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A B S T R A C T

Laser beam melting is an additive manufacturing process that enables the production of highly complex com
ponents. In this process, metal powder is locally melted using a laser beam and built up layer by layer to form a 
physical component. Due to the layer-by-layer process manufacturing technique of the additive manufacturing 
process, the microstructure of a laser-melted 316L austenitic stainless steel differs from that of a conventionally 
cast material. For brazing technology, the different microstructure morphology is important because it affects the 
known wetting and diffusion behavior with a brazing filler metal, which affects the ability to produce high- 
strength brazed joints. Brazeability can be determined by examining the wetting of the brazing filler metal 
with the material to be joined. Therefore, this study investigates the wetting behavior of nickel-base brazing alloy 
BNi-5a on conventionally cast and laser-melted 316L austenitic stainless steel. Wetting tests were performed to 
evaluate the spreading area and wetting angle of BNi-5a on both 316L substrates. The wetting tests were per
formed in a high-temperature vacuum furnace at 1190 ◦C for 15 min. The results show that the laser-melted 316L 
stainless steel exhibits enhanced wettability compared to the conventionally cast material. This is related to a 
higher surface energy and a more pronounced diffusion mechanism called grain boundary grooving on the 
surface of the material.

1. Introduction

Additive manufacturing encompasses a range of manufacturing 
processes in which components are produced directly from digital 3D 
models and shapeless raw materials [1,2]. One such process is laser 
beam melting (powder bed fusion of metals with laser beam, PBF-LB/M). In 
this process, metal powder is melted locally using a laser beam and built 
up layer by layer to form a physical component [3]. This enables the 
production of highly complex components with great precision and a 
high degree of design freedom [2]. Stainless steels, such as the austenitic 
chromium-nickel steel 316L, are the most commonly produced steel 
grade with this process [3].

The high costs, long production times, limited variety of materials 
and size limitations represent obstacles to the widespread industrial use 
of laser-melted components [2,4–7]. Hybrid components offer a poten
tial solution to these challenges. They consist of parts made through both 
conventional methods (e.g., casting and subtractive processes) and laser 
beam melting. The parts can be joined together into a hybrid component 
by means of brazing in a vacuum furnace [8,9].

Brazing is a manufacturing process in which solid base materials are 
joined together using a molten material, the brazing filler metal [10]. 
One of the advantages of using brazing for the production of hybrid 
components is the capacity to combine a virtually limitless range of 
materials. This eliminates the constraints imposed by the limited ma
terial variety of the laser-melting process. Furthermore, the utilization of 
brazing technology has the potential to improve the efficiency of the 
entire production chain for hybrid components. This potential is a 
consequence of the production route of laser-melted parts. These are 
typically subjected to heat treatment subsequent to the additive 
manufacturing process to reduce thermal residual stresses [3]. In the 
case of laser-melted stainless steel 316L this heat treatment usually in
cludes a solution annealing process. This process is generally conducted 
at temperatures above 1000 ◦C [11–13] and can be integrated into a 
brazing cycle if a suitable brazing filler metal is used.

Nickel-based brazing filler metals are frequently applied in the 
brazing of stainless steels [14,15]. The term "nickel-based brazing filler 
metals" refers to a diverse range of alloy systems, in which the elements 
silicon, boron, chromium and/or phosphorus are added to reduce the 
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melting point of the main alloying element nickel [14]. This enables a 
brazing temperature below the melting temperature of stainless steels.

The brazing temperature of nickel-based brazing filler metals are 
already within the range of the solution heat treatment temperature of 
austenitic stainless steel 316L [16]. Consequently, the solution anneal
ing process of laser-melted 316L parts can be carried out directly at 
brazing temperature, thereby reducing the overall production time of 
hybrid components.

The microstructure of a laser-melted 316L differs from that of a 
conventionally cast material [9]. The conventionally cast material is 
distinguished by an isotropic material structure, exhibiting discernible 
twin grain boundaries. In contrast, the microstructure of the 
laser-melted 316L is anisotropic. As a consequence of the layer-by-layer 
nature of the additive manufacturing process, the locally melted paths of 
the laser beam are discernible in the material structure. In addition, 
micro-grains grow across the boundaries of each melt path. Inside these 
micro-grains, a hexagonal, cellular substructure is evident. Notably, the 
grain size of this cellular substructure is significantly smaller than that of 
the conventionally cast material [9,17,18].

Solution annealing causes the morphology of the laser-melted 316L 
to approximate that of a conventionally cast material. This refers to the 
dissolution of both the individual melt paths and the cellular substruc
ture [9].

For the production of a high strength brazed joint wetting between 
the brazing filler metal and the base material to be joined is essential 
[10,19]. The quality of the wetting is related to the microstructure of the 
material [10,19]. Due to the differences in microstructures between the 
conventionally cast and laser-melted 316L alloy, it is expected that the 
wetting will differ depending on the manufacturing route. A solution 
annealing process may be employed not only to align the additive 
microstructure morphology with that of the conventional material but 
also to approximate the wetting behavior of the brazing filler metal to 
that of conventionally cast materials.

In brazing, wetting tests are used to evaluate the wetting behavior of 
a brazing filler metal with a base material [20]. In these tests, a defined 
amount of the brazing filler metal is applied to the base material and 
melted within a brazing cycle [20]. The criteria for evaluating wetting 
are the spreading area [21,22] and the wetting angle between the 
brazing alloy and the base material [20]. Good wetting is achieved when 
the spreading area of the brazing alloy is large and the wetting angle 
between the brazing alloy and the base material is less than 90◦ [20]. If 
both of these criteria are met, it is possible to obtain a load bearing 
brazed joint [20]. A detailed description of the wetting test method and 
criteria for evaluation can be found in Refs. [10,19,20].

The wetting of nickel-based brazing filler metals on continuously cast 
stainless steels has been extensively studied. These studies typically 
describe the wetting as good to very good [15,22–25]. In vacuum 
furnace brazing, the wetting angle between a nickel-based brazing alloy 
and a conventionally cast stainless steel is usually below 15◦ [23,26]. In 
contrast, the wetting behavior of the lase-melted 316L is unknown.

In general, there are very few studies available in the literature that 
deal with the wetting of laser-melted materials. Only Liu and Hao car
ried out in-situ wetting tests on a heating stage under an argon atmo
sphere with the laser-melted titanium alloy Ti6Al4V [27,28]. The 
research group used the nickel-based brazing filler metal B–Ni2 [27] and 
the active brazing filler metal AgCuTi for their investigations [28]. 
Within the scope of the investigations, the authors analyzed the influ
ence of the brazing temperature and the brazing time on the wettability 
of the laser-melted Ti6Al4V. The wetting of the laser-melted Ti6Al4V by 
the brazing filler metals B–Ni2 and AgCuTi was sufficient to produce a 
load-bearing brazed joint. As there was no detailed comparison of the 
wetting of a conventionally cast and a laser-melted Ti6Al4V alloy, no 
difference in the wetting behavior depending on the manufacturing 
route were identified.

Despite the known factors influencing wetting, there are few studies 
comparing the wetting behavior of conventional and laser-melted 

materials. For this reason, the wettability of the laser-melted stainless 
steel 316L by brazing alloy B–Ni5a is investigated and compared with 
that of the conventionally cast material. The 316L stainless steel was 
chosen because it has been well researched in both, additive 
manufacturing and brazing technology [2,19].

2. Methods

2.1. Base materials

For the experiments, 316L austenitic stainless steel was purchased 
from the conventional production route using continuous casting and 
the laser beam-melting route. The conventional manufactured material 
was a cold-rolled, solution-annealed 316L round bar (Ø 20 mm) ac
cording to DIN EN 10088-3. The raw material for the laser melting 
process was spherical 316L powder with a particle size distribution of 
− 45 + 10 μm. Table 1 shows the chemical composition of the metal 
powder and the conventional rod material.

The metal powder was processed into semi-finished parts with a 
layer thickness of 30 μm (Ø 20 mm, height 87 mm). The SLM 280 H L 
production system from SLM Solutions was used. Optimized data sets 
from the system manufacturer were utilized as process parameters.

2.2. Brazing filler metal

To evaluate the wettability of the base materials the nickel-based 
brazing filler metal B–Ni5a was used (standardized to AWS A5.8). The 
brazing filler metal was a foil with a thickness of 25 μm. The chemical 
composition is given in Table 2. The brazing temperature recommended 
by the manufacturer is in the range 1170–1200 ◦C [29].

2.3. Wetting tests

Wetting tests were performed to determine the wettability of the 
conventional and the laser-melted base materials. In these tests, a 
defined amount of brazing filler metal was applied onto the base ma
terials surface and melted in a brazing cycle. During the brazing cycle, 
the filler metal spreads out on the material surface and solidifies.

2.3.1. Sample geometry and number of samples
For the wetting tests, the conventional rod material and the laser- 

melted semi-finished parts were cut into 5 mm thick discs by wire 
erosion. The surface of the discs was ground to N6 quality (ISO 1302) to 
standardize the initial condition. Three conventional and six laser- 
melted discs were produced for wetting tests.

Laser-melted materials are often heat treated after the 
manufacturing process to reduce residual thermal stresses [3]. To ac
count for this post-treatment, three of the six laser-melted discs were 
solution annealed at 1020 ◦C for 60 min in a high vacuum (<10− 4 mbar). 
The brazing furnace used for this purpose was the Schmetz EU 80/1H. 
The annealing temperature and duration were in accordance with other 
research [12,13,30].

The remaining three laser-melted discs were left in their as-built 
state. This material condition is interesting for brazing technology 
because the brazing temperature of the B–Ni5a filler metal is in the 
solution annealing range of the 316L alloy. If the wettability of this base 
material condition is sufficient, brazing and solution annealing can be 
combined in a single process step.

The microstructural analysis of the conventional cast and laser- 
melted base materials in the as-built and solution annealed condition 
were part of previous work and can be found in Ref. [9].

2.3.2. Wetting test process
Prior to the wetting tests, all samples were cleaned in an ultrasonic 

ethanol bath for 5 min. The B–Ni5a brazing foil was punched to a 
diameter of 3 mm and was also cleaned with ethanol. Two layers of the 
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brazing foil were then placed in the center of a wetting sample. The 
amount of brazing filler metal applied was 0.0028 g.

The wetting tests were performed under high vacuum (<10− 4 mbar) 
in the EU 80/1H furnace from Schmetz. The heating rate was 10 ◦C per 
minute. During heating, there were two 15-min holding phases at 450 ◦C 
and 1015 ◦C. These holding phases were used to ensure a homogeneous 
temperature distribution of the furnace batch. Brazing was done at 
1190 ◦C for 15 min. The brazing temperature is in the upper range of the 
solution annealing temperature of the 316L alloy. Cooling was achieved 
with nitrogen gas cooling at 4 bar overpressure to prevent chromium 
carbide precipitation.

2.3.3. Evaluation of the wetting tests
The evaluation of the wetting tests included light microscopic im

aging, a measurement of the spreading area of the solidified brazing 
alloy, a determination of the contact angle between the solidified 
brazing alloy and the base material and a microstructure analysis.

2.3.4. Light microscopic images and spreading area of brazing alloy
Light microscope images of each wetting sample were taken using a 

Leica DVM6 digital microscope (objective: PlanAPO FOV 43.75; 0.215×
magnification; image resolution: 18 μm per pixel). The spreading area 
was determined using the software “MountainsMap8” from DigitalSurf.

2.3.5. Contact angle between brazing alloy and base material
To determine the contact angle, a 3D image of the solidified brazing 

alloy on the wetting samples was taken using the Infinite Focus G5 
digital microscope from Alicona (5× magnification, vertical resolution: 
0.306 μm per pixel, lateral resolution: 7.828 μm per pixel). With the help 
of the software “MountainsMap8” from DigitalSurf, three profiles of the 
solidified braze droplet were extracted from the 3D image, each offset by 
120◦. The contact angle between the brazing alloy and the base material 
was measured at the ends of these profiles. Six contact angles per wet
ting sample were measured and arithmetically averaged.

2.3.6. Microstructural analysis
During the wetting tests, reaction and diffusion processes occur be

tween the filler metal and the base material. These processes influence 
the solidification behavior of the brazing filler metal and lead to the 
formation of new phases.

In order to analyze the phase formation, the wetting samples were 
examined under a scanning electron microscope (SEM) in the top view 
and in the cross section. The cross sections were taken along the center 
of the solidified braze alloy. The SEM examinations were performed 
with a JXA-iHP200F microprobe from JEOL at 100× magnification in 
the top view and 1000× magnification in the cross section. The chemical 
composition of the phases was analyzed by wavelength dispersive X-ray 
spectroscopy (WDX) in the cross section.

2.4. Surface energy

The wetting tests revealed significant differences in wettability 

between the laser-melted and the conventionally cast 316L. According 
to Young’s theory, wettability is related to surface energy [31]. There
fore, the surface energy of the different base materials was determined 
by contact angle measurement according to DIN EN ISO 19403-2 [32]. 
The contact angle measuring instrument OCA 15 from DataPhysics In
struments GmbH was used for this purpose. In a contact angle mea
surement, the contact angle between the surface of a material and one or 
more test liquids is measured. The surface energy is then calculated from 
the measured contact angles and the surface tension of the test liquid(s) 
[32,33].

In this study, the surface energy was analyzed on three samples per 
base material (conventional, PBF-LB/M in the as-built and solution- 
annealed condition). The base materials were in their original state 
prior to brazing. Water and dichloromethane were used as test liquids. 
The analyses were carried out using the OWRK method [32] with the 
software integrated in the contact angle measuring instrument. Each 
sample was measured three times and the results were arithmetically 
averaged.

2.5. Atomic force microscopy (AFM)

The microstructural analysis of the wetting samples indicated the 
formation of grain boundary grooves on the surface of the base materials 
after the brazing process. These grain boundary grooves could induce 
capillary action and thus affect the wettability of the base materials 
[20]. To verify the presence of grain boundary grooves, atomic force 
microscopy (AFM) measurements were performed on conventionally 
cast and laser-melted material surfaces. Therefore, samples with a 
wetting sample geometry were used. These samples were ground to a 
surface quality of N1 (Ra = 0.025 μm, according to ISO 1302). This high 
surface quality allowed the topography to be measured without being 
affected by roughness peaks. As it has been assumed that the grain 
boundary grooves formed during the brazing process, the samples were 
exposed to the brazing cycle of the wetting tests. Subsequently, the 
topography of 10 grain boundaries on the surface of each sample were 
measured by AFM. The measurements were carried out using Lite
scope™ AFM from Nenovision. This AFM was installed in a scanning 
electron microscope (SEM, Crossbeam XB 550L from Zeiss) [34,35]. The 
AFM was equipped with an Akiyama measuring probe (Typ 
A-PROBE-10) from NanoWorld AG. The probe has a measuring tip with a 
radius of less than 15 nm. The topography of a potential grain boundary 
groove was measured in the tapping mode of the AFM using setpoints of 
approx. 5 Hz. The measuring needle moved line by line over the grain 
boundary, scanning the measuring area in a planar manner. The mea
surement parameters are listed in Table 3.

The result of a topographic measurement was a three-dimensional 
planar surface profile (length: 10 μm, width: 1 μm). A linear profile 
was extracted from each planar surface profile using the Mountain
sMap8 software from DigitalSurf, see Fig. 1. For each linear profile the 
parameters width, depth and opening angle were determined. In addi
tion to the topographical image, an SEM image was taken of each 
measuring area at 10,000× magnification in secondary electron 
contrast.

The width w and depth h of a groove were measured directly on the 
extracted profile using the MountainsMap8" evaluation software. Direct 
measurement of the opening angle β was not possible. Therefore, the 
opening angle β was calculated for each groove using the following 
geometric relationships: β = 180∞ - 2 ⋅ tan-1 h

0,21 ⋅ w. The geometric re

Table 1 
Chemical Composition of the Base Materials according to certificates [wt-%].

Material C Si Mn P S N Cr Ni Mo O

Conventional 0.021 0.5 1.72 0.044 0.022 0.069 16.65 10.11 2.06 –
PBF-LB/M-Powder 0.02 0.69 0.82 0.01 0.01 0.09 17.75 12.6 2.38 0.02

Table 2 
Chemical composition of the brazing filler metal B–Ni5a [wt-%].

Material Ni Cr Si B

B–Ni5a (Ni 660) 72.5 19.0 7.25 1.25
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lations and the derivation of the equation can be found in Ref. [36].

3. Results

3.1. Wetting surface

Fig. 2 shows light microscope images of the wetting samples. For 
illustrative reasons, the conventional wetting sample is abbreviated as C, 
the laser-melted sample in the as-built state as PBF and the solution- 
annealed condition as PBFHT.

The light microscopic images reveal a larger surface of the brazing 
alloy on the wetting samples of the laser-melted materials (PBF, PBFHT). 
The optically visible results are confirmed by the measurement of the 
spreading area and the contact angle, see Fig. 3.

The average spreading area of the brazing filler metal on the 
conventionally cast material is 9700 ⋅ 103 ± 1069 mm2/g. The average 
contact angle is 2.5 ± 0.3◦. These values correspond to Rabinkin’s 
literature data for vacuum furnace brazing of austenitic chromium- 
nickel steels [23,26].

In the as-built condition the spreading area of the brazing filler metal 
on the laser-melted material is 16,500 ⋅ 103 ± 1045 mm2/g. This is 70% 
larger than the spreading area of the conventional material. In contrast, 
the spreading area on the solution-annealed material state is 16,300 ⋅ 
103 ± 760 mm2/g. Due to the scatter of the measurement results, no 
difference in the spreading behavior between both laser-melted material 
states is discernible. The same applies to the wetting angle, which is 1.2 
± 0.3◦ for both material conditions. This contact angle is 48 % lower 
than that of the conventionally cast material. In this regard, a larger 
spreading area of the brazing filler metal and the smaller contact angle 
indicates a better wettability of the laser-melted 316L.

Part of this study is to explain the cause for this enhanced wettability. 

It is noticeable, that both laser-melted material states exhibit the same 
wettability. As a result of the prior heat treatment, the microstructure of 
the laser-melted material was aligned with the conventional material 
[9]. However, this does not affect the wettability of the additive mate
rial. The reason for this will be explained later in this study.

3.2. Surface energy

One reason for the enhanced wettability of the laser-melted 316L 
may be the energy of the joining surface. In brazing, the surface energy is 
decisive, as it directly affects the contact angle and the spreading area of 
the brazing filler metal [32]. A higher surface energy leads to a smaller 
contact angle and a larger spreading area. This results in a better 
wettability. To verify that the surface energy of the laser-melted material 
was the cause of the enhanced wettability, it was quantified for all the 
base materials studied. The results are shown in Fig. 4.

The average surface energy of the conventionally cast material is 
29.9 ± 4.6 mN/m. This value is within the range of values reported in 
the literature [37]. In contrast, the surface energy of the laser-melted 
material in the as-built condition is significantly higher at 38.5 ±
10.1 mN/m. Compared to the conventionally cast material, the mea
surement results show greater standard deviation. The reason for this is 
a higher and more variable defect density in the additive crystal lattice 
from the bottom to the top a laser-melted part. Various studies have 
demonstrated that the laser-melted 316L exhibits a smaller grain size, 
micro-segregations and a higher dislocation density in comparison to the 
conventionally cast material [18,38].

The application of a heat treatment process has been shown to reduce 
the number of defects in the crystal lattice as a result of recrystallization 
processes [30]. Therefore, the average surface energy of the 
solution-annealed laser-melted material and the standard deviation is 
reduced to 30.8 ± 5.9 mN/m. Furthermore, the surface energy is almost 
identical to that of the conventionally cast material. This reflects the 
alignment of the laser-melted material structure with the conventional 
material due to the heat treatment.

The higher surface energy in the as-built state of the additve material 
is presumed to be one reason for the enhanced wettability of the laser- 
melted 316L. However, the measurement results indicate that the sur
face energy is 25 % lower in the solution-annealed condition. According 
to Young, this should be accompanied by a lower wettability of the 
solution-annealed material. However, the investigations show an 
equivalent wettability of both laser-melted material states. Therefore, 
the surface energy cannot be the only factor responsible for the 
enhanced wettability of the laser-melted 316L. Other mechanisms, such 
as local interactions between the brazing filler metal and the base 

Table 3 
Measurement parameters of atomic force microscopy (AFM).

Distance between the measuring lines: 20 nm
Traversing speed of the measuring needle: 0.5 and 1.5 μm/s
Resonant frequency of the probe: 44795 1/s

Fig. 1. Topography of a grain boundary groove.

Fig. 2. Light microscope images of the wetting samples.
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material or diffusion phenomena at the joining surface, could superim
pose the influence of the surface energy and therefore play a decisive 
role in the wettability of the laser-melted 316L alloy.

3.3. Microstructure of the brazing alloy on the wetting samples

3.3.1. Conventional wetting samples
The light microscopic images of the wetting samples in Fig. 2 show a 

different solidification morphology of the brazing filler metal on the 
laser-melted 316L compared to the conventionally cast material. While 
the brazing filler metal on the conventional base material solidifies in a 
circular to oval shape, the shape of the solidified brazing filler on the 
additive material is irregular. The only common feature at both base 
materials is a circular area in the center of the solidified droplet. This 
area corresponds to the location of the brazing filler metal application.

The location of the brazing filler metal application is also visible 
under scanning electron microscopic inspection. Fig. 5 shows the 
microstructure of the brazing alloy on a conventional wetting sample in 
a top view (top) and in a cross-section (bottom).

On the conventional sample, the solidified brazing filler metal has a 
domed shape. It solidifies as an equiaxial dendritic nickel solid solution 

with the chemical composition determined by WDX shown in Table 4. 
The dome shape is also evident in the cross-sections in Fig. 5b to d and 
results in a larger brazing filler metal volume in the center of the droplet 
compared to the edge. Due to the lower filler metal volume, the brazing 
metal solidifies from the edge towards the center. This can be seen in 
Fig. 5a.

As the brazing filler volume increases, chromium borides are 
precipitated at the grain boundaries of the base material. This can be 
seen in Fig. 5b and c. The depth of the chromium boride precipitations 
increases toward the center of the solidified droplet.

Despite the presence of chromium borides in the base material, 
nickel silicides and chromium borides are precipitated at the top of the 
nickel solid solution in the area of the brazing filler metal application. 
The chemical composition of these phases is also shown in Table 4. The 
formation of nickel silicides and chromium borides has been docu
mented several times in the literature [19,26,39]. These phases are 
formed due to the limited solubility of the nickel solid solution for silicon 
and boron. The proportion of these elements increases as the volume of 
the filler metal increases from the edge to the center of the solidified 
droplet. Since the nickel solid solution can no longer dissolve them, 
chromium borides and nickel silicides are precipitated.

3.3.2. Laser-melted wetting samples
Fig. 6 shows the top view of the laser-melted wetting samples in 

scanning electron microscopic images. The as-built condition is shown at 
the top, and the solution-annealed material state at the bottom.

The cross-sections corresponding to the top views are shown in 
Fig. 7. The images show the morphology of the brazing alloy from the 
center to the edge of the solidified brazing droplet.

All SEM images confirm that there are no significant differences 
between the laser-melted material in the as-built and solution annealed 
condition. Thus, in the following the microstructure of the brazing alloy 
is analyzed based in the as-built state. The solution-annealed condition 
is mentioned only if there are any differences.

Fig. 8 compares the location of the brazing filler metal application of 
a laser-melted wetting sample to that of a conventional wetting sample. 
On the laser-melted wetting samples, the brazing filler metal solidifies as 
a polycrystalline, cellular nickel solid solution. Spherical chromium 
borides precipitate in the valleys between the grains. The chemical 
composition of the phases can be found in Table 5.

Due to the cellular solidification of the brazing alloy, the surface 
topography of the laser-melted sample appears dimpled. This is in 
contrast to the solidification morphology of the conventional wetting 
samples. There, the surface topography of the braze droplet is more 
uniform as a result of an equiaxial dendritic solidification. In addition, 
the braze droplet is characterized by the precipitation of chromium 
borides and nickel silicides. Nickel silicides were not present in the 

Fig. 3. Spreading area and contact angle.

Fig. 4. Surface energy.
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solidified braze droplet of the laser-melted wetting samples. Moreover, 
the chromium borides showed a different morphology. The reason for 
the differences in the solidification morphology of the brazing alloy and 
the precipitated phases (chromium borides, nickel silicides) is the so
lidification rate of the brazing filler metal. Needle-shaped precipitates 
and an equiaxial-dendritic solidification structure indicate a higher so
lidification rate of the brazing filler metal on the conventional wetting 
samples [40–42].

Fig. 9 shows the location of the brazing filler metal application in the 
cross-section. Similar to the conventional wetting samples, the brazing 
alloy crystallizes directly on the surface of the laser-melted material. 
Starting from there, it grows continuously upwards. This continuous 
growth is a further indicator of cellular solidification [42]. In contrast, 
the equiaxial dendritic grain structure of the brazing alloy on the con
ventional wetting samples is characterized by multi-layered solidified 

grains (see Fig. 9b). As with the conventional material, chromium bo
rides precipitate at the grain boundaries of the laser-melted base ma
terial. Contrary to the chromium borides above the nickel solid solution, 
the chromium borides in the base material have the same block-like 
shape as in the conventional wetting samples. The 
molybdenum-containing phase which was precipitated along the grain 
boundaries of the conventionally cast base material is not present in the 
laser-melted wetting samples.

The chemical composition of all detected phases determined by WDX 
can be found in Table 5. Compared to the conventional wetting samples, 
the nickel solid solution of the laser-melted wetting samples tends to 
have lower levels of the brazing filler constituent silicon and higher 
levels of the base metal constituents iron and chromium. One possible 
explanation for the differences in the element contents are stronger 
diffusion processes of the brazing filler metal with the laser-melted 
material. This could be due to the higher number of grain boundaries 
at the surface of the laser-melted material in the as-built condition [9]. 
Since diffusion during brazing occurs primarily along grain boundaries 
[20], a larger number of grains results in a larger diffusion cross-section. 
This enhances the diffusion between the brazing filler metal and the 
laser-melted material.

The assumption of stronger diffusion processes is confirmed by the 
chemical composition of the base materials in the area affected by the 
brazing filler metal. There, the laser-melted material has a higher 

Fig. 5. Top view and cross-section of the brazing alloy on a conventional wetting sample.

Table 4 
Chemical Composition of the Phases in wt-%.

Phase Ni Cr Si B Fe Mn Mo

Nickel solid solution 46.6 13.9 2.4 0.0 26.8 0.2 0.3
Nickel silicides 59.3 7.8 6.2 0.0 17.2 0.0 0.0
Chromium borides 14.7 39.4 1.1 1.5 16.1 0.0 5.4
Mo-rich phase 6.0 20.3 0.0 1.6 46.6 1.4 11.4

Fig. 6. Top View of the laser-melted Wetting Samples.
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content of silicon and a lower content of iron compared to the conven
tionally cast material. The higher silicon content of the base material 
could also be the reason why no nickel silicides were observed in the 
laser-melted wetting samples.

There are slight variations in the chemical composition of the 
different phases between the laser-melted material states as-built and 
solution-annealed. However, based on the chemical compositions, there 

Fig. 7. Cross-section of the laser-melted Wetting Samples.

Fig. 8. Top View of the Center of the Braze Alloy of a (a), (b) laser-melted and (c) conventional Wetting Sample.

Table 5 
Chemical Composition of the Phases on the laser-melted Wetting samples in wt- 
%.

Sample Phase Ni Cr Si B Fe Mn Mo

C Nickel solid 
solution

46.6 13.9 2.4 0.0 26.8 0.2 0.2

PBF Nickel solid 
solution

44.1 15.9 1.9 0.0 27.4 0.2 0.5

PBFHT Nickel solid 
solution

41.4 17.4 1.7 0.0 29.9 0.2 0.6

C Chromium borides 2.0 49.7 0.0 1.2 27.2 0.6 2.3
PBF Chromium borides 2.8 48.9 0.0 1.1 28.0 0.6 1.5
PBFHT Chromium borides 2.8 47.5 0.0 1.1 25.6 1.4 1.7

C Base material in 
diffusion zone

10.0 15.4 0.1 0.0 61.0 2.0 1.3

PBF Base material in 
diffusion zone

17.6 16.0 0.8 0.0 54.0 0.5 1.1

PBFHT Base material in 
diffusion zone

13.1 17.6 0.6 0.0 58.7 0.6 1.3

Fig. 9. Center of the Brazing Alloy Droplet in the Cross-section of a (a) laser- 
melted and (b) conventional Wetting Sample.
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is no recognizable trend as to whether one of the material states has a 
stronger mass transfer with the brazing filler metal.

Outside the area of brazing filler metal application, the solidification 
morphologies of the conventional and laser-melted wetting samples 
differ considerably. Therefore, a further direct comparison of the 
brazing filler metal’s solidification structures is not possible. For this 
reason, the solidification structure of the brazing filler metal on the 
laser-melted wetting samples is primarily considered below.

In the laser-melted wetting samples, the end of the brazing filler 
metal application area is indicated by a light silver edge under the light 
microscope, see Fig. 10a. Using the scanning electron microscope, it can 
be seen that the chromium borides that have been precipitated on top of 
the nickel solid solution abruptly disappear (Fig. 10b). In addition, the 
morphology of the nickel solid solution changes from cellular to equi
axial dendritic. A reason for the sudden disappearance of the chromium 
borides could be the decreasing brazing metal volume from the center of 
the droplet towards the edge and the solubility of the boron in the 
molten brazing filler metal.

Beyond the location of brazing filler metal application, the appear
ance of the solidified braze droplet is characterized by vein-like struc
tures. The light microscopic images in Fig. 11 show that the vein-like 
structures run in a circular pattern away from the brazing filler metal 
application site. The shape of these structures is linear or branched. The 
length of the linear structures appears optically longer than that of the 
vein-like branched structures. In the literature, only Ambrose et al. has 
observed a similar solidification structure in wetting tests of the nickel- 
based brazing filler metal Ni11P on the steel Fe2Cr [43,44]. They did not 
specify a cause for the formation of the solidification structure.

A marking of grinding grooves on the material surface in Fig. 11c 
shows a correlation to the linear structures. The linear structures pref
erably form in the direction of the greatest brazing metal flow along the 
direction of propagation of the grinding grooves. Consequently, the 
grinding grooves have a wetting-promoting influence. This influence is 
caused by a capillary effect induced in them [43]. In the case of the 
vein-like branched structures, no influence of the grinding grooves is 
recognizable. Regardless of the grinding direction, the vein-like 
branched structures run in a circular pattern away from the brazing 
filler metal application site. The correlations shown are also observable 
in the SEM images in Fig. 12.

At higher magnification in Fig. 13, it is visible that the vein-like 
structures are grooves. These grooves are more pronounced in the 
solution-annealed state than in the as-built condition (see Fig. 13a/b). 
Differences between the linear and the vein-like branched grooves 
become visible in closer inspection of the topographies: While the linear 
grooves run in a straight line, the vein-like grooves follow the curvature 
of the grain boundaries.

Neither the linear nor the branched grooves were observed on the 
conventional wetting samples. Their existence could explain the better 
spreading behavior of the brazing filler metal on the laser-melted 316L 
alloy. The correlation with the grinding grooves on the material surface 
provides an indication of the formation of the linear grooves.

The surface topography of the base materials after the wetting test 

provides a possible clue to the formation of the vein-like branched 
grooves. Fig. 14 compares the joint surfaces of all base materials at 
positions without brazing material.

Grain boundaries are visible on all joint surfaces after wetting tests 
without etching. The visibility of the grains without the use of metal
lographic etching indicates diffusion processes that took place on the 
joint surface due to the effect of temperature during the brazing cycle.

The grain boundaries are more pronounced in both additive material 
states (as-built, solution-annealed) than in the conventionally cast ma
terial. A difference between the laser-melted material states is not 
visually recognizable. The varying characteristics of the grain bound
aries between the conventional and the laser-melted base materials 
indicate different levels of diffusion processes on the joint surface.

3.4. Surface diffusion mechanisms

Due to the surface preparation of all wetting samples by means of a 
grinding process, it can be assumed that the grain boundaries were 
smoothly flushed with the joining surface prior to testing (see principle 
schematic in Fig. 16a). The topographical differences between the joint 
surfaces of the conventional and laser-melted base materials must 
therefore result from the brazing process. In the case of the solution- 
annealed laser-melted material, the previous heat treatment must also 
be considered.

In order to analyze whether the topographical differences have 
formed during the wetting tests, polished samples without brazing ma
terial were subjected to the same brazing cycle as the wetting samples. 
Under SEM magnification, these topographical differences are recog
nizable as grooves at the grain boundaries in Fig. 15. At the same scale as 
the laser-melted materials, a grain boundary groove on the conventional 
base material is barely visible.

Grain boundary grooves of varying sizes may explain the enhanced 
wettability of laser-melted 316L. During the spreading process of the 
molten filler metal, a capillary effect could occur in the grain boundary 
grooves. This could promote wetting at the joint surface. Such a wetting 
promoting effect is known for grinding grooves [45–47].

A capillary effect could promote the flow of the brazing material 
across a large number of differently oriented grain boundary grooves. 
According to the principle of least resistance, this could result in a vein- 
like branched flow of the brazing material, which is reflected in the 
solidified structure as a correspondingly shaped groove.

Grain boundary grooving is a known diffusion mechanism in litera
ture. Under the influence of temperature, a groove forms between two 
grains that intersect a surface in a polycrystalline material [48]. 
Grooving begins above a threshold temperature that corresponds to 
more than 50 % of the melting temperature of the material [49,50]. The 
stainless steel 316L has a melting range of 1390 ◦C–1440 ◦C (1663 
K–1713 K) [51]. Therefore, groove formation begins above the tem
perature interval of 559 ◦C–584 ◦C (832 K–857 K). During the wetting 
tests, the brazing temperature of 1190 ◦C was above this threshold 
temperature.

The driving force for groove formation is the general desire of a 

Fig. 10. End of the brazing filler metal application.
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Fig. 11. Vein-like Structures of solidified braze droplets.

Fig. 12. SEM - Top view - Vein-like Structures.

Fig. 13. Vein-like Structures: (a) as-built and (b) solution-annealed Sample.

Fig. 14. Top view of base materials without brazing alloy - SEM
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surface to reduce its free energy [50,52–54]. Groove growth is based on 
the vaporization or diffusion of atoms at a grain boundary [50,53]. 
Fig. 17 shows a principle sketch of the geometry of a grain boundary 
groove formed by the surface diffusion mechanism. This kind of grain 
boundary groove is defined by the parameters ‘width b’, ‘depth h’ and 
‘opening angle β’.

The shape of a grain boundary groove is constant regardless of the 
duration of heat exposure [48,53]. However, the groove parameters 
(width b, depth h and opening angle β) change with time [48,53], 
temperature and the surface energy of the material [48]. Since both the 
surface energy and the duration of heat exposure vary between the 
conventional and the laser-melted material states (as-built, 
solution-annealed), it can be assumed that the differently pronounced 
grooves on the surface of the base materials are attributable to grain 
boundary grooving. In order to verify the diffusion mechanism, the 
topography of the grain boundary grooves of all the base materials was 
measured by means of atomic force microscopy (AFM). Fig. 18 illus
trates sample groove profiles of all base materials after a brazing cycle.

The topography of the grain boundary grooves are similar to the 

shape shown in Fig. 17. The groove parameters shown in Fig. 19 also 
correspond to the orders of magnitude described in various publications 
[36,48,50,55–58]. For this reason, it is assumed that the grooves were 
formed as a result of the diffusion mechanism grain boundary grooving.

For both laser-melted material states, the average groove depth h is 
greater than for the conventionally cast material. The groove width is 
not significantly different.

On the solution-annealed laser-melted material, the grain boundary 
grooves are 67 % deeper and have an 18 % sharper opening angle than 
in the as-built condition. The reason for the increased development of 
the groove parameters is the higher overall heat exposure of the 
solution-annealed material [48,53]. The greater groove formation in 
both laser-melted material states leads to a larger effective grain 
boundary area on the joint surface. This is the reason why the additive 
material exhibits a greater diffusion of the brazing filler metal.

The brazing material flow along a grain boundary groove is largely 
determined by the groove characteristics. Spontaneous local accelera
tion in a grain boundary groove only occurs if the opening angle β of the 
groove is greater than the contact angle θ between the brazing filler 

Fig. 15. Grain boundary grooves - top view - SEM

Fig. 16. Principle Sketch of Groove Formation based on Grain Boundary Grooving.

Fig. 17. Principle sketch - geometry of a grain boundary groove [48,52].

Fig. 18. Topography of the grain boundary grooves.
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metal and the base material [46,47]. In addition, the opening angle of 
the grain boundary groove is decisive for the extent of liquid braze alloy 
transport. The larger it is, the worse the local acceleration of the liquid 
brazing filler metal in the groove [45]. The evaluation of the opening 
angle β of the grain boundary grooves shows that for all base materials 
the opening angle is greater than the measured contact angle θ between 
the brazing filler metal and the respective base material (βK, PBF, PBFBW >

100◦ > θK: 2.5◦ or θPBF, PBFWB: 1.2◦). Thus, the conditions for a sponta
neous local acceleration of the molten brazing material along the grain 
boundary grooves are fulfilled for all base materials [46,47].

The groove geometry determines the amount of the molten brazing 
metal volume that can be transported via the groove cross-section. The 
larger the groove cross-section, the more brazing metal volume can be 
transported along a grain boundary groove. Therefore, large groove 
cross-sections have a stronger wetting-promoting influence. The cross- 
section of a grain boundary groove is smaller for the conventionally 
cast material than for the laser-melted materials (as-built, solution 
annealed), see Fig. 19 (bottom right). Consequently, the wetting- 
promoting influence is greater for both laser-melted material states.

Due to the larger groove cross-section in the solution-annealed laser- 
melted material, the wetting-promoting influence of the grain boundary 
grooves is higher than in the as-built state. This explains why this ma
terial state has the same wettability as the as-built state despite having a 
lower surface energy.

The total volume of brazing metal that can be transported is not only 
influenced directly by the groove cross-section, but also indirectly by the 
groove geometry. The groove geometry determines the magnitude of the 
capillary effect induced in a groove. Thus, the local acceleration of the 
filler metal along the grain boundary groove is also influenced. The 
greater the acceleration of the brazing filler metal in a grain boundary 
groove, the more brazing filler metal volume can be transported at a 

given groove cross-section. Since the induced capillary effect is the 
strongest at the bottom of a groove [45,46], the opening angle β of a 
grain boundary groove is particularly decisive for the acceleration of the 
molten brazing filler metal. The induced capillary effect in a groove 
decreases with an increasing rounding of the opening angle β [45]. With 
the increasing rounding of the opening angle, it also becomes more 
difficult to maintain the conditions for spontaneous local acceleration of 
the brazing filler metal over a longer period of time [46]. The opening 
angle of the grain boundary grooves is sharper in the laser-melted ma
terial than in the conventionally cast material. As a result, the induced 
capillary effect is greater and easier to maintain. In addition to the larger 
groove cross-section, this increases the wetting-promoting influence of a 
grain boundary groove. The same applies to the solution-annealed ad
ditive material. The grain boundary grooves are sharper in the 
solution-annealed material state than in the as-built condition.

4. Conclusion

The study demonstrates that the laser-melted 316L exhibits 
enhanced wettability with the nickel-based brazing filler metal B–Ni5a 
compared to the conventionally cast material. This results in a larger 
spreading area and a smaller contact angle of the brazing filler metal on 
the additive joining surface. The enhanced wettability is attributed to 
the higher surface energy of the laser-melted material in the as-built 
condition and a diffusion mechanism known as grain boundary 
grooving that occurs at elevated temperatures. When brazing, this 
diffusion mechanism results in grooves along the grain boundaries of a 
material’s surface. These grain boundary grooves are more pronounced 
in the laser-melted material than in the conventionally cast material. 
They induce a capillary effect that further promotes the spreading of the 
brazing filler metal on the laser-melted surface.

Fig. 19. Groove characteristics and cross-section of the grain boundary grooves.
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The enhanced wettability of the laser-melted material is independent 
of whether it is in the as-built or solution-annealed condition. The in
vestigations revealed equivalent wettability in both material states. The 
reason for this is the reciprocal influence of the surface energy of the 
joining surface and the grain boundary grooving. The surface energy of 
the solution-annealed laser-melted material is lower than in the as-built 
state. This is due to recovery processes of the material microstructure 
during heat treatment. According to Young’s equation, a lower surface 
energy has a negative effect on the wettability of a material surface. On 
the other hand, the grain boundary grooves on the material surface of 
the solution-annealed material condition have a higher wetting- 
promoting influence, which is caused by more pronounced grooves 
characteristics compared to the as-built state.

For brazing technology, the improved wettability enables the pro
duction of high-strength brazed joints from laser-melted 316L alloy. As a 
result of the equivalent wettability of the two laser-melted material 
states (as-built and solution annealed), brazing can be performed in a 
single process step when using the nickel-based brazing filler metal 
B–Ni5a. Using this brazing filler metal, brazing is performed together 
with the solution annealing process of the laser-melted material, thereby 
saving time and costs.
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