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Abstract: Commercial pure Mg specimens were processed through equal channel angular pressing
(ECAP) using two dies with die angles of 90◦ and 120◦. Mg billets were processed up to four passes
via different route types. Machine learning (ML) techniques were adopted to estimate the ECAP
parameters and verify the experimental findings. Several ML techniques were employed to estimate
the effect ECAP parameters of pure Mg on microstructural evolution, Vicker’s microhardness (HV),
and tensile properties for ECAP billets and their as-annealed (AA) counterparts. Electron back-scatter
diffraction (EBSD) was applied to determine the structural evolution and crystallographic texture
both prior to and following the ECAP process for the Mg billets. EBSD analysis showed that route Bc
is the most effective route in grain refinement, and four passes of route Bc experienced a significant
refinement of 86% compared to the AA condition. Furthermore, the crystallographic texture showed
that four passes of route Bc produced the most robust texture that was greater than 26.21 times
random. ML findings revealed that the grain size demonstrated a strong correlation of −0.67 with
rising number of passes, while φ affected the grain size strongly with 0.83. When adopting a 90◦-die
to accumulate the plastic strain up to 4Bc, the subsequent HV was indeed 111% higher than that of
the AA equivalent. From ML findings it was clear that the number of passes was the most significant
parameter on the Mg HV values, while ECAP channel angle (φ) revealed high correlation factor with
HV values as well. Furthermore, four passes of route Bc with φ = 90◦ and 120◦ led to a significant
increase of the tensile strength by 44.7%% and 35.7%, respectively, compared to the AA counterpart.
ML findings revealed that the tensile strength was affected by the increasing number of passes with a
strong correlation of 0.81, while affecting ductility moderately with 0.47.

Keywords: pure Mg; equal channel angular pressing; die angle; route type; microstructural evolution;
crystallographic texture; machine learning approach

1. Introduction

Magnesium (Mg) alloys are considered among the lightest metal alloys in existence
and are remarkably strong relative to their weight; in fact, their density is just a fraction of

Appl. Sci. 2023, 13, 6279. https://doi.org/10.3390/app13106279 https://www.mdpi.com/journal/applsci

https://doi.org/10.3390/app13106279
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/applsci
https://www.mdpi.com
https://orcid.org/0000-0002-7026-965X
https://orcid.org/0000-0002-4896-8235
https://orcid.org/0000-0003-4503-2033
https://orcid.org/0000-0002-9021-180X
https://orcid.org/0000-0001-7500-7694
https://orcid.org/0000-0002-3504-2820
https://orcid.org/0000-0001-8615-151X
https://doi.org/10.3390/app13106279
https://www.mdpi.com/journal/applsci
https://www.mdpi.com/article/10.3390/app13106279?type=check_update&version=2


Appl. Sci. 2023, 13, 6279 2 of 24

that of aluminum and that of steel [1–3]. Moreover, Mg alloys have attractive traits [4–6]
in different utilizations, including the aviation and automobile sectors [7–9], including
substantial specific strength, specific stiffness, and significant recyclability. In addition,
owing to their weight reductions of around 10%, Mg alloys are seen as a crucial option to
minimize carbon dioxide emissions from cars, as this translates to a substantial decrease in
energy usage of 5–10% [10].

Nonetheless, Mg alloys’ low ability to deform is a key drawback that limits their use in
many fields, including aircraft and shipbuilding, due to their hexagonal close-packed (hcp)
crystal structure, which results in a small range of potential deformation directions [11].
That is, Mg deformation is extraordinarily challenging because of the large discrepancies
in the essential resolved shear stresses for the various slip systems [5,12–14]. Hence, Mg
and related alloys struggle to form when produced using conventional techniques such
as extrusion and rolling without heating [15]. Adversely, the formability of Mg alloys is
ameliorated at elevated temperatures [16–18]; the hardening effects of deformation are
mitigated by dynamic recrystallization and recovery processes. Diverse Mg alloys with
improved corrosion resistance, ductility, and/or both have been developed over the past
few years [19–21]. Because of this, it is preferable to improve the ability to deform of Mg
alloys by employing plastic processing procedures to regulate texture.

Methodologies of severe plastic deformation, such as high-pressure torsion [22–24],
equal channel angular pressing (ECAP) [12,25–29], twist extrusion (TE) [30], multichannel
spiral twist extrusion (MCSTE) [31–33], accumulative rolling bonding [34], and rolling
in a three-high skew rolling mill [35], show promise for providing the ability to deform
Mg alloys without heating them [36,37]. ECAP belongs to the numerous severe plastic
deformation methods that can effectively create nanostructures and ultrafine grain (UFG)
structures in alloys that are used in a variety of industrial applications [37–41].

Given the relationship of the microstructural and mechanical attributes of affected
materials and the level of permanent alteration produced, a variety of investigators have
undertaken a period of study investigating various elements of the ECAP process to
examine the effect of processing variables on material behavior. Thus, it was critical to the
design of an ECAP process to comprehend the phenomenon of strain growth. As shown by
Equation (1) [38,39], the equivalent strain (εeq) could be calculated theoretically based on
the die shape. The strain of the specimens produced by the ECAP method was determined
by the number of passes (N), the inner channel angle (φ), and the outside corner angle (Ψ),
as explained in [38,39].

The three most common forms of ECAP routes are A, Bc, and C [42–44]. Route A entails
making multiple passes over the sample without rotating it while performing any of them.
On the other hand, the specimen is turned by 90◦ with the very same orientation along its
longitudinal axis after each transit in the case of route Bc [22,42,43]. Upon the completion
of every single pass over route C, the specimen is turned by 180◦ to face the opposite
orientation of the extrusion path [44,45]. Large alterations in texture, microstructure, and
mechanical properties can be linked to ECAP’s influence on strain [42]. According to the
analysis of Ghosh et al. [46], strain has been mostly uniformly distributed along route BC
following the third pass through the cross-sectional area, whereas strain is mainly localized
along route A in the upper left location and, in the case of route C, at the corners.

It is common knowledge that ECAP makes Mg alloys longer-lasting and stronger by
improving their texture and refining their grains. In addition, it was found that the regular
shift in orientation and shear surface throughout the overall procedure was caused by
the various adopted ECAP routes with several passes, resulting in the greatest impact on
refining grains [47]. Non-basal slip methods stimulation and the recently created texture
were also observed to decrease the compressive behavior of the ECAP pure Mg as part of
its mechanical attributes, obtained from extrusion without heating when φ was set at 90◦

utilizing route BC for two passes. Refining grains, meanwhile, led to an improvement in
mechanical behavior following 4P [48]. In another instance, the ECAP method was used
with the AA2014 aluminum alloy by Venkatachalam et al. [49]. It was shown in their work



Appl. Sci. 2023, 13, 6279 3 of 24

that the effective strain was equalized across all planes during processing by route Bc,
and the mechanical behavior showed drastic enhancement as opposed to routes A, C, and
Ba. The influence of φ on the strain uniformity, development of microstructure, texture
crystallography, and mechanical behavior of pure Mg was investigated by A.I. Alateyah
et al. [50]. The test took place with φ = 90◦ and 120◦, and the specimens went via 4P of
the Bc route. The analysis of microstructure and mechanical behavior measurements also
indicated that the φ = 90◦ specimen had a finer grain and greater ultimate strength than
the φ = 120◦ specimen.

In order to discover and create novel materials with exceptional features, researchers
have placed a lot of time and effort into developing various techniques for designing
materials, such as experimental design procedures, approaches to optimizing parameters,
and tangible physical modeling [51–53]. In order to discover the right connections across
intricate features of materials and conceptual designs, conventional methods often neces-
sitate a thorough, tangible, physical examination. There are a variety of laws of physics
and chemistry that govern material features that must be explored in this context. Machine
learning (ML) models are another option; these models just need a dataset to capture the
understanding of the links among material attributes and design parameters, and they
have lately shown great success in the field of material design.

During the past few years, there has been a lot of chatter about using ML in a wide
variety of commercial settings, thanks in large part to the exponential growth in com-
putational power, the accessibility of large databases, and the ease with which complex
systems can be placed into practice. As a result, ML approaches are increasingly placed into
practice to deal with large databases featuring rapid input flows and to carry out a variety
of difficult tasks, including regression, categorization, data grouping, and dimensionality
reduction. ML has advanced to the point that it can now handle intricate systems and
expose complicated material systems, even with frequent transitions, by mining data for
insights and making predictions about how the system will operate. Feeding fresh datasets
to trained and well-tested ML models allows them to operate as a data analysis tool to
independently extract outputs [54,55].

Data on ECAP’s effectiveness in terms of numbers is scarce in the literature. Because
of its weak ability to deform, there are not many experiments that have looked at the way
the ECAP method affects pure Mg; instead, researchers have mainly concentrated on Mg
alloys with a φ of less than 90◦. For this reason, the current research looked into how
changing ECAP processing settings affected the grain size, Vicker’s microhardness, and
tensile properties. Moreover, pure Mg was experimentally investigated for a range of ECAP
factors, such as the number of passes (N), inner die angle (φ), and processing route. The
full impact of ECAP on the evolution of microstructural and mechanical properties was
assessed. In this study, ML techniques were used to create a model that can estimate pure
Mg ECAP values. Models were trained and validated using ML techniques, including
linear regression (LR), Gaussian process regression (GPR), and support vector machine
for regression (SVR). A few assessment measures, such as mean squared error (MSE), root
mean squared error (RMSE), and coefficient of determination (R2 score), were employed to
check and evaluate the trained models.

2. Materials and Methods
2.1. Materials and Experimental Methods

The Mg employed currently measures 10 mm in radius and 500 mm long, and it is
commercially pure (containing just 0.06% Al, 0.008% Ca, 0.005% Cr, 0.002% Cu, 0.015 Fe,
0.012% Mn, 0.005% Ni, and 0.06% Zn, and the balance is Mg). A precision cutting machine
was employed, aiming at cutting the Mg billets into 60 mm long pieces for the ECAP
samples. The specimens were annealed at 250 ◦C for 1 h prior to going through the ECAP.
Single pass (1P), 2 passes (2P), and 4 passes (4P) of ECAP were employed to process the
billets, along with a variety of routes (A, Bc, and C). A temperature of 225 degrees Celsius
and a ram velocity of 0.05 mm per second were employed to carry out the ECAP process.
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After each pass, the die’s interior surfaces were lubricated with a graphite-based substance
to lessen frictional force across the specimens obtained from ECAP and the utilized die.
The exterior angle (Ψ) of the split ECAP die employed was 20 degrees. Both of the adopted
ECAP dies featured different inner channel angles (φ) of 90◦ and 120◦.

Scanning electron microscopy (SEM) was adopted to investigate the microstructural
development of commercially available pure Mg billets. Furthermore, EBSD was applied
to determine its structural progression and crystallographic texture both prior to and
following the ECAP process. Both the AA and the ECAP billets were employed for the
analysis of the microstructure, with cross-sections trimmed longitudinally (LS) in a given
plane parallel to the orientation of the press (flow plane) and perpendicular to the die
entrance channel), where the axes of the reference system coincide with the extrusion ECAP
direction “Y” (ED), the normal direction “Z” (ND), and the transversal direction “X” (TD),
as displayed in [27]. A conductive epoxy was employed for the cold mounting of the
sample. Wheels revolving at a rate of 150 revolutions per minute were used to perform
the grinding and polishing. The sample was cleaned with water in every grinding stage
and then ground with 600, 800, 1000, and 1200-grit silicon carbide sandpaper. Diamond
suspensions with a particle size of 3 and 1 µm and a yellow DP-lubricant were employed in
the initial polishing phase, while a colloidal silica suspension with a particle size of 0.05 µm
was employed for the last polishing phase, which lasted until an external surface without
scratches was reached, which was detected with the use of an optical microscope. As a
lubricant, water that had gone through the distillation process was employed. Following
every phase of polishing, ultrasonic waves were employed to properly clean the sample
using ethanol for 10 min; consequently, a drying process using a blow-dryer was performed.
The sample was polished, then an etching in a hydrochloric acid and nitric acid mixture
was performed (12 mL HCl + 8 mL HNO3 + 100 mL ethanol) for a couple of seconds
before being rinsed in ethanol. The etching spots or oxide coatings were removed from
the sample’s surface through ion milling for 30 min at 2 keV ion beam energy, 0.425 s−1

sample rotating velocity, and an 85◦ sample inclination angle, where the sample surface
was inclined at 5◦ comparative to the ion beam axis. At 15 kV, 1.5 nA average current,
and a 70◦ inclination angle, an SU-70 SEM was employed to obtain EBSD observations
on the upper surface of the ED plane. With a resolution of 100 nm, crystallographic data
were acquired with the help of the HKL Channel5 Flamenco program. After gathering
crystallographic data, a post-processing HKL Channel 5 program was employed to create
an inverse pole figure (IPF) map.

Testing for microhardness employing Vicker’s method was carried out on the spec-
imens prior to and following ECAP processing, beginning at the edges of the billets
and working inward. The HV’s testing was conducted on the LS which was a square
20 × 20 mm2, and on the transverse section (TS), which was a circular area with diameter
20 mm, both the LS and TS were cut from the center of the Mg billets. The recorded HV
value was the average of the measured HV’s values. In order to determine the hardness, a
0.5 kg load was imposed for 15 s. Moreover, the ECAP specimens’ tensile properties were
also examined before and after ECAP processing using a 100 kN universal testing machine,
employing a predetermined strain rate set at 0.001 s−1 at room temperature. To find the
specimens to be employed for tensile testing, samples were taken from the middle area
of the ECAP specimens. Tensile sample sizes were standardized using the E8M/ASTM
protocol. In order to ensure the precision of the outcomes, 3 samples were evaluated for
each processing condition.

2.2. Design of Experiments

The effect of three ECAP factors on the microstructural and mechanical properties of
pure Mg is explored in this work. Table 1 shows that these three variables are the number of
passes (N), the angle of the ECAP die (φ), and the processing route. An ML-based strategy
was employed to create the various sets of ECAP parameters to examine the range of
possible ECAP responses; 16 separate trials were conducted. Grain size (GR), the sample’s
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HV, and the tensile properties of ultimate tensile strength (σu) and ductility (Du) were the
independent parameters in this context. Table A1 (Appendix A) displays the results of
grain size, HV values, and tensile testing.

Table 1. Experimental design of independent input ECAP process parameters.

Run
ECAP Parameters

A (N) B (Φ) C (Route Type)

2 2 120 A
3 4 90 C
4 2 120 C
5 2 90 Bc
6 2 120 A
7 2 90 Bc
8 4 120 Bc
9 4 120 C
10 2 120 Bc
11 1 120 A
12 4 90 Bc
13 1 90 A
14 4 90 A
15 4 90 A
16 1 90 A

2.3. Machine Learning Approach

ML techniques are classified as supervised learning, unsupervised learning, semisuper-
vised learning, and reinforcement learning. The far more prevalent type of ML technique
is supervised learning, which employs training data to find patterns and predict future
outcomes based on previous results. The unsupervised learning framework includes many
critical phases, such as data preprocessing, data standardization, feature extraction, al-
gorithm selection, model training, validation, and assessing [56]. The training dataset
is employed to create an initial model capable of matching the input data with adjusted
variables for model learning. The bulk of model learning procedures are implemented
by searching inside the training data for empirical correlations that may result in best-fit
relationships that correctly anticipate the model’s projected output. The validation dataset
is employed to fine-tune the model variable structure in order to obtain greater accuracy in
calibration. The probability distribution of the validation set should be the same as that
of the training dataset. Furthermore, while the testing dataset is distinct from the training
dataset, it shares similar probability distribution. The next step is to train the model by
maximizing its performance, which is frequently determined using a cost function. Mod-
ifying model hyperparameters that influence the training process, model structure, and
characteristics is frequently required. The hyperparameters should typically be adjusted,
utilizing validation datasets distinct from both test and training sets.

Overfitting is a problem that can occur during model training when the model exactly
matches all of the points in the dataset while neglecting the regularization criterion. In this
case, the trained model almost invariably does not perform effectively during the testing
phase. To address this issue, especially with a limited dataset (as in this study instance),
the cross-validation (CV) technique is used. The k-fold CV method randomly arranges the
sets of training into smaller ones, which are called folds. To calculate and assess prediction
accuracy, the model is taught with the folds as training data for every k-fold, and the model
is validated with the rest of the data as a test set. This procedure occurs k times inside
an iterative loop, and the model evaluation metrics are generated by taking the mean of
the metrics obtained during the loop. Although this method is computationally costly, it
preserves data, particularly when the algorithm is taught on a limited collection of data.

Several ML techniques, including multivariable linear regression, Gaussian process
regression (GPR), support vector machine (SVM), and support vector regression (SVR),
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were employed to estimate the ECAP variables of pure Mg. The chosen techniques are
shortly described in the part that follows.

2.3.1. Multivariable Linear Regression

Linear regression techniques are frequently utilized to describe the connection between
a single or many predictor parameters, referred to as input variables, and a response
variable, which is the outcome of the model. The linear regression technique employs
supervised ML to determine the optimal linear connection among a set of predictors
and an associated response. It aids in the interpretation of experimental, economic, and
physiological data, in addition to the understanding and prediction of the actions of
complicated systems. Multiple input (X) through linear regression yields a response vector
(Y), defined as

Y = β0 +
N

∑
n=1

βnXn + εn (1)

where βn denotes the estimated linear parameters, β0 represents the constant value, and εn
refers to the error terms.

2.3.2. Regression Gaussian Process

There have been recent significant strides in ML using the GPR, which is a nonpara-
metric Bayesian regression technique [57,58]. This technique provides numerous benefits,
including the potential to function effectively with minimal data as well as provide contem-
poraneous estimates of the output and related uncertainty.

The main advantage of employing GPR is the simultaneous estimation of the output
value and the associated uncertainty. By using GPR, the formulated hybrid model can
generate a probability density function (PDF) over the range FTs that embodies both the
predicted TtF and the corresponding uncertainty associated with various sources.

GPR works by taking into account a training set of data (xi,yi); i = 1, 2, . . . , n, where xi
εRd and yi εR are drawn from an undefined distribution. Predicting the output parameter
y* from a fresh input vector x* as well as the training data is the purpose of a GPR model.
The preceding is the basic form of a linear regression model:

y = xT β + ε (2)

where the β vector is the estimated coefficient of model fitting and ε is the error associated
with the model. It should be noted that ε is normally distributed with a mean value of
zero mean and a variance value denoted as σ2. In general, a Gaussian process (GP) is
determined through its associated mean function m(x) and covariance function (or kernel
function), k(x,x′), where x and x′ are two instances in the input features matrix x. Therefore,
the predicted values of y* can be formulated as a GP:

y∗ ∼ GP(m(x), k
(

x, x′
)
) (3)

It should be noted that the covariance function must be chosen or made correctly
because it is a key factor in how well GPR works. In reality, a lot of alike covariance
functions in the GPR are available; however, reaching a particular choice is a case-by-case
decision. One of the famous kernels that are commonly utilized with GPR is the radial
basis function, which is written as [57]:

K
(

xi, xj
)
= exp(−

∥∥xi − xj
∥∥2

2σ2 ) (4)

where
∥∥xi − xj

∥∥ represents the Euclidean distance among the two subject vectors and σ
represents the dispersion of the kernel function’s distribution.
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2.3.3. Support Vector Machine

SVM is frequently employed in ML modeling of regression or categorization issues [59].
SVR employs similar categorization techniques as the SVM, along with some minor modi-
fications [59–63]. Throughout the regression instance, a range of tolerance (ε) is given to
the SVM as a prediction of what the issue might have previously required. In addition, an
additional intricate factor should be considered because the technique is more complex.
The SVM technique determines the optimal hyperplane for splitting data into many groups
with the greatest margin. f (x) is employed to, as closely as possible, mimic the training
dataset (xi,yi), where i = 1, 2, . . . , N, and xn is a multivariate collection. In its simplest form,
the function f (x) is represented as [59]:

f (x) = wx + b (5)

Minimizing the following formula [59] yields optimality for the values of w and b:

min
1
2
‖W‖2 + C∑N

i=1(ξi + ξ∗i ) (6)

Subject to: 
yi − wxi − b ≤ ε + ξi
wxi + b− yi ≤ ε + ξ∗i

ξi, ξ∗i ≥ 0
(7)

where ξ is an ε-insensitive tube expressing error tolerance and C is a balance among the
empirically-predicted error and generic term. Using the optimal constraints along with
Lagrangian multipliers, the regression function may be stated as below [59]:

y = ∑N
i=1(αi + α∗i )K(xi, x) + b (8)

where K(xi,x) is referred to as the kernel function. The linear, polynomial, sigmoidal,
Gaussian, and radial basis functions are some of the most well-known kernel functions that
are commonly used with SVR.

3. Results and Discussion
3.1. Analysis of Machine Learning Approach

The correlation coefficients among the pairs of parameters are depicted in the correla-
tion chart depicted in Figure 1. The slope of a least-squares reference line for every pair
of parameters serves as the correlation coefficient in each off-diagonal scatter subplot. A
histogram representing the distribution of every parameter is shown along every diagonal
subplot. Pearson’s coefficient, used to determine the degree of linear correlation among two
sets of data, served as the basis for this graph. When a value is assigned to the correlation
coefficient, it must be from −1 to 1. Linear correlations between a pair of parameters are
said to be positively sloped when the values are positive, and vice versa. Coefficients
approaching 1 indicate robust correlations, whereas those near 0 point to poor ones.

In addition, the correlation chart showed that the mechanical properties of hardness (H)
and ultimate tensile strength (σu) were affected by the rising number of passes (N), where
strong correlations of 0.81 and 0.44 were obtained, respectively, whereas the ductility (Du)
demonstrated a moderate correlation of −0.37. Moreover, the grain size (Gr) demonstrated
a strong correlation of −0.67 with N. Regarding the die angle (φ), it affected H strongly
and σu moderately with −0.63 and −0.35, respectively, while affecting Du moderately and
Gr strongly with 0.47 and 0.83, respectively. Moreover, the route type (Rt) weakly affected
all four responses: H, σu, Du, and Gr. Calculation of the correlation coefficients is a popular
approach in ML for data analysis and mining. It is capable of extracting the important
features from a given collection of input and output characteristics, which subsequently
play a considerable role during model training and fitting. In this study, the most important
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system feature was the number of passes, followed by the die angle, and finally the route
type, which was the least important parameter.
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Figure 1. Correlation chart of ECAP responses (H, σu, Du, and Gr) against their counterpart input
parameters (N, φ, and Rt).

3.2. Impact of ECAP Processing Factors
3.2.1. Microstructure Evolution

EBSD was used to look into the microstructure of grains and the textural associated
crystallography of both of the ECAP specimens and AA counterparts of Mg in pure form.
The inverse pole figure (IPF) orientation map relevant to the extrusion direction (ED) for
the AA billets is displayed in Figure 2. A microstructural dominance of roughly equiaxed
coarse grains was observed, with a few outliers that were abnormally big and a few regions
of exceedingly fine grains. Even further, substructures were visible, notably within the
extremely immense grains. The grains varied greatly, from 1.14 µm to 34 µm, with 6.34 µm
being the mean. Information on grain size for ECAP specimens and their AA counterparts
is depicted in Table 2.

Table 2. Comparison of AA and ECAPed billets obtained grain sizes produced by utilizing two
distinct die angles (φ) and various passes.

Grain Size (µm) AA
Φ = 90◦ Φ = 120◦

1P 2A 2Bc 2C 4Bc 1P 2A 2Bc 2C 4Bc

Minimum 1.1 0.64 0.56 0.5 0.68 0.21 1.1 0.68 0.5 0.5 0.81
Maximum 34 25.45 22.62 9.29 11.05 7.14 24.82 24.79 22.73 16.91 16.91

Mean grain size 6.34 1.96 1.69 1.49 1.57 0.88 2.62 1.75 1.89 1.94 1.89
Standard deviation 5.8 1.5 0.97 0.95 0.67 0.73 2.45 1.44 1.85 1.64 1.11
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Figure 3 displays the IPF orientation maps in relation to the ED or the ECAPed billets
using both the 90◦-die and 120◦-die. These maps were created for Mg billets processed
through 1P and four passes of route Bc (4Bc). The microstructure of pure Mg that was ECAP-
processed for 1P was seen to show bimodality, with recently created fine and significantly
deformed big grains, as shown in Figure 3a. A significant density of high-angle grain
boundaries (HAGBs), also described as split into ultrafine grains, was discovered in regions
of the Mg billets where a strain post-1P had led to the formation of dynamic recrystallization
at local areas [50]. Since the AA microstructure is not homogeneous, the applied strain of 1P
will have varying effects on the various microstructural properties. Hence, in some regions,
this strain will be sufficient to initiate dynamic recrystallization and yield fine grains,
whereas in other regions, it will not be sufficient. The bimodal microstructure produced
following 1P, with grain sizes varying from 0.64 µm to 25.45 µm and averaging 1.96 µm,
was consistent with such a condition. The EBSD orientation maps showed that 1P caused a
decrease in the mean of grain size, from 6.3 µm for the BM to 1.96 µm (Table 2). Moreover,
the HAGBs between 15 and 80 degrees appeared to be more randomly distributed. As the
misorientation angle approached 90 degrees, a weakening of the twin boundaries became
apparent as well. The literature also revealed consistent results in regards to microstructural
evolution. Following 1P ECAP processing at room temperature, Lei and Zhang [45] noticed
various grain sizes, with certain grains larger than the rest, with a size exceeding 50 µm
and a mean of 4.15 µm. They claimed that the pure Mg microstructural obtained form
was highly heterogeneous as a result of this observation. Different samples of pure Mg
were ECAP-processed with 120◦ over a comparable number of passes to examine the
impact of angle changing on the resulting microstructure and texture. By comparing
the microstructures produced utilizing the 90◦ die angle (Figure 3a) and following 1P
(Figure 3b), it could be seen that the latter had fewer fine grain regions, whereas the former
had more AA with coarse grain regions. The reason for this could be explained by the fact
that the 120◦ die angle caused far less strain on its first pass than the 90◦ die angle did.
Grain sizes following 1P varied between 1.1 µm and 24.8 µm, averaging 2.62 µm.
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plasticity, local shearing close to the grain boundaries led to the gradual lattice twists that 
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After undergoing ECAP processing, the grain size resulting from 4Bc (through the
90◦-die) was more refined, varying from 0.21 µm to 7.14 µm with a mean of 0.88 µm, as
depicted in Figure 3c. Without the five separate slip systems necessary for homogenous
plasticity, local shearing close to the grain boundaries led to the gradual lattice twists that
refined the grains [49]. Equivalent results were obtained by Lei and Zhang [48] following
the processing of pure Mg into four passes, which led to a mean particle size of 1.75 µm.
Another research looked into 4 and 12 passes of ECAP processing on AZ91 Mg alloy, where
they found that only four passes were sufficient to produce the desired homogeneous
microstructure, which was distinguished by consistent and fine equiaxed grains having
a mean grain size of 7 µm, which was explained thoroughly by Xu et al. [64]. For the
120o-die, increases in the regions with structural fine grains could be seen with augmenting
the passes; at 4Bc, the microstructure consisted mainly of fine recrystallized equiaxed
grains. Furthermore, the grain size following 4Bc resulted in a range extending from
0.81 µm to 6.5 µm, showing a mean value of 1.89 µm, as depicted in Figure 3d. The grain
size of pure Mg processed using ECAP for multiple passes is often significantly reduced.
According to studies [65], ECAP processing of Mg leads to continuous dynamic recovery
and recrystallization (CDRR). It was discovered by Gautam and Biswas [66] that the ECAP
could process pure Mg with as many as eight passes at varying temperatures. Refined
grains with the necklace structure were reported to have formed as a consequence of the
CDRR in all settings studied. Nevertheless, Wang et al. [67] looked at the effects of ECAP
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processing on Mg–Al–Ca–Mn alloys with a variety of Mg2Ca morphologies for as many
as 12 passes, both as-cast and as-homogenized. Following four passes, they had a grain
structure that was a combination of coarse and fine grains; following eight passes, it was
more uniform; but then following 12 passes, it was completely uniform.

To investigate the effect of route type on the microstructural evolution of pure Mg,
other samples of pure Mg were ECAP-processed with 120◦ and 90◦ die angles over two
passes of different routes A, Bc, and C, as shown in Figure 4. After the AA sample was
processed with a 90◦-die for two passes, fine grains started occupying the microstructural
area; however, there were still some big grains, though they had been badly distorted. More-
over, the remaining coarse grains maintained their symmetry and uniformity. Figure 4a
demonstrates that as plastic strain increased with augmenting the passes, fine grain regions
increased in the case of two passes, while the coarse ones decreased during processing
through route A. Results showed that 2A led to a reduction in grain size of 73.3% relative
to the AA equivalent, with the limit of grain sizes between 0.56 µm to 22.62 µm and a
mean grain size of 1.69 µm. It can be seen in Figure 4b that, post-ECAP processing with
2Bc, the region of refined grains grew while the region of coarse grains shrank. Following
two passes, the grain size varied from 4.41 µm to 9.29 µm, with a mean of 1.49 µm; this
was mostly attributable to the rise throughout the induced strain. Grain sizes varied from
0.677 µm to 11.052 µm, with a mean grain size of 1.574 µm following 2C processing, sug-
gesting that 2C decreased mean grain size by 75.1% relative to the AA equivalent, which
is depicted in Figure 4c. Based on these results, it was evident that route Bc was superior
to routes C and A for producing UFG-equiaxed grains, while route A produced grains
that were far more extended. Figure 4 and Table 2 revealed that the mean size of the grain
was smallest for the grains produced by route Bc, preceded by route C, and then route
A using the 90◦-die. For Mg billets processed through the 120◦-die, as depicted clearly
in Figure 4d, processing via 2A led to bimodality in the structure, with the UFG existing
alongside prolonged coarse grains. In comparison to its AA equivalent, the grain size
resulted from 2A was refined by 72.3%, varying from 0.68 µm up to 24.79 µm with a mean
grain size of 1.75 µm. Furthermore, following 2Bc, nevertheless, the mean grain size was
1.89 µm, varying from 0.5 µm up to 22.73 µm, as depicted in Figure 4e. Strain buildup
during the two passes showed a rise in the UFG regions, while diminishing the coarse grain
regions, which is consistent with the results from the 90◦-die. For instance, 2C processing
led to a 69.4% refinement of the mean grain size of pure Mg relative to its AA equivalent,
as displayed in Table 2.

The (0001) pole figures in AA condition and the ECAP-processed pure Mg with a
90◦-die and 120◦-die are depicted in Figure 5. Figure 5a reveals that the AA texture was a
prominent {0001} <uvtw> fiber texture, with the intense {0001} poles oriented in alignment
inclined in relation to the ED. Crystallographically, ECAP processing resulted mostly in the
simple shear texture, with the shear plane in alignment at 45 degrees with respect to the
ED. When plastically deforming hcp metals, the optimal simple shear texture relied heavily
on the presence of active slip systems; unlike fcc and bcc crystal structures, hcp crystals
only had a restricted amount of slip systems, including basal {0001}<11–20>, prismatic
{10-10}<11–20>, or pyramidal {10–11}<11–20> slip [65,68,69].



Appl. Sci. 2023, 13, 6279 12 of 24

Appl. Sci. 2023, 13, 6279 11 of 25 
 

processing on Mg–Al–Ca–Mn alloys with a variety of Mg2Ca morphologies for as many 
as 12 passes, both as-cast and as-homogenized. Following four passes, they had a grain 
structure that was a combination of coarse and fine grains; following eight passes, it was 
more uniform; but then following 12 passes, it was completely uniform. 

To investigate the effect of route type on the microstructural evolution of pure Mg, 
other samples of pure Mg were ECAP-processed with 120° and 90° die angles over two 
passes of different routes A, Bc, and C, as shown in Figure 4. After the AA sample was 
processed with a 90°-die for two passes, fine grains started occupying the microstructural 
area; however, there were still some big grains, though they had been badly distorted. 
Moreover, the remaining coarse grains maintained their symmetry and uniformity. Figure 
4a demonstrates that as plastic strain increased with augmenting the passes, fine grain 
regions increased in the case of two passes, while the coarse ones decreased during pro-
cessing through route A. Results showed that 2A led to a reduction in grain size of 73.3% 
relative to the AA equivalent, with the limit of grain sizes between 0.56 µm to 22.62 µm 
and a mean grain size of 1.69 µm. It can be seen in Figure 4b that, post-ECAP processing 
with 2Bc, the region of refined grains grew while the region of coarse grains shrank. Fol-
lowing two passes, the grain size varied from 4.41 µm to 9.29 µm, with a mean of 1.49 µm; 
this was mostly attributable to the rise throughout the induced strain. Grain sizes varied 
from 0.677 µm to 11.052 µm, with a mean grain size of 1.574 µm following 2C processing, 
suggesting that 2C decreased mean grain size by 75.1% relative to the AA equivalent, 
which is depicted in Figure 4c. Based on these results, it was evident that route Bc was 
superior to routes C and A for producing UFG-equiaxed grains, while route A produced 
grains that were far more extended. Figure 4 and Table 2 revealed that the mean size of 
the grain was smallest for the grains produced by route Bc, preceded by route C, and then 
route A using the 90°-die. For Mg billets processed through the 120°-die, as depicted 
clearly in Figure 4d, processing via 2A led to bimodality in the structure, with the UFG 
existing alongside prolonged coarse grains. In comparison to its AA equivalent, the grain 
size resulted from 2A was refined by 72.3%, varying from 0.68 µm up to 24.79 µm with a 
mean grain size of 1.75 µm. Furthermore, following 2Bc, nevertheless, the mean grain size 
was 1.89 µm, varying from 0.5 µm up to 22.73 µm, as depicted in Figure 4e. Strain buildup 
during the two passes showed a rise in the UFG regions, while diminishing the coarse 
grain regions, which is consistent with the results from the 90°-die. For instance, 2C pro-
cessing led to a 69.4% refinement of the mean grain size of pure Mg relative to its AA 
equivalent, as displayed in Table 2. 

  
(a) (b) 

Appl. Sci. 2023, 13, 6279 12 of 25 
 

  
(c) (d) 

  
(e) (f) 

Figure 4. IPF orientation map comparable to ED for pure Mg processed 2A (a,d), 2Bc (b,e), and 2C 
(c,f) using the 90°-die (a–c) and 120°-die (d–f). 

Table 2. Comparison of AA and ECAPed billets obtained grain sizes produced by utilizing two 
distinct die angles (ϕ) and various passes. 

Grain Size (µm) AA 
Φ = 90° Φ = 120° 

1P 2A 2Bc 2C 4Bc 1P 2A 2Bc 2C 4Bc 
Minimum 1.1 0.64 0.56 0.5 0.68 0.21 1.1 0.68 0.5 0.5 0.81 
Maximum 34 25.45 22.62 9.29 11.05 7.14 24.82 24.79 22.73 16.91 16.91 

Mean grain size 6.34 1.96 1.69 1.49 1.57 0.88 2.62 1.75 1.89 1.94 1.89 
Standard deviation 5.8 1.5 0.97 0.95 0.67 0.73 2.45 1.44 1.85 1.64 1.11 

The (0001) pole figures in AA condition and the ECAP-processed pure Mg with a 90°-
die and 120°-die are depicted in Figure 5. Figure 5a reveals that the AA texture was a 
prominent {0001} <uvtw> fiber texture, with the intense {0001} poles oriented in alignment 
inclined in relation to the ED. Crystallographically, ECAP processing resulted mostly in 
the simple shear texture, with the shear plane in alignment at 45 degrees with respect to 
the ED. When plastically deforming hcp metals, the optimal simple shear texture relied 
heavily on the presence of active slip systems; unlike fcc and bcc crystal structures, hcp 
crystals only had a restricted amount of slip systems, including basal {0001}<11–20>, pris-
matic {10-10}<11–20>, or pyramidal {10–11}<11–20> slip [65,68,69]. 

Figure 5b shows that following a single pass of ECAP through the 90°-die, the texture 
had been twisted nearly 45 degrees about the ED. This is important because it reflected 

Figure 4. IPF orientation map comparable to ED for pure Mg processed 2A (a,d), 2Bc (b,e), and 2C
(c,f) using the 90◦-die (a–c) and 120◦-die (d–f).



Appl. Sci. 2023, 13, 6279 13 of 24Appl. Sci. 2023, 13, 6279 14 of 25 
 

 
Figure 5. Cont.



Appl. Sci. 2023, 13, 6279 14 of 24

Appl. Sci. 2023, 13, 6279 15 of 25 
 

 
Figure 5. The (0001) pole viewgraphs obtained from the EBSD data for the (a) AA condition and the 
ECAP-processed using the 90°-die (b,d,f,h,j) and 120°-die (c,e,g,i,k) for 1P (b,c), 2A (d,e), 2Bc (f,g), 
2C (h,i), and 4Bc (j,k). 

The texture crystallography of pure Mg that underwent ECAP was studied by Gau-
tam and Biswas [71]. They used a maximum of 8P at various temperatures and employed 
route A, which utilized a 90° angle for its die. According to their findings, after one pass, 
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cation for the B fiber, accordingly raising the temperature and the passes until eight failed 
to substantially alter the texture beyond a minor fluctuation in its intensity. They con-
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2C (h,i), and 4Bc (j,k).

Figure 5b shows that following a single pass of ECAP through the 90◦-die, the texture
had been twisted nearly 45 degrees about the ED. This is important because it reflected
the impact of the initial ECAP pass, which activated the basal slip. As a result of applying
1P, the texture intensity of AA dropped from a maximum of 24.26 to around 9.59 times
random, as depicted in Figure 5b. In the initial pass through shear deformation, there were
fewer active slip systems, which clearly weakened the texture [64]. A quite robust texture
was developed following 1P using the 120◦-die at roughly 23.22 times random, whereas
the texture constituents were substantially twisted about the ED. As a result, the 0001-pole
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viewgraph revealed its presence at an angle in relation to the ED, as evidenced by the
presence of robust 0001 poles. The 120◦ die angle strongly suggested that the texture was a
B fiber with its constituents substantially twisted from their optimum placements [64].

Increasing the number of passes to two passes resulted in much weaker crystallo-
graphic texture for all the processing routes, as shown in Figure 5. The 2A processing
displayed double poles; the first was aligned parallel to the ED and the second was twist
about 10◦ relative to the ED with texture intensity of 9.59 times random (Figure 5d),
while 2A processing using the 120◦-die showed a texture intensity of 7.19 times random
(Figure 5e). As observed in Figure 5f, the texture achieved by 2Bc through the ECAP die
with 90◦ was very similar to the regular B fiber texture [64], with its constituents nearly
in their optimal position. Because of the shift in the shear plane’s position during the
second pass, the shear plane normal (SPN) became aligned with the TD. With regard to
the intensity of the texture, it is nearly identical to that following 1P counterpart but with
approximately 10.35 times random. Similarly, the texture began to weaken and break apart
after 2Bc via the 120◦-die, as evidenced by the 0001-pole viewgraph (Figure 5g), whereas
a larger number of slip systems became active after the second pass with ECAP, which
explained this phenomenon. The 2Bc displayed a texture intensity of 11.66 times random,
as depicted in Figure 5g. Furthermore, 2C through the 90◦-die experienced the weakest
texture with a maximum texture intensity of 5.80 times random, as shown in Figure 5h. On
the other hand, 2C processing through the 120◦-die displayed much higher texture intensity
(14.68 times random) compared to its 2A and 2Bc counterparts, as shown in Figure 5i.

Bringing the total count of ECAP passes up to 4Bc using the 90◦-die produced a highly
robust texture that was greater than 26.21 times random, and the intense {0001} poles were
in alignment in the midpoint of the distance from the transverse direction (TD) to the ED,
as shown in Figure 5j. This robust fiber texture that had been seen following 4Bc might
be related to the grain refinement that took place following 1P and 2Bc, which enabled
activating additional slip systems after 4Bc [70]. However, the ECAP processing for 4Bc
through the 120◦-die had oriented the intense 0001 poles so that they were perpendicular
to the ED and aligned with the TD (Figure 5k).

The texture crystallography of pure Mg that underwent ECAP was studied by Gautam
and Biswas [71]. They used a maximum of 8P at various temperatures and employed route
A, which utilized a 90◦ angle for its die. According to their findings, after one pass, the
strong basal poles revolved 130 degrees about the TD axis to achieve the optimal location
for the B fiber, accordingly raising the temperature and the passes until eight failed to
substantially alter the texture beyond a minor fluctuation in its intensity. They concluded
that this was because the slip deformation mechanism predominated.

Checking the pole figures (0001) confirmed that except for 4Bc through the 90◦-die and
1P through the 120◦-die, all treated texture components were weaker and less intense than
in the AA condition (Figure 5). One possible interpretation of this weakening is that the
slip mechanism had been activated. In fact, shearing pressures perpendicular to the basal
planes [64] accounted for the twisting of the basal plane that occurred throughout ECAP
processing. Furthermore, investigations of pure Mg [50,72], AZ31B Mg alloy [73], ZK30
alloy [42,69], and AZ31 alloy [74] all agreed precisely with the crystallographic texture
observations of pure Mg.

Linear regression (LR), Gaussian process regression (GPR), and support vector regres-
sion (SVR) were adopted as ML approaches to describe the ECAP associated variables of
Mg alloy. The model evaluation results are depicted in Figure 6a,b along with Table 3. The
predicted grain size values in both the training and testing datasets closely matched the
outcomes obtained from experiments, as depicted in Figure 6a,b. As depicted in Table 3,
the effectiveness of the model was examined utilizing the RMSE and R2 score after training
and testing. The three ML approaches, including LR, GPR, and SVR, performed well in
predicting the grain size with considerable accuracy, as reflected in R2 scores ranging from
0.98 to 0.99 for the training dataset and from 0.85 to 0.88 for the testing dataset. Here,
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the GPR approach was selected to model the gain size properties as it provided the most
optimal performance for both the training and testing phases.
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Table 3. Model evaluation metrics of pure Mg ECAP parameters.

Parameter Optimized
ML Model

Training Set Testing Set

RMSE R2 RMSE R2

Grain size
(µm)

LR 0.078 0.983 0.194 0.851
GPR 0.024 0.998 0.175 0.878
SVR 0.078 0.983 0.194 0.851

3.2.2. Vicker’s Microhardness

Table A1 (Appendix A) depicts the relationship between various passes and the hard-
ness fluctuation of Mg billets processed with dies having φ = 90◦ and 120◦, where the
AA-Mg measured a mean hardness of 26 HV on the Vickers scale; additionally, augmenting
the number of passes substantially ameliorated the hardness of AA-Mg throughout. As
contrasted to the AA equivalents, the HV improved by a whopping 84% during 1P process-
ing with the 90◦-die. Alternatively, when comparing the 1P case of the 90◦-die to that of the
120◦-die, a rise in HV of 14% was found for the Mg-billets processed through the 90◦-die.
Accordingly, the increase of the HV values of the Mg-billets that were processed through
the 90◦-die compared to the counterparts that were processed through the 120◦-die can
be attributed to the increase in the imposed strain when using the 90◦-die compared to
the 120◦-die. The higher plastic strain resulted in more grains refinement, as indicated in
Figure 3, which led to higher improvement in the HV values. Furthermore, as opposed to
its 1P counterpart, the HV was enhanced by 6.25% after being processed via 2Bc utilizing
a 90◦-die. The 120◦-die in the 2Bc case displayed an identical pattern. HV values for 2A
and 2C processed via the 90◦-die were both found to be significantly higher than their AA
counterparts, by 76.9% and 84.6%, respectively. In addition, when comparing 2A and 2C
samples processed through the 120◦-die to those of the 90◦-die, it was found that the HV
outcomes were augmented by 9.5% and 9%, respectively.

When adopting a 90◦-die to accumulate the plastic strain up to 4Bc, the subsequent
HV was indeed 111% higher than that of the AA equivalent. Furthermore, the HV values
for the 4Bc case of the 90◦-die were 7.8% higher than those of the 120◦-die, which might be
explained by the refined grains produced; Table A1 (Appendix A) shows that the mean
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grain size produced by the 90◦-die was 0.88 µm and that produced by the 120◦-die was
1.89 µm at the 4Bc. The strain hardening that occurred during ECAP processing also
contributed to the rise in HV values that was observed as the passes increased. The HV
results were then compared to the changes in microstructure shown in Figures 3 and 4. It
was the underlying grain refinement that led to the dramatic increase in HV values, with
route Bc having the smallest grains. Since the plastic strain placed on the samples is smaller
at larger angles, the reduction in hardness when raising φ made sense. Similar findings
were reported in previous studies. Alateyah et al. [25] reported that ECAP processing
for AZ31 resulted in improving the HV values by 132% compared to the AA counterpart.
Processing of ZK 30 alloy through four passes of route Bc through a die with internal
channel angle of 90◦ and 120◦ experienced a significant improvement in the HV values by
80.8% and 86.5%, respectively [42,69]. From the Vicker’s microhardness findings, it can be
concluded that ECAP processing of Mg and its alloys exhibited a notable improvement in
the HV values, which can be attributed to the significant grain refinement.

LR, SVR, and GPR were employed to simulate and examine the microhardness param-
eters of the Mg alloy. As per Figure 7 and Table 4, the predicted values for both the training
and testing sets of microhardness closely matched the outcomes obtained from experiments.
The reported findings were acquired by employing the optimization techniques of the SVM
and GPR modeling to meet the needs of reaching modeling with proven reliability that
must achieve respectable ratings on both sets of data for training and testing. The best-fit
models for the training dataset exhibited R2 values between 0.88 and 0.99, whereas the
scores for the testing dataset were between 0.71 and 0.84. This demonstrated that the LR
approach successfully captured the data trend, achieving considerable accuracy for both
the training and testing datasets.
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3.2.3. Tensile Properties

Tensile tests were conducted on Mg specimens in the form of billets prior to and
following ECAP processing. The tensile findings, such as σu and Mg percent elongation
at fracture or ductility (Du), are tabulated in Table A1 (Appendix A). Grain size was
substantially minimized as ECAP passes were increased, as shown in Figures 3–5. As a
result, given that the grain decrease in size is unrelated to the increase in σu, there are
further variables impacting it. One of them is the crystallographic texture, which has an
essential function in reinforcing Mg billets because of the substantial texture anisotropy (as
illustrated in Figure 5) of Mg slip systems with hcp crystal structure. Moreover, Mg billet
characteristics may be altered through the initiation of non-basal slip methods [48], where
analogous results were published previously in [75]. The AA billets experienced σu and Du
of 235 MPa and 0.23. From Table A1 it is revealed that 1P through the 90◦-die experienced
a substantial increase in σu and Du, from 32% and 67%, respectively. Upping the strain to
2Bc (using the 90◦-die) only marginally increased the σu by 7% while decreasing the Du
by 3% in comparison to the 1P. When contrasted with its AA equivalent, ECAP-processed
via a 90◦-die for two passes through route A, Bc, and C showed increases in σu of 14.1%,
38.4%, and 43.75%, respectively, and increases in Mg ductility of 80.9%, 73.5%, and 47.6%,
respectively. When the ECAP was raised to 4Bc, it was found that the σu increased by 10%
and the Du decreased by 20% relative to the 2Bc equivalent.

Alternatively, 1P at φ = 120◦ displayed a notable boost in σu of 17% and Du of 47%.
Taking ECAP passes all the way to 2Bc showed that the σu was augmented by 5%, while
the Du was augmented by 12%, both compared favorably to their 1P equivalents. While
the Du was lowered by 5.26%, 1.35%, and 18.4% in the 90◦-die of the 2A, 2Bc, and 2C
samples, respectively, the 120◦-die showed a 6.1%, 13.14%, and 23.8% enhancement in
σu. As a consequence of the lowered strain implemented, the samples from the 120◦-
die steadily seemed to have significantly greater ductility than their 90◦-die counterparts
among all routes. Additional enhancements of 10% in σu and 5% in Du were discovered
when employing 4Bc. In both the 90◦ and 120◦-dies, the increase in σu is ascribable to the
formation ultrafine grains that result from the processing step. The outcomes of tensile
testing agreed with the refinement of the grain size as a function of number of ECAP
passes (Figures 3–5). The buildup of strain is responsible for the rise in σu, which is in
turn attributable to the noticeable rise in texture intensity as the number of ECAP passes
increased. Additionally, the production of UFG materials was also clearly impacted by an
increase in HAGBs in the ECAP process [28,50]. Hughes’ theoretical model [76] provided an
explanation, noting that strain caused dislocations to move. Dislocations were irreversibly
consumed by LABs as strain increased; as a result, low-angle grain boundaries (LAGBs)
were slowly changed into steady HAGBs, and the grains were refined as a consequence of
the creation of HAGBs. Consequently, the increased strength might have been traced back
to the finer grain size. However, the high dislocation density produced by ECAP processing
reduced the dislocation mobility [77], which in turn raised the hardness outcomes and the
tensile strength results of the processed ECAP Mg billets. Substantial refining of grains (as
depicted in Figures 3 and 4) also resulted in a mechanism of strengthening for the grain
boundary, which enhanced the Mg billets’ mechanical properties, as corroborated by [78].
Consequently, σu was found to be greater for ECAP Mg billets with φ = 90◦ than for those
with φ = 120◦ as a result of the smaller grains obtained from the former.

The reduced grain size caused an augmentation in grain boundary area per unit
volume, which in turn strengthened the material and caused a minimization of ductility, as
clearly shown at φ = 90◦ with the number of passes augmentation, where earlier studies [75]
revealed identical trends. However, the 120◦-die showed more ductility than the 90◦-
die, which can be explained by the decreased strain observed while utilizing the 120◦-
die, particularly in comparison to the 90◦-die. Thereby, the 120◦-die revealed bimodal
and dynamic recrystallization grains (DRX) in the bulk materials, which helped increase
ductility [79]. According to studies [80,81], fine grains with a size of less than 5 µm kept
their elevated strength, whereas coarser grains with a size of roughly 20 µm offered strain
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hardening to sustain the transformation to enormous strains. Thus, the ductility of Mg
specimens obtained from ECAP was enhanced by the specific textures that prefer grain
sizes in the region of 10–20 µm and basal slip, as found in [75]. Moreover, the bimodal
grain structure may account for the reduced difficulty of moments of dislocation seen in
ECAP billets relative to those in the AA condition [79]. Similar findings of improving the
tensile properties due to a significant grain refinement were reported in [82].

Figures 8 and 9 show the results of ML modeling σu and Du of the Mg alloy. The
results revealed a significant relationship between the predicted and experimentally-driven
datasets. The RMSE and R2 scores depicted in Table 5 revealed that the majority of the
selected methods performed satisfactorily with data training and testing. It is worth noting
that SVR and GPR performed the best for obtaining a model representing the process
variables, which were assessed using both the RMSE and R2 score. The LR was not able to
model the data trends, whereas both the SVR and GPR successfully did, which was due to
their inherent advantages when dealing with nonlinear models. For these models, the R2

score range was between 0.79 and 0.99 for the training dataset and 0.72 and 0.92 for the
testing dataset.
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Table 5. Model evaluation metrics of pure Mg ECAP parameters.

Parameter Optimized
ML Model

Training Set Testing Set

RMSE R2 RMSE R2

σu (MPa) SVR 12.91 0.797 4.253 0.929
Ductility

(Du%)
GPR 0.256 0.991 2.382 0.728
SVR 0.358 0.982 2.047 0.799

4. Conclusions

Commercial pure Mg specimens were processed through ECAP via single pass, two
passes, and four passes, along with a variety of routes (A, Bc, and C). The exterior angle
(Ψ) of the split ECAP die was 20◦, and both of the adopted ECAP dies had inner channel
angles (φ) of 90◦ and 120◦. ML techniques were adopted to estimate the ECAP variables
and verify the experimental findings of microstructural evolution, tensile properties, and
Vicker’s microhardness of ECAP specimens and their AA counterparts. The following
conclusions were drawn:

1. Route Bc is the most effective route in grain refinement.
2. The ECAP die with channel angle of 90◦ resulted in higher plastic strain; hence, it is

more efficient than the 120◦-die in grain refinement.
3. Processing through 4Bc resulted in significant grain refinement of 86% compared to

the AA condition.
4. The 4Bc using the 90◦-die produced the most robust texture, which was greater than

26 times random.
5. The grain size demonstrated a strong correlation of −0.67 with rising number of

passes, while φ affected the grain size strongly (with 0.83), whereas the route type
had the lowest effect on the grain size.

6. When adopting a 90◦-die to accumulate the plastic strain up to 4Bc, the subsequent
HV was indeed 111% higher than that of the AA equivalent.

7. From ML findings, it was clear that the number of passes was the most significant
parameter affecting the Mg HV values, whereas ECAP channel angle (φ) revealed
high correlation factor with HV values as well.

8. The 4Bc with φ = 90◦ and 120◦ led to a significant increase of σu by 44.7%% and
35.7%, respectively, compared to the AA counterpart, which can be explained by the
significant refinement in the grain size.

9. σu was affected by the rising number of passes with a strong correlation of 0.81, as
revealed in the correlation chart, while affecting ductility moderately with 0.47.

10. The route type weakly affected all four responses of hardness, σu, Du, and grain size.
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Appendix A

Table A1. Experimental design of independent input ECAP process parameters along with their
response outcomes.

Run

ECAP Parameters Response

A B C
Grain Size
GR (µm)

Hardness
(HV)

Tensile Strength

N ϕ Route Type σu
(MPa)

Du
(%)

1 1 120 A 2.62 42 278 33.5
2 2 120 A 2.33 46.6 282 38
3 4 90 C 1.22 51.2 327 33
4 2 120 C 2.46 45.6 280 38.5
5 2 90 Bc 1.38 51 320 36.5
6 2 120 A 2.38 46 290 38
7 2 90 Bc 1.43 51 318 37
8 4 120 Bc 1.89 51 319 39
9 4 120 C 1.99 50.2 315 39.5
10 2 120 Bc 2.14 47 388 37
11 1 120 A 2.54 43.2 275 34
12 4 90 Bc 0.88 55 340 28
13 1 90 A 1.95 48 308 38.5
14 4 90 A 0.98 52.5 330 31
15 4 90 A 1.02 52.8 328 32
16 1 90 A 1.86 46 311 37
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