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Abstract
The evolution of innovative high-temperature electrochemical devices, such as high temperature solid oxide fuel cells 
(SOFCs), gas separators and gas reformers, consisting of metal–ceramic-joints is challenging. The seals have to be stable 
and gastight in isothermal high-temperature as well as in thermo-cyclic operation. Here, the reduction of porosity is the 
primary aim, to obtain air brazed joints with a long lifetime. In the last years, reactive air brazing (RAB) has gained rising 
interest for the joining of ceramic–ceramic and ceramic–metal compounds. In this paper an alternative brazing filler 
metal manufacturing process employing (physical vapor deposition (PVD)) is applied and its feasibility for the produc-
tion of metal–ceramic composites has been investigated for Ag–4 wt%CuO. For RAB aluminum oxide with ferritic high 
chromium steel Crofer22APU have been joined. The pore formation in subordination of the braze and base materials 
can be monitored after brazing. By modifying the brazing process, the pore formation in the joints can be avoided. The 
microstructure of brazed joints with the developed braze foils is studied. Discussion of the results focuses on the influ-
ence of microstructural evolution on mechanical properties, the pore formation in the brazing seam and failure behav-
ior of the brazed joints. A correlation between the process parameters brazing temperature and holding time and the 
achieved compound properties could be derived. Further, excellent wetting of the ceramic was obtained. The highest 
shear strength with 123 MPa was measured for a temperature of 1000 °C and 5 min, using the Ag4CuO alloy.

Keywords  Reactive air brazing (RAB) · Physical vapor deposition (PVD) · Metal–ceramic composites · Microstructure · 
Shear strength · Fracture

1  Introduction

Ceramic–metal compounds are becoming increasingly 
important for a large number of technical applications [1]. 
High-temperature heat exchangers, gas turbines and com-
bustion engines are examples of such advanced power 
generation devices. There is a growing demand to gener-
ate materials appropriate for the industrial use, especially 
for the operation under oxidizing conditions [2, 3]. Ceram-
ics offer totally new capabilities due to their exceptional 
high-temperature material properties. These enables their 

usage for many high-temperature technology [4, 5]. The 
fabrication of ceramic–metal compounds allows to com-
bine the mechanical properties of these material classes. 
However, the joining of ceramics to themselves or to a 
metallic counterpart is a challenging task by reason of the 
insufficient wetting behavior of metallic filler brazes on 
ceramics [6]. The brazing process for these applications 
induces high internal thermal stresses during cooling 
due to large differences in the coefficients of the thermal 
expansion (CTE) [7]. Moreover, due to different chemical 
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bonds in metals and ceramics molten metals do not wet 
ceramic surfaces and a direct brazing is not feasible [8, 9].

Furthermore, there exist a variety of joining methods 
to join ceramic–metal composites. The most common 
and well known direct joining technology is active braz-
ing with metallic filler materials [6, 10–12]. Thereby up to 
10 mol% of interfacial active elements such as titanium, 
hafnium, chromium, or zirconium are added to the braze 
filler metal. These elements react with the ceramic joining 
partner to form an adhesion promoting layer. New phases 
or reaction layers are formed at the interface which have 
a metallic or metal-like structure [6]. The modified chemi-
cal bonds causes a strong reduction of the surface ten-
sion, so that the reaction layer can be wetted by the active 
filler metal [9]. The active brazing process has been used 
very effectively for decades in the industry and a variety 
of commercial active filler brazes are available. Certainly, 
active brazing can only be carried out under high vacuum 
or in an inert protective atmosphere with very low oxygen 
partial pressures [9, 13, 14]. Some functional ceramics, like 
cathode materials used for example for solid oxide fuel 
cells (SOFCs), are not stable in these atmospheres [15]. 
Additionally, experimental works have demonstrated that 
the active brazed joints are unreliable at temperatures 
above 500 °C, whereupon they ultimately oxidize entirely, 
conferring minimal or neglectable bonding to the pro-
duced joints [16–18].

Another alternative well-known joining procedure is 
the brazing of metallized ceramics. This process involves 
a Mo–Mn metallization and following Ni plating of the 
ceramic surfaces prior to brazing. However, these two 
joining techniques are complex and expensive because 
of extended process costs compared to air-fired processes. 
Further, the joining methods described above require a lot 
of practical experience [10, 19]. Furthermore, glass joining 
is a quite easy but certainly costly technique of bonding 
ceramic materials. But the maximum operating tempera-
ture of a glass joint is restricted by the softening point of 
the glass utilized. Moreover glass devitrification occurs 
during use because the glass changes its thermomechani-
cal properties from the initial state [2, 20]. Another joining 
process for ceramics is diffusion bonding. Thereby high 
temperatures and high pressures are needed. Certainly, 
due to the high pressure demand, components produced 
by diffusion bonding are generally restricted to simple 
geometry [2, 21].

Therefore, in the past 20 years, a new ceramic–ceramic 
and ceramic–metal joining technique publicized as reac-
tive air brazing (RAB) has been explored exceedingly for 
high-temperature applications [2, 3, 22–26]. In numerous 
points, RAB is alike to active metal brazing process [9, 13]. 
RAB process is realized in air atmosphere and the respec-
tive joints show impervious high temperature oxidation 

behavior. Reactive air brazing can be conducted without 
the consumption of fluxing or reducing agents to sup-
port wetting [18]. Based on, direct copper bonding, which 
is the origin of RAB, Kim et al. [2] and Weil et al. [24, 27] 
established this joining method experimenting with a 
silver-copper oxide (AgCuO) braze, on be brazed in an air 
atmosphere [28].

The principle of RAB is to use a molten oxide (commonly 
copper) dissolved in a noble metal solvent (commonly 
silver) to prewet the ceramic surfaces, in this way shap-
ing a new surface that is more wettable by the remaining 
molten filler braze metal [3, 29]. The wetting of ceramics is 
possible due to in situ formed oxides in the melted braze 
during the brazing process [29].The wetting of the ceramic 
is caused by the partial miscibility gap of the AgCuO-sys-
tem [29–32]. The emerging joint is well adherent, ductile, 
and basically oxidation resistant [3, 18]. The bonding 
strength depends on the copper oxide content and the 
formed reaction layers at the different material interfaces 
[2, 23, 27]. Chen et al. [26] analyzed the wetting mecha-
nisms of some common ceramic–metal compounds by 
RAB using Ag–Cu brazing alloys. The authors have shown 
that the produced joints are hermitic and stable to thermal 
aging (750–950 °C).

However, while joining ceramics to metals with Ag–Cu-
based RAB filler metals, an often outlined problem is the 
reaction between the braze alloy and the metal. Thick 
interfacial reaction layers, which can be identified on the 
surface of all commonly used steels, will cause brittleness 
in the joint as well as a reduced long-term reliability [8, 33, 
34]. A further detriment of RAB is that the brazed joints 
frequently hold a distinct porosity conducting to a low 
tightness and corrosion resistance along with a reduced 
strength [35]. These obstacles still limit the use of RAB in 
industrial applications [36]. One conceivable solution for 
the formation of the reaction layer is to control the reac-
tions between the braze filler alloy and the base metal 
during the brazing process [8, 34]. Furthermore, the high 
joining temperature of approximately 1000 °C and brazing 
in air ensure that only high-temperature resistant metallic 
materials are appropriate for the use as base materials for 
RAB [33, 36].

To achieve optimal joint characteristics in RAB, it is 
important to determine optimal brazing temperatures and 
holding times. Researching the optimal brazing parame-
ters may offer the use of RAB as an alternative for a large 
number of practical industrial applications. Up to now, 
only some studies have recommended optimized reactive 
brazing parameters.

Most of the published articles refer to the RAB of yttria-
stabilized zirconia (YSZ) with ferritic high chromium steel 
Crofer 22 APU [30, 33, 37, 38], approaches to increase the 
shear strength of reactive air brazed aluminum oxide 
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(Al2O3) and Crofer 22 APU joints with a silver-copper 
oxide (Ag4CuO) brazefoil are not yet thoroughly investi-
gated. Thus, a brazing filler manufacturing process includ-
ing arc-PVD coating of copper on both sides employing 
a pure silver foil will be analyzed for the production of 
metal–ceramic composites. In addition, it will be examined 
how the copper layer affects the adhesion to the ceramic 
and steel. Also, the pore formation will be investigated 
after the brazing process due to the melting and wetting 
progression and a reaction between the braze and the 
base materials. Finally, the microstructure of brazed joints, 
the influence of microstructural evolution on mechanical 
properties, the pore formation in the brazing seam and 
failure behavior of the brazed joints will be discussed.

2 � Materials and methods

2.1 � Materials

In this study, all experiments were executed utilizing the 
ferritic high chromium steel VDM® Crofer 22 APU (1.4760, 
X1CrTiLa22, UNS S4 4535) as the metallic base material. 
This high-temperature ferritic steel was developed by 
ThyssenKrupp VDM GmbH under licence from Forschun-
gszentrum Jülich particularly for the application in SOFCs 
[39]. It was especially designed as a common intercon-
nect material for SOFCs [40]. The thermal expansion was 
accommodated to that of ceramics inserted for industrial 
high-temperature electrochemistry uses e.g. fuel cells in 
the interval from room temperature to 900 °C [39]. The 
coefficient of thermal expansion (CTE) of this steel in the 
range from 20 to 1000 °C is 12.7 × 10−6 K−1. Furthermore, 
corrosion and electrical resistance experiments in air and 
reducing atmospheres have proven, that the formation 
of a chromium-manganese oxide layer is formed on the 
surface of Crofer 22 APU. This formed oxide layer con-
tains of a fine grained inner scale Cr2O3 and a columnar 
(Mn, Cr)3O4 spinel outer oxide layer. The outer oxide layer 
reduces chromium evaporation very successfully. The 
chromium-manganese oxide layer is thermodynamically 
very stable and courses high electrical conductivity [39, 
41–44]. The chemical composition of the Crofer 22 APU 
is summarized in Table 1. The steel samples were cut into 
7 mm × 7 mm × 2 mm coupons and grinded with a 1200 
grid silicon carbide abrasive grinding paper.

As the ceramic joining partner aluminum oxide Al2O3 
(Degussit ceramic AL23, Kyocera Fineceramics Solution 

GmbH, Mannheim, Germany) was used as base material 
in this work. The CTE of this ceramic in the range from 20 
to 1000 °C is 8.2 × 10−6 K−1 [45]. The ceramics were supplied 
as rectangular plates measuring 100 mm long × 50 mm 
wide × 4  mm thick and featured purity of ˃ 99.5  wt%. 
The ceramic parts to be joined were cut into shape of 
squares (10 mm × 10 mm). The samples were applied in 
the as fired state without any additional processing of 
the surface. Subsequently, steel and ceramic base mate-
rials were cleaned with ethanol in an ultrasonic bath for 
15 min immediately before joining. The assembled steel 
and ceramic parts during the joining process are shown 
schematically in Fig. 1.

For all joining experiments in this study, a silver-based 
RAB-alloy with small amount of CuO was used. The RAB-
foils Ag4Cu (wt %) were manufactured by arc-(physical 
vapor deposition (PVD)) coating process. The AgCu-foils 
consisted of a 76 µm thick pure silver foil (25.4 mm wide, 
99.99% Ag) on which a thin layer of copper was deposited 
by arc-PVD on both sides, which corresponds to the ratio 
of the desired composition of the braze foil (cf. Table 2). 
The concentration of Ag4Cu is reached by a defined thick-
ness of the copper layer. The braze foils were positioned 
between the joining components (see Fig. 1). The copper 
oxide was then formed in situ during the brazing process 

Table 1   Chemical composition 
(wt%) of Crofer 22 APU (1.4760) 
X1CrTiLa22 [8, 39]

Fe Cr Mn Ti La Si C

Bal. 20–24 0.3–0.8 0.03–0.2 0.04–0.2 < 0.5 < 0.03

Fig. 1   Schematic arrangement of Crofer 22 APU and Al2O3 for the 
joining process

Table 2   Structure and chemical composition (wt%) of the AgCu-
brazing foil

Type of coating Ag-foil (µm) Cu coating (µm) Chemical com-
position

On both sides 76 2.5 Ag4Cu
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in the furnace, whereby the copper reacted with the ambi-
ent atmosphere of the air furnace to form copper oxide 
(CuO).

2.2 � Arc‑PVD coating

Prior to the arc-PVD coating deposition of copper, pure 
Ag-foils were cleaned for 15 min in an ultrasonic ethanol 
bath. After drying in heated air the foils were positioned 
in the arc-PVD device (Arc-PVD20, Sulzer Metaplas GmbH, 
Germany). A commonly used arc-PVD process was chosen 
to apply a thin copper layer film on both sides of the Ag-
foil [46–48]. The coating process consisted of two different 
steps. Prior to the coating process, a short plasma-etching 
process was realized under vacuum with a bias voltage 
of − 1 kV without surpassing a maximum temperature of 
350 °C. During this process, high energized target ions 
are accelerated onto the surface of the foils because of a 
high bias voltage and remove oxides and pollutants from 
the substrate surface. The etching process activates the 
surface and increases the adherence between the silver 
foil and the copper layer [49]. For the final coating pro-
cess, a bias voltage of − 36 V and a current of 70 A were 
adjusted to deposit pure copper thin films with an average 
thickness of 2.5 µm. An electrical charge of 90 Ah was con-
ducted to manufacture the braze filler metal. Meanwhile 
the temperature of the foils was controlled to a maximum 
of 350 °C. The cross-section morphology of the silver foil 
after arc-PVD coating is shown in Fig. 2.

A layer of compact copper continuously formed on 
both sides of the foil. The thickness of the deposited cop-
per layer was almost homogeneous. Individual small drop-
lets were formed during the coating process. The thickness 
of the copper layer was increased by varying the deposi-
tion rate. However, the subsequent brazing process was 
not affected by this.

2.3 � RAB procedure

The braze filler metal was applied in form of a foil and 
positioned between the ceramic and steel. This assembly 
was placed upright in an air furnace (Nabertherm N100, 
Lilienthal, Germany). Three different commonly used braz-
ing temperatures (1000 °C, 1050 °C and 1100 °C) were used 
with three different dwell times (5 min, 15 min and 30 min). 
Short brazing times of 5 min were chosen to minimize the 
diffusion process and the formation of brittle phases and 
reaction layer at the Crofer/braze filler metal interface. The 
heating rate of the brazing cycle was about 5 K min−1. At 
500 °C, an intermediate holding time of 30 min was used 
to form in situ oxidation of the copper to copper oxide 
(CuO) and to ensure a homogenous temperature distribu-
tion. Subsequently, the temperature was further increased 
with 5 K min−1 to the desired brazing temperature. After 
the holding time at the maximum brazing temperature, 
uncontrolled cooling of the furnace was performed to 
ambient temperature.

The process temperature was controlled with type K 
thermocouple according to the core temperature of a ref-
erence sample with same geometry and identical mate-
rials, during brazing. This sample was positioned in the 
middle of the furnace. Figure 3 visualized an exemplary 
course of a time–temperature-curve for the conducted 
RAB experiments. The comparison of the target tempera-
ture profile with the measured temperature profile shows 
only minor deviations from the measured temperature 
behavior of the samples from the default values. The tol-
erances are determined by the inertia of the air furnace 
itself, the samples and the position of the thermocouple. 
A total of five specimens were brazed per parameter set.

Fig. 2   Cross-section morphology of the brazing foil after arc-PVD 
coating

Fig. 3   Exemplary time–temperature-curve for the conducted RAB 
experiment (Tb = 1000 °C, td = 30 min)
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2.4 � Microstructural and mechanical analyses

The investigations of the microstructure of the brazed 
joints and the fractography of the specimens was con-
ducted using the field emission scanning electron micro-
scope (SEM) (FE-JSEM 7001F, Jeol, Japan). Therefore, speci-
men cross-sections of the brazed joints were embedded 
utilizing metallographic preparation techniques. A 3D-dig-
ital microscope (DVM6, Leica microsystems GmbH, Wet-
zlar, Germany) was used to analyze the morphology and 
to determine the porosity of the specimen cross-sections. 
Additionally, qualitative and quantitative elemental analy-
ses were accomplished using energy dispersive X-ray spec-
troscopy (EDS) employing the EDS detector from Oxford 
Instruments and the software INCA. EDS point scans 
were utilized to analyse local sample chemical composi-
tions. Different SEM images of the specimens were taken 
employing the secondary electron (SE) detector and a 
backscattered electron (BSE) detector. All analyses were 
realized at an acceleration voltage of 20 kV. Additional 
measurements of microstructural hardness (Vickers HV 
0.01) were performed using the Duramin-40 A1 testing 
machine.

The shear strength of the brazed joints was measured 
at room temperature, using the hydraulic universal testing 
machine (Mohr & Federhaff, Germany). The brazed speci-
mens were sheared using a special set-up according to the 
schematic drawing shown in Fig. 4.

The coupon was placed between the two fixations 
on the shear device and therefore can only be moved 
in loading direction. These fixations over the apparatus 
hold the joining components and guarantees an evenly 
distributed force induction. The placement of the speci-
men was scheduled to keep friction and bending stress 

to a minimum. The position of the steel was fixed by the 
shearing edge of the device, the ceramic counterpart was 
pressed through the slot in the apparatus, which was 
adjusted according to the dimensions of the Al2O3 coupon. 
The bottom of the aluminum oxide is free in movement, 
so the ceramic can be sheared through the gap in the 
device. The applied force was increased until the brazing 
joint failed and the steel part was sheared off. The ultimate 
shear strength of the joints was considered as the mean 
value of the quotient of the maximum measured force 
and the wetted shear area. In order to determine the wet-
ted area a 3D-digital microscope (DVM6, Leica) was used 
employing the processing software called LAS X. Per braz-
ing parameter variation an average of four specimens were 
prepared for the shear strength experiments.

3 � Results and discussions

3.1 � Microstructural characterisation

The microstructures of reactive air brazed Crofer 22 APU-
Al2O3 joints using Ag4CuO filler alloy at 1000 °C for a hold-
ing time of 5 and 30 min are shown in Figs. 5 and 6.

The cross-sectional backscattered electron images 
show that brazing at 1000 °C for 5 and 30 min were ade-
quate to produce pore and void-free uniform brazed 
joints. Through the outstanding wetting behavior of 
the molten braze foil, a tight linking to the aluminum 
oxide and to the ferritic high chromium steel could be 
observed. Both interfaces of the steel and the ceramic 
component of the brazing seam were continuous and 
free of cracks. Even if CuO and Ag form a liquid solution 

Fig. 4   a Schematic illustration of the shear experiment device, b for 
a better visualization side view of the test device

Fig. 5   Cross-sectional backscattered SEM micrograph of a Crofer 22 
APU-Al2O3 joint brazed using the Ag-4CuO filler alloy (Tb = 1000 °C, 
td = 30 min)
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during the melting process, CuO is prone to precipitate 
during cooling due to the reduced solubility limit [50]. 
The development of a consistent brazing zone proved 
that the Ag4CuO braze filler metal wetted the compo-
nents satisfactory through a liquid–solid interaction 
through RAB process. Figure 7 show an exemplary digital 
microscope overview of the complete joint area, which 
is representative for the brazed joints.

The joints in Figs. 5 and 6 are essentially consisted of 
three different zones: the brazing filler metal–aluminum 
oxide interface (Ag4CuO-Al2O3), the central brazing seam 
zones composed of the braze components and diffusion 
elements from Crofer and the reaction layer at the Crofer-
brazing filler metal interface (Crofer–Ag4CuO). The Crofer-
brazing filler metal interface is the most significant inter-
facial zone. The SEM-analysis together with appropriate 
EDS-analysis and microhardness measurements allows a 
closer evaluation of the resulting microstructure.

A dense reaction layer at the interface between Crofer 
and the braze filler metal is visible in Fig. 5. The thickness 
of the reaction layer is about 18–20 µm. These reaction 
layer is visualized as a black area in the SEM image in Fig. 5. 
The reaction layer consists of different phases, which were 
revealed by EDS-analyses. The complete chemical compo-
sitions are given in Table 3. The reaction layer mainly con-
sists of a mixed oxide, including primarily chromium, iron 
and copper with small amounts of manganese (localiza-
tion 2, 4 and 6) what is in sound accordance to the litera-
ture [33, 51, 52]. Some segregated iron-rich mixed oxides 
(Cu–Fe–Cr–O) can be observed (localization 3 and 5) in 
the reaction layer. The existence of Cu in the reaction layer 
displays that Cu diffuses from the braze matrix into the 
reaction layer. In adherence to the steel, high content of 
chromium was found in position 1. The mixed oxides Cu/
Cr/Fe/Mn were molded through the reaction of the CuO-
containing silver braze filler metal with the steel surface 
during the heating process. Therefore, the reaction layer 
was shaped by the oxidation of Fe, Cr and Mn that dif-
fuses out from the Crofer and the diffusion of CuO from the 
braze filler metal into this reaction layer. Consequently, the 
formation of the reaction layer on the steel side is inevi-
table when RAB is employed [50]. Related results in the 
literature prove the preferential formation of Cr2O3 at the 
surface of Crofer 22 APU due to the superficial diffusion 
of Cr at the brazing temperatures [44, 53]. Furthermore 

Fig. 6   Cross-sectional backscattered SEM image of a Crofer 22 
APU-Al2O3 joint brazed using the Ag-4CuO filler alloy (Tb = 1000 °C, 
td = 5 min)

Fig. 7   Digital microscope overview of the complete RAB joint area 
(Tb = 1000 °C, td = 5 min)

Table 3   Chemical composition 
of the microstructure of Fig. 5

Pos. Chemical compositions (wt %)

Ag Cu Fe Cr Mn Al O

1 32.72 31.77 35.51
2 23.83 43.48 3.55 1.05 28.08
3 10.22 28.91 27.43 33.44
4 23.41 41.62 5.29 1.42 28.27
5 6.57 33.78 30.45 39.20
6 7.91 57.47 5.16 0.69 28.77
7 100.0
8 56.59 2.90 4.66 35.85
9 75.40 24.60
10 49.92 50.08
11 79.25 20.75
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MnCr3O4, CuCr2O4 and FeCr2O4 spinel oxides moulded by a 
reaction between Cr2O3 and Mn3O4, CuO and Fe2O3 appro-
priately during the RAB [54].

However, the braze-Al2O3 interfaces are not strongly 
influenced by the different holding times (5 and 30 min) 
during the brazing processes at 1000 °C and show compa-
rable microstructures (see Figs. 5, 6). There were no reac-
tion layers traceable at the braze-Al2O3 interface. EDS-anal-
ysis proved that the joint gap is filled with pure silver and 
can be recognized as a grey area in position 7 (Fig. 5). In 
the Ag braze filler metal matrix solid inclusions of copper 
oxide with small amount of chromium and iron are ran-
domly distributed and appear as a dark grey area (localiza-
tion 8). At the interface braze-Al2O3 only minor segments 
of precipitated pure CuO particles are visible (localization 
9), as shown in the magnified image in Fig. 5. However, in 
the complete Ag-rich brazing seam no CuO particles could 
be detected. The silver remained well-bonded to the alu-
minum oxide. At the braze filler metal–Al2O3 interface, the 
Ag4CuO braze demonstrates outstanding adhesion behav-
ior to aluminum oxide in RAB. The interfacial adhesion at 
the ceramic interface specifies the presence of very solid 
atomic bonds [55]. Coating of copper by arc-PVD on the 
surface of pure silver foil demonstrates to be prosperous 
in this study. Copper appears to have an appropriate reac-
tivity with the oxygen, developing a thick reaction layer at 
the braze filler metal–Crofer interface.

The digest of the joint brazed at 1000 °C for 5 min along 
with the braze-Al2O3 interface and Crofer-braze filler metal 
interface at exalted magnification is shown in Fig. 6. The 
cross-sectional SEM image shows a perfect blend, with-
out any defects and pores. Furthermore, the interfaces are 
crack free and a sound joining was succeeded. The reac-
tion layer detected at the Crofer interface is also visible in 
Fig. 6. The thickness of the reaction layer is about 5–7 µm 
and appears as well as a light black area in the SEM image. 
The silver also is well-bonded to the aluminum oxide sur-
face. The essential difference between the brazed joints is 
that with decreasing holding time from 30 to 5 min at a 
fixed temperature of 1000 °C, less of the reaction layer is 
formed. This aspect may have an enormous influence on 
the shear strength test results.

The development of the reaction layer on the Crofer 
surface is problematical for prospective industrial applica-
tions as described above in this work. This reaction layer 
is alleged to have inappropriate mechanical properties. 
Microhardness measurements exposed that the extremely 
hard one mixed oxide layer exposed a very brittle behav-
ior. The microhardness indents formed small cracks in the 
reaction layer (see Fig. 8b). Regarding the composition 
of this reaction layer, the high volume of chromium, iron 
and oxygen in connection with copper is responsible for 
its high microhardness. A microhardness of 580 HV0.01 

was determined at position 2. It is much greater than the 
microhardness of the Ag braze matrix (90 HV0.01) at posi-
tion 3 in Fig. 8a. For a better comparison, the microhard-
ness after the brazing process of the Crofer 22 APU (245 
HV0.01) at position 1 and the Al2O3 (2650 HV0.01) at posi-
tion 4 was determined.

3.2 � Shear strength properties

The shear strength results of the reactive air brazed com-
ponents depend on the microstructure and the inter-
face reactions between the braze filler metal with the 
joining steel and ceramic partners. In Fig. 9, the average 
shear strength values of the reactive air brazed Crofer 
22 APU-Al2O3 samples using the Ag-4CuO filler alloy for 
three different brazing temperatures (1000 °C, 1050 °C 

Fig. 8   a Microhardness indents (HV0.01) at different selected posi-
tions of a Crofer 22 APU-Al2O3 joint brazed with Ag-4CuO filler alloy 
(Tb = 1000  °C, td = 30  min), b microhardness indent in the reaction 
layer and resulted cracks
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and 1100 °C) and three different holding times (5 min, 
15 min and 30 min) are shown together with the stand-
ard deviation.

As can be seen in the diagram, the standard devia-
tions for the different brazing parameters are very low. 
Generally, as the brazing temperature increases obvi-
ously from 1000 to 1050 °C for a holding time of 5 min, 
average shear strength decreases from 115 ± 10 MPa to 
89 ± 5 MPa. After increasing the brazing temperature at 
the same holding time to 1100 °C, the shear strength 
decreases substantially to 68 ± 7 MPa. As the brazing 
temperature increases from 1000 to 1050 °C for a dwell 
time of 30 min, the average shear strength decreases 
from 93 ± 4 MPa to 82 ± 4 MPa. A brazing temperature 
of 1100 °C for 30 min dwell time results in a marginally 
increase to 89 ± MPa.

In the shear experiments the highest shear strength 
of 123 MPa was achieved for temperature of 1000 °C and 
a holding time of 5 min. The lowest shear strength of 
62 MPa for a brazing temperature of 1100 °C and a hold-
ing time of 5 min was obtained. However, as shown in 
Fig. 9 the influence of the different brazing temperatures 
at a holding time of 5 min is more pronounced then at 15 
and 30 min. Further, increasing holding times from 15 to 
30 min at brazing temperatures of 1050 °C and 1100 °C 
decreases the shear strengths. This perhaps caused by 
the development and formation of the reaction layer at 
the Crofer 22 APU-braze filler metal interface. The shear 
strength experiment results will be directly correlated 
to the fracture mechanisms and fracture surfaces in the 
next section of this paper.

3.3 � Fractography analysis

To approve these declarations and the prospect to differ-
entiate between the microstructural and shear strength 
properties appearance and failure mechanisms of the 
reactive air brazed joints, fracture investigations with the 
SEM and 3D-digital microscope was accompanied for the 
fracture surfaces and at the different cross-sections of the 
specims.

Figure 10a and b depict the digital microscope images 
of two corresponding halves of fractured reactive air 
brazed Crofer 22 APU/Ag4CuO/Al2O3 components brazed 
at 1000 °C for 5 min after the shear strength test. As visible 
in the images the Crofer and the aluminum oxide side of 
the specimens reveal the surfaces covered by the oxide 
elements of the reaction layer with very small dots of silver. 
The SEM micrographs show the cross-sections of the Cro-
fer (see Fig. 10e) and the Al2O3 (see Fig. 10f ) after fracture. 
The failure in the shear test was perceived to be controlled 
by interfacial phenomena.

The fracture is noticeable within the interfacial reaction 
layer at the braze filler metal–Crofer interlayer. The mixed 
oxides contain chromium, iron and copper with small 
amounts of manganese. This reaction layer is very brittle 
due to its high microhardness as previously described in 
this work. The fracture investigation highlighted the criti-
cal function of brittle oxide layers shaped on the Crofer 
surface as reaction products during the brazing process. 
The mechanical failure favorably arises between these 
scales. Plastic distortion of the braze matrix did not appear. 
Figure 10c, d shows typical fractographic SEM images of 
the steel and ceramic surface. The oxide layer formed on 
the Crofer surface can be detected in Fig. 10c, d as the very 
upper layer of both figures. The steel and ceramic parts 
revealed flat oxide layers on the surfaces. During the shear 
tests the maximum shear strength of 123 MPa in the entire 
set was achieved for this specimen.

Figure  11a, b demonstrate the digital microscope 
images of two corresponding halves of fractured reactive 
air brazed Crofer 22 APU/Al2O3 parts at 1100 °C for 5 min 
after the shear strength experiment. As seen in the images 
the Crofer and the aluminum oxide side of the specimens 
expose the surfaces at the upper right half of the Crofer 
side and at the upper left half of the aluminum oxide 
sample side covered by the oxide elements of the reac-
tion layer. These areas are noticeable on the samples as 
dark grey. The fracture is on the one side observable within 
the interfacial reaction layer at the braze filler metal–Cro-
fer interlayer. At the lower half of the samples region Ag 
islands are visible. This can be recognized as white regions 
in the digital microscope images. Additionally, small not 
completely wetted areas of the ceramic are shown as 
grey regions in Fig. 11b. Characteristic fractographic SEM 

Fig. 9   Comparison of the shear strength of reactive air brazed Cro-
fer 22 APU-Al2O3 samples using the Ag-4CuO filler alloy and differ-
ent brazing parameters
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images of the Crofer and aluminum oxide surface are pre-
sented in Fig. 11c, d.

On the other side an debonding at the braze filler 
metal/aluminum oxide interface is visible in these images, 
in addition to ductile fracture of few Ag islands that remain 
well adhered to the ceramic faying surface. This mixed fail-
ure mode is believed to be the direct result of the wetting 
behavior between the silver-4 wt% copper oxide braze 
filler alloy and the aluminum oxide substrate. This leads 
to poor joint shear strength. During the shear experiments 
the minimum shear strength of 62 MPa in the entire set 
was succeeded for this specimen. The SEM micrographs 
show the cross-sections of the Crofer (see Fig. 11e) and the 
Al2O3 (see Fig. 11f ) after fracture. The mechanical failure 

was perceived to be controlled by different phenomena. 
Mixed failure mode occurred within the interfacial reaction 
layer at the braze filler metal–Crofer interface and in the 
braze matrix or at the braze filler metal–Al2O3 interface.

4 � Conclusions

Within this study, a brazing filler manufacturing process 
employing arc-PVD was utilized and investigated for the 
joining of metal–ceramic composites. The effect of differ-
ent brazing temperatures and holding times on the inter-
facial microstructures and shear strength behavior were 
characterized for reactive air brazed Crofer 22 APU-Al2O3 

Fig. 10   Fracture surfaces after 
shear strength experiments 
of reactive air brazed Crofer 
22 APU-Al2O3 joint brazed 
with Ag-4CuO filler alloy 
(Tb = 1000 °C, td = 5 min) a digi-
tal microscope image of the 
Crofer side, b corresponding 
aluminum oxide counterpart, 
c SEM micrograph (BSE mode) 
of the Crofer, d correspond-
ing aluminum oxide side, e 
Characteristic SEM image of 
the cross-section of the steel, 
f corresponding aluminum 
oxide brazing compound
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joints. For this, the braze filler metal Ag4CuO was used. 
Additionally, the classification of different phases was 
conducted by EDS-measurements in arrangement with 
microhardness measurements. Discussion of the results 
focused on the impact of microstructural development 
on mechanical properties, the pore formation in the braz-
ing seam and failure behavior of the brazed joints. The 
most substantial conclusions drawn from the results of 
the brazed joints are potted as follows:

•	 Coating of copper by arc-PVD on the surface of pure 
Ag foil was successful for the production of AgCu braze 
filler metals.

•	 The corresponding brazing seam was pores and voids 
free. The wetting behavior of the brazing alloy at the 
interface of the aluminum oxide and of the Crofer was 
brilliant. Compact bonding was succeeded for all sam-
ples without the occurrence of visible cracks.

•	 Interfacial reaction layers between the Crofer and the 
braze filler metal were observed. The formation and the 
thickness of the interfacial reaction layer with a large 
content of brittle reaction oxides can be inconvenient 
for the joint strength.

•	 The best shear strength results of 123 MPa was realized 
with a brazing temperature of 1000 °C and a dwell time 
of 5 min, using the RAB.

Fig. 11   Fracture surfaces after 
shear strength experiments 
of reactive air brazed Crofer 
22 APU-Al2O3 joint brazed 
using the Ag-4CuO filler alloy 
(Tb = 1100 °C, td = 5 min): a digi-
tal microscope image of the 
Crofer side, b corresponding 
aluminum oxide counterpart, 
c SEM micrograph (BSE mode) 
of the Crofer, d correspond-
ing aluminum oxide side, e 
Characteristic SEM image of 
the cross-section of the steel, 
f corresponding aluminum 
oxide brazing compound
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•	 In many cases, the joined samples failed in the reac-
tion layer at the braze filler metal–Crofer interface. 
Fracture surfaces exposed for a small number of sam-
ples a mixed failure mode within the interfacial reac-
tion layer at the braze filler metal–Crofer interface 
and in the braze matrix or at the braze filler metal–
Al2O3 interface.
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