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Abstract 

This research work presents a novel integrated approach combining experimental mechanical 
characterization of a manufactured AA6061 aluminum alloy with quality control procedures to 
ensure product reliability. The quality control framework includes microstructural examination, 
tensile testing, and measurement uncertainty assessment in accordance with relevant international 
standards. The combined standard uncertainty was calculated using the law of propagation of 
uncertainty, and the expanded uncertainty was obtained with a coverage factor of 𝑘𝑘 = 2 , 
corresponding to a confidence level of approximately 95%. The measured tensile strength was found 
to be 309.4 ± 4.0 N/mm2, demonstrating good repeatability and a low relative uncertainty of about 
1.3%. The results are in accordance to the international standard mechanical property requirements 
for AA6061 alloy, confirming both the reliability of the experimental procedure and the suitability of 
the material for structural and engineering applications. 

Keywords: mechanical characterization; tensile strength; measurement uncertainty; quality control; 
aluminum alloy 
 

1. Introduction 

Nowadays, aluminum alloys play an important role in modern mechanical engineering due to 
their good corrosion resistance, high specific strength, low density, and excellent adaptability to 
different manufacturing processes [1–4]. These characteristics make aluminum alloys particularly 
suitable for mechanically loaded components in structural applications, aerospace, automotive, 
transportation, and energy. Based on it, aluminum alloys are essential materials for lightweight and 
high-performance in most of the engineering systems [5–9]. 

In comparison to the other aluminum alloy families, the Al–Mg–Si series are the most popular 
due to its balanced combination of ductility, strength, and manufacturability. In this group series, 
AA6061 aluminum alloys are the most extensively used heat-treatable alloys which is commonly 
employed in machine components, structural frames, welded assemblies, and pressure vessels [10]. 
Its mechanical properties can be significantly improved through the heat treatment process, most 
notably the T6 condition, which enhance the yield strength and ultimate tensile strength while 
preserving acceptable elongation and fracture toughness [11]. Additionally, AA6061 exhibits good 
weldability and machinability, enabling its use in complex mechanical components produced by 
extrusion, rolling, forging, and machining processes [4,12,13]. 

Despite the availability of standardized mechanical properties reported in international 
standards, the real mechanical behavior of AA6061 components in different engineering applications 
often deviates from their experimental measurement values. Manufacturing-related parameters like 
heat treatment uniformity, chemical composition tolerances, cooling rates, thermomechanical 
processing history, and residual stresses can have strong influence on the microstructure 
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characterization, and in the mechanical response of the alloy [13]. These factors may lead to variability 
in ultimate tensile strength, yield strength, elastic modulus, and ductility, which can significantly 
influence in the structural performance and safety margins in mechanical design. 

As a result, it is necessary to obtain realistic material properties through experimental 
mechanical characterization of manufactured AA6061 aluminum alloy which will predict in-service 
behavior. Tensile testing is one of the key experimental techniques to assess the stress-strain response 
of metallic materials and determine the other relevant mechanical parameters used for structural 
analysis and numerical modelling [14]. Furthermore, experimental results are inherently affected by 
scatter due to material heterogeneity, specimen preparation, testing machine calibration, and 
environmental conditions. As a consequence, mechanical properties obtained from experimental 
testing should not be interpreted as deterministic values but rather as quantities subject to 
uncertainty. 

In recent years, uncertainty quantification has gained increasing importance in mechanical 
engineering, particularly in the context of reliability-based design and performance assessment [15–
20]. Measurement uncertainty plays an important role in the material properties which can 
significantly influence in finite element simulations, fatigue life predictions, and failure assessments. 
Ignoring these uncertainties may result in either overly conservative designs or non-conservative 
predictions that compromise structural safety. Therefore, incorporating uncertainty evaluation into 
mechanical characterization improve the robustness and credibility of experimental results and 
supports informed engineering decision-making [21–24]. 

Within this framework, the present study aims to perform a comprehensive mechanical 
characterization of manufactured AA6061 aluminum alloy through experimental testing, with 
particular emphasis on tensile behavior and key mechanical parameters relevant to mechanical 
engineering applications. In parallel, an uncertainty evaluation is conducted to quantify the reliability 
and confidence levels associated with the measured properties. By combining experimental 
characterization with systematic uncertainty analysis, this work seeks to provide reliable material 
data suitable for advanced mechanical modeling, structural integrity analysis, and optimized 
engineering design involving AA6061 aluminum alloy. 

The novelty of this research work is focused on the integration approach which combines 
experimental mechanical characterization of manufactured AA6061 aluminum alloy with a 
systematic uncertainty evaluation framework. This research work provides not only the mechanical 
property values but also confidence intervals and the measurement uncertainty that are directly 
applicable to reliability-based mechanical design and numerical modeling. This approach offers a 
more realistic and engineering-relevant representation of material behavior, thereby bridging the gap 
between experimental material testing and advanced mechanical engineering applications. 

2. Materials and Methods 

2.1. Material Properties and Sample Preparation 

Table 1 depict the chemical composition of the aluminum alloy 6061. AA6061 has been 
manufactured by following the technological production scheme shown in the Figure 1. 

Table 1. Chemical composition of the manufactured AA6061-T6. 

Elements Weights (%) 
Aluminum (Al) 97.29 

Cooper (Cu) 0.15 
Silicon (Si) 0.65 

Chromium (Cr) 0.06 
Manganese (Mn) 0.05 

Zinc (Zi) 0.05 
Magnesium (Mg) 0.92 
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Titanium (Ti) 0.02 
Others (%) 0.81 

 
Figure 1. Technological production scheme, located in Everest ltd [9]. 

The material used in this research work is a commercially manufactured aluminum alloy type 
6061 supplied in the form of flat stock. AA6061 was provided through a heat-treated condition such 
as T6 which is standard process for industrial usage in Everest ltd company. 

Additionally, rectangular tensile sample type AA60661 has been machined in accordance to the 
ASTM E8/E8M standard by using CNC machine for ensuring dimensional consistency and 
repeatability [14]. It has been selected five samples that are obtained from the same material batch in 
relation to the same chemical composition. Figure 2 and Table 2 showing the rectangular tension test 
sample accompanied with their measured dimensions. 

 

Figure 2. Tensile sample design for manufactured AA6061. 

Table 1. Summary of the geometrical dimensions and tensile test results. 

Sample 
No. 

b 
(mm) 

t 
(mm) 

S0 

(mm2) 
L0 

(mm) 
L 

(mm) 
F 

(N) 
Rm 

(N/mm2) 
A 

(%) 
1 2.68 12.54 33.6 80.03 91.03 10395.672 309.40 13.74% 

Alloy Formation 

Ingots Pre-heating 

Extrusion Process 

Cooling & Aging 

Finishing Operation 

Quality Control 

Dispatch 
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2 2.65 12.66 33.55 80.04 91.16 10379.364 309.37 13.89% 
3 2.66 12.61 33.54 80.02 91.11 10376.605 309.38 13.86% 
4 2.67 12.56 33.54 80.04 91.07 10374.593 309.32 13.78% 
5 2.65 12.65 33.51 80.02 91.14 10365.983 309.34 13.90% 

Where, b is the width, t is thickness, S0 is the surface section, L0 is the original length, L is the 
length of displacement measurement section, Fmax is the maximum applied force, A is the elongation, 
and Rm is the tensile strength. It has been seen that the total length of the sample corresponds to H = 
250 mm. 

2.2. Tensile Testing Procedure 

The tensile testing procedure of the samples AA6061 has been realized in room temperature and 
in accordance to the ISO 6892-1:2020 standard [25]. Figure 3 depict the test set-up for the calibrated 
uniaxial tensile testing device type EUROTEST-100. Extensometer is attached in the sample and it has 
been used to measure the axial strain. The force and displacement were measured where all the data 
have been recorded continuously until the fracture of the sample. 

 

Figure 3. Tensile test set-up of the manufactured AA6061-T6. 

Additionally, the tensile strength has been calculated by using equation (1). 
𝑅𝑅𝑚𝑚 =  Fmax

𝑆𝑆0
= 𝐹𝐹max

𝑏𝑏 ∙𝑡𝑡
 (1) 

Elongation (A), one of the key indicators of mechanical properties like ductility, safety, and 
quality was calculated using equation (2). 

𝐴𝐴 =  𝐿𝐿−𝐿𝐿0
𝐿𝐿0

∙ 100% (2) 

3. Quality Control 

Quality control plays an important role for ensuring that the final product meet the required 
specifications. In the present study, the quality control has been realized as follows: 

• Micrographic investigation 
• Tensile testing 
• Evaluation of the measurement uncertainty 
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3.1. Micrographic Examination 

The ingots sample with a diamater of 178 mm for AA6061 has been selected and ivestigated, see 
Figure 4. The standards ASTM E3-11, ASTM E112-13, and ASTM E407-07 has been used for 
determination of the micrographic investigation [26–28]. The macrographic has been investigated 
through the stereo microscope type LEICA Z16APOA [29]. 

 

Figure 4. The ingot selection for the sample AA6061. 

Figure 5 depict the micrograph investigation of the ingot selection for the sample AA6061. 

  

(a)                                         (b) 
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(c)                                              (d) 

Figure 5. Micrograph investigation of the ingots for AA6061. (a) - transverse section, at the outer surface; (b) - 
longitudinal section, at the outer surface; (c) - longitudinal section, at mid-radius; transverse section, at the 
center. 

In Figure 5a, the microstructure is characterized by an α-aluminum matrix containing 
interdendritic intermetallic constituents of complex morphology and finely dispersed intermetallic 
compounds. In Figure 5b, surface discontinuities observed in longitudinal section reveal the presence 
of segregations attributable to solidification folds identified during macroscopic examination, 
associated with shrinkage micro-cavities and porosity. These defects extend to depths ranging from 
3 to 5 mm. In Figures 5c and 5d, a microstructure characterized by an α-aluminum matrix with 
interdendritic intermetallic constituents of complex morphology and finely dispersed intermetallic 
compounds is observed. 

3.2. Tensile Testing Results 

The tensile testing results has been mentioned in the Table 1 for five selected samples. Figure 6 
depict the digram of the selected sample no. 1 which correspond to the largest tensile strength. 

 
Figure 6. Diagram of the AA6061 tensile test results. 

Additionally, the results of the selected sample 1 are presented in Table 2 and compared with 
the standard requirements. 

Table 2. Tensile testing results of the AA6061. 
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Requirements / Results 
Rm 

(N/mm2) 
A 

(%) 
Standard ISO 6892-1 [25] ≥300 ≥12 

Results 309.4 13.74 

3.3. Measurement Uncertainty 

Evaluation of the measurement uncertainty play an important role for assuring the quality 
control of the manufactured AA6061. Uncertainty evaluation has been based on Guide to the 
Expression of Uncertainty in Measurement (GUM) [30]. The uniaxial tensile strength measurement 
model y has been used for evaluation of the measurement uncertainty and will be focused on the 
sources of uncertainty shown in equation (3). 

y = x + K1 + K2 + K3 + K4 + K5 + K6 (3) 
Where, x is the measurement value of the tensile strength, K1 represent the correction from the 

reading of the width, K2 show the correction from the reading of the thickness, K3 is the correction 
from the reading of the force, K4 depict the correction that arise the calibration of uniaxial tensile 
strength device, K5 is the correction from width resolution, and K6 is the correction from thickness 
resolution. 

The law of uncertainty propagation was applied to evaluate the combined uncertainty using 
equation (4). Combined uncertainty is based on the input of the sources of uncertainty. 

𝒖𝒖𝒄𝒄(𝒚𝒚) = �𝒖𝒖𝑲𝑲𝑲𝑲𝟐𝟐 ∙ 𝒄𝒄𝟏𝟏𝟐𝟐 + 𝒖𝒖𝑲𝑲𝑲𝑲𝟐𝟐 ∙ 𝒄𝒄𝟐𝟐𝟐𝟐 + 𝒖𝒖𝑲𝑲𝑲𝑲𝟐𝟐 ∙ 𝒄𝒄𝟑𝟑𝟐𝟐 + 𝒖𝒖𝑲𝑲𝑲𝑲𝟐𝟐 ∙ 𝒄𝒄𝟒𝟒𝟐𝟐 + 𝒖𝒖𝑲𝑲𝑲𝑲𝟐𝟐 ∙ 𝒄𝒄𝟓𝟓𝟐𝟐 + 𝒖𝒖𝑲𝑲𝑲𝑲𝟐𝟐 ∙ 𝒄𝒄𝟔𝟔𝟐𝟐 (4) 

where 𝑢𝑢𝐾𝐾1 is the standard uncertainty of the width measurement, 𝑢𝑢𝐾𝐾2 is the standard uncertainty 
of the thickness measurement, 𝑢𝑢𝐾𝐾3  is the standard uncertainty associated with the applied load 
reading, 𝑢𝑢𝐾𝐾4 is the calibration uncertainty of the tensile strength device, 𝑢𝑢𝐾𝐾5 is the uncertainty due 
to the caliper resolution for width, and 𝑢𝑢𝐾𝐾6  is the uncertainty due to the caliper resolution for 
thickness. 

Due to the repeatability measurements, statistical analysis was applied to determine the 
standard uncertainty of the width 𝑢𝑢𝐾𝐾1 and thickness 𝑢𝑢𝐾𝐾2 respectively by using Equations (5) and 
(6).   

𝑢𝑢𝑘𝑘1 = �𝑢𝑢𝑤𝑤2 + 𝑢𝑢Δ𝑤𝑤2  (5) 
𝑢𝑢𝑘𝑘2 = �𝑢𝑢𝑡𝑡2 + 𝑢𝑢Δ𝑡𝑡2  (6) 

Where uw and ut are the standard uncertainties of the readings of width and thickness. 
Furthermore, Δ𝑤𝑤 and Δ𝑡𝑡 are the relative uncertainties of the width and length which corresponds 
to the values Δ𝑡𝑡 = Δ𝑤𝑤 = 0.05 mm. 

The standard uncertainty associated with applied load reading has been calculated as the 
standard deviation of the reading of applied load, see equation (7). 

𝑢𝑢𝑘𝑘3 = � 1
𝑛𝑛−1

∑ (𝑥𝑥𝑖𝑖 − 𝑥𝑥𝑚𝑚)2𝑛𝑛
𝑖𝑖=1  (7) 

Where n is a complete set of the applied load measurement values, xi is the individual 
measurement value, and xm is the arithmetic mean of individual measurements. 

The calibration uncertainty of the tensile strength device is calculated via the equation (8). 
𝑢𝑢𝑘𝑘4 = 𝑝𝑝∙𝐹𝐹𝑚𝑚

√3
 (8) 

Where, p is the relative accuracy of the load cell that correspond to the value 0.005 and Fm is the 
mean measured force value. 

Uncertainty due to the caliper resolution for width and thickness has been calculated by using 
the equation (9). 

𝑢𝑢𝑘𝑘5 = 𝑢𝑢𝑘𝑘6 = 𝑎𝑎
√3

 (9) 

Where a is the caliper resolution which correspond to the value 0.01 mm. 
Furthermore, the sensitivity coefficients of the force, width and thickness have been calculated 

through the partial derivate of the tensile strength from the equation (1) which is respectively 
expressed via equations (10) until (12). 
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𝐶𝐶1 = 𝐶𝐶4 = 𝜕𝜕𝑅𝑅𝑚𝑚
𝜕𝜕𝜕𝜕

= 1
𝑏𝑏∙𝑡𝑡

 (10) 

𝐶𝐶2 = 𝐶𝐶5 = 𝜕𝜕𝑅𝑅𝑚𝑚
𝜕𝜕𝜕𝜕

= 𝐹𝐹𝑚𝑚
𝑏𝑏2∙𝑡𝑡

 (11) 

𝐶𝐶3 = 𝐶𝐶6 = 𝜕𝜕𝑅𝑅𝑚𝑚
𝜕𝜕𝜕𝜕

= 𝐹𝐹𝑚𝑚
𝑏𝑏∙𝑡𝑡2

 (12) 
Additionally, the expanded uncertainty U has been calculated by using the equation (13). 

𝑈𝑈 = 𝑘𝑘 ∙ 𝑢𝑢𝑐𝑐(𝑦𝑦) (13) 
Where, k is the coverage factor with the value 2 that correspond for the probability distribution 

95%. 
The uncertainty budget for determination the mechanical resistance of the manufactured 

AA6061 sample has been shown in the Table 3. 

Table 3. Uncertainty budget of the manufactured AA6061 sample. 

Sources of Uncertainty 
Standard          

Uncertainty, ui 
Probability           

Distribution 
Sensitivity         

Coefficient, Ci 
Uncertainty 

(N/mm2) 
Reading of the width 0.006 (mm) Normal 116.3 (N/mm3) 0.69 

Reading of the thickness 0.026 (mm) Normal 65.6 (N/mm3) 1.71 
Reading of the applied load 5.426 (N) Normal 0.0029 (1/mm2) 0.015 

Caliper resolution, width 0.0058 (mm) Rectangular 116.3 (N/mm3) 0.67 
Caliper resolution, thickness 0.0058 (mm) Rectangular 65.6 (N/mm3) 0.38 
Calibration, Tensile Strength 

Device 
29.9 (N) Rectangular 0.0029 (1/mm2) 0.087 

Combined Uncertainty, k = 1    2 
Expanded Uncertainty, k = 2    4 

The obtained tensile strength value of 309.4 ± 4.0 N/mm2 for k = 2 demonstrates good agreement 
results with the standard requirements of the AA6061 alloy. The relative uncertainty is calculated via 
equation (14) 

𝑈𝑈𝑟𝑟 = 𝑈𝑈
𝑅𝑅𝑚𝑚

∙ 100% (14) 

The relative uncertainty corresponds to the value 1.3% which confirms the reliability of the 
experimental procedure and the adequacy of the applied uncertainty evaluation. Therefore, the 
results are accurate and suitable for quality control and mechanical characterization purposes. 

4. Conclusions 

This research work presents a novel integrated approach combining experimental mechanical 
characterization of a manufactured AA6061 aluminum alloy with a systematic framework for 
measurement uncertainty evaluation. Quality control procedures were applied, demonstrating very 
good results in microstructural examination, tensile testing, and uncertainty assessment in 
accordance with relevant international standards. Based on the experimental results, the following 
conclusions can be drawn: 

• The tensile strength of the manufactured AA6061 specimen was determined to be 309.4 ± 4.0 
N/mm2 for k = 2, which lies within the typical range specified for AA6061 alloys and therefore 
satisfies standard mechanical property requirements. 

• The relative expanded uncertainty was low, with a value of 1.3%, indicating high measurement 
precision and good experimental repeatability. 

• The uncertainty budget analysis revealed that specimen thickness measurement is the dominant 
source of uncertainty, while the contribution from force measurement is comparatively small, 
which is consistent with expectations for tensile testing of flat specimens. 

• The applied uncertainty evaluation methodology is fully compliant with ISO/IEC Guide 98-3 
(GUM) and can be reliably used for quality control, mechanical characterization, and conformity 
assessment of aluminum alloys. 
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• The measurement results confirm that the tested AA6061 material exhibits reliable and 
consistent mechanical performance. 

• The adopted experimental and analytical approach provides accurate and reproducible results, 
making it suitable for engineering practice and scientific research applications. 
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