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Abstract
Due to physical properties like high thermal and electrical conductivity, joining of copper is of special interest in steelmaking or
electrical industry. Unfortunately, joining of thick-walled copper components using electron beam welding (EBW) tends to
welding defects like insufficient root formation or varying penetration depth. In previous investigations, Cu-DHP (deoxidised
high phosphorus copper) plates were successfully joined by EBW utilising a CuSn6 sheet as filler material. The investigation
resulted in a stable EBW parameter window. Nevertheless, using CuSn6 sheets lead to challenges concerning joint preparations,
and is not usable for arbitrary weld configurations. To meet these challenges, atmospheric plasma spraying (APS) is used to apply
a thin interlayer in the welding zone and substitute the CuSn6 sheet filler metal. This continuative work includes further
improvements of the main EBW parameters and uses APS as a new approach for filler metal deposition. Furthermore, deter-
mining and enhancing the service properties of the copper joints is of main interest and reported here.

Keywords Copper .EBW .Atmospheric .Plasmaspraying .APS .Weldingoflargecrosssections .FillermetaldepositionbyAPS

1 Introduction

Arc welding of copper and its alloys is challenging due to its
high thermal conductivity and resultingwelding defects, like root
suck back or hot cracking [1, 2]. To prevent these welding de-
fects, different requirements in regard to the welding process
have to be fulfilled. One requirement is the use of a highly
concentrated heat input. Electron beam welding (EBW) is a
suitable technology, which meets this requirement. However,
the concentrated heat input of EBW results in narrow heat af-
fected zones, high temperature gradients and fast cooling rates,
which are influencing the behaviour of the weld pool and en-
couragewelding defects, like periodically occurring cracks, spik-
ing, or inconsistent penetration depths [1, 3]. These welding
defects can be prevented only by correct process handling.

In a previous investigation, a systematic parameter study led
to a stable welding process and successful copper joints were
generated. By inserting a CuSn6 sheet as filler material, the
behaviour of the weld pool could be successfully stabilised.
A linear decreased energy input per length unit during welding
was chosen to overcome preheating effects due to thematerial’s
high thermal conductivity. The combination of the parameters
and using a filler material led to a stable root formation and a
significant reduction of spiking defects [4].

However, using sheets as filler material leads to new chal-
lenges related to joint preparation of arbitrary geometries,
where an insertion of sheets may be complicated or even im-
possible. To address these new challenges, the used CuSn6
sheets are substituted with thin Sn interlayers deposited by
atmospheric plasma spraying (APS) as filler metal [5, 6].

This continuative work gives an insight to an alternative
filler material deposition method, further improvements of the
applied EBW parameter set and the characterisation of the
joints regarding their service properties.

2 Materials and methods

The experiments were divided in three independent steps.
First, the filler metal was deposited locally on the base metal
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byAPS. This alternative approachmanifests in high flexibility
and stability and suits also with complex component geome-
tries. In detail, three different layer thicknesses were investi-
gated systematically. Second, the APS-coated copper plates
were subsequently welded by the electron beam technique.
Finally, an extensive investigation of the functional properties
of the final joints was conducted. Hence, physical and me-
chanical properties are in the focus.

2.1 Base metal

Copper and copper alloys are well-known for their phys-
ical properties like high thermal and electric conductivity.
Therefore, typical applications of copper components are
chill moulds, heat exchangers and electric conducting
paths. Especially electric conducting paths, which are re-
lated to high current densities and large cross-sections, are
often clamped or fastened using screws or bolts, which
tends to high costs of material preparation like machining
to high surface quality as well as a significant local loss of
its properties.

The copper alloy which is used in this study is Cu-DHP,
which is de-oxidised copper with limited remnant content of
phosphorus. Due to its phosphorus content, the material
shows enhanced weldability, brazeability and resistance to
hydrogen embrittlement. Table 1 shows the nominal chemical
composition of the Cu-DHP base material.

The dimensions of the investigated copper plates are
100 × 50mm with a thickness of 30 mm. Although, beam
welding of thin copper sheets can be handled quite easily,

material thicknesses of more than 30 mm tend to charac-
teristic welding defects like spiking and root ‘suck back’.
These challenges cannot be sufficiently handled by
adjusting the welding parameters or special weld seam
preparation [4].

2.2 Filler metal

The root cause of the before mentioned problems is found
on the melting and solidification behaviour of copper al-
loys as well as in the thermo- and fluid-dynamic proper-
ties of the copper melt. Introducing specific alloying ele-
ments lead to a change of the melt pool behaviour and the
physical properties of the final joint [7]. Especially by
adding small amounts of Sn the viscosity of the liquid
changes significantly, which has some potential to im-
prove the weld seam formation and geometry, Sn bronzes
are classified as Cu-Sn alloys with a Sn content up to 12%
[8]. If the Sn content exceeds that amount, detrimental
and partly brittle η-, ε- or ζ- phases occur, which impair
the technological applicability of the joint. Figure 1 shows
the development of surface tension and viscosity fraction
of the Cu-Sn system [10]. Three factors could be distilled
for improving the melt pool behaviour. First, an alloy
exhibits a melting interval rather than a melting tempera-
ture, which is crucial for developing a stable weld pool
during welding. Second, a slight non-linear decrease of
surface tension (Fig. 1) can be observed at a mole fraction
of 0.1. Third, by adding 12% Sn to Cu, the behaviour of
viscosity changes slightly in a certain temperature interval
[10], which can lead to an improved material flow. Hence,
it is assumed that local alloying has a positive effect on
root formation. Due to the overall low Sn content, no
brittle intermetallic compounds should be formed [11].

Table 1 Nominal
chemical composition of
Cu-DHP in wt%

Copper Phosphorus

99.9 0.015–0.04

Fig. 1 Surface tension [9] and viscosity of molten Cu–Sn alloys in correlation of temperature and Sn content [10]

1342 Weld World (2018) 62:1341–1350



Consequently, although one major benefit of EBW is a
filler metal free process, using filler metal enables a possible
control of the welding process stability as well as the melt
behaviour during solidification.

In a first step, the feasibility of this approach was proven by
using CuSn6 sheets as a filler material between two blocks to
be welded. However, for complex geometries, bulk filler
metals like CuSn6 sheets are not a reasonable method. An
adaptive and stable filler metal application process is required.
Therefore, different processes were investigated previously:

& Manually adding Sn paste
& Atmospheric plasma spraying

It became evident that a homogeneous interlayer is re-
quired, which was not sufficiently the case by manually
adding a Sn paste. Figure 2 gives an overview of the resulting
welds using a Sn paste as interlayer. Using Sn paste led to high
porosity within the whole specimen, especially in the top and
root zone of the weld.

A metallographic investigation indicated that APS is a
much more promising approach to add filler material locally
in the welding zone. This approach will be presented in the
following sections.

2.3 Atmospheric plasma spraying

APS is designated as a thermal spray process and is often used
to deposit functional layers, like corrosion, biomedical or wear
resistant layers [12, 13]. Applying filler metal by APS is a
promising approach and brings two major advantages. First,
complex geometries can be coated easily, whereby no vacuum
or shielding gas is required. Second, the automatic APS pro-
cess is stable, reproducible and can be applied locally on var-
ious substrate materials. Consequently, the process is also
suitable for different filler materials, including metallic, ce-
ramic and complex powder compositions. This leads to nu-
merous possible material combinations.

By using spherical shaped pure Sn particles with an aver-
age diameter of 25 μm very thin and homogenous layers can
be produced. The used particle size and distribution are indi-
cated in Fig. 3.

In order to enhance the wetting behaviour of the copper
substrate, the surface undergo a thermal activation and
cleaning process. This thermal process leads to vaporisation
of small particles and residues, as well as an increase of the
surface energy, which directly influences the adhesive strength
of the layer. This phenomenon can be observed in various
material combinations [14–17]. After the activation step, the

Fig. 2 EB welds of 30-mm thick copper plates with characteristic defects due to Sn paste filler application a irregular weld bead formation, sinkholes b
strong void formation and porosity in the welding zone [11]

Fig. 3 a Size and distribution of the used Sn particles (VP68036/G); b spherical Sn particles used for APS
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subsequent APS process starts. The Sn particles are molten in
a plasma arc and accelerated by process gas (argon, 5 bar)
towards the substrate material. Table 2 shows the main acti-
vation and plasma spraying parameters. These parameters are
the electric current (I), the feed speed (v) and the working
distance (a), as well as the used powder material. The plasma
gas flow rate is set constant with 10 l/min, and the powder feed
rate is set to 5 g/min. Pure argon is used as process gas.

Figure 4 shows the APS-coated copper part and one repre-
sentative cross-section of the Sn interlayer. After the process, the
final interlayer thicknesses of 15, 30 and 45 μm were achieved.

The interlayer thicknesses were previously volumetrically
calculated to ensure a similar nominal composition of the pre-
viously investigated CuSn6 sheet filler metal to ensure compa-
rable welds seam properties [4]. The porosity of the interlayer
was determined on representative cross-sections with 15%.

2.4 Electron beam welding

EBWenables single pass welds of large cross-sections of, e.g.,
high-strength steel sheets with thicknesses of more than
100 mm, due to a highly focused high energy beam (>
105 W/mm2). Furthermore, the high energy densities allow
very small and narrow heat-affected zones, reduce local hard-
ness peaks and enhance the service properties of the produced
welds in general [18]. EBW is generally conducted in high
vacuum (< 10−3 mbar) and therefore no oxidation occurs.
Thick-walled copper components tend to an increased heat
sink and require a preheating step to ensure a proper joint,
which results in high costs. By using EBW the preheating step
is not necessary, due to a very local heat input, which is a

major advantage [1]. Figure 5 shows a schematic sketch of
the joint and the main EBW parameters. The investigated
EBW parameters are as follows:

& Acceleration voltage—U (kV)
& Primary beam current—IB (mA)
& Welding feed speed—v (mm/s)
& Focus point—fp (mm)
& Beam deflection figure (triangle) with y-amplitude dy

(mm)
& Deflection figure frequency—f (Hz)

The limited heat dissipation of the copper parts leads to an
unavoidable temperature increase of the base material during
welding. This preheating further leads to an increase in pene-
tration depth over welding distance. To countervail this effect,
the energy input per length unit was reduced by linearly in-
creasing the welding speed from 5 to 9 mm/s during welding.
This leads to a linear decrease of the line energy input and a
welding time of 14 s per pass [4]. Furthermore, to improve
dilution and degassing during welding, two welding passes
were performed. In a preliminary investigation, different

Table 2 Main activation and APS parameters [17]

Electric
current (A)

Feed speed
(mm/s)

Working
distance (mm)

Powder type
(/)

Activating 150 100 20 –

Coating 45 300 21 VP68036/G
[15]

v, welding directionU, IB

Beam trajectory

Joint with Sn APS-interlayers
(layer thickness = 15µm, 30µm, 45µm)

30

fp

x

z

y

P

P

P

T T T T T

Fig. 5 Schematic of the welding experiments; red-shaded areas indicate
the positions of transverse tensile specimen (T) and potentiostatic test
specimen (P)

Fig. 4 APS-coated copper substrate a tin interlayer as filler metal b cross-section of the Sn interlayer
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parameter sets were tested. It became evident that changing
the frequency and geometry of the beam figure led to better
dilution of the weld zone. Both welding passes were designed
for full penetration. In detail, the y-amplitude of the beam
figure of welding pass 2 was increased from 1 to 1.5 mm;
hence, the beam power was increased accordingly. The final
parameter set is displayed in Table 3.

2.5 Tensile tests

Quasi static cross tensile tests were performed for all welds
using cylindrical tensile specimens (Ø8 × 100mm) to charac-
terise the tensile strength. A crosshead speed of 3mm/minwas
used for all experiments.

2.6 Potentiostatic investigation

Measuring the electrical resistivity of copper in general re-
quires measuring technique with a high sensitivity. To fulfil
this requirement, four-point potentiostatic measurement with a
resolution of 1 μΩ was chosen.

Figure 6 shows a sketch of the measuring setup and the
investigated welding zone. Based on the measured data, an
electrical resistance Rmeasured was recorded and the specific
electrical conductivity λ was calculated (Eqs. 1 and 2).
Thus, A represents the specimen cross-section and L repre-
sents the measuring length (20 ± 0.1 mm).

ρ ¼ Rmeasured*A
106*L

*
Ωmm2

m

� �
ð1Þ

λ ¼ 1

ρ
*

m
Ωmm2

� �
ð2Þ

However, since the electric conductivity of the welding
zone is of major interest, base and weld metal has to be dis-
tinguished. Therefore, the size of the fusion zone was mea-
sured by light optical microscopy (LOM). According to the
LOM investigation a welding zone width of about 2 mm could
be defined for all investigated specimen. Based on that anal-
ysis, the base material was deduced by Ohm’s law of all in-
vestigated samples and the specific electric resistivity of 2 mm
welding zone could be determined as a function of the differ-
ent interlayer thicknesses.

Since a measurement with the present resolution is very
easily distorted by ambient influences, all measurements had
to be performed at defined room temperature (20 °C) and
humidity (40%) to ensure identical measurement conditions.

2.7 Computer tomographic investigation

The CT-scans were performed by an industrial RayScan 250E
CT-device, equipped with a 225 kV μ-focus X-ray tube and a
2048 × 2048 pixels flat panel detector. A set of 2D projection
images is acquired during a full rotation of the specimen,
which is finally used to reconstruct a 3D image of the speci-
men consisting of volumetric pixels (voxels) by typically
using a filtered back-projection algorithm [19]. Voxels are
represented as grey values, which mainly correspond to the
density and atomic number of the penetrated material at the
particular position within the specimen. Micro-focus tubes are
defocusing the electron beam proportionally to the electric

Table 3 EBW parameter set
U (kV) IB (mA) v (mms−1) Fp (mm) figure Dy (mm) f (Hz)

Welding pass 1 150 100 5–9 −15 Triangle 1 1000

Welding pass 2 150 140 5–9 −15 Triangle 1.5 30

Fig. 6 Schematic of the
measurement setup. A four-point
potentiostatic measurement with-
in a total measuring length of
60 mm. The welding zone was
defined as 2 mm
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power, to prevent the tungsten target from thermal destruction.
The electric power has been set in accordance with the voxel
size, to ensure a minimum image blurring caused by the focal
spot of the X-ray tube. The CT-scans have been performed
with a voxel size of about 6 μm3. The main CT parameters are
shown in Table 4.

3 Results and discussion

3.1 Weld bead formation

A regular weld bead was formed with a homogeneous chev-
ron pattern on the top surface and a regularly formed root
appearance. Spattering during welding was low and no large
inhomogeneities were observed with all three Sn layer thick-
nesses. The light optical microscopy (LOM) showed the char-
acteristic weld bead collapse on the top side of the joint. This
collapse is based on gravity directed material flow during
EBWand re-solidification. Introducing a thicker Sn interlayer
into the welding zone leads to an increased liquid metal flow
in root direction, due to a decrease in viscosity. Consequently,
the volumetric weld bead decline gets more significant and
leads to a more pronounced root formation. Figure 7 shows
the top position and the root of the EB welds according to
different interlayer thickness. The LOM investigation reveals
also an increased amount of tin residues in the root area at
45 μm interlayer thickness.

The primary pore formation takes place in the root area of
the joint, due to material flow. However, the achieved porosity
using Sn plasma interlayers is superior, compared to copper
joints using Sn paste as filler metal. In addition, the process is
more stable and the weld bead is regular. Table 5 gives an
overview about the weld bead characteristics and geometries.
The differences of weld bead decline and the resulting exces-
sive root material are due to the unevenly distributed root
evolution in welding direction.

Figure 8 shows representative cross-sections of the in-
vestigated welds. Due to the overall low Sn content in the
weld, no brittle intermetallic compounds were found by
SEM investigation. However, the LOM investigation of
the welding samples led to the assumption that the influ-
ence of the microstructure has a minor impact on the me-
chanical properties of the welds.

3.2 EDX investigation of the remaining Sn content

To determine the Sn content in the welding zone, an energy
dispersive X-ray (EDX) analysis transversely to the joint was
performed. No Sn could be detected in the top or middle zone
of the weld. It becomes evident that Sn accumulates in the root
area, majorly in the peripheral zone of the excessive root ma-
terial. Additionally, Sn residues could only be detected the
root area (Fig. 9). This behaviour is related to the 1.4 times
higher density of Cu compared to pure Sn.

Table 4 CT parameters
U
(kV)

I
(μA)

Pre-filter
copper

Integration time
(s)

Scanning time
(min)

Voxel size
(μm3)

RayScan
250E

150 50 0.5 3 115 1000

Fig. 7 Top and bottom (root) position of the welds depending of the interlayer thickness (not etched)
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This leads to the assumption that the thin Sn layer
destabilises the weld pool and changes the viscos-physical
properties of the molten material, rather than generating a
Cu-Sn solid solution in the joint. The destabilisation increases
with the Sn content, which can be observed in a more pro-
nounced root formation.

3.3 Tensile strength

The results show a tensile strength of about 90% of the base
material (Fig. 10). Alloying the welding zonewith different tin
interlayer thickness, lead to a small variation of tensile
strength. However, the results are also comparable with
bead-on-plate welds. Therefore, Sn is not the only reason to
reduce the strength; it is mainly caused by the welding process
itself. Due to different material properties in the welding zone
and the base material, the elongation before fracture and yield
stress was not taken into account for further investigation.

3.4 Electric conductivity

Overall, the electron beam welds show a substantial improve-
ment compared to clamped condition, which is state-of-the-art
in electric engineering [20]. Figure 11 shows no major differ-
ences through all investigated EBW samples (S1, S2, S3).
However, there is a slight decrease of electric conductivity
compared to base material. The lowest values were measured
with an interlayer thickness of 30 μm, 45 and 15 μm exhibit
values closer to the bead-on-plate weld.

3.5 Porosity

Since the measurement results could not show a clear relation
between interlayer thickness and electrical conductivity, a
computer tomographic (CT) investigation was performed to
evaluate the porosity of the copper joints in the bottom (root)
zone of the EBW joints. Figure 12 shows the result of the CT
investigation of the EBW samples and the bead-on-plate weld
at bottom (root position).

This investigation shows that local alloying significantly
improves the quality of the joint with respect to porosity.
However, this improvement is not recognisable in strength
or conductivity. The CT investigation of the bead-on-plate
welds show signs of spiking and high porosity, due to the
absence of Sn. According the preliminary investigation [4]
and literature [21], the instable keyhole behaviour can be a
possible cause of this spiking phenomenon.

Although the bead-on-plate welds show very high pore
density within the welding zone, the specific electric conduc-
tivity is comparable to the other specimens. This suggests that
the electric conductivity is not strongly coupled to porosity
within the tested Cu-DHP material, but is more affected by
the tin content—even in very small amounts.

4 Summary and conclusion

EBWof thick-walled copper components (> 30 mm) tends to
different welding defects like spiking, insufficient root forma-
tion or porosity. These defects cannot be simply handled by

Table 5 Evaluation of the weld
bead geometry using APS
interlayers

Sample Layer thickness (μm) Weld bead decline (mm2) Excessive root material (mm2) Porosity (%)

S1 15 3.896 1.174 1.3

S2 30 4.638 3.638 0.9

S3 45 7.074 9.133 1.2

Fig. 8 Representative cross-sections of the investigated Cu welds. The red-dashed line indicates the welding zone
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Fig. 10 Measurement of the
tensile strength of welds with
different interlayer thickness and
bead-on-plate. The dashed line
indicates the tensile strength of
the base material (Cu-DHP)
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Fig. 9 EDX line scan of the root depending on the interlayer thickness. Bright areas show higher tin content—see bottom line of histogram

Fig. 11 Electric conductivity in
m/Ωmm2 of different interlayer
thicknesses, bead-on-plate (blind
welding), clamped condition and
base material. The value of the
specific electric conductivity of
Cu-DHP base material depends
on the phosphorous content and is
ranged between 55 and 45 m/
Ωmm2 according to [8]
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EBW parameter variation (e.g. changing beam figure).
However, defects could be reduced by introducing a filler
material into the welding zone. APS was used to deposit filler
materials. Consequently, EBW joints of thick-walled Cu-DHP
alloys were successfully realised by adding thin APS Sn in-
terlayers.Welding defects could be reduced significantly and a
proper root formation could be maintained.

Using plasma interlayers led to some interesting findings:

& Local alloying (Sn) influences the viscosity, the surface
tension and the melting interval. It can be assumed that
these effects improve the root formation, due to an intended
instable keyhole. By increasing the interlayer thickness, the
melt viscosity decreases, which leads to an increased flow
in root direction and more pronounced root formation.

& A Cu-Sn solid solution of the fusion zone could not be
confirmed, due to partly evaporation of the Sn interlayer.
The remaining Sn content could be observed in the root
area of the cross-sections by LOM and was confirmed in
EDX line scans.

Taking the decreasing viscosity with Sn contents from 0 to
10 wt% into account, it is assumed that the generated melting
interval is the second positive driving effect of the
viscophysical properties of the molten material and subse-
quent solidification.

& The partly liquid, partly solid fluid forms the root area and
acts as a bead support for the more or less pure Cu melt in
the majority of the fusion zone during solidification.

& The investigated interlayer thicknesses of 15, 30 and
45 μm are not influencing the mechanical and physical
properties of the weld significantly. The increased porosity
of the bead-on-plate welds, which is typical for spiking,
led to a reduction of tensile strength. However, the tensile
tests of the different Sn interlayer samples showed a
resulting tensile strength of up to 90% of the basematerial.

& Contrary to assumptions, the specific electric conductivity
has a minor dependency on the Sn interlayer thickness
and porosity. The determined conductivity was lower
than observed in bead-on-plate and base material, but
showed a clear improvement compared to the state-of-
the-art joints. A lower Sn alloying resulted in higher con-
ductivities. CT measurements confirmed that local pore
formation had no measureable influence on the specific
electric conductivity.

To sum up, EBW brings a great benefit according to the
electric conductivity of thick-walled copper components like
electric conductive paths especially if it is compared to the
state-of-the-art mechanical joint. Using APS to deposit a con-
trolled Sn interlayer thickness is an easy and reliable method
to improve EBWof thick-walled copper components.

y

x

x

y

z

Fig. 12 CT investigation of the welded copper specimen at the bottom position (root position): b bead-on-plate; S1 interlayer thickness = 15 μm; S2
interlayer thickness = 30 μm; S3 interlayer thickness = 45 μm
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In other words, EBWallows thinner copper parts, which are
providing same amounts of electric current per cross sectional
area. Using EBW has in particular a higher economic efficiency
than the state-of-the art joining technique.
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