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Abstract: To prevent a premature failure, absorbable magnesium implants must possess an adequate
mechanical stability. Among many ways to improve the mechanical properties of magnesium is by
particle reinforcement, such as using carbon nanofiber (CNF). This work reports an experimental
design for optimum materials and processing of CNF-reinforced Mg–Zn composites based on a two-
level factorial design. Four factors were analyzed: percentage of CNF, compaction pressure, sintering
temperature, and sintering time, for three recorded responses: elastic modulus, hardness, and weight
loss. Based on the two-level factorial design, mechanical properties and degradation resistance of the
composites reach its optimum at a composition of 2 wt % CNF, 400 MPa of compaction pressure, and
500 ◦C of sintering temperature. The analysis of variance reveals a significant effect of all variables
(p < 0.0500) except for the sintering time (p > 0.0500). The elastic modulus and hardness reach
their highest values at 4685 MPa and 60 Hv, respectively. The minimum and maximum weight
loss after three days of immersion in PBS are recorded at 54% and 100%, respectively. This work
concludes the percentage of CNF, compaction pressure, and sintering temperature as the main factors
affecting the optimum elastic modulus, hardness, and degradation resistance of CNF-reinforced
Mg–Zn composites.

Keywords: biomedical; carbon nanofiber; corrosion; factorial design; magnesium composite; modu-
lus; powder metallurgy

1. Introduction

Magnesium (Mg) alloys are the most studied biodegradable (absorbable) metals for
their usage as materials in temporary medical implants like coronary stents and bone
fracture fixation screws [1]. Magnesium is an essential element needed for bone function,
and its alloys are characterized by its low elastic modulus (40–45 GPa), which is the closest
to that of human bone compared to other metallic biomaterials. In a recent development,
bone screws and pins made of Mg–Zn–Ca Zn and Mg–RE (RE: rare earths, mainly Gd
or Y) alloys have been approving for clinical use in Korea and Germany [2,3]. However,
many believe that the mechanical properties and corrosion (degradation) behavior of Mg
alloys are not yet ideal and need further improvement. The combination of limited strength
and rapid degradation rate may lead to a premature loss of mechanical integrity of an
implant before a fractured bone is entirely healed [4–6]. The characteristics of strength and
degradation should be in balance to make sure the bone segments could receive adequate
stabilisation during healing [7]. One of the promising methods to improve both strength
and degradation of Mg alloys is composite reinforcement by carbonaceous particles [8].
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Different forms of carbonaceous particles had successfully used for reinforcing differ-
ent types of metal alloys, including carbon nanofiber (CNF) [9], graphene nanoplate [10],
carbon nanotube (CNT) [11], and carbon fiber [12]. CNF reinforcement enhanced the me-
chanical strength of CNF-A7XXX composites as high as 89.83 GPa while being chemically
stable [13,14]. The limited strength and rapid degradation of Mg alloys used in bone im-
plants can be increased and improved through the addition of CNF. The dispersion of CNF
and high interface of CNF-matrix assure the strengthening effect and increase degradation
resistance of the composite. However, the use of CNF particles for reinforcing absorbable
Mg alloys is still limited. Results from the literature showed the highest average yield
strength of 74 MPa is recorded for 1.5 wt % in porous Mg, which was enhanced by 54%
compared to porous Mg alone. Fibers are regarded as a potent reinforcing category that
influences the composites’ directional strength and stability [15]. They transfer strength
to the matrix, which influence and enhance its properties as desired [16–18]. A CNF–Mg
composite can be fabricated through a powder metallurgy process (PM) with attention to at
least four parameters, percentage of reinforcement particles, compaction pressure, sintering
temperature, and sintering time [19]. According to Orowan strengthening effect, increasing
CNF percentage up to 2% in a metal matrix could increase the mechanical aspect of a
composite [16]. The usage of 1% CNF as reinforcement improves the ultimate compressive
force to 114 MPa, which represents about a 14% increase to that of pure Mg, as well as
hardness improvement by 37% [18]. An increase in compaction pressure increases the con-
tact area between powder particles hence decreases porosity that eventually improves the
strength and stiffness of the composite [20,21]. Likewise, increasing compaction pressure
decreases composite pore size resulting in a more compact or dense material [22]. Finally,
both sintering temperature and time will transform the compacted powders into sintered
metals and determine the final structure and properties of the composite [23–25].

The combination of the above four parameters can be determined effectively by using
the design of experiment (DOE) method that is suitable for characterization, optimization,
and modeling process [26]. A two-level factorial DOE allows an analysis of multiple
factors simultaneously while maintaining quality data collection, as shown in the work of
Gou, et al. [27]. They analyzed the substantial effect of suspension concentration, sonication
time, and vacuum pressure on the pore size of single-walled nanotube using a half-normal
plot and regression model without the second-order effect. In the present work, we aimed
at determining the optimal materials design and process for absorbable CNF-reinforced
Mg–Zn composites fabricated via powder metallurgy process using two-level factorial
DOE method. The main factors influencing the stability, mechanical properties, and
degradation resistance of the composites were identified in view of potential applications
of the composites for orthopaedic implants.

2. Materials and Methods
2.1. Design of Experiment

A two-level factorial design was created by using Design-Expert software (Stat-Ease
Version 12, Minneapolis, Minnesota, MN, USA). The design suggested a total of 36 speci-
mens as detailed in Tables 1 and 2. Material composition (Factor A) and process parameters
(Factor B, C, and D) were determined according to two-level factorial design (2k−1, where
k is the number of independent factors). This design represented a series of experiments
to fulfil three responses involving the k factor that has two levels: “low” − and “high”
+. A center point for each factor was added in the design which allow us to check the
goodness-of-fit of the planar two-level factorial design. As shown in Tables 1 and 2, a
total of four factors were evaluated: (1) percentage of CNF (0.1–2.0%) [28], (2) compaction
pressure (100–400 MPa) [5], (3) sintering temperature (300–500 ◦C) [29], and (4) sintering
time (1–4 h) [5]. The upper and lower limits for each factor were set accordingly based
on previous research. Three responses were measured: (1) elastic modulus, (2) hardness,
and (3) weight loss, and served as experimental data input for further DOE analysis and
empirical model development. The Design-Expert software was also used to perform
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statistical analysis, which was then validated by analysis of variance (ANOVA), regression
analysis, and lack of fit test; p-values of less than 0.0500 were considered as significant.

Table 1. The level of factors for two-level factorial design.

Factors Lower Limits Center Points Upper Level

Percentage of CNF (%) 0.1 1.05 2.0
Compaction pressure (MPa) 100 250 400
Sintering temperature (◦C) 300 400 500

Sintering time (h) 1 2.5 4

Table 2. Full factorial design matrix together with the average screening factor output values.

Run

Factors Responses

Percentage
of CNF
(wt %)

Compaction
Pressure

(MPa)

Sintering
Temperature

(◦C)

Sintering
Time

(h)

Elastic
Modulus

(MPa)

Hardness
(Hv)

Weight
Loss after 3

Days (%)

1 0.1 400 300 1 3049 ± 157 49.4 ± 4.2 98
2 0.1 100 500 1 2866 ± 200 52.1 ± 5.3 100
3 2 400 500 4 4435 ± 108 60.1 ± 4.9 55.4
4 2 100 500 1 3868 ± 149 55.3 ± 7.4 59.1
5 2 400 300 4 3990 ± 215 56.2 ± 7.5 57.7
6 2 400 500 1 4685 ± 278 57.8 ± 4.7 54.2
7 0.1 100 300 4 3092 ± 192 48.9 ± 6.1 100
8 2 400 500 1 4607 ± 68 54.2 ± 8.8 53.9
9 0.1 100 300 1 2788 ± 178 53.8 ± 6.2 100

10 2 100 500 1 3764 ± 133 54.3 ± 5.9 60.2
11 0.1 400 500 1 3070 ± 183 57.2 ± 4.7 99.2
12 2 100 300 1 3861 ± 141 53 ± 5.3 58.6
13 0.1 100 500 1 3246 ± 134 48.9 ± 3.9 100
14 1.05 250 400 2.5 3392 ± 125 53.2 ± 4.2 80.3
15 0.1 400 300 4 3180 ± 182 51.7 ± 3.2 99.4
16 2 100 300 4 3775 ± 192 52.1 ± 3.8 59.2
17 2 100 500 4 3914 ± 179 58.5 ± 3.2 60.1
18 0.1 100 500 4 3468 ± 100 49.1 ± 9.1 100
19 0.1 100 500 4 3144 ± 196 52.1 ± 6.2 100
20 0.1 100 300 4 3015 ± 213 49.2 ± 7.2 100
21 2 400 300 1 4603 ± 137 59.8 ± 4.5 58.9
22 2 400 500 4 4541 ± 137 58.1 ± 5.1 51.2
23 0.1 400 500 1 3042 ± 157 54.7 ± 5.5 100
24 0.1 400 500 4 3341 ± 158 52.3 ± 2.5 100
25 0.1 400 300 1 3319 ± 278 48.6 ± 6.3 100
26 2 400 300 4 4072 ± 206 57.9 ± 5.3 57.9
27 2 100 500 4 4359 ± 201 56.9 ± 3.2 60
28 2 400 300 1 4251 ± 246 57 ± 1.6 55.8
29 1.05 250 400 2.5 3439 ± 198 50.8 ± 5.6 80.1
30 2 100 300 1 3766 ± 358 55 ± 3.9 63.6
31 2 100 300 4 3644 ± 153 54.3 ± 3.7 63.1
32 1.05 250 400 2.5 3242 ± 235 50.9 ± 6.8 82.4
33 0.1 400 300 4 3516 ± 168 50.1 ± 4.5 100
34 0.1 100 300 1 3237 ± 174 50 ± 7.3 100
35 0.1 400 500 4 3247 ± 215 52.9 ± 4.9 100
36 1.05 250 400 2.5 3405 ± 257 51 ± 6.2 79.6

2.2. Sample Preparation

The 36 specimens were prepared via powder metallurgy process by firstly dissolving
0.1, 1.05, and 2.0 wt % CNF (Product no.1001897011, Sigma Aldrich, St. Louis, MO, USA)
in 15 mL of absolute ethanol using ultrasonication for 1 h. In parallel, magnesium (Mg)
and zinc (Zn) powders (99.65% purity, particle size < 0.1 mm, 97:3 (Mg:Zn), Bendosen,
Selangor, Malaysia) were mixed in absolute ethanol (Fisher Chemical, Product no.: 67-
17-5, Loughborough, UK) using an overhead stirrer (Ika Eurostar 40 Digital, Selangor,
Malaysia) for 1 h. The CNF solution was then dropped into the Mg–Zn slurry using a 10
mL dropping pipette and further mixed for 30 min to obtain homogeneity [24]. The mixture
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subsequently filtered, and vacuum dried at 60 ◦C for 12 h. The dried mixture was then
mechanically milled using a high-energy planetary mill (Pulverisette P-5, Fritsch GmbH,
Idar-Oberstein, Germany) with 20 mm diameter stainless steel balls at 250 RPM for 4 h
under argon atmosphere [30] to increase the bonding between CNF and Mg–Zn matrix.
Prior to this step, 3% of n-heptane was added to the mixture, and the milling was paused
for 6 min every 15 min to prevent excessive cold welding [30]. The ball-milled mixture
was then compacted (Factor B) using stainless steel mold under 100–400 MPa pressure for
10 min and subsequently sintered at 300–500 ◦C (Factor C) for 1–4 h (Factor D) in flowing
argon atmosphere.

2.3. Materials Characterization and Testing

The microstructure and chemical composition of the resulted CNF-reinforced Mg–Zn
composites were evaluated under a Scanning Electron Microscope with Energy Disper-
sive X-ray (SEM/EDX, Hitachi TM3000, Hitachi High-Tech, Tokyo, Japan) and an X-ray
diffraction (XRD, Rigaku, Tokyo, Japan). The specimen surfaces were prepared using an
automated disc grinder using various abrasive layer types, from a 600 to 1000-grit SiC
paper. Then the specimens were polished using soft velvet cloth suspended alumina [31].
The XRD was performed using Cu-Kα radiation at 40 kV/40 mA with a scan range from
20 to 90 degree and a scan rate of 2◦/min. Cylindrical specimens were prepared (10 mm
diameter, 10 mm height) for compression, hardness, and degradation testing as shown in
Figure 1. The compression test was performed by following the ASTM E9-09 standard at
room temperature under a constant crosshead speed of 0.5 mm/minute using a universal
testing machine (Instron 8874, Illinois Tool Works Inc., Norwood, MA, USA) as shown in
Figure 1. Elastic modulus was determined from the resulted compression test curve by
taking an average of three slopes at the elastic regions. The hardness test was performed
on polished specimens following the ASTM E384 standard using Digital Hardness Vickers
machine (Sinowon, DongGuan, China) with a diamond indenter at 100 gf for 15 s, taken on
10 random points on each specimen.
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Figure 1. The model of Instron used throughout this study and the specimens were placed on the
lower plate of device, which gradually compressed upward. The diameter of each specimen is 10 mm.

The degradation test was performed using a static immersion method in phosphate-
buffered saline (PBS, with potassium chloride, Bio Basic Inc, Product no. PD0435, Markham,
ON, Canada) at 37 ◦C without agitation for three days. 10 mL of PBS was used for each
specimen having an average weight of 0.85 g. At the end of the test, the specimens were
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rinsed using deionised water three times and sonicated for 30 s to remove corrosion
products from the surfaces, dried overnight, and weighed using an analytical balance
(Uni Bloc, Shimadzu, Kyoto, Japan). The weight loss percentage was calculated from the
average weight of three specimens before and after the degradation test.

3. Results
3.1. Elastic Modulus, Hardness and Weight Loss Measurement

From the Table 2, in general, the values are ranging from 2788 ± 178 to 4685 ± 278 MPa
where the minimum and maximum elastic modulus demonstrated at run (specimen) 9 and
6, respectively. For hardness, the minimum and maximum are ranging from 48.6 (specimen
25) to 60.1 ± 4.9 Hv (specimen 3). The weight loss reached a minimum for specimen 22
(51.2%) and a maximum (100%) for specimens 2, 7, 9, 13, 18, 19, 23–25, 33–35.

3.2. Microstructural Observation

Figure 2a–c shows SEM micrographs for three groups of specimens that were com-
pacted at a pressure of 400 MPa and sintered at 500 ◦C for 4 h. The microstructure of
Mg–Zn/0.1% CNF indicates the presence of pores (red circle) that are larger compared
to those on the other two specimens. The Mg–Zn/2.0% CNF specimens possess a more
compact microstructure than those of the others. The EDX analysis detected the presence
of elemental magnesium, zinc, and carbon in the overall area of each specimen. The X-rays
are emitted in a region of about 2 microns in depth. A randomly taken and multiple line
scans for each specimen confirmed a homogenous distribution of the alloying elements.
The XRD pattern, Figure 2d, confirms the presence of Mg–Zn peaks in the range of 35–40
degree, indicating the formation of Mg–Zn solid solution, and that carbon particles did
not affect the sintering process. The formation of small peak at 38 degree indicating the
presence of secondary phase MgxZny. It was considerably useful for enhancing elastic
modulus, hardness and corrosion resistance.
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Figure 2. SEM micrographs of: (a) Mg–Zn/0.1% carbon nanofiber (CNF), (b) Mg–Zn/1.05% CNF and (c) Mg–Zn/2.0% CNF,
and (d) XRD pattern of the three main phases found in all sintered specimens.

3.3. Half-Normal Plot for Standardized Effect and Analysis of Variance

Figure 3 presents half-normal plots for all responses used for determining the crucial
factors influencing the responses by ranking the absolute value of the different effects.
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All factors that fall below the regression line (red) are marginal, and the remaining factors
and their cross-interaction give considerable impact to the responses, as seen in Table 2.
The farther the points are away from the line, the more significant effect is. A screening
design of 24 was chosen and used to identify the variables that had a higher impact on
the responses, which are maximum elasticity and hardness and minimum percentage of
weight loss. As recorded in Table 3, the Model F-values for elastic modulus, hardness,
and weight loss are 30.44, 9.18, and 1879.06, respectively, implying that the models are
significant (p < 0.0500).
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The p < 0.0500 shown in Table 3 indicates the significance of model terms A, B, C, AB,
AC, AD, and CD for elastic modulus. Results from the analysis of variance (ANOVA) for
hardness show that A, B, C, ABC, and ACD are also significant model terms (p < 0.0500).
For the percentage of weight loss, as shown in the same table, only A, B, and AB are the
significant model terms (p < 0.0500), while models C and D are insignificant (p > 0.0500).
According to statistical data, the model term D (sintering time) is found to be insignificant
for all responses (p > 0.0500). From the lack of fit (LOF) test, it was found that all responses
are insignificant (p > 0.0500), implying that the purpose model fits the experimental data,
and the independent variables have a considerable effect on the responses.
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Table 3. ANOVA for elastic modulus, hardness, and weight loss.

Source df Mean Square F-Value p-Value
Lack of Fit

F-Value p-Value

Model-Elastic
modulus 12 7.907 × 105 30.44 <0.0001

0.3655 0.787

A-Percentage of CNF 1 7.523 × 106 289.69 <0.0001
B-Compaction

Pressure 1 8.256 × 105 31.79 <0.0001

C-Sintering
Temperature 1 1.861 × 105 7.16 <0.0001

D-Sintering Time 1 15,753.13 0.6066 0.4444
AB 1 3.457 × 105 13.31 0.0014
AC 1 1.228 × 105 4.73 0.0407
AD 1 1.326 × 105 5.11 0.0341
BC 1 6786.13 0.2613 0.6143
BD 1 54,120.50 2.08 0.1629
CD 1 1.119 × 105 4.31 0.0498

ABC 1 65,884.50 2.54 0.1255
ABD 1 97,461.13 3.75 0.0657

Model-Hardness 15 22.14 9.18 <0.0001

1.43 0.2435

A-Percentage of CNF 1 197.51 81.90 <0.0001
B-Compaction

Pressure 1 37.20 15.42 0.0009

C-Sintering
Temperature 1 23.63 9.80 0.0055

D-Sintering Time 1 0.0153 0.0063 0.9373
AB 1 2.48 1.03 0.3237
AC 1 1.85 0.7683 0.3917
AD 1 8.10 3.36 0.0826
BC 1 1.02 0.4210 0.5242
BD 1 0.1128 0.0468 0.8311
CD 1 4.28 1.77 0.1987

ABC 1 25.03 10.38 0.0045
ABD 1 0.3403 0.1411 0.7113
ACD 1 13.65 5.66 0.0280
BCD 1 6.94 2.88 0.1062

ABCD 1 10.01 4.15 0.0558

Model-Weight loss 3 4675.76 1879.06 <0.0001

1.36 0.2655
A-Percentage of CNF 1 13,931.98 5598.89 <0.0001

B-Compaction
Pressure 1 55.92 22.47 <0.0001

AB 1 39.38 15.83 0.0004

3.4. Fit Statistic Calculation

The statistical significance of the models was further checked by other coefficients of
regression (Table 4). The R2 coefficient value of 0.9432 (Response 1) and 0.9945 (Response 3)
suggest a good correlation between experimental and predictor variables since 94.32% and
99.45% of the response variation is explainable by the model. The R2 coefficient value of
0.8788 also indicates a good correlation between the experimental and predictor variables.

Table 4. Regression relation for elastic modulus, hardness, and weight loss.

R2/Responses Response 1 Response 2 Response 3

R2 0.9432 0.8788 0.9945
Adjusted R2 0.9122 0.7831 0.9940
Predicted R2 0.8413 0.5385 0.9927

Adequate Precision 16.2332 9.4642 75.4830

The adjusted R2 value for Response 1 (0.9122) is close to the predicted R2 value (0.8413),
which indicates that the model has a high accuracy in predicting the response. The pre-
dictive models for the screening factors are expressed by Equations (1)–(3), where the
variables are coded as +1 (high level) and −1 (low level). The acceptable precision values
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were 16.2332 (Response 1), 9.4642 (Response 2), and 75.4830 (Response 3), demonstrating
that the model has a strong adequate discrimination ability (the value greater than 4).

Elastic modulus = 3648.56 + 484.88(A) + 160.63(B) + 76.25(C) + 22.19(D) + 103.94(AB) + 61.94(AC) − 64.38(AD)
− 14.56(BC) − 41.13(BD) + 59.12(CD) + 45.38(ABC) − 55.19(ABD)

(1)

Hardness = + 53.80 +2.48(A) + 1.08(B) + 0.8594(C) − 0.0219(D) + 0.2781(AB) − 0.2406(AC) + 0.5031(AD)
+ 0.1781(BC) + 0.0594(BD) + 0.3656(CD) − 0.8844(ABC) - 0.1031(ABD) + 0.6531(ACD) − 0.4656(BCD)

+ 0.5594(ABCD)
(2)

Weight loss = + 78.92 − 20.87(A) − 1.32(B) − 1.11(AB) (3)

Figure 4 illustrates the normal distribution plots of the residual models, showing that
the elastic modulus, hardness, and weight loss are normally distributed, as all the points
clustered around the diagonal line and are independent of each other. Hence, the normal
distribution plots follow the assumption of normality, which specifies that the deviation
from the linear is minor. These indicate that all residuals come from a normally distributed
population, and the error of variances is homogenous.
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Figure 5 illustrates the perturbation plots, depicting the interaction and effect of
corresponding variables towards experimental values. The slope reveals that variables A,
B, and C gradually increase the elastic modulus and hardness as their value increase. For
the weight loss, it decreases when the variable of A and B increase.
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4. Discussion
4.1. Analysis of Mechanical Properties

This work was focused on the optimization of composition and fabrication parameters
of CNF-reinforced Mg–Zn composites to result in the optimum mechanical properties and
corrosion behavior. Based on the graph in Figures 3–5, the percentage of CNF had the most
significant effect (p < 0.0001) on the mechanical properties (elastic modulus and hardness)
of the composites. Based on the perturbation plot in Figure 5, as the content of CNF
increases, the elastic modulus and hardness significantly increase as well. The composition
of 2.0% CNF resulted in the highest elastic modulus ranging from 3644 to 4685 MPa,
with a hardness range of 48.9–60.1 Hv. Besides the particle composition, the strength
of the composites is also strongly influenced by the size of the reinforcement particles.
The smaller size of the reinforcement particle, like nano-sized CNF, increases the possibility
of a strong interface formation between the Mg matrix with the particles [32,33]. A strong
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interface assists the load transfer from the matrix to the CNF particles, and vice versa [16,34].
The CNF particles also act as obstacles for the deformation of the matrix when subjected
to the load applied during the compression and hardness tests. An effective load transfer
capacity and inhibition of dislocation motion by the interfaces reported on a composite
of nano-sized carbonaceous particles and AZ91 Mg alloy [35]. A similar mechanism
was also observed on a composite of carbon nanotube (CNT) and AZ91D alloy where
CNT was responsible for the dislocation strengthening and stress transfer mechanism [36].
Those two mechanisms should also be applicable to the present CNF/Mg–Zn composites
and become the reason for the increase of the elastic modulus and hardness by almost
65% and 24%, respectively. Compared to the previous data reported for pure Mg with
elastic modulus of 1.86 GPa [37] and 1.6 wt % Mg/CNF matrix with 2687.91 MPa [28],
our findings therefore have the highest elastic modulus could have adequate strength and
stability to treat fractured bone [37].

Referring to Figure 3 till Figure 5 and Table 2, a significant effect of compaction pres-
sure on the elastic modulus (p < 0.0002) and hardness (p < 0.0009) is observed on the
composites. The optimum compaction pressure of 400 MPa results in a high-density mate-
rial resulting into the highest elastic modulus (3042–4685 MPa) and hardness (48.6–60.1 Hv).
Zou and Lin reported that a maximum hardness was obtained for Mg reinforced with recy-
cled polystyrene after subjected to a compaction pressure of 100 MPa [38]. While Yusof and
Zuhailawati found that a compaction pressure of 400 MPa gave the optimum densification
of binary and ternary Mg alloys resulting in high hardness (72.9 Hv) and compressive
strength (255 MPa) [39]. The present results also reveal the significant effect of sintering
temperature (p < 0.0500) on the properties of the composites. The highest elastic modulus
and hardness were obtained after sintering at 500 ◦C, an increase of 26% and 24%, respec-
tively, to that obtained at 300 ◦C. Rai et al. found the maximum hardness and compressive
strength of Zn2Mg6SiC composite for the sintering temperature of 450 ◦C compared to
430 ◦C [40]. Kumar et al. revealed the ultimate compressive strength of 160 MPa for match-
ing maximum compaction pressure (500 MPa) and maximum temperature (640 ◦C) [41].
This was attributed to the change in the sintering process due to the tight packaging of
irregular particles with one another and the removal of obstacles from the sintering route
by destroying oxide films from the surface of the particles. Tuminoh et al. [29] found the
maximum elastic modulus of 2729.886 MPa when Mg composite was sintered at 250 °C
for 4 h which is lower compared to this study. Our result seems to be in agreement with
what was reported by Wahi et al. that sintering process at high temperatures resulted in
higher densification and mechanical strength [42], and Dlouhy et al. [43], who also reported
enhancement of mechanical properties of an alloy matrix sintered at high temperatures.
This is because high temperatures increase the kinetic diffusion in sintering process [20].

Sintering under argon atmosphere binds compacted particles using thermal force
below the melting point with reducing pressure inside the pores leading to the pore-filling
mechanism and production of high-density materials [44,45], besides argon also prevents
Mg combustion [24]. At 500 ◦C, all Zn powders (3 wt % and a melting point of 419 ◦C)
melted and wet the surface of Mg, and CNF particles, promoting a liquid phase sintering
mechanism where diffusion may happen between Mg, Zn, and CNF. Luo et al. obtained the
highest hardness of 74.3 Hv for Mg–3Zn alloy after being sintered at 560 ◦C [46]. Similarly,
Burke et al. measured the maximum hardness of 65 Hv for Mg after sintering at 500 ◦C
due to the increasing kinetic diffusion between Mg particles [20].

4.2. Analysis of Corrosion Behavior

The results of the static immersion test reveal the significant influence of CNF content
on the improvement of degradation resistance of the composites (p < 0.0001), with the
2% CNF content resulted in the lowest percentage of weight loss. The presence of CNF
particles could help in slowing down the dissolution of the Mg matrix in PBS by increasing
the interfacial bonding with the Mg matrix as they are chemically stable in any solution
except a powerful oxidizing agent [14]. Similarly, the interfacial effect was observed on a
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composite of TiB2 and aluminium alloy-7010 where the corrosion resistance of composite
was 10% higher than the alloy alone [47]. The effect of a strong interfacial bond between
aluminium matrix and multi-wall CNF particle in reducing corrosion rate was also reported
by Samuel Ratna Kumar et al. as the result of minimal active surface area due to an increase
in the percentage of CNF [48]. Referring to Table 2, low compaction pressure resulted
in a higher weight loss of the composite, which could be the consequence of a more
porous structure that allows PBS to penetrate inside. Increasing compaction pressure
contributed to a significant densification and hence an improvement in corrosion resistance
as observed for Mg–Zr–Sr–Dy alloys [49]. Increasing compaction pressure up to 500 MPa
was found to optimize the corrosion rate of Mg3Zn1Ca15Nb alloy to 1.209 mm/year [41].
Similarly, Tahmasebifar et al. observed in their work that corrosion of Mg alloy discs
decreased as the compaction pressure increased, from 100 to 250 MPa [50]. According to
Mohammed et al. [22], under low compaction pressure, loose powder is formed into porous
compacted material and visible microstructure changes as transparent porosity decreases.
A small pore formed will assist material to increase the corrosion rate. Nui et al. [51] also
observed a corrosion potential of −1.57 V and the lowest corrosion current density of
33.12 µA/cm2 on AZ31 composite sintered at 300 ◦C.

In biomedical implant application, the major drawback of magnesium alloys is their
high corrosion rate in the physiological environment [37]. A high corrosion rates accelerated
the degradation of mechanical materials, leading to premature implant failure before tissue-
healing is completed. In this study, high percentage of CNF, compaction pressure and
sintering temperature significantly increased the elastic modulus, hardness and corrosion
resistance of composite. These are particularly relevant for biodegradable orthopaedic
implants. In addition, stress when corrosion-assisted will lead to an unexpected premature
failure and cracking [52]. It is significant to mention that in PBS solution, magnesium
composite was known to be susceptible to stress corrosion cracking [52]. The stress-
cracking behaviour of magnesium composite in physiological environments has yet to be
investigated before successful application as orthopaedic implants could be tried.

According to ASTM G31-12a, the duration of static immersion test should be de-
termined by the nature and purpose of the test. If the materials that experience severe
corrosion, generally, it does not necessarily to lengthy test in obtaining accurate corrosion
behavior. The general nature of magnesium’s degradation is rapid and thus it is reasonable
to predict its corrosion behavior in 3 days [53]. Since that only in vitro study was conducted
in the present study, our main focus in degradation test is to evaluate effect of each factors
on the degradation of Mg matrix. It is worth noting that the in vitro assessment is usually
conducted in a short period particularly for Mg-based material degradation. Longer as-
sessment period is usually performed in animal study (in vivo). In future, an in vivo study
which take a longer time (months) to thoroughly evaluate the degradation behavior of this
material in a closer-to-human environment will be conducted. In addition, the optimum
parameters achieved will be further investigated using response surface methodology
(RSM) which can give an ideal and optimum point of each parameter. The assumption
of higher limit values could give a better result will be tested and each parameter will be
evaluated in a smaller range and response surface contour plot will be developed. 2-level
factorial design is a crucial step before RSM by identifying the optimum range and the
important parameters. The effect of particle size, toughness and torsional strength will be
further evaluated.

There is an increasing demand on innovative clinical orthopedic implants using
Mg-based material due to widely recognized as a potentially revolutionary orthopedic
biomaterial. The presented results in this paper are valuable for researcher, scientist and
engineer to produce biodegradable implant in the future. As suggested by many other
researchers from their published papers, the results of elastic modulus, hardness and weight
loss is one of the parameters to be considered to develop biodegradable implant [4–6].
In the material design aspect, high mechanical behaviour and corrosion resistant are vital
in the application of implant. For example, the higher mechanical strength and corrosion
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resistant could facilitate the hard-tissue screw/pin insertion and support long term healing
adaptation. Overall, the present work also identifies variables that are non-contributing
and insignificant towards the responses. Sintering time has a p-value greater than 0.0500 in
all cases, and the duration of sintering time of 1–4 h are unable to improve or decrease the
overall response. There seems to contradict the finding of other reported works [23,24], but
also in accordance with the writing of Ramli et al. [54] that also found no significant effect
of sintering time on the physical and mechanical properties of their composites.

5. Conclusions

A series of carbon nanofiber (CNF)-reinforced Mg–Zn composites were fabricated
via powder metallurgy with optimized process parameters based on a two-level factorial
design. The effect of CNF composition, compaction pressure, sintering temperature, and
sintering time, as the design factors, were statistically analyzed toward elastic modulus,
hardness, and degradation rate, as the design responses. The analysis of variance reveals
a significant effect for all variables (p < 0.0500) except for the sintering time (p > 0.0500).
The analysis of factorial design reveals that the optimum parameters for fabricating CNF-
reinforced Mg–Zn composites resulting into high elastic modulus, hardness, and degrada-
tion resistance are 2 wt % of CNF composition, 400 MPa of compaction pressure, and 500 ◦C
of sintering temperature. The elastic modulus and hardness reach their highest values at
4685 ± 278 MPa and 60.1 ± 4.9 Hv, respectively. The minimum and maximum weight loss
after three days of immersion in PBS are recorded at 53.9% and 100%, respectively. Finally,
this work provides an evidence of the power of factorial design in optimizing experimental
parameters for the development of new absorbable materials for biomedical applications.
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