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The electrically assisted brazing of a ferritic stainless steel with nickel-based filler metal is experimentally investigated. During
electrically assisted brazing of a lap joint, the temperature of the joint is first rapidly increased to a brazing temperature and held
nearly constant for a specific period using a pulsed electric current. Microstructural analysis results strongly suggest that the electric
current during electrically assisted brazing enhances diffusion between the filler metal and the ferritic stainless steel, thus inducing
significantly thicker diffusion zones compared with induction brazing. The mechanical test results show that the strength of the
electrically assisted brazing joint is comparable to or even superior to those of the joint fabricated by induction brazing, while the
process time of the electrically assisted brazing is significantly shorter than that of induction brazing.

1. Introduction

Ferritic stainless steels are widely used in automotive industries,

especially for exhaust systems including manifolds, catalytic
converters, mufflers, and tail pipes. Ferritic stainless steels are well
known for their excellent stress corrosion cracking resistance, adequate
high temperature resistance to oxidation, good weldability, and good
forming characteristics.'"> However, the heat generated during
conventional fusion welding processes of these stainless steels may
lead to grain coarsening in the welded region, since they directly
solidify from a liquid phase to the ferrite phase without any
intermediate phase transformation.** Grain coarsening in the welded
region may reduce the toughness, ductility, and corrosion resistance of
the joint. Also, conventional fusion welding processes may not be
suitable for joining thin stainless steel sheets and may make it difficult
to accommodate the recent industrial trends of using thinner sheet
materials for weight reduction.

Brazing is a metal-joining process in which work pieces are joined
by melting and solidifying a filler material without melting the work
pieces. Since brazing does not require melting the work pieces, very

thin metal sheets that are less than a millimeter in thickness can be
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easily joined by brazing. The brazing of stainless steel sheets has been
frequently studied.>® Shiue et al.’ studied the infrared brazing of 403
martensitic stainless steel with a nickel (Ni)-based braze alloy, and they
achieved a joint strength close to 300 MPa with brittle failure. Ou et al.¢
studied infrared brazing of 422 stainless steel using a BNi-2 braze alloy
as a filler metal; they observed a decrease in the shear strength of the
brazed joint with increasing brazing temperature and/or time. Wu et al.”
investigated induction brazing of Inconel X-750 to stainless steel 304
and reported that the width of the braze-affected zone increased with
increasing joining time. Lugscheider et al.® studied the brazing of 316
stainless steel with BNi-2, BNi-5 and BNi-7 filler metals to determine
the effects of brazing temperature, time, post-braze heat treatment, and
brazing clearance on the metallurgical quality and tensile strength of
the joints. They reported that the 316 stainless steel braze joint with
BNi-5 filler metal showed the maximum joint strength.

While various heat sources are available for successful brazing of
stainless steels as mentioned above, the resistance heating can also be
a very effective heat source for brazing. The effectiveness of resistance
heating as a heat source for brazing may be accompanied by the
benefits of rapid heating and the possibility of additional athermal
effects associated with the electric current. Specifically, the electric
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current may induce the electroplasticity, wherein the electric current
enhances the mobility of atoms in addition to the well-known effect of
elevated temperature by resistance heating.*'> While a clear
explanation of the atomic-level mechanism of electroplasticity is still
being discussed, attempts to utilize the thermal/athermal effects of
electric current in various manufacturing processes (electrically assisted
manufacturing, EAM) have been reported.'® For example, Xu et al.'®
suggested an electrically assisted solid-state pressure welding process
of 316 stainless steel and reported that the maximum shear strength was

achieved with increased current density. Kim et al."”

studied electrically
assisted blanking, which exploits the electroplasticity of ultra-high
strength steel. Their experimental results showed that the blanking load
of electrically assisted blanking was clearly lower than that of blanking

immediately after local resistance heating. Baranov et al.'®

suggested an
electroplastic metal cutting process and reported that the friction force
and processing time were significantly reduced by applying a pulsed
electric current. It also needs to be mentioned that under certain process
conditions, the results for some selected EAMs have been described
without considering the athermal effects of electric current. For
example, Ng et al.!” suggested using electric current in the roll bonding
process and used the joule heating effect to explain the result that
electrically assisted roll bonding lowered rolling forces and increased
the joint strength of bonded sheets.

In the present study, we explored the unique features of electrically
assisted brazing of ferritic stainless steels using a nickel-based filler
metal. In electrically assisted brazing, only the filler metal melts and
solidifies, unlike conventional resistance spot welding. The
microstructural and mechanical properties of the electrically assisted
brazing joints were experimentally compared with those of induction
brazing. Athermal effects of the electric current in electrically assisted

brazing are discussed based on the experimental results.

2. Experimental Set-Up

In the present study, 436 ferritic stainless steel sheets with a
thickness of 0.8 mm were used for the experiments. The chemical
composition of the 436 ferritic stainless steel is listed in Table 1.
Brazing specimens with a length of 100 mm and a width of 20 mm
were fabricated from the ferritic stainless steel sheet by laser cutting
along the rolling direction of the sheet. A nickel (Ni)-based filler metal
(AMS 4777, Lucas-Milhaupt Incorporated, USA) film with a thickness
of 76 um was used for brazing, and its chemical composition is also
listed in Table 1. The Ni-based filler metal film was cut to sizes of
20 mm x 20 mm and was placed at the interface of the two brazing
specimens, while the overlap length of the two brazing specimens was
fixed at 40 mm, as schematically shown in Fig. 1(a). Two different
heating methods, resistance heating (electrically assisted brazing) and
induction heating (induction brazing), were used to fabricate lap joints
via brazing. Note that the induced eddy current during induction
heating is a surface phenomenon (or simply a skin effect).?® The
thermal homogeneity during induction heating is mostly obtained by
thermal conduction.

For electrically assisted brazing with resistance heating, a
programmable welder (VADAL SP-1000U, Hyosung, South Korea)

was used to apply an electric current to the specimens. A pair of copper
electrodes was used to clamp the brazing specimens, and an electric
current was applied through the joint of the specimens, as described in
Fig. 1(b). A custom made 25 kW induction brazing machine (SK
brazing Corporation, South Korea) with a maximum frequency of
440 kHz was used for induction brazing. The assembly of brazing
specimens with the Ni-based filler (Fig. 1(a)) was placed inside an
induction coil, as described in Fig. 1(c).

A pulsed electric current was used for electrically assisted brazing.
During electrically assisted brazing, the temperature of the assembly of
brazing specimens with Ni-based filler (simply, the joint temperature)
was rapidly increased to the brazing temperature (=1100°C) using the
electric current, which had a magnitude of /; and a duration of #. The
joint temperature was then held nearly constant for an additional
holding time #, by periodically applying an electric current /,, with a
duration of ¢, and a period of y,, as schematically described in Fig.
2(a). During induction brazing, the joint temperature also increased to
the target value (=1100°C) and was then held nearly constant for a
holding time #, by the induction coil, as schematically described in Fig.
2(b). The heating parameters for the electrically assisted brazing and
the induction brazing are listed in Table 2. Note that for the zero
holding time (#, = 0 sec), the joint was simply cooled down to room
temperature immediately after the joint temperature reached the target
brazing temperature. During electrically assisted and induction brazing,
the temperature history of the joint was measured using an infrared
thermal imaging camera (T621, FLIR, Sweden), which was calibrated
in separate preliminary experiments with a k-type thermocouple, and a
k-type thermocouple, respectively.

After brazing, the cross-sectional samples were prepared along the
width direction at the center of the joint for microstructural analysis.
The cross-sectional samples were processed using a standard
metallographic grinding and polishing procedure, and were finished
with a 1 um diamond suspension followed by electrical polishing with
colloidal silica. The cross-sectional samples were first examined using
a scanning electron microscope (SEM) to confirm that the brazing joint
was successfully fabricated without any macroscopic defects with the
heating parameters in Table 2. The microstructure was then observed
using a field emission scanning electron microscope (FE-SEM: SU70,
Hitachi, Japan) equipped with an electron backscatter diffraction
system (EBSD: EDAX-TSL Hikari, USA) and an energy dispersive
spectrometer (EDS: X-Max50, Horiba, Japan). Finally, the mechanical
properties of the joint were evaluated by simple tensile lap-shear tests
using a universal testing machine with a constant displacement rate of

2 mm/min.

3. Results and Discussion

The temperature histories during electrically assisted brazing show
that the joint temperature rapidly reached the brazing temperature
(=1100°C) and was held nearly constant during the remaining process
time (Fig. 3(a)). The temperature histories of the induction brazing are
shown in Fig. 3(b). Note that the time to reach the target brazing
temperature was much longer for the induction brazing (approximately
15 sec) than for the electrically assisted brazing (1.1 sec). Therefore, for
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Table 1 Chemical composition of ferritic stainless steel and filler material (AMS 4777)
. Chemical composition (wt%)
Materials Fe Cr Si B Ni N p C S Mo Mn
436 Ferritic stainless steel Bal. 17.0-20.0 1.00 - 0.6 0.025 0.04 0.025 0.03 0.4-0.8 1
AMS 4777 3.0 7.0 4.5 3.1 Bal. - - - - - -

Table 2 Heating parameters for electrically assisted brazing and induction brazing

Tpe Electric current Duration time Electric current Period time Duration time
P L(A) f;(sec) Ly (A) oy (seC) b (s20)
Electrically assisted brazing 2500 1.10 750 0.5 0.5
. . Induction power (%) Heating time (sec) Holding time (sec)
I
nduction brazing 75 5 0. 10,20
die=rcal ) Holding time (1) .
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Fig. 1 (a) Schematic of brazing specimen and the experimental set-up
for: (b) electrically assisted brazing and (c¢) induction brazing

the same holding time #, a higher amount of thermal energy was
provided to the joint in induction brazing than in electrically assisted

Time (sec)
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Fig. 2 Schematic of temperature histories for (a) electrically assisted
brazing and (b) induction brazing

brazing even though the effect may not be significant, since the
intensity of diffusion at temperatures below the liquidus of the filler
metal would be relatively low.

For both electrically assisted brazing and induction brazing, the 436
ferritic stainless steel specimens were successfully joined using the Ni-
based filler metal without any visible porosity or macroscopic defects,
even for #, = 0 sec, as shown in the SEM images of the cross-sections
of the joints (Fig. 4(a)). As marked in Figs. 4(a) and 4(b), it was
observed that all the brazing joints consist of three distinctively
different zones, i.e., the base metals, the diffusion zone, and the
interlayer (or the filler metal). The SEM images of the interlayer show
bright and dark phases for all the electrically assisted and induction
brazing joints (Fig. 4(c)). The results of EDS point scan analysis on the
bright and dark phases in the interlayer reveal that the bright phase is
primarily composed of Ni (~44 wt%) and Fe (~40 wt%) with different
alloying element concentrations, while the dark phase is composed of
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Fig. 3 Temperature histories of (a) electrically assisted brazing and
(b) induction brazing for various brazing conditions

B (~15 wt%), Cr (~37 wt%), Fe (~36 wt%), and a smaller amount of
Ni (~8.5 wt%). It is interesting to note that both bright and dark phases
are Fe rich, which indicates the dissolution of Fe from the ferritic
stainless steel base metal into the molten brazing filler metal during
brazing. A further discussion on the microstructure of the interlayer is
outside the scope of the present study. The microstructures of the
interlayer of brazing joints of stainless steels with Ni-based filler metal
have been discussed in the open literature.>

The thickness of the diffusion zone can be approximated by the
distribution of major alloying elements across the interface between the
interlayer and the base metal through the EDS line scan. As expected, the
EDS line scan results of four different alloying elements (Fe, Cr, Ni, and
Si) show that the concentrations of those elements gradually change
within the diffusion zone for all the brazing joints (Fig. 5). In the present
study, the concentration curve of Ni, which is the major alloying element
of the filler metal, was used to measure the thickness of the diffusion
zone (Fig. 6). The thickness of the diffusion zone was measured by

Base metal

Interlayer

Interlayer

Diffusion zone

Base metal 001 101

Electron Image 1
(©

Fig. 4 Cross-sectional images: (a) SEM micrograph of electrically
assisted brazing (¢, = 0 sec), (b) EBSD inverse pole (IPF) map
of electrically assisted brazing (#, = 5 sec), and (c) SEM
micrograph of interlayer (filler metal) of electrically assisted

brazing (#, = 0 sec)

measuring the distance from the last peak of the concentration curve of
Ni prior to the rapid decrease to the point of average Ni intensity of the
436 ferritic stainless steel, as schematically marked in Fig. 6(a). The
diffusion zone thicknesses were measured on both the top and bottom
sides of the interlayer for each specimen. Note that some fluctuations in
the concentration curve of Ni were found in the interlayer zone. This is
attributed to the two different Ni rich (bright) and Ni poor (dark) phases
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Fig. 5 SEM-EDS elemental line scans of Ni, Cr, Si, and Fe across the
brazing joint: electrically assisted brazing for (a) #, = 0 sec, (b)
t, = 5 sec and induction brazing for (c) #, = 0 sec, and (d) #, =
20 sec
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Fig. 6 The Ni distribution: electrically assisted brazing for (a) #, = 0
sec, (b) #, = 5 sec and induction brazing for (c) #, = 0 sec, and
(d) t, =20 sec

in the interlayer zone as marked in Fig. 4(c).
As expected,”*' measurements of the thickness of the diffusion zone
show that the thickness increased as the holing time #, increased (Table 3).
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Table 3 The thickness of diffusion zone in brazing experiment with various brazing conditions

Electrically assisted brazing for holding time (sec) Induction brazing for holding time (sec)

Type =0 t=5 =10 =0 t,=10 t,=20
(ortp=2) (ortp=6.6) (ortp=11.7) (ortp=9) (ortp=18.5) (or t,=28.3)
Top 01 29.5 40.1 45.6 15.7 16.8 19.5
Thickness of Ni Top 02 24.6 394 435 11.5 17.4 17.3
gradient Bottom 01 32.6 374 40.3 12.6 18.5 22.1
(4am) Bottom 02 30.1 37.1 38.2 14.2 14.5 20.7
Average 29.2 38.5 41.9 13.5 16.8 19.9
However, a comparison of the results for electrically assisted = Electrically assisted brazing
brazing and induction brazing shows that the thickness of the diffusion = 604 o Induction brazing
zone can vary significantly depending on the heat source. The diffusion Y&; 1 Linear least square fit, electrically assisted brazing
zones of electrically assisted brazing joints appear to be much thicker £ 50— Linear least square fit, induction brazing
than those of induction brazing joints. Even the diffusion zone for g 1
electrically assisted brazing with #, = 0 sec is approximately 50% E 404
thicker than that for induction brazing with #, = 20 sec. The E 1 _
significantly thicker diffusion zones of electrically assisted brazing 2 304
joints suggest that the athermal effect of the electric current®'" occurred —; 1
during electrically assisted brazing in addition to resistance heating. 'ﬁ 204 i .
The result of induction brazing was not much different from that of g 1 /
furnace brazing with similar experimental parameters. g 104 =" -
For induction brazing, the thickness of diffusion zone, X)), in Table q"‘E 1 - -
3 can be simply related to the diffusivity and the diffusion time as? a 04=7= — 1
0 1 2 3 4 5 6

Xpoc /Dty (1

where D and 75 are the diffusivity of Ni to the ferritic stainless steel and
the diffusion time, respectively. In the present study, the diffusion time
is defined as the period in which the joint temperature is above the
liquidus (1000°C) of the filler metal, as listed in Table 3. The thickness
of the diffusion zone can be plotted as a function of the square root of
diffusion time, [ , as shown in Fig. 7. As listed in Table 3, the figure
shows that resistance heating using an electric current result in a
significant offset in the thickness of the diffusion zone. Note that the
slope of the linear least square fit (LSF) for the results of induction
brazing can be easily correlated with diffusivity during induction
brazing. However, one may not simply correlate the slope of the LSF
from the electrically assisted brazing results with the diffusivity during
electrically assisted brazing, since each result for the electrically
assisted brazing has both a different diffusion time and a different
history of electric current density. In general, the enhanced diffusion by
electric current corresponds well with the enhanced diffusion of Zn/Cu
couples by electric current.'” However, it may be too early to explain
the effect of electric current on diffusion by using the theory of electron
migration, since a few recent studies reported experimental results that
cannot be simply explained by the theory of electron migration.''-?
Even though various hypotheses are being actively investigated,?*2° the
exact mechanism related with the athermal effect of electric current,
has not been identified yet.

Fracture during tensile lap-shear tests occurred in the interlayer
along the interface between the diffusion zone and the interlayer for all
electrically assisted and induction brazing joints (Fig. 8). For both
electrically assisted and induction brazing, the shear strength increased

with increasing holding time #, (or the brazing time #5), as shown in

Diffusion time (sec'”)

Fig. 7 The diffusion thickness as a function of the square root of
diffusion time

— 20 ym

Fig. 8 Cross-sectional image of brazing joints after shear test for
electrically assisted brazing specimen for #, = 5 sec

Fig. 9. A comparison of the shear strength of the joints shows that
electrically assisted brazing induced a higher fracture strength than
induction brazing even with a shorter holding time or brazing time. For
example, electrically assisted brazing with #, = 0 sec (or 7, = 2 sec)
induced an average fracture strength of 184 MPa, which is higher than
the result of the induction brazing with #, = 10 sec (or #p = 18.5 sec)
and comparable to the result of induction brazing with #, = 20 sec (or
tp = 28.3 sec), as indicated in Fig. 9. The higher fracture strength

obtained by electrically assisted brazing corresponds well with the
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Fig. 9 Comparison of shear strength: electrically assisted brazing for
t, = 0 sec (EABI), t,, = 5 sec (EAB2), and 7, = 10 sec (EAB3)
and induction brazing for holding time of #, = 0 sec (I1), ¢, =
10 sec (I12), and 7, = 20 sec (13)

higher diffusion of Ni into the base ferritic stainless steel in electrically
assisted brazing, since the strength of the brazing joint is affected by
the diffusion of main alloying elements in the filler metal to the base

metal %%

4. Conclusions

In the present study, the effectiveness of electrically assisted brazing
was compared with that of conventional induction brazing by joining
ferritic stainless steel sheets with a Ni-based filler metal. As shown in
the microstructural analysis results, the electric current during
electrically assisted brazing significantly enhanced the diffusion
between the filler metal and the ferritic stainless steel sheets in
comparison with induction brazing. The enhanced diffusion during
electrically assisted brazing strongly supports the athermal effect of
related to the

electroplasticity. Also, the results of mechanical tests showed that

electric current, which is closely theory of
electrically assisted brazing provided a joint strength comparable to the
strength of the induction brazing joint with a significantly shorter
processing time. Therefore, the electrically assisted brazing provides
the technical advantage that the process time can be significantly
reduced without sacrificing the joint strength (or a higher joint strength
with a similar process time) in comparison with induction brazing.
Also, due to the significantly higher heating rate, the energy loss to the
environment during heating is likely to be less in electrically assisted
brazing than in induction brazing. These superior properties of
electrically assisted brazing over induction brazing could make
electrically assisted brazing a strong candidate to replace conventional

induction brazing.
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