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Figure 4.15 Internal part of the environmental chamber, used for the tensile tests at high temperature 

 

Before starting with the tests, it was important to understand how long it takes for the 

specimen in order to reach the temperature of the furnace. Some measurements have been 

conducted, exploiting the use of a thermocouple and a non-contact infrared thermometer. 

The controller was set to 170ºC. After the temperature inside the environmental chamber 

reached that value and stabilized, the specimen was placed inside. The temperature of the 

sample was continuously controlled and the time after which it reaches the temperature 

found, corresponding to 8 minutes. 10 minutes after having placed the specimen inside 

the environmental chamber, the test started. 
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Figure 4.16: On the left, a non-contact infrared thermometer. On the right, a thermocouple. 

 

Also for the tests conducted at high temperature, the same cases mentioned in the 

previous sections were selected for the experiments. 

 

4.6. Fracture surface analysis 
 

The last step of the experimental work consisted in carrying out a fracture surface 

analysis with the SEM, in order to understand what kind of fracture occurred. The region 

around the fracture surface of 4 different specimens tested at room temperature was cut 

into smaller pieces; the conditions analyzed are the following: 

 As received 

 Solutionized at 480ºC for 2 hours 

 Aged at 120ºC for 20 hours 

 Aged at 155ºC for 17 hours 

In Figure 4.17 it is shown how the pieces of the specimen that will be analyzed are placed 

before being inserted in the SEM chamber. 
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Figure 4.17: samples positioned for the fracture surface analysis with the SEM 

 

When inclusions appear to be evident in the fracture surface, through the EDS elemental 

analysis, we can discover what elements are present in the inclusion. The inclusions are 

one of the main causes because of which a crack can start. 
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5. Results and discussion 

In this chapter the results and images coming from the microstructural analysis are 

shown. The curves resulting from the hardness measurements and tensile tests are 

illustrated and discussed. At the end of the section, the fracture surface analysis is 

reported. 

 

5.1. Microstructural observation and EDS analysis 
 

The first section of the results is dedicated to the discussion of the images captured 

with the optical microscope, at first, and then with the scanning electron microscope. 

Also, the data coming from the EDS analysis, in which the elements present in the 

microstructure are highlighted, are reported and explained. The objective of the 

microstructural analysis is to verify, for what concerns the solutionized sample, if the 

solutionizing process occurred properly, so a second phase should not be present in the 

microstructure. The solutionizing adopted, as mentioned in chapter 4, consisted in 

holding the material in a furnace at 480ºC for 2 hours. A quenching in icy water 

followed.  It must be kept in mind that, in any case, an SEM analysis is still not enough if 

there is the need to observe the precipitates. In that, case a TEM (transmission electron 

microscope) analysis should be carried out; this is expensive and requires a bigger effort 

for the sample preparation. 

 

5.1.1. Optical microscope images 

 

As previously mentioned in chapter 4, the samples for the observation with the 

optical microscope need to be polished and etched before the analysis. Since the material 

is an aluminum alloy, softer compared to many other metals, the elimination of all the 

scratches is not a trivial process and requires a careful treatment. During the last stages of 
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polishing, a polishing cloth with alumina was used in order to remove also the smallest 

scratches from the surface.  

Another important parameter that has to be set correctly is the etching time. After having 

identified the etchant that reveals in the best way the microstructure, the time of exposure 

has to be established. An immersion of the sample in the solution for a time that is not 

sufficient does not reveal the grain boundaries in a clear way. On the other hand, if the 

sample is hold for too long in the etchant, the surface becomes “burnt” and it cannot be 

observed. In order to understand which immersion time corresponds to the optimum 

value for the etchant, a trials and errors procedure has to be followed. Practically, if with 

the microscope we see the grain boundaries not well defined and they disappear from 

certain regions of the microstructure, the time of exposure is not enough. On the other 

hand, if what we observe is a surface that looks very black and nothing can be really 

distinguished, the holding time was too long. 

The images were taken with the optical microscope at different magnifications. The 

analysis was repeated both for the material in the as received condition and after 

solutionizing (in the furnace at 480ºC for 2 hours). 

In the Figure 5.1, we can see the microstructure of the solutionized sample: 

 

 

Figure 5.1: Optical microscope image of the aluminum alloy 7046, solutionized at 480 ºC for 2 hours. The 

microstructure was revealed with immersion in the Kellers etchant for 30 seconds. 
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As can be seen from the picture, the grain boundaries are well defined and, at a first sight, 

we cannot see the presence of a second phase. The smaller black dots and the 

conglomerates that we can see areporosities, as will be evidenced by the SEM analysis.  

Since, according to the results obtained with the optical microscope, the surface appears 

to be properly solutionized, the analysis with the SEM can be performed in order to have 

more details on the microstructure. 

 

5.1.2. Scanning electron microscope images 

 

The sample used for the SEM analysis is exactly the same prepared for the optical 

microscope, in which a conducting path for the electrons is built as described in chapter 

4.  

Also in this case the images where taken at different magnifications and, after that, an 

EDS analysis was performed in order to understand the elements present in specific 

regions of the microstructure. 

 

 

Figure 5.2: SEM image of the aluminum alloy 7046, solutionized at 480 ºC for 2 hours. The microstructure 

was revealed with immersion in the Kellers etchant for 30 seconds. 
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Figure 5.3: SEM image of the aluminum alloy 7046, solutionized at 480 ºC for 2 hours. The microstructure 

was revealed with immersion in the Kellers etchant for 30 seconds 

 

From Figure 5.2 and Figure 5.3, it can be noticed that the aluminum matrix appears to be 

homogeneous. The black spots, seen also with the optical microscope, are visible and in 

particular regions white zones are present as well. With a higher magnification, some of 

the bigger black spots were investigated. They are porosities in the metal matrix.. 

In order to understand which elements are present in the matrix and in the brighter and 

darker spots, the elemental analysis was carried out. 

 

5.1.3. EDS analysis 

 

A certain region of the microstructure, observed with the SEM, was selected for 

an EDS (energy dispersive X-ray spectroscopy) analysis. In Figure 5.4, Figure 5.5 and 

Figure 5.6 the spots identified for the analysis are reported.  
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Figure 5.4: EDS analysis results for Spot 1, indicated by the red arrow in the picture. The analysis was 

conducted on the aluminum alloy 7046 solutionized at 480 ºC for 2 hours. The elements found are first 

highlighted with the peaks in the diagram and then summarized in the table. 

 

 

 

Figure 5.5: EDS analysis results for Spot 2, indicated by the red arrow in the picture. The analysis was 

conducted on the aluminum alloy 7046 solutionized at 480 ºC for 2 hours. The elements found are first 

highlighted with the peaks in the diagram and then summarized in the table. 
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Figure 5.6: EDS analysis results for Spot 4, indicated by the red arrow in the picture. The analysis was 

conducted on the aluminum alloy 7046 solutionized at 480 ºC for 2 hours. The elements found are first 

highlighted with the peaks in the diagram and then summarized in the table. 

 

The results for other spots and areas analyzed are not reported since they are redundant. 

The elements present in those regions are the same as in spot 4 and the weight percentage 

is more or less equal too. We can understand that the brighter spots are characterized by 

the presence of iron or copper, while all the other parts (porosities included) have just the 

elements which characterize the alloy composition.  

According to the outcome of the analysis, the microstructure can be considered as 

homogeneous and it can be said that the solutionizing occurred properly, despite the 

presence of isolated regions with a high weight percentage of iron or copper. These areas 

are not spread all over the microstructure with continuity; the dissolution of the second 

phases is good enough in order to proceed with the ageing treatments. 
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5.2. Hardness results 
 

Within this section the results coming from the microhardness measurements, 

conducted with the Vickers microhardness tester, are shown and discussed. At first, just 

five different ageing times for each ageing temperature were planned. After the tests, 

looking at the trends obtained, it was noticed that probably the peak value for the ageing 

temperatures 120ºC and 155ºC was in the interval between 14 and 24 hours. For this 

reason, other two ageing times were added: 17 and 20 hours, which were not used for the 

material artificially aged at 185ºC, because it already overages after 14 hours. 

The tests were conducted with a load of 50 gf applied for 12 seconds. After having 

measured the length of the two diagonals created by the indenter, the average value was 

calculated. Each condition was tested 5 times and the standard deviation calculated. 

The results are shown in the diagrams and summarized with the corresponding values of 

the standard deviation in the tables. 

 

 

Figure 5.7: Microhardness variation vs. ageing time of the aluminum alloy 7046 aged at 120ºC. The 

applied load is 50 gf for 12 seconds. Each point on the diagram is the average of 5 different measurements. 
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Table 5.1: Summary of the hardness values and the corresponding standard deviations for aluminum alloy 

7046 aged at 120ºC . The applied load is 50 gf for 12 seconds. Each microhardness value is the average of 

5 different measurements, on the base of which the standard deviation is calculated. 

 

 

 

 

 

Figure 5.8: Microhardness variation vs. ageing time of the aluminum alloy 7046 aged at 155ºC. The 

applied load is 50 gf for 12 seconds. Each point on the diagram is the average of 5 different measurements. 

 

 

 

 

 

 

Time [hours] Average hardness [HV] Standard Deviation

1 116.4 4.98

4 133.8 8.98

10 143.8 10.57

14 155.2 10.33

17 159.8 7.26

20 167.2 6.30

24 140.2 8.79
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Table 5.2: Summary of the hardness values and the corresponding standard deviations for the aluminum 

alloy 7046 aged at 155ºC. The applied load is 50 gf for 12 seconds. Each microhardness value is the 

average of 5 different measurements, on the base of which the standard deviation is calculated. 

 

 

 

 

 

Figure 5.9: Microhardness variation vs. ageing time of the aluminum alloy 7046 aged at 185ºC. The 

applied load is 50 gf for 12 seconds. Each point on the diagram is the average of 5 different measurements. 

 

 

 

 

Time [hours] Average hardness [HV] Standard Deviation

1 118.6 8.20

4 133.4 6.80

10 147.8 9.50

14 162 6.96

17 176 5.61

20 162.6 6.31

24 140 8.03
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5.3.1. Tensile tests at room temperature  

 

In the graphs and tables the results coming from the tensile tests conducted at 

room temperature without being previously heated are shown.  

 

Figure 5.10: Stress-strain diagrams for the tensile tests carried out at room temperature. Aluminum alloy 

7046 tested after being aged in 3 different ways, in the as received condition and solutionized at 480 ºC for 

2 hours. 

 

From Figure 5.10, there are some considerations that can be done: 

 The heat treatment which gives the best UTS is the one performed at 155ºC for 17 

hours. 

 The ageing at 120ºC for 20 hours improves the UTS compared to the as received 

condition and shows a better elongation compared to the ageing at 155ºC for 17 

hours. 

 For what concerns the heat treatment performed at 185ºC for 10 hours, it can be 

seen that in this case the material does not work harden as much as in the other 

cases. The UTS is lower than the one of the material in the as received condition 

but the yield strength, instead, is higher. 


