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Abstract: Due to the rising need for energy saving, high-performing automotive heat exchangers,
demand has significantly grown in recent years. As a result, effective fin-tube heat exchangers are
becoming more popular. These tubes are typically made by rolling flat strips of AA3003 aluminum
alloys that have either one or both sides coated with AA4xxx alloys. The AA3003 type of alloy is
typically used as the core, which is then covered in either AA4045 or AA4343, which melts during
the brazing process to adhere the fins to the tubes. To maintain the optimal size and distribution
of manganese (Mn)-containing precipitates, preheating parameters are carefully controlled. Then,
longer soaking times or higher soaking temperatures result in larger precipitates, which cause the
final product to exhibit poor mechanical properties. Therefore, it is crucial to optimize the different
manufacturing steps, such as homogenization, soaking time, and brazing in order to achieve a high
quality product. Studies on the impact of homogenization temperature and time on the microstructure
of AA3xxx aluminum alloys have been conducted. However, there has been little research on the
impact of soaking (reheating) time on AA3003 cladded alloys. Hence, the effects of isothermal soaking
time on the microstructure and mechanical properties of AA3003 cladded with AA4045 alloy were
investigated in this work. Optical microscopy (OM) and scanning electron microscopy (SEM) were
used to characterize the microstructure and identify intermetallic phases. The final microstructure in
terms of grain structure at various homogenization times was characterized by electron backscattered
diffraction (EBSD). After the hot-rolling and cold-rolling of the as-received material, large particles
of intermetallic (mainly in the form of Chinese script morphology consisting of Fe-Mn-Si) were
broken into smaller particles with an increased Fe, Mn, and Si content, indicating the formation of an
α-Al(Fe,Mn)Si phase. The α-Al(Mn,Fe)Si was found to be a dominant dispersoid precipitate in the
modified AA3003 core. Coarsening of the Al(Mn,Fe)Si dispersoids at 505 ◦C was only observed at a
45 h homogenization time. The hardness trend with homogenization time was found to be similar to
that after homogenization, cold working, and annealing, with exception of an increase in hardness in
the latter possibly due to strain hardening (from cold-rolling).

Keywords: thermomechanical process; manufacturing processes; aluminum alloys; microstructures;
hardness; AA3003 alloy; AA4045 alloy

1. Introduction

AA3XXX series alloys are the most common heat-exchanger tube materials. They are
usually roll-plated with a lower-melting silicon-containing AA4XXX series alloy that melts
during the brazing process of heat exchanger manufacture and forms the joints between
the different parts of the heat exchanger. This alloy is heat-treatable and has very good
flow characteristics. This wrought aluminum alloy has Si as the main alloying element in
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AA4045 and Mn as a minor alloying element. AA4045 is mainly used as a filler material
since it has a melting interval.

Manganese is the main alloying element of the AA3xxx core alloys; it assures a fine
grain-size and increases the mechanical strength by both solid solution and dispersoid
strengthening. Another common alloying element is Cu that mainly contributes to strength
by solid solution hardening and is also commonly used for precipitation hardening. All
alloying elements influence other material properties such as proof stress and elongation
as well [1]. AA3003 alloy is a widely used commercial aluminum alloy, containing man-
ganese (Mn), iron (Fe), and silicon (Si) as alloying elements. According to Li et al., during
solidification, constituent particles such as Al6(Mn,Fe) and α-Al(Mn,Fe)Si form in the alloy,
mainly as interdendritic eutectic networks [2]. α-Al(Mn,Fe)Si is the dominant dispersoid
precipitated in commercial AA3xxx (Al–Mn–Fe–Si) alloys and some Mn-bearing 5xxx and
6xxx series alloys, which is mainly used for texture modification [3–5].

Aluminum alloys are commonly used for heat exchangers in the automotive industry
due to an interesting combination of properties (low density, good thermal conductivity,
satisfactory mechanical properties, and relatively good corrosion resistance). Unfortunately,
cold-rolled Al alloy sheets are known to have a relatively poor formability compared with
other conventional materials used in automotive applications, such as sheet steel [6].

More importantly, the recovery and recrystallization kinetics are significantly retarded
by large amounts of Mn supersaturation in Al-Mn-based alloys, which is commonly re-
ferred to as concurrent precipitation [7,8]. Therefore, in order to suppress the concurrent
precipitation, microstructure control by homogenization treatment prior to the cold-rolling
and subsequent annealing is an important issue in advanced engineering processing in
Al-Mn-based alloys [9,10].

During the production of materials for heat exchangers, the Al sheets are multi-layered,
consisting of at least two Al alloy layers. The core layer is often a manganese (Mn)-rich
AA3xxx series alloy, which provides strength to the assembly, while the clad layer is a silicon
(Si)-rich AA4xxx series alloy. The high Si content of the clad alloy sufficiently depresses
the melting temperature such that, during brazing, the clad alloy is either partially or
fully liquid, while the core alloy remains solid. The AA4045 alloy forms a eutectic during
brazing. The brazing material is used to form heat exchangers and radiators, thus the
sheets also need to be corrosion resistant. There are various methods used for cladding
in the aluminum industry, e.g., strip cladding, roll-bonding, or welding, and in this study
roll-bonding was applied.

In order to fully exploit the dispersoid Al6(Mn,Fe) hardening effect, a more systematic
study on the influence of soaking or holding time on the precipitation behavior has been
conducted. The objective of the current study was to determine the effects of isothermal
holding time on the microstructure and mechanical properties, especially the hardness of
AA3003 cladded with AA4045 alloy for heat exchangers’ application.

2. Materials and Methods
2.1. Materials Preparation

The as-received AA4045 and AA3003 aluminum material (in homogenized condition)
were in the form of plates with dimensions of 200 mm (length) × 160 mm (width) × 30 mm
(thickness). These plates were then sectioned into a thickness ratio of 1:10 (3 mm:30 mm).
The two-layer Al composite plates with dimensions of 110 mm (length) × 55 mm (width) ×
30 mm (thickness) for AA3003, and 110 mm (length) × 55 mm (width) × 3 mm (thickness)
for AA4045 are shown in Figure 1. This set-up was used as the starting pack material in
the present investigation. The chemical compositions of the AA3003 and AA4045 alloys
are given in Table 1. Spark emission spectrometry was used to determine the chemical
composition.
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Figure 1. The two-layer Al composite plates (pack) prepared for hot roll-bonding. 

Table 1. Chemical compositions of the modified AA3003 core and AA4045 Al clad material (wt.%). 

Material 
Elements wt.% 

Si Fe Cu Mn Mg Cr Al 
AA3003 0.06 0.20 0.42 1.50 0.21 0.01 Bal 
AA4045 10.10 0.15 - 0.02 0.01 - Bal 

2.2. Experimental Procedure 
The AA3003 and AA4045 alloys used in the present work went through a number of 

processing stages, namely the preparation of stack (sandwich or pack), reheating (soak-
ing), hot roll-bonding, annealing, cold-rolling, and annealing, as illustrated in Figure 2 
[11]. The packs of AA4045/AA3003 were heated from room temperature at a heating rate 
of 60 °C/h up to the soaking temperature of 505 °C (±5 °C). Two sets of stacks were held 
for six different times, i.e., 20, 30, 35, 38, 40 and 45 h at this temperature, and the first stack 
was removed and air cooled, whilst the second pack was hot roll-bonded by rolling from 
33 mm to 10 mm thickness under no lubrication in multiple passes. For hot-rolling (HR), 
the stacks were first heated to the rolling temperature of 505 °C in the air-circulated fur-
nace and put back into it after each rolling step for about 10 min to avoid critical losses in 
temperature. These tests were carried out to simulate the extended times that the ingots 
spend in the preheated furnaces due to equipment breakdown [12]. A further reduction 
in thickness was carried out through cold-rolling (at room temperature) after intermediate 
annealing from 10 mm to a 0.3 mm final gauge. Cold-rolling was performed in the direc-
tion parallel to the hot-rolling direction as illustrated in Figure 2. The cold roll-bonded 
sheets (S-CR) were then annealed at 330 °C for 3 h in the air-circulated furnace (S-CRA). 

 
Figure 2. Schematic illustration of the clad sheet processing by hot roll-bonding [11]. 

This study focuses on the pre-brazed material (after annealing but before brazing) 
shown on the left in Figure 3. This schematic presentation illustrates the disappearance of 

Figure 1. The two-layer Al composite plates (pack) prepared for hot roll-bonding.

Table 1. Chemical compositions of the modified AA3003 core and AA4045 Al clad material (wt.%).

Material
Elements wt.%

Si Fe Cu Mn Mg Cr Al

AA3003 0.06 0.20 0.42 1.50 0.21 0.01 Bal
AA4045 10.10 0.15 - 0.02 0.01 - Bal

2.2. Experimental Procedure

The AA3003 and AA4045 alloys used in the present work went through a number of
processing stages, namely the preparation of stack (sandwich or pack), reheating (soaking),
hot roll-bonding, annealing, cold-rolling, and annealing, as illustrated in Figure 2 [11].
The packs of AA4045/AA3003 were heated from room temperature at a heating rate of
60 ◦C/h up to the soaking temperature of 505 ◦C (±5 ◦C). Two sets of stacks were held for
six different times, i.e., 20, 30, 35, 38, 40 and 45 h at this temperature, and the first stack was
removed and air cooled, whilst the second pack was hot roll-bonded by rolling from 33 mm
to 10 mm thickness under no lubrication in multiple passes. For hot-rolling (HR), the stacks
were first heated to the rolling temperature of 505 ◦C in the air-circulated furnace and put
back into it after each rolling step for about 10 min to avoid critical losses in temperature.
These tests were carried out to simulate the extended times that the ingots spend in the
preheated furnaces due to equipment breakdown [12]. A further reduction in thickness
was carried out through cold-rolling (at room temperature) after intermediate annealing
from 10 mm to a 0.3 mm final gauge. Cold-rolling was performed in the direction parallel
to the hot-rolling direction as illustrated in Figure 2. The cold roll-bonded sheets (S-CR)
were then annealed at 330 ◦C for 3 h in the air-circulated furnace (S-CRA).
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This study focuses on the pre-brazed material (after annealing but before brazing)
shown on the left in Figure 3. This schematic presentation illustrates the disappearance
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of the interface after brazing. This interface is the core-cladding interface. The materials
employed for heat exchangers are brazed, and this study focuses on aspects which occur
before brazing the materials [13].
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2.3. Test Method

Small samples of 15 mm × 10 mm in size were cut from the as-received plates and
the roll-bonded AA4045/AA3003 sheets for materials characterization. The samples were
ground using SiC papers with a successively fine particle size to reduce the surface rough-
ness. Final polishing was conducted using a velvet cloth and a diamond suspension
polishing solution (0.1 µm particle size). The as-received plates and roll-bonded samples
were then etched with Kroll’s reagent (92 mL distilled water, 6 mL nitric acid, and 2 mL
hydrofluoric acid) to reveal the second phase particles [11].

Bright field (BF) light optical microscopy (LOM) was conducted on a plane perpendic-
ular to the transverse direction (TD). In order to observe the grain structure using polarized
light optical microscopy (PLOM), samples were anodized with Barker’s reagent (a mixture
of 20% fluoroboric acid and 80% distilled water) [8]. For BF-LOM and PLOM, an Olympus
DSX510 (Olympus, Center Valley, PA, USA) high-resolution upright motorized microscope
with 13× zoom optics equipped with Olympus software version 3.1.1 was used. The
analyses were performed on cross-sections of the as-received samples.

For electron backscattered diffraction (EBSD), the samples were electropolished with
Struers A2 solution, a mixture of methanol and perchloric acid (80:20 ratio), at −10 ◦C and
35 V for 15 s after diamond polishing on a Struers LectroPol-5 machine. This was performed
in order to remove the damage on the surface caused by grinding and mechanical polishing.
A Jeol (Jeol, Akishima, Japan) scanning electron microscope (SEM) equipped with Aztec
software version 4.1 for processing with a step size of 5 microns was used to obtain the
EBSD data. The Oxford Instruments (Abingdon, UK) HKL Channel5 software version 5.1.
was used for the post-processing of the EBSD data and measuring of the grain size. All the
data points with a confidence index (CI, which typically represents the accuracy of indexing
during EBSD data acquisition) of less than 0.1 were removed during post-processing [14].
The grain size was measured for the as-received material and for six reheated treatments at
different times from the EBSD data of AA3003 alloy samples using the Oxford Instruments
HKL Channel5 software version 5.1. Four grain-size measurements per sample were
performed and averaged.

For scanning electron microscopy (SEM), the samples were examined using a Zeiss
Supra55 VP Field Emission Scanning Electron Microscope (Zeiss, Oberkochen, Germany)
equipped with an Oxford Inca microanalysis system with an accelerating voltage of 20 kV.
Semi-quantitative energy dispersive spectrometer (EDS) microanalysis (Oxford Instruments,
Abingdon, UK) was also performed, and EDS measurements were mainly made in spot
mode to characterize the composition of individual phases. However, scanning mode was
also used to estimate the nominal composition of the alloys by counting over appropriate
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“windows”: 200 µm × 200 µm in size in the case of the core material, and 10 µm × 200 µm
for the cladding.

The macro-hardness using a DuraVision EmcoTest (EmcoTest, Kuchl, Austria) with a
load of 5 kg was used to measure the hardness of the 33 mm thick AA3003 as-received and
after six reheated treatment at different time samples, i.e., 20, 30, 35, 38, 40, and 45 h (not
roll-bonded (NR)). These samples were roll-bonded down to 10 mm thick, inter-annealed,
further cold-rolled (CR) to 0.3 mm thick sheets, and annealed (CRA). The micro-hardness
using an InnovaTest Falcon 400 (InnovaTest, Maastricht, The Netherlands) with a load of
2 kg was used to measure the hardness of these cold-rolled and annealed (CRA) 0.3 mm
thick sheets.

3. Results and Discussion
3.1. Microstructure—As-Received and Not Roll-Bonded

In the DC-cast 3003 material, the aluminum (Al) matrix is supersaturated with man-
ganese (Mn) and silicon (Si) [15]. Therefore, a homogenization heat treatment before
mechanical processing is essential to eliminate micro-segregation, reduce solid solution
level of Mn, and obtain the right size and density of constituent particles and fine dis-
persoids [16]. The materials used in this study were received in the homogenized state.
Figure 4a shows the microstructure of the as-received sample in an as-polished condition
(unetched) that was composed of Mn-containing intermetallic particles (constituent parti-
cles) shown by red arrows in the aluminum matrix. Figure 4b shows the microstructure
of the as-received sample in the etched condition that was composed of α-Al dendrites,
shown by yellow arrows and a number of Mn-containing intermetallic particles shown
by red arrows [16], which were distributed on grain boundaries. It is known that for 3xxx
alloys with coarse dendrite arms, the distribution of dispersoids is rather inhomogeneous,
having a much lower density in the center region of dendrite arms due to the segregation
of Mn [16].
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Figure 4. Optical micrographs of the AA3003 alloy in its as-received condition, showing the morphol-
ogy and certain characteristic sizes of: (a) the as-polished condition showing primary particles (red
arrows); (b) etched conditions showing the dendritic arm structure in yellow arrows, while the red
arrows show primary particles/constituents on grain boundaries.

Figure 5a–e show the electron backscattered diffraction (EBSD) maps showing the
microstructure of the AA-3003. Initially, the as-received alloy had large grain structure with
average grain size approximately 90.8 µm. When the alloy is reheated for longer periods,
the grain size decreases slightly. It can be seen that after holding for 38 h, the average grain
size of the AA3003 alloy decreased from 90.8 to 77.1 µm. By reheating for longer periods, it
slightly increases up to 86.9 µm which indicates that coarsening is the main mechanism to
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control the evolution of the microstructure. The quantitative values of average grain size of
as-received and non-roll-bonded samples are listed in Table 2. One can also see that the
grains are smaller at 38 h than that of the as-received material (see Figure 5e).
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Figure 5. Electron backscattered diffraction (EBSD) maps showing the microstructure of the modified
AA3003: (a) as-received (homogenized), dAv 90.8 µm; (b) 35 h at 505 ◦C, dAv 88.4 µm; (c) 38 h at
505 ◦C, dAv 77.1 µm; (d) 40 h at 505 ◦C, dAv 83.8 µm; (e) 45 h at 505 ◦C, dAv 86.9 µm.

Table 2. Change in grain size in the AA3003 aluminum alloy by soaking at 505 ◦C for different times.

Condition Average Grain Size (µm) Stdev

As-received 90.82 8.12
35 h 88.44 13.27
38 h 77.11 7.66
40 h 83.79 5.72
45 h 86.91 4.63
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Figure 6 shows the SEM micrographs of the AA3003 alloy reheated to 505 ◦C, and
held for 20, 30, 38, and 40 h, showing the formation of precipitates (dispersoids) and the
evolution of the morphology of the primary or constituent particles, shown in red arrows.
When the alloy is reheated for longer periods, the size of the primary particles slightly
increases, which indicates that coarsening is the main mechanism to control the evolution
of the primary particles. The dispersoid phase competes with constituent particles for the
solute and this can lead to the dissolution of dispersoids in the regions adjacent to large
constituents on prolonged heating (as part of this study), leading to dispersoid-free zones
adjacent to coarse constituent particles. A large quantity of rod-like, plate-like, and network
eutectic primary particles are distributed in the interdendritic regions and grain boundaries.
A slow increase in the average thickness of particles can also be observed, especially for
those held at ≥38 h.
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an estimation of the measurement error are summarized in Table 3. Both the iron and 
manganese content of the Al6(Mn,Fe) phase seemed to be stable as the soaking time in-
creased, indicating that the latter did not attain an equilibrium state during the DC casting 
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it is not only the formation of fine precipitates from supersaturation at extended soaking 
times, but that further transformation of the Al6(Mn,Fe) phase took place. According to 
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heat treatment, they become coarser. It must be noted that EDS alone is not sufficient for 
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showing the evolution of the morphology of the primary particles (shown in red arrows). The
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the square frame. (c) the compositions (mass %) of the precipitates were identified and (d) the EDS
spectra of the precipitates after, (di) 20 h and (dii) 40 h.
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The 40 h micrograph is insightful because it agrees with the hardness peak that is
discussed in Section 3.3 of this paper. This is attributed to the emergence of fine precipitates
in the matrix as shown in the insert, which is approximately taken from the position
indicated by the square frame (Figure 6). There is a coarsening of the grain boundary
precipitates at 40 h, which would lead to a lower hardness value, but it is superseded
by the strengthening effect of the emerging precipitates in the matrix. When the alloy is
re-heated from room temperature to a temperature of 505 ◦C, there is nearly no change
in the morphology and grain size of primary particles. The eutectic networks of primary
particles begin to break up after soaking for 40 h. The presence of rectangular-shaped
precipitates was also identified, with the help of EDX analyses, as Al-Mn: see the insert of
Figure 6b.

Scanning electron microscopy (SEM) was undertaken to analyze the chemical com-
position and the phase in the investigated alloys. Figures 7–9 show the SEM micrographs
and the EDS maps for different elements observed in the alloys. The EDS maps confirm the
uniform distribution of the constituent phases along the dendritic arms.
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Al matrix (dii). 
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Figure 8. (a) SEM-BSE image of the reheated material and that held for 20 h for the AA3003 alloy, 
(b) elemental maps by SEM-EDS showing: aluminum; iron, manganese, and silicon maps, respec-
tively, (c) the compositions (wt.%) of the constituent particles were identified, and (d) the EDS spec-
tra of the constituent (di) and the Al matrix (dii). 

Figure 7. (a) SEM-BSE image of the as-received AA3003 alloy, (b) elemental maps by SEM-EDS
showing: aluminum; iron, manganese, and silicon maps, respectively, (c) the compositions (wt.%) of
the constituent particles were identified, and (d) the EDS spectra of the constituent (di) and the Al
matrix (dii).
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Figure 8. (a) SEM-BSE image of the reheated material and that held for 20 h for the AA3003 alloy,
(b) elemental maps by SEM-EDS showing: aluminum; iron, manganese, and silicon maps, respectively,
(c) the compositions (wt.%) of the constituent particles were identified, and (d) the EDS spectra of the
constituent (di) and the Al matrix (dii).

Figure 7 presents the morphology of the Fe, Mn-rich constituent particles in the as-
cast AA3003 alloy characterized by SEM with corresponding EDS elemental mapping
results. As can be seen in Figure 7, the constituent particles of the skeletal shape are
distributed mainly in the inter-dendritic regions, and most of them have been identified as
the Al6(Mn,Fe) phase by EDS and were formed during solidification. These intermetallic
particles were also found to contain Fe, Mn, and Si (Figure 8). The resolution of EDS is
in the range of some µm, so the aluminum matrix also influences the EDS. EDS results
showing an estimation of the measurement error are summarized in Table 3. Both the
iron and manganese content of the Al6(Mn,Fe) phase seemed to be stable as the soaking
time increased, indicating that the latter did not attain an equilibrium state during the
DC casting process. The Al-matrix also does not change in chemical composition. This
is evidence that it is not only the formation of fine precipitates from supersaturation at
extended soaking times, but that further transformation of the Al6(Mn,Fe) phase took place.
According to Hamerton et al. [17], Al6(Fe,Mn) has an acicular shape in the as-cast sample;
and after long heat treatment, they become coarser. It must be noted that EDS alone is not
sufficient for phase analysis and transmission electron microscopy (TEM) is planned to be
conducted.
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tively, (c) the compositions (wt.%) of the constituent particles were identified, and (d) the EDS spec-
tra of the constituent (di) and the Al matrix (dii). 

Table 3. The SEM-EDS results of the intermetallic particles found in the AA3003 aluminum alloy 
soaked at 505 °C for different times. 

Condition Fe (wt.%) Mn (wt.%) 
As-received 9.69 ± 3.57 13.32 ± 4.54 

20 h 12.44 ± 4.12 15.94 ± 3.23 
30 h 10.45 ± 2.65 13.91 ± 2.50 
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3.2. Roll-Bonding Interface Microstructure 
Figure 10 shows the typical microstructures at the interfaces of all samples before 

(sandwich) roll-bonding and after holding at 505 °C for 45 h and hot roll-bonding. It is 
evident that a complete metallurgical fusion was achieved. In other words, micro or macro 
defects are not observed in the inter-layer boundaries, which confirms successful bonding 
of the layers by hot roll-bonding. According to the literature [18–20], the roll-bonding pro-
cess, among solid-state joining processes, has shown significant potential and can be clas-
sified among the solid-state processes in which extensive mechanical deformation is pro-
duced in a metallic sheet with or without the application of heat to change the microstruc-
ture or to create bonds between multiple metal sheets. Subsequent annealing stimulates 
the diffusion between the layers, which on the one hand leads to a better bond strength, 
but on the other hand leads to the formation of intermetallic phases on the interface, which 
in turn can have different effects depending on the metals and alloys used as composite 

Figure 9. (a) SEM-BSE image of the reheated material and that held for 45 h for the AA3003 alloy,
(b) elemental maps by SEM-EDS showing: aluminum; iron, manganese, and silicon maps, respectively,
(c) the compositions (wt.%) of the constituent particles were identified, and (d) the EDS spectra of the
constituent (di) and the Al matrix (dii).

Table 3. The SEM-EDS results of the intermetallic particles found in the AA3003 aluminum alloy
soaked at 505 ◦C for different times.

Condition Fe (wt.%) Mn (wt.%)

As-received 9.69 ± 3.57 13.32 ± 4.54
20 h 12.44 ± 4.12 15.94 ± 3.23
30 h 10.45 ± 2.65 13.91 ± 2.50
38 h 13.05 ± 4.39 14.92 ± 4.21
40 h 12.51 ± 2.10 14.17 ± 3.05
45 h 9.80 ± 6.67 11.54 ± 5.57

3.2. Roll-Bonding Interface Microstructure

Figure 10 shows the typical microstructures at the interfaces of all samples before
(sandwich) roll-bonding and after holding at 505 ◦C for 45 h and hot roll-bonding. It is
evident that a complete metallurgical fusion was achieved. In other words, micro or macro
defects are not observed in the inter-layer boundaries, which confirms successful bonding of
the layers by hot roll-bonding. According to the literature [18–20], the roll-bonding process,
among solid-state joining processes, has shown significant potential and can be classified
among the solid-state processes in which extensive mechanical deformation is produced in
a metallic sheet with or without the application of heat to change the microstructure or to
create bonds between multiple metal sheets. Subsequent annealing stimulates the diffusion
between the layers, which on the one hand leads to a better bond strength, but on the other
hand leads to the formation of intermetallic phases on the interface, which in turn can have
different effects depending on the metals and alloys used as composite components [21–25].
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Alexander et al. [26], studied the transformation of intermetallic particles from Al6(Fe, Mn)
to α-Al–(Fe, Mn)–Si that occurs upon homogenization of 3xxx aluminum alloys and found
that this occurs by diffusing silicon into an Al–Fe–Mn alloy. According to the literature, the
fraction of α-Al(MnFe)Si particles transformed from Al6(Mn,Fe) increases with the heating
temperature and homogenization time. In this current study, the heating temperature was
kept constant and the soaking time was varied. This study was on the effect of the soaking
time on the properties of the modified AA3003. Also, the degree of transformation of the
Al6(Fe,Mn) phase to α-Al-(Fe,Mn)-Si phase is important for subsequent processing such as
rolling into sheets. This transformation requires the diffusion of silicon from the matrix
to the particle. It was found that significant dispersion strengthening by α-Al(Mn,Fe)Si
dispersoids at room and elevated temperatures can be achieved in 3xxx aluminum alloys
via appropriate heat treatments or the modification of alloy compositions.
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330 °C for 3 h (S-CRA)) indicating Si particles distributed in the clad layer (red arrows). 
Due to the high roll-bonding temperature, the interface is almost invisible; resulting in a 
complete metallurgical fusion, shown by a yellow line and arrows showing particles in 
the core. The thickness of the cladding layers was about 90 to 100 µm. The manganese 
map by SEM-EDS in Figure 11b shows a distinct interface between the substrate AA3003 
and the cladding AA4045. The reheating and subsequent hot- and cold-rolling led to the 
breakdown, spheroidization, and uniform distribution of the eutectic Mn-Fe particles of 
AA3003. As expected, the microstructure is inhomogeneous and reveals various precipi-
tates and particles such as Al–Fe–Mn–Si block-like and α-Al(Fe,Mn)Si precipitates shown 
by yellow arrows. This shows α-Al, Si and AlFeSi phases on the AA4343 clad material 
side, and α-Al, Al6Mn, and AlFeMnSi phases on the AA3003 core material side. In the 
literature [27,28], the roll-bonding process has a significant grain refinement effect on alu-
minum alloys, and the process parameters must play an important role in the microstruc-
ture of the final products. Therefore, further studies need to be conducted to optimize the 
roll-bonding process. The effects of process parameters such as the rolling speed and tem-
perature on microstructures should particularly be focused on. After hot- and cold-rolling 
of the as-received material, large particles of intermetallic (mainly in the form of Chinese 
script morphology consisting of Fe-Mn-Si) were broken into smaller particles with an in-
creased Fe, Mn, and Si content, indicating the formation of an α-Al(Fe,Mn)Si phase [29] as 
compared to before rolling. 

Figure 10. Optical micrographs of AA4045/AA3003 showing (a) sandwich samples before roll-
bonding and (b) after a 60% reduction showing a good bonding interface.

Figure 11a shows the SEM images of the Al cladding alloys after sheet processing to
0.3 mm including annealing (i.e., soaking for 20 h at 505 ◦C, cold-rolled and annealed at
330 ◦C for 3 h (S-CRA)) indicating Si particles distributed in the clad layer (red arrows).
Due to the high roll-bonding temperature, the interface is almost invisible; resulting in a
complete metallurgical fusion, shown by a yellow line and arrows showing particles in the
core. The thickness of the cladding layers was about 90 to 100 µm. The manganese map
by SEM-EDS in Figure 11b shows a distinct interface between the substrate AA3003 and
the cladding AA4045. The reheating and subsequent hot- and cold-rolling led to the break-
down, spheroidization, and uniform distribution of the eutectic Mn-Fe particles of AA3003.
As expected, the microstructure is inhomogeneous and reveals various precipitates and
particles such as Al–Fe–Mn–Si block-like and α-Al(Fe,Mn)Si precipitates shown by yellow
arrows. This shows α-Al, Si and AlFeSi phases on the AA4343 clad material side, and α-Al,
Al6Mn, and AlFeMnSi phases on the AA3003 core material side. In the literature [27,28], the
roll-bonding process has a significant grain refinement effect on aluminum alloys, and the
process parameters must play an important role in the microstructure of the final products.
Therefore, further studies need to be conducted to optimize the roll-bonding process. The
effects of process parameters such as the rolling speed and temperature on microstructures
should particularly be focused on. After hot- and cold-rolling of the as-received material,
large particles of intermetallic (mainly in the form of Chinese script morphology consisting
of Fe-Mn-Si) were broken into smaller particles with an increased Fe, Mn, and Si content,
indicating the formation of an α-Al(Fe,Mn)Si phase [29] as compared to before rolling.
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cold-rolled, and annealed (S-CRA) samples. As may be seen, the hardness of the as-re-
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showed a slight increase of about ±10 HV after 40 h, indicating that there was still some 
supersaturation of Mn and copper (Cu) after the DC casting process (shown by a horizon-
tal line, Line 1). The Al–Mn alloys cannot be strengthened by heat treatments but can be 
strengthened in the way of micro-alloying. In this case, the alloy studied was micro-al-
loyed with copper (Cu) of 0.42 wt.% as compared to the commercial AA3003. The addition 
of copper tends to reduce the solid solubility of Mn in the matrix of AA3003-0.4%Cu and 
thus promotes the precipitation of α-Al(Mn,Fe)Si dispersoids. Therefore, as expected, we 
could see some precipitates in the matrix of the preheated AA3003 that led to a gradual 
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The hardness of all of the S-CRA samples (90% thickness reduction) were the same 
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line, Line 2). Line 3 shows that there was an improvement in the hardness of S-CR for all 
soaking times, possibly due to the cold-rolling (strain hardening) effect. The increase in 
hardness, as the result of cold work, is due to the strain-hardening mechanism of this 
alloy. Cold-rolling induces dislocations, contributing to increased hardness. Cold-rolling 
achieves very high strains, which can be as high as six to seven in thin gauge foil rolling, 
and the strength attained relies on maintaining a level of work hardening even at high 
strains [31]. The formed dispersoids provide a significant direct strengthening effect and 
influence the work-hardening behavior of the material. 

Figure 11. (a) SEM-BSE image of AA3003 after soaking for 20 h at 505 ◦C, cold-rolled to 0.3 mm thick
sheets, and annealed at 330 ◦C for 3 h (S-CRA), showing a good bonding interface, (b) elemental
maps by SEM-EDS showing: aluminum; iron, manganese, and silicon maps, respectively.

According to Pokov et al. 2011, [30], eutectic colonies of primary particles break up at
temperatures above 560 ◦C. Also, during the thermomechanical treatment, the precipitation
of dispersoids and coarsening of primary phases occur. During annealing, Al6(Fe,Mn)
transforms into an α-phase owing to the diffusion of silicon from the solid solution. The
decrease in the Fe:Mn ratio during the transformation implies that the diffusion of Mn is of
importance too. The α-phase nucleates at the Al6(Fe,Mn)-matrix interface and propagates
into Al6(Fe,Mn) as an eutectoid reaction front. It must be noted that iron and manganese
can substitute for each other in the Al(Fe,Mn)Si and orthorhombic Al6(Fe,Mn) phase [30].

3.3. Vickers Hardness

Figure 12 shows the Vickers hardness (HV) measurements for the as-received, soaked
at 505 ◦C for six different times (not rolled), soaked and cold-rolled (S-CR), and soaked,
cold-rolled, and annealed (S-CRA) samples. As may be seen, the hardness of the as-
received material remains constant with the increase in the soaking time. The hardness
showed a slight increase of about ±10 HV after 40 h, indicating that there was still some
supersaturation of Mn and copper (Cu) after the DC casting process (shown by a horizontal
line, Line 1). The Al–Mn alloys cannot be strengthened by heat treatments but can be
strengthened in the way of micro-alloying. In this case, the alloy studied was micro-alloyed
with copper (Cu) of 0.42 wt.% as compared to the commercial AA3003. The addition of
copper tends to reduce the solid solubility of Mn in the matrix of AA3003-0.4%Cu and thus
promotes the precipitation of α-Al(Mn,Fe)Si dispersoids. Therefore, as expected, we could
see some precipitates in the matrix of the preheated AA3003 that led to a gradual change in
hardness.

The hardness of all of the S-CRA samples (90% thickness reduction) were the same
within error bars, i.e., with a slightly high hardness at 35 and 40 h (shown by a horizontal
line, Line 2). Line 3 shows that there was an improvement in the hardness of S-CR for
all soaking times, possibly due to the cold-rolling (strain hardening) effect. The increase
in hardness, as the result of cold work, is due to the strain-hardening mechanism of this
alloy. Cold-rolling induces dislocations, contributing to increased hardness. Cold-rolling
achieves very high strains, which can be as high as six to seven in thin gauge foil rolling,
and the strength attained relies on maintaining a level of work hardening even at high
strains [31]. The formed dispersoids provide a significant direct strengthening effect and
influence the work-hardening behavior of the material.
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The subsequent decrease in hardness after annealing (Line 2) for the S-CRA samples is
due to recovery effects, which involve annihilation point defects and dislocations. Although
the annealing may not have initiated complete recrystallization after cold-rolling, the
hardness did not return to the as-received (homogenized) level.
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Figure 12. Vickers hardness (HV) measurements of the samples as-received, soaked at 505 ◦C, soaked
and cold-rolled (S-CR), and soaked, cold-rolled, and annealed at 330 ◦C for 3 h (S-CRA).

Initially, the as-received alloy had a large grain structure with an average grain size of
approximately 91 µm. After hot-rolling bonding and subsequent cold-rolling, microstruc-
ture showed a banded structure due to a higher dislocation density. After annealing, a
fine, uniform, and nearly equiaxed structure was obtained. It is expected that the fine and
uniform grain structure in the annealed material will result in increased hardness compared
to the as-received material [32]. Additionally, other researchers have indicated that grain
refinement has been recognized as an efficient way to improve the mechanical properties of
aluminum alloys [33]. Specifically, grain refinement can significantly enhance the hardness,
strength, and plasticity of aluminum alloys [34].

Coarsening of the α-Al(Mn,Fe)Si dispersoids was only observed after soaking for
45 h and these coarse precipitates contributed to the lower hardness after cold work and
annealing at 330 ◦C for 3 h (Figure 5). Long residence times during the preheat stage resulted
in Mn-bearing dispersoids coarsening and this in turn resulted in early recrystallisation
during temper annealing and thus a lower hardness.

4. Conclusions

The microstructures, surface structure, and mechanical properties at room temperature
of the AA3003 cladded with Al–Si system (AA4045) alloy have been investigated. The main
conclusions can be summarized as follows:

• The laboratory hot roll-bonding process for the production of the AA3003/4045 alu-
minum sheets has been successfully developed (Off-line TMP), i.e., complete bonding
was achieved in the interface after roll-bonding.
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• The as-received microstructure for AA3003 showed a coarse grain structure, and
decreased after soaking for 38 h; however, a slight increase in grain size was shown at
the 45 h soaking period.

• Coarsening of the α-Al(Mn,Fe)Si dispersoids at 505 ◦C was only observed at 45 h
soaking time, which was, as expected, accompanied by a slight decline in hardness.

• The α-Al(Mn,Fe)Si was found to be the dominant dispersoid precipitate in the modi-
fied AA3003 core.

• The hardness trend with soaking time was found to be similar to that after soaking,
cold working, and annealing, with an increase in hardness in the latter possibly due to
strain hardening (from cold-rolling).

• Longer residence times in the preheat furnace coarsen Mn-bearing dispersoids. This
results in early recrystallisation and a slightly lower hardness.
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