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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       ,         and 

        directions, and to tension tests in the        direction. The specimen surfaces with orientations close to 

the       ,        ,         , and         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 dete r-

mined by the degree of involvement of various mechanisms in the overall plastic deformation process. The rate of co r-

rosion in a physiological aqueous solution of 0.9 % NaCl on a 72-h basis for the       ,        ,         , and 

        surfaces was 0.51, 0.76, 0.71 and 0.98 mm/year, respectively. In this case, the          plane experienced only 

uniform corrosion, the (0001) plane experienced uniform corrosion with minor localised corrosion; the most intense 

localised corrosion is observed in the         direction, and the maximum intensity of the combination of localised and 

uniform corrosion is in the <     > 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 30×19×62 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 6.5×6.0×5.5 mm for compression 

testing and (2) in the form of specimens of a dog bone 

shape with cross-section dimensions of 4.0×3.0 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 <     > 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 0.83·10
−3

 s
−1

 

for both compression and tension. 

The texture was studied by the X-ray diffraction method 

using a SHIMADZU XRD-6000 vertical 2Θ-Θ 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 Ai coefficients. 

The values of the pole densities Pi for reflections i=hkl 

were determined by the relation 
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where Ai 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); 

Ii and Ri 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 

 

 

 

       

 a b c 

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) 
Рис. 1. Чертеж образцов монокристалла магния на растяжение (a),  

стериографическая проекция кристаллографического направления <0001> (b)  

и ориентация решетки по отношению к продольной оси (c) 
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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: 
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where i=hkl;  

γi is the angle between the normal to (hkl) and the c-axis of 

the hcp magnesium lattice.  

The Kearns coefficient (fi) 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 γ angle with the c-axis: 
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Then the value of Young’s modulus in an arbitrary x di-

rection can be determined from the relation 
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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), 

(     ), (      ), and (     ) 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 μm, 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 1–4 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 % CrO3 + 1 % AgNO3. 

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 400× with a scanning step along the Z-axis of 

0.8 μm. A panoramic image of 6×6 frames was built for  

the entire sample. The size of one frame was 640×640 μm. 

In order to remove optical noise after imaging, a digital

 

 

 
Table 1. Values of the ductility moduli of Mg [21] 

Таблица 1. Значения модулей податливости Mg [21] 

 

 

Unit of measurement / direction S11 S12 S13 S33 S44 

10−2 GPa−1 2.21 −0.78 −0.49 1.99 6.03 

 

 

 

 

 

Fig. 2. Inverse pole figure indicating the crystallographic orientation  

of the working surface of magnesium single crystal samples 1–4 
Рис. 2. Обратная полюсная фигура с указанием кристаллографической ориентации  

рабочей поверхности образцов монокристалла магния 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]: 

 

tS

V
P





87600

 (mm/year), (5) 

 

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 c), according to 

which the block misorientation value Δα 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 (     ) (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>, <     >, 

and <     >. 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 

 

 

 

       

 a b 

 

c 

Fig. 3. X-ray diffraction patterns of faces parallel to: a – basal (0001) and b – prismatic (     ) planes;  

с – ω-scans of a face parallel to the (0001) basal plane  

Рис. 3. Рентгенограммы граней, параллельных: a – базисной (0001) и b – призматической (     ) плоскости;  

с – ω-сканирования грани, параллельной базисной плоскости (0001) 
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Table 2. Scheme for calculating the Young’s modulus and the Kearns coefficient (f-factor) for the basal face 

Таблица 2. Схема расчета модуля Юнга и коэффициента Кернса (f-фактор) для базисной грани 

 

 

hkl γ, degree Ehkl, GPa f Phkl Ahkl PhklхАxEhkl Phklxfhkl 

100 90.0 45.2 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 43.3 0.22 0.11 0.044 0.2 0.00 

102 43.2 43.4 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 

112 58.4 43.1 0.27 0.42 0.039 0.7 0.00 

201 75.1 44.5 0.07 0.51 0.058 1.3 0.00 

104 25.1 46.4 0.82 0.00 0.042 0.0 0.00 

203 51.3 43.0 0.39 0.00 0.050 0.0 0.00 

120 90.0 45.2 0.00 0.00 0.051 0.0 0.00 

121 78.6 44.8 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 47.4 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 44.1 0.11 0.00 0.039 0.0 0.00 

    
  END=48.6 GPa FND=0.81 

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

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

ƒ is Kearns coefficient; 

Ehkl is Young’s modulus in the hkl direction; 

Phkl is pole density of reflections; 

Аhkl 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; 

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

FND 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 

Таблица 3. Схема расчета модуля Юнга и коэффициента Кернса (f-фактор) для призматической грани 

 

 

hkl γ, degree Ehkl, GPa f Phkl Ahkl PhklхАxEhkl Phklxfhkl 

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 43.3 0.22 0.04 0.044 0.1 0.00 

102 43.2 43.4 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 
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Continue of table 3 

 

112 58.4 43.1 0.27 0.00 0.039 0.0 0.00 

201 75.1 44.5 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 51.3 43.0 0.39 0.00 0.050 0.0 0.00 

120 90.0 45.2 0.00 0.00 0.051 0.0 0.00 

121 78.6 44.8 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 47.4 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 44.1 0.11 0.00 0.039 0.0 0.00 

      
END=45.3 GPa FND=0.04 

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

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

ƒ is Kearns coefficient; 

Ehkl is Young’s modulus in the hkl direction; 

Phkl is pole density of reflections; 

Аhkl 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; 

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

FND 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 <     > and <     > 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 <     > 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 {     }<     > 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 <     > 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 

{     }<     > 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 <     > direction, 

{     }<     > 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 

Рис. 4. Диаграммы испытаний образцов монокристалла чистого магния  

на сжатие для трех ориентаций 

 

 

 

Tension test 

The diagram of the tensile test of a magnesium single 

crystal in the <     > 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 (      ) (Fig. 6 e, 6 f) planes are 

characterised by uniform corrosion, which is evidenced by

 

 

 
Table 4. Mechanical properties of magnesium single crystal 

Таблица 4. Механические характеристики монокристалла магния 

 

 

No. 
Direction of application  

of load 

Offset yield stress,  

MPa 

Ultimate tensile strength,  

MPa 

Percentage elongation  

(compression), % 

1 <0001> compression 2.55±0.05 170±4 7.5±0.5 

2 <     > compression 2.6±0.05 175±5 12.5±0.8 

3 <     > compression 2.65±0.05 145±4 42±5 

4 <     > tension 8.8±0.2 33±4 34±3 
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Fig. 5. Diagram of the test of a pure magnesium single crystal sample for uniaxial tension in the <     > direction 

Рис. 5. Диаграмма испытания образца монокристалла чистого магния  

на одноосное растяжение в направлении <     > 

 

 

 

significant depth fluctuations along the entire length of  

the profile diagrams, while the (     ) (Fig. 6 c, 6 d) and 

(     ) (Fig. 6 g, 6 h) planes, on the contrary, are characte-

rised by localised corrosion with a pit depth of up to 30 μm 

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), (     ), 

(      ), and (     ) 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 

(     ) – 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 <     > direction is characterised by low strain hard-

ening at the initial stage as a result of the action of slight 

tensile {     }<     > 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 <     >, slight tensile 

{     }<     > 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 

hun (rate) of uniform corrosion corresponds to the (0001) 

plane (~6.5 μm, Fig. 6 b), for all the others, it has close va-

lues: ~10, 12.5 and 11.5 μm for the (     ), (      ), and 

(     ) planes, respectively (Fig. 6 d, 6 f, 6 h). In this case, 

the maximum pit depth hloc took values of 25, 35, 10, and 

22 µm for the (0001), (     ), (      ), and (     ) planes, 

respectively. According to these results, it becomes obvi-

ous that in a magnesium single crystal, the (     ) plane 

has the greatest tendency to pitting (localised) corrosion 

(Fig. 6 d), and the (      ) 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), (     ), 

(      ), and (     ) surfaces, respectively, are the result of 

superposition of uniform and local corrosion rates. 
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Fig. 6. Image of corroded surface (a, c, e, g) and corresponding profile diagrams (b, d, f, h)  

for working (0001) (a, b), (     ) (c, d), (      ) (e, f), and (     ) (g, h) surfaces according to CLSM data. 

Dotted line – zero level; dashed line – maximum level of uniform corrosion 

Рис. 6. Изображение прокорродированной поверхности (a, c, e, g) и соответствующие им профилограммы (b, d, f, h)  

для рабочих поверхностей (0001) (a, b), (     ) (c, d), (      ) (e, f) и (     ) (g, h) по данным КЛСМ. 

Мелкий пунктир – нулевой уровень; средний пунктир – максимальный уровень равномерной коррозии 
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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 (      ) and (     ) 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), (     ), (      ), and 

(     ) surfaces of magnesium single crystals was 

0.51±0.04, 0.76±0.08, 0.71±0.07, and 0.98±0.10 mm/year, 

respectively. At the same time, the (      ) 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 <     > direction, 

and the maximum intensity of the combination of localised 

and uniform corrosion is in the <     > direction. 
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Аннотация: Магний и его сплавы относятся к перспективным материалам для применения в медицине в связи с их 

способностью безопасно растворяться в организме человека. Однако скорость растворения биорезорбируемых имплан-

татов должна находиться в достаточно узком диапазоне. Сложность обеспечения этого условия состоит в том, что на 

коррозионный процесс в магниевых сплавах оказывают влияние очень многие факторы, в том числе естественная (мо-

нокристальная) и технологическая (схема получения) анизотропия. Путем проведения технологических операций по 

термомеханической обработке можно контролировать процесс формирования текстуры полуфабриката и искусственно 

создавать преимущественную ориентацию кристаллитов в структуре магниевых сплавов и таким образом управлять их 

коррозионной стойкостью. Для этого нужны точные знания о связи коррозионных процессов с определенными кри-

сталлографическими направлениями, которые наиболее надежно можно получить в экспериментах на монокристаллах. 

В настоящей работе впервые на одном и том же монокристалле магния проведены механические (на сжатие и растяже-

ние) и коррозионные испытания на образцах, имеющих различную кристаллографическую ориентацию. В качестве 

количественного критерия естественной текстуры использовали коэффициенты Кернса, рассчитанные по рентгено-

граммам граней образцов монокристалла по методу обратных полюсных фигур. Испытания образцов на сжатие прово-

дили в направлениях       ,         и        , а на растяжение –       . Коррозионному испытанию 

подвергали поверхности образцов, близкие по ориентации к кристаллографическим плоскостям       ,        , 

         и        . Установлено, что модуль Юнга и коэффициент Кернса для базисной и пирамидальной граней со-
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ставляют 48,6 ГПа и 0,81; 45,3 ГПа и 0,04 соответственно. Вид кривых напряжения существенно зависит от ориентации 

образцов и определяется степенью вовлеченности различных механизмов в общий процесс пластической деформации. 

Скорость коррозии в физиологическом водном растворе состава 0,9 % NaCl на базе 72 ч для поверхностей       , 

       ,          и         составила 0,51; 0,76; 0,71 и 0,98 мм/год соответственно, при этом плоскости          присуща 

только равномерная коррозия, плоскости (0001) – равномерная с незначительной локальной; наиболее интенсивно ло-

кальная коррозия идет в направлении        , а максимальная интенсивность сочетания локальной и равномерной –  

в направлении <     >. 

Ключевые слова: монокристалл магния; кристаллографические направления; анизотропия; коэффициент 

Кернса; механические диаграммы; скорость коррозии. 
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