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Abstract
Arc brazing with low-melting copper-based filler materials, which has long been established and standardized in the thin sheet
sector, offers numerous advantages in the processing of predominantly electrolytically galvanized steel structures. In steel and
shipbuilding, on the other hand, equipment parts made of thick steel sheets are hot-dip galvanized at low cost and with good
corrosion-inhibiting properties. Quality welding of such constructions is not possible without special precautions such as
removing the zinc layer and subsequent recoating. With regard to greater plate thicknesses, arc brazing was analyzed in these
investigations as an alternative joining method with regard to its suitability for practical use. Within the scope of the investiga-
tions, CuSi3Mn, CuMn12Ni2, and four different aluminum bronzes were examined on different sheet surface conditions with
regard to the geometrical and production parameters. This was carried out by build-up and connection brazing, executed as butt
and cross joints. Quasi-static tensile tests and fatigue tests were used to assess the strength behavior. In addition, metallographic
analyses are carried out as well as hardness tests. The suitability for multi-layer brazing and the tendency to distortion were also
investigated, as well as the behavior of arc brazed joints under corrosive conditions.
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1 Introduction

The high productivity and good handling make gas metal arc
welding (GMAW) the preferred welding process for process-
ing general construction steels in steel and shipbuilding.
However, it is often necessary to also join galvanized con-
structions such as railings, facade elements, or seawater ballast

pipes economically. Due to the high heat input during
welding, the zinc evaporates in the arc, which can lead to
spattering and pore formation in the weld seam (see Fig. 1
(right)). This can also lead to partial destruction of the zinc
layer on the back of the construction. This means that the
corrosion-inhibiting function of the coating is no longer given.
For this reason, the connecting surfaces must be decoated by
grinding or blasting, which is time-consuming and cost-inten-
sive, then welded and finally recoated.

Galvanized seawater ballast pipes, for example, are joined
with double sockets to prevent the zinc coating from burning
off on the back during welding.

Arc brazing with low-melting copper-based filler materials
offers the advantage of lower heat input, which means that the
corrosion-inhibiting properties of the coating are largely
retained. Due to the formation of a corrosion-inhibiting oxide
layer on the brazing materials, recoating of the brazed seam is
often not necessary.

Many very interesting studies on the strength properties of
arc brazed joints can be found in the literature. For example, in
[1], numerous experiments were carried out regarding differ-
ent arc brazing processes. Particular focus was placed on thin
high-strength sheets, which, however, also had an electrolytic
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zinc coating. It was shown that this process produces very
good joints when filler materials with similar strength to the
base sheet are used.

The fatigue behavior was also intensively investigated in
the thin sheet sector (see [2, 3]). Sheet thicknesses from 0.8 to
2.4 mmwere designed as various joint geometries and showed
advantageous dynamic behavior compared to conventional
welded joints.

However, the presented investigations in this paper serve to
gain knowledge on the design of both uncoated and hot-dip
galvanized arc brazed joints with sheet thicknesses t > 3mm in
order to adopt them in the state of standardization and thus in
practical recommendations for the use of this technology in
steel construction and shipbuilding. Thus, the gaps for the
sheet thickness range above 3 mm are to be closed.

In addition to the static and dynamic design of such joints,
corrosion-related issues are also of great interest in industrial
use. In addition to component safety, corrosion behavior also
plays a decisive role, especially with regard to economic as-
pects. The aim is to clarify whether recoating processes can be
avoided if the structural strength of the component is suffi-
cient. These savings can represent a major economic advan-
tage of the technology and thus be superior to classical
welding processes. Another important factor in the design of
joints is the expected thermal distortion, which must be taken
into account or compensated by suitable welding or brazing
sequence plans. For this reason, this article presents an inno-
vative method for measuring the distortion tendency of the
individual filler metals.

2 Arc brazing

In general, brazing is a fusion joining process that is charac-
terized by the use of a dissimilar filler material. Similar or
differing materials can be joined by brazing. The atoms at
the interface between the base material and the filler metal
change places, creating atomic bonding forces [4]. Usually,
only the filler material is fused. Capillary behavior, wetting,
and diffusion processes are the interface properties of the braz-
ing alloy. The two-sided diffusion occurring as a result of
wetting is essentially dependent on the metallic phases that

occur, the composition of the atmospheric environment, the
process temperature, and the ambient pressure. The formation
of intermetallic phases or solid solutions results from a metal-
lurgical reaction [5].

Among other joining processes, arc brazing is mentioned in
ISO 4063 [6]. Regulations for arc brazing exist as DVS bulle-
tins 0938-1, 0938-2, and 0938-3 [7–9]. These bulletins contain
general information on the basics, processes, system technolo-
gy, application notes, and information on irregularities.
However, the scope of application is explicitly limited to unal-
loyed or low-alloy steels with plate thicknesses up to t = 3 mm.
Arc brazing can be divided into the processes gas metal arc
brazing (GMA-B) (see Fig. 2 (left)), tungsten inert gas brazing
(TIG-B), and plasma brazing and corresponds as far as possible
to GMAWwith a flat characteristic in the short and pulse arc, or
TIG welding with a steeply dropping characteristic. The differ-
ence results from the use of a wire-shaped filler material based
on copper. The use of a synthetic core in the hose assembly has
proven to be a good solution. The melting ranges of these
materials are between approximately 900 and 1100 °C.
Fluxes are generally not used. The sheet surface is cleaned
and activated by the arc itself, and the inert shielding gas pro-
tects the brazing process from the atmosphere. The process is
well suited for galvanized structures due to an approximately
60% lower energy input compared to welding [4].

The liquid metal penetration (LMP), defined in [9, 10], is a
damage mechanism in brazing technology and describes the
penetration of liquid brazing material along the grain bound-
aries into the base material. This is promoted by a high stress
state of the base material and by certain alloying elements.

According to [11], diffusion processes take place between
the base material and the brazing metal after the formation of a
thin alloy layer. If the joint is under tensile stress, diffusion is
uneven, and fused brazing metal, which cannot transfer tensile
stress, penetrates into the base material. Cracks can therefore
form along the grain boundaries. This happens until the liquid
brazing metal can no longer flow to the tip of the crack.
Several conditions must be fulfilled for the penetration of
liquid brazing material. The filler material must be able to
wet the base material, and both must be mutually insoluble.
Both materials need to have a similar electronegativity and
must not form intermetallic phases.

Fig. 1 Example of galvanized
structures in shipbuilding: ballast
water pipes (left). Problems by
welding galvanized structures:
fracture surface of a welded hot-
dip galvanized cruciform joint (t =
10 mm) with numerous pores in
weld metal (right)
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3 Experimental approach

3.1 Base and filler materials

All experiments were carried out on EN 10025-2-S235JR as
base material. The chemical composition is listed in Table 1.
Three different surface conditions were considered for the
build-up brazing: as-rolled (AR), bare ground, and hot-dip
galvanized with a zinc layer thickness of approximately 180
μm.

Brazing filler metals for arc brazing are copper-based ma-
terials with essential solid solution forming alloying elements
such as aluminum, nickel, manganese, silicon, and iron.
Silicon has a great influence on the flow properties of the
brazing alloy, as it lowers the solidus and liquidus temperature
together with manganese. Lower silicon contents lead to
greater capillary action. Compounds of silicon and iron can
lead to the formation of brittle iron silicide in the diffusion
zone. Aluminum significantly increases tensile strength and
corrosion resistance. According to [12], these materials tend to
reduce LMP. The addition of nickel, manganese and iron in-
creases the wear resistance [13].

In the scope of the investigations, 6 different Cu-based
brazing alloys were used. The chemical composition and me-
chanical properties (tensile strength, Rm; elongation at frac-
ture, A) are listed in Table 2. The wire diameters varied be-
tween 1.0 and 1.2 mm. The alloys CuSi3Mn, CuAl5Ni2Mn,
and CuAl7 are standardized materials, which are well suited

for arc brazing of galvanized thin steel sheets. The aluminum
bronzes CuAl8Ni2Fe2Mn2 and CuAl9Ni5Fe3Mn2 have high
wear resistance and good corrosion resistance. They are main-
ly used for the production of magnetic valves, ship propellers,
and power plant components. They are suitable for both build-
up welding and arc brazing. The non-standardized filler ma-
terial CuMn12Ni2 was also used.

3.2 Experimental setup

A welding machine of the type LORCH S5 SpeedPulse with
stored pulse programs was used to carry out the fully mech-
anized brazing tests. A BUG-GY-VERT II welding tractor
from Bug-O-Systems Inc. tracked the torch in a 10° stabbing
position. All brazed seams were carried out in flat position
(PA), in which the work piece is right below the torch. This
leads to a faster process because the gravity draws the molten
filler material downward. Argon 4.6 (ISO 14175-I1) was
used as inert shielding gas. In the run-up to the investiga-
tions, the brazeability of the individual filler metals was de-
termined by brazing with 11 different parameter variations
each. The parameters used for further investigations are
listed in Table 3.

Besides the measurement of the wetting angle and the di-
lution, the diffusion zone was examinedmetallographically by
light and scanning electron microscopy (SEM)/energy disper-
sive X-ray spectroscopy (EDX) with a JEOL JSM-IT 100.
Existing LMP were quantified. In accordance with ISO

Fig. 2 a Schematic process of gas metal arc brazing with wire shaped filler material [4], b macrosection of a regular fillet weld (left) and an arc brazed
fillet seam (right)

Table 1 Chemical composition of EN 10025-2-S235JR

C in wt% Si in wt% Mn in wt% P in wt% S in wt% N in wt% Cu in wt% Al in wt% Fe in wt%

AR 0.081 0.176 0.680 0.030 0.036 0.019 0.285 0.0042 98,29

Galvanized 0.078 0.139 0.560 0.024 0.020 0.020 0.390 0.0039 98,33
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15614-1, a hardness test according to DIN EN 6507 was car-
ried out in the brazing metal, in the diffusion zone, in the heat-
affected zone (HAZ), and in the base material.

To determine the mechanical-technological properties,
samples were prepared for quasi-static tensile tests. Two dif-
ferent sample geometries with two different surface conditions
(hot-dip galvanized and slightly ground) were investigated.
Butt joints for sheet thicknesses of 5 mm were designed as I-
joints according to ISO 4136 [14], whereby the seam flanks
were prepared by saw cutting. The sample length was 300
mm. The brazed seams were executed in two layers (layer +
counter layer). The gap widths were varied from 1 to 4 mm,
whereby the best root formation was achieved with a gap
width of 3 mm. The seam preparation at t = 8 mm and
10 mm was carried out as a V-seam. The V-seam preparation
was milled out on galvanized sheets, and the milled seam
flanks were not post-galvanized.

Cruciform joints with single-layer fillet welds were pre-
pared according to ISO 9018 [15] with a specimen length of
300 mm and a specimen width of 35 mm. The effective fillet
thickness of the fillet seams varied between 5 and 6 mm.

For each series, 6 specimens were tested in a tensile test
with a ZwickRoell Z400 universal testing machine. An addi-
tional specimen was used for metallographic analysis. The
diffusion zonewas examined analogous to the build-up brazed
seams, the LMPwere counted and measured, and the hardness

was tested. All samples in each series were taken from a sec-
tion of brazed sheet metal.

4 Results and discussion

4.1 Bead-on-plate brazed seams

The use of brazing parameters in the ranges given in Table 3
shows advantageous processing properties with regard to
seam appearance and spatter formation on bare and galva-
nized sheet surfaces. In particular, the two brazing alloys
CuAl7 and CuMn12Ni2 show better processing properties
here. The area in the last third of the build-up braze seam
was investigated, in which a static process behavior is present.
After the metallographic preparation of a cross section, the
dilution according to [4], the wetting angle and the number
and length of LMP were evaluated for each alloy and surface
condition.

It was found that the wetting angles are difficult to compare
due to the subjective appearance of the bead (see Table 4). For
example, the wetting angle for CuSi3Mn, CuAl7, and
CuAl9Ni5Fe3Mn2 is larger on the AR sheet surface, very
small for CuAl5Ni2Mn on the AR surface, and almost iden-
tical for CuAl8Ni2Fe2Mn2 and CuMn12Ni2 in all surface
conditions.

Table 2 Chemical composition and mechanical properties of used brazing wires, acc. to the manufacturer

Brazing wire Cu in wt% Al in wt% Ni in wt% Mn in wt% Si in wt% Fe in wt% Rm in MPa A in %

BERCOWELD A52
ISO 24373: Cu 6061
CuAl5Ni2Mn

Bal. 4.50–5.00 1.60–2.00 0.10–0.50 - - 353 45

BERCOWELD A8
ISO 24373: Cu 6100
CuAl7

Bal. 7.50–8.00 0.10–0.50 0.10–0.30 - - 430 40

BERCOWELD M122
CuMn12Ni2

Bal. - 2.00–2.50 12.00–13.00 - - 400 40

BERCOWELD S3
ISO 24373: Cu 6560
CuSi3Mn

Bal. - - 0.75–0.95 2.80-2.95 - 350 40

BERCOWELD A35
ISO 24373: Cu 6328
CuAl9Ni5Fe3Mn2

Bal. 8.50–9.50 4.00–5.00 1.00–2.00 - 3.00–3.50 690 16

BERCOWELD A822
ISO 24373: Cu 6327
CuAl8Ni2Fe2Mn2

Bal. 7.00–9.5 0.50–3.00 0.50–2.50 - 0.50–2.50 530 30

Table 3 Range of pulsed brazing parameters for EN 10025-2-S235JR

Joint geometry Position Current in A Voltage in V Travel speed in mm/min Wire feed rate in m/min Stickout in mm Heat input in kJ/mm

Bead-on-plate PA 111 20.8–23.2 380 4.0–5.7 12–15 0.36–0.41

Butt joint PA 110–118 20.9–23.6 250 4.0–6.6 15 0.55–0.67

Fillet joint PA 170–190 24.1–26.8 250 7.0–9.5 15 0.98–1.22
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The degree of dilution is predominantly strongest for the
AR condition. The degree of dilution varies between 1.96 %
when using CuAl9Ni5 on galvanized surfaces and up to 7.60
% in the case of CuAl5Ni2Mn on surfaces in the AR
condition.

The number LMP is highest in the AR condition. The most
and longest LMP were determined for CuMn12Ni2,
CuAl5Ni2Mn, and CuAl8Ni2Fe2Mn2.

The hardness of the braze metal depends largely on the
composition of the filler metal. The multicomponent
bronzes, especially CuAl9Ni5Fe3Mn2, have the highest
hardness from 179 HV10 in the ground condition to 216
HV10 on galvanized surface. The hardness in the diffusion
zone is influenced by the surface condition of the sheet as
well as by the filler material. It is sometimes higher than in
the adjacent HAZ. In the case of galvanized surfaces, the
hardness in the diffusion zone is highest because the alloy
with the molten zinc leads to solid solution strengthening.
This is particularly evident when brazing with CuAl7,
where a hardness of up to 311 HV10 could be determined.
The hardness in the HAZ is not critical with values be-
tween 156 and 172 HV10. The unaffected base metal has
a hardness of approximately 150 HV10.

The element distributions in the diffusion zone can be eval-
uated with the help of SEM and EDX analysis. When the Cu-
based filler metal melts due to the heat input of the arc, iron
atoms can diffuse into the diffusion zone on the filler metal
side, and other alloying elements of the filler metal can diffuse
into the diffusion zone on the base material side.

When CuSi3Mn is used, silicon accumulates in the dif-
fusion zone. In the case of aluminum bronzes, aluminum
accumulates. The proportion of nickel and manganese (in
case of CuMn12Ni2) decreases in the direction of the base
material so that a zone is formed in which these elements
are evenly distributed together with iron. This causes a
partial increase in strength, which is reflected in increased
hardness values. In the galvanized sheet surface, the zinc is
not distributed in the diffusion zone, but evenly in the
brazing metal. Iron atoms diffusing into the brazing mate-
rial react with atoms of the filler material and can form

intermetallic phases such as κ-phases (see Fig. 3). The
formation mechanism has been investigated in [16].

All the main alloying elements of the brazing alloy as well
as zinc, in the case of the galvanized sheet surface, could be
detected in the LMP (see Fig. 4).

4.2 Butt and fillet joints

4.2.1 Static strength properties

The tensile strength of the joints shown in Fig. 5 represent
average values from six individual tests with brazed seam
failure each.

The tensile strength of the tested cruciform joints for
CuMn12Ni2 and CuAl5Ni2 with location of fracture in the
brazed seam can be found in Fig. 5 in the left diagram. The
diagram on the right side shows the tensile strengths of the
brazed butt joints which show a better strength behavior com-
pared to cruciform joint. One possible explanation lies in the
higher number of brazed seams in the cross-joint specimen,
which significantly increases the probability of internal seam
irregularities.

In general, the zinc coating has a strength-reducing effect.
This is particularly evident when using CuMn12Ni2.
Although the tensile strength of CuAl5Ni2Mn is greater than
that of CuMn12Ni2, both brazing materials show similar
strength behavior within the joint.

The strength difference between AR and galvanized sheet
is lower in the butt joints than in the cross joints because the
seam joint of the V-seam was milled. The mixed zinc can
therefore only be absorbed into the melt via the edge areas
so that the proportion of zinc in the brazed seam is presumably
lower than in the cross-joint specimens.

Due to the failure in the braze metal, a calculation of the
load-bearing capacity can be carried out.

Using the simplified procedure according to DIN EN 1993-
1-8:2010-12, the load-bearing capacity of the fillet weld FB,Rd

brazed with CuMn12Ni2 and CuAl5Ni2Mn is calculated as
follows:

Table 4 Wetting angle and dilution of bead-on-plate brazing of each filler metal on each surface condition

Brazing wire Wetting angle in ° Dilution in %

Bare As-rolled Galvanized Bare As-rolled Galvanized

CuAl5Ni2Mn 43 17 33 7.1 7.1 7.6

CuAl7 43 52 38 7.8 2.7 6.6

CuMn12Ni2 32 42 43 2.7 5.5 1.7

CuSi3Mn 43 51 20 2.8 6.9 2.1

CuAl9Ni5Fe3Mn2 50 34 37 5.3 6.1 2.0

CuAl8Ni2Fe2Mn2 47 33 37 3.2 7.1 5.5
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FB;Rd ¼ f vB;d ∙aB ð1Þ

The design value of the shear strength of the brazed seam
fvB,d is given by the following equation:

f vB;d ¼
f u;B= ffiffi

3
p

βB∙γMB
ð2Þ

where

aB –thickness of fillet weld
fu, B –resistance of the brazing material to fracture
βB = 1, 0 –correlation coefficient
γMB = 1, 50 –partial safety factor

To determine the theoretical fracture resistance of the braz-
ing metal, small dimensional tensile specimens (length = 54
mm, cross section in the measuring range of 2 mm2) were
taken from brazed fillet welds of the two brazing materials (t
= 8 mm, AR and hot-dip galvanized) and tested in a quasi-
static tensile test. The actual measured fracture resistance

Fig. 3 Backscatter electron SEM-Image and EDX-Analysis of ferrous precipitations in butt joint of CuMn12Ni2 on surface as delivered

Fig. 4 Backscatter electron SEM-Image and EDX-Analysis of liquid metal penetration in butt joint of CuMn12Ni2 on surface as delivered
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results from the tensile strength of the tested cruciform joint
with location of fracture in the brazed seam Table 5.

4.2.2 Fatigue strength

The fatigue strength was determined for the brazing alloys
CuMn12Ni2 and CuAl5Ni2Mn at a plate thickness of t =
8 mm by means of fatigue tests. For each brazing material,
the two sample geometries and surface conditions (for
CuAl5Ni2Mn only non-galvanized as cruciform joints) were
tested. Conventionally welded, non-galvanized cross-joint test
specimens serve as reference. In addition, tensile specimens
we r e t ak en f r om bu i l d - up we ld i ng t e s t s w i t h
CuAl8Ni2Fe2Mn2, which represent the basic material behav-
ior of an exemplary brazing material.

The fatigue strength classes (FAT-classes) were generated
from 10 individual tests. Using the SincoTec PowerSwing 100
kN resonance testing machine, a sinusoidal, axially directed
stress curve with a load ratio of R = 0.1 was applied. The
evaluation was carried out according to background document
EN 1993-1-9 [17]. The fatigue strength class FAT-class with a
survival probability of Pü = 95 % was carried out at 2 × 106

load cycles on the basis of the reference value of the fatigue

strengthΔσc with both variable and constant gradient ofm = 3
(see Table 6).

According to [18], a misalignment or distortion of the spec-
imen has a great influence on the fatigue strength of arc brazed
test specimens due to the introduction of transverse forces
during clamping.

In these tests, the crack was made from the root point of the
brazed fillet weld.

In general, it can be seen that test specimens with a galva-
nized sheet surface have a lower fatigue strength (see Table 6).
If a variable gradient is assumed, the brazing alloy
CuAl5Ni2Mn shows a better fatigue strength behavior.

The direction in which the test specimens, taken from
build-up welding tests with CuAl8Ni2Fe2Mn2, were taken
(perpendicular or longitudinal to the build-up direction) shows
no difference in fatigue strength.

Analogous to the tests in [18], the crack was made from the
root point of the MIG-brazed fillet seam.

4.3 Metallography

Analogous to the bead-on-plate brazing, the butt joints and
cruciform joints were prepared metallographically to examine

Fig. 5 Tensile strength of
cruciform joints (left) and butt
joints (right) of CuMn12Ni2 and
CuAl5Ni2 on surface as delivered
and hot-dip galvanized

Table 5 Shear strength fvB,d, breaking strength fu,B, and load-bearing capacity FB,Rd of fillet welds as well as strengths of butt joints for CuAl5Ni2Mn
and CuMn12Ni2

Fillet joint Butt joint

fvB,d in MPa fu,B in MPa FB,Rd in N/mm

Brazing wire t in mm Surface Theoretically Measured Theoretically Measured Theoretically Measured Rp0,2 in MPa Rm in MPa

CuAl5Ni2Mn 8 AR 134 119 348 309 1072 1292 279 468

Galvanized 147 74 382 192 1176 655 317 441

10 AR 134 110 348 287 1072 1133 274 363

Galvanized 147 102 382 264 882 828 245 358

CuMn12Ni2 8 AR 125 81 325 211 1000 812 292 465

Galvanized 125 63 325 164 1002 673 217 463

10 AR 125 150 325 390 1000 1450 260 400

Galvanized 125 57 325 148 1002 610 266 379
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the diffusion zone bymeans of SEM, to count andmeasure the
LMP optically, and to analyze the hardness distribution.
Table 7 shows as an example the number and length of the
LMP of the butt joints with galvanized and AR sheet metal
surfaces.

Obviously, in the case of the galvanized surface, most LMP
occur when using CuAl5Ni2Mn and CuMn12Ni2. When
brazing with CuAl8Ni2Fe2Mn2, most LMP occur on AR
condition. Very few LMP occur with CuSi3Mn regardless of
the surface finish. A correlation with the quasi-static tensile
tests of the butt joints with 5-mm plate thickness shows that
the occurrence of LMP in the plate thickness range considered
does not have a strength-reducing effect. In the case of the two
bronzes CuAl5Ni2Mn and CuMn12Ni2, the failure occurred
mainly in the base material. Individual samples failed in the
brazing material but not in the diffusion zone so that it can be
assumed that a secure bond can be ensured despite LMP.

4.4 Corrosion behavior

The already mentioned reduced heat input by arc brazing is
mainly intended to maintain the corrosion protection of gal-
vanized steel structures. In order to prove this, test specimens
were stored for 4 weeks (cycles) in salt spray tests according to
DIN EN ISO 9227 [19]. For this purpose, fillet welds were
carried out on hot-dip galvanized S235JR with sheet thick-
nesses of 5 mm, 8 mm, and 10 mm with the same heat input

and thus the same thickness of the fillet seam. CuSi3Mn was
used as the brazing filler material and compared with a welded
reference (G3Si1), also with the same thickness of the fillet
weld. Five samples were produced per series so that a total of
30 samples could be documented macroscopically each week.
The development of rust on the back of the samples is partic-
ularly critical. This represents constructions that can only be
welded on one side, such as pipes. A corrosion protection
cannot be applied there from the inside afterwards.

Already after the first cycle, clear signs of red rust on the
weld seam and the adjacent area could be detected in the
welded reference, irrespective of the plate thickness. In the
case of the samples with a sheet thickness of 5 mm, this could
also be documented on the back of the sample (Fig. 6 (mid-
dle)). From the fourth cycle onwards, the thicker sheet thick-
nesses show signs of rust on the rear side (Fig. 6 (right)).

Arc brazed test specimens show an inert corrosion behavior
of the brazed seam and the seam adjacent area. Regardless of
the sheet thickness, no red rust could be detected on the back
of the test specimen after four cycles.

4.5 Multi-layer brazing

Just as with welding, certain joint geometries require the exe-
cution in several layers. The locally high heat applied can lead
to distortion due to thermal expansion and possibly to internal
stresses in connection with structural transformation.

Table 6 FAT-classes of the fatigue tests

Brazing wire Butt joint Fillet joint Brazing metal

Non-galvanized Galvanized Non-galvanized Galvanized

CuAl5Ni2Mn m = var. 90 71 56 - -

m = 3 56 80 36 - -

CuMn12Ni2 m = var. 50 50 50 45 -

m = 3 45 < 36 36 50 -

G3Si1 m = var. - - 90 - -

m = 3 - - 80 - -

CuAl8Ni2Fe2Mn2 m = 3 - - - - > 160

Table 7 Number and length of LMP for butt joints (t = 5 mm)

Brazing wire Uncoated surface Zinc-coated surface

Number Total length in μm Number Total length in μm

CuAl5Ni2Mn 20 3576 19 1980

CuAl7 18 3579 5 708

CuMn12Ni2 18 3152 19 1477

CuSi3Mn 18 2859 4 395

CuAl9Ni5Fe3Mn2 17 3183 5 577

CuAl8Ni2Fe2Mn2 36 6062 5 516
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However, this is critical in the case of Cu-based materials, as
they have 1.4 times the thermal expansion and 2 times the
shrinkage of steel. In order to determine the suitability for
multi-layer brazing of the brazing materials already presented,
fillet welds consisting of a root layer and two cover layers
were created and metallographically examined Fig 7 and 8.

It could be shown that when using CuAl5Ni2Mn,
CuAl8Ni2Fe2Mn2, and CuAl7, the reheated microstructure
in the root layer was predominantly homogeneous and fine-
grained. When brazing CuMn12Ni2 and CuAl9Ni5Fe3Mn2,
there is no influence of reheating.

The brazing alloy CuSi3Mn, which is widely used in the
automotive industry, is a special case. Here, cracks in the top
layer were detected, which probably result from an unfavor-
able ratio of a high thermal expansion coefficient and low
tensile strength. This area of the brazing material is character-
ized by the last solidified primary structure with portions of
residual melt, which is why it exhibits an equiaxial dendritic
structure. This material is not suitable for a multi-layer seam
design.

4.6 Distortion tendency

Since the influences of thermal expansion, residual stresses,
and microstructural transformations on the distortion during
arc brazing with copper-based materials have not yet been
investigated in sufficient detail, an innovative test stand (Fig.
9) was used to measure the reaction force during brazing. This
new method enables the opportunity to compare the angular
distortion tendency of the individual brazing alloys while tak-
ing the energy input into account, in situ.

The brazing alloys CuSi3Mn, CuMn12Ni2, CuAl5Ni2Mn,
CuAl7, and CuAl9Ni5Fe3Mn2 were used for this purpose.

The comparison to a welded reference was made by welding
with the wire material G4Si1. This was carried out using fillet
seams in both single and multiple layers. The thickness of the
fillet weld was kept constant within the series.

Significant differences between the individual filler mate-
rials could be demonstrated. Inmulti-layer brazing or welding,
the reaction forces increase successively (see Fig. 10).

Thus, the lowest reaction force maxima (in relation to the
heat input) occurred when brazing with CuAl5Ni2Mn (3.9 N/
kJ single-layer or 5.9 N/kJ multi-layer) and CuAl7 (5 N/kJ or
15.1 N/kJ). Low forces in the range of 3 N/kJ and 7 N/kJ were
also measured when welding with G4Si1. The highest reac-
tion forces were achieved when brazing with CuMn12Ni2
(10.6 N/kJ and 49.6 N/kJ), CuSi3Mn (9 N/kJ and 30.4
N/kJ), and CuAl9Ni5Fe3Mn2 (10.4 N/kJ and 28.9 N/kJ).

The maximum of the reaction force is reached after about
10 to 15 min. The crystal lattice transformation as a function
of thermal conductivity and the cooling rate have an influence
on the tendency to distort. It has been shown that filler mate-
rials with a homogeneous microstructure over the entire seam
area tend to produce higher distortion forces. The combination
of thermal expansion coefficient and strength also has a dom-
inant influence here.

5 Conclusion and outlook

Within the research project, six different copper-based mate-
rials were examined for their practical suitability for use in
steel construction. The general processing properties, such as
seam formation, wetting, dilution, and spattering behavior,
were analyzed in the context of build-up brazing on plates
with three different surface conditions, whereby the two

Fig. 6 Back of test specimen after corrosion test: upper row after 1 week of aging, lower row after four weeks of aging; CuSi3Mn t = 5mm (left), G3Si1 t
= 5 mm (middle), and G3Si1 t = 10 mm (right)
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brazing alloys CuMn12Ni2 and CuAl7 proved to be particu-
larly advantageous for use on galvanized plate surfaces.

To describe the static strength behavior, quasi-static tensile
tests were carried out on as-rolled and galvanized sheet sur-
faces (t = 5 mm) for two different geometries. In the case of
CuAl9Ni5 and CuMn12Ni2, the fracture position could be
detected in the uncoated case mainly in the unaffected base
material and in the case of CuAl5Ni2Mn, independently of the
sheet surface condition, also in the base material. This shows
that these filler metals are suitable for the application of sheet
thicknesses above 3 mm.

For tensile tests of sheet thicknesses of 8 mm and 10
mm, the two brazing alloys CuMn12Ni2 and CuAl5Ni2Mn
were used. Special care was taken to cause a braze seam
failure so that the load-bearing capacity of the fillet seams
of cruciform joint specimens could be calculated using a
simplified method according to EC3, which is important to
be incorporated into the design of the brazed structures.
The expected strength-reducing effect of a galvanized
sheet surface of cruciform joint specimens could be shown.
Nevertheless, the experiments made it clear that the
strength behavior deteriorates noticeably as the number
of brazed seams increases.

Fig. 7 Micro section of multi-layer brazed fillet seam with CuAl5Ni2Mn with predominantly homogeneous microstructure in the root layer

Fig. 8 Micro section of multi-layer brazed fillet seam with CuSi3Mn with cracks in the top layer
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In addition, fatigue tests were carried out, whereby it could
be shown that test specimens with a galvanized sheet surface
have a lower fatigue strength. This fatigue strength behavior
can be observed analogously to the static tests. If a variable
gradient is assumed, the brazing alloy CuAl5Ni2Mn shows a
better fatigue strength behavior. The initial crack occurred in
the root point of the brazed seam which was also shown in
experiments from the literature.

Salt spray tests have shown the advantageous, reduced
heat input in arc brazing of galvanized structures compared
to conventional welding. During welding, red rust ap-
peared on the back of the test specimen after one (t = 5
mm) or 4 cycles (t = 10 mm), irrespective of the sheet
thickness examined.

In contrast, the corrosion-inhibiting effect of hot-dip galva-
nizing on the back of the test specimen remains intact during
arc brazing. The experiments show the major economic ad-
vantage of the technology. From a sheet thickness of 5 mm,
the back zinc layer is not destroyed, but merely recrystallizes.

For this reason, the corrosion-inhibiting function of the zinc
coating is still given. Post-coating processes can therefore be
saved.

In order to increase the bonding surface of the filler metal, it
is necessary to work in several layers, as in welding. So it
becomes clear that the brazing alloys, whose physical proper-
ties are very different from the iron-based filler materials, must
be suitable for multi-layer brazing. The experiments show that
when multi-layer brazing CuAl5Ni2Mn, CuAl8Ni2Fe2Mn2,
and CuAl7, the reheated microstructure in the root layer is
primarily homogeneous and fine-grained. When brazing
CuMn12Ni2 and CuAl9Ni5Fe3Mn2, there is no influence of
the reheating; therefore, these brazing alloys are to be classi-
fied as suitable for multi-layer brazing. Multi-layer brazing
with CuSi3Mn on the other hand showed cracks in the top
layer, which probably result from an unfavorable ratio of a
high thermal expansion coefficient and low tensile strength.
However, this widely used alloy is not suitable for multi-layer
design of brazed joints.

Fig. 9 Reaction force
measurement: schematic diagram
of the experimental stand (left),
experimental stand before joining
with inserted plates, and attached
force measuring ring (right)
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Fig. 10 Reaction force
measurement: comparison of the
reaction forces of the individual
filler materials in multi-layer
design
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A new method for quantifying angular distortion has been
presented in this paper. It was shown that the measurement of
the occurring reaction force is suitable to express the tendency
to distortion of the filler materials in situ. Thus, by including
the energy input, a comparison of the distortion tendency of
the filler materials can be made. With CuAl5Ni2Mn and
CuAl7 the lowest and with CuMn12Ni2 and CuSi3Mn the
highest, reaction forces could be measured. An interesting
result is that welding with G4Si1 causes similarly low reaction
forces as CuAl5Ni2Mn. This data can be used in the industry
to create welding sequence plans to avoid unnecessary ther-
mal distortion.

However, in the future, a lot of work has to be done in order
to expand this measurement method to other forms of distor-
tion so that extensions to the test rig are being planned.

In order to ensure broad applicability, future steps will at-
tempt to anchor the design of arc brazed joints for steel con-
struction in corresponding standards and guidelines. Current
developments in the industry, such as the general technical
approval/type approval Z-30.6-76 for the use of arc brazing
on galvanized steel structures, show the industrial interest and
future potential.
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