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Abstract

Structural integrity is a major concern for both manufacturers and consumers, thus health monitoring is mandatory for 
a proper quality control. The use of more reliable and widespread techniques is urged. In this context, this work developed 
a nondestructive procedure for microstructural characterization of age-hardened aluminum alloys. By the combination of 
ultrasonic inspection parameters, we developed two highly sensitive methods of hardness evaluation. The results proved 
the versatility of ultrasonic waves for materials inspection and characterization, expanding the onsite evaluations range.
Keywords: Structural integrity; Materials manufacturing; Quality control; Nondestructive tests; Multiparametric analysis; 
Ultrasonic waves.

1 Introduction

Nowadays, the focus on equipment best performance 
demands applying a more reliable combination of materials 
selection, manufacturing, and quality control. These are the 
basis of structural integrity and health monitoring (SHM) 
science. SHM relies on applying advanced engineering 
knowledge to sustain the safety and reliability of structural 
components [1-4].

In traditional manufacturing, four metallurgical 
characteristics control all the material properties: chemical 
composition, microstructure, crystal structure, and dislocation 
density. Manufacturers often apply metallography (which 
involves cutting, polishing, grinding, and etching) for 
microstructural evaluation and destructive tests for mechanical 
properties analysis and determination. Despite providing 
a direct measurement, these tests destroy or change the 
part, preventing its further use. For these reasons, modern 
researchers and engineers are searching for the development 
and application of nondestructive tests (NDT) for materials 
characterization [3-9].

NDT are noninvasive techniques applied for a wide 
range of materials. The main advantage relies on its capability 
to analyze without compromise future use. However, NDT’s 
application in support of SHM demands the use of reliable 

and cost-effective methods, combining data acquisition and 
interpretation [1,6,9].

Ultrasonic is one of the more flexible NDT in the 
market. Changes in the materials’ microstructural or mechanical 
properties influence the ultrasonic wave propagation through 
the elastic medium. This wave propagation provides a large 
amount of information, applied in SHM and quality control. 
The challenge is to find the proper configuration to guarantee 
a reliable NDT [6-10].

Recent publications relate ultrasonic inspection to 
materials characterization. Tariq et al. [11] correlated the 
hardness and microstructure of 2XXX aluminum alloys 
with ultrasonic and eddy current results. The authors showed 
that the sound velocity (measured by 2 MHz and 4 MHz 
transducers) increases non-monotonically in the same way as 
hardness increases. Rajendran et al. [12] applied the ultrasonic 
technique for heat treatment evaluation of A8090 aluminum 
alloys. They found a good correlation for the ultrasonic pulse 
velocity, precipitation, and dissolution of secondary phases. 
Other authors applied the ultrasonic technique to evaluate 
elastic modulus, grain size, and yield strength of steel and 
titanium alloys. The results proved the potentials of NDT to 
quality control of materials manufacturing [13-20].
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To analyze the microstructure of the samples by 
scanning electron microscopy (Jeol model JSM-5700 SEM), 
the samples were ground, polished and chemically attacked 
with Weck solution.

Hardness measurements were conducted using a 
Vickers hardness equipment (Hoyton model VS700) with 
a 2 kg load, and 10 seconds of indentation.

The ultrasonic analysis was executed, by the pulse-
echo method, using a SIUI - CTS 30A ultrasonic thickness 
measurement, with dual-element transducers (providing one 
ultrasonic information: sound velocity, SV) and in a Sonotron 
- Isonic 2005, with single-element transducer (providing two 
ultrasonic information: SV and sound attenuation, SA). By 
the variation of the transducers type (single-element, SE, 
and double-element, DE) and frequencies (2, 2.25, 4, 5, and 
7.5 MHz), the ultrasonic data were analyzed and correlated 
with hardness and age hardening duration.

The frequency variation provides sound waves with 
different wavelength, which influence the sound propagation 
and interaction with the bulk material [14].

Therefore, by varying the type of transducer (SE or 
DE) and ultrasound frequencies (2, 2.25, 4, 5, and 7.5 MHz), 
we analyzed and correlated the ultrasonic data with materials’ 
hardness and processing (age hardening duration). As illustrated 
in Figure 1b, SE or DE ultrasonic transducers can be used 
to measure SV. The main consequence of the transducer 
type variation relates to the near field configuration of the 
wavefront. Due to the damping blocks’ presence, the DE 
transducers have a smaller near field length, thus the best 
choice for thickness measurement. However, in addition to 
ultrasonic equipment adjustment, the transducer selection 
is a compromise between sound path, wave interaction, 
and materials configuration. Attenuation refers to the loss 
of acoustic energy as the ultrasonic beam passes through 
the material. The coarse microstructure tends to disperse 
and attenuate the acoustic energy through the sound path 
(Figure 1c). The amplitude variation between two echoes 
in the A-scan represents the attenuation (requires advanced 
ultrasonic equipment) [6-10].

To investigate the reliability of ultrasonic NDT 
for materials characterization, this research focuses on 
the evaluation of A6351 aluminum alloy - T6. A6351 is 
a precipitation-hardened alloy of the Al-Si-Mg system, 
containing about 2.5% (in mass) of solute. In the artificially 
aged condition (T6), the alloy has moderate mechanical 
strength (yield limit near 285 MPa), influenced by the 
formation of non-equilibrium precipitates (Mg2Si). Due 
to its attractive combination of mechanical, process, and 
corrosion properties, this aluminum alloy finds several 
applications in the automotive, construction, aerospace, and 
offshore industries [21-24].

By varying the type of transducer (single or dual 
element) and combining further statistical analyses, we 
developed a multiparametric ultrasound inspection for 
microstructural evaluation with high correlation (R2 > 90%). 
Among its main advantages, this technique is fast, low-cost, 
noninvasive whilst being sensitive, thus appropriate for 
manufacturing quality control.

2 Materials and methods

A6351 Aluminum alloys (94.430 Al, 0.586 Mg, 
1.120 Si, % weight) were analyzed in this work.

Following the methodology of Nandy et al. [24], 27 
cylindrical samples (20 millimeters thickness and diameter) 
were heat-treated (in an FL – 1300 oven from INTI) by the 
combination of solubilization, and quenching processes, 
followed by artificial age hardening (T61), in an SL 102/480 
oven from Solab), as shown in Figure 1a. Briefly, nine groups 
of samples were heated up to 525 oC and ice quenched, 
followed by age hardening at 180oC from 0 to 16 hours 
(0, 2, 4, 6, 8, 10, 12, 14, 16 hours).

1	 T6 designation applies to products that undergo no cold working 
after solubilization, or in which the effects of cold working associated 
with flattening or straightening do not alter the limits of mechanical 
properties [21].

Figure 1. Schematic representation of the T6 heat treatment cycle for the A6351 aluminum alloy (a) and the ultrasonic inspection variation (b) 
with microstructure evaluation (c) [adapted from [8,9,24].
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This research analyzed the hypothesis of “ultrasonic 
multiparametric analysis provides reliable results for the 
microstructural evaluation of T6 aluminum alloys”.

Therefore, we divided the experimental in two parts:

1)	 The evaluation of the influence of the age-hardening 
duration in the sound velocity (to select the best 
ultrasonic combination for step 2);

2)	 The development of a reliable NDT hardness 
measurement technique by the application of the 
ultrasonic method.

The results presented in this article represent the 
average value of the 100 data/group of samples (10 samples/
process x 10 points/sample). The standard deviation for 
ultrasonic and hardness measurements was lower than 5%.

Statistical analysis (linear regression and variability) 
was applied for both technique selection (type of transducer) 
and evaluation of hardness measurements. By definition, 
linear regression identifies the equation that produces the 
smallest difference between all the observed values and 
their fitted values [25].

3 Results

Figure 2 presents the results obtained by the Vickers 
hardness and SEM evaluation. Like Nandy et al. [24], 
the  maximum hardness value was achieved after 8 hours 

of age hardening (Figure  2a). The statistical analysis 
(Figure 2b) indicates the best results for 2.25 MHz (SE) 
transducer. SEM analysis (Figure 2 c to f) showed that 
the age hardening increasing provides the formation 
and growth of the Mg2Si precipitates (black dots) in the 
aluminum matrix. Despite the representativeness and 
direct results, destructive methods are invasive, time-
consuming, and difficult to apply onsite.

Figure  3 illustrates the ultrasonic results for the 
evaluation of the A6351 samples.

The combination of low frequency and a single 
element transducer (2.25 MHz SE) provided the highest 
variability (Figure 3a). This relates to the depth of penetration, 
combined with the perpendicular wave path originated by 
the ultrasonic transducer. Despite reducing the near field 
length, the DE transducer sound path inclination promotes 
wave dispersion and loss of correlation (Figure 1).

Figure  3b shows the sound attenuation variation 
with the age-hardening duration obtained with the 2.25MHz 
and the 4MHz SE transducers, providing a multiparametric 
linear regression.

Figure 4 presents the Vickers hardness comparison 
between conventional and NDT methods (Equations 1-4). 
The NDT single and dual parameters correlation presented 
remarkable similarity with the direct destructive 
measurements.

Table  1 compares the statistical parameters 
obtained by the correlation analysis of sound parameters 

Figure 2. Data evaluation for T6 A6351 alloy: Hardness (a), Coefficient of determination, R2 (b) and microstructural variation with artificial 
age hardening duration (0h (c); 4h (d); 8h (e) and 16h (f)).
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and hardness measurements. Both R2 and adjusted R2 
were selected for the statistical evaluation. Whilst R2 
evaluates the scatter of the data points around the fitted 
regression line, the adjusted R2 is applied for multiple 
linear regression. Its parameter, like R2, with corrections, 
relates to the inclusion of extra variables in the statistical 
model. The larger the R2 values, the better the regression 
model fits the observations [25].

2.25 MHz (SE); . . *SVH 599 63 0 08 SV= −  (R2
Adj = 88.76%)	 (1)

2.25 MHz (SE); ; . , * . *SV SAH 422 66 0 05 SV 23 53 SA= − −  (R2
Adj = 90.34%)	 (2)

4 MHz (SE); . * .SVH 0 48 SV 3014 05= −  (R2
Adj = 63.20%) 	 (3)

4 MHz (SE); ; . * . * .SV SAH 0 41 SV 172 84 SA 2541 24= − −  (R2
Adj = 75.86%)	 (4)

Figure 3. Ultrasonic data variation with artificial age hardening duration.

Figure 4. Hardness variations analyzed by destructive and non-destructive tests.

Table 1. Statistical evaluation for the linear regression analysis of ultrasonic and hardness data

US
Transducer frequency 2.25 MHz (SE) 4 MHz (SE)
Ultrasonic parameter SV SV, SA SV SV, SA

St
at

is
tic

al

R2 [%] 90,16 92,40 67,80 81,89
R2 adjusted [%] 88,76 90,34 63,20 75,86

Standard Error 3,29 2,92 5,95 4,82
Observations 90 =90 90 90

F calculated 64,15 66,45 14,74 13,57
F signification 0,00 0,00 0,01 0,01



Applying multiparametric ultrasonic nondestructive test for structural characterization of age hardened aluminum alloy

5/6Tecnol Metal Mater Min. 2021;18:e2467

4 Discussion

Modern engineering demands the optimization of 
process manufacturing, operation, and quality control. In 
this sense, both sellers and buyers share the responsibility 
for component performance and integrity [1-4].

Manufacturers often try to reduce costs by modifying 
process parameters like heat treatment time, speed, temperature, 
and medium. For this reason, the microstructural and 
mechanical evaluation must be applied (sometimes onsite), 
this configures a significant opportunity for NDT [1,4].

In this research, we search for an ultrasonic 
nondestructive procedure to characterize A6351 T6 heat-
treated aluminum alloys.

Since the 6xxx aluminum alloys’ mechanical properties 
result from the formation of the intermetallic Mg2Si by heat 
treatment, the engineering community is concerned about 
their manufacturing and quality control [21-24].

The A6351 aluminum alloy had a hardness complex 
distribution, influenced by the age-hardening duration. In the 
first step, the heating above 520oC promotes the magnesium 
(Mg) and silicon (Si) dissolution in the aluminum (Al) 
matrix. After the abrupt cooling, the reheating above 180oC 
(artificial age hardening) promotes different types of Mg-Si 
precipitates [24].

The time consuming during heat treatment leads to 
more stable and coherent precipitates, which increase the 
hardness and strength of the material. After a certain period, 
as the precipitates size increase, they become incoherent with 
the matrix, decreasing the mechanical performance. This 
article presented similar results (Achieving the maximum 
hardness after 8 hours of age hardening).

The challenge faced relates to developing the best 
ultrasonic configuration, related to equipment and transducers 
selection, to increase the technique sensitivity to microstructural 
variations, provided by the age hardening process (T6).). 
During the propagation through the bulk material, ultrasonic 
waves interact with materials interfaces (discontinuities, 
grain boundaries, precipitates, and secondary phases). These 
interactions influenced the wave velocity and attenuation, 
providing a correlation between materials ultrasonic and 
microstructural properties [14-20].

The results demonstrated a good correlation between 
ultrasonic and mechanical properties data (for statistical 
analysis, an R2 above 75% is considered good, indicating 
that 75% of the data fits the linear model).

The system with the 2.25 MHz SE transducer provides 
the best results (R2 > 90%). This configuration provides 
the best interaction between ultrasonic and microstructural 
properties.

We verified the influence of wave frequency on the final 
NDT hardness results. We showed that by increasing frequency, 
there is a decrease on the wave penetration, and on the sensibility 
to microstructural variation. In addition, the application of a 
DE transducer reduces the technique’s sensitivity.

Figure  4 indicates that the application of a two 
parameters procedure increased the final correlation by 

3.5% (R2 increased from 90.16 to 92.4%). In agreement 
to Tariq  et  al. [11], aluminum microstructure variation 
influenced the ultrasonic data sensitivity (sound velocity 
and attenuation). Using three 2XXX Al-alloy, the authors 
applied the pulse-echo ultrasonic method with 2 MHz and 4 
MHz transducers. The high-frequency transducer provided 
the best results. Despite the good correlations between 
hardness and ultrasonic data (97% SV and 87% SA), the 
authors did not apply a multiparametric analysis.

Rajendran et al. [12] applied the ultrasonic technique 
for the microstructural evaluation of a heat-treated Al-Li 
8090 alloy. Their investigation was conducted through 
transmission ultrasonic method, which requires a huge 
apparatus with a pair of 5 MHz SE transducers. The authors 
showed good ultrasonic sensitivity for microstructural 
variation, but they did not proceed with a multiparametric 
analysis of ultrasonic data.

In this research, we advanced data analysis and 
interpretation of ultrasound technique to demonstrate the 
benefits of a multiparametric (and data fusion) analysis.

Despite the higher cost of initial investment in 
comparison to simple ultrasonic thickness measurement, 
this multiparametric evaluation approach enables an 
increase in sensitivity and versatility. The development 
and application of NDT microstructural characterization 
methods improves the quality control applicability, increasing 
the materials integrity assessment and performance 
control, this is the basis of structural integrity and health 
monitoring science [1].

5 Conclusion

This research evaluated the applicability of nondestructive 
ultrasonic waves for the characterization of heat-treated 
T6 A6351 aluminum alloys. The challenge faced relates 
to developing the best inspection configuration to increase 
its sensitivity to microstructural variations provided by the 
age-hardening process.

The combination of equipment configuration resulted 
in two reliable NDT procedures. We showed correlations 
of (R2) 90.16% and 92.4%. The final selection depends on 
the compromise between cost, complexity, and sensitivity, 
once the two parameters regression demands the extraction 
and analysis of A-Scan data.

The development and application of NDT microstructural 
characterization methods will elevate the quality control 
applicability, increasing the materials integrity assessment 
and performance evaluation.
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