Cr into both the Ag- and Cu-rich phases.
Fig. 7(c)—(e) display the SADPs of the steel (a-Fe, BCC), the
Ag-rich phase, and the Cu-rich phase with zone axes of [0 0 1],
[0 1 1], and [0 1 1], respectively. The lattice parameters of a-
Fe, the Ag-rich phase, and the Cu-rich phase were calculated to
be 0.292, 0.410, and 0.378 nm, respectively. Comparisons with
the lattice parameters of pure o-Fe (0.287 nm), pure Ag
(0.408 nm), and pure Cu (0.362 nm) reveal degrees of lattice
expansion of a-Fe, the Ag-rich phase, and the Cu-rich phase of
1.7, 0.5, and 4.4%, respectively. The Cu-rich phase dissolved a
large amount of Pd (18 at.%) and formed the CuzPd phase upon
cooling. The CuzPd phase with the APB structure is displayed
in a dark-field image with [0 1 1] reflection in Fig. 7(f).

Fig. 8(a) presents a BFI of the transmission electron
micrograph of the interlayer—steel interface in the steel/65Ag—
20Cu—15Pd/YSZ joint. A microstructurally sound joint devoid
of interfacial voids and microcracks had formed. Nevertheless,
dislocations appear in the Ag- and Cu-rich phases, due to a
mismatch in the coefficient of thermal expansion (CTE)
between the interlayer and the steel. The chemical composi-
tions of the steel and the Ag- and Cu-rich phases [Fig. 8(b)]
indicate that 19.8 at.% of Pd had dissolved in the Cu-rich phase,
thereby forming a ordered CusPd phase with an L1, crystal
structure. Fig. 8(c)—(e) present SADPs of the steel (a-Fe) with a
zone axis of [1 1 1], the Ag-rich phase with a zone axis of
[011], and the Cu-rich phase with a zone axis of [00 1],
respectively. The lattice parameters of the a-Fe, the Ag-rich
phase, and the Cu-rich phase were 0.300, 0.411, and 0.391 nm,
respectively; their degrees of lattice expansion were 4.5, 0.7,
and 8.0%, respectively. Therefore, the degrees of lattice
expansion of the a-Fe, the Ag-rich phase, and the Cu-rich phase
in 65Ag-20Cu—15Pd were larger than those in 58Ag—32Cu-—
10Pd. In addition, the Cu-rich phase was Cu;Pd and the APBs
were also evident in the dark-field image in Fig. 8(f).

3.2.4. Interlayer/YSZ interface

Fig. 9(a) provides a BFI of the interlayer—YSZ interface in a
steel/58 Ag—32Cu—10Pd/YSZ joint; it reveals dislocations in the
Cu-rich phase and reaction products at the interlayer—YSZ
interface. Fig. 9(b) displays the compositions of the Cu-rich

Zone axes = [1101Fe(Cr)//[100]Cu-rich
Habit plane: (110)Fe(Cr)//(010)Cu-rich

) Fe (Cr) precipitate ' :
z Fe (Cr) precipitate 742" Cu-rich

Zone axes
lﬂ Cu-rich .
z Wi Fe (Cr) precipitate
Z
Fe (Cr ?

(100 (001)
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183

[(101)1-

e

X

(a) (b)

/ Qr (0
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Y
0 e X V7 QL
Y one axes X /J_ ¥
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Fig. 6. Schematic representations of the Fe(Cr) precipitate and the Cu-rich phase: (2) Z = [10 I]gy(er)//[00 Uy riens () Z = [1T0gyer//[010]cyopicns (©)

Z= [1 1 0]Fe(cr)//[1 0 0]Cu—rich~
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(b) Atomic% | Ag Cu Fe Cr Pd Zr O

Steel 04 13 745216 03 11 08
Ag-rich 77384 92 27 09 15 X
Cue-rich 31 655 101 16 180 1.7 x

Fig. 7. (a) Transmission electron micrograph (BFI) of the interlayer—steel
interface in the steel/58 Ag—32Cu—10Pd/YSZ joint. (b) Chemical compositions
of the steel and the Ag- and Cu-rich phases. (c—e) SADPs of (c) the steel (a-Fe;
zone axis: [0 0 1]), (d) the Ag-rich phase (zone axis: [0 1 1]), and (e) the Cu-rich
phase (zone axis: [0 1 1]). (f) Dark-field image in the [0 T 1] reflection, revealing
the presence of an APB in the Cu-rich phase.

phase, the reaction products (TizO5 and SiO,), and the YSZ,
as determined through EDS analysis. In the Cu-rich phase, a
large amount of Zr had dissolved from YSZ, but the Pd
content was merely 0.2 at.%. From the SADP of the Cu-rich
phase in Fig. 9(c) and the EDS data, very little Pd and no
superlattice spots appeared in the diffraction pattern;
therefore, the Cu-rich phase was FCC Cu and not CusPd.
Interestingly, the Cu-rich phase near the steel was CusPd
(18 at.%) with an L1, crystal structure [Fig. 7(b) and (e)], but
the Cu-rich phase near YSZ was FCC Cu. Fig. 9(d) presents

(b) Atomic%|Ag Cu Fe Cr Pd Zr

Steel 01 21 711 250 x 1.7
Ag-rich 813 79 47 15 25 21
Cu-rich 23 7.2 37 13 198 17

[001]Cu-rich

Fig. 8. (a) Transmission electron micrograph (BFI) of the interlayer—steel
interface in the steel/65Ag—20Cu—15Pd/YSZ joint. (b) Chemical compositions
of the steel and the Ag- and Cu-rich phases. (c—e) SADPs of (c) the steel (a-Fe;
zone axis: [1 1 1]), (d) the Ag-rich phase (zone axis: [0 1 1]), and (e) the Cu-rich
phase (zone axis: [00 1]). (f) Dark-field image in the [1 1 0] reflection,
revealing the presence of an APB in the Cu-rich phase.

an SADP of the YSZ with the [111] zone axis of #-ZrO,.
Notably, however, {1 12}-type reflections appeared in the
SADPs of #-ZrO, because the large concentration of oxygen
vacancies altered the structure factor of ¢-ZrO,. Meanwhile,
the zirconia became blackened oxygen-deficient zirconia
(ZrO,_,) [5,20]. Fig. 9(e) provides a digital diffractogram
obtained from a high-resolution image of amorphous SiO,.
Silica is the most common impurity present in YSZ, along
with alumina and alkali metal oxides [21]. Thus, it was
possible that amorphous SiO, gathered at the interface
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(b)Atomic%|Ag CuFe Cr Pd Zr O Y Ti Al Si
Cu-rich |22 748 44 09 94 64 06 02 04 x X

YSZ |05 0928 09 x 3425742501 07 x
TisOs (01 1209 21 x 34 56.2 x 22313.0 0.8
Si02 |02 0909 03 x 23 5490102 07395

(®) Atomic % Ag Cu Fe Cr Pd Zr O Y Ti Al Si
Cu-rich |01 741 63 1.8 02 164 1.0 01 X X X

YSZ 103 2118 x x 448 48624 x x X
Ti3O5 |04 11 08 25 x 28 583 x 23.111.0 x
Si02 |0.8 0908 x x 39 494 x 01 x 441

Fig. 9. (a) Transmission electron micrograph (BFI) of the interlayer—YSZ
interface in the steel/58 Ag—32Cu—-10Pd/YSZ joint. (b) Chemical compositions
of the Cu-rich phase, the YSZ, Ti;Os, and SiO,. (c, d) SADPs of (c) the Cu-rich
phase (zone axis: [111]) and (d) the YSZ (zone axis: [111]). (e, f) Digital
diffractograms obtained from high-resolution images of (e) amorphous SiO,
and (f) TizOs having a zone axis of [0 1 0].

between the interlayer and the YSZ. Another reaction
product was Ti3;Os, identified in the digital diffractogram of
Fig. 9(f).

The EDS data in Fig. 9(b) revealed that 13 at.% of Al arose
from an impurity of alumina in the YSZ, and that it diffused into
Tiz;Os. We believe that the source of Ti arose from the minor
alloying constituents (e.g., Ti, P, Si, Ni) found in steel, because
no Ti exists in the commercial Ag—Cu-Pd braze 58Ag—32Cu-—

Fig. 10. (a) Transmission electron micrograph (BFI) of the interlayer—YSZ
interface in the steel/65Ag—20Cu—15Pd/YSZ joint. (b) Chemical compositions
of the Cu-rich phase, the YSZ, Ti;Os and SiO.. (c, d) SADPs of (c) the Cu-rich
phase (zone axis: [0 0 1]) and (d) the YSZ (zone axis: [0 1 1]). (e, f) Digital
diffractograms obtained from high-resolution images of (e) amorphous SiO,
and (f) TizOs having a zone axis of [0 1 0].

10Pd. Owing to its higher affinity for oxygen, Ti atoms will
diffuse across the interlayer and react with the YSZ to form
TizO5 at the interface. From JCPDS (#82-1138), TizOs is
monoclinic with lattice parameters a, b, ¢, and g of 9.8 A,
3.8A, 9.5A, and 93°, respectively; in 58Ag-32Cu—10Pd,
however, these lattice parameters for Ti;O5 were 9.3 A, 33A,
8.8 A and 97°, respectively. Residual stresses from the CTE
mismatch between the YSZ and the interlayer would cause the
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TizOs5 crystal structure to slightly deform, leading to differences
in the lattice parameters. The Gibbs free energies (AG) for Ti
oxide formation have been proposed for the reactions of Ti with
Zr0, [4,8]. Singh et al. indicated that the values of AG for oxide
formation in the brazing temperature range 1193-1253 K for
the various oxides of Ti (in kJ) were as follows: TiO, (—706.9 to
—724.7), TiO (—417.5 to —428.5), Ti,O; (—2590.7 to
—2662.9), and Ti;O5 (—1878.9 to —1929.7). These negative
values reveal that formation of titanium oxides is probable. In
our present system, however, we observed evidence for the
presence of TizOs, but not other Ti oxides. Although
compounds such as Pd;Zr, Pd,Zr, PdZr, PdZr,, Pd3Y, Pd,Y,
Pd;Y5,, and PAY can also form at relatively low (1073—-1473 K)
temperatures in Pd—Zr and Pd-Y systems, we found no
evidence for any of these phases.

Fig. 10(a) displays a BFI of the interlayer—YSZ interface in a
steel/65Ag—20Cu—15Pd/YSZ joint; dislocation substructures
appeared in the Cu-rich phase and TizOs and SiO, in the
interlayer—YSZ interface were observed. The EDS data in
Fig. 10(b) reveals that the Tiz;Os contained 11 at.% Al and the
Cu-rich phase dissolved 16.4 at.% Zr, but the content of Pd was
very low (0.2 at.%). Thus, the Cu-rich phase was FCC Cu and
not CuzPd. Fig. 10(c) and (d) present the SADPs of the Cu-rich
phase with a zone axis of [0 O 1] and of the #-ZrO, with a zone
axis of [0 1 1], respectively. A digital diffractogram obtained
from a high-resolution image of SiO, [Fig. 10(e)] reveals that
the crystal structure was amorphous. Fig. 10(f) provides a
digital diffractogram obtained from a high-resolution image of
the Ti;O5 with a [0 1 0] zone axis; from it, the lattice parameters
were calculated as a, b, ¢, and 8 of 9.1 A 3.1 A 8.5 A and 93°,
respectively.

4. Conclusions

Two commercial Ag-based interlayers containing Pd as an
alloying element (58Ag—32Cu—10Pd and 65Ag-20Cu-15Pd)
were used to join YSZ to a corrosion-resistant ferritic stainless
steel. The SEM and TEM coupled with EDS to characterize the
microstructures of the interlayer matrix and the interlayer—steel
and interlayer—YSZ interfaces. In the interlayer matrix, the Cu-
rich phase near the YSZ was FCC Cau; it dissolved a significant
amount of Zr from ZrO, and minor amounts of Fe and Cr from
the steel. The Cu-rich phase in the interlayer matrix near the
steel was the ordered phase CuszPd with APBs and an L1,
crystal structure. Silver particles precipitated within the Cu;Pd
phase in the 58 Ag—32Cu—10Pd interlayer; in contrast, a Fe(Cr)
needle-like phase appeared in the Cu;Pd phase in the 65Ag—
20Cu-15Pd interlayer. No reaction products at the interlayer—
steel interface were found, but dislocations did appear in the
Ag- and Cu-rich phases. At the interlayer—YSZ interface, two
reaction products: SiO, and Ti3Os5 formed. Chemical inter-

diffusion among the YSZ, the steel, and the interlayer led to
compositional changes and interfacial reconstruction induced
by the reaction products, yielding metallurgically sound joints.
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