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ABSTRACT The influence of the microstructure on the corrosion susceptibility and mechanism of
aluminum sheet was studied. The homogenization annealing treatment results in the segregation of copper
on the surface of the re-solidified clad material and the increase of the diffusion depth of Si during brazing.
The band of dense precipitates has a higher corrosion potential than clad and core material, and the high
density particles in the diffusion zone (40 um<depth<70 um) are identified as α-Al(Fe-Mn)Si particles.
Thus, the band of dense precipitates are catalytic sites for cathodic reduction reactions. Moreover, the effect
of homogenization annealing treatment on the local electrochemical activity and corrosion properties are
studied. The results indicate that the band of dense precipitates formed in the diffusion zone in the sample
without homogenization annealing during brazing process, which improves the corrosion resistance of the
material. Compared with sample with homogenization annealing at the same thickness, the time for the
perforation during seawater acetic acid test of the sample without homogenization is longer than that of
the homogenization annealed sample.

INDEX TERMS Aluminum brazing sheet, microstructural characterization, Si diffusion, electrochemical
characterization, corrosion behavior.

I. INTRODUCTION
Aluminum alloys are commonly used in automotive applica-
tions due to their light weight and excellent physical prop-
erties [1]–[4]. During the complex manufacturing of heat
exchanger tubes, the interdependence between the evolu-
tion of the microstructure and the processes at each stage
become increasingly important. To improve the mechanical
properties and corrosion resistance of brazing sheets, it is
a good way to optimize components by thermo-mechanical
processing [5]–[8]. Microstructural evolution depends not
only on the alloy composition, but also on the process con-
ditions to a large extent. Thus, homogenization annealing
conditions, one of the important parts of brazing sheets man-
ufacture process, should be carefully considered.

Homogenizing heat treatment of the material reduces the
concentration of Mn in solid solution and is used to change
the size and the distribution of the particles [9]. During
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homogenization, the composition and morphology of the
primary phase change, and the secondary particles initially
precipitate and subsequently dissolve. The homogenized
microstructure may greatly affect the recrystallization behav-
ior, grain size, mechanical properties and corrosion resistance
of the final product [9].

D Different sizes of precipitated particles form during
the homogenization annealing process, and they may influ-
ence the evolution of microstructure and texture [10]. Large
particles (>1 or 2µm) promote recrystallization, and finely
dispersed particles (<1µm) inhibit recrystallization [11].
It has been reported that the precipitation that occurs before
recrystallization during annealing can greatly retard the onset
of recrystallization and affect recrystallized grain struc-
ture [12], [13]. Humphreys and Hatherly pointed out the
effect of strong solute on the recovery process and its influ-
ence the recrystallization driving pressure [14].

The corrosion resistance of heat exchanger materials
is commonly measured through seawater acetic acid test
(SWAAT). Several studies have focused on the corrosion
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behavior of Al brazing sheet material. Afshar et al. found
that α-Al(Fe,Mn)Si particles on the surface will increase the
cathode current density of the re-solidified clad [15], [16].
Copper was added to the core of brazing sheets, which greatly
improves the corrosion life of the material [17].

The research is dedicated to improving the corrosion resis-
tance of aluminum brazing sheet. The microstructure and
element distribution of the materials before and after braz-
ing were studied by optical microscopy (OM), scanning
electron microscope (SEM) and electron probe X-ray micro
analysis (EPMA). The open circuit potential of aluminum
brazing sheet as a function of depth after brazing is mea-
sured. The present work aims to investigate the effect of
homogenization heat treatment on the corrosion performance
of AA4343/3z23a/AA4343 layered aluminum brazing sheets
and provide enhanced corrosion protection bymicrostructural
control of the aluminum brazing sheet.

II. EXPERIMENTAL
A. MATERIALS
The experimental material was a sandwich multi-layers
AA4343/3z23a/AA4343 brazing aluminum sheet with a
thickness of 0.27 mm. Its chemical composition is presented
in Table 1.

TABLE 1. Chemical composition (wt. %) of 3z23a (core) and AA4343
(clad) materials.

As are listed in Table 2, the layered aluminum sheets were
divided into two parts and denoted as A and B.

TABLE 2. Different homogenization annealing treatments of layered
aluminum sheets.

B. BRAZING PRODUCEDURE
The sheets were properly placed in a controlled atmosphere
brazing furnace and were heated to 600◦Cwithin 15 minutes,
held at this temperature for 5 min and cooled to room temper-
ature at a specified ramp (100◦C/min).

C. FLUIDITY TEST OF THE CLAD MATERIAL
At present, no test method for evaluating the fluidity of the
clad material is available. In this paper, a method for testing

the fluidity of the clad material by jiangsu Alcha Aluminum
Company Ltd. was adopted. Testing process for clad fluidity
is shown in Table 3. The K value was used to characterize the
fluidity of the brazing layer, mainly depending onWb,Wo and
Clr . The K value can be calculated as follows:

K =
Wb − 0.25×W0

0.75×W0 × Clr
(1)

where Wo is the total weight of the sample after brazing, Wb
is the weight of the bottom quarter of the sample after brazing,
and Clr is the total cladding rate. When K≥0.2, the fluidity of
the brazing layer meets the requirements.

TABLE 3. Process for the fluidity test.

D. MICROSTRUCTURAL ANALYSIS
The microstructures of the sheets were examined before and
after brazing by OM, SEM and EPMA. EPMA provided
quantitative line scans of Si and Cu before and after brazing.

E. ELECTROCHEMICAL ANALYSIS
The electrochemical properties of the sheets with and with-
out homogenization were investigated by corrosion potential
measurements and the cathodic and the anode polarization
measurements. The electrolyte was a 3.5 wt.% NaCl solution
acidified to pH 2.8 by adding acetic acid.

The specimens were cut into pieces approximately
15 mm×100 mm in size and degreased with acetone. The
sample was covered with 704 silicone rubber with a window
size of 10 mm×10 mm on the clad side. Electrochemical
tests were performed in an environment with no stirring. The
corrosion potential under open circuit condition for samples
was recorded for 1 h.

F. CORROSION ATTACK MECHANISM
SWAAT samples of 60 mm×60 mm were used. The back
side and edges were covered with 3M Scotch brand tape
M470 [18] During the experiment, the conditions inside the
cabinet were kept constant. The spray was 3.5 wt. % of
sodium chloride acidified with glacial acetic acid. The pH
was then adjusted to 2.8 by using 10 wt. % NaOH.

III. RESULTS
A. MICROSTRUCTURAL EVOLUTION
1) OPTICAL MICROSCOPY
The optical microstructures of the cross-sections of the mate-
rial with and without homogenization annealing before and
after brazing are shown in Fig. 2. Before brazing, the clad
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FIGURE 1. Schematic of the sheet. All dimensions in mm.

FIGURE 2. Optical images of the brazing sheets with a thickness 0.27 mm
with and without homogenization annealing: (a and c): processing A;
(b and d): processing B.

FIGURE 3. SEM images of the sheets with a thickness 0.27 mm before the
final annealing. (a) Processing A, (b) Processing B.

material consisted of α-Al matrix and Si particles. The
Fe/Mn-containing particles are dispersed in the core mate-
rial. After brazing, the Al–Si eutectic phase accumulated on
the surface and grain boundaries of the re-solidified clad.
As shown in Fig. 2(c), for the brazing sheets without homog-
enization annealing, a 50–60 µm wide Band of Dense Pre-
cipitates (BDP) was formed between the liquid clad and solid
core.

From Fig. 3(a), without homogenization annealing sam-
ple contains more particles, and most of them are smaller
than 1 µm. From Fig. 3(b), the sample with homogenization
annealing at 590◦C contains large-sized particles. During the
subsequent annealing, the particles grow and form a large
number of particles which are larger than 1 µm.

From Fig. 4, without homogenization annealing sample
contains pancake-like recrystallization grains after brazing,

FIGURE 4. Polarized optical images of the brazing sheets with a thickness
0.27 mm with and without homogenization annealing. (a and c)
Processing A, (b and d) Processing B.

FIGURE 5. EPMA line scan analysis of Si element. (a) Processing A,
(b) Processing B.

FIGURE 6. EPMA line scans analysis of Cu element. (a) Processing A,
(b) Processing B.

and the sample with homogenization annealing contains
equiaxed recrystallization grains.

2) EPMA
The EPMA line scans for Si throughout the cross section of
the non-brazed and brazed materials are shown in Fig. 5.

From Fig. 5, the concentration of Si in the diffusion zone
after brazing shows a significant increase. The quantitative
compositional analysis of the elemental distribution in the
brazing sheet structure shows that the Si content in the diffu-
sion zone increased by 0.2 wt. % in Processing A (Fig. 5(a))
and 0.6 wt.% in Processing B (Fig. 5(b)). There is a sharp
transition from the Si composition in the clad layer to that of
the core layer before brazing. From Fig. 5, the diffusion depth
of Si in sample B is significantly deeper than that in sample A
after brazing.

For non-homogenization annealed samples in Fig. 6(a),
Cu in core layer hardly transfers into the clad material
before and after brazing. For with homogenization annealing
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TABLE 4. The fluidity of the clad material.

FIGURE 7. Average open-circuit corrosion potentials of non-brazed and
brazed clad materials for processing A and B subjected to 1 h of
immersion into 3.5 wt.% NaCl solution at pH 2.8 before anodic and
cathodic polarization(scan rate 5 mV/s).

samples in Fig. 6(b), Cu diffuses into the clad material before
brazing. After brazing, the Cu content in the diffusion zone
significantly increased. The quantitative analysis reveals an
increase of 0.7 wt. % Cu in the diffusion zone.

B. FLUIDITY TEST OF THE CLAD MATERIAL
The calculated K values are presented in Table 4. The calcu-
lated K values of the sheets with and without homogenization
are 0.05 and 0.27 respectively. Thus, the fluidity of the braz-
ing layer without homogenization is significantly better than
that with homogenization.

C. ELECTROCHEMICAL CHARACTERIZATION
The corrosion potentials of the samples with and with-
out homogenization were compared and correlated to
the microstructural changes due to homogenization.
From Figure 7(a), almost no difference in the open circuit
potential (OCP) of clad material was observed with and
without homogenization for the non-brazed material. For the
clad material with homogenization, 10-mV increase of the
open-circuit corrosion potential are observed after brazing.

D. CORROSION MORPHOLOGY
Fig. 8 shows the corrosion morphology of the brazed material
after 6 and 12 days in SWAAT solution. From Fig. 8(b), sam-
ple B has been almost penetrated after 6 days SWAAT, while
only partial exfoliation was observed in sample A (Fig.8(a)).
As shown in Fig. 8(c), the residual clad of sample A is partly
exfoliated because of the corrosion of the diffusion region.
When the corrosion spread to the BDP, the corrosion form is
replaced by exfoliation corrosion due to the lower corrosion
potential of the dense precipitates (Al(Fe,Mn)Si phase).

IV. DISCUSSION
A. MICROSTRUCTURAL ANALYSIS
The second phase particles strongly influence the recrystal-
lization kinetics and final grain size. Based on SEM images

FIGURE 8. The corrosion morphology of brazed material after in SWAAT
solution. (a and c) Processing A, (b and d) Processing B.

in Fig. 3(a), small dispersed second phase particles in non-
homogeneous annealing sample strongly affect the simul-
taneous/subsequent recrystallization process. According to
the Particle Stimulated Nucleation (PSN) theory, these small
dispersed particles inhibit the movement of dislocation and
sub-grain boundaries, hindering the nucleation and growth
of recrystallized grains [14]. Due to the non-uniformity of
rolling deformation, recrystallization nucleation and growth
occur at the sites with large deformation energy storage, and
the growth occurs by engulfing small crystal grains around.
Consequently, obtains coarse recrystallization grain. From
Fig. 3(b), the homogeneously annealed sample at 590◦C con-
tains large-sized particles. During the subsequent annealing,
the particles grow and more and more particles are larger than
1 µm. According to the PSN theory, large particles(>1µm)
exacerbate local cold deformation, increase deformation stor-
age energy, promote nucleation, and refine grains. Thus,
small equiaxed grains are obtained.

In addition to the size factor of the second phase, the inter-
action of the second phase precipitation with the recrys-
tallization process also has an important effect on the
recrystallization process and microstructure [14]. In supersat-
urated Al-Mn alloys, precipitation occurs before or simulta-
neously with recovery and recrystallization which is referred
to as concurrent precipitation [19]. The interaction between
precipitation and recrystallization mainly depends on the
critical Tc. When T>Tc, recrystallization is slightly affected
by precipitation, and when T<Tc, concurrent precipitation
inhibits recovery and recrystallization. For the Sample A,
the final annealing temperature T<Tc. Therefore, the mate-
rial obtains large pancake-like grains. For the Sample B,
the final annealing temperature T>Tc. Thus, fine equiaxed
grains are obtained.

The melting clad alloy penetrates into the core alloy along
the grain boundaries, reducing the brazability of multi-layers
brazing sheets. The grain boundary is considered to be a
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high-speed diffusion channel. During brazing, Si in the elon-
gated grains travel much longer through the same depth
compared to equiaxed grains. Therefore, the barriers and
diffusion activation energy are much larger than that in fine
equiaxed grains, and diffusion will also be much more dif-
ficult. From Fig. 5, the Si content of the diffusion zone of
the non-homogeneously annealed material increased only by
0.2 w.t %, while the Si content of the diffusion zone of the
homogeneous material increased by 0.6 wt. %.

Mn in the core material exists as dispersoids and solid
solution in the matrix. The amount of Mn in the solid solution
for processing B before brazing is 0.44 wt. %. The amount of
Mn in the solid solution for processing A before brazing can
be as high as 0.89 wt. %, which indicates its supersaturation.
After brazing the alloy is at 600 ◦C, Si diffuses from the clad
alloy into the core alloy. Si will make the supersaturated solid
solution of Mn unstable and will force Mn and Fe to pre-
cipitate as α-Al(Fe,Mn)Si [9]. BDP formed in the diffusion
zone, as shown in Fig. 2(c). The formation of BDP and the
depletion of manganese in the solid solution are responsible
for the enhanced corrosion resistance of aluminum brazing
sheet.

B. DIFFUSION OF Si
When T<0.5 Tm∼0.75 Tm (Tm is the equilibrium melt-
ing temperature), diffusivity at the grain boundary regions
is higher than in the bulk material, and Dgb/Dl is
105 or higher [20]. Dgb is the grain boundary diffusion coef-
ficient; Dl is the lattice diffusion coefficient.

The final annealing temperature for process A and
process B is 420◦C, and T/Tm is approximately 0.65. There-
fore, diffusivity of Si at the grain boundary regions is higher
than in the bulk material. Samples for process B is composed
of fine equiaxed grains, so the diffusion depth of Si in the
sample B is significantly deeper than in the sample A.

The brazing temperature of processing A and processing B
is 600◦C, and T/Tm is approximately 0.93. Thus, diffusiv-
ity of Si in the grain boundary regions is relatively small.
Therefore, the diffusion solidification in sample A is similar
to that in the sample B. However, as can be seen from Fig. 5,
the diffusion depth of Si in the sample B after brazing is
significantly deeper than that in the sample A.

During the brazing process, the liquid clad layer penetrates
into the core layer along the grain boundaries. The driving
force of this migration is the interfacial energy:

F = γGB − 2γSL (2)

The grain boundary energy of the high-angle grain bound-
ary is much higher than that of the low-angle grain bound-
ary [20]. Only grain boundaries with a misorientation of
15◦ or higher will be wetted. This means that Si from the clad
alloy penetrates only along the high angle grain boundaries.
The fraction of the high-angle grain boundary fraction in sam-
ple B is larger than in sample A. Therefore, the penetration
speed of Si in the sample B was faster than in the sample
A. Thus, the core layer with pancake-like grains can limit

diffusional solidification and extend the retention time of the
melt clad.

Besides, gradient distribution of Si from the clad to core
is formed in the sample B after brazing. Sample A has no
significant concentration gradient due to the formation of the
DBP region in the diffusion region.

C. CORROSION MECHANISM
The alloying elements Cu and Si have an important influ-
ence on the corrosion potential and corrosion resistance of
AA4343/3z23a/AA4343 brazing sheet. Si has an ennobling
effect on the corrosion potential of the aluminum matrix,
which will increase the OCP values which are measured in
the affected area. Cu in solid solution increases the OCP
values measured in the diffusion zone and the local corrosion
resistance [21]. Thus, diffusion of Si from the clad to the
core reduces the corrosion potential of the clad material, but
the copper diffusion has a greater influence on the corrosion
potential than Si [15]. From Fig. 6, the nobler OCP of the clad
material with homogenization for the brazed material can be
attributed to Cu diffusion into the clad material. The electro-
chemical effect of Cu and Si diffusion during homogenization
is 10-mV increase of the OCP for the clad material.

From Fig. 7(a) and (b), the interfacial region between the
re-solidified clad material and the core material exhibits the
highest density of precipitates. The Al(Fe,Mn)Si precipitates
are the cathode compared to the Al matrix, which allow
for galvanic coupling and corrosion propagation between
the Al matrix and the precipitates [22]. The high density
of Al(Fe,Mn)Si cathode precipitates promote dissolution of
the Al matrix around them and causes corrosion propagation
along the clad layer. The formation of BDP and the depletion
of manganese in the solid solution avoid perforation corro-
sion and are considered to be responsible for the enhanced
corrosion resistance of the aluminum brazing sheet [23].

The electrochemical depth profiling of aluminium brazing
sheet for processing A after brazing are schematically shown
in Fig. 9(a). Since the solid solution Mn content in the core
material is high, it has a high corrosion potential. The corro-
sion potential of the core material is -680 mV, and corrosion
potential of the re-solidified clad is -688mV, which is slightly
higher than diffusion zone (-694 mv) because it contains less
copper and less manganese. As can be seen in Fig. 9(a),
the corrosion potential difference between re-solidified clad
and the core alloy is 14 mV. Besides, the diffusion zone
contains large quantities of Al(FeMn),Si precipitates, which
are cathode phase with respect to Al matrix, which makes the
diffusion region susceptible to corrosion. When the corrosion
spread to the BDP, the corrosion form is replaced by exfoli-
ation corrosion due to the lower corrosion potential of high
density of Al(Fe,Mn)Si precipitates. This means that when
most of the diffusion zone has been corroded, corrosion of
the re-solidified clad layer is the next step. When both the
diffusion zone and the resolidified clad layer have corroded,
subsequent corrosion of the core layer occurs. The BDP
acted as an active cathode and avoid perforation corrosion of
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FIGURE 9. The electrochemical depth profiling of aluminium brazing
sheet after brazing.

aluminium brazing sheets, which greatly improve the corro-
sion life of the material as well as the perforation time.

The electrochemical depth profiling of aluminium brazing
sheet for processing B after brazing are schematically shown
in Fig. 9(b). As can be seen in Fig. 9(b), the corrosion poten-
tial difference between resolidified clad layer and the core
layer is 20 mV. Corrosion of the core layer is the next step
when most of the resolidified clad layer has been corroded.
From many points of clad penetration, corrosion proceed in
all directions, which is often referred to as pitting of the core.
This leads to a quick perforation of the brazing sheets. The
progress of the corrosion in sample B after penetration of the
clad can be easily explained by the OCP which is represented
in Fig. 9(b). Both the core and the re-solidified clad are then
exposed to the corrosive environment. Due to the low OCP,
the re-solidified clad preferentially corrode.

V. CONCLUSION
Applying EPMA and potentiodynamic polarization measure-
ments, microstructural characterization, and electrochem-
ical characterization of AA4343/3z23a/AA4343 layered
aluminum sheets before and after brazing were studied. The
following results can be drawn.

(1) Small and dispersed second phase particles in the non-
homogeneous annealing sample inhibit the movement of dis-
location and sub-grain boundaries, hinder the nucleation and
growth of recrystallized grains, and lead to coarse recrys-
tallization grains. The homogeneously annealed sample con-
tains large-sized particles. During the subsequent annealing,
the particles serve as a nucleation substrate for recrystallized
grains to promote nucleation, lead to small equiaxed recrys-
tallization grains.

(2) The fluidity of the brazing layer without homogeniza-
tion is significantly better than that with homogenization.

(3) The Si concentration of the affected area significantly
increases after brazing. For the homogenization annealed
samples, the Cu in the core layer diffuses into the clad layer
and the Cu concentration of re-solidified clad increases sig-
nificantly.

(4) The band of dense precipitates, formed in the diffusion
zone during brazing, changes the corrosion mechanism of
the Al brazing sheets from inter-granular corrosion to local
exfoliation corrosion, which greatly improves the corrosion
life of the brazing sheets as well as the perforation time.
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