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Abstract: An Al-40.0Ge-3.4Si wt.% alloy foil with a thickness of 50 ± 5 µm, obtained via an ultrafast
solidification method, is described in this work. A complete wetting of the aluminum alloy substrate
with a wetting angle of 0◦ is observed, and the formation of a drop with a wetting angle of 30 ± 5◦

is observed on the steel substrate. Similar and dissimilar brazed joints of aluminum alloy AA 6082
and stainless-steel AISI 304 are obtained. The microstructure of the AA 6082/AA 6082 brazed
seam is homogeneous and contains particles of an Al7Fe2Si system intermetallic compound and
particles of an Al-Ge eutectic composition. The brazed seam of the AISI 304/AISI 304 joint is
formed due to the formation of the Al8Fe2(Si, Cr) intermetallic compound reaction layer on the
steel surface. The proposed scheme for the AISI 304/AA 6082 brazed joint formation is given. The
brazed seam represents the Al8Fe2(Si, Cr) reaction layer on the steel surface, the thickness of which
depends on the holding time during brazing, and the aluminum matrix of which has particles of a
composition close to an Al-Ge eutectic. The obtained results could be used for the optimization of
time–temperature brazing modes in order to improve the mechanical characteristics of AISI 304/AA
6082 dissimilar joints.

Keywords: stainless-steel AISI 304; high-strength aluminum alloy AA 6082; rapidly quenched Al-
Ge-Si filler metals; wetting experiments; brazed joint; dissimilar joint; microstructure formation;
mechanical properties; failure mechanisms

1. Introduction

Dissimilar joint creation is usually defined by the necessity of using the individual
advantages of different materials [1]. Due to the good mechanical characteristics of stain-
less steel and the low relative weight of aluminum alloys, these products are of particular
interest to the transport industry [2,3]. It has been hypothesized that combining aluminum
alloys and steel could make it possible to produce structures combining the useful char-
acteristics of both materials [4,5]. Such a structure could have broad application potential
in various fields of industry, and could increase fuel economy [6]. However, significant
differences in the thermophysical properties of these materials, such as the melting point,
coefficient of thermal expansion, and thermal conductivity, are significantly complicating
their connection, and result in stresses in the junction zone [7,8]. The formation of brittle
Fe-Al system intermetallic compounds could seriously reduce the strength of joints [2,9,10].

There are various methods for obtaining permanent aluminum alloys and steel joints,
including friction welding [11–13], arc brazing–welding [7,14], and laser welding [8,15,16].
However, these methods are often limited by the geometry of the connecting parts and
lead to local melting of the base material [17]. Compared with welding, brazing methods
allow us to obtain compounds of a complex shape. In addition, it is possible to reduce
the connection temperature due to the fact that the liquidus temperature of the filler alloy
is always lower than the solidus temperature of the base material. Selecting an optimal
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time for thermal exposure and decreasing the temperature of the connection allows the
obtainment of joints with good mechanical properties [17].

The liquidus temperatures of classical Al-Si system filler alloys are higher than the
solidus temperatures of high-strength aluminum alloys of the Al-Mg-Si system (550–600 ◦C).
This limits their use without additional alloying. Alloys of the Al-Si-Zn system with a melt-
ing point less than 550 ◦C demonstrate good properties during heat treatment. However,
the zinc content causes erosive effects in the aluminum material [18]. The melting point of
alloys of the Al-Si system can also be reduced by alloying Cu [19]. However, the presence
of Cu leads to the formation of brittle Al2Cu intermetallic phases during brazing [20,21].

Filler alloys of the Al-Ge-Si system with a melting point lower than 500 ◦C can decrease
the brazing temperature of aluminum alloys [22]. The use of Ge as an alloying element in
the classical Al-Si system has been considered due to the low melting point of the Al-Ge
system eutectic (420 ◦C), as well as its good wettability in terms of the aluminum substrate.
Alloys with low and high Ge content have been developed [23,24]. Kawamoto [24] obtained
an AA 6061 brazed joint with a strength corresponding to the base material strength.

The production of filler alloys via the ultrafast solidification (spinning) of the flat melt
jet is an example of the successful application of rapidly quenching technology [25–30].
Rapid quenching of the melt allows filler alloys of the Al-Ge-Si system to be obtained with
any germanium content in the foil form. Obtaining filler alloys in the rapidly quenched
foil form usually leads to the conduct of brazing with minimal erosion and changes in the
base material properties. Ultrafast cooling of the melt forms an homogeneous and uniform
distribution of alloying components in the solidified alloy. The efficiency of the component
distribution in the brazed seam increases as a result of the high chemical uniformity of
the obtained rapidly quenched foils. A decrease in brazing defects and an increase in the
strength of the joints brazed with rapidly quenched alloys have been observed [31,32].

The formation of Al-Fe and Al-Fe-Si systems’ intermetallic reaction layers has been
observed on the heterogeneous junction surface of the aluminum alloys and the stainless-
steel brazed joint [2,7,33,34]. These intermetallic compounds are considered to be the main
reason for the mechanical destruction of such compounds [35]. In several papers, it has been
determined that the thickness of reaction layers depends on the temperature and duration
of thermal exposure [36,37]. The thickness of the intermetallic layer has a significant effect
on the strength of the aluminum alloys and stainless-steel joints during tensile tests. If
the thickness of the intermetallic layer is >10 µm, the mechanical characteristics of the
compounds sharply decrease [2,38]. In addition to reducing the temperature and duration
of brazing, alloying with elements such as Mg, Si, Ca, Ti, Cr, Cu, Ge, Ag, Cd, and Sb reduces
the activity coefficient of aluminum in α-Fe, which leads to a decrease in Fe-Al intermetallic
layer thickness [39].

Al-Ge-Si system filler alloys are promising for brazing high-strength aluminum alloys
and stainless steel. The balance between the microstructure, depending on the alloying
system, mechanical characteristics, and decrease in the studied filler alloy melting point,
has not yet been found. Obtaining a filler alloy with a low melting point that can form a
joint with good mechanical characteristics is a significant task. There are a small number
of studies that systematically consider the joints of aluminum alloys and stainless steel
obtained by brazing. The purpose of this work is to establish the formation of regularities
of high-strength aluminum alloy AA 6082 and stainless-steel AISI 304 joints, obtained by
vacuum brazing using Al-Ge-Si systems with rapidly quenched filler alloys.

2. Materials and Methods
2.1. Materials

To study the formation features of the microstructure of the brazed aluminum alloy and
stainless steel, the Al-Ge-Si system alloys were obtained in the foil form with a thickness of
55 ± 5 µm via the ultrafast (104–106 K/s) solidification of a flat melt jet on a rotating copper
disk. Aluminum alloy A0 (Russian standard, GOST 11069), monocrystalline germanium,
and silumin were used as the initial materials to produce ingots for rapid quenching. The
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initial alloy ingots were obtained via melting in an arc vacuum furnace with a tungsten
non-consumable electrode with constant stirring by passing argon through the melt with a
flow rate of 7 L/min. The chemical composition of filler alloy for brazing high-strength
aluminum alloy AA6082 and stainless-steel AISI 304 is shown in Table 1. Filler alloy foil in
the initial state was used in all experiments. The temperature characteristics of filler alloys
have been studied in previous works [22].

Table 1. Chemical compositions of the base materials and the filler metals.

Alloy
Alloy Composition (wt.%)

Melting Range, ◦C
Fe Al Cr Ni Mg Mn Si Ge C Other

AISI 304 Bal. – 18.0 9.0 0.05 1.0 0.4 – 0.08 0.3
AA 6082 0.5 Bal. 0.25 – 1.2 1.0 1.3 – – 0.4 580 650

Filler alloy <0.02 Bal. – – – – 3.4 40.0 – – 442 474

As substrate materials for determining the wettability of materials with filler alloys,
sheets of aluminum alloy AA 6082 with dimensions 40 mm × 40 mm × 3 mm and stainless-
steel AISI 304 with dimensions 40 mm × 40 mm × 1.5 mm (Russian standard, GOST
23904-79) were used. The filler alloy was applied in the form of 8 layers of foil with a
thickness of 55 µm and dimensions of 4 mm × 4 mm, stacked on top of each other and
connected by contact-reactive welding.

Sheets of AA 6082 aluminum alloy with dimensions of 30 mm × 65 mm × 6 mm, AISI
304 stainless steel with dimensions of 25 mm × 55 mm × 1.5 mm, and the Al-40.0Ge-3.4Si
wt.% alloy foil of 55 ± 5 µm thick and dimensions of 20 mm × 30 mm and 15 mm × 25 mm
were used as the main materials for obtaining similar material joints. The brazing assembly
scheme for similar materials of the aluminum alloy (AA 6082/AA6082) and the stainless
steel (AISI 304/AISI 304) is shown in Figure 1 (Russian standard, GOST 28830-90).
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Figure 1. Brazing assembly scheme for similar materials: (a) AA 6082 base material; (b) AISI 304 base
material. Values are given in mm.

Fedorov [2,35,37] obtained overlap joints of aluminum alloy AA3003 and stainless-steel
AISI 304. The destruction of such joints was located in the aluminum alloy material, which
does not provide information about the properties of the joint during destruction. A brazing
assembly scheme for dissimilar materials, presented in Figure 2, was proposed for this
reason. Sheets of AA 6082 aluminum alloy with dimensions of 15 mm × 25 mm × 3 mm
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and stainless AISI 304 steel with dimensions of 25 mm × 55 mm × 1.5 mm were used to
obtain dissimilar joints. One layer of filler alloy foil with a thickness of 55 ± 5 µm and
dimensions of 15 mm × 25 mm was laid between the brazed materials.
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2.2. Methods

Before the brazing and wetting experiments, the surfaces of the main materials were
cleaned with abrasive paper grit 320 and ethanol. Wetting experiments and brazing were
performed in a resistance vacuum furnace SSHVE-1.2.5 (MosZETO, Moscow, Russia) under
high vacuum up to 5 × 10−6 mmHg. The heating rate was 10 ◦C/min. The wetting
experiments were carried out at a temperature of 540 ◦C above the melting point of the
filler alloy for 10 min.

Brazing was carried out to form stainless-steel (AISI 304/AISI 304) and aluminum
alloy (AA6082/AA6082) similar joints and dissimilar joints (AISI 304/AA6082) using the
Al-40.0Ge-3.4Si wt.% filler alloy foil. Three different modes (15, 30, and 60 min) were
studied at the brazing temperatures of 520 ◦C and 540 ◦C. Free cooling in high vacuum was
used for all samples.

The microstructure and fractograms were analyzed via scanning electron microscopy
(SEM) with a JEOL JSM-6610LV (Jeol, Tokyo, Japan) and Carl Zeiss EVO 50 XVP (Carl Zeiss,
Oberkochen, Germany) at BSE observation mode. The chemical composition was analyzed
via energy-dispersive X-ray spectroscopy (EDX) and a backscattered electron detector (BSD)
using an INCA X-ACT (Oxford Instruments plc., Abingdon, UK) with a Carl Zeiss EVO 50
XVP (Carl Zeiss, Oberkochen, Germany) using an acceleration voltage of 10 kV.

A single-lap shear (SLS) test was conducted at room temperature. Tensile tests with
a strain rate of 0.01 mm/s were carried out in a QUASAR 50 testing machine (Galdabini,
Cardano al Campo, Italy), which has a maximum force of 50 kN. A total of 10 shear tests
were carried out for each type of sample to clarify the results. Special steel cylindrical
supports were used to ensure that the load was applied coaxially to the samples, as shown
in Figures 1 and 2. Cylinders with a diameter of 10 mm and a height of 10 mm were
inserted at the two ends of the samples, which allowed minimizing stress in directions
perpendicular to the brazing surface.

3. Results and Discussion
3.1. Wetting Experiments

To reveal the features of the interaction mechanisms between the main materials,
experiments on wetting with molten filler alloys were carried out. In a previous study [22],
filler alloys of the Al-Ge-Si system in the form of ingots and foils obtained by rapid
quenching were studied. These foil structures contained a eutectic structure, consisting
of the (Al, Ge) solid solution and the (Si, Ge) solid solution, as well as the metastable
compound Al6Ge5. The decomposition temperature of the metastable phase of Al6Ge5 was
in the range of 180–240 ◦C, depending on the germanium and silicon content in the alloys.
It was revealed that the most prospective alloy in melting point terms was Al-40.0Ge-3.4Si
wt.% [22]. The wetting experiment was carried out by heating filler alloy Al-40.0Ge-3.4Si
wt.% to 540 ◦C with exposure for 10 min. SEM images at different magnifications of the
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cross-section of the AA 6082 surface wetted with the Al-40.0Ge-3.4Si wt.% filler alloy at a
temperature of 540 ◦C are shown in Figure 3.
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Figure 3. Microstructure of AA 6082 wetted with Al-40.0Ge-3.4Si wt.% filler alloy according to
540 ◦C/10 min mode, obtained by SEM at various magnifications: (a) 500× magnification; (b) 1000×
magnification.

The filler alloy dissolved in the base material, and the formation of bright particles
close to the surface of the aluminum alloy was observed. The dissolution of the filler alloy
indicates complete wetting of the aluminum substrate with a wetting angle of 0◦. The
results of the EDX analysis of the phases formed close to the surface of the aluminum
alloy are shown in Figure 4 and in Table 2. Due to the relatively close energy on the
EDX spectra, it is difficult to distinguish germanium and magnesium. This dramatically
reduces the accuracy of the quantitative analysis of these elements. Due to the relatively
low magnesium content in aluminum alloy AA 6082, a further study of the chemical
composition was carried out without considering the Mg content.

Metals 2023, 13, x FOR PEER REVIEW  5  of  20 
 

 

3. Results and Discussion 

3.1. Wetting Experiments 

To reveal the features of the interaction mechanisms between the main materials, ex‐

periments on wetting with molten filler alloys were carried out. In a previous study [22], 

filler  alloys  of  the Al‐Ge‐Si  system  in  the  form  of  ingots  and  foils  obtained  by  rapid 

quenching were studied. These foil structures contained a eutectic structure, consisting of 

the (Al, Ge) solid solution and the (Si, Ge) solid solution, as well as the metastable com‐

pound Al6Ge5. The decomposition temperature of the metastable phase of Al6Ge5 was in 

the range of 180–240 °C, depending on the germanium and silicon content in the alloys. It 

was revealed that the most prospective alloy in melting point terms was Al‐40.0Ge‐3.4Si 

wt.% [22]. The wetting experiment was carried out by heating filler alloy Al‐40.0Ge‐3.4Si 

wt.% to 540 °C with exposure for 10 min. SEM images at different magnifications of the 

cross‐section of the AA 6082 surface wetted with the Al‐40.0Ge‐3.4Si wt.% filler alloy at a 

temperature of 540 °C are shown in Figure 3. 

   

(a)  (b) 

Figure 3. Microstructure of AA 6082 wetted with Al‐40.0Ge‐3.4Si wt.% filler alloy according to 540 

°C/10 min mode, obtained by SEM at various magnifications: (a) 500× magnification; (b) 1000× mag‐

nification. 

The filler alloy dissolved in the base material, and the formation of bright particles 

close to the surface of the aluminum alloy was observed. The dissolution of the filler alloy 

indicates complete wetting of the aluminum substrate with a wetting angle of 0°. The re‐

sults of the EDX analysis of the phases formed close to the surface of the aluminum alloy 

are shown in Figure 4 and in Table 2. Due to the relatively close energy on the EDX spectra, 

it  is difficult  to distinguish germanium and magnesium. This dramatically reduces  the 

accuracy of the quantitative analysis of these elements. Due to the relatively low magne‐

sium content  in aluminum alloy AA 6082, a further study of the chemical composition 

was carried out without considering the Mg content. 

 

Figure 4. Microstructure of AA 6082 wetted with Al-40.0Ge-3.4Si wt.% filler alloy according to
540 ◦C/10 min mode with EDX measurement points.

Table 2. Results of EDX analysis of the AA 6082/Al-40.0Ge-3.4Si wt.% filler according to
540 ◦C/10 min mode alloy wetting experiment.

Measurement Point
Chemical Composition (at.%)

Phase Interpretation
Al Si Ge Mn

Spectra 1–3 6.3 58.6 35.1 0.3 (Si, Ge)
Spectra 4–6 63.3 5.6 33.1 0.5 Al-Ge eutectic
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Spectra 1–3 indicate that the particles on the surface were presumably a (Si, Ge) solid
solution (Figure 4, spectra 1–3). The phases, which were deeper in the Al alloy, had a
composition close to eutectic in accordance with the ternary Al-Ge-Si system diagram [22].

Cross-sectional SEM images of AISI 304 wetted with Al-40.0Ge-3.4Si wt.% filler alloy at
540 ◦C at various magnifications are presented in Figure 5. The contact angle was 30 ± 5◦.
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The results indicate the wetting of the steel substrate with a filler alloy and the for-
mation of a chemical interaction zone. The EDX analysis was performed to study the
formation of a reaction layer between a molten filler alloy and steel (Figure 6, Table 3).
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540 ◦C/10 min mode with EDX measurement points.

Fedorov [2] studied the growth of the intermetallic compound layers and formation
of the additional thin sublayers during heat treatment of the AA 3003/AISI 304 induction
brazed joint. Similarly to the results obtained by Fedorov, the chemical composition of the
phase measured, corresponding to spectrum 7 (Table 3), can be approximated by Al8Fe2(Si,
Cr). The steel and solidified filler alloy droplet were bonded by the Al8Fe2(Si, Cr) inter-
metallic compound layer (Figure 6, spectrum 7). The formation of large ~20 µm particles
corresponding to the Al-Ge eutectic in the boundary layer was also observed (Figure 6,
spectra 1, 2). A structure containing two eutectics with a chemical composition similar to
the Al-40.0Ge-3.4Si wt.% alloy initial ingot was formed on the droplet periphery [22]. It
should be noted that germanium does not participate in the formation of the intermetallic
layer, and forms phases located in the boundary areas of the contact surface of the materials.
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Table 3. Results of EDX analysis of the AISI 304/Al-40.0Ge-3.4Si wt.% filler according to 540 ◦C/10
min mode alloy wetting experiment.

Measurement Point
Chemical Composition (at.%)

Phase Interpretation
Al Si Ge Fe Cr Ni Mn

Spectra 1, 2 66.0 1.5 28.8 3.3 0.2 – 0.2 Al-Ge eutectic
Spectra 3, 5 1.9 5.6 91.8 0.6 0.1 – – (Ge, Si)
Spectra 4, 6 97.6 0.6 1.7 0.1 – – – (Al)
Spectrum 7 72.2 7.6 1.6 13.5 4.8 – 0.3 Al8Fe2(Si, Cr)
Spectrum 8 – 0.8 – 68.4 19.0 10.1 1.7 AISI 304

3.2. Similar Material Brazing

Brazing according to the 540 ◦C/30 min mode using Al-40.0Ge-3.4Si wt.% filler alloy
foil was carried out to establish the mechanisms of the aluminum alloy (AA 6082/AA6082)
joint formation (Figure 7).
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Figure 7. Microstructure of the AA 6082/AA 6082 joint brazed according to the 540 ◦C/30 min mode,
obtained by SEM at different magnifications: (a) 250×magnification; (b) 500×magnification.

The AA 6082/AA 6982 brazed joint microstructure was homogeneous. The AA
6082/AA 6082 brazed seam was characterized by a small thickness ~10 µm (Figure 7a).
No visible boundary between the base material and the brazed seam (BS zone, Figure 7b)
could be seen at high magnifications. The diffusion of the filler alloy elements to the base
material occurred during brazing. The formation of various segregations was the result of
the diffusion process in the chemical interaction zone that was 70–80 µm thick (CI zone,
Figure 7b). EDX analysis was conducted to study the CI zone of the AA 6082/AA 6982
brazed joint (Figure 8, Table 4).

Table 4. Results of EDX analysis of the AA 6082/AA 6082 brazed joint.

Measurement Point
Chemical Composition (at.%)

Phase Interpretation
Al Si Ge Fe Mn

Spectra 1, 2 53.8 3.0 42.8 0.2 0.2 Al-Ge eutectic
Spectrum 3 73.8 10.9 0.4 13.8 1.1 Al7Fe2Si
Spectrum 4 98.6 0.8 0.6 0.0 0.0 (Al)
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Figure 8. SEM image of the AA 6082/AA 6082 joint brazed according to the 540 ◦C/30 min mode
with EDX measurement points.

The formation of the intermetallic compound corresponding to the stoichiometry
Al7Fe2Si [2] in the CI zone was observed (Figure 8, spectrum 3). Germanium actively
diffused into the aluminum alloy, where it precipitated with a composition close to the
Al-Ge eutectic (Figure 8, spectrum 1, 2). The precipitates with a composition close to the
Al-Ge eutectic was also obtained by Li [40]. However, the fine eutectic structure with
different visible phases was not received using HAADF STEM [40]. The presence of such
precipitates was observed in the CI zone at a significant distance from the brazed joint
(Figure 7a). Some of the precipitates contained pores that shrunk during the crystallization
of the low-melting Al-Ge eutectic (red area, Figure 7a).

Brazing, according to the 540 ◦C/30 min mode using Al-40.0Ge-3.4Si wt.% filler alloy
foil, was carried out to study the formation of the stainless-steel (AISI 304/AISI 304) brazed
joint (Figure 9). The thickness of the brazed seam was 50 ± 5 µm, and it was characterized
by the absence of brazing defects. There were clearly visible boundaries between the steel
and the brazed joint.
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Figure 9. Microstructure of the AISI 304/AISI 304 joint brazed according to the 540 ◦C/30 min mode,
obtained by SEM at 500×magnification.

Results of the EDX analysis of the AISI 304/AISI 304 brazed joint are shown in
Figure 10 and Table 5. The steel surface was in contact with the Al8Fe2(Si, Cr) intermetallic
compound with a thickness up to 10 µm (Figure 10, spectra 1–3), as well as a lamellar
microstructure identical to the structure of the filler alloy ingot, consisting of eutectic
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containing (Al, Ge) solid solution and pure Ge [22]. An inhomogeneous structure was
formed in the central part of the brazed joint. It consisted of a eutectic structure containing
an (Al)-based solid solution (Figure 10, spectra 6–7) and a (Ge, Si) solid solution (Figure 10,
spectra 4–5). In addition, large Al-Ge eutectic segregations were formed in the center of the
brazed seam (Figure 10, spectrum 8).
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Figure 10. SEM image of the AISI 304/AISI 304 joint brazed according to the 540 ◦C/30 min mode
with the EDX measurement points.

Table 5. Results of EDX analysis of the AISI 304/AISI 304 brazed joint.

Measurement Point
Chemical Composition (at.%)

Phase Interpretation
Al Si Ge Fe Cr Ni Mn

Spectra 1–3 70.9 8.6 2.1 13.6 4.2 0.3 0.3 Al8Fe2(Si, Cr)
Spectra 4, 5 3.7 5.2 89.8 0.8 0.2 0.2 0.1 (Ge, Si)
Spectra 6, 7 98.0 0.1 1.8 0.1 0.0 0.0 0.0 (Al)
Spectrum 8 67.0 0.6 28.9 2.0 0.3 1.1 0.1 Al-Ge eutectic

3.3. Dissimilar Material Brazing

Brazing, according to the 540 ◦C/30 min mode using Al-40.0Ge-3.4Si wt.% filler alloy
foil, was carried out to study the aluminum alloy and stainless-steel (AISI 304/AA 6082)
dissimilar joint formation features. The SEM microstructure of the AISI 304/AA6082 joint
brazed at 540 ◦C/30 min at different magnifications is presented in Figure 11.

Results of the EDX analysis of the AISI 304/AA 6082 joint brazed at 540 ◦C/30 min
mode are shown in Figure 12 and Table 6. The brazed joint was formed due to the formation
of an Al7Fe2(Si, Cr) intermetallic compound layer that was 5–7 µm thick (Figure 12, spectra
9–11) during this brazing mode. The brazing process led to the formation of the Al-Ge
eutectic structure in the near-surface layer of the aluminum alloy (Figure 12, spectra 1–3
and 7–8). The thickness of the near-surface layer containing Ge-rich precipitates was up
to 200 µm (Figure 12, spectra 1–3). Moreover, the presence of precipitates with an Al-Ge
eutectic composition with cavities and pores (red area, Figure 11b) was observed. Due to
the high diffusion activity and the presence of iron in the composition of aluminum alloy
AA 6082, the formation of Al7Fe2Si system intermetallic compound particles was observed
in the area near the brazed joint, as well as deep in the aluminum alloy (Figure 12, spectra
4–6). The presence of the similar Al-Fe-Si intermetallic compounds in the aluminum alloy
after induction brazing with steel was mentioned by Fedorov [2,37].
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Figure 12. SEM image of the AISI 304/AA 6082 joint brazed according to the 540 ◦C/30 min mode
with the EDX measurement points.

Table 6. Results of EDX analysis of the AISI 304/AA 6082 brazed joint.

Measurement Point
Chemical Composition (at.%)

Phase Interpretation
Al Si Ge Fe Cr Ni Mn

Spectra 1–3 59.5 3.9 33.0 0.0 3.5 0.0 0.2 Al-Ge eutectic
Spectra 4–6 66.2 10.4 0.3 16.6 1.2 0.0 3.3 Al7Fe2Si
Spectra 7, 8 58.4 2.9 32.5 0.0 6.2 0.0 0.0 Al-Ge eutectic

Spectra 9–11 61.4 8.0 0.6 21.0 8.4 0.3 0.3 Al7Fe2(Si, Cr)

High-strength aluminum alloys of the 6XXX series are age-hardenable alloys, and
their mechanical characteristics are improved by heat treatment [41–43]. A common heat
treatment for these alloys is the final heat treatment T6. This heat treatment consists
of quenching in order to suppress the formation of intermediate phases, followed by
aging, during which β′ and β” particles are formed [42]. These particles are metastable
modifications of the stable Mg2Si phase, and obstruct the movement of dislocations [41,42].
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Peng [21] carried out the final heat treatment of an AA 6063 aluminum alloy brazed joint
after the brazing process. These compounds showed a strength of ~150 MPa. The formation
of large brittle phases in the aluminum alloy during slow cooling negatively affects strength.
It is possible to suppress this process by fast cooling after brazing exposure. Thus, the
optimization of the brazing process will be carried out in future work. It is assumed that
an additional final heat treatment would consist of quenching and subsequent artificial
aging. However, this article focuses on the dissimilar brazed joint formation mechanism
and brazing effects. Therefore, no additional heat treatment was carried out in this paper.

BSD images of the AISI 304/AA6082 joint brazed according to the 540 ◦C/30 min
mode are shown in Figure 13.
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1000× magnification: (a) initial image; (b) distribution of Al; (c) distribution of Ge; (d) distribution of
Si; (e) distribution of Fe; (f) distribution of Cr.
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Chemical distribution maps indicate that germanium does not participate in the
formation of the brazed joint seam, and therefore, it was concluded that the presence of
germanium in filler alloys affects only the critical temperatures of phase transformation
(Figure 13c).

3.4. The Time–Temperature Effect on the Brazed Joints Microstructure

Microstructures of the AISI 304/AA6082 joints brazed according to the different modes
obtained by SEM at ×1000 magnification are shown in Figure 14.
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Brazing at 540 ◦C and 520 ◦C with exposure for 15, 30, and 60 min was carried out to
study the relationship between the time–temperature brazing modes and the characteristics
of the intermetallic compound reaction layer of AISI 304/AA 6082 brazed joints. Samples
brazed according to the 520 ◦C/15 min mode showed the formation of the reaction layer
with a thickness of 0.5–0.75 µm at the aluminum alloy and stainless-steel boundary, as
well as larger particles of the Al7Fe2Si intermetallic compound at the border zone. The
filler alloy was completely dissolved and its elements were redistributed during brazing
(Figure 14a). The formation of a reaction layer and a further increase in its thickness to
values of 1.5–2.0 µm and 3–7 µm were observed with an increase in the holding time to 30
and 60 min, respectively, at the same temperature (Figure 14c,e). Samples brazed according
to the 540 ◦C/15 min mode showed the formation of the reaction layer with a thickness of
5–8 µm (Figure 14b). An increase in holding time to 30 and 60 min at this temperature led to
growth in the reaction layer thickness to 7–10 µm and 15–18 µm, respectively (Figure 14d,f).
The dependence of the reaction layer thickness on the holding time at different brazing
temperatures is shown in Figure 15. An increase in the brazing temperature by 20 degrees
led to a sharp growth in the reaction layer thickness to values close to critical numbers
(10 µm). Nevertheless, brazed joints with a reaction layer up to 10 µm could obtain
sufficient strength characteristics [2,5]. In this regard, joints obtained by 520 ◦C/15, 30 min
and 540 ◦C/15, 30 min modes could obtain good mechanical characteristics.
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3.5. AISI 304/AA 6082 Brazed Joint Formation Scheme

Figure 16 shows the proposed scheme for the AISI 304/AA 6082 brazed joint formation.
A schematic diagram of element redistribution during brazing is presented in Figure 16a.
The EDX analysis results (Figure 12, spectrum 7–8) showed that germanium-rich particles
obtained a composition close to the Al-Ge eutectic (Al-28 Ge wt.% according to the state
diagram). Melting of the Al-Ge-Si system filler alloys proceeded in two stages, as shown in
previous work [22]. The first stage consisted of melting the Al-Ge eutectic at the temperature
of 420 ◦C. The second stage consisted of melting the complex residue containing Al, Ge, and
Si. Therefore, active Ge diffusion began at the melting temperature of the Al-Ge eutectic
(420 ◦C) during the brazing of AISI 304 with AA 6082. Due to the penetration of germanium
along the AA 6082 grain boundaries, these boundaries melted (yellow arrows, Figure 16b).
The formation of a thin reaction layer of the Al-Fe-Si-Cr intermetallic compound was
observed at the brazing temperature of 540 ◦C due to the diffusion of Al and Si from the
filler alloy to the steel surface (red arrows, Figure 16b). During holding at the brazing
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temperature (540 ◦C), the surface between the aluminum alloy and melt filler alloy moved
toward the steel due to the redistribution of Al, Si, and Ge from the filler alloy, which led to
the crystallization of the liquid phase (blue arrows, Figure 16b). Thus, in the 420–540 ◦C
temperature range, the brazed seam—represented by the intermetallic compound reaction
layer on the steel surface—whose thickness depends on the holding time during brazing
and the aluminum matrix with liquid-phase inclusions, obtained a composition close to
the Al-Ge eutectic (Figure 16c). It is important to note that the growth of the intermetallic
compound reaction layer was located in the steel surface direction and was caused by the
diffusion of aluminum atoms to steel (black arrows, Figure 16c). The increase in the reaction
layer thickness was noted by Fedorov during the heat treatment of the aluminum alloy
and steel joints below the brazing temperature [2]. The crystallization of the Al-Ge eutectic
occurred after cooling below 420 ◦C (Figure 16d). Contraction during crystallization of
the liquid could explain the pore formation in the Al-Ge particles (red area, Figure 16d).
Complete isothermal solidification of the brazed seam could occur due to germanium
migration into the AA 6082 alloy and the growth of the Al-Fe-Si-Cr reaction layer on the
steel surface during the significant holding time of brazing.
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3.6. Mechanical Properties of the Brazed Joints

The fractogram with z-contrast and the destruction microstructure of the AA 6082/
AA6082 joint brazed according to the 540 ◦C/30 min mode are presented in Figure 17. The
strength of this joint was 42 ± 6 MPa. The fracture facets were elongated along the load
application direction, indicating the viscous form of the brazed joint failure (Figure 17a).
The presence of white-colored particles corresponding to the Al-Ge eutectic structure
was observed on the rupture surface (Figure 8, spectra 1–2). The fracture microstructure
indicated that the fracture passed through the chemical interaction zone (Figure 17b).
The fracture surface also passed along the chemical interaction zone particle boundaries,
pointing out their negative effect on the strength of the brazed joint (red arrows, Figure 17b).
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Figure 17. SEM images of the AA 6082/AA 6082 joint brazed according to the 540 ◦C/30 min
mode. Different fracture views at 1000× magnification: (a) surface fractogram with z-contrast;
(b) cross-section.

The fractogram and destruction microstructure of the AISI 304/AISI 304 joint brazed
according to the 540 ◦C/30 min mode are presented in Figure 18. The strength of this joint
was 20 ± 4 MPa. The destruction surface consisted of many flat particles randomly located
on the destruction surface (Figure 18a), indicating the brittle form of the joint destruction.
Destruction was found along the reaction layer on both sides of the brazed joint. Crack
formation was observed between various structural components: the (Ge, Si) solid solution
with a high Ge content, the Al-Fe-Si-Cr reaction layer, and the (Al) solid solution (red
arrows, Figure 18b). It should be noted that cracks were also located in steel close to the
reaction layer (yellow arrows, Figure 18b).
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Figure 18. SEM images of the AISI 304/AISI 304 joint brazed according to the 540 ◦C/30 min mode.
Different fracture views at 1000×magnification: (a) surface fractogram; (b) cross-section.
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The fractogram with z-contrast and the destruction microstructure of the AISI 304/
AA6082 joint brazed according to the 540 ◦C/30 min mode are presented in Figure 19. The
strength of this joint was 12 ± 3 MPa. The fracture passed through the reaction layer that
was clearly visible on the fracture surface due to the z-contrast (Figure 19a). The fracture
surface comprised the Al-Fe-Si-Cr intermetallic compound and stainless-steel surface flat
sections. The fracture microstructure also showed the rupture surface located in the reaction
layer (Figure 19b). Thus, the strength of the AISI 304/AA 6082 joint brazed according to the
540 ◦C/30 min mode was determined by the strength of the reaction layer, which depends
on thickness.
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4. Conclusions

The wetting experiment on the aluminum alloy AA6082 substrate with Al-40.0Ge-3.4
Si wt.% filler alloy demonstrated complete wetting with a 0◦ angle. The interaction of the
filler alloy with the aluminum alloy led to the diffusion of germanium along the grain
boundaries and the formation of low-melting Al-Ge eutectic, causing significant erosion of
the base material. The formation of a drop with a wetting angle of 30 ± 5◦ was observed
during the wetting of the stainless-steel AISI 304 substrate. The chemical interaction zone
consisted of the Al8Fe2(Si, Cr) system reaction layer formed on the steel surface and the
Al-Ge eutectic.

The microstructure of the AA 6082/AA6082 brazed joint was homogeneous. The
formation of Al7Fe2Si intermetallic compound particles and Al-Ge eutectic composition
particles was observed in the chemical interaction zone. This connection, obtained by
brazing according to the 540 ◦C/30 min mode, had a strength of 42 ± 6 MPa. The destruc-
tion had a viscous form. The microstructure of the AISI 304/AISI 304 brazed joint was
heterogeneous. The brazed joint formed due to the formation of the Al8Fe2(Si, Cr) inter-
metallic compound reaction layer on the steel surface. This connection obtained by brazing
according to the 540 ◦C/30 min mode had a strength of 20 ± 4 MPa. The destruction was
brittle, and the fracture surface passed through the reaction layer.

The proposed scheme for AISI 304/AA 6082 brazed joint formation was provided.
This joint was formed due to the formation of a thin reaction layer on the steel surface at
short holding times. Further growth of the reaction layer was realized mainly due to the
diffusion of aluminum atoms to steel with the holding time increase. An increase in the
brazing temperature with the same holding time led to a sharp increase in the reaction layer
thickness. Germanium did not participate in the brazed seam formation. Its content in the
Al-Ge-Si system filler alloys affected only the critical temperatures of phase transformation.
The AISI 304/AA 6082 compound, obtained according to the 540 ◦C/30 min mode, had
a strength of 12 ± 3 MPa. The destruction was brittle and passed through the reaction
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layer. The strength of the AISI 304/AA 6082 joint, brazed according to the 540 ◦C/30 min
mode, was determined by the strength of the reaction layer. Time–temperature brazing
mode optimization in order to improve mechanical characteristics will be considered in
future work. The formation of a diffusion barrier (protective coating) on the surface of the
aluminum alloy has been proposed to eliminate erosion related to Ge diffusion. Such a
method could reduce the negative effect of germanium diffusion into the aluminum alloy,
and slow down the process of the growth of the reaction layer on the steel surface.
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