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Abstract
Due to the additive manufacturing principle, laser-melted materials (PBF-LB/M) such as the austenitic chromium-nickel 
steel 316L have a different microstructure compared to materials produced by conventional continuous casting. The PBF-
LB/M-produced 316L has a thermally metastable, anisotropic microstructure with epitaxially grown grains in which a 
cellular substructure is located. When brazing hybrid joints from the conventional and additive manufacturing routes with 
nickel-based brazing alloys, different diffusion mechanisms occur simultaneously in both joining partners. This occurs due to 
the different microstructural characteristics of the parent materials. The altered diffusion mechanisms lead to a new distinct 
microstructure in the joining zone, which influences the achievable quality of the brazed joint in a previously unknown way.
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1  Introduction

Powder bed fusion of metal with laser beam (PBF-LB/M) is 
a powder bed–based additive manufacturing process that is 
currently the most commonly used in the industry of additive 
metal manufacturing [1]. Gas-atomized, spherical powders 
of metals or metal alloys are used as the raw material. The 
powder is melted (welded) using a laser beam as an energy 
source and builds up layer by layer to form a structural com-
ponent [2]. The advantages of the manufacturing principle 
lie primarily in the high surface quality (Ra, 2 to 17 μm [3]) 
of the manufactured components compared to other additive 
manufacturing processes, coupled with high dimensional 
accuracy (0.24 mm [4]) and the ability to create complex 
structures with free-form surfaces and internal cavities [5].

Currently, there are economic and technical challenges in 
laser beam melting, which hinder a more extensive indus-
trial application. The production-related low layer thick-
nesses and laser scanning speed lead to long building times 

resulting in high component costs [5]. The limitation of the 
maximum component size that can be produced is techni-
cally relevant. It is limited, for instance, by the building 
chamber of the PBF-LB/M machine [6, 7]. As a result of 
further technical developments, it can be assumed that the 
building volumes of PBF-LB/M machines will increase in 
the near future [6]. However, due to the physical principle 
of PBF-LB/M, it is still not possible to print as large compo-
nents as by casting. The reasons for this are process-related, 
thermally-induced, residual stresses in the additive compo-
nents [8, 9], which arise due to high temperature gradients. 
These temperature gradients result from the locally high 
energy input of the laser beam on the surface and the slower 
heat conduction through the additive component [8, 9]. The 
amount of induced residual stresses depends on the material 
used and the size and/or geometry of the component to be 
processed. If the residual stresses exceed the high-tempera-
ture strength of a material, cracking and delamination occur 
in the additive component during the manufacturing process. 
By adjusting the process parameters such as the laser power 
or by preheating the build plate, the temperature gradients 
and the residual stresses can be reduced but never entirely 
eliminated [9]. For this reason, a stress-reducing heat treat-
ment is usually performed after part production as a part of 
the conventional additive process chain [1]. Given the high 
component cost and the limitations regarding the maximum 
manufacturable component size, the fabrication of large 
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additive components using laser beam melting is difficult 
[5]. One approach to overcome these restrictions is the pro-
duction of hybrid components, which exploit the synergies 
between additive and conventional manufacturing routes. In 
this case, geometrically simple and/or large-volume parts 
are manufactured using the less expensive conventional 
manufacturing route. Complex structures, which cannot be 
produced at all or only at great expense using conventional 
manufacturing processes, are produced by using laser beam 
melting. The additively and conventionally manufactured 
parts can be joined as a hybrid component by using join-
ing technologies. For this purpose, the brazing technology 
offers a high potential, since heat treatments can be inte-
grated in the brazing cycle without any additional process 
steps [10]. Depending on the material and the requirements 
of the hybrid component, a skillful choice of brazing mate-
rial offers the opportunity to carry out stress-reducing heat 
treatments simultaneously during brazing, so that the overall 
production time of the hybrid component is shortened. Stain-
less steels such as 316L are often brazed with nickel-based 
brazing alloys in the temperature range between 970 and 
1190 °C [11, 12]. This brazing temperature range overlaps 
with the solution annealing temperature range of this steel 
grade (1020 to 1120 °C) [13].

For brazing technology, simultaneous brazing and heat 
treatment means that the additive material is brazed together 
with the conventional cast material in the as-built state. 
However, due to the manufacturing process, the additive and 
conventional base materials have different microstructure, 
even though they have the same chemical composition. In 
contrast to the cast material, the PBF-LB/M microstructure 
is anisotropic due to the layered material structure. It is char-
acterized by the occurrence of metastable phases, supersatu-
rated solid solutions, and a fine solidification structure as a 
result of the rapid cooling rate of the PBF-LB/M manufac-
turing process [14]. Perpendicular to the buildup direction 
of the additive component, a heterogeneous microstructure 
with elongated, overlapping melt traces appears which 
reflects the laser exposure strategy used in the manufactur-
ing process [5]. Along the building direction, the layered 
material structure becomes visible as periodically occur-
ring and also overlapping semicircular structures [5]. In the 
case of austenitic stainless steels such as 316L, epitaxial 
micrograins grow over several melt paths and tracks [15]. 
Inside these micrograins, a 0.3- [16] to 5-μm hexagonal cel-
lular sub-structure exists, whose formation mechanism has 
not yet been fully understood [17, 18]. In addition, there 
are nanoscaled oxide inclusions [17, 19]. These nanoscaled 
inclusions can be formed by impurities or the oxidation of 
the metal powder as a result of improper storage or due to 
the residual oxygen content in the building chamber of the 
PBF-LB/M machine [20]. Those oxide inclusions are prob-
lematic, since the metallic brazing alloy does not wet the 

oxide inclusions due to their ionic bonding type. In furnace 
brazing under high vacuum, no negative influence of oxide 
inclusions on the brazing suitability of the PBF-LB/M base 
material can be assumed due to the oxide-reducing effect 
of the high vacuum [10]. In contrast, the small grain size of 
the cellular substructure leads to a larger number of grain 
boundaries compared to the conventionally cast material. 
Since the diffusion of brazing constituents occurs mainly 
along grain boundaries [21], more diffusion paths are availa-
ble in the laser-melted material. A larger number of diffusion 
paths in the PBF-LB/M material change the diffusion mech-
anisms during brazing to a yet unknown extent. Since the 
diffusion processes, which occur during brazing, influence 
the formation of the microstructure in the joining zone and 
thus also the mechanical-technological joining properties 
[21], the effects of the altered diffusion mechanisms on the 
brazing behavior of PBF-LB/M materials are also unknown. 
Existing studies on this topic have already demonstrated a 
completely different microstructure in the joining zone of 
PBF-LB/M-PBF-LB/M brazing joints for various brazing 
alloys compared to conventional brazing joints [22, 23].

When brazing hybrid joints of similar materials manufac-
tured by laser beam melting and conventional manufacturing 
routes, the different microstructures of the base materials 
result in an uneven diffusion behavior of the brazing compo-
nents into the joint partners. In the literature, brazed hybrid 
joints have only been investigated in preliminary work [24, 
25]. There, the hybrid joints were made from tool steel 
1.2709 with gold-base AuNi18 and from austenitic stainless 
steel 316L with nickel-based B-Ni2. The PBF-LB/M materi-
als were brazed in the as-built condition. Noticeable differ-
ences were found especially in the joints of the austenitic 
stainless steel. Here, a pore seam appeared at the interface 
between the brazing metal and the additive base material, 
which proved to be relevant to failure in tensile tests and led 
to a tensile strength that was about 33% lower than that of 
conventional joints. Possible reasons for the formation of the 
pore seam are the influence of oxide inclusions in the PBF-
LB/M material structure, the open porosity on the joining 
surface of the additive material, and the differences in the 
diffusion rates of the two joining partners, which could have 
led to the so-called Kirkendall porosity. Whether this porous 
seam also occurs with other brazing alloys is not yet known.

Due to the porous seam at the interface and the lack of 
research in the field of brazed hybrid joints, it is unclear 
whether the simultaneous brazing and heat treatment process 
offers an economically viable advantage over the conven-
tional additive process route, in which the additive material 
is heat treated for stress-relieving reasons right after fabri-
cation [5].

The microstructure of the laser-melted austenitic stain-
less steel 316L is thermally metastable and starts to dis-
solve above a temperature of 900 °C [26] until it completely 
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recrystallizes at a temperature of 1200 °C [27]. Therefore, 
the stress-reducing heat treatment after additive manufactur-
ing can be designed in such a way that the microstructural 
morphologies between the additive and conventional manu-
facturing routes converge. This would have to reduce the 
differences in the diffusion behavior of the base materials 
and give the joint the properties of a merely conventional 
joint. This aspect has not yet been considered in the litera-
ture regarding brazing technology.

Based on this current state of research, the aim of this 
investigation is to analyze the microstructure in the join-
ing zone of brazed hybrid joints made from the austenitic 
stainless steel 316L using conventional and additive manu-
facturing routes. In contrast to the existing investigations, 
the hybrid joints are brazed with the nickel-based brazing 
alloy Ni 660 (B-Ni5a), considering a simultaneous brazing 
and heat treatment cycle as well as the conventional addi-
tive process route (heat treatment and brazing as separate 
process steps).

Austenitic steels such as 316L are often brazed with 
nickel-based brazing alloys such as Ni 660 (B-Ni5a) in a 
vacuum furnace [28, 29]. Vacuum furnace brazing with 
nickel-based brazing alloys guarantees good corrosion resist-
ance [10, 12] and at the same time high heat resistance [12, 
29] of the brazed joint. As a result, such brazed components 
are used in nuclear reactors, in chemical apparatus engineer-
ing, or for jet and rocket engines [10, 12].

The alloy systems of nickel-based brazing alloys include 
a large number of different alloy systems to which the melt-
ing point depressants (MPD) silicon, boron, chromium, 
and/or phosphorus are added to lower the melting point of 
the nickel [Pen21]. MPD have the disadvantage that they 
form brittle intermetallic phases in the joining zone [29]. 
The amount of intermetallic phases depends on the brazing 
parameters such as brazing temperature and holding time 
[29].

2 � Experimental

2.1 � Base materials

The conventionally casted base material used for the investi-
gations was a solution-annealed round bar with specification 

according to DIN EN 10088-3. The diameter of the bar was 
Ø 20 mm. Table 1 shows the chemical composition accord-
ing to the material certificate and compares it with the chem-
ical composition of the metal powder used in laser beam 
melting.

The metal powder used to manufacture the additive com-
ponents had a particle size distribution of d10 = 10 μm to 
d90 = 45 μm. This is a common size distribution for powder 
raw materials used in laser beam melting. With the excep-
tion of residual oxygen in the metal powder, the powder 
raw material and the conventionally casted round bar have 
similar chemical compositions. The residual oxygen content 
results from the production process of the metal powder, 
which was produced by means of gas atomization in a nitro-
gen atmosphere.

The metal powder was processed to additive components 
in the form of cylindrical blanks by laser beam melting on 
a SLM 280 HL machine from SLM Solutions Group. The 
blanks had a diameter of Ø 13 mm with a height of 87 mm. 
The build-up direction was vertical to the build plate. The 
layer thickness of the individual material layers of the blanks 
was 30 μm. Process parameters optimized and provided by 
the equipment manufacturer were used. During the entire 
manufacturing process, an argon-inert gas atmosphere with a 
process pressure of 12 mbar and a maximum oxygen content 
of less than 0.03% were maintained in the build chamber 
of the manufacturing plant. To minimize thermal residual 
stresses, the build plate had a heating temperature of 100 
°C. Due to the process principle, the additive manufactured 
blanks are bonded to the build plate, which is why they 
were sewn off the build plate directly after the manufactur-
ing process.

2.2 � Brazing filler metal

The brazing filler metal used was the nickel-based braz-
ing alloy Ni 660 according to DIN EN ISO 17672 (B-Ni5a 
according to AWS A5.8). The nominal composition is shown 
in Table 2. It was selected to ensure that the brazing temper-
ature lies in the upper range of the solution annealing tem-
perature of the austenitic stainless steel 316L. The purpose 
of this was to test the potential of brazing technology to per-
form a simultaneous brazing and heat treatment cycle with 
the aim of reducing the overall production time for hybrid 

Table 1   Chemical composition of the conventional 316L stainless steel material and the metal powder for the laser beam melting process in 
weight percentage (values of the material certificates)

Material Fe C Si Mn P S N Cr Ni Mo O

Conventional cast 316L 
(solution annealed)

Bal. 0.021 0.5 1.72 0.044 0.022 0.069 16.65 10.11 2.06 -

PBF-LB/M metal powder Bal. 0.02 0.69 0.82 0.01 0.01 0.09 17.75 12.6 2.38 0.02
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joints made by the additive and conventional manufacturing 
routes. The brazing material was a foil of 25 μm thickness.

2.3 � Semi‑finished product geometry

The additively and conventionally produced base materi-
als were processed into the following semi-finished product 
geometries (see Fig. 1):

•	 Geometry type 1: Ø 20 mm, height 38 mm—conven-
tional semi-finished products only

•	 Geometry type 2: Ø 13 mm, height 38 mm—PBF-LB/M 
and conventional semi-finished products

To prepare the joining surface for the brazing experi-
ments, one end of each sample was grinded plane-parallel 
to a surface finish of N6.

2.4 � Heat treatment of the PBF‑LB/M semi‑finished 
products to consider the conventional additive 
process route (separate process step prior 
to brazing process)

After the additive manufacturing process, a stress-reliev-
ing solution heat treatment is usually carried out on the 
316L [30–32]. This type of heat treatment was also done 

within this research with the aim of aligning the PBF-LB/M 
microstructure to the conventional cast material. The heat 
treatment was performed in a separate process step prior 
to brazing in a high vacuum (<10−4 mbar) for some—not 
all—of the laser beam melted semi-finished products with 
the geometry type 2. For the heat treatment, a vacuum fur-
nace EU 80/1H from IVA Schmetz GmbH was used. The 
annealing temperature was 1020 °C and was held for 60 
min. The temperature control of the furnace batch was in the 
core of a dummy sample, which had the dimensions of the 
semi-finished product with geometry type 2 as well. During 
heating, the heating rate was 10 K/min. To cool the furnace 
batch, nitrogen gas cooling with a pressure of 4 bar was 
used. The use of gas cooling allows rapid passing through 
the sensitization range of the 316L austenitic stainless steel 
where the material tends to form chromium carbides. The 
prior to brazing heat-treated samples are called PBFHT.

2.4.1 � Analysis of the base materials before the brazing 
process

All base materials (conventional, PBF-LB/M in the as-built 
and in the heat-treated condition) were characterized prior 
to the brazing process. For this purpose, metallographically 
prepared, longitudinal, and transverse sections were made. 
To visualize the microstructure, the sections were etched 
with V2A etchant (hydrochloric acid 37%, nitric acid 65 %). 
Subsequently, the sections were examined by light micros-
copy. The light microscopic images were taken with a light 
microscope BX51M from Olympus K. K at a magnification 
of × 20. The scanning electron micrographs were only made 
for the transverse sections—the later joining surface. For 
this purpose, a JSM 7001F field emission scanning electron 
microscope from Jeol was used in secondary electron con-
trast. The images were acquired at × 5000 magnification 
with an accelerating voltage of 20 kV and an emission cur-
rent of 75 μA.

2.5 � Brazing experiments

Using the different base materials, hybrid and conven-
tional joints were brazed (see Table 3). The brazing tests 
considered the process routes according to a simultaneous 
brazing and heat treatment cycle as well as the conven-
tional additive process route (separate brazing and heat 

Table 2   Chemical composition of the nickel based-brazing alloy Ni 
660 (B-Ni5a) in weight percentage according to DIN EN ISO 17672

*Melting point depressants

Material Ni Cr* Si* B*

B-Ni5a 72.5 19 7.25 1.25

Fig. 1   Semi-finished product geometries

Table 3   Overview of the used 
base materials and brazed joints

Base material PBF 
PBFHT
C

As-built 
Heat treated at 1020 °C for 60 min
Conventional material

Vacuum brazed joints C/PBF
C/PBFHT
C/C

Hybrid joint with combined brazing and heat treatment process
Hybrid joint with separated brazing and heat treatment process
Conventional joint



2381Welding in the World (2024) 68:2377–2389	

1 3

treatment). The conventional part of the hybrid joints 
always had the shape of the semi-finished product of 
geometry type 1 with a diameter Ø 20 mm. The additive 
materials exhibited the shape of the semi-finished product 
geometry type 2 with a diameter Ø 13 mm. The joining 
surface was parallel to the building direction of the semi-
finished parts. In each case of the conventional brazed 
joints, a conventional semi-finished part of type 1 (Ø 20 
mm) was brazed to a conventional semi-finished part of 
type 2 (Ø 13 mm). For illustrational reasons, from now 
on, the abbreviation PBF will be used in the diagrams 
and figures instead of PBF-LB/M. The same applies to the 
conventional material, where the abbreviation C is used.

2.5.1 � Sample preparation—semi‑finished parts 
and the brazing foil

Before the brazing experiments, the semi-finished parts 
were cleaned in an ultrasonic ethanol bath for 5 min. The 
brazing foil was roughened with an abrasive fleece to 
remove the oxide layer and any contamination. Then, it 
was cut to a diameter of Ø 15 mm. The cut-out foil diam-
eter of Ø 15 mm is 2 mm larger than the diameter of the 
joining surface (Ø 13 mm). This oversize guarantees a 
sufficient amount of brazing filler metal to completely fill 
the installed gap, even in the case of scratches and uneven-
ness on the prepared joining surface. After cutting, the 
brazing foil was cleaned manually with ethanol to remove 
impurities.

After the cleaning processes, the semi-finished parts 
were placed in a brazing fixture, which centers the dif-
ferent types of geometries (Ø 20 mm and Ø 13 mm) on 
each other. Then, the brazing foil was applied. For each 
brazing joint, two foil cuttings were placed double-layered 
between the semi-finished parts. Thus, the installed gap is 
set to 50 μm via the foil thickness (2 × 25 μm), which is 
a commonly used gap width in the industry. Fig. 2 shows 
the sample geometry prior to brazing.

2.5.2 � Brazing processes

For the brazing tests, a total of two furnace batches were 
carried out. For each furnace run, hybrid brazed joints were 
produced according to a combined and a separate brazing 
and heat treatment cycle, as well as conventional brazed 
joints. The simultaneous production of the different brazed 
joints within one furnace batch increases the comparabil-
ity of the brazed joints with each other. This makes it pos-
sible to avoid variations in the results of different brazing 
processes due to fluctuations, which may also influence the 
microstructure in the joining zone when the test parameters 
are the same.

All brazing processes were conducted in a high-temper-
ature vacuum furnace EU 80/1H from IVA Schmetz GmbH 
in a high vacuum with a pressure of less than 10−4 mbar. The 
control of the furnace batch was based on the temperature 
measurement in the core of a dummy sample, which had the 
dimensions of the joint geometry to be brazed. During the 
heating process, the heating rates were 10 K per min. Also, 
15-min dwell stages were performed at 450 °C and 1015 °C. 
These dwell stages served to achieve a homogeneous tem-
perature distribution within the furnace batch. The brazing 
temperature was 1190 °C for all brazing cycles.

The holding time was varied between 15 and 60 min in 
order to analyze the effects of altered diffusion mechanisms 
occurring in the additive and conventional base materials 
on the microstructure in the joining zone. Cooling from the 
brazing temperature to room temperature was performed in 
the same way as for the heat treatment of the semi-finished 
parts. Therefore, nitrogen gas cooling with a pressure of 4 
bar was used.

To ensure statistical reliability, two brazing joints were 
brazed per manufacturing route (C/C, C/PBF, C/PBFHT) 
and holding time (15 min/60 min). Due to the high material 
costs of the additive semi-finished parts, it was not possible 
to achieve a higher level of statistical validation. Table 4 
shows the experimental matrix.

2.6 � Evaluation of the brazing experiments

The evaluation of the brazing experiments included the anal-
ysis and the comparison of the microstructures in the join-
ing zone of the hybrid (C/PBF, C/PBFHT) and conventional 
brazed joints (C/C). The analyzed microstructural character-
istics of a joining zone were the brazing gap width, the depth 
of the diffusion zones (top/bottom), and the number, shape, 
and type of brittle phases in the brazing gap and the diffusion 
zones. The microstructural evaluation was performed by 
scanning electron microscopy and energy dispersive X-ray 
spectroscopy on metallographically prepared longitudinal 
sections of the brazed joints. The identical field emission 
scanning electron microscope with the same measurement Fig. 2   Sample geometry
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settings as in Section 2.3.2 was used for the investigations. 
Scanning electron microscope image acquisition was per-
formed at × 250 and × 500 magnification in backscattered 
electron contrast. On the SEM images at × 250 magnifica-
tion, the width of the brazing gap and the depths of the diffu-
sion zones of the upper and lower joining partner were meas-
ured using the integrated software of the scanning electron 
microscope. Per sample, all microstructural characteristics 
(brazing gap width, diffusion zone depth) were measured at 
three locations and were then arithmetically averaged. For 
statistical reasons, the microstructure of two brazed joints 
was analyzed per parameter set. The parameters determined 
per longitudinal section were also arithmetically averaged.

To determine the chemical composition of the various 
phases in the joining zone, the X-Act type energy disper-
sive X-ray spectrometer (EDS) from Oxford Instruments 
that is integrated into the scanning electron microscope was 
used. The EDS measurements were obtained at the loca-
tions where the SEM images were taken at 250× magnifi-
cation. The EDS measurements were performed pointwise 
with a measurement time of 10 s for the different phases 
(solid solutions, brittle phases) in the joining and diffusion 
zones. The determination of the chemical composition and 
the evaluation of the EDS measurements were carried out 
using the INCA program from Oxford Instruments.

3 � Results

3.1 � Microstructural morphology of the base 
materials prior to the brazing process

Fig. 3 compares the microstructures of the base materials 
conditions prior to brazing by means of optical micrographs 
in longitudinal and transverse sections. The transverse sec-
tion represents the subsequent joining surface for the braz-
ing experiments. The conventional material has an isotropic 
microstructure exhibiting visible twin grain boundaries. 
Uniformly distributed manganese sulfide inclusions are also 

evident in the longitudinal section. The elongated shape of 
the manganese sulfides results from the cold rolling process 
of the conventional round bar.

In contrast, the laser-melted material in the as-built state 
has an anisotropic microstructure. In the longitudinal sec-
tion, melt paths and melt traces of the additive manufac-
turing process are visible, as well as the epitaxially grown 
microstructure of the micrograins. In the transverse sec-
tion, the micrograins and the exposure strategy of the laser 
beam used during the PBF-LB/M manufacturing process 
are revealed. The grain size of the micrograins is smaller 
in the transverse section than in the longitudinal section. 
However, in both sections, it is larger than that of the con-
ventional material. No defects such as bonding defects and 
key-hole pores are visible in the light microscopy images. 
The used PBF-LB/M manufacturing parameters resulted 
in a high component density, which was determined to be 
99.98%. Scanning electron micrographs of the joining sur-
face on Fig. 4 show the cellular sub-structure within the 
micrograins, which is already known from the literature. 
The grain size of this sub-cellular structure is smaller than 
the grain size of the conventional material. The white pre-
cipitates within the cellular substructure are probably the 
nanoscale oxide inclusions known from the literature.

A solution heat treatment process at 1020 °C for 60 
min in a high vacuum led to a change in the PBF-LB/M 
microstructure. The melt traces and melt paths started 
to slowly dissolve due to the heat treatment but did not 
completely disappear. The grain size of the micrograins 
increased in both transverse and longitudinal sections. 
Based on the optical microscopy images, no heat treat-
ment–induced change in porosity can be detected. The 
scanning electron micrographs of the joining surface in 
Fig. 3c show that the cellular substructure has dissolved 
due to the heat treatment. Furthermore, micropores can 
be seen on the images both inside the micrograins and at 
their grain boundaries. The size of the pores is larger at the 
grain boundaries than inside a micrograin. Eventually, the 
pores inside the micrograin are located at the former grain 

Table 4   Experimental matrix

Manufactured joints Geometry type 1 Geometry type 2 Brazing alloy Brazing tem-
perature

Holding time Number 
of sam-
ples

Lower joining partner Upper joining partner °C Min -

C/PBF C PBF B-Ni5a 1190 15 2
C/PBFHT C PBFHT B-Ni5a 1190 15 2
C/C C C B-Ni5a 1190 15 2
C/PBF C PBF B-Ni5a 1190 60 2
C/PBFHT C PBFHT B-Ni5a 1190 60 2
C/C C C B-Ni5a 1190 60 2
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boundaries of the cellular sub-structure. The dissolution 
of the cellular sub-structure as well as the pore formation 
coincide with the results of Salman’s research group [33]. 
In this context, the research group attributed the pore for-
mation to the heat treatment–induced grain growth includ-
ing microstructural coarsening. In the solution-annealed 
condition, no nanoscale oxide inclusions are visible on the 
joining surface. These were presumably reduced by the 
high vacuum prevailing during the heat treatment.

3.2 � Microstructure in the joining zone

Fig. 5 compares the microstructures of the hybrid compos-
ites (C/PBF, C/PBFHT) brazed at 15 and 60 min holding 
time with those of the conventional reference brazes (C/C) 
using scanning electron micrographs.

Different microstructural areas in the joining zone can 
be distinguished from one another within a raster electronic 
image: In the center of the joining zone, the brazing material 

Fig. 3   Comparison of the microstructures between the conventional material and the PBF-LB/M material in the as-built condition and after heat 
treatment at 1020 °C for 60 min in a high vacuum

Fig. 4   Scanning electron micrographs of the joining surface of the a conventional material and the laser beam melted material in the b as-built 
state and c after heat treatment at 1020 °C for 60 min in a high vacuum
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appears lighter than the base materials, which is due to its 
chemical composition (upper or lower image area). Within 
the brazing material, other phases are visible. In brazing 
technology, these phases are referred to as intermetallic 
phases. In the case of nickel-based brazing alloys, these 
precipitates often consist of the MPD of the brazing alloy 
like silicon, boron, and chromium. In addition, there is a dif-
fusion-affected zone (DAZ) on both sides of the braze. The 
DAZ can be recognized by dark precipitates at the brazing 
material/base material interface and at the grain boundaries 
of the base material. These precipitates also consist of the 
MPD of the brazing filler metal.

The scanning electron micrographs show that the brazing 
material has a predominantly light gray, almost homoge-
neous matrix. This can be seen in all brazed joints (C/C, 
C/PBF, C/PBFWB). According to the EDS measurements, 
the matrix of the brazing material consists predominantly 
of a Ni, Cr, Fe, and Si solid solution. The Fe in the solid 
solution results from the chemical composition of the base 
material. Due to the diffusion processes taking place during 
brazing and due to the dissolution of the base material by 
the molten brazing filler metal, some of the iron atoms of 
the base material migrate into the joining zone, thus form-
ing an iron-enriched nickel solid solution with the brazing 
alloy. Due to the longer diffusion processes, the Fe content 
in the solid solution increases from holding times of 15 to 
60 min. Also, owing to the longer diffusion processes with 

increasing holding time, the resulting brazing gap width 
increases. However, no difference in resulting brazing gap 
width was observed between the conventional and hybrid 
brazed joints (C/C, C/PBF, C/PBFHT). The reason for this 
could be the small number of samples with a statistical con-
fidence level of two.

In addition to the Ni, Cr, Fe, and Si solid solutions, EDS 
measurements shown in Table 5 indicate areas of compara-
tively low silicon content in the braze material. On the SEM 
images, the silicon-rich phases appear slightly brighter than 
the surrounding Ni, Cr, Fe, and Si solid solutions. More 
silicon-rich phases are present in all brazed joints but are 
particularly visible in the SEM images of the conventional 
joints C/C brazed with a holding time of 15 min

.
For all brazed joints (C/C, C/PBF, C/PBFHT) with a 

holding time of 15 min, the intermetallic phases are present 
in the center of the brazing material. There, they form a 
continuous brittle phase band. EDS measurements indicate 
that the chemical composition of the intermetallic phases 
is primarily Cr, Fe, and Ni. According to the literature, the 
MPD boron should also be present in these precipitates as 
a constituent of the Ni 660 alloy [32]. However, due to the 
small atomic size, this chemical element cannot be detected 
with the used EDS detector. Moreover, in smaller precipi-
tates, elements of adjacent phases can also be detected due 
to the size of the EDS measurement spot. Probably, this is 

Fig. 5   Microstructure of the various brazed joints as a function of the holding time—intermetallic phases



2385Welding in the World (2024) 68:2377–2389	

1 3

the case for both Fe and Ni, which were also measured in the 
brittle phase band. Based on the results of brazing experi-
ments with the chemically similar brazing filler metal MBF-
51 used for brazing 316L by Rabinkin et al. [32], the blocky 
intermetallic phases are identified as chromium borides.

In addition, all brazed joints with a holding time of 15 
min exhibit intermetallic phases with a dark, block-like 
structure. In the conventional joints (Fig. 3a), the phases 
are larger and in smaller quantities than in the C/PBF and 
C/PBFHT hybrid joints. In contrast, the brittle phases in the 
hybrid joints (Fig. 3b–c) are much finer in structure and exist 
in greater quantity than in the conventional joints. The dif-
ferent amounts and properties of the brittle phases between 
the conventional (C/C) and the hybrid joints (C/PBF and C/
PBFHT) are probably due to the different diffusion mecha-
nisms and diffusion rates that occur during brazing. These 
differences result from the different microstructures of the 
joining partners due to the manufacturing process. Despite 
the heat treatment performed prior to the brazing process, 
which resulted in a convergence of the microstructures of 
PBF-LB/M and conventional materials, no significant dif-
ference in chemical composition, shape, and quantity was 
observed between the brittle phases in the hybrid joints C/
PBF and C/PBFHT. Differences in the chemical composi-
tion of the intermetallic phases of the hybrid joints might be 
related to the size of the measuring spot of the EDS analy-
sis. Due to the small size of the intermetallic phases in the 
hybrid joints, the surrounding nickel solid solution could 
have been measured as well.

For all joints, an increase of the holding time from 15 to 
60 min (Fig. 3d–f) leads to a significantly lower number of 
brittle phase formation sites. This is due to the longer diffu-
sion processes that take place with increasing holding time. 
Thereby, the MPD, such as boron, diffuse more intensively 

into the base material. Due to the longer diffusion processes, 
the amount of MPD in the center of the joining zone is 
lower, which contributes to a significantly reduced brittle 
phase formation in this area [32].

In the conventional C/C and in the hybrid joint C/PBF 
with a holding time of 60 min, the brittle phases are more 
isolated and no longer present as a continuous band (Fig. 3d, 
e). In contrast, the brittle phases in the C/PBFHT hybrid 
joint are still evident in the form of a band. However, this 
phase band is interrupted much more frequently compared 
to a 15-min holding time (Fig. 3f). It is also noticeable that 
acicular light gray and white precipitates appear in the C/
PBF hybrid joint (Fig. 3e). EDS measurements show a high 
content of silicon and chromium. Such acicular phases 
were not observed in the C/PBFHT hybrid joint or in the 
conventional C/C joint. It is known that CrxBy, NixSiy, and 
MoxSiy phases can form during brazing of stainless steel 
with nickel-based brazing alloys. The formation depends on 
the temperature, holding time, and chemical composition of 
the braze [32]. The reason for the different phase formation 
between the hybrid compound C/PBF and the other braz-
ing compounds is probably the diffusion processes occur-
ring there. For a more precise assessment, further detailed 
investigations of the diffusion processes occurring during 
the brazing of hybrid joints are required.

In addition to the phase formation, the C/PBFHT hybrid 
joint shows an increased pore formation at the brazing mate-
rial/PBF-LB/M interface. This pore formation is present at a 
holding time of 15 and 60 min. In contrast, the conventional 
C/C and the hybrid joints C/PBF are largely free of pores. 
The pores in the hybrid joints C/PBFHT consist of vari-
ous individual pores that merge to form larger pores with a 
semicircular shape. Differences in pore morphology between 
a holding time of 15 and 60 min were not observed. These 

Table 5   Chemical composition 
of the different phases measured 
by EDS in weight percent

Joint Holding time Phase Chemical Elements in weight percent

Ni Cr Si Fe Mn Mo

C/C 15 CrFeNi 5.34 79.77 0.48 11.73 0.96 1.71
NiSiCrFe 61.95 10.15 16.35 7.59 2.48 1.48
CrX 5.06 37.73 0.22 51.80 1.73 3.46

60 CrFeNi 2.43 81.34 0.05 12.69 1.04 2.45
CrX 3.92 44.46 0.22 45.16 2.03 4.21

C/PBF 15 CrFeNi 36.65 39.63 4.50 14.46 0.92 3.85
CrX 6.37 41.27 0.66 45.74 1.16 4.80

60 CrFeNiMo 55.26 12.55 13.79 13.16 1.08 4.17
CrNiFeSiMo 19.95 42.03 7.85 12.29 0.69 17.19
CrX 2.76 48.80 0.25 41.72 2.11 4.36

C/PBFHT 15 NiCrFe 39.21 39.97 4.45 14.74 0.68 0.94
CrX 8.11 28.22 0.34 58.63 1.99 2.72

60 CrFeNi 9.30 80.96 0.58 6.96 0.66 1.54
CrX 2.55 51.32 0.15 40.65 1.56 3.76
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observed semicircular pores show a high similarity to the 
Kirkendall porosity found by Park et al. in soldered Cu/Sn/
Cu microbumps [34]. The reason for the pore formation 
underlying the Kirkendall effect is different diffusion rates 
of the brazing/soldering constituents into the materials [34]. 
At present, it is unclear why this pore formation only occurs 
while brazing the additive material that has been solution-
annealed prior to the brazing process. Future investigations 
will commence here and seek to establish a suitable theory 
for the mechanism of pore formation by determining the 
diffusion velocities of the brazing constituents into the base 
materials. In this context, the formation of the intermetallic 
phases of the hybrid joints will also be investigated in more 
detail.

3.2.1 � Microstructure of the diffusion‑affected zone

In addition to phase formation and resulting brazing gap 
width in the joining zone, the diffusion-affected zones of the 
various brazing joints were analyzed. The DAZ in the scan-
ning electron micrographs is characterized by dark precipi-
tates at the brazing material/base material interface and the 
grain boundaries of the respective base material. Fig. 6 sum-
marizes the measured diffusion depth of the upper and lower 
joint partner for the different brazed joints (C/C, C/PBF, C/
PBFHT) as a function of the holding time (15 min/60 min).

In general, a longer holding time leads to an increase in 
the diffusion depth in the respective joining partner due to 
the longer-lasting diffusion processes. However, the meas-
urement results indicate that the type of upper joining part-
ner (C, PBF, PBFHT) has an influence on the diffusion depth 
in the lower, conventionally manufactured joining partner 
(C/C, C/PBF, C/PBFHT). At present, the cause of this is 
unknown and requires further investigation. In addition, a 
comparison of the diffusion depths in the conventionally 
and the additively manufactured base material indicates a 
tendency towards a lower diffusion depth in the PBF-LB/M 
material in the upper joining partner. The smaller grain size 
is seen as a possible cause for the lower diffusion depth in 
the additive material. As a consequence of the smaller grain 
size on the additive joining surface, the same number of 

MPD depressants must diffuse over a larger grain boundary 
surface than in the conventionally produced base material.

A more detailed microscopic examination of the diffu-
sion-affected zones of the upper joining partners (C, PBF, 
PBFHT) for the various brazed joints (C/C, C/PBF, C/
PBFHT) reveals further distinguishing features of the hybrid 
joints (C/PBF, C/PBFHT). Figure 7 shows exemplary SEM 
images of the DAZ of the upper joining partners for the dif-
ferent joints, using the example of the brazing joints with a 
holding time of 15 min.

For both conventional and hybrid joints, the diffusion-
affected zones can be divided into two areas in which the 
intermetallic phases show different characteristics. The first 

Fig. 6   Depth of the diffusion 
zone of the upper and lower 
joining partner

Fig. 7   Intermetallic phases in the joining zone for the hybrid and con-
ventional brazing composites at a brazing temperature of 1190 °C for 
15 min
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area is located directly at the brazing material/base material 
interface. Here, the intermetallic phases have a seemingly 
random arrangement and a smaller shape. The second area 
is the one directly behind the brazing material/base material 
interface, where the intermetallic phases precipitate at the 
grain boundaries of the base material. The precipitates in 
this area are significantly larger than those precipitated in 
the area of the brazing material/base material interface. The 
presence of the different areas of a diffusion-affected zone 
is consistent with the results of other research [35, 36]. A 
direct comparison of the hybrid joints to the conventional 
joints shows that the two areas of the diffusion-affected 
zones (interface brazing material/base material, base mate-
rial) cannot be differentiated as clearly in the additively 
produced joining partners of the hybrid joints as in the 
conventional joints. In addition, the diffusion zones of the 
additively produced base materials (PBF, PBFHT) contain 
more precipitates on a smaller surface area, which means 
that these precipitates are more concentrated there than in 
the diffusion zone of the conventional material. There is 
no discernible difference between the intermetallic phases 
in the PBF-LB/M base material brazed in the as-built and 
solution-annealed condition. In general, the size of the pre-
cipitates in the diffusion zones of the PBF-LB/M materials 
is smaller, but their number is larger than in the conventional 
material. This is consistent with the precipitation character-
istics of the intermetallic phases in the joining zone, which 
also have a larger quantity with a smaller size in the hybrid 
joints. Since the chemical composition of the additive and 
the conventional base material is approximately the same, 
the reason for this is probably the characteristic PBF-LB/M 
microstructure.

EDS measurements prove an increased chromium content 
of the intermetallic phases in the diffusion zone for both 
the conventional (C) and the additive base materials (PBF, 
PBFHT). This type of intermetallic phases has already been 
identified as CrxBy in other research on brazing austenitic 
steels with boron containing nickel-based brazing alloys 
[37]. Since the chemical element boron is not detectable 
with the EDS detector used, it can be assumed that the pre-
cipitated intermetallic phases in the diffusion zones of the 
brazing joints of this work are also CrxBy phases. Due to the 
inability to detect boron, the designation CrX is therefore 
used in all scanning electron micrographs of this work.

In addition to the different phase formations in the diffu-
sion zones of the PBF-LB/M base materials, a formation of 
micropores was observed in the PBF-LB/M bulk material 
after the brazing process. This micropore formation occurs 
in both the PBF-LB/M material which has been solution-
annealed prior to the brazing process (PBFHT) and the PBF-
LB/M material brazed in the as-built condition (PBF). These 
micropores are visible at the grain boundaries of the PBF-
LB/M base materials (PBF, PBFHT) as well as inside the 

grains. The size of the pores at the grain boundaries is larger 
than the size of the pores within the grains. The micropo-
res may result from smaller pores in the additive material 
resulting from the PBF-LB/M manufacturing process, which 
were too small to be detected by SEM during base mate-
rial characterization. As a result of the thermal exposure of 
the brazing process, they possibly diffused mainly along the 
grain boundaries and then coalesced into larger micropores. 
The reason for the existence of the micropores inside the 
grain boundaries is presumably the cellular sub-structure 
of the additive material present in the as-built state. This 
cellular sub-structure is thermally metastable and starts to 
dissolve above a temperature of 900 °C. Due to the braz-
ing temperature of 1190 °C, the cellular sub-structure is no 
longer present in the PBF-LB/M base materials after the 
brazing process. It is also possible that there were small 
pores at the grain boundaries of the cellular substructure, 
which coalesced into larger pores during the brazing process 
and remained in the micrograins surrounding the substruc-
ture after the dissolution of the cellular structure above 900 
°C. A difference in the size of the micropores between the 
PBF-LB/M base material brazed in the as-built and solution-
annealed condition, as well as the influence of an increas-
ing holding time, has not yet been investigated. This study 
could verify or falsify the ideas about the cause-effect rela-
tionships of pore formation. Further investigations are also 
needed to determine whether the size and concentration of 
the micropores increases in the region close to the joining 
zone. This is of significant importance for brazing technol-
ogy, because an increase in the size and concentration of 
the micropores in the direction of the interface brazing/base 
material would be a further sign for the occurrence of Kirk-
endall porosity.

Figure 8 shows the effects of micropore formation exem-
plified by a detailed image of the diffusion zone of the PBF-
LB/M material as part of a C/PBF hybrid joint brazed at a 
brazing temperature of 1190 °C and a holding time of 60 
min. The micropores overlap with the intermetallic phases 
precipitated in the diffusion zone. This superposition may 
represent weak points under mechanical stress, though this 
could have a negative effect on the joint strength. The impact 
of this is currently under investigation.

4 � Summary and conclusion

Compared to the conventional joints C/C, the additive hybrid 
joints C/PBF and C/PBFWB have a different microstructure. 
In all manufactured joints, C/C, C/PBF, and C/PBFHT brit-
tle phases are present. In the conventional joints, the brit-
tle phases in the microstructure are larger and in smaller 
quantities than in the C/PBF and C/PBFHT hybrid joints. 
In contrast, the brittle phases in the hybrid joints are much 
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finer in structure and exist in greater quantity than in the 
conventional joints. In summary, it can be stated that the 
characteristic PBF-LB/M microstructure has an influence on 
the formation and quantity of intermetallic phases in both 
the joining and diffusion-affected zones of brazed hybrid 
joints. At the same time, the additive material is influenced 
by the thermal exposure of the brazing process in such a 
way that micropores are formed. These micropores lead to 
an overlap with the precipitates in the diffusion zone. The 
effects of the different phase formation as well as the super-
position of the micropores on the mechanical joint strengths 
are unknown so far.

Solution heat treatment prior to brazing leads to an 
approximation of the PBF-LB/M microstructure morphol-
ogy to the conventional cast material. But while brazing, 
semicircular pores form in the joining zone regardless of 
a holding time of 15 min or 60 min. The cause of the pore 
formation is assumed to be the occurrence of the Kirken-
dall effect as a result of the different diffusion rates of the 
brazing constituents in the additive and conventional join-
ing partners. The influence of the semicircular pores on the 
mechanical joint strength will be investigated.
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