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ABSTRACT 7 

 8 

Themechanical propertiesand corrosion performance of Al-Zn-Mg alloy through varied 
flame rectifications was studied based on the intergranular corrosion, exfoliation corrosion 
experiment. The results showed that the flame rectification accelerated the corrosion 
susceptibility of Al-Zn-Mg alloy.And the maximum intergranular corrosion depth are detected 

with the value of 89 m after three time of flame rectification. The tensile strength of Al-Zn-
Mg alloy increased to 383 MPa after one time of flame rectification in 300 °C. Then there is 
no significant change of tensile strength of Al-Zn-Mg alloy with the increase of flame 
rectification times. The change of corrosion resistance of Al-Zn-Mg alloy with varied flame 
rectifications is mainly associated with the transformation of precipitates and grains. There is 
a notable increase in the precipitation of phases within the grains after one time of flame 
rectification at 300°C. However, after two times of flame rectification, a phenomenon of 
"redissolution" of precipitated phases occurs. After three times of flame rectification, small-
sized new grains appear at the grain boundaries of the elongated grains within the correction 
area, which is the result of incomplete recrystallization in the alloy.  

 9 
Keywords: Al-Zn-Mg alloy, Flame rectification, Microstructure, Mechanical properties, 10 
Corrosion performance. 11 

1 INTRODUCTION 12 

Aluminum alloy has the characteristics of high linear thermal expansion coefficient and 13 
low yield strength, which will produce distortion after welding thermal cycling. There are 14 
many factors affecting welding distortion, such as local shrinkage (longitudinal contraction, 15 
transverse contraction and angular distortion), root gap, etc.

[1]
. The welding distortion of 16 

aluminum alloy workpiece is inevitably caused by uneven heating and cooling during 17 
welding. Generally speaking, the measures to control welding distortion can be divided into 18 
three categories: 1. Before welding, during the design stage of welding structure, welding 19 
deformations can be predicted using computational methods (such as numerical simulation 20 
techniques). Subsequently, measures such as optimizing structural design and positioning 21 
weld seams reasonably can be employed to "proactively" control welding deformations. 2. 22 
During welding, in the stage of welding manufacturing (assembly),"proactive" control of 23 
welding deformations can be achieved by controlling heat input, optimizing welding 24 
sequences, and utilizing external constraints and counter-deformation measures. 3. Post-25 
weld correction (thermal correction or mechanical correction), which falls under the category 26 
of "passive" control methods, which may increase costs and energy consumption 

[2,3]
. If the 27 

welding distortion can not be controlled within the permissible range by measures such as 28 
before welding and during welding, post-weld correction is required. 29 

Post welding straightening methods include mechanical straightening method (cold 30 
straightening) and flame rectification (FR) method (heat straightening) 

[4-6]
. Mechanical 31 

straightening method is to use hammer, press and other mechanical methods to produce 32 
new plastic distortion of welded structural parts to offset the deformation of welding. 33 
According to the characteristics of metallic materials expand when heated and contract when 34 
cooled, FR is heat in welded distortion area and then cool, so that the welded structural parts 35 
can produce anti-deformation and achieve the purpose of straightening welding distortion 

[7]
. 36 

Mechanical straightening is generally suitable for small parts, and FR is mainly suitable for 37 
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large structural parts. FR can be divided into spot heating, linear heating and triangle heating 38 
according to heating methods, as shown in Fig.1

[8]
. Fig.2 shows the schematic diagram of 39 

the principle of triangular FR
[8]

. The FR is often heated by oxygen-acetylene flame, whose 40 

maximum temperature can reach about 3200 °C. The distortion part is heated by moving 41 

the oxy-acetylene flame and then immediately water-cooled to reduce the welding 42 
deformation. Owing to its advantages of easy operation and flexibility, FR is widely used in 43 
the welding distortion production of steel structural parts 

[9,10]
. With the increasing application 44 

of high-strength aluminum alloy in equipment manufacturing, FR process of aluminum alloy 45 
and its effect on the structural properties of aluminum alloy are gradually attracting extensive 46 
attention. 47 

48 
Fig.1 The common heating methods for FR (a) spot heating; (b)linear heating; (c) triangle 49 

heating
[8]

. 50 

 51 

Fig.2 The schematic diagram of FR 52 

(a) FR; (b) heat areas; (c) before and after flame rectification
[8]

. 53 

Jiang et al. 
[9]

 studied the effects of straightening temperature on the mechanical 54 
properties of 7020 aluminum alloy by FR. The results showed that the mechanical properties 55 
of the welded joint have no change when the straightening temperature is 125 °C. When the 56 
temperature is higher than 225 °C, the tensile strength of the welded joint increases 57 
gradually. When the straightening temperature is higher than 325 °C, the range of softening 58 
zone becomes wider and the hardness decreases gradually. Therefore, it is recommended 59 
that the correction temperature of 7020 aluminum alloy should be lower than 325 °C. The 60 
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temperature testing indicates that the temperature field of FR is an instantaneous field, and a 61 
stable temperature field cannot be attained. Furthermore, the temperature field generated 62 
during FR is susceptible to operational factors. At the same time, Avent et al. 

[11-13]
 also 63 

emphasized that "The process remains more of an art than a science". It can be seen that 64 
the FR method can not accurately analyze the reasons for the change of alloy properties. In 65 
order to better investigate the effects of FR parameters on the microstructure and properties 66 
of 7N01 aluminum alloy, Xiong et al. 

[10]
 studied the effects of FR temperature on the 67 

microstructure and mechanical properties of the joint of aluminum alloy for high-speed train 68 
with the help of Gleeble thermal simulation testing machine. The results showed that the 69 
hardness of the weld zone was not sensitive to the FR temperature. When the temperature 70 

is lower than 300 ℃, the hardness of 7N01 aluminum alloy base metal and heat affected 71 

zone decreases, while the hardness increases within 300-350 ℃ . In consequence, the 72 

recommended FR temperature of 7N01 aluminum alloy is 300-400 ℃.  73 

Based on the above research results, it is concluded that the investigation of FR of 74 
aluminum alloy mainly focused on the change of mechanical properties. Actually, the 75 
evaluation of corrosion resistance of aluminum alloy after FR is also important. Additionally, 76 
it is necessary to pay attention to the outside region apart from inside region of FR. In order 77 
to accurately evaluate the service reliability of the Al-4.5Zn-1.5Mg-T5(wt.%) aluminum alloy 78 
structural parts, the evolution of mechanical properties and corrosion susceptibility of the 79 
aluminum alloy inside and outside region of FR were studied after actual correction process 80 
in the paper. In the actual correction process, due to variations in welding deformations, 81 
frequently conduct multiple FR, with the number of FR typically not exceeding three. 82 

2  EXPERIMENTAL PROCEDURE 83 

2.1 EXPERIMENTAL METHODS 84 

The Al-4.5Zn-1.5Mg-T5(wt.%) extruded profile alloy was used during the FR process, 85 
the dimensions of Al-4.5Zn-1.5Mg-T5(wt.%) alloy are displayed in Fig.3. The chemical 86 
composition of sample material is as shown in the Table 1. The route of oxygen and 87 
acetylene flame was set and the temperature was measured with tempilstik during FR 88 
process. The FR temperature is set at 300°C, with a heating time controlled within 2 89 
minutes. The schematic diagram of sampling zones for the mechanical property and 90 
corrosion resistance evaluation was displayed in Fig.4, the inside of triangle area is the 91 
flame rectification.  92 

 93 

Fig.3 The profile of as supplied Al-4.5Zn-1.5Mg alloy 94 

Table 1 Chemical composition of Al-Zn-Mg alloy (wt.%) 95 

Materials Zn Mg Mn Cr Zr Fe Cu Ti Si Al 

Al-4.5Zn-1.5Mg-T5 4.48 1.55 0.29 0.23 0.18 0.13 0.11 0.05 0.05 Bal. 



4 
 

 96 

 97 
Fig.4 The schematic diagram of sampling zones of Al-4.5Zn-1.5Mg alloy 98 

2.2 MICROSTRUCTURE OBSERVATION 99 

The metallographic samples were rough ground and fine ground with SiC sandpaper to 100 
2000#, followed by polishing with diamond paste with a particle size of 1.5 μm. After 101 
polishing, the specimens were etched with a mixed acid solution (2 mL HF + 3 mL HCl + 5 102 
mL HNO3 + 190 mL H2O) for approximately 45 s. After etching, the specimens were 103 
immediately rinsed with water and then dried with a blow dryer. The metallographic structure 104 
of Al-4.5Zn-1.5Mg-T5(wt.%) alloy was observed using a Leica MEF4-type metallographic 105 
microscope. Scanning Electron Microscope (SEM) with the type of Zeiss Supra55 was used 106 
to investigate the micromorphology of corrosion resistance and fracture surfaces of Al-4.5Zn-107 
1.5Mg-T5(wt.%) alloy.  108 

2.3 MECHANICAL PERFORMANCE 109 

The testing equipment used was DNS100 universal tensile testing machine, with a 110 
tensile speed of 5 mm/min. Each measurement value represents the average of three 111 
parallel specimens. The dimension used for the thermal cycling is as shown in Fig.5. 112 

 113 

Fig.5 Dimensions of repetitious FR samples for tensile test (Unit, mm) 114 

2.4 CORROSION TEST 115 

The intergranular corrosion test was conducted according to the standared ASTM 116 
G110-92 and the samples with dimensions of 40 mm× 25 mm× 5 mm were extracted from 117 
the samples afterflame rectification for intergranular corrosion (IGC) test [14].The sample 118 
was polished to 1200# with SiC sandpaper and then rinsed with acetone to remove surface 119 
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oil contamination before the experiment. The samples were immersed in a 10 wt.% NaOH 120 
solution for 5-15 minutes, then taken out and rinsed with deionized water. Then placed the 121 
sample in a 30 vol.% HNO3 solution until the sample surfaces become bright.After rinsing 122 
with deionized water, the samples were dried and ready for further testing. The non-working 123 
surfaces of the samples were sealed with epoxy resin AB adhesive. The composition of the 124 
intergranular corrosion solution is as follows: 57 g of analytical grade NaCl, 10 mL of 125 
analytical grade H2O2, and finally diluted with deionized water to a total volume of 1 L. Use 126 

thermostatic water bath to maintain the soaking temperature within the range of 35±2 ℃. 127 

The intergranular corrosion samples were cut, ground, polished, and observed using an 128 
optical microscope (OM) to measure their corrosion depth.  129 

The exfoliation corrosion (EXCO) test was conducted according to the standard ASTM 130 
G34-01[15].The samples with dimensions of 40 mm× 30 mm× 5 mm were cut from the Al-131 
4.5Zn-1.5Mg-T5(wt.%) alloy samples after different numbers of flame rectificationfor 132 
accelerated exfoliation corrosion test in water bath. The sample preparation process involves 133 
the following steps: sandpaper polishing, followed by cleaning with acetone, rinsing with 134 
deionized water, and then drying the samples. The composition of the corrosion solution is 135 
as follows: 4 M NaCl + 0.5 M KNO3 + 0.1 M HNO3. The PH of the solution is around 0.4, 136 

and the temperature of the corrosion solution is maintained at 25±2 ℃. The samples are 137 

immersed in the corrosion solution and taken out at regular intervals. The macroscopic 138 
corrosion morphology of the sample surface is recorded using a camera, and the level of 139 
delamination corrosion is evaluated. The total immersion time is 48 h. 140 

3.  RESULTS AND DISCUSSION 141 

3.1 MECHANICAL PROPERTY 142 

Fig.6 shows the changes of tensile strength and elongation of Al-4.5Zn-1.5Mg(wt.%) 143 

alloy in the straightening area under different FR times at 300 ℃. It can be seen that the 144 

mechanical properties in the straightening area changed significantly after different times in 145 

flame rectification at 300 ℃. The change of mechanical properties of the specimens with 146 

different numbers of flame rectification showed a trend of first increasing and then 147 
decreasing. The tensile strength increased to 383 MPa after one time of flame rectification, 148 
which increased by 9.42% than that of base metal. Then the tensile strength decreased with 149 
the increase of numbers of flame rectification, which is still close to that of base metal. The 150 
variation of elongation is opposite to that of tensile strength. After one time of flame 151 
rectification, the elongation decreased slightly, and gradually increased with the increasing of 152 
numbers of flame rectification. 153 
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 154 

Fig.6 Tensile strength and elongation of Al-4.5Zn-1.5Mg(wt.%) alloy inside the region of 155 

flame rectification in 300 °C 156 

The changes of tensile strength and elongation of Al-4.5Zn-1.5Mg(wt.%) alloy outside 157 

the straightening area under different numbers of flame rectification at 300 ℃  is displayed in 158 

Fig.7. As can be seen from the figure, the variation trend of mechanical properties outside 159 
the straightening area is similar to that in the straightening area. The tensile strength 160 
generally presents a trend "first rising and then decreasing", and the elongation presents a 161 
trend of "first decreasing and then increasing". 162 
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 163 

Fig.7 Tensile strength and elongation of Al-4.5Zn-1.5Mg(wt.%) alloy outside the region of 164 

flame rectification in 300 °C 165 

Fig.8 shows the fracture morphology of the specimens in the straightening area under 166 

different flame rectification times at 300℃, lots of dimples are observed, which displayed 167 

typical ductile fracture characteristics. The plastic deformation of specimens with different 168 
numbers of flame rectification can be evaluated by the dimple size of fractured specimens, 169 
namely the larger the dimple size, the better the plasticity of Al-4.5Zn-1.5Mg(wt.%) alloy. The 170 
fracture morphology of sample after one time of flame rectification is composed with fine 171 
dimples, as shown in Fig.8b. Then dimple size of fractured specimen increased with the 172 
increase of number of flame rectification, as shown in Fig.8c-d, which means the 173 
improvement of plasticity of flame rectification specimen. Fig.9 shows the tensile fracture 174 
morphology of Al-4.5Zn-1.5Mg(wt.%) alloy outside the straightening area after different 175 

numbers of flame rectification at 300 ℃, which is similar with the Al-4.5Zn-1.5Mg(wt.%) alloy 176 

inside the straightening area after different numbers of flame rectification at 300 ℃. 177 

According to the data of mechanical properties of heat treated specimens inside and 178 
outside the heat straightening area, it is concluded that no obvious deterioration of 179 
mechanical properties appeared after different numbers of flame rectification. 180 
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 181 

Fig.8  SEM images of the tensile fractures of Al-4.5Zn-1.5Mg(wt.%) alloy inside the region of 182 

flame correction after different times of FR in 300 °C (a) base metal, (b) one time, (c) two 183 

times (d) three times 184 

 185 

Fig.9  SEM images of the tensile fractures of Al-4.5Zn-1.5Mg(wt.%) alloy outside the region 186 

of flame correction after different times of flame correction in 300°C (a) base metal, (b) one 187 

time, (c) two times (d) three times 188 
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3.2 CORROSION RESISTANCE 189 

The Al-Zn-Mg alloys belongs to precipitation strengthening aluminum alloys, the change 190 
of mechanical performances and corrosion resistance are mainly associated with the 191 
transformation of the precipitates [8,16,17]. According to the ranges of temperature for 192 
precipitation and dissolution of precipitate phases in typical Al-Zn-Mg alloys [8,16,17], the 193 
evolution of the precipitates of Al-4.5Zn-1.5Mg(wt.%) alloy will occur after different numbers 194 
of flame rectification, then resulted in the change of corrosion resistance. 195 

Fig.10 shows the intergranular corrosion morphologies inside the straightening areaafter 196 

different numbers of flame rectification at 300 ℃. It can be seen from Fig.10 (a) that Al-197 

4.5Zn-1.5Mg(wt.%) alloy has good intergranular corrosion resistance before flame 198 
rectification, and no obvious intergranular corrosion occurred. Then the intergranular 199 
corrosion occurred to different degrees for the samples with different numbers of flame 200 
rectification. The intergranular corrosion process of aluminum alloy belongs to 201 
electrochemical corrosion, which is mainly caused by the anodic dissolution of boundary 202 
precipitates (GBP) or grain boundary precipitate free zone (PFZ) [8]. Grain boundary is a 203 
place where defects, impurities and alloying elements are enriched, which is usually more 204 
active than in the grain, and GBP and PFZ have more negative potential values than the 205 
matrix, which making them act as anodes [8,17]. This leads to the formation of numerous 206 
corrosion microcells, resulting in intergranular corrosion phenomenon.  207 

The intergranular corrosion susceptibility increased with the increasing of the flame 208 
rectification number, and the maximum intergranular corrosion depth of each sample is 76 209 

m, 86 mand 89 m, respectively. However, no intergranular corrosion morphology was 210 
observed in the samples outside the flame rectification area with different numbers of flame 211 
rectification. 212 

 213 

Fig.10  Intergranular corrosion micrographs of Al-4.5Zn-1.5Mg(wt.%) alloy inside the 214 

straightening region of flame correction after different times of flame correction in 300 °C (a) 215 

base metal, (b) one time, (c) two times (d) three times 216 

Fig.11 shows the macroscopic morphology of exfoliation corrosion of samples inside the 217 

straightening region after different numbers of flame rectification at 300 ℃. As can be seen 218 

from the Fig.11a, the base metal lost its metallic luster and no obvious exfoliation corrosion 219 
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phenomenon was observed. Then serious exfoliation corrosion occurred on the surface of 220 
the sample inside the straightening area after different numbers of flame rectification. The 221 
"bubbling," "peeling," and other exfoliation corrosion characteristics are obvious. The surface 222 
of specimens after flame rectification exhibited a delamination phenomenon, with layers 223 
forming and extending deeper into the interior. A large number of exfoliation corrosion 224 
products were observed after immersion corrosion testing. Additionally, the exfoliation 225 
corrosion showed typical heterogeneity, which was associated with the difference of thermal 226 
cycles during flame rectification. 227 

Fig.12 shows the macroscopic morphology of exfoliation corrosion of samples outside 228 

the straightening region after different numbers of flame rectification at 300 ℃. No exfoliation 229 

corrosion morphology on the surface of specimens was observed after one time or two times 230 
of flame rectification, which is similar to the base metal. However, serve exfoliation corrosion 231 
occurred for the sample after three times of flame rectification, which is likely associated with 232 
the duration time in high temperature after three times of flame rectification. 233 

234 
Fig.11  Surface morphology after exfoliation corrosion of Al-4.5Zn-1.5Mg(wt.%) alloy inside 235 

the region of flame correction after different times of flame correction in 300°C (a) base 236 

metal, (b) one time, (c) two times (d) three times 237 

 238 

Fig.12  SEM morphology after exfoliation corrosion of Al-4.5Zn-1.5Mg(wt.%) alloy outside the 239 

straightening region after different times of flame correction in 300°C(a) base metal, (b) one 240 

time, (c) two times (d) three times 241 

Some exfoliation corrosion samples were cut and observed under scanning electron 242 
microscopy (SEM), and the results were shown in Fig 13. As can be seen from the figure, 243 
the base metal and samples inside the straightening region after different numbers of flame 244 
rectification showed various degrees of intergranular corrosion cracking. Exfoliation 245 
corrosion of aluminum alloy is a special form of intergranular corrosion. The precipitated 246 
phase at grain boundaries has lower corrosion potential than that of matrix, so it is 247 
preferentially dissolved as anode, which makes the corrosion spread along the grain 248 
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boundaries. After flame rectification, there are changes in the size, morphology, and 249 
distribution of the precipitated phases along the grain boundaries, making it easier for 250 
aluminum alloys to form continuous anodic corrosion pathways, thereby accelerating 251 
intergranular corrosion. At the surface grain boundaries, the volume of corrosion products is 252 
greater than the volume of metal consumed due to corrosion, leading to the generation of 253 
internal stress at the grain boundaries. This results in a "wedging effect," lifting the surface 254 
metal and causing delamination, ultimately leading to exfoliation. As a result, internal stress 255 
is generated at the grain boundaries, leading to the formation of a "wedging effect" that 256 
supports the surface metal and causes delamination, finally causes exfoliation. Therefore, 257 
the test results of exfoliation corrosion are generally consistent with those of intergranular 258 
corrosion. Xie et al. [18] analyzed the corrosion behavior of LY12CZ and 7075-T7351 high-259 
strength aluminum alloys in exfoliation corrosion solution. They also considered that the 260 
formation stages of exfoliation corrosion in high-strength aluminum alloys are as follows: it 261 
begins with pitting corrosion in the early stages and gradually progresses into exfoliation 262 
corrosion. Eventually, under the influence of internal stress, the corrosion propagates and 263 
deepens along grain boundaries, resulting in exfoliation phenomenon.  264 

By comparing the microscopic morphology of exfoliation corrosion in the base metal and 265 
the samples after three times of flame rectification at 300 °C, it can be found that there are 266 
few exfoliation corrosion products on the surface of base metal while a large number of 267 
corrosion products are distributed on the surface of samples after flame rectification, as 268 
shown in Fig.11a. The corrosion susceptibility increased with the increasing of times of flame 269 
rectification. Some areas have fallen off and separated from the surface of Al-4.5Zn-1.5Mg 270 
(wt.%) after three times of flame rectification.  271 

 272 

Fig.13  SEM morphology of Al-4.5Zn-1.5Mg( wt.%) alloy after exfoliation corrosion inside the 273 

straightening region of flame correction after different times of flame correction in 300℃ (a) 274 

base metal, (b) one time, (c) two times (d) three times 275 

Fig.14 displayed the SEM morphology after exfoliation corrosion of the samples outside 276 
the straightening region after different numbers of flame rectification. The evolution of 277 
corrosion morphology of the specimens outside the straightening region is similar with the 278 
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specimens inside the straightening region after different numbers of flame rectification and 279 
the exfoliation corrosion became severe with increasing the number of times of flame 280 
rectification.  281 

Based on the results of intergranular corrosion and exfoliation corrosion tests, it can be 282 
concluded that the corrosion resistance of Al-4.5Zn-1.5Mg(wt.%) alloy deteriorates with 283 
increasing the number of times of flame rectification. For the Al-4.5Zn-1.5Mg(wt.%) alloy, the 284 

number of flame rectification at 300 ℃ should be less than two times. 285 

 286 

Fig.14 Surface morphology after exfoliation corrosion of Al-4.5Zn-1.5Mg(wt.%) alloy outside 287 

the region of flame correction after different times of flame correction in 300℃ (a) base metal, 288 

(b) one time, (c) two times (d) three times 289 

4 CONCLUSION 290 

The mechanical properties and corrosion performance of Al-Zn-Mg alloy through varied 291 
flame rectifications was studied based on the intergranular corrosion, exfoliation corrosion 292 
experiment. The results showed that the flame rectification accelerated the corrosion 293 
susceptibility of Al-Zn-Mg alloy. And the maximum intergranular corrosion depth are detected 294 

with the value of 89 m after three time of flame rectification. The tensile strength of Al-Zn-295 
Mg alloy increased to 383 MPa after one time of flame rectification in 300 °C. Then there is 296 
no significant change of tensile strength of Al-Zn-Mg alloy with the increase of flame 297 
rectification times. The change of corrosion resistance of Al-Zn-Mg alloy with varied flame 298 
rectifications is mainly associated with the transformation of precipitates and grains. There is 299 
a notable increase in the precipitation of phases within the grains after one time of flame 300 
rectification at 300°C. However, after two times of flame rectification, a phenomenon of 301 
"redissolution" of precipitated phases occurs. After three times of flame rectification, small-302 
sized new grains appear at the grain boundaries of the elongated grains within the correction 303 
area, which is the result of incomplete recrystallization in the alloy. In conclusion, when the 304 
flame temperature is 300 °C, the most suitable number of flame rectification times for Al-Zn-305 
Mg alloy material is less than two times. 306 
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