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Abstract


After different rolling conditions, four 7055 aluminum alloy samples with different precipitation sizes were measured by scanning electron microscope, transmission electron microscope and laser ultrasonic. The attenuation coefficients of ultrasound measured by laser ultrasonic were calculated in the time domain, frequency domain and wavelet denoising, respectively. The relationship between the precipitate size and attenuation coefficient was established. The results show that the attenuation of the ultrasonic wave is related to the size of the precipitated phase; this provides a new method for rapid non-destructive testing of the precipitation of aluminum alloys.
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1. Introduction


Aluminum alloy has a series of advantages and is widely used [1,2]. The 7055 aluminum alloy is a new generation of high-strength Al-Zn-Mg-Cu series aluminum alloy and is an ultra-high-strength aluminum alloy that can be heat-treated [3]. The 7055 aluminum alloy has advantages such as low density, high strength to weight ratio, good toughness, and high corrosion resistance, and thus is a major material for the aerospace industry [4].



In the typical age-hardened alloy systems, alloying elements may exist in the form of randomly distributed solute atoms in solid solution, or in the form of constituent elements of precipitates with specific crystal structures. It has been shown that the strength of aluminum alloy mainly depends on the type, size, quantity and distribution of precipitates in the grain [5,6]. The size and distribution of the precipitated phase of the aluminum alloy have an effect on the recrystallization of the aluminum alloy [7,8]. The fine precipitation phase produces age strengthening, prevents the migration of dislocations, and thus increases the strength of the alloy, which is one of the ways to improve the properties of the alloy [9,10]. Many researchers have studied the relationship between the size of the precipitated phase and its mechanical properties [11].



When an acoustic wave encounters an interface composed of different acoustic impedance media during propagation, scattering occurs, which depletes the energy of the acoustic wave, and the ultrasonic velocity and attenuation change with the acoustic wave energy decrease. Ultrasonic techniques have been considered a potential non-destructive evaluation (NDE) tool for the assessment of microstructural changes in materials, the measurable properties of the material when being tested by ultrasonic methods are the velocity of the sound waves passing through the material and the loss of energy or attenuation of the sound waves in the material. The aluminum alloy precipitated phase is characterized by ultrasonic techniques based on the fact that nonlinear ultrasound interacts highly sensitively with material microstructures such as dislocations and precipitates [12,13]. Ultrasonic velocity and attenuation measurements have been found to be very effective probes for detecting fine-scale Guinier–Preston zones (GP zones) precipitation in 8090 Al-Li alloy [14]. S Muthu Kumaran [15] found the ultrasonic velocity decreased with dissolution and coarsening of S′ and S″ precipitates in 2024 Al-alloy and characterize the different phase formations and dissolutions at high temperature by ultrasonic method. Ultrasonic testing technology is emerging as a possible alternative for the evaluation of microstructural degradation of in-service components, compared to conventional microscopic and hardness testing. However, how to quickly detect the size of the Al-Zn-Mg-Cu alloy precipitated phase and then characterize the mechanical properties of the alloy is still a problem to be solved.



Laser ultrasonic testing technology is a non-destructive testing technology that meets real-time detection requirements [16]. Based on the thermal bombing and ablation mechanism, the pulsed laser focuses on the surface of the sample to generate ultrasonic waves, and the microstructure of the material is characterized by measuring the characteristic changes of the ultrasonic waves. It has developed rapidly in recent years and has been used in grain size [17,18], grain size distribution [19], thickness [20], and texture [21] evaluation.



In this paper, we used laser ultrasonic detection technology to characterize 7055 aluminum alloy with different precipitated phase sizes. The ultrasonic attenuation coefficients are calculated by the amplitude attenuation method, and denoising by wavelet threshold denoising method. The effects of the precipitated phase size on ultrasonic attenuation and velocity were also studied.




2. Experimental Materials and Methods


2.1. Experimental


The experimental material is 7055 aluminum alloy sheets with a thickness of 5 mm. The chemical composition is shown in Table 1.



Heat treatment can change the microstructure and texture of the continuous casting billet and the supersaturation of the solute elements in the matrix [22,23]. The sample was placed in a heat treatment furnace for heat treatment, and after holding at 470 °C for 8 h, the temperature was raised to 475 °C for 16 h, the cooling method was selected to be water-cooled, make the precipitated phase fully remelt and then aging treatment was carried out at 120 °C for 24 h. In this experiment, the 5 mm thick aluminum alloy sheets were rolled to 4 mm, 3 mm, 2 mm and 1 mm, and the reduction rate was 20%, 40%, 60% and 80%, respectively. The specific process parameters of the samples are shown in Table 2. R is the radius of the roll, V is the rolling speed, h0 and h1 represent the thickness of the sample before and after rolling, T is the rolling treatment.



Then the experimental samples were cut from the rolled sheets and then mechanically polished, and observed by MC80Dx optical microscopy (OM, Zeiss, Jena, Germany) and SU5000 scanning electron microscopy (SEM Hitachi, Tokyo, Japan), the polished specimens were etched with Keller’s reagent (1.5% HCl + 1% HF + 2.5% HNO3 + 95% distilled water (Vol.%)). Subsequently, thin films (with 1 mm thick) were cut from the sheet center, on which discs with diameter of 3 mm were punched, then ground to about 100 µm, and then twin-jet electropolished with 70% methanol and 30% nitric acid to prepare the thin film for transmission electron microscopy (TEM, H-800 (Hitachi, Tokyo, Japan) and Tecnai F30 (FEI, Hillsboro, OR, USA) and temperature: −20~−30 °C, potential difference: 30 V). MTS 810 universal testing machine (MTS, Eden Prairie, MN, USA) was used to measure mechanical properties at room temperature with a nominal strain rate of 10−3 s−1. The software “Image J” (version:1.52v, National Institutes of Health, Image J, MD, USA) was used to analyze grain sizes and the size of the second phase.




2.2. Laser Ultrasonic Testing System


The laser ultrasonic laboratory detection system is shown in Figure 1. The pulse laser used in the test is a Q-switched neodymium-doped yttrium aluminum garnet Laser (Q-Switched Nd: YAG Laser, Continuum, San Jose, CA, USA), the pulse width is 12 ns, the wavelength is 532 nm, and the pulse energy is 200 mJ. The laser ultrasound receiving system is a TWM-532 interferometer with a bandwidth of 200 MHz and a wavelength of 532 nm. In order to eliminate the ultrasonic signal acquisition error, each sample was measured 9 times, and each test averaged 128 times.





3. Results


3.1. Grain Size


The microstructures of the samples measured by an optical microscope are shown in Figure 2, and the microstructures of the samples measured by SEM are shown in Figure 3. Grain size is an important indicator in the quality control of metallic materials due to its influence on the mechanical properties of these materials (fatigue, creep, yield strength, and formability) [24,25]. With the increase of the reduction rates, the grains are significantly elongated. When the reduction rate is 40%, the grain shape of the sample is elongated along the rolling direction, and some grains show an irregular shape. When the reduction rate is 80%, the grains of the sample are basically slender spindle-shaped. Table 3 shows the calculation results of the grain size in width.




3.2. Precipitation Phase Size


Figure 4 shows the precipitation phases of the four samples detected by TEM. The size of the precipitated phase of the sample is measured using ImageJ software. In order to reduce the error, each sample is evenly divided into 20 parts, and one precipitate phase is taken separately. The average of the secondary results is taken as the average size of the precipitated phase. Table 4 shows the calculation results of the average size of the precipitated phase.



In 7055 aluminum alloys, Zn and Mg are the main elements of the precipitated phase MgZn2 [26,27]. The shape variables of the aluminum alloy are controlled by changing the amount of reduction during the rolling process. It has been shown that as the reduction rates increases, a dynamic precipitation process [28,29] occurs during the deformation process, and at the same time, the fine grain strengthening effect of the grain refinement is gradually refined. Such a large plastic deformation also causes the precipitation size change, and more deformation defects are introduced due to the increased deformation amount (such as point defects, dislocations, and deformation), these structurally large defects will become a rapid diffusion channel of solute atoms, thereby accelerating atomic diffusion and promoting the growth of precipitated phase particles, so the size of the precipitated phase increases with the deformation increase.



Through observation, there are a large number of precipitated phase particles in the 7055 aluminum alloy after rolling deformation. When the reduction rate is small, the continuous and uniform distribution of the aluminum alloy precipitates is small and the density is high. With the increase of the reduction rates, the precipitated phase grows upward. In the sample to be tested, the average size of the precipitated phase of the sample was between 3.49 nm and 10.2 nm. It is easy to know that the reduction of the rolling of the aluminum alloy sample is linear with the size of the precipitated phase, and the average size of the precipitated phase increases as the reduction rate increases.




3.3. Mechanical Properties of Rolled Specimens with Different Reductions


According to international standards ASTM E8, the sample stretches along the rolling direction. The mechanical properties of the samples under different reduction rates were measured and are shown in Table 5. It can be seen that as the reduction rates increase, the tensile strength and yield strength of the sample first increase to a maximum value and then slowly decrease, and the elongation of the sample decreases to a minimum value and then slowly rises. This is because the dislocation density will affect the elongation of aluminum alloy. The dislocation density increases with the increase of the deformation. When the deformation reaches 80%, the dynamic recovery increases and the dislocation density begins to decrease. The conductivity of the sample increases as the amount of reduction increases.



The microstructure of the 7075 rolled sheet is mainly composed of a mixed structure composed of a deformed structure and a dynamic recrystallized structure. The tensile strength, yield strength and elongation of the samples with different reductions have a wave-like change. The strength increases as the deformation amount increases, and starts to decrease when the deformation amount reaches a certain level. The mechanical properties of the samples under different reduction rates were measured and are shown in Figure 5.





4. Analysis and Discussion


4.1. Signal Processing


The acquisition of ultrasonic signals in laser ultrasonic detection often contains a lot of noise, which has a negative impact on the attenuation calculation of ultrasonic signals [30]. As a multi-scale expression, wavelet analysis can provide both time-domain and frequency-domain information of the signal. It has many advantages in image and signal processing wavelet analysis, as a multi-scale expression, it can provide both time-domain and frequency-domain information of the signal [31,32]. Smooth processing and wavelet threshold is useful for signal denoising. The processed signal is shown in Figure 6.




4.2. Attenuation Coefficient


In the process of ultrasonic propagation, when it encounters an interface composed of media with different acoustic impedances, scattered reflections will occur and the sound energy will be dispersed. The average size of the precipitated phase of the sample changed after rolling. The boundary size of the precipitation phase increases with the increment of the precipitated phase size. The attenuation coefficient is measured by the amplitude attenuation analysis method, and the amplitude (ordinate) of the first echo 1P, the second echo 3P, and the third echo 5P as shown in Figure 6 is extracted for each set of ultrasonic data. When the amplitude is selected, the corresponding peak (or trough) is selected, and the extracted amplitude data is substituted into the attenuation calculation formula [33] and the attenuation coefficient is calculated. The attenuation coefficient is taken from the same sample nine times to detect the average attenuation coefficient.


  α =  1  2 L   lg      A  n + 1      A n       



(1)




where α: ultrasonic attenuation



An: the amplitude of the first echo 1P



An+1: amplitude of the second echo 3P



L: thickness of the sample



This section presents a method for calculating the ultrasonic attenuation coefficient by extracting the amplitude of the three echoes in the ultrasonic data. In Figure 6, the first echo 1P, second echo 3P, and third echo 5P are selected, and the three echoes extracted from the ultrasonic signal are subjected to Fast Fourier Transform (FFT) processing as shown by the following formula by Origin software. The ultrasonic frequency domain amplitude is shown in Figure 7.


  X  ω  =  ∫  − ∞  ∞  x  t  exp   − j ω t   d t  



(2)







The maximum amplitude of each echo is extracted and substituted into Equation (3) to calculate the ultrasonic attenuation coefficient.


  P = A  e  − α x    



(3)




where P: amplitude, α: attenuation coefficient, x: ultrasonic propagation distance.



Using the above-mentioned method for calculating the ultrasonic attenuation coefficient based on the frequency domain amplitude and the results are shown in Table 6.



It can be seen from Table 3 and Table 6 that with the increase of the reduction rates, the grain size decreases slightly, but the attenuation coefficient of the ultrasonic wave increases obviously. Studies have shown that the attenuation coefficient increases with the increment of grain size [16,17,24]. Furthermore, the precipitated phase size increased significantly, so the increase in the precipitated phase size of the sample is the main influencing factor for the change of ultrasonic attenuation. The relationship between the precipitation size and the ultrasonic attenuation coefficient is shown in Figure 8.




4.3. Ultrasonic Velocity


Based on the above analysis, it can be understood that the ultrasonic attenuation coefficient tends to increase with the increase in the size of the precipitated phase. The ultrasonic velocities of samples are shown in Table 7. The effects of the precipitated phase size on ultrasonic velocity are shown in Figure 9.



It can be seen from Figure 9 that the ultrasound velocity also shows obvious correspondence with the average size of the precipitation phase. In laser ultrasonic nondestructive testing, the ultrasonic velocity depends on the material properties, such as the coefficient of elasticity of single crystals and the anisotropy of polycrystals materials. The ultrasound velocity is suitable for characterizing the relative change of the microstructure of the material.



In the rolling process, with the increase of the deformation, dynamic recovery will appear in the sample, the sub-crystals will be formed and will affect the elongation of the sample. This shows that the ultrasonic velocity change is more suitable for the evaluation of elongation.




4.4. Discussion


When ultrasonic waves propagate in metal materials, scattering attenuation and absorption attenuation occur. Studies have shown that absorption attenuation is independent of the average size of the precipitation phase. When an acoustic wave encounters an interface composed of different acoustic impedance media during propagation, scattering occurs, which depletes the energy of the acoustic wave. The scattered acoustic wave propagates along the complex path in the medium and eventually becomes thermal energy.



The longitudinal wave attenuation coefficient obtained by four different calculation methods is used to characterize the microstructure of aluminum alloy under different reduction conditions, and the wavelet threshold is used to signal denoising. The longitudinal wave attenuation coefficient measured by laser ultrasonic method was compared with the size of the precipitated phase observed by transmission electron microscopy. Due to the presence of a large number of precipitated phases in the 7055 aluminum alloy, the scattering of the ultrasonic waves is enhanced, resulting in an increased attenuation coefficient based on the longitudinal wave measurement. In the sample to be tested, the average size of the precipitated phase of the sample was between 3.49 nm and 10.2 nm. With the increase of the reduction rates, the size of the precipitated phase increases. With the increase of the precipitation phase, the average size of the precipitated phase MnZn2 increases. The boundary size of the precipitation phase increases with the average size of the precipitated phase increase. The results of ultrasonic velocity show that the velocity value also has obvious correspondence with the average size of the precipitation phase.



By establishing the relationship between the ultrasonic attenuation coefficient, ultrasonic velocity and the size of the precipitation phase, it can be found that the attenuation coefficient and the ultrasonic velocity increase with the increment of the precipitated phase size, but the change of the ultrasonic velocity depends on the change of microstructure composition, therefore, the ultrasonic attenuation coefficient is more suitable for characterizing the size of the precipitation phase. Ultrasound velocity is suitable for characterizing the recrystallization and size of materials. It is indicated that the laser ultrasonic method can be used to characterize the size of the precipitated phase of the 7055 aluminum alloy.





5. Conclusions


In this paper, a laser-ultrasonic approach based on the precipitated phase size dependence of the attenuation coefficient of an ultrasonic wave for the measurement of precipitated phase size in 7055 aluminum alloy was proposed. The size of the precipitated phase of 7055 aluminum alloy was observed by TEM, and the 7055 aluminum alloy with four different precipitated phase sizes was detected by laser ultrasonic nondestructive testing technology. The coefficients of ultrasound measured by laser ultrasonic test were calculated in the time domain and frequency domain, respectively. The results show that the size of 7055 aluminum alloy precipitates has a certain influence on ultrasonic velocity and ultrasonic attenuation coefficient, which provides a new method for the rapid detection of aluminum alloy precipitate size. At the same time, combined with the microscopic structure and mechanical property model, the on-line mechanical property detection of aluminum alloy becomes possible.
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Figure 1. Laser Ultrasonic Laboratory Testing System. 
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Figure 2. Microstructure of sample before rolling. 
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Figure 3. Microstructure measured by SEM: (a) 7055-1; (b) 7055-2; (c) 7055-3; (d) 7055-4. 
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Figure 4. Precipitation measured by TEM: (a) 7055-1; (b) 7055-2; (c) 7055-3; (d) 7055-4. 
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Figure 5. Mechanical properties of the samples: (a) strength and elongation; (b) conductivity. 
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Figure 6. Ultrasonic signal of sample: (a) 7055-1; (b) 7055-2; (c) 7055-3; (d) 7055-4. 
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Figure 7. Ultrasonic amplitude in frequency. 
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Figure 8. Relationship between the precipitation size and the ultrasonic attenuation coefficient: (a) attenuation coefficient calculated by origin signal; (b) attenuation coefficient calculated by wavelet signal. 
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Figure 9. The precipitation size and the ultrasonic velocity graph of four samples. 
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Table 1. Chemical composition of 7055 aluminum alloy (wt.%).
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	Chemical
	Zn
	Mg
	Cu
	Fe
	Si
	Ti
	Zr
	Al





	Content
	8.38
	2.07
	2.31
	0.092
	0.056
	0.16
	0.13
	Bal.










 





Table 2. Specific process parameters of samples.
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Sample No.

	
Solution Treatment

	
Aging Treatment

	
R (mm)

	
V (mm/s)

	
T

	
h0

	
h1






	
7055-1

	
470 °C/8 h + 475 °C/16 h

	
120 °C/24 h

	
132

	
212

	
170 °C

	
5

	
4




	
7055-2

	
5

	
3




	
7055-3

	
5

	
2




	
7055-4

	
5

	
1











 





Table 3. Mean grain size of samples.






Table 3. Mean grain size of samples.





	Sample No.
	Origin Sample
	7055-1
	7055-2
	7055-3
	7055-4





	Grain size/(μm)
	53.5
	14.9
	11.9
	8.1
	7.2










 





Table 4. Average precipitation size of samples.






Table 4. Average precipitation size of samples.





	Sample No.
	7055-1
	7055-2
	7055-3
	7055-4





	Average size of precipitation/(nm)
	3.9
	5.5
	8.9
	10.2










 





Table 5. Mechanical properties of samples.






Table 5. Mechanical properties of samples.





	Sample No.
	Origin Sample
	7055-1
	7055-2
	7055-3
	7055-4





	Deformation/(%)
	0
	20
	40
	60
	80



	Tensile strength/(MPa)
	577.6
	664.5
	683.3
	648.2
	609.6



	Yield strength/(MPa)
	493.4
	616.1
	657.8
	627.6
	598.1



	Elongation/(ΔL/L × 100%)
	14
	5.1
	5.1
	3.5
	7.2



	Conductivity/(S/m)
	29.3
	30.2
	34.5
	36.2
	39.7










 





Table 6. Attenuation coefficient of ultrasonic waves.






Table 6. Attenuation coefficient of ultrasonic waves.





	
Sample No.

	
Average Size of Precipitates/(nm)

	
Attenuation Coefficient/(dB/mm)




	
α (Signal)

	
α (Smooth)

	
α (FFT)




	
Origin Signal

	
Wavelet Signal

	
Origin Signal

	
Wavelet Signal

	
Origin Signal

	
Wavelet Signal






	
7055-1

	
3.9

	
0.08544

	
0.12686

	
0.07302

	
0.11248

	
0.16421

	
0.16854




	
7055-2

	
5.5

	
0.13632

	
0.14883

	
0.10881

	
0.11666

	
0.49057

	
0.35236




	
7055-3

	
8.9

	
0.19621

	
0.14812

	
0.18319

	
0.13707

	
0.42687

	
0.42028




	
7055-4

	
10.2

	
0.33388

	
0.17384

	
0.39799

	
0.14671

	
0.74207

	
1.06924











 





Table 7. Ultrasonic velocity.






Table 7. Ultrasonic velocity.





	Sample No.
	7055-1
	7055-2
	7055-3
	7055-4





	Average size of precipitates/(nm)
	3.9
	5.5
	8.9
	10.2



	Ultrasonic velocity/(m/s)
	6116.976
	6172.192
	6154.264
	6362.386
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