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Abstract: In this paper, a novel 95Ag-2.5Ge-2.5Si (in wt %) filler is utilized for brazing yttria-stabilized
zirconia (YSZ) electrolytes and commercial Crofer 22H interconnects for solid-oxide fuel cells’ (SOFCs)
sealing application. Before brazing, surface metallization is applied on YSZ and Crofer 22H substrates
to improve the wetting performance of the filler on YSZ and Crofer 22H substrates. The brazing
procedure is performed at 900 ◦C for 10 min under a high vacuum (~10−6 torr) to prepare sandwiched
YSZ/Crofer 22H brazed coupons. The metallization mentioned above can achieve reactive wetting
toward YSZ ceramics. A Si/Ti-rich oxide layer and an Fe-Cr-Si alloying phase are formed at the
brazed joints’ YSZ/filler and filler/Crofer 22H interfaces. After exposure to air at 750 ◦C for 100 h, Cu
and Si contents suffer from oxidation and form CuO and SiO2, respectively, in the brazed zone and
the YSZ/filler interface of the joints. The Fe-Cr-Si alloying phase at the filler/Crofer 22H interface is
preserved without apparent oxidation. The pressure-drop test results show that the brazed joints’
gas tightness does not deteriorate significantly after thermal aging, which is attributed to the good
interfacial integrity of thermal-aged joints.

Keywords: solid-oxide fuel cells (SOFCs); brazing; metallization; reactive wetting; microstructure;
gas tightness

1. Introduction

Solid-oxide fuel cells (SOFCs) are electrochemical energy-conversion devices that
generate electricity directly from chemicals (hydrogen and oxygen) without combustion.
Because SOFCs have superior characteristics of high energy-conversion efficiency and low
carbon emission, they are regarded as an alternative clean energy system [1]. Traditionally,
SOFCs must be operated at high temperatures (typically 800–1000 ◦C) to maintain their
performance; however, a high temperature also accelerates SOFC materials’ degradation.
Therefore, medium-temperature SOFCs (IT-SOFCs, 600–800 ◦C), which use high-catalytic-
activity materials, have become popular in recent years [2,3]. For IT-SOFC stack assembly,
robust interfacial sealing is usually required for long-term stable operation [4–6].

There are several methods developed for sealing SOFC stacks, such as glass bonding [7–9],
mica-based compressive seals [5,10,11], and brazing [12–14]. Metallic bonds usually have
better stress accommodation than covalent bonds, so more reliable SOFC sealing can be
obtained via brazing. Brazing is a joining method without melting parent materials. After
heating over the liquidus temperatures of filler metals, the molten fillers flow into the gap
between the parent materials using capillary action. Metallurgical reactions will proceed
until interfacial bonds are formed after solidification. There are many alloy systems used
as brazing fillers, including Au-based alloys [15–17], Ag-based alloys [18–22], Ni-based
alloys [23–25], etc.
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Based on different process atmospheres, brazing can be divided into two groups:
reactive-air brazing (RAB) [26–29] and vacuum brazing [14–19,23,24]. In the RAB method,
a cermet sealant composed of noble metals and oxides, such as Ag-CuO, Ag-Nb2O5, and
so on, is employed for joining SOFC electrolytes (typically yttria-stabilized zirconia, YSZ)
and stainless-steel-based metal interconnects. The brazing process occurs directly in an air
environment at around 1000 ◦C. Molten CuO has an excellent affinity to react with YSZ,
contributing to better wetting with more CuO contents [26]. However, the formation of
brittle Cu-Cr-Fe oxides at filler/stainless steel interfaces harms mechanical properties and
accelerates joint deterioration [6,21,30–32]. Recent studies propose protective coating on
stainless steel to alleviate the problem [6,28,33].

Compared to RAB, more reliable joints can be obtained through vacuum brazing.
In the method, active metals, such as Ti, Zr, V, etc., are usually added to brazing fillers
because the activity of the elements can facilitate reactive wetting and bonding for ceramic
components [34–36]. Ag-based active fillers, such as Ticusil (68.8Ag-26.7Cu-4.5Ti, in wt %,
melting range: 830–850 ◦C) and Cusil-ABA (63Ag-35.25Cu-1.75Ti, in wt %, melting range:
780–815 ◦C), have been used for brazing YSZ and stainless steels [18,37]. The reaction
products, Cu/Ti-rich oxides (including Ti3Cu3O, Ti4Cu2O, TiO, and so on) and Fe/Ti-rich
compounds, were observed at the YSZ/filler and the filler/steel interfaces, respectively.

Au-based active fillers, such as Gold ABA (96.4Au-3Ni-0.6Ti, in wt %, melting range:
1003–1030 ◦C) and Gold-ABA-V (97.45Au-0.8Ni-1.75V, in wt %, melting range: 1045–1090 ◦C),
are also applied to YSZ/stainless steel braze [15–17]. For Gold ABA filler, results showed a
Ti2O3 layer formed at the YSZ/filler interface, and an Au/Fe dissolution area began at the
stainless steel side. For Gold-ABA-V filler, the same reaction products were observed on
the stainless steel side; however, the V element had lower activity toward oxide ceramics,
leading to poor bonding with YSZ.

There are also many studies related to the utilization of non-active fillers for brazing
ceramics and metal components; to achieve the same effects as those of active fillers,
adding reactive reagents (e.g., TiH2) into non-active fillers [25,38–40], or modifying the
surface characteristic of ceramics via a metallization process [41–43], is usually employed
before brazing.

In the past, we developed a brazing filler based on an Ag-Ge-Si alloy system [44]. The
preliminary characterizations of the fillers were also investigated [45]. In this study, we
will choose one of the alloy compositions as a sealant and combine it with the metallization
method to join YSZ and stainless steels. The microstructure and gas tightness of the brazed
joints will be examined to evaluate the feasibility of utilizing the alloy for SOFC sealing.

2. Material and Experimental Procedures
2.1. Brazing Filler Preparation

The brazing filler, 95Ag-2.5Ge-2.5Si in wt %, was prepared with vacuum arc re-melting
(VAR). Ag (purity 99.99%), Ge (purity 99.9%), and Si (purity 99.9%) powders with the above
stoichiometric ratio were mixed using ball milling; afterward, the powder mixtures were
compressed into a compact with a hydraulic machine. Before arc melting, the chamber
of electric-arc furnaces was evacuated to around 10−2 torr and filled with argon (purity
99.99%) at least three times to ensure low oxygen content. The Ag-Ge-Si compact was put
on a water-cooling copper hearth and then melted with an electric arc to manufacture alloy
ingots (arc melting was conducted at least twice to achieve a homogeneous composition).
Finally, the bars were cut into specific dimensions for physical characterizations or rolled
into a foil form for brazing (foil thickness of around 130 µm, rolling provided by KTX
Material Co., Ltd., New Taipei City, Taiwan).

2.2. Characterization of the Brazing Filler

This paper will investigate the average chemical composition, melting range, coef-
ficient of thermal expansion (CTE), and microstructure of arc-melted 95Ag-2.5Ge-2.5Si
filler to obtain the basic properties of the alloy. For the chemical composition analysis, a



Metals 2023, 13, 1866 3 of 14

small amount (~0.3 g) of the alloys was dissolved in aqua regia and prepared as a dilute
solution beforehand. The sample was analyzed using inductively coupled plasma mass
spectrometry (ICP-MS, ELEMENT XR, Thermo Fisher Scientific, Waltham, MA, USA). The
melting range was measured via a differential thermal analyzer (DTA, Diamond TG/DTA,
PerkinElmer, Waltham, MA, USA). A small amount (30~50 mg) of the filler was put on
an alumina holder in the DTA furnace and experienced a heating and cooling cycle be-
tween room temperature (RT) and 1000 ◦C with a ramping rate of 10 ◦C/min in a nitrogen
atmosphere. To determine the CTE, the filler alloy was cut into a rectangular shape (L:
5 mm × W: 5 mm × H: 10 mm) and examined via a thermal mechanical analyzer (TMA,
Diamond TMA, PerkinElmer, USA) with a compressive load of 50 mN and heating rate
of 10 ◦C/min from RT to 800 ◦C in a nitrogen atmosphere. The microstructure of the
filler was inspected using a scanning electron microscope (SEM) and an electron probe
micro-analyzer (EPMA, JXA-8530F Plus, JEOL, Tokyo, Japan).

2.3. Wetting Tests and Brazing of the YSZ Electrolyte and Crofer 22H Stainless Steel

The parent materials, YSZ (Kceracell, Geumsan-gun, Republic of Korea) and Crofer
22H stainless steel (VDM Metals, Werdohl, Germany), were machined into square sheets (L:
10 mm × W: 10 mm, t: 1 mm), polished with sandpapers and cleaned with ethanol solutions
sequentially. Surface metallization of parent materials with the magnetron sputtering
method had to be conducted to improve the compatibility between the 95Ag-2.5Ge-2.5Si
filler and parent materials. The sputtering was implemented with an argon plasma under a
vacuum level of around 10−3 torr at 200 ◦C. Metallic layers with specific thicknesses (Ti:
1 µm, Cu: 3 µm, Ag: 5 µm) were sequentially deposited on the surface of YSZ, and an
Ag layer with a thickness of 5 µm coated on the surface of Crofer 22H. The contact angle
measurement would verify the wetting performance of 95Ag-2.5Ge-2.5Si filler on parent
materials. The arc-melted alloy beads (each one ~0.15 g) were put on metalized parent
materials and then melted by heating up to 900 ◦C under 10−6 torr. 95Ag-2.5Ge-2.5Si foils
were sandwiched between metalized parent materials and fixed with a ceramic holder for
brazing. The brazing procedure was performed at 900 ◦C for 10 min with a heating rate
of 10 ◦C/min; the vacuum level was controlled under 10−6 torr using a rotary pump and
diffusion pump.

2.4. The Microstructural Observation of YSZ/Crofer 22H Brazed Joints

The YSZ/Crofer 22H brazed specimens were cut, mounted, and polished sequentially
to prepare metallographic samples. SEM and EPMA (JXA-8530F Plus, JEOL, Japan) exam-
ined cross-sectional microstructures and quantitative chemical compositions. Elements’
distribution was analyzed through an energy-dispersive X-ray spectroscope (EDS, X-Max,
Oxford Instruments, Oxford, UK). The as-brazed and thermal-aged (at 750 ◦C for 100 h in
the air) joints were compared to investigate the evolution of interfacial microstructures.

2.5. The Gas-Tightness Tests of YSZ/Crofer 22H Brazed Joints

To prepare the samples for gas-tightness tests, parent materials were cut into square
shapes in advance. The YSZ and Crofer 22H dimensions were L: 20 mm × W: 20 mm,
and L: 14 mm × W: 14 mm, respectively. 95Ag-2.5Ge-2.5Si foils were cut into a frame
form with an inner area of 8 × 8 mm2 and an outer area of 16 × 16 mm2. Afterward, the
metallization and brazing of parent materials were the same as mentioned above. The
gas-tight properties were examined through a pressure-drop device. For pressure-drop
tests, the samples were connected to a buffer tank filled with helium under a pressure of
2 psig and then kept at RT and 750 ◦C for a period, respectively. The changes in the intake
pressure with time would be recorded to evaluate the leakage situation during test periods.
The definition of the average leakage rate is illustrated below [46].

Leakage rate =
∆P
∆t

× V (mbar·L/s)
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(∆P: the intake pressure change, ∆t: the test period, V: the volume of the buffer tank,
10 L) [46].

3. Results and Discussion
3.1. The Physical Characterization of the 95Ag-2.5Ge-2.5Si Filler

The average chemical composition of the 95Ag-2.5Ge-2.5Si filler is listed in Table 1,
composed of 95.13 Ag, 2.35 Ge, and 2.48 Si (in wt %). There was only a minor deviation
between actual and nominal composition, showing that the precise control of desired alloy
proportions could be achieved in manufacturing. The melting behavior of the 95Ag-2.5Ge-
2.5Si filler analyzed with DTA is demonstrated in Figure 1. During the heating stage, two
endothermic peaks at around 830 ◦C and 890 ◦C correlated to the filler’s solidus and liq-
uidus temperatures. When the specimen cooled back to RT, the corresponding exothermic
peaks were close to those above. The results suggested that the brazing temperature should
be above 890 ◦C; the filler could completely melt. Characterizing the melting behavior
ensured the filler could be utilized at the IT-SOFC with a temperature range between 600
and 800 ◦C.

Table 1. The ICP-MS quantitative chemical analysis of the 95Ag-2.5Ge-2.5Si filler.

Element/wt % Ag Ge Si Other Minor Elements

Average composition 95.13 2.35 2.48 ≤0.04
Nominal composition 95.00 2.50 2.50 ---
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Figure 1. The DTA curves of 95Ag-2.5Ge-2.5Si filler between RT and 1000 ◦C.

The behavior of the thermal expansion of 95Ag-2.5Ge-2.5Si filler is shown in Figure 2.
According to the CTE definition below [47], the change rate of sample length with tempera-
ture could represent the average CTE. The Figure 2 curve was separated into several linear
sections for CTE calculation, as listed in Table 2. The result indicated that the CTE value
increased with temperature, which was around 22.7 ppm/K at the IT-SOFC operational
temperature range. Compared to other brazing fillers, we could find that most fillers own
higher CTE than that of the YSZ (10.8 ppm/K) or Crofer 22H (12.3 ppm/K) substrate, such
as Ticusil (18.5 ppm/K, 20–500 ◦C) [48], Cusil-ABA (18.5 ppm/K, 20–500 ◦C) [49], Gold-
ABA (16.1 ppm/K, 20–850 ◦C) [50], and Ag-2CuO (in mole %, 19.6 ppm/K, 25–800 ◦C) [28].
Even though the CTE mismatch between fillers and SOFC materials is significant, previ-
ous reports also indicated that the metal layer can mitigate the thermal strain effectively
through a plastic deformation mechanism [19].

CTE =
(L − Lo)
Lo × ∆T

(ppm/K)
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Lo: the original length of the sample, L − Lo: the change in length, ∆T: the temperature
gradient [47].
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Table 2. The average CTE of the 95Ag-2.5Ge-2.5Si filler at different temperature ranges.

Temperature Range (◦C) CTE (ppm/K)

33–200 16.6
200–400 20.0
400–560 21.3
560–777 22.7

3.2. The Microstructure and Phase Identification of the 95Ag-2.5Ge-2.5Si Filler

Figure 3a shows the appearance of the 95Ag-2.5Ge-2.5Si filler foil prepared with rolling;
each was cut into a dimension of L: 18 mm × W: 18 mm for subsequent brazing procedures.
The backscattered electron images (BEIs) of the 95Ag-2.5Ge-2.5Si filler are illustrated in
Figure 3b–d, and EPMA chemical analyses are concluded in Table 3. According to the
image contrast in Figure 3b, the microstructure of 95Ag-2.5Ge-2.5Si filler mainly included
two phases. From the EPMA results in Table 3, the matrix (points A1 and B1 in Figure 3b)
was the Ag-rich phase, and the black precipitates (points C1 and D1 in Figure 3c,d) were the
Si-rich phase. Referring to Ag-Si, Ag-Ge, and Ge-Si binary alloy phase diagrams [51–53], Si
is hardly soluble with Ag. Still, Ag has limited solubility with Ge to form a binary solid
solution. It could explain that the Ag-rich matrix in Figure 3b comprised an Ag-Ge solid
solution. In addition, Ge and Si can be completely miscible in all proportions, so it was
deduced that the Si-rich precipitates in Figure 3c,d mainly comprise a Ge-Si solid solution.

Table 3. The EPMA chemical analyses of the 95Ag-2.5Ge-2.5Si filler in Figure 3.

Element/at% Ag Ge Si Possible Phase

A1 97.8 2.2 0.0 Ag-rich
B1 97.4 2.5 0.1 Ag-rich
C1 20.0 9.6 70.4 Si-rich
D1 16.5 9.4 74.1 Si-rich

3.3. The Wetting Tests and Cross-Sectional Microstructure of As-Brazed Joints

The wetting results of 95Ag-2.5Ge-2.5Si beads on two metalized substrates are demon-
strated in Figure 4. It was found that the spreading ability of the bead on the substrate
could be improved through sputtering with metallic layers on the substrate (Figure 4a,c).
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From transverse views (Figure 4b,d), the contact angles of the beads on the metalized YSZ
and Crofer 22H substrate were 12◦ and 18◦, respectively.
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Figure 5 shows the BEIs of vacuum-brazed YSZ/Crofer 22H joints, and EPMA chemi-
cal analyses of selected locations in Figure 5 are illustrated in Table 4. The results indicated
that the microstructure of the braze-melt deviated from that of the original filler due to the
dissolution and segregation of elements (Figure 5b). The matrix of the brazed zone was
composed of an Ag-rich phase (point A2 in Figure 5b). In addition, a small amount of Cu/Si-
rich (points B2 and C2 in Figure 5b) and Si-rich phases (point D2 in Figure 5b) was also
found in the brazed zone. It is worth mentioning that these phases are all slightly oxidized.
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microstructure, (b) the magnified BEI of area I in (a), (c) the magnified BEI of area II in (b), (d) the
magnified BEI of area III in (b).

Table 4. The EPMA chemical analyses of the YSZ/Crofer 22H brazed joint in Figure 5.

Element/at% Ag Cu Cr Fe Ge O Si Ti Y Zr Possible Phase

A2 96.6 0.9 0.0 0.0 1.7 0.4 0.3 0.0 0.0 0.0 Ag-rich
B2 0.2 73.2 0.0 0.0 2.3 5.6 18.6 0.0 0.0 0.0 Cu/Si-rich
C2 1.9 74.4 0.0 0.0 2.2 3.0 18.5 0.0 0.0 0.0 Cu/Si-rich
D2 0.4 0.3 0.0 0.0 15.9 0.4 82.9 0.1 0.0 0.0 Si-rich
E2 1.8 0.2 0.0 0.0 9.2 0.2 87.5 1.1 0.0 0.0 Si-rich
F2 2.3 1.4 0.1 0.2 1.4 32.7 33.1 26.2 0.1 2.6 Si/Ti-rich oxide

G2 0.1 0.1 16.8 47.2 0.1 0.0 34.9 0.0 0.0 0.0 Fe-Cr s. s. alloyed
with Si

Abbreviation: Solid solution (s. s.).

At the YSZ/filler interface of the brazed joint, there was a reaction layer formed here,
as illustrated in Figure 5c. According to EPMA results, the reaction layer consisted of two
kinds of chemical species (points E2 and F2 in Figure 5c). The main phase of the E2 location
was composed of a Ge-Si solid solution. The phase of point F2 mainly consisted of O, Si,
and Ti elements and was regarded as a Si/Ti-rich oxide. As disclosed in the result, most
Cu from metalized layers had been dissolved into the braze-melt, but Ti content was still
located at the YSZ side after metallurgical reactions. It was convincing that Ti facilitated
wetting with ceramics and contributed to forming a good bond. EDS mappings of the
YSZ/filler interface in Figure 5c are shown in Figure 6. From Figure 6a,e,g, Ge and Si
elements were segregated toward the YSZ side after a brazing cycle; the Ag matrix was
left in the braze-melt. Figure 6b,h show that only metalized Ti was distributed at the YSZ
surface. Figure 6c,d indicate that the Cr and Fe elements from the Crofer 22H substrate did
not segregate toward the YSZ side. As for the YSZ substrate, the O, Y, and Zr elements’
distribution is illustrated in Figure 6f,i,j, respectively. Only the O element was partially
dissolved into the braze-melt to react with the metalized Ti. The EDS results are consistent
with the above EPMA analyses.

The filler/Crofer 22H interface of the brazed joint is illustrated in Figure 5d. The
EPMA result showed that the reaction layer at the interface mainly consisted of Cr, Fe, and
Si elements (point G2 in Figure 5d). Refer to Cr-Si and Fe-Si binary phase diagrams [54,55];
Si can be dissolved in Cr or Fe content within a specific ratio. It could be explained that the
interfacial layer was composed of an Fe-Cr solid solution (i.e., Crofer 22H) alloyed with
Si. EDS mappings of the filler/Crofer 22H interface in Figure 5d are shown in Figure 7.
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From Figure 7c,d,g, Cr and Fe elements from the Crofer 22H substrate were dissolved into
the braze-melt, and Si was segregated toward the Crofer 22H side. In addition, according
to Figure 7b,e,f,h–j, there were no significant reactions between other elements (Cu, Ge,
O, Ti, Y, and Zr) and the Crofer 22H substrate. The EDS results correspond to the above
EPMA analyses.

Metals 2023, 13, x FOR PEER REVIEW 8 of 14 
 

 

did not segregate toward the YSZ side. As for the YSZ substrate, the O, Y, and Zr elements’ 
distribution is illustrated in Figure 6f,i,j, respectively. Only the O element was partially 
dissolved into the braze-melt to react with the metalized Ti. The EDS results are consistent 
with the above EPMA analyses. 

 
Figure 6. The EDS mappings of the YSZ/filler interface in Figure 5c: (a) Ag, (b) Cu, (c) Cr, (d) Fe, 
(e) Ge, (f) O, (g) Si, (h) Ti, (i) Y, (j) Zr. 

The filler/Crofer 22H interface of the brazed joint is illustrated in Figure 5d. The 
EPMA result showed that the reaction layer at the interface mainly consisted of Cr, Fe, 
and Si elements (point G2 in Figure 5d). Refer to Cr-Si and Fe-Si binary phase diagrams 
[54,55]; Si can be dissolved in Cr or Fe content within a specific ratio. It could be explained 
that the interfacial layer was composed of an Fe-Cr solid solution (i.e., Crofer 22H) alloyed 
with Si. EDS mappings of the filler/Crofer 22H interface in Figure 5d are shown in Figure 
7. From Figure 7c,d,g, Cr and Fe elements from the Crofer 22H substrate were dissolved 
into the braze-melt, and Si was segregated toward the Crofer 22H side. In addition, ac-
cording to Figure 7b,e,f,h–j, there were no significant reactions between other elements 
(Cu, Ge, O, Ti, Y, and Zr) and the Crofer 22H substrate. The EDS results correspond to the 
above EPMA analyses. 

 
Figure 7. The EDS mappings of the filler/Crofer 22H interface in Figure 5d: (a) Ag, (b) Cu, (c) Cr, 
(d) Fe, (e) Ge, (f) O, (g) Si, (h) Ti, (i) Y, (j) Zr. 

The Ti metalized layer can improve the reactivity of the 95Ag-2.5Ge-2.5Si filler with 
the YSZ ceramic through reactive wetting, which achieves the same performance as using 
Ag-based active filler [18,37]. However, previous literature showed that in Ag-Cu-Ti filler, 
some amount of Ti would be consumed to form an Fe-Ti compound at the steel side, which 
weakens the bonding with ceramics. In the study, we found that Si has a higher affinity 
toward steel, which could reduce the reaction between Ti and Fe. In addition, compared 
to Ag-CuO braze, there was no apparent void or crack formation at the filler/steel inter-
face; it shows the advantage of brazing YSZ and steel using the 95Ag-2.5Ge-2.5Si filler. 

3.4. The Microstructural Evolution and Gas Tightness of the Thermal-Aged Joints 
Figure 8 shows the BEIs of the thermal-aged YSZ/Crofer 22H joint, and EPMA chem-

ical analyses of selected locations in Figure 8 are illustrated in Table 5. The results indi-
cated that the interfacial layer thickness increased, especially between the filler and Crofer 

Figure 6. The EDS mappings of the YSZ/filler interface in Figure 5c: (a) Ag, (b) Cu, (c) Cr, (d) Fe,
(e) Ge, (f) O, (g) Si, (h) Ti, (i) Y, (j) Zr.

Metals 2023, 13, x FOR PEER REVIEW 8 of 14 
 

 

did not segregate toward the YSZ side. As for the YSZ substrate, the O, Y, and Zr elements’ 
distribution is illustrated in Figure 6f,i,j, respectively. Only the O element was partially 
dissolved into the braze-melt to react with the metalized Ti. The EDS results are consistent 
with the above EPMA analyses. 

 
Figure 6. The EDS mappings of the YSZ/filler interface in Figure 5c: (a) Ag, (b) Cu, (c) Cr, (d) Fe, 
(e) Ge, (f) O, (g) Si, (h) Ti, (i) Y, (j) Zr. 

The filler/Crofer 22H interface of the brazed joint is illustrated in Figure 5d. The 
EPMA result showed that the reaction layer at the interface mainly consisted of Cr, Fe, 
and Si elements (point G2 in Figure 5d). Refer to Cr-Si and Fe-Si binary phase diagrams 
[54,55]; Si can be dissolved in Cr or Fe content within a specific ratio. It could be explained 
that the interfacial layer was composed of an Fe-Cr solid solution (i.e., Crofer 22H) alloyed 
with Si. EDS mappings of the filler/Crofer 22H interface in Figure 5d are shown in Figure 
7. From Figure 7c,d,g, Cr and Fe elements from the Crofer 22H substrate were dissolved 
into the braze-melt, and Si was segregated toward the Crofer 22H side. In addition, ac-
cording to Figure 7b,e,f,h–j, there were no significant reactions between other elements 
(Cu, Ge, O, Ti, Y, and Zr) and the Crofer 22H substrate. The EDS results correspond to the 
above EPMA analyses. 

 
Figure 7. The EDS mappings of the filler/Crofer 22H interface in Figure 5d: (a) Ag, (b) Cu, (c) Cr, 
(d) Fe, (e) Ge, (f) O, (g) Si, (h) Ti, (i) Y, (j) Zr. 

The Ti metalized layer can improve the reactivity of the 95Ag-2.5Ge-2.5Si filler with 
the YSZ ceramic through reactive wetting, which achieves the same performance as using 
Ag-based active filler [18,37]. However, previous literature showed that in Ag-Cu-Ti filler, 
some amount of Ti would be consumed to form an Fe-Ti compound at the steel side, which 
weakens the bonding with ceramics. In the study, we found that Si has a higher affinity 
toward steel, which could reduce the reaction between Ti and Fe. In addition, compared 
to Ag-CuO braze, there was no apparent void or crack formation at the filler/steel inter-
face; it shows the advantage of brazing YSZ and steel using the 95Ag-2.5Ge-2.5Si filler. 

3.4. The Microstructural Evolution and Gas Tightness of the Thermal-Aged Joints 
Figure 8 shows the BEIs of the thermal-aged YSZ/Crofer 22H joint, and EPMA chem-

ical analyses of selected locations in Figure 8 are illustrated in Table 5. The results indi-
cated that the interfacial layer thickness increased, especially between the filler and Crofer 

Figure 7. The EDS mappings of the filler/Crofer 22H interface in Figure 5d: (a) Ag, (b) Cu, (c) Cr,
(d) Fe, (e) Ge, (f) O, (g) Si, (h) Ti, (i) Y, (j) Zr.

The Ti metalized layer can improve the reactivity of the 95Ag-2.5Ge-2.5Si filler with
the YSZ ceramic through reactive wetting, which achieves the same performance as using
Ag-based active filler [18,37]. However, previous literature showed that in Ag-Cu-Ti filler,
some amount of Ti would be consumed to form an Fe-Ti compound at the steel side, which
weakens the bonding with ceramics. In the study, we found that Si has a higher affinity
toward steel, which could reduce the reaction between Ti and Fe. In addition, compared to
Ag-CuO braze, there was no apparent void or crack formation at the filler/steel interface; it
shows the advantage of brazing YSZ and steel using the 95Ag-2.5Ge-2.5Si filler.

3.4. The Microstructural Evolution and Gas Tightness of the Thermal-Aged Joints

Figure 8 shows the BEIs of the thermal-aged YSZ/Crofer 22H joint, and EPMA chemi-
cal analyses of selected locations in Figure 8 are illustrated in Table 5. The results indicated
that the interfacial layer thickness increased, especially between the filler and Crofer 22H
substrate. The braze-melt was still composed of an Ag-rich matrix (point A3 in Figure 8b).
In addition, the original Cu/Si-rich phase in the braze-melt (points B2 and C2 in Figure 5b)
was oxidized into CuO (point B3 in Figure 8b) and SiO2 (point C3 in Figure 8b), respectively,
which were derived from oxidation after exposure to the air at 750 ◦C.
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Figure 8. The BEIs of thermal-aged YSZ/Crofer 22H joints: (a) the BEI of the cross-sectional mi-
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Table 5. The EPMA chemical analyses of the YSZ/Crofer 22H brazed joint in Figure 8.

Element/at% Ag Cu Cr Fe Ge O Si Ti Y Zr Possible Phase

A3 97.4 1.0 0.0 0.1 0.6 0.7 0.0 0.0 0.0 0.0 Ag-rich
B3 0.7 44.6 0.1 0.2 4.6 48.5 0.8 0.1 0.0 0.0 CuO
C3 3.1 2.4 0.0 0.1 1.6 65.6 26.5 0.5 0.0 0.0 SiO2
D3 3.9 0.1 0.0 0.0 0.3 68.2 26.2 1.2 0.0 0.0 SiO2
E3 4.9 3.1 0.2 0.5 0.7 52.2 12.1 24.8 0.0 1.5 Si/Ti-rich oxide
F3 27.9 7.2 21.5 0.9 0.4 41.0 0.3 0.0 0.0 0.0 AgCrO2

G3 0.1 0.1 8.2 68.0 1.9 0.1 21.0 0.0 0.0 0.0 Fe-Cr s. s. alloyed
with Si

H3 0.9 0.4 41.2 3.3 0.4 51.9 0.6 0.0 0.0 0.0 Cr-rich oxide

Abbreviation: Solid solution (s. s.).

The YSZ/filler interface of the thermal-aged joint is illustrated in Figure 8c. The EPMA
analysis of point D3 indicated that a SiO2 layer was formed at the interface after the thermal
aging test. At the YSZ surface, the Si/Ti-rich oxide layer was still preserved (point E3 in
Figure 8c). EDS mappings of the YSZ/filler interface in Figure 8c are shown in Figure 9.
From Figure 9f–h, O, Si, and Ti elements were located at the interface, which is consistent
with the EPMA analysis results. Moreover, the oxidation of Cu and Ge was also observed
according to Figure 9b,e,f; as for the substrates’ elements, Cr, Fe, Y, and Zr, there was no
apparent inter-diffusion that occurred here after the thermal aging at 750 ◦C (Figure 9c,d,i,j).

The filler/Crofer 22H interface of the thermal-aged joint is illustrated in Figure 8d. The
EPMA results indicated that different chemical species (points F3, G3, and H3 in Figure 8d)
formed at the interface. The composition of point F3 mainly consisted of Ag, Cr, and O
elements, and the stoichiometric ratio among them was close to 1:1:2. As disclosed from
previous studies [56,57], the oxidation of Ag and Cr will lead to the formation of a variety
of Ag-Cr oxides, such as AgCrO2 and Ag2CrO4, at different temperature ranges. Therefore,
the point F3 area was deduced to be an AgCrO2 oxide. The composition of point G3 mainly
included Cr, Fe, and Si elements, and the EPMA result showed that oxidation nearly did not
occur in the area. Therefore, the area could be considered an Fe-Cr solid solution alloyed
with Si. In addition, it also showed that the original reaction layer (point G2 in Figure 5d)
at the interface could maintain well even after the thermal aging test at 750 ◦C for 100 h. As
for the point H3 area, the EPMA result indicated that a Cr-rich oxide was formed at the
surface of the Crofer 22H substrate. EDS mappings of the filler/Crofer 22H interface in
Figure 8d are shown in Figure 10. From Figure 10a,c,d,f,g, the distribution of the elements
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corresponds to the above EPMA analysis results. Furthermore, the same as the results from
Figure 9, the Y and Zr elements from the YSZ substrate did not diffuse toward the Crofer
22H side (Figure 10i,j).
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Figure 11 shows the pressure-drop curves of YSZ/Crofer 22H brazed joints under a
pressure of 2 psig for aging tests at RT and 750 ◦C, respectively. For as-brazed joints, there
is no apparent pressure decay during the test period (Figure 11a). We also analyzed the
sample using a helium detector (UL200, INFICON, Bad Ragaz, Switzerland); the result
indicated the leakage rate is around 1.2 × 10−5 mbar·L/s (Supplementary Material S1).
For thermal-aged joints, the intake pressure did not change significantly during the test
(Figure 11b), so the leakage rate was estimated at around the 10−5 mbar·L/s level.
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From previous reports, the YSZ/steel joint with Ticusil filler showed a leakage rate of
around 1.5 × 10−9 mbar·L/s at RT and 2.7 × 10−7 mbar·L/s after aging at 850 ◦C for 100 h
in the air [19]. As for the air-brazed joint, an SOFC half-cell (CGO/YSZ/anode) and Crofer
22H steel were joined via a composite filler (Ag-CuO-LiAlSiO4), and the leakage rate was
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around 5.7 × 10−4 mbar·L/s after aging at 800 ◦C for 300 h in an oxidizing or reducing
atmosphere [28]. Weil et al. [26] joined an FeCrAlY alloy with YSZ via Ag-4CuO (in mole
%) filler, and the leakage rate was about 10−5 mbar·L/s after 750 ◦C for 800 h in an air or
hydrogen environment. The gas-tightness results mentioned above were measured with
different methods, i.e., helium detector, oxygen flux, and pressure-drop device, respectively.

Compared to the results mentioned above, the YSZ/Crofer 22H joint with 95Ag-2.5Ge-
2.5Si filler also demonstrated excellent gas-tight stability, which can be attributed to good
interfacial integrity after thermal aging (as disclosed in Figure 8c,d). In addition, the joint
could withstand the thermal stress induced at the cooling stage of the test (from 750 ◦C to
RT); hence, it is promising to utilize the 95Ag-2.5Ge-2.5Si filler for SOFC sealing application.

4. Conclusions

We successfully utilized the 95Ag-2.5Ge-2.5Si brazing filler for brazing YSZ and Crofer
22H stainless steel, and we can potentially apply this technique to IT-SOFC sealing in the
future. Important conclusions are included below.

1. The microstructure of the filler is composed of Ag-rich and Si-rich phases. The melting
range of the filler can be decreased to 830–890 ◦C through Ge and Si addition with
a stoichiometric ratio of 2.5 wt %, which meets the requirement of IT-SOFC sealing.
The correlation between alloy composition and liquidus temperature is consistent
with the data from the Ag-Ge-Si ternary phase diagram. The total CTE increases with
temperature and reaches around 22.7 ppm/K at IT-SOFC operational temperatures.

2. The wetting performance of the filler on parent materials can be improved through
the metallization process with Ti, Cu, and Ag coating layers. From microstructural
observations and EPMA quantitative chemical analyses, Si-rich and Si/Ti-rich ox-
ide layers were found at the YSZ/filler interface of YSZ/Crofer 22H brazed joints.
The excellent bonding with YSZ is attributed to the Ti reactive wetting. As for the
filler/Crofer 22H interface, an Fe-Cr-Si alloying area was formed, which results from
Si dissolution into an Fe-Cr solid solution.

3. The microstructural evolution of the brazed joints occurred after exposure to air at
750 ◦C for 100 h. At the YSZ/filler interface, the Si-rich phase was oxidized into a SiO2
layer, and the Si/Ti-rich oxide layer was still well maintained. Similarly, the oxidation
of Cu and Si contents could also be observed in the brazed zone. At the filler/Crofer
22H interface, Cr diffusion formed an AgCrO2 oxide and a Cr-rich oxide. In addition,
the original Fe-Cr-Si alloy was preserved without suffering from oxidation.

4. Although the 95Ag-2.5Ge-2.5Si filler owns higher CTE than that of YSZ and Crofer
22H substrates, the brazed joint still demonstrates excellent gas-tight properties and
withstands the thermal stress induced at the cooling stage of the pressure-drop test.
This is because the interfacial integrity of the joints can be maintained well even after
being tested at elevated temperatures. The phenomenon is also consistent with that
described in the previous report, i.e., the thermal strain can be mitigated through
plastic deformation of the metal layer.
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