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Abstract: Spray-formed hypereutectic Al-Si-Cu-Mg alloy is the candidate for automotive and
aerospace industries due to its superior wear resistance, lower thermal expansion coefficient and
density, and higher thermal conductivity. This paper aims to investigate the bonding properties of
hypereutectic Al-255i-4Cu-1Mg alloys using the transient liquid phase (TLP) method with Cu as
an interlayer. To obtain the suitable bonding parameters, the interfacial microstructure and shear
strength of Al-255i-4Cu-1Mg joints were investigated with the effect of different bonding temper-
atures and holding times. The results showed that TLP bonding between Al-Si-Mg-Cu alloy was
mainly realized by large amounts of Al,Cu intermetallic compounds (IMCs), primary Si and «-Al
phases. With the brazing temperature increasing, the width of the brazing seam gradually increased,
and the voids began to be produced. With the holding time increasing, 6-Al,Cu phases approached
into the base metal and Si particles in the brazing seam were obviously coarsened. With the formation
of 8-Al,Cu phases into the base metal, more Si particles were segregated at the interface between
brazing seam and base metal, and the shear test confirmed that it was the weakest bonding location.
Finally, the effect of bonding parameters on the joint strength indicated that the joint brazed at 540 °C
for 7.5 min presented the best shear performance with the shear strength reaching 75 MPa because
the size of Si particles in the brazing seam was closest to the size of Si particles in base metal under
this parameter.

Keywords: Al-Si-Cu-Mg alloy; spray forming; transient liquid phase bonding; shear strength

1. Introduction

The hypereutectic Al-Si alloy is a unique aluminum alloy in which dispersed Si
particles are embedded in the surrounding x-Al matrix. Si particles are typically hard and
brittle materials, and their thermal expansion coefficient is lower than Al. The o-Al matrix
is soft and highly malleable and has a high thermal expansion coefficient [1]. By changing
the ratio of Al and Si, hypereutectic Al-Si alloy can obtain its bias performance, such
as lightweight, high strength, high thermal conductivity, controllable thermal expansion
coefficient, and good machinability. It also serves as an optimal electronic packaging
material [2,3] because it meets the requirements of electronic packaging technology in the
direction of miniaturization, lightweight, and high-density assembly. Therefore, these
Al-Si alloys have wide application prospects in the fields of electronic packaging and the
automobile industry [4-7]. To apply the hypereutectic Al-Si alloy, the research on alloy
connection performance is inevitable, for example, two hypereutectic Al-Si alloys need
to be connected to form a sealed integrated circuit for signal transmission. Therefore, the
research on the joint performance of hypereutectic Al-Si alloy is very important for its
industrial application.

Spray-formed Al-Si alloy has better performance than traditional casting alloy [8-10].
Spray-forming material is characterized by rapid solidification in which the liquid metal is
atomized in an inert gas atmosphere and sprayed onto the substrate or collector in the form
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of fine droplets. Therefore, spray forming technology produces high-quality hypereutectic
Al-Si alloys by controlling parameters such as the ratio of liquid metal to inert gas, the flow
rate of liquid metal, and the pressure of inert gas. The spray-formed hypereutectic Al-Si
alloy benefits from rapid cooling to obtain the uniform distribution for primary Si in the
microstructure [11].

The spray-formed Al-Si alloys are also important to realize the bonding between
them. However, the joining of Al-Si alloys is rarely reported, which limits their appli-
cation. Fusion welding is the most common welding technique. Some researchers have
tried to use a fusion welding method to connect the eutectic Al-Si alloy, but excessive
welding temperature and a large amount of heat input can transform the dispersed Si
particles into coarse primary Si phases [12]. Similarly, Lotfi B et al. [13] with tungsten inert
gas shielded welding and Zhang [14] with CO, gas shielded laser welding cannot solve
the problem of coarse Si phases. On the other hand, the joining of hypereutectic Al-Si
alloy is investigated with low-temperature technology. Liu [15] et al. welded Al-Si alloy
by friction stir welding, and a fine Al-Si eutectic structure was formed in the joint. The
transient liquid phase (TLP) brazing method has been successfully used for joining Al-
based composite materials [16,17], and its application on Al-Si alloys was also investigated.
Wang et al. [18-21] completed the joining of Al-Si alloy by transient liquid phase brazing
under ultrasonic induction with Zn-based solder and Sn-51In solder. Xu [22] et al. suc-
cessfully completed the welding between 6061 aluminum alloy and Al-275i alloy with
transient liquid phase brazing. Sun et al. [23] studied the transient liquid phase brazing
between high-silicon aluminum alloys with different Si contents, and successfully realized
the metallurgical combination of Al-27Si alloy and Al-505i alloy.

Research on spray-formed high-silicon aluminum alloy has been ongoing for many
years, and many researchers have tried to control the content of Si element in the material
more carefully by adding some trace elements into the high-silicon aluminum alloy to
improve the performance of the alloy. These improved alloys can better adapt to their
application fields, but there is inadequate research on the joining of these improved high-
silicon aluminum alloys [3,24-26]. This paper aims to study the TLP brazing of Al-255i-
4Cu-1Mg spray-formed alloy. Al-255i-4Cu-1Mg alloy is a hypereutectic Al-Si alloy with Cu
and Mg addition in which the formation of Al,Cu precipitation and Mg,Si or AICuMgSi
phases was helpful to improve the mechanical properties [25,27]. Pure Cu was selected as
the intermediate layer because Cu is an element capable of solid solution strengthening
and precipitation hardening in Al, and Cu can improve the high temperature and normal
temperature performance of Al-Si alloy. Moreover, the ternary eutectic temperature of
Al-Cu-Siis as low as 522 °C [28], which was helpful to produce TLP phases during diffusion
brazing. The effect of brazing temperature and holding time on the microstructure and
mechanical properties of joints was studied.

2. Materials and Methods

The base metal in this experiment is a spray-formed hypereutectic Al-Si-Mg-Cu
alloy with the chemical compositions (wt.%) of 1% Mg, 4% Cu, 25% Si, and balance Al.
After spray forming, the alloy was then finished with hot extrusion at 440 °C with a rate
of 0.3-0.5 mm/s to decrease the voids that occurred in spray forming. The rectangular
specimens with a size of 20 mm x 10 mm x 2 mm were cut from the alloy with electronic
discharge machining (EDM). Before bonding, the surface to be bonding was metallurgically
polished to a surface finish of 0.05 pm using colloid silica solution.

The intermediate layer material is a pure Cu foil with a purity of 99.7% and thickness
of 30 um. It was cut into a rectangle with a size of 10 mm X 1 mm. The surface oil and oxide
film were cleaned in an ultrasonic cleaner with 5% nitric acid and alcohol, respectively.

The experiment was completed with the vacuum brazing furnace from Triumph
Vacuum Company. The equipment consists of a furnace body, vacuum system, cooling
system, and gas protection system.
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The samples were brazed by lap joints with a self-made fixture, as shown in Figure 1a,
and the lap width between two pieces of Al-S5i-Mg-Cu pieces was 1 mm. During diffusion
bonding, the vacuum was about 1 x 102 Pa, and the holding pressure on the sample was
about 10 N. This paper aims to study the influence of brazing temperature and holding
time on transient liquid phase brazing. To study the effect of brazing temperature, because
the ternary eutectic temperature of Al-5i-Cu is 522 °C, the brazing temperature was set as
535, 540, 545, and 550 °C, respectively, while the holding time at peak temperature was
kept constant for 10 min. To study the effect of holding time, the brazing temperature
was maintained at 540 °C, while the holding time was set at 5, 7.5, 10, 12.5, and 15 min,
respectively. The heating rate during brazing was 10 °C/min. After diffusion bonding,
furnace cooling was adopted. The related bonding parameters are plotted in Figure 1b.

(b)

(a)
500 - w:liug
‘_' 400 Heating Peak Temperature
1o 'y 535°C,540°C,545°C.550°C

Holding Time
5.7.5,10,12.5,15min

Time/min

Figure 1. Schematic diagrams on (a) the lap joint of the sample and (b) brazing parameters and
temperature curve.

The brazing joints were cross-sectioned, polished, and then observed with a scanning
electron microscope (SEM) equipped with an energy-dispersive X-ray spectrum (EDS). To
assess the mechanical properties of joints, a shear performance analysis was carried out
at room temperature with a universal tensile machine under the shear rate of 0.2 mm/s.
Four samples for each parameter were tested to obtain the average strength of joints. The
fracture morphology was also observed with SEM. In order to explore the evolution of Si
particles from the base material to the brazing seam, Image] software from the National
Institutes of Health was used to measure the particle size and distribution of Si particles.

3. Results
3.1. Characterization of the as-Received Al-255i-4Cu-1Mg Alloy

Figure 2 shows the microstructure and element distribution of Al-255i-4Cu-1Mg alloy
prepared by the spray forming method. From Figure 2a, it can be clearly seen that Si
phases exist in granular form and are almost uniformly distributed in the surrounding
a-Al matrix. The size of these Si particles is about 10 pm, which is much better than the
coarsened plate-like primary crystal Si in the traditional casting hypereutectic Al-Si alloy.
Moreover, some white particles are observed in the structure. To investigate the existence of
Cu and Mg, elemental distribution was scanned and the results are shown in Figure 2b—e.
In Figure 2b,c, Al and Si elements are separately distributed and almost incompatible.
Moreover, Cu and Mg phases are easily observed in the microstructure. Part of the Cu
element is dispersed in the base material to play a role in dispersion strengthening, and the
other part is distributed in the base material in the form of Al,Cu. EDS analysis confirmed
that the composition of white phases was close to Al,Cu. Mg element exists in the base
material in the form of a compound—it would exist as Mg,Si or AICuMgSi phases. In
fact, Feng et al. [25] obtained the phases in spray-formed Al-255i-4Cu-1 Mg alloy with
X-ray diffraction (XRD) analysis and found that Cu and Mg were existed as Al,Cu and
AlCuMgSi phase, respectively.
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Figure 2. (a) Microstructure of the as-received Al-255i-4Cu-1Mg alloy and elemental distribution of
(b) Al, (c) Si, (d) Cu, and (e) Mg.

3.2. Influence of Bonding Temperature on Microstructure of Joints

Figure 3 shows the microstructural evolution in the brazing seam at different bonding
temperatures under a constant holding time of 10 min. The left column in Figure 3
represents the macroscopic appearance, while the right column represents the magnified
observation on the brazing seam. With the temperature increasing, the width of the brazing
seam increased. When the brazing temperature was 535 °C, the width of the brazing
seam is about 300 um, as shown in Figure 3a. Because the thickness of Cu foil was only
30 um before brazing, the interaction between Al-255i-4Cu-1Mg with Cu interlayer fully
occurred through the transient liquid phase during the brazing process. In Figure 3a, we
can observe lots of white phases at the center of brazing joints, which were Al,Cu IMCs.
On the other hand, there are many voids in the joint. When the temperature increased to
540 °C, as shown in Figure 3b, the brazing seam was perfectly formed without any voids.
The width of the brazing seam is about 450 um. At the center of the brazing seam, white
Al-Cu IMCs and coarsened gray Si particles are uniformly distributed in the Al matrix.
With the temperature continuously increasing, the brazing seam continues to expand to
about 700 um. However, large numbers of voids were observed in the brazing seam, as
shown in Figure 3c,d. It can be seen that most of the voids were produced along the grain
boundary of Al phases. Compared with Figure 3a,b, the increasing brazing temperature
obviously promoted the growth on the width of the brazing seam. Because the eutectic
temperature between Al and Cu was 548 °C, the Cu intermediate layer and Al-based alloy
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would undergo the eutectic reaction even without the enrollment of Si phases, resulting in
the obvious diffusion of Cu into the Al matrix and accordingly a large increase in the width
of the brazing seam compared to low-temperature brazing. There are some defects such
as voids in the brazing seam because when the Al-Cu eutectic temperature was reached,
large amounts of eutectic liquid flowed along the grain boundary of x-Al, and part of the
eutectic liquid was also in contact with the primary Si. When the brazing process began
cooling, the eutectic liquid solidified into a hard and brittle Al-Cu intermetallic compound.
Due to the difference in thermal expansion coefficients between Al and Si, residual stress
was generated during solidification, resulting in the formation of voids. From the above
experiments, the optimal brazing temperature should be in between the Al-Si-Cu ternary
eutectic temperature (524 °C) and the Al-Cu eutectic temperature (548 °C).

Therefore, when the brazing temperature was 540 °C, the perfect brazing seam was
produced without any defects or voids. The sample with a brazing temperature of 540 °C
was furtherly analyzed. During diffusion bonding between Al-Si-Cu-Mg with Cu interlayer,
Al atoms and Cu atoms were inter diffused into Cu interlayer and Al-Si alloy, respectively.
The Al-Si-Cu ternary eutectic temperature is 522 °C from the ternary phase diagram of
Al-Si-Cu [19]. Therefore, after a short time, Al-Si-Cu eutectic composition was locally
reached at the interface between the Al-Si base and Cu interlayer. Transient phases were
produced with the ternary eutectic reaction:

0-Al,Cu+Al+Si — L 1)

where L represents the liquid phase. With more liquid phases produced, most of the residue
Si would be precipitated during the brazing process.
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Figure 3. Microstructural evolution of brazing seam at different brazing temperatures with the constant holding time of
10 min: (a) 535 °C, (b) 540 °C, (c) 545 °C, and (d) 550 °C.

Figure 4 shows the interfacial microstructure in brazing joints under the brazing
temperature of 540 °C for a holding time of 10 min. Table 1 shows the results of the EDS
spectrum analysis in Figure 4. Spot 1 is a dark gray Al-based solid solution (x-Al). Al atoms
in the base metal diffused into the center of the brazing seam under high temperature and
pressure, which resulted in the formation of dark gray solid solution with Cu as a solute
solution. The bright phase shown in spot 2 is an Al-Cu intermetallic compound. According
to the results of the EDS analysis, the composition of the bright phase in the brazing seam
is close to Al,Cu intermetallic compound. Its appearance will usually reduce the plasticity
and properties of joints, especially with a continuous layer of Al,Cu. Under this parameter,
coarsened Si particles were produced with the size reaching 20 pm, as marked with spot 3.

The experiments in this chapter illustrated the effect of brazing temperature on the
micro-morphology of joints. According to the experimental results, the optimal temperature
is 540 °C.

Figure 4. Microstructure and element distribution of the joint brazed at 540 °C for 10 min.
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Table 1. Elemental composition of the marked areas in Figure 3.

Region Element wt. % at. % Phase
Al 95.9 98.2
EDS Spot 1 Cu 41 18 o-Al
Al 54.9 741
EDS Spot 2 Cu 451 5.9 8-Al,Cu
EDS Spot 3 Si 100.0 100.0 Si

3.3. Influence of Holding Time on Microstructure of the Joints

The purpose of this section is to investigate the effect of holding time on the mi-
crostructural evolution in the joints. The brazing temperature was set at 540 °C. When
the holding time was 5 min, lots of defects were produced in the center of the brazing
seam. The reason for the defect is that the eutectic liquid phase cannot completely fill in the
brazing seam because of the shorter holding time. Therefore, Figure 5 mainly shows the
results with a holding time from 7.5 to 15 min. The right column represents the magnified
structure on the red areas in the left column. It can be found that there is no void in the
brazing seam and the joints are perfectly connected. When the holding time was 7.5 min,
as shown in Figure 5a, a brazing seam with a thickness of about 400 pm was produced
at the interface. There was no observation on the residual Cu interlayer in the center
of the brazing seam, and therefore the Cu interlayer was fully reacted with the Al base
metal to produce Al-Si-Cu eutectic and Al,Cu IMCs, which were mostly aggregated in
the narrow brazing seam. White Al,Cu phases were obviously observed in the brazing
seam in Figure 5a. In the Al-Si matrix, fine Si particles were uniformly distributed in Al
phases, which was a typical spray-formed Al-Si microstructure. After the holding time was
prolonged to 10 min, as shown in Figure 5b, there was no obvious change to the width of
the brazing seam, but the distribution of Al,Cu was transformed into a network structure
around Al-rich phases. Moreover, large amounts of Al-Cu compounds accumulated in
the brazing seam, while a small amount of Al-Cu compound migrated along the grain
boundary to the base metal. In the base metal, Si particles were slightly coarsened. At
the interface between the brazing seam and base metal, it was interesting to find that
more Si particles were segregated. With Cu diffusing into the Al-Si base metal, Cu and
Al was reacted to produce Al,Cu, and accordingly, Si atoms were segregated to produce
clustered Si particles. With the holding time increased to 12.5 min, as shown in Figure 5c,
the thickness of the brazing seam increased to 550 um. The Al-Cu compound at the center
of the brazing seam was furtherly reduced. Similarly, more finely clustered Si particles
were produced between the base metal and brazing seam. After the holding time was
extended to 15 min, Cu was furtherly diffused into the Al-Si base metal, by which the
thickness of the brazing seam reached 850 pm, as seen in Figure 5d.

Brazing seam

Figure 5. Cont.
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Figure 5. Interfacial evolution on the brazing seam in joints brazed at 540 °C with different holding
times: (a) 7.5 min, (b) 10 min, (c) 12.5 min, and (d) 15 min.

The formation of the Al-Cu compound is the diffusion of Cu atoms from the center of
the brazing seam to the base metal [29]. In order to observe the diffusion of Cu atoms and
distribution of Al-Cu compounds and Si particles, the region from the center of the brazing
seam to the base material of the sample with holding a time of 7.5 to 15 min was subjected
to elemental scanning using EDS to observe the diffusion of Cu element and the change
of Si distribution. It can be clearly seen from the elemental distribution of Cu atoms in
Figure 6 that the distance of diffusion of Cu into the Al-Si base metal became longer with
the holding time prolonging. Cu element in the brazing seam was mainly in the form of
the Al-Cu eutectic compound, which is consistent with the phenomenon that the Al-Cu
compound migrated into the base metal. Another phenomenon in Figure 6 is the obvious
change in Si phases. When the holding time was 7.5 min, the size of Si particles in the
brazing seam was close to that in the base material. When the holding time was extended
to 10 min, Si particles in the brazing seam began to be coarsened, but a certain amount of
Si particles retained their fine distribution. With the holding time prolonged to 12.5 min or
15 min, large amounts of Si particles in the brazing seam were coarsened, and the size of Si
particles in the base material was significantly finer than that in the brazing seam.

From the right column of Figure 5, it can be found that a large amount of Si particles
was aggregated at the interface between the base metal and the brazing seam. This
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phenomenon was verified in the mapping scan of Figure 6. When the temperature reached
the Al-Si-Cu ternary eutectic temperature, a liquid phase appeared in the brazing seam. But
at this time, there were still many Si particles in the solid state. Some of these Si particles
existed in the liquid phase, but more Si particles entered on the surface of the liquid phase,
that is, at the junction between the base metal and the brazing seam. With the end of the
heating and holding process, the liquid phase solidified, with these Si particles staying at
the junction. In fact, similar grain growth near the brazing seam was also observed in [30].
The distribution of Si particles in Figures 5a and 6a show that when the holding time was
7.5 min, Si particles at the junction were still very small, and the dense Si particles were
distributed at the junction of the base metal and the brazing seam. From the distribution of
Si particles in Figures 5b and 6b, it can be seen that when the holding time was extended to
10 min, the number of Si particles at the junction was much less but the size of Si particles
was bigger than that at 7.5 min. At this time, a small amount of fine Si particles still existed
at the junction. When the holding time was extended to 12.5 min, it can be seen from the
Si distribution in Figure 6¢ that the fine Si particles almost disappeared at the junction.
Compared with the dense particles in the interface at 7.5 min and 10 min, the interface
at 12.5 min was much “cleaner”, and the remained small particles were distributed at
the junction. When the holding time was extended to 15 min, as shown in Figure 6d, the
interface is much “cleaner” than before, and Si particles at the interface between the base
metal and the brazing seam were grown, and the size was slightly smaller than the size of
the Si particles in the brazing seam.

In summary, the holding time needs to be strictly controlled during TLP bonding of
Al-Si alloy. A shorter holding time will cause joint defects, while an excessive holding
time will change the distribution of elements in the brazing seam and have a deteriorated
influence on the performance of joints. Therefore, the microstructure of the brazing seam
was observed at higher magnification with the results shown in Figure 7. The size of Si
particles at different holding times was measured and investigated in detail. In the case of
the distribution of Al,Cu IMCs, they were mainly distributed around Si particles with a
network structure. In the case of the size of Si particles in the brazing seam, since our alloy
was made by the spray-forming method, Si was uniformly distributed in the metal matrix,
and the particle size of Si particles in the Al-255i-4Cu-1Mg alloy was about 10-15 pm. The
size of Si particles in the brazing seam at different holding times was compared. It is found
that when the holding time was 7.5 min, the size of Si particles was close to that of the base
material, and above 90% of Si particles was below 15 um. With the holding time increasing,
the size of Si particles in the brazing seam gradually increased. When the holding time
was 10 min and 12.5 min, Si particles reached 25 um and 35 um, respectively. When the
holding time reached 15 min, Si particles with a size of 45 um were produced. As the time
increased, the coarsened Si not only increased in number but also increased in size, which
would deteriorate the mechanical properties of the joint. The shear properties of the joint
are also confirmed in a later section.
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Base center Al Si Cu

Figure 6. Element distribution from the center of the brazing seam to the base metal at different holding times: (a) 7.5 min,
(b) 10 min, (c) 12.5 min, and (d) 15 min.
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Figure 7. Micro-morphologies and particle size statistics of Si particles under different holding time:
(a) 7.5 min, (b) 10 min, (c) 12.5 min, and (d) 15 min.

Figure 8 shows the model on the formation of the micro-morphology in the joint.
Figure 8a shows the initial state before bonding. The formation of the joint is achieved
by element diffusion. Al in the base metal has strong miscibility with Cu and will inter
diffuse with Cu in the presence of a concentration gradient. At high temperature, the
majority of Si remains in the solid state. The formation of a joint is divided into two parts:
the mutual diffusion between Al and Cu and the migration of Si atoms into the brazing
seam. In the mutual diffusion between Al and Cu, Cu diffuses into the base material.
Since the grain size of Al atoms is larger than that of Cu atomes, it is easier for Cu atoms
to enter the grain lattice of Al during the diffusion process [31]. With the temperature
increasing, under the influence of pressure on the sample, the oxide film on the surface of
the Al substrate will have gaps, which are mainly generated at the edge of solid Si particles.
When the gap becomes larger, the Al element in the base metal comes into contact with
Cu. Because there is only 4% Cu in the base material, the concentration difference between
the brazing seam and the base material will be produced at this time, and accordingly,
Cu begins to diffuse into the base material. When the temperature reaches the eutectic
temperature of Al-Si-Cu, a small amount of liquid phase begins to form at the joint, as
shown in Figure 8b; the initially generated liquid phase will also affect the oxide film.
With the temperature increasing, more liquid phases are generated, the oxide film becomes
smaller and the contact area between the base material and the intermediate layer Cu
becomes larger, Finally, all Cu reacts with Al near the brazing seam to produce a eutectic
solution, as shown in Figure 8c. With the diffusion continuing, Cu atoms enter into the
base material in the form of Al-Cu intermetallic compounds. These eutectic fluids flow
along the grain boundaries of «-Al and Si phases, while Cu in the Al-Cu compound will
continue to enter x-Al, resulting in the decrease in Cu element concentration. Accordingly,
Cu element concentration is equivalent to the base material, and the diffusion tends to stop.
At this time, most Si still exists in a solid form. These Si elements will not flow to the base
material with the eutectic solution, and the smaller Si particles will gradually evolve into
larger Si particles. After the heating and holding process is complete, the eutectic liquid
phase into the base metal will begin to solidify, and the dendritic Al-Cu eutectic phase
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is gradually formed. The original small Si particles in the base metal also become to be
coarsened, as shown in Figure 8d. It is possibly induced by the ternary eutectic reaction of
Al, Si, and Cu after the temperature reaching the eutectic temperature. However, when
the temperature sets at 540 °C, the actual composition of the resulting liquid phase will
deviate from the ternary eutectic composition, where the content of Si will be less than
the ternary eutectic composition. At this time, most Si will not be dissolved. As can be
seen from point A in the ternary phase diagram shown in Figure 9, the solidified phase at
this time is an Al-Cu binary eutectic phase (6-Al,Cu + Al). The actual composition of the
residual liquid phase will reach the ternary eutectic composition, as shown at point B in
Figure 9. Therefore, the solidification path is probably with the following sequence:

L — Liesiqual + 0 - ALbCu+ Al — 0 - Al,Cu+ Al +Si )

among which the main eutectic should be Al-Cu eutectic phase. With the increase in
holding time, the fine Si particles will be aggregated and coarsened under the flow of
the eutectic liquid phase. This produces great advantages compared to the traditional
solidification process after the fusion welding of high eutectic Al-Si and the process of
casting high eutectic Al-Si alloy. Due to the high temperature of fusion welding and casting,
Si content in the liquid phase will exceed the ternary eutectic composition, and the Si phase
will be first precipitated during solidification, which will greatly deteriorate the mechanical
properties of the joint.

b)

Al-Cu eutectic
liquid phase

Al-8i alloy Al-Si alloy

-

St phase

Al-8i alloy Al-Si alloy

Siphase

©

Al=Cu eutectic
liquid phase

Al-8i alloy

Figure 8. Schematic diagram of the formation process of Al-255i-4Cu-1Mg/Cu braze under vac-uum
environment and brazing temperature 540 °C: (a) initial state; (b) formation of Al-Cu eutec-tic phase;
(c) complete consumption of Cu interlayer and (d) formation of TLP joint.



Metals 2021, 11, 1637

13 0f 17

Temperature; °C Al 7500
Data / Grid: at.%

Cu 26.00
Al 75.00
8i 0.00

Figure 9. Al-Cu-Si ternary phase diagram at the Al-rich corner [32].

3.4. Mechanical Properties of TLP Joints

The shear properties of brazing joints were tested, and the shear strength of joints was
calculated according to the maximum load. The results at different brazing temperatures
and holding times are plotted in Figure 10. During the effect of brazing temperature, as can
be seen from Figure 10a, the shear strength of the joint reached the maximum at 540 °C. At
535 °C and a retention time of 10 min, the shear strength was approximately 30 MPa. As
the temperature increased to 540 °C, the shear performance reached a maximum value of
about 50 MPa. With the temperature continuously increasing, the shear strength of the joint
decreased slightly. The reason may be attributed to the formation of more Al,Cu IMCs in
the joint. Voids also began to appear in the joint. Excessive IMCs and voids will reduce
the mechanical properties of the joint. During the effect of holding time, as can be seen
from Figure 10b, when the holding time was 5 min, a large number of voids were produced
in the joint, which induced poor mechanical properties. With the holding time reaching
7.5 min, the shear strength of joints reached the maximum, about 75 MPa. With the holding
time furtherly increasing, the shear property of the joint gradually decreased. With 15 min
holding time, the shear strength of the joint was only 22 MPa, which was even lower than
that of joints with a holding time of 5 min. From Figure 10b, it can be seen that the joint
with longer holding times but without defects would be even weaker than that with defects
produced at a shorter holding time. When the holding time was 7.5 min, the brazing seam
was mainly composed of distributed Al-Cu IMCs, x-Al phase, and finer Si particles with
sizes within 20 pum. They had pinning effects on the microstructure, and furthermore, Si
particles in the brazing seam were tightly combined with the adjacent aluminum-based
solid solution, which provided the expansion resistance for cracks generated by the external
force and then enhanced the mechanical properties of joints. With a prolonged holding time,
Al-Cu intermetallic compounds gradually changed from a sheet-like uniform distribution
to a dendritic aggregation distribution, and Si phases were obviously coarsened in the
brazing seam. Moreover, large amounts of Si particles were segregated at the interface
between the brazing seam and base metal and would seriously deteriorate the mechanical
properties of joints, which was confirmed by observation on the later fracture analysis.
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Figure 10. Effect of brazing temperature (a) and holding time (b) on the shear strength of joints.

Figure 11 shows the typical fracture morphologies of joints finished at the brazing
temperature of 540 °C. Figure 11a is the side profile of the fracture, and the fracture occurred
within the base metal. Figure 11b is the observation of the fracture from the top view. The
left part is the brazing seam and the right part is the base metal. Combined with Figure 11a,
the fracture position should occur along the interface between two pieces of base metals.
Figure 11c shows the magnified observation of the red area in Figure 11b, it can be seen
that the fracture surface is smooth without the appearance of dimples, which belongs to
a typical brittle fracture. There are some small white spots in the fracture, which are the
primary Si. From the observation of the interfacial structure shown in Figures 3 and 4, the
continuous reticulate Al,Cu IMCs and coarsened Si particles at the interface of brazing
joints had a deteriorating effect on the shear properties of the joints, which induced the
fracture propagating along the center within the brazing seam, as shown in Figure 11d.

(d)

brazing seam

F <-—

position of the fracture

Figure 11. Fracture morphology of the joint brazed at 540 °C for 10 min: (a) side view, (b) top view,
(c) magnified read area, and (d) path on the fracture propagation.

Figure 12 shows SEM images on the fracture morphology and the fracture propagation
that occurred in the joint bonded at 540 °C for 7.5 min. From the side and top observations,
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as shown in Figure 12ab, the fracture mainly occurred at the interface between the brazing
seam and base metal, as shown in Figure 12d, which was different from the joint with a longer
holding time in Figure 11d. It can also be seen that the fracture mode is a quasi-plastic fracture
with observable Si particles. The fracture mainly occurred in the base metal, while a longer
holding time would cause the fracture to occur at the interface in the brazing seam.

The mechanical properties with a holding time of 7.5 min are better than the mechani-
cal properties with a holding time of 10 min. The reason is related to the fracture position
of the joint. When the holding time was 7.5 min, the joint fractured at the junction of the
brazing seam and the base metal. According to the element distribution in Figure 6a, the
fracture location was at the Si particle aggregation area between the base material and the
brazing seam. From Figure 7a, the size of Si particles was smaller and the IMC distribution
was uniform at the brazing seam with a holding time of 7.5 min. In combination with
the fracture side view of Figure 11a, the weakness of the joints was located in the area
between the brazing seam and the base metal with Si particle aggregation. A large amount
of Si particles aggregate was detrimental to the strength of the joint because they were
easily cracked under lower stress. However, when the holding time was extended to
10 min, the joint was broken at the center of the brazing seam. In view of Figure 6b, a large
number of coarse Si particles can be seen at the brazing seam. This coarse primary crystal
phase will deteriorate the strength of the joint. With the extension of the holding time, the
shear strength of the joint will gradually decrease, which was consistent with the result of
Figure 10b. It can be seen from Figures 6 and 7 that when the holding time reached 12.5 min
and 15 min, long Si particles appeared in the brazing seam. The mechanical properties of
this Si were more unfavorable for the joints [20].

Side of the fracture

brazing seam

/
F < /

\—ﬂw——} _>_F

e

position of the fracture

Figure 12. Fracture morphology of the joint brazed at 540 °C for 7.5 min: (a) side view, (b) top view,
(c) magnified read area, and (d) path on the fracture propagation.

4. Conclusions

In this paper, Al-255i-4Cu-1Mg spray-formed alloy was brazed by the TLP method
with 30 um Cu foil as the intermediate brazing metal. Different joints were obtained by
changing the brazing process parameters. The microstructure and properties of joints were
investigated. The following results can be concluded:
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(1) Al-255i-4Cu-1Mg spray-formed hypereutectic alloy can be successfully bonded
by the transient liquid phase bonding method with Cu as an interlayer. The appropriate
process parameter was obtained. When the brazing temperature was 540 °C, and the
holding time was 7.5 min, the joint interface reached the best without obvious defects such
as cracks and voids, and with the highest shear strength of about 75 MPa.

(2) The brazing seam was mainly composed of Al,Cu-based intermetallic compounds,
a-Al phase, and primary Si. The increase in the bonding temperature produced more voids
in the brazing seam.

(8) With a prolonged holding time, the diffusion of Cu into the base metal obviously
occurred during TLP bonding, which induced a wider brazing seam. With a shorter holding
time, the microstructure presented fine Sn distribution in the seam, but with the extension
of holding time, the size of Si particles was easily coarsened, which greatly deteriorated
the mechanical properties of the joint.
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