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Effect of flame rectification on corrosion property of Al-Zn—Mg alloy
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Abstract: The corrosion resistance of Al-Zn—Mg alloy subjected to different times in flame rectification was investigated based on
the exfoliation corrosion test. The results indicate that the flame rectification deteriorates the exfoliation corrosion resistance of
Al-Zn—Mg alloy. The corrosion resistance of Al-Zn—Mg alloy is ranked in the following order: base metal>two times>three
times>one time of flame rectification. The exfoliation corrosion behavior was discussed based on the transformation of precipitates at
grain boundaries and matrix. With increasing the number of times in flame rectification, the precipitate-free zones disappeared and
the precipitates experienced dissolution and re-precipitation. The sample was seriously corroded after one time of flame rectification,
because the precipitates at grain boundaries are more continuous than those in other samples.
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1 Introduction

Al-Zn—Mg alloys have been widely used in
structural components due to their high specific strength
and good weldability. Metal inert-gas (MIG) arc welding
is often used to join Al-Zn—Mg alloys with Al-Mg filler
ER5356 in structure components. However, aluminum
alloy has high thermal conductivity and thermal
expansion coefficient, which results in welding distortion
easily. Welding distortion has negative effects on the
accuracy of assembly, external appearance, and strengths
like tensile strength and fatigue strength, etc., of the
welded structures [1,2]. In many cases, additional costs
and schedule delays are incurred from correcting welding
distortion [3]. Therefore, it is very important to control
welding distortion of large welded structures during
assembly process. Basically, there are two methods for
rectifying welding distortion after welding, namely
mechanical rectification and flame rectification [4].
Mechanical rectification is capable of rectifying
deformation for small parts, while flame rectification is
usually used for large parts such as blocks and
subassemblies. Flame rectification is to rectify metal
plate by inflation resulted from local heating. Since
metallic materials expand when heated and contract
when cooled, the metal plate will generate contractive

plastic deformation because the swell is hampered by the
surrounding relatively cold areas. The new compressive
plastic distortions counteract the previous distortions
with temperature falling after heating stops [4]. In this
way, the precious distortion is counteracted. The flame
rectification process after welding has been widely used
in actual productive process owing to low cost and easy
operation [5—8]. However, flame rectification often
affects the corrosion resistance of structure workpieces.

A number of investigations have been carried out to
improve the corrosion resistance of aluminum alloys. It
has been found that heat treatment can significantly
reduce the susceptibility of Al-Zn—Mg alloys [9—11].
Recently, it has been reported that the corrosion
resistance of Al-Zn—Mg—Cu alloys could be improved
by high-temperature pre-precipitation heat treatment
[12,13]. Some researchers also reported that quenching is
another important factor that has great impact on
corrosion resistance, the results show that decrease of
quenching rate often leads to lower exfoliation corrosion
resistance [14—16].

Among various corrosion types (pitting corrosion,
intergranular corrosion, stress corrosion cracking),
exfoliation corrosion (EXCO) as a special form of
intergranular corrosion is particularly relevant to the
larger aspect ratio of grains in aluminum alloy plates
and environment exposure where potential trapping and
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concentration of water, such as riveted areas, can
occur [17,18]. The volume of corrosion products at grain
boundaries is larger than that of corroded metals, which
leads to internal stress at grain boundaries, followed by
grain lift-up that results in formation of blisters on the
surface [19,20]. EXCO has been reported to significantly
deteriorate the fatigue life of aluminum alloys [21,22].
The EXCO is controlled by intergranular corrosion
mainly from two ways: the very anisotropic fibrous grain
structure and the precipitate in the electrolyte of
corrosion products, which help lift-up the uncorroded
grains [20,23]. Many literatures focused on different
aging treatments, such as peak aging (T6), over-aging
(T7x), retrogression and reaging (RRA) treatments of
aluminum alloys and few papers reported TS condition in
recent decades. The TS condition is defined as a status of
aluminum alloy which is cooled in high-temperature
molding process and then artificially aged. In recent
years, the extrusion profiles of Al-Zn—Mg alloys in T5
condition have been widely used in rail transit industry.
In this work, the Al-Zn—Mg alloys are supplied in T5
condition, and the aim is to understand the effect of
flame rectification on the corrosion susceptibility of
Al-Zn—Mg alloys based on exfoliation corrosion test and
microstructure characterization by TEM, and to find out
the mechanism leading to the decrease of corrosion
resistance and then improve the flame rectification effect
on Al-Zn—Mg alloys.

2 Experimental

The base material used in this work was 10 mm-
thick extruded Al-Zn—Mg alloy plate in TS condition, as
shown in Fig. 1. The chemical composition and some
basic properties of this alloy are listed in Table 1 and
Table 2, respectively. The samples were heated using
oxygen—propane flame to 350 °C (10 °C) for different
times, and the details are listed in Table 3. The
temperature of heated samples was measured by a
Tempilstic temperature pen (TS0350) during flame

Fig. 1 Profile of as-supplied Al-Zn—Mg alloy

Table 1 Chemical composition of Al-Zn—Mg alloy (mass
fraction, %)

Zn Mg Mn Cr Zr Fe
4.480 1.547 0.294 0.232 0.180 0.125
Cu Ti Si \Y Al
0.113 0.054 0.050 0.014 Bal.

Table 2 Mechanical properties of AI-Zn—Mg alloy
Tensile Yield

Elongation/ Hardness Conductivity/

strength/  strength/ p N
MPa MPa % HV) %IACS
360 295 20.6 104.3 36.5

Table 3 Flame rectification parameters for AlI-Zn—Mg alloy

Temperature/ Corrosion Corrosion
Sample . .
°C times time/s
FRO - - -
FR1 350 1 120
FR2 350 2 120
FR3 350 3 120

rectification, and the torch moved at a constant speed
around the heated area to achieve uniform distribution of
temperature. After flame rectification, the samples were
quenched by water immediately.

According to the Chinese National Standard GB/T
22639-2008, the samples in dimensions of 100 mm x
35 mm % 10 mm were prepared for exfoliation corrosion
test [24]. The exfoliation corrosion solution was prepared
by following steps: Dissolve 234 g of reagent grade NaCl,
50 g of KNOj; in distilled water, and add 6.3 mL of
concentrated HNO; (70%) then dilute to 1 L. So, the
solution contains 4.0 mol NaCl, 0.5 mol KNO; and
0.1 mol HNO;. The specimens were immersed in the
corrosion solution for 48 h with the temperature
maintained at (25+2) °C. The exposed area is 35 cnt’,
and the ratio of solution volume to metal surface is
35 mL/cm®. The surface morphologies after immersion
test were examined by scanning electron microscopy
(SEM). Moreover, the corrosion resistance was evaluated
by a confocal laser scanning microscope (CLSM). In
order to quantitatively analyze the corrosion
susceptibility of the specimens, the average height
difference was measured based on the CLSM pictures.
To obtain the height difference along X-axis, the cross
sections paralleling to X-axis were obtained (the cross
sections were equidistant), then the height difference was
acquired through the height variation curves, as shown in
Fig. 2. Ten different areas with the sizes of 2560 pm X
2560 pm of the specimens were measured, then the
average of height difference was calculated. Similarly,
the height difference along Y-axis was obtained.
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Fig. 2 Height variation curve of cross section

Samples in the dimensions 10 mm x 10 mm X
0.5 mm were sectioned from the plates for TEM
examination. After grinding and polishing, the samples
were made into 100 pm-thick foils followed by double
electro-polishing in a solution of 25% HNO; + 75%

CH;0H (volume fraction) with voltage of 20 V at —25 °C.

TEM test was carried out at 200 kV on a Tecnai G*
20S-Twin equipment.

3 Results and discussion

3.1 Optical microstructure

Figure 3 reveals the optical micrographs of the
samples suffered in flame rectification at 350 °C for
different times. The fibrous grain structure is quite typical

in extruded high strength Al-Zn—Mg alloys, and this
provides condition for exfoliation corrosion [17,19,25].
The microstructures of Al-Zn—Mg alloy are nearly
unchanged after different times in flame rectification,
which is likely associated with the recrystallization
temperature of Al-Zn—Mg alloy (~460 °C) and heating
parameters (Table 3). In addition, the modification of
precipitates in Al-Zn—Mg alloy, such as GP zones, #'and
n phases, could not be observed through optical
microscope. The black particles in Fig. 3 were identified
to be a-AlFeMnSi phases [26], which often formed in
Al-Zn—Mg alloy. Generally, these particles have little
effect on exfoliation corrosion and thus will not be
discussed hereafter.

3.2 Exfoliation corrosion test

After EXCO test, the corrosion susceptibility was
evaluated in different testing equipment. Figure 4 shows
the corrosion morphology of each sample still in wet
state after finishing the test. It can be seen that the
sample FRO just lost metallic luster and no significant
corrosion features appeared. However, the corrosion
susceptibility of the specimens suffering different times
in flame rectification increased compared with the base
metal, as displayed in Figs. 4(b)—(d). The sample FR1 is
the most seriously corroded in EXCO test judging from
the macroscopic pictures of the corroded samples,
especially in area 4 in Fig. 4(b). In Fig. 4(c), the sample
FR2 reveals better exfoliation corrosion resistance than
that of sample FR1 and uncorroded areas could be
clearly seen on sample FR2. In Fig. 4(d), an uncorroded

Fig. 3 Optical micrographs of base metal (a) and samples after one time (b), two times (c), and three times (d) of flame rectification
at 350 °C for AlI-Zn—Mg alloy (ED: extruding direction; ND: normal direction)
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Fig. 4 Corrosion morphology of corroded samples still in wet state of base metal (a), and samples after one time (b), two times (c),
and three times (d) of flame rectification at 350 °C after exfoliation test for 48 h

surface B exists and the corrosion sensitivity of sample
FR3 is between that of samples FR1 and FR2.

Figure 5 presents the SEM images of samples after
EXCO test in dry state. The corroded surface of sample
FRO is full of cracks without obvious exfoliation
corrosion characteristics, as shown in Fig. 5(a).
However, the morphologies of the samples in dry state
varies significantly. Corrosion penetrates into sample
FR1 in Fig. 5(b), which is much heavier than that of
sample FR2 in Fig. 5(c) and sample FR3 in Fig. 5(d),
owing to internal stress at grain boundaries.

In order to obtain more details about the corrosion
resistance of heated samples, 3D optical micrographs of
the specimens after different times in flame rectification
were obtained after immersion in EXCO solution for
48 h, as revealed in Fig. 6. It can be clearly seen that the
samples show different morphologies and the corrosion
susceptibility increases after flame rectification. As seen
in Fig. 6(a), the surface of specimen FRO is flat, and
there are no evident corrosion characteristics. However,
after flame rectification, the specimens display typical
corrosion characteristics just like  hilly
morphology. The fluctuation of corroded surface is
observed in sample FR1, and the maximum height
difference is 382.4 um as shown in Fig. 6(b). The height
difference of corroded surface is smaller for samples FR2
and FR3 than that of sample FR1, but still much higher
than that of sample FRO (base metal). Visual examination
is difficult to detect small height difference of corrosion,
because its evaluation of corrosion level is subjective and
qualitative. In order to quantitatively analyze the
corrosion susceptibility, the height difference of
corrosion of Al-Zn—Mg alloy was measured under
CLSM according to Standard ASTM G34 [27], as listed
in Table 4. The height difference of corroded surface
ranks in the following order: FR1>FR3>FR2>FRO.

terrain

3.3 Grain boundary
During flame rectification, different microstructural

changes are likely to occur, such as recrystallization,
grain growth and modification of precipitates. The
modification of precipitates involves the dissolution of
precipitates, growth or transformation of coherent
precipitates to incoherent forms. Figure 7 shows the
microstructures at grain boundaries after different times
in flame rectification at 350 °C. As shown in Fig. 7(a),
the precipitate-free zone (PFZ) in specimen FRO is
narrow (less than 30 nm on each side of the boundary),
and the grain Dboundaries
precipitates, which are beneficial to decrease the
corrosion susceptibility [9—11]. In order to clarify
category of the precipitate phases, the selected area
diffraction patterns (SADPs) of matrix precipitates (MPts)
and grain boundary precipitates (GBPs) from sample
FRO were obtained, as shown in Fig. 8. The main strong
diffraction spots come from the aluminum alloy matrix.
The SADP analysis in matrix indicates that the extra
diffraction spots are mainly from the #' and # phases
contributing to aluminum alloys strength [28], and the
GBPs are identified to be # phases after flame
rectification, the precipitate phases change obviously,
especially the MPt. The grain boundary precipitates
become more continuous compared with base metal, as
seen in Fig. 7(b), which is harmful to the corrosion
resistance of aluminum alloys [9—11]. In Fig. 7(c), there
are almost no precipitate phases in the aluminum alloy
matrix and along the grain boundaries. After three times
of flame rectification, the grain boundary precipitates
appear again, as seen in Fig. 7(d), and some sporadic
precipitates form in matrix. The precipitate phases
experience dissolution and re-precipitation with
increasing the times in flame rectification. The
modification of precipitates is associated with the
corrosion susceptibility of aluminum alloy [29].

The exfoliation corrosion resistance of Al-Zn—Mg
alloy decreases after flame rectification, as shown in
Figs. 4-6. The precipitate phases, including the
metastable phases GP, #' and stable phase #, dissolve

contain discontinuous
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Fig. 5 SEM images of base metal (a), and samples after one time (b), two times (c), and three times (d) of flame rectification at
350 °C after exfoliation corrosion test (in dry state)

Fig. 6 Three-dimensional optical micrographs without corrosion products of base metal (a), and samples after one time (b), two times
(c), and three times (d) of flame rectification at 350 °C after EXCO test

completely at temperature of 340 °C [30]. So, after one and the coarse grain boundary precipitates and a small
time of flame rectification at 350 °C, most of the MPts amount of MPts still exist due to the short dwell
(" and # phases) dissolve into the aluminum alloy matrix, time of heating (within 2 min), as shown in Fig. 7(b).
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Table 4 Height difference of corroded surface of all samples

after EXCO test
Height difference of )
Sample Cross section
corroded surface/um
<15 X-axis
FRO .
<20 Y-axis
245 X-axis
FR1 .
232 Y-axis
95 X-axis
FR2 .
100 Y-axis
175 X-axis
FR3 .
163 Y-axis

With increasing the number of times in flame
rectification, the precipitate phases in Fig. 7(c) continue
to dissolve and form the super-saturated solid solution.
For the formation of super-saturated solid solution in
aluminum alloy, the third flame rectification can be seen
with pre-precipitation heat treatment. It is well-known
that Al-Zn—Mg alloys tend to precipitate at grain
boundaries [13]. The grain precipitation is limited, and
only a few stable phases preferentially precipitate at the
grain boundaries, because the dwell time of heating is
short, and the driving force for precipitation is too small
to reach the nucleation energy.

Fig. 7 Microstructures of grain boundaries in base metal (a), and samples after one time (b), two times (c), and three times (d) of

flame rectification at 350 °C

Fig. 8 SAD patterns of matrix precipitates (a) and grain boundary precipitates (b) in base metal
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According to the anodic dissolution mechanism, the
driving force for corrosion of Al-Zn—Mg alloy is the
potential difference between the grain boundary
precipitates # (MgZn,) and the matrix [14,20]. The z
phases always act as the anode, the PFZ and matrix act
as the cathode. The precipitates at grain boundaries in
sample FR1 are more continuous than those of the other
samples, therefore, the sample FR1 is most seriously
corroded in this test [14,19,31]. For specimen FR2,
nearly all the precipitates dissolved into the matrix, and
the potential difference between the grain boundary and
matrix decreases, reducing the degree of corrosion. With
increasing the number of times in flame rectification, the
n phases precipitate again at the grain boundaries, so, the
potential difference increases and then results in the
increase of degree of corrosion.

4 Conclusions

1) The flame rectification deteriorates the
exfoliation corrosion resistance of Al-Zn—Mg alloy. The
exfoliation corrosion resistance ranks in the following
order: base metal>two times>three times>one time.

2) After one time of flame rectification, the grain
boundary precipitates become more continuous, which
provide more continuous propagation path of exfoliation
corrosion and result in the most serious corrosion. After
two times of flame rectification, the precipitates in the
alloy continue to dissolve and super-saturated solid
solution forms, and then the potential difference between
the grain boundary and matrix decreases, reducing the
degree of corrosion. The third flame rectification can be
seen with pre-precipitation heat treatment for Al-Zn—Mg
alloy, and a few stable phases preferentially precipitate at
the grain boundaries, which increases the potential
difference and the degree of corrosion.

3) After different times in flame rectification, the
precipitate-free zones disappear and the precipitates
experience dissolution and re-precipitation.
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