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Abstract

In the present study, nickel (Ni) and graphene nanoplatelets (GNPs) are considered as ideal
reinforcements for Mg-9Al-1Zn (AZ91D) magnesium alloy to form metal matrix composites
(MMCs) because of their excellent mechanical properties. It is essential to utilize effective
manufacturing techniques to develop AZ91D magnesium (Mg) alloy-nickel-graphene
nanoplatelets (AZ91Z-Ni-GNPs) MMCs. Hence, the spark plasma sintering method is used to
fabricate AZ91D-Ni-GNPs composites. HRTEM, OM, SEM, EDS, XRD, and Raman
spectroscopy were used to investigate the microstructure, crystallinity, and elemental composition
of both the blended powder and the sintered composites. GNPs and Ni were well-dispersed in the
AZ91D Mg matrix, and effective interfacial bonding is formed between GNPs, Ni, and Mg alloy
matrix powder before sintering. A Response Surface Methodology (RSM) with a central composite
design was used to design the experiments by considering two variables, i.e., sintering temperature
and pressure. The method was adopted to eliminate the trial-by-error approach. Using the data
generated, quadratic regression models were developed for the relative density (g/cm®), and
Vickers hardness (HV) of the MMCs, and the parametric effects were explained via RSM. The
process parameters were optimized, and the effective interaction between two descriptive variables
(process parameters) on the relative density, hardness, and microstructural properties of Mg-based
composites was investigated. Validation of the experimental run was performed using optimal
process parameters acquired from the analyses to demonstrate the enhancement in the properties
of the sintered composites. It was observed that the sintering temperature had a major influence on
the relative density and hardness properties (responses). The optimal relative density and hardness
obtained for AZ91D-Ni-GNPs composites were 1.723 g/cm® and 93.21 HV, respectively. The
addition of GNPs to AZ91D-Ni produced material with improved properties.

Keywords: RSM; Magnesium composites; AZ91D-Ni-GNPs; GNPs; Density; Hardness;
Empirical modelling

1. Introduction

The continuous demand for lightweight advanced materials with improved mechanical properties
to replace conventional heavy-weight materials has increased in recent years. Magnesium (Mg)
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and its alloys are a suitable substitute for aluminium, and they have been in high demand for
different engineering applications in automobile, construction, aerospace, and biomedical
industries because of their low densities [1, 2]. Their densities are ~35% lighter than aluminium,
~80% lighter than nickel, ~75% lighter than steel, and ~60% lighter than titanium [3]. The
prevalent applications of magnesium alloys are connected to their unique properties, such as high
specific strength, good thermal conductivity, dimensional stability, excellent machinability, and
good castability. Specifically, in the automobiles industry, lightweight and strong magnesium
alloys/composites help in saving fuel consumption and improve efficiency [4]. Nevertheless,
limitations such as low hardness, poor ductility, wear resistance, corrosion resistance, and tensile
strength have hindered their extensive applications in the industries that require materials with
high ductility and strength [5]. While Mg alloys are used in automobiles (seat frames, engine
blocks, steering wheel frames, etc.) and electronic industries (because of their damping and
electromagnetic shielding ability, which reduce noise), they have limited applications in wet areas
due to poor strength, wear, and corrosion resistance properties [6]. Thus, several studies have been
conducted to formulate Mg-based materials with good strength and tribological properties (less
reactive to wear and frictional failure).

Based on the above reasons, different reinforcement materials have been introduced to monolithic
Mg matrix and Mg alloys matrices to obtain magnesium matrix composites with improved
microstructure and good mechanical properties. Materials such as metals (Ni, T1, Si, and Al) [4, 7,
8], ceramic compound (Si3N4, AIN, Al203, TiN, and TrB2, to mention a few) [9], and carbonaceous
(carbon nanotube (CNT) and graphene) materials have been used as reinforcements [10-12]. For
instance, powder silicon (Si) particles at different percentage compositions were used to reinforce
Mg alloy, and the result shows that the tribology properties were improved [13]. Furthermore,
graphene (carbonaceous nanomaterials) as reinforcements have been used either in place of
ceramic particles such as Si3Ns, AIN, Al2O3, TiN, TrBz, etc., or as a hybrid reinforcement. There
are different types of graphene such as graphene nanoribbons, nanoparticles, nano-sheets,
nanoplatelets, and 3D graphene [14]. Graphene generally possesses high thermal conductivity of
5000 Wm™'K"!, excellent tensile strength of 130 GPa, charge carrier mobility of 200 000 cm? Vs’
! high elastic modulus of 1 TPa, low coefficient of thermal expansion, excellent self-lubrication,
and good damping capacity properties [15, 16]. Hence, these properties have positioned graphene
as an ideal reinforcement for improving the mechanical and tribological properties of metal
matrices such as Mg alloys. Graphene nanoplatelets (GNPs) belong to the carbonaceous
nanomaterials group, utilized in many structural applications. Its structural formation is widely
documented in the literature [17, 18]. Similarly, graphene dispersibility in metal matrices is better
compared to tubular CNTs because of its characteristic two-dimensional (2D) sheet-like
morphology [19].

In the tribology testing of GNPs-reinforced metal composites, the report shows that a continuous
layer of solid lubricant was formed on the surface of reinforced metal composites [20]. This
happened because of the good dispersion of GNPs leading to the efficient contribution of self-
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lubricant characteristics to the oxide tribo-layer and thus, producing an effective decrease in the
wear rate and coefficient of friction properties of the composite (sliding of GNPs-reinforced metal
composite against a counterface of H13 alloy tool steel) [20]. GNP is not a perfect material due to
the presence of structural defects such as cracked edges and wrinkles. However, they are beneficial
in strengthening the grain boundaries (strengthening the interface between GNPs and Mg matrix)
and forming strong metallurgical bonding [21, 22]. In the reinforcement of Mg alloy using GNPs,
the carbon atoms present in GNPs interact with the Mg atoms to impede dislocation movement
during plastic deformation, thereby increasing the yield strength and hardness property [22, 23].
Beyond the contribution of GNPs in improving the microstructure and mechanical properties of
Mg alloys, the selection of good fabrication techniques and suitable combinations of process
parameters significantly influence the physical and mechanical properties of materials.
Consequently, Mg-based alloys and composites have been manufactured using various methods;
melt infiltration, stir casting, disintegrated metal deposition, powder metallurgy (PM), etc. Also,
several studies have reported the beneficial effect of using PM methods in the manufacturing of
metal alloys and composites [24, 25].

PM is an advanced metal manufacturing technology utilized to produce high-quality structural
components to its near-net-shape [25]. Comparably, many researchers have applied different PM
technology to fabricate Mg alloys/composites [25, 26]. In two separate studies, the possibilities of
manufacturing Mg-based composites using different PM methods were demonstrated. Firstly,
Wong and Gupta [27] manufactured magnesium composites (copper particulates reinforced Mg)
using microwave-assisted two-directional sintering PM. Secondly, Fukuda et al. [2§]
manufactured AZ61 magnesium-based composites (carbon nanotube reinforced AZ61 alloy) using
PM wet processing technique. Among PM methods, spark plasma sintering (SPS) is a promising
method used to develop metal alloys and composites because it is faster, cleaner, and offers
reduced structural defects (porosity, segregation) [29, 30]. It is a processing route that is beneficial
in developing bulk components because high temperature is generated locally with a fast-heating
rate between powder particles leading to densification. A pulse electric current is generated and
flows directly in the sintered materials creating plasma at the contact point between the particles,
thus aiding densification. In the process, high heating efficiency leads to the high-quality sintered
component achieved at a lower sintering temperature within a short time compared to the
conventional sintering process [31-33]. In the study of Song et al. [34], magnesium-based
composites were manufactured by SPS. The results indicated that the SPS played a significant role
in enhancing the hydrogen storage properties of magnesium-based composites. The mechanism of
operation and benefits of using SPS in metal forming have been widely reported in the literature
[30, 35].

It is noteworthy that using the wrong combinations of process parameters: sintering temperature,
heating rate, pressure, and soaking time could result in poor densification and mechanical
properties. Thus, Response Surface Methodology (RSM), among other statistical and
mathematical tools, is a design of experiments method used to design experimentations within the
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controlled intervals in order to find the complex relationship between the preferred input variables
and responses [36]. It offers several advantages such as reducing the number of experimentations,
level of independent variables, cost of operation, and presenting internal estimations of errors [37,
38]. To a large extent, RSM has been used to effectively optimize the relationship between the
input variables and the expected response for different alloy and metal composite systems (A413
alloy [39], Cu-Zn alloy [40], PVP-B-Hf composites [41], and so on). In order to minimize errors
in the combination of suitable process parameters and to avoid a trial-and-error approach in the
manufacturing of graphene nanoplatelets/nickel reinforce Mg alloy, this study employs RSM to
recognize the significance of input variables, especially the sintering temperature and pressure
with the expected response; density and hardness. In the process, quantitative relationships
between the input variables, the optimum experimental parameters, and optimal microstructure,
including the phases developed, were analyzed in detail.

2. Materials and method
2.1. Materials

The gas atomized Mg-9Al-1Zn (AZ91D) Mg powder supplied by Dome metal China is used as
the matrix material. The nickel powder provided by Wear tech Ltd, South Africa, and graphene
nanoplatelet supplied by Sigma-Aldrich, South Africa, were used as reinforcement. The AZ91D
Mg alloy has a 99.7% purity with a spherical particles size range of 15 - 53 um. Nickel has a 99.5%
purity with a spherical particles size range of 0.5 — 3 um. Graphene nanoparticles (GNP) have an
average diameter size of 5 um, an average thickness of 15 nm, and a surface area of 50 — 80 m?*/g.
Table 1 shows the weight percentage chemical composition of the as-received matrix and
reinforcement powder coupled with the particle’s sizes, as indicated by the supplier.

Table 1. Percentage weight of AZ91D-Ni-GNPs Mg-based composite

Element AZ91D Ni GNP
W% 97 1.5 1.5
Particle size (um) 15-53 05-3 0.015

2.2. Powder preparation

According to the design of the experiment, the matrix powder and the reinforcing powders were
carefully measured using a digital weighing balance. The measured powders were poured into a
plastic container and then placed in a tubular mixer. The tubular mixer holding chamber moves in
a 3D direction (combining translational and rotational motion). A tungsten ball at a ratio of 10:1
ball to powder is added to the powders to ensure thorough mixing in a dry environment. The mixing
speed was set at 110 rpm for 10 h. Afterward, the admixed powder is transferred to a planetary
ball milling machine (PM 400) to ensure systematic mechanical alloying. The mixing is done in a
wet environment containing ethanol solution and tungsten balls, added at a ratio of 10:1 to promote
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homogenization. The airtight alloying process is performed for 5 h, with a speed of 200 rpm [4].
After the alloying cycle, the wet powder is transferred to a LAB conco vacuum dryer and dried at
70 °C for 6 h. The description of the milling machine and its operating procedure is reported in our
previous study [15]. At the end of the drying process, the powders with the tungsten balls were
transferred into the tubular mixer to ensure blending for 1 hour. It is operated at a very low rotating
speed of 49 rpm to eliminate any form of agglomerate that might have developed during drying.
A 5.43 g admixed powder is measured into the prepared mould and placed in the furnace chamber
of the SPS machine to develop a 620 mm by 10 mm sintered component.

2.3. Spark Plasma Sintering

A spark plasma sintering equipment from Germany (HHPD-25 FCT system) is used to develop
the Mg-based composites. The process parameters were set according to the Design of Experiment
(DoE)-RSM developed. The selection of the process parameters utilized in the DoE-RSM is based
on a similar study in the literature on the manufacturing of AZ91D Mg powder (matrix) [42, 43].
While the figure reported in the literature served as a guild, preliminary sintering was conducted
since the machine is different. It was discovered that a temperature of around 500 °C at a heating
rate of 100 °C/min with 50 MPa pressure is sufficient to obtain high densification close to the
theoretical density (1.69 g/cm’® densification was obtained which is 96%). The preliminary
experiment guild in the DOE design for this study. The sintering temperatures were set between
450 and 500 °C, a pressure between 30 - 50 MPa, a heating rate of 100 °C/min, and a soaking time
of 5 min. The vacuum atmosphere in the heating chamber was preserved at 0.5 mbar using argon
in order to reduce oxygen contamination to the barest minimum. The theoretical density of the
mixed powder is calculated to be 1.76 g/cm®. Prior to sintering, the graphite mould (graphite die
and punches) was prepared using 0.2 mm thick graphite paper to line the inner surface of the
graphite die. This is necessary to aid heat distribution and ensure easy removal of the sintered
sample at the completion of the sintering cycle. A disc size of 20 mm diameter by 10 mm height
was sintered for all the samples using 5.43 g composite powder for each sample. The sintering was
completed quickly, and the machine switched off. The sample was allowed to cool in the furnace
before removal: a process that was repeated for all the samples. At the end of the sintering cycle,
the samples were sandblasted to remove unwanted impurities such as carbon film deposited on the
surfaces of the fabricated samples. The impurities were as a result of graphite paper utilized in the
mould [44]. The schematic image of the SPS manufacturing setup and the preparation of AZ91D-
Ni-GNPs magnesium composites is shown in Figures 1 and 2.
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Figure 2. Manufacturing steps for producing AZ91D-Ni-GNPs magnesium-based composites
2.4. Density and microhardness measurement

The experimental relative density of the sintered Mg-based composites was estimated following
the Archimedes method [45] using an electronic digital weighing balance with an accuracy of +
0.0001g. Furthermore, the relative density in percentage was calculated using simple mathematical
arithmetic in equation 1.



ED
=2 X100 (1)
Where ED and TD are the experimental density and theoretical density.

It was ensured that the test was repeated 6 times and the average calculated to represent the actual
observed density of the sintered component. The theoretical density was calculated by using a
simple arithmetic rule [46]. The microhardness values of the sintered Mg-based composites were
investigated using a Vickers microhardness (HV) tester (Future-tech, 800) machine. The testing
parameters used were a load of 100 g/f, a dwell time of 20 s, and a spacing of 0.1 (conducted at
room temperature). The prepared surface of each sample was indented 6 times at 6 different
positions to ensure that all features present were represented and to ensure data accuracy. The
average of 6 indentions data obtained was calculated and taken as the actual microhardness value
of the sintered composites. This is repeated for all the samples.

2.5. Experimental design and data collection
2.5.1. Experimental design

In this study, the DoE-RSM ease is utilized to optimize the process parameters in SPS
manufacturing to establish a high-quality sintered component that possesses the highest
microhardness and density. The quadratic regression equation in the RSM model is shown in
equation 2 and written as follows [2]:

A= By + Xy Bixi + Xy Bi xF Tic Bijxix; + € (2)

Where A represent either the density or hardness of the sintered components, x; and x; represents
the combination of process parameters: the sintering temperature and pressure. x;x; and x? are the
interactive effects and secondary independent variables. The linear, quadratic, and regression
coefficients are fB;, f;; and B;; while By is a constant. The random error is € and k represent the
number of variables considered which is presented in equation 3 as:

N=2k(k-1)+Cp 3)
Where N represent the total number of experiments and Cp represent the number of central points.

In the sintering process, the sintering temperature and pressure represent the factors considered to
affect the density and hardness of the sintered components. The factors have a low-level value set
at 450 °C and 30 MPa for temperature and pressure, a medium level value set at 480 °C and 40
MPa, and a high-level value of 500 °C and 50 MPa sintering temperature and pressure,
respectively. To effectively analyze the influence of various factors on the density and hardness
properties of the sintered components, the sintering temperature and pressure range were narrow
between 450 to 500 and 30 to 50 MPa, respectively. Table 2 shows the symbols, levels, and values
used in the RSM design of spark plasma sintered Mg-based composites.



Table 2: Independent variables (factors: symbols, level, and values) in the RSM of spark plasma
sintered Mg-based composites.

Symbols Variables Levels

-1 0 1
A Temperature (°C) 450 480 500
B Pressure (MPa) 30 40 50

2.6. Microstructure characterization and measurement

The sectioned samples were metallographically prepared using different grit sizes of silicon
carbide papers from 320 to 4000 to remove rough surfaces and scratches. A diamond paste
(diamaxx: mono 6 and 3 um) and alumina powder were used for the polishing. The microstructures
and morphologies of the sintered AZ91D-Ni-GNPs were assessed via optical microscope (Falcon
500 series) and field emission scanning electron microscopy (FE-SEM) incorporated with an EDS
detector suite INCA X-Stream 2 pulse analyzer software (Zeiss Ultra Plus 55). It was operated at
2.0 kV with 70 s acquisition time. The morphology of the admixed powder of the Mg-based
sintered composites was assessed via high-resolution transmission electron microscopy (HR-
TEM) JEOL 2100 (FROM Tokyo, Japan). It was equipped with a Gartan U1000 camera 0f 2028
x 2028 pixels operated at 200 kV. The optical micrographs obtained showing different grain shapes
and boundaries were evaluated by measuring the area of the grains in each direction to understand
the grain size distribution. ImagelJ graphics software was used for this purpose on each optical
micrograph. The phases present were investigated via a PANalytical Empyrean x-ray diffraction
(XRD) machine with a reflection geometry value of 260 =5 - 90° and a step size of 0.01° activating
with a CuKa radiation source (A = 0.178901 nm). A Confocal micro-Raman spectrometer (Alpha
300 RAS: WiTec Focus Innovations, Germany) position at 532 nm laser wavelength was utilized
to characterize the sintered Mg-based composites. A laser power of 5 mW and 150 s spectral
acquisition time was used for the measurement.

2.7. Model development, validation, and analysis of variance

The variance (ANOVA) analysis is performed on the modified models as estimated by the
statistical tool. The statistical tool is utilized to analyze the F test (for F and P values), evaluate the
effect of the factors, and investigate the interactive effect of variables. In other words, the ANOVA
model assists in recognizing the differences in the data acquired and separate into components.
This implies that values characteristics are estimated individually and reported in the ANOVA
table for all terms that emerge in the model equations [47]. In order to validate the accuracy of the
suggested models, various parameters are considered, especially the precision of the predicted
values obtained compared to experimental values. Some of the parameters considered include the
coefficient of determination (R?), lack of fit (LOF), adequate precision, adjusted coefficient of
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determination (Adjusted R?), and coefficient of variation (C.V.). More importantly, the major
parameters that indicate the correctness of the model and suggest that a model is significant are
the R? and Adjusted R?. In addition, the p-value of a model should be < 0.05, and the F value
should be large (> unity) for a model to be considered significant [2].

In this study, the R? values obtained were closer to 1, indicating that the experimental results and
the estimated results are in satisfactory agreement within the range of the experiment. The
coefficient of variant (C.V) is used to quantify the residual variability in the data as a percentage
of the mean of the response variable. The repeated experimental design points present the "residual
error" and "Pure Error," which are compared using the Lack of Fit (LOF) parameters. The 3D
mapping is utilized to evaluate the effect of individual variable independently and their interactions
on the acquired responses. Thus, the sequential process for developing the model using Response
Surface Methodology is shown in Figure 3.

Design of variables
(input and output)

V

Experimental
design

\

Regression
examination

\/
Model analysis
(ANOVA)

\ 4

Assessment
variables

Confirmation of model

\/

Acquisition of
optimal model

Figure 3. The process of the model developed using the Response Surface Methodology

Following this process, regression analysis using backward elimination was executed to accurately
obtain the model prediction for relative density and hardness properties of AZ91D-Ni-GNPs
composites. An ~95% confidence level for the models was achieved from the ANOVA analyses
of relative density and hardness properties.



3. Results and discussion
3.1. Characterization of AZ91D-Ni-GNPs powder and GNPs

Figure 4 shows the SEM and TEM micrographs of the admixed composite and GNP powders. In
addition, Figure 5 shows the elemental dispersion (EDS) and percentage constituents present in
the admixed composite powder. The graphene nanoplatelets (GNPs) powder from the SEM
micrograph revealed that the particles form an irregular shape with wrinkle sheets of different
dimensions. The AZ91D-Ni-GNPs powder was analyzed with SEM/TEM. The SEM image could
not reveal the presence of GNPs due to the low percentage of constituents added. However, the
TEM revealed the presence of GNPs positioned between the matrix particles. The SEM-EDS
mapping shows the presence and distribution of the major elements in the composites. The EDS
revealed that some of the particles of GNP adhered to the surface of matrix particles while few
others were present between the particles. This suggests that the thin layers and wrinkled GNPs
form a shell and cover the surfaces of the matrix particles, thereby having an effective reinforcing
influence on the composites. The Ni constituent is sparsely distributed, resulting from the low
quantity used as reinforcement (1.5%). Other constituents such as Al, Mn, and Zn are the primary
trace elements visible from the SEM-EDS analysis, which is a typical characteristic of AZ91D
magnesium grade [48].

Figure 4. (a) SEM micrograph of AD91Z-Ni-GNPs composite powder (b) TEM micrograph of
AD91Z-Ni-GNPs composite powder and, (c) SEM micrograph of GNPs powder
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Figure 5. Elemental distribution mapping of AZ91D-Ni-GNPs Mg-based composite. (a)
Magnesium matrix, (b) Combine colour mapping, (c-f) C, Al, Ni, Zn, and Mn distribution, and (g)
EDS analysis.

3.2. Model development and validation

The experiment was designed using the central composite design using two factors: the sintering
temperature and pressure with the responses being relative density and hardness. These are shown
in Table 3. The sintering temperature is set between 450 - 500 °C. This temperature range is
selected based on the result obtained from the preliminary study conducted, which indicates that a
higher sintering temperature above 500 °C results in melting the AZ91D-Ni-GNPs powder out of
the mould. The melting temperature provided by the manufacturer of AZ91D magnesium in the
data-sheet is 651 °C. The sintering temperature used conforms with a similar study conducted by
Dikai G. et al. [49], where AZ31 magnesium was cryomilled before sintering using the SPS
method. In addition, a sintering temperature below the range of temperature selected results in low
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consolidation and densification of the sintered component. The use of high sintering temperature

close to the melting temperature of matrix powder, high pressure, and nanoparticle reinforcement
result in the formation of strong metallurgical bonding between the matrix and reinforcement [2].
Thus, the strong adhesion present in the structure of the composites (bond formation) as a result
of diffusion at high temperature in the sintered component results in good densification and high

hardness property.

Table 3. Designed matrix and experimental results with the residual error for AZ91D-Ni-GNPs

magnesium-based composites.

Run Factors Responses
Temperature Pressure Actual Predicted Residual Actual  Predicted Residual
A (°C) B relative  relative  error for hardness hardness error for
(MPa) density density  relative (HV) (HV) hardness
(g/em®)  (g/em®)  density
1 480 40 1.6920 1.6924 -0.0004 74.62 73.88 0.7438
2 500 30 1.6590 1.6591 -0.0001  48.58 46.65 1.9300
3 480 40 1.6920 1.6924 -0.0004 74.62 73.88 0.7438
4 480 40 1.6920 1.6924 -0.0004  74.62 73.88 0.7438
5 450 50 1.7230 1.7237 -0.0007  93.21 93.36 -0.1468
6 480 50 1.7040 1.7065 0.0025  82.89 85.13 -2.2400
7 450 30 1.7010 1.7006 0.0004  68.76 69.21 -0.4521
8 480 40 1.6920 1.6924 -0.0004  74.62 73.88 0.7438
9 450 40 1.7190 1.7187 0.0003  83.27 82.67 0.5989
10 500 40 1.6710 1.6690 0.0020  56.74 61.06 -4.3200
11 480 30 1.6850 1.6853 -0.0003  58.37 59.85 -1.4800
12 480 40 1.6920 1.6924 -0.0004 74.62 73.88 0.7438
13 500 50 1.6940 1.6958 -0.0018  75.08 72.69 2.3900

3.3. The response surface methodology of the two responses

The degree of interaction of the two factors on the mechanical properties of the sintered composites
was examined using central composites design (CCD) of the RSM. This is further clarified by
analyzing the statistical model of the results produced from the ANOVA obtained, comparing the
hardness and density as a function of the neutral process variables (responses). Similarly, the
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regression provides information on the accuracy of the data obtained and the relationship between
the factors and responses. In confirming the significance of different model coefficients, the
importance of the regression model and the lack of fit are essential to ascertain the correctness of
the model and the predictive ability. Therefore, the statistical parameters of the model equations
obtained and the confirmation of the results in the ANOVA models for density and hardness are
summarized in Tables 4 - 7, respectively.

3.4. Development of the prediction models, analysis of the ANOVA, and fitting of the model
of density and hardness measurement for the sintered AZ91D-Ni-GNPs composites

The significance and ANOVA test from the response surface model were determined to summarize
the results of the prediction models for density and hardness presented in Table 4 - 7. From the
tables, the F-values for the density and hardness are 318.57 and 60.78, respectively, combined with
the P-values that are less than 0.05 for the density and hardness. This is an indication that the
models are statistically significant, which means that the probability of having a "model F-values"
with a high magnitude because of noise is only 0.01%. Similarly, the small values of P for the two
models show that the corresponding coefficient is very significant, thus contributing immensely to
the response variables. However, a P-value greater than 0.100 signifies that the model terms are
insignificant. For the ANOVA model of density measurement, all the factors terms are significant
(A, B, AB, A% and B?). In contrast, only three factors terms are significant (A, B, and A?) in the
model with the hardness ANOVA. The factor terms AB and B? in the hardness ANOVA model
are more than 0.05, indicating that they are not significant terms. The lack of fit assessment for
both density and hardness models is within the nonsignificant range in comparison to pure error,
suggesting that the model fits appropriately with the data obtained experimentally, thus desirable.
The coefficient of variation for the density model is 0.0869%, and hardness is 3.25%, respectively,
implying that the difference between the experimental and predicted values is small. In order to
declare a model good fit, a value above 0.80 for the determination coefficient (R?) is required. In
this study, the R? for both density and hardness models are 0.9956 and 0.9775, respectively, which
clearly indicates that they are close to unity. Thus, 99.3% and 97.8% of the total variance in density
and hardness measurement is ascribed to the experimentally investigated variables, suggesting that
the prediction of the model is suitable for fitting the experimental values.

Nevertheless, a good regression model is not adequate, even with a large value of R?, because R?
increases with the addition of variables. Therefore, the Adjusted R? is equally crucial as it explains
the standard testing for fitting the regression model. The Adjusted R? for density and hardness is
similarly larger than 0.80 (0.9925 for density and 0.9614 for hardness), implying that the models
are adequate with no need to consider adding other terms. The standard deviation of the two models
(density and hardness) are 0.0015 and 2.35, respectively. Consequently, the closeness of R? values
to 1 and the smaller values of standard deviation indicates that the models are good, and there is
minimal difference between the predicted values and experimental values (responses). The
variation between the adjusted R? of 0.9925 and 0.9614 for density and hardness is less than 0.2,
indicating that they are in reasonable agreement. A value greater than 4 is desirable to measure the
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signal-to-noise ratio using the adequate precision term. This is calculated by dividing the
difference between the minimum and maximum predicted response by the average standard
deviation value of all the predicted responses. A precision value of 64.5402 and 29.2669 for density
and hardness implies that the signal is satisfactory. Thus, the models can be utilized to navigate
the design space. A nonlinear correlation was determined between the descriptive variables and
response variables. This is the CCD-based quadratic model used to forecast the density and
hardness properties of AZ91D-Ni-GNPs composite as a function of A (temperature) and B
(pressure) presented in coded factors in Equation 4 and 5.

Density = -1.22752 + 0.013863A - 0.011688B + 0.000014AB - 0.000016A% + 0.000084B>
(4)

Hardness = -1324.02983 + 6.09918A + 1.46280B + 0.001897AB - 0.006955A2 - 0.013867B>
)

Table 4. ANOVA tests for predicting the quadratic model of the density of AZ91D-GNPs
magnesium composite

Source Sum of Df Mean F-Value P-Value
Squares Square

Model 0.0035 5 0.0007 318.57 <0.0001 significant

A-

Temperature 0.0018 1 0.0018 831.79 <0.0001

B-Pressure 0.0013 1 0.0013 613.97 <0.0001

AB 0.0000 1 0.0000 21.47 0.0024

A? 0.0002 1 0.0002 113.78 <0.0001

B2 0.0002 1 0.0002 90.59 <0.0001

Residual 0.0000 7 0.0000022

Lack of Fit 0.0000 3 0.0000051

Pure Error 0.0000 4 0.0000

Cor Total 0.0035 12

R?: 0.9956, Adjusted R%: 0.9925, Adequate precision: 64.5402
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Table 5. Statistical parameters of the quadratic model of the density of AZ91D-GNPs
magnesium composite.

Type of variable

Standard deviation (SD) 0.0015
Coefficient of variation C.V (%) 0.0869
Mean 1.69
R-squared 0.9956
Prediction error (PRESS) 0.0002
Predicted R-squared 0.9663
Adjusted R-squared 0.9925
Adequate precision 64.5402

Table 6. ANOVA tests for predicting the quadratic model of the hardness of AZ91D-GNPs
magnesium composite

Source Sum of Df Mean F-Value P-Value
Squares Square

Model 1677.06 5 335.41 60.78 <0.0001 Significant

A-

Temperature 700.70 1 700.70 126.98 <0.0001

B-Pressure 938.35 1 938.35 170.05 <0.0001

AB 09120 1 0.9120 0.1653 0.6965

A? 47.23 1 47.23 8.56 0.0222

B 5.31 1 5.31 0.9625 0.3592

Residual 38.22 7 5.52

Lack of Fit 38.63 3 12.88

Pure Error 0.0000 4 0.0000

Cor Total 1715.69 12

R?: 0.9775, Adjusted R%: 0.9614, Adequate precision: 29.2669
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Table 7. Statistical parameters of the quadratic model of the hardness of AZ91D-GNPs
magnesium composite.

Type of variable

Standard deviation (SD) 2.35
Coefficient of variation C.V (%) 3.25
Mean 72.31
R-squared 0.9775
Prediction error (PRESS) 271.27
Prediction R-squared 0.8419
Adjusted R-squared 0.9614
Adequate precision 29.2669

3.5. The normal probability plot of residuals for both density and hardness of AZ91D-Ni-
GNPs composites

The normal plot of residuals and the correlations between the predicted and actual for the two
responses (density and hardness) are shown in Figures 6a, 6b, 7a, and 7b, respectively. The
residuals plot explains the difference between the predicted and the observed responses. The
differences between the experimental and predicted value are interpreted with the normal
probability plot, which explains the adequacy of the model from the data applied. As such, a model
that is adequate is the one that has its points connected on a straight line in the normal probability
plot of the residual. This could be observed from Figures 6 (a, b) and 7 (a, b) for both density and
hardness normal probability plots models showing well-aligned residual points. By implication,
the errors are not concentrated in a particular section but somewhat random within the error
portion, and the residuals are dispersed normally. Also, the errors are minimal because the
residuals in the normal plots for density and hardness are close to the diagonal line in the
prediction. A lopsided pattern in the predicted response against the residuals response plots would
have implied that the model is weak, which is not the case [2, 47]. The values of R? of 0.9956 for
density, 0.9775 for hardness, and adjusted R? of 0.9879 for density, 0.9618 for hardness together
with the residual analysis effectively fit the model to the experimental data.
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Normal Plot of Residuals Predicted vs. Actual
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Figure 6. Stochastic error and a deterministic measure for the density of AZ91D-GNPs
magnesium composites. (a) The normal probability plot of residuals, and (b) The predicted against

actual values.
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Figure 7. Stochastic error and a deterministic measure for the hardness of AZ91D-GNPs
magnesium composites. (a) The normal probability plot of residuals, and (b) The predicted against

actual values.
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3.6. Interactive effect plots of density and hardness measurements

Figures 8 (a, b) and 9 (a, b) shows the 2D contour and 3D plots for the interactive influence of
pressure and temperature on the density and hardness of sintered AZ91D-Ni-GNPs composites. It
could be observed that an increase in both sintering temperature and pressure results in an increase
in the values of density and hardness. High sintering temperature and pressure result in lower
densification and hardness values denoted by the blue colour area. It was apparent that the
increment in sintering parameters such as temperature and pressure have a negative influence in
improving the densification and hardness properties of the AZ91ZD-Ni-GNPs composites. As the
sintering temperature and pressure increase, it could be observed that the densification and
hardness values decrease gradually, moving from the red/green area to the blue area. The sintering
temperature of 450 °C resulted in the highest density and hardness values of 1.723 g/cm3 and 93.21
HV, respectively (Table 3). Hence, the optimization focuses in terms of the factors used in this
study is in the area where improved properties were obtained. This is the case in the study
conducted by Chen et al. [2, 48]. In Figures 10 and 11, the plots of actual density and hardness
values from the experimental study versus the RSM predicted density and hardness values of
AZ91D-Ni-GNPs magnesium composite demonstrate minimal errors. It implies that the physical
experimental values obtained substantially agree with the RSM predicted values from the model.
This observation indicates that the developed model can adequately predict the density and
hardness values of the AZ91D-Ni-GNPs composite.
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Figure 8. (a) The contour plots of the optimization results and (b) represent the 3D response
surface plots showing the interaction effects between temperature and pressure on the density of
SPS AZ91D-Ni-GNPs magnesium composites.
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Figure 11. Actual hardness against the RSM predicted hardness of AZ91D-Ni-GNPs magnesium
composite.

3.7. Validation studies of the density and hardness properties of AZ91D-Ni-GNPs composite

The adequacy of the models developed and acceptable optimal combination of variables was
conducted using the design of expert software. This is necessary to establish the combination of
factors that produce satisfactory responses (properties) [37]. Consequently, Table 8 shows the
twelve (12) optimal responses/solutions obtained through the optimization design. The SPS theory
requires that materials be sintered at three-quarters (maximum safe sintering temperature) of their
melting temperature for solid sintering. This serves as the constraint in selecting variables in this
study [50]. Otherwise, a temperature beyond this threshold results in melt-out or liquid phase
sintering. Typically, the desirability value for a given response ranges from 0 to 1, whereas an
ideal case always presents a desirability value to be one (1). Table 8 shows that the first 2
combinations of variables are the optimal combinations of factors (temperature and pressure) that
produced better properties in terms of responses for sintered AZ91D-Ni-GNPs composite with
desirability values that are approximately 1. The 12 solutions obtained indicate that the
optimization study is ideal. In addition, Figure 12 present the most suitable combination of
variables that determine the best desirability range. This is determined based on the desirability
value that is closest to 1, according to the design expert software analysis. Thus, the most suitable
combination of factors comprises 450 °C sintering temperature and 50 MPa pressure with a
corresponding density of 1.723 g/cm? and hardness of 93.24 HV.
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Table 8. The Optimal combinations of density and hardness properties of AZ91D-Ni-GNPs
magnesium-based composite.

Number Temperature Pressure Density Hardness Desirability

1 450.000 50.000 1.724 93.357 1.000  Selected
2 450.787 49.927 1.724 93.233 1.000
3 450.541 49.941 1.724 93.264 0.999
4 451.365 49.954 1.724 93.211 0.999
5 451.015 49.994 1.724 93.278 0.997
6 450.054 49.874 1.723 93.236 0.997
7 450.258 49911 1.724 93.257 0.996
8 450.995 49.921 1.724 93.211 0.988
9 451.700 49.992 1.724 93.217 0.988
10 459.076 50.000 1.725 92.189 0.988
11 459.409 50.000 1.725 92.124 0.988
12 459.942 50.000 1.724 92.018 0.987

430 00 k] 50
Ah Temperature = 450 BE Pressure = 50
1.659 1.723 &8.58 93.21
Dq-l'lill‘:,l =1.7237 Hardness = 93 3568

Desirability = 1.000
Solution 1 out of 12

Figure 12. Desirability solution.
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4. Microstructure analysis of AZ91D-Ni-GNPs composites

Synthesis of graphene nanoparticle (GNP), elemental nickel particle (Ni), and AZ91D magnesium
alloy were successfully achieved by blending and SPS powder metallurgy method. Figures 13
represent the optical micrographs of the sintered AZ91D-Ni-GNPs magnesium composite that
possess optimal properties among the samples developed. Figure 13a represents the sample with
the highest density and hardness properties with 1.723 g/cm? and 93.21HV, followed by Figure
13b with 1.719 and 83.27 HV, and Figure 13¢ with 1.704 g/cm® and 82.89 HV, respectively, in
descending order. Subsequently, these three samples will be described as sample A (1.723 g/cm’,
93.21 HV), B (1.719 g/cm?, 83.27 HV, and C (1.704 g/cm’, 82.89 HV). It is evident from the
optical micrograph in Figure 13 a-c¢ that minimal defects such as surface micro-cracks and
micropores were present in the composites. Also, the interaction of the surface of the sample with
the environment during metallography results in the formation of oxides observed in Figure 13 a-
c. By comparing the sintered relative density and theoretical density, the relative densities obtained
were greater than 97% density for samples A, B, and C, which implies that the sintering parameters
used are appropriate in this study [43]. As reported by Zhu G. et al. [35], the combination of high
sintering temperature and pressure is responsible for the high densification. Also, the initial
spherical particle size of the AZ91D magnesium matrix is not evident in the sintered composites,
rather the grain sizes were a mixture of different irregular shapes and the presence of few spherical
grains. This development contributes to the improved densification and hardness properties of the
sintered composites, thus, implying that SPS was able to induce high densification [51].

The grain boundaries were evident in the three selected samples, and the grain size increased with
an increase in the sintering temperature. The average grain size for the three samples is in the range
of 19 to 21 um. Sample A has an average grain size of 19.73 um, followed by sample B with an
average grain size of 20.43 um and sample C with 21.99 um. Although, there is a marginal
difference between the average value of the grain size for the three samples with nearly the same
relative density, the increasing average grain size with increasing sintering temperature influence
the hardness property of the composites. In the studies of Zhu Y. et al. [43], sintering temperature
between 350 and 450 °C was used in the SPS of AZ91 magnesium alloy, and Minarik P et al. [52]
used sintering temperature between 450 and 550 °C to develop AE42 magnesium alloy using SPS.
They both reported that an increase in sintering temperature increases the average grain size in the
sintered components, even with sintered materials having nearly the same relative density. They
attributed it to the development of grain growth which reduced the formation of grain boundaries
and subsequently the hardness property of the sintered components. The formation of grain size is
a result of recrystallization along the initial particle boundaries (powder) of the matrix alloy [52]
and recrystallization due to the inclusion of reinforcements (Ni and GNP) [4, 15] which serve as a
catalyst for grain formation. The concurrent application of high sintering temperature and
mechanical loading aids the formation of grains.

Additionally, the high statistical error results from varied character and dispersion of the grain size
[52]. According to Minarik P. et al. [52], "the increment in the average grain size with the
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increasing sintering temperature is systemic, but not statistically significant." The SEM and EDS
analyses reveal more about the features of the sintered samples microstructures. Figures 14a-c
illustrates the scanning electron microscopy (SEM) of the three selected samples, and Figures
15a-i present the X-ray spectroscopy (EDS) images of sample A. Figure 15a represent the
micrograph of sample A, Figure 15b illustrates the mapping of all the elements present, and
Figures 15c-i represent the mapping/dispersion of individual element present. From the SEM
micrographs of the three samples selected (magnesium composite), the microstructural
characteristics can be discussed in terms of: (a) dispersion of reinforcement and (b) surface
morphology. It is evident from the three samples (SEM) selected that the grain shapes changed
from the original spherical shape utilized for sintering to irregular shape in the sintered composites,
and this validates the optical micrographs results. The changes indicate that sintering occurred
through recrystallization, neck formation, and grain growth, which consequently lead to high
densification. The large micropores formed at the contact points between two or more spherical
particles disappeared during sintering [53], suggesting that the parameters used are appropriate for
developing dense AZ91D-Ni-GNPs magnesium-based composites.

However, it can be observed from the SEM micrographs that the refinement of grains is not
uniform in the microstructure, which might result from poor dispersion of reinforcement (two-
dimensional GNPs) and temperature distribution in samples [19, 54]. Also, the few micropores
observed were majorly present along the grain boundary and not within the grains in the three
samples. The relative density measured through the Archimedes method revealed few micropores
(>4%) in the selected samples. Although the percentage composition of reinforcements (Ni and
GNP) are small (~3%), there were no traces of agglomeration or identifiable existence of periodic
high-particle concentrated region within the grains and along the grain boundaries in the sintered
samples. This implies that a good chemical bonding exists between the AZ91D magnesium alloys
and Ni, GNPs reinforcements. While the EDS image reveals a trace of carbon, suggesting that the
GNP was scantly distributed within the microstructure of the samples, this does not have a
resemblance of an agglomerate. The sparse dispersion of nickel reinforcement (EDS) in the matrix
alloy can be credited to its low percentage composition. The other trace element present in AZ91D
magnesium alloy has minimal influence on the microstructure of the sintered composites.
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Figure 13. OM micrographs of AZ91D-Ni-GNPs magnesium composites. (a) 450°C, 50 MPa, (b)
450°C, 40 MPa, and (c) 480°C, 50 MPa, temperature, and pressure. (d-f) the distribution of the
grain size.

Figure 14. SEM images of AZ91D-Ni-GNPs magnesium composites. (a) 450°C, 50 MPa, (b)
450°C, 40 MPa, and (c) 480°C, 50 MPa, temperature, and pressure.
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4.1. X-ray diffraction study of AZ91D-Ni-GNPs composites

The XRD patterns of the sintered AZ91D-Ni-GNPs magnesium composite processed at different
sintering parameters denoted as sample A, B, C, and the XRD pattern of GNPs are shown in Figure
16. The XRD analysis of GNPs only shows a considerable peak at 2 theta = 26.4° angle of
diffraction, which is not obvious in the sintered composites. However, the XRD analysis of the
selected sintered composites (sample A, B, C) shows the presence of GNPs appearing as a minior
peak at 2 theta = 77°. The EDS analysis corroborates the XRD result indicating the presence of
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GNPs. The dominant phase from the XRD peaks of the sintered composite remains Mg matrix,
while peaks representing the presence of GNPs, Ni, and Mgi7Ali2 are few. The major peaks of the
Mg phase appear at 2 theta = 32.2°,34.3°,36.7°,47.6°, 57.4°, 63.2°, 68.5°, and 70.0°, respectively,
while the minor peaks appear at 2 theta = 74.9°, 78.9°, and 82.5°. In a similar study conducted by
Sun X. et al.[1], the peaks obtained in the XRD analysis of graphene nanoplatelets reinforced
magnesium composites are in agreement with the observation in this study. Thus, GNPs and Ni
reinforcement in AZ91D alloy did not disrupt the formation of the Mg phase in the microstructure
of spark plasma sintered AZ91D-Ni-GNPs composites. The major and minor peaks of Mg have
hexagonal close-packed (HCP) structure with the major peaks corresponding to (100), (002),
(101), (102), (110), (103), (112), and (201) planes of Mg. Additional peaks were not observed with
the increase in sintering temperature. The only peak representing the presence of the Ni phase
appears at 2 theta = 74.4° which corresponds to the (110) plane. In addition, a minor peak appears
at 2 theta = 43° representing the Mgi7Al2 phase. The intensity of this phase is small, and it is due
to the low weight fraction of aluminium constituent present in the AZ91D alloy (corroborated by
the EDS analysis) [43]. Although the presence of GNPs is slightly evident in the sintered
composites, the Raman spectroscopy analysis was conducted further to establish the presence and
behaviour of GNPs reinforcement.
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Figure 16. X-ray diffraction spectrum for AZ91D-Ni-GNPs magnesium composites. (a) 450°C,
50MPa, (b) 450°C, 40MPa, and (c) 480°C, 50MPa temperature and pressure.
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4.2. Raman spectroscopy study of AZ91D-Ni-GNPs composites

The Raman spectra of the selected AZ91D-Ni-GNPs composites sintered at different sintering
temperature is denoted as sample A, B, C and are shown in Figure 17. The Raman spectra obtained
for sample A revealed two prominent peaks at 1346 cm™ and 1591 cm™!, which are related to the
characteristics of the D band and G band [23]. A minor peak appears from sample B at 2696 cm”
! This is associated with the characteristic of a 2D band [21]. The characteristic ratio of the
intensity of D band to G band (In/Ic) explains the structural integrity or defect formation that
occurs from the dispersion of GNPs in AZ91D/metal matrices [21]. Thus, the measurements of the
In/l ratio of GNP for the three samples are 0.9, 1, 1.2. The increasing values imply the
accumulation of non-sp? defects in the graphitic structure of GNPs when dispersing GNP in the
metal matrix of AZ91D alloy. These defects (non-sp?) that occur in the graphitic structure of
carbon nanomaterials often present as broken edges and vacancies [23]. However, the measured
value of Ip/Ig ratio of GNP in the AZ91D matrix for sample B and C are 1 and 1.2, indicating that
less graphitization of carbon is formed during sintering. The 0.9 value of the Ip/IG ratio of GNP in
the AZ91D matrix suggests that the microstructure of the material is enhanced through the
graphitization of GNPs during sintering. This signifies that the vacancies present in the
microstructure are fill up and rearrange in their graphitic structure [23]. In addition, the observation
in sample A suggest that magnesium atoms may have fill the pores in the structure of GNPs by
infiltrating the carbon layers in the course of sintering, thus resulting in lower Ip/Ig value of 0.9
compared to 1 and 1.2 in sample B and C.
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Figure 17. Raman spectra of AZ91D-Ni-GNPs magnesium composite. (a) 450 °C, 50 MPa, (b)
450 °C, 40 MPa, and (c) 480 °C, 50 MPa temperature and pressure.

5. Conclusion

The study has explained the effect of the SPS process parameter variables on the synthesis,
morphology, and properties of graphene nanoplatelets and nickel reinforced AZ91D magnesium
alloy. This was investigated using RSM and CCD. Thus, the following conclusions are drawn
based on the experimental results.

e RSM with central composite has been successfully deployed to formulate a
statistical/mathematical model for predicting the density and hardness properties of
AZ91D-Ni-GNPs magnesium-based composites by using the SPS technique.

e Within the range of this investigation, the experimental values of the density and hardness
are reliable and in good form, with the empirical values for the two models, which are
above 96% confidence levels. In addition, marginal and negligible errors were observed
between the predicted and experimental values.

e The desirability analysis indicates that the optimum process parameters are 450 °C sintering
temperature and 50 MPa pressure with the corresponding relative density of 1.723 g/cm’
and 93.21 HV, respectively.
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e The sintering temperature is the most effective parameter on the sintered AZ91D-Ni-GNPs
composites, thus influencing the grain size formation.

e The process parameters are sufficient to produce AZ91D-Ni-GNPs magnesium-based
composite with good morphology (reduced defects), dispersion of reinforcement, and
metallurgical bonding.

e Thus, the optimization process removes the trials-by-error approach in the SPS
manufacturing of AZ91D-Ni-GNPs magnesium-based composite and presents the
interactive combination of process parameters clearly with their validities on the output.
The ANOVA analyses obtained imply that the mathematical model from RSM-CCD is
statistically adequate for this study.
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