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Abstract: This study investigated the microstructural evolution of
Al-7.5Si-15Cu-5Zn brazing alloys modified by adding 0.5 wt.% Mg
and xCe (x=0.05 wt.%, 0.1 wt.%, 0.2 wt.%, 0.3 wt.%, 0.4 wt.%) . The
mechanical properties of the corresponding brazing joints on 5083
aluminum alloy were measured with the aid of first-principle
calculations. Results show that Mg and Ce elements refine the
microstructure of Al-7.5Si-15Cu-5Zn brazing alloys by changing the

morphology of the intermetallic phases. There is an interface zone
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between the brazing alloy and the base alloy in the joints and the
thickness of interface zone evolves with the Mg addition and Ce
contents. The virtual crystal approximation (VCA) method predicts
the best mechanical properties of the joints using Al-7.5Si-15Cu-5Zn-
0.5Mg-0.2Ce brazing alloy, exhibiting the measured tensile strength,
elongation and microhardness of 261.14 MPa, 11.95 % and 194.6
HVy .2, respectively. Compared to the base brazing alloy without Mg
and Ce additions, the tensile strength is increased by 42% and the
elongation is improved by 47%.

Keywords: Aluminum alloy brazing; brazed joints; microstructure

and phases, First-principles calculation; Mechanical properties
1 Introduction

Aluminum alloys are widely used in automotive, marine, and
aerospace applications due to their high specific strength and
excellent corrosion resistance[1],{2]. However, to ensure their long-
term service in complex environments, reliable repair methods are
required after cracking or fracture damage occurs. Brazing
technology, characterized by a small heat-affected zone and the fact
that the base material does not melt, is currently one of the
important methods for joining aluminum alloys[3][4]. Thus, this
technology is suitable to weld Al alloys with low melting points to
achieve effective repair without sacrificing mechanical properties.

For 5083 aluminum alloy, it has a low melting point of 574 °C
and the hypoeutectic Al-Si alloys (Si, =12.6 wt.%) are the common
brazing alloys to weld it. Though hypoeutectic Al-Si alloys possess
excellent wettability and fluidity, the high eutectic point (588.12 °C)
makes it difficult to effectively braze 5083 aluminum alloy[5][6].
Furthermore, massive Si particles and tightly elongated Al-Si

eutectic phases exist in Al-Si alloys prepared by conventional casting



after solidification. Such phases might induce stress concentration
to degrade the tensile strength of the alloy[7][8]. To achieve a better
solderability of Al-Si brazing alloy and good properties of 5083 Al
alloy joints, elements such as Ge, Cu, and Zn have been added to
form low-melting-point eutectics with Al[9][11]. For Al-Ge binary
alloy, its eutectic point is 423 °C when Ge content reaches 51.6 wt.%,
which seems to be a good composition if Ge is added in Al-Si alloy.
However, Ge can react with Si to form brittle Si-Ge phases which
make the brazing alloy brittle to degrade the machinability. The
solubility of Zn in «-Al is relatively high and an appropriate amount
of Zn dissolved in Al can strengthen the mechanical properties of the
alloy and improve its tensile strength[12]. For Al-Si-Cu alloy, a
ternary eutectic (eutectic point 525 °C) forms at a Cu content of 26.7
wt.% and a Si content of 5.1 wt.%. With a bigger Cu content, the
properties of Al-Si brazing alloy is enhanced and the melting point
decreases. However, the britile Al,Cu phases form with excessive Cu
addition, lowering the mechanical properties of the brazed joint[13].

Therefore, Al-Si-Cu-Zn alloy is well developed and investigated
in some studies to be used as brazing alloy[14][16]. To further
mitigate the impact of brittle phases on Al-Si brazing alloys,
elements such as Mg and Ce are further added to refine the
microstructure. Li et al.[17] found that the addition of Mg in Al-Si
alloy reduced the surface tension of liquid metal and improves its
fluidity. Musa et al.[18] reported that at an Mg content of 0.67 wt.%,
the solidified Al-Si-Mg alloy exhibited a uniform microstructure,
reduced porosity, and optimal mechanical properties. Ye et al.[19]
discovered that adding Ce to Al-7Si alloys refined «-Al grains and
reduced the size of Si particles. Sezgin et al.[20]found that an
appropriate amount of Ce to Al-12Si alloys contributed to refinement

of intermetallic compounds. In addition, it has been reported that



rare-earth elements often exhibit a more pronounced modification
effect when co-added with other modifier elements[21][22]. Overall,
adding Mg and Ce in Al-Si-Cu-Zn alloy is capable of refining the
microstructure and imporving the mechanical properties, possibly
making the Al-Si-Cu-Zn-Mg-Ce alloy an excellent brazing alloy.

In this study, a low-melting-point brazing alloy with high-
strength is developed by adding 0.5 wt.% Mg and xCe (x = 0.05 wt.%,
0.1 wt.%, 0.2 wt.%, 0.3 wt.%, 0.4 wt.%) in Al-7.5Si-15Cu-5Zn alloy to
braze 5083 aluminum alloy. Based on the hypoeutectic Al-7.5Si alloy,
15 wt.% Cu was introduced to reduce the melting temperature and
5 wt.% Zn was added to strengthen the filler. On this basis, Mg and
Ce were further introduced to refine the microstructure of the base
brazing alloy, thereby improving the mechanical performance of the
corresponding joints. The evaluation of mechanical properties of
these alloy with different Ce, first-principle calculations were
adopted. However, there is no consensus on the modeling method
for multicomponent allioys calculations. Common methods include
Similar Local Atomic Environment (SLAE), Special Quasirandom
Structure (SOS), Coherent Potential Approximation (CPA), and
Virtual Crystal Approximation (VCA)[23]. Among them, SLAE and
SQS require a construction of ultra-small regions, resulting in high
computational costs for multicomponent alloys. CPA assumes ideal
lattice sites for atoms, ignoring the effects of lattice distortions. VCA
simplifies the complex structures caused by atomic substitutions,
making modeling straightforward and computationally efficient,
particularly for predicting the elastic properties of multicomponent
alloys[24]4[26]. For example, Chen et al.[26] used the VCA method
to calculate the lattice constants and elastic properties of the
refractory high-entropy alloy Tiy\VNbMo (x=1.00, 1.25, 1.50, 2.00).

Comparisons with experimental results confirmed the validation of



the VCA method.

In this work, a VCA model for the multicomponent Al-7.5Si-15Cu-
57Zn-0.5Mg-xCe brazing alloy system was established. First-principle
calculations were used to predict the influences of Mg addition and
Ce contents on the mechanical properties. Meanwhile,
microstructure characterizations and property measurements were
carried out to investigate the Mg and Ce influences on the brazed
joints.

2 Materials and methods

2.1 Brazing alloys preparation

Ingots of Al with a purity of 99.99 %, along with Al-12Si, Al-20Cu,
and Al-10Ce master alloys, were melted in an 5X2-4-10A box-type
resistance furnace at 750 °C, followed by cooling to 650 °C to add
Mg and Zn elements. The complete melt was thoroughly stirred to
minimize segregation of the elements. The melt was then poured into
molds and cooled in air. The solidified brazing alloy ingots were hot-
rolled at 420 °C to a thickness of 3 mm. The chemical compositions
of the brazing alloys are shown in Table 1.

Table 1. Chemical compositions of brazing alloys (wt.%).

Sample Al Si Cu Zn Mg Ce

number
1 Bal. 7.5 15 5 — —
2 Bal. 7.5 15 5 0.5 —
3 Bal. 7.5 15 5 0.5 0.05
4 Bal. 7.5 15 5 0.5 0.1
5 Bal. 7.5 15 5 0.5 0.2
6 Bal. 7.5 15 5 0.5 0.3
7 Bal. 7.5 15 5 0.5 0.4

The brazing alloy samples were cut and processed using an



electrical discharge machining (EDM) machine. The melting
temperature was measured using a differential scanning calorimeter
(DSC). The microstructure were characterized using a scanning
electron microscope (SEM) equipped with energy-dispersive X-ray
spectroscopy (EDS). The phases were analyzed using an X-ray
diffractometer (XRD).

The melting behavior of the brazing alloys was characterized by
differential scanning calorimetry (DSC). Approximately 0.15 g of
each sample was sealed in an Al;O3 crucible, and heated at a
constant rate of 25 °C/min under a protective argon atmosphere
(mL/min). Prior to testing, the DSC was calibrated for temperature
by the testing facility according to the manufacturer’s procedure
using certified reference materials. The onset and peak
temperatures were determined using the tangent method from the

DSC curves.

2.2 Brazing process

The chemical compositions of the 5083 aluminum alloy sheet
used in the brazing experiment is shown in Table 2. The sheet
dimensions are 200 mm X 100 mm X 3 mm. The alloy was
prefabricated with an artificial fissure with 150 mm X 2 mm X 2 mm.
Before the brazing experiment, the alloy surfaces were polished with
sandpaper and cleaned with anhydrous ethanol to remove oil and
contamination. Under the protection of inert gas (argon), tungsten
inert gas arc welding (TIG) was used as the heat source for brazing.
During the experiment, the arc was ignited for 2-3 seconds. Then,
the surface oxide layer of the base material was removed using a
negative-cycle high-frequency AC arc before filling the weld seam
with brazing alloy. The welding current was 100 A, the distance

between the tungsten electrode and the base material surface was



10 mm, the torch travel speed was 3 mm/s, and the argon shielding
gas flow rate was 15 L/min. The schematic diagram of the arc

brazing process is shown in Fig. 1.

Table 2. Chemical composition of 5083 aluminum alloy (wt.%).

5083 Si Fe Cu Mn Mg Cr Zn Ti Al

04 04 0.1 0.4-1.0 4.0-49 0.02 0.25 0.15 Bal.

Brazing heat source

N
5083 Aluminum alloy

Fig. 1 Schematic diagram of arc brazing

After brazing, one metailographic specimen and three tensile
specimens were extracted from the mid-length of the brazed seam
(excluding the arc start/stop regions). Using an electrical discharge
machining (EDM) machine, as schematically shown in Fig. 2. The
tensile tests were conducted in accordance with the Chinese
standard GB/T 11363-2008 (Test method of the strength for brazed
joint). Tensile tests were performed on the joints using a universal
testing machine, and three specimens were tested for each condition.
The microstructure of the brazed joint was characterized using SEM

equipped with EDS.
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Fig. 2 Metallographic and tensile specimens (Unit: mm)

2.3 First-principle calculations

2.3.1 First-principle model

The first-principle calculations based on density functional
theory (DFT) were performed using the Cambridge Sequential Total
Energy Package (CASTEP) module within the Materials Studio
program[27]. Fig. 3 shows the FCC (face-centered cubic) structure
model of the Al-7.5Si-15Cu-5Zn-0.5Mg-xCe multicomponent brazing
alloy, which is constructed using the VCA method[28]. In Fig. 3, each
atom represents a mixture of alloy atoms, meaning that each atom
encompasses all the atoms present in the brazing alloy. Total energy
of electronic structure was calculated using norm-conserving
pseudopotentials proposed by Vanderbilt and PBE (Perdu-Burke-
Ernzerhof) functional form within framework of General Gradient
Approximation[29]. Based on the convergence test of cutoff energy
and k-points using the Monkhorst-Pack method, a plane-wave basis
set with a cutoff energy of 900 eV was used to expand the electronic
wave functions, and a k-point grid of 16 x 16 X 16 was employed.
The convergence criteria for geometric optimization were set as
follows: the force on a single atom did not exceed 0.05 eV/A, the
maximum stress error was limited to 0.1 GPa, the maximum
displacement error was constrained to 0.002 A, and the energy per

atom was less than 2.0x106 eV/atom, ensuring reliable optimization



of atomic positions and relaxation dimensions.

Fig. 3 Model diagram of Al-7.5Si-15Cu-5Zn-0.5Mg-xCe brazing alloy
2.3.2 Elastic constant analysis
The elastic constants (Cyy, I jrepresents the directions of stress;
k, I represents the directions of strain) of multicomponent brazing
alloys describe the stress required to maintain a given deformation

and can be expressed as follows[30]:

aaij(x)
( o€y )X

Ciji = (1)

where ojrepresents the applied stress, egrepresents the strain,
and X and x denote the coordinates before and after deformation,
respectively. For cubic crystals, three independent elastic constants
(C11, Cyi2 and Cay) can be yielded from this equation. Other
parameters related to the elastic constants include the bulk modulus
(B), Young’s modulus (E), shear modulus (G), and Poisson’s ratio (v).

The relationships are as follows:
B = By = Br = (Cy1 +2C413)/3 (2)
Gy = (Cq1 - C12 +3C44)/5 (3)
Gr = 5(C11 - C12)C44/[4Csa4 +3(C11 - C12)] (4)
G = (Gy + GRr)/2 (5)
E = 9BG/(3B + G) (6)

v = (3B - E)/6B (7)

Where V represents the rigid boundary, and R represents the



flexible boundary.

The elastic modulus varies with crystallographic directions, so
that the anisotropy is a critical characteristic of crystals to evaluate
the elastic properties. The anisotropic behavior of the brazing alloy
can be represented by the anisotropy index (A,), which can be

calculated by the following equation by MATLAB:

_ 2Caa
Au Cll'C12 ( )

3 Results and discussion

3.1 DSC results of brazing alloys

Fig. 4 shows the DSC melting curves of seven brazing alloys and
the melting intervals. In Fig. 4 (a), the melting range of the Al-7.5Si-
15Cu-5Zn brazing alloy is between 452.8 °C and 521.1 °C, with a
melting interval of 68.3 °C. With the addition of 0.5 wt.% Mg, the
melting point of the alloy decreases to 519.9 °C and the melting
interval is reduced to 59.7 °C. The smaller melting interval indicates
that Mg can slightly decrease the melting point of Al-7.5Si-15Cu-5Zn
brazing alloy. With 0.05-0.2 wt.% Ce addition to the Al-7.5Si-15Cu-
5Zn-0.5Mg alloy, the melting point and melting interval further
decrease. At 0.2 wt.% Ce, the melting point and interval reaches the
lowest values at 515.8 °C and 49.1 °C, respectively. At higher Ce
content, the brazing alloy exhibits two endothermic peaks,
corresponding to the Al-Si-Cu and Al-Si-Ce ternary eutectic
temperatures [31]. The phase with the higher eutectic temperature
results in a broader melting range for the brazing alloy, as illustrated
in Fig. 4(b). For brazing alloys, a narrower melting interval indicates
better flowability[32], so it can be concluded that the addition of 0.5
wt.% Mg and 0.2 wt.% Ce is capable of improving the flowability of
the Al-7.5Si-15Cu-5Zn brazing alloys to enhance brazing quality.
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Fig. 4 (a) Melting curve of brazing alloys; (b) Melting interval of brazing

alloys

3.2 Microstructure of brazing alloys

Fig. 5 shows the XRD spectra of the brazing alloys. The Al-7.5Si-

15Cu-5Zn brazing alloy is composed of Al».Cu phases, primary Si

phases, Al-Si eutectic phase, Al-Zn phases in addition to the a-Al

phases in the matrix. The phases are the same for the brazing after

introduction 0.5 wt.% Mg. After introducing Ce, the Al-Zn phases

disappear and Al3;Ce phases form. When the Ce content exceeds 0.2

wt.%, Al;Si3 5Cus 5Ce phases emerges within the microstructure.

Al-7.58i-15Cu-5Zn

L«

+ Al + Al-Zn phase
¥ Al,Cu * AliCe

m Si ® AlSi; sCuy sCe
® Al-Si eutectic phase
+

"
= | Al-7.5Si-15Cu-0.5Mg-5Zn
&
< y o w l " e m i v ¢
B Al7.58i-15Cu-0.5Mg-5Zn-0.05Ce
z L] 4o Il ¢ *
2 v Y g4 AFT5Si-15Cu-0.5Me-57n-0.1Ce
g | Y . - Y+
© Al7.551-15Cu- T v * e
= 0.5Mg-5Zn-0.2Ce M ,. LR AN Y ¢ *
= T I ). 5Mg-5Zn-0.3Ce
=
K L IJJJE ’MLRM‘

Al-7.58i-15Cu-0.5Mg-5Zn-0.4Ce

Y ¢ g o/ ¢ Y Y

1 " 1 " 1

1

10 20 30 40 50

Degree(26, °

60 70 80

)

90

Fig. 5 XRD analysis results of brazing alloys

Fig. 6 shows the SEM morphology of the seven brazing alloys,

and the EDS analysis results of points P1-P13 marked in the figure




are presented in Table 3. The Al-7.5Si-15Cu-5Zn brazing alloy
exhibits gray Al,Cu phases, black coarse Si particles, bright Al-Zn
phase, and compact strip-like Al-Si eutectic phase, corresponding to
the EDS analysis results of P1 to P4 in Table 3. Al,Cu is the main
secondary phase and takes over a large area. Al-Zn phases (P3)
precipitates out of the Al,Cu phases and only accounts for a very
small fraction. These large block-like Si particles are embedded in
the «o-Al phases and are interconnected via the strip-like Al-Si
eutectic phases. The Si particles exist in all brazing alloys, and
representative Si particles are highlighted in the yellow boxes A-F
in Fig. 6.

The size of Si particles was measured using Image-Pro software
at points A-F in Fig. 6, where the particle size is defined as the
equivalent circular diameter of each Si particle. The dimensions of
all visible Si particles in the images were calculated, and the results
are presented in Fig. 6(h). For the Al-7.5Si-15Cu-5Zn brazing alloy,
the average Si particle size is 21.17 pm. When 0.5 wt.% Mg is added,
the brazing allov has the similar microstructure compared with the
Al-7.5Si-15Cu-57n alloy with an decreased average Si particle size
of 19.15 pm. Additionally, the amount of the Al-Si eutectic phases
decrease, indicating more Si elements dissolve in the solid solution.
This is because the atomic radius of Mg (1.36 R) is larger than that
of Al (1.18 A), which expands the Al lattice during solidification,
increasing the solubility of Si in a-Al. The above results show that
Mg can refine the Si particles and the Al-Si eutectic phases, leading
to a more uniform microstructure of the brazing alloy.

When 0.05 wt.% Ce was added to the Al-7.5Si-15Cu-5Zn-0.5Mg
brazing alloy, the bright Al-Zn phases disappears. The introduction
of Ce in the alloy promotes the formation of a new phase of Al;Ce

(P7) Fig. 6 (c). It is reported that Ce tends to form Al3Ce phase with



Al, consuming the surrounding a-Al phase[33]. In addition, the
number of Si particles decreased significantly, with only a few large
Si particles remained in the a-Al phase. Meanwhile, the Al-Si eutectic
phase is further refined. When the Ce content is below 0.2 wt.%, the
microstructure of the brazing alloy shows no significant changes
compared to that with 0.05 wt.% Ce.

At the Ce content of 0.2 wt.%, the average size of Si particles
reaches the smallest at 14.34 pm. All the secondary phases are
refined and show a uniform distribution. Such refinement can be
attributed to that Ce is highly reactive and accumulates at the solid-
liquid interface during solidification, increasing compositional
undercooling, inhibiting the nucleation of the intermetallic phases.
At this Ce content, the Al-Si eutectic phase is in the dot shape (P8)
and discontinuously distributed in the brazing alloy. When Ce
contents are bigger than 0.2 wt%, the elongated needle-like
structures (P9 and P10) appear in the brazing alloy, as shown in Fig.
6 (f) and (g). These structures are composed of Al;Si3sCuzs5Ce
phases (Fig. 5). The amount of needle-like phases increase with Ce
content whereas the Al,Cu phases (P12) exhibit a dramatic decline
in amount. Interestingly, the Al-Si eutectic phases (P11)
reprecipitate at high Ce contents, suggesting excessive Ce might
coarsen the eutectic.

The evolution of microstructure and phases in Fig. 5 and Fig. 6
reflects the stability and solubility of phases, which can be explained
by the the interaction strength (Wa.g) between two solvent elements

A and B. Wp_g can be expressed by[34]:

Wap = [52512 +[(Na - Ng)/0.412 (9)

Where R and N represent the atomic radius and

electronegativity of A and B atoms, respectively. For the Al-7.5Si-



15Cu-5Zn-0.5Mg-0.2Ce brazing alloy, Wce.m (M=Al, Si, Cu, Zn, Mg)
is 7.041, 11.433, 9.517, 4.275 and 3.092, respectively. Accordingly,
Ce reacts easily with Al, Si and Cu to form the Al;Si3 5Cu3 5Ce phases.
On the other hand, due to the consumption of a large amount of Ce
by the formation of Ce-containing phases (Al3Ce and Al;Si3 5Cu3z s5Ce ),
the refinement of Ce on Al-Si eutectic phase is suppressed, resulting

in the reprecipitate of the phases.
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Table 3 EDS results of phase composition for P1-P13 in Fig. 6



Mark
Al Si Cu Mg Zn Ce  Possible phase

Points

P1 63.81 — 36.19 — — — Al,Cu

P2 1.84 98.16 — — — — Si particle
P3 69.06 — — — 3094 — Al-Zn

P4 85.19 14.81 — — — — Al-Si eutectic
P5 87.35 12.65 — — — — Al-Si eutectic
P6 70.27 — — — 29.73 — Al-Zn

P7 74.16  — — — — 25.84 AlzCe

P8 87.17 12.83 — — — — Al-Si eutectic
P9 53.86 18.23 18.97 — — 8.94 Al;Siz5CuzsCe
P10 53.64 1791 18.36 — — 10.09 Al;Si35CuzsCe
P11 88.72 11.28 — — — — Al-Si eutectic
P12 67.23 — 32.77 — v — Al,Cu

P13 98.16 0.63 — - 1.21 — o-Al

3.3 Microstructure of brazed joints

Fig. 7 shows the cross section morphology of the brazed joints
using the seven brazing alloys, and the EDS analysis results of points
P1-P18 marked in the figure are presented in Table 4. The brazing
alloys are found to tightly bond the base material, without evident
cracks in the joints. The polished brazed joints show a distinctive
structure consisting of the brazing alloy layer and an interface zone
on 5083 aluminum base alloy. Using the Image-Pro software, the
interface layer was defined as the region extending from where
diffusion becomes evident in the brazing filler layer to the surface of
the 5083 substrate. Its thickness represents the bonding state
between the brazing alloy and the base alloy, which influencing the
mechanical properties of the joints[35][36].

Fig. 7 (a) shows the phase composition in the brazing alloy layer



consists of a-Al phase (P1), Al,Cu phase (P2), and a supersaturated
solid solution (P3) formed by the dissolution of Mg and Si in «-Al (Mg
originates from the diffusion within the base material). In the
interface zone, there are new-formed phases like Mg,Si (P4) and
Alg(Fe,Mn) (P6) in addition to the Al,Cu (P5), which can be referred
to as the intermetallic compounds (IMCs). Fig. 8 (a) shows the EDS
mapping results of the microstructure of the joints. The element
diffusion reaction in the interface zone mainly occurs on the side
close to the brazing alloy layer, with some Cu elements diffusing into
the middle of the interface zone, forming elongated Al,Cu phases
(P7). The interface zone is 86.54 pym and exhibits some tiny pores at
Al. Such pores forms due to the trapped gases such as O;, N3, and
H, in melt during brazing, which cannot escape after solidification in
brazed joints[37]. The formation of pores may cause a degraded
mechanical stability.

For the joint using the brazing alloy with 0.5 wt.% Mg in Fig. 7
(b), the phase composition of the brazing alloy layer is consistent
with that of the Ai-7.55i-15Cu-5Zn brazed joint, but the morphology
of the Al,Cu phase changes from bulks to bands, as indicated by red
arrow, due to that Mg elements can alter the distribution of Cu along
the a-Al grain boundaries[38], thereby changing the structure of the
Al>,Cu phase (P8), which is also the reason for the presence of a small
amount of Mg in the EDS results of the Al,Cu phase. The interface
zone thickness of the brazed joint decrease to 80.21 pm, which is
comparable to that of the Al-7.5Si-15Cu-5Zn brazed joint. In this
zone, IMCs (Mg»,Si-(P9), Alg(Fe, Mn)-(P10) and Al,Cu-(P11)) can be
observed. However, the EDS mapping results in Fig. 8 (b) show that
the amount of IMCs decreases because the increase in Mg content
intensifies the clustering behavior of Cu in the brazing alloy

layer[39]. Meanwhile due to the dynamic solidification process of



welding[40], Cu with lower diffusion coefficient does not have
enough time to diffuse to the interface zone. In addition, pores (B1)
become more evident in the interface zone and they also exist in the
brazing alloy (B2). The formation of the pores can also be attributed
to the evaporation of some Mg element during brazing process in
addition to the trapped gases[41].

For the joints with 0.05-0.2 wt.% Ce in the brazing alloys, the
phase composition of the brazing alloy layer remains unchanged. As
the Ce content increases, the morphology of the Al,Cu phase
gradually becomes band-like. When the Ce content reaches 0.2 wt.%,
the structure of some Al,Cu phases in the brazing alloy appears
fragmented (P13). According to the EDS results at point P13, some
Ce is dissolved inside the Al,Cu phase, occupying the sites inside the
Cu atoms, thereby altering the morphoiogy of the Al,Cu phase[42].
For the interface zone, its thickness gradually decrease with
increasing Ce content because during solidification of brazing alloy,
Ce limits the diffusion of Cu from the brazing layer to the interface
zone[43], resulting a thin interface zone. Thus, at 0.2 wt.% Ce
content, the thickness of the interface zone reaches a minimum value
of 51.63 pm. The EDS maps in Fig. 8 (c) shows an evident diffusion
of Cu elements to the interface zone. For these joints, pores are
greatly eliminated after Ce addition. Pores were assessed
qualitatively from cross-sectional micrographs. Due to Ce-induced
undercooling, the residence time of gas in the melt is shortened,
making it easier to escape. From Fig. 7 (d) and 7 (e), it can be seen
that the pores in the interface region almost disappear compared to
Fig. 7 (c) (pores in C1).

As Ce content exceeds 0.2 wt.%, the basic phase composition of
the brazing alloy layer remains unchanged, but the effect of Ce on

the evolution of Al,Cu phase gradually weakens. Meanwhile, the



needle-like AlSiCuCe phases appear in the brazing alloy layer. For
the interface region, the presence of needle-like phases can also be
observed, meaning that the influence of Ce on the undercooling of
the melt becomes insignificant and the thickness of the interface
zone increases. As shown in Fig. 7 (f) and 7 (g), pores reappear at
the interface zones at D1 and E1. According to reports, a higher
quantity and more complex morphology of IMCs in the interfacial
zone of brazed joints tend to result in an increased thickness of this
zone. These IMCs are prone to act as preferential sites for crack
initiation and propagation, leading to joint failure and a reduction in
strength[44][45]. The acicular phase within the interfacial region is
more prone to become the starting point for crack initiation.
Therefore, the brazed joint using Al-7.5Si-15Cu-5Zn-0.5Mg-0.2Ce

brazing alloy is believed to exhibit the highest tensile strength.
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Table 4 EDS results at points P1-P18 in Fig. 7

Mark
Possible
Point Al Si Cu Mg Zn Fe Mn Ce
phase
S
96.0 2.6
P1 1.34 — — — — — o-Al
5 1
65.2 33.7
P2 1.06 — — — — — Al,Cu
3 1
Supersaturate
67.0 16.1 16.0 0.8
P3 — — — — d solid
5 0 3 2
solution
22.7 32.5 44.7
P4 — — — — — Mg, Si
5 4 1

P5 64.8 — 35.1 — — — — — Al,Cu



P6

P7

P38

P9

P10

P11

P12

P13

P14

P15

P16
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80.7

67.8

67.9

19.0

81.7

66.5

80.7

64.3

56.8

52.6

53.9

54.4

81.9
3

3.24

34.7

15.7

19.3

20.1

19.8

2.38

32.1

28.0

30.7

2.22

32.6

18.9

17.3

17.0

3.97

46.1

1.32

2.67

7.6

7.5

9.2
6

5.9

9.3

8.8
1

3.0

9.6

9.0

8.5

8.6
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A12Cu

Mg, Si
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A12Cu
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A12Cu
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Al;Si3 5Cuz 5C
e
Al;Si3 5Cuz 5C
e
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e
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4 Mechanical properties of brazed alloys and joints

4.1 Theoretical prediction



To theoretically predict the mechanical properties of the Al-
7.5Si-15Cu-5Zn-0.5Mg-xCe brazing alloys, the stiffness matrix is
calculated using the Materials Studio software to obtain the elastic
constants (Cy1, Ci12 and Cy4) and the bulk modulus (B), Young's
modulus (E), and shear modulus (G) of the alloys. The results are
shown in Table 5. For cubic crystals, high mechanical stability needs
to fulfill the criteria of C11>0, C44>0, C11—C12>0 and C11+2C12>0.
From Table 5, all Al-7.5Si-15Cu-5Zn-0.5Mg-xCe brazing alloys satisfy
the criteria, suggesting that this brazing material system exhibits
high mechanical stability.

Table 5 The elastic constant (Cj;), bulk modulus (B), shear modulus (G),

Young’s modulus (E), Poisson’s ratio (v), B/G ratio, and Cauchy pressure of

brazing alloys.

Sample Ci1 Ci2 Cya B E G Ci2-

" B/G 1
number These Units Are All GPa Cas
438. 188. 101. 272. 290. 110. 2.47 0.32
1 87.8
6 9 1 1 8 0 4 2
434. 196. 107. 277. 111. 2.46 0.32
2 296 88.9
7 4 5 5 4 2 1
433. 200. 110. 278. 298. 112. 2.46 0.32
3 90.2
3 8 §) 3 2 8 7 1
432. 204. 113. 280. 301. 114. 2.46 0.32
4 90.4
9 2 8 4 2 0 0 1
429. 210. 119. 283. 304. 115. 2.46 0.32
5 91.7
9 9 2 9 5 2 3 1
400. 214. 125. 276. 293. 111. 2.49 0.32
§) 89.6
2 9 3 7 8 0 2 3
380. 218. 130. 272. 285. 107. 2.52 0.32
7 87.9




The changes in bulk modulus (B), Young's modulus (E), and
shear modulus (G) of Al-Si-Cu-Zn-Mg-xCe are shown in Fig. 9 (a).The
addition of Mg and Ce to the Al-Si-Cu-Zn brazing alloy results in an
initial increase followed by a decrease in the bulk modulus (B),
Young’s modulus (E), and shear modulus (G). This behavior can be
attributed to Mg and Ce elements induce phase transformations and
refine the microstructure of the alloy. At a Ce content of 0.2 wt.%,
the Young’s modulus (E) and shear modulus (G) of the brazing alloy
reached their maximum values of 304.5 GPa and 115.2 GPa,
respectively. The shear modulus reflects the material’s response to
shear stress and is generally indicative of the alloy’s hardness, which
is related to its incompressibility. The bulk modulus is influenced by
the characteristics of atomic bonds within the material. Materials
with higher strength exhibit greater bulk and shear modulus[46].
Thus, adding an appropriate amount of Mg and Ce to the alloy can
enhance the strength and hardness of the brazing alloy.

Fig. 9 (b) illustrates the spatial distribution of the Young’s
modulus to visualize the effect of Mg and Ce contents on the brazing
alloy. A narrower range of Young’s modulus distribution indicates
greater structural stability. For the Al-7.5Si-15Cu-5Zn brazing alloy
system, the non-spherical spatial distribution of the modulus
suggests an anisotropic crystal structure and the range is quite large.
With 0.5 wt.% Mg, the Al-7.5Si-15Cu-5Zn-0.5Mg brazing alloy
exhibits a decreased range of Young’s modulus distribution,
indicating the structural stability improved. Meanwhile, the crystal
structure transforms from anisotropic to isotropic. Ce can further
decrease the range and a minimum of 2.2 GPa is achieved for the
brazing alloy at a Ce content of 0.2 wt.%, indicating the highest
structural stability. However, when the Ce content exceeds 0.2 wt.%,

the crystal structure of the brazing alloys transforms from isotropic



to anisotropic, and the modulus range increases again, leading to a
degraded structural stability.

Fig. 10 (a) shows the ratio of bulk modulus to shear modulus (B/G)
and Poisson’s ratio (v) for the brazing alloys. At B/G=1.75 and
v=0.26, a material exhibits ductility[47], otherwise, it is brittle. From
Fig. 10 (a), the B/G and vvalues of the multicomponent brazing alloy
systems exhibit ductility. Fig. 10 (b) illustrates the trend in Cauchy
pressure (C12-Cy44) for the brazing alloys. A higher Cauchy pressure
indicates greater structural stability and better ductility. In Fig. 10
(b), the addition of Mg and Ce elements in the brazing alloy causes
an increase of the Cauchy pressure. With Ce, it initially increases
and then decreases and reaches the maximum value of 91.7 GPa at
0.2 wt.% Ce, indicating that the Al-7.5Si-15Cu-5Zn-0.5Mg-0.2Ce

brazing alloy possesses the optimal duciility and structural stability.
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Fig. 10 Elastic constant (GPa)
4.2 Measured mechanical properties

Fig. 11 shows the results of the mechanical performance of joints
using the brazing alloys. For the tensile strength in Fig. 11 (a), the
addition of Mg and Ce in the Al-7.5Si-15Cu-5Zn brazing alloy results
in an increase of tensile strength of the joints, consistent with the
first-principles calculations for bulk modulus (B) and shear modulus
(G). With Ce, the tensile strength of the joints initially increases and

then decreases, reaching a maximum value of 261.14 MPa for the



joints using the 0.2 wt.% Ce brazing alloy. It exhibits a significant
improvement in joint strength compared to joints brazed using
conventional Al-Si brazing alloys on 5xxx series aluminum alloys (125
MPa )[48].

For the joints using Al-7.5Si-15Cu-5Zn-0.5Mg brazing alloy, the
tensile strength is found improved compared with the joints without
addition of 0.5 wt.% Mg. Such improvement can be attributed to the
thinner interface zone which decreases the impact of stress
concentration at the interface on tensile strength. In addition, the
band-like morphology of Al,Cu phases (Fig. 7 (b)) releases the stress
and makes the phases tightly cross-linked to improve the tensile
strength of the joint.

When 0.05-0.2 wt.% Ce is added to the brazing alloy, the tensile
strength of the corresponding joints gradually increases, which can
be attributed to the stress release in the joints due to the less IMCs
and elimination of pores (Fig. 7 (c-e)). On the other hand, the
fragmented Al,Cu particles (Fig.7 (e)) can absorb strain[49], thereby
enhancing the teunsile strength of the joint. When the Ce content is
0.2 wt.%, the brazed joint exhibits a reduced number of intermetallic
compounds at the interface, with pores essentially eliminated and
the interface thickness minimized. The joint experiences less stress
concentration and demonstrates optimal tensile strength. When the
Ce content exceeds 0.2 wt.%, the AlSiCuCe needle-like phase and
pores in the interface zone might intensify stress concentration,
leading to the decreased tensile strength.

Fig. 11 (b) shows the microhardness variation from both ends of
5083 aluminum alloy base material to the weld center. The
microhardness at the weld center is higher than that of the base
material, which can be attributed to the formation of the Al,Cu phase

and the supersaturated solid solution. The microhardness in the



interface zone is highest benefiting from the formation of IMCs. At
0.5 wt.% Mg and 0.05-0.2 wt.% Ce, the number of IMCs in the
interface zone is relatively small, resulting in the lower
microhardness compared to other joints. At higher Ce, the needle-
like AlSiCuCe IMCs in the interface zone (Fig. 7(f) and (g)) exhibit
high hardness, leading to an increased average microhardness of the
joints. However, the pores might decrease the microhardness. When
Ce content reaches 0.2 wt.%, the microhardness of the joint reaches
the biggest about 194.6 HV,,, which can be attributed to the

reduction of pores[50].
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4.3 Fracture property

Fig. 12 shows the elongation of brazed joints after tensile testing.
Compared to the Al-7.5Si-15Cu-5Zn brazing alloy, the elongation
slightly increased after adding 0.5 wt.% Mg, which can be attributed
to the reduction of IMCs in the interface zone and the refinement of
the Al,Cu phases in the brazing alloy layer. However, the local
defects caused by the pores easily lead to stress concentration
during the tensile process, sacrificing the plastic deformation
capacity of the joint. When adding 0.05-0.2 wt.% Ce, the defects are
eliminated and the Al,Cu phases become delicate, resulting in the
improved elongation after and reaching a maximum value 0of 11.95 %
when the Ce content is 0.2 wt.%. When the Ce content exceeds 0.2
wt.%, defects and the formation of needle-like phases within the
weld result in a large number of local stress concentrations during
the tensile process, causing a significant decrease in elongation after

fracture.
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Fig. 12 Elongation after fracture of brazed joints
Fig. 13 presents the fracture morphologies of the brazed joints,
and the EDS analysis results of points P1-P6 marked in the figure are
presented in Table 6. When the Ce content does not exceed 0.2 wt.%,

fracture occurs at the interfacial region or in areas close to the base



metal. When the Ce content exceeds 0.2 wt.%, the fracture location
shifts to the brazing alloy layer. For the Al-7.5Si-15Cu-5Zn brazing
alloy, the brazed joint exhibits a ductile-brittle fracture. The fracture
initiates and rapidly propagates along the Al,Cu phase (P1),
exhibiting cleavage surfaces on the brittle fracture. Pores at the
interface weakens the bonding strength between the brazing alloy
and the base material, facilitating the initiation of fracture.
Additionally, a few ductile dimples can be observed in Fig. 13 (a),
developed by the precipitation of the Mg,Si phase (P2).

After adding 0.5 wt.% Mg, the fracture is also in a mixed mode
of ductile-brittle. The initiation of fracture also occurs at the pores
and Al,Cu phases. However, due to the refinement of Al,Cu phases
(band-like morphology in Fig 7 (b)), the number of cleavage surfaces
formed after Al,Cu fracture is reduced, improving the elongation.

When Ce is added in the range of 0.05-0.2 wt.%, pores within the
fracture surface gradually decrease and fracture mainly propagates
along the Al,Cu phase. However, as the Ce content increases, the
Al,Cu phase gradually fractures, resulting in greater plastic
deformation[51]. This results in larger ductile dimples, as shown in
Fig. 13 (e), a larger number of ductile dimples can be observed,
which contributes to the increase in elongation. When the Ce content
exceeds 0.2 wt.%, no noticeable ductile dimples are observed in the
fracture surface, indicating a brittle fracture. The pores and Al,Cu
phase (P3 and P6) leads to more cleavage surfaces in the fracture.
On the other hand, the AlSiCuCe needle-like phases (P4 and P5) at
the interface might causes stress concentration to initiate the
fracture and it propagates rapidly along these needle-like phases,
forming larger cleavage surfaces and resulting in a decrease in post-
fracture elongation. Overall, as the Ce content increases, the

fracture behavior of the joint evolves from a mixed ductile-brittle



mode to a brittle-dominated fracture.
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Fig. 13 Fracture morphology of brazed joints

Table 6 EDS resuits at the marked locations in Fig. 13

Mark Al Si Cu Mg Ce Possible phase
Points
P1 65.04 — 3496 — — Al,Cu
P2 28.39 25.17 — 4644 — Mg,Si
P3 66.47 — 3258 — 0.95 Al,Cu
P4 5476 16.73 19.24 —  9.27 Al;Siz5CuzsCe
P5 52.14 17.27 20.76 —  9.83 AlsSi35Cu3zsCe
P6  68.21 —  31.79 — — Al,Cu

5 Conclusions

This study investigated the effects of adding 0.5 wt.% Mg and
varying Ce content (x=0.05, 0.1, 0.2, 0.3, 0.4 wt.%) on the melting
of the Al-7.5Si-15Cu-5Zn brazing alloy and

behavior the

microstructure of the corresponding joints for welding 5083



aluminum alloy. Both first-principles calculations and experiments
were employed to evaluate the mechanical properties of the brazed
joints.

The results indicate that the addition of Mg and Ce shortens the
melting interval of the base alloy. Specifically, with 0.2 wt.% Ce, the
brazing alloy achieves the lowest melting point and narrowest
melting interval, measured at 515.8 °C and 49.1 °C, respectively.
Microstructural analysis reveals that Mg and Ce additions refine the
microstructure. However, excessive Ce (above 0.2 wt.%) leads to the
formation of needle-like Al7Sis.sCus.sCe phases. While Mg addition
tends to induce porosity in both the filler alloy and the joints, optimal
refinement and a delicate microstructure are obtained at 0.2 wt.%
Ce.

First-principles calculations predict that Mg and Ce enhance the
strength and hardness of the joints. The calculations suggest that
the composition with 0.5 wt.% Mg and 0.2 wt.% Ce should yield the
best mechanical performance. Experimental results confirm this
prediction: joints brazed with the Al-7.5Si-15Cu-5Zn-0.5Mg-0.2Ce
alloy exhibit the highest tensile strength and microhardness,
reaching 261.14 MPa and 194.6 HVo.2, respectively. Furthermore,
for this optimal joint, fracture surface analysis indicates a mixed
ductile-brittle mode. The improvement in elongation is attributed to

the elimination of pores and significant microstructural refinement.
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