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Featured Application: This research on optimizing the heat treatment parameters of 6061-aluminum
alloy could have practical applications in industries that rely on lightweight yet strong materials,
such as the aerospace and automotive industries.

Abstract: This research investigates the heat treatment parameters of 6061-aluminum alloy to enhance
its mechanical properties. The Taguchi design-of-experiments (DOE) method was employed to
systematically examine the effects of solutionizing temperature, solutionizing time, aging temperature,
and aging time on the tensile strength of the alloy. Mechanical testing suggested a major influence
of solutionizing and aging temperatures on the ultimate tensile strength of the alloy. The samples
subjected to a solutionizing temperature of 540 °C for 3 h, followed by aging at 170 °C for 18 h,
exhibited the highest ultimate tensile strength (293.7 MPa). Conversely, the samples processed at
the lowest levels of these parameters displayed the lowest ultimate tensile strength (193.7 MPa).
Microstructural analysis confirmed the formation of equiaxed grains, strengthening precipitates,
precipitate clusters, and 3 (Mg;Si) precipitates alongside Fe-Al-Si dispersoids. Energy-dispersive
X-ray spectroscopy (EDS) analysis detected the presence of elemental precursors of 3 phase (Al-Mg-5i)
and dispersoid-forming elements (Al-Fe-Si). X-ray diffraction spectroscopy (XRD) analysis revealed
the persistence of the 3 phase in the alloy, indicating its contribution to the improved mechanical
properties, which are mainly obtained by aging precipitation phases. Fracture analysis showed a
ductile fracture mechanism, and examining fractured samples supported the findings of enhanced
tensile properties resulting from the adequate selection of heat treatment parameters. We employed
ANOVA (analysis of variance) to analyze the DOE results, using a multiple regression model to
express the ultimate tensile strength of the alloy in terms of the variables used in the design. This
yielded an adjusted coefficient of determination of 89.75%, indicating a high level of explained
variability in the test data for evaluating the model’s predictive capacity.

Keywords: heat treatment processes; mechanical properties; 6061 aluminum alloy; Taguchi design of
experiments; analysis of variance
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1. Introduction

Structural aluminum alloys have gained increasing relevance in various sectors, and
the automotive industry is one of its leading promoters. These alloys have found extensive
applications; firstly, high-end vehicles have embraced their use for chassis and doors, but
nowadays, other manufacturers have incorporated structural parts. The main advantage of
aluminum alloys is weight reduction; when vehicles become lighter, they reduce energy
consumption and improve fuel efficiency. Consequently, this is translated into cost savings
for vehicle owners and significantly decreases CO, and other greenhouse gas emissions,
positively impacting the environment [1-3].

One of the most-used aluminum alloys is the 6xxx series, a precipitation-hardening
type. These alloys gain enhanced mechanical properties through heat treatment processes
based on age hardening. 6xxx alloys are characterized by a main 3 hardening phase
primarily composed of Mg,Si, dispersed within the aluminum matrix. Various studies
have determined the precipitation sequence of the  hardening phase by conducting
solutionizing and aging heat treatments [4-7]. It is described as follows: supersaturated
solid solution (SSSS) — Si/Mg cluster — Guinier-Preston (GP) zones — B” — B’ — B. The
B phase is the primary mechanism for strengthening these alloys.

Naronikar et al. [8] worked with 6061 alloys, implementing heat treatments by varying
the temperature and treatment duration to improve the formability of sheets and plates. In
their experimentation, they employed two types of heat treatments. First, a solutionizing
treatment was conducted at 530 °C for 1 h, followed by water quenching. Then, an
annealing heat treatment was performed at 415 °C for 2 h, followed by furnace cooling
(according to the authors, this process is intended to avoid fractures during mechanical
forming). After conducting an artificial aging process at 120 °C for 6 h, they reported
354 MPa as the alloy’s ultimate tensile strength (UTS). The authors confirmed that heat
treatment influences grain size and precipitate distribution, thereby improving the tensile
mechanical properties of the alloy. In another example, Subba Rao et al. [9] performed
a solutionizing treatment on a MoS,-modified alloy at 520 °C for 1 h, followed by water
quenching and aging at 180 °C for 12 h, obtaining a UTS = 246 MPa. These findings
highlight the significance of carefully selecting heat treatment parameters to achieve the
desired mechanical performance in aluminum alloys.

Using X-ray diffraction (XRD) and scanning electron microscopy (SEM), Aydia et al. [10]
investigated an alloy after a solutionizing treatment at 580 °C for 5 h and aging at 185 °C for
6 h. The SEM analysis revealed the presence of structures such as Al-Fe-Si and the primary
hardening phase (Mg,S5i), previously identified by Jacobs as the 3 phase [11]. Moreover,
recent studies have determined that the precipitates in the 6xxx alloys are (a) precipitates of
Mg,Si, identified in optical microscopy as small, dark particles with an angular or globular
shape, depending on the stage of aging; (b) precipitates of AlFeSi, which usually appear as
elongated particles or plates, exhibiting an acicular (needle-like) or lamellar shape, and are
typically larger than Mg,5i precipitates; and (c) precipitates of AIMnSi, which are usually
thicker and less numerous, appearing as spherical or irregularly elongated particles, and
are generally larger than Mg,5i precipitates but smaller than AlFeSi precipitates [12-14]. The
main {3 phase distributed within the aluminum matrix favors tensile mechanical strength,
achieving up to 206 MPa of UTS, but decreases corrosion resistance. Furthermore, frac-
ture analysis of alloys subjected to solutionizing and aging heat treatments revealed a
ductile fracture mechanism, typically characterized by dimples, as some researchers have
demonstrated previously [15-17].

The mechanical properties of aluminum alloys are closely related to heat treatment
parameters, as evidenced by the studies reviewed previously. In optimizing heat treatment
conditions, employing specialized methodologies becomes helpful in effectively assessing
the critical variables inherent in these processes. Among the techniques available, the
Taguchi design of experiments (DOE) is a robust methodology devised by the Japanese en-
gineer Genichi Taguchi. This approach simplifies processes and elevates product quality by
highlighting the factors influencing performance and variability [18]. Its efficacy becomes
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particularly important in scenarios necessitating meticulous tests and measurements to
comprehend and predict mechanical properties, including tensile strength.

Several remarkable applications of Taguchi DOE in optimizing mechanical properties
in materials have been documented. For instance, Leisk and Saigal [19] optimized the
critical parameters of an aluminum heat treatment process to improve alumina/aluminum
metal matrix composites, resulting in a notable increase in yield strength. Similarly, Yang
et al. [20] utilized the Taguchi method to optimize heat treatment parameters for enhanced
mechanical properties in a 2219 aluminum alloy produced via wire-arc additive manu-
facturing. Their findings emphasized the significant impact of solution temperature on
alloy strength. Moreover, in the study undertaken by Afrasiabi et al. [21], the Taguchi
DOE was employed to enhance the corrosion resistance of a 6061 aluminum alloy. By
optimizing heat-treatment process parameters and investigating the effect of NaCl (sodium
chloride) concentration, researchers successfully improved the alloy’s resistance to corro-
sion. Another notable application was performed by Alphonse et al. [22], in which the
Taguchi DOE was instrumental in identifying optimal heat-treatment parameters for a
forged 2219 aluminum alloy, improving tensile strength and elongation percentage. These
examples highlight the versatility and efficacy of the Taguchi DOE in optimizing mechanical
properties across various materials and fabrication processes.

Our investigation was conducted to determine the phases present and the influence of
the strengthening (3 phase on the tensile and hardness properties of a 6061-aluminum alloy.
Solutionizing and artificial aging heat treatments were applied at various temperatures
and for various durations based on a Taguchi experimental design. Characterization
techniques such as XRD and SEM were employed to identify the phases and assess the
tensile properties after the heat treatments. The Taguchi experimental design, through
analysis of variance (ANOVA), facilitated the systematic selection of the heat treatment
parameters, allowing for a comprehensive understanding of the relationship between the 3
phase and the mechanical properties of the alloy.

2. Materials and Methods
2.1. Analysis of Variance Foundations

Analysis of variance (ANOVA) is a powerful statistical tool that can be employed to
assess the performance of a model in scrutinizing the influence of specific heat treatment
parameters on a 6061 aluminum alloy. By analyzing the variance between different treat-
ment groups, ANOVA allows us to determine whether variations in the alloy’s mechanical
properties, such as the ultimate tensile strength, can be attributed to the chosen parameters
or if they occur by chance. It quantifies the significance of each parameter’s impact, help-
ing to identify the most influential factors shaping the alloy’s properties. In this context,
ANOVA is a critical tool for rigorously assessing and validating a model’s effectiveness,
providing information about heat treatment processes for enhanced material performance.
We explain the theoretical basis of this technique in the following paragraphs.

ANOVA is a set of statistical models for studying the effect of one or more factors on
the mean of a variable. To evaluate within-group variance compared to between-group
variance, the “F statistic” is used to determine whether the null hypothesis is accepted
or rejected based on its value. Table 1 summarizes the analysis of variance to test the
significance of a model, which starts from 5SSy, (the sum of squares, SS, of the model), as
expressed in Equation (1) [23].

n

SShtod = ;(yz- -7)° (1)

where 7 is the number of data samples, 7; is the value predicted by the regression model,
and ¥ is the mean of the process response.
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Table 1. Analysis of variance parameters to assess the significance of the model. See Equations (1)-(9),
where terms and literals are explained.

SS DF MS Fy
MS
Model SSMod k MSpMod Mod /M Sk
es
Residual SSRes n—q MSRes -
Total SSTot n—1 - -

Similarly, the expression SSt,; seen in (2) indicates the total sum of squares that
measures the variability of y, being y; the process response. On the other hand, SSg.s,
exhibited in (3), is the sum of squares of the error that indicates the residual of the estimated
model in explaining the response variable.

n

SStor = Y (yi — ) @
i=1

SSres = Y (i — 9i)° 3)
i=1

Furthermore, MS 1,4 is defined as the mean squares (MS) of the model, and MSg,s as
the mean squares of the residual, as can be seen in (4) and (5), respectively.

SS

MS oz = =~ )
SS

MSies = S (5)

The degrees of freedom (DFs) are given by k as the number of input variables; n corre-
sponds to the number of data; and g is expressed as k + 1.

Another relevant parameter is the coefficient of determination (R?), which is a statistic
commonly used to evaluate a hypothesis by determining the variability of the results of a
model. The coefficient determines the ability of the model to replicate the results and the
variation that can be explained. The equation for calculating the coefficient of determination
is shown in (6).

SSr
RP=1-_27-2 6
S5 ©
Many regression users prefer to use an adjusted Rﬁ dj statistic, depicted in (7):
SSRes/
R2 (1’1 — Q) (7)

1 \n—74q)
adj SSTot/(n B 1)

SSRes/ (n — q) is the residual mean square of error and SSt,;/(n — 1) is a constant.
Consequently, R2 4j increases only if a variable added to the model reduces the error
mean square.

Finally, R-squared for prediction (R%W ediction
variation in the outcome explained by the predictor variables. The equation that describes
R is given by (8), while the total sum of squares (S57,;) is given in (2).

) is a statistic that tells us the percentage of

2
prediction

2 _, _ PRESS

Rprediction_ - SSor (8)
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PRESS measures how well the model will perform when predicting new data (i.e., data
not used to fit the regression model). PRESS is calculated as follows (9):

n 2
PRESS = 2<1 e"h”) ©)

=1

where ¢; is the residuals (y; — 7;), J; is the value predicted by the regression model, and
y; is the process response. h;; is the i-th diagonal element of the hat matrix H, given by

H=X(X X)le, X being the design matrix composed of the input variables.

2.2. Sample Preparation

For this investigation, a 6061 structural aluminum alloy was used, and its composition
is shown in Table 2 as it was determined using a spark spectrometer. The aluminum alloy
used was a commercial 6061-T6 alloy (as-received material). The designation of the T6
condition corresponds to a standardized classification system used to denote the heat
treatment of an alloy (typically referring to a sheet or plate) aimed at altering its mechanical
properties and hardness. In the case of alloy 6061, a range of designations from T1 to
T38 exists. Specifically, T6 indicates that the alloy initially underwent a T4 treatment (a
solutionizing heat treatment), followed by a subsequent precipitation hardening thermal
treatment involving heating at 530 °C, succeeded by aging at 160 °C for 18 h, resulting in
the designation T6 [24,25]. It is worth noting that we performed all tests with the alloy
in the T6 condition from the supplier. The initial state characteristics are specified in the
subsequent sections, presented in the results sections of the experimentation conducted in
this research. For the heat treatment processes, samples with dimensions of 6.35 mm in
thickness, 25 mm in width, and 70 mm in length were cut.

Table 2. Chemical composition of as-received 6061-T6 aluminum alloy.

Element Other Not Specified
(wt. %) (wt. %)
Si Fe Cu Mn Mg Cr Zn Ti Individual Total
0.75 0.62 0.38 0.14 1.10 0.33 0.25 0.15 <0.05 <0.15

To conduct the research, we proposed a design of experiment (DOE) using a Taguchi
L27 (3*4) array [26] consisting of four factors: (A) solutionizing temperature, (B) aging tem-
perature,(C) solutionizing time, and (D) aging time, and three levels: (1) low, (2) medium,
and (3) high. The combination of levels and factors is presented in Table 3; in this table, each
row represents a unique combination of factors and levels to be evaluated. For example,
row 1 corresponds to testing factor A at level 1, factor B at level 1, factor C at level 1, and
factor D at level 1. Similarly, row 2 corresponds to testing factor A at level 1, factor B at level
2, factor C at level 2, factor D at level 2, and so on. The selection of solutionizing and aging
temperatures and duration was based on existing literature, mainly the references analyzed
in the Introduction [8-10], where similar values are reported, but also relevant international
standards and guidelines [24,27]. Also, we selected the temperature and time intervals that
we found to be useful in heat treatments that we have used in welding processes [14,28,29].
The three levels for the solutionizing temperature were 520, 530, and 540 °C; the levels for
the solutionizing time were 3, 4, and 5 h; for aging temperature, we proposed 150, 160, and
170 °C; and for the aging time, we used 12, 18, and 24 h. A muffle furnace was utilized
to perform solutionizing and aging heat-treatments based on the combinations described
in Table 3.
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Table 3. Taguchi L27 (3"4) orthogonal array for the 4 factor-3 level heat-treatment process.
Run Level Factor A Factor B Factor C Factor D
Combination Sol. Temp. (°C) Sol. Time (h) Aging Temp. (°C) Aging Time (h)

1 1-1-1-1 520 3 150 12
2 1-2-2-2 520 4 160 18
3 1-3-3-3 520 5 170 24
4 2-1-2-3 530 3 160 24
5 2-2-3-1 530 4 170 12
6 2-3-1-2 530 5 150 18
7 3-1-3-2 540 3 170 18
8 3-2-1-3 540 4 150 24
9 3-3-2-1 540 5 160 12

In the context of experimental design, selecting factors and levels is crucial in deter-
mining the efficiency and effectiveness of the study. When designing our experiment, we
carefully identified known or hypothesized variables to influence the response variable,
which, in our case, is the ultimate tensile strength (UTS) of the alloy. These factors were
chosen based on a literature review, as mentioned in the precedent paragraph, and our
understanding of the material properties and heat-treatment processes involved. Each
selected factor has a potentially significant impact on the response.

Furthermore, the decision to include four factors and three levels each was made care-
fully considering the capabilities of the Taguchi DOE methodology [18]. The L27 Taguchi
design allows for the construction of an orthogonal matrix with unique combinations of
factors and levels. This orthogonal matrix ensures that each factor level combination is
represented evenly, thereby providing a statistically robust representation of the experi-
mental set. By utilizing this orthogonal array, we can efficiently explore the parameter
space with limited experimental runs. This minimizes the resources and time required for
experimentation and maximizes the information obtained from each experiment. Using
the L27 (3°4) array, nine unique experimental runs can be conducted, each corresponding
to one row in Table 3. Each experiment was conducted thrice to ensure proper replicability;
consequently, we performed 27 experiments. The data collected from these runs can then
be used to analyze the effects of the factors and determine the optimal combination of
factors and levels for the desired outcome.

2.3. Experimental Analysis

After the heat-treatment, tensile tests were performed, based on the ASTM E-8 stan-
dard [30], on plate specimens 6.35 mm in thickness, with a reduced section 12.5 mm in
width and 63 mm in length, and 50 mm in gauge length (to attach the extensometer).
Testing speed has a strong influence on measured mechanical properties (annex X1 in [30]);
then, assuring the limits stated in this standard guarantees good repeatability and con-
fidence in testing results (Section 9 in [30]). The standard limits of the testing speed to
calculate tensile and yield properties shall be between 1.15 and 11.5 MPa/s and a factor
of 0.05 and 0.5 min~! of the test zone length to calculate the testing speed limits. Thus,
given the test zone length of 63 mm, the speed of the test ranges from 3.5 to 35 mm/min
(Section 7.6.4 in [30]). Consequently, we used a tensile rate of 10 mm/min and a yield
speed of 8 MPa/s to determine the ultimate tensile strength (UTS), Young’s modulus, yield
strength (0.2% offset), and final elongation.

Hardness measurements were performed with a 250 gf load with a microhardness
tester. Metallography was conducted following the ASTM E3 standard [31]. An optical
microscope was employed for microstructure analysis, and images were analyzed using
Nikon NIS Elements D software version DS-03. Fractography and phase identification
were performed using a scanning electron microscope (SEM) equipped with an energy-
dispersive X-ray spectroscopy (EDS) sensor. Phase identification was accomplished using
an Empyrean Panalytical X-ray diffractometer. The analyses were conducted in microd-
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iffraction mode on a 1 mm x 1 mm area where High Score Plus 5.0 software and PDF+
database were utilized for phase analysis. Each sample was subjected to a 0.0016° step size
with a counting time of 87.92 s. XRD analysis was performed from 30° to 80° (20) using
Cuy radiation (45 kV, 40 mA).

3. Results
3.1. Tensile Strength Evaluation

Table 4 presents the tensile test results (average of three repetitions) after the exper-
imental series from the combination of parameters exhibited in Table 3 was conducted
(DOE). The analysis begins by explaining and interpreting the tensile test results because
they serve as the starting point for the microstructural analysis of the samples and the
further investigation of fracture behavior. Also, the ultimate tensile strength is an indicator
or reference for the study of the Taguchi DOE and ANOVA.

Table 4. Tensile test results after executing the DOE. Values in parenthesis are the standard deviation
of three repetitions.

.. UTS Young Modulus Yield Strength Signal-to-Noise Ratio
Run Level Combination (MPa) %GPa) (MPa) & & (dB)
1 1-1-1-1 193.7 (8.7) 57.20 (2.46) 157.7 (32.7) 45.723
2 1-2-2-2 219.0 (3.5) 45.00 (2.33) 176.0 (27.2) 46.807
3 1-3-3-3 281.7 (5.0) 52.47 (4.91) 134.7 (19.4) 48.992
4 2-1-2-3 246.3 (3.1) 51.37 (4.30) 187.0 (21.1) 47.829
5 2-2-3-1 270.0 (0.0) 61.07 (3.29) 191.3 (58.0) 48.627
6 2-3-1-2 223.3 (3.2) 55.23 (3.97) 138.0 (5.0) 46.977
7 3-1-3-2 293.7 (1.5) 57.87 (2.87) 180.7 (28.0) 49.357
8 3-2-1-3 252.7 (3.1) 58.33 (2.87) 217.0 (44.2) 48.050
9 3-3-2-1 248.7 (4.7) 56.07 (0.90) 221.3 (10.8) 47.909

As a reference, we measured the tensile strength of the as-received alloy, which was
found to be 274 MPa with a standard deviation (SD) of 10 MPa. Although a mechanical
strength of 290-310 MPa is often mentioned in the literature as a typical value for 6061-T6
alloy, the ASTM B209 standard [32] specifies a minimum UTS value of 42 ksi (approximately
equivalent to 289 MPa). Then, our measured UTS of 274 MPa (SD = 10 MPa) for the as-
received material is, to some extent, slightly below this minimum specification.

However, it is important to note that we purchased the commercial plate from a local
supplier and assumed inherent variations as accounted for in the ASTM E8 standard,
particularly Table X1.1 in [30], where a repeatability and reproducibility (R&R) value
of 12.1 MPa is reported, indicating variability due to sampling. Given this context, our
measurement of 274 MPa falls within the acceptable range when considering the reported
tolerance value and our measurement precision.

Furthermore, the UTS of 293.7 MPa (SD = 1.5 MPa) obtained from our best condition
after the heat treatment study indeed shows an improvement compared to the original
strength of the as-received alloy. This result emphasizes the main point of our research: the
significant influence of solutionizing and aging parameters on the mechanical properties of
the alloy, from a Taguchi DOE perspective.

Thus, UTS was chosen as the primary output response, and a criterion of the larger-
the-better approach was selected. The signal-to-noise (S/N) ratio for each run is calculated
as the negative logarithm of the reciprocal of the squared output value. The average S/N
ratio for a particular factor level combination is then determined as follows:

5 1y~ 1
~ = ~10logyg ’”I;%Z (10)
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where m is the number of replicates, 3 for our L27 (3"4) design; and y; is the response
variable value for the i-th replicate. Once the S/N ratios for each combination of factor
levels are calculated, they can be compared and analyzed to determine the optimal factor
level settings that maximize the S/N ratio for the specific objective.

The samples that exhibited the best mechanical tensile properties among the tested
samples were those in the 7th run (see Table 4); also, this run showed the maximum S/N
ratio of 49.357 dB, according to the criterion of “the larger, the better”. These samples
were processed at a solutionizing temperature of 540 °C or 3 h, followed by aging at
170 °C for 18 h, resulting in an average ultimate tensile strength of 293.7 MPa. In contrast,
samples from the 1st run exhibited the lowest mechanical properties; they were subjected
to a solutionizing temperature of 520 °C for 3 h and aging at a temperature of 150 °C
for 12 h, yielding a significantly lower UTS, of only 193.7 MPa. The sample comparison
demonstrates the considerable influence of the solutionizing and aging parameters on the
resulting mechanical properties, as can be inferred from Table 4. Stress vs. strain curves
for selected samples are exhibited in Figure 1 (only the 3 best and the worst samples were
plotted); please note that numerical values of UTS for each individual combination of
factors are exhibited in Table 4.

3rd run (2nd place)

7th run (best) ﬂ

’

Sth run (3rd place)/

_—

— ] ﬂ run (worst) / \ \‘
=
< 1504
g
=
100
50 1
0 T T T T T T T T 1
0 2 4 6 8 10 12 14 16 18

Strain (%)
Figure 1. Stress—strain curves for selected samples.

3.2. Analysis of Variance and the Fit Result of the Model

Once UTS was determined to be the primary output parameter, the models” behavior
and their variables were analyzed by constructing an ANOVA table. We proposed a design
of experiment (DOE) using a Taguchi L27 (3°4) array (see the experimental parameters
of DOE in Table 3 and the results of the experiments in Table 4), using the residuals and
the total sum of squares to calculate the source of variation of the models (as specified in
Table 1).

Table 5 shows the ANOVA performed for the regression model, considering all
27 experiments that were realized based on the combinations of levels and factors previ-
ously specified in Table 3. The model is representative by having a p-value < 0.05; i.e., the
model adequately represents the variability that occurs in the process. This comprehen-
sive analysis allows us to assess the significance and contribution of each factor and its
interactions across the entire experimental matrix.
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Table 5. Summary of the ANOVA based on the 27 experiments performed for this work. Observe
that the aging temperature (in bold) is not statistically significant in the UTS value.

Source SS DF MS Fo p-Value

Regression Model 23,078.8 4 5769.7 75.20 ~0
Solutionizing temperature 5017.6 1 5017.6 65.39 ~0

Aging temperature 214.3 1 214.3 2.79 0.109
Solutionizing time 15,500.5 1 15,500.5 202.02 ~0
Aging time 2346.4 1 2346.4 30.58 ~0

Residual 1688 22 76.7
Total 24,766.9 26

The probability p-value is an approach for making decisions in hypothesis tests. One
way to report the results of a hypothesis test is to state that the null hypothesis (usually
denoted H,) was or was not rejected at a specified a-value or significance level; this x-value
is typically 0.05. The p-value is the probability that the test statistic will take on a value
that is at least as extreme as the observed value of the statistic when the null hypothesis
H, is true [33]. A p-value conveys a lot of information about the weight of evidence
against H, so that a decision-maker can draw conclusions at any significance level. Thus,
the p-value is the smallest level of significance that would lead to the rejection of the
null hypothesis H, with the given data. It is customary to call the test statistic (and the
data) significant when the null hypothesis H, is rejected; therefore, we may consider the
p-value the smallest level at which the data are significant. Once the p-value is known,
the decision maker can determine how significant the data are without the data analyst
formally imposing a preselected significance level (in this case, « = 0.05). Please note that a
p-value of approximately zero implies that it is much lower than the significance level (see
Table 5).

The ANOVA for the regression model using the Taguchi L27 (3"4) array method can be
seen in Table 5. This adequately represents what happens in the process by having a p < 0.05,
and the calculated F is higher than the F distributionin 1 — a = P(F < fa, 4, 12) with « = 0.05,
indicating that the model rejects the null hypothesis and concludes that the ultimate tensile
strength of the alloy is linearly related to four factors: (A) solutionizing temperature, (B)
aging temperature, (C) solutionizing time, and (D) aging time. Additionally, we intend
to identify which variables have a greater weight in the model and process, where it is
observed that the tensile strength model is less affected by the variable aging temperature
with a value p = 0.109 (p > 0.05) and a calculated F of 2.79, noting that this has a lower weight
in the model. Therefore, this variable does not have statistical significance to the ultimate
tensile strength value when compared with the p-value of the other parameters. This
observation is supported by the p-value reported for the aging temperature variable, which
was found to be p = 0.109. In contrast, the p-values for the other variables (solutionizing
temperature, solutionizing time, and aging time) were all below the significance threshold
of 0.05, indicating their statistical significance with respect to the response variable.

The linear regression model was fitted using the data collected by the Taguchi array
method from the 27 performed experiments (see Table 4). As a result of this process, the
resultant model is shown in Equation (11):

¥ = Bo+ B1x1 + Baxo + B3xz + Paxs (11)

where the intercept (B) and slope (B1, B2, B3, B4) of the line are called regression coeffi-
cients, and x1, xp, x3, x4 are the factors (or regressors) involved in the DOE (solutionizing
temperature, aging temperature, solutionizing time, and aging time, respectively) affecting
the predicted output (7), i.e., the UTS value.

In that case, the ultimate tensile strength (UTS) can be expressed as (12):
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UTS = —1155 + 1.670 * solutionizing temp. + 3.45 * aging temp. + 2.935 * solutionizing time + 1.903 * aging time (12)

It is reasonable to assume that the mean of the random variable Y is related to X by
Equation (11) as a straight-line relationship, and its solution is given by Equation (12).
While the mean of Y is a linear function of X, the actual observed value (1) does not fall
exactly on a straight line. The appropriate way to generalize this to a probabilistic linear
model is to assume that the expected value of Y is a linear function of X, but that for
a fixed value of X the actual value of Y is determined by the mean value function (the
regression linear model) [34]. This is a multiple linear regression model because it has
various independent variables or regressors. Sometimes, a model like this will arise from
a theoretical relationship. At other times, we will have no theoretical knowledge of the
relationship between X and y.

Thus, the regression model in (11) is a line of mean values; that is, the height of the
regression line at any value of x is just the expected value of Y for that x. By (in this case
Bo = —1155) is the value of the predicted variable when all regressors are equal to zero,
while B1, B2, B3, B4 can be interpreted as the change in the mean of Y for a unit change in
x. Furthermore, the variability of Y at a particular value of x is determined by the error
variance (02). This implies that there is a distribution of Y — values at each x and that the
variance of this distribution is the same at each x.

In this case, Y = UTS, the intercept By = —1155, and the slopes are 81 = 1.670, 8, = 3.45,
B3 = 2.935, B4 = 1.903. The input variables are in X as follows: solutionizing temperature = x;,
aging temperature = x,, solutionizing time = x3, and aging time = x4 (see Equation (12)).
Consequently, the regression model shows that the relationship between Y and the input
variables are at a level x. Then this fitted regression equation or model can be used in
prediction of future observations of Y or for estimating the mean response at a particular
level of x.

3.3. Hardness Evaluation

After the heat-treatment process, the hardness of the samples was also assessed. The
investigation revealed that fluctuations in hardness primarily depend on the solutionizing
temperature. The summarized results are presented in Figure 2, representing the hardness
of all samples treated at a specific solutionizing temperature; it provides valuable insights
into the microhardness’s behavior.

Previous authors [10,35] have determined that hardness depends on the presence of
alloying elements such as Mg and Si, which form intermetallic phases in the presence of Fe,
among other elements, as well as the time and temperature of the aging process. With a
solutionizing temperature of 540 °C for 3 h, followed by artificial aging at a temperature of
170 °C for 18 h, hardness of up to 98 HV (SD =2 HV) was achieved. At these solutionizing
temperatures, a more significant quantity of alloying elements can be retained as a solid
solution, allowing for the precipitation of alloying elements during artificial aging, which
forms strengthening phases.

The hardness of an alloy is primarily attributed to the presence of GP zones and
strengthening phases, as reported previously [36-39]. Notably, at a temperature of 540 °C,
the precipitation of Mg,Si phases and GP zones is favored; then, microhardness values
of up to 98 HV (SD = 2 HV) were obtained for these samples. In contrast, the lowest
microhardness was observed for a solutionizing temperature of 520 °C.

The initial microhardness of the as-received sample was measured as 101 HV (SD = 4.5 HV),
but it is worth noting that a slightly increased hardness does not necessarily enhance the
maximum mechanical strength [38,39].
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Figure 2. The average microhardness of heat-treated samples as a function of aging and solutionizing
temperatures. Error bars are the standard deviation.

Although the change from an average of 101 HV (SD = 4.5 HV) for the as-received
material to 98 HV (SD = 2 HV) is not significant, it is important to understand that a slight
decrease in hardness does not necessarily correlate with a reduction in mechanical strength.
As described by various authors [15-17], the 3 phases (Mg;Si) present in the as-received
material become more voluminous and well-distributed after artificial aging. During the
aging process, the (3 phases precipitate and re-distribute within the aluminum matrix, a
phenomenon we confirmed using X-ray diffraction (see Section 3.5).

According to Demir and Giindiiz [40], increasing the aging time enhances re-precipitation,
resulting in increased hardness due to the impeded mobility of dislocations caused by
precipitate formation. However, prolonged aging can lead to the coarsening of precipi-
tates, reducing their effectiveness as obstacles to dislocation movement and, consequently,
decreasing hardness. This balance between precipitate distribution and size significantly
influences the material’s mechanical properties (see Section 3.4).

In our case, the observed increase in UTS in the 7th run sample (293.7 MPa) compared
to the as-received material (274 MPa) can be attributed to the better re-distribution and size
of the precipitates achieved through our specific heat-treatment regimen. The artificial aging
process used in our experiments led to a favorable precipitate structure that enhanced
tensile strength without a corresponding increase in hardness. The reduced hardness
(98 HV) indicates a more refined precipitate distribution, which can improve the tensile
strength by effectively blocking dislocation motion, thereby increasing UTS.

While the hardness change was minimal, the substantial increase in UTS reflects the
successful optimization of the precipitate structure through our heat-treatment process,
leading to improved mechanical performance of the alloy.

3.4. Microstructural Analysis

After the heat-treatment, the samples were removed from the furnace, and cross-
sections were prepared to analyze their microstructure utilizing SEM. The microstructural
results presented here correspond to selected samples from the tensile tests shown in
Table 4. Figure 3 depicts the microstructure of the as-received alloy material. Equiaxed
grains, characteristic of the 6061-T6 alloy, can be observed in Figure 3a; additionally,
Figure 3b shows the presence of Al-Fe-Si dispersoids.
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Figure 3. (a) Micrographs of the as-received material exhibiting the grain distribution in the Al matrix and
(b) as-received material exhibiting Mg, Al (3 phase) characterized by plates and needle morphologies.

As-received material was also analyzed by EDS, and its spectrum is exhibited in
Figure 4. It is worth mentioning that the sample exhibited some particles of Al-Fe-Si, as
observed previously in Figure 3. However, EDS analysis revealed that Mg is also present
in the metallic matrix, as well as traces of Si. The latter suggested the presence of other
phases, mainly the 3 phase, as would be further confirmed by XRD (see Section 3.5). Small
traces of Fe were also detected by the equipment.
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Figure 4. EDS spectrum of an area of approximately 50 x 50 um in the as-received samples exhibiting

the presence of aluminum and magnesium.

Figure 5a shows the micrograph of a selected sample from the 7th run of the DOE,
where equiaxed grains are visible. Also, Figure 5b exhibits strengthening precipitates,
precipitate clusters, and 3 precipitates alongside Fe-Al-Si dispersoids [12,14].
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Figure 5. (a) Equiaxed grains on the heat-treated surface of a representative sample from the 7th run
of the DOE and (b) precipitates in the Al matrix on the surface of the same sample.

The presence of 3 phases and dispersoids in the sample with the best mechanical
condition (7th run) was confirmed using EDS in Figure 6. The representation of EDS spectra
was performed in an energy range from 0 to 4 keV to highlight traces of Mg (at 1.2 keV),
Si (1.75 keV), and Fe (0.65 keV) precursor elements. These elements exhibit much lower
relative intensities compared to the characteristic peak of Al, which is at 1.5 keV. Although
the original test was conducted in a range of 0 to 7.5 keV, no traces of Mg, Si, or Fe were
identified at other energy values, leading to the decision to more clearly display the peaks
that are most visible near the characteristic peak of AL
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Figure 6. EDS spectrum exhibiting (a) elements precursors of 3 phase (Al-Mg-Si) and (b) dispersoid-
forming elements (Al-Fe-Si).

3.5. XRD Phase Identification

We utilized XRD analysis to identify the 3 phase. The identification of the strength-
ening phase presents challenges because the predominant peaks of aluminum from the
aluminum matrix complicate intensity measurements, leading to potential confusion be-
tween the crystallographic planes of hexagonal aluminum corresponding to the 3 phase
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and the FCC structure of the aluminum matrix. However, it is still possible to distinguish
the 3 phase with careful analysis, as explained in the following paragraphs.

Figure 7a presents the XRD pattern of the as-received sample; the highest peak corre-
sponds to aluminum with (200) orientation. By zooming in on the spectrum in Figure 7b,
the presence of the 3 phase (MgSi) with (220) orientation becomes more evident. Traces of
the aluminum matrix with orientations (111) and (311) are also observed [41].
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Figure 7. (a) XRD spectra for 6061 aluminum alloy (as-received) at full scale; (b) amplification of the
trace peaks.

Figure 8 shows the XRD spectrum corresponding to the sample that exhibited the
lowest mechanical properties (1st run), in which the presence of the 3 phase with orientation
(220) is observed. The presence of aluminum peaks having the orientations (111), (220), and
(311) is noticeable with greater relative intensity compared to the as-received sample.

Figure 9 presents the XRD pattern of a representative sample from the 7th run, sub-
jected to a solubilization temperature of 540 °C for 3 h and aging at 170 °C for 18 h. It can be
confirmed that the thermal treatment has induced recrystallization in the aluminum matrix.
This is evident from the altered orientation of the aluminum diffraction peak initially
observed at (200) in Figure 7. Furthermore, Figure 9 demonstrates a change in the relative
intensity of other peaks, indicating the presence of the (3 phase in the alloy. According to
the literature, the morphology of the 3 phase is typically observed in the form of plates or
needles [11], as previously depicted in Figure 5, which corroborates the XRD findings. It is
important to note that increasing the solution time can result in the dissolution of a more
significant amount of the 3 strengthening phase, leading to increased hardening after the
solution treatment [42]. Therefore, traces of the beta phase can be observed in Figures 7-9.

The recrystallization of the aluminum matrix after the thermal treatment is a significant
phenomenon in alloy processing. Recrystallization refers to forming new grains with a
lower dislocation density and improved structural stability. In this case, the observed shift
in the diffraction peak of aluminum (200) suggests a realignment of crystallographic planes,
indicating the occurrence of recrystallization. The recrystallization process promotes the
development of a more uniform and fine-grained microstructure, which can contribute to
enhanced mechanical properties, such as increased strength and improved formability.
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Figure 8. (a) XRD spectra for the heat-treated 6061 aluminum alloy at full scale (1st run, worst case);

(b) amplification of the trace peaks.
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Figure 9. (a) XRD spectra for the heat-treated 6061 aluminum alloy at full scale (7th run, best case);

(b) amplification of the trace peaks.

3.6. Fracture Mechanisms

An interesting aspect of this study is the evaluation of the fracture mechanisms in the
different experimental samples. First, we present the fractography shown in Figure 10,
which corresponds to the sample from run 1, which exhibited the lowest UTS among all the
samples. The fractographic analysis reveals the presence of microvoids, characteristic of
ductile fracture. However, we also observe traces of cleavage, indicative of brittle fracture.
Therefore, this sample exhibited a mixed fracture mechanism, combining both ductile and

brittle features [43,44].
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Figure 10. (a) Fracture zone micrograph of selected sample from 1st run. (b) Magnification of the
same sample exhibiting microvoids and dimples.

In contrast, samples in the best condition (7th run, which reported the best performance
in the tensile test, achieving the highest UTS result) exhibited different fracture mechanisms.
The fracture was predominantly ductile, as indicated by the white arrows highlighting
the presence of dimples and micro-cracks, which are characteristic of ductile fracture, as
depicted in Figure 11a. Furthermore, Figure 11b, captured at 300 x magnification, illustrates
the presence of dimples and microvoids, reinforcing the observation that the specimen
exhibits good ductility [8]. The rest of the samples, including the as-received materials,
exhibit similar fracture behavior, demonstrating consistent ductile fracture characteristics
across these conditions.
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Figure 11. (a) Fracture zone micrograph of selected sample from 7th run. (b) Magnification of the
same sample exhibiting microvoids and dimples.

The existence of distributed microvoids throughout the fractured aluminum matrix
indicates good ductility and a favorable distribution of the strengthening 3 phase (Mg;5i).
The formation of microvoids occurs due to various mechanisms, including grain boundary
sliding and dislocation movement [16]. During tensile deformation, stress concentrations
can lead to the nucleation and growth of microvoids, which subsequently coalesce and
form larger voids. These voids are then observed as dimples on the fracture surface. The
localized coalescence of microvoids into larger dimples results from the interaction between
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the plastic deformation mechanisms and the material microstructure. Grain boundaries,
as well as dislocations, play a crucial role in this process. The sliding of grain boundaries
and the movement of dislocations promote stress concentration around certain regions,
leading to the nucleation and growth of microvoids. As deformation continues, these
microvoids coalesce and form dimples, which are energy-absorbing features during the
fracture process. A significant note is that fractographs obtained from tensile testing are
more likely to reflect the plastic deformation ability of the material, corresponding to its
elongation property, rather than solely indicating its strength. It is essential to consider that
numerous factors, including the phases present within the material, influence the stress
experienced by the material during testing.

4. Discussion

The mechanical testing results obtained through the DOE analysis (Section 3.1) start
from the essence of the Taguchi DOE, which is the ability to construct an efficient and
informative experimental design. By selecting fewer factors and levels, we aimed to simplify
the experimental process and focus on the most influential variables while maintaining
statistical robustness (as the ANOVA exhibited in Section 3.2). This approach allows us
to achieve reliable results with fewer experiments than traditional full factorial designs,
making the Taguchi DOE a valuable tool for experimental optimization. This approach
is inherent to the Taguchi DOE’s capabilities and aligns with the principles of sound
experimental design. To analyze the results of evaluating the selected parameters on the
ultimate tensile strength, we analyzed the hardness (Section 3.3) and the microstructure
(Section 3.4); also, we conducted a hardening phase study (Section 3.5) and performed a
fracture evaluation (Section 3.6).

Yield strength is relevant in mechanical testing evaluation, especially when the ma-
terial’s response to plastic deformation is predominant. However, we focus on UTS from
the specific nature of processes such as welding and similar procedures, where the tensile
strength often determines the final response due to several factors, including the variability
in the 0.2% yield strength resulting from the mixture of microstructures generated during
the cooling process. This variability can significantly impact the material’s performance,
particularly its ability to withstand applied stresses and resist deformation. In welding,
the capacity of joints to withstand stress emphasizes the importance of considering the
ultimate tensile strength in evaluating weldability and joint integrity [27]. Furthermore, in
applications such as wear-resistance assessments, where hardness measurements serve as
an initial indicator, ultimate tensile strength plays a crucial role, as it is directly correlated
with hardness. Similarly, in phase transformation processes, the material’s tensile strength
is a key indicator of its response to heat-treatment, which is a critical consideration in
various industries.

The Taguchi design of experiment is a potent and efficient methodology distinctively
adept at discerning crucial factors, minimizing variability, enhancing performance, and
conserving resources [18]. Particularly in assessing mechanical properties such as tensile
strength, its application transcends traditional testing and measurement approaches (often
performed as a trial-and-error procedure), offering a proficient and cost-effective means
of optimization. Moreover, this methodology is evaluated using ANOVA to propose a
prediction model that explains the contribution of each variable in the heat-treatment
process to the final UTS value.

After ANOVA was applied to the Taguchi DOE, we obtained a regression model where
the ultimate tensile strength of the alloy was linearly related to four factors: solutionizing
temperature, aging temperature, solutionizing time, and aging time. It is important to
note that the variable “aging temperature” was the least influential factor according to
the analysis of variance, referring specifically to its relationship with the model and its
generalization capability. This does not imply that aging temperature does not influence the
outcome of the heat-treatment process because aging temperature is crucial in determining
the final tensile strength.
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Comparing the determination coefficient, the regression model obtained R? = 93.18%.
Thus, the model accounts for about 93% of the variability in the tensile strength response.
Note that for the multiple regression model for the tensile strength data, R2, ;= 91.95%.
Therefore, we would conclude that adding the variable of aging temperature to the model
does result in a meaningful reduction in unexplained variability in the response.

A cross-validation approach was employed to assess how well the model can predict

results in different datasets. The R%r ediction Was reserved for assessing the model’s predictive

ability. The obtained fitting results (Rér ediction) Was 89.75%, indicating that the model can
explain approximately 90% of the variability observed in the test data for prediction and to
evaluate the model’s predictive capacity.

Therefore, at this point, it is crucial to explain the combined role of the variables
involved in the heat-treatment process and the resulting ultimate tensile strength values in
terms of the specific characteristics of this alloy. Increasing the solutionizing temperature
to 540 °C allows more alloying elements, such as Mg, Si, and Cu, to remain in a solid
solution [10,45]. Subsequently, these elements precipitate during artificial aging at high
temperatures to form the Mg,Si () phase [3,17]. In a study on various 6XXX-type alloys,
Mroéwka-Nowotnik and ]. Sieniawski [36] determined that tensile strength in such alloys is
influenced by the amount of Mg and Si present in a supersaturated solution, with Mg,Si
being the primary strengthening phase.

The reinforcement of the tensile strength of the alloy after the heat-treatment process
can also be attributed to the movement of dislocations due to the presence of foreign
particles from any other phase. However, if the temperature increases, as observed in run 7,
with aging at 170 °C and a solutionizing temperature of 540 °C, when we relate hardness
to tensile strength, samples treated at 530 °C exhibited lower hardness. This is reflected in
decreased tensile strength or strengthening due to the coalescence of precipitates within a
larger particle. Additionally, the annealing of defects occurs, which causes a reduction in
obstacles to the movement of dislocations.

Ternary systems like Al-Mg-Si and alloys without an excess of Si exhibit a well-
established precipitation sequence, as was demonstrated in previous studies using trans-
mission electron microscopy (TEM) [37,46]:

Solid solution

GP (Guinier-Preston) zones

Needle-shaped precipitates aligned with the (100) direction of the matrix and coherent

with the Al matrix along their major axes

B’ phase (rod-shaped precipitates, semi-coherent with the matrix)

3 phase (Mg»Si, plate-shaped equilibrium precipitates)

This sequence illustrates the compositional changes during precipitation, contributing
to understanding the alloy’s mechanical properties. It is worth noting that numerous stud-
ies in the literature have effectively utilized TEM to explain the microstructural evolution
during aging treatments. Notably, research compiled by Ding [5] has provided compre-
hensive insights into the transformation sequence, including observing GP zones and the
evolution of the beta phase through applying TEM. Additionally, references such as those
by Jacobs [11], Saito [6], and Matsuda [47] have extensively investigated the phenomenon of
beta dissolution utilizing TEM techniques, further supporting the efficacy of TEM in study-
ing microstructural evolution during aging treatments. These findings align with the precip-
itation sequence previously reported [6,15]: super-saturated solid solution (555S) — Si/Mg
clusters — Guinier-Preston (GP) zones — B — B/ — .

Despite recrystallization (during the solutionizing stage), the (3 phase is still evident
in the alloy after the thermal treatment, as we observed by XRD examination. The 3
phase is known for its strengthening effect on aluminum alloys, as it precipitates from the
supersaturated solid solution during aging. The indexation of the diffraction peak at (220)
confirms the existence of the 3 phase in the alloy (see Figure 9). It is worth noting that the
morphology of 3 can vary, and in this alloy, it appears to exhibit plate-like or needle-like
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shapes (see Figure 5). These precipitates contribute to the overall strengthening mechanism
by impeding dislocation movement and enhancing the alloy’s resistance to deformation.
Thus, XRD analysis confirmed the microstructural changes that occur during the thermal
treatment of the alloy. It also confirms the recrystallization of the aluminum matrix and
the persistence of the strengthening 3 phase, being important in understanding the alloy’s
microstructural evolution and optimizing its mechanical properties.

Finally, the presence of dimples and microvoids on the fracture surface is desirable
because it implies that the material has undergone plastic deformation before failure. This
indicates that the alloy possesses good ductility and can withstand significant strains
without sudden brittle failure. The favorable distribution of the 3 phase within the alu-
minum matrix further enhances the mechanical properties, contributing to the material’s
ability to deform plastically and absorb energy during fracture. This highlights its favorable
mechanical behavior and ability to withstand deformation under tensile loading conditions.

5. Conclusions

This study focused on evaluating the heat-treatment parameters of the 6061 aluminum
alloy to enhance its mechanical properties. The effects of solutionizing and aging tempera-
tures on the Ultimate Tensile Strength were investigated systematically using the Taguchi
design of experiment (DOE) method. The following key findings and conclusions were
drawn from the study:

1.  The mechanical testing results demonstrated a major influence of the solutionizing
and aging parameters on the alloy’s Ultimate Tensile Strength. The samples processed
at a solutionizing temperature of 540 °C for 3 h, followed by aging at 170 °C for
18 h, exhibited the highest tensile strength (UTS = 293.7 MPa), while the samples
processed at the lowest levels of these parameters showed the lowest tensile strength
(UTS =193.7 MPa).

2. The analysis of variance (ANOVA) revealed that aging temperature is the least influ-
ential factor affecting the Ultimate Tensile Strength. This factor has no statistically
significant impact on the alloy’s mechanical properties. However, it is essential for
the final precipitation of the hardening phases and an important parameter in the
heat-treatment process.

3. The microstructural analysis of the heat-treated samples confirmed the formation of
equiaxed grains, strengthening precipitates, precipitate clusters, and 3 precipitates
alongside Fe-Al-5i dispersoids. Energy-dispersive spectroscopy analysis also ratified
the presence of elements precursors of the 3 phase (Al-Mg-5i) and dispersoid-forming
elements (Al-Fe-5i).

4.  X-ray diffraction analysis confirmed the presence of the 3 phase (Mg;Si) in the alloy;,
both in the as-received and heat-treated samples. The persistence of the 3 phase after
the heat-treatment indicated its contribution to the improved mechanical properties.

5. Fracture analysis revealed a ductile fracture mechanism in the alloy. The examination
of the fractured samples supported the findings of enhanced tensile properties result-
ing from the systematic evaluation of heat-treatment parameters from the Taguchi
DOE and ANOVA assessment.

The Taguchi DOE approach was successfully applied in this study to evaluate the
heat-treatment parameters of the 6061-aluminum alloy by the analysis of variance. The
results highlighted the significant impact of solutionizing and aging temperatures on
the tensile strength, with the samples processed at higher levels of these parameters
exhibiting superior mechanical properties. The microstructural and fracture analyses
provided information about the mechanisms responsible for the improved properties,
including the formation of strengthening precipitates and the persistence of the 3 phase.
These findings contribute to the understanding and potential of enhancing the mechanical
performance of the 6061-aluminum alloy in materials engineering applications and heat-
treatment process optimization.
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