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Abstract: Magnesium and its alloys are promising materials for medical use due to their ability to dissolve safely in
the human body. However, the rate of dissolution of bioresorbable implants should be in a narrow enough range.
The difficulty in ensuring this condition is that the corrosion process in magnesium alloys is influenced by many fac-
tors, including natural (single-crystal) and technological (production scheme) anisotropy. By carrying out technological
operations on thermomechanical treatment, it is possible to control the process of formation of the semi-finished pro-
duct texture and to create artificially a preferred orientation of crystallites in the structure of magnesium alloys and thus
control their corrosion resistance. This requires precise knowledge of the relationship between corrosion processes and
certain crystallographic directions, which can be most reliably obtained in experiments on single crystals. In this work,
mechanical (compression and tension) and corrosion tests were carried out for the first time on the same magnesium
single crystal on samples with different crystallographic orientations. The Kearns coefficients calculated from the X -ray
diffraction patterns of the single crystal specimen faces by the inverse pole figure method were used as a quantitative
criterion of the natural texture. The specimens were subjected to compression tests in the < 0001 >, < 1100 > and
< 1120 > directions, and to tension tests in the < 0001 > direction. The specimen surfaces with orientations close to
the (0001), (1010), (2110), and (1011) crystallographic planes were subjected to corrosion testing. It was found that
the Young’s modulus and the Kearns coefficient for the basal and pyramidal faces were 48.6 GPa and 0.81; 45.3 GPa
and 0.04, respectively. The shape of the stress curves depended significantly on the sample orientation and was deter-
mined by the degree of involvement of various mechanisms in the overall plastic deformation process. The rate of cor-
rosion in a physiological aqueous solution of 0.9 % NaCl on a 72-h basis for the (0001), (1010), (2110), and
(1010) surfaces was 0.51, 0.76, 0.71 and 0.98 mm/year, respectively. In this case, the (2110) plane experienced only
uniform corrosion, the (0001) plane experienced uniform corrosion with minor localised corrosion; the most intense
localised corrosion is observed in the (1010) direction, and the maximum intensity of the combination of localised and
uniform corrosion is in the <1011> direction.

Keywords: magnesium single crystal; crystallographic directions; anisotropy; Kearns coefficient; mechanical diagrams;
corrosion rate.
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INTRODUCTION

The study and design of magnesium alloys is one of
the up-to-date areas of modern materials science, since
these materials have a set of unique properties, such as the
best strength-to-weight ratio and excellent biocompatibility:
pure magnesium is absorbed by a living organism with
a minimal risk of negative effects [1; 2]. One of the main
problems when using magnesium alloys is their low corro-
sion resistance that has a galvanic nature [3], and often
manifests itself in the form of localised corrosion [4], which
can be significantly affected by the composition and struc-
tural state of the material. It is well known that Mg and its
alloys are characterised by significant anisotropy of me-
chanical properties due to the features of the deformation
mechanism and the formation of an intense basal texture in
sheet semi-finished products, and an intense prismatic tex-
ture in extruded rods [5; 6].

Understanding the nature of the corrosion anisotropy
of magnesium and its alloys will help determine
the structural and textural factors affecting the rate and
uniformity of the corrosion process. Consequently,
knowledge of the target structure and texture of the ma-
terial will allow choosing the method of deformation
treatment of the product (semi-finished product), or its
surface at the final stage of manufacture to produce
a material with high-quality and guaranteed parameters
of the corrosion process. The rate and uniformity of cor-
rosion are understood as quality parameters. The use of
magnesium alloys as a material for the manufacture of
temporary implants capable of self-absorbing after ful-
filling their intended service is currently a relevant up-
to-date sector at the junction of materials science and
medicine. Therefore, understanding the corrosion process
of magnesium materials and managing it is extremely
important for the creation of bioresorbable medical ma-
terials with an accurately predictable service life.
The same applies to structural magnesium alloys used to
manufacture power elements in the aviation and automo-
tive industries. Such elements are made in most cases
from semi-finished products manufactured by various
methods of metal pressure processing (extrusion, rolling,
methods of severe plastic deformation, etc.), the conse-
quence of which is the inevitable formation of a corre-
sponding texture in the processed metal, the parameters
of which can significantly affect the corrosion processes.
In other words, the corrosion resistance of products
made from a material with identical chemical and even
phase composition may differ essentially depending on
the production technology. Therefore, understanding
the cause-and-effect relationships between the structural
and textural parameters of magnesium alloys and corrosion
processes is of great scientific and applied importance.

However, studies of the effect of texture on the corro-
sion properties of magnesium alloys have not received due

attention in the literature for a long time. Only after 2010,
a pronounced trend towards conducting such studies
emerged [7-10]. In the work [7], the microstructure, tex-
ture, mechanical properties and corrosion behaviour of
extruded Mg—4Zn alloy were studied. Samples with an
orientation close to the basis showed lower corrosion rates
compared to the orientation of samples with a predomi-
nance of prismatic planes. In [8§—10], similar results were
obtained for the AZ31 alloy. Corrosion anisotropy has
been experimentally found both in pure magnesium [11]
and in deformable magnesium alloys. For example, work
[12] presents the results of corrosion rate assessment in
various technological directions after rolling of AZ80 al-
loy, and shows that the corrosion rate determined by
the mass method can differ by 1.7 times in the normal
direction (ND) and in the extrusion direction (ED). Such
a difference in corrosion rate is quite significant and must
be taken into account, especially when creating bioresorb-
able structures for medical purposes.

It is generally accepted that corrosion anisotropy asso-
ciated with crystallographic orientation is determined by
the surface atomic-binding energy and the packing density
of atoms [13]. Obviously, such a binding can be most cor-
rectly revealed during corrosion tests of single crystals.
Surprisingly few such studies have been performed on
single crystals of metals with a hexagonal close-packed
(hcp) lattice, especially on magnesium. In the earliest
work [14], it was found for magnesium single crystals that
in a chlorine-containing environment, the (0001) basal
plane exhibits the lowest corrosion resistance, and
the corrosion itself has a filiform, i. e. it spreads in a di-
rection rather than chaotically, and this direction is deter-
mined largely by the crystallographic orientation. In [15],
where the corrosion process was studied on single-crystal
magnesium planes with the widest possible range of direc-
tions, the (0001) orientation, on the contrary, showed
the highest corrosion resistance. It should be noted that in
most known cases it is the (0001) basal plane that exhibits
maximum resistance to corrosion, for example, such
a conclusion was made in [11] using the example of a study
of a polycrystal of pure magnesium with a large grain.

Along with corrosion anisotropy, magnesium and its al-
loys are even more characterised by mechanical anisotropy,
which is expressed in sharply different mechanical beha-
viour depending on the crystallographic direction of loading.
It is worth noting that there are only a few more experimen-
tal studies of mechanical anisotropy performed on magne-
sium single crystals than studies that cover corrosion ani-
sotropy. The earliest ones include studies [16; 17], in which
magnesium single crystals were tested for compression in
various directions and only the initial region including
the transition from the elastic to the plastic stage was studied.
Perhaps the most interesting study of the mechanical beha-
viour of magnesium single crystals also under compression,
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but up to failure, was conducted in [18]. This work con-
vincingly demonstrated the fundamental difference in the
compression diagrams of single crystals tested in different
crystallographic directions, which is explained by the dif-
ferent combination of twinning and slip deformation
mechanisms under starting stresses.

Note that we are not aware of any work in which
mechanical and corrosion anisotropy would be simulta-
neously studied on samples of the same magnesium
single crystal.

The purpose of the study is to evaluate and compare
corrosion and mechanical anisotropy performed on
the same magnesium single crystal.

METHODS

A magnesium single crystal with 99.98 % purity and
dimensions of 30x19%x62 mm was produced at the Magne-
sium Technology Innovation Center, School of Materials
Science and Engineering, Seoul National University, using
the Bridgman method.

The following samples were prepared from the mag-
nesium single crystal by the electrical discharge machin-
ing (EDM) using a Sodick AG400L LN2W electric spark
wire-cutting machine: (1) in the form of parallelepipeds
with dimensions of 6.5%6.0x5.5 mm for compression
testing and (2) in the form of specimens of a dog bone
shape with cross-section dimensions of 4.0x3.0 mm and
a gauge part length of 9.0 mm for tensile testing. Due to
the small size of the original single crystal, tensile
specimens were prepared for only one <1011> orienta-
tion. The drawing and orientation of the tensile speci-
mens are shown in Fig. 1.

The orientation of the samples was determined using
a SIGMA scanning electron microscope (Zeiss) equipped
with an electron backscatter diffraction detector (EBSD).

The mechanical tests of magnesium samples were car-
ried out at room temperature using a miniature Kammrath
& Weiss testing machine with a strain rate of 0.83:107 s '
for both compression and tension.

The texture was studied by the X-ray diffraction method
using a SHIMADZU XRD-6000 vertical 20-0 X-ray dif-
fractometer (Japan) in monochromatic copper radiation.
The texture was estimated by the method of inverse pole
figures (IPF) obtained from X-ray patterns for the faces of
the specimens parallel to the basal planes, using normalisa-
tion that takes into account the uneven distribution of re-
flections on the projection sphere using the 4; coefficients.
The values of the pole densities P; for reflections i=hkl
were determined by the relation

%i (1

(%%

where 4; is the ratio of the surface area of the stereographic
triangle around the normal (i=hkl) limited by large circles
dividing in half the angular distances between adjacent
normals;
n is the number of experimental reflections (n=17);
I; and R; are the intensities of reflections i=hkl of textured
and textureless specimens.

As a quantitative criterion of texture, the Kearns coeffi-
cients (f-factors) were used, which are usually used as

i:

i=1
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Fig. 1. Drawing of single crystal magnesium tensile specimens (a),
steriographic projection of the <0001> crystallographic direction (b)
and lattice orientation against the longitudinal axis (c)
Puc. 1. Yepmedic 06pazyo6 MOHOKPUCMALIA MASHUS HA pacmsdicerue (a),
cmepuoepaghuueckas npoekyust Kpucmauiozpapuieckoeo Hanpasienus <0001> (b)
U OpuUeHmayus peuwlemKu no OMHOWEHUIO K NPOOOIbLHOU ocU (¢)
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texture parameters in relation to Zr and Ti [19] alloys.
The Kearns coefficients are estimated from the inverse pole
figures for the X direction of the specimen:

fo=Y AiP'f,, ©)
i=1

where i=hkl;

vi is the angle between the normal to (kk7) and the c-axis of

the hcp magnesium lattice.

The Kearns coefficient (f;) varies from zero for any di-
rections in the basal plane to unity for the normal to
the basal plane (c-axis).

Moreover, the data on texture obtained as an inverse
pole figure were used to calculate the Young’s modulus in
the direction for which this pole figure was obtained, taking
into account the reference values of single-crystal moduli of
the material. Young’s moduli for hcp of crystals depend
only on the y angle with the c-axis:

Ey =[S), —cos® y(28), - 28, - Sy )+

+cos’ Y(Sll +833 285 —544)]71 ' )

Then the value of Young’s modulus in an arbitrary x di-
rection can be determined from the relation

E, = zPixAin- 4
i=1

The values of single-crystal compliance moduli for Mg
are given in Table 1 [20].

To study the relationship between corrosion processes and
the crystallographic directions of the magnesium crystal

lattice, parallelepiped-shaped samples were cut from a single
crystal using EDM cutting. The orientation of certain faces of
the parallelepipeds was close to the orientations of the (0001),
(1010), (2110), and (1011) crystallographic planes, respec-
tively, for samples numbered 1, 2, 3, and 4. Before testing,
the working faces of the samples were polished sequentially
using alcohol diamond suspensions with particle sizes of 3, 1,
and 0.25 pm, and then subjected to ion polishing in a flow of
ionised argon using a Hitachi IM4000 Plus machine (Japan).
After that, using EBSD method, the crystallographic orienta-
tion of the working surface of the samples was precisely de-
termined (shown in the inverse pole figure in Fig. 2).

Corrosion tests of samples 14 of the magnesium single
crystal were carried out using an original corrosion unit
[21] for 72 h. During the test, only the area of the sample
working surface limited by a sealing ring with an internal
diameter of 4 mm was in contact with the corrosion solu-
tion. A physiological aqueous solution of 0.9 % NaCl was
used as the corrosion medium. Maintaining the temperature
in the cell at the level of 37+0.2 °C, as well as mixing
the liquid, was ensured by circulating the corrosion solution
using a peristaltic pump and a glass heat exchanger im-
mersed in a thermostat tank with distilled water.

After testing, corrosion products were removed from
the sample surface by immersing the sample for 2 min in
a standard aqueous solution of 20 % CrO; + 1 % AgNO;.
Then, the samples were washed with alcohol, dried with
compressed air, and the surface of the single-crystal sam-
ples damaged by corrosion was examined using a LEXT
OLS4000 confocal laser scanning microscope (CLSM)
(Olympus, Japan). Imaging was performed at a magnifica-
tion of 400x with a scanning step along the Z-axis of
0.8 um. A panoramic image of 6x6 frames was built for
the entire sample. The size of one frame was 640x640 pm.
In order to remove optical noise after imaging, a digital

Table 1. Values of the ductility moduli of Mg [21]
Taonuya 1. 3nauenus mooynei nooamausocmu Mg [21]

Unit of measurement / direction Su S12 Si3 833 S44
1072 GPa™! 2.21 -0.78 —-0.49 1.99 6.03
1010
-
4
-l -3
0001 2110

Fig. 2. Inverse pole figure indicating the crystallographic orientation
of the working surface of magnesium single crystal samples 1—4
Puc. 2. Obpamnas nonocHas ueypa ¢ yKazanuem Kpucmaniospaguueckoi opuenmayuu
paboueil nosepxnocmu 06pa3y08 MOHOKpUCMALLA Mazhus 1—4
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pre-measurement filter built into the microscope software
was applied to all the obtained images. After filtering, tak-
ing the surface of the sample that was not in contact with
the corrosive environment as the base reference point, the
volume of metal lost in the area of the sample damaged by
corrosion was measured. The corrosion rate was determined
by formula using CLSM data [22]:

po 87600 -V

57 &)

(mm/year),

where V is the volume of lost metal;
S is the area of the sample;
t is the test time.

RESULTS

Texture study

Fig. 3 a, 3 b show X-ray diffraction patterns of a mag-
nesium single crystal indicating that it is indeed a single
crystal. Additional confirmation of this is provided by the
results of recording rocking curves (Fig. 3 ¢), according to
which the block misorientation value Aa is 0.8 and 1.8°,
indicating very low fragmentation of the subgrain structure.

Tables 2 and 3 show the results of texture intensity as-
sessment for the single crystal, which correspond to the X-ray
diffraction patterns obtained for the basal and prismatic
faces (Fig. 3 a and 3 b), respectively.

The Kearns coefficient for normals to the basal face is
0.81, which is impossible to obtain on polycrystals.
The Young’s modulus is 48.6 GPa (Table 2), which, ac-
cording to equation (3), is achieved at angles with the c-axis
of 15°. For the lateral prismatic plane (1100) (Fig. 3 b),
the Young’s modulus is 45.3 GPa, the Kearns coefficient is
0.04, which corresponds to this orientation. The Kearns
coefficient is zero for the prismatic plane.

Mechanical tests

Compression test

The compression test of parallelepiped-shaped magne-
sium single crystal samples was carried out in three mutu-
ally perpendicular orientation directions: <0001>, <1100>,
and <1120>. The choice and sequence of the crystallo-
graphic direction of external stress application were made
in the order from suppression to gradual activation of de-
formation systems (slip and twinning) with the lowest shear
stresses. For the <0001> direction, the easy slip systems in
the basal plane are completely blocked, and slip along

N =)
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c |1
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Fig. 3. X-ray diffraction patterns of faces parallel to: a — basal (0001) and b — prismatic (1100) planes;
¢ — w-scans of a face parallel to the (0001) basal plane
Puc. 3. Penmeenozpammul spaneii, napanienvhvix: @ — 6azuctoti (0001) u b — npusmamuyecxoii (1100) naockocmu;
€ — W-CKAHUpOBanus 2panu, napanieivtol 6azucuotl niockocmu (0001)

Frontier Materials & Technologies. 2025. No. 2

43



Merson D.L., Betsofen S.Ya., Merson E.D. et al. “Mechanical and corrosion anisotropy of magnesium single crystal”

Table 2. Scheme for calculating the Young’s modulus and the Kearns coefficient (f-factor) for the basal face
Taonuya 2. Cxema pacuema mooyns FOnea u xoagppuyuenma Keprca (f-gpakmop) ons 6azucnoii epanu

hkl Y, degree Eyu, GPa f Py Aput PuuxAxEy Puexcfiu
100 90.0 452 0.00 1.29 0.044 2.6 0.00
002 0.0 50.3 1.00 48.33 0.016 38.9 0.77
101 61.9 433 0.22 0.11 0.044 0.2 0.00
102 432 434 0.53 0.00 0.059 0.0 0.00
110 90.0 452 0.00 0.00 0.027 0.0 0.00
103 32.0 45.0 0.72 0.00 0.048 0.0 0.00
112 58.4 43.1 0.27 0.42 0.039 0.7 0.00
201 75.1 445 0.07 0.51 0.058 13 0.00
104 25.1 46.4 0.82 0.00 0.042 0.0 0.00
203 513 43.0 0.39 0.00 0.050 0.0 0.00
120 90.0 452 0.00 0.00 0.051 0.0 0.00
121 78.6 448 0.04 0.00 0.120 0.0 0.00
114 39.1 43.8 0.60 0.00 0.096 0.0 0.00
122 68.1 43.8 0.14 0.00 0.103 0.0 0.00
105 20.6 474 0.88 0.00 0.062 0.0 0.00
123 58.8 43.1 0.27 1.11 0.104 5.0 0.030
302 70.4 441 0.11 0.00 0.039 0.0 0.00
EnNp=48.6 GPa Fyp=0.81

Note. hk( is Miller index describing the planes of the crystal lattice;

y is an angle between the normal to (hkl) and the c-axis of the hpc magnesium lattice;

f is Kearns coefficient;

Ej is Young’s modulus in the hkl direction;

Py is pole density of reflections;

A Is the ratio of the surface area of a stereographic triangle around the normal (i=hkl) limited by large circles dividing in half the
angular distances between adjacent normals;

Eyp is Young’s modulus in the direction of the normal to the rolling plane;

Fyp is Kearns coefficient in the direction of the normal to the rolling plane.

Table 3. Calculation scheme for Young's modulus and Kearns coefficient (f-factor) for a prismatic face
Taonuya 3. Cxema pacuema mooyns FOnea u kosgppuyuenma Kepuca (f-paxmop) 0151 npuzmamuyeckoil epanu

hkl Y, degree Eju, GPa f Py Apa PixAXE Puiifuu
100 90.0 45.2 0.00 21.71 0.044 43.2 0.00
002 0.0 50.3 1.00 2.48 0.016 2.0 0.04
101 61.9 433 0.22 0.04 0.044 0.1 0.00
102 43.2 434 0.53 0.00 0.059 0.0 0.00
110 90.0 45.2 0.00 0.00 0.027 0.0 0.00
103 32.0 45.0 0.72 0.00 0.048 0.0 0.00

44 Frontier Materials & Technologies. 2025. No. 2



Merson D.L., Betsofen S.Ya., Merson E.D. et al. “Mechanical and corrosion anisotropy of magnesium single crystal”

Continue of table 3

112 584 43.1 0.27 0.00 0.039 0.0 0.00
201 75.1 445 0.07 0.00 0.058 0.0 0.00
104 25.1 46.4 0.82 0.00 0.042 0.0 0.00
203 513 43.0 0.39 0.00 0.050 0.0 0.00
120 90.0 452 0.00 0.00 0.051 0.0 0.00
121 78.6 448 0.04 0.00 0.120 0.0 0.00
114 39.1 43.8 0.60 0.00 0.096 0.0 0.00
122 68.1 43.8 0.14 0.00 0.103 0.0 0.00
105 20.6 474 0.88 0.00 0.062 0.0 0.00
123 58.8 43.1 0.27 0.00 0.104 0.0 0.00
302 70.4 441 0.11 0.00 0.039 0.0 0.00
Enp=45.3 GPa Fnp=0.04

Note. hkt is Miller index describing the planes of the crystal lattice;

y is an angle between the normal to (hkl) and the c-axis of the hpc magnesium lattice;

f is Kearns coefficient;
Eyyy is Young’s modulus in the hkl direction;
Py is pole density of reflections;

A 18 the ratio of the surface area of a stereographic triangle around the normal (i=hkl) limited by large circles dividing in half the

angular distances between adjacent normals;

Exp is Young’s modulus in the direction of the normal to the rolling plane;
Fxp is Kearns coefficient in the direction of the normal to the rolling plane.

a limited number of pyramidal systems outside the basal
plane is greatly hindered. The <1100> and <1120> con-
figurations are close to each other in the implementation of
slip of prismatic and pyramidal planes in the directions ly-
ing in the basal plane and twinning of the “stretching” type,
but differ in their more favourable arrangement for activa-
tion for the <1120> direction. Fig. 4 shows three diagrams
of compression tests (one for each orientation) in
the “Stress (engineering) — Strain (engineering)” coordi-
nates, where the compressive stresses are conventionally
given in the positive direction.

Analysis of the diagrams displayed in Fig. 4 shows that, as
expected, the orientation of the single crystal to the direction of
the applied uniaxial load has a decisive influence on the type
of diagrams, or more precisely, on the mechanisms of plastic
deformation realised in certain crystallographic directions.
This influence has been well studied in [16—18], so here we
will only note the following. When testing samples in all three
directions, the Schmid factor for basal slip is zero, so deforma-
tion can be carried out by twinning or <c+a> slip.

When testing samples in the <0001> direction,
the {1012}<1011> light tensile twinning cannot act, while
the maximum possible strain hardening and rapid exhaus-
tion of the possibility of plastic deformation occur. A simi-
lar effect for this orientation was observed in [18] and in-
terpreted as <c+a> slip.

When testing samples in the <1100> direction, first
there is a stage of deformation with low strain hardening,

after which the loading curve rushes sharply upward, and
its appearance becomes completely identical to the previous
case. This can be easily explained by the action of
{1012}<1011> slight tensile twinning, which for this ori-
entation produces a transfer of the orientation of the single
crystal to an orientation located 3° from the c-axis. In ac-
cordance with the magnitude of the shear for this type of
twinning, a deformation of ~6 % is required for complete
re-twinning of all grains, which is observed for the stage
with low strain hardening (Fig. 4). After this, compression
occurs in the <0001> direction, respectively, similar to
the previous case.

When testing samples in the <1120> direction,
{1012}<1011> light tensile twinning is also active, but
unlike the previous case, the orientation of the twinned single
crystal is characterized by a deviation from the c-axis
by an angle of ~30°. Such an orientation is favourable for
basal slip, which for magnesium has a minimum value of
the critical shear stress. However, a high level of plasticity
is realized stimulating the formation of a texture that coin-
cides with the slip plane for compression, i. e., a basal tex-
ture is formed. Therefore, with increasing deformation,
the compression axis approaches the c-axis, which reduces
the Schmid factor for basal slip and, accordingly, increases
the flow stress.

The mechanical properties of a single crystal of pure
magnesium found during compression testing in different
directions are given in Table 4.
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Fig. 4. Diagrams of compression test of samples of pure magnesium single crystal for three orientations
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Tension test

The diagram of the tensile test of a magnesium single
crystal in the <1100> direction is shown in Fig. 5. This
direction of loading the single crystal by activation of
the deformation systems of the hcp crystal lattice is
characterised by high activity of basal slip and “tensile”
twinning and, to a lesser extent, slip in prismatic and
pyramidal planes. The initial strengthening occurs due to
the system of the easiest basal slip for an hcp crystal,
which is interrupted by the activation of the “tensile”
twinning system at a stress of 32.5 MPa and 2 % de-
formation, forming a “tooth” in the diagram. The sub-
sequent sharp drop in stress is probably associated with
the reorientation of the lattice during twinning to easy
slip, i. e. the Schmid factor for basal slip increases, due
to which the subsequent deformation occurs at a lower
stress. In the range of deformation from 4 to 11 %,
a slight strain hardening supported by slight sliding oc-
curs, but after 12 % deformation, a stepwise decrease in

strength is observed, which is caused by filling the vo-
lume of the sample with intersecting secondary twins
with the formation of macrodefects (cracks) at the inter-
section boundaries. In contrast to compression tests, this
direction demonstrates significantly greater plasticity.

Certain standard mechanical properties are given in
Table 4.

Corrosion tests

The study of the surface of single crystal samples da-
maged by corrosion was carried out using CLSM with
the reconstruction of surface profiles based on the areas
most damaged by corrosion (Fig. 6).

Analysis of the obtained images and profile diagrams
indicates, firstly, that the nature of corrosion damage really
strongly depends on the crystallographic orientation of the
working surface of the single crystal, and secondly, that the
(0001) (Fig. 6 a, 6 b) and (2110) (Fig. 6 e, 6 f) planes are
characterised by uniform corrosion, which is evidenced by

Table 4. Mechanical properties of magnesium single crystal

Tabnuya 4. Mexanuyeckue xapaxmepucmuku MOHOKPUCMATIA MACHUS

No. Direction of application Offset yield stress, Ultimate tensile strength, Percentage elongation
of load MPa MPa (compression), %
1 <0001> compression 2.55+0.05 170+4 7.540.5
2 <1100> compression 2.6+0.05 17545 12.5+0.8
3 <1120> compression 2.65+0.05 14544 4245
4 <1011> tension 8.8+0.2 33+4 34+3
46 Frontier Materials & Technologies. 2025. No. 2
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significant depth fluctuations along the entire length of
the profile diagrams, while the (1010) (Fig. 6 ¢, 6 d) and
(1011) (Fig. 6 g, 6 h) planes, on the contrary, are characte-
rised by localised corrosion with a pit depth of up to 30 pm
with minimal damage to the surface between the pits.

According to confocal microscopy data, the corrosion
rate based on 72-hour tests was 0.51+£0.04, 0.76+0.08,
0.71£0.07, and 0.98+0.10 mm/year for (0001), (1010),
(2110), and (1011) planes, respectively.

DISCUSSION

According to the obtained results (Table 2), the Young’s
modulus for the basal plane is 48.6 GPa, which is achieved
at angles with the c-axis of 15°, which is slightly greater
than the Young’s modulus for the lateral prismatic plane
(1100) — 45.3 GPa.

When testing samples in the <0001> direction,
the maximum possible strain hardening occurs, which is
associated with the action of <c+a> slip. Compression in
the <1100> direction is characterised by low strain hard-
ening at the initial stage as a result of the action of slight
tensile {1012}<1011> twinning, which for this orienta-
tion transfers the single crystal orientation of all grains
into an orientation spaced away from the c-axis by 3°.
This requires a deformation of ~6 %, which is observed
experimentally. After this, compression occurs in the <0001>
direction. Under compression in <1120>, slight tensile
{1012}<1011> twinning is also active, but the orienta-
tion of the twinned single crystal is characterised by
a deviation from the c-axis by an angle of ~30°, and such
an orientation is favourable for basal slip, which pro-
vides high plasticity. With increasing deformation,

the compression axis approaches the c-axis, which re-
duces the Schmid factor for basal slip and, accordingly,
increases the flow stress.

The corrosion process on the surface of magnesium single
crystals can be conditionally divided into two components:
uniform and localised. The first involves complete disso-
lution of the surface layer to a certain depth, and
the second is the formation of local pits. It is illustrated by
the profile diagrams of the corroded surface of differently
oriented surfaces of a magnesium single crystal, shown in
Fig. 6. Since part of the working surface of the sample was
not in contact with the corrosive environment, it was taken
as the zero corrosion level (indicated by a dotted line in
Fig. 6 b, 6 d, 6 f, 6 h). The dashed line in Fig. 6 b, 6 d, 6 f,
6 h conventionally denotes the maximum depth of uniform
corrosion. From Fig. 6, it follows that the minimum depth
h,, (rate) of uniform corrosion corresponds to the (0001)
plane (~6.5 pm, Fig. 6 b), for all the others, it has close va-
lues: ~10, 12.5 and 11.5 pm for the (1010), (2110), and
(1011) planes, respectively (Fig. 6 d, 6 f, 6 h). In this case,
the maximum pit depth 4, took values of 25, 35, 10, and
22 pm for the (0001), (1010), (2110), and (1011) planes,
respectively. According to these results, it becomes obvi-
ous that in a magnesium single crystal, the (1010) plane
has the greatest tendency to pitting (localised) corrosion
(Fig. 6 d), and the (2110) plane has the least tendency
(Fig. 6 f). A theoretical explanation for this phenomenon
has yet to be found.

Based on the above, the previously given values of cor-
rosion rates of 0.51+£0.04, 0.76+0.08, 0.71+0.07, and
0.98+0.10 mm/year for the working (0001), (1010),
(2110), and (1011) surfaces, respectively, are the result of
superposition of uniform and local corrosion rates.
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It should be noted that, according to the obtained data,
the (0001) plane has the lowest average corrosion rate,
which is in good agreement with the results of most works
by other researchers [11; 15]. At the same time, a detailed
analysis of the surface relief shows that the low value of
the average corrosion rate of this plane is primarily caused
by the low rate of uniform corrosion, while the depth of
local corrosion damage in this plane is higher than, for ex-
ample, in the (2110) and (1011) planes. Thus, at a signifi-
cantly lower average corrosion rate, the (0001) plane has
a rather high tendency to local corrosion compared to other
crystallographic planes. It should be considered when de-
signing the microstructure and crystallographic texture of
semi-finished and finished products made of magnesium
alloys that are planned to be used in contact with aggressive
environments. Local corrosion is one of the most dangerous
forms of degradation of metallic materials in an aggressive
environment, since it can lead to a rapid local decrease in
the cross-section of a part and even the occurrence of
through damage in thin-walled products. Moreover, corro-
sion pits formed as a result of the development of this type
of corrosion can serve as crack nuclei in stress corrosion
cracking. At the same time, until now, corrosion studies on
magnesium single crystals have provided data only on
the integral assessment of the corrosion rate, which, as
shown in this paper, do not always provide a sufficiently
complete view of the corrosion resistance of a particular
crystallographic plane.

CONCLUSIONS

1. The anisotropy of the elastic properties of a magne-
sium single crystal is insignificant: Young’s moduli for
the basal and pyramidal directions are 48.6 and 45.3 GPa,
respectively, i. e. they differ by less than 7 %. At the same
time, the Kearns coefficient, which is a quantitative crite-
rion of texture, is 20 times higher for the basal plane (0.81)
than for the pyramidal plane (0.04).

2. The strong anisotropy of the mechanical properties
of a pure magnesium single crystal is caused by the struc-
ture of the hcp crystal lattice and a complex combination
of the work of crystalline deformation systems of slip and
twinning, which differ in configuration. Pure single-
crystal magnesium demonstrates a wide range of me-
chanical parameters: yield strength by 3.5 times, ultimate
strength by 5 times, and plasticity by 5.6 times with varia-
tions in the direction of application of load to a pure mag-
nesium single crystal.

3. The corrosion rate in an aqueous solution of 0.9 %
NaCl on a 72-h basis for the (0001), (1010), (2110), and
(1011) surfaces of magnesium single crystals was
0.51+0.04, 0.76+0.08, 0.714£0.07, and 0.98+0.10 mm/year,
respectively. At the same time, the (2110) plane experi-
ences only uniform corrosion, and the (0001) plane experi-
ences uniform corrosion with minor localised corrosion;
localised corrosion is most intense in the <1010> direction,
and the maximum intensity of the combination of localised
and uniform corrosion is in the <1011> direction.
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Annomayun: Marauii 1 ero CIulaBbl OTHOCSTCS K IEPCTICKTUBHBIM MaTepHasiaM JUIsl IPHMEHEHHS B MEJMIIMHE B CBS3H C UX
CIIOCOOHOCTBIO OE30MacHO PaCTBOPSTHCS B OpraHU3Me desioBeka. OHAKO CKOPOCTb PacTBOPEHHST OMOPe30pOUpyeMbIX NMILIaH-
TaToOB JIOJDKHA HAXOJWUTHCS B JIOCTATOYHO Y3KOM Juarna3oHe. CIO0KHOCTh 00ECTIeUEHHs ITOTO YCIIOBHSI COCTOMT B TOM, YTO Ha
KOPPO3HOHHBIH NPOIIECC B MATHUEBBIX CIUIABaX OKA3bIBAIOT BIMSIHIE OUYCHb MHOTHE (DaKTOPBI, B TOM UYHCIIE €CTECTBEHHAs (MO-
HOKpHCTAJIbHAsT) W TEXHOJIOTHYECKas (CXeMa MOJIydeHHsT) aHu30Tponus. [lyTeM mpoBeieHus TEXHOJIOTHYECKHUX OIEpalyii 1Mo
TEPMOMEXaHNUECKOI 00paboTKe MOXKHO KOHTPOJIMPOBATH Ipoliecc (JOPMHUPOBAHUS TEKCTYpPhI MOy adpuKaTa U HCKYyCCTBEHHO
CO3/1aBaTh MPEUMYILECTBEHHYIO OPUCHTAIIMIO KPUCTAIUIUTOB B CTPYKTYPE MarHMeBbIX CIUIABOB M TAKMM 00pa3oM YIIPAaBISITh UX
KOPPO3HOHHOW CTOMKOCTBIO. J[JIsl 3TOr0 HY)KHBI TOUHBIE 3HAHHUSI O CBS3U KOPPO3HOHHBIX MPOIIECCOB C ONPEACIICHHBIMH KpPH-
crayuiorpauueCKUMH HaIpaBJICHUsIMH, KOTOpbIe HAanOoJIee HaJIe)KHO MOXKHO MOJTYYHTh B OKCIIEPUMEHTAX Ha MOHOKPHCTAIIIAX.
B nacrosiieii paboTe BriepBble Ha OJJHOM U TOM K& MOHOKPHUCTAIIIE MarHUs IIPOBE/ICHBI MEXaHHYECKHe (Ha CHKATHE U PacTshKe-
HHUE) U KOPPO3WOHHBIE WCIIBITAaHHUS Ha 00pa3iiax, UMEIIINX Pa3IMiHylo KpucTaiorpapuyeckyro opreHTanuio. B kadecTse
KOJIMYECTBEHHOTO KPHUTEPHsI €CTECTBEHHOW TEKCTYphI MCHOJNIb30BaIM KoddduienTsl KepHea, paccuuTaHHbBIE 10 PEHTTEHO-
rpamMMaM TpaHei 00pa3oB MOHOKPHCTAJIIA TI0 METO/Ty OOpaTHBIX MOIIOCHBIX (HUTyp. McnbiTaHus 00pa31oB Ha c)KaTHe IPOBO-
unu B Hanpasienusix < 0001 >, < 1100 > u < 1120 >, a Ha pactskenue — < 0001 >. Koppo3HOHHOMY HCIBITAHHIO
TIO/IBEPTAIM TIOBEPXHOCTH OOpA3loB, OMM3KHE MO OpHEHTAIMM K KpHcTamiorpaddeckuM miockocTsiM (0001), (1010),
(2110) u (1011). YcraHopieHo, 4to Mozyib FOHra u kosddurment KepHea s 6asMCHOM M MUpaMUIaIbHOM Tpaneii co-
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ctaBisiroT 48,6 I'Tla u 0,81; 45,3 I'Tla u 0,04 cooTBeTCTBEHHO. BT KpUBBIX HANPSHKEHUS CYIIIECTBEHHO 3aBHCHUT OT OPHEHTAITHH
00pa3IoB 1 ONPEAEIISETCS CTENEHBIO BOBJICYEHHOCTH PA3INYHBIX MEXaHU3MOB B OOMIMII MpoIiece MIAaCTUYECKOH AedopMariyiL.
CkopocTh KOppo3uu B (pusmosiornaeckoM BoaHOM pactBope cocraBa 0,9 % NaCl Ha 6aze 72 u qust mosepxuocteit (0001),
(1010), (2110) u (1010) cocrasuna 0,51; 0,76; 0,71 1 0,98 MM/TOa COOTBETCTBEHHO, TP 3ToM IiockocTd (2110) mpucymia
TOJBKO paBHOMepHas Koppo3sus, miockoctd (0001) — paBHOMepHas ¢ He3HAYUTENHHON JIOKaJIbHOH; HanOoJIee HHTCHCHBHO JIO-
KaJbHas Kopposus uieT B Hampabienun (1010), a MakcuMalbHas HHTEHCHBHOCTH COYETAHMS JIOKATBHOM U PABHOMEPHON —
B HanpaseHnn <1011>.

Knrwouegvle cnosa: MOHOKpUCTAII MarHusi; KpHcTajulorpadMueckue HalpaBiICHHs; aHM30TPONHs; Kod((uiueHT
KepHca; MexaHn4ecKHe UarpaMmbl; CKOPOCTh KOPPO3HH.
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