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Abstract: Aluminum alloy 5083 is widely used in the fabrication of marine vessels. This paper
presents the difference in mechanical properties and microstructure between natural-cooling and
water-cooling after flame straightening. Under the synchronous water-cooling process, the peak
temperature of the heating center was unchanged, but the peak temperatures of the other areas
decreased obviously and the cooling rate increased substantially. The microhardness of the rectified
area was lower than that of the base metal. The average microhardness decreased about 4.4 HV
when using synchronous water-cooling, whereas the average microhardness of the specimen without
using water-cooling was 11.6 HV lower than the base metal. Tensile test results show that the yield
strength and the ultimate strength of synchronous water-cooling specimen increased 9.16 MPa and
1.64 MPa on average, but the elongation rate decreased compared with the specimen only under
flame straightening. The results of metallographic tests show that the grain growth tendency and
precipitation phase size and quantity reduced after using synchronous water-cooling.
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1. Introduction

The rapid development of the shipbuilding industry has caused the introduction of stricter
requirements on hull manufacturing [1]. Aluminum alloy plays an important role in the fabrication
of lightweight high-speed marine vessels due to its small specific gravity and elastic modulus,
excellent corrosion resistance, good workability, non-magnetic, and low temperature performance.
The thermal conductivity of aluminum alloy is five times higher than steel, and its linear expansion
coefficient is twice that of steel, so the deformation in aluminum alloy welding is more serious than
steel [2]. If welding deformation is not well controlled, it causes difficulties in hull assembly and
in the installation of main auxiliary machine systems, or even to failure to meet quality control
standards [3]. In the shipbuilding industry, the control of aluminum alloy welding deformation is an
urgent problem to be solved [4,5]. Aluminum alloy 5083 has excellent mechanical properties amongst
the non-heat-treatable alloys, due to the magnesium effect. Magnesium is one of the major alloying
elements; its mechanical properties improve with the increase in magnesium content, but the corrosion
resistance decreases with the increase in magnesium content [6]. Therefore, magnesium content is
generally controlled at about 5 wt % as a marine aluminum alloy. In addition, silicon also reduces the
corrosion resistance of the alloy, so the silicon content is normally controlled below 0.5 wt % [7].
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In recent years, researchers have studied the aluminum alloy welding deformation straightening
technique and its influences [8,9]. The flame rectification process after welding has been widely used
in actual productive process owing to its low-cost and easy operation. Comparing the performance of
6N01-T5 with 7N01-T5 at different heating temperatures, Xiong [10] suggested that the suitable thermal
rectification temperature of 6N01 is 200–250 ◦C and that of 7N01 is 330–400 ◦C. It was pointed out
that excessive temperature would cause the softened zone to extend to the base metal and quenched
zone. Jiang et al. [11] analyzed the changes in mechanical properties and microstructure of metal
inert-gas (MIG) welded joint of 6005A aluminum alloy after straightening with different flame heating
temperatures. The results showed that the hardness and tensile strength of the welded joint did not
change when the heating temperature was lower than 200 ◦C. When the heating temperature exceeded
200 ◦C, the hardness and tensile strength decreased significantly because of the growth of grains, and
the softened zone broadened. All these studies focused on the influences of the highest temperature on
the microstructure and mechanical properties of aluminum alloy during the heating process, without
considering the impact of high temperature dwell time. In this paper, the flame straightening of
aluminum alloy 5083 was studied. The effects of synchronous water-cooling (SWC) on the temperature
distribution and the microstructure and mechanical properties of aluminum alloy were analyzed
and compared, which provides a basis for the application of flame straightening with synchronous
water-cooling. SWC is a method that uses flowing water to immediately cool the straightening zone
after flame straightening.

2. Materials and Methods

2.1. Materials

The material employed in the tests was aluminum-magnesium alloy 5083 plates with dimensions
of 500 × 300 × 4 mm. The chemical composition is shown in Table 1.

Table 1. Chemical composition of 5083 aluminum alloy element.

Si Fe Cu Mn Mg Cr Zn Ti Al

0.4 0.1 0.1 0.4–1.0 4.0–4.9 4.0–4.9 0.25 0.15 88.2–90.6

2.2. Experimental Procedure

In order to exclude the interference caused by inconsistent drilling depth, poor contact of
thermocouples, and other external factors, the temperature distribution was measured during static
heating. k-type thermocouples were installed in the blind holes at a 3-mm depth to measure the
temperature of the three channels (Channel 1(CH 1), Channel 2(CH 2) and Channel 3(CH 3) in
Figure 1). The distances from CH 1 to CH 2 and CH 2 to CH 3 were each 10 mm [12].
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Figure 1. Schematic of temperature field measurement (mm).

In this study, an oxyacetylene flame was applied to the plate surface by Z swing to deform the
plates, as shown in Figure 2. According to the experimental requirements, the speed of the flame
heating was constant, the angle between the nozzle and the plates was not greater than 45◦, and the
distance between the nozzle and the plates was 20–25 mm. The only difference between the two plates
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was that synchronous water-cooling was used on the surface of the second plate immediately after
flame straightening.
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Figure 2. Front of test panel: (a) flame straightening; (b) synchronous water-cooling.

The metallographic specimens, hardness test specimens, and tensile test specimens were cut
from the two plates using an electrical discharge machining. The metallographic specimen was
13 × 50 × 4 mm, the hardness specimen was 19 × 80 × 4 mm, and the tensile specimen′s shape is
shown in Figure 3. The sampling position of each specimen is shown in Figure 4.

Metals 2018, 8, x FOR PEER REVIEW  3 of 12 

 

  

Figure 2. Front of test panel: (a) flame straightening; (b) synchronous water-cooling. 

The metallographic specimens, hardness test specimens, and tensile test specimens were cut 
from the two plates using an electrical discharge machining. The metallographic specimen was 13 × 
50 × 4 mm, the hardness specimen was 19 × 80 × 4 mm, and the tensile specimen′s shape is shown in 
Figure 3. The sampling position of each specimen is shown in Figure 4. 

 
Figure 3. Shape of tensile specimen (mm). 

 
Figure 4. Sampling point of specimens. 

Tensile testing was carried out in accordance with ISO 6892-1:2009. Three samples were tested 
under each condition. The tests were carried out at room temperature using a computerized Zwick 
Z100THW electromechanical testing machine (Zwick/Roell, Ulm, Germany). The fracture surfaces 
were observed by using TESCAN-VEGA3 scanning electron microscope (TESCAN, Brno, Czech). 

Vickers microhardness was measured under a load of 500 g for 10 s on the cross-section 
perpendicular to the rectification direction using a THV-1MD automatic testing machine (Yanrun, 
Shanghai, China). The locations of the microhardness test points are shown in Figure 5. The distance 
of the row away from the top surface of the plate was 1.5 mm, and the interval between each point 
was 0.5 mm.  

The samples were polished manually up to 1 or 3 microns and then finished by electrolytic 
polishing. The etchant was Barker’s reagent. After electrolytic polishing, the microstructure of the 
specimens was investigated using a Zeiss microscope (Oberkochen, Germany).  

(a) (b) 

Figure 3. Shape of tensile specimen (mm).

Metals 2018, 8, x FOR PEER REVIEW  3 of 12 

 

  

Figure 2. Front of test panel: (a) flame straightening; (b) synchronous water-cooling. 

The metallographic specimens, hardness test specimens, and tensile test specimens were cut 
from the two plates using an electrical discharge machining. The metallographic specimen was 13 × 
50 × 4 mm, the hardness specimen was 19 × 80 × 4 mm, and the tensile specimen′s shape is shown in 
Figure 3. The sampling position of each specimen is shown in Figure 4. 

 
Figure 3. Shape of tensile specimen (mm). 

 
Figure 4. Sampling point of specimens. 

Tensile testing was carried out in accordance with ISO 6892-1:2009. Three samples were tested 
under each condition. The tests were carried out at room temperature using a computerized Zwick 
Z100THW electromechanical testing machine (Zwick/Roell, Ulm, Germany). The fracture surfaces 
were observed by using TESCAN-VEGA3 scanning electron microscope (TESCAN, Brno, Czech). 

Vickers microhardness was measured under a load of 500 g for 10 s on the cross-section 
perpendicular to the rectification direction using a THV-1MD automatic testing machine (Yanrun, 
Shanghai, China). The locations of the microhardness test points are shown in Figure 5. The distance 
of the row away from the top surface of the plate was 1.5 mm, and the interval between each point 
was 0.5 mm.  

The samples were polished manually up to 1 or 3 microns and then finished by electrolytic 
polishing. The etchant was Barker’s reagent. After electrolytic polishing, the microstructure of the 
specimens was investigated using a Zeiss microscope (Oberkochen, Germany).  

(a) (b) 

Figure 4. Sampling point of specimens.

Tensile testing was carried out in accordance with ISO 6892-1:2009. Three samples were tested
under each condition. The tests were carried out at room temperature using a computerized Zwick
Z100THW electromechanical testing machine (Zwick/Roell, Ulm, Germany). The fracture surfaces
were observed by using TESCAN-VEGA3 scanning electron microscope (TESCAN, Brno, Czech).

Vickers microhardness was measured under a load of 500 g for 10 s on the cross-section
perpendicular to the rectification direction using a THV-1MD automatic testing machine (Yanrun,
Shanghai, China). The locations of the microhardness test points are shown in Figure 5. The distance
of the row away from the top surface of the plate was 1.5 mm, and the interval between each point
was 0.5 mm.
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Figure 5. Measurement position of hardness.

The samples were polished manually up to 1 or 3 microns and then finished by electrolytic
polishing. The etchant was Barker’s reagent. After electrolytic polishing, the microstructure of the
specimens was investigated using a Zeiss microscope (Oberkochen, Germany).

3. Results and Discussion

3.1. Temperature Profile

The temperature profiles of each channel were obtained during the flame rectification process to
analyze the characteristics of the thermal cycle, as shown in Figure 6. The results showed that the peak
temperature decreased with increasing distance from the heating center, so the peak temperature of
CH 1 was the highest among the three channels. Compared with the flame straightening, the peak
temperatures of CH 2 and CH 3 for SWC were 37 ◦C and 39 ◦C lower, respectively; whereas the peak
temperature of CH 1 was approximately unchanged. Moreover, compared with flame straightening,
the high-temperature dwelling time under SWC substantially decreased. For flame straightening, the
dwelling times above 150 ◦C and 100 ◦C were 35.8 s and 63 s, respectively; whereas the values under
SWC were only 10.9 s and 15.8 s, respectively. The increasing rate of temperature under SWC was the
same as that under flame straightening, whereas the cooling rate under SWC was obviously higher than
under flame straightening. The time required to reduce the temperature from the peak temperature
to room temperature under SWC was less than half of that under flame straightening. All of the
aforementioned results clearly indicate that the SWC affected the high-temperature dwelling time.
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3.2. Tensile Properties

Figure 7 shows macroscopic images of the samples after fracture. The fractures of the three tensile
specimens with flame straightening were located in the central position of the straightening zone.
However, the fractures of the specimens with SWC were not concentrated in the central position of
the straightening zone. For example, specimen 2 fractured at the rectification edge. The results of
the tensile test of the specimens under different conditions are shown in Table 2. As we know from
Table 2, the ultimate strength of the two states was not significantly different, but the yield strength
was different. The ultimate strength and yield strength under SWC were 1.64 and 9.16 MPa higher
than those under the flame straightening on average, respectively. The elongation of the specimen
with SWC was 17.35%, whereas the elongation of the specimen with the flame straightening was
19.44% on average. Compared with base metal, the ultimate strengths of the two states were basically
consistent with the base metal. The yield strength under SWC was closer to the yield strength of the
base metal [13].
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Table 2. Tensile test results.

Tensile Data State Tensile Strength (Mpa) 0.2% Yield Strength (Mpa) Elongation (%)

Base Metal

1 338.7 293.4 13.9
2 339.5 295.0 12.0
3 334.8 290.3 12.1

Average 337.7 292.9 12.7
Standard deviation 2.0 2.0 0.9

Synchronous
Water-Cooling

1 340.7 232.0 17.4
2 338.0 231.3 17.4
3 335.9 232.8 17.7

Average 338.2 232.0 17.5
Standard deviation 2.0 0.6 0.1

Flame Straightening

1 337.2 219.3 20.7
2 334.1 224.4 17.3
3 338.3 225.0 20.3

Average 336.5 222.9 19.4
Standard deviation 1.8 2.6 1.5

3.3. Fractography

Figures 8 and 9 show the scanning electron microscopy (SEM) fractographs of the fracture surface
of the samples under different conditions. Figure 8a,b and Figure 9a,b were close to the rectification
surface, Figure 8c,d and Figure 9c,d were near to the bottom of the samples. From the macroscopic
view, the fracture surface appeared to be fibrous, and the whole section was at an angle of 45◦ to the
principal stress [14]. The fracture surfaces of the samples of the two states were covered with equiaxed
dimples of various sizes. The typical dimples of the fracture surfaces indicated that the fracture
morphology was a ductile feature. Because the growth rate of micropores was significantly changed
under normal stress along three directions without uniaxial tension, and a large number of equiaxed
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dimples were produced [15] (Figures 8 and 9a,c). After magnifying 5000 times, these marks were
snakelike slippages (Figures 8 and 9b). It can be seen that the small dimples crowded around the large
dimples from the fracture morphology of the sample with SWC, and the fracture morphology of the
sample with flame straightening, were relatively uniform in size, but larger and shallower. Since the
dimple size is related to the spacing of the second phase particles, the increase in the dimple can be
explained by the increased distance of the second phase and the dispersed distribution. There was
little difference between the fracture morphology (Figures 8 and 9c,d); though the bottom was far from
the flame straightening surface, the degree of heat affected was less.
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metal. However, the microhardness of the SWC was closer to that of the base metal, and its average
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metal on average. Compared with the two states, the microhardness of the specimen with flame
straightening had a large gradient, and its average was about 7 HV lower than that of the SWC.
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3.5. Microstructure

Figure 11 shows the position where the pictures of the metallographic microstructure were taken.
The comparison results of the metallographic microstructure are shown in Figures 12 and 13, showing
transverse sections of SWC and the flame straightening, respectively.
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Figure 11. Sketch map of microstructure.

Under SWC, the microstructure appeared similar to the original, with an elongated grain structure
presented. The change in the grain shape in the thickness direction was not obvious (Figure 12a–c).
It can be considered that the grains did not grow significantly. The small amount of β (Mg5Al8)
precipitates (the black precipitate indicated by the arrow) appeared in the matrix [16], and the size of
the precipitate phases was mostly small (Figure 12d–f). This effect is shown in Figure 12e. After SWC,
the precipitates were smaller and more dispersed. The measured data showed that the average size of
the precipitates at the bottom was about 25 µm, and the average size of precipitates after SWC was
about 13 µm.
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Figure 12. Metallograph of synchronous water-cooling: (a–c) under polarized light; (d–f) bright field.

Without SWC, the grain size increased significantly in the thickness direction (Figure 13a,b).
The microstructure did not appear similar to the original, and the elongated grain structure disappeared.
The higher heat input led to a larger grain dimension, whether on the rectification surface or the reverse
side, as shown in the micrographs in Figure 13c. The grains looked like blocks rather than long strips,
and the original rolling organization state was essentially lost. At the same time, the amount of
black precipitates on the matrix increased, the size of precipitates increased, and the distribution
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of precipitates was more decentralized (Figure 13d–f). Because of the too-long dwell time at high
temperature, the surrounding supersaturated solute elements diffused and grew to the precipitated
phase, which resulted in a decline in the original solid solution strengthening effect. The measured
data showed that the average size of the precipitates at the bottom was about 25 µm, and the average
size of precipitates after flame straightening was about 20 µm.
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Figure 13. Metallograph of flame straightening: (a–c) under polarized light; (d–f) bright field.

Comparing Figures 12 and 13, we found that the recrystallization was not obvious at the
near-surface of the specimen with SWC. In addition, the β precipitate was rhabditiform or spherical in
the material, and there was no observed definite distribution rule, but it appeared randomly at grain
boundary and in the grain. It can be seen from the literature [17] that the β precipitates tend toward
nucleation and growth at dislocation and dislocation entanglement. According to the literature [18,19],
the equilibrium phase of Al-Mg alloy is β precipitate, and the β precipitate is rhabditiform, which is
consistent with the shape in Figures 12 and 13.

In order to identify the type of precipitates and enhance the identification provided by the
literature, SEM analysis was performed. The results are shown in Figures 14 and 15. The composition
of the precipitated phases in the two states was the same, but the mass percentage of each component
was different. Therefore, the precipitation was consistent. The existence of oxygen was due to the
electrochemical polishing of specimens. The other elements may be constituents of the precipitates
because the SEM only determined the composition of the precipitates and could not accurately
obtain the phase results. X-ray diffraction (XRD) was used to analyze the phases. As shown in
Figures 16 and 17, the types of precipitates were consistent, and the ratio of magnesium and aluminum
was 12:17.
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The grain growth and the coarsening of the precipitated phase were the main reasons for the
change in mechanical properties after flame straightening [20–22]. The grain growth weakened
the effect of intercrystalline strengthening. The coarsening of the precipitated phase reduced the
number of solute elements in the matrix and the effect of the solid solution strengthened. Therefore,
when water-cooling was not used, the yield strength, tensile strength, and hardness of the specimen
decreased, while the elongation increased slightly.

Synchronous water-cooling can significantly reduce the high temperature dwell time in flame
straightening. Using this process, recrystallization and growth were effectively inhibited, the diffusion
of solute elements and the coarsening of the precipitated phase were reduced, and the strength and
hardness of the aluminum alloy material were well maintained.
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4. Conclusions

In this paper, the effect of the synchronous water-cooling on the mechanical properties and
microstructure of 5083 aluminum alloy by flame straightening was investigated. Based on the analysis
described above, the following conclusions are drawn. Compared with flame straightening, the peak
temperature of the heating center was unchanged but the peak temperatures of other areas for the
SWC decreased obviously. Additionally, the cooling rate increased substantially.

The yield strength and the ultimate strength of the synchronous water-cooling specimen increased
by 9.16 MPa and 1.64 MPa on average, but the elongation rate decreased. Synchronous water-cooling
effectively reduced the dwell time of high temperature, restrained the recrystallization and growth
of grains, and reduced the diffusion of solute elements and the coarsening of the precipitated phase,
so that the microhardness of the specimen with SWC was closer to the base metal, which was about
7 HV higher than that of the specimen with flame straightening. The results show that the surface
grains of SWC specimen did not grow significantly; the precipitates in the matrix were fewer and
smaller. For the specimen with the flame straightening, the grain grew longer, but the distribution was
more dispersed.
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