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ABSTRACT

Using torch brazing techniques, 316 stainless steel was brazed to CP copper using flux-coated low silver content
filler with 20% Ag. The brazing torch utilized a fuel mixture of propane gas with oxygen to produce the required
heating amount due to the possibility of economic interest in employing low-silver-content filler. The brazing
filler’s braze ability with SUS304 and copper was scrutinized and deeply analyzed. A ferrite barrier layer was
made on the stainless-steel side, and an excellent brazed joint was produced. Metallurgical studies using an optical
microscope and a scanning electron microscope (SEM) confirmed the production of a ferrite layer. This layer’s ad-
vantages were carefully examined with metallurgical testing, electron diffraction scanning (EDS), EDS mapping,
and EDS line analyses, including preventing copper intergranular penetration into the stainless-steel grain bound-
ary. The mechanical properties of the brazed joint and its usability were assessed through Vickers microhardness
and tensile tests on the brazing seam and both base metals. The results of the brazing process showed that using
flux-coated low-silver brazing techniques produced strong joints with satisfactory mechanical properties. These
techniques are a cost-effective alternative to high-priced brazing fillers with high silver content. Geometrical mod-
els simulated the heat distribution using ANSYS and SOLIDWORKS software to analyze penetration depth, joint

quality, surface cracks, and the relation between molten filler density variation and the wetting process.
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INTRODUCTION

Due to their electrical and corrosion resis-
tance properties, copper and stainless-steel dis-
similar joints are widely used in various indus-
tries. However, joining copper with stainless
steel is challenging in modern manufacturing.
The lack of unity between stainless steel and
copper in terms of their mechanical, thermal,
and chemical properties complicates this join-
ing. It is challenging to achieve copper-to-stain-
less steel dissimilar jointing without any defect
using conventional fusion welding methods like
gas tungsten arc welding, submerged arc weld-
ing, shielded metal arc welding, and gas metal
arc welding due to the difficulties in control-
ling the formation of undesirable phases and
cracks formation in welding zone [1]. Fusion

arc welding technology is a significant copper
and stainless-steel welding technology due to its
flexibility and low cost. However, in arc welding
technology, the base metal representing one of
the welding arc electrodes immediately absorbs
welding arc heat and melts. Excessive fusion
of the welding zone results in total dilution and
circulation between Fe base metal and Cu, in-
creasing Cu content inside the welding interface.
At the same time, due to the base metal’s high
thermal expansion, stresses would be generated
and then concentrated at the welding interface
when directly heated by the focused energy of
the welding arc. Therefore, when tensile stress is
applied, a crack from copper penetrating would
occur. The copper penetrating phenomenon has
essential acts in austenitic stainless-steel em-
brittlement. This crack type can be found in
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grain boundaries between the stainless-steel in-
terface and the joining fusion zone (FZ) [2, 3].
According to earlier research, molten liquid cop-
per diminished stainless-steel strength by up to
35% and decreased elongation by up to 73%
[4]. Brazing joining was often used in dissimilar
joint fabrication in the past years. However, the
problem with these joints’ quality was required
to vacuum technology during this process, which
often influenced determining the joint’s quality
[5]. Cu to stainless steel brazed joints is widely
used in cooling and heating systems, refrigera-
tors, and food-freezing equipment [6]. The se-
lection of filler or an electrode material compat-
ible with parent metals is one of the significant
challenges facing this joining. Dissimilar metal
joining is considered a complicated bonding
technology compared to similar metal joining,
as investigated by Devendranath et al., due to
thermal and chemical properties alterations.
Significant problems with these joints were the
solubility problems resulting from the chemi-
cal composition difference between metals to be
joined [7]. A mismatch in the value of the ther-
mal expansion coefficient between two materials
to be jointed also resulted in major joint failure
as sequenced by thermal fatigue. Melting one of
the base materials before the other due to the dif-
ference in melting point and thermal conductiv-
ity could cause a lack of fusion defects. In these
situations, the preheating process should be used
with higher thermal conductivity material before
welding, as Sajjad et al. [8] reported when in-
vestigating AISI 304 GTAW with copper. AISI
304 is one of the most used types of stainless
steel. Still, its low dissipation of heat when ser-
viced at high-temperature conditions causes the
creation of undesirable phases, which influence
its mechanical properties reduction. When join-
ing copper to stainless steel, stainless steel’s in-
adequate heat dissipation can be improved with
copper, which has good thermal conductivity.
These joints, in turn, will prevent undesirable
phase formation like chromium carbide precipi-
tation and sigma phase. Filler metal selection
is compatible with both metals and is critical
in joining stainless steel and copper. Improper
filler metal selection produces defects like po-
rosity, hot cracks, shrinkage, fusion lack, and
decreased tensile strength, as detected by Sajjad
et al. [8]. Joining dissimilar metals like copper
with 304 stainless steel includes many applica-
tions in food processing and vessel industries,
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reported by Durgutlu et al. [9], to employ ex-
cellent corrosion resistance and high strength of
stainless steel with copper’s significant electri-
cal properties and high thermal conductivity [9].
Copper and AISI 304 joints are widely used in
the heat transfer devices industry. It has been re-
ported in Magnabosco et al. research that such
joints have critical and essential applications
[10]. Velu et al. have provided results showing
that these weldments’ performance cannot be
predicted and requires further investigation to
understand their properties fully. Joining stain-
less steel with copper requires a proper selection
of fillers and electrodes. Previous research [11]
shows that nickel-based fillers and electrodes
offer better results than bronze fillers and elec-
trodes. Bronze fillers can cause hot cracks and
porosity defects, making them less desirable.
However, nickel-based fillers and electrodes are
recommended due to their improved mechanical
properties and enhanced solubility of copper and
iron. The research also suggests that controlling
and limiting the amount of molten copper from
brazing filler dissolved in steel is essential to
achieve joints without defects. Regarding stain-
less steel to copper pipe brazing, Ag-based braz-
ing filler is traditionally used. The best results
have been achieved using BAg8 eutectic Ag-
based filler. Although it has good brazed abil-
ity, unfortunately, this filler’s high Ag content
makes it costly. Fillers with low-silver content
could be an economical option when selecting
less expensive brazing filler metal; however,
the issue with these fillers, as shown in Figure
1, requires a higher liquid temperature than
BAg8 eutectic filler. High brazing temperatures
had terrible effects on joining because they sup-
pressed brazing wetting between filler and base
metal. Also, these fillers had high Cu content.
Decreasing Ag content in filler metal would in-
crease fluidity due to increased melting temper-
ature with increasing Cu range. Therefore, this
investigation investigates and discusses stain-
less steel to copper brazed with flux-coated low
silver filler metal and the braze ability of flux-
coated low silver filler torch brazing techniques
[12]. Stainless steel to copper torch brazing
joining offered significant advantages due to the
excellent mobility of the brazing torch and the
ability to reach critical join complicated design;
also, the torch brazing had the benefit of locally
heating the brazed joint without exposed metal
out from entering to undesired heating [13].
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Fig. 1. Ag/Cu binary phase diagram

High-temperature localized brazing techniques,
such as torch brazing, are frequently used in the
aerospace, chemical, and power generation in-
dustries to join parts that cannot fit inside a fur-
nace, like compressor impellers or turbine parts.
During service, these parts experience various
loading conditions, including thermal, mechani-
cal, and corrosive. Therefore, stainless steel is
commonly used to manufacture these parts due
to its good combination of mechanical strength
and corrosion resistance [14, 15].

EXPERIMENTAL MATERIALS
AND PROCEDURE

316 austenitic stainless steel has an 18 mm
inner diameter and 20 mm outer diameter, and
commercially pure copper has a 20 mm inner di-
ameter and 22 mm outer diameter. Brazed speci-
mens were used in this investigation. A solid work
schematic diagram of a torch brazing tube joint
used in this investigation is illustrated in Figure 2.
Low-silver-content flux-coated torch brazing
filler wire was used with 20% silver brazing
filler. Base metal tubes and flux-coated low sil-
ver brazing commercial filler chemical composi-
tions with filler melting temperatures are listed
in Tables (1-3). A mixture of propane and oxy-
gen was used as brazing fuel to generate the re-
quired brazing temperatures between 780 °C and
810 °C to melt the low silver contain filler. The
flux-coated brazing rods already have the flux
in the rod, a product that is easier to use. It is
essential to consider the type of finish required.
Both tubes were cleaned with oil removal, ac-
etone, and water to remove any chemical trace
of oil removal and well drying just before the
torch brazing. Stainless steel tube inserts inside
the copper tube with 0.1 to 0.14 mm tolerances
between the two surfaces and about 70 mm deep.

Fig. 2. Schematic of geometry and configuration

Table 1. filler metal chemical composition and melting temp

Silver Copper Zinc Silicon Melting Temp. Solidus Temp.

20 44 36 0.15 810 690

Table 2. AISI 316 stainless steel base metal chemical composition
C Si Mn P S Ni Cr Mo N Fe
0.08 0.60 1.7 0.04 0.028 12 17 24 0.08 Balance
Table 3. Copper base metal chemical composition
Cu P S Ni
99.99 0.001 0.002 0.002 0.002

169



Advances in Science and Technology Research Journal 2024, 18(1), 167-183

After that, about five samples were torch brazed
and long tail cuts to test the microstructure, filler
metal penetration, microhardness, SEM, EDS,
and tensile tests for testing and estimating the
joint microstructure and mechanical properties.

Microstructure, SEM, and EDS test

After brazing, a 30 mm long specimen was
cut for metallographic observation, including the
brazed joint at the center of the prepared sample.
Then, a specimen is polished with grinding papers
starting from 150 to 2000 grit size, and fine pol-
ishing is done on the specimen surface with the
diamond paste by a polishing machine. For micro-
structure observation, specimens etched in the fol-
lowing reagents: HCL (15 mL) + HNO, (5 mL) for
316 stainless steel and (10 grams CuSO, + HCL
50 mL + H,0 50 mL) copper base metal and join-
ing zone. Then, the etched sample was observed
with an optical microscope (OM) (Radical 2000
x Metal Alloy Grain Testing Metallurgical Top
Light Microscope w XY Stage) for microstruc-
tural analysis of various joint zones. Scanning
electron microscope (SEM EM-30 Series) with
energy dispersive spectrometers (EDS) imploded
to evaluate elements distribution inside the brazed
joint and diffusion zone and its transformation be-
tween joining and diffusion zones from both sides.

Vickers microhardness tests

Vickers microhardness tests of the Cuto SUS316
tubes were done over the entire cross-section of all
five zones (stainless steel base metal zone, stain-
less steel diffusion zone, brazed joint area, copper
diffusion zone, and finally, copper base metal zone)
to record the hardness profile. The testing done by
(Micro Hardness Tester — Turret Control, Manual
Software (900-391C)) device, testing applied load
was 200 grams for the CP copper side and 500
grams employed when testing the remaining four
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zones. Testing dwell time was 10 seconds, and mi-
crohardness was recorded every 0.25 mm.

Tensile test

Rectangular transverse tensile test samples
were prepared from the brazing tubes using a
wire-cut machine to test the tensile shear strength
and estimate the joint mechanical properties be-
tween CP copper and AISI316 stainless steel.
Tensile strength was measured using a 200 kN
(20000 kgf) Universal Tensile Testing Machine,
Model TB20T device produced by China with
cross-head 0.5 mm/min moving speed. Three ten-
sile test samples were tested to ensure the reliabil-
ity of the results. The tensile testing is performed
after extracting tensile specimens from welded
samples along the transverse direction of the pipe
joints as per the standard dimensions mentioned
in Section IX of the American Society of Me-
chanical Engineers (ASME) standards, as shown
in Figure 3.

Thermal analysis with ANSYS models

Thermal distribution along the brazed joint
was investigated, and the temperatures along the
interface between stainless steel and copper were
tested and analyzed with ANSY'S thermal models.
The heat distribution along the joining interface is
essential to determine and predict the joint depth.
How far the molten filler can penetrate inside the
joining area, this parameter is critical in determin-
ing the joint strength and the part usability.

RESULTS AND DISCUSSION

Brazing microstructures analyzing

The explained microstructure showed exem-
plary metallurgical bonding cross-sections be-
tween the low silver brazing filler and both base
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Fig. 3. Tensile test sample scheme
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metals from both sides. Flux-coated silver brazing
20% silver revelation an excellent fluidity based
on its good fillet pentation even when surface
temperature drops and increases the molten filler
density. Conversely, the fluidity of flux small sil-
ver content brazing plaster is less than traditional
high-silver fillers such as BAg8, according to
earlier research [16]. Cu base metal dissolution
occurred moderately during brazing when brazed
with fillers without flux. Still, when flux-coated
low-silver filler was used, Cu metal dissolution
became extensive compared with high silver fill-
ers due to the relatively high copper percentage
and high liquid temperature of low silver filler.
A significant problem when joining copper to steel
alloys is the intergranular liquid metal penetration
of molten copper into the steel grain boundary, as
shown in Figure 4, which causes cracks in base
metal. Tensile stress is expected to develop at
the brazed joint zone between copper from mol-
ten filler and steel when brazing heat is applied;
this heat would agitate open micro-cracks with
critical bulk close to the brazing solid/liquid edge
from the steel side due to metallic embrittlement
[17]. This process is prejudicial to the durability
of joining structures, preventing Cu penetration
usually achieved by controlling the process pa-
rameters when possible or by the metallurgical
approach, which is more effective. The metal-
lurgical system is based on ferrite having admi-
rable intergranular infiltration struggle against

smelted copper perception compared with aus-
tenite. Harmful copper intergranular penetration
can be inhibited by producing a thin ferrite sheet
as an obstruction. The adequate technique adds
elements to copper, working as a ferrite stabiliz-
er and promoting ferrite formation in the brazed
joint interface. Zn, Si, and other elements could
be practical ferrite stabilization elements. These
elements have significant diffusion coefficients in
steel and are beneficial for controlling interface
interfacial reactions.

The brazed joint microstructure in Figure 5
demonstrates the formation of this barrier layer
between brazing filler and stainless steel. Figure
4 A, B, C, and D reveal continuous but un-uni-
formed ferrite layers of a-iron and zinc. The cre-
ation of this layer in flux-coated low silver braz-
ing filler will depend essentially on the diffusion
mechanism of Zn in Fe. The brazing heat amount
will govern the formation of the ferrite barrier
layer, and its composition can be predicated on
the Fe-Zn binary diagram shown in Figure 6.
This phase diagram shows that magnetic transi-
tion happens in a-Fe below 770 °C temperatures.
Fe-Zn phase diagram, also illustrated at 700 and
750 °C on magnetic transition line, Zn percent-
age must be between 3.3 and 11.5 for transition to
magnetic characteristics. Based on their research,
the authors suggest that the thickness and con-
centration of the ferrite layer could have led to
the formation of two phases of ferromagnetic and
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Fig. 4. Mechanism of ferrite barrier hindering intergranular liquid copper penetration into steel
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Fig. 5. Ferrite barrier in stainless steel joints side. (A) magnification of 10X. (B) 20X. (C) 40X. (D) 80X

paramagnetic -Fe, which may have undergone
magnetic evolution. [18].

The Ferroscope was used in this investigation
to measure the ferrite percentage in the barrier
layer depending on the magnetic transition and
detect the ferrite formation. Fe-Zn phase diagram
illustrated that the y-Fe When the temperature is
between 912 and 1394 °C, the phase is steady
and stable below 780 °C. [19]. No y-Fe phase is
expected to be found in the barrier layer in this
investigation due to the brazing filler molten
temperature at 810 °C. The liquid Zn solidified
upon cooling the Fe/Zn phases, producing inho-
mogeneous microstructures of two phases. This
solidification process caused segregation in the
solidified liquid, resulting in significant variation
in the composition of the brazing seam [20]. At
900, 850, and 800 °C temperatures, the solidi-
fied Fe/Zn liquid forms a-Fe and three types of
microstructures. In contrast, at temperatures of
750 and 700 °C, the molten metal solidifies into
two phases, I' and a-Fe. As the amount of Zn in
the molten brazing metal increases, the inter-dif-
fusion coefficients between the two phases also
rise. The current inter-diffusion coefficients cover
the complete compositions of the -Fe and single-
phase area [21]. From the above, we can conclude
that forming a ferrite layer is essential in inhib-
iting molten Cu intergranular penetration inside
the steel. Zn diffusion behavior is critical during
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brazing seam formation between steel and molten
filler rich in Zn and copper. Chemical potential is
the Zn diffusion driving force since the assistance
of other elements in Zn distribution and liquid
Cu penetration is very small; the contribution of
these components will be abandoned and will not
be investigated in this experiment’s discussion
about Zn diffusion behavior. Steel dissolves into
a liquid phase when solid stainless steel is wetted
with Zn from molten brazing filler. Alloying ele-
ments like Fe and Cr may diffuse from stainless
steel toward liquid filler, resulting in Zn chemical
potential alterations inside liquid phase approach
solid/liquid interface. When the mole fractions of
Fe and Cr rise, the chemical potential of the Zn el-
ement falls. Dissolving stainless steel would raise
liquid phase Fe and Cr concentrations close to the
solid/liquid boundary and lower Zn’s chemical
potential. To create an unformed thickness bar-
rier layer between the copper and base metal, Zn
continually collects inside the molten filler ap-
proach brazing seam diffusion line with stainless
steel and spreads in the direction that was discov-
ered to be from liquid to solid/liquid zone. This
demonstrates that Zn diffusion is accomplished
through diffusion and Zn mass transfer.

Zn must diffuse from molten filler into stain-
less steel to promote ferrite layer formation be-
tween the brazing interface and stainless steel.
When Zn diffused in the direction of stainless
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steel, Cr and Fe are presupposed to be a constant
ratio. Zn chemical potential increased when Zn
increased due to the increase in diffusion rate
when the temperature rises until a specific tem-
perature. The chemical potential of Zn in stainless
steel will be lower than this element’s chemical
potential inside molten filler when the Zn mole
fraction is identical for both. The Zn molar frac-
tion of stainless steel in the brazing diffusion line
is lower than molten filler during the initial inter-
facial response stage, enhancing the difference in
Zn chemical potential between the two materials.
Additionally, as the temperature increased, the
chemical potential of zinc dropped significantly.
The slight reduction in chemical potential caused
by increasing temperature was insufficient to in-
verse the direction of Zn diffusion. Therefore, Zn
behavior piling up inside molten filler in a brazing
diffusion line with stainless steel induces further
Zn diffusion because of considerable differences
in chemical potential [22]. The surface energies
at the boundary are crucial when estimating the
depth of filler penetration. Per the laws of ther-
modynamics, a decrease in surface energy drives
the nucleation and growth of new phases. This
decrease occurs due to a significant misalignment
in grain boundary energy (ygb) between solid-lig-
uid interfaces, resulting in a lower system energy
(ysl). In essence, 2(ysl) < (ygb). To comprehend
the intergranular penetration mechanism, we
must understand how ferrite behaves. When the
system temperature is below 930 K, ferrite exhib-
its lower Gibbs free energy than austenite [23].

Temperature increases with Zn content increasing
inside the system until Zn content reaches a spe-
cific amount; then, ferrite will have Gibbs energy
less than austenite in wholly system temperatures.
Therefore, ferrites can form inside the barrier
layer according to these experimental situations.
Studies on the wetting theory of grain boundaries
and related experiments have indicated that fer-
rite exhibits strong resistance to liquid copper in-
tergranular penetration. As a result, it is possible
that conventional wetting theory does not have
a significant impact on micro-intergranular pen-
etration. Current investigation experimental con-
ditions compared with traditional wetting theory
indicate wetting mechanisms could be connected
to Zn diffusion and accumulation in the brazing
diffusion line because the ferrite band layer con-
tains a high Zn percentage due to reduction ex-
pected in both Zn and Cu scheduled to reduce in
steel’s solidus and liquids considerably.

Brazing SEM and EDS line map analysis

Figure 7 displays the SEM images of flux-
coated brazed joints with low silver filling. The
SEM image shows the copper side on the right
and the stainless-steel side on the left. A good sur-
face without micro cracks but with some slag in-
clusion can be observed at the start of brazing, as
shown in Figures (7) (A) and (B); good intersect-
ing zones between the brazed joint and both sides
can also be seen. In Figure 7 (C), when moving
deeply inside the end of the joint, a gray-black
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Fig. 7. SEM images of (A) and (B) Brazed joint with two base metals sides at the starting of the joint, (C) SEM
image at the joint end with a micro crack along the stainless-steel side, (D) SEM image of the brazing solidified

filler metal

crack starting in the ferrite barrier layer is ob-
served with a 5.4 to 20 um size and irregular width
along the intersecting zones between the brazed
joint and stainless-steel side. This study’s authors
explain this due to the drop in brazing temperature
when the distance increases from the heat source
at the joint starting; also, the high thermal expan-
sion of stainless steel plays an essential role in this
process. Figure 7 (D) SEM image demonstrates
the brazed joint metal, rough gray-black phase of
Cu-based solid solution observed in this zone.
The energy spectrum chemical compositions
of the phases in Figure 7 (A) show scanning out-
comes from the energy spectrum of the metal.
Consistent with the Cu/Fe and Fe/Zn phase pic-
tures, when the temperature reaches 850 °C, Zn
and Cu effectively dissolve in Fe when Zn solid
solubility is higher than Cu [23]. However, braz-
ing filler with Ag content has serious dissolved
problems in a-Fe [24]. EDS results in Figure 8
(B) show the transition brazing line between
brazing filler solidified metals and stainless-steel
side; the results reveal the high concentration of
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Zn and Fe with low Ag percentage, which gives
strong evidence about the ferrite layer formation.
EDS results of the brazed surface micro-crack at
the brazed joint end show strong proof of the fer-
rite barrier layer; Table 4 lists chemical analysis
of the brazed seam and Table 5 lists the transi-
tion line between stainless steel base metal and
brazing metal chemical composition. Line scan-
ning results in Figure 9 show Cu, Zn, and Ag
diffusion degrees in the brazed flux-coated low
silver filler joint metal. At the same time, energy
spectrum scanning results show that the scanning
area where the step-like shape is where the cop-
per component diffusion will be greater than the
silver and create the solid copper-based solution.
[25]. While concave—convex energy spectrum
scanning area is at an exact Figure of the Ag/Cu
eutectic region, silver diffusion is higher than
copper in this region, and solid solutions with sil-
ver-based will be formed [26]. The periodic table
shows that Ag and Zn have distinctive periods,
but Zn and Cu have a standard period. The atomic
diameter difference between copper and zinc is
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smaller than the variance between silver and zinc ~ when Cu and Zn dissolved in Ag at a low melting
atomic diameter; at the same time, Zn solid solu- point due to the temperature drop. The residual
bility in Cu is more excellent than Zn in Ag [27]. liquid will form a (Cu + Ag) eutectic structure
Consequently, when the temperature decreased, as the system temperature steadily drops to the
Zn and Cu solid solution had high melting point  eutectic point [29]. Scanning results from the en-
crystallization [28]. Remaining Cu and Zn atoms ergy spectrum of flux coating low silver base fill-
in the liquid phase diminish as solidification pro- er brazing seam are shown in Figure 11; copper
gresses. A silver-based solid solution was created  and silver elements distribution observed insides

EDS POINT (2)

%} HV mag O WD spot  det m (QP 39 O WD t
: 20.00kV  25516x  129mm 4.0 fic S 2000kV  1000x  129mm 4.0

Fig. 8. EDS analyses the location of (A) brazing solidified metal and (B) brazing
transition line between the braze metal and stainless-steel side

Table 4. EDS chemical analysis of brazing solidified metal (point 1)

Element C (0] Cl Cu Zn Rb Nb Ag
Weight % 10 8.4 18 324 34.9 05 19 192
H 0,
‘éve'ght % 0.2 0.1 0.4 0.5 0.1 0.2 0.3
rror

Table 5. EDS chemical analysis of brazing transition line (point 2)

Element C (6] Fe Cr Ni Cu Zn Ag
Weight % 7.8 20.3 13.0 1.9 7.9 15 20.3 174
‘éveight % 0.4 0.4 0.6 0.2 0.3 0.4 0.6 0.4

rror

HV mago | WD spot  det |———200pm
20.00kV | 800 x | 129mm | 4.0  ETD Axia ChemiSEM-Thermo Scientific

Fig. 9. Line map EDS scanning results between points A and B crossing the brazed joint
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Fig. 10. Elements distribution map EDS scanning results of solidified brazed joint
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Fig. 11. Elements distribution map EDS scanning results of intersection
brazing line between brazing metal and stainless steel side
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can be realized that Cu interface in the brazed
joint using flux coating low silver filler is distrib-
uted uniformly inside the solidified joint metal.
In contrast, Ag is closely distributed in clusters
around Cu and connected. Without segregation,
a uniformly distributed Zn model can be seen in
the (Cu + Ag) eutectic phase, silver- and copper-
based solid solutions [30]. The joint intersection
elements distribution EDS result between the so-
lidified brazing seam and stainless steel in Fig-
ure 11 illustrates the high concentration of Zn in
the brazed joint without passing to the stainless-
steel side. Also, the results realized the Cu high
concentration inside the joint without any trace
or affected presence on the stainless-steel side.
These results proved the ferrite barrier’s success-
ful work in preventing Cu’s intergranular penetra-
tion into the Fe grain boundaries. The EDS map
images in Figure 10 show no Ni and Cr elements
distribution inside the brazed metal, while there
is a good distribution of C in the joining seam.
Brazing techniques depend on wetting phenom-
ena between molten filler and base metal. Chro-
mium oxide surface film-reducing techniques
based on carbon achieve wetting in stainless steel
with high carbon. However, this effect may not be
practical in joining seams due to the absence of
Cr, and in sequence, there is no chromium oxide
film to reduce. The EDS map images illustrated
high Ni and Cr element concentrations in the 316
stainless steel intersection with the brazing seam
in Figure 11. The Mn presence in base metal in
the 316 base metal side and intersection line helps
the wetting process [31]. Further, Ni high content
in the 316 base metal also participates in better
wetting with the braze metal.
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Mechanical properties of brazed joint

The brazed joint microhardness was mea-
sured using the HV-1000 microhardness tester
with a 200 gf testing load and 10 s dwell time.
The represented results in Figure 11 are for the s.
The Microhardness curve in Figure 12 shows that
brazed joints’ hardness values are significantly
higher than the base metals. The maximum mi-
crohardness is 151 HV at the center of the flux-
coated low silver filler brazed joint metal, and the
minimum is 100 at the intersection between braz-
ing metal and stainless steel due to the softness
effects of the ferrite layer in this zone. These re-
sults reflected the formation of the high hardness
phases of Cu-Zn inside the brazing metal joint;
these phases will reduce the joint toughness and
affect the fracture location point during the tensile
test. Also, it will reduce the shear results of the
brazed joint. Universal Tensile Testing Machine
(200 kN), Model TB20T, used in testing brazed
joint tensile and shear strength. During the shear
test, the specimen that brazed with a 10 mm over-
lapping length finally failed at the overlapping
joint. The brazed joint average tensile strength is
152 MPa, and the shear strength is 102 MPa. Re-
sults show that the mechanical properties of flux-
coated low silver s obviously have good brazed
joints. The authors explain these results due to
the Cu-based solid solution’s small size inside
the brazed joint metal. This small size is equiva-
lent to grain refinement effects inside the joining
structure. Also, these results indicate minimal or
no formation in some cases of the eutectic (Cu
+ Ag) phase at the brazed joint [32]. This study
investigated the differences between flux-coated
low silver filler properties and silver-based solid

7 8 9 10 11 12 13

DISTANCE EVERY 0.24 mm

Fig. 12. Vickers microhardness profile of two base metals and brazing seam
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solutions fillers. Still, this filler consists of more
considerable microstructure alterations incorpo-
rated with small needle-like eutectic silver cop-
per than traditional Ag filler. Compared with both
parent metals, the microhardness of the brazed
joint is considerably increasing, reaching 151
HV; this number is higher than both base metal
microhardness. Its tensile and shear strength are
generally lower than other Ag fillers’s.

Brazed joint mathematical and
ANSYS heat distribution models

The torch brazing process has many complex-
ities associated with its technology; making direct
observation is very difficult for the present visual-
ization technology. Fortunately, mathematical and
numerical simulation provides a valuable way to
qualitatively reduce the experimental details and
undiscovered physical mechanisms in the torch
brazing process. During the torch brazing, par-
ent metals’ temperature rapidly changes. Defin-
ing parent metals’ thermal properties in different
brazing temperatures is necessary to achieve ex-
act heat distribution simulation results. Metals’
thermal physical properties, such as density, did
not dramatically alter with temperature varia-
tion during brazing and, according to that, can be
treated as constant values depending on the base
metal type. In this paper, ANSYS software cal-
culates parent metals’ thermal properties in dif-
ferent temperatures and is checked by a literature
search for more accurate results [1, 16, 17]. The
thermos physical properties of both stainless steel
and copper were established in simulation by set-
ting up the convection and heat flow for both met-
als as boundary conditions for simulation results.
The assembly of the geometrical model involves
two tubes, each with a 1 mm wall thickness and

outer diameters of 20 mm for stainless steel and
22 mm for copper. This was achieved using Solid
Work software and then imported into ANSYS
for simulation purposes, as depicted in Figure 13.
The geometrical element mesh in Figure 14 was
generated using ANSYS MESH software, result-
ing in 6128 elements and 40938 nodes, with a de-
fault size of 0.005.

Simulation results accuracy is evaluated by
comparing this study’s simulated temperature
field with brazed joint cross-section metallogra-
phy results. Figure 15 shows temperature distri-
bution field of the brazed joint and brazing over-
lap. The maximum brazing expected temperature
is 850 °C as can be seen from Figure 15, which
is above the melting point of the brazing filler al-
loy; this temperature simulates the actual braz-
ing process, which uses the flame temperature to
melt the filler and take off after that and let the
capillary phenomena works free. The flame heat
source is applied by selecting the outer surface of
the copper tube thickness in its contact end with
the stainless-steel inner tube in ANSY'S and using
the temperature to it as shown in Figure 15(A);
penetration of molten filler across the brazed joint
will depend on the wetting process and contact
angle between molten filler and base metal. The
fluidity and density of molten filler are strongly
influenced by temperature, as are the flux and
joint overlap surface. When it comes to liquid-
solid wetting, a liquid’s surface tension (g) and
density (r) are critical thermodynamic properties.
The diffusion of molten filler into base metals
during brazing depends on wetting phenomena
and the contact angle value, which is determined
by the molten filler’s surface tension. According
to thermodynamics, surface tension is the energy
ratio required to move molecules from a liquid’s
bulk to its surface, increasing the liquid’s surface

Fig. 13. Solid work geometrical for stainless steel and copper tubes
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‘Brazing heat applying

o —

Fig. 15. Heat distribution ANSY'S model of (A) Brazing heat applying
surface (B) brazing seam with heat prop locations

area [33]. According to the following equation,
the density is temperature-dependent, per ther-
modynamic laws [34]. Suppose we know that C
and D are temperature-dependent. C and D are
constants used to harmonize the equation. When
attempting to ascertain the precise values of these
constants for a specific system, it is customary
and widely accepted to conduct a meticulous ar-
ray of experiments to measure the surface tension
(v) and density (p) under diverse and varying con-
ditions. In that case, it is apparent from this equa-
tion that surface tension is directly proportional
to brazing temperature increase, while density is
inversely proportional to it.

14
?=Cp2+D (1)

Gamma is the molten filler surface tension,
p is the density, and C and D are parameters de-
pending on temperatures.

The thermal analysis model of brazing heat
distribution across the brazed joint illustrated the
maximum heat generated at the intersection line
between the two tubes or the overlap line. This
line is where the brazing filler will be applied
to the joint, and the brazing torch will be used
to melt the brazing filler and heat the rest of the
joint to proceed with brazing by employing the
capillary action phenomena. The thermal analy-
sis shows that all the overlap length has thermal
gradient inside the melting temperature range
of brazing filler, which means molten filler will
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reach and penetrate until the end of the joint, but
due to the temperature drop when moving away
from the heat source, density, and surface ten-
sion will change. According to that contact angle
between molten filler and solid base, the surface
will be increased and badly affect the wetting pro-
cess between molten filler and solid base surface;
this analysis is proved by the microstructure im-
age in Figure 7(C), which demonstrates the for-
mation of surface micro-crack at the end of the
joint due to lack in adhesion between molten filler
and solid stainless steel surface which resulted in
high contact angle and lack in joining between
the filler and solid surface, that means lack in
joining in the intersection line, and this is where
the micro-cracks occurred. The Microhardness
profile in Figure 12 is also strongly related to the
temperature gradients across the brazed joint. The
formation of the different phases gives the hard-
ness or softness effect, depending on the molten
filler diffusion into a base metal direction and vice
versa. According to the following equation, the
distribution of these elements will depend on the
heat temperature because (Diffusivity increases
exponentially).

D =D, ex —Q—d 2)
o exp( RT

where: D is diffusion coefficient (m?/s);
D, is pre-exponential (m?/s);
Qd is activation energy (J/mol);
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R is constant, and finally;
T is the absolute temperature.

All Eq. 2 parameters can be fixed depending
on the base metal or the filler type. The only vari-
able in this equation is the temperature, so if we
can determine the temperature from the simula-
tion model in the torch brazing process, it is pos-
sible to determine the diffusion coefficient of the
elements and predicate the resulting phases and
intermetallic compound inside the brazing seam.
The thermal simulation results in Figures 15(A)
and 15(B) showed that the maximum heating
temperature recorded in the brazing seam would
also result in a very high cooling rate and com-
plex phase formation. The high hardness profile
of the brazing seam can certify this. Also, the fail-
ure location during the tensile test in the brazing
seam for all the tested specimens reflects a good
agreement with this analysis. The heat distribu-
tion of numerical simulation model results illus-
trated an excellent deal with experiment results.
The understanding of simulation results with ex-
periment results confirmed the validity of the heat
distribution model. The torch brazing process
depends on the capillary action in its techniques.
This phenomenon could move liquid horizontally
over long distances. Still, the height or depth that
liquid can reach in tiny space between two surfac-
es is limited by the amount of this space, weight,
and the liquid physical properties like the density
and the surface tension, which are also related to
the temperature, from the capillary phenomena
equation in Eq. 3 it is evident that height is di-
rectly proportional to surface tension (y).

In addition, it’s worth noting that the height
or penetration depth is directly proportional to the
distance between two surfaces. A smaller distance
(r) increases the molten filler since less space can
hold less mass. The fluid density (p) is inversely
proportional to the liquid height, meaning that a
higher density corresponds to a larger mass in the
same volume. It can be shown that this height (h)
is given by:

H = 2ycos8/pgr (3)

From this equation, a strong connection be-
tween the molten filler penetration, which is con-
nected to the capillary action phenomena, and the
brazing temperature can easily be observed.

The utilization of ANSYS and SOLID-
WORKS software to simulate heat distribution
is of great significance in the present research

paper, as it allows for the comprehensive analysis
of various crucial aspects of the brazing process.
These aspects include but are not limited to the
depth of penetration, the quality of joints, the oc-
currence of surface cracks, and the wetting pro-
cess. By this simulation, a profound comprehen-
sion of the behavior exhibited by the molten filler
material and its interaction with the base metals
can be attained, thereby providing invaluable in-
sights that contribute to the optimization of the
brazing process. The effectiveness of different
brazing techniques and filler materials can be ef-
fectively evaluated by analyzing the heat distri-
bution simulation results, thereby guaranteeing
the generation of robust joints that possess sat-
isfactory mechanical properties. Furthermore, the
outcomes of the simulation can guide the design
and optimization of the brazing process, thus fa-
cilitating the fabrication of joints devoid of any
defects, consequently enhancing the overall qual-
ity and reliability of the components subjected to
the brazing procedure. Moreover, it is noteworthy
that the simulation also plays a pivotal role in the
visualization of the heat flow, thereby enabling
the identification of any potential issues, such as
the presence of surface cracks, which, once de-
tected, can be effectively addressed to augment
the overall integrity of the joints. In conclusion,
the simulation holds a paramount position in un-
derstanding and enhancing the brazing process,
thus rendering it an indispensable facet of the re-
search that is presented within the confines of the
current paper.

CONCLUSIONS

The present research investigates the evolu-
tion of brazed joint microstructure, mechanical
properties, and heat distribution along the braz-
ing zone between copper and stainless steel tube
joints brazed by torch brazing techniques. Ac-
cording to this study, mechanical test results and
the heat distribution ANSY'S mathematical model
analyses interesting results are found, and the fol-
lowing conclusions can be noticed:

1. The results and analysis of this experiment re-
vealed that the brazed joint mechanical prop-
erties of new flux-coated low silver brazing
fillers type meet most of the required design
criteria of these essential metals hypo struc-
tures in many industrial applications, which
will further reduce industrial cost.
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2.

Formation of a ferrite barrier layer between the
molten filler metal and stainless steel side is es-
sential to produce a good bonding joint without
copper intergranular penetration into the stain-
less steel grain boundary.

. Wettability of brazing filler metal on substrate

increases with temperature increasing. Wetta-
bility will decrease after 780 °C, which results
in a lack of bonding and surface crack forma-
tion, as provided at the end of the brazed joint
when the temperature drops under this level.

. The maximum wetting area between two kinds

of metals and molten filler was achieved at the
start of the joint when the temperature was
above the filler metal melting temperature,
as shown from the SEM images of this zone.
In this investigation, the brazing heat thermal
distribution.

. Good agreements between experimental results

and the ANSYS heat distribution model give
evidence of the effectiveness of this model in
studying the maximum and minimum brazing
heat location and depth of molten filler penetra-
tion inside joint overlap and the effects of the
heat distribution on the molten filler density,
surface tension, and the capillary action.

. An excellent metallurgical bonding with both

substrates can be produced without micro-
cracks and slag inclusion as soon as the tem-
perature exceeds the filler’s melting point.
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