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Abstract: In this work, the microstructure, mechanical properties, and corrosion behavior of the Mg-
1Zn-0.6Ca matrix alloy (ZX10), reinforced by adding various amounts of nanodiamond particles (0.5,
1, and 2 wt.%), prepared by the ultrasound-assisted stir-casting method, were investigated as they are
deemed as potential implant materials in biomedical applications. Microstructure, nanoindentation,
mechanical tensile, immersion, and potentiodynamic polarization tests were performed for evaluating
the influence of the addition of nanodiamond particles on the alloy’s mechanical and biocorrosion
properties. The results revealed that the addition of nanodiamond particles causes a reduction in the
alloy’s grain size. The alloy’s nanohardness and elastic modulus values increased when the amount
of added nanodiamond particles were increased. The nanocomposite with an addition of 0.5% ND
showed the best composition with regard to an acceptable corrosion rate as the corrosion rates are
too high with higher additions of 1 or 2% NDs. At the same time, the yield strength, tensile strength,
and elongation improved slightly compared to the matrix alloy.
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1. Introduction

Recently, the improvement of biodegradable implants has attracted great attention as
an alternative for eliminating the long-term complications induced by permanent implants
intended for cardiovascular and orthopedic applications [1-5]. Magnesium is one of
the most promising elements for use in biodegradable implant applications due to its
biocompatibility, and the density and Young’s modulus are comparable with bone [6-11].
However, pure magnesium and its alloys are naturally biodegradable due to corrosion
occurring when they are placed inside the body, and this causes the early decline of
mechanical properties and implant failure; in other words, the insufficient strength and
weak corrosion resistance of Mg alloys still prevent their widespread use [6,12-15]. For this
reason, finding out the best way of obtaining biocompatible magnesium alloys, having both
acceptable mechanical properties and corrosion resistance, has been among the major topics
in recent years. Many studies are being performed by scientists in order to overcome the
abovementioned problems, and it can be stated that the main topics of these studies are the
development of novel biocompatible Mg alloys by the addition of Ca [16], Zn [15,17], Sr [18],
5n [19-21], and rare earth elements (RE) [1,8,22]; the production of nanocomposites by the
addition of various ceramic-reinforcing materials into these alloys such as SiC [23], carbon
nanotubes [24,25], hydroxyapatite [26], tricalcium phosphate [27], Y,03 [28], ZnO [29], and
AlyO3 [30]; and the development of protective coatings such as microarc oxidation [31-35].
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Among the novel biocompatible Mg alloys, the Mg-Zn-Ca ternary alloy is a very
appealing combination due to its tolerable high daily intake for human body [16]. There-
fore, various combinations of the Mg-Zn-Ca ternary alloy are being studied by scientists.
They report that the Mg-Zn-Ca ternary alloy basically contains primary x-Mg grains, and
CapyMggZn3 and Mg,Ca intermetallic phases. The corrosion of the Mg-Zn-Ca alloy can
show differences based on the presence of these intermetallic phases arising from the
atomic content ratio of zinc to calcium. It has been reported that if the atomic content ratio
of Zn/Ca is above 1.0-1.2, then it will just form the CapMggZn;3 intermetallic phase, and
if its atomic ratio is below this range, then it will form both the Mg,Ca and CayMgsZn3
intermetallic phases [36-38]. While the Mg,Ca intermetallic phase is detrimental for the
corrosion resistance of Mg, the CaMggZn3 intermetallic phase ensures a barrier against
corrosion because the electrochemical potentials are Mg,Ca < «-Mg < CayMggZn3 [39-41].

Nanocomposite is a multiphase solid material in which at least one of the phases
(typically reinforcement) is in the nanometer range [23]. Previous studies have shown that
the nm scale reinforcement is remarkable at reducing the grain size of the Mg alloys and thus
at improving the mechanical properties via the grain refinement (strengthening) mechanism
of Hall-Petch [42]. In addition, this mechanism may enhance the corrosion resistance of
the Mg alloys as numerous scientists have proved in their studies [7,29,30,43]. For example,
Lin et al. [44] have reported that the mechanical properties and corrosion resistance of the
as-extruded Mg-Zn-Ca alloy are enhanced by the addition of MgO nanoparticles by the use
of high shear stirring. The enhancement of both the mechanical properties and corrosion
resistance of the alloy is primarily ascribed to grain refinement, and good interfacial
bonding between the matrix and MgO nanoparticles. Nano-diamond (ND) is considered as
the most biocompatible material among all known carbon derived nanomaterials. Recent
studies have revealed that ND could be used as a new corrosion inhibiting material for Mg
alloys. For instance, a study performed by Gong et al. [45] produced the Mg/nanodiamond
composites by the use of the powder metallurgy technique. They noticed that nanodiamond
particles play an effective role in the formation of the passive calcium phosphate layer
on the surface, and they stated that the corrosion resistance of pure Mg is improved by
the addition of nanodiamond particles. On the other hand, the detrimental effect of nano
carbon on the corrosion resistance of Mg because of microgalvanic action among the «-Mg
matrix and nano carbon has been reported by some studies [24,46,47].

In the present study, it was intended to produce biocompatible Mg-Zn-Ca-based
nanocomposites through the addition of nanodiamond (ND) particles of various percent-
ages by the use of the ultrasound-assisted gravity casting method. The sonication of the
melt with the particles introduced breaks up particle agglomerates through cavitation and
acoustic streaming. The resulting homogeneously distributed nanodiamonds can more
effectively unfold their effect on the properties of the nanocomposite material. The effect
of nanodiamond (ND) particles on the properties of the Mg-1Zn-0.6Ca-based alloy (ZX10)
was investigated by the use of metallurgical analysis techniques.

2. Materials and Methods

The Mg-1Zn-0.6Ca alloy was chosen as the matrix alloy for the nanocomposites.
Pure magnesium ingot, high-purity zinc (99.9%), and calcium (99.9%) granules were used
as the raw materials of the desired matrix alloy, whose composition is listed in Table 1.
Nanodiamond particles (160 nm diameter, +15 mV Zeta potential, and 1.7% ash), produced
by Adamas Nano (Raleigh, North Carolina, USA), were used as reinforcement. Pure
Mg ingot was melted in a steel crucible by the use of an electrical resistance furnace,
and then pure calcium and zinc were added and kept under a protective atmosphere
of Ar gas containing 4 vol.% SFg for 20 min. at 740 °C casting temperature. After the
preparation of the matrix alloy, nanodiamond particles were added and then ultrasonic
agitation for 5 min was used to ensure the homogeneous dispersion of the nano diamond
particles in the matrix by the use of the ultrasound-assisted stir casting method (UP200st,
Hielscher, Germany, 0.15 kW and by the use of a titanium sonotrode). After stirring, the
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solidification was carried out in a water bath. When the temperature of the alloy dropped
to room temperature, the alloy was then removed from the crucible. All of the as-cast
materials obtained were named as, according to ASTM, ZX10, ZX10-0.5ND, ZX10-1ND,
and ZX10-2ND.

Table 1. Nominal and actual composition of Mg-Zn-Ca alloy using X-ray fluorescence (Bruker S8
Tiger, Billerica, MA, USA) analysis.

Sample Magnesium (wt.%) Zinc (wt.%) Calcium (wt.%)

Mg-1Zn-0.6Ca 98.37 1.07 0.56

The metallographic specimens were prepared through conventional grinding with
silicon carbide abrasive paper (220-2500 grit), fine polishing with 1 um colloidal silica
(OPS) and 0.25 pm diamond suspension, and etching in an acetic picric solution (5 mL
acetic acid, 8 g picric acid, 10 mL distilled water, and 100 mL ethanol). Microstructural
studies were performed through optical microscopy (OM; Olympus BX51) and scanning
electron microscopy (SEM; TESCAN VEGAS3) by the use of the Tescan energy-dispersive
X-ray (EDX) spectrometer. The average grain size of the matrix and of the nanocomposites
was calculated by the use of AnalySIS Pro software FIVE (Olympus Soft Imaging Solutions,
Germany). Line segments were drawn on the optical microstructure. The number of grain
boundaries intercepted with the line was counted. The average grain size was calculated
as the ratio of the number of intersections to the length. To collect the quantitative grain
size data, at least 50 random counts were measured in the optical microstructure. The
phase identifications were proven through X-ray diffraction (XRD) by the use of a Cu K«
radiation (wave length: 0.15418 nm) at 40 kV and 40 mA.

Nanoindentation tests were performed in order to evaluate the change in the hardness
and elastic modulus of the matrix following the addition of nanodiamond particles. Before
performing the indentations, the surfaces of the samples were fine polished. Nanoindenta-
tion tests were performed on a nanoindenter (Hysitron TI950 Tribolndenter) by the use of
a standard Berkovich diamond indenter tip with a tip radius of 100 nm, calibrated with
a fused quartz reference sample, as well as by the use of a scanning probe microscope
(SPM) for recording the morphology of indents (images: 10 x 10 um?). The test consisted
of a series of six indents arranged in a three-by-two pattern with 10 pm spacing between
indents performed under load control. Six grits were applied to each sample with a force
of 5 mN. However, the load-displacement curves closest to the mean value are given in the
results. The holding time is 2 s.

The tensile samples were tested as per the ASTM E8M-03 standard in a universal
testing machine (Zwick 050 machine (Zwick GmbH and Co. KG, Ulm, Germany)) at a
body temperature of 36.5 °C and at a ram speed of 0.2 mm/min. Each material was tested
five times.

The corrosion properties of the alloy and of the nanocomposites were investigated by
immersion tests and potentiodynamic polarization tests in Hank’s Balanced Salt Solution
(HBSS: 8 g/L NaCl, 0.4 g/L KCl, 0.4 g/L MgCl,-6H,O, 0.35 g/L NaHCO3, 0.25 g/L
NaH,PO4-2H,0, 0.06 g/L NayHPO4-2H,0, 0.19 g/L CaCl,-2H,0, 0.06 g/L MgSO4-7H,0,
and 1 g/L glucose) at body temperature (36.5 °C). Before the immersion test, each sample
surface, having a length of 15 mm on each side, was polished, and cleaned with ethanol.
The initial pH values of the solutions were set as 7.4. After the immersion test of 384 h,
oxides, which had been formed on the corroded samples, were cleaned with 200 g L~?
CrOj; solution, and then the loss of mass was measured by the use of a digital analytical
balance with an accuracy of 0.0001 g. In addition, the pH changes of the solution were
observed at1,2,4,8,12,24, 48,96, 192, and 384 h.

Potentiodynamic polarization tests were performed by the use of a CHI602E model
potentiostat-galvanostat device (CHI Instruments Inc., Shanghai, China) at body tem-
perature (36.5 °C) in 100 mL HBSS through a conventional three-electrode set-up (a plat-
inum plate as the counter electrode, a saturated Ag-AgCl electrode as the reference, and
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Figures 3 and 4 depict the optical microstructures and grain size of the ZX10 alloy,
and of the ZX10-0.5ND, ZX10-1ND, and ZX10-2ND nanocomposites, respectively. As
it can be seen in Figures 3 and 4, the average grain size of the ZX10 was reduced by
increasing the amount of added nanodiamond particles. The average grain size of the
ZX10 nanocomposite was found to be 234 pm + 11.08/—8.5 um (the full range of the
measured grain size). The average grain size was decreased from 234 um + 11.08/—8.5 um
to 194 um + 12.67/—5.3 um, 187 um + 11.47/—6.32 um, and 161 pum + 10.25/—7.56 um, re-
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SEM, applied at different magnifications of the ZX10 alloy, and of the ZX10-0.5ND,
ZX10-1ND, and ZX10-2ND nanocomposites, was performed in order to better understand
the details of morphology of the second phases, and the distribution of nanoparticles, and
it is shown in Figure 5. It can clearly be seen from Figure 5a,b that the ZX10 alloy consists
of primary a-Mg, and the second phases are semi-continuously distributed both on the
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forms (reaction (3)). In addition to this, the Mg(OH). llayar digpositts om the sunfiace, but this
layer does not effectively protect magnesium, esjpediallly im sellutiions cotaining (I ions
suich as HBSS because the Mg(OH): lyyer iis mott compact [49,50]. The Mg (OH)llayer eacts
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with the Cl- ions and causes reaction 4, resulting in the increase in the pH value of solution.
All of these circumstances, such as the change in pH value or film formation, are often.”

. . . . sed
used by researchers for evaluating the corrosion behavior of magnesium [21,44,48-50].
Uy 1escdillierd 1uL ev cllblcll.lllg e CULIuUdILULL DELLAVIUL UL 111a511ca1u1u <1, 2%, 20—0VU].
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Figure 10 exhibits the changes in the pH value of matrix alloy and of nanocomposites

in the HBSS during immersion depending on time. It can be seen in Figure 10 that the pHs
value of the solution increased rapidly in all samples during the first 3 h of immersion,[
and then it increased more slowly and more stably. This trend can be ascribed to the for-l
mation of kasg@Hnose devdyeendengrewsttddy. The pH value of the solution was found tot
be 10.13 for the ZX10 alloy. Furthermore, the pH values of the solution for all of the nano-
composites were found to be higher than that of the alloy, and they were determined to?

be 10.34, 10.67, and 11.13 for ZRabal. SheplZX FndNIBywarg RetepmiD, respectively. 1067,
and 11.13 for ZX10-0.5ND, ZX10-1ND, and ZX10-2ND, respectively.

~a-7ZX10 -+- ZX10-0.5ND ——2ZX10-IND ——ZX10-2ND
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To ettier understand the conrosion process off eadh ssayplke, the sunftace manpthellggies
off ssapikesivymersetiin HBSSS for 3384 h wiere analkyzed by scanming ellediom mitaasegpy
andl sthowmimHiguxe 11 Thellitestireedietawed tthattthecorrmsiomnatirmagresivmissmaiily
lnedlized corrosion ecaused by the framaditonodppitand dradekBH1 Poshsivenvin fHgupeitd,
EpreosiopisracksckBhrithginee alsebeedved ethshie Moyl rsydaaanpesise suefageraed
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Figure 11. The surface morphologies of samples immersed in HBSS for 384 h: a)

d(b
Faagyf H-ad it iers ariphelysiss of) ARBleR M) Md BTz anKDb: (@b) P40 alloy,
(c,d) ZX10-0. 5ND (e,f) ZX10-1IND, and (g,h) ZX10-2ND.
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The reason for the increase in pH value may be the increase in galvanic corrosion
among the nanodiamonds and a-Mg matrix in parallel to the increase in the amount of
added nanodiamonds because of an increase in the area ratio of cathode-to-anode, thus

I'1C1‘ ne area ratio or gat e-toranqga.
formm%more alvamc COLI les glml ?f%f% no car%on m the matrlx Ve%een
tfe

\dentt W gawal%ucﬁes 9% Fof C%S ol n%n% rbo IP !415] T€DOT ed1 )illea}Ie
meaerlloln o?g%evqm% Ceﬁlebsth'é%% )ﬁ\%]; an l,a- Mg matrlx ‘of a AZ31B alloy. In another
study by Aung et al. [47], it was reported that the corrosion rate increased in the M}gé(li\ll\lI;Fs
comEosues because of mlcrobgalvamc action among the a-Mg matrix and CNTs.®
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3.4. Potentiodynamic Polarization Test

The polarization curves of the ZX10 alloy and of the nanocomposites in the HBSS are
shown in Figure 13. There are two parts in the polarization curve of each sample as an
anodic reaction (right branch) ascribed to the dissolution of Mg leading to formation of
Mg according to Equation (1), and as a cathodic reaction (left branch) indicating the hy-
drogen evolution reaction according to Equation (2). The corrosion potential (Ecorr) and
corrosion current density (Icor) of the samples, calculated by the polarization curves in
Figure 13, are listed in Table 2.

pitting potential

pitting potential

-1,9 -1,8 -1,7 -1,6 -1,5 -1.4 -1,3 -1,2 -1,1 -1

Ecorr (V)

Hgtre 1. BotenH gy e P A e A b e R S Pt RS

Table 2. El@iaacbemisnt pajsmetecsea daprrresiopsiatesrafsamplemip ldB$h daidsedityipelaiza-
‘ﬁ%f%tion test.

Z AW V) G.él\'lrl_/ - 1.3T70 .Ul 1.7
2D 21570 5087 443
ZXT0ZND —T570 578 737

It can be observed from Figure 13 and Table 2 that the value of the corrosion potential
of thét Z2¢ilBeatlserwed firomm &igoudeel 3 hid7Tabld hé¢haalhesvatuihef dberosivosjoot gotiisidbr
BK (AN D A R0§ Ovhd! Fouaddta e 0-2IND7 téhdde ioheeasisftHeerwegatisiord jretetivialsyfahe
iDL h o HiaNIn darech L XHEy2 N Y defoded] teovbeds1thzsregabild, divdctidBy Whior
ZddiosNDyamxtiamDdana &Ny e fevpebtivbl Thadtitidd theavckrodidAlVrient

LRSI E XA NEL B X 10N D7 Bt Bredy aliasl dtion, dhex osspricrvelyr ditr-
densities of the samples obtained were 1.75, 2.01, 3.42, and 5.28 pA.cm™2, respectively.



Nanomaterials 2022, 12, 4399

14 of 17

Nanomaterials 2022, 12, 4399

14 ot 7

thermore, it can be seen in Figure 13 that the pitting potential of the nanocomposites po-

| Frirdteymoney dscamtielsdempilieEi gherd éiidinatytHepl tin ki zedtentiadsadhh ésnaroeonegetives
thetatlvitiohther¥es] Gvdlloly ifipdiesdhe fendbinest fortosidizad c@rosiomdseneasilndgatitee
rthaoctmpositbe Besl0eallthe ddiarefativn ecakizedluowr dsidnrcanceberatioroot dasdathindie
hyahegenpesitedidiedidestitsel polasératidnwhierien shodidheadrah paceleladioreafdtie datdh obéc
Axytrafey eokbiver kine titsdt @hsethiedvolden reanidivanendtpaisitbsrabdyadidectdd bye
tKXdRisldoyeldohevieanddi kinetidspefr thecan i efortj chetefhatreansidbrahiy effeateshidy
pheieiéstercernf thechanddiamsnbepartislesf herdfiorathedrdliegnie sinthie neaaadiamend
easiidestar the plespashrmisathelarégraf thslyjg-Zn-Ca alloy is similar to the well-known
effeThe average corrosion rates of the samples were calculated by weight loss and by

Tafel curves, and they are represented in Figure 14. Based on the weight loss and Tafell
curves, the ZX10 alloy exhibited the lowest corrosion rate by 1.43 and 1.5 mm.yr-!, while’
the corrosion rates of ZX10-0.5ND, ZX10-1ND, and ZX10-2ND were 1.68, 1.73 mm.yr*,’3
2.76,2.91 mm.yr™, and 4.21, 4.42 mm.yr, respectively. It can clearly be seen that the cor-
rosion rate of the alloy increased by the addition of nanodiamonds, although a smaller!
grain size was obtained. Consequently, the best mechanical properties among the nano-

composites were obtained with the addition of wt.% 0.5 ND, although the corrosion rate’
of the ZX10 alloy Sllghtly increased wt.7% 0.5 ND, although the corrosion rate ot the ZX10

alloy slightly 1ricreased.:

8
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Figure 14. The average corrosion rates of the ZX10 alloy and ZX10-0.5ND, ZX10-1ND, and ZX10-2ND

Flgure TPARE Sierage corrosion rates of the ZX10 alloy and ZX10-0.5ND, ZX10-IND, and ZX10-
AT pReERTRApites:

4.C 1;1;11% ,ﬁfg%%t of nanodiamond particles on the microstructure, mechanical properties,
and corrosion behavior of the ZX10 alloy was investigated. The following results can

be stBRieigct of nanodiamond particles on the microstructure, mechanical properties,
and 9%@%%‘5%&053 the ZX10 alloy was investigated. The follyying resultsqan be.
SUrMIgEtermetallic phases. In addition to this, the diamond peak was detected in the
1. TZXﬁ)Xj&g]lqyr@@@Iﬁ%gg@mposites mainly consist of the a-Mg and Ca2MgeZns in-
2. termeekailiophasesrdpbstditienieihibitbe siamentnesabnres tetzoted indhevdklfe
2l disvrospArpRRiiamond particles. Grain refinement may have been triggered by the
2. Theivirodshio dame ahaeivadonexhibistgradnneticleindntioltbe i ation. Witls iea
agditionecé fifiectogiaenandapatiecles of ale nefanerndnisaayihiplaheendtrigigdrediphiisea
astiengththdmaoffdianiiiid ssasisityletatl ivadimr reasleigdtenidgrsglidli five tyoeld IStieng th
pwsdttivia@tfesinig nanodiefribediserdérthe material as an implant material as it has a
3. sifhegthroihgrdffess. aidelastisitlodnltievialaes sihihécriddfatlof therpisedsivetngtie
wittréasingsihg mamddiaof awldledntenbdiamond particles.
3. Thheanorbsicineaseant] thla X 1 adldy s rvedersse df dinesAdAllyalhaivhimcr éasrdased tn thee
inct8asiageHeamombepaotiattdeOnln0damenddrantichets leads to a corrosion rate that
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seems to be acceptable for a degradable implant. The nanocomposites with 1 and 2%
nanodiamonds already have a corrosion rate that is too high.
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