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Abstract 
 

Due to a series of excellent properties, aluminum alloy materials are widely used in aerospace, transportation, building decoration, packaging 
containers, machinery and electrical appliances, electronic communications, petrochemicals, energy power, sports and health and other 
industries, and become an important basic material for the development of the national economy. . Therefore, in recent decades, deformed 
aluminum alloys have generally developed in two directions. One is to develop new high-strength and high-toughness aluminum alloy materials 
to meet the needs of aviation and aerospace; the other is to develop a series of civilian aluminum that can meet various conditions of utilization 
of alloy. Therefore, the improvement and development of aluminum alloy materials is always accompanied by heat treatment and composition 
development. Heat treatment is one of the most important means to improve the process performance and service performance of the alloy and 
give full play to the potential of the material. The most commonly used heat treatments for wrought aluminum alloys are annealing, solution 
treatment, and aging. Deformation heat treatment is also used, and chemical heat treatment is less used. In the production process of aluminum 
alloy materials, it is necessary to master the basic principles and influencing factors of various heat treatments in order to correctly specify the 
production process, solve the relevant problems in production, and achieve high quality and high yield. In the end, 6082 aluminium alloy’s 
quenching sensitivity of for rail transport was studied by using end quenching (JEQ) experiment, using JMatpro7.0 simulation software, 
combined with hardness, tensile property testing and transmission electron microscopy (TEM) observations. The results show that: (1) The TTT 
curve simulated by JMatpro7.0 shows that the quenching sensitive temperature range of 6082 aluminum alloy is 220~425oC, and the nose peak 
temperature of β and β'' phases is 375oC. The CCT curve of the alloy shows that so as toinhibit the precipitation of β' (metastable phase) during 
the quenching process, the quenching cooling rate of the alloy must be greater than 6 °C/s; (2) With the increase of the end quenching distance 
D, the aging of 6082 aluminum alloy The as-state hardness and strength decreased, and the hardening depth was 23 mm; (3) With the decrease of 
the quenching cooling rate, the quenching-induced precipitation phase β was preferentially precipitated on the α-(AlMnFeSi) phase at the 
heterogeneous nucleation site, and in the succeeding aging process doesthe β phase grow and absorb the surrounding solute atoms so that the β'' 
of theprecipitation-strengthening phase in the grain decreases; (4) In the sluggish cooling process, the vacancy concentration near the grain 
boundary reduces, and the precipitation-free precipitation zone (PFZ) at the grain boundary expands.  
 
Keywords: Heat treatment, composition, mechanical properties, microstructure, 6082 aluminum alloy, end quenching. 
 

	
1. Introduction 
 
The improvement of the level of social development has put forward higher requirements for the innovation and development of 
production technology. It is very important to develop new industrial production technology to apply it scientifically. Aluminum 
alloy is a relatively important application material in social development. The use of advanced technology in the process of 
aluminum alloy processing can effectively improve the quality of the material. The processed aluminum alloy can be used in many 
aspects. In particular, the deformed aluminum alloy 6082 has the advantages of high cost performance, low process requirements 
but good performance. It is widely used in the construction industry, automobile industry, machinery and so on. Special heat 
treatment technology to adjust and improve its mechanical properties has special uses for the machinery industry. 
 
2. Relationship between chemical composition and heat treatment temperature of wrought aluminum 
alloy 6082 
 
2.1 Chemical composition of wrought aluminum alloy 6082 
 
Chemical composition: 
 
Si：0.7-1.3，Fe:≤0.5,Cu:≤0.1,Mn:0.4-1.0,Mg:0.6-1.2,Cr:≤0.25, 
Zn:≤0.2,Ti:≤0.1[1]. 
 
6082 belongs to the aluminum-magnesium-silicon system. Among these alloys, 51S (magnesium 0.6%, silicon 0.9%) appeared 
first. Mg2Si plays a decisive role in the strengthening of aluminum-magnesium-silicon alloys. Looking at the alloys on the Al-
Mg2Si pseudo-binary state diagram (Fig. 1-1) and the alloys containing excess magnesium or silicon, it is found that the aging  
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3.2 The relationship between heat treatment temperature and time and low magnification 
 
When the solution temperature of 6082 aluminum alloy is 525±5oC, the low magnification structure has no coarse grains. But 
when the solution temperature is 545±5oC, the coarse grains of the low magnification structure begin to grow a lot. 
 

 
 

Figure 3-1 Etchant: 15% NaOH aqueous solution 
Alloy and condition: 6082 alloy extruded rod 

Heat treatment state: solution at 550±5℃ for 2 hours 
Organization characteristics: all are coarse grains 

 

 
 

Figure 3-2 Etchant: 15% NaOH aqueous solution 
Alloy and condition: 6082 alloy extruded rod 

Heat treatment state: solid solution 545±5℃ for 2 hours 
Microstructure features: coarse-grained rings with a thickness of 4.4 mm 

 

 
 

Figure 3-3 Etchant: 15% NaOH aqueous solution 
Alloy and condition: 6082 alloy extruded rod 

Heat treatment state: solid solution 525±5℃ for 2 hours 
Microstructure: The macrostructure is uniform and the grains are small. 
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Figure 3-4 Etchant: 15% NaOH aqueous solution 
Alloy and condition: 6082 alloy extruded rod 

Heat treatment state: solid solution 525±5℃ for 4 hours 
Microstructure: The thickness of the coarse-grained ring is 3.5mm 

 
3.3Relationship between heat treatment temperature and high magnification structure of forged aluminum alloy 6082 
 
3.3.1 Overview: 6082 is an aluminum-silicon-magnesium alloy that can be strengthened by heat treatment. It has high strength, 
heat resistance and corrosion resistance. 6082 is widely used in transportation, construction, military and civilian, and is one of the 
aluminum alloys with the largest output. 
 
3.3.2 Conclusion: In order to achieve the ideal strength and hardness of the aluminum alloy that can be strengthened by heat 
treatment, it must be quenched to obtain a high concentration of supersaturated solid solution, and then the purpose of alloy 
strengthening is achieved by aging. The selection of the quenching temperature is determined according to the minimum melting 
temperature of the low-melting eutectic in the alloy. If the quenching temperature is too high, the material will be over-burned 
when it exceeds the eutectic temperature of the low-melting eutectic structure; if the quenching temperature is too low, the alloy 
will be overheated. The elements and the strengthening phase cannot be completely dissolved and cannot achieve the purpose of 
strengthening. Under the condition of not causing overburning, the higher the quenching temperature, the more complete the solid 
solution of alloy elements and strengthening phases in the alloy, and the higher the mechanical properties of the alloy after 
quenching and aging. It can be seen from the balance diagram of AL-Si-Mg alloy near the aluminum corner: the eutectic 
temperature of а+S+Mg2Si is 595 ℃, and the quenching temperature of 6082 is specified as 510-590 ℃, so the 6082 alloy is the 
most difficult to pass through the heat treatment of the aluminum alloys that can be strengthened burnt. There are many factors 
that affect the overburning temperature, the main factors being the influence of alloying elements and the degree of deformation. 
 
3.3.3 Observe and test 
 
The working state of the 6082 alloy is used under the conditions of solid solution and aging strengthening, so this experiment did 
not do the process experiment in the R state. It can be seen from the figure that S decreases in a gradient with the increase of T. 
This is because the solid solution of the material below 595 °C is more sufficient with the increase of temperature, and the 
strengthening phase is more precipitated. The increase of the strengthening phase hinders the flow of the induced eddy current. Its 
conductivity goes down and its resistance goes up. When the temperature is above 595oC, the material has been over-burned, and 
the low-melting point eutectic existing in the grain and at the grain boundary is partially melted and oxidized, and the over-burned 
structure hinders the flow of the induced eddy current. The strengthening phase of the material is more precipitated and the 
strength is higher, but due to the local melting and oxidation of the low melting point eutectic in the material grain and grain 
boundary. 
 

  
 

Figure 3-5 200x low-concentration mixed acid etching at 545°C 
(Left) 

 

Figure 3-6 200x low-concentration mixed acid etching at 
552°C(Right) 
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The alloy has been completely recrystallized, and the equiaxed fine-grained compounds are broken and distributed evenly, and the 
directional arrangement is not obvious. The alloy has been completely recrystallized, and the strengthening phases such as S phase 
and Mg2Si are fully dissolved in solid solution. However, its compounds aggregate, and some grain boundaries become straight or 
folded. High temperature can be regarded as overheating phenomenon 
 

  
 

Figure 3-7 200x low concentration mixed acid etching at 
592℃(Left) 

 

Figure 3-8 200x low concentration mixed acid etching at 
595℃(Right) 

 
The heating temperature is higher and the grain size is larger, which is secondary recrystallization. The low melting point inside 
the grain and the eutectic form a liquid sphere, and the grain boundary is locally widened and flat, which is slightly overburned. 
The heating temperature is higher and the grain size is larger, which is secondary recrystallization. The low melting point eutectic 
inside the grain forms a liquid phase sphere, and the grain boundary is locally widened and straightened, which is an overburning 
phenomenon. 
 

  
 

Figure 3-9 200x low concentration mixed acid etching at 
600℃(Left) 

 

Figure 3-10 200x low concentration mixed acid etching at 
605℃(Right) 

 
 
Heating temperature is high. The grains are larger and are secondary recrystallization. The low melting point eutectic in the grains 
forms liquid spheres, and the intersection of grain boundaries is triangular, which is the phenomenon of overburning. And there 
are quenching cracks. The heating temperature is very high, the crystal grains are larger, which is secondary recrystallization. The 
low melting point eutectic inside the crystal grains forms a liquid phase sphere, the grain boundaries are widened and oxidized, 
and the intersections of the grain boundaries are triangular, which is a serious overburning phenomenon. 
 
3.3.4Conclusions and Recommendations 
 
During the heating process of the aluminum alloy, when the temperature exceeds the eutectic temperature of the low melting point 
eutectic structure, the local structure remelting is caused by overburning. The over-burning is mainly judged by the following three 
characteristics: the remelted eutectic spheres appear in the grains, the remelted local widened grain boundaries appear, and the 
remelted triangular structure appears at the junction of the three crystals. All the above three characteristics or their variant 
organization appear on the substrate, that is, the overburned organization. The above experiments show that it is reasonable to 
quench 6082 alloy at 500oC-590oC, and its comprehensive physical index is the most reasonable. Overheating occurs at 592°C, 
and overheating occurs at 595°C. In industrial production, the over-burning accident caused by human factors and equipment 
factors should be avoided. The inspectors should strengthen their own learning, strive to improve their professional skills, and 
strictly control the serious quality accident of material over-burning in the factory to ensure the quality of the manufactured 
products. 100 % qualified, so that users can rest assured. 
 
Due to the limitation of equipment, only conventional analysis of materials can be performed, and deeper analysis of materials 
cannot be performed, such as electron microscopy, microhardness, X-ray analysis, etc. 
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4. Relationship between chemical composition and mechanical properties of wrought aluminum alloy 6082 
 
4.1 Theory 
 
The relationship between chemical composition and heat treatment of wrought aluminum alloy 6082 in Chapter 2 can be known: 
as the content of Si and Mg increases, the mechanical properties will also improve. As shown in Figure 4-1 and Figure 4-2 
 

 
Effect of Excess Si on the Tensile Strength of Alloy T6 Containing 0.6%~1.0% Mg2Si:1.-Si excess 0.25%; 2-Si excess 0.15%;  

3-Si excess 0.10%; 4-Si excess 0.15% 
 

Figure 4-1 The relationship between the chemical composition range of the alloy and the tensile strength of the T6 state material 
 

 
 

Figure 4-2 Effect of excess silicon on mechanical properties 
 
4.2 Low chemical composition and mechanical properties 
 

Table 4-1 Chemical composition of forged aluminum alloy 6082: 
 

Components(%)of Element  Si Fe Cu Mn Mg Cr Zn Ti 

Actual(Measured) Value 1.04 0.216 0.0428 0.551 0.953 0.0939 0.013 0.0377 

 
Heat treatment solution temperature: 545±5oC, solution time: 3 hours; 
Heat treatment aging temperature: 175±5oC, aging time: 9.5 hours 
 
The sampling location for mechanical properties analysis and the specifications of mechanical properties test bars are shown in 
Figure 4-3, Figure 4-4 and Table 4-2: 
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5. Relationship between heat treatment temperature and mechanical properties of wrought aluminum 
alloy 6082 
 
5.1 The solution temperature remains unchanged, and the aging temperature changes 
 
1. Solid solution 560oC×0.5H, aging 180oC×2, 2.5, 3, 3.5, 4.0, 4.5, 5.0H 
2. The raw material grade is 6082 
3. The diameter of the raw material is 26mm 
4. Heat treatment equipment: Model: RX3-15-600, working range: 50-600oC 
5. Mechanical properties analysis equipment: Model: GT-TCS-2000, working range: 20000N 
6. Temperature measurement method: solid temperature measurement 
7. Before the test: No bubbles, scratches, etc. on the surface. After the test: no bubbles, scratches, etc. on the surface. 
 

Table 5-1 The solution temperature is unchanged, and the aging temperature changes the mechanical property data 
 

  T(H) / Properties 2 2.5 3.0 3.5 4.0 4.5 5.0 

Tensile strength (MPa） 435.527 434.872 448.897 433.923 432.132 419.183 435.435 
429.537 431.447 449.818 433.923 431.549 422.963 441.864 

Yield Strength (MPa） 415.024 422.83 443.353 426.951 424.89 412.676 428.231 
412.64 420.583 444.002 426.951 425.219 416.575 435.913 

Elongation（%） 12.334 11.465 10.137 10.43 10.342 10.15 10.322 
11.982 11.289 11.458 10.43 10.348 10.254 10.404 

 
5.2 The aging temperature does not change, the solution temperature changes 
 
1. Solution 560oC×0.5H and 570oC×0.5H, aging 180oC×3.0H 
2. The material grade is 6082 
3. The diameter of the raw material is 26mm 
4. Heat treatment equipment: Model: RX3-15-600, working range: 50-600oC 
5. Mechanical properties analysis equipment: Model: GT-TCS-2000, working range: 20000N 
6. Temperature measurement method: solid temperature measurement 
7. Before the test: No bubbles, scratches, etc. on the surface. After the test: no bubbles, scratches, etc. on the surface. 
 

Table 5-2 The aging temperature remains unchanged, and the solution temperature changes the mechanical properties analysis data 
 

Properties 
T(℃) 

Tensile Strength（MPa） Yield Strength（MPa） Elongation（%） 

560 448.897 443.353 10.137 
449.818 444.002 11.458 

570 438.8 428.628 14.74 
432.49 423.739 13.815 

 
5.3 Heat treatment test of semi finished product 
 
1. Solution 570oC×0.5H, aging 180oC×3.0H 

Normal process: solution 545oC×3.0H, aging 175oC×10H 
2. Material grade: cast rod 6082 
3. Schematic diagram of semi finished product 
4. Heat treatment equipment: Model: RX3-15-600, working range: 50-600oC 
5. Mechanical properties analysis equipment: Model: GT-TCS-2000, working range: 20000N 
6. Temperature measurement method: solid temperature measurement 
7. Before the test: No bubbles, scratches, etc. on the surface. After the test: no bubbles, scratches, etc. on the surface. 
 

 
 

Figure 5-1 Schematic diagram of semifinished product 
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Table 5-3 Analysis data of heat treatment of semifinished product mechanical properties 
 

Properties / T(℃) Tensile Strength（MPa） Yield Strength（MPa） Elongation（%） 

570℃×0.5H  
180℃×3.0H 

I 351.189 322.884 14.5 
II 353.62 323.02 12.535 
III 374.85 342.513 11.513 

Normal Process: 
545℃×3.0H 
175℃×10.H 

I 356.002 334.657 13.862 
II 354.75 340.733 12.529 
III 364.942 350.395 9.615 

 
5.4 Summary 
 

There are chapters 3 and 4, which can know that the higher the heat treatment temperature, the higher the performance of the 6082 
aluminum alloy under the condition that the temperature does not exceed a certain range. 
 

6. The relationship between low magnification structure, high magnification structure and mechanical 
properties of wrought aluminum alloy 6082. 
 
6.1 Relationship between low magnification microstructure andmechanical properties of wrought aluminum alloy 6082. 
 
6.1.1 The previous chapters 2 and 3 introduced the theoretical knowledge of low magnification structure and mechanical 
properties 
 
1. Solution 545oC×3.0H, aging 175oC×10H 
2. Material grade: 6082 
3. Schematic diagram of semifinished product 6-1 
4. Heat treatment equipment: Model: RX3-15-600, working range: 50-600oC 
5. Mechanical properties analysis equipment: Model: GT-TCS-2000, working range: 20000N 
6. Temperature measurement method: solid temperature measurement 
7. Before the test: No bubbles, scratches, etc. on the surface. After the test: no bubbles, scratches, etc. on the surface. 
 

 
 

Figure 6-1 Schematic diagram of semifinished product 
 

Table 6-1 Relationship between low magnification structure and mechanical properties of blanks 
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6.1.2 Comparison of mechanical properties of coarse-grained and sub-crystalline grains on the same 6082 aluminum alloy 
extruded rod: 
 
1. Solution 545℃×3.0H, aging 175℃×10H 
2. Material grade: 6082 
3. Material diameter is 125mm 
4. Heat treatment equipment: Model: RX3-15-600, working range: 50-600oC 
5. Mechanical properties analysis equipment: Model: GT-TCS-2000, working range: 20000N 
6. Temperature measurement method: solid temperature measurement 
7. Before the test: No bubbles, scratches, etc. on the surface. After the test: no bubbles, scratches, etc. on the surface. 
 

 
 

Figure 6-2 The thickness of the raw material coarse grain ring is 17.5mm 
 
The mechanical properties are shown in Table 6-2: 
 

Table 6-2 Relationship between low magnification structure and mechanical properties of raw materials 
 

Test Subject 
 

Spec. 
Standard Test 

Actual(Measured) Values 

Surface (Coarse ring site） Central（subcrystalline） 
Tensile strength  Min350(MPa) 346.63 399.3 
Yield strength Min310(MPa) 313.577 372.95 
Elongation  Min10% 18.48 13.8 

 
6.1.3 Summary 
 
From the above, it can be known that the relationship between mechanical properties and low magnification structure is that the 
mechanical properties without coarse grains are the best, but the mechanical properties decrease within a certain range with the 
increase of coarse grains. 
 
6.2 Relationship between high magnification microstructure and mechanical properties of wrought aluminum alloy 6082. 
 
6.2.1 Specimen: a high-magnification sample for forging raw materials in 6082H112 state, and a high-magnification sample in 
6082T6 state after forging. The raw material for macroscopic observation is extruded material. 
 
6.2.2 Test: 1. Grind the transverse section in the main deformation direction of the raw material to a high magnification, see 
Figures 6-3, 6-4, 6-5. 
 

 
 

Figure 6-3 6082H112-1 200X 
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7. The relationship between chemical composition and low magnification tissue and high 
magnification tissue 
 
From the analysis of theoretical knowledge in chapters 2 and 3, it can be known that the relationship between the chemical 
composition of 6082 aluminum alloy and the low-magnification structure and high-magnification structure is as follows: A certain 
amount of Fe and titanium can be added to the composition to eliminate. 6082 is prone to coarse columnar crystals during casting 
and solidification, especially when the iron content is low. Figure 7-1 The cylindrical rod of 6082 alloy DC casting has the 
problem of partial fine grains (columnar grains) due to the difficulty of grain refinement. If there are many solute elements in the 
alloy, the problem of solidification to produce coarse grains (columnar grains) is less, but purer aluminum alloys or commercial 
pure aluminum are prone to produce equiaxed and columnar grains in the casting process. The two structures are mixed as shown 
in the figure 7-2. Figure 7-2(a) shows that the position close to the mold wall solidifies to form equiaxed crystals, but the 
subsurface to the center produces directional columnar crystals, and finally the central position (in the last solidified region) 
produces equiaxed crystals. Figure 7-2(b) shows the solidified structure of 6082 cast DC without the use of an effective refiner. 
 
If the grain structure of casting solidification is to be completely refined and equiaxed as shown in Figure 7-2(a), a refiner such as 
AlTiB master alloy needs to be used during casting to refine the grains. In addition to the appropriate amount of addition for 
effective solidification and refinement, the distribution of the refiner in the solidified aluminum liquid should also be uniform. As 
shown in Figure 7-3, 6082 aluminum DC casting can use effective refiners such as TiB2 or AlTi3 particles to make columnar 
grains disappear into equiaxed fine grains. Basically, the effective refiner is the nucleus where the grain begins to solidify. The 
nucleus grows during the solidification process and finally becomes a dendrite. The interface between the nucleus and the nucleus 
with a dendrite after solidification is regarded as the grain boundary. Basically a dendritic crystal. Therefore, the number of 
effective refiners determines the size of the grains. The more effective refiners are, the finer the solidified grains are. But the added 
refiners are not all effective, 
 

 
 

Figure 7-1 6082 alloy D38mm cast rod: equiaxed grain and columnar coarse grain (incomplete grain refinement) 
 

       
 

Figure 7-2 6082 alloy DC casting a) with refiner, b) without refiner 
 

 
 

Figure 7-3 6082 alloy DC casting uses effective refiner to make columnar grains disappear into equiaxed fine grains 
(Photo courtesy of Lennart Backerud, Ella Krol and Jarmo Tamminen) 
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In addition to the mixture of equiaxed crystals and columnar crystals, the non-uniform solidified structure is commonly a mixture 
of floating crystals and dendritic crystals produced during the casting process. The products produced by the mixture of two 
different structures can be clearly displayed after anodic surface treatment. Like the above columnar crystal defects, if the ingot is 
used for processing, it is unacceptable. The product of 6082 shown in Figure 7-4. From the metallographic observation, the 
floating crystal is similar to the grain shape after plastic working, but there is no solidification redistribution of the solute, and it is 
also a huge segregation during the solidification process. Because it is different in composition from dendrites, there is no way to 
process and heat it to remove it. 
 

 
 

Figure 7-4 6082 floating crystal produces bright spots on the anode (left picture), and metallographic analysis contains dendrites (top 
right picture) and floating crystals (bottom right picture) 

 
Uneven chemical composition will cause low-fold segregation of products, and some elements in the chemical composition are too 
low to appear various feathery crystals, bright crystals and other depressions. The following low magnification segregation is an 
example: as shown in Figure 7-5, 7-6, 7-7 
 

 
 

Figure 7-5 Segregation, the thickness of the segregation is 7.8mm 
 

 
 

Figure 7-6 All coarse grains 
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Figure 7-7 6082 alloy, the metallographic structure of the segregation layer (Keller corrosion) 
 
8. Effect of Quenching Cooling Rate on Mechanical Properties of 6082 Aluminum Alloy 
 
8.1 Introduction of quenching processon mechanical properties of 6082Al 
 
Alloy 6082 is a typical heat-treatable reinforced aluminum alloy with moderate strength and good weldability, formability and 
corrosion resistance. It is often used as civil profiles (such as building materials) and in the manufacture of various structural parts, 
such as high-speed trains and hull structural parts. et al [6, 7, 8]. Quenching the 6082 alloy at a very high cooling rate can reserve 
more vacancies and solute atoms, but an excessively high cooling rate will produce uneven residual stress; while an excessively 
low cooling rate will cause the solid solution to decompose and the vacancy density will decrease, so that the alloy The solute 
atoms in the matrix are preferentially nucleated and grown on the grain boundaries or dispersed phase particles, which consumes a 
large amount of solute atoms and vacancies in the matrix and weakens the aging strengthening. Both too high and too low cooling 
rates will reduce the mechanical properties of Al-Mg-Si alloys [9,10,11]. The trace elements Sc[12] and aging[13] have different 
effects on the quenching sensitivity of alloys, however, the quenching sensitivity of heat-treatable alloys depends to a large extent 
on the quenching precipitation behavior at different cooling rates [14] . 
 
B.C. Shang used the TTP curve to study the quenching sensitivity and transformation kinetics of 6082 alloy [15], and obtained the 
quenching sensitivity of the alloy according to the quenching factor k, the critical temperature range and the critical cooling rate. 
This method is more complicated, and the end quenching method is relatively simple. The end-quench experiment(also called 
‘Jominy end-quench test’) was originally designed to determine the hardenability of steel. Deng [16] et al evaluated the 
hardenability of many Al-Zn-Mg-Cu alloys by this method, Yu-Chih Tzeng[12] et al gauged the hardenability of Al-7Si-0.6Mg-
0.04Sc alloy by JEQ test The penetration depth is about 60 mm, and Tian N [17] et al. obtained the critical cooling rate at different 
positions from the quenched end during extrusion using end quenching experiments. This shows that the hardenability of heat-
treatable-enhanced aluminum alloys acquired by the JEQ test is of great meaning for determining the quenching process of the 
alloys. In this paper, end quenching of 6082 aluminum alloy was carried out and combined with JMatpro7.0 software simulation to 
study the effect of quenching rate on quenching sensitivity and the relationship between mechanical properties and microstructure 
of the alloy under different cooling rates. 
 
8.2 Experimental method 
 
The diameter of the 6082 aluminum alloy extruded bar used in the experiment is 30 mm and the length is 130 mm, and its 
chemical composition is listed in Table 8.1. 
 

Table 8.1. Chemical composition of 6082 aluminum alloy used in the experiment (mass fraction, %) 
 

Components of the Sample Mg Si Cu Fe Mn Cr Zn Ti Al 

Actual(Measured) 
Value 

0.97 1.20 0.01 0.22 0.87 0.18 0.02 0.04 Bal 

 
The samples were solution-treated at 530 °C/1 h in a salt bath furnace, and then shifted to the end-quenching device (CK-III-2) at 
once for end-quenching experiments. The samples were free-end quenched in water at 20 °C for 10 min. The end-quenched 
samples were cut along the center line and immediately subjected to aging treatment at 180 °C for 5 h. Figure 8.1(a) shows the 
schematic diagram of the end quenching device, and 1b shows the quenched sample. Thermocouples with a diameter of 1.5 mm 
were inserted at 5 mm, 20 mm, 40 mm, 70 mm, and 120 mm from the quenching end and connected to a temperature controller to 
record the temperature changes at different positions during the quenching process. The MHBS-3000 digital Brinell hardness 
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tester was used to measure the hardness of the samples after aging, starting from D=5 mm from the quenching end, and testing the 
hardness every 8 mm, with a loading load of 250 kgf and a loading time of half a minute. Samples with dimensions of 12 mm × 8 
mm × 1 mm (perpendicular to the extrusion direction) were taken at distances D=1 mm, 20 mm, and 70 mm from the quenching 
end for microstructure observation. The tissue of the samples was observed with a TECNAI G2 F20 transmission electron 
microscope with a loading voltage of 200 KV. Preparation of transmission samples: first grind the samples to 80 um with 
sandpaper, punch holes to obtain discs with a diameter of 3 mm, and then perform electrolytic double-spray thinning. -30℃ or 
less. The width of grain boundary PFZ was measured using Nano Measure software, and the average of 10 measurements was 
taken. 
 

 
 

Fig.8.1 Schematic diagram of end quenching device:(a)and end quenching sample(b) 
 
8.3 Results 
 
8.3.1 TTT curve and CCT curve of 6082 alloy 
 
JMatpro7.0 is a thermodynamic calculation software for calculation and performance simulation based on the phase diagram of 
metal materials [18], based on the thermodynamics and kinetics of phase transition. The transformation fractions of every phase at 
discrepant temperatures and times are computed and recorded in the coordinate system of isothermal treatment temperature and 
time, so as to gain the TTT curve and CCT curve of the alloy. 
 
The TTT curve and CCT curve of 6082 alloy are both "C" type, the TTT curve in Figure 8.2(a) shows that the peak temperature of 
β', β'' phase is 375 ℃, at this temperature the β', β'' phase is easy to disengage. Dissolution and precipitation; the nose tip 
temperature of β phase is 425 °C, and the β phase is directly desolubilized and precipitated from the solid solution around this 
temperature. Figure 8.2(a) also shows that the alloy has a quenching sensitive range of 220–425 °C. In this temperature range, the 
supersaturated solid solution of the alloy has a high decomposition rate and a short incubation period. The CCT curves simulated 
by JMatpro7.0 software show that in order to inhibit the precipitation of β' (metastable phase) during the quenching process, the 
critical quenching cooling rate of the alloy must be greater than 6°C/s (Fig. 2b). 
 

 
 

Fig.8.2 TTT curve (a) and CCT curve (b) of 6082 alloy simulated by JMatPro 7.0 software 
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8.3.2 End Quenching Cooling Curves and Average Cooling Rates at Different Locations 
 
Figure 8.3(a) shows the end quenching cooling curves at 5 mm, 20 mm, 40 mm, 70 mm, and 120 mm from the quenching end. The 
temperature drops sharply from 530 to 150 °C, and slowly decreases from 150 °C to room temperature. It can be seen from Fig. 
8.3(b) that the average cooling rate of the alloy decreases with the increase of the end quenching distance D, and the decrease is 
the fastest between D = 5 mm and D = 30 mm. The average cooling rate at D=5 mm reaches a maximum of 44.07°C/s, and the 
average cooling rates at D=20, 40, 70, and 120 mm are 8.24, 2.47, 1.84, and 1.74°C/s, respectively. The relationship between the 
quenching rate v and the end of the quenching distance D is 
 

𝑣 ൌ 1.72 ൅
ସସ.଼ଽ

ଵାሺ஽/ଵଵ.଻ଵሻయ.యభ（1） 

 

 
 

Fig.8.3 End quenching cooling curve(a)and average cooling rate(b) at different locations 
 
8.3.3Mechanical properties of aged alloys 
 
The curve of hardness distribution for the end-quenched specimen in the aging state is shown in Fig. 8.4(a). It can be seen that the 
hardness curve of the alloy shows a continuous downward trend with the increase of the end quenching distance D, and the 
hardness reaches the maximum value of 97.8 HB at D=5 mm. Define Hardness Loss Values 
 

R ൌ
ୌୟ୰ୢ୬ୣୱୱఱౣౣିୌୟ୰ୢ୬ୣୱୱ౮ౣౣ

ୌୟ୰ୢ୬ୣୱୱఱౣౣ
ൈ 100%    （2） 

 
The hardenability of 6082 aluminum alloy is quantitatively characterized, where Hardness5mm is the hardness value corresponding 
to the distance D=5 mm from the quenching end, and Hardnessxmm is the hardness value corresponding to the distance D=Xmm 
from the quenching end. The position corresponding to R=10% is defined as the hardening depth of the alloy [19], and the 
hardening depth of 6082 aluminum alloy is 23 mm. It can be known from formula (1) that the corresponding quenching rate here 
is 6.07°C/s. 
 

 
 

Fig.8.4 Hardness curves and hardness loss values of aged JEQ bars(a)and drawing curves of tensile results at different positions(b) 
 
Cut the aging JEQ bar into 13 segments, numbered D1, D2..., D13, and take the center position of each segment for tensile property 
testing. Figure 8.4(b) presents the curve drawn from the tensile results of the JEQ rod. It can be seen that the yield strength and 
tensile strength of the alloy decrease with the enlargement of quenching distance D. The tensile strength, yield strength and 
elongation at D1 are 289 MPa, 258 MPa, and 22.3%, respectively; The tensile strength, yield strength and elongation are 177 MPa, 
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140 MPa, and 30.6%, respectively. It can be seen from Figure 8.4(b) that the strength decreases the fastest from D1 to D5, and the 
elongation increases the fastest. The strength decreases slowly from D6 to D13, and the elongation remains basically unchanged. 
The comprehensive properties of the material under rapid quenching are better. 
 
8.3.4 Microstructure of as-quenched 6082 alloy 
 
8.3.4.1 TEM morphology of the alloy as quenched 
 
Figure 8.5 shows the TEM morphology of the alloy as quenched, and the incident direction of the electron beam is the [001]Al 
direction. Figure 8.5 shows that there is no quenched precipitate at the grain boundary and intragranular of the alloy at D=1 mm, 
but some micron-scale gray-black phases appear in the grain. These gray-black phases are Mn-containing α-(AlMnFeSi) phases 
[20, 21, 22] generated during the homogenization process, which have high thermal stability, as shown in Figures 8.5(a) and 
8.5(d). At D=20 mm, the lamellar phase precipitates on the gray-black phase, and the energy spectrum analysis results show that it 
is the β phase. Figure 8.5(c) shows the morphology of the end-quenched sample at D=70 mm. It can be seen that the precipitates 
on the α-(AlMnFeSi) dispersion grow along the length direction, and the length is about 300 nm. From Fig. 8.5(e), it can be 
observed that there is a small amount of quenched precipitates at the grain boundaries. During the end quenching process, when 
the quenching rate is low, the quenched precipitates are easy to nucleate and precipitate on the grain boundaries and the Fe and 
Mn-rich phase particles. 
 

 
 

Fig.8.5 TEM morphology of quenched 6082 alloy: (a), (d) D=1 mm; (b) D=20 mm; (c), (e), (f) D=70 mm 
 
8.3.4.2 TEM morphologies of aged alloys 
 
Figure 8.6 indicates the TEM morphologies of the alloys aged at 180 °C for 5 h at discrepant positions from the quenching end. At 
D=1 mm from the quenching end (the quenching cooling rate is 46.59℃/s), in the rapidly quenched sample, it can be observed in 
Fig.8.6(a). It is about 3~4 nm and the length is about 10~30 nm, and it is precipitated along the [100]Al and [010]Al directions. A 
large number of granular precipitates can also be observed in Fig.8.6(a), with a diameter of about 2–3 nm. These precipitates are 
GP zone structures or cross-sections of intercalated needle-shaped precipitates. It could be noticed from the corresponding electron 
diffraction pattern (SAED) in Fig.8.6(d) that a very weak "cross" pattern appears near the [110]Al under the [100]Al crystal band 
axis. As the main precipitation phase in Al-Mg-Si alloy, β'' phase has a good strengthening effect. At D=20 mm from the 
quenching end (the quenching cooling rate is 8.25℃/s), the needle-like precipitates in the alloy grains decrease. At D=70 mm 
from the quenching end (the quenching cooling rate is 1.81 °C/s), as shown in Figure 8.6(c), the needle-like precipitates β'' in the 
crystals are significantly reduced, and rod-like precipitates β' appear, with a diameter of about 5~10 nm. , with a length of 80–100 
nm. Since β' maintains a semi-coherent relationship with the matrix and has a degree of mismatch with the matrix, it forms a 
certain strain field with the matrix [23,24], which makes the "cross" pattern of the electron diffraction pattern in Fig. 8.6(f) 
remarkable. enhanced. 
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Fig.8.6 TEM morphology of aged 6082 alloy：(a), (d) D=1 mm; (b), (d) D=20 mm; (c), (f) D=70 mm 
 
Figure 8.7 presents the TEM morphologies of the alloys at the grain boundaries in the aged state. It can be observed that when the 
quenching cooling rate is large, that is, when the cooling rate is 46.59 °C/s at D=1 mm, a small amount of fine β equilibrium phase 
precipitates on the grain boundary and is continuously distributed, and the grain boundary does not appear at this time. Obvious 
PFZ; at D=20 mm from the quenching end, the quenching cooling rate is 8.25℃/s, and obvious PFZ appears at the grain 
boundary, and the PFZ width at this time is (157±2) nm; at D=70 mm, when quenching When the cooling rate is as low as 
1.84°C/s, a wider PFZ appears in Fig. 8.6(c), the equilibrium on the grain boundary is coarser than that at D = 1 mm, and the 
distribution is discontinuous, and the width of the PFZ at the grain boundary reaches (226±2) nm . 
 

 
 

Fig.8.7 TEM morphology of grain boundaries of 6082 alloy as aged:(a) D=1 mm; (b) D=20 mm; (c) D=70 mm 
 

Figure 8.8 shows the intragranular morphology of the alloy in the aging state. Figures8.8(a) and 8.8(b) are the micro-morphologies 
at low magnifications, and Figures 8.8(c) and (d) are the enlarged morphology of the black box. Comparing Figure 8.8(c) and (d), 
it can be seen that when the quenching cooling rate is as low as 2 °C/s, the β" precipitation strengthening phase near the 
quenching-induced precipitation phase β is significantly reduced, and a PFZ region with a diameter of about 400 nm appears 
around. 
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Fig.8.8 TEM morphology of aged 6082 alloy intragranular (a), (c) D=1 mm; (b), (d) D=70 mm 
 

8.4 Analysis and Discussion\ 
 
8.4.1Precipitation kinetics of quenching-induced precipitates 
 
The end quench test can simulate the flow of heat from the center to the surface of the thick plate in one dimension, so the quench 
cooling rate varies with the location of the quench end, with the greatest difference in cooling rate at both ends of the rod, as 
shown in Figure 8.3. The quenching sensitivity is determined by the alloying element concentration and nucleation position, so the 
nucleation rate of the precipitated phase in the final quenching process in this experiment is [19] 
 

𝐼 ൌ 𝑐ଵ ൈ 𝑒𝑥𝑝ሾെ
∆ீ∗ାொ

௄்
ሿ      （3） 

 
where c1 is a constant, ΔG* is the nucleation work (J), Q is the diffusion activation energy (J) of the solute atom (which changes 
little with temperature), which can be approximated as a constant, and K is the Boltzmann constant (J/k ), T is the absolute 
temperature (K). ΔG* is closely related to the degree of subcooling. Super cooling can provide more power to drive nucleation 
when the temperature declines to a definite range (220~425°C in this study). Simultaneously, the temperature-controlled diffusion 
process will affect the subsequent coarsening of the β-equilibrium phase (Fig. 8.5(b) and (c)). 
 
In the higher temperature range (T>425°C), the diffusion of solute atoms is very fast, however, the driving force of the phase 
transition is not large enough, so the nucleation rate is not high. In the lower temperature range (T<220℃), the coarse equilibrium 
phase is rarely precipitated owing to the low diffusion rate of solute atoms. In the middle temperature range (T=220~425℃) are 
the diffusion rate and driving force of solute atoms relatively large (such as Equation 3), and the quenching sensitivity of the alloy 
is the highest. Therefore, proper diffusion rate and nucleation activation energy are necessary conditions for phase transition 
within a definite temperature range. Additionally, the time of phase transition is also a significant factor. The phase transition takes 
longer at high or low temperatures compared to the mid-temperature range. In the end quenching experiment, the time required for 
cooling from 530 °C to room temperature was different at different positions from the quenched end of the sample (Fig. 8.3(a)). It 
can be seen from Figure 8.3(a) that the quenching cooling rate at D=1 mm from the quenching end is 46.59 °C/s. At this time, the 
driving force is very large, but the time for atomic diffusion is limited. Therefore, the coarse quenching equilibrium phase is not 
observed in Fig.8.5(a). However, in the parts D=20 mm and D=70 mm far from the quenching end, due to the long time in the 
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quenching sensitive range, the equilibrium phase precipitated in the crystal during the slow quenching process could be seen in 
Figure 8.5(b) and (c). The Fe-rich phase particles serve as the basis for inhomogeneous nucleation, which promotes the 
precipitation of the equilibrium phase Mg2Si to a certain extent. 
 
8.4.2 Effect of Quenching Cooling Rate on Mechanical Properties andMicrostructure of Alloys 
 
The precipitation order of Al-Mg-Si alloy is: supersaturated solid solution α→GP region→β''→β'→β[25]. After aging at 180 °C 
for 5 h, many fine and uniform acicular dispersed phases β'' were precipitated in the crystal as shown in Figure 8.6(a). Because the 
needle-like β'' phase has a complete coherent relationship with the matrix, and basically has no mismatch with the matrix, β'' is a 
monoclinic structure, and its lattice constants are: a=1.516 nm, b=0.405 nm, c= 0.674 nm (β=105.3°), the β'' phase is the main 
precipitation strengthening phase in the Al-Mg-Si alloy, which has a good strengthening effect. The strength and hardness of the 
alloy largely depend on the aging precipitation phase β'' size and volume fraction [26]. During the low-rate quenching process, the 
number of supersaturated solid solution and solute atoms in the alloy decreases, so that the strengthening precipitation phase β'' 
decreases during the aging process. This is the main reason why the hardness of the aged state declines with the increase of the 
distance D from the quenching end [18]. Since the formation and continued growth of the coarse equilibrium phase during the 
quenching process consumes a large number of solute atoms in the matrix, the alloy has no aging precipitate in the area near the 
quenching precipitate during the subsequent aging process, but generates a certain width of PFZ, such as As shown in Fig. 8.8(d), 
this provides the quench sensitivity of the alloy. Compared to the matrix, the PFZ regions are much softer, so deformation 
preferentially occurs in these regions. This leads to dislocation cumulation and stress concentration, which degrades the 
mechanical properties of the alloy. The relationship between the Brinell hardness of 6082 aluminum alloy and the quenching 
cooling rate is revealed in Figure 9. It could be seen that when the quenching cooling rate of the alloy is lower than 5 °C/s, the 
aging Brinell hardness of the alloy decreases rapidly. (Reduced from 88 HB to 74 HB). 

 

 
 

Fig.9 Brinell hardness of alloys determined by aging state and quenching cooling rate during quenching and aging process 
 
In the defect structure of the alloy matrix, the interface has the highest energy, followed by other defects such as dislocations and 
vacancies, which are the specific nucleation sites of solid-state phase transformation. The β-equilibrium phase nucleates 
preferentially on grain boundaries and α-(AlMnFeSi) dispersions. In the subsequent aging process, the coarse β phase on the grain 
boundary consumes the solute atoms such as Mg and Si in the matrix, so that the equilibrium phase on the grain boundary 
becomes coarser and the quenching sensitivity of the alloy is improved. The width of the PFZ depends on the vacancy 
concentration, and the lower the vacancy concentration near the grain boundary, the wider the PFZ formed during the aging 
process. During the low-rate quenching process, more vacancies diffuse to the grain boundaries, forming a wider PFZ region, as 
shown in Fig.8. 7(c). In comparison with the matrix, the strength of PFZ at the grain boundary is lower, and it is easy to create 
uneven deformation during the stretching process. Therefore, dislocations tend to accumulate on PFZ, leading to stress 
concentration and crack initiation, reducing the hardness and strength of the alloy. 
 
9. Conclusion 
 
From the explanations in the previous eight chapters, it can be concluded: 
 
1. The chemical composition affects the mechanical properties and temperature of heat treatment as well as the metallographic 

structure. 
2. The temperature of heat treatment affects mechanical properties and metallographic structure. 
3. The metallographic structure can reflect the mechanical properties, temperature and chemical composition. 
4. The quenching sensitive temperature range of 6082 alloy is 220~425oC, and the critical quenching cooling rate must be higher 

than 6oC/s in the quenching sensitive range. The quenching depth of end-quenched 6082 aluminum alloy is 23 mm, and the 
quenching cooling rate at this time is 6.07oC/s, which is consistent with the results obtained by JMatpro7.0 simulation. 
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5. With the increase of the terminal quenching distance D, the reasons for the decline in the mechanical properties of the aging 
state are: 1) During the low-speed quenching process, the flaky β phase precipitates on the inhomogeneous dispersoid α-
(AlMnFeSi) phase, and the β phase precipitates in the subsequent aging process. It grows up and absorbs the surrounding 
solute atoms, so that the degree of supersaturated solid solution of the alloy decreases and the strengthening phase β'' of the 
intragranular precipitation decreases. 2) During the low-speed quenching process, the concentration of vacancies near the grain 
boundary declines, and the precipitation-free zone (PFZ) at the grain boundary expands. 
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