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The ZE10 magnesium alloy with the rare-earth metal additives, which contribute to a better forming of the alloy, was used as studied 
material. The ZE10 magnesium alloy with the rare-earth metal additives, which contribute to a better forming of the alloy, was used as 
studied material. Sheet material is usually straightened on roller levelers to relieve residual stresses and improve flatness. The metal is 
subjected to alternating deformation by bending when straightening. The changes in the structure, crystallographic texture and, as a 
result, physical and mechanical properties occur in the metal are often not taken into account in the future. The elastic modulus is an 
important parameter, for example, in the production of products using bending. In this work, the elastic modulus of sheets of magnesium 
alloy ZE10 was estimated in three main directions. A starting sheet was obtained by extruding an ingot, then rolling in the longitudinal 
direction and then rolling with a change in direction by 90° after each pass in combination with heating to 350°C. The original sheets 
were subsequently subjected to alternate folding. Evaluations were made of the elastic modulus of the original sheet, as well as the 
sheets after 0.5, 1.0, 3.0 and 5.0 alternating bending cycles. To estimate the elastic modulus, we used the Kearns texture parameters , 
which we calculated from the  inverse pole figures, as well as the elastic constants of the single crystal of the ZE10 alloy found by us. 
The maximum deviation of the calculated and experimental values of the elastic modulus did not exceed 5.2%. Strong correlations and 
quadratic regression equations have been established between the values of the elastic modulus, mechanical characteristics (tensile 
strength, yield stress, elongation), on the one hand, and the above-mentioned parameters of the Kerns texture, on the other hand. The 
approximation reliability coefficients are 0.76 - 0.99. 
KEYWORDS: magnesium alloy, alternating bending, Kearns texture parameters, elastic modulus, tensile strength, ultimate tensile 
strength, relative elongation 

Magnesium, as the lightest metal suitable for the manufacture of structures, is the most attractive for use in the 
aviation and space industries [1]. However, the practical use of pure magnesium is difficult due to unsatisfactory forming 
during plastic deformation [1]. A crystallographic texture of the central basal type mainly is formed during rolling of Mg, 
in which the crystallites are oriented with their hexagonal axis perpendicular to the rolling plane [2]. As a result, for 
example, during subsequent stamping or deep drawing, the material is destroyed. Therefore, in practice, structural 
materials are used not pure magnesium but magnesium-based alloys. In this case, aluminum, zinc, zirconium, lithium, as 
well as rare earth metals or less common metals (LCM)  are used as alloying elements [3]. Such additives to magnesium 
in alloys contribute to an easier plastic flow of the metal during deformation due to an increase in the role of prismatic 
and pyramidal sliding and a decrease in the contribution of the basal one [4]. 

The alloy of magnesium with zinc, zirconium and rare earth metals ZE10 is one of the most promising for practical 
application of magnesium alloys. Before use, sheet material is usually straightened on roller straightening machines [5]. 
With such processing sheet or roll metal subjected to the alternating bending (AB) experiences periodic tensile-
compression deformations. This helps to reduce residual stresses and favors the creation of a flat sheet [5]. Earlier it was 
shown that as a result of alternating bending, the original texture and, as a consequence, the physical and mechanical 
characteristics of the sheet are changed  [6] that should be taken into account in the manufacture of products. 

The alternating bending render most significant impact on the structural parameters and mechanical properties, 
which are sensitive to small deformations during tensile tests. These are texture, yield stress and twins [6, 7]. The texture 
in [6, 7] was represented using inverse pole figures (IPF) of the direction (ND) to the rolling plane (IPF ND). The linear 
equations of regression with approximation reliability coefficients of at least 0.7 were established between the normalized 
values of pole density exceeding one on IPF ND, on the one hand, and values of the yield strength, ultimate tensile strength 
and elongation, averaged over all direction of the sheets, on the other hand [6, 7]. At the same time, it seems more correct 
to compare the values of properties and texture characteristics measured in the same corresponding directions. The use of 
Kearns texture parameters allows carry out this comparison [8]. 

The Kearns texture parameters for materials with a hexagonal structure can be calculated both from their full direct 
pole figures, and from the inverse pole figures (IPF) of the corresponding directions in the sheet - normal direction (ND), 
rolling direction (RD), and transversal direction (TD) [8]. Moreover, knowledge of the Kearns texture parameters and the 
values of the properties of single crystals along and across the hexagonal axis allow calculating the tensor properties (for 
example, elasticity) of a polycrystalline sample in three mutually perpendicular directions [8]. 
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This work aimed the Kearns texture parameters to find and evaluating on this base the elastic and mechanical properties 
of sheets of magnesium alloy ZE10 after industrial processing and subsequent alternating bending (AB). Such approach to 
evaluating of the elastic and mechanical properties of sheets of magnesium alloy ZE10 has not been used before. 

 
MATERIALS AND METHODS 

Sheets of ZE10 magnesium alloy (1.3% Zn, 0.15% Zr, 0.2% rare earth metals (REM), among REM mainly cerium) 
were obtained by processing [9], which consisted of ingot extrusion at a temperature of 350°C, after which a slab 6 mm 
thick and 60 mm wide was obtained. Next, the slab was rolled sequentially in the longitudinal direction to a thickness of 
4.5 mm in 2 passes in combination with heating to 350 ° C after each pass. Further rolling to a thickness of 2 mm was 
performed in the transverse direction in combination with heating to 350°C after each pass. The degree of deformation 
for each pass was approximately 10 %. From a thickness of 2 mm, the direction of rolling was changed by 90° after each 
pass with a degree of deformation of approximately 10 % in combination with heating to 350°C, and thus obtained sheets 
with a thickness of 1 mm (original sheets). 

The alternating bending (AB) was simulated on a manual bending device that included three rollers. The diameter 
of the bending roller was 50 mm. The speed of metal movement during bending was ~ 150 mm/s. The study was performed 
after 0.5; 1.0, 3.0 and 5.0 cycles. One cycle of alternating bending consisted of bending in one direction (0.25 cycles), 
straightening to a flat state (0.5 cycles), bending in the other direction (0.75 cycles) and straightening (1.0 cycle). 

The three series of samples for mechanical testing in every from the three direction namely rolling direction (RD), 
diagonal direction (DN, i. e. at an angle of 45° to the RD), and transverse direction (TD) were cut out from original sheet 
as well as from the sheets after bending for 0.5, 1, 3 and 5 cycles. Mechanical tests of abovementioned samples were 
performed at room temperature on the tensile-testing machine Zwick Z250 / SN5A with a force sensor at 20 kN. The total 
length of the samples was 90 mm. The length and width of the working part of the samples was 30 mm and 12.5 mm, 
respectively.  

For the Young's modulus measuring were cut out the samples through every 15° from the rolling direction (RD) up 
to the transverse direction (TD) (by three samples in every direction) from original sheet as well as from the sheets after 
AB. The length and width of the samples were respectively100 mm and 10 mm. 

The Young's modulus was measured dynamically by the frequency of natural bending oscillations of flat specimens. 
The error Young's modulus measuring did not exceed 1% [10]. 

The average value by three series of measured and tested specimens in each according direction were taken as values 
of the elastic and mechanical properties. 

Samples to the texture study were cut also. 
Before studying the texture, the samples were chemically polished to a depth of 0.1 mm to remove the distorted 

surface layer. The crystallographic texture was investigated on the two surfaces of the sheets, as well as in the rolling 
direction of the samples after above number of the RB cycles by means of the inverse pole figures (IPF) of the normal 
direction (ND IPF) and the rolling direction (RD IPF) on a DRON-3m diffractometer in filtered Kα-Mo X-ray. A 
typesetting sample was used to record of RD IPF. The sample without texture was made of fine recrystallized sawdust of 
the investigated alloy. Morris normalization was used in the construction of the IPFs [11]. 

 

EXPERIMENTAL RESULTS AND DISCUSSION 
The experimental IPFs of the alloy under study are shown in Fig. 1. The texture of the initial sample of the ZE10 

alloy (Fig. 1a,b) is characterized by a wide preferential scattering of normal’s to the basal plane in the TD. The maximum 
deflection angle is 90. Intermediate maxima of the deviation of the hexagonal prism from the ND are observed both 
towards the TD at 40 and towards the RD by 40, in contrast to the texture, which is usually formed in Mg, Ti, and Zr. 

Changes in the character of texture scattering are observed depending on the number of AB cycles (Fig. 1c - m). 
The pole density values on the IPFs change also. The observed changes in the pole density distribution at different stages 
of the AB indicate the occurrence of deformation processes of sliding and twinning [6, 7]. 

The Kearns texture parameters are often used to quantify the texture of hexagonal materials [8]. These coefficients, 

jf  (index j means the corresponding direction ND, RD or TD in the sample) show the degree of coincidence of the c-axes 

of the crystalline hexagonal cells of grains with a given geometric direction in a polycrystalline material and can be found 
by the IPFs according to the ratio 

2 2cos cosj i i ji ij
i

f A P    ,                                                                  (1) 

where 
 

i R
ji

i i R

I I
P

A I I





; i RI I  is the ratio of the integral intensity of the i-th reflex on the j-th IPF to the corresponding 

value of the intensity of the reflex of the sample without texture RI ; iA  is statistical weights of the i-th reflex 

 1i jiA P   [12]. Conditionally iA  determined by the fraction of the surface area of the stereographic triangle around 
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the normal to the i-th reflex of the corresponding IPF; i  is the angle of deviation from the c axis of the i-th 

crystallographic direction for the j-th direction in the sample. 
For hexagonal single crystal, the value of some properties connecting two vector quantities or a tensor with a scalar 

quantity is determined [13] as: 

   2 2cos 1 cosc aref
P P P                                                                     (2) 

Where  ref
P   is property in the selected direction, aP  and cP  are the properties of a single crystal in a direction 

perpendicular and parallel to the direction 0002 , respectively, φ is the angle between the selected direction and  0002 . 

 

 
Figure 1. Experimental IPFs of the alloy ZE10: (a, b) are IPFs of the original sheet; (c - e) are IPFs after 0.5 of the RB cycle; (f - h) are 
IPFs after 1 of the RB cycle; (i - k) are IPFs after 3 of the RB cycles; (l - n) are IPFs after 5 of the RB cycles; (a, c, f, i, l) are IPFs of 
ND; (b, e, h, k, n) are IPFs of RD; (d, g, i, m) correspond to the stretched out sides of the sheets; (c, e, h, l) correspond to the compressed 
sides of the sheets 

Assuming that crystallites in a polycrystalline contribute to the volumetric property in proportion to their volume 

fraction, iV , the contribution to the volumetric property of crystals whose axes c are oriented at an angle of inclination φ 

to the chosen direction can be written in the form: 

   2 1 cosi c i i a i iref
P PV cos PV     .                                                      (3) 

Summing over the entire volume, we get: 

   2 1 cosi c i i a i iref
i i

P P V cos P V      .                                               (4) 
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Since i
i

V  = 1, and 2
i i

i

V cos   = jf  is the Kearns texture parameter, we can write 

   1i j c j aref
P f P f P   .                                                                   (5) 

To find the Kearns texture parameters by formula (1), we used the IPFs in Fig. 1, the values of iA  were taken 

from [12]. To calculate the angles between the crystallographic planes of a hexagonal single crystal using the known 
formulas [14], it is necessary to know the ratio of the crystal lattice parameters c/a of the alloy under study. According to 
our data, for magnesium alloy ZE10   1.622c a  . A similar result was also obtained by the authors of [15]. 

Kerns showed [8] that if a material property can be described by a tensor (for example, elasticity), then it obeys 
relation (5). In this case, the sum of jf  in the three main directions of the sample should be equal to one and a value of 

jf  = 1/3 in each direction determines the isotropic case. Thus, if the Kearns texture parameters found from ND IPF  NDf  

and RD IPF  RDf  are known, then can find the Kearns parameter for the third direction in the sheet - the transverse 

direction (TD) - TDf  by the ratio: 

1ED TD RDf f f                                                                                  (6) 

The Kearns texture parameters calculated from ND IPF  NDf  and RD IPF  RDf  in Fig. 1 as well as TDf  found 

using relation (6) are given in Table. 1. 

Table 1. Kearns texture parameters 

Cycles number, n 
Kearns texture parameters 

(1)
NDf  (2)

NDf  ( )av
NDf  RDf  TDf  

0 0.340 0.340 0.340 0.176 0.484 
0.5 0.322 0.324 0.323 0.203 0.474 
1.0 0.322 0.318 0.320 0.208 0.472 
3.0 0.326 0.306 0.316 0.217 0.467 
5.0 0.323 0.315 0.319 0.153 0.528 

Analysis of the distribution of pole density on the ND IPFs of opposite sides of the sheets after a different number 
cycles of AB showed certain inconsistencies (Fig. 1, c, d; f, g; i, j; l, m). The cause of these discrepancies is due to the 
fact that when bent to one side, the metal layers on the convex side of the sheet are subjected to tensile deformation. At 
the same time, the corresponding metal layers on the concave side of the sheet are deformed by compression. The 
deformation processes are alternated when the sign of bending is periodical changed. Similar inconsistencies in the 
distribution of the pole density on the IPFs of the outer and inner sides of the strips obtained after cutting along the axis 
and subsequent straightening of the tube made of Zr-2.5% Nb alloy were found earlier in [16]. 

The noted inconsistencies are reflected on the values of the Kearns texture parameters, calculated from the ND IPFs 
of opposite sides of the sheets after the AB ( (1)

NDf , and (2)
NDf , Table 1). For further analysis of the AB effect on the properties 

of investigated alloy in the ND to the sheets plane were used of the Kearns texture parameters averaged over both sides 
of the sheets after the corresponding number of AB cycles. 

The values of the modulus of elasticity, measured every 15 in the rolling plane of the sheets of investigated alloy, 
are presented in Table 2. 

Tables 3-5 show the experimental values of ZE10 alloy mechanical characteristics: ultimate tensile strength UTS , 

yield strength YS  and relative elongation  = /l l . 

Table 2. Experimental elastic modulus expE  after alternating bending of ZE10 alloy sheets 

Angle with the 
RD, deg. 

Elastic modulus expE , GPa 

Number of the AB cycles, n 
0 0.5 1.0 3.0 5.0 

0 46.3 46.0 45.8 45.0 44.8 
15 44.3 44.0 43.8 43.5 43.7 
30 43.5 43.1 43.0 43.1 42.8 
45 43.1 43.0 42.8 42.7 42.5 
60 43.3 43.2 43.0 42.5 42.5 
75 43.6 43.5 43.1 43.0 42.8 
90 43.9 43.8 43.0 43.3 43.3 
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Table 3. Ultimate tensile strength UTS  after alternating bending of ZE10 alloy sheets 

Angle with the 
RD, deg. 

Ultimate tensile strength UTS , MPa 

Number of the AB cycles, n 
0 0.5 1.0 3.0 5.0 

0 246.0 250.0 252.0 256.0 250.0 
45 231.0 219.0 219.0 221.0 229.0 
90 216.0 221.0 225.0 234.0 214.0 

Table 4. Yield strength YS  after alternating bending of ZE10 alloy sheets 

Angle with the 
RD, deg. 

Yield strength YS , MPa 

Number of the AB cycles, n 
0 0.5 1.0 3.0 5.0 

0 174.0 174.0 102.0 89.0 173.0 
45 132.0 99.0 88.0 100.0 89.0 
90 91.0 88.0 89.0 91.0 96.0 

Table 5. Relative elongation  = /l l  after alternating bending of ZE10 alloy sheets 

Angle with the RD, 
deg. 

Relative elongation  = /l l , % 
Number of the AB cycles, n 

0 0.5 1.0 3.0 5.0 
0 23.1 21.0 20.5 19.1 28.3 

45 28.0 36.1 19.1 35.6 25.0 
90 33.4 32.6 33.0 31.0 34.3 

Let us estimate the value of the elasticity modulus of the alloy under study in three directions of the sheets: RD, TD 
and ND. For this we are used the Kerns texture parameters (Table 1) and the single crystal elastic constants of the alloy 
under study. Earlier in [17], we found the values of the elastic constant 11S  and the combination of the elastic constants 

13 11 440.5a S S S   ,                                                                                 (7) 

11 33 13 442b S S S S    .                                                                             (8) 

According to [17] 
11 1

11( 2.287; 0.100; 0.128) 10S a b Pa      .                                                  (9) 

Simple transformations of relations (7) - (9) made it possible to calculate the elastic constant of 11 1
33 2.22 10S Pa   . 

A relation was obtained in [18] that makes it possible to express the elastic modulus in terms of the Miller indices, 
the ratio c a , and the elastic constants of a hexagonal single crystal: 

 

     

2 2
2

22 2 2
2 4 2

11 44 33
33

2

3
( )

2 2
2

3 3

h k a
h l

c
E hkl

h k h ka a
S h S l S S h l

c c

      
   

                              

.            (10) 

As a result of substitution of the corresponding quantities of 11S , 33S , h, k, l, c, and a into relation (10), we obtain that 

33

1
(001) CE E

S
   = 45.147 GPa,                                                         (11) 

11

1
(100) (110) aE E E

S
    = 43.730 GPa.                                              (12) 

Now let us estimate the value of the elastic modulus of the sheets of the investigated alloy in three directions of the 
sheet RDE , TDE , and NDE  by a relation of the type (8), using the values of the elastic modulus of the single crystal along 

and across the hexagonal axis of the ZE10 alloy (11) and (12), as well as the corresponding of the Kerns texture parameters 
(Table 1). The calculation results are presented in the Table 6. The experimental values of the modulus of elasticity for 
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convenience of comparison are also given in the Table 6. It is seen that the maximum deviation of the calculated and 
experimental values of the elastic modulus was 5.2%. 

We could not experimentally measure the elastic modulus in the normal direction NDE  to the rolling plane due to 

the small sheet thickness (1 mm). The value of the NDE  in the original sheet of the ZE10 alloy estimated earlier us in [16] 

was 43.8 GPa. The value of the NDE  obtained in this work (Table 6) deviates from the above value by 0.9% (Table 6). 

Unfortunately, it is impossible to estimate the value of the mechanical characteristics of the alloy under study using 
the Kearns texture parameters, similar to the above calculations for the elastic modulus, since data on the strength and 
plastic properties of the single crystal of the alloy ZE10 are missed in the literature. 

Table 6. Experimental and calculated elastic modulus after alternating bending of ZE10 alloy sheets 

Number of the 
AB cycles, n 

exp
RDE , GPa calc

RDE , GPa E/Eexp, % exp
TDE , GPa calc

TDE , GPa E/Eexp, % calc
NDE , GPa 

0 46.3 43.9 5.2 43.9 44.4 -1.1 44.2 

0.5 46.0 44.0 4.3 43.8 44.4 -1.4 44.2 

1.0 45.8 44.0 3.9 43.5 44.0 -1.1 44.2 

3.0 45.0 44.1 2.0 43.3 44.4 -2.5 44.2 

5.0 44.8 44.0 1.8 43.3 44.5 -2.8 44.2 
 

It is known that one of the main causes for the appearance of anisotropy in the physical and mechanical properties 
of polycrystalline metallic materials is the crystallographic texture formed during deformation. As mentioned above, 
Kearns texture parameters are often used to quantify the texture of hexagonal materials [19]. 

Let us analyze the observed changes in the studied characteristics (Tables 2-5) in connection with the 
crystallographic texture, represented by the Kearns texture parameters (Table 1). The analysis was showed that there are 
strong correlations between the values of the modulus of elasticity, mechanical characteristics, on the one hand, and the 
above-mentioned Kearns texture parameters, on the other hand. The corresponding regression equations and 
approximation reliability coefficients are represented by the relations (13) - (20): 

 exp 2 21514.6 563.9 6.0; 0.99RD RD RDE f f R      (13) 

 exp 2 2846, 2 841.4 165.1; 0.90TD TD TDE f f R      (14) 

 exp 2 248102.0 16566.0 1239.5; 0.76YSRD RD RDf f R      (15) 

 exp 2 22047.1 1932.7 545.8; 0.84YSTD TD TDf f R     (16) 

 2 24640.5 1584.7 381.0; 0.99RD
UTSRD RD RDf f R     (17) 

 exp 2 217176.0 17387.0 4606.3; 0.94UTSRD TD TDf f R     (18) 

 exp 2 21437.3 664.0 96.0; 0.98RD RD RDf f R     (19) 

 exp 2 21916.6 1952.8 462.5; 0.84TD TD TDf f R      (20) 

 
CONCLUSION 

The crystallographic texture of the original sample of polycrystalline magnesium alloy ZE10 after ingot extrusion, 
further rolling in the longitudinal direction and subsequent rolling with a direction change by 90 after each pass in 
combination with heating to 350C is characterized by a wide predominant scattering of normal’s to the basal plane in 
the TD with a maximum angle deviations of 90 and intermediate maxima of the deviation of the hexagonal prism from 
the ND both towards the TD by 40 and towards the RD by 40, in contrast to the texture, which is usually formed in Mg, 
Ti and Zr. 

Inconsistencies in the distribution of pole density on the ND IPF after a different number cycles of alternating bending 
are caused by alternating deformation by stretching and compression, respectively, on the convex and concave sides of 
the sheets results to a mismatch of the Kearns texture parameters, which were calculated from the ND IPF of opposite 
sides of the sheets.  

Evaluations of the elastic modulus in three main directions of the original sheet of magnesium alloy ZE10, as well as 
sheets after 0.5; 1.0; 3.0; and 5.0 cycles of alternating bending were carried out using the Kearns texture parameters and 
the elastic constants of the alloy single crystal. The maximum deviation of the calculated and experimental values does 
not exceed 5.2%. 
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Strong correlations the elastic modulus and mechanical characteristics values with Kearns texture parameters 
established and quadratic regression equations with approximation reliability coefficients of 0.76 - 0.99 were found. 

The presented results may be useful to develop a technology for obtaining improved characteristics of the shaping and 
minimal anisotropy of mechanical characteristics of magnesium alloys sheets. 
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Матеріалом для дослідження послужив сплав ZE10 магнію з добавками рідкісноземельних металів, які сприяють кращої 
формозміни сплаву. Листовий матеріал після прокатки зазвичай випрямляють на роликових правильних машинах для зняття 
залишкових напружень і поліпшення площинності. В процесі правки метал піддається знакозмінної деформації вигином. Не 
дивлячись на незначну деформацію в процесі правки, в металі відбувається помітні зміни структури, кристалографічної 
текстури і, як наслідок, фізико-механічних властивостей, що часто не враховується в подальшому. Модуль пружності є 
важливим параметром, наприклад, при виробництві виробів за допомогою гнуття. У даній роботі нами була проведена оцінка 
модуля пружності листів магнієвого сплаву ZE10 за трьома основними напрямками. Вихідний лист був отриманий шляхом 
екструзії злитка, подальшим вальцюванням в поздовжньому напрямку та наступним вальцюванням зі зміною напрямку 
вальцювання на 90 ° після кожного проходу в поєднанні з нагріванням до 350° C. Вихідні листи в подальшому піддавалися 
знакозмінному вигину. Нами були проведені оцінки модулів пружності вихідного листа, а також листів після 0,5, 1,0, 3,0 і 5,0 
циклів знакозмінного вигину. Для оцінки модуля пружності використані параметри текстури Кернса, розраховані нами зі 
зворотних полюсних фігур, а також знайдені нами пружні постійні монокристала сплаву ZE10. Максимальне відхилення 
розрахункових і експериментальних значень модуля пружності не перевищувало 5,2 %. Нами було встановлено сильні 
кореляційні зв’язки та квадратні рівняння регресії між значеннями модуля пружності, механічних характеристик (межа 
міцності, границя текучості, відносне подовження), з одного боку, і згаданими вище параметрами текстури Кернса, з іншого 
боку. Коефіцієнти надійності апроксимації склали 0,76 - 0,99. 
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