j m a t e r r e s t e c h n o l . 2 0 2 0;9(x x):10550–10558

Available online at www.sciencedirect.com

https://www.journals.elsevier.com/journal-of-materials-research-and-technology

Original Article

Effect of phase formation due to holding time of
vacuum brazed AISI 304L/NiCrSiB joints on
corrosion fatigue properties
Johannes L. Otto a,∗ , Milena Penyaz b , Anke Schmiedt-Kalenborn a , Marina Knyazeva a ,
Alexander Ivannikov b , Boris Kalin b , Frank Walther a
a
b

TU Dortmund University, Department of Materials Test Engineering, Dortmund, Germany
National Research Nuclear University, Centre Nuclear Systems and Materials, Moscow, Russia

a r t i c l e

i n f o

a b s t r a c t

Article history:
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based joints are subjected to varying cyclical loads during their applications, often in
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corrosive environments. The microstructure of the brazed seam, which is determined by the
alloy composition and the brazing process parameters, is essential for the service life. In this
experimental study a modified BNi-5a foil was produced and used to braze cylindrical AISI
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304L butt joints with two different holding times. Using energy dispersive spectroscopy anal-
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yses, a direct correlation of the element distribution at the brazing seam with the holding

Transient liquid phase bonding

time was detected as a result of diffusion processes. Individual phases were identified, and

Microstructure

it could be shown that the longer holding time led to a reduction of borides and silicides as

Energy dispersive spectroscopy

well as to a more even microhardness curve through the seam. The effect of the microstruc-

Cyclic deformation

ture on the corrosion fatigue properties was evaluated using multiple amplitude tests by

Fatigue crack

a stepwise increase of the maximum stress amplitude in synthetic exhaust gas condensate. Thereby, improved corrosion fatigue and cyclic deformation behaviors were achieved
for the more homogeneous microstructure. Afterwards, topography analyses of the fracture surfaces enabled an understanding of microstructure-dependent damage mechanisms
including fatigue crack initiation and propagation.
© 2020 The Author(s). Published by Elsevier B.V. This is an open access article under the
CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1.

Introduction

Over the years, the austenitic, corrosion-resistant stainless
steel AISI 304L has become a widely used constructive material. The most common joining technique for permanent joints
of AISI 304L is welding, but for certain applications, such as

∗

thin-walled structures, or when for economic reasons many
joints must be made at once, it is not suitable. For such
applications transient liquid phase (TLP) bonding [1] or high
temperature diffusion brazing is used [2]. Usually the joints are
the weakest points in the constructions and thus determine
the service life.
A mechanism-oriented assessment and systematic evaluation of factors influencing the fatigue and corrosion fatigue
behavior of brazed joints, such as filler metal compositions
and time-temperature modes, is not possible without com-
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Table 1 – Chemical composition of the used materials.
Alloy
name

Alloy composition, wt.%

AISI 304L
ST20

Base metal
Filler metal

Fe

Ni

Cr

C

Si

Mn

Mo

bal.
4,0

8,03
bal.

18,14
20,0

0,023
–

0,30
7,5

1,54
–

0,34
4,0

plementary studies. In earlier studies [3,4], a microstructurerelated degradation of the fatigue performance due to a
superimposed corrosive attack was demonstrated for brazed
AISI 304L/BNi-2 joints. This work focuses on microstructurerelated fatigue performance in dependence of different
holding time of brazing AISI 304L/Ni20Cr7.5Si4Fe4Mo1.5B (a
variation of BNi-5a + 4% Mo) joint by using an efficient testing method with a stepwise increase of the maximum stress
amplitude in combination with application-specified sensors.
In numerous studies, the holding time has been identified
as an important parameter influencing tensile strength due to
its role in ensuring the total completion of TLP-bonding [1,5,6]
and its influence on the microstructure, such as the formation of brittle phases [7–9] and the resulting microhardness
[10] of the brazed joint. It is expected that a more homogeneous structure with less undesirable phases, such as borides
[11] and silicides, in the brazing seam will also improve the
fatigue properties, which will be investigated in this study.
Molybdenum tends to improve the mechanical properties of
borides [12,13], such as fracture toughness [14], which influence the crack propagation [4]. Therefore, the molybdenum
allocation in the brazed joint and its influence on the phase
formation due to different holding times is of interest for the
evaluation in this and further work. The control of phase formation allows to reach highly fatigue resistant joints, but this
requires knowledge about the effects of the brazing modes for
nickel based filler metals.

2.

Material and methods

Pure elements according to Russian state standards 849-70,
5905-2004, 13610-79, 14316-91 were used as initial materials to
produce crystal ingots of Ni20Cr7.5Si4Fe4Mo1.5B wt.%. B and
Si were alloyed as ligature Ni-15%B and Ni-30%Si wt.%. The
original ingots of the alloy were obtained by melting in an arc
vacuum furnace with a tungsten non-consumable electrode
by five-time re-melting in the atmosphere of argon. To prepare
samples for brazing, rods of AISI 304L steel with a diameter of
16 mm and average grain size of 64 ± 2 m were used. Steel
rods were cut into cylinders with a height of 80 mm. Before
brazing the rods were ground to eliminate defects. The compositions of steel and filler metal used in the work are presented
in Table 1. Subsequently, the alloy Ni20Cr7.5Si4Fe4Mo1.5B,
wt.% will be shortly referred to ST20, as experimental new filler
metal of industrial Russian grade of foils STEMET® [15]. An
amorphous-nanocrystalline foil with a thickness of 45 ± 5 m
was obtained from the ingots by rapidly solidification of a flat
jet melt.
The brazing mode strongly depends on the temperature
of solidus and liquidus and melting interval [1,6]. These temperatures for the experimental filler metal were determined
using differential thermal analysis (DTA) with a SDTQ600 ther-

B
–
1,5

Fig. 1 – Fatigue testing geometry.

mal analyzer. A fixed heating and cooling rate of 10 K/min
was used. The brazing modes were selected according to the
results of the DTA. In preparation for the brazing process, the
filler metal was placed in one layer on the grounded surfaces
of the cylindrical samples. Rods and foils were fixed in a special jig, in order to avoid movements of the rods during the
brazing process. No additional force was applied.
A vacuum furnace with resistive heating, which provides a
vacuum of up to 1.3 × 10−3 Pa, was used for brazing. To equalize the temperature field of the jig, an additional heating stage
was applied at a temperature of 900 ◦ C for 15 min. The heating rate was 20−40 K/min and cooling took place inside the
furnace. To produce the geometry of the brazed joints for the
fatigue tests, the samples were turned to a geometry with a
test diameter of 8 mm and afterwards the gauge lengths was
polished, to ensure a reproducibility of the results. A drawing
of the test geometry is shown in Fig. 1.
Metallographic microstructural studies of the brazed seam
were carried out with different scanning electron microscopes
(SEM). The EVO 50 (Carl Zeiss) was used together with an
energy dispersive spectrometer (EDS) INCA 350 x-act (Oxford
Instruments) for point analyses to detect the elemental composition of the phases. Several measurement series of point
EDS analyses were carried out to calculate the average values. Overview images were taken with backscattered electrons
(BSE) using a Mira 3 (Tescan). Furthermore, combined electron
backscatter diffraction (EBSD) mappings with EDS-mappings
were performed with the FIB-REM Crossbeam 550 (Zeiss). This
allows to show more clearly the boundaries of the phases by
using band contrast mappings. For qualitative evaluation of
the microstructure of the brazed joints, Vickers microhardness
tests (HV0.1 ) were carried out with a hardness tester FM-800
(Future-Tech).
Multiple amplitude fatigue tests (MAT) were performed
with a servo-hydraulic testing-system (Instron, 8801,
F = ±100 kN) with a constant test frequency f = 10 Hz and
stress ratio R = 0.1. Starting from the maximum stress
max,start = 50 MPa, the maximum stress was increased stepwise by max = 5 MPa until specimen failure. The steps were
defined by the number of load cycles N = 104 . All tests were
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radius. This can lead to a relative enrichment of Si in the
remaining liquid regions, which contributes to the formation
of nickel silicides, as shown in Ref. [18] for Ni-Si-B filler metals with an Si content of ∼7 wt.% at a temperature of 1060 ◦ C.
It was further shown in Ref. [18] that holding times of at
least 45 min were required to reduce the silicon content to the
solvus value. However, due to the multi-element filler metal,
the solidification process in this work is more complex and
a full isothermal solidification would require a long holding
time, which is not practical for the most industrial applications due to the resulting cost inefficient process.

3.2.
Fig. 2 – Corrosion fatigue test setup.

carried out in synthetic exhaust condensate K2.2 according
to VDA-230−214 [16] inside a self-developed in situ corrosion
cell [17]. An illustration of the corrosion fatigue test setup is
given in Fig. 2.
A standard three electrode system was used to measure
the electrochemical open circuit potential EOCP , consisting of
a silver chloride electrode (Ag/AgCl) as reference electrode, a
glassy carbon electrode as counter electrode and the specimen
itself as working electrode. Strain values were measured with
two different extensometers. While a standard extensometer
with an initial gauge length L0 = 63 mm (L0 63) was mounted to
the shafts of the specimens outside the corrosion cell, local
strain measurements at the brazing seam inside the corrosion cell were enabled using an extensometer with drop down
extensions and a gauge length L0 = 5 mm (L0 5).
Fractographic investigations for the surface topography of
the fracture surfaces were performed using the confocal white
light microscope surf C (Nanofocus). Each topography was
created by stitching 100 scans of a single surface, using a 20:1
magnification lens.

3.

Results and discussion

3.1.
Temperature characteristics of filler metals and
brazing modes
The experimental results for the determination of the solidus
and liquidus temperature for the investigated filler metal and
the selected brazing modes are shown in Table 2. The timetemperature mode was selected, based on the data of DTA.
Heating should be carried out to a temperature of 1160 ◦ C,
which is 35 ◦ C higher than the calculated liquidus temperature. This allows the alloy to change completely to the liquid
state. To analyze the process of solidification of the filler fluid,
holding times of 15 min (mode 1) and 40 min (mode 2) during
brazing were used. The isothermal solidification is completed
when the concentration of the dissolved melting point lowering elements—such as Si and B—in the remaining liquid is
reduced to the solvus value. The amount of these elements
decreases in the seam with increasing holding time by outward diffusion into the base material. However, the diffusion
rate of B is higher than that of Si due to the smaller atomic

Microstructure of brazed joints

Metallographic studies in SEM of the brazed joints AISI
304L/ST20 in combination with microhardness are shown in
Fig. 3. The cross-sections show that isothermal solidification
has not been completed for both modes. A significant layer
of degenerated eutectic formed in the middle of mode 1 and
small areas of it in mode 2. This area is indicated by ASZ—the
zone of athermal solidification (Fig. 3).
A degenerate eutectic is formed when the residual amount
of eutectic liquid is very small. During cooling, one of the
eutectic phases (nickel solid solution or ␥-Ni) is formed on
the surface of primary crystals of the same phase (␥-Ni),
merging with them. Between the primary crystals, only layers of another phase (borides/silicides or Mx By /Mx Siy ) were
detected, which should have been enclosed in the eutectic
colony. As a result, the eutectic degenerated structurally into
individual phases (ASZ), which can be clearly seen in Fig. 3 as
white or dark phases. With increasing holding time, a decrease
in the amount of this structure was observed. Borides (dark
phases) almost disappeared and only silicides (white phases)
formed.
The zone of isothermal solidification of the brazing fluid is
indicated by ISZ. Fig. 3 shows the diffusion zone (DZ) in the
size of about 50 m for mode 1 and about 75 m for mode 2,
which can be identified by the precipitations of the intermediate phase along the grain boundaries. Differences in size in the
diffusion zone are generally related to the holding time. The
longer the holding time - the more boron diffuses. The thickness of the seam for both modes correlated between 45–65 m
due to the different pressure distribution on the brazed surface
during fixation and the steel roughness. Analysis of the microhardness of different zones showed that with longer holding
time (mode 2), the microhardness values for all zones were balanced except for the ASZ, which contained hard silicides and
borides. It is known that such phases have an order of magnitude higher microhardness and can reach values of 2000 HV
and higher [13,19], but to measure this accurately, the use of a
nanoindenter is necessary.
Fig. 4 shows the EDS mappings of brazed AISI 304L/ST20
joints in different holding times. Since mode 1 led to some
more or less isolated large phase formations, two positions
were investigated. Position 1 shows the predominant part of
the brazed seam and position 2 one of the rather rare isolated
large phase formations.
According to the maps: The ASZ consisted of two types of
phases (they are identified by the numbers 1 and 2 in Fig. 4); the
DZ consisted of austenite, typical chromium borides [20,21]
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Table 2 – Temperature characteristics of ST20 and selected brazing modes.

*error is ±0.5 ◦ C; **indicated heating rate.

Fig. 3 – Metallographic studies of brazed AISI 304L/ST20 joint of both modes.

and an Fe-Cr-Ni phase, which is identified by the number 3 in
Fig. 4. The last two phases formed at the austenite boundary.
Phase 1 was based on a Cr-Mo-B system, phase 2 on a Ni-Si sys-

tem and phase 3 is a product of Cr- and Mn-depletion along
grain boundaries. Data of point EDX analysis of the phases are
shown in Table 3. An estimate of the element composition for
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Fig. 4 – Band contrast (first image) and EDS mappings of brazed AISI 304L/ST20 joints of both modes.

Table 3 – Point EDS analysis of ASZ phases.
Number of
phases
1
2
3

Elements composition [wt.%]

Type of phase

Ni

Cr

Fe

Si

Mn

Mo

B

1.23
37.02
7.76

46.57
14.51
18.90

7.29
7.90
71.20

–
23.81
0.38

1.53
–
1.45

2.52
16.76
0.31

40.86
–
–

phase 1 shows that the boron/metal ratio was about 2:3—M3 B2 .
An estimate of the elemental composition for phase 2 shows
that the ratio silicon/metal was about 1:3—M3 Si. It can be
noted that Mn was concentrated in precipitated borides, both
in the diffusion zone and in the ASZ. As already mentioned
in the case of mode 1, the structure of the brazing seam was
very heterogeneous, visibly in Fig. 3. There were areas along
the brazing seam that contained both: a low amount of small

M3 B2
M3 Si
Fe-BCC

undesirable phases 1 and 2 (mode 1, position 1) and a significant amount in the form of large blocks of phase 1 (mode 1,
position 2). Such a large block phase could most likely promote
crack initiation and propagation.
An investigation of phase 3 is shown in Fig. 5. During
brazing, accompanied by boron diffusion along the austenite boundaries, chromium borides and body-centered cubic
(BCC) phases were formed at the grain boundaries inside the
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Fig. 5 – Band contrast and EBSD mappings of DZ of brazed AISI 304L/ST20 joint, mode 2 (1160 ◦ C – 40 min).

Fig. 6 – Multiple amplitude tests of a brazed specimen according to both modes.

DZ. According to EDS maps, the BCC phase has an almost
identic chemical composition to the austenite (face-centered
cubic iron: Fe-FCC or ␥-Fe) of base material. Small grains
of this phase grew from the grain boundary of austenite
at the locations where chromium borides (dark phase in
Fig. 5) occurred, indicating a phase transformation driven by
diffusion.
The effect of formation of Fe-BCC in grain boundaries
near the seam can be associated with diffusion process of
elements-stabilizers of ␥-Fe, as mentioned above: Cr- and Mndepletion along grain boundaries. Fe-BCC was observed in the
DZ in both modes. Accordingly, it is assumed that this effect
had no significant influence on the fatigue test results in their
comparability.

3.3.

Fatigue properties of brazed joints

The results of a specimen brazed according to mode 1 and
2 are visualized in Fig. 6. For specimen brazed according to
mode 1, the stepwise increase of the stress amplitude led to a
failure of the specimen after 37.0·104 cycles at max = 235 MPa.
The total mean strain values m,t have a linear development
at a low level nearby zero until 29.0·104 cycles at 195 MPa. At
this point the plastic deformation began, which is clearly visible in the extensometer L0 5 due to the higher proportion of
the brazing seam on the gauge length. The higher proportion
of the seam can also be seen in the stronger increase of the
total strain amplitude a,t of L0 5 compared to L0 63 where both
extensometer recorded a linear course within the steps and
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Fig. 7 – Fracture surfaces and micromorphology (SEM, SE) of a) mode 1 and b) mode 2.

Fig. 8 – Fracture topography (confocal microscopy) of a) mode 1 and b) mode 2.

showed no changes at a certain point. Deformation-induced
microstructural changes on the surface were measured by a
drop of the electrochemical open circuit potential EOCP . With
some delay to the total mean strain, it indicates a breakdown
of the passive layer (depassivation), while the fluctuations can
be explained by the following restoration of the passive layer
(repassivation), which was too slow for the increasing plastic
deformation [22].
As shown in Fig. 6, the results of a specimen brazed according to mode 2 compared to mode 1 shown that a higher stress
level was reached at 280 MPa until failure after 46.2·104 cycles.
A linear course of the total mean strain at a low level could
only be measured until 20.0·104 cycles at 150 MPa. Compared
to mode 1 there is a stronger increase in the total mean strain
starting from this point. Due to the high strain, the extensometer L0 5 was not able to record the total mean strain to the end.
The total strain amplitudes, especially those of L0 5, showed a
rapid increase in the last steps. With some delay to the point of
beginning plastic deformation EOCP also reacts to the deformation induced microstructural changes and showed a stronger
decrease in comparison to mode 1, which can be explained
by a higher depassivation due to plastic strain induced dislocations. Since the number of cycles to failure in MAT are
not transferable to that of constant amplitude tests (CAT)
without additional tests and measurements [23], reference
results of CAT with the same setup at 195 MPa should be noted
here, where mode 1 achieved Nf = 15.3·104 cycles and mode
2 achieved Nf = 106 cycles, which means an increase of more
than factor six.

3.4.

Fractography

According to [4,24], a formation of chromium borides is
the reason for chromium depletions that promote selective
corrosion in diffusion zones of base materials. The higher

chromium content in filler metal (20 wt.%) compared to base
material (18 wt.%) has a positive effect on microstructure formation and helps to prevent chromium depletion [25]. The
experimental result is consistent with this – in contrast to
earlier investigations on 304L/BNi-2 [3,4] no visible corrosion products could be detected. Fig. 7 shows SEM images
(done with SE-detector) of both fracture surfaces after multiple amplitude tests of the brazed specimen according to
both modes. In case mode 1, the fracture surface is brittleductile with the presence of fragile trans crystalline cleavage.
In case of mode 2, fracture surface is ductile with formation
of dimpled relief and facet cleavage. This fracture surface can
be roughly divided into two areas: a smaller fatigue fracture
area (I), with a flatter surface, in which the crack propagated
probably stepwise and slowly with each cycle, and a bigger
uneven forced fracture area (II), with rapid crack propagation,
in which plastic deformation became more dominant due to
the reduced load bearing cross-section. However, there is no
sharp boundary between these areas.
Fig. 8 shows the topographies of the fracture surfaces of
both modes and Fig. 9 cross-sectional investigations on them.
The brittle fracture behavior of mode 1 with a roughness range
of 30 m in Fig. 8 a) suggests that the fracture occurred within
the athermal solidification zone along the brittle phases, since
the width of the seam was not exceeded. It can therefore be
assumed that the crack propagated without interruption in
the centre of the athermal solidification zone, since the brittle phases are almost in a chain (Fig. 3). Therefore, less energy
was required for crack propagation, which increased the propagation speed and is consistent with the results in Fig. 6.
This assumption can be clearly verified with cross-sectional
investigations in Fig. 9 a). The presence of brittle silicides and
borides on the crack surface thus also explains the trans crystalline cleavage. In the case of mode 2 the crack could not
propagate in the centre because the number of brittle phases
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Fig. 9 – Fracture cross-sections (SEM, BSE) of a) representative area of mode 1, b) fatigue fracture area (I, near II) of mode 2
and c) forced fracture area (II) of mode 2.

was reduced, and they were more isolated. Therefore, when a
crack occurred, additional energy was required for it to grow
from the solid solution through Ni to the next brittle phase.
As a result, the fracture behavior of mode 2 was more ductile,
which is reflected in the strain values and fractographic in the
increased roughness. Due to the high deformation of the base
material and the fixation during scanning, the orientation of
the topography in Fig. 8 b) could not be represented exactly,
because the fracture beginning in area I should be some m
lower and the fracture end in area II some m higher. Nevertheless, the fact that the roughness is in the range of about
180 m shows that the crack significantly exceeds the thickness of the seam of about 65 m. In the fatigue fracture area
(I) in Fig. 9 b) it is shown that the crack propagates along the
boundaries of one DZ steel grains containing brittle chromium
borides. In contrast, in the forced fracture area (II) in Fig. 9 c),
the crack propagates through individual large ISZ seam grains.
Therefore, more energy was required to develop the crack,
which is also consistent with the results shown in Fig. 6.

4.

sion medium. Fractographic analyses showed that the fracture
propagated along the almost connected hard phases formed
by the shorter holding time and mainly along one diffusion
zone with some jumps through the isothermal solidification
zone for the longer holding time.
In summary, the brazed samples with a holding time of
40 min at 1160 ◦ C showed a more homogeneous hardness and
element distribution than the samples with a holding time
of 15 min at 1160 ◦ C. This leads to a significantly improved
cyclic deformation behavior. Occurring stress peaks could be
reduced by plastic deformation, which led to a significantly
higher number of cycles and a significantly higher maximum
stress amplitude until failure.
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