Laser beam welding of CuZn open-cell foams
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1. Introduction

Cellular materials are an innovative and challenging class of
materials that can offer an interesting and seemingly unique
combination of morphological and material characteristics [1].
Therefore, the interesting physicochemical and mechanical prop-
erties of these materials make them very attractive for both
structural and functional applications in different sectors. Different
processes can be used to produce cellular materials. One concern,
however, is the infiltration of leachable solid particles into the
molten alloy [1-4]. The most studied metallic foams in the
literature are generally Al-based alloys obtained via the liquid
infiltration of leachable space holders because of their light
weights, high stiffness, good thermal stabilities, and low manu-
facturing costs [4]. The formation of open-cell foams using silica
gel as a space holder was proposed for CuzZnAl and CuZn alloys
[5-6]. The functional response of these foamed alloys has con-
siderable potential; CuZnAl alloy foams show both interesting
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shape memory effects and pseudo-elasticity [7-8] in a lighter
structure with no significant degradation in these properties
relative to the initial material. The effect of mechanical cycling of
CuZnAl alloy foams, on the order of a few hundred cycles, was also
investigated at different temperatures, and the results indicated
that their functional performance exhibited good stability [9].

This potential for these foams makes their processing an
important issue for increasing their applications [10]. Some studies
have reported on the use of laser beams, for assisting the foaming
process [11], for bending [12], for cutting [13], and for welding [14]
foams, which usually have pores size on the micro scale. The most
important factor for foams is their pore size, which can affect both
the final foam performance and the process performance. Speci-
fically, larger pores lead to more potential foam applications; for
example, foams with porosities on the order of a few millimetres
can be used as the active elements in heat exchangers [15].
A practical problem for this application is joining the foams to
other elements or structures to produce more complex systems;
for these reasons, the authors proposed to investigate the joining
of Cu-based alloy foams using laser technology.

The objective of this work is to investigate the process of fibre
laser welding open-cell CuggZngg [Wt%] brass foams using a 1 kW
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continuous-wave (CW) fibre laser. These foams, with a pore size of
approximately 3.5 mm + 0.5 mm, were produced using a vacuum
induction melting system via the liquid infiltration method with
silica gel as the space holder. The space holders used to generate
the pores were subsequently removed via chemical etching.
A peculiar characteristic of foams produced via this method is
their open-cell structure, which ensures the interconnection of
adjacent pores [5,6].

Some preliminary welding tests were performed with the
foams in a bead-on-plate configuration; however, weld beads
were not obtained because of the large pore size relative to the
laser beam and because of the high porosity of the foams
(approximately 66%). However, the laser welding process was
successfully performed in the lap joint configuration, in which a
thin plate of the same material was placed on the top of the foam
surface. The effect of the process speed (5-20 mm/s) on the
geometrical characteristics of the transverse sections of the joints
was studied and the heat-affected zone (HAZ) was identified using
the microhardness profile. Compositional analyses of the weld
bead and HAZ were also performed using a scanning electron
microscope (SEM) coupled with an energy dispersive spectro-
meter (EDS). Therefore joining of high-reflectivity porous alloys
with complex structures and pore sizes on the order of several
millimetres was proved using a CW fibre laser in the lap joint
configuration.

2. Experimental

Ingots (60 mm in diameter) of CugoZnge [wt%] brass were
melted in an Aseg Galloni VCMIII induction melting system under
a pure Ar flow. The material was then foamed via the liquid
infiltration method using amorphous SiO, spheres (Sigma S7500
Type II) as space holders. The process details have previously been
described elsewhere [5,9]. After foaming, the SiO, particles were
removed via chemical etching (50% HF and 50% H,0). A typical
section of the foam is shown in Fig. 1a nearly round, intercon-
nected pores are clearly visible. An average pore fraction of
65-70% was calculated via image analysis and weight/volume
measurements.

The welding process was performed using a CW fibre laser
(mod. YLR 1000 from IPG Photonics). The primary characteristics
of this laser is shown in Table 1.

After preliminary tests in a bead-on-plate configuration,
experiments of joining the foams were performed using the lap
joint configuration, in which the foams were joined to a 1-mm-
thick cold rolled plate of the same material that was placed on the
top surface of the foam (Fig. 1b). During these experiments, the
welding speed was varied across the range from 5-20 mm/s, and
three replicas were performed for each of the tested welding
condition. A summary of the employed process parameters is
presented in Table 2. Fig. 2 shows the multi-nozzle system that
was used to cover the weld beads with a sufficient argon flow
during the laser joining process; this device was designed to
minimise the evaporation of Zn due to its low melting and boiling
points.

The weld beads were mechanically sectioned, and their metal-
lographic cross sections were prepared and analysed using optical
microscopy (OM) and SEM. Microhardness tests were performed
both on un-welded samples for the hardness characterisation of
the base material and on the welded ones to obtain the hardness
profile across the weld bead and the HAZ as a function of the
process speed. Moreover, a compositional analysis was performed
using EDS to evaluate any chemical changes in the proximity of the
laser joint.

Fig. 1. Representative section of the foam (a) and lap joint configuration used for
the welding test (b).

Table 1
Main characteristic of the fibre laser, used in the
welding experiments.

Maximum power (W) 1000
Modality od laser emission CW-QCW
Laser central wavelength (nm) 1070
Beam quality factor 5.14
Diameter of the process fibre optics 50

(pm)

3. Analysis and discussion of the results

Laser welding the foams in a bead-on-plate configuration was
first attempted for preliminary evaluation of the laser welding
process. According to the result shown in Fig. 3, welding cannot be
successfully achieved in the absence of a filler material because the
pore size of the cellular material is significantly larger than that of
the laser spot and because there are very few contacts between
the materials to be welded. Therefore, in order to ensure a
constant laser-material interaction, the laser joining process was



investigated in a lap joint configuration by placing a thin plate of
the same alloy on the top surface of the foam (Fig. 1).

Fig. 4 shows a cross section of a bead welded in the lap joint
configuration at 10 mmy/s. In this picture, the difference between
the size of the weld bead produced by the fibre laser and the pore
size inherent to the investigated foams is apparent. This difference
indicates that joining cellular structures requires a material to be
added to obtain a weld bead and to avoid destroying the foam
structure (Fig. 3).

Fig. 5 shows representative cross sections of weld beads
obtained at process speeds from 5 mm/s to 20 mm/s with a power
of 1kW in the lap joint configuration. The thin plate material
partially falls into the cellular structure, which allows it to join
with the substrate. Joining of the thin plate and foam only
occurred where the cellular structure presented a pore border;

Table 2
Variable and fixed process parameters, used in the welding experiments.

Variable parameter Process speed 5-10-15-20 mm/s

Fixed parameters Power 1000 W
Laser spot 0.54 mm
Assist gas Argon
Gas pressure 5 bar
Gas flow 40 1/min
Inclination of the laser beam 10°
Collimation length 100 mm
Focusing length 200 mm
Focal position +3 mm

Fig. 2. Nozzle system for covering the welding with the assist gas.

without a pore border, the connection cannot occur. Moreover, no
cracks were observed in either the weld bead or in the HAZ.

The bead penetration clearly varies as a function of the cellular
structure morphology encountered by the laser beam. For this
reason, the bead penetration measurements do not appear to be
representative of this investigation; therefore the weld bead width
was measured at half of the thickness of the plate as a mean
indicator of the weld bead size.

Fig. 6 shows the interval plot for the weld bead width at the
analysed welding speeds; for each welding speed the sample
mean value is represented by the black dots while each single
bar around the mean represents its 95% confidence interval (CI).

A significant reduction in the width of the weld beam is
observed from a mean value of 0.58 mm to 0.36 mm, which is
directly associated with increasing the process speed because of
the decreasing specific energy density. As for the process variance,
a relatively high 95% CI for the mean is observed at all the welding
speeds. Similarly to the weld bead penetration, this result can be
partially related to the inhomogeneous morphology of the cellular
structure of the foam.

Another representative variable that is characteristic of the
weld beads is the HAZ.

The analysis of the micrographs in Figs. 4 and 5 show that a
microstructure variation of the material is hard to be observed
near the molten zone. This phenomenon can be mainly related to
the fast thermal cycle of the laser welding process itself that, in
conjunction with the high thermal conductivity of the copper
inside the welded samples, does not allow for a significant
variation of the sample structure.

Fig. 4. Representative micrograph, at low magnification, of the welded bead in lap
joint configuration (process speed 10 mm/s).

P=500 v=1 Z=+10

Fig. 3. Representative trial of laser welding in a bead on plate configuration.
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Fig. 5. Micrographs of the welded bead, at varying the process speed, in the lap
joint configuration.

However, because of the cold rolled condition of the plates, a
relief of the internal stresses of the welded plates was expected
leading to lower hardness where this relief occurs.
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Fig. 6. Interval plot for the width of the welded bead in function of the
process speed.

Therefore the HAZ was considered as the extension of the zone
near the weld bead where an hardness value lower than the one of
the base material is observed, by evaluating the microhardness
profile across the weld bead at half of the thickness of the thin
plate (as shown in the indentation in Fig. 4).

The micro hardness analysis was performed for the two most
relevant welding condition, such as the one related to the lowest
welding speed of 5 mmy/s and the one at the highest welding
speed of 20 mm/s, as shown in Fig. 7.

The distribution of the hardness value for the base material was
evaluated by performing three HV0.2 hardness measurements for
the three replica of both the two welding speed conditions leading
to a total of 18 measurements. A mean hardness value of 90.1 HV
with a 95% CI between 89.1 HV and 91.0 HV was calculated for the
base material, as described in [16].

The microhardness trend at welding speed of 5 mm/s is shown
in Fig. 7a the mean hardness trend is represented by the black
dots, while for each x [mm] position the estimated 95% CI of the
three sampled replica is represented by the vertical bars, whose
higher extension in comparison to the CI of the base material is
related to the lower sampling dimension [16].

The centre of the weld bead exhibited the highest hardness
(approximately 125-130 HV); rapid solidification due to the high
cooling speeds characteristic of laser welding usually generates a
fine microstructure with a higher hardness value. Thus, a signifi-
cant reduction in the hardness was detected from the melted zone
(MZ) to the HAZ. This softening appears to occur in the HAZ even if
the hardness variation between the HAZ and BM is limited but still
present. The extent of the HAZ was estimated as the distance
above which the hardness had stabilised to the value of the base
material; therefore for samples welded at the minimum process
speed (Fig. 5a), the complete HAZ width, including the melted
material, was approximately 4 mm.

Fig. 7b shows the hardness profile measured for the weld bead
produced at the highest process speed (20 mm/s). In this case a
relatively shorter HAZ of 3.5 mm (including the melted material) is
observed, even if a similar softening effect of the 5 mm/s welding
condition is reported in terms of hardness reduction.

Because of that the extent of the HAZ, ranging from 4 mm
(welding speed of 5 mmy/s) to 3.5 mm (welding speed of 20 mm/s),
does not appear to be strongly influenced by the investigated
process speeds.

Finally, a compositional analysis was performed in the proxi-
mity of the weld bead produced at a process speed of 5 mmy/s.
Fig. 8 shows the area selected for these EDS measurements, a table
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Fig. 7. Microhardness across the welded beads, performed at 5 mm/s (a) and 20 mm/s (b),respectively.

containing the elemental contents and two representative spectra
for the BM and MZ. No significant modification in the chemical
composition was detected; the loss of Zn, which is characterised
by low melting and boiling points, was avoided [17], most likely
due to the shielding provided by the assist gas.

4. Conclusions

In this work, a welding process using a 1 kW continuous-wave
fibre laser was studied using open-cell CugoZngo [Wt%] brass foams.
Following some preliminary welding tests in the bead-on-plate
configuration that yielded poor results, the joining process was

successfully performed in the lap joint configuration. The
following main conclusions were drawn:

® Weld beads were obtained via the connection between
the plate and some of the foam pores. Melted material
from the thin plate was necessary for joining the plate to the
foam because it fell into the gaps of the bulk cellular materials.
No cracks were observed in the proximity of the weld
bead.

® The process speed influenced the extent of the MZ but only
slight variation are observed in the case of the HAZ. The mean
width of the weld bead ranged between 0.36 and 0.58 mm,
whereas the size of the HAZ, including the width of the weld



EDS area Material Cu [Yowt] Zn [wt]
condition
1 MZ 61 39
2 BM 62 38
3 BM 58 42
4 MZ 60 40

Fig. 8. Zone of EDS measurements (a), compositional analysis (b) and representative spectra of the welded bead (c), performed at 5 mm/s, and of the base material (d).

bead, was estimated to be approximately 4 mm for the lowest 125-130 HV (MZ). The HAZ softened, which was most likely
speed and 3.5 mm for the highest speed. dependent on the cooling rate.
® The hardness profile showed that the mechanical properties of ® The compositional analysis did not reveal any significant

the material increased from a mean value of 90.1 HV (BM) to modification to the material chemistry. The thermal cycle



imposed by the laser beam did not reduce the Zn content,
which was the potentially problematic element due to its low
melting and boiling points. The assist gas flow produced a
shielding effect that properly covered the weld bead.

This study demonstrated that welding using a fibre laser can be
employed for joining Cu-based foams. Weld beads were obtained
in the lap joint configuration as a result of material falling from the
thin plate to fill the pore voids.
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