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Multilayer brazeable aluminum alloy sheet is prone to collapse during high-temperature brazing process. The sagging resistance of
the aluminum composite sheet needs to be further improved for quality control. Eﬀects of annealing and rate of reduction on
sagging resistance, microstructure, and Si diﬀusion of a hot-rolled, four-layered Al clad sheet (4343/3003/6111/3003) were
investigated by means of a sagging device, OM, SEM, and TEM. Results showed that once annealed at 360°C, the sagging distance
was increased from 3 to 15.7 mm as the reduction rate changed from 10% to 40%. By increasing annealing temperature to 410°C,
those were changed from 3.1 to 20.8 mm accordingly. At 360°C/40% and 410°C/40%, specimens exhibited weak sagging resistance,
whereas ﬁne recrystallized grains were formed in the core promoting Si penetration along grain boundaries. While the specimens
were treated at 360°C/10% and 410°C/10%, better sagging resistance was observed due to the formation of coarse recrystallized
grains that can suppress erosion of Si. At the same reduction rate, the sagging resistance was higher for the sample annealed at a
lower temperature as more precipitates appeared in the core (at 360°C), thus leading to an increase in strength.

1. Introduction
Composed of support layer (core layer) and brazing layer
(clad layer), multilayer aluminum brazing sheets have been
widely used in heat exchanger and honeycomb sandwich
structure [1] due to their low density, high thermal conductivity, and excellent corrosion resistance [2–5]. In order to
reduce the weight of automotive parts and cut down production cost of the heat exchanger, the thickness of the Al
brazing sheet has to be decreased [6]. During the brazing
cycle, a thin clad-/core-layered sheet needs to endure a high
temperature (around 580°C to 610°C) under pressure, which
may cause collapse [3, 4]. Consequently, its high-temperature
mechanical strength, or sagging resistance, has to be increased
and it should be higher than the threshold for collapse [4, 7].

To solve the high-temperature collapse of aluminum
composite sheets and improve their high-temperature
sagging resistance, many research works have been conducted with focus on the inﬂuence of brazing temperature,
microstructure, and Si diﬀusion on the sagging resistance of
aluminum composite sheets during the thermal brazing
cycle. For example, Qin et al. [8] observed that the value of
sagging of the brazed foil sheet had undergone two stages of
change as a function of temperature, and the sagging was
attributed to dissolution of precipitates and softening of
elastic modulus as a function of brazing temperature. Lee
et al. [2, 3] studied the sagging behavior of three-layered (AlSi/Al-Mn-Zn/Al-Si) clad sheets and found that coarse
recrystallized grains can improve sagging resistance. This
type of microstructure can be obtained by controlling the
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rate of cold-rolling reduction and applying an intermediate
annealing temperature. Yoon et al. [7] reported the brazeability of the three-layered (4343/3003/4343) aluminum clad
sheet. Fine recrystallized grains were formed in the core
during the brazing process, which promotes ﬁller penetration along grain boundaries and increases the erosion area,
thereby leading to weak sagging resistance. On the contrary,
specimens with coarse recrystallized grains in the core
exhibited excellent sagging resistance with suppressed
erosion. Zhao et al. [9] investigated the eﬀect of an intermediate annealing system on the sagging resistance of the
three-layered (4343/3003/4343) aluminum composite sheet.
Research indicated that abundant Si penetrated into the core
layer and accelerated diﬀusion, which was the primary
reason for the lower sagging resistance. Tang et al. [10] and
Liu et al. [11] reported stages of sagging behavior of threelayered (AA4343/AA3003/AA4343) aluminum-clad foil.
During the brazing process, they found that coarse grains
formed under appropriate processing parameters would
help improve sagging resistance. Although those early works
have obtained numerous valuable results, mostly concentrated on the brazing process, microstructure evolution, the
eﬀect of precipitates on recrystallization, and so on, their
explanations were not thorough and suﬃcient. Qin et al.
discontinued the study of sagging behavior at a high temperature, where the eﬀect of dispersoids has to be taken into
consideration on sagging deformation [8].
Most studies have focused on the fabrication and brazeability of the three-layered (4343/3003/4343) aluminum
clad sheet, with 3003 as the main core alloy. In order to
improve the sagging resistance of aluminum brazing sheets,
developing new core alloys and their corresponding sagging
mechanism is in need. Recently, a four-layered (4343/3003/
6111/3003) Al sheet, with diﬀerent core alloys, was suggested
to facilitate the desired sagging resistance [12]. Compared
with the three-layered brazing composite board, the newly
developed four-layered (4343/3003/6111/3003) Al sheet has
higher strength (increased by 50%). The outer layers of the
newly developed four-layered alloy are 4343 and 3003,
containing one middle layer of 3003 and one inner layer of
6111. 4343 is the ﬁller material that melts into solder during
high-temperature brazing. The second layer 3003 protects
the core material 6111 from corrosion and reduces the
diﬀusion of Si atoms to the core layer during brazing. 3003
acts as a clad material, serves as a sacriﬁcial anode, and
protects the core material from corrosion. 6111 is the core
and acts as a support layer. For this four-layer design, defects
(such as collapse and lodging) during the brazing process
primarily depend on the core layer.
In this work, eﬀects of annealing and rate of reduction on
sagging resistance, microstructure, and Si diﬀusion of a hotrolled, four-layered (4343/3003/6111/3003) Al clad sheet will
be investigated by means of a sagging device (electronic
universal testing machine) OM, SEM, and TEM. The objective of this paper is to combine and analyze data obtained
from experiments to establish relationships among intermediate annealing, rolling deformation, and sagging resistance of the brazing sheet. The main purpose is to provide a
solid theoretical foundation for the development of the
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composite aluminum clad sheet with high sagging
resistance.

2. Materials and Methods
2.1. Material Preparation. Hot-rolled, four-layered (4343/
3003/6111/3003) Al clad sheet of 6 mm thickness was fabricated by Northeast Light Alloy Corporation, China. First,
ingots of 6111, 4343, and 3003 were sliced into a sheet of
what thickness by milling both surfaces, homogenizing at
550°C, and holding for 30 h. Second, those sheets were
stacked up together according to order of 4343/3003/6111/
3003; the cladding ratio (the cladding ratio here is referred to
the thickness of single-sided layer as a percentage of the total
thickness) is controlled in the order of 10%, 5%, 77%, and
8%. Then, the sheets were welded by riveting and then heated
to 450°C–480°C; the hot-rolled slabs are obtained by rolling,
leveling, and shearing.
The clad and the core layers of the interface are ﬂat and
leveled, with uniform thickness and good shape, and meet
the requirements of usage. The layers 6111 and 4343 serve as
the core layer and the cladding layer, respectively. The
speciﬁc ingredients of these alloys are shown in Table 1. The
thickness of each layer of the clad sheet, 4343/3003/6111/
3003, is shown in Figure 1. The cladding ratio (4343/3003/
6111/3003) is 10%, 5%, 77%, and 8% in sequence.
During the manufacturing of heat exchangers, once
brazed at high temperature, the ﬁller will be completely
melted, and the melted ﬁller will be constantly inﬁltrated,
expanded, and solidiﬁed later at the gap between radiating
ﬁns and composite tubes to form brazed joints rich in Al-Si
eutectic composition. Consequently, radiating ﬁns and
composite tubes can be metallurgically bonded together.
2.2. Experimental Procedure. The schematic illustration of
the experiment is shown in Figure 2. The 6 mm Al clad sheet
was cold-rolled to various thicknesses at diﬀerent rates of
reduction (10%, 15%, 20%, 25%, 30%, and 40%). After intermediate annealing at 360°C or 410°C for 2 h, the clad
sheets were cold-rolled to a thickness of 1 mm and then kept
at 610°C for 10 min to simulate the brazing process. First, the
resistance furnace was heated to 610°C and kept stable for
20 min in order to eliminate the inﬂuence of the heating rate
and holding time, and then the assembled test device (one
sample) was moved into the furnace steadily. The temperature ﬂuctuation was controlled within ±3°C during simulation, and the sample was held there for 10 min, before
taking it out smoothly. The entire process of the simulation
was protected by the ﬂow of nitrogen.
2.3. Test Method
2.3.1. Tensile Test Analysis. The 6 mm Al clad sheet was
annealed at 300°C to 500°C for 2 h. According to GB/T2282002, tensile specimens were obtained by wire-electrode
cutting after annealing. The shape and size of the sample
are shown in Figure 3. The yield strength, tensile strength,
and elongation of the tensile sample were measured on a
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Table 1: Chemical compositions of 4343/3003/6111/3003 (mass fraction, %).
Material
4343
3003
6111

Si
7.8–8.2
0.6
0.7–1.1

Fe
0.15–0.30
0.7
<0.4

Wt. (mass fraction, %)
Mn
Mg
0.05
0.03
1.0–1.5
–
0.10–0.45
0.50–1.0

Cu
0.05
0.05–0.20
0.5–1.0

Zn
–
0.10
<0.15

Ti
–
–
<0.10

Al
Bal.
Bal.
Bal.

Al-Si
cladding/4343
Core alloy/6111

200 μm

200 μm

Figure 1: Brazing process of aluminum clad sheets with Al-Mg-Si core alloy and Al-Si clad layers.

Hot rolled to
6 mm Al clad
sheet

Cold rolling
(at diﬀerent
rolling rates)

Intermediate
annealing

Cold rolled to
1 mm, ﬂattened

Simulated
brazing
experiment

Figure 2: Schematic illustration of brazing simulation.

CSS-44100 electronic universal testing machine at the rate of
9 mm/min.
The tensile specimens, as shown in Figure 3, were obtained from a four-layered Al clad sheet after simulation.
Tensile testing was conducted at room temperature. Three
specimens were prepared for each experiment with the
average value being reported in the text.

perchloric acid + alcohol (1:9) at a voltage/current of 12 v/
0.2 mA for 30–60 s. Electrolytic polishing was performed at
–30°C in liquid nitrogen to remove the stress on the surface
and to obtain highly cleaned and brightly polished samples.
The electropolished samples were used for metallographic
observation. A simple version of the electrolytic polishing
device is shown in Figure 5.

2.3.2. Sagging Resistance Test. According to the standard of
the Japan Cryogenic Committee [4,13], the sagging resistance was tested to evaluate the brazeability of those clad
sheets. The sagging test device and the distance of sagging are
shown in Figures 4(a) and 4(b), respectively. The specimens
were taken parallel to the rolling direction, with a length and
width of 55 mm and 22 mm, respectively, as shown in
Figure 4(a). One end of the specimens was ﬁxed, and the
other end of 50 mm length was free. After the abovementioned simulated brazing, the vertical height diﬀerence
of the test specimens before and after the experiment was
tested and then the sagging value was calculated as shown in
Figure 4(b). The sagging distance was deﬁned as the deﬂection of the free end after brazing. A smaller sagging value
of the specimen indicates better sagging resistance [14].

2.3.4.
Scanning
Electron
Microscope
Analysis.
Microstructure observation and EDS analysis of the samples
were performed using an FEI-Quanta scanning electron
microscope at an accelerating voltage of 20 kV. The specimens were ﬁrst coarsely ground with 80#, 320#, and 800#
water matte sandpapers and then ﬁnely ground with 400#,
800#, and 1200# metallographic sandpapers, prior to being
mechanically polished to achieve a bright surface. Finally,
the polished samples were soaked in alcohol and shaken for
5 min inside a KQ-700GVDV ultrasonic machine. Samples
were washed with distilled water and blow-dried for further
examinations.

2.3.3. Metallographic Analysis. The samples after the sagging
test were cut into small pieces of 20 mm in length and inlaid
into a round ball shape. The specimens were successively
ground with 80#-, 320#-, 800#-, and 1200#-grit SiC papers. A
special rough and ﬁne polishing cloth was used until the
surface of the sample was bright without scratches. The
polished samples were electropolished in a solution of

2.3.5. Transmission Electron Microscope Analysis. The microstructures of the samples after the sagging test were
observed on a Tecnai G220 transmission electron microscope at an acceleration voltage of 200 kV. The TEM ﬁlm
specimens were ﬁrst ground to 0.08–0.1 mm with a 800#
water sanding paper, punched into a small disc at a diameter
of 3 mm, and thinned with double-jet on the MT-PI-type
double-jet electrolytic thinning instrument. Double spray
liquid was a mixed solution of 25% HNO3 + 75% CH3OH
(volume fraction). When double spraying, 15–25 V was used

4
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Figure 3: The drawing of tensile test specimen (unit: mm).
Specimen

Before brazing

Sagging
distance
After brazing

(a)

(b)

Figure 4: Schematic illustration of sagging setup.

Electron

and plasticity were very poor. Generally, complete intermediate annealing should be required to improve microstructure and enhance performance. Lower temperature or
shorter time results in insuﬃcient annealing; higher temperature or longer time has a negative eﬀect on sagging
resistance. A suitable annealing system is then guaranteed
for suitable sagging resistance of aluminum sheets.

e
Electrolyte
Anion

Cation

Figure 5: Electropolishing setup.

as working voltage, while the current was controlled at
around 70 mA and cooled to −20°C to −35°C with liquid
nitrogen. The sample should be cleaned with alcohol at least
30 min after double spraying.

3. Results and Discussion
3.1. Eﬀect of Annealing Temperature on the Performance of Al
Alloy Clad Sheets. Figure 6 shows the tensile property of hotrolled, four-layered aluminum alloy clad sheets as a function
of temperature. The temperature ranges from 300°C to 500°C
(holding for 2 h). As the annealing temperature increases,
tensile strength and yield strength decrease slightly, while
elongation increases ﬁrst and then decreases. Above 360°C,
tensile strength changes slightly; elongation reaches the
highest at 410°C and then starts to decrease. After hot and
cold rolling, the Al alloy clad sheets could store a large
amount of deformation energy that can cause serious work
hardening. Unannealing composite aluminum foil had
formed very small grains after brazing; sagging resistance

3.2. Eﬀect of Temperature and Rate of Reduction on Sagging.
Microstructure of nonbrazed (4343/3003/6111/3003) Al clad
sheet rolled to 30% and annealed at 410°C is shown in
Figure 7. The interface between cladding layers (4343/3003
and 3003) and the core layer (6111) is clearly distinguishable.
Uniform distributed Si particles (indicated by an arrow) can
be found in the layer of 4343.
Sagging tests were carried out at diﬀerent fabricating
conditions. Sagging behaviors are recorded and presented in
Figures 8 and 9. As the rate of reduction changed from 10%
to 40%, the sagging distance increased accordingly for those
clad sheets annealed at 360°C and 410°C. In other words,
sagging resistance was under deterioration at a higher rate of
reduction. For instance, when specimens annealed at 360°C
and 410°C, small sagging distances (3 and 3.1 mm, respectively) were measured at a reduction (cold rolling) rate of
10%. Those ﬁgures jumped to 15.7 and 20.8 mm, respectively, at 40%. Room temperature yield strengths of the
brazed four-layered Al alloy clad sheets (shown in Figure 10)
under diﬀerent process conditions are consistent with their
sagging behaviors.
3.3. Eﬀects of Rate of Reduction on Microstructure and Sagging
Resistance upon Brazing. The melted ﬁller alloy could erode
the core material along the grain boundary during brazing,
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Figure 6: Relationship between mechanical properties of hot-rolled, four-layered aluminum alloy clad sheets and temperature (holding for
2 h; Rm, Rp0.2, and A represent tensile strength, yield strength, and percentage elongation, respectively).
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Figure 7: Microstructures of the 4343/3003/6111/3003 clad sheets that were rolled to 30% and annealed at 410°C: (a) 100x and (b) 200x.
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Figure 8: Brazed (4343/3003/6111/3003) clad sheets annealed at 410°C (left)/360°C (right) as function of rate of reduction: (a) 10%, (b) 20%,
(c) 30%, and (d) 40%.
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Figure 10: Yield strength versus rate of reduction upon brazing.

which is the main reason for the collapse. One eﬀective way
to mitigate collapse is to reduce grain boundaries during
brazing. The grain size of the core material is primarily
determined by the rate of reduction and aﬀects the progress
of erosion and the degree of collapse.
Microstructures of brazed Al cladding sheets were observed using OM and SEM with typical results shown in
Figures 11–14, respectively. For specimens annealed at
360°C, the average erosion depth ratio of Al-Si increased
from 7.5% to 14.3%, associating with the rate of reduction
changed from 10% to 40%. Coarse recrystallized grains
formed in the core were transformed into ﬁne grains, and
their average grain size shown gradually decreased from 156
to 55 µm. Similar trends were observed for specimens
annealed at 410°C, that is, the average erosion depth ratio

increased from 11.9% to 18.3% with grain size decreased
from 120 to 42 µm as the rate of reduction increased from
10% to 40%.
The microstructures observed indicate a close relationship with the sagging behavior of the Al cladding
sheets. As indicated by the results in Figures 9 and 11–14,
for specimens annealed at both 360°C and 410°C, with the
reduction rate increased from 10% to 40%, the sagging
distance of the Al clad sheets increased as well, so did the
eroded areas by Si penetration. Also, the size of the
recrystallized grains formed in the core decreased gradually. Si content in the core would aﬀect the sagging resistance. Silicon diﬀuses into the core causing a negative
impact on sagging resistance [13,15]. Once the Al clad
sheets annealed at 410°C and cold rolled to 40%, they
showed less sagging resistance (sagging distance of
20.8 mm) and erosion by Si went deep into the core with an
average depth ratio of 18.3%. By contrast, once the Al clad
sheets were subjected to cold rolling of 10% and annealing
at 360°C, their sagging distance was only 3 mm with a low
average erosion depth ratio of 7.5%. According to those
microstructures, recrystallized grains in the core are much
ﬁner at a higher cold-rolling reduction rate, which leads to
an increase in grain boundaries during brazing. This is
because the stored deformation energy in Al cladding
sheets increased with reduction rate. Nucleation was
promoted during annealing and thus formed more grains.
Interface defect existing in the substructure grain boundary
is a high-speed channel for Si element in the ﬁller to diﬀuse
to the core layer. Fine grains provide high-density diﬀusion
channels compared with coarse strip grains [16,17]. As
shown at the yellow line in Figures 13 and 14, during the
brazing process, Si diﬀuses along the grain boundary and
forms Al-Si eutectic phase at the grain boundary. The
melting temperature of the Al-Si eutectic phase is 577°C,
which is much lower than the melting temperature of the
core layer. Diﬀusion of silicon into the core layer will lower
the temperature of the solidus, thereby reducing hightemperature strength [18]. The reﬁnement of the core can
accelerate the erosion of Si and thus deteriorate the
sagging resistance. Therefore, it can be concluded that
good sagging resistance of Al clad sheets can be achieved
by suppressed erosion of Si into the core, which can be
facilitated by the formation of coarse recrystallized grains
during brazing.
The relationship between deformation and grain size is
shown in Figure 15. When deformation reaches the critical
value εc, mass migration of grain boundaries and recrystallization will occur to give rise to coarse grains. The
recrystallized grains tend to be reﬁning continuously as a
function of deformation at our testing conditions.
Fully recrystallized microstructures were also conﬁrmed
by TEM analysis in all specimens. One example of a TEM
image for a specimen fabricated at 410°C/40% is given in
Figure 16. The EDS analysis was based on eroded areas. The
SEM image and EDS mapping of Si for the specimen
processed at 410°C/40% are given in Figure 17. As indicated
in Figure 17, Si containing eutectic structure can be found
within the core that serves as clear evidence of Si penetration
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Figure 11: Cross-sectional microstructures of the brazed specimen annealed at 360°C and rolled to (a) 10%, (b) 20%, (c) 30%, and (d) 40%.

along grain boundaries. Also, from the TEM photo shown in
Figure 16, Si penetration along grain boundaries is clearly
revealed.
3.4. Eﬀects of Annealing Temperature on Sagging Value.
As shown in Figure 18, the ﬁbrous structure with elongated
grains paralleled to rolling direction is clearly observable for
Al alloy clad sheets before intermediate annealing. Recrystallization occurred when the annealing temperature
was 360°C. As the temperature increased to 410°C, the
recrystallized grains are slightly smaller than those obtained
at 360°C. The grain size of recrystallized grains has the
following relationship with G and Ń:
G 1
⎢
⎢
⎣ ⎤⎥⎥⎦ ,
d � constant × ⎡
̀
4
N

(1)

where G and Ń represent nucleation rate and growth rate,
respectively. Increasing Ń and decreasing G can obtain ﬁne
recrystallized grains. The activation energy of nucleation of
deformed aluminum alloy is much higher. At higher annealing
temperature, Ń increased faster than G. Therefore, the
recrystallized grain size decreases with annealing temperature.
When annealed at 360°C for 2 h prior to brazing, ﬁbrous
structure disappeared and gradually changed into the

recrystallized microstructure. Figure 10 shows recrystallized
grain structure (as reduction rate increased from 10% to
40%, and the coarse recrystallized grains formed in the core
layer decreased gradually from 156 to 55 μm). When
annealed at 410°C for 2 h before brazing, the number of ﬁne
grains and equiaxed grains of the core layer increased. As
shown in Figure 11, the average grain size decreased from
120 to 42 μm as the reduction rate changed from 10% to 40%.
The subgrain boundary of the brazed sample has disappeared and instead forms a large-angle grain boundary
with less area of the grain boundary. Consequently, the
diﬀusion channel of Si has been reduced signiﬁcantly, so is
the tendency of sliding of the movable interface. Their
combinative eﬀect is to increase sagging resistance. In the
deformation zone, around those coarse intermetallic particles, high annealing temperature could provide more
thermal energy for nucleation and growth of recrystallization. Inside coarse grains or at grain boundaries, one may
expect to see the formation of a large number of ﬁne
recrystallized grains. These ﬁne grains can grow up gradually
with time. As a result, the number of ﬁne grains and
equiaxed grains kept increasing with smaller average grain
size. As the intermediate annealing temperature increased
from 360 to 410°C, the average grain size became smaller and
smaller with a larger grain boundary area, thus increasing
diﬀusion channels of Si and sliding the moving interface.

8
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Figure 12: Cross-sectional microstructures of the brazed specimen annealed at 410°C and rolled to (a) 10%, (b) 20%, (c) 30%, and (d) 40%.

(a)

(b)

Figure 13: Microstructures of the 4343/3003/4343 clad sheets after brazing: (a) rolled to 40% and annealed at 360°C and (b) rolled to 10%
and annealed at 360°C.

During the brazing process, with more diﬀusion channels
and easy sliding of moving interface, one would like to see
the promotion of the penetration of Si along grain boundary,
as shown in Figure 14, whereas a larger erosion depth ratio
exhibits inferior sagging resistance. Coarse recrystallized
grains with less area of grain boundary reduce diﬀusion
channels of Si and sliding of moving interface, as shown in

Figure 13, with a smaller erosion depth ratio indicating
superior sagging resistance. Therefore, the sagging resistance
performance of 360°C intermediate annealing is better than
that of 410°C.
During the brazing process, the core layer formed with
much ﬁner Al(Mn, Fe)Si precipitated particles [19].
Therefore, the diﬀerent number densities of Al-Si-Mn-Fe or
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Figure 14: Microstructures of the 4343/3003/4343 clad sheets after brazing: (a) rolled to 40% and annealed at 410°C and (b) rolled to 10%
and annealed at 410°C.
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Figure 15: Eﬀect of reduction rate on the grain size of the sample brazed at 410°C.

0.2μm

Figure 16: TEM image for the brazed specimen.

Al-Si-Mg-Cu particles formed in the core layer of the
brazing plate will also aﬀect the sagging resistance. The
expression for the pinning force of Zener is as follows:
PZ �

3Fv cb
,
d

(2)

where Fv represents volume fraction of second phase
particle; cb represents the grain boundary energy; and d
represents the second phase particle diameter. The theory of
particle-stimulated nucleation pointed out that the pinning
of dislocation and subgrain boundary is greatly weakened
when the grain size is relatively larger that makes recrystallization easy and can be used as a nucleation substrate for
recrystallization to promote nucleation. When the particles
are relatively smaller, they primarily play the role of pinning
dislocations and subgrain boundaries, hindering the formation of recrystallized cores, causing diﬃculty in recrystallization, and thus forming coarse grain structure [20,21].
These precipitated particles have high density and relatively
small size; the small size precipitated particles will have an
obvious pinning eﬀect on dislocations. The pinning force per
unit area is shown in formula (1), so the grain boundary slip
will become very diﬃcult. Dislocation rearrangement is
hindered at a high temperature, the formation of recrystallized nuclei is inhibited, and the grain structure becomes

10
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Figure 17: SEM image and EDS map of Si for the brazed specimen.

100 μm

Figure 18: Microstructure of the 4343/3003/6111/3003 alloy specimen before annealing.

coarse. To improve the sagging resistance of brazed aluminum foil, it is necessary to control and reduce the penetration of molten ﬁller into the core alloy during brazing.
However, the formation of coarse grains in core alloy
hinders the penetration of silicon, which is beneﬁcial to
improve the sagging resistance.
When specimens are processed at the same cold rolling
reduction rates, the sagging resistance for those annealed at
360°C is superior to those annealed at 410°C, as indicated in
Figure 9. In this case, the grain sizes for those annealed at
both temperatures show diﬀerence. This phenomenon may
be resulted from the diﬀerence in the number density of AlSi-Mn-Fe- or Al-Si-Mg-Cu-based particles formed in the
core. When annealed at 360°C, the particle number density
is clearly higher than those annealed at 410°C when the
same reduction rate is employed as indicated in (Figures 19
and 20). Those precipitates could cause an increase in the
strength of the Al clad sheets and thus improve their
sagging resistance.
Based on our work, we could make the following
conclusions:

(1) The strength of hot-rolled four-layered aluminum
alloy clad sheets changes slightly when it is annealed
at a temperature above 360°C with maximal elongation appeared at 410°C.
(2) As the reduction rate increased from 10% to 40%, the
sagging distance of the hot-rolled (4343/3003/6111/
3003) clad sheet increased from 3 to 15.7 mm for
annealed specimens at 360°C. Once the specimen is
annealed at 410°C, the sagging distance is increased
from 3.1 to 20.8 mm.
(3) Formation of coarse recrystallized grain structure can
suppress erosion of Si into the core during brazing,
which results in excellent sagging resistance. Excellent
sagging resistance is the result of suppressed erosion
of Si into the core. By contrast, deteriorated sagging
resistance is caused by the formation of ﬁne recrystallized grains in the core, which promotes Si penetration along grain boundaries.
(4) At the same reduction rate, the sagging resistance of
the sample annealed at 360°C is superior to that
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Figure 19: Typical SEM images of the brazed specimen rolled to 30% and annealed at 360°C.

25μm
(a)

(b)

Figure 20: Typical SEM images of the brazed specimen rolled to 30% and annealed at 410°C.

annealed at 410°C. There are two reasons: the ﬁrst one
is that the average grain size of those samples annealed
at 360°C was larger than those annealed at 410°C and
another reason is that the formation of small size
precipitates at 360°C causing an increase in strength.
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