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1. Introduction

Joints of aluminium with copper are nowadays more and more
often applied in different industry branches, e.g. electrical
engineering, radio engineering, refrigeration, automotive,
aircraft and space industries. However, most of the equipment
built with this two dissimilar materials is sensitive to high
temperatures. Therefore the low energy welding methods are
used for its production [1–3]. The commonly applied welding
process is soft soldering, where aluminium is joined to copper
with the use of zinc–aluminium solders and the fluxing agents
of high chemical activity containing cesium compounds.

However, application of Zn–Al solders with high melting point
(of about 400 8C) causes formation of the reaction zone at the
boundary of the soldered joint and copper. This reaction zones
consist of intermetallic phases from the Cu–Zn system and
have high microhardness over 500 HV0.025 [4,5]. The identifi-
cation of phases requires performing the XRD analysis with
the X-ray diffraction method. The reaction zone reaches a
width up to 50 mm and causes brittleness of soldered joints,
what significantly lowers their functionality.

Another problem of soft soldering process is insufficient
wettability of copper with the Zn–Al solders (the contact angle
u > 508). Thus the tight filling of the solder gap is problematic
[4]. What is more an erosion of the solder joint caused by
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a b s t r a c t

The article presents the application of interlayers deposited by Low Pressure Cold Spraying

(LPCS) in the soldering process. The problems concerning soft soldering of aluminium and

copper were indicated and a solution with the use of metallic and composite interlayers was

proposed. Wettability and spreadability tests with selected solders were performed to

evaluate a solderability of various aluminium and copper LPCS coatings. Light and scanning

microscopes were used to analyze solder dissimilar Al–Cu joints with previously deposited

LPCS interlayer. What is more mechanical properties of the joints, e.g. microhardness and

shear strength, were examined. Strength of the soldered Al–Cu joints with the LCPS

interlayer highly depend on shape of powder used in spraying process. The joints with

the interlayer sprayed with dendritic copper powder have low strength of about 20 MPa.

However, the strength of soldered joints with the LPCS interlayer of spherical copper powder

is significantly higher and amounts to 36.7 MPa.
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electrochemical corrosion can occur as a result of high
potential difference between aluminium and copper.

According to the literature [4], an application of the
interlayer deposited on the copper surface in the soldering
process is a solution to the described problems. On the one
hand deposited interlayer improves copper solderability with
zinc solders. On the other hand the interlayer effectively limits
creation of the reaction zones. Applied in [4] the Zn–Ni (12–15%
Ni) electroplated coating with thickness of 16 mm was used as
an interlayer. However, deposition of electroplated coatings is
less economical due to the long time of production The time
required for depositing the layer of the recommended
thickness of 16 mm at the deposition rate of 0.18 mm/min
amounted to 1.5 h.

Hence it is necessary to look for another method of
depositing the interlayers applied for the soldering process.
However, the performed interlayers should: (i) be character-
ized with good solderability, (ii) provide the effective protec-
tion against formation of the hard reaction zones lowering the
mechanical properties of joints, and (iii) protect the joint
against corrosion.

The newest among thermal spraying methods, e.g. cold
spray, provide very good quality of coatings [6,7]. Cold spray can
be divided into Low Pressure Cold Spraying – LPCS, and High
Pressure Cold Spraying – HPCS. In the LPCS method the
pressurized working gas (air or nitrogen) is heated to tempera-
ture within the range of 200–650 8C and accelerated to the
supersonic velocities in the convergent–divergent de Laval
nozzle. The powder particles introduced into the nozzle gain the
velocity from the flowing gas as a result of the drag force. Due to
the high kinetic energy the particles are plastically deformed at
the instant of contact with the substrate and the mechanical
bonding occurs. The powder temperature during spraying is
much lower than the melting point of the applied metal.
Therefore the coating is built in the solid state. Moreover low
temperature of the LPCS process decreases coating oxidation
compared to the other thermal spraying methods [8–14].

In the article the application of interlayers in the soft
soldering of aluminium to copper deposited with the LPCS
method has been proposed. In the relevant literature there is
little information on the subject [15–17]. The interlayers
sprayed with the aluminium powder onto copper substrate,
as well as the interlayers sprayed with the copper powder onto
aluminium substrate, were subjected to the tests. Evaluation
of the coatings solderability was performed based on the
spreadability and wettability tests of surfaces using the Zn–Al
and Sn–Cu solders. For the selected coatings the soldered
joints were performed and analyzed with various tests what is
described further in the article.

2. Test methodology

The interlayers were sprayed with the LPCS method using the
low-pressure device DYMET 413 (Obninsk Center for Powder
Spraying, Obninsk, Russia), equipped with a spraying gun and
the de Laval nozzle of the 5 mm output diameter. The spraying
gun was attached to the manipulator operating in 3 axes: x, y
and z. The air was used as a working gas with pressure of
0.9 MPa and temperature of 200 8C and 600 8C for aluminium

and copper powders, respectively. The remaining parameters
of the process: (a) the powder feed rate of 40 g/min, (b) the
traverse speed of 10 mm/s, and (c) the spray distance of 10 mm.

The coatings were deposited using commercially available
powders: (i) gas atomized aluminium (Al) with particle size of
�63 + 10 mm (PyroGarage, Poland) (Fig. 1a), (ii) aluminium
mixed with alumina (Al + Al2O3) with particle size of �45
+ 5 mm (Obninsk Center for Powder Spraying, Russia) (Fig. 1b),
(iii) electrolytic copper (E-Cu) with particle size of �50 + 15 mm
(Libra Ltd., Poland) (Fig. 1c), (iv) copper mixed with alumina
(E-Cu + Al2O3) with particle size of �45 + 15 mm (Obninsk
Center for Powder Spraying, Russia) (Fig. 1d), (v) gas atomized
copper (S-Cu) with particle size of �55 + 10 mm (Sentes-BIR A.S.,
Turkey) (Fig. 1e), (vi) copper mixed with alumina (S-Cu + Al2O3)
with particle size of �50 + 10 mm (Sentes-BIR A.S., Turkey)
(Fig. 1f). The metallic powders were mixed with alumina in
the weight ratio 1:1. Addition of alumina was applied to
increase the density, adhesion and reduce porosity of the
coatings. The aluminium coatings were deposited on the
copper substrate of the Cu-ETP grade, and the copper coatings
on the aluminium substrate of the AA1350 grade. The
substrates were in the form of squares of the 30 mm � 30 mm
size and 2 mm thick. Prior to spraying the substrates were
degreased and sand blasted using alumina (mesh 20).

Prior to the tests the coatings were grinded with papers of:
80, 200, 400, 600, 800 and 1000 grade, to remove the waviness
and roughness created during the spraying process.

For evaluation of solderability of the Al coatings deposited
onto the copper substrates the near-eutectic zinc solder
S-ZnAl4 (Al – 4 wt.%) was used, with the melting point in
the range of 382–387 8C, and the 192 NX flux, containing cesium
compounds. In the case of Cu coatings deposited onto
aluminium substrates the tin solder S-SnCu3 (Cu – 3 wt.%)
was used, with melting point in the range of 230–250 8C and a
flux containing zinc chloride and ammonium chloride. The
same solders and fluxes were also applied in soft soldering
process of dissimilar materials with deposited interlayers.

The specimens with deposited coatings and the proper
solders of the 0.1 g and the fluxes of the 0.05 g on the surface,
were placed on a metal mesh coated with ceramics. After-
wards the specimens were heated from the bottom with the
propane-air flame using the Bunsen burner. Since melting of
the solder the specimens were heated for 5 s.

The solderability was determined by examination of solder
spreadability and wettability. The measure of spreadability
was the size of the solder spread area at a given substrate.
Therefore the DP-Soft optical program was used to measure
soldered area. The wettability was determined by measuring
of the contact angle u. Therefore the specimens were cut in the
half of the spread solder and metallographic sections were
analyzed. Finally the contact angles for individual coatings
were obtained by image analysis.

For the strength tests the overlap joints were prepared with
the overlap length of 5 mm. Width of the soldering gap of
0.2 mm was fixed with the steel distance wires. The joints were
made by heating with the propane-air flame. The static
shearing test was performed at the Instron 3369 testing
machine, using the handle with spacing inserts. The traverse
speed of the machine was 0.2 cm/min, and the range of loads
up to 50 kN.
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The soldered specimens for metallographic tests and
microhardness measurements were prepared with the
overlap length of 10 mm to ensure better analysis. The
metallographic specimens were grinded on water abrasive
papers of up to 2000 grade, and polished with aluminium
oxide. The cross-sections were observed using the light and
scanning microscopes, Nikon Eclipse MA200 and Phenom G2,
respectively. The microhardness was measured with the
Vickers method, in accordance with the ISO 6507 standard,
using the digital hardness testing machine Micro Vickers
HVS-1000, with the force of 0.25 N. The measurements of
microhardness were performed along the four measuring
lines: (i) two vertical lines passing through all zones of the
joint, (ii) a horizontal line in the soldered joint and (iii) a
horizontal line in the interlayer.

3. Results and discussion

3.1. Microstructure of the coatings

Microstructure of coatings deposited with the LPCS methods
is shown in Fig. 2. The coatings thickness was in the range of

250–300 mm. The coatings deposited using the copper dendritic
powder (Fig. 2c) had visible porosity. Admixture of ceramics to
the powder led to intensive work hardening of metal particles,
what increased density of the coating (Fig. 2d). In the case of
spherical powder of aluminium and copper the metallic
coating showed high density (Fig. 2a, e), and admixture of
alumina resulted in additional reinforcement (Fig. 2b, f).

Table 1 presents average roughness of the coating surfaces
after the grinding process. The arithmetic mean surface
roughness Ra of coatings was in the range of 0.2–0.34 mm.
Only the E-Cu coating showed significantly higher Ra
roughness of 13.2 mm, as a result of non-uniform deposition
and high porosity. What is more total height of the roughness
profile Rt was also considerably higher in the case of E-Cu
coating.

3.2. Spreadability and wettability

Evaluation of solderability of the Al and Cu coatings was
performed at the base of solder spreadability and wettability
tests. The exemplary spread area of the S-ZnAl4 solder on the
Cu-ETP substrate with the deposited Al and Al + Al2O3 coatings
are shown in Fig. 3.

Fig. 1 – The powders used in the tests: Al (a), Al + Al2O3 (b), E-Cu (c), E-Cu + Al2O3 (d), S-Cu (e), S-Cu + Al2O3 (f). SEM, BSE.
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The spreadability of the S-ZnAl4 solder on the copper
substrate with the Al coating was very good, the average value
of five measurements of spread solder areas was 410 mm2

(Fig. 3a). This is almost twice higher than spreadability of the
S-ZnAl4 solder on the surface of AA-1050A aluminium alloy
[18]. However, on copper substrates with deposited Al + Al2O3

coating the S-ZnAl4 solder was not spreading at all (Fig. 3b),
each time a ball of solder not wetting its surface was created at
the specimen. Presence of the Al2O3 particles in the coating
disabled spreading of the solder. The chemically active flux

Fig. 2 – Microstructure of LPCS coatings: Al (a), Al + Al2O3 (b), E-Cu (c), E-Cu + Al2O3 (d), S-Cu (e) and S-Cu + Al2O3 (f). SEM, BSE.

Table 1 – Average roughness of LCPS coatings.

No. Coating Ra [mm] Rt [mm]

1. Al 0.33 5.38
2. Al + Al2O3 0.24 7.23
3. E-Cu 13.2 105.2
4. E-Cu + Al2O3 0.22 2.84
5. S-Cu 0.20 7.42
6. S-Cu + Al2O3 0.34 8.91

Fig. 3 – Spreadability of the S-ZnAl4 solder at the Cu-ETP substrate with the deposited Al coating (a) and lack of spreadability of
the L-ZnAl4 solder at the Cu-ETP substrate with the deposited Al + Al2O3 coating (b).
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dissolved the Al matrix, leaving the protruding particles of
alumina, which are hardly wetted by the solder (Fig. 4). For this
reason in further part of the study the Al + Al2O3 coatings were
not tested.

Table 2 presents average value of spread areas for the
S-SnCu3 solder on the AA1350 substrate with the E-Cu, S-Cu,
E-Cu + Al2O3 and S-Cu + Al2O3 coatings. Fig. 5 shows the
exemplary spreadability surfaces.

The obtained results showed highest spreadability of the
S-SnCu3 solder on the coating sprayed with a dendritic copper
powder (E-Cu). The solder spreadability on coating sprayed
with a spherical copper powder is considerably lower. It arises
probably from the difference in oxidation level of the copper
powders prior to spraying [21–23]. What is more the solder
spreadability on composite coatings decreases of about 50%.

The results of contact angle measurements for individual
coatings are presented in Table 3. An exemplary specimens
with the Al and E-Cu coatings prepared for measurements of
contact angle are shown in Fig. 6.

The average value of the contact angle of the Al coating
amounted to 28. Thus Al coating showed very good wettability
with the Zn–Al solder. The surface of Al coating deposited on
the copper substrate was dissolved as a result of high chemical
activity of the flux (Fig. 6a). However the thickness of the
dissolved material depends mostly on the heating time, which
is measured since the flux transition from the solidus state
into the liquidus state. In case of spreadability and wettability
tests the time was 5 s, and the thickness of dissolved material
was in the range of 14–20 mm.

The wettability of aluminium coating with Zn–Al solder
is higher compared to the wettability of copper coatings with

Sn–Cu solder. The value of contact angle amounted to 158 and
358 for coatings sprayed with dendritic metallic E-Cu and
composite E-Cu + Al2O3 powders, respectively. Moreover, for
the coatings sprayed with spherical metallic S-Cu and
composite S-Cu + Al2O3 powders the average value of contact
angle amounted to 238 and 388, respectively. However, all
obtained results are much better compared to the wettability
of copper with the Zn-Al solders, where contact angle is above
508 [4].

It should be noted that the contact angle up to 308 confirms
good wettability of the material. Thus coatings sprayed with all
metallic powders have good solderability and may be used as
interlayers for soldering aluminium with copper. Therefore
the overlap joints were performed only with the use of the Al,
E-Cu and S-Cu powders. However the contact angle of copper
composite coatings is not large enough to disqualify the use of
those coatings for soldering.

3.3. Mechanical properties of the soldered joints

The static shearing test was used to evaluate mechanical
properties of soldered joints of aluminium with copper with
the interlayers deposited by the LCPS method. Three types of
overlap joints were prepared for the test – joints with
interlayer of Al, soldered with application of the S-ZnAl4
solder and joints with interlayer of E-Cu and S-Cu soldered
with application of the S-SnCu3 solder. The obtained results
from five measurements for each joint type are present in
Table 4.

The shear strength of Al–Cu soldered joints with interlayer
sprayed with metal powders of Al and E-Cu was about 20 MPa.
Much higher results of 36.7 MPa were obtained for joints
soldered with interlayer sprayed with spherical copper
powder. To analyze such significant differences in strength
of individual types of joints the evaluation of the failure
mechanisms was performed on the base of fractures after
the static shear test. Fig. 7 presents exemplary fractures of the
specimens after the shear tests for each type of joint.

The obtained results showed that low mechanical strength
of the Al–Cu joints with Al interlayer was a result of weak
adhesion of the deposited coating on the copper substrate. The

Fig. 4 – Microstructure of Al + Al2O3 coating with dissolved by fluxing agent Al matrix, top part (a) and surface (b). SEM, BSE.

Table 2 – Spreadability of the S-SnCu3 solder on the
AA1350 substrate with the deposited copper coatings.

No. Coating Solder Spreadability [mm2]

1. E-Cu S-SnCu3 122
2. E-Cu + Al2O3 78
3. S-Cu 90
4. S-Cu + Al2O3 58
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mechanism of the fracture is adhesive. Fig. 7a clearly shows
the LPCS interlayer detached from the Cu-ETP substrate all
over the surface. This demonstrates the high cohesion within
the coating and the low adhesion between the coating and the
substrate.

On the other hand the low strength of the Al–Cu joints with
the E-Cu interlayer results from low cohesion forces in the

Fig. 5 – Spreadability of the S-SnCu3 solder on the AA1350 substrate with the E-Cu (a), E-Cu + Al2O3 (b), S-Cu (c) and S-Cu
+ Al2O3 coatings.

Fig. 6 – The specimens prepared for measurements of contact angles, Al (a) and E-Cu (b) coatings; 1 – S-ZnAl4, 2 – Al, 3 – Cu-
ETP, 4 – S-SnCu3, 5 – E-Cu.

Table 3 – Results of contact angle measurements.

No. Coating Solder Contact angle

1. Al S-ZnAl4 28
2. E-Cu S-SnCu3 158
3. E-Cu + Al2O3 358
4. S-Cu 238
5. S-Cu + Al2O3 388
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coating. Thus failure of the specimen was the effect of
decohesion in the E-Cu interlayer (Fig. 7b). The low cohesion
within the coating may result from high porosity (see Fig. 2c).

In case of joints with the S-Cu interlayer the failure
occurred in the soldered joint as a result of decohesion
(Fig. 7c). Therefore the continuous layer of the solder remained
on both parts of the specimen. Thus the maximum strength for
the soldered joint was reached. To increase the shear strength
of the joint a solder with better mechanical properties should
be used. The spherical shape of the copper powder decreased
porosity of the deposited coating and therefore the coating had
better mechanical properties [11,12].

The soldered joints with Al and Cu interlayers showed
significant difference in microhardness. In the Al–Cu
joint soldered with the use of S-ZnAl4 solder the highest

microhardness was obtained in the soldered joint and
amounted to 95.4 HV0.025. The microhardness of the Al
coating was 28.7 HV0.025. On the other hand, the Al–Cu joints
soldered with the use of the S-SnCu3 solder showed micro-
hardness of 13.2 HV0.025. The higher microhardness of
92.1 HV0.025 and 163.2 HV0.025 was obtained in E-Cu and S-
Cu interlayers, respectively. Spherical powder deforms more
intensively in spraying process causing significant increase of
hardness of the deposited coating [11,12]. Moreover the
increased hardness is caused by impingement effect, which
is the hammering of particles on top of each other [14,24].

It is worth stressing that none of the performed joints
showed the significant increase in microhardness to the value
above 350 HV0.025, what could indicate the formation of the
reaction zones [4,19].

3.4. Metallographic tests

Macrostructure of the performed overlap joints of the Al–Cu
with the deposited interlayers are presented in Fig. 8.
Macrostructure of the Al–Cu joint with Al coating revealed
the presence of gas bubbles in some locations of the soldered
joint and the dissolution of aluminium surface by the S-ZnAl4

Table 4 – The shear strength of the aluminium and copper
soldered joints with the LCPS interlayers.

No. Coating Solder Shear strength [MPa]

1. Al S-ZnAl4 20.9
2. E-Cu S-SnCu3 22.9
3. S-Cu 36.7

Fig. 7 – Fractures after the shear tests of the Al–Cu joints with the Al (a), E-Cu (b) and S-Cu (c) interlayer. 1 – Cu-ETP, 2 – AA1350,
3 – layer of Al, 4 – layer of E-Cu, 5 – layer of S-Cu, 6 – S-ZnAl4, 7 – S-SnCu3.
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Fig. 8 – Macrostructure of the overlap joint of the Al–Cu with the interlayer: Al (a, b), E-Cu (c, d) and S-Cu (e, f); 1 – Al specimen,
2 – soldered joint, 3 – Al coating, 4 – Cu specimen, 5 – Cu coating.

Fig. 9 – Microstructure of the S-ZnAl4 joint (a) and the S-SnCu3 (b) in the overlap joint of the Al–Cu type with the interlayer,
1 – the solid solution h, 2 – (h + a) eutectics, 3 – (Sn + Cu6Sn5) eutectics, 4 – the secondary solid solution Cu6Sn5 (SEM, BSE).
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solder (Fig. 8b). What is more the soldering defects in the form
of gas bubbles appeared also in the Al–Cu solder joints with the
E-Cu and S-Cu coatings (Fig. 8d). However joints obtained with
cold spray interlayers are very satisfactory compared to the
joints made with flame or arc spray interlayers [20].

Microstructure of the joints is shown in Fig. 9. The S-ZnAl4
solder structure (Fig. 9a) showed the dendrites of (h + a)
eutectics, as well as the solid solution h distributed in the
inter-dendritic spaces. The structure of the S-SnCu3 solder
(Fig. 9b) consisted of the primary solid solution, which is the
(Sn + Cu6Sn5) eutectics, and the secondary solid solution
Cu6Sn5 in the form of darker, irregular phase.

The studies of microstructure showed lack of reaction
zones at the interface between solder and interlayers of Al,
E-Cu and S-Cu (Fig. 10). What is more, the boundary of
interlayers and substrates was also free of reaction zones,

which could be created in the soldering process (Fig. 10a, c, e).
Thus, it can be concluded, that there were no diffusion
phenomena, and bonding of the individual interlayers both,
with the substrate and with the soldered joint, is adhesive.

4. Conclusions

Based on the obtained results, the following conclusions were
drawn:

� The coatings deposited with the LPCS method had good
soldering properties, and thus can be used as interlayers in
the soldering processes.
� Addition of alumina to Cu powder caused decrease of
soldering properties of the deposited composite coating and

Fig. 10 – Lack of reaction zones at the boundary of interlayer with the soldered joint and the specimen: LM (a, c, e) SEM,
BSE (b, d, f), 1 – soldered joint, 2 – Al coating, 3 – Cu specimen, 4 – E-Cu coating, 5 – Al specimen, 6 – S-Cu coating.
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in case of the Al powder significantly limited the wettability
of the composite coating with Zn–Al solder, what eliminated
the use of Al + Al2O3 powder in the soldering process.
� Shape of the powder (dendritic, spherical) used in spraying
influenced the porosity and roughness of the coating, and
thus soldering properties of the deposited coating as well.
The coatings sprayed of the dendritic powder had better
wettability and spreadability with Sn–Cu solder.
� The interlayers deposited with the LCPS method effectively
limited formation of the reaction zones at the boundary of
the coating with the soldered joint.
� The coatings deposited of the spherical copper powder
(S-Cu) had the highest mechanical properties compared to
the other powder used and thus were attractive for soldering
processes.
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