
����������
�������

Citation: Khrustalyov, A.P.;

Akhmadieva, A.; Monogenov, A.N.;

Zhukov, I.A.; Marchenko, E.S.;

Vorozhtsov, A.B. Study of the Effect

of Diamond Nanoparticles on the

Structure and Mechanical Properties

of the Medical Mg–Ca–Zn

Magnesium Alloy. Metals 2022, 12,

206. https://doi.org/10.3390/

met12020206

Academic Editor: Daolun Chen

Received: 6 January 2022

Accepted: 19 January 2022

Published: 22 January 2022

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2022 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

metals

Article

Study of the Effect of Diamond Nanoparticles on the Structure
and Mechanical Properties of the Medical Mg–Ca–Zn
Magnesium Alloy
Anton P. Khrustalyov * , Anastasia Akhmadieva , Alexander N. Monogenov, Ilya A. Zhukov ,
Ekaterina S. Marchenko and Alexander B. Vorozhtsov

Faculty of Physics and Engineering, National Research Tomsk State University, 36 Lenin Ave.,
634050 Tomsk, Russia; nas99.9@yandex.ru (A.A.); monogenov@mail.ru (A.N.M.); gofra930@gmail.com (I.A.Z.);
89138641814@mail.ru (E.S.M.); abv1953@mail.ru (A.B.V.)
* Correspondence: tofik0014@gmail.com

Abstract: The paper addresses the production and investigation of the Mg–Ca–Zn alloy dispersion-
hardened by diamond nanoparticles. Structural studies have shown that diamond nanoparticles
have a modifying effect and make it possible to reduce the average grain size of the magnesium alloy.
Reduction of the grain size and introduction of particles into the magnesium matrix increased the
yield strength, tensile strength, and ductility of the magnesium alloy as compared to the original alloy
after vibration and ultrasonic treatment. The magnesium alloy containing diamond nanoparticles
showed the most uniform fracture due to a more uniform deformation of the alloy with particles,
which simultaneously increased its strength and ductility.

Keywords: magnesium alloy; nanodiamond particles; structure; dispersion hardening; mechanical
properties; fracture

1. Introduction

Magnesium-based alloys are promising materials for orthopedic implant manufactur-
ing due to a combination of mechanical properties and the grafting ability [1,2]. Moreover,
virtually all currently produced magnesium alloys are intended for the automotive and
aerospace industries [3,4]. Magnesium is a biodegradable element, and it is sufficiently
biocompatible due to its mechanical properties (Young’s modulus 41–45 GPa) and density
(1.78 g/cm3) close to human bone [5–7]. Implants made from magnesium-based alloys
are supposed to stimulate healing due to the presence of magnesium in human bone tis-
sues [8,9]. Metal implants are typically made from stainless steel, titanium and its alloys,
as well as cobalt-chromium alloys, which can adversely affect biocompatibility due to their
high wear resistance and high mechanical properties [1,10]. The use of implants made from
these alloys implies a prolonged healing of the bone tissue, an increased load on bones with
lower mechanical characteristics, and in addition, a second operation is required to remove
them from the body [11–13]. The use of magnesium alloys will prevent repeated surgical
intervention and minimize the difference in Young’s modulus of the bone and implant [6].

Despite all the described advantages, magnesium is not used in medicine due to its
insufficient ductility at room temperature [14,15]. Another significant drawback is a high
rate of corrosion in the physiological environment, which causes rapid biodegradation with
the release of gaseous hydrogen [1,16], and this provides the formation of defects in the
form of pores in implants. Mechanical characteristics of magnesium alloys are higher in
comparison with pure magnesium, but their corrosion rate is higher due to the presence
of secondary phases that promote microgalvanic corrosion [17,18]. Thus, magnesium
matrices and secondary phases are galvanic cells, and this requires modification of the alloy
microstructure to control the corrosion rate. A ternary system alloy can improve mechanical
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properties and increase corrosion resistance. Zinc and calcium, which are found in the
human body, are among the most suitable elements. In addition, various coatings applied
to a metal implant are used to control alloy corrosion and improve biocompatibility [19–21].

Both the strength of the alloy and the number of secondary phases increase when
the calcium content increases, but the ductility decreases [14,16]. Some studies report that
introduction of a small amount of nanoparticles increases strength and ductility [22]. A soft
metallic matrix can be strengthened using non-metallic particles of oxides, borides, nitrides
and other compounds [23,24].

Nanodiamond (ND) is the most biocompatible material among all known carbon
nanomaterials [25]. In vitro and in vivo studies showed good biocompatibility of ND,
which causes minimal cell cytotoxicity [25–29]. High mechanical properties (hardness,
strength) of diamond allow for use of its nanoparticles as effective strengtheners of the
metal matrix, a small amount of which increases alloy characteristics [30]. To introduce
nanoparticles into a metal matrix, it is possible to use mold casting [31], squeeze casting [32],
infiltration [33], and powder metallurgy methods [34]. Despite the advantages of other
methods that make it possible to obtain high-density materials and avoid magnesium
oxidation, casting into mold is the most universal method, since it allows you to control the
distribution of nanoparticles, avoiding their agglomeration and flotation [31,35,36] due to
the use of external fields for the melt [35,37].

In this study, ND was used as a hardener for the Mg–Ca–Zn magnesium alloy, and
various methods of external effects on the metal melt were employed for their introduc-
tion. The study aimed to investigate the ND effect and external effects on the structure,
mechanical properties and fracture of the Mg–Ca–Zn magnesium alloy.

2. Materials and Methods
2.1. Material Production

Pure magnesium (99.5 wt % Mg, SOMZ, Solikamsk, Russia), metallic zinc (99.5 wt %
Zn, Ural plant of Chemical Products, Verhnaya Pyshma, Russia) and calcium (99.9 wt %
Ca, Ural plant of chemical products, Verhnaya Pyshma, Russia), and ND obtained by
detonation synthesis were used as starting materials [38]. ND was mixed with magnesium
micropowder in ethyl alcohol for 20 min using an ultrasonic bath to obtain a powder
mixture Mg-5 wt % ND. Shock-wave compaction was used to obtain a master alloy from
the as-prepared powder mixture [39].

To obtain a magnesium alloy, the initial amount of materials was: Mg—99.5 wt %,
Ca—1 wt %, Zn—4 wt %. Pure magnesium in the amount of 2000 g was placed in a steel
ladle and melted with argon supplied as a protective medium. The alloy was melted using
an open-type muffle furnace for easy access and the possibility to process the melt. Argon
blowing was performed throughout the entire process of melt treatment prior to pouring it
into the casting mold. At a melt temperature of 720 ◦C, zinc (4 wt %) was introduced using
a mechanical mixer [40] at a rotation speed of 1200 rpm until complete dissolution. After
that, the melt was held until a temperature of 720 ◦C was attained, and a steel bell [41]
was used to add calcium (1 wt %) to the magnesium with subsequent processing with a
mechanical mixer for 20 s. The Mg-5 wt % ND master alloy was introduced into the Mg–Ca–
Zn (0.2 wt % ND) melt at 710 ◦C using a mechanical mixer for 1 min until the master alloy
was completely dissolved in the alloy. After the introduction of the master alloy, the melt
was poured into a steel casting mold with a working area height of 200 mm, a width of
100 mm, and a thickness of 10 mm. Pouring and solidification of the melt was followed
by simultaneous vibration treatment using a vibration stand with a rigidly attached steel
chill mold. Vibration treatment of the melt was carried out with a frequency of 60 Hz
and amplitude of 0.5 mm. A casting process was used to obtain the Mg–Ca–Zn–ND alloy.
The initial Mg–Ca–Zn alloy was obtained with similar parameters without introducing the
master alloy. For a comparative assessment of the effect of nanoparticles and external effects,
the Mg–Ca–Zn alloy with similar parameters was obtained, but after the introduction of
calcium, the melt was subjected to ultrasonic treatment (US). Before ultrasonic treatment,
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the waveguide was heated with a melt of commercially pure aluminum to the operating
temperature. Ultrasonic treatment was performed using a magnetostrictive water-cooled
transducer with a power of 4.1 kV and a frequency of 17.6 kHz for 1 min. Thus, three alloys
were obtained: (1) initial Mg–Ca–Zn alloy using vibration treatment; (2) Mg–Ca–Zn–ND
alloy containing diamond nanoparticles obtained using vibration treatment; (3) Mg–Ca–Zn
US alloy using ultrasonic and vibration treatment. After casting, all alloys were heat treated
at a temperature of 300 ◦C for 6 h, followed by cooling in a furnace.

2.2. Research Methods

The initial diamond nanoparticles were examined by transmission electron microscopy
using a Philips CM 30 microscope. The elemental composition of the alloys was studied
using a Shimadzu XRF-1800 sequential X-ray fluorescence spectrometer (Shimadzu, Tsuki-
nowa, Japan). Phase analysis of the alloys was performed using a Shimadzu XRD 6000 X-ray
diffractometer (Shimadzu, Tsukinowa, Japan) with filtered CuKa radiation at diffraction
angles from 20◦ to 80◦ with 0.1◦ step and an exposure time of 10 s. Metallographic analysis
was performed using an Olympus GX71 (Olympus Scientific Solutions Americas, Waltham,
MA, USA) optical microscope and a Tescan Vega II LMU scanning electron microscope
(TESCAN ORSAY HOLDING, Brno, Czech Republic). The structure of the cast materials
was studied after mechanical grinding, polishing, and etching of picric acid. The average
grain size was determined by the secant method in accordance with ASTM 112-13 standard
based on the results of at least 300 measurements for each state. For the calculation, at least
four images of the structure of the alloy of each composition at various magnifications were
used. The porosity of the alloys was estimated using the Archimedes’ principle, and the
pore size was calculated from microstructure images, similar to the average grain size.

Brinell Hardness (HB) measurements were performed in accordance with ASTM E103.
For the experiment, a Metolab 703 hardness tester (Metolab Company, Moscow, Russia)
was used. A spherical indenter with a radius of 2.5 mm was used with a force of 62.5 kg and
an exposure time of 30 s, and the size of the indentations was controlled within the range of
0.2 D < d < 0.6 D. The surfaces to be examined were prepared using mechanical grinding.
For each alloy composition, 10 hardness measurements were carried out in different parts
of the alloy in the longitudinal and transverse directions. Compression experiments were
conducted using an Instron 3369 universal electromechanical test bench (Instron European
Headquarters, High Wycombe, UK). The loading rate was chosen experimentally in the
range from 1.2 to 4.8 mm/min. Taking into account that the deformation pattern did
not change, the diagrams obtained at a loading rate of 4.8 mm/min were used for the
experiments. Samples 9 mm wide, 9 mm long and 20 mm high were cut from the castings
by electrical discharge cutting. The test results were obtained in the form of “stress-
strain” diagrams, which were used to obtain the values of the yield strength, ultimate
strength and ductilities. For each alloy composition, 5 experiments were carried out on
the compression of samples cut from different parts of the casting in the longitudinal and
transverse directions. Factographic studies of the sample fractures after compression tests
of the studied alloys were performed using a Tescan Vega 3 scanning electron microscope
(TESCAN ORSAY HOLDING, Brno, Czech Republic).

3. Results and Discussion

Figure 1 shows a TEM image of ND obtained by detonation synthesis. ND nanoparti-
cles are of a regular spherical shape (Figure 1a), and their structure corresponds to that in
previous studies of strengthening of aluminum and magnesium based alloys [42]. The av-
erage size of diamond nanoparticles calculated using the random secant method (see
Section 2.2) was 7 nm (Figure 1b).

Table 1 shows the data of the chemical analysis of magnesium alloys. As a result of
casting, the achieved magnesium content was about 94 wt % in all the alloys. The content of
zinc and calcium varied depending on the alloy. In the initial Mg–Ca–Zn alloy, the achieved
content of zinc and calcium was 4 and 1 wt %, respectively. Casting of the alloy with ND



Metals 2022, 12, 206 4 of 14

increased the content of zinc and calcium up to 4.7 and 1.3 wt %, respectively, due to the
lower loss of alloying elements during their introduction into the melt.
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Figure 1. TEM image (a) and histogram of particle size distribution (b) in the ND powder.

Table 1. Chemical composition (wt %) of the obtained alloys.

Alloy Mg Zn Ca Si Al Fe

Mg–Ca–Zn reference 94.7 ± 0.06 4 ± 0.07 1 ± 0.02 0.12 ± 0.01 0.04 ± 0.01 0.03 ± 0.01
Mg–Ca–Zn–ND 93.6 ± 0.05 4.7 ± 0.07 1.3 ± 0.04 0.17 ± 0.04 0.02 ± 0.01 0.02 ± 0.01
Mg–Ca–Zn US 94.9 ± 0.06 4.2 ± 0.05 0.46 ± 0.03 0.16 ± 0.03 0.1 ± 0.02 0.04 ± 0.02

Ultrasonic treatment of the melt led to the loss of a larger amount of calcium, and its
content in the alloy decreased to 0.46 wt %. In addition, heating of the ultrasonic waveguide
by the aluminum melt increased the content of aluminum in the alloy, a harmful impurity
for biocompatibility of the magnesium implant. The presence of aluminum is due to the
need to warm up the ultrasonic wave-water to the operating temperature, which was
carried out using an aluminum melt with subsequent cleaning.

Figure 2a shows that the initial alloy contains pores 50 µm in size. In this case,
the alloy porosity does not exceed 5 vol %. The introduced ND decreased the alloy
porosity up to 3 vol % and pores with a size of up to 15 µm were formed on the surface
(Figure 2c), which can be due to the ability of carbon materials to absorb gases dissolved
in the melt [43]. This is due to the peculiarities of the production of ND, in which traces
of amorphous carbon remain [39]. Thus, the introduction of ND helps to reduce porosity,
which will reduce the contact of biological tissues with the material to increase the corrosion
resistance of the metal implant. Ultrasonic treatment significantly impairs the cast quality,
which surface (Figure 2e) consists of many spherical pores and elongated inhomogeneities.
Ultrasonic treatment improves the cast quality [44] and protects the melt with argon;
however, an additional volume of gases is captured during melt mixing, which increases
the alloy porosity up to 9 vol % and causes defects up to 400 µm long (Figure 2e).

The grain structure of the initial Mg–Ca–Zn alloy consists of equiaxed grains of
50–300 µm in size, on average 180 ± 49 µm (Figure 2b). The introduction of ND led
to a decrease in the average grain size to 90 ± 17 µm (Figure 2d) and a more uniform
grain distribution in the magnesium alloy. This may indicate the introduction of ND into
the magnesium alloy, which is able to inhibit grain growth during solidification and is
an effective grain refine for magnesium materials [45]. Ultrasonic treatment of the melt
decreased the average grain size of the Mg–Ca–Zn alloy from 180 ± 49 to 110 ± 64 µm
(Figure 2f), but the grain size varies over a wide range from 3 to 200 µm. A decrease
in the average grain size can also be associated with a lower (2 wt %) calcium content,
which, according to studies [46], is the most optimal for grinding the grain structure of
magnesium. The structure inhomogeneity can be attributed to the magnesium oxidation
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during intense ultrasonic melt treatment, which did not allow effective refining of the Mg–
Ca–Zn alloy, however, additional structural studies are required to confirm the presence of
oxygen. The presence of MgO particles could also contribute to the refinement of the alloy
structure [47] Mg–Ca–Zn after ultrasonic processing. However, according to elemental
analysis data (Table 1), oxygen was not detected, which indicates an insignificant content
of magnesium oxide in the alloy.
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The alloy microstructure studied by SEM (Figure 3) revealed that the initial Mg–Ca–Zn
alloy consists of a matrix (dark area, Figure 3a) and a second phase (light area, Figure 3a)
distributed in grain boundaries in the form of a network. The introduction of ND decreased
the thickness of the second phase (Figure 3b) through a half-fold reduction of the average
grain size of the alloy, which causes ductility of the grain boundary region.
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After ultrasonic treatment, the amount of the second phase represented by individual
elongated and spherical inclusions in the initial Mg–Ca–Zn alloy reduced significantly
(Figure 3c). With regard to the reduced calcium content, the results of chemical analysis
(Table 1) suggest that its content significantly affects the formation of the intergranular
network of the second phase during heat treatment.
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To determine the elemental composition of the second phase in the alloys obtained,
a more detailed analysis of the structure was carried out with element mapping (Figure 4).
As expected, the alloy consists of a magnesium matrix with inclusions containing calcium
and zinc (Figure 4a–c). In the alloy containing ND, carbon-containing regions less than
1 µm in size were found, which may indicate the presence of agglomerates and individual
nanodiamond particles in the alloy structure (Figure 4a–c). The alloy Mg–Ca–Zn US consists
of a magnesium matrix and inclusions supersaturated with calcium (Figure 4g–i).
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According to the results of XRD analysis (Figure 5), the initial alloy contains magne-
sium and intermetallic Ca2Mg6Zn3. The decomposition of a supersaturated solid solution
of calcium in magnesium occurs at 160–220 ◦C [48]. The phase transition Mg + Ca + Zn->
Mg2Ca + Zn-> Ca2Mg6Zn3 occurs at 300 ◦C with a calcium content of 1 wt % [48].

The Mg–Ca–Zn–ND alloy contains phases of magnesium, and intermetallic com-
pounds Ca2Mg6Zn3 and CaMg2. The intermetallic compound CaMg2 is an intermediate
phase in the synthesis of Ca2Mg6Zn3 in magnesium alloys, and its formation is described
in detail in the magnesium-calcium phase diagram [49,50]. The presence of the CaMg2
phase [51] can be attributed to excess calcium due to an insufficient duration of heat treat-
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ment, which can attain 48 h [52]. Despite this, the Ca2Mg6Zn3 and CaMg2 phases show
good biocompatibility, and their presence should not have a negative effect upon further
use of the materials obtained [53]. According to the scanning electron data (Figure 4b),
the intermetallic phase CaMg2 is distributed along the interdendritic of magnesium. In the
Mg–Ca–Zn US alloy, intermetallic phases do not precipitate from Mg-Zn solid solution
during alloy heat treatment due to the lower calcium content. Transition from the solid
solution to the Ca2Mg6Zn3 intermetallic compound requires more than 12 h [54] due to
which it is not possible to form the intergranular skeleton (Figure 3e,f) as in the case of
alloys Mg–Ca–Zn (Figure 3a,b) and Mg–Ca–Zn–ND (Figure 3c,d). In addition, diffusion of
the phase transition can be limited due to a high content of defects in the magnesium alloy
structure (Figure 3e,f).

Figure 5. XRD patterns of magnesium alloys Mg–Ca–Zn reference (a), Mg–Ca–Zn–ND (b) and
Mg–Ca–Zn US (c).

Figure 6 and Table 2 show the loading diagrams and mechanical properties of the
magnesium alloys after compression tests. All alloys exhibit a sufficiently high hardness,
which is twofold higher than that of pure magnesium [55]. Table 2 shows that the alloy
hardness does not change; however, the data obtained after mechanical compression tests
show that the introduction of ND increases the yield v strength of the alloy from 66 to
75 MPa, the ultimate strength from 294 to 332 MPa, and the ductility from 22% to 27%.

Table 2. Mechanical properties of the obtained magnesium alloys.

Alloy Hardness, HB σ0.2, MPa σB, MPa δ, %

Mg–Ca–Zn
reference 54 ± 3 66 ± 2 294 ± 9 22 ± 5

Mg–Ca–Zn–ND 52 ± 2 75 ± 2 332 ± 4 27 ± 0.9
Mg–Ca–Zn US 52 ± 6 63 ± 8 322 ± 12 25 ± 0.5
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Despite the increase in the mechanical properties of the Mg–Ca–Zn alloy after the
introduction of ND, there is no increase in hardness, which may be due to the low volume
content of hardening particles, which is ~0.001 vol % and does not allow one to detect a
change in hardness due to the small volume of the deformed material. High hardness of
magnesium alloy after ultrasonic treatment (52 HB) can be provided by grain refinement
and the presence of intermetallic phases. Apparently, a small scanning area of the XRD
analysis does not allow identification of these phases, which ensure an increased alloy
hardness. The increased yield strength of the Mg–Ca–Zn alloy can be due to the alloy
grain refinement (Figure 4d,e) according to the Hall–Petch law, which directly affects an
increase in the yield strength [56–58]. After ultrasonic treatment of the melt, the average
grain size reduced (Figure 3f); however, the yield strength of the alloy decreased due to
the inhomogeneity of the grain size distribution, the average size of which varies from 3 to
200 µm. A simultaneous increase in the tensile strength and ductility of the magnesium
alloy can be attributed to a more uniform deformation of the material as a result of the
ND introduction, as it was shown earlier for other nanoparticles in magnesium [59,60]
and aluminum [61] alloys. Table 2 shows that the mechanical properties of Mg–Ca–Zn are
rather inhomogeneous in the ingot volume and vary in a wide range. A number of samples
show sufficiently high mechanical characteristics, some of which increase as compared to
the initial alloy. A decrease in the yield strength from 66 to 63 MPa with a simultaneous
increase in the ultimate strength from 294 to 322 MPa, and ductility from 22 to 25 %, which
may be associated with a lower content of intergranular inclusions that reduce the alloy
brittleness, but structural defects do not allow for maximum mechanical properties of the
magnesium matrix.

The study of the samples after testing showed a fairly uniform fracture of the initial
Mg–Ca–Zn alloy, and cracks are found on the surface after brittle fracture (Figure 7a,b) as a
result of stress concentration in the region of structural defects in the alloy. The number of
such defects in the ND-containing alloy is significantly reduced, and the fracture surface
exhibits significant changes in the fracture plane (Figure 7c,d). This may indicate the effect
of nanoparticles on a simultaneous increase in the tensile strength and ductility of the
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magnesium alloy (Table 2, Figure 6), which can change the direction of a potential crack in
the grain body [61].
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fracture surfaces (Figure 8) revealed some features of the fracture surface of magnesium
alloys after compression. The initial alloy contains inclusions oversaturated with oxygen,
which apparently consist of αCa (Figure 5a) that is intensely oxidized when interacting
with oxygen.
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Figure 8. Results of element mapping of the fracture surface of magnesium alloys Mg–Ca–Zn
reference (a,b), Mg–Ca–Zn–ND (c,d) and Mg–Ca–Zn US (e,f).

The fracture surface of the Mg–Ca–Z–ND alloy is sufficiently clean and exhibits
spherical and elongated intermetallic inclusions after deformation and fracture (Figure 8c,d).
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In addition, the carbon spectra can be observed, which confirms the presence of ND along
the boundaries and in the magnesium grain. The fracture surface of the Mg–Ca–Zn US
alloy exhibits traces of brittle fractured phases of calcium and zinc (Figure 8e,f), which
apparently did not mix during casting to form Ca2Mg6Zn3 and Mg2Ca phases.

4. Conclusions

Ultrasonic melt treatment reduces the average grain size of the Mg–Ca–Zn alloy from
180 to 110 µm. The introduction of diamond nanoparticles without ultrasonic treatment
reduces the average grain size of the Mg–Ca–Zn alloy from 190 to 80 µm, which is able to
inhibit grain growth during solidification and is an effective grain refine for magnesium
materials and also reduces the porosity of the alloy from 5 to 3 vol %.

The introduction of diamond nanoparticles increases the yield strength, ultimate
strength and ductility of the Mg–Ca–Zn magnesium alloy from 66 to 75 MPa, from 294 to
332 MPa, and from 22 to 27%, respectively, due to a more uniform deformation of the
magnesium matrix during compression. The increased yield strength of the Mg–Ca–Zn
alloy can be due to the alloy grain refinement (Figure 4d,e) according to the Hall–Petch
law, which directly affects an increase in the yield strength. The increased yield strength
of the Mg–Ca–Zn alloy can due to the alloy grain refinement according to the Hall–Petch
law, which directly affects an increase in the yield strength. A simultaneous increase in
the tensile strength and ductility of the magnesium alloy attributed to a more uniform
deformation of the material as a result of the ND introduction.

Further production optimization processing and study on the effect of the structure
(including the effect of porosity and additives of non-metallic nanoparticles) on biocom-
patibility and rate of biodegradation should make it possible to determine the optimal
phase composition and structure of medical magnesium alloys with improved physical
and mechanical properties.
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