
Introduction
     Aluminum and its alloys have been
widely used in aerospace, aircraft, and
automobile applications for their high
specific strength, excellent thermal con-
ductivity, and heat treatability (Refs.
1–3). A key process for joining alu-
minum alloys is brazing, especially for
relatively low bonding temperature and
low residual stress applications (Ref. 4).
The Al-Si and Zn-Al alloys 

are the most popular filler metals for
aluminum (Refs. 5–7), and their 
melting points are still high for the 
deformation-strengthening and heat-
treated aluminum alloys such as 2024
Al and 7075 Al (Refs. 8, 9), whose soft-
ening temperatures are 502°C and
465°C, respectively. Aluminum alloys
and their composites are also used in
electronic components and packaging
(Ref. 10). In other applications, alu-
minum alloys need to be joined with
temperature-sensitive materials (Ref.

11), which restricts brazing tempera-
ture. Some components like the super-
fluid helium dewar refrigerating ma-
chine for aircraft and spacecraft have
special requirements for soldering tem-
peratures as low as 200°–300°C, thus,
low-temperature soldering for alu-
minum should be developed (Ref. 12).
Sn-based solders have great potential
for joining aluminum alloys (Ref. 13)
because of their relatively lower melting
points, but it is difficult to realize reli-
able metallic bonding between Sn and
Al. First, without proper flux with a cor-
responding melting point, the oxide
film of aluminum cannot be removed
effectively. Second, the Al/Sn interface
strength is quite low. 
     An ultrasonic wave in liquid solder
can generate ultrasonic cavitation, and
a microjet resulting from cavitation
bubble implosion contributes to the
breakage of oxide film. Chen (Ref. 14)
estimated that the shock pressure of
the microjet in Al-Si liquid alloys could
reach about 0.78 GPa. Aluminum, tita-
nium, and steel (Refs. 15–18) were all
successfully joined by ultrasonic sol-
dering. Faridi (Ref. 19) ultrasonic sol-
dered 2024 Al with tin, and the joints
achieved shear strength of only 38
MPa. Diao (Ref. 20) deposited a Cu-Ni
adhesion film on the surface of alu-
minum, then joined the aluminum al-
loy by hot-dipping tin, thus achieving
a Cu/Sn interface instead of a weak di-
rect Al/Sn interface; however, the
shear strength was as low as 40 MPa.
Li (Ref. 13) found that aluminum den-
drites migrating into the solder can
strengthen the joint, and the maxi-
mum shear strength of a joint could
approach 60 MPa. Ding (Ref. 21) sol-
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dered 6061 Al with ultrasonic Sn-Pb-
Zn coating, and the highest shear
strength was only 25 MPa. All of these
works confirm weak metallic bonding
between Al and Sn.
     Recently, Sn-Zn solders have been
used to join aluminum alloys to get
higher strength. Nagaoka (Ref. 12) ul-
trasonic soldered 1070 Al under the
liquidus temperature of Sn-Zn hyper-
eutectic solder. However, few works
focused on soldering aluminum with
hypoeutectic Sn-Zn solder, which
makes it difficult to understand the
strengthening mechanism of Zn to
Al/Sn interface and the relationship
between content of Zn and mechanical
properties of the joints. So in this
work, pure Sn, hypoeutectic Sn-4Zn,
eutectic Sn-9Zn, and hypereutectic Sn-
20Zn filler metals were used to solder
aluminum alloys at 300°C. Pure Al
1060 was chosen as the base metal for
it can provide results to compare other
Al alloys. Ultrasonic waves were used
to break the oxide film and promote
wetting and bonding between solder
and base metal. The relationship be-
tween the Zn content, the microstruc-
ture, and mechanical properties were
investigated. It helps in the selection
of solder alloys and processing to real-
ize high-strength metallic bonding of
aluminum alloys at relatively low 
temperatures.

Experimental Procedures

Materials

     The aluminum substrate used in
this work is 9-mm-thick 1060 pure Al
(supplied by Dongbei Light Alloys Co.
Ltd.), whose chemical composition
(wt-%) is shown in Table 1. The tensile
strength of 1060 pure Al is 85± 0.8
MPa, and has no obvious change after

the soldering thermal cycle.
     Commercially pure tin (99.9%) was
used as a filler metal. Pure tin and
pure Zn (99.9%) were used to prepare
Sn-Zn solders in a Al2O3 crucible at
about 500°C. The chemical composi-
tion, and solidus (TS) and liquidus (TL)
temperatures of the filler metals and
three eutectic phases are shown in
Table 2.

Soldering Process

     The schematic diagram of the sol-
dering process is shown in Fig. 1. The
dimensions of the lower sample is 60
× 20 × 9 mm, and filler metal thick-
ness of 300 mm was ensured by
milling. The 1060 Al substrate was

mechanically polished using 500-grit
SiC papers. Then the polished sub-
strate was ultrasonically cleaned in
acetone for 10 min. A self-assembled
ultrasonic soldering system equipped
with ultrasonic equipment and heat-
ing units was used in this work. The
frequency of the ultrasonic vibration
was 20 kHz, with power of 1 kW and
amplitude of 6.5 mm. All samples
were heated to 300°C in air, and the
temperature was measured with K-
type thermocouples. Ultrasonic vibra-
tion was applied for 40 s, and the
holding time was 10 min. Vibration
direction of the horn was perpendicu-
lar to the soldering surfaces. The
samples were removed from the heat-
ing platform and cooled in air.
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Fig. 1 — Schematic of ultrasonic soldering process.

Table 1 — Chemical Composition of 1060 Al

Material Chemical Composition in wt-%

Cu Mg Mn Fe Si Zn Ti Al
1060 Al 0.10 0.01 0.01 0.50 0.07 0.01 0.02 Bal.

Table 2 — Chemical Composition; Solidus and Liquidus emperatures of Filler Metals and Some Phases

Filler Metals or Phases Chemical Composition in wt-% Solidus and Liquidus Temperature in °C
Sn Zn Al TS TL

Pure Sn 100 0 0 232 232
Sn-4Zn 95.89 4.11 0 198.5 212
Sn-9Zn 90.55 9.45 0 198.5 202
Sn-20Zn 79.64 20.36 0 198.5 277
Sn-Zn eutectic 91.2 8.8 0 198.5 198.5
Al-Sn eutectic 99.4 0 0.6 232 232
Al-Zn eutectic 0 6 94.0 381 381

Guo Layout_Layout 1  5/14/15  9:54 AM  Page 190



Microstructure and 
Mechanical Testing

     The sample for microstructure ob-
servation was prepared using standard

polishing techniques. The joint mi-
crostructure, fracture location, and
morphology of the fracture surface
were observed by scanning electron
microscopy (SEM:S3400, FEI-Quanta
200F) equipped with an energy-
dispersive X-ray spectrometer (EDS).
The joint tensile strength was evaluat-
ed with a tension testing machine (In-
stron-5569) at a constant speed of 0.5
mm/min. Three samples were used to
calculate the average tensile strength.
Elongation of the joint was used to
evaluate the ductility, and elongation d
is defined as follows:

   d= (l1–l0)/l0=Δl/l0 × 100% (1)

where l0 is the original length of the
joint, and l1 is the joint’s length after
fracture. 

Results and Discussion

Microstructure of Joints

     Aluminum reacts with oxygen to
form a layer of alumina at any temper-
ature, which has to be removed before
a metallic bond can be formed with
Sn-based solder. Ultrasonic vibration
can remove the oxide film effectively.
Figure 2A shows the morphology of Al
1060/Sn joint. The interface is curved
with some dissolution pits, which indi-
cates that the aluminum oxide film
was removed completely. A sound joint
is realized without any obvious de-
fects. The filler metal layer is mainly
composed of b-Sn, Sn-Al eutectic, and
primary a-Al phase. The chemical
composition of the whole bond zone is
Al: 2.67 % and Sn: 97.33%, based on
EDS analysis. The solder and base
metal dissolve each other after the ox-
ide film is removed, but Sn and Al have
very limited mutual solubility. At
300°C, the solubility of Al in pure Sn is
about 1% according to the Al-Sn phase
diagram (Ref. 22). The ultrasonic
process can promote nucleation of the
high-temperature phase (Ref. 23). Af-
ter the liquid Sn is saturated with dis-
solved Al, a-Al, which is the high-
temperature phase, will crystallize
from liquid Sn, which makes liquid Sn
subsaturated. At the same time, the ul-
trasonic process can accelerate dissolu-
tion by the stirring effect of acoustic
streaming (Ref. 24), and Al will trans-

fer into liquid Sn continuously to
make liquid Sn saturated all the time.
Therefore, Al content in the metallic
bond zone exceeds the saturated solid
solubility of Al in Sn at 300°C. The
composition of Sn-Al eutectic is 0.6%
Al and the eutectic temperature is
228°C. b-Sn and Sn-Al phase eutectic
forms in the process of cooling.
     Figure 2B shows the microstructure
of the joint with the Sn-4Zn hypoeu-
tectic solder. The microstructure of
the bond zone mainly consists of b-Sn,
Sn-Zn eutectic, and primary a-Al
phase. The eutectic temperature of Sn-
Zn is 198°C, so the a-Al and b-Sn
phases are all pre-eutectic phase. b-Sn
phase crystallizes first, and Sn-Zn eu-
tectic phase fills in the gaps between
the b-Sn particles. The chemical com-
position of Sn-Zn eutectic phase is Zn:
10.14%, and Sn: 89.96% by EDS analy-
sis. The morphology of the joint with
Sn-9Zn eutectic solder is shown in Fig.
2C. There are mainly Sn-Zn eutectic,
Zn-rich, and a-Al phases. Zn hardly
dissolves Sn at any temperature ac-
cording to the Sn-Zn phase diagram
(Ref. 25). Therefore, a-Al and Zn-rich
phases can form during holding time.
The chemical composition of Zn-rich
phase is Zn: 98.40% and Sn: 1.60%.
The joint with Sn-20Zn (Fig. 2D) has
basically the same phase constitution
as the joint with Sn-9Zn, but with
more a-Al and Zn-rich phases. Also,
more Al dissolves into the filler metal
layer for larger mutual solubility of Zn
and Al, and most of a-Al particles have
a morphology of a petal shape.
     Figure 3A–D shows the interface
morphology of joints with pure Sn, Sn-
4Zn, Sn-9Zn, and Sn-20Zn, respective-
ly. When 1060 Al is soldered with pure
Sn, a large amount of primary a-Al
particles grow at the interface, with
morphology of regular shape, as
shown in Fig. 3A. During the time of
holding and cooling, primary a-Al will
crystallize from liquid tin, and prefers
to nucleate at the aluminum base met-
al for lower nucleation energy. The
corresponding EDS line-scanning re-
sult shows that the content of the ele-
ments changes dramatically at the in-
terface, which indicates there is only a
very thin diffusion layer of Al and Sn
for their limited mutual solubility.
With regard to the Sn-Zn soldered
samples, the element distribution of
the interface shows there are thicker
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Fig. 2 — Microstructure of joints of 1060
Al soldered with A — pure Sn; B — Sn-
4Zn; C — Sn-9Zn; D — Sn-20Zn.
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diffusion layers of elements than
Al/Sn interface.
     Figure 3B shows that Zn segregates
at the interface with Sn-4Sn, indicat-
ing that Al-rich phase solid dissolves
certain content of Zn, forming a solid
solution of AlZnSn. When soldered
with Sn-9Zn, Zn content and thick-
ness of the solid solution increase  —
Fig. 3C. What’s more, Zn has already
diffused into the base metal through
grain boundaries with Sn-20Zn solder
— Fig. 3D. Al could dissolve about
0.5% of Zn, and Sn could hardly dis-
solve Zn at room temperature, accord-
ing to Zn-Al (Ref. 26) and Sn-Zn phase
diagrams. Therefore, Zn prefers to ex-
ist in an Al-rich phase at the interface.
     Moreover, when primary a-Al crys-
tallizes from liquid tin, it shows obvi-
ous anisotropy, and would like to pres-
ent certain crystal faces outside to re-
duce its total surface free energy, 
and the Al-rich phase will lose its
anisotropy for mutual dissolution of
Al and Zn, resulting in a morphology
of quasi-sphere at the interface with
Sn-20Zn filler metal.

Mechanical Properties

     Tensile tests were used to evaluate
the mechanical properties of joints.
The black line in Fig. 4 shows the ten-
sile strength of joints with different
filler metals. The joint soldered with
pure Sn has a tensile strength of 63±
2.8 MPa. When Zn was added to the
filler metal, the tensile strength in-
creased to more than 80 MPa. Joints
with Sn-9Zn and Sn-20Zn have the
same tensile strength of about 80
MPa, which approaches the strength
of 1060 Al, while strength of the joint
with Sn-4Zn can get as high as 86± 3.2
MPa, which is slightly higher than the
base metal. As a matter of fact, if a
sample of equal section is prepared for
a tensile test, fracture will occur at the
base metal, which means an interface
stronger than the filler metal can be
realized with only 4% Zn. 
     The red dashed line in Fig. 4 shows
the possible tensile strength at the in-
terface. Since the joint with pure Sn
fails along the interface, the joint
strength is also its interface bonding
strength. The joints with Sn-Zn sol-
ders all fail in the filler metal, which
means the interfaces are stronger than
the filler metal and their strength val-

ues cannot be obtained in the tensile
test. Al 3003 was soldered with Sn-
9Zn in our previous work, and a
strength of 120 MPa was obtained,
which means Al/Sn-9Zn interface
bonding strength is more than 120
MPa. The AlZnSn solid solution layer
gets thicker when Zn is increased, so
the interface may also be stronger

with more Zn.
     The blue line in Fig. 4 shows the re-
lationship between elongation and
content of Zn. The joint with pure Sn
shows typical interface fracture, and
bonding of the interface is so weak
that the joint fractured before much
deformation. Joints with hypereutec-
tic Sn-Zn filler metals also show inter-
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Fig. 3 — Interface morphology and corresponding EDS line-scanning result of joints 
soldered with A — pure Sn; B — Sn-4Zn; C — Sn-9Zn; D — Sn-20Zn.

Fig. 4 — Relationship between content of Zn and mechanical properties of joints.
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face fracture, but the interface was al-
ready strengthened, and bonding be-
tween Zn-rich and Sn-Zn eutectic
phases is much stronger than that of
Sn/Al interface. Strength of the joints
approaches the strength of the base
metal, so the joints experienced large
deformation before failure. As to the
joint with Sn-4Zn, the interface is
stronger than the filler metal and no
other weak interface exists in the bond
zone, so it shows typical ductile frac-
ture and has the highest elongation. 

Failure Behaviors

     Figure 5 shows cross sections of the
fractured region with different filler
metals. The joint with pure Sn shows a
typical interfacial failure type — Fig.
5A. The fracture initiates at Al/Sn in-
terface during the tensile test and
then partially turns into the filler met-
al layer, which indicates that the joint
tensile strength has a close relation-
ship with Al/Sn interface strength.
The Al/Sn interface is the weakest area
of the joint for the low degree of ele-
ment diffusion. Figure 5B shows frac-
ture path of the joint with Sn-4Zn.
With only 4% Zn, tensile strength
raised to more than 80 MPa, and frac-
ture occurs in the filler metal layer
rather than Al/Sn inteface. It can be
concluded that the interface has been
strengthened by Zn. Fracture initiates
from the solder near the interface, and
then turns into the other side. Figure
5C, D shows the fracture paths of
joints with Sn-9Zn and Sn-20Zn. They
present almost the same fracture be-
havior, and the joints fail along the in-
terface of Zn-rich and Sn-Zn eutectic
phases rather than Al/Sn interface.
For larger solubility of Al and Zn, the
diffusion layer at the interface will be
thicker with more Zn. The interface
would be Al/AlZnSn solid solution/Sn-
Zn eutectic or b-Sn phase instead of
the weak interface of Al/Sn. Thus, in-
terface strength is improved signifi-
cantly. Then the interface of Zn-rich
and Sn-Zn eutectic phase becomes the
weakest area of the joint.
     Figure 6 shows the fracture surfaces
of tensile failed joints with different
filler metals. For the joint with pure
Sn, the fracture surface of Al side (Fig.
6A) shows the 3-D morphology of pri-
mary a-Al particles at the interface. All
of them tend to be enclosed with {111}
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Fig. 5 — Fracture location of joints soldered with A — pure Sn; B — Sn-4Zn; C — Sn-9Zn;
D — Sn-20Zn. 

Fig. 6 — Fracture surface of joints soldered with A — pure Sn; B — Sn-4Zn; C — Sn-9Zn; 
D — Sn-20Zn.
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faces. Typically, aluminum has a fcc
crystal structure, and the surface ener-
gy ranking of Al crystal faces runs as
g{110}>g{100}>g{111} (Ref. 27). Pri-
mary a-Al would like to expose its
{111} faces in liquid tin to minimize to-
tal surface free energy, thus presenting
regular facet morphology. The fracture
surface of the solder side presents reg-
ular pits corresponding to a-Al parti-
cles. Figure 6B shows the fracture sur-
face of the Sn-4Zn joint. The fracture
propagates in the filler metal layer, and
fracture surface shows b-Sn and Sn-Zn
eutectic phase, both of which have lots
of dimples with different sizes. This in-
dicates that it is typical ductile frac-
ture. Figure 6C and D shows the frac-
ture surfaces of joints with Sn-9Zn and
Sn-20Zn. Since joints fail along the in-
terface of Zn-rich and Sn-Zn eutectic
phase, fracture surfaces all show Zn-
rich and Sn-Zn eutectic phases. The
chemical composition of point A at
surface is Zn: 92.38%, Sn: 7.62%; point
B Zn: 9.96%, Sn: 90.04%, which are
Zn-rich and Sn-Zn eutectic phases, re-
spectively. The Zn-rich phase is plate-
like in space with a smooth surface,
and there is still some Sn-Zn eutectic
phase on the Zn-rich phase.

Discussion 
     Microstructure and fracture path
models (Fig. 7) of joints soldered with
pure Sn, hypoeutectic Sn-4Zn, and hy-
pereutectic Sn-20Zn were established
based on the results above. It can be
concluded that Al does not react with
Sn and Zn at all, and metallic bonding
between Al and Sn-based solder rely
on the solid solution formed at the in-
terface. But Al and Sn form only a very
thin solid solution to strengthen the
interface. Therefore, the strength of
Al/Sn interface is quite low, and the
joint will fail along the interface, as
shown in Fig. 7A. The shear strength
was about 30–60 MPa and varied from
base metals and process parameters
based on the literature (Refs. 13, 19,
21), as discussed in the introduction. 
     Tensile strength of 63± 2.8MPa was
obtained in this work. Whereas, Zn and
Al have relatively larger mutual solubili-
ty, there was a thick layer of Al-Zn solid
solution at the interface when Al alloys
were soldered with Zn-Al filler metal
(Ref. 28), and the tensile strength could
reach 130–200 MPa (Ref. 8), which is

much higher than that of Al/Sn joints.
As to results in this work, it is found
that Zn can strengthen Al/Sn interface
by the formation of AlZnSn solid solu-
tion, and an interface stronger than
filler metal can be realized with only
4% Zn. The fracture crosses Sn-rich and
Sn-Zn eutectic phases — Fig. 7B. The
joints have the highest strength and
ductility, and as shown in Fig. 7C, a Zn-
rich phase would appear if hypereutec-
tic Sn-Zn solder was used. The inter-
faces of Zn-rich and Sn-Zn eutectic
phases weaken the strength of the
joints slightly. Almost equal tensile
strength would be obtained with hyper-
eutectic Sn-Zn solder with different Zn
content for the existence of Zn-rich/Sn-
Zn eutectic phase interface. Nagaokao
(Ref. 12) also got tensile strength at the
same level with hypereutectic Sn-xZn (x
= 9, 23, 40, 82) filler metals. Beside,
adding too much Zn would raise the liq-
uidus temperature of the solder, so the
hypoeutectic Sn-Zn solder is most suit-
able for soldering of 1060 Al, and a
joint with best strength and ductility
can be obtained.

Conclusions

     Pure Sn and Sn-Zn solders with dif-
ferent Zn contents were used to ultra-

sonic solder 1060 Al at 300°C without
flux. Ultrasonic waves contribute to the
breakage of oxide film, and could pro-
mote wetting and metallic bonding be-
tween the solder and 1060 Al. Joints
with good interface bonding were real-
ized with all the filler metals. Bonding
between Al and Sn is weak and fracture
occurs at the Al/Sn interface during ten-
sile testing. The tensile strength is 63±
2.8 MPa. Zn would segregate at the in-
terface for larger mutual solubility of Zn
and Al, which can strengthen the inter-
face significantly by forming a layer of
AlZnSn solid solution. With an increase
of Zn, the pre-eutectic phase of the
metallic bond zone transforms from Sn-
rich phase to Zn-rich phase. Joints all
fail along the interface of the Zn-rich
and Sn-Zn eutectic phases, thus the
content of Zn does not affect the
strength of joints with hypereutectic
solder. An interface stronger than filler
metal and best ductility can be realized
with only 4% Zn.
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Fig. 7 — Microstructure and fracture paths model of joints soldered with A — pure Sn; 
B — Sn-4Zn; C — Sn-20Zn.
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