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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
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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] alloyfattice, parallelepipedhaped samples were cut from a single
The Kearns coefficients are estimated from the inverse poigstal usingEDM cutting. The orientation of certain faces of
figures for theX direction of the specimen: the parallelejpeds was close to the orientations of {0@01),

(p mm), (Cppm), and p @p) crystallographic planes, regpe

n tively, for samples numbered 1, 2, 3, and 4. Before testing,
fy : AiR*f;, (2) the working faces of the samples were polished sequentially
il usingalcoholdiamondsuspensions with particle sizes of 3, 1,
wherei=hkl; and 0.25 P DQG WKHQ VXEMHFWHG WR LRQ S
i is the angle between the norn@l(hkl) and thec-axis of ionised argon using a Hitachi IM4000 Plosachine(Japan).
the hcp magnesium lattice After that, using EBSDnethod the crystallographic oriest

The Kearns coefficientf§ varies from zero for anyid tion of the working surface of treamples wagpreciselyde-
rections in the basal plane to unity for the normal termined (shown in the inverse pole figuréig. 2).
the basal planec{axis). Corrosion tests of samplesél of the magnesium single

Moreover, the data on texture obtained as an invetsgstal were carried out using an original corrosion unit
pole figure were used to calculate the Yo@nmodulus in [21] for 72h. During the test, only the area of ts@mple
the direction for which this pole figure was obtained, takingorking surface limited by a sealing ringtian internal
into account the reference values of single-crystal modulidiimeter of 4nm was in contact with the corrosion gel
the material. Youn§ moduli for hcp of crystals dependion. A physiological aqueous solution of @@ NaCl was

only on the angle with thec-axis: used as the corrosion medium. Maintaining the temperature
in the cell atthe level of “ f& DV ZHOO DV PLJL
EJ B, co$J2S; 2S; Sy the liquid, was ensured by circulating the corrosion solution
. 3 i i ' i
cod J S $: 2Ss Su @ (3) using a peristaltic pump and a glass heat exchamger i

mersed in a thermostat tank with distilled water.
After testing, corrosion products were removed from
Then the value of Youn§ modulus in an arbitrarydi- the sample surface by immersing the sample fonir2in
rection can be determined from the relation a standard aqueous solution of @0Cr0O; + 1% AgNOs.
Then, the samples were washed with alcohol, dried with

n compressed air, and the surface af ginglecrystal san-
E : R*AE;. (4) ples damaged by corrosion was examined using a LEXT
il OLS4000 confocal laser scanning microscope (CLSM)
(Olympus, Japan). Imaging was performed at a magnific
The values of single-crystal compliance moduli for MW LR Q R T ZLWK D VFDQB&ax3XfVWHS D
are given in Tablé [20]. 08 P $ SDQRMPLRI T IUDPHYV ZDV EXLOV

To study the relationship between corrosion processes aWK H HQWLUH VDPSOH 7KH VL]HPRI RQH |
the crystallographic directions of the magnesium tatysin order to remove optical noise after imaging, a digital

Table 1.Values of the ductility moduli of Mg [21]
LZ[ebpZAgZg_gby fh me_c ihMgkdb\hklb

Unit of measurement/ direction St Si» Si3 Ss3 Sus

10? GPd* 2.21 i0.78 {0.49 1.99 6.03

Fig. 2. Inverse pole figure indicating the crystallographic orientation
of the working surface of magnesium single crystal sampies 1
JbKR.H[jZzIgZy ihexkgZy nblmjZ k mdZazZgb_f djbklZeeh]jZznbq_kdhc hjb_glZphbl
jZ[hg_c ih\_joghklb h[jZaph\ fhghdjbklZeezZ fZ]gby <
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