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a b s t r a c t

In this study, magnesium oxide (MgO) nanoparticles are incorporated on carbon nanotubes

(CNTs) to reinforce Mge3Zne1Mn alloy (ZM31 alloy) by semi-powder metallurgy, followed

by hot extrusion, with the purpose of improving the mechanical and biological properties

of Mg-based alloy. The microstructural analysis of the nanocomposites indicated a

reduction in grain size of Mg alloy with the incorporation of CNTs with a maximum

reduction of 61% (ZM31/CNTs), with further reduction in grain size (68%) detected when

MgO integrated CNTs composites (ZM31/MgO-CNTs). The compression characteristics of

the composites indicate an increase in ultimate compressive strength of 36% and 44%,

respectively, with the incorporation of CNTs and MgO-CNTs fillers, and the hardness of Mg

alloy increases by 37% and 58%, respectively, with the incorporation of CNTs and MgO-

CNTs fillers. The strengthening mechanisms of Mg alloy composites reinforced with

MgO-CNTs were discussed. Furthermore, MgO bounded CNTs fillers decelerated the

degradation rate of Mg-based alloys, whereas the introduction of CNTs to Mg alloy had a

less significant effect. Besides, the ZM31/MgO-CNTs composite indicated superior
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cytocompatibility because of its lower corrosion rates. According to the overall results, the

outstanding mechanical performance, appropriate corrosion characteristics, and good

cytocompatibility of the ZM31/MgO-CNTs composites verified their potential in medical

fields.

© 2022 The Author(s). Published by Elsevier B.V. This is an open access article under the CC

BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
correction, and additives for ceramics, polymers, or metal

1. Introduction
Traditional medical implants, such as titanium alloys and

stainless steel, are used in a variety of biomedical applica-

tions, particularly in repairing damaged human bone tissue

[1e4]. However, the long-term use of such implants raises

concerns about toxicity and the ions released [5,6]. Another

issue that necessitates the investigation of biodegradable

implants is the need for a second surgery to remove the

implant behind bone healing [7]. Various biodegradable

polymers have recently been employed as temporary medi-

cal implants. However, they face issues with inflammation

and mechanical strength when used in load-bearing regions

[8e10]. Mg alloys show prospective use as degradable solid

tissue implant materials owing to their high biocompatibility

and mechanical characteristics compared to other biode-

gradable implant materials already being employed [11,12].

However, Mg alloys do not exhibit the unfavorable influence

of stress shielding, which is common in traditional metallic

implants made of stainless steel or titanium alloy that are

frequently utilized for bone regeneration [13e15]. Besides,

Mg degradation products are not really detrimental to the

human body and may potentially promote human bone

growth and regeneration [16]. On the other hand, Mg alloys

are prone to significant corrosion rates and H2 gas evolution

in body fluid, leading to implant failure before the complete

healing process [10,17e19]. Because of such limitations,

monolithic Mg has not been utilized directly in-service cir-

cumstances. Incorporating reinforcement phases and alloy-

ing elements are required to mitigate these limitations and

improve Mg characteristics. The most commonly used

techniques for achieving higher properties in Mg are alloying

and composite processing. Non-toxic alloying elements are

required for bio-Mg alloys; hence zinc (Zn), calcium (Ca), and

manganese (Mn) have been proposed as alloying elements

for medical purposes [20]. In this regard, Yin et al. [21]

showed that the yield strength, elongation, and tensile

strength of as-cast MgeZneMn alloys improved with boost-

ing Zn content, with 3.0 wt. % Zn provides the highest me-

chanical property. The corrosion resistance property of the

as-cast MgeZneMn alloys appeared to decrease as the con-

centration of Zn was escalated to 3.0 wt.%. Also, Xu et al. [22]

have developed MgeMneZn alloys with excellent corrosion

resistance and mechanical characteristics [15].

Carbon nanotubes (CNTs) are a unique material because of

their interesting mechanical and electrical characteristics.

Because of their adaptability, they are employed in a wide

range of uses. CNTs are used in a variety of sectors, including

gas sensors or biosensors [23], electronics [24], biomaterial
composites [25]. The unique properties of carbon nanotubes,

such as their great tensile strength and Young's modulus,

offer them an excellent option for developing composite

containing CNTs, polymeric and ceramic coatings. Incorpo-

rating CNTs into these matrices enhances mechanical char-

acteristics, particularly in uses requiring great mechanical

strength or are subjected to severe situations [26].

Furthermore, the CNT has a high aspect ratio, suggesting

a great surface area to volume ratio (SA/V) [27]. CNT has been

employed with various materials in attempts to develop

useful composite materials due to its unique characteristics

and great SA/V ratio [28e30]. As a result, CNTs reinforced Mg

matrix composites are experimentally manufactured and

demonstrate significant mechanical characteristics, effec-

tive in meeting the critical requirements of high-strength

and light-weight metal materials [31]. Sun et al. [32] devel-

oped an in-situ method for growing CNTs on the surface of

Mg powders in order to acquire distributed CNTs evenly in

the composite. Nevertheless, because of the weak contact

bonding between CNTs and matrix, the ductility of the

composite is relatively low (only 1.9% fracture strain

attained). Rashad et al. [33] used powder metallurgy to create

CNTs reinforced Mge3Ale1Zn composites with a high frac-

ture strain (17.9%). Similarly, Endo et al. [34] found that

AZ91D containing CNTs (AZ91D/CNT composite) had better

corrosion resistance than pristine AZ91D. According to their

findings, CNTs work as a water repellent and enhance the

surface protective coatings. However, few attempts have

been made so far to prepare ZM31/MgO-CNTs composites

with high mechanical performance and suitable corrosion

behavior. In this investigation, MgeZneMn matrix compos-

ites strengthened with MgO incorporated CNTs via semi-

powder metallurgy, accompanied by hot extrusion. The in-

fluences of MgO incorporated CNTs on the microstructure,

corrosion behavior, and the mechanical characteristics of

the MgeZneMn alloy matrix were studied.
2. Materials and methods

2.1. Materials preparation and microstructural
characterization

The ZM31/MgO-CNTs composites were fabricated via the

semi-powder metallurgy process (as shown in Fig. 1). Proper

contents of Mg (99.8% purity, 50 mm mean particle size), Zn

powder (98.8% purity, 7.5 mm mean particle size) and Mn

(99.5% purity, 45 mm average particle size) powders were the

first ball-milled in Ar atmosphere (3 ppm oxygen) in a

http://creativecommons.org/licenses/by-nc-nd/4.0/
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Fig. 1 e Schematic of the preparation of MgO-CNTs/ZM31 composite via semi-powder metallurgy synthesis.
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planetary ball mill with a 20:1 ball to powder ratio and a speed

of rotation of 300 rpm for 25 h in argon atmosphere (<3 ppm

oxygen) with Mge3Zne1Mn alloy to prepare the ZM31 alloy.

The MgO-coated CNTs were prepared using a hydrothermal

method based on Ref. [35]. MgO-coated CNTs were indepen-

dently dispersed in ethanol by ultra-sonication for 2 h to

prepare ZM31/MgO-CNTs composites. It's worth noting that

the formation of disordered atoms by diffusion between MgO

and CNTs at the interface during the manufacturing process

results in strong interfacial bonding between MgO and CNTs

[36]. Suspensions of CNTs, MgO, and Mg alloy were then stir-

red together andmechanically agitated for 1 h to create ZM31/

MgO-CNTs composite suspensions, which were then filtered

and vacuum-dried at 313 K for 12 h to produce ZM31/MgO-

CNTs composite mixture [36]. The as-prepared composite

mixtures were pressed in a 40 mm wide and 200 mm height

cylinder mold at a hydraulic pressure of 120 MPa. The com-

pacts then were sintered for 2 h in an Ar atmosphere tube

furnace at 873 K. The homogeneous compacts were hot

extruded at 673 K with an extrusion ratio of 11:1. In this

respect, the Mg alloy and the counterpart ZM31/CNTs and

ZM31/MgO-CNTs composites were fabricated using the same

techniques (compacting, sintering, and extrusion).

Themicrostructure of specimens was studied using optical

microscopy (OM) and scanning electron microscopy (SEM;

JEOL JSM-6380LA) with an energy dispersive spectrometer

(EDS). Mechanically ground, polished, and etched specimens
for OM and SEM investigations in a solution of 75 vol. %

ethylene glycol, 25 vol. % H2O and 1 vol. % HNO3 [37]. After the

immersion tests, an X-ray diffractometer (Siemens-D500) was

used to detect the phases that comprise the materials using

Cu-Ka radiation and the corrosion products developed on the

specimen's surface. To determine the structural changes of

CNTs in nanocomposites, a Raman spectrometer (Takram

P50C0R10 with a laser wavelength of 532 nm) was used.

2.2. Mechanical test

The Vickers hardness values of the materials were deter-

mined using amicro-Vickers hardness tester (Shimadzu) with

a 100 g applied load for 10 s. In the case of samples, the

hardness was measured in the grain interiors. Uniaxial

compression testing was performed at room temperature on

an Instron 3365 testing equipment at a steady nominal strain

rate of 7� 10�4 s�1. The test specimens, whichwere 3� 6mm2

in size, were fabricated in accordance with ASTM-E9-09 [38].

For the compressive tests, five identical samples were used.

2.3. In-vitro corrosion test

Potentiodynamic polarization experiments were performed

with the PARSTAT 2263 potentiostat/galvanostat (Princeton

Applied Research) at 37 ± 1 �C in SBF solution. The specimens

were ground using SiC sandpaper (up to 2000 grit) before
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being polished with diamond paste. The specimens were

cleaned in ethanol ultrasonically after polishing. The clean

specimens were molded in Teflon with a 1 cm2 exposed

surface and then immersed in the SBF solution. An electro-

chemical cell was equipped with a graphite counter elec-

trode, a specimen as a working electrode and a saturated

calomel electrode (SCE) as a reference electrode. Specimens

were immersed in the solution until a consistent open circuit

potential (OCP) was achieved. Following the 1 h immersion,

polarization experiments were performed in the potential

range of ±250 mVSCE at a scan rate of 1 mV/s, starting at

250 mV below the OCP. The electrochemical impedance

spectra (EIS) were evaluated in a frequency range of 105 to

10�2 Hz and analyzed with the ZsimpWin software. The

Metrohm Auto-lab PGSTAT30 machine was also used for the

EIS test. Each electrochemical experiment was repeated to

ensure that the results were reproducible. The immersion

test was performed in accordance with ASTM G31-72 [39].

The samples were then immersed in a beaker containing

200 ml of simulated body fluid (Kokubo fluid). During the

testing time, the SBF was not replenished. After that, the

specimens were washed with acetone and deionized water

in order to completely remove any corrosion products before

being weighed. The corrosion rate was determined in the

following manner:

CR ¼ W

Atd
(1)

where CR is the corrosion rate (also referred to as the average

corrosion rate, CR), A is the surface area subjected to the cor-

rosive fluid, W is the mass loss, t is the immersion time and

d is the density. During the soaking experiment, the mean pH

value of the SBF from three observations was recorded every

12 h. Inductively coupled plasma atomic emission spectros-

copy (ICP-AES) was utilized to determine Mg ion concentra-

tions in immersion solutions, with a blank SBF solution as a

control. After 7 days of immersion, each sample was removed

from the solution.

2.4. In-vitro biocompatibility test

In vitro cell experiments were utilized to assess biocompati-

bility for cytotoxicity. The medium extraction was a MEM

serum-free solution, and the extracts were obtained with a

surface area to medium extraction ratio of 0.7 cm2/ml in hu-

midified air at 37 �C and 5 vol.% CO2 for 1 and 3 days,

respectively. Prior to the cytotoxicity test, the extracts were

gathered, centrifuged and filtered before being stored at 4 �C.
MG-63 cells were cultured in Dulbecco's Modified Eagle's Me-

dium (DMEM), 10% fetal bovine serum (FBS), 100 U/ml peni-

cillin, and 100 mg/ml streptomycin at 37 �C in a humidified

atmosphere of 5% CO2. In vitro cytotoxicity experiments were

performed using indirect contact, as recommended according

to ISO 10993-5. Negative and positive controls were MEM

medium and MEM medium with 0.64% phenol, respectively.

Cells were incubated for 12 h in 96-well cell culture plates to

induce adhesion, with 5 � 103 cells/100 ml medium in each

well. All wells were aspirated, and 100 ml of extracts were

added, resulting in three replicates for each sample. Following

that, all wells were incubated for 24 h in accordance with
Ref. [40]. Besides, alkaline phosphatase (ALP) staining was

used to assess MG-63 cell differentiation potential in extracts

after 1 and 3 days of culture. The cultured cells were washed 3

times with PBS before being fixed in 4% paraformaldehyde for

30 min. The fixed cells were stained with Biyuntian's ALP

staining kit after rinsing 3 times with PBS as described in

Ref. [41].

2.5. Statistical analysis

The obtained measurements from independent tests were

averaged and analyzed with SPSS 19.0 software. Student's t-

tests were used to compute p values between groups, and the

variation was assessed significantly when *p < 0.05 and

**p < 0.01.
3. Results and discussion

3.1. Microstructure evaluation

The morphology of the samples and the effect of CNTs and

ZM31/MgO-CNTs were studied by FE-SEM and TEM. In the as-

received condition, the CNTs are severely tangled together, as

shown in Fig. 2a; this type of morphology would reduce the

effectiveness of CNTs as reinforcement. The TEM image of the

CNTs after the dispersion technique utilized in this investi-

gation is shown in Fig. 2b. In comparison to the pre-dispersion

step, CNTs aggregates were almost absent, and individual

CNTs were discovered to have diameters in the 8 nm range.

Furthermore, as shown in Fig. 4d, the MgO-CNTs reinforce-

ment is well dispersed in the Mg alloy matrix. When MgO was

added to CNTs suspensions during the semi-powder metal-

lurgy process, MgO bound onto the CNTs surface, as shown in

Fig. 2d. The surface of the CNTs was uniformly covered with

MgO, implying a homogeneous grafting of MgO surrounding

CNTs. The incorporation of MgO onto the surfaces of the CNTs

was evaluated using TEM images of the ZM31/MgO-CNTs,

which are shown in Fig. 1d-f. As a result, it was indicated

that CNTs with a diameter of ~8 nm were intertwined with

MgO in a spherical shape in theMg alloymatrix [42]. MgO-CNT

aggregates were almost observable in the matrix of Mg-based

particles. CNTs were coated with MgO, leading to the surface

of the carbon other than sp2 and the MgO was tightly con-

nected to the CNTs because of robust electron interactions

between the hydroxyl groups MgO in the matrix of Mg-based

particles. As a result, it was demonstrated that CNTs with a

diameter of ~8 nm were intertwined with MgO in a spherical

shape in the matrix Mg alloy [43].

Optical microscopy was also used to study the grain

structure of Mg alloy, ZM31/CNTs, and ZM31/MgO-CNTs

composites. It can be seen that the CNTs/Mg composite was

made up of the Mg matrix, and the grain size progressively

reduced asmore CNTswere added. The addition of MgO to the

ZM31/CNTs combination reduced the grain size even further.

The linear intercept method was used to determine the

average grain size of ZM31/MgO-CNTs composites. Further-

more, it was clearly demonstrated that the grain size rapidly

decreased from 23.4 mm for ZM31 alloy to 9.1 mm for ZM31/

CNTs composite and gradually reduced to 7.3 mm for ZM31/

https://doi.org/10.1016/j.jmrt.2022.06.154
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Fig. 3 e OM image and grain size calculations of ZM31 alloy

matrix, CNTs/Mg, and CNTs-MgO/Mg composites.

Fig. 2 e FE-SEM and TEMmicrographs of (a, b) CNTs, SEMmicrograph of (c) ZM31/MgO-CNTs composite powder, TEM images

of (d) MgO-CNTs powder and (e,f) ZM31/MgO-CNTs composite powders.
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MgO-CNTs composite (Fig. 3), demonstrating the grain

refinement influence of MgO and CNTs on Mg matrix.

The elemental mappings of the ZM31/MgO-CNTs com-

posite are shown in Fig. 4a-d depicts the elemental mappings

of the ZM31/MgO-CNTs composite. It implies that the C and O

elements were distributed evenly, implying that the CNTs and

MgO nanofillers in theZM31/MgO-CNTs composite were

distributed uniformly. The presence of C and O, in addition to

Mg, Zn, and Mn, was confirmed by EDS analysis of the ZM31/

MgO-CNTs composite, which is related to theMg alloysmatrix

(Fig. 4e). This further confirms that CNTs bond well with MgO

and Mg matrix. It should be noted that the graphitic sheets

were very evident. However, one of the major challenges in

the synthesis of ZM31/CNTs nanocomposites is the insuffi-

cient interfacial bonding between CNTs and the matrix of Mg

alloy [44]. It is worth noting that the MgO nano-

reinforcements are semi-coherent with the surrounding Mg

matrix in the composites, indicating a significant interfacial

bonding. Because MgO has a really small interatomic spacing

misfit (4.7%) along with the matching directions, this interfa-

cial structure characteristic is also useful in the grain refine-

ment of Mg matrix composite. The impingement of the

interface reaction between the Mg matrix and the residual

oxygen in GNS has been suggested to be another reason for

the high density of dislocations near the interface [45]. The

presence of dislocations facilitated the strengthening of this

bonding interface [46,47]. The schematic in Fig. 4f shows the

CNTs/MgO interface with the characteristics of nanoscale-

https://doi.org/10.1016/j.jmrt.2022.06.154
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Fig. 4 e Elemental map of ZM31/CNTs-MgO composite showing elemental mapping: (a) C element, (b) Zn element, (c) Mn

element, (d) O element, (e) EDS analysis, and (f) Schematic illustrations bonding between MgO-CNTs and Mg alloy matrix.
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contact and diffused interfacial bonding, showing the forma-

tion of a strong interfacial bonding in the composite; On the

other hand, the diffused interfacial bonding between rein-

forcement and the matrix was also confirmed to be a kind of

strong interfacial bonding.

Yuan et al. [36] have reported that two types of bonds were

formed at the CNTs/MgO interface: nanoscale-contact bonds

and diffused interfacial bonds. However, when the surface of

Mg interacts with MgO-incorporated carbon nanotubes, more

MgO nanoparticles are attached to the CNT surface, as shown

in this study. The nucleation of oxide islands on the surface of

Mg particles will then proceed until the island saturation

concentration is reached. In this case, the existence of MgO
nanoparticles not only creates a powerful interfacial interac-

tion between the CNT reinforcement and the Mg matrix, but

it can also impede dislocation motion by producing a dislo-

cation loop, resulting in composites with increased strength.

Correspondingly, the evaluated interfacial distance between

MgO and CNT surface (dCNT-MgO) was reported to be 0.3650 nm,

implying nanoscale-contact interfacial bonding [36]. Their

findings also revealed a diffused bonding interface was

created in the composite between CNTs and MgO. Further-

more, based on the d-spacing values of Mg and CNTs, the

(0002) plane of CNTs crossed the (2110) a-Mg and (1011) a-Mg

planes with angles of 98� and 50�, respectively. This demon-

strates that CNTs are principally incoherent with the a -Mg

https://doi.org/10.1016/j.jmrt.2022.06.154
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Fig. 5 e XRD patterns of ZM31 matrix alloy, ZM31/CNTs and ZM31/CNTs-MgOcomposites; and Raman spectra of (b) raw

CNTs and (c) MgO-CNTs/Mg composites.
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matrix in the composite. Simultaneously, the carbon atoms of

CNTwere tightly integrated with Mg atoms at a specific angle,

resulting in lattice distortion of the Mg matrix due to a

mismatch in the coefficients of thermal expansion (CTE) of

CNT (2.7 � 10�6 K�1) and Mg (25 � 10�6 K�1) [47]. Due to the

difference in atomic layer space of wall space of CNT (0.37 nm)

and Mg (0.26 nm), it is easier to develop a good grip in the

mismatch area, and the integrated structure and/or sandwich

structure formed between Mg matrix and CNT induces firmly

bonding interaction between Mg matrix and CNT [3].

Fig. 5a depicts the results of X-ray diffraction character-

ization of as-received Mg alloy, ZM31/CNTs, and ZM31/MgO-

CNTs composite powders. Peaks corresponding to CNTs can

be found at 2q equal to 26.54�. In the case of Mg alloy, a-Mg

and a small amount of a-Mn phase were the only peaks

observed. Due to the limited mass content of CNTs, the XRD

spectrum of ZM31/CNTs composites did not indicate any

peaks other than the Mg-based matrix [48]. The presence of

MgO bound to the surface of CNTs (ZM31/MgO-CNTs com-

posite) results in the appearance of additional peaks for the

composite powder mixtures. Furthermore, some MgO

diffraction peaks at 2q equal to 42.9� and 62.86� (JCPDS Card

86e0441) can only be seen in the profile indicative of crys-

talline MgO formation [49]. The intensity of the CNTs and

MgO peaks is very low, with only a few peaks appearing in

the composite powder mixtures, which could be due to the

lowweight fraction of reinforcements in the Mg alloy matrix.

Only peaks corresponding to a-Mg and MgZn phases were

observed in the case of ZM31/MgO-CNTs, indicating the

absence of any inter-metallic formation between Mg alloy

and reinforcements (MgO-CNT) [47].

To evaluate the structural changes of CNTs during the

fabrication process, Raman spectra were recorded for the
ZM31/MgO-CNTs composite (Fig. 5b,c). The Raman spectra

of CNT powders clearly show a D-peak at 1317 cm�1 related

to disorder structural defect because of sp3 carbon bonds, a

G-peak at 1566 cm�1 related to stretching bond of sp2 carbon

atoms in the graphitic lattice, and a 2D-peak at 2684 cm�1

attributed to sensitive to the number of graphitic atomic

layers [50]. The ID/IG value increased only slightly after

fabrication, from 0.84 to 0.88, indicating that most of the

CNTs were not damaged during the dispersion and hot

extrusion processes, and only minor disordering and struc-

tural defects occurred in this material. The integrity of

carbon nanotubes (CNTs) is critical to their strengthening

effect.

3.2. Mechanical properties

Micro-hardness measured on the cross-sections of the Mg

alloy, ZM31/CNTs, and ZM31/MgO-CNTs composites can be

seen in Fig. 6a. As shown in the results, the mean micro-

hardness of the Mg alloy increases monotonically with the

addition of CNTs. The micro-hardness of Mg alloy is 51.6 HV,

whereas ZM31/CNTs and ZM31/MgO-CNTs composites have

values of 74.5 and 83.4 HV, respectively. Compressive strength

experiments were used to evaluate the influences of MgO-

CNTs on mechanical characteristics of ZM31/MgO-CNTs

composites (Fig. 6b). After the addition of CNTs to Mg alloy,

the compressive strength increased from 295.6 ± 20.4 MPa to

404.8 ± 16.1 MPa. Meanwhile, the compressive strength of the

ZM31/MgO-CNTs composite gradually increased to a peak of

429 ± 15MPa. The preservation and distribution of CNTs in the

composite are critical for reinforcing the weak mechanical

characteristics of Mg alloy [51,52]. CNTs in the composite

created an extremely well-distributed web in this study, and

https://doi.org/10.1016/j.jmrt.2022.06.154
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Fig. 6 e (a) Microhardness, (b) compressive curves of ZM31 alloy, ZM31/CNTs and ZM31/MgO-CNTs composites and (c)

schematic of reinforcing mechanisms of MgO-CNTs in Mg-based alloy.
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some MgO-CNTs were anchored to Mg particles to fabricate

bridge structures (Fig. 6c). The fracture toughness and bonding

strength of Mg alloy were improved by the evenly distributed

MgO-CNTs [53]. In this regard, another study found that as the

CNTs content in the powder mixture boosted, the micro-

hardness and bonding strength of the ZM31/CNTs composite

coating increased, indicating the brittle nature of Mg alloy

might be greatly affected by the incorporation of MgO-CNTs

[51]. It is worth noting that when MgO-incorporated CNT

reinforcement is added to Mg alloy, grain size refinement oc-

curs, resulting in an enhancement in the fraction of grain

boundary. Grain boundaries act as a barrier to dislocation

motion, one of the main factors of strengthening [54].

Furthermore, the uneven incorporation of MgO-CNT particles

into the Mg alloy matrix can function as barriers, obstructing

dislocation motion. One of the essential aspects of grain

refinement is that it improves toughness simultaneously as it

improves strength [55].
The evident improvement in mechanical characteristics of

ZM31/MgO-CNTs composites is due to the effective load

transfer at the ZM31/MgO-CNTs interface and the reinforce-

ment roles of MgO incorporated CNTs filler to the Mg alloy

matrix. The formation of a strong chemical bond with MgO

incorporated CNTs and the preservation of the exceptional

structure of CNT. This results in high interfacial bonding

strength and efficient load transfer capacity at the ZM31/MgO-

CNTs interface. During the fracture process, a load can be

effectively transferred from the Mg alloy matrix to the MgO-

attached CNT reinforcer. As a result, more fracture energy is

consumed by the pulled-out and bridged CNTs, resulting in

improved mechanical properties. Furthermore, in ZM31/MgO-

CNTs composites, changing the orientation of crack propa-

gation to some extent improves fracture toughness [56]. It has

been reported that the increased elongation and strength in

ZM31/CNTs nanocomposite compared to ZM3 alloy is mostly

due to different aspects: (a) the efficient and strong interface

https://doi.org/10.1016/j.jmrt.2022.06.154
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Fig. 7 e (a) Potentiodynamic polarization curves and (b) Nyquist plots and equivalent circuit used to model the results of

composites, and (c) variation of pH value and (d) Mg ion concentrations released from ZM31 alloys, ZM31/CNTs and ZM31/

MgO-CNTs nanocomposites after different immersion time in the SBF.
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bonding among CNTs and Mg alloy matrix and (b) the nano-

sized second phase particle [42]. Similarly, it has been re-

ported that the mechanical characteristics of the composite

are highly connected to the dispersion and interface strength

of CNTs inside the matrix [57]. CNTs have the capacity to bear

external stress and prevent crack development via bridging

and pull-out mechanisms and also CNT-induced fracture

mode transition [58]. Because the EDX-mapping images prove

good uniformity of the Mg-based composite structure, we

interpret the enhanced mechanical characteristics as an even

more homogenous distribution of MgO-attached CNTs rein-

forcer across the Mg alloy-based matrix. Furthermore, one

may assume that it is possible that the orientation of MgO-
Table 1 e Electrochemical parameters obtained from
potentiodynamic polarization curves.

Samples Ecorr (VSCE) icorr (mA/cm
2) CR (mm/year)

ZM31 alloy �1.53 121.34 2.77

ZM31/CNTs �1.47 101.56 2.32

ZM31/MgO-CNTs �1.43 86.73 1.98
attached CNTs in the nanocomposite with respect to the

substrate influences the overall final performance and char-

acteristics of the ZM31/MgO-CNTs composite. For example,

according to the results of this current study, it has

been discovered that a non-covalently functionalized CNT

aligned with the matrix that responds to load transfer and

could be a possible assumption for improved mechanical

characteristics [55].

3.3. Electrochemical measurements

Potentiodynamic polarization is utilized to assess the corro-

sion resistance of the composites, with the Mg alloy curve

acting as a reference. Fig. 7a depicts the potential E in V vs. an

SCE electrode as a function of current density icorr for the Mg

alloy, ZM31/CNTs, and ZM31/MgO-CNTs composites. Table 1

also quantitatively summarizes the corrosion experiment

data in terms of corrosion current density (icorr) and corrosion

potential (Ecorr), which are determined using anodic branch

extrapolation. The Mg alloy and ZM31/CNTs composite have

lower Ecorr of �1.53 VSCE, and �1.47 VSCE, respectively, as well

as higher icorr values of around 121.34 and 101.56 mA/cm2,
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indicating the addition of CNTs into Mg-based composites,

improves corrosion resistance. MgO bound CNT reinforcer

could improve the performance of Mg-based composites by

causing further changes to the positive direction of Ecorr (�1.43

VSCE) and more reduction of icorr values (86.73 mA/cm2) was

observed compared to the Mg alloy [59]. The Nyquist diagram

(Fig. 7b) indicates that the records form a common semicircle

(capacitive loop) with various radii; also, it demonstrates that

the charge transfer resistance (Rct) of the ZM31/MgO-CNTs

composite is around 131.61 U cm2, that is more than that of

the Mg alloy (96.48 U cm2). To characterize the samples, the

electrochemical impedance spectroscopy (EIS) spectra in a

simple equivalent circuit would be used where Rs denotes the

solution resistance, CPE-film is the corrosion product capaci-

tance, Rct is the charge transfer resistance and CPE-dl is the

electric double-layer capacitance of the passive film. The Rct

value of ZM31/MgO-CNTs composite is greater than that of Mg

alloy and ZM31/CNTs, implying that the formation of a uni-

form corrosion product film over the composite enhances

corrosion barrier function. The Mg alloy indicates the lowest

Rct, causing the formation of a porous and loose protective

film like that of Mg(OH)2, which cannot adequately guard the

substrate against corrosive medium penetration [60,61]. The

reduction in the number of pores and voids in the ZM31/MgO-

CNTs composite (Fig. 7b) induced by the MgO-bound CNT

surface reinforced the alloy matrix could be related to the

visibly larger Rct. The existence of smaller pores and voids in

the matrix of the composite resulted in reduced corrosive

solution penetration into the ZM31/MgO-CNTs composite

matrix, which can efficiently decrease its area of contact with

the corrosive solution, thereby enhancing Rct.

Fig. 7c and 7d depicts the change in pH and Mg2þ ions

concentration in the SBF as time-dependent throughout
Fig. 8 e SEM photomicrographs of (a) ZM31, (b) ZM31/CNTs, (c,d

immersion in SBF under physiological condition of 5% CO2 at 37 �

for 7 days.
immersion of all studied specimens. Recent investigations

have indicated that the fluctuation in pH and the concentra-

tion of Mg2þ ions correspond with the corrosion resistance of

Mg alloy [62]. During the initial stage of immersion, all speci-

mens experienced a quick boost in the pH and the concen-

tration of Mg2þ ions of the SBF medium due to the rapid Mg-

based degradation based on reactions (2e4):

Mg /Mg2þ þ 2ee (2)

2H2O þ 2ee / H2 þ 2OHe (3)

Mg2þ þ 2OHe / Mg(OH)2 (4)

The rate of great pH andMg2þ ions concentration of the SBF

solution was delayed gradually as the immersion time

increased. This may be due to the creation of a protective

Mg(OH)2 and HAp film on the surface of the specimens. Ac-

cording to the pH value and the concentration of Mg2þ ions

trend depicted in Fig. 8, the ZM31/MgO-CNTs composite

demonstrated the lowest pH andMg2þ ion evolution, implying

the highest corrosion resistance in accordance with the pre-

vious data [63]. It has been observed that the presence of CNTs

increases the nucleation sites of hydroxyapatite nuclei, which

may decrease and fill the passageways in composite porosities

where the SBF solution can enter the composite surface [64].

Fig. 8 indicates the corroded surface morphologies of the

sintered specimens of Mg alloy, ZM31/CNTs, and ZM31/MgO-

CNTs composites after 7 days of immersion in SBF solution.

Corrosion cracks appeared as a result of pitting corrosion in

the Mg alloy specimen (Fig. 9a). The Mg alloy formed a thick

filmof corrosion products,whereas the ZM31/CNTs composite

demonstrated thin cracks and smaller corrosion pits and the
) ZM31/MgO-CNTs nanocomposites after 7 days of

C, and (e) XRD pattern of ZM31/MgO-CNTs immersed in SBF
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Fig. 9 e (a) Cell viability and (b) ALP activity of MG-63 cells cultured for various times on ZM31 alloys, ZM31/CNTs and MgO-

ZM31/CNTs nanocomposites and SEM images of the morphology and adhesion of these MG-6 cells and fluorescent DAPI

staining of these cells grown on: (c,f) ZM31 alloy, (d,g) ZM31/CNTs and (e,h) ZM31/MgO-CNTs nanocomposites for 3 days

(*p < 0.05 and **p < 0.01).
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existence of needle-shaped chlorides (Fig. 9b). These needle-

shaped chlorides in the Mg matrix have been proven to

break down the corrosion films on the surface, resulting in the

creation of deeper corrosion pits [65]. In comparison to the Mg

alloy and ZM31/CNTs composite, just a few corrosion pits

formed on the ZM31/MgO-CNTs composite, which has amuch

milder corrosion attack and amore uniform corrosion product

film (Fig. 9c) [66]. It is worth mentioning that the presence

of HPO4
2� and Ca2þ in the SBF causes an accumulation of

these ions in the vicinity of the surface, resulting in a
supersaturated condition. This situation causes the formation

of new HA crystals on the surface of Mg-based composite.

Then, as depicted in Fig. 8, needle, cauliflower, and plate-like

structures grow and become preferably aligned in the com-

posite surface. Fig. 9e depicts the XRD analysis of the ZM31/

MgO-CNTs composite after 7 days of immersion in SBF at

37 �C. XRD analysis of the corroded ZM31/MgO-CNTs com-

posite indicated additional peaks attributed to Mg(OH)2 that

were established on the composite surface as just corrosion

product, in addition to Mg peaks [66].
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3.4. Biocompatibility of the composites

In vitro cell experiments were studied on Mg alloy, ZM31/

CNTs, and ZM31/MgO-CNTs composites by using MG-63 cells

(Fig. 9). MTT assay was identified in extracts at various times

to assess cell viability (Fig. 9a). Cell viability was higher in

ZM31/CNTs and ZM31/MgO-CNTs composite extracts than in

Mg alloy extracts, and cell activity increasedwith culture time.

The lower cell viability of Mg alloy is associated with a sig-

nificant number of magnesium ions released from the alloy

and an increasing pH value during culture time [48]. Further-

more, during both 1- and 3-day cultivation, the ZM31/MgO-

CNTs extract had higher cell viability than the Mg alloy and

ZM31/CNTs extracts, which might be attributable to the lower

pH and Mg ions concentration in the ZM31/MgO-CNTs com-

posite extract. These findings demonstrated that MgO boun-

ded CNTs surface significantly improved the biocompatibility

of Mg-based composites [67]. By adsorbing proteins with

special characteristics, CNTs incorporating have been shown

to stimulate cell functions; This suggests that CNTs can play a

key role in the ability of biomatrix to direct cell growth [68]. It

has been claimed that the considerably improved cellular

compatibility of ZM31/CNTs composite compared to ZM31

alloy could be attributed to the presence of CNTs, which

related to the rough nano-scaled surface topography [68e70].

The MG-63 cells differentiation on ZM31/MgO-CNTs com-

posites was examined using ALP staining (Fig. 9b), as ALP

expression has been linked to early cell differentiation. Cells

cultured on the ZM31/MgO-CNTs composite showed more

intense ALP staining than cells cultured on the Mg alloy, but

ZM31/CNTs composites showed less ALP activity than ZM31/

MgO-CNTs composites [41]. In this regard, the majority of

studies onCNTs-cell interaction found that CNTshad a positive

effect on cell behavior. Hahn et al. [71] for example, created

CNTs-hydroxyapatite composite samples and tested the

answer of pre-osteoblast cells to the samples. They discovered

that as the CNT content increased, the proliferation of cells and

alkaline phosphate (ALP) activity improved significantly. Ac-

cording to some studies on mesenchymal stem cells (MSCs), it

has been shown that CNTs could boost theMSCs differentiation

into other chondrocytes and osteoblasts, providing a suitable

micro-environment [72]. Furthermore, CNTs were found to be

able to move through the cell wall to the nucleus without

altering the ultrastructure of the cells [58,73]. These findings

showed that theMg alloy cell responsewas enhanced using the

MgO incorporated CNTs [41].

MG-63 cells were cultured on Mg-based composite for 3

days and then characterized by SEM to assess cell behavior

on Mg-based composite in the presence of MgO and CNTs.

As shown in Fig. 9c,d,e, representative SEM images were

captured to qualitatively evaluate cellular activities, which

depict cell morphology. The cells had the typical shape of

osteoblasts, indicating that they were growing normally on

the surface of the Mg-based composite. At the same culturing

time, MG-63 cells cultured on ZM31/MgO-CNTs composites

exhibited slightly higher cell attachment than Mg alloy. This

wasmost likely due to faster degradation and alkalinization of

the surface, which prevented MG-63 adhesion and possibly

caused cell membrane disruption due to oxidative damage.
To qualitatively compare the cellular activities, represen-

tative fluorescence images were recorded, as shown in

Fig. 9f,g,h, in which the cell nuclei were stained in blue. OnMg

alloy, ZM31/CNTs, and ZM31/MgO-CNTs composites, the cells

had the typical lens shape of osteoblasts, indicating normal

growth behavior. After MgO and CNTs were added to Mg-

based composites, the population of MG-63 cells boosted

significantly. The improved cell responsewas attributed to the

lower corrosion rate and thus slower ion release and pH

enhancement, which was assumed to have a significant effect

on the number of cell nuclei on the composite surface [74e82].

These findings show that MgO incorporation to CNT rein-

forced Mg-based composite can maintain its favorable

biocompatibility with osteoblasts in cell attachment and

growth.
4. Conclusions

To enhance the mechanical characteristics and corrosion

resistance of Mg alloys (ZM31 alloys) for medical implant,

biodegradable ZM31/MgO-CNTs composites were designed

and prepared using semi-powder metallurgy, followed by hot

extrusion. The addition of CNTs and MgO-incorporated CNTs

toMg alloy reduces grain size and increasesmicrohardness by

74.5 and 83.4 HV, respectively. With the addition of CNTs, the

UCS of Mg alloy increased to 404.8 MPa, under compressive

loading. With MgO-CNTs addition, a maximum UCS of

429 MPa, corresponds to 36% and 44% improvement in UCS of

Mg alloy. With the addition of MgO-CNTs fillers, the polari-

zation resistance (Rp) of the ZM31/MgO-CNTs composite

increased from 96.48 to 131.61 U cm2. While incorporating

CNTs into the Mg alloy matrix results has a less important

influence on the corrosion resistance of the Mg-based matrix.

Furthermore, the ZM31/MgO-CNTs reinforced Mg-based

composite demonstrated good biocompatibility and bioac-

tivity. In this study, the combination of MgO and CNTs pro-

vides important concepts for investigating the application

potential of MgO-CNTs reinforced Mg-based composites.
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