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Abstract: The ultrasonic-assisted brazing process was studied both numerically and experimentally.
The ultrasonic brazing system was modeled by considering the actual brazing conditions. The
numerical model showed the distribution of acoustic pressure within the filler and its variations
according to the gap distance at different brazing temperatures. In the experimental part, brazing
joints were studied and evaluated under multiple conditions and parameters. Although either the
initial compression load or the ultrasonic vibration (USV) can initiate the interaction at the interface,
the combined effect of both helped to produce joints of a higher quality with a relatively short brazing
time, which can be further optimized in terms of their mechanical strength. The effect of the Si
content on the joint interface, and the effect of the brazing conditions on the microstructures were
studied and discussed.

Keywords: brazing; titanium; aluminum alloys; ultrasonic vibration; acoustic pressure; numeri-
cal simulation

1. Introduction

The brazing of titanium using aluminum-based filler alloys was investigated previ-
ously under a variety of conditions and using multiple filler alloys [1]. The main objectives
were the simplification of the experimental conditions, controlling the formation of the
intermetallic layer, and developing filler materials in order to achieve the highest possible
strength [1–3]. The surface of titanium oxidizes instantly when it is exposed to the ambient
air at room temperature. The amorphous and passive oxide film of titanium consists of
three layers: the anatase TiO2 in contact with the surroundings, then Ti2O3, and finally
TiO which is in contact with the metal Ti. Although the biocompatibility and corrosion
resistance of titanium and its alloys are attributed to its surface oxide film [4,5], these oxide
layers must be removed or destroyed to establish a metal–metal connection in welding or
brazing processes. Therefore, preventing the formation of a thicker oxide layer during the
heating phase, followed by destroying the existing layers, is an essential factor in achieving
high-quality joints in a short brazing time.

Ultrasonic vibration (USV) is employed in brazing as a tool for assisting in the destruc-
tion of the oxide film and in enhancing the joint characteristics [6–8]. Under the impact of
the developed cavitation within the liquid filler, the oxide film on the base metal breaks
and distributes in the joint. The effect of the ultrasonic vibration in destroying the oxide
film was investigated by Chen et al. [7]. The developed cavitation instantly promotes the
direct contact between the filler material and the base metal. This fast breakage of the
oxide layer is combined with the homogenization of the molten filler, which enhances its
spread [7–9]. Usually, and for the above-mentioned reasons, ultrasonic brazing processes
are done in the air. However, the application of a single USV process was not enough to
remove the oxide film [8]. To improve the interaction at the interface and to remove the
floating oxide layer, a relatively long holding time at a liquid filler state and second period
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of USV were needed. In this case, the thickness of the intermetallic at the joint interface
increased to reach ~5 µm at 620 ◦C [8].

In an earlier investigation, it was found that adding pressure/compression load/ with
the help of the parent metal’s surface roughness helped to break the oxide layer of the
Al-based filler, whereby the buckling proceeded through-thickness cracking of the oxide
layer. The stripped Al surface atoms could then react with the Ti oxide to reduce it to
atomic Ti [2]. However, the thickness of the joint was a constant factor that followed the
roughness and the applied pressure. Conversely, according to the literature, often after
holding the brazing assembly within a certain fixture the changes that could be imposed
due to parts expansion were not given proper attention. By applying or introducing an
uncontrolled load, an uncertain/uncontrolled amount of filler could be displaced outside
the joint upon reaching the brazing temperature. An unexpected loss in the filler material
affects the efficiency of the brazing process beyond the alteration of the filler composition
due to the liquation of the phases of the low melting points.

In this work, a dedicated brazing equipment supported by a numerical study were
presented and employed to control and optimize the parameters of the ultrasonic-assisted
brazing process. The work aimed to study the behavior of the filler under the USV and to
define the proper joint thickness, including other process parameters such as the effects of
a controlled initial compression load and the Si content in the filler.

2. Materials and Methods
2.1. Preparation of Bulk Filler Alloys

The filler alloys used in this study were Al-1Si, Al-13Si, and Al-9Si-3Cu. The Al-1Si
was prepared by remelting and degassing the proper portions from the Al-13Si ingot and
pure aluminum. The Al-9Si-3Cu and Al-13Si filler alloys were cut from their ingots and
degassed. Table 1 shows the measured compositions of the filler alloys. In the preparation
of the filler, an electrical resistance furnace equipped with a PID temperature controller was
used for the melting processes under a normal air atmosphere. Furthermore, an electric
furnace was used for heating the mold. Additional external type K thermocouples and
an NI-9211 temperature input module from National Instruments Corporation were used
for the temperature readings of the mold and the melt. The process ended with a 10 min
degassing by Ar, and then pouring from 720–730 ◦C in a 200 ◦C mold. After pouring
directly, the mold with the cast was immersed in a tap water container. A part of each
alloy was later used to record the cooling curve, followed by calculating the first and the
second derivatives. The nonequilibrium liquidus temperatures were determined on the
cooling curves (Figure 1). The remelted quantities for recording the cooling curves were
not subjected to any further treatment with Ar. The microstructures of the filler alloys
Al-9Si-3Cu and Al-13Si are presented in Figure 2.

Table 1. Compositions of the filler alloys using an optical emission spectroscopy (wt.%).

Filler Alloy Si Mg Fe Cu Mn Ti Zn Cr Al

Al-13Si 13.12 0.007 0.47 0.022 0.005 0.012 0.024 0.009 Bal.
Al-1Si 1.042 0.001 0.097 0.006 0.005 0.007 0.015 0.002 Bal.

Al-9Si-3Cu * 9.183 0.178 0.891 3.178 0.253 0.029 0.835 0.043 Bal.

* Al-9Si-3Cu has also (0.072 Pb and 0.017 Sn) wt.%.
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Figure 1. The measured nonequilibrium cooling curves and their first and second derivatives of filler alloys: (a) Al-1Si;
(b) Al-13Si; (c)Al-9Si-3Cu, where their compositions are presented in Table 1.

Figure 2. SEM images (SEI) of Al-13Si and Al-9Si-3Cu filler alloys degassed by Argon. All filler alloys
were prepared without USV treatment: (a,b) Al-13Si, where Z1 is a script-like Al15(Fe, Mn)3Si2, Z2 is
primary silicon, and Z3 is eutectic silicon; (c,d) Al-9Si-3Cu, where Z1 is bulky Al15(Fe, Mn, Cr)3Si2,
Z2 is complex eutectics of Al2Cu and Al-Cu-Mg-Si (EDS, at.%: Al(67.5%)-Cu(24%)-Si(5.9%)-
Mg(2.6%)), and Z3 is eutectic silicon.

2.2. Preparation of the Brazing Assembly

The filler materials were cut and prepared from the degassed casts with a thickness of
0.7+0.005
−0.025 mm and dimensions of 9× 22 mm2 for the majority of the trials, and 12× 22 mm2

for an additional part. The base metals of 118× 22× 3 mm3 were cut from a sheet of
titanium (Al-6Al-4V). Prior to the brazing process, the faying surfaces of the parent and
the filler materials were ground by successive grinding papers, finishing with P800 for the
filler materials, while the base metal was ground only using P100. Grinding was followed
by cleaning with alcohol and drying with hot air. The filler materials slices were further
cleaned by alcohol in an ultrasonic cleaner for 4 min. The brazing assembly and its detailed
dimensions are shown in Figure 3. The “active part” description was given to the base
metal part connected to the sonotrode, while the “passive part” to the other part of the
base metal.
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Figure 3. Brazing assembly: (a) Brazing assembly components and dimensions (mm), where A–A is
the cross-section for the microstructures observation, the examined location during this study is close
to the middle of the section A-A if not reported differently; (b) The form of the filler materials.

2.3. Fillers and Joints Characterization

The chemical compositions of the filler alloys (Table 1) were determined using SPEC-
TROMAXx optical emission spectroscopy (SPECTRO, AMETEK Materials Analysis Di-
vision). For each batch of spectrometer measurements, a standard sample with accurate
composition was used for further calibration of the measurements.

After the brazing process, the brazed joints were cut at the middle (approximately
0.5 mm around the center line), as demonstrated in Figure 3a (section A–A). The sectioned
samples for the microstructure and chemical analyses were ground using a series of increas-
ingly fine SiC papers up to P4000, and then polished with polycrystalline 1 µm diamond
suspension followed by 0.02 µm of colloidal silica. All the samples were ultrasonically
cleaned. A light microscope LEICA DM 2500 M (Leica Microsystems) was used for the
evaluation of the microstructure and for observing the cleanness of the bulk filler alloys.

An image processing package, ImageJ (National Institutes of Health, Bethesda, MD,
USA), [10] was used for any further measurements.

A JSM-6010LV (JEOL, Japan) Scanning Electron Microscope (SEM) equipped with an
energy dispersive spectroscope (EDS) (INCAx-act, PentaFET Precision, Oxford Instruments)
was used for further microstructure characterization and chemical composition analyses of
the phases.

2.4. Experimental Set-Up

A dedicated experimental brazing apparatus was designed and machined (Figure 4).
Using this apparatus, the load and temperature were real-time monitored and controlled
accurately during the brazing process. Any expansions in the pressing/fixture mechanism’s
parts during the brazing cycle were detectable and recorded along with the corresponding
time and temperature. The brazing assembly was calibrated to a horizontal position.
The position of the brazed assembly is adjustable and was calibrated according to the
required brazing gap. A special furnace/heating chamber fitted with a PID temperature
controller was designed and tuned to deliver high-speed and accurate heating for the
brazing assembly at the joining location. The brazing assembly was prepared and placed
in the brazing furnace chamber before heating, then an initial load of 20 kg was applied to
the assembly using the pressing mechanism (Figure 4a) with two ceramic pivots and two
titanium end cups on the opposites ends of the pivots. The sonotrode end was attached
to the end of the upper part of the parent metal (the active part) using a 5 mm screw. To
guarantee the consistent delivery of the USV to the joint, a torque of 10 Nm delivered
by a high precision adjustable torque wrench was applied to the screw. Two type K
thermocouples of a special limit of error (0.4%) were used to have better control over
the temperature of the brazing process. One of the thermocouples was connected to the
PID temperature controller within the dedicated control box, and the other to the NI-9211
temperature input module (National Instruments Corporation) (Figure 4a,b) to record the
furnace temperature. The two thermocouples were attached to the lower titanium end cup.
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The temperature difference between the fixture and the filler was realized using a third
thermocouple that was inserted in the filler itself. A proper and lag-free application using
the LabVIEW environment was developed for this purpose. To protect the furnace coils
from the liquid metal splashing/sputtering, two thin metallic foils were added to the lower
titanium cup around the two sides of the joint (Figure 4c).

Figure 4. (a) Schematic diagram of ultrasonic brazing device showing signal flows between PC
and the ultrasonic brazing equipment through the related peripherals; (b) The actual equipment
assembly including: 1- brazing control box which contains furnace temperature controller and load
cell controller, 2- the NI 9211 input module (14 S/s, 4 channels), 3- the ultrasonic power supply (MP
Interconsulting, Switzerland), 4- the RS485-USB convertor between ultrasonic power supply and PC,
and 5- the ultrasonic brazing stack with holder; (c) The position of the sample inside the furnace
where: 6- the ceramic pivots, 7- the upper titanium end cup, 8- two thin metallic foils to protect the
furnace coils from the liquid metal splashing/sputtering, brazing assembly is enclosed between the
upper and the lower ends cups (Further details are shown in Figure 8a). All furnace sides were closed
during the operation as it is shown in (b).

The ultrasonic system consisted of a 1000 W ultrasonic power supply (MP Intercon-
sulting, Switzerland), a high-power ultrasonic converter (piezoelectric transducer), an
acoustic booster (1:1), a waveguide, and a sonotrode.

The sonotrode was tuned to work at 19.5± 0.3 Khz at a work temperature similar to
that followed in [11]. The unloaded ultrasonic stack delivers 17− 20 µm (P–P) at its free
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end at a normal temperature (without attaching the active part of the base metal). Two to
three seconds were needed to reach the defined amplitude from the start of the ultrasonic
generator (ultrasonic power supply).

2.5. Brazing Methods and Conditions

Titanium brazing using aluminum filler alloys is normally accompanied by the forma-
tion of AlxTin intermetallic compounds at the interface. The formation of those intermetallic
compounds depends on the brazing temperature, the alloying elements in the filler ma-
terials, and the composition of the parent material. Adding the USV results in further
complications for the process. To evaluate the effects of the Si addition, USV, and initial
load, the brazing cycle presented in Figure 5 and the related parameters in Table 2 were
followed.

Figure 5. Brazing cycle using the parameters presented in Table 2. The diagram shows a sketch of
the observed load changes due to expansion. After application of the primary load of 20 kg, the load
increase due to the expansion was removed after passing the solidus temperature of the filler at the
point N2 (explained in Section 3.2) to prevent any displacement of the filler before reaching the USV
application point. The temperature-time cycle represents the cycle applied by the furnace controller,
actual recorded cycles will be presented later in this work. All holding times started −5 ◦C to the
required temperature. The brazed joint was cooled inside the furnace. During cooling, furnace sides
were removed at 300 ◦C. The sample was removed from the furnace after the cooling temperature
passed 250 ◦C.

Table 2. Brazing trials parameters which were used in the brazing cycle presented in Figure 5.

Condition
Code

Filler
Type

Initial
Load
(kg)

Holding 1
Temperature/Time

(◦C/min)

Holding 2 at
Brazing

Temperature/
Time

(◦C/min)

USV Period,
(Sec)

-Furnace off-

13/680 Al-13 Si 20 300/3 680/3 10
1/680 Al-1 Si 20 300/3 680/3 10

13/585 Al-13 Si 20 300/3 585/3 10
13/585L Al-13 Si 20 300/3 585/3 -
13/585U Al-13 Si - 300/3 585/3 10
9-3/580 Al-9Si-3Cu 20 300/3 580/3 10

2.6. Numerical Modeling

To investigate the distribution of the acoustic pressure in the filler and its variations
against the gap distance and temperature, a numerical model was studied using COMSOL
Multiphysics® [12]. The simulation solution presented the effect of the gap distance and
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temperature on the efficiency of the ultrasonic process through the acoustic pressure. A
geometrical representation of the studied system is presented in Figure 6.
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Figure 6. The studied ultrasonic brazing stack with a 20 kHz transducer (Ti-6Al-4V front mass):
(1) transducer of 6 elements PZT-8, Ti-6Al-4V front mass; (2) 1:1 booster; (3) waveguide; (4) sonotrode;
(5) the base metal parts where the active part is connected to the sonotrode; (6) filler alloy of Al-13Si.

The model was solved in the frequency domain as a coupled acoustic–piezoelectric
structure analysis. The temperature distribution in the brazing assembly and the ultrasonic
stack was measured during the experiment and then coupled to the simulation model
through the heat transfer model.

The flow of the molten filler was assumed to be lossless and adiabatic, and viscous
effects were neglected. The frequency domain formulation uses a reduced wave equation
to the Helmholtz equation [13,14]:

ω2 p
ρ0α2 = ∇.

(
− 1

ρ0
∇p

)
(1)

where ρ0 is the fluid density in kg/m2, p is the pressure in Pa, ω is the angular frequency
in rad/s, and α is the speed of sound in the fluid in m/s. At the interface between the filler
and the base metal, the model node used the fluid pressure and the structural acceleration
as a bidirectional coupling.

The solid mechanics and electrostatics physics interfaces were used to model the
piezoelectric effect of the Langevin type transducer, of the mode 33. The piezoelectric
effect was modeled by coupling the stresses and strains with the electric field and the
electric displacement via linear constitutive equations. In terms of the piezoelectric stress
coefficient matrix T, the mechanical and electrical behaviors are defined by [14,15]:

T = cES− eTE
D = eS + ε0εrSE

(2)

where S is the strain tensor, T is the mechanical stress tensor, E is the electric field, and D is
the electric displacement field. The material parameters cE, e, εrS, and ε0 correspond to
the material’s elastic stiffness matrix (Pa), coupling matrix (C/m2), relative permittivity
at constant strain, and the vacuum permittivity. The unloaded transducer was studied
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considering both the 0.001 damping factor and 0.002 coupling factor. Adding the other
components of the ultrasonic stack, temperature changes during the operation, and any
additional loading will change the damping characteristics of the system.

The results were calculated at multiple gap distances. Due to heating, the extension
of the lower pivot affects the position of the passive part at the joint area. In the studied
system (Figure 6), the expansion of the lower pivot was not considered in order to be
subtracted later from the initial joint gap according to its value at the brazing temperature.
The relative positions of the brazing assembly components can be configured to achieve
later at brazing temperature the required gap between the faying surfaces of the joint.

During the ultrasonic brazing, the joining area was under a slight weight of the unfixed
upper pivot (110 g) (Figure 4c). The effect of the free upper pivot was added to the damping
input in addition to its prestress effect on the active part. In the simulation model, the
ultrasonic stack was fixed from a nodal location on an attached part (of steel) to the booster
(Figure 6) instead of the transducer housing (Figure 4a,b). The main parts (i.e., sonotrode,
waveguide, and booster) were made of Ti-6Al-4V alloy. Two brazing temperatures at 680
and 585 ◦C, respectively, were studied for the Al-13Si filler alloy.

3. Results and Discussion
3.1. The Numerical Results

Having a clear understanding of the distribution of vibration amplitude and the
acoustic pressure is essential for achieving high-quality joints and avoiding some of the
possible defects during the process. The interaction at the interfaces, the refining, and
the displacement of the filler are influenced by the amplitude and the developed acoustic
pressure in the joint area.

The frequency sweeping and eigenfrequency analyses were applied to the studied
system. The converter’s (transducer) frequency range between the parallel fp1 and series
fs1 frequencies must contain the stack operational frequency. The operational frequency
range of the stack may be anywhere between the converter fs1 and fp1, preferably close to
fs1; however, the temperature changes during the operation should also be considered.

Figure 7a shows the impedance curves for the studied transducer only and after
adding to the transducer the other ultrasonic stack components (booster + waveguide +
sonotrode) and the base metal (the active part only) at room temperature. At elevated
temperatures, the physical properties of the ultrasonic stack and the base metal change,
adding to that the filler in contact with the active base metal which is under the slight
weight of the upper pivot. As a result, the operating frequency decreased as well as the
damping of the system increased.
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The longitudinal vibration in the ultrasonic mechanical system was transformed into
a transverse vibration mode of the connected parent metal (Figure 7b).

To correctly represent the effect of heat variations on the system behavior, this study
included the actual temperature distribution measured through similar brazing conditions.
Thermocouples were attached to three locations (2, 3, and 4 in Figure 8a,c) in addition to
the furnace thermocouple (1a in Figure 8a,c), and then an assistant heat transfer module
was used to represent the temperature distributions prior to the activation of the USV and
coupled to the studied case (Figure 8).

Figure 8. (a,c) The thermocouples locations during the brazing process at 680 ◦C; (b) The recorded
temperature changes vs. time in the locations marked in (a) and (c); (d) Temperature distribution
prior to brazing measured using Al-Si-Cu based filler. Due to the small thickness and mass of
the filler compared with other components, the curve in (b) can be used, at brazing temperature,
with a very good approximation for other Al-Si based fillers of close melting ranges. For the lower
temperature (585 ◦C), an actual recorded time- temperatures curves for filler/furnace were used,
while the other temperatures in the locations (3) and (4) can be approximated and calculated using
the recorded curves in (b) by considering the similarity of the temperature controller characteristics
and the brazing conditions.

Due to the significant tendency of the intermetallic layer formation between the
aluminum-based fillers and the titanium-based parent metal, the furnace and its controller
were carefully designed and tuned as it was mentioned before. Figure 8b shows the
difference between the measured furnace and filler temperatures during the heating phase.
In the current setup, a 3 min holding time was enough to reach the designated brazing
temperature in the filler. The filler temperature in Figure 8b was measured using type K
thermocouple, Ø 0.13 mm, of special error range (0.4%). The thermocouple was inserted in
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the filler where the measured length was about 4 mm along the middle section line (A–A)
(in Figure 3a) within the filler.

Figure 9 shows the vibration mode and its amplitude during the brazing process, and
the effect of the gap distance vs the acoustic pressure.

Figure 9. (a) The displacement obtained for the system during brazing process (0.35 mm thickness
of the filler Al-13Si at 585 ◦C); (b) Bottom view of the active part of the parent metal with the same
scale legend of (a); (c) The acoustic pressure distribution at brazing temperature 585 ◦C in the filler
of different thicknesses—bottom view; (d) Typical joint of Al-13Si brazed at 585 ◦C, confirming the
filler behavior according to the vibration mode and acoustic pressure distribution; (e) Filler thickness
(gap distance) vs acoustic pressure and operating frequency (±3 Hz)at 680 and 585 ◦C brazing
temperatures.

The gap distance and the acoustic pressure have an inverse relationship, and as can be
observed from the results (Figure 9e), the max acoustic pressure value at 0.7 mm is around
0.6–0.7 MPa which increases to around 1.7–2 MPa at a 0.3 mm gap distance (the higher is
for the lower brazing temperature of 585 ◦C). The logical inverse relationship characterized
in this simulation model is in accordance with the practical observations of [16]. In the
treatment of the bulk aluminum alloy melt, the measured cavitation threshold is around
1 MPa of acoustic pressure. This value was measured at a temperature close to the melting
point for Al-Mg alloys and at a slightly higher temperature for the Al-17Si alloy. Increasing
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the temperature decreases the cavitation threshold to reach, e.g., 0.8 MPa in Al-6Mg alloy
at 700 ◦C. The cavitation threshold can also be decreased by decreasing the surface tension,
which can be achieved by alloying additions such as Mg and Zr [17]. In filler materials
the volume quantity of the introduced oxides to the melt is higher than in the bulk case;
therefore, a further reduction in cavitation threshold is to be expected. As a result, for the
current brazing process, choosing a brazing gap between 0.4–0.3 mm should be enough to
obtain good ultrasonic effect. To achieve this gap distance, brazing at a lower temperature
(580–585 ◦C) could be done without compensating the position of the lower base metal,
since the expansion of the lower ceramic pivot is around 300–330 µm; however, for the
higher brazing temperatures, the compensating should be considered.

Once the filler material becomes fully liquid, regardless of the expansion of the lower
pivot, the remaining quantity of the filler within the joint will depend on the balance
between the surface tension of the filler in its environment and the slight load at the top of
the filler, including the roughness of the base metal surfaces. Under the ultrasonic vibration,
the filler materials will show some displacement and splashing/sputtering around the
joint sides following the vibration mode and the acoustic pressure. On the active part,
a displacement following the vibration mode of the plate was observed, while on the
passive part of the base metal a sputtering of the filler was observed, which was generally
concentrated around the center line of the joint (Figure 9d). These observations are in
accordance with the presented numerical results in this work. It is worth mentioning that
the delivered amplitude and the designed gap distance should be selected by taking into
account the effective treatment while avoiding an unacceptable level of displacement and
sputtering around the joint, which was also considered in this work.

If the expansion of the fixture (the pivots in the current study) is not taken into
consideration, the brazing could result in uncontrolled joint thickness and intermetallic
formation, as is presented in Figure 10 for a preliminary trial. The large intermetallic
particles of Al3Ti at the lower side of the joint are due to the filler saturation by the
dissolved Ti from the parent metal during the USV.

Figure 10. SEM images (BSE) of Ti/Al-1Si/Ti ultrasonic-assisted brazed joint at 665–670 ◦C without
holding time. The intermetallic formation and precipitation of TiAl3 increased due to the very small
gap distance between the faying surfaces of the joint.

In the brazing processes, the gap distance between the parent metal parts plays an
important role in filling the joint under the capillary force, and later the joint strength will
be affected by the resulting joint thickness. In the ultrasonic-assisted brazing process, the
joint gap has a further role in controlling the efficiency of the ultrasonic process. The gap
distance should be optimized in order to provide adequate acoustic pressure at a specific
combination of the ultrasonic power and the materials.

3.2. The Effect of the Initial Compression Load

Due to the heating, the ceramic pivots and other metallic objects, which are in contact
with the brazing assembly, start to expand. This expansion leads to an increase in the
compression load on the joint during the heating phase, which could lead to a separa-
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tion/uncontrolled liquidation of the phases of the low melting points in the filler. Therefore,
in most cases, and according to the process design, once the filler reaches its melting point
the load on the joint should be removed or reduced and maintained within the limits
that do not lead to filler loss from the joint area. Conversely, to reduce the oxidation
of the faying surfaces during the heating phase, the assembly surfaces should be kept
tight against the surrounding air with a certain amount of the compression load. Given
the above-mentioned reasons, applying and controlling the compression load during the
heating phase was one of the design concerns in the current study.

To examine the effect of the initial load, the load and temperature changes with time
were recorded (until 665 ◦C) without brazing assembly and then the load–temperature
curve was extracted and compared with similar ones of actual brazing processes. All the
processes were started by 20 kg initial load application. Without the brazing assembly, the
rate of the load increase was high and reached a value around 500 kg according to the cycle
presented in Figure 11a. Figure 11b shows a comparison until around 500 ◦C between two
brazing processes and the case without brazing assembly. With the brazing assembly, for
example Figure 11c, the load increased with temperature increase until reaching a point
where it started to decrease. Before this point no visual displacement of the filler was
observed outside the joint, although the increasing rate was decelerating compared to the
case without the brazing assembly. After this change point (N1 on Figure 11c) the load was
removed (at N2 on Figure 11c) and the assembly was only kept under the slight weight of
the upper pivot.

In Figure 11a–c, the recoded temperature is the furnace temperature (the thermocouple
attached to the lower end-cup). The filler (Al-9Si-3Cu) temperature at N1 in Figure 11c can
be found by recording the filler temperature with furnace temperature at the same time
(Figure 11d). According to the heating rate, the size of the sample, and the applied loading,
the defined changes by filler’s cooling curve may not happen at the expected temperature
during heating.

In Figure 11b, the lower measured load values in (1/680 and 9-3/580) comparing
with the case without brazing assembly at the same temperature imply that the tightness
between the faying surfaces of the joints increases as the temperature increases, where the
filler complies under the load and the roughness of the base metal. The rate of the load
change with time depends on the properties of the filler, the faying surface preparation,
and other parameters which are beyond the scope of the current work. However, the most
pronounced effect (i.e., the fast load drop) appears once the filler temperature passes the
point N1. No adjustment was made to reduce the load during the heating process until it
reached the previously mentioned point. The purpose was to avoid any relative movements
between the assembly components, which avoids a valid comparison among the results.
Applying and controlling the initial load on the joint protects the faying surfaces and
prevents any uncontrolled rejection of the filler outside the joint before reaching the brazing
temperature. By examining the brazed joints close to the middle of the cross section A-A
(Figure 3), in the ultrasonic brazed samples without the initial load, after the USV treatment
(10 s) the interface showed intermittent interactions (Figure 12a). While in the joints brazed
under initial load only, the interface showed continuous interaction (Figure 12b). Under
the USV, the dissolution at the parent metal is initiated by the opening of microchannels [7]
followed by the formation of the pits (Figure 13). The application of the initial load prevents
the severe oxidation of the faying surfaces and facilitates the interaction at the interface.
However, in the joints brazed without USV (only by initial load), some voids were still
observed at the interface at the joint’s sides. In addition, the microstructures showed many
bulky silicon particles that were distributed inhomogeneously (Figure 14).
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Figure 11. (a) A load temperature cycle/3 min holding at 300 ◦C, 3 min holding at 665 ◦C/without
brazing assembly, the curve is showing the expansion of the ceramic pivots ended by the titanium
cups under the effect of temperature, the initial load was set to 20 kg; (b) Comparison of load
temperature cycles until around 500 ◦C between two brazing processes and the case in (a), the
difference in the load increase rates is an indication of the filler compliance under the load and
the roughness of the base metal; (c) Load–temperature cycle for brazing process 9-3/580, the load
was removed at N2 after the filler passed the point N1; (d) Actual temperature-time cycles (thermal
cycles) of the furnace and the filler Al-9Si-3Cu without USV. The filler temperature in Figure 11d was
measured using type K thermocouple, Ø 0.25 mm, of special error range (0.4%).
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Figure 13. (a) SEM image (SEI) of a single pit at the joint interface with the active part, using Al-13Si
filler alloy at 585 ◦C, brazed with USV only (13/585U); (b) EDS line analysis across the pit.

Figure 14. Light microscope images of (13/585L) brazed joint using Al-13Si filler alloy at 585 ◦C with
initial load only, “No USV”; close to the joint edge where (a) is closer than (b). The scale is 50 µm on
the images.

The joints brazed under both conditions: the initial load and the USV showed more
consistent reaction at the joint interfaces and better joint quality (Figure 15).

Figure 15. (a) SEM images (SEI) of brazed joint using Al-13Si filler alloy at 585 ◦C (13/585) close to
the middle of the joint; (b) The interface at the active part of the parent metal.

Generally, the thickness of the intermetallic layer at the interface in the brazed joint
(13/585L) was the highest around the middle position of the joint (at the cross-section
A-A in Figure 3). The middle part of the joint would be more protected from oxidation
when comparing it with the edges taking into account the contrived roughness of the joint
surfaces prior to assembly. In the joints brazed with the USV, the pit formation intensity



Metals 2021, 11, 1686 15 of 24

would be higher on the area where the acoustic pressure exceeded the cavitation threshold,
as seen in Figure 9c. However, with the assistance of the USV for 10 s, the interfaces were
free from the voids and had good visual contact with the base metal. Therefore, combining
the initial load and the USV produced, within a short brazing time, joints with higher
quality and better interaction at the interface, which can be further optimized in terms of
their mechanical strength. The distribution of the intermetallic at the interfaces is affected
by both the USV (Figure 9b,c) and the initial load as well as the brazing conditions, and
varies along the interface. In most studies, the exact location of the examined area along
the cross section was not reported clearly, or the intermetallic evaluation was not presented
clearly at the edge of the joints [9,18–26]. However, in the current work conditions, which
included the brazing in the air, using the USV, and introducing roughness to the faying
surfaces, it was interesting to examine the interface interaction along the entire cross section
A–A (Figure 16).
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Figure 16. Light microscope images of a brazed joint (13/585) with both initial load + USV, where
(a) to (d) are from a point close to the edge to the highest thickness of the intermetallic at the interface.

When brazing is conducted in the air, ultrasonic vibration has the ability to destroy
the oxide layer at joint interfaces and initiate the interaction between the filler and the
base metal. For a complete reaction at the interface, usually holding time and/or another
USV period are required. However, to reduce the time needed for achieving a better
reaction at the interface, and at the same time obtaining a joint with a high quality, an initial
compression load can be combined with the USV treatment.

3.3. The Effect of Si and Cu Additions on the Interface

Although the acoustic pressure has higher values at 585 ◦C when compared to 680 ◦C,
which means a higher impact on the interface, the higher temperature has significant effect
on the interaction and the intermetallic formation. The molten aluminium is very active
with titanium, causing a high level of erosion which particularly affects the reliability of the
thin wall joints. Almost any small additions of alloying elements to the pure Al filler reduces
the thickness of the intermetallic layer formed at the interface with the titanium [25]. It was
found that the most effective element for suppressing the intermetallic Al3Ti growth is Si,
which could also help develop further intermetallic compounds at the interface. Following
that, Si provides the brazing conditions with more flexibility; for instance, the produced
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Ti/Al joints using the Al-0.8Si filler exhibited higher joint strengths when compared with
the pure Al (as a filler) in relatively higher temperatures and over a wider brazing time
window [25]. For brazing conditions at 680 ◦C for 3 min (the temperature mentioned in the
text of [25] was considered), the addition of 3% or more of Si produced a larger thickness
of the intermetallic compounds at the interface when compared with an Si addition of
0.8% [25]. However, the alloys have different melting temperatures and thus different
contact times between the parent metal and the fully liquid filler during the heating phase
until they reach the brazing temperature of 680 ◦C. Moreover, the joints were brazed in a
vacuum environment. Therefore, further investigation at the current brazing conditions
is required.

For the sake of comparison, the fillers Al-13Si and Al-1Si were used in brazing at the
same temperature (680 ◦C) and then Al-13Si was used in brazing at a temperature close
to its liquidus temperature, which was defined on the recorded cooling curve (Figure 1).
When the Al-13Si and Al-1Si fillers were used in brazing at similar elevated temperatures
(680 ◦C), the interfaces with the filler of a higher percent of Si showed an average thickness
of 7.4 ± 0.17 µm (averaged from both joint interfaces and close to the middle of the
joint). The observed interface consisted of a dense intermetallic layer followed by a one
of scattered laminar morphology (Figure 17). It was proposed that the layers consisted
of Ti7 Al5Si12. On the other hand, the interfaces resulted from the interaction of Al-1Si
filler alloy with the base metal, composed of two intermetallic layers: a base intermetallic
layer with bulky intermetallic particles attached, which formed a second layer (Figure 18)
with an average total thickness of 2 ± 0.3 µm. Examining the EDS line presented in
Figure 18, and additional individual EDS points analyses, it was suggested that the outer
layer consists of Al3Ti with an average composition of 72.8 Al, 22.35 Ti, 4.35 Si, and 0.45 V
(at.%), and that the base layer next to the parent metal consists of Ti9(Al, Si)23 with an
average composition of 59.4 Al, 32.15 Ti, 6.95 Si, and 1.5 V (at.%). The total thicknesses
of the intermetallic layers at the interfaces in Al-13Si and Al-1Si were, to some extent,
comparable with the work of [25] taking into account some variations such as the brazing
method and the compositions of the base metal and filler.

Figure 17. SEM images (SEI) of 13/680 joint interfaces at: (a) The active part of the parent metal;
(b) The passive part; (c) EDS line position and analysis of the interface in (b). The interfaces show
tiny laminar morphology of Ti7 Al5Si12 at the filler side.
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Figure 18. SEM images (SEI) of 1/680 joint interfaces at: (a) The active part of the parent metal;
(b) The passive part; (c) EDS line position and analysis of the interface in (a).

The brazing using the Al-13Si filler at a lower temperature (585 ◦C), resulted in an
intermetallic thickness of about 1.85± 0.1 µm (Figures 19 and 24), which is comparable
with the Al-1Si layer thickness at 680 ◦C, except that the intermetallic layer in Ti/Al-13Si/Ti
has a relatively consistent thickness and is composed of Ti7 Al5Si12.

Figure 19. (a) SEM images (SEI) of 13/585 joint interface at the active part; (b) EDS line position and
analysis of the interface in (a).
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Brazing at a high temperature of 680 ◦C increases the dissolving rate of titanium into
the filler and the diffusion of Si to the interface. In addition, the prolonged contact with the
filler in a liquid state during the heating phase, in the case of Al-13Si, contributes to further
intermetallic growth when using Al-13Si at a high temperature.

Brazing using Al-9Si-3Cu filler alloy at 580 ◦C with a similar offset to the liquidus
line when compared with the Al-13Si brazed at 585 ◦C, resulted in a thickness of the
intermetallic layer 1.64 ± 0.2 µm that is close to Al-13Si/585 ◦C, The intermetallic layer
was ended in some locations by Cu at the filler side (Figure 20).

Figure 20. (a) SEM images (SEI) of a brazed joint (9-3/580) at the active part interface with the filler;
(b) EDS line position and analysis of the interface in (a).

For the higher percent of Si in the filler alloys (Al-13Si and Al-9Si-3Cu), the intermetal-
lic phase that appeared in both sides of the interface was Ti7Al5Si12. The Ti7Al5Si12 of a
tetragonal crystal structure was reported to have a general formula of (Ti1−xAlx)(AlySi1−y)2
with x ≤ 0.12 and 0.06 ≤ y ≤ 0.25. The Ti7Al5Si12 exists in a composition range from 8 to
20 (at.%) of Al and from 50 to 62.6 (at.%) of Si [27].

The turbulence induced by acoustic streaming promotes Si atom diffusion rate into
the pit region. The segregated Si atoms can cause a phase transformation via the following
equation [7]:

TiAl3 + 2Al + 6Ti + 12Si→ Ti7Al5Si12 (3)

The formation of the intermetallic Ti7Al5Si12 largely reduces the diffusion between Al
and Ti, and when its thickness reaches a critical value the mentioned diffusion ceases. It was
reported that using Al-Cu filler mainly promoted TiAl3 and a small quantity of Ti8CuAl23
which was difficult to distinguish from Ti9Al23, in addition, Cu>Al2 was detected at the
interface [25], however, by the existing of Si, the formation of Ti7Al5Si12 was dominant over
TiAl3. Figure 21 shows the average measured thicknesses of the intermetallic at the joints
interfaces and close to the middle of the joints.
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Figure 21. Average intermetallic thicknesses with their standard error at the interfaces of the brazed
joints (close to the middle of the joints).

3.4. The Intermetallic Compounds and Silicon within the Joints

Some Ti7Al5Si12 particles adjacent to the interface were found when the brazing had
been done under the initial load only, as with point Z1 in Figure 22. Due to the contrived
roughness of the parent metal and the brazing conditions (the initial load), it is possible to
expect the formation of some intermetallic particles adjacent to the interface of the joint as
a result of the oxide scale cracking and the ensuing reaction between the Al and Ti-oxide
layer [2]. During the activation of the ultrasonic vibration, the dissolution of titanium into
the filler melt is accelerated and the Ti-intermetallic compounds which form at the interface
can separate and enter the joint, as with Z2 and other similar particles in Figure 23b (the
EDS analysis is shown in Table 3).

Figure 22. SEM image (SEI) for the joint 13/585L where Z1 is Ti7 Al5Si12.

Figure 23. SEM images (SEI) of a 13/680 brazed joint: (a) The active parent part interface with the
filler; (b) The passive part interface. EDS analyses results are shown in Table 3.
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Table 3. EDS points analyses for the joint 13/680 presented in Figure 23.

Element:
Al Si Fe Ti V Mn Estimated Main

Phase(s)at.%

(a)

Z1 66.7 18.8 14.5 - β− Al5FeSi

Z2 10.4 54.3 - 33.8 1.5 - Ti7 Al5Si12

Z1 12.6 55.5 - 30.6 1.2 - Ti7 Al5Si12

Z2 11.8 55.7 - 32.5 - - Ti7 Al5Si12

Since iron has low solubility in solid α(Al), it tends to combine with other elements
to form a variety of intermetallic compounds. The major phases in Al-Si-(Fe) alloys are
α− Al8Fe2Si (script-like) and β− Al5FeSi, or α− Al15(Fe, Mn)3Si2, or π− Al8FeMg3Si6 as
a dominant phases according to the processing conditions, the Fe percent, and where there
are sufficient Mn or Mg, respectively [10,28]. The α and π−phases can be distinguished by
their script-like morphology, unlike the β−phase which has a platelet morphology. The
variant α− Al15(Fe, Mn)3Si2 can be found, in addition to the typical script-like morphology,
in a bulky form [10,29]. This bulky form of α − Al15(Fe, Mn)3Si2 was dominant in the
bulk filler Al-9Si-3Cu, while the script-like form was dominant in the bulk filler Al-13Si
before the brazing (Figure 2). Although the addition of Fe to the cast alloys can protect
the mold from what is known as die soldering [30], the presence of the β− Al5FeSi phase
negatively affects the tensile strength. The Al15(Fe, Mn)3Si2 phase has less detrimental
effects on the mechanical properties [10,25,30]. Due to the low cooling speed in the current
brazing process, β− Al5FeSi was dominant in all the brazed joints except when the filler
Al-9Si-3Cu was used (Figure 23 for 13/680, Figures 15 and 24 for 13/585, and Figure 25 for
9-3/580 joints, the related EDS analyses results are presented in Tables 3–5). The longest
platelet morphology of β− Al5FeSi was observed in the joint 13/680. Whereas in 9-3/580,
the bulky α− Al15(Fe, Mn)3Si2 phase was almost the same before (Figure 2c–d) and after
brazing (Figure 25). It seems that the formation of the platelet morphology largely depends
on both the cooling speed and the heat provided to the joint when not enough Mn or Mg
additions exist in the filler.

Figure 24. SEM images (SEI) of a 13/585 brazed joint: (a) The active parent part interface with the
filler; (b) The passive part interface. EDS analyses results are shown in Table 4.
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Figure 25. SEM images (SEI) of a brazed joint 9-3/580: (a) The active parent part interface with the
filler; (b) the passive part interface. ((b) is taken at relatively farther distance from the middle of the
joint). EDS analyses results are shown in Table 5.

Table 4. EDS points analyses for the joint 13/585 presented in Figure 24.

Element:
Al Si Fe Ti V Mn

Estimated Main Phase(s)
at.%

(a)

Z1 61.6 25.2 13.3 - β− Al5FeSi + Si

Z2 1.8 98.2 - - - - Primary silicon

Z3 17.3 48.3 - 34.4 - - Ti7 Al5Si12

(b)

Z1 85.6 6.2 8.3 - - - α− Al8Fe2Si + Al

Z2 72.4 11.6 13.7 0.9 - 1.5 α− Al15(Mn, Fe)3Si2

Z3 13.1 50.2 - 36.7 - - Ti7 Al5Si12

Table 5. EDS points analyses for the joint 13/680 presented in Figure 25.

Element:
Al Si Fe Mn Ni Cu

Estimated Main Phase(s)
at.%

(b)

Z1 70.4 - - - - 29.6

Al2CuZ2 70.2 - - - - 29.8

Z3 71.7 - - 5.4 22.9

Z4 68.2 11.5 15.2 2.3 - 2.9 α− Al15(Mn, Fe)3Si2+
precipitation of Al2Cu

Generally, the formation of primary silicon is likely depending on the casting condi-
tions rather than what is expected by the equilibrium phase diagram. According to the
phase diagram of Al-Si [31], the primary silicon crystallizes first in the hypereutectic Al-Si
alloys, then the left portion of the liquid goes into a eutectic reaction ( L→ SiE + α(Al)) .
However, the primary silicon particles can be found in the eutectic or even hypoeutectic
Al-Si alloys. Si is easy to segregate and forms Si clusters which nucleate and grow at the
liquid/solid interface [32]. For a near eutectic composition, the microstructures of the
alloy could show a large number of the primary silicon crystals [33]. The amount and size
of the primary silicon particles are affected largely by the cooling speed. The suggested
growth mechanism was the twin plane re-entrant edge growth mechanism (TPRE) [32] or
the dislocation mechanism [33]. Moreover, it was concluded that the distribution of the
primary Si particles is nonhomogeneous at any cooling speed [32].
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The primary silicon particles were much lower in size and quantity with relatively
better distribution in the ultrasonically treated joints using the Al-13Si filler alloy, as
with the joints 13/585U and 13/585 at 585 ◦C when compared with (13/585L) without
the ultrasonic treatment (Figures 12a,b, 14, and 15). The samples brazed with Al-3Cu-
9Si (9-3/580) were characterized by a thick eutectic silicon (Figure 25) when compared
with other joints, and even thicker when compared with the bulk state before the brazing
(Figures 2c,d and 25). The USV treatment generally resulted in the reduction of the primary
silicon in the joints. Ti could be a contributor in reducing the primary silicon with the
assistance of the ultrasonic vibration. It was found that the addition of the Ti reduced the
formation of primary silicon [34]. In another study, TiAl3 was found at the surface of the Si
phase, which restricted the growth of Si [35].

4. Conclusions

High quality joints were achieved with the assistance of ultrasonic vibration through
a precise control of the process parameters, including the temperature, load, and joint gap.

The interaction at the interface between the filler and the base metal can be started by
applying an initial compression load, or with USV through pits formation under cavitation.
Although the interaction after using a single period of USV was not continuous at the
interface, the USV helped to achieve a cleaner joint with better integration and homogeneity.
By combining both steps, the initial load and the USV reduced the time needed to produce
joints of higher quality that can be further optimized in terms of their mechanical strength.

During the USV, the molten filler is under variable vibration amplitude and acoustic
pressure, which creates a limited sputtering and displacement of the filler around the joint.
The numerical model that was studied shows the distribution of the vibration amplitude
and the developed acoustic pressure vs the gap distance. The acoustic pressure increases
by decreasing the joint gap and the temperature, thereby increasing the ability to produce
a stronger cavitation cloud. Although the acoustic pressure decreases with the temperature
increase, the interaction between the filler and the parent metal has more pronounced effect
by increasing the brazing temperature.

The thickness of the intermetallic layer at the joint interface using the filler alloy
containing 13% Si was comparable to the total thickness of the intermetallic compounds
formed at the interface using 1% of Si if the joint using 13% Si brazed at a temperature
close to its liquidus temperature. Unlike the bulky TiAl3 formed in Ti/Al-1Si/Ti joints at a
brazing temperature of 680 ◦C, using the Al-13Si filler produced intermetallic with tiny
laminar and scattered morphology at the filler side.

The primary silicon particles were much lower in size and quantity in the ultrasonically
brazed samples when compared with samples brazed without the USV. However, the
brazing thermal cycle has a dominant effect on the growth of both the eutectic silicon and
the needle-like β− Al5FeSi in Al-13Si. A higher brazing temperature of 680 ◦C resulted in
the formation of longer morphology of eutectic silicon and β− Al5FeSi intermetallic.
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