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Abstract
Reactive air brazing (RAB) is a low-cost process for joining ceramic composites in air. However, due to the comparably low 
strength values that can be achieved by RAB, the process is only used in special applications like solid oxide fuel cells as 
a sealant. The limited strength values are the result of a severe pore formation during the brazing operation that remain in 
the brazing fillet after the solidification of the brazing filler. In this work, the formation of the pores during RAB brazing of 
alumina using a paste containing Ag4CuO powder and various binders was investigated. The formation and evolution of the 
pores were observed and quantified in in situ X-ray measurements. It could be observed that during debinding, pores have 
developed in the filler metal. The pore structure depends on the binder and the heating rate in the debinding stage. With the 
melting of the filler metal, many pores are closed by the melt flow. But it seems that the wetting of the alumina was hindered 
by the pores. The change of porosity during cooling is comparatively low.

Keywords  Reactive air brazing · Ceramic composites · X-ray measurements

1  Introduction

Reactive air brazing (RAB) is used to braze ceramics 
without an inert gas atmosphere [1–3]. This process uses 
metal–metal oxide filler materials. The most common 
filler metals are based on Ag and CuO. During the brazing 
process, the CuO particles diffuse to the interface of the 
ceramic. Due to the similar structure of the oxide particles 
and the ceramic base material, a bond is created. However, 

in brazed seams of such joints, defects usually occur in the 
form of pores and certain interfacial reactions, which reduce 
the reliability and quality of the composites. That is why 
reactive air brazing could not gain industrial acceptance. The 
formation of the undesirable reaction layers was attributed 
to the CuO [4–6]. With the aim of preventing the formation 
of undesirable reaction layers, investigations were carried 
out with various alloys. Within one approach, V2O5 was 
used instead of CuO to reduce the formation of the reaction 
layer. But the wetting behavior and strength did not meet 
the expectations [7–9]. Conversely, adding Al enhanced the 
wetting and strength [10, 11]. The addition of Ni or Mn led 
to an improvement in wetting only above the temperatures 
of 1350 and 1050 °C, respectively [12].

By using a Cu-coated Ag-foil, Tillmann et al. brazed 
Al2O3 and Crofer 22 APU. By holding the temperature at 
500 °C during the heating process in an oxygen-rich atmos-
phere, CuO developed on the surface of the filler metal. The 
wetting of the base materials was brilliant and the brazing 
gap was free of pores and void-free joints [13].

In contrast to the composition, the influence of pores and 
their formation during the RAB process is still insufficiently 
studied. Two mechanisms are cited as the cause for the for-
mation of the pores: One is the evaporation or burning of 
the binder in the commonly used brazing pastes. The other 
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one is the outgassing of oxygen from the cooling filler mate-
rial due to the reduced oxygen solubility when the liquid 
filler material cools or falls below the liquidus temperature 
[14–17]. To determine the mechanisms of pore formation, 
appropriate in situ analysis is necessary. In Bobzin’s work, 
an attempt was made to observe pore formation in in situ by 
brazing a light-transmissive sapphire glass as the base mate-
rial. However, only pores which were open to the sapphire 
glass could be identified [14, 15]. To reduce the amount 
of pores in the brazing gap, Waetzig et al. investigated the 
influence of powder quality (coarse and spherical powder) of 
Ag0-8CuOTi on the formation of a dense and tight brazing 
seam [18]. When spherical powders were used for brazing, 
the brazing seam is interrupted by cavities and pores. The 
authors assumed that the reason for the defects was the gas 
formation at high temperatures. When the coarse powder 
was used, the brazing seam featured less voids, which was 
attributed to the wetting behavior.

In this work, the in situ X-ray transmission technique was 
used to observe and quantify the formation and evolution 
of the pores during the debinding and brazing processes of 
Al2O3. The aim was to determine when pores form and grow 
during debinding and heating, and how the developed pore 
structure affects the wetting during melting. Furthermore, 
the pore formation during cooling was investigated, too.

The findings/results show that the pore formation during 
debinding depends on the binder itself and on the heating 
rate.

2 � Experimental procedure

2.1 � Brazing materials

The used base material was polycrystalline Al2O3 (DEGUS-
SIT AL23, Kyocera, Germany), which is suitable for high-
temperature applications (see Table 1). The dimensions of 
the specimens are 35 × 17.5 × 2 mm (H × W × D). The Al2O3 
was coated with Cr (10Ah) on one side to improve the heat 
coupling of the laser (Interatom PVD20, Fa. Oerlikon Balz-
ers Coating Germany GmbH, Germany). For the coating, the 
cathodic arc evaporation process was used.

The used brazing paste consists of a Ag4CuO powder 
and either an oil-based or a glycol-based binder (S, oil-
based; NX, glycol-based) provided by Innobraze GmbH. 
The S-binder had a mass fraction of 15% and the NX-binder 
had one of 30%. The boiling range and the evaporation tem-
perature of the binders are shown in Table 2. The brazing 
paste was applied onto the uncoated side of each alumina 
substrate with a stencil printer SD 300 from Paggen with a 
thickness of 100 µm. The total thickness of the brazing paste 
of the entire assembly was 200 µm. For comparison reasons, 
a pure Ag foil was used as a filler metal (thickness = 200 µm) 
as well.

2.2 � Brazing procedure

In Fig. 1, the brazing setup is shown. With the aid of the 
laser system, it is possible to homogeneously irradiate a total 
area of 35 × 35 mm at a beam angle of 35° to the surface 
normal. This system also has two process heads, each with 
a pyrometer, so that the temperatures on the sample surface 
(T > 500 °C) can be recorded. Temperatures below 500 °C 
were measured during a reference measurement with a ther-
mocouple in the brazing gap. The performance data of the 
used laser is shown in Table 3. The power of the laser was 
controlled by adjusting the current. Two different heating 
rates were investigated resulting in the two different tem-
perature profiles (T-t_1 and T-t_2) shown in Fig. 2 (heating 
rate 1 < heating rate 2).

To determine the in situ development of the pores in the 
brazing gap, radiographic testing was used. The used radio-
graphic system consists of a microfocus X-ray tube (SXT-
161B, Fa. SYBURG GmbH, Germany) and an area detector 
(RID 512–400, Fa. Heimann, Germany) serving as an X-ray 
detection system. The X-ray tube is characterized by a maxi-
mum tube voltage of Umax = 160 kV and a maximum tube 
current Imax = 1 mA. The investigations within the scope of 
this work were carried out at a tube voltage of U = 140 kV 
and a tube current of I = 10 µA. With the aid of the X-Ray 
Imaging Software XIS, a series of images was acquired for 
each brazing process, which is used for a subsequent evalu-
ation of the porosity as well as the flow movement of the 
melted filler metal.

Table 1   Properties of the Al2O3

Properties Al2O3

Purity (m.-%)  > 99.5
Density (g/cm3) 3.7–3.95
Open porosity (Vol.-%) 0
Average grain size (µm) 10
Thermal conductivity (RT) (W/m*K) 34.9
Thermal conductivity (1000 °C) (W/m*K) 6.8

Table 2   Composition of the brazing powder and the boiling range as 
well as evaporation temperature of the binder

Ag CuO

Ag4CuO (wt-%) 96 4
Binder S NX
Boiling range (°C) 240–270 250
Evaporation temp. (°C) 600 400
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The temperature profile was divided into three stages. 
In the first stage, the sample was gradually heated so that 
the binder evaporates. After further heating, the filler metal 
melted in the second stage. In the last stage, the sample was 
cooled. The temperature was measured on the surface of 
both joining partners and reported as an arithmetic mean 
value. Because of the applied acquisition system for the tem-
perature, only temperatures above 500 °C were measured. 

The durations of the different stages of the two temperature 
profiles T-t_1 and T-t_2 are shown in Table 4.

2.3 � Analytical methods

The behavior of the brazing paste during heating was inves-
tigated by differential thermal analyses (DTA) and thermo-
gravimetry (TG). At the beginning, each Al2O3 crucible is 
placed in the system in the empty state and a zero measure-
ment is performed, so that the measurement data of the indi-
vidual braze pastes are tared subsequently and disturbance 
variables are eliminated. After that, weighed brazing paste 
was added to a crucible and placed in the STA (LINSEIS 
STA PT1600, Linseis, Germany). To simulate the brazing 
process, a heating and cooling rate of 5 K/min and a holding 
time of t = 10 min at a maximum temperature of T = 1100 °C 
were set. The data obtained were evaluated using the Linseis 
TA Evaluation software.

The amount of pores, the pore size, and the porosity were 
determined by the software ImageJ (NIH). The software 
can recognize the contrast between the pores and the filler 
metal and can identify the number and the size of the pores. 

Fig. 1   Schematic illustration of the experimental setup for the in situ observation of the pore formation

Table 3   Performance data of the laser ILS2 × 900–5444

ILS2 × 900–5444

Type of laser High-powered diode laser
Beam power PW,max = 1.8 kW
Process heads 2 process heads with each Pmax = 0.9 kW
Output scaling λ1 = 980 nm (Pmax = 500 W), λ2 = 808 nm 

(Pmax = 400 W)
Operation mode Cw (continous wave)
Working distance 135 mm ± 5
Beam 35 × 35 mm
Beam angle 35°

Fig. 2   Temperature profile of 
the brazing process (time-
dependent laser amperage and 
temperature curve)
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The porosity is calculated by the summed area of the pores 
divided by the wetted area in the beginning of the process.

By using the results of the radiographic testing, areas with 
different pore structures were identified. Transverse sections 
were made of these areas. To investigate the microstructure, 
the samples were analyzed using a JSM 7001F SEM (Jeol, 
Japan). In addition to secondary and backscattered electron 
detectors, the SEM has an EDS detector and composition 
measurements were carried out. The samples were coated 
in advance using cathode sputtering (Au, 3 nm) to ensure a 
conductive surface (CCU-010 LV, Safematic GmbH, Swit-
zerland). The images were recorded in backscatter contrast 
at an accelerating voltage of 15 kV.

3 � Results and discussion

3.1 � DTA

Figure 3 shows the TG curves of the investigated brazing 
pastes in the debinding phase. A direct comparison of the 
mass losses of the individual peaks reveals a slightly shifted 
peak position as well as different peak widths and peak 
amplitudes. Binder S leads to a significantly lower relative 
mass loss. This is due to the fact that the brazing paste with 
binder S contains only half the amount of binder (15 m. %) 
as the brazing paste with binder NX (30 m. %) (Table 5). 
Furthermore, it can be seen that the debinding peak for both 
binders correlates with the most pronounced mass decrease, 
which corresponds to almost the entire mass fraction of the 
binder. Hence, it can be concluded that the brazing pastes 
outgas unequal amounts of binder due to the different mixing 
ratios. The mass loss also happens below 300 °C. Hence, the 
boiling of the binder seems to be the main factor for outgas-
sing. The evaporation of the organic residues above 400 °C 
does not affect the mass loss that much.

Figure 4 shows the thermal voltage of the DTA measure-
ments of the brazing pastes used during debinding. A peak 
can be seen, which clearly shows the difference between the 
binder S and NX. Binder S shows a characteristic deflection 
in the peak area, with a steep rise followed by a drop in slope 

to the reaction point. Binder NX shows peaks in a similar 
temperature range, but these reactions are weaker, and the 
peak range differs significantly from that of binder S in terms 
of reaction rate.

Within a temperature interval of 932.9–937.4 °C, a liq-
uidus reaction occurred in both pastes, exhibited by a com-
paratively strong endothermic peak (Fig. 5 and Table 6). 
Thus, the melting temperatures or intervals of the brazing 
pastes are about 20 K lower than those of the pure Ag. An 
influence of the binder or its residues on the melting process 
is not distinctly detectable. However, within the curve of the 
paste containing binder NX, a small peak at about 940 °C 
is visible, indicating a reaction after the melting of the filler 
material. This might be caused by residues of the binder. 
Interstingly, only one peak occurs during the melting, even 
though the AgCuO usually shows an eutectic peak (943 °C) 
and a monotectic peak (967 °C) [19].

Figure 6 shows the results of the DTA measurements of 
the brazing pastes and the pure Ag during cooling and solidi-
fication. The difference between the onset temperature and 
the peak temperature is ~ 1 K (Table 7). The peak of the 

Table 4   Stage duration of the temprature profiles T-t_1 and T-t_2

Stage Duration Average heating rate

T-t_1 Debinding (D)
Warm trough (W)
Brazing (B)
Cool down (C)

15 min
36 min
9 min
7 min

80 K/min
20 K/min
3 K/min
60 K/min

T-t_2 Debinding (D)
Warm trough (W)
Brazing (B)
Cool down (C)

3 min
32,5 min
9 min
7 min

30 K/min
15 K/min
3 K/min
60 K/min

Fig. 3   Mass alteration rate of the DTA measurements in the debind-
ing phase

Table 5   Reaction points and mass alteration of the brazing paste dur-
ing debinding

Filler metal Onset Peak Δm

Ag4CuO/S 262 °C 293 °C  − 15.4%
Ag4CuO/NX 238 °C 252 °C  − 30.1%
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Ag is more pronounced than the peaks of the pastes. Both 
pastes, NX and S, exhibit an exothermic reaction occurring 
immediately before solidification at temperatures above 
910 °C. It can be assumed that these are reactions of the 
binder residues.

3.2 � Development of pores during heating

Figure 7a exemplarily shows the development of pores 
within the debinding stage of a Ag4CuO/S sample with the 
low heating rate (T-t_1). From the beginning, there are pores 
in the assembly in the filler metal paste. With increasing 
laser power and time, the pores grow. In addition, new pores 
are formed, which also grow with increasing process times. 
After 900 s, the porosity reaches a saturation. Hence, it can 
be assumed that the binder has completely outgassed. In the 
sample which was heated at the lower heating rate, small 
and significantly fewer pores can be seen at the beginning 
(Fig. 7b). With increasing laser power and time, the pores 
grow faster than with the higher heating rate (T-t_2). In addi-
tion, significantly more pores are formed.

Figure 8 shows the amount of pores and the average pore 
size of the samples for both heating rates and binders after 

Fig. 4   Thermal voltage of the DTA measurements in the debinding 
phase

Fig. 5   DTA signal during the melting stage

Table 6   Reaction points of the brazing paste during melting derived 
from Fig. 5

Filler metal Onset Peak Δm

Ag4CuO/S 934 °C 937 °C 0.3%
Ag4CuO/NX 934 °C 936 °C  − 0.1%
Ag 953 °C 956 °C 0.5%

Fig. 6   DTA signal during the solidification stage

Table 7   Reaction points 
of the brazing paste during 
solidification derived from 
Fig. 6

Filler metal Onset Peak

Ag4CuO/S 908 °C 908 °C
Ag4CuO/NX 912 °C 911 °C
Ag 879 °C 878 °C
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debinding. For the Ag4CuO/S filler metal, the number of 
pores rises initially until it reaches its maximum, before it 
drops again down to 195 at the end of the debinding stage 
(Fig. 8a). At the same time, the size of the pores steadily 
increases (Fig. 8b) and some pores coalesce, causing the 
number of pores to decrease again. The higher heating rate 
led to the formation of 611 small pores (0.37 mm2), which 
can be seen in Fig. 8c and d, whereas the lower heating 
rate led to the formation of 195 larger pores (1.4 mm2) (see 
Fig. 8a and b). The difference in porosity for the Ag4CuO/S 
at the different heating rates is 9% (49 and 58%). This low 
difference in porosity indicates that the different heating 
rates do not affect the volume of outgassed binder but the 
outgassing behavior. One possible explanation for the dif-
ferent behavior could be that the outgassing in an existing 
cavity requires a lower amount of energy than creating a 
new cavity. With increasing heating rate, the binder has less 
time to diffuse to an existing cavity, which is why more pores 
develop.

The application of the glycol-based paste Ag4CuO/NX 
leads to different trends in the pore formation and pore 
growth. The higher heating rate (T-t_2) results in only 183 
pores with an average size of 0.57 mm2. This corresponds to 
a porosity of 24%. The lower heating rate, conversely, leads 
to 298 pores with a mean diameter of 0.26 mm2 (poros-
ity = 17%). Since a higher heating rate has a positive effect 
on the number of pores in the case of the Ag4CuO/S, but 
a negative effect in the case of the Ag4CuO/NX, a general 
statement about the influence of the heating rate and the 

binder on the pore formation during the debinding stage can-
not be made. However, it could be shown that both param-
eters have an influence on the pore formation. In addition, it 
could be shown that the size of the pores is not proportional 
to the amount of binder [9].

Figure 9 shows the wetted area of the specimens after 
debinding (black) and melting (red). It can be seen that the 
pore structure did not change after the debinding and before 
the melting. This results match with the results of Bobzin 
et al. [20]. Regardless of the heating rate and the binder, 
the wetted area of the filler metal decreases after melting. 
The samples with the Ag4CuO/S filler metal already show a 
high porosity after debinding. After melting, the wetted area 
decreases by 35.5% for T-t_1 and by 52.9% for T-t_2 (see 
Fig. 10). For the Ag4CuO/NX, the wetted area decreases by 
84.7 (T-t_1) and 85.5%.

The high porosity resulting from the S-binder promotes a 
homogeneous distribution of the molten material within the 
brazing joint. In contrast, the NX-binder leads to a concen-
tration of the molten material primarily in the edge regions 
of the brazing gap. The excessive flow of the molten material 
can be attributed to the vertically oriented configuration, 
which allows gravity to facilitate its movement. Additionally, 
the insufficient contact pressure exerted on the specimen 
impedes the development of a capillary force, which would 
be strong enough to counteract gravitational effects.

Interestingly, areas where pores have occured after 
debinding seem to be less often wetted after the melting. 
This could indicate that reactions between the filler metal 

Fig. 7   Development of pores 
during debinding: a T-t_1 
(30 K/min); b T-t_2 (30 K/min)
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and the Al2O3 take place during heating (before melting), 
which improve the wettability. The results of Bobzin et al. 
match with this assumption. They found out that a holding 
time during heating (before melting) improves the wetting 
of the alumina [20].

In Fig. 10, the absolute wetted areas after debinding, 
melting, and solidifiacation are plotted. It can be seen that 
the wetted area of the samples with NX binder decreases 
relatively to the debinded state as well as the initial state 

dramatically. In case of the S binder, the wetted area in 
the debided state is significantly smaller compared to the 
NX binder, but the relative drop in the following stages, 
melting, and solidification is less prononounced. This 
leads to higher values of the wetted area in the final state. 
Interestingly, it can be seen that the wetted area partially 
increases during solidification, which leads to higher val-
ues of the wetted area when comparing the melted and 
solidified states. The results show that there is no clear 

Fig. 8   Development of the 
amount of pores (a and c) and 
the average pore size (b and d) 
during the debinding process 
for T-t_1 (a and b) resulting in a 
porosity of 0.58, T-t_2 (c and d) 
with a porosity of 0.49



2454	 Welding in the World (2024) 68:2447–2458

correlation between the porosity after debinding and after 
melting.

In order to clarify the increase of the wetted area dur-
ing cooling and the development of pores, the solidification 
behavior of the pure Ag (foil) was investigated (see Fig. 11). 
In the molten state, the Ag shows isolated small pores within 
the area wetted by the molten filler metal. With the begin-
ning of the cooling stage (0 s), pores grow slightly. Already 
after 16 s, a strong pore growth can be seen, which initiates 
at the left side. Previously, existing pores serve as the start-
ing point for this development. The pores increase in size 
and also distort in the direction of the temperature gradient 
or towards the point of highest temperature. After 18 s, the 
individual pores rapidly increase in size and the pore band 
serves as a starting point for the formation of additional 
pores. Especially in the central region of the molten filler 
metal, the pores coalesce and move towards the top of the 

specimen, until they reach the surface. On the left side of 
the sample, the melt is partially driven out by the increasing 
porosity (20 s). It can be confirmed that the use of pure Ag 
leads to a comparatively severe porosity, which is formed 
during solidification. The outgassing during the cooling can 
be explained with the solubility of gases being higher in the 
melt than in the solid filler metal. Interestingly, the outgas-
sing during cooling is far stronger in the pure Ag melt than 
in the melt of the Ag4CuO. These results were observed by 
Bobzin et al., too [20]. They assumed that Ag was deoxi-
dized, which avoided the emitting of oxygen.

3.3 � Microstructure

Since X-ray transmission is limited to the study of the dis-
tribution of the filler metal in one plane, SEM analyses 
of the transverse sections were performed additionally to 

Fig. 9   Wetted area of the speci-
mens after debinding (black) 
and melting (red); a Ag4CuO/
NX T-t_2; b Ag4CuO/NX 
T-t_1; c Ag4CuO/S T-t_2; d 
Ag4CuO/S T-t_1
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determine the microstructure in the filler metal, especially 
with regard to the phase distribution at the interfaces. A rep-
resentative micrograph is shown in Fig. 12a, which displays 

the microstructure of the sample Ag4CuO/S manufactured 
with the low heating rate T-t_1. It is characterized by an 
irregular distribution of CuO at the interfaces (Fig. 12b, c) 
in the brazing seam.

This contradicts with the findings of Bobzin et al. [12], 
who observed a continuous CuO phase band at the interface 
of alumina and filler metal. In contrast to the setup used in 
this work, the brazing process of Bobzin was carried out 
with horizontally placed samples, so that the influence of 
gravity on the distribution of the CuO in the molten filler 
metal is much smaller.

Furthermore, no reaction layer between the base mate-
rial and the filler metal material could be detected by EDS 
analysis. A possible explanation could be the fact that the 
achieved temperature of the depicted filler metal amounted 
Tmax = 951 °C, which is outside or below the critical tem-
perature interval (980–1050 °C), in which a reaction layer 
of copper aluminate between AgCuO filler metal and Al2O3 
substrate takes place [21, 22]. Another reason could be the 
limited resolution of the EDS detector, which is based on the 
diameter of the electron beam (dE = 4 µm).

In Fig. 13, the formation of melt beads is shown (Ag), 
which is visible in mostly non-wetted areas. The beads are 
visible on both alumina specimens and predominantly con-
sist of pure Ag.

Fig. 10   Wetted area of the filler metal after debinding, melting, and 
solidification

Fig. 11   Solidification process of 
pure Ag in the brazing gap
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Figure 14 displays a cavity inside the brazing gap. 
Residues of Ag and CuO are clearly visible at the sur-
faces of the alumina substrates. The unaffected surface 
within the cavity is visible, showing isolated CuO phases 

in the Ag matrix. This shows that pores and cavities in 
the brazed seam do not have to be attributed to a lack of 
wetting, but that effects such as gravity or cohesion can 
have an influence, too.

Fig. 12   Representative micro-
structure of the brazing seam 
(Ag4CuO/S, temperature profile 
T-t_1). a: overveiw, b: upper 
interface, c: lower interface

Fig. 13   Beads of Ag at the 
interface (Ag4CuO/S, tempera-
ture profile T-t_1). a: overveiw, 
b: upper interface, c: lower 
interface
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4 � Conclusions and outlook

In this work, it could be shown that the chosen experi-
mental setup allows the investigation of pore formation 
and evolution within the brazed seam during the joining 
process. With the aid of the used setup, it was also possible 
to obtain further findings that are summarized as follows:

1.	 The type of binder and the heating rate have an influence 
on the pore formation during debinding.

a.	 The application of the S-binder resulted in a higher 
porosity in the brazing seam than by using the NX-
binder.

b.	 For the S-binder, a high heating rate resulted in many 
small pores, whereas a low heating rate results in few 
large pores.

c.	 The opposite effect was observed with the NX-binder.

Since the heating rate and the binder affect the pore 
structure but the reasons for that are unclear, further inves-
tigations are necessary.

2.	 Areas where pores developed during debinding are less 
likely wetted during melting.

3.	 Within the melting stage, a reduction of the porosity 
could be observed due to the movement of the melt that 
led to the disappearance of single pores.

4.	 The pore structure only changed slightly during solidi-
fication without a clear tendency to increase or decrease 
the pores size, even though the change in the solubility 
of oxygen causes a movement of the melt.

In future work, the effect of the pore structure on the 
joint strength should be investigated.
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