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Abstract
Conventional nickel-based filler alloys for brazing commonly require low melting elements like boron or
phosphorus to reduce the required brazing temperature. However, these elements often promote the
formation of brittle intermetallic compounds (IMC), which can significantly reduce the joint strength. The
reduction in strength is strongly dependent of the gap width as it influences the ratio of melting point
depressing elements content to the faying surface area. This leads to a limitation of the maximum
applicable joint gap. High entropy alloy (HEA) filler alloys could be an innovative engineering solution to
overcome the technical restriction and to produce strong joints even with wider mounting gaps. This can
be attributed to the tendency of HEA to form stable solid solutions that feature a high thermal and
chemical stability instead of forming brittle intermetallic compounds. Therefore, it is expected that a
HEA microstructure in the brazed metal leads to an improvement of the mechanical properties of the
brazed joint. Unfortunately, HEA tend to have high melting temperatures, which impedes their application
as brazing filler alloy. Therefore, this study presents a novel approach, in which a medium entropy alloy
(MEA) consisting of pre alloyed CoCrFeNi-powder is mixed with various melting point depressants
(MPDs), which melts at the brazing temperature and forms a HEA microstructure during isothermal
solidification. The influence of different MPD concentrations and brazing temperatures on the resulting
joint microstructure were analyzed and evaluated.

1 Introduction
The performance and quality of a brazed joint depends to a large extent on the selection of an
appropriate filler alloy. For the manufacture of joints subjected to high thermal and mechanical stresses,
commonly fillers on nickel- or iron-base are used, particularly when brazing under high vacuum at
elevated temperature is the production technique. These brazing alloys have been widely used in
industry and are therefore well researched [1].

Conventional nickel-based filler alloys contain melting-point depressants such as boron, silicon or
phosphorus. However, these elements tend to form brittle intermetallic compounds, which can reduce
the mechanical strength and negatively affect the long-term durability. The brittle intermetallic phases
can be observed both as finely disperse particles and as a continuous hard-phase band within the center
of the brazing gap. [2, 3]

An innovative method in the field of brazing involves using high-entropy alloys (HEAs) as brazing
materials. Unlike conventional alloys, HEAs are recognized for their high thermal stability, high hardness,
and excellent resistance to wear and corrosion [4]. These outstanding properties can be attributed to the
high entropy effect within this material class that enhances the formation and stabilization of a single
solid solution that impedes the formation of usually brittle intermetallic phases. For these reasons, HEA
can be used wherever conventional brazing alloys reach their limits [5–8]. By definition, high-entropy
alloys (HEAs) are comprised of a single solid solution that consist of at least five principal elements,
each with a concentration between 5 and 35 at.-% [9]. In addition to this compositional criterion, HEAs
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can also be classified based on their configurational entropy. Assuming ideal mixing and considering the
maximization of the entropy of mixing, alloys with a configurational entropy of ∆Sconf > 1.5R are generally
classified as HEAs, where R denotes the universal gas constant. In contrast, alloys with ∆Sconf < 1.0R are
referred to as low-entropy alloys (LEAs), while alloys with configurational entropy values in the range of
1.0R < ∆Sconf < 1.5R are classified as medium-entropy alloys (MEAs). The configurational entropy can be

calculated according to Eq. (1). [10]

1

R represents the universal gas constant, which is 8.314 J/K mol,  is the molar fraction of the element i
and Sconf is the configuration entropy.

In equimolar mixtures the configuration entropy reaches its maximum value and increases
logarithmically with the numbers of alloying elements as it is shown in Eq. (2). [9]

2

In this equation n represents the number of the alloying elements. HEA are also subject to various
thermodynamic effects that depend on configuration entropy and mixture entropies.

When using HEA as a brazing alloy, its high mixing entropy is exploited. The high mixing entropy and the
distorted lattice structure—which results in sluggish diffusion—makes HEAs an attractive choice for
brazing applications in which conventional brazing alloys reach their limitation. In particular, HEA is said
to suppress the formation of brittle phases, enhance thermodynamic stability, and allow excellent
adaptability to different base materials through compositional tailoring. Furthermore, the high mixing
entropy promotes the formation of a stable solid-solution structure, resulting in a more homogeneous
microstructure within the brazed joint and consequently reducing embrittlement [8, 9].

Various high-entropy alloys (HEAs) have already been investigated as brazing alloys for high-temperature
joining applications. Bridges et al. examined a NiCoCuMnFe HEA as a brazing alloy for laser brazing,
using the nickel-based superalloy IN718 as the base material [11]. The combination of the HEA brazing
alloy and the IN718 base material resulted in the formation of a single-phase face-centered cubic (FCC)
HEA brazed joint, which exhibited a maximum shear strength of 220 MPa at a brazing temperature of
1165°C.

Similarly, Tillmann et al. investigated the joining of Crofer 22 APU and hafnium-metallized yttria-
stabilized zirconia (YSZ) using the compositionally complex alloy Nb₀.₇₃CoCrFeNi₂.₁ as a brazing alloy
[12]. Brazing was performed at a process temperature of 1200°C with a holding time of 5 min. The
eutectic microstructure, consisting of a solid-solution phase and a C14 Laves phase, exhibited high

Δ Sconf = −R ∑ n
i=1

xilnxi

xi

Δ Sconf = Rlnn
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thermal stability during the brazing process. Although hafnium diffusion led to grain coarsening, no
phase transformation was observed, indicating excellent microstructural stability of the brazing alloy
under the applied joining conditions.

Unfortunately, the melting range of HEA usually lies significantly above the working temperature of
nickel-based filler alloys and the addition of melting point depressing elements like gallium, tin or
germanium do not lead to a significant drop of the melting range [13, 14]. Therefore, no direct
substitution of nickel-based filler alloys is possible. One promising strategy to overcome this obstacle is
to add the melting point depressant as additional powder to a pre-alloyed MEA powder instead of doping
the HEA with the element during alloying. This procedure enables a partial melting of the powder mixture
at the desired brazing temperature and the formation of a HEA microstructure during isothermal
solidification and homogenization phase during the brazing process.

Hence, this paper investigates whether the influence of additions of melting point depressing (MPD)
elemental powder to the MEA brazing powder CoCrFeNi can lead to firm joints with a single-phase
microstructure when brazing AISI304. The joints were brazed with varying parameters and the joint
microstructure as well as the microhardness of the resulting braze metal were analyzed in order
investigate the influence of the brazing parameters on the phase formation.

2 Materials
The MEA powder, consisting of equimolar proportions of Co, Cr, Fe, and Ni, was used as the base brazing
alloy. The MPD was selected based on several criteria, including melting temperature, wetting behavior,
and corrosion resistance. Furthermore, thermodynamic simulations were performed using Thermo-Calc
prior to the brazing experiments to assess the suitability of the selected MPD by evaluating phase
formation and the thermodynamic stability of the resulting alloy systems.

The MEA CoCrFeNi was produced via powder atomization and supplied by Chemnitz University of
Technology. To investigate the influence of alloy composition on the properties of the resulting HEAs, the
MPD was added to the MEA in different proportions. To ensure a homogeneous distribution of the
constituent powders, the powder mixtures were blended in a tumbler mixer for 1 h. The compositions
investigated in this study are summarized in Table 1.
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Table 1
Composition of the HEA CoCrFeNi-MPDx powder mixture

CoCrFeNi-MPD20 Co

[at.-%]

Cr

[at.-%]

Fe

[at.-%]

Ni

[at.-%]

MPD

[at.-%]

20 20 20 20 20

CoCrFeNi-MPD40 15 15 15 15 40

CoCrFeNi-MPD80 5 5 5 5 80

A suitable MPD is tin as its melting temperature amounts only 231.9°C. In order to obtain a brazing
paste, the B2 binder supplied by Innobraze GmbH was added to the powder mixture at a concentration of
40 wt.%. AISI 304 austenitic stainless steel (EN 1.4301, X5CrNi18-10) was selected as the base material
for the brazing experiments due to its widespread industrial application and good corrosion resistance.
The steel specimens had dimensions of 25 mm × 25 mm × 3 mm. Prior to brazing, the specimen
surfaces were mechanically prepared by grinding with 600-grit SiC abrasive paper to remove surface
oxides and ensure reproducible wetting conditions.

3 Experimental procedures

3.1 Brazing conditions
The brazing paste was applied to the steel plates by screen printing using a stencil with a thickness of
0.1 mm, resulting in a nominal brazing gap of 100 µm. Subsequently, a second steel plate was carefully
positioned on top of the brazing paste layer to form the brazing assembly. During brazing, the
assemblies were loaded with weights to ensure consistent contact between the joining partners and to
maintain the predefined brazing gap. The geometry of the brazing assembly is illustrated in Fig. 1.

Brazing was carried out in a high-temperature vacuum furnace manufactured by Schmetz (model EU
80/1H), capable of achieving a vacuum level of 5.3 × 10⁻⁴ mbar. The specimens were brazed at
temperatures of 1000°C and 1100°C, respectively. To ensure controlled binder removal and
homogeneous heating, the specimens were subjected to a multi-stage heating cycle rather than being
heated directly to the brazing temperature.

Initially, the specimens were heated to 120°C at a heating rate of 15 K min⁻¹ and held for 15 min to
remove residual moisture from both the specimens and the binder. Subsequently, the temperature was
increased to 450°C at a heating rate of 40 K min⁻¹ and maintained for 15 min to facilitate the evaporation
of the organic binder constituents. A final intermediate temperature plateau was introduced at 850°C
and 950°C for the brazing temperatures of 1000°C and 1100°C, respectively. These temperatures were
reached at a heating rate of 50 K min⁻¹ and held for 15 min to ensure a homogeneous temperature
distribution throughout the brazing assembly.
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Afterwards, the specimens were heated to the respective brazing temperatures of 1000°C or 1100°C and
held for 60 min. Following the brazing cycle, rapid cooling was performed with nitrogen with an excess
pressure of 2 bar in order to suppress a mutual formation of undesired intermetallic phases. An example
of the temperature profile employed for brazing at 1100°C is shown in Fig. 2.

3.2 Microstructural characterization
The joint microstructures were examined using scanning electron microscopy (SEM). For this purpose,
the specimens were sectioned perpendicular to the faying surfaces to enable detailed examination of
the joint cross-section. The cross-sectional samples were subsequently mounted in EpoxiCure 2 epoxy
resin, followed by grinding and polishing to obtain a surface suitable for microscopic investigation.

Prior to SEM analysis, the specimens were coated with a thin gold layer by sputter deposition to prevent
surface charging during imaging. The microstructural investigations were conducted using a JEOL JSM-
7001F scanning electron microscope.

3.3 Hardness determination
Hardness is a decisive factor in brazing, particularly with regard to the load-bearing capacity, wear
resistance, and service life of the joint. To determine these mechanical properties, the hardness of the
brazed joint was measured. This was carried out using the Vickers hardness test method. A Streurs
Duramin 4.0 indentation tester was used for this purpose. To determine the hardness, the values in the
formed phases were averaged across 7 measurement points and evaluated at a test force of 0.0981 N
(HV0.01).

4 Results and discussion
Prior to the experimental investigations, thermodynamic simulations were performed using Thermo-Calc
in combination with the TCHEA5 database. Phase diagrams of the MEA–MPD systems were calculated
as a function of the MPD concentration to assess phase stability and predict phase formation.

One of the investigated alloy systems was the CoCrFeNi–Sn HEA. The influence of both the Sn content
and the brazing temperature on the microstructure and properties of the brazed joints was examined. To
support the experimental investigations, thermodynamic simulations were performed using Thermo-Calc
in combination with the TCHEA5 database. Based on these simulations, a phase diagram of the
CoCrFeNi–Sn system was calculated as a function of the Sn molar fraction. The resulting phase diagram
is presented in Fig. 3.

The calculated binary phase diagram for the CoCrFeNi–Sn system shows complete solubility of the alloy
in the liquid state and partial solubility in the solid state. During isothermal solidification of a tin-rich
melt, the first CoCrFeNi-rich solid-solution crystals precipitate at a tin content below 48 at.-% Sn. At a tin
content of 15 at.-% Sn, complete solidification finally occurs as a CoCrFeNi-rich solid solution, without
the formation of any additional phases. At a brazing temperature of 1000°C, a BCC phase initially
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precipitates at a tin content of 74 at.-% Sn, which subsequently dissolves again. After further phase
transformations, the alloy finally solidifies completely isothermally as a CoCrFeNi-rich solid solution
once the tin content falls below 8 at.-% Sn.

4.1 Microstructural characterization of CoCrFeNi-Snx

The microstructure of the brazed joints was characterized by SEM. In addition to a visual assessment of
the joint morphology, energy-dispersive X-ray spectroscopy (EDS) was employed to analyze the
elemental distribution within the brazed region. Figure 4 presents cross-sectional SEM images of brazed
joints produced from AISI 304 stainless steel (EN 1.4301) using CoCrFeNi–Sn� brazing alloys with
different compositions and brazing temperatures.

A comparison of the CoCrFeNi–Sn20, CoCrFeNi–Sn40, and CoCrFeNi–Sn80 systems brazed at 1000°C
(Fig. 4a–c) reveals that complete filling of the brazing gap was achieved only at high Sn contents. In
contrast, brazing at 1100°C resulted in complete gap filling and the formation of continuous
metallurgical bonds for all investigated compositions.

For the joints produced with CoCrFeNi–Sn20 and CoCrFeNi–Sn40 at 1000°C, only partial wetting of the

brazing gap was observed. Residual powder particles remained visible within the joint and were
surrounded by a solidified liquid phase, indicating incomplete melting and limited diffusion during
brazing. In comparison, the CoCrFeNi–Sn80 alloy exhibited complete wetting and filling of the brazing
gap at 1000°C. A bright, continuous phase was observed in the center of the brazed joint, which was
intersected by several vertical cracks.

The joints brazed at 1100°C exhibited improved wetting behavior and a more homogeneous interaction
between the brazing alloy and the base material. Similar bright phases were observed in the center of the
brazed joints; however, these phases also contained cracks, indicating their brittle nature. The fraction of
the bright phase decreased with increasing Sn content in the alloy, suggesting enhanced diffusion and
homogenization between the CoCrFeNi–Sn alloy and the base material at higher Sn concentrations. EDS
analysis of the CoCrFeNi-Sn80 joint revealed that the bright phases were enriched in Sn and Ni and is
shown in Fig. 5.

Evaluation of the EDS elemental maps show that the brazed joint consisted of Sn-rich phases forming a
distinct band in the center of the brazing gap. This central region was surrounded by Sn-depleted phases
extending toward the base material. In contrast, Cr, Fe, and Co were distributed relatively uniformly
throughout both the brazed joint and the adjacent base material.

Further information on the local chemical composition was obtained from EDS point analyses (Fig. 5a).
The measured compositions at the selected locations are summarized in Table 2.
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Table 2
Chemical composition (at.-%) at the locations indicated in Fig. 5a

for the AISI 304 stainless steel (EN 1.4301)/CoCrFeNi–Sn80
brazed joint.

No. Co

[at.-%]

Cr

[at.-%]

Ni

[at.-%]

Fe

[at.-%]

Sn

[at.-%]

Mn

[at.-%]

1 0.40 19.99 7.1 71.26 0.15 1.2

2 0.60 18.34 6.24 70.83 2.53 0.82

3 0.80 7.2 21.03 31.69 36.91 2.30

4 1.10 20.44 4.47 69.66 3.35 0.92

5 0.80 19.11 6.68 70.41 1.94 0.97

6 0.50 20.05 7.68 70.52 0.00 1.24

Phase A, corresponding to measurement point 3, is located in the center of the brazed joint and contains
approximately 36 at.-% Sn and 21 at.-% Ni, while exhibiting a lower Fe content of approximately 31 at.-%
compared with the surrounding phases. This composition indicates the formation of Sn–Ni-rich
intermetallic phases.

Based on the measured elemental composition and the Ni–Sn phase diagram, these phases are likely
associated to the Ni₃Sn₄, Ni₃Sn₂, or Ni₃Sn phase fields. Owing to the presence of Fe in the investigated
alloy system, the formation of (Ni,Fe)-containing intermetallic compounds cannot be excluded. Such
phases are expected to form preferentially at the interface between the Sn-rich liquid phase and the Ni-
containing MEA. Due to the low melting temperature of Sn (232°C), Sn represents the dominant liquid
constituent during brazing. The strong chemical affinity between Ni and Sn, combined with their negative
enthalpy of mixing, promotes the dissolution of Ni into the liquid Sn phase and the subsequent formation
of Sn–Ni intermetallic compounds.

Furthermore, the variations in elemental composition observed among the individual measurement
locations suggest a certain degree of Fe incorporation into the intermetallic phase. Such substitutional
solubility is consistent with the multicomponent nature of CoCrFeNi-based alloy systems.

Phase B, represented by measurement points 1, 2, 4, and 5, is characterized by comparatively low Sn and
Ni contents and significantly higher concentrations of Fe and Cr. This composition is indicative of an Fe–
Cr-rich matrix phase and suggests the formation of a solid-solution region dominated by these elements.
Furthermore, the elevated Fe and Cr contents indicate substantial diffusion of these elements from the
base material into the brazing alloy during the joining process.

The Fe/Cr ratio of approximately 3.4 is consistent with that of the base material (point 6), further
supporting the interpretation of extensive elemental interdiffusion. Additional evidence for diffusion from
the base material is provided by the presence of Mn at points 1–5. Since Mn is present only as an
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alloying element in the AISI 304 stainless steel and not in the brazing alloy, its detection within the
brazed joint confirms diffusion from the base material into the reaction zone. The formation of Sn–Ni-
rich intermetallic phases lead to a significant consumption of Sn within the brazed joint. As a result, the
amount of free liquid Sn available for further diffusion is reduced, limiting the penetration depth of Sn
into the diffusion zone and the adjacent base material. Subsequent rapid cooling preserved this
microstructural state by suppressing further phase transformations and diffusional homogenization.

Phase C corresponds to the unaffected base material. No detectable Sn and only negligible amounts of
Co were found in this region, both of which are characteristic constituents of the brazing alloy. In
contrast, the Mn concentration was noticeably higher, consistent with the composition of the AISI 304
stainless steel. The corresponding measurement location is situated outside the diffusion zone.

Comparable microstructural characteristics were identified in the CoCrFeNi–Sn� systems with lower Sn
contents brazed at 1100°C and in the CoCrFeNi–Sn80 system brazed at 1000°C. Although the same
general phase evolution and interdiffusion behavior were observed, the extent of the diffusion zones
varied and was, in some cases, less pronounced Following the microstructural characterization, the
mechanical properties of the brazed joints were assessed by means of hardness measurements.

4.2 Mechanical properties
The hardness of the brazed joints was determined using the Vickers hardness test method (HV0.01).
Hardness measurements were performed only on specimens almost complete gap filling, namely the
CoCrFeNi–Sn� systems brazed at 1100°C and the CoCrFeNi–Sn80 system brazed at 1000°C. The
measured hardness values are presented in Fig. 6.

The hardness was evaluated separately for the microstructural regions identified in Section 4.1, including
the Sn-rich phase (Phase A), the Sn-depleted phase (Phase B), and the unaffected base material (Phase
C). A clear dependence of hardness on the Sn content was observed. Increasing the Sn concentration in
the brazing alloy resulted in a decrease in hardness. For the CoCrFeNi–Sn20 system, a hardness of 895 
± 21 HV was measured, whereas the hardness decreased to 748 ± 34 HV for the CoCrFeNi–Sn80 system.

The brazing temperature also influenced the hardness of the investigated phases. For the CoCrFeNi–
Sn80 system, a lower hardness was measured after brazing at the higher process temperature. At
1000°C, the hardness of the Sn-rich phase was determined to be 809 ± 103 HV. In addition, crack
formation around the indentations was observed during hardness testing, indicating the brittle nature of
these phases. The occurrence of cracking also reduced the reliability of the measurements and
contributed to the comparatively large standard deviations.

From a mechanical perspective, the presence of these hard and brittle phases is considered unfavorable,
as they are predominantly located in the center of the brazed joint. This region is typically subjected to
the highest shear stresses during service, making it a potential site for crack initiation and premature
failure of the joint under mechanical loading.
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The decrease in hardness with increasing Sn content may be attributed to changes in the composition
and distribution of the Sn–Ni-rich phases formed within the brazed joint. At higher Sn concentrations, the
formation of Sn-rich intermetallic phases, such as those associated with the Ni₃Sn₄ phase field, becomes
thermodynamically more favorable due to the excess availability of Sn.

The influence of brazing temperature suggests that lower processing temperatures promote the
retention of a larger fraction of the phases formed during solidification. This effect may be further
enhanced by the rapid cooling applied after brazing, which can suppress diffusional homogenization and
preserve metastable microstructural features.

For Phase B, corresponding to the Sn-depleted region within the brazed joint, hardness increased with
increasing Sn content. In contrast to Phase A, no significant influence of brazing temperature on
hardness was observed. Instead, the hardness of this phase appeared to depend primarily on the alloy
composition.

A pronounced hardness discontinuity was observed between the hard Sn-rich phase and the adjacent
softer regions of the brazed joint. No gradual hardness transition or continuous hardness gradient was
detected across the joint. Such an abrupt change in mechanical properties may lead to localized stress
concentrations and is therefore considered mechanically unfavorable.

The base material exhibited nearly constant hardness values for all investigated conditions, indicating
that the brazing process had no significant effect on its mechanical properties.

5 Conclusion
Overall, the results demonstrate that sound brazed joints can be produced between AISI 304 stainless
steel (EN 1.4301) and CoCrFeNi–Sn� brazing alloys. The microstructure and resulting properties of the
joints were found to depend strongly on both the Sn content and the brazing temperature. Increasing the
Sn concentration and the brazing temperature promoted improved wetting and diffusion, resulting in a
more homogeneous microstructure within the brazed joint.

Furthermore, distinct Sn-rich and Sn-depleted regions were observed within the brazed joints. EDS
analyses revealed significant elemental partitioning between these regions and indicated the formation
of Sn–Ni-rich intermetallic phases in the central part of the joint. The presence and distribution of these
phases were found to have a pronounced influence on the hardness and overall microstructural
characteristics of the brazed joints.

Hardness measurements were performed to evaluate the mechanical properties of the brazed joints.
The results showed that the hardness of the phases formed within the brazed joint was influenced by the
brazing temperature. In addition, pronounced hardness variations were observed across the joint, which
can be attributed to the heterogeneous phase distribution. Such abrupt changes in hardness may lead to

Page 10/18



localized stress concentrations and are therefore considered detrimental to the mechanical performance
of the joint.

However, the extent to which the observed phase formation affects the strength and failure behavior of
the brazed joints remains to be investigated. Furthermore, additional research is required to determine
how the formation of these phases can be minimized and how a more homogeneous joint
microstructure can be achieved.

Although further optimization of the alloy system and process parameters is necessary, the investigated
HEA brazing alloys demonstrated the ability to produce sound metallurgical joints. In particular, high Sn
contents combined with elevated brazing temperatures resulted in improved joint quality, highlighting the
considerable potential of these alloys for high-temperature brazing applications.
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Figure 1

Sample geometry and application of brazing paste
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Figure 2

Temperature profile of the brazing process at 1100 °C
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Figure 3

Phase diagram calculated using ThermoCalc
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Figure 4

CoCrFeNi-Snx brazed joints at different temperatures and compositions. a) – c) CoCrFeNi-Snx brazed at
1000 °C; d) – f) CoCrFeNi-Snx brazed at 1100 °C
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Figure 5

EDS elemental maps of the CoCrFeNi–Sn80 brazed joint: (a) SEM micrograph; (b) Cr distribution map; (c)
Ni distribution map; (d) Fe distribution map; (e) Sn distribution map; and (f) Co distribution map
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Figure 6

Vickers hardness (HV0.01) of CoCrFeNi–Sn� brazing alloys at different brazing temperatures
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