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Abstract: Reactive air brazing has been widely used in fabricating solid oxide fuel/electrolysis cell
(SOFC/SOEC) stacks. However, the conventional Ag–CuO braze can lead to (I) over oxidation at the
steel interconnect interface caused by its adverse reactions with the CuO and (II) many voids caused
by the hydrogen-induced decomposition of CuO. The present work demonstrates that the Ag particle
interlayer can be used to join yttria-stabilized zirconia (YSZ) electrolytes to AISI 441 interconnect in
air instead of Ag–CuO braze. Reliable joining between YSZ and AISI 441 can be realized at 920 ◦C.
A dense and thin oxide layer (~2 µm) is formed at the AISI 441 interface. Additionally, an interatomic
joining at the YSZ/Ag interface was observed by TEM. Obtained joints displayed a shear strength
of ~86.1 MPa, 161% higher than that of the joints brazed by Ag–CuO braze (~33 MPa). After aging
in reducing and oxidizing atmospheres (800 ◦C/300 h), joints remained tight and dense, indicating
a better aging performance. This technique eliminates the CuO-induced issues, which may extend
lifetimes for SOFC/SOEC stacks and other ceramic/metal joining applications.

Keywords: solid oxide fuel/electrolysis cells; sintering; YSZ; Ag particle interlayer; aging

1. Introduction

As electrochemical energy conversion devices, solid oxide fuel/electrolysis cells
(SOFCs/SOECs) are increasingly widely applied in practice due to high efficiency, fuel
diversity, and ultra-low pollution [1–5]. YSZ ceramics, possessing excellent fracture tough-
ness, chemical stability, and high ionic conductivity at elevated temperatures, have become
the most successful and commonly used electrolyte for SOFCs/SOECs [6–10]. Typically,
single cells are combined into SOFC/SOEC stacks to obtain sufficiently high voltage [11,12].
To date, the planar SOFC/SOEC design achieves the broadest applications due to its easy
stacking characteristics [13–15]. The most critical process in fabricating the planar stack is
the sealing between solid oxide cells and ferritic stainless steel interconnects [16]. Ferritic
stainless steel usually possesses excellent mid-temperature stability performance because
of the dense Cr2O3 layer on the substrate surface caused by the high Cr content [17–19].
The joining between solid oxide cells and ferritic stainless steel should be stable during the
subsequent long-term high-temperature service [20,21].

Glass/glass-ceramic bonding and reactive air brazing (RAB) are currently two promis-
ing methods to join cells to interconnects [22–24]. For the glass/glass–ceramic materials,
their composition can be tailored to match the thermomechanical requirements of the
SOFC/SOEC stack components [25–27]. However, problems such as the crystallization
during sintering/operation and inherent brittleness of the glass-based sealants may be
detrimental to the long-term stability of joints [28,29]. Fortunately, RAB is an alternative
technique to satisfy the sealing requirements without the above issues. This method can be
performed directly in air with a noble metal (Ag, Pt, Au, Pd)-oxide (CuO, V2O5, Nb2O5,
SiO2) braze system [30–32]. The oxide modifies or reacts with the substrate surface, thus
promoting the wetting behavior of the braze on the newly formed surface [33]. Up to now,
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the Ag–CuO is the most effective and commonly used RAB braze for joining SOFC/SOEC
components [34–36].

However, recent studies have pointed out that the introduction of CuO can give rise
to two significant issues. One is the thick and loose Cu/Cr/Mn/Fe-oxide layer (typically
≥20 µm) at the braze/interconnect interface due to the reaction between the CuO from the
braze and the steel interconnect [31,37,38]. Moreover, the rapid growth of this oxide layer
has been proven to be a key factor for the RAB joint failure during aging [22]. Another
issue for the Ag–CuO braze is that CuO is thermodynamically unstable when exposed to
the reducing atmosphere in fuel (i.e., anode) chambers [7,36]. The decomposition of CuO
through the reaction CuO + H2→Cu + H2O and the subsequent solid solution of Cu into
the Ag matrix can lead to many voids [3,39]. Besides, these voids can offer rapid paths for
hydrogen permeation into the joint central region (where the hydrogen reacts with diffused
oxygen to generate gaseous water pockets), consequently weakening the gas-tightness and
mechanical properties of joints [36,40–42].

However, it has been noted that the joints mainly composed of Ag with good plas-
ticity still have an irreplaceable role when the SOFC/SOEC stack is used as a mobile
device [43,44]. Hence, a sealant without CuO should be tested to solve the problems caused
by the CuO-containing braze, and a pure Ag interlayer might be a good choice. Molten Ag
may not provide a sufficient joining for the YSZ-electrolyte/steel-interconnect structure
in the SOFC/SOEC stack considering the limited wettability of liquid Ag on the YSZ
electrolyte. However, nano- or micron-sized Ag particles have specific sintering proper-
ties, which can form effective joining below the melting point of Ag (961.8 ◦C) [45,46].
Therefore, this work intends to apply the Ag particle interlayer to replace the Ag–CuO
braze for joining the YSZ electrolyte and AISI 441 interconnect below the melting point
of Ag. The benefits of this approach are apparent: (I) The oxide layer at the interconnect
interface can be effectively mitigated due to the absence of CuO; (II) The decomposition
of CuO and the consequent damage to the joint stability are entirely avoided; (III) The
joining temperature is lowered compared with the typical RAB process, thus weakening
the interconnect oxidation; and (IV) The overflow of braze in traditional braze methods
(such as vacuum brazing, glass/glass-ceramic bonding, RAB, etc.) can be solved. However,
whether a high-strength joining between the YSZ-electrolyte and steel-interconnect can be
achieved without the CuO modification is unclear. Furthermore, the aging performance of
joints should also be studied in detail.

In this study, a pure Ag particle interlayer was used to join the YSZ electrolyte to the
AISI 441 interconnect directly in air. The microstructure, formation mechanism, mechanical
properties, and the effects of joining temperature on the joint were studied in-depth.
Furthermore, the long-term stability of joints both in oxidizing and reducing atmospheres
was also evaluated.

2. Experimental Procedures
2.1. Materials

The YSZ electrolyte (containing 3 mol% yttria) adopted in this work was purchased
from Shanghai Unite Technology Co. Ltd. (Shanghai, China). The reason we chose 3YSZ is
that it possesses excellent mechanical properties and moderate ionic conductivity. AISI 441
stainless steel (a kind of ferritic stainless steel) to be joined was obtained from Baowu Iron
and Steel Group Co. Ltd., Shanghai, China, with a thickness of ~2 mm, and its chemical
composition is displayed in Table 1. The chemical composition was characterized by a spark
emission spectrometer (Germany) using the ASTM E1086-14 standard. Ag powder (Aladdin,
Shanghai, China 99.95%, ≤10 µm) was pressed (200 MPa, 180 s) into a ~100 µm-thick tablet
via a tableting instrument. The morphology of the Ag powder and Ag tablet is shown in
Figure 1a,b.
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Table 1. Composition of the AISI 441 stainless steel (wt.%).

Cr Mn Si Nb Ti Al Fe

Content 17.53 0.40 0.59 0.41 0.17 0.07 Balance
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Figure 1. (a) Morphology of the Ag powder and (b) morphology of the Ag particle tablets.

2.2. Joining Process

Before joining, AISI 441 stainless steel was cut into 10 × 10 × 2 mm3 pieces using
a wire electric discharge machine and subsequently polished with 1200- abrasive paper.
YSZ ceramics were cut into 5 × 5 × 3 mm3 specimens using a diamond wire saw, then
both the AISI 441 pieces and YSZ specimens were ultrasonically cleaned in ethanol for
20 min. The Ag tablet was sandwiched between the YSZ and AISI 441. Meanwhile, pressure
(~2 MPa) is applied on the top of the sandwich to ensure tight contact during joining, as
shown in Figure 2a. Finally, these assemblies were sintered in a muffle furnace (KSL-1400X)
and heated at a series of temperatures (860–970 ◦C) for 30 min, with heating and cooling
rates of 5 ◦C/min (see temperature curve in Figure 2c). The whole joining process was
carried out in quasi-static air.
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2.3. Long-Term Tests in Reducing and Oxidizing Atmospheres

Two groups of tests were conducted to assess the long-term stability of the joints in
reducing and oxidizing atmospheres. In both tests, the obtained joints were placed in an
alumina crucible, exposed in a horizontal tube furnace (OTF-1200X), and heated at 800 ◦C
for 300 h (heating and cooling rates of 5 ◦C/ min). To simulate the reducing atmosphere in
the fuel chamber, the compressed gas (5% H2 + 95% Ar) flowed through a water container
(heated to 80 ◦C for 50% humidity) to obtain a wet reducing atmosphere containing 50%
(H2 + Ar) and 50% H2O, as shown in Figure S1. Meanwhile, the gas flow was kept at 6 L/h.
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As for the aging test in the oxidizing atmosphere, the compressed air flowed into the above
horizontal tube furnace with a constant gas flow of 6 L/h.

2.4. Microstructural Characterization and Shear Test

To observe the microstructure of the YSZ/AISI 441 joints, cross-section samples of
joints at each parameter were obtained by the diamond wire cutting method. Then, these
samples were embedded in epoxy resin. The cross-sections were ground, in turn, with
400, 600, 800, 1000, and 2000-grit silicon carbide papers and subsequently polished with
colloidal silica suspension (OPS). Finally, scanning electron microscopy (SEM, Quanta
200FEG, USA) combined with an energy dispersive spectrometer (EDS) was adopted for
metallographic observation.

For further analysis at the YSZ/Ag interface, a focused ion beam (FIB, Helios Nano Lab
600i, USA) was used to prepare the sample with a thickness of 50–100 nm. Subsequently,
this sample was analyzed by a transmission electron microscope (TEM, Talos F200X, USA).

A universal mechanical testing machine (Instron 1186, Norfolk County, MA, USA)
was used to measure the shear strength of the joint. The schematic illustration of the shear
test was depicted in Figure 2b. Five samples were measured, and numerical results were
averaged at each temperature.

3. Results and Discussion
3.1. Interfacial Microstructure and Formation Mechanism of YSZ/AISI 441 Joint

Figure 3a displays the overall SEM image of the YSZ/AISI 441 joint obtained with the
Ag particle interlayer at 920 ◦C/30 min in air. It is apparent that a tight joint was formed
under this condition, and the Ag particle interlayer was completely densified without any
voids after sintering. This completely dense interlayer structure can block the gas in the
anode chamber and cathode chamber. Furthermore, compared with the RAB process, this
technology eliminates the pores caused by CuO reduction during operation, which can
significantly prolong the service life of joints. Both the YSZ/Ag interface and the AISI
441/Ag interface seem compact and defect-free. The corresponding enlarged SEM images
(Figure 3(a1,a2)) were obtained for further details about these two interfaces.

A thin and dense oxide layer (~2 µm) formed between Ag and AISI 441 (Figure 3(a2)),
which has been proven to be composed of (Fe, Mn, Cr)3O4 and Cr2O3 in many stud-
ies [31,47–49]. It is worth noting that the oxide layer formed at the stainless steel interface
by the traditional RAB method is typically thicker than 20 µm [31,37,38], which is 10 times
wider than the above oxide layer. This thick and loose oxide layer can cause crack initiation
and poor gas tightness, and its further growth during service results in joint failure. The
dramatic reduction in the oxidation layer thickness is due to the absence of CuO and the
lower joining temperature (920 ◦C, while the traditional RAB method generally requires
temperatures higher than 970 ◦C). Compared with the ≥20 µm thick oxide layer, this thin
and dense oxidation layer may help maintain the long-term stability of the joint. Moreover,
the oxide layer on the AISI 441 surface increases the total resistance of the interconnect,
thereby increasing the ohmic resistance of the stack [50,51]. Therefore, compared with RAB,
the thinner oxide layer obtained by the Ag particle interlayer can bring lower area specific
resistance (ASR), which helps maintain the high efficiency of stacks.

It can be seen from the enlarged view in Figure 3(a1) that the YSZ/Ag interface is
dense without micro-voids or micro-cracks. It is well documented that a tight atomic
bonding is essential to fabricate a stable joint [52], while it is hard to judge whether there is
atomic bonding between YSZ and Ag only by SEM. Therefore TEM was adopted to further
analyze the YSZ/Ag interface. Figure 3b exhibits the bright-field image at the YSZ/Ag
interface, and the corresponding elemental distribution (Zr and Ag) is shown in Figure 3c.
The element distribution indicates that Ag and YSZ are closely joined without apparent
gaps. The enlarged view in Figure 3(c1) reveals that a small number of Ag atoms diffuse
into the YSZ, forming a diffusion layer with a width of ~3 nm. As shown in Figure 3d, the
elemental distributions of Ag, Zr, and O along the yellow line in Figure 3b also indicate
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that a diffusion layer (~3 nm) exists between Ag and YSZ. This diffusion phenomenon
might play a crucial role in forming a hermetic joint. High resolution transmission electron
microscope (HRTEM) was used to determine the bonding type between YSZ and Ag. The
HRTEM image in Figure 3e shows that the crystal lattices of Ag and YSZ are clearly visible.
The enlarged view (Figure 3(e1)) of region 4 and the corresponding selected area diffraction
patterns (SAPDs) (Figure 3(e2,e3)) note that the [220] zone axis of the ZrO2 is parallel to the

[0
–
11] axis of the Ag. In addition, a disordered lattice region (~3 nm) was observed between

Ag and YSZ, which could be attributed to the diffusion of Ag into the YSZ. The above TEM
analysis demonstrates that atomic bonding was achieved between YSZ and Ag, which is
the premise of obtaining an airtight joint with superior mechanical properties.
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Figure 3. (a) Microstructure of YSZ/AISI 441 joint obtained at 920 ◦C, enlarged view at (a1) YSZ
and (a2) AISI 441 interface; (b) bright-field image at the YSZ/Ag interface, (c) corresponding EDS
mapping results, (c1) enlarged view of region 3, (d) elemental distributions along the yellow line, (e)
HRTEM image at YSZ/Ag interface, (e1) enlarged view of region 4, selected area diffraction patterns
of (e2) region 5 and (e3) 6.

It can be seen from Figure 1b that micron-level or even nano-level Ag particles still
existed in the Ag tablets after dry pressing. Therefore, the sintering effect might be
one reason for the successful joining of YSZ and AISI 441. The driving force of sintering
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primarily depends on the inherently high surface energy and curved surface of the Ag
particles [53]. Furthermore, the Laplace equation can well describe the driving force for
interfacial sintering, as shown in the following equation [54].

P = P0 + γ

(
1

R1
+

1
R2

)
where P is the driving force for interfacial sintering and P0 represents the external pressure;
γ is the surface energy, determined by surface stress derivation and surface chemical
contribution of the particles; and R1 and R2 are the particles’ curvature radii at the contact
point. Given the even surface of the YSZ, it can be considered that the YSZ in contact with
the Ag particle has a huge curvature radius (i.e., R2→∞). Accordingly, the driving force
mainly depends on the curvature radius of the Ag particle (R1), as shown in Figure 4a.
Moreover, the pressure of ~2 MPa applied during the joining process can result in a large
external pressure P0, thereby further increasing the interfacial sintering driving force P.
Consequently, the sintering driving force at the Ag/YSZ interface is large enough to form
effective Ag/YSZ bonding. The joining mechanism at the AISI 441 interface is similar to
that described above. During joining, a dense oxide layer is generated on the AISI 441
surface. Ag particles form an effective joining with the oxide layer on the AISI 441 surface
under a similar sintering driving force.
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The schematic diagram of the joining among Ag particles is shown in Figure 4b.
According to the Laplace equation, the sintering driving force here is greater than that at
the interface. Therefore, adequate bonding is formed among the Ag particles under this
sintering driving force.

The formation mechanism of the above joint is similar to the joint obtained by com-
mercial Ag nano paste sintering joining to some extent. However, the joint obtained by
traditional Ag nano paste (sintered at 280–400 ◦C) possesses a high pore fraction and low
mechanical properties, which cannot be used to seal SOFCs/SOECs [55,56]. In contrast,
a fully dense joint with good mechanical properties (see Section 3.3) can be obtained using
the silver particle interlayer, which can well meet the long-term operation requirements of
SOFCs/SOECs. In addition, the complex preparation process and high cost of Ag nano
paste are key factors limiting its wider application [46,57]. Conversely, the preparation of
a Ag particle interlayer is low-cost (~1/10 of that of Ag nano paste) and straightforward,
which may promote the rapid commercialization of this technology.

3.2. Effect of Joining Temperature on YSZ/AISI 441 Joint

Since the joining temperature is an essential factor affecting the microstructure and
properties of the joint, the microstructures of the joints obtained at various joining tempera-
tures (860–970 ◦C) for 30 min can be observed in this section, as displayed in Figure 5.
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It can be seen from Figure 5a–d that well-formed joints could be obtained at 860–950 ◦C.
The enlarged view at the YSZ/Ag interface (Figure 5(a1–d1)) exhibited no defects or voids
observed at this interface at 860–950 ◦C. This can mainly be attributed to the sintering effect
of Ag particles (explained in Section 3.1). Furthermore, Ag is soft enough to fill the gaps at
this interface under the pressure of ~2 MPa, which is another contributor. Furthermore,
since there is no reaction product between Ag and YSZ, and both are stable at 860–950 ◦C,
no noticeable change of the YSZ/Ag interfacial microstructure at various temperatures can
be observed by SEM.

For the AISI 441/Ag interface (see Figure 5(a2–d2)), the oxidation behavior is intensi-
fied with elevating temperatures. At 860 ◦C (Figure 5(a2)), a discontinuous oxide is formed
at the AISI 441 interface. The oxide layer is thickened with the increasing temperature,
and a continuous and dense oxide layer (2–3 µm in thickness) was observed at 950 ◦C
(Figure 5(d2)). In addition, when the temperature reached 970 ◦C (higher than the melting
point of Ag), the joint quality decreased significantly, as seen in the Supplementary Ma-
terials (Figure S2). Most Ag flowed away from the gap between YSZ and AISI 441, and
only a slight residual Ag existed between YSZ and AISI 441. This phenomenon can be
attributed to the high contact angle of pure Ag on the YSZ surface and no reaction between
YSZ and Ag, resulting in the loss of liquid Ag during sintering [39,58].

3.3. Shear Strength of Joints at Various Joining Temperatures

Shear strength is an essential indicator for measuring the joint quality, so shear tests
were conducted for the joints obtained at different temperatures. Results are reported in
this section. Subsequently, the fracture surfaces after the shear tests were analyzed by SEM
to further understand the failure mechanism.

Figure 6a notes that the shear strength of the joint first increased and then de-
creased with the increasing temperature (from 860 ◦C to 970 ◦C), reaching the maximum
(~86.1 MPa) at 920 ◦C. Figure 6b illustrates the AISI 441-side fracture morphology of the
joints obtained at 860 ◦C. The fracture mainly occurs between YSZ and Ag, and no notice-
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able dimple on the Ag surface was observed. This phenomenon indicates a poor bonding
strength between Ag and YSZ at 860 ◦C due to insufficient sintering or diffusion between
Ag and YSZ at lower temperatures. Hence, the joints exhibited low shear strength at low
temperatures (~20.1 MPa at 860 ◦C). When the joining temperature increased to 890 ◦C,
the shear strength was significantly increased to 64.6 MPa. The fracture morphology in
Figure 6c (AISI 441 side) and Figure S3 (YSZ side) showed that part of the fracture began to
occur between Ag and AISI 441. On one hand, this was due to the increase in the YSZ/Ag
interfacial strength as the temperature rises. On the other hand, the thickening of the
oxide layer on the AISI 441 surface may reduce the bonding strength at the AISI 441/Ag
interface. The maximum shear strength was reached at 920 ◦C. The fracture occurred at
both the YSZ/Ag interface and the AISI 441/Ag interface (see Figure 6d). Furthermore,
many dimples were observed at the Ag layer, indicating a large plastic deformation and
high strength at the YSZ/Ag interface [59]. A further increase in temperature will reduce
the joint strength (~55.8 MPa at 950 ◦C), mainly due to the increased oxidation of the
AISI 441 surface, as shown in the enlarged view of area 8. It can be seen from Figure 6e
and Figure S3 that the fracture mainly occurred at the Ag/AISI 441 interface. Similar
conclusions can be obtained from the shear stress–shear displacement curve in Figure S4.
A yield platform was observed on the curve of the joint obtained at 920 ◦C, implying large
plastic deformation, corresponding to the dimples in Figure 6d. For the curve of the joint
obtained at 950 ◦C, no obvious platform was found. This is because the oxidation of the
441 surface was intensified at 950 ◦C, and the fracture mainly occurred near the oxide with
poor plasticity. In addition, when the joining temperature rose to 970 ◦C (exceeding the
melting point of Ag), the shear strength dropped sharply to ~2.5 MPa, and the reason for
this is explained in detail in Section 3.2.

According to the research of Cao et al. [31], the shear strength of the YSZ/AISI 441
joint obtained using traditional Ag–CuO braze at 960 ◦C/30 min is ~33 MPa. Surprisingly,
the joint strength in this study could reach ~ 86.1 MPa, which was 161% higher than that of
traditional RAB joints. The significant enhancement in shear strength could be explained
by the reduced oxidation at the AISI 441 surface at lower joining temperature (920 ◦C).
Meanwhile, the absence of CuO further alleviates the oxidation of the metal surface.

3.4. Stability of Joints in Reducing and Oxidizing Atmospheres

To assess the long-term stability of the joints in SOFC/SOEC relevant atmospheres,
the YSZ/441 joints obtained with pure Ag interlayer at 920 ◦C/30 min were aged for 300 h
at 800 ◦C in 50% (H2 + Ar) − 50% H2O and air atmospheres, respectively. The aging results
were analyzed as follows.

Figure 7 presents the cross-sectional SEM images of the joints after exposure in 50%
(H2 + Ar) − 50% H2O at 800 ◦C for 300 h. Obviously, aging for 300 h in the reducing
atmosphere did not cause any significant change in the overall morphology of the joint.
No defects (such as delamination, cracks, or voids) due to reduction were observed. The
enlarged views of the two interfaces were subsequently observed for further details. It
can be seen from Figure 7(a1–c1) that the YSZ/Ag interface remained compact and well
bonded, and the reducing atmosphere had no apparent effect on this interface. The good
reduction resistance of the interface may be attributed to the Ag–ZrO2 atomic bonding. The
AISI 441/Ag interface also showed excellent stability in a reducing atmosphere at 800 ◦C,
as shown in Figure 7(a2–c2). The oxide layer at the AISI 441 interface remained compact,
and its thickness did not seem to change after exposure to a reducing atmosphere for 300 h.
This may be because the oxide layer is thermodynamically stable under this condition and
is difficult to decompose by reduction. Notably, the voids caused by the CuO reduction,
which is inevitable in the traditional RAB method [3,36,39,42], were completely eliminated.
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Figure 8 displays the joint structure after aging in air at 800 ◦C for 300 h. It can be
seen from the low-magnification SEM images in Figure 8a–c that the joints maintained
tight bonding in a wide range without delamination after oxidation for 300 h. Furthermore,
the oxide layer on the AISI 441 surface was thickened with the increasing oxidation time.
Additionally, no apparent defects were observed in cross-sectional SEM images from
Figure 8(a1–c1). The YSZ/Ag interface remained tight and defect-free (the enlarged view at
this interface is not shown). The enlarged view at the AISI 441 interface (Figure 8(a2–c2))
showed that the oxide layer thickness only reached ~15 µm after oxidation for 300 h, which
was even thinner than that of the joints obtained by the traditional Ag–CuO braze without
oxidation test (typically ≥20µm) [31,37,38]. Furthermore, the oxide layer in this study was
denser, and only a few micro-voids appeared after oxidation for 300 h. Both the thickness
and compactness of the oxide layer indicated superior oxidation resistance and aging
performance of the joints fabricated by the Ag particle interlayer. Meanwhile, the stack
obtained through the Ag particle interlayer should have smaller ohmic resistance and
higher efficiency in the operation atmosphere, especially in a high-temperature oxidizing
atmosphere. It must be noted that there were some differences between the test conditions
in this research (separate aging tests in oxidation and reduction atmosphere, respectively)
and the actual operating conditions (dual atmosphere) in stacks, so the above results are
only limited reference.
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In brief, the above aging test demonstrates that YSZ/AISI 441 joints obtained with
the Ag particle interlayer presented long-term (≥300 h) stability in both a wet reducing
atmosphere and oxidizing atmosphere. Due to the absence of CuO, the joints were more
stable in a reducing atmosphere on the one hand, and the oxide layer formed on the stainless
steel surface was much thinner and denser in the oxidizing atmosphere on the other hand.
Compared with the traditional RAB method, the method in this paper can greatly improve
the service life of the joint, and is more suitable for fabricating the SOFC/SOEC stacks.

4. Conclusions

In this study, the YSZ electrolyte was successfully joined to the AISI 441 intercon-
nect using the Ag particle interlayer in air under an assembly pressure of ~2 MPa. The
microstructure, mechanical properties, and aging properties of the joints were analyzed
in-depth. The main conclusions can be summarized as follows:
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(1) Dense and defect-free joints were fabricated at 920 ◦C/30 min using the Ag particle
interlayer. A thin and dense oxide layer (~2 µm) was observed at the Ag/AISI 441
interface. TEM results prove that the interatomic bonding of YSZ/Ag was achieved
by forming a diffusion layer with a disordered lattice (~3 nm) between them. Further-
more, the sintering effect played a key role in the joining process.

(2) No significant defects were observed at the YSZ/Ag interface at the temperature
range of 860–950 ◦C, which can be attributed to the excellent plasticity and sintering
properties of Ag particles. The oxide layer at the AISI 441/Ag interface thickened with
the increasing temperature. The oxide layer thickness only reached 2–3 µm, even at
950 ◦C, which was much thinner than the traditional RAB joints (typically ≥20 µm).

(3) Lower temperatures will lead to insufficient diffusion of YSZ/Ag, resulting in poor
bonding strength at the YSZ/Ag interface. In contrast, excessive temperatures can
aggravate the oxidation at the AISI 441 interface, thus reducing the AISI 441/Ag
interfacial strength. Therefore, the maximum shear strength of the joint (~86.1 MPa)
was achieved at 920 ◦C in air, which was 161% higher than that of traditional RAB
joints (~33 MPa).

(4) Aging tests demonstrate that YSZ/AISI 441 joints obtained with the Ag particle
interlayer presented superior long-term (≥300 h) stability in both reducing and
oxidizing atmospheres. The joints were more stable in the reducing atmosphere due
to the absence of CuO decomposition. Additionally, the oxide layer along the steel
interconnect interface was much thinner and denser in the oxidizing atmosphere
without the severe reactions between the CuO and steel.

This study shows that the YSZ/AISI 441 joints fabricated by the Ag particle interlayer
possess enhanced mechanical and aging properties, which may improve the reliability
and service life of SOFC/SOEC stacks. Meanwhile, the low-cost and high-quality Ag
particle interlayer sintering joining method proposed in this paper provides a new idea
for metal/ceramic joining. Furthermore, this method can be combined with field-assisted
sintering technology (such as electric field-assisted), which may further reduce the joining
temperature and improve the interfacial strength. Furthermore, this method seems to be
equally applicable for joining SOFC/SOEC electrode materials and interconnects. In the
future, the joining of various electrode materials to the interconnect via the particle Ag
interlayer can be further studied, and the aging performance of corresponding joints in the
actual operating environment can be tested.
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10.3390/cryst11121573/s1, Figure S1: Schematic diagram of preparation of wet reducing atmo-
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441 joints obtained at 970 ◦C for 30 min, Figure S3: Fracture surfaces at (a) 890 ◦C and (b) 950 ◦C
at the YSZ side, Figure S4: The shear stress–shear displacement curve of joints obtained at
various temperatures.
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