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ABSTRACT

The impact of micro-alloying of AZ91 and NZ30K magnesium alloys with silver and scandium to produce bioresorbable implants
for osteosynthesis is studied in the paper. The application of these alloys is limited due to the significant reduction of the mechanical
properties of magnesium during the regeneration of fractures. It was found that the higher the concentration of the above-mentioned
elements, the bigger the amount of intermetalloids that appear and the smaller they become. There were different mechanical proper-
ties observed at the sample cross-section, but the difference was successfully eliminated by thermal treatment. It reduced the chemical
heterogeneity of the workpiece at the cross-section and, respectively, the value of micro-hardness. It is shown that microalloying these
alloys with 0.05...0.1 % of silver and scandium ensures the grinding of the structural elements of the metal and a significant increase
of the set of their properties. The research of the developed alloys showed that NZ30K alloy, which additionally contains 0,05 ... 0,1%
of silver, after a three-month treatment with gelofusine saves its mechanical properties like those of the bone tissue. Pre-clinical
research revealed that they are non-toxic, have an antibacterial effect and preserve the whole set of properties till the complete fracture
consolidation.

Keywords: magnesium alloy, microalloying, corrosion resistance, ultimate strength, intermetallides

materials of this kind are bioresorbable polymers (PLA,
PDLLA, PLLA, etc.) [3] and polymer-based composites (POC-
HA and PLA-HA) [4, 5]. These materials are not strong or duc-

INTRODUCTION

One of the modern methods for the treatment of bone fractures

is osteosynthesis with metallic implants. The most common ma-
terials for manufacturing such implants are stainless steel, tita-
nium or cobalt alloys, etc. Structures with the given alloys have
high mechanical properties, but their constituent elements often
have a negative effect on both the bone tissue and the human
body overall [1]. Furthermore, when such materials are used,
there can be a ‘stress-screening’ effect, which is related to their
high mechanical properties [2]. Moreover, stainless steels, co-
balt alloys, and, to some extent, titanium alloys contain highly
toxic alloying elements (chromium, molybdenum, and nickel).
However, the abovementioned materials permanently block the
bone against mechanical exposure, making it more complicated
to stabilise the bone tissue, which is necessary in case of me-
chanical stress. To avoid such negative effects, there are opera-
tions carried out to remove the implants. These operations are
very expensive and cannot exclude the risk of repeated fractures,
and they require extra time for re-treatment.

The solution to this problem is the application of bioresorbable
materials able to dissolve in the human body. The most common

tile enough, which makes it difficult to use them as implants.
What is more, their biodegradation products are not always ab-
sorbed by the body [6].

Magnesium-based alloys can be a promising material for manu-
facturing bioresorbable implants for osteosynthesis [7]. Magne-
sium best matches the properties of the skeleton, ensures proper
fusion of the bone fragments and its quick regeneration in the
fracture point. The body of an adult contains approximately 140
g of magnesium (0.2% of the body mass), with 2/3 of this
amount being in the bone tissue, and the body daily needs 400 g
to 500 g of magnesium. That is why using magnesium-alloy im-
plants for osteosynthesis is better compared to implants made of
other materials. Moreover, magnesium alloys can biodegrade in
the human body creating products which the body can absorb
without being intoxicated [8]. In particular, the authors of the
paper [9] have developed a bioresorbable magnesium-based al-
loy which contains zirconium, neodymium and zinc. It is char-
acterised by a satisfactory level of mechanical properties and is
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Intensive ductile deformation is a promising method to enhance
the operational properties of metals and low-alloyed alloys. It
enables to significant increase the mechanical properties without
extra alloying elements [10]. The suggested technology gives
the possibility to get work pieces of powder materials ensuring
the hardness matches that of compact alloys [11]. Thanks to in-
tensive ductile deformation, one can get non-standard alloys out
of powder materials. Such alloys could be used for the purpose
of the implant or another medical product. The advantage of this
approach is both the possibility to produce workpieces with the
given composition for a specific purpose and provide equal dis-
tribution of alloying elements at their cross-section [12], which
is required for the long-term service of the implants. As low-
alloyed magnesium-based alloys often have inadequate mechan-
ical properties, it is proposed to use the technology of intensive
ductile deformation [13], which enables to exclusion of the us-
age of toxic elements and additionally reduces the speed of im-
plant degradation.

The main methods for achieving high strength of cast alloys with
sufficient viscosity are the following: creation of compound al-
loyed solid solutions, strengthening with dispersed particles and
creation of the optimal structure by thermal treatment [14]. To
ensure a favourable combination of strength and ductile proper-
ties of cast magnesium alloys, it is necessary to use all three
methods.

When selecting alloying elements for magnesium alloys, their
ability to create solid solutions with magnesium is an important
factor. The solubility of the elements in magnesium is deter-
mined by the proximity of their atomic radii, which, according
to W. Hume-Rothery, should differ by not more than 15% [15].
When this ratio is disrupted, the atom binding energy of the sol-
vent and alloying elements is reduced. As a result of the distor-
tion of the crystalline lattice, the solubility reduces. Another im-
portant condition for the solubility of the element in the metal
base, according to the research by various authors [16], is the
difference in the electronegativity of the elements, which should
be lower than 0.2...0.4 [17,18,19].

Out of all the variety of the elements in D. Mendeleev’s periodic
system, there is a small number of elements that have a favour-
able ratio of the atom diameter (< 15 %) to electronegativity (<
0,4), can create solid soluble substitutions with magnesium,
slightly distorting its crystalline lattice and strengthening it. It is
interesting to study their impact on the structure and the proper-
ties of the magnesium alloys.

Strengthening with dispersed fractions of magnesium alloys is
another important factor in improving their properties. By inter-
acting with several elements, magnesium creates intermetallides
that strengthen the alloy [20]. The creation of intermetallides and
their properties are predetermined by the electronic structure of
the interacting elements in the alloy.

Thus, the selection of alloying elements for magnesium alloys
when producing implants for osteosynthesis requires extra re-
strictions due to their toxicity. Application of the rare-earth ele-
ments for alloying magnesium alloys, including the production
of implants, enables to enhancement of their mechanical, corro-
sion and technological properties, although the physiological
impact has not been studied well enough [21]. However, availa-
ble findings indicate the prospects for the use of such rare-earth
elements as Y, Ce, Pr, Gd, Dy, Yb, Sm, and Eu, with scandium
being noted as the most promising element in terms of physio-
logical effects. It was shown in the paper [22] that modification
of NZ30K alloy with around 0.05% scandium improves the
structure and mechanical properties of the alloy. It is proposed
to use Mg-1Sc alloy in orthopaedic implants. When tested, this
alloy demonstrated satisfactory mechanical properties and deg-
radation rate [23].

Since, in addition to satisfactory mechanical properties and re-
quired corrosion rate, it is necessary to reduce possible compli-
cations, the Mg-Ag-Y alloy was studied. Research on rats has
confirmed that this alloy does not cause any complications and
that bone tissue restoration occurs at a satisfactory rate [24].
What is more, silver has additional anti-bacterial properties,
which reduce the risk of infection in the area of surgery. How-
ever, when developing bioresorbable magnesium alloys, one
should take into account that silver can affect the corrosion rate
[13]. Silver promotes the formation of a galvanic reaction with
the magnesium matrix, which accelerates degradation, and in
turn, the formation of an oxide texture reduces the degradation
rate [25]. Thus, the biodegradation rate of magnesium alloys can
be controlled by changing the silver content. Since the corrosion
rate is the key indicator for bioresorbable magnesium alloys, it
must be sufficient to allow the location of the implant to be grad-
ually replaced by bone tissue, but too rapid corrosion should not
lead to the recurrent destruction of the bone. Rare-earth metals
are also applied to regulate the corrosion rate, and by changing
their content, the newly received implants can be used for vari-
ous types of bones. For example, the Mg-3Sc-3Y alloy under
consideration did not show a significant degradation rate for 23
days, which makes possible the restoration of cells [26, 27]. Tak-
ing this into account, silver and scandium were selected as prom-
ising elements for alloying magnesium alloys in order not only
to improve their mechanical properties but also to eliminate
toxic effects on the human body.

MATERIAL AND METHODS

The structure and mechanical properties of pure magnesium and
AZ91 and NZ30K alloys were studied in comparison with the
properties of the human bone. The chemical composition and
mechanical properties of these metals are presented in Table 1.

Table 1 Chemical composition and mechanical properties of
pure magnesium and magnesium alloys

. " Mechanical
Chemical composition, mass percentage .
N properties
Material . s
s A
Mn Zn zr Nd Mg MPa %
Mag-
nesium - - - - 99.9 113 14
28
AZ91 85 032 07 - < b 2L
+5
0.6
235 3.7+
NZ30K - - 0.2 0.4 3.0 base 7 05

These elements have limited solubility in their solid state and
can form many intermetalloides with magnesium. The influence
of silver and scandium (0.05%, 0.1%, and 1.0%) on the structure
and properties of AZ91 and NZ30K magnesium alloys was stud-
ied separately.

To determine the effect of the chemical composition on the me-
chanical properties of the alloy, standard samples were poured
into a sand and clay mould for mechanical tests.

The study was carried out after heat treatment in a Bellevue-type
thermal shaft furnace whose capacity is 112 kW and productiv-
ity reach 95 kg/h. TIATI-4M-type thermal furnace was also used.
Its productivity is 50 kg/h. The following mode was used: heat-
ing at 540+5 °C, treatment for 8 hours, air cooling, and aging at
200+5 °C, treatment for 15 hours, air cooling.

The mechanical properties of the magnesium alloy samples were
determined using INSTRON 2801 tensile tester on both standard
magnesium alloy samples and samples that had been treated in
an artificial blood substitute, gelofusine, for 1, 2, 3, and 6 months
at 36 + 1.0 °C. The stable temperature of the liquid was ensured
by the YT-15 ultra thermostat. Before placing the samples into
blood substitutes, they were degreased with ethyl alcohol. After
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a specified period, the samples were taken out of the solution,
corrosion products were removed from their surface with chro-
mic anhydride, in which the samples were treated at 18-25°C for
3 minutes. After the corrosion products were removed, the sam-
ples were washed in running and distilled water, dried and sub-
jected to mechanical testing.

The macro- and microstructure of the samples after mechanical
testing were studied using light microscopy methods. The sam-
ples were magnified by 100, 350, and 500 times with Neophot
32 and OLYMPUS IX 70.

Preclinical trials included a study of the toxic effects of biodeg-
radation products of the experimental alloy on rats and a study
of bone regeneration processes in rabbits.

The experimental animals were 20 white outbred male rats
weighing 220-270 g. The animals were split into 2 groups: the
experimental group which had a magnesium alloy implant in-
serted into the thigh muscle mass, and the control group, which
did not undergo surgery. The number of animals in the experi-
mental group was N = 14, in the control group there were N = 6.
Manipulations were performed in accordance with the "Regula-
tions for the Use of Animals in Biomedical Research”. Animals
of both groups were kept in standard vivarium conditions for 6
months.

Possible signs of intoxication were detected by regular weighing
(twice a month), monitoring of locomotor and exploratory activ-
ity, food and water consumption, and the state of the hair and
mucous membranes. Possible disorders of the urinary system

were detected by examining urine samples by a standard bio-
chemical method using a biuret reagent [28].

The effect of biodegradation products on bone tissue repair pro-
cesses was studied in 12 sexually mature rabbits divided into ex-
perimental and control groups. All surgical interventions were
performed in a district veterinary hospital.

The study of the toxic effects of biodegradation products of the
experimental magnesium alloy of the Mg-Zr-Nd system was car-
ried out on rats using the "open field" test [29], which allows the
detection of minimal deviations in the animal body caused by
toxic agents. The coefficients of horizontal and vertical locomo-
tor activity, grooming (brushing of wool), examination of ori-
fices, and defecation were used as control parameters.

RESULTS AND DISCUSSION

Having analysed the studies devoted to the mechanical proper-
ties of various human bones, we found out that the level of their
properties range is as follows: 6B = 130...150 MPa, 8 = 1...2 %
[30]. Given that the average bone growth rate in fractures is ~3
months, the mechanical properties of the alloys were studied in
dynamics on samples after their treatment in gelofusine (an arti-
ficial blood substitute) for 1, 2, 3, and 6 months (Table 2).

Table 2 Mechanical properties of magnesium-based alloys after treatment in gelofusine*)

Material Input 1month 2 months 3months 6 months
6, MPa 5% 6, MPa 5% o, MPa 5% 6, MPa 5% 6, MPa 5%
Mgpure 160 2.0 140 2.0 110 19 80 18 50 15
AZ91 230 32 170 31 135 31 100 3.0 70 18
NZ30K 235 4.0 180 38 145 35 110 32 80 23

Note: *) — average value

Fractographic examination of the fractures of the pure magne-
sium cast samples revealed the presence of a brittle coarse crys-
talline structure (Fig. 1, a). The fracture of the standard AZ91
alloy showed a more ground structure (Fig. 1, b), and NZ30K
alloy had an increased proportion of the viscous component in
the fracture and a matte fine-crystalline structure (Fig. 1, c).

a b
a—99.9% Mg; b — AZ91; ¢ — NZ30K
Fig. 1 Macrostructure of sample fractures, x5

a
a-99,9% Mg; b — AZ91; c — NZ30K
Fig. 2 Microstructure of heat-treated samples, x100

The microstructure of pure magnesium had a heterogeneous brit-
tle structure (Fig. 2, a). The microstructure of AZ91 alloy of
standard composition was a d-solid solution with the d+y type
eutectics located along the grain boundaries and individual in-
clusions of the y-phase (Fig. 2, b). The microstructure of the
heat-treated NZ30K alloy was a 3-solid solution with a spherical
eutectic of compound composition containing Zr and Nd
(Fig. 2, ¢).
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The analysis of the obtained data showed that the loss of ductile
properties of the materials under consideration at different treat-
ments in gelofusine solution is insignificant and corresponds to
the ductility of the bone material up to almost 6 months of treat-
ment of the samples. However, treating samples with gelofusine
before testing leads to a significant loss of strength. For example,
samples made of pure magnesium before their treatment in
gelofusine have a strength level corresponding to the bone
strength, which slightly decreases after 1 month of treatment. In-
creasing the sample treatment time to 3 months or longer makes
the use of magnesium for implants unsuitable due to their low
strength (less than the bone strength). Samples made of AZ91
and NZ30K alloys have higher strength indicators compared to
pure magnesium. However, their strength level after 3 months
of treatment with gelofusine is insufficient and does not corre-
spond to the strength of the bone, which can lead to premature
structural destruction when an external load is applied.

Thus, the studied magnesium-based materials cannot provide
strength equal to that of the bone during its growth after a frac-
ture (oB > 150 MPa and & > 3% within 3 months). It is possible
to improve the mechanical properties of magnesium alloys by
using metallurgical technologies, microalloying being one of the
most promising areas of development.

The study of the influence of silver and scandium with 0.05,
0.10, 1.0 mass percentage on the structure and properties of
AZ91 alloy showed that silver and scandium have a favorable
factor regarding magnesium. These elements have limited solu-
bility in the solid state and can form a large number of interme-
tallides with magnesium.

A fractographic study of fractures of cast samples from the
standard AZ91 alloy revealed the presence of a coarse-crystal-
line structure. The introduction of silver and increased scandium
content markedly refined the macrostructure and the fracture be-
came matte fine-crystalline (Fig. 3).

9

a — standard alloy; b — 0,05 % Ag; ¢ — 0,1 % Ag; d — 1,0 % Ag; e — 0,05 % Sc,

f-0,1%Sc,g-1,0% Sc

Fig. 3 Fractograms of fractures of cast samples from AZ91 alloy with silver and scandium, x5

The microstructure of AZ91 alloy with a standard composition
was a 9-solid solution with +y type eutectics along the grain
boundaries and individual y-phase intermetallides (Fig. 4, a).
The increased scandium and silver content favoured the decrease
in the distance between the axes of the second-order dendrites
and the size of the structural components (Table 3), as well as
to the crushing of the eutectics.

As the concentration of silver and scandium increased in the al-
loy, intermetallide clusters were observed, but the size of the in-
termetallides decreased. In the alloy containing 1.0% of silver
and scandium, film formation was observed.

The average microhardness of the 3-solid solution of the stand-
ard alloy (before heat treatment) was 1115 MPa and that of the

eutectic was 1227 MPa. After the heat treatment, the microhard-
ness of the matrix and eutectic increased, with the microhardness
of the eutectic in relation to the matrix becoming lower (Fig. 5).
In the standard AZ91 alloy, the intermetallide phase was of two
types. It was spherical inside the grains and lamellar at the grain
boundaries. The micro-X-ray spectral analysis of the spherical
intermetallides showed that they contained ~ 15% Al, ~ 80% Mg
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and additionally Si and Mn; the lamellar intermetallides had ~
60% Mg and ~ 40% Al

Spherical intermetallides located inside the grains serve as cen-
ters of crystallization, in contrast to lamellar intermetallides with
a lower melting point and located, respectively, at the grain

boundaries. Micro X-ray diffraction analysis of AZ91 alloy with
silver and scandium showed that these elements are part of the
intermetallides and change the structural characteristics of the
alloy.

g
a — standard alloy; b — 0.05 % Ag; ¢ — 0.1 % Ag; d — 1.0 % Ag; e — 0.05 % Sc; f~ 0.1 % Sc; g — 1.0 % Sc
Fig. 4 Microstructure of AZ91 alloy with silver and scandium after heat treatment (x 200)

Table 3 Dimensions of structural components in samples made
of AZ91 alloy with increased scandium and silver content
Content of al-  Distance between  The size of

Element loying ele- the axes of the  the _mi-
ments, mass 2nd order den-  crograin,
percentage drites, pm pm

standard - 23 140

0.05 18 120
Sc 0.10 17 100
1.0 16 90
0.05 18 120
Ag 0.10 18 100
1.0 17 90
Note: Average values are given
2000
1800 mmatrix
Lm0 meutectic
£

g 1200

i 1000 | I

E 800

2 600

H

400
200
0

AZ91  0,05% Sc
standart

00%Sc  10%Sc  005%Ag  01%Ag  L0%Ag

Fig. 5 Microhardness of the matrix and eutectics in AZ91 alloy
samples containing silver and scandium after heat treatment

The mechanical properties obtained on the samples without heat
treatment varied considerably. Thermal treatment reduced the
chemical heterogeneity of the alloy, aligned the microhardness
of the matrix and eutectics, which reduced structural stresses and
provided higher mechanical characteristics (Table 4).

Table 4 Mechanical properties of AZ91 alloy with silver and
scandium

Content, Mechanical properties

Ele- mass per-  before heat treat-  after heat treat-

ment centage ment ment
ou, MPa S % ou, MPa S %
Standard 160.8 23 2327 28
Sc 0.05 165.6 3.8 246.8 44
0.1 177.4 4.1 258.3 53
1.0 180.2 38 2720 5.0
Ag 0.05 164.5 36 235.6 4.0
0.1 166.5 2.8 2434 44
1.0 169.8 25 258.0 4.2

Note: Average values are given in the table

Thus, silver and scandium improved the macro- and microstruc-
ture of AZ91 alloy and increased its mechanical strength and
ductility, with the optimum content of these elements (0.05...0.1
%) ensuring the maximum level of its mechanical characteris-
tics.

Analysis of macro fractures of cast samples of the standard
NZ30K alloy and alloys additionally alloyed with silver and
scandium showed their positive effect on the macrostructure of
the metal. The introduction of silver and increased scandium
content markedly refined the macrostructure and the fracture be-
came matte fine-crystalline (Fig. 6).

DOI: 10.36547/ams.30.1.1974
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g
a - standard alloy; b - 0.05% Ag; ¢ - 0.1% Ag; d - 1.0% Ag; e - 0.05% Sc,
f-0.1% Sc, g - 1.0% Sc
Fig. 6 Macrofractograms of fractures of cast samples made of NZ30K alloy with silver and scandium, x5

The microstructure of the standard heat-treated NZ30K alloy
was a 8-solid solution with spherical eutectics. As the concen-
tration of scandium and silver in the alloy increased, the size of
this eutectic increased as well (Fig. 7).

The microhardness of the structural components of NZ30K alloy
increased markedly when the scandium and silver content grew.
There was also an insignificant growth of matrix microhardness
and intensive increase of eutectic microhardness (Fig. 8).

The micro X-ray spectral analysis with JSM-6360LA electron
microscope showed that the eutectic is enriched mainly with zir-
conium, neodymium, scandium, and silver. In alloys with silver
and scandium in the spherical eutectic, there were ~ 1.5...2.0
times more of these elements than in the 8-solid solution.

The alloying of NZ30K with scandium and silver improved the
entire complex of its mechanical properties (Table 5).
Increasing the scandium and silver content in the NZ30K alloy
within 0.05...0.1 % range contributed to improving both the

strength and the ductile properties. Further increase in the con-
centration of these elements in the metal to 1.0% reduced the
physical and mechanical characteristics of the material. In the
structure of samples containing 1.0% scandium and silver, there
were observed coarse precipitations of intermetallides at the
grain boundaries, led to rapid fracture of the samples when they
were tested.

Thus, adding 0.05...0.1 % of scandium and silver to NZ30K al-
loy is optimal, as it provides the highest level of mechanical
properties.

Comparative studies of AZ91 and NZ30K alloys with silver and
scandium in artificial blood substitutes have shown that their mi-
croalloying gives a positive result. In this case, the greatest im-
provement in the metal structure and increase in mechanical
properties is provided by 0.05...0.1% of scandium and silver in
the alloys.

DOI: 10.36547/ams.30.1.1974
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a - standard alloy; b - 0.05 % Sc; ¢ - 0.1 % Sc; d - 1.0 % Sc; e - 0.05 % Ag;
f-0.1% Ag; g- 1.0 % Ag
Fig. 7 Microstructure of NZ30K alloy with silver and scandium after heat treatment (x 500)

2500 Table 5 Mechanical properties of NZ30K alloy with silver and
::’l"u scandium after heat treatment

2000 Ele- Content, Mechanical properties
£ ment mass percentage 6u, MPa 4, %
E1s00 Standard 235.7 36
£ Sc 0.05 273.8 44
e 0.1 258.3 6.3
H . 1.0 202.0 4.0
Ag 0.05 245.6 4.0
. 0.1 283.4 6.4
NZIOK  005%Sc  0,1%Sc  10%S5c  005%Ag  01%Ag  10%Ag 1.0 258.0 4.2

standart
Fig. 8 Microhardness of the matrix and the eutectics in NZ30K ~ Note: Average values are given in the table
alloy samples containing silver and scandium after heat treat-
ment The rate of biodegradation of AZ91 and NZ30K alloys with
0.05...0.1 % of scandium and silver after 3 months of treatment
in gelofusine was studied (Table 6).

DOI: 10.36547/ams.30.1.1974
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Table 6 Mechanical properties of alloys with different chemical
compositions after treatment in gelofusine for 3 months

Mechanical properties

Alloy

ou, MPa 3, %
AZ91 100.6 11
AZ91 + (0.05...0.1) % Sc 1324 14
AZ91 +(0.05...0.1) % Ag 141.8 18
NZ30K 110.9 14
NZ30K + (0.05...0.1) % Sc 148.6 2.0
NZ30K + (0.05...0.1) % Ag 171.8 2.3

Note: Average values are given.

Studies have shown that NZ30K alloy has an increased corro-
sion resistance compared to AZ91 alloy. Additional microalloy-
ing of the studied alloys with 0.05...0.1 % of scandium and silver
increased their mechanical properties after 3 months of treat-
ment in gelofusine. NZ30K alloy, which additionally contains
0.05...0.1 % of Ag, had the highest level of mechanical proper-
ties after 3 months of treatment in gelofusine. It should be noted
that its mechanical properties were higher than those of the bone
tissue, which ensures its performance until complete fracture
consolidation. What is more, silver in the magnesium alloy en-
sures its antibacterial effect. Taking this into account, NZ30K
alloy additionally alloyed with 0.05...0.1 % of silver was recom-
mended for further preclinical testing.

To determine the effect of the newly received magnesium alloys
on a living organism, preclinical studies of the toxic effect of the
newly received alloys on rats were conducted. Monitoring of
weight dynamics in the study by the "open field" method showed
a decrease in this indicator by 7% during the first 2 weeks after
surgery (Fig. 9). Then there was a significant weight gain and a
considerable improvement in the appetite of the animals from
the experimental group, which suggests that the initial decrease
was the result of the impact of surgical trauma and pain at the
site of the intervention, rather than toxic effects. Moreover, reg-
ular monitoring of the condition of the hair and mucous mem-
branes revealed no abnormalities. Urine tests of the experi-
mental animals also showed no signs of toxic effects of implant
biodegradation products.

atrial group

w control group
260
220
Ist d

2nd 14th 2nd 3rd 4th 5th 6th
day day month  month  month  month  month  month

Fig. 9 Dynamics of the animal weight in the experimental and
control groups after surgery

The study of the spatial and exploratory activity of animals in
the "open field" (Fig. 10) showed a decrease in the total indicator
by 60.6 % on the 2nd day after surgery. On the 14th day, the rate
was 35.3% higher, but it did not exceed that of the control group.
After the 1st month, the results did not differ significantly. The
results from the 2nd to the 6th month, when the greatest toxic
effect of biodegradation products is expected, are particularly
indicative. Thus, the dynamics of locomotor and exploratory ac-
tivity of animals revealed the absence of toxic effects of the im-
plant, and the decrease of the indicator in the early stages of the
study was caused by the effect of surgical trauma.

m trial group

w control group

25
rd 4th

2nd 14th 1st 2nd 3 th Sth 6th
day day  month month month month month  month

Fig. 10 Dynamics of total and locomotor and exploratory activ-
ity of experimental animals

xploratory

Total and

The analysis of indicators of locomotor and exploratory activity
of animals (Table 10) showed a positive trend for animals of the
experimental group, which is due to a gradual increase in loco-
motor and exploratory activity of animals of the experimental
group starting from the 2nd month after surgery. No significant
differences were found between the control and experimental
groups by almost all criteria. The high level of the general neu-
rological status of the animals confirms the absence of neurotox-
icity of the biodegradation products of the new magnesium al-
loy.

Morphological analysis of reparative osteogenesis was per-
formed in experiments on rabbits. To determine the effective-
ness of using the newly-received implants, fractures of the upper
third part of both femurs were modeled in animals of the control
and experimental groups. The animals of the experimental group
were implanted with magnesium alloy fixators, and the control
group had 12X18H10T stainless steel implants (Fig. 11).

Fig. 11 X-ray of a rabbit after osteosynthesis with implants

The animals were withdrawn from the experiment at 2 weeks, 1,
4, and 6 months after surgery. Then the bone was sawn together
with the implant through the fracture zone (Fig. 12).

The study showed that the use of implants made of a new mag-
nesium alloy did not lead to disruption of the growth of femoral
fractures in animals. The fracture consolidation time in the con-
trol and experimental groups did not differ significantly, and no
pathological changes occurred. The use of implants made of a
new magnesium alloy did not disrupt the formation of new blood
vessels in the fracture areas. At all stages of observation, a wide-
spread network of microvessels was found, whose density in-
creased in direct proportion to the intensity and duration of the
regeneration. In comparison, at these stages of treatment, im-
plants made of stainless steel caused a disturbance in blood sup-
ply and led to bone cell death, followed by their dissolution and
displacement by connective tissue fibers.
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A - rabbit femur; B - Wdrking implant; C - view of the implant
before surgery
Fig. 12 General view of the rabbit bone after surgery

Normal blood supply ensured a gradual and increasing process
of regenerative changes with minimal deviations from the nor-
mal course of reparative osteogenesis (Fig. 13).

a - 2 weeks; b - 1 month; ¢ - 4 months

Fig. 13 Dynamics of the reparative process after experimental trauma with the use of implants made of a new magnesium alloy, x100

At the later stages of treatment (6 months), the structure of the
bone tissue area at the implantation location did not differ from
the normal structure. Only some disorderly arrangement of bone
crosspieces was noted (Fig. 14).

Fig. 14 Bone area in the implant Ioction, x200
CONCLUSIONS

Thus, the existing materials for producing implants for osteosyn-
thesis were analyzed. It is shown that magnesium alloys are a
promising material for making bioresorbable implants, but they
require some improvement.

As a result of the study, the alloying elements for the improve-
ment of AZ91 and NZ30K magnesium alloys, providing the for-
mation of compound alloyed solid solutions and strengthening
the metal by dispersed particles, have been selected. It is shown
that microalloying of these alloys with 0.05...0.1 % of silver and
scandium provides refinement of structural components of the
metal and a significant increase in the set of their properties.
The tests of the alloy compositions under consideration have
shown that NZ30K alloy containing an additional 0.05...0.1%
of silver retains its mechanical properties at the level of bone
tissue properties after 3 months of treatment in gelofusin, which
ensures the operability of the implant up to complete consolida-
tion of the fracture with the following biodegradation.

Preclinical studies using the "open field" method revealed the
absence of any significant deviations in physiological manifes-
tations of experimental animals, and the biocorrosion products
of the new magnesium alloy do not cause endogenous intoxica-
tion of body tissues and do not enhance cellular destruction.
Moreover, neither any adverse effects on the general physical
condition of the tested animals, nor any significant changes in
their behavior were detected. The results indicate that the bio-
degradation products of the new alloy do not have a toxic effect
on a living organism.

As a result of the experimental morphological study, it was
found that the use of a new magnesium alloy of the Mg-Zr-Nd
system for fracture osteosynthesis did not disrupt the processes
of reparative regeneration of the bone tissue. The proposed alloy
is recommended for further clinical tests.
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