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Abstract—In this research, diffusion bonding was employed to joint AA2024 and AA6061 alloys. To select the
alloy material of the interlayer, the atomic diffusion of tin, zinc, and gallium elements was modeled at a con-
centration of 90.1 wt % in pure aluminum. According to the modeling results, tin was selected as the main
element of the interlayer alloy. Diffusion bonding was carried out in a tube furnace at a heating rate of
5°C/min under vacuum (7.5 × 10–3 Torr) and the temperature of 453°C for 210 min for Sn–5.3Ag–4.6Bi
interlayer. This experiment was performed considering one interlayer with different thicknesses (20, 50, and
70 μm). Joints were assessed by SEM, and elemental mapping. Ag3Al, Mg45Al40Ag15 inter-metallic com-
pounds, Sn-rich in solid solutions, and Sn + Cu6Sn5 phase were formed at the joint site of the interlayer. The
maximum tensile strength of the samples with a joint thickness of 20 μm was 52 MPa after 210 min. By the
increase of the Sn–5.3Ag–4.6Bi interlayer thickness (20–70 μm), the average unit tensile stress showed a
decline. The effect of the interlayer thickness (20, 50, 70 μm) was investigated on the hardness, strength, and
particle size as well as the joint phases.

Keywords: aluminum alloys, diffusion modeling, phase transitions, TLP, soldering
DOI: 10.1134/S0031918X22100441

INTRODUCTION 
AND RESERCH METHODS

AA2024 is known as a corrosion-resistant alloy
with a Cu content of 4 wt %. With a density of 2.7 g/cc,
it has exhibited precipitation hardening potentials [1].
Its tensile yield strength was also measured as
75.8 MPa [2]. Solidus temperature of AA2024-O is
502°C [1]. In this investigation is used Transient Liq-
uid Phase (TLP) process, because AA2024 alloy has
weak weldability. The 4 stages of the Transient Liquid
Phase (TLP) process: 1—Heating, 2—Melting of the
interlayer, 3—Isothermal solidification, and 4—
Homogenization [3]. For the process to be TLP, it is
not necessary for the homogenization stage to be com-
pleted. Other letters of the TLP process, depending on
the stage or liquidous temperature of the filler metal,
include TLP welding, TLP Brazing, TLP soldering,
Diffusion Brazing and Diffusion Soldering [4–6]. The
optimal temperature for the TLP process is between
the complete annealing temperature and solidus tem-
perature of AA2024 alloy that mean value is 457°C
[1, 2]. Beyond this temperature, the solubility of cop-
per deposits will be enhanced which may affect the
heat treatment capability of the alloy. Noteworthy, the
eutectic temperature of Al–Mg and Al–Cu are 450
and 548°C, respectively. Exceeding the eutectic tem-

perature of Al–Mg will cause a higher Mg solubility
which can help in the formation of � deposits in the
interlayer after the junction formation process [7].
Alloy AA2024 is prone to hot cracking. TLP bonding
has been employed for joining the alloys with high sus-
ceptibility to hot cracking [8]. Moreover, the tensile
yield strength and solidus temperature of AA6061-O
are 55.2 MPa and 582°C, respectively [9]. In this
regard, designing an appropriate interlayer alloy with
no deleterious phases and a smaller melting point
(compared to the base metal) is of crucial significance
[10]. The evolution process of TLP bonding of precip-
itation hardening aluminium alloys involve Joining
Al7075 to Ti–6Al–4V by a copper interlayer with a
thickness of 22 μm using TLP method, which led to a
bond strength of 19.5 MPa after 30 min. Alhazaa et al.
[11] and Alhazaa and Khan [12] used Sn–3.6Ag–1Cu
interlayer. Sn–10Zn–3.5Bi and Sn–4Ag–3.5Bi films
(thickness of 50 μm) were employed as interlayer for
TLP joining of Al7075 to Ti–6Al–4V which resulted
in the respective bond strength of 30 and 36 MPa
[13, 14]. Diffusion bonding of Al2024 to Ti–6Al4V
was also achieved by Cu/Sn/Cu interlayer with a
bond strength of 37 MPa at 510°C under vacuum
(7.5 × 10–5 Torr) for 60 min bonding time [15]. TLP
bonding of dissimilar alloys (Al2024 and Ti−6Al−4V)
was successfully carried out using Cu−22Zn interlayer
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at 510°C under the vacuum (5.6 × 10–7 Torr) for 60 min
bonding time which resulted in the maximum tensile
strength of 37 MPa [16]. Successive TLP bonding of
Al2024 to Ti–6Al–4V was also reported utilizing Sn–
5.3Ag–4.2Bi interlayers (thickness of 50 μm) which
led to the bond strength of 62 MPa in the second stage
at 453°C [17]. Heat distribution was modeled in the
TLP joining of AA2024-T4 to AA6061-T6. The heat
distribution in the base metal at 253°C was simulated
one- and two-dimensionally. Sn–2.5Bi interlayer with
two thicknesses (50 and 70 μm) was experimentally
evaluated at 253°C in terms of microstructure and
cross-section, considering the EDS (Cu) element line
[18]. A one-dimensional mathematical model
(method of separation of variables) was also proposed
for predicting the redistribution of the solute within
the TLP bonding process of Al–Cu alloy [10]. Also,
the relationship between temperatures of melting and
crystallization for crystal-liquid phase transition has
been investigated by Mangomedov [19]. AA2024-T4
and AA6061-T6 alloys were soldered by diffusion
bonding, using Sn–2.4Bi foil (50 μm) as the interlayer.
The tensile strength of the soldering was 12.3 MPa for
Sn–2.4Bi interlayer (50 μm) after 210 min (at 253°C)
[20]. By increasing the bonding time, the Cu6Sn5
compound was formed in the sandwich Cu/Sn/Cu
system under the TLP process [21]. Cu/Sn/Cu TLP
system was investigated which showed the formation
of Cu6Sn5 compound at the joint by prolonging the
process [21, 22]. The reason for adding Ag to the inter-
layer alloy was that it prevented the accumulation of
Cu at the Al grain boundaries and the formation of the
brittle and continuous Al2Cu phase along the alumi-
num grain boundaries. It also strengthens the joint by
forming reinforcing silver sediments [23]. The proper
concentration of Cu in the interlayer can result in the
formation of the eutectic compound of Sn–Cu6Sn5
[24, 25]. White β-tin possesses a stable tetragonal crys-
tal structure with a density of 7.31 g/cm3. By cooling
down below 13.2°C, gray α-tin is formed with a cubic
structure and a density of 5.77 g/cm3 with semicon-
ducting features [26] also known as the tin pests
[26, 27]. Cu, Fe, and Ni incorporation do not signifi-
cantly affect the growth of tin pest. Reports on Cu are
contradictory with more recent works suggesting the
promoting role of Cu in tin pest [28, 29]. Little
amounts of Bi (0.0035 wt %) can effectively inhibit the
growth of tin pest [29]. Sn–0.3Bi, Sn–2.8Ag–10.1In,
and Sn2.8Ag–20.3In are among the other promising
candidates for soldering alloys [29]. The structure and
phase composition of Al alloys have been studied by
calculations and experimental methods [30–32]. This
paper is devoted to a theoretical and experimental
study of the diffusion alloying of AA2024 and AA6061
alloys using an interlayer, as the material of which,
according to the results of a computer modeling
selected tin. The experimental tests were conducted on
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Sn–5.3Ag–4.6Bi foil with interlayer thicknesses of 20,
50, and 70 μm.

THEORETICAL ANALYSIS 
AND MATHEMATICAL FORMULATION
The thermal properties and mass diffusivities were

assumed constant. This model is based on Fick’s sec-
ond law and the method of separating variables. The
interlayer and Al base metal were initially at uniform
solute concentration.

(1)

The boundary conditions:

(2)

(3)

Ci: Concentration of Sn, Zn, or Ga in the interlayer at
time zero. Ca: Concentration of Sn, Zn, and Ga at the
interlayer boundary position at t = 0.
t: Time, D: effective solute diffusivity, C: Solute con-
centration. L: Characteristic length (L = 0.1 mm), x:
Characteristic length. Using the following variable
change:

(4)
The boundary conditions and the governing equa-

tion are as follows:

(5)

(6)

(7)
Using the method of separation of variables
W(x, t) = f(x)g(t):

(8)

According to the symmetry:

(9)

After performing a series of calculations, we will
have:

(10)

(11)
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Table 1. Diffusion of (Sn, Ga, Zn) at 453°C in Al [32, 33]

Element D, m2 s–1

Sn 2.9 × 10–13

Ga 0.6 × 10–13

Zn 0.5 × 10–13

Table 2. Chemical composition of the applied metals

Alloys
Elements, wt %

Al Cu Mg Mn Cr Fe Si

AA2024
AA6061

Bal.
Bal.

4.1
0.23

1.4
0.92

0.5
0.05

0.02
0.23

0.31
0.26

0.29
0.62
select the appropriate interlayer material. The proper-
ties required for modeling at 453°C are listed in Table 1.

EXPERIMENTAL
A temperature of 453°C (near the eutectic tem-

perature of Al–Mg) was selected as the optimal tem-
perature for modeling and experiments. Before select-
ing the interlayer material, the atomic diffusion of Ga,
Zn, and Sn was modeled as the interlayer with the
weight percentage of 90.1 wt % considering Al as the
base metal. The boundary of the interlayer and
the base metal with the solute content of 45 wt % was
considered as the origin of the coordinate system. The
modeling was carried out at four times of 1, 60, and
210 min as well as one day (for Sn). According to the
modeling results, tin was selected as the main element
in the interlayer alloy. After selecting the base elements
in the interlayer, the other elements were selected
based on the condition of the selected elements. Add-
ing Bi to the interlayer improved wettability and pre-
vented Tin pest at low temperatures [13, 29]. The rea-
son for choosing silver alloy is to improve the bond
strength by creating a deposition phase and preventing
the formation of a brittle Al2Cu phase at the aluminum
grain boundaries [23]. Sn–5.3Ag–4.6Bi foil with
thicknesses of 20, 50, and 70 μm was used as the inter-
layer. The interlayer foils are made of casted and rolled
alloys. The reason for choosing this thickness of inter-
layer originates from the simulation results at 453°C
for 210 min which predicts the thicknesses equal and
below 23 μm as welding and higher than that as solder-
ing. The model results should be validated by experi-
ments. The tensile strength of the Sn–5.3Ag–4.6Bi
interlayer was 66.3 MPa. Table 2 presents the chemical
composition of the base metals. The wire cutting
method was employed to cut the samples into 130 ×
32 × 3 mm3 pieces for the strength test, and 16 × 25 ×
3 mm3 pieces for SEM, hardness, and elemental map-
ping. The bonding surface alloys were made using
80 grit SiC finishing. The alloys and interlayers were
ultrasonically cleaned (10 min, 35 kHz, and 0.5 A)
using acetone. The heat treatment process was applied
by a high-temperature horizontal carbonate tube fur-
nace. Diffusion bonding was carried out at 453°C in
an atmosphere control tube furnace at a heating rate of
5°C/min under vacuum (7.5 × 10–13 Torr) for different
thicknesses (20, 50, and 70 μm) using Sn–5.3Ag–
4.6Bi interlayer for 210 min. The samples are slowly
cooled to room temperature in a vacuum furnace. The
etching process was conducted for 12 s using an
etchant solution encompassing 1.5 mL HCl, 2.5 mL
HNO3, 1 mL HF, and 95 mL distilled water. The effect
of interlayer thickness of AA2024/AA6061 alloys was
explored using scanning electron (AIS2300C) micro-
scopic methods. Depending on the imaging site, volt-
age of 15 kV was employed to determine the elemental
distribution and linear elemental map of the samples.
Tensile strength was explored in two cases and the
PHYSICS OF METAL
impact of interlayer thickness on the strength was
assessed considering 5 samples. The changes in the
tensile strength of the samples by bonding time were
also investigated considering 4 specimens. Micro-
Vickers hardness test was also employed to compare
the modeled results for interlayer thicknesses of 20, 50,
and 70 μm which is the most important validation test
as the diffusion of Sn into Al base metal can decrement
the hardness of the region. Micro Vickers hardness test
was used for the produced samples. For this purpose,
“Innova test NOVA 240 hardness tester” according to
the reference standard of ASTM E384 (2017) test
method was used. The application time for all checked
points was 12 s. Applying excessive force to the joint,
which contains a significant amount (90% by weight)
of Sn, is cause a stiffness measurement error. There-
fore, two different forces have been used to measure
the hardness of the base metals and the location of the
interlayer. The force applied to the peak loads of alu-
minum base metals is 2.942 N. And for the points of
peak loads on the interlayer boundary and the inter-
layer of tin is 0.09807 N. The base metal was AA2024-
T4 and AA6061-T6 before the bonding process.

RESULTS AND DISCUSSION
The solute concentration distribution (Sn, Zn, or

Ga) at 453°C is depicted in Fig. 1. Based on the mod-
eling, Sn exhibited longer diffusion depth in the stud-
ied samples, thus it was considered as the base element
in the interlayer. This model, however, fails in the
cases where the interlayer thickness is below 23 μm as
the process will be no longer soft soldering of transient
liquid phase but rather changes into TLP welding
which can enhance the strength and hardness of the
joint. The reason could be the modeling results for Sn
in Fig. 1 which estimated the atomic diffusion depth of
23 μm for Sn in pure aluminum at 453°C for 210 min.
Sn–5.3Ag–4.6Bi alloy is a eutectic alloy.

The equilibrium phases diagrams Sn–Cu is shown
in Fig. 2. The elemental mappings of the joint is shown
S AND METALLOGRAPHY  Vol. 124  No. 13  2023
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Fig. 1. Ga, Zn and Sn distribution at 453°C for different
holding times.
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Fig. 2. Sn–Cu Equilibrium phases diagrams [18].
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in Fig. 3 for the Sn–5.3Ag–4.6Bi interlayer. Bi was
homogeneously distributed in base metals and the
interlayer. Cu penetrated the interlayer more than Al.
After performing the tensile test for the sample with
20 μm interlayer, the sample broke at the interface.
X-ray diffraction pattern was taken from the fracture
site of this sample. The x-ray diffraction patterns of
both fracture surfaces are presented in Figs. 4a and 4b.
X-ray diffraction patterns confirms the presence of
PHYSICS OF METALS AND METALLOGRAPHY  Vol. 1
Sn-rich in solid solutions, AlAg3, and Mg45Al40Ag15
inter-metallic compounds, and Sn + Cu6Sn5 phase in
AA2024 and AA6061 alloy weld side. Mg45Al40Ag15
was in the form of the Ag-rich �(Al12Mg17) phase. As
the thickness of the interlayer decreased, the size of
the reinforcing particles significantly declined while
their number showed an increment.

However, the XRD pattern did not confirm more
specific phases such as Al3Cu2 and Ag3Sn, but they
may exist. By declining the thickness of the interlayer,
the diameter of the reinforcing particles got smaller in
the interlayer (from 11 μm in the samples with an
interlayer thickness of 70 to 2 μm in the samples with
an interlayer thickness of 20 μm) after 210 min of
bonding time as depicted in Fig. 3. The number of par-
ticles however increased in the interlayer with better
distribution (Fig. 5). Figure 5 shows the percentage of
particles in the interlayer as a function of the interlayer
thickness at 453°C and bonding time of 210 min. The
mentioned thicknesses are the thickness of the inter-
layer after 210 min of the transient liquid phase at
453°C. The interlayer thickness decreased from 20, 50,
and 70 μm before the process to about 2, 26, and
35 μm after TLP, respectively. The tensile strength of
the bonding sample for an interlayer thickness of
70 μm was 4.1 MPa after 210 min. The maximum ten-
sile strength of the sample with 50 μm thickness joint
after 210 min was 7.3 MPa, another test shows this
value as 6.2 MPa. The maximum tensile strength of
the sample with 20 μm thick joint after 210 min was
52 MPa while another test showed it as 49 MPa. On
the other hand, at a constant interlayer thickness, the
strength increased with prolonging the process as
tested for the interlayer thickness of 20 μm at bonding
times of 150, 180, and 210 min. The tensile strength of
the joints is shown in Fig. 6. The breaking point is also
24  No. 13  2023
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Fig. 3. Elemental mapping of the welding (thickness of 20 μm and bonding time of 210 min).
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Fig. 4. X-ray diffraction patterns for Sn–5.3Ag–4.6Bi interlayer thickness of 20 μm, (a) Joint side of AA2024, and (b) Joint side
of AA6061.
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the interlayer and the base metals have higher strength
than the interlayer. Hardness profiles of diffusion zone
at bonding time of 210 min are shown in Fig. 7.

The results of the hardness test were used for model
validation. The difference between the computational
model and Sn–5.3–4.6Bi was considered as the com-
putational error. Hardness at the joint was lower than
in the base metals. For interlayers with thicknesses of
50 and 70 μm, the boundary stiffness on the AA6061,
(or at the distance of 15 μm from the interlayer centre)
PHYSICS OF METALS AND METALLOGRAPHY  Vol. 1

Fig. 5. Percentage of reinforcing particle area (Al Ag3,
Cu6Sn5, �(Al12Mg17) and Al2Cu) in the interlayer after
TLP process.
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was about 14–15.7 HV, whose atomic diffusion prop-
erties are closer to the pure aluminum. About 20 μm
ahead of this interlayer boundary, i.e. at a distance of
35 μm from the interlayer centre, the hardness has
increased and reached 27.3–29.1 HV. This is where, at
the very beginning of the process, there was the inter-
layer boundary for the 70-μm-thick interlayer alloy.

According to the hardness results are shown in
Figs. 4 and 5, the interlayer has moved about 15 ± 5 μm
towards the centre of the interlayers. This is consistent
with the modeling result which showed a penetration
depth of 23 μm under similar conditions for the inter-
layer containing 90.1wt % Sn. But this modeling is not
responsive for the interlayer thickness below 23 μm,
such as the 20 μm interlayer tested. In such cases, there
is no longer a transient liquid phase soldering process,
but rather a transient liquid phase welding which
increased the strength and hardness. Concerning the
model, the Sn concentration of the interlayer was con-
sidered constant, supported by an endless source of
tin. But as the boundary moved, the thickness of the
interlayer narrowed and sufficient resources depleted
to maintain a stable Sn penetration, thus, the two
boundaries almost came together. Since AA2024 has
more alloying elements than AA6061, the atomic pen-
etration rate of tin in AA2024 was slower. This justifies
the steeper slope of the hardness changes on the
AA2024 alloy than the AA6061 alloy for the interlayer
thicknesses of 50 and 70 μm. The presence of more
alloying elements in AA2024 than AA6061 and pure
aluminum reduced the penetration of tin in AA2024
(D: m2/s: effective solute diffusivity). The error value
of the model created for the atomic penetration depth
24  No. 13  2023
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Fig. 6. Tensile strength of the joints vs. thickness for Sn–5.3Ag–4.6Bi interlayer at 453°C.
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Fig. 7. Microhardness profile of diffusion zone at bonding time of 210 min in Sn–5.3Ag–4.6Bi with thicknesses of 20, 50, and 70 μm.
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of tin in the soldering mode ranged from 3 to 10 μm,
depending on the position and base alloy material.
Moreover, the penetration depth of the experiment is
always less than the modeling, as modeling assumed
pure aluminum. In this paper, TLP soldering at 453°C
is defined as stage 3, and in TLP welding mode is
defined as stage 4 of the TLP process in reference [3].
Over time, the structure process becomes more
homogeneous.

CONCLUSIONS

(1) Based on the modeling results, Sn (90.1 wt %)
can diffuse up to 23 μm at 453°C and bonding time of
210 min. After an hour at the mentioned condition, Sn
diffused to a distance of 12 μm. After one day at this
temperature, the Sn content reached 2 wt % at the
50 μm distance from the interlayer boundary with the
PHYSICS OF METAL
Al base. (2) Based on the modeling results, Ga
(90.1 wt %) can diffuse up to 9 μm at 453°C and the
bonding time of 210 min. After 15 h and 3 days at the
mentioned condition, Ga diffused to a distance of 20
and 44 μm, respectively. (3) Based on the modeling
results, Zn (90.1 wt %) can diffuse up to 8 μm at 453°C
and the bonding time of 210 min. After 15 h and 3 days
at the mentioned condition, it diffused to a distance of
18 and 40 μm, respectively. (4) The maximum tensile
strength of the welding for 210 min was 52 MPa for
20 μm thickness Sn–5.3Ag–4.6Bi interlayer. (5) Dif-
fusion of Al, Ag, Cu, Mg, and Sn creates AlAg3,
Cu6Sn5, Al2Cu, and Mg45Al40Ag15 in the interlayer.
(Mg45Al40Ag15 is an Ag-rich �(Al12Mg17)). (6) Com-
pared to Al, Cu penetrated further into the Sn–
5.3Ag–4.6Bi interlayer at 453°C. (7) By prolonging
the process, the bond strength increased due to the
time-consuming process of atomic diffusion at a con-
S AND METALLOGRAPHY  Vol. 124  No. 13  2023
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stant temperature. (8) In the experiments, the joint
hardness was always lower than the base metals. (9) By
increasing the Sn–5.3Ag–4.6Bi interlayer thickness
(20–70 μm), the average tensile stress decreased.
(10) By decrementing the interlayer thickness, the size
of the reinforcing particles significantly decreased
while their number showed a rise. (11) Based on the
modeling results, for Sn–5.3Ag–4.6Bi interlayer
thicknesses below 23 μm, the mixing will be aug-
mented in such a way that welding occurs at 453°C for
210 min. Higher thicknesses will lead to soft soldering
under the same conditions.
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