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Effect of deformation by extrusion, rolling after extrusion (in combination with annealing and changing the rolling direction), and
subsequent alternating bending (AB) with the number of cycles 0.5, 1, 3, and 5 on the elastic modulus (£), damage accumulation
parameter (damage parameter ®), crystallographic texture, and substructure parameters of the binary Mg-5%Li alloy have been
studied. The damage parameter (0 < o < 1), which is interpreted as the relative reduction in the effective load-bearing cross-sectional
area due to damage accumulation, was found by the change in the elastic modulus after various above types of deformation. At this,
we used to compare equivalent deformation and equivalent elastic energy models. The substructure parameters (crystalline domains
sizes D, lattice distortion &, dislocation density p) were estimated by analyzing the physical broadening of the lines diffraction on the
crystal lattice of studied alloy of the penetrating hard X-ray synchrotron radiation. It was found that in the studied alloy, sheet forms a
texture, at which the hexagonal prism axis is 90° deviated from the normal direction (ND) to the sheet up to transverse direction (TD)
after extrusion of the ingot at 350°C in combination with its further rolling in the direction of extrusion axis (rolling direction RD) to
a thickness of 4.5 mm and annealing at 350°C after each pass. At this the crystallographic directions (1120) and (1010) coincide
with RD. The texture, at which the hexagonal prism axis is deviated from ND to TD by angles ranging from 15 to 70° (unlike from
texture of basal type of the pure magnesium) is formed after further rolling of studied alloy to a thickness of 1 mm with the changing
of the RD on 90° in combination with annealing at 350°C after each pass. The crystallographic direction (2131) coincides with RD.
The anisotropy of above mentioned characteristics was found. Correlation and regression analysis showed that the anisotropy and the
values of E, D, €, and p, are decreased, and the values of o are increased with an increase of alternating bend cycles’ number. It is
shown that changes in the above characteristics are mainly due to the crystallographic texture formed during thermomechanical
processing and subsequent alternating bending of Mg-5%Li alloy sheets, which is confirmed by data of correlation and regression
analysis.

KEYWORDS: extrusion, rolling, alternating bending, texture, anisotropy, Young's modulus, damage parameter, substructure.

Magnesium and its alloys have recently attracted scientific and practical interest due to the increased demand for
weight loss in a number of industries such as automotive, acrospace. Low density and high specific strength are the
basis for such interest [1]. However, pure magnesium and its usual alloys with aluminum and zinc of the AZ31 type
exhibit insufficient formability during stamping and deep drawing [2]. It is known that magnesium shows a pronounced
anisotropy of mechanical properties after deformation. Anisotropy of the mechanical properties arises mainly due to the
pronounced texture, which develops during plastic deformation, which is typical for metals with a hexagonal crystal
structure. Moreover, in the production of sheet material, texture can, in principle, affect the production process and the
resulting mechanical properties. The deformation behavior of hexagonal metals as a whole significantly complicates the
variety of possible deformation mechanisms, such as basic, prismatic, pyramidal sliding and a number of twinning
modes. In addition, activation of deformation mechanisms depends on the c¢/a ratio [3]. Thus, there is a need for the
development of new magnesium alloys with high corrosion resistance and good mechanical properties. It was shown
that alloying magnesium with a small amount of lithium can significantly increase the ductility and corrosion resistance
even in an alloy with a hexagonal lattice [4].

Usually, sheet and rolled metal would be straightened by roller straightening machines before use in order to
reduce residual stresses and increase flatness [5]. In the process of straightening, sheet metal is subjected to alternating
tensile deformation of the convex side and compression on the concave side of the sheet due to alternating bending
(AB). Significant changes in the microstructure and texture occur during the AB process, despite a slight deformation
[6]. The crystallographic texture formation in Mg — 5% Li (wt) alloy sheets was studied in [6], after the ingot extrusion
and subsequent rolling at a change in direction, as well as the effect of the subsequent AB on the microstructure, texture
and anisotropy of mechanical properties. It was found that the intensity and scattering of the texture depend on AB
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cycles number. The most significant changes in texture were observed after 3...5 cycles of AB. Texture changes
affected the anisotropy of mechanical properties. Regular changes in the anisotropy of both mechanical properties and
the microstructure, represented by equiaxed grains containing twins, occur during alternating bending.

At the same time, it is not investigated the tendency to destruction of Mg-5%Li alloy sheets obtained as a result of
deformation by extrusion and subsequent rolling with a change in direction and further alternating bending. As was
mentioned above, the alternating bending is used to increase flatness and reduce of residual stresses in the sheet metal
before its use. In this case, sub- and microdefects accumulate in the metal during deformation: point (vacancies and
interstitial atoms), linear (dislocations), surface (submicrocracks), bulk (micropores). Association of these defects
during the increase in deformation leads to formation of microcracks, which are combined into the main crack that can
lead to failure [7, 8].

The damages accumulation concept of the continuum mechanics turned out to be promising for describing the
macroscopic behavior of a material during deformation. To characterize the accumulation of damage, the so-called
damage parameter o is used, which was proposed already in the early works of Kachanov [7] and Rabotnov [8], and is
also being developed in our time [9 - 11].The damage parameter 0 < ® < | characterizes the totality of microstructural
changes in the material caused by the appearance and accumulation of microdefects under operational loads. The
damage parameter is interpreted as the relative reduction in the effective load-bearing cross-sectional area due to the
accumulation of damages. Material degradation is caused by a gradual decrease in the effective area, which actually
bears tensile loads and determines the tensile strength of the sample. With this interpretation, the damage parameter can
be represented as follows:

W= (S - SO)/SO’ (1)

where S, and S is the cross-sectional area of the intact sample and the current cross-sectional area of the tested
sample, respectively; (S, - ) is the area occupied by microvoids and microcracks.

The damage parameter can be obtained by measuring of elastic modulus changes, with this interpretation.
According to the hypothesis of equivalent deformation [9], the damage parameter ® can be found from the relation

w=1_E/E0’ )

where Ey and E are the elastic modulus of the intact sample and the current modulus value of the tested sample,
respectively.
If we use the model of equivalent elastic energy [10], then we can define ® as a tensor of the fourth rang

1,

w=1-(E/ ) 3)

Only one component of the tensor in (3) is nonzero for uniaxial tension [11]. The damage parameter ® can be
found at the uniaxial tension by changing the elastic characteristics, taking into account the representative element of
the volume of orthotropic symmetry. It means that the most complex anisotropy that can be represented is orthotropic.
The effective elastic properties remained orthotropic with good accuracy even with a high density of interacting cracks,
as was shown by the micromechanical analysis [7]. As it was experimentally shown in [12], an assessment of the
damage parameter based on the Lemaitre equivalent deformation model [9] gives higher values of the damage
parameter compared to models based on the equivalent elastic energy pattern [10, 11] and which give very similar
numerical values. Therefore, the assessment of the damage parameter @ according to (3) is the best in comparison with
(2) when analyzing the anisotropy of damage to sheet material [12].

The crystallographic texture, which is formed in the process of plastic deformation, also has a significant effect on
the accumulation of structural defects and, accordingly, damages [13].

At the same time, the lack of sufficient physical justification of the models (kinetic equations) gives rise to
ambiguity in experimental estimates of the damage parameter ®, depending on the method of its determination for the
same sample of the material under study [12]. The relationship between the damage parameter and the change in the
structural state and texture under external influences can still be obtained only on the basis of the corresponding
correlation and regression analysis.

Goal of this article is the study of the effect of extrusion processing with followed rolling and alternating bending
as well as texture on elastic properties, damage parameter, crystalline domains sizes D, lattice distortion €, and
dislocation density p of Mg-5%Li alloy.

MATERIALS AND METHODS
The original cylindrical blanks of the Mg-5%Li alloy were subjected to processing in two successive modes
(conditionally I and II).



85
Effect of Kind of Deformation on Young’s Modulus, Damage Parameter, Texture... EEJP. 1 (2020)

Processing Mode I. The cylindrical Mg-5% Li ingots with a diameter of 60 mm and a length of 120 mm were
extruded at 350°C. Thus slabs 60 mm wide and 6 mm thick were obtained. Then the slabs were rolled in the
longitudinal direction to a thickness of 4.5 mm in two passes. Heating to 350°C was conducted after each pass.

Processing Mode II. The alloy strips of 4.5 mm thick obtained after processing in the first mode were rolled then
in the transverse direction to a thickness of 2 mm in 10 passes with reduction of 10% per pass. The heating was
conducted to 350°C after each pass. Then, the rolling direction changed by 90 ° each time, and thus the sheet was rolled
to a thickness of 1 mm with a decrease of about 10% per pass.

The sheets of the investigated alloy, processed in accordance with mode II, were next subjected to straightening by
means of the alternating bending. Process of sheets straightening by means of the alternating bending was modeled on a
manual three-roller device. The diameter of the bending roller was 50 mm. The metal moving speed at the bending was
approximately 150 mm/s. The one cycle consisted of bending in one direction (0.25 cycles), returning to a flat state (0.5
cycles), bending in the opposite direction (0.75 cycles) and straightening (1.0 cycle). Studies were performed after 0.5,
1.0,3.0 5.0 of AB

Young's modulus was measured dynamically by the frequency of natural bending vibrations of flat rectangular
samples 100 mm long and 10 mm wide. The measurement error of Young's modulus did not exceed 1%. [14]. Samples
were cut out through every 15° from the rolling direction (RD) up to the transverse direction (TD) from the original
sheets processed in accordance with mode II, as well as from the same sheets after 0.5, 1.0, 3.0, and 5.0 cycles of
alternating bending. Samples for studying the texture and substructure parameters were also cut out.

We found the damage parameters using changes in the Young's modulus of the processed samples relative to
original samples in the corresponding sheet directions according to relations (2) and (3).

Diffraction patterns were recorded to analyze line broadening for defect density description. The high energy
materials science beamline HEMS@Petra III /Hasylab DESY (Hamburg-Germany) equipped with a Perkin-Elmer area
detector was used to obtain two-dimensional pattern [15]. Synchrotron radiation with energy of 87 keV and a
wavelength of 0.014235 nm a high penetration depth, similar to thermal neutrons [16], allowed the study in the
transmission mode. Beam size was 0.5 mm. Calibration of the instrumental set-up, see figure 1, was performed by a
LaB, standard. The calibration includes determination of the sample to detector distance (0.901m), the wavelength and
the instrumental line broadening. The shooting scheme is shown in Fig. 1.

1

pC-1 ——f[pc2 ||

Fig. 1. Sketch of the set-up using synchrotron radiation beam; (a) diffraction pattern measurement; (b) (b) pin whole technique; (c).
example of an area detector image; ((a): 2D detector (1); beam stopper (2); sample (3); vertical and horizontal slots, respectively, (4)
and (5); a diode (6); monochromator (7); PC1 and PC2 are rotation and displacement devices, respectively. In scheme (b): a
monochromatic beam (8); a sample (9), and a detector (10)).

The microstructure parameters (crystalline domains sizes D, values of crystal lattice distortion & = Adhkl/ At

and dislocation density p) were calculated using standard 1-dimensional diffraction pattern generated by Fit2D [17]
from area detector pictures. The analysis of the line broadening was carried out using the Origin-6G computer program.
Crystalline domains sizes D, values of crystalline lattice distortion and dislocation density p were estimated by means of
Williamson-Hall methods [18, 19].

The texture analysis was performed using the method of inverse pole figures (IPF) on the measurements in the
normal direction (ND) to the rolling plane (ND IPF) and the rolling direction (RD IPF) taken on a DRON-3M
diffractometer by using of the MoKa radiation in reflection mode from two sides of sheets after the corresponding
number cycles of AB. The pole densities of IPF were found from the integrated intensity of the diffraction lines with
allowance for the sample without texture. A textureless sample was manufactured from small recrystallized sawdust of
the investigated magnesium alloy. The Morris normalization was used, when constructing the IPFs [20].

EXPERIMENTAL RESULTS AND DISCUSSION
Inverse pole figures of the investigated alloy are presented in Fig. 2. The texture of the sheet processed according
to I mode is characterized by the presence of a relatively weak basal component (pole density 1.14 in Fig. 2a) and a
very strong component (1010) (pole density 6.64 in Fig. 2a). This corresponds to the texture, at which the normal to
the basal plane (0001) is deflected by 90° to the TD. In this case, the rolling direction of such a sheet coincides mainly
with the crystallographic directions (1120) with scattering up to (1010) (Fig. 2b). The addition of lithium to
magnesium changes the balance of the deformation mechanisms, which in turn affects the texture.
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Fig. 2c, d is showed the ND IPF and RD IPF of the alloy under study after treatment in the mode II. It can be seen
that the hexagonal prism axis is deviated from ND on about 15 to 70° towards the TD, in contrast to the basal rolling
texture of pure magnesium. The crystallographic direction (2131} (pole density 3.70) coincides mainly with the RD
(Fig. 2d). At the same time, it should be noted that the region of increased pole density on inverse pole figure of the
rolling direction occupies a rather wide region between poles (3032), (1120) and (1010).
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Fig. 2. Experimental inverse pole figures of alloy Mg-5% Li: (a, b) are after extrusion and rolling in longitudinal direction
(Proceeding Mode 1); (c, d) are extrusion and rolling with changing direction (Proceeding Mode II), (e-m) are after processing in
accordance with the mode II and subsequent alternating bending using different number of cycles: 0.5 (e, f); 1.0 (g, h); 3.0 (i, k), and
5.0 (1, m) cycles. (f, h, k, m) correspond to the stretched side of the sheet; (e, g, i, 1) correspond to the compressed side of sheets of
alloy

Doping of magnesium with lithium reduces the c¢/a axis ratio and thereby activates not basal sliding mechanisms.
In particular, at elevated temperatures, the role of the prismatic <a> slip of dislocations in Mg-Li alloys can be
significant [4]. Formation of the texture components of the basal type deviated up to the TD is probably facilitated by
activation of the prismatic <a> slip, as well as twinning (Fig. 3).
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The type, nature and degree of texture scattering after alternating bending depends on the cycle’s number of
alternating bending, as mentioned above. A more detailed description of the texture and microstructure after the AB can
be found in [6].

Fig. 3. Microstructure of Mg-5%Li alloy machined by Proceeding Mode [

The integrated diffraction spectra of the Mg-5% Li alloy treated in according with the processing mode 11, as well
as after a different number of cycles of alternating bending are shown in Fig. 4.

Lattice distortion is evaluated usually on the basis of the classical Williamson-Hall method [18]. This method gives
good results in the absence of anisotropy of the broadening of diffraction lines.

Anisotropy of the physical broadening of the diffraction lines due to the crystallographic texture of the samples in
the studied alloy (Fig’s. 2, 4) was found. Therefore, further analysis was performed using the modified Williamson —
Hall method [19]. The method for processing the width of diffraction peaks makes it possible to estimate the
dislocations density. Assuming that the strain broadening of the lines is due to dislocations and that the average
dislocation contrast factor (E) is known, the full width at half maximum (FWHM) of the X-ray diffraction peak (XRD)
with allowance for instrumental correction and correction for absorption can be represented using a modified equation
Williamson — Hall as follows [19]:

FWHM = 2 + ("Mzﬂ p'/2 (KEl/2>2 +0 (KEl/2)4 (6)

Here D, b, and p are, respectively, the crystalline domain size, the absolute value of the Burgers vector of the
dislocation, and the dislocations density. So called dislocation arrangement parameter M is depended on the outer
effective cut-off radius of dislocations, K = (2sin8) /A, 0 is the diffraction angle, A is the radiation wavelength, O is the

1
highest order of the value KC /2.

For the convenience of further analysis, we introduce the following notation:
212 1 2 1 4
FWHM = y; (0.9/D) = C; [ 22 oYz = ; (KC /2) %0 (KC /2) - Ax?
The relation (6) takes such form at the new notation:
y =C + Bx + Ax? (6a)

In metals and alloys with a hexagonal lattice, one should take into account the manifold of 11 different slip
systems and the corresponding Burgers vectors [21]. They can be divided into three main slip systems with the
following Burgers vectors: b; = 1/3(1120) ({a) type), b, = (0001) ({c) type) and b; = (1123) ({c + a) type). The
average dislocation contrast factor (E) for various slip systems during deformation of pure magnesium can be
determined from [21]. However, as mentioned above, alloying magnesium with lithium leads to the change as the c/a
ratio as well the elastic constants magnitude. So for pure magnesium (c/a) = 1.624 [22]. For the studied alloy Mg-5%Li
c/a=1.610, according to our data.

The elastic constants of the Mg-5%Li alloy were calculated by us earlier [23]. The results are shown in Table 1.
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Elastic modules of single crystal of Mg-5%Li alloy

Table 1

Elastic modules of single crystal of Mg (mass) 5 % Li alloy, GPa

Cl1

Cl12

CI13

C33

C44

51.2

20.1

17.1

64.7

19.8

The average values of the parameters of the dislocation contrast of the studied alloy were calculated using the
freely distributed computer program ANIZC [24]. For this purpose, we used the elastic constants given in the Table 1.In
this case, we took into account the influence of both edge and screw dislocations of the <a>, <a + ¢>, <c> type in the
ratio of 0.6, 0.38, 0.02 respectively [25] for the diffraction lines shown in Fig. 4.
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Fig. 4. Integral diffraction spectra of the alloy Mg-5%Li: (a) after treatment by proceeding mode II, extrusion and rolling with
changing direction; (b— e) after subsequent alternating bending using various numbers of cycles: 0.5 (b); 1.0 (c); 3.0 (d), and 5.0 (e)

cycles
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The average value of the Burgers vector of dislocations turned out to be 0.151 nm. In [25] the influence of equal
channel angular pressing (ECAP) on the crystalline domains sizes, lattice distortion, and the dislocation density of the
AZ91 magnesium alloy were studied. It was shown that the parameter M (6) decreases from 2.5 to 1.6 during
processing. We accepted the value of the parameter M equal to 2 to assess the dislocation density of studied alloy Mg -
5% Li (wt).

As a result of our calculations, we obtained the following relationships of type (6a) both for the original samples
obtained by processing in modes I and II, and for samples after alternating bending (Table 2).

Table 2
Modified Williamson-Hall Equations for Mg-5%Li alloy
Processing Cycles n“n?ber of . Approximation
mode agz:gggg Equations (62) reliability factor R?
I 0 y =0.02184 + 0.0006x + 0.00044x?> 0.98
11 0 y =0.02282 + 0.0055x + 0.00007x> 0.98
11 0.5 y =0.02487 + 0.00062x + 0.00005x? 0.99
11 1.0 y =0.02360 + 0.00067x + 0.00001x? 0.98
11 3.0 y =0.02493 + 0.00074x + 0.00009x? 0.99
11 5.0 y =0.02554 + 0.00078x + 0.00003x? 0.99

If the magnitude of the coefficient B is known, then the dislocation density can be estimated, as this follows from
equations (6) and (6a). The results of analysis of the substructure (distortion of the crystal lattice €, crystallite domains
sizes D and dislocation density p) after processing according to the I and II Modes, and also after different number n of
AB cycles are presented in Table 3.

Table 3
Substructure parameters of the Mg-5%Li alloy after various processing
Processing . .
Structure Processing Mode 11 Alternating bending
Characteristics Mode | Cycles number, n
0 0,5 1 3 5
D, nm 41 39 38 37 36 35
£x104 5.86 2.03 231 2.39 291 3.15
px10', m? 2.19 2.11 2.51 3.13 3.82 4.25

The sizes of the crystalline domains D decrease, while the lattice distortion € and the dislocation density p increase
with increasing of the cycle number of alternating bending (Table 3). Strong correlations take places between the value
of the substructure parameters of the alloy processed according to mode II and the number n of AB cycles. The
corresponding regression equations and approximation reliability coefficients have the form:

D = 0.014n? — 1.44n + 38.73; R? = 0.96, )
£ x 10% = —0.034n2 + 0.386n + 2.063; R = 0.99; (8)
p x 101 = —0.087n2 + 0.831n + 2.232; R? = 0.98 )

Table 4 presents values of the elastic modulus £ in different directions of the sheets of the alloy under study and
the anisotropy coefficients n after processing according to mode II as well as after different number of cycles of the
subsequent alternating bending. The value of anisotropy coefficients 1 can be found by the ratio:

N = [(Fnax — Fin)/Finin] - 100%, (10

where F is the value of the corresponding property.

The directionally averaged values of the elastic modulus E decrease with an increase in the number of AB cycles
(Table 4). The analysis showed that there is a strong correlation between the directionally averaged elastic modulus
values £ and the number n of AB cycles. The corresponding regression equation and approximation reliability
coefficient have the form:

Eq = 0.29n2 — 2.30n + 50.96; R? = 0.85 (11)
To study the effect of alternating bending on the damage parameter ®, we assume that the samples of the studied

alloy immediately after treatment in the mode II have not damages and are characterized by elastic modules E,, and
after the corresponding number of AB cycles, the samples are characterized by elastic modules E.
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Table 4
Modules of elasticity (£) and coefficients of anisotropy (1) after various treatment of Mg-5%Li alloy sheets

Processing mode

Angle
Wi%h Processing mode IT (0) — Alterilzz)ting bending cycles3n3mber —
rolling : : : :
direction E, GPa n, % GEf;a n, % E, GPa n, % E, GPa M, % E, GPa n, %
0 50.3 48.2 46.8 44.2 46.2
15 50.6 48.1 46.8 453 46.1
30 51.3 48.0 47.1 47.9 46.2
45 52.1 52 48.2 33 49.5 10.9 49.4 11.8 46.2 33
60 52.6 48.7 51.0 49.1 46.7
75 52.8 493 51.1 47.2 47.3
90 52.9 49.6 51.9 46.2 47.6
AVVaelrjfe 51.8 5.2 486 | 3.3 492 10.9 47.0 118 | 466 33

The values of the damage parameter ® according to relations (2) and (3) are presented in Tables 5 and 6.
The analysis showed that there are strong correlations between the damage parameters w; and w, averaged over
the directions in sheets of the investigated alloy, on the one hand, and the number of AB cycles, on the other hand
(Tables 5, 6).

Table 5
Damage parameters ®; and anisotropy coefficients after various processing of Mg-5%L.i alloy sheets
Processing mode
évni%llle Alternating bendini cycles number
rolling Processing mode II (0) 0.5 1.0 3.0 5.0
direction w,=1-— E/EO n, % o1, n, % of M, % oY M, % ®1 n, %
0 0.042 0.070 0.121 0.082
15 0.049 0.075 0.105 0.089
30 0.06.4 0.082 0.066 0.099
45 0 0 0.07.5 79 0.050 332 0.052 144 0.113 38
60 0.074 0.030 0.067 0.112
75 0.067 0.032 0.106 0.104
90 0.062 0.019 0.127 0.100
favlireai‘? 0 0 | 0062 | 79 | 0051 | 332 | 0.092 | 144 | 0.00 | 38
Table 6
Damage parameters ®, and anisotropy coefficients after various processing of Mg-5%Li alloy sheets
Angle .Processi‘ng mode
with . Alternating bending cycles number
rolling Processing molc}e 11 (0) 0.5 1.0 3.0 5.0
direction Wy, =1— (E/Eo) 2 M, % 2 M, % 02 M, % 02 M, % 2 l};
0 0.021 0.035 0.063 0.042
15 0.025 0.038 0.054 0.046
30 0.033 0.042 0.034 0.051
45 0 0 0.038 81 0.025 | 340 0.026 149 | 0.058 | 40
60 0.038 0.015 0.034 0.058
75 0.034 0.016 0.055 0.054
90 0.032 0.009 0.065 0.051
é;izzaf)‘z 0 0 0032 | 81 | 0.026 | 340 | 0.047 | 149 | 0.051 | 40
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The corresponding regression equations and approximation reliability coefficients R? have the form:

w; = —0.005n% + 0.044n + 0.016; R? = 0.85, (12)

w, = —0.002n? + 0.022n + 0.008; R? = 0.86. (13)

The value of the damage parameter averaged over all directions in the sheets, increases with an increase in the
number of AB cycles to 5 in accordance with relations (12) and (13). Anisotropy of the both elastic modulus and
damage parameters takes place, both in the original sheet processed according to the mode II and after alternating
bending (Tables 4-6).

The anisotropy of the elastic modulus reaches its maximum value after 3 cycles of AB. Anisotropy coefficients of
the damage parameters are maximal after 1 cycle of AB. Minimum of the anisotropy is observed after 5 cycles of AB
(Tables 4-6).

The effect of the crystallographic texture on the anisotropy of elastic properties, as well as of lattice distortion,
crystalline domains sizes, dislocation density and damage parameters after the corresponding number of alternating
bending cycles can be established by comparing the values of the above properties in different sheet directions with the
pole density values at the corresponding inverse pole figures for the normal direction (ND IPFs). Changes in the texture
can be described quantitatively by a change in the normalized values of the pole density exceeding 1 (which
corresponds to a sample without texture) on the IPF ND (Fig. 2). We assume that only crystallite orientations whose
normalized pole density is greater than unity contribute to the anisotropy of properties. In this case, it is necessary to
renormalize the pole density taking into account only the above orientations.

For this purpose, first we average the values of the pole density (exceeding 1) on the ND IPF’s obtained for two
sides of the sheets after each number of cycles of alternating bending (Fig. 2). Sums of the average values of the above
pole densities we use as normalization factors Y, Piy;; for the corresponding number of cycles to determine the relative
contribution to the texture of each of the above Pgy; for each number of cycles. For this, we find the relations
P/ Y Py for the corresponding number of AB cycles. In principle, the last relation has the sense of the volume
fraction of the corresponding texture component in the above approximation.

The contribution of each texture component to the corresponding properties we will taken into account in the form
of sums of the products Pf;, on its volume fraction of PR, /Y. PR, ie. (PR X (P /2 PR)). We will call them
“relative normalized values of the pole density” P,.,;. These values are summarized in the Table 7.

Table 7
Normalized values of pole densities exceeding 1 on the IPF ND
Cycles number 0 0.5 1.0 3.0 5.0
Pro 3.43 2.92 2.89 2.51 2.53

The analysis showed that there are significant correlations between the P,..; values (Table 7), on the one hand, the
crystalline domains sizes D, the lattice distortion ¢, the dislocation density p (Table 3), the elastic modulus E,,, averaged
over the direction in the sheets of the studied alloy (Table 4) and damage parameters w;, w, (Tables 5, 6), on the other
hand.

The corresponding regression equations and approximation reliability coefficients have the form:

D = —2.40P2, + 18.11P,; + 5.08; R? = 0.90 (14)
£-107* = 1.22P2, — 8.37P,,; + 16.35; R? = 0.95 (15)
p-10* = 1.48P2, — 100.95 + 22.20; R? = 0.93 (16)
E = —0.19P2, + 4.32P,,; — 34.70; R? = 0.98 (17)
w; = —0.007P%, — 0.058P,; + 0.293; R? = 0.98 (18)
wy = —0.004P2, — 0.025P,; + 0.142; R2 = 0.97 (19)

Kearns texture coefficients are often used to quantify the texture of hexagonal materials [26]. These coefficients f;
(the index j means the corresponding direction in the sample (ND, RD or TD) express the degree of directivity of the
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c-axes of the crystalline HCP cell of grains with a given geometric direction in the polycrystalline material and can be
found from the inverse pole figure by the ratio [27]:

fi = (cos?a;); = ¥; A;P;cos?ay (20)
Where P;; = ﬁ I;/Ir is the ratio of the integrated intensity I; of i-th reflection at the j-th IPF to the
corresponding value for the sample without texture I; A; are the statistical weights of the i reflection (Z AP = 1) [20];
a; is the deviation angle of the i-th crystallographic direction of the c axis the j direction in the sample.

To find the Kearns texture coefficients by equation (20), we used the IPF in Fig. 2, the values of A; taken
from [28]. We calculated the angles @; according to well-known formulas using the above mentioned ¢/a = 1.61 ratio
for Mg-5% Li alloy.

The Kearns texture coefficients calculated by ND IPF (fyp) and by RD IPF (fgp) for the sheets obtained by
processing in the Mode I were, respectively, 0.232 and 0.142. Kearns texture coefficients (fyp) and (fgp) of the original
alloy sheet processed by mode II are shown in Table 8. In Table 8 are also shown the Kearns texture coefficients
calculated by the ND IPF of both sheets sides (fy;, 1) Iy (2)) as well as after averaging by two sides sheets alloy (fy (aV))
after various number of alternating bending cycles.

Table 8
The Kearns texture coefficients calculated from the IPF data in Fig. 2.
Processing Mode 11
Alternating bending
Cycles number
0 0.5 1.0 3.0 5.0
f f; 1) () (av) 1) () (av) 1) ) (av) 1) ) (av)
ND RD ND ND ND ND ND ND ND ND ND ND ND ND

0.390 | 0.393 | 0.435 | 0.407 | 0.421 | 0.409 0.388 | 0.398 | 0.399 | 0,411 0.404 | 0.417 | 0.411 0414

The mismatches in the distribution of pole density at the ND pole figures of the opposite sheets sides after the
corresponding number of cycles of alternating bending were revealed, as can be seen in fig. 2 (e — m). This is due to the
fact that on the convex side, the surface layers of the sample undergo tensile deformation (Fig. 2 f, h, k, m), while the
layers on the opposite side of the sheet undergo compression deformation (Fig. 2, e, g, i, ). During extension, on the
contrary, the metal layers on the convex side of the sheet undergo compression deformation, while the metal layers on
the concave side of the sheet experience tensile deformation. Similar discrepancies were found earlier in the work [27]
at the investigation of the crystallographic texture of Zr-2.5% Nb alloy strip. The strip was obtained by straightening
part of the pipe after cut along axis. Discrepancies in the distribution of pole density on the ND IPFs of the opposite
sides of the sheets of the alloy under study after a different number of alternating bending cycles naturally reflected on
the values of the corresponding Kearns texture coefficients (Table 8).

The Kerns texture coefficient f yp Of the studied alloy original sheet processed according to Mode II, as well as
the average Kerns texture coefficients f f\% after a different number of alternating bending cycles (Table 8) , we used to
further analyze their relationship with the sizes of the crystalline domains D, of the crystal lattice distortion e,
dislocation density p (Table 3), as well as with the averaged by the sheet directions Young's modulus £ (Table 4) and
damage parameters @, and @, after the corresponding number of alternate bending cycles (Table 5, 6).

The analysis showed that there are significant correlations between the f f\% values (Table 8), on the one hand, the
crystalline domains sizes D, the lattice distortion &, the dislocation density p (Table 3), the elastic modulus E,,, averaged
over the direction in the sheets of the studied alloy (Table 4) and damage parameters w4, w, (Tables 5, 6), on the other

hand.
The corresponding regression equations and approximation reliability coefficients have the form:

= 10880( (‘”’)) —8865,7f) + 1841,5; R = 0.97 1)
£-107* = —3192,8(£%")" + 2607,2 Fi —529,3; R = 0.79 (22)
p-10™ = —69045,5(£%")" + 5024 4 F5Y — 1142; R* = 0.85 (23)

E = 13430,0(£%”)° - 11010,0 + 2303,1 R? = 0.97 (24)

~257,6(£%) + 211,319 = 43,2, R? = 0.97 (25)

= ~130,8(£%)" + 107 21\ — 21,93, R2 = 0.97 (26)
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CONCLUSION

It was studied the effect of the processing regime I (deformation by extrusion, rolling after extrusion in
combination with annealing), as well as the effect of successive regime II (strips after processing in accordance with the
regime I, were rolled further in combination with annealing and changing the direction of rolling) on the texture,
.substructure characteristics (crystalline domains sizes, lattice distortions, and dislocation density) of the Mg-5 % Li
(wt.) alloy sheets.

It was found that after the Mg-5% Li alloy treatment in accordance with regime I, a texture is formed in the sheets,
at which the axis of the hexagonal prism is 90° deflected from ND to TD. The crystallographic directions (1220) and
(1010) coincide with RD. In that case the crystalline domains size D = 41 nm, lattice distortions value & =5.86 - 1074,
and dislocation density p =2.19 - 101*m=2 .

After the Mg-5% Li alloy treatment in accordance with regime I, a texture is formed in the sheets, at which the
axis hexagonal prism is deviated from ND to TD by angles ranging from 15 to 70°, in contrast to the texture of basal
type after rolling of the pure magnesium. The crystallographic direction (2131) coincides with RD. In that case the
crystalline domains size D = 39 nm, lattice distortions value € =2.03 - 10™*, and dislocation density p =2.11 - 10*m ™2,

The effect of subsequent alternating bending of the Mg-5 % Li (wt.) alloy sheets processed in accordance with
regime II on texture, substructure characteristics (crystalline domains sizes, lattice distortions, and dislocation density),
elastic properties and damage parameters of sheets has been also studied. It was found that values of crystalline domains
sizes D and elastic modulus E averaged over all directions in the sheets are decreased, and magnitudes of lattice
distortion &, dislocation density p, and damage parameters ® are increased with increasing numbers cycles of alternating
bending. The character of changes can be described by the corresponding regression equations (7) - (9) and (11).

It is observed the anisotropy of the both elastic modulus and damage parameters, both in the original sheet
processed according to the mode II and after alternating bending. The anisotropy of the elastic modulus reaches its
maximum value after 3 cycles of the alternating bending. Anisotropy coefficients of damage parameters are maximal
after 1 cycle of alternating bending. Anisotropy minimums of the elastic modulus and damage parameters are observed
after 5 cycles of the alternating bending.

Changes in the values of crystalline domains sizes D, lattice distortion &, dislocations density p, elastic modulus E,
and damage parameters ® are mainly due to the crystallographic texture formed during thermomechanical processing
and cycle’s number of subsequent alternating bending of sheets. The corresponding regularities have been described by
regression equations (14) - (19), as well as (21-26).
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BuBueHno BB AedopMalii eKcTpy3i€ro, MPOKAaTKOIO Micisi eKCTPy3ii (B MOeAHAHHI 3 BiAManaoM i 3MIHOIO HAampsSMKY MPOKATKH) i
MOJANBIIOT0 3HaKo3MiHHOTO BUTHHY (3I) 3 wmcmom mwmkmiB 0,5, 1, 3 1 5 Ha Momyns mpykHocti (E), mapamerp HakommdeHHS
TIOIIKO/DKEHD (TTapaMeTp MOIIKOKYBAHOCTI M), KpUcTanorpadidHy TeKCTypy 1 mapaMeTpu cyOCTpyKTypH OiHapHOTO ciiaBy Mg -
5% Li (Bar.). [Tapamerp nomkomkyBaHocTi (0 < @ < 1), sikui iHTEPIPETYETHCS SIK BiTHOCHE 3MEHIICHHS e()eKTHBHOI HeCY4oi ILIomIi
MOMIEPEYHOr0 Mepepisy dYepe3 HAKOMMYEHHs MOLIKO/KEHb, OYyB 3HAiAeHHH 31 3MIHH MOAYJS MPY)KHOCTI MICHS PI3HHX
BHIIIE3a3HAUYEHNX THIIB nedopmarii. [Ipy mpoMy MH BHKOPHCTOBYBaIM Ul MOPIBHAHHS MOJENTI E€KBIBaJCHTHOI aedopmarii ta
eKBiBaJIeHTHOI mpykHOi eHeprii. Ilapamerpm cyOCTpykTypu (po3Mipm KpHCTamiyHHX JoMeHiB D (067acTi KOrepeHTHOTro
po3citoBaHHS, MikpojaedopMaril KpUCTATIYHOI IPAaTKU €, MUIBHICTh JHUCIIOKAIIH p) OLIHIOBANNCS IUIIXOM aHANi3y (i3HIHOrO
PO3IIUPEHHS JiHIH Audpaxuii >KOPCTKOro NPOHHKAIOYOr0 PEHTTEHIBCHKOTO CHHXPOTPOHHOTO BHIIPOMIHIOBAHHS HA KPHCTAJIYHIN
rpaTii AOCIIKYBAHOTO CIUIaBy. Byio BUsBIICHO, 110 MiCist eKCTPy3il 3nuTka crutaBy np 350°C i mopansinoi MpOKAaTKK B HAMPSMKY
oci ekcrpysii (HampsiMok mpokatku HII) mo toBmmam 4,5 MM B moegHanHi 3 BimmamoM mpu 350°C micias KOXHOTO HPOXOAY
YTBOPIOETHCS TeKCTypa. [Ipn Takiif TeKcTypi Bich MIECTUTPAaHHOI NPHU3MH BinxmisieTbes Ha 90° Bix HopMansHoro Hanpsimy (HH) no
nonepeunoro Hanpsimxy (ITH). TIpu mpomy kpuctanorpadiuni nanpamku (1120) i (1010) 36iratotscs 3 HII. Texcrypa, pu skiit
BiCh rekcaroHanbHol mpusmu Bigxumserbes Big HH mo ITH na xytu Bim 15 mo 70° (Ha BiaMiHy Bif TEKCTypH 0a3HMCHOrO THILY
YHCTOrO MarHiio), GopMyeTbesl MIiCHsA MOJANBIIOI MPOKATKH IOCTIMHKYBAHOTO CIUTaBy A0 TOBIMMHHM | MM 3i 3miHoto HIT micms
KOJKHOTO TIPOXoxy Ha 90° B moexnanmi 3 Bimmamom mpu 350°C. Kpucranorpadiuni manpsvku (2131) s6iratorses 3 HII. Bussiena
AHI30TPOINisl BUIIEBKA3aHUX XapaKTepPUCTUK. B pesynbraTi KopessLiiiHOro i perpeciiiHoro asamizy OyJIO BCTaHOBJICHO, IO
aHi3oTpormis 1 3HaueHHs £ i D 3MEHIIYIOThCSI, a 3HAYCHHS €, p 1 ® 30UIBLIYIOTHCS 31 301MbIICHHSM YHCIa [HUKITIB 3HAKO3MIHHOTO
puruHy. [loka3aHo, MmO 3MiHM BHWIIEBKA3aHUX XapaKTEPUCTUK OOYMOBIICHi, B OCHOBHOMY, KPHCTAJIOrpagidHOI0 TEKCTYpOIO,
c(opMOBaHOIO B HpoIeci TepMOMEXaHITHOT 0OPOOKH 1 MOAAIBIIOrO 3HAKO3MIHHOTO BUTHHY JIUCTIB ciuiaBy Mg - 5% Li (Bar.), mo
MATBEPDKYETHCS JAHMMH KOPEILILIHOTO 1 perpeciifHoro aHamiszy.

KJIOUOBI CJIOBA: excrpy3is, NpoKaTKa, 3HaKO3MIHHMH BUTMH, TEKCTypa, aHi3orpormis, Moxyns HOHra, mnapameTp
TOIIKO/KYBAHOCTI, CyOCTPYKTYypa.
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WzydeHo BnusHEE AedhopManuyl SKCTPY3HEH, MPOKATKON MOCIE SKCTPY3UH (B COYETAHWU C OTXKHTOM M M3MEHEHHEM HalpaBIICHUS
MPOKATKK) M TOCJIeAYyIoIIero 3HakonepeMennoro usruda (3M) ¢ uuciom nukios 0,5, 1, 3 u 5 Ha Moy ynpyroctu (E), mapameTp
HAKOIUICHUS TOBPEKACHUH (IapaMeTp MOBPEKICHHOCTH (), KPHCTALIOTPa)UYECKYI0 TEKCTYPY H IapaMeTpbl CyOCTPYKTYpBHI
6unapHoro cmiaBa Mg - 5% Li (Bec.). [Tapamerp mospexaenHocTH (0 < ® < 1), KOTOPBIA MHTEPIPETUPYETCA KAK OTHOCUTEIHHOE
yMeHblIeHHe S(G(MEKTUBHOM HECyIIeld IUIOMAAM IOMEPEYHOr0 CEUEHHUS H3-3a HAKOIUIEHHWs IOBPEXIEHHM, ObUI HaigeH I10
M3MEHEHUIO MOIYJS YNPYTOCTU IIOCIE Pa3IUYHBIX BBIMICYNIOMSHYTHIX THIOB AedopmManuu. [Ipn 3TOM MBI HCHONB30BAU Ui
CpPaBHEHHS MOJICNIM DKBUBAJICHTHOH aedopMaldi M JKBUBAJICHTHOH yrpyroi sHepruu. [lapamerpsl cyOCTpYKTYpHI (pa3mepsl
KPUCTAIMYCCKAX JTOMCHOB D (00JIaCTH KOTEPEHTHOTO PAaCCEsSHHS), MUKPOHCKAXKCHUS PEIICTKH €, IUIOTHOCTH JUCIOKAIHIA P)
OLICHMBAJIKCh MyTeM aHaiu3a (GU3NYECKOro YIIHPEHUs JUHUI Anpakuny Ha KPUCTAJUIMYECKOW pELIeTKe HCCIIEAyeMOro CIuiaBa
MTPOHMKAIOLIETO KECTKOTO PEHTTEHOBCKOTO CHHXPOTPOHHOTO M3IMydeHHs. Bbuto 00Hapy>keHO, YTO MOCIe SKCTPY3HH CIUTKA CIIIaBa
npu 350°C u mocnenyromield MPOKaTKH B HANpaBJICHHW OCH SKCTpy3uHu (Hampasienue npokatku HIT) mo tommussel 4,5 MM B
couetannu ¢ oTxuroM npu 350°C mocie Kaxaoro mpoxoa oopasyercs TeKcTypa. [Ipu Takoi TeKCType OCh IIECTUTPAHHON MPU3MBI
oTkIoHsieTcss Ha 90° ot HopManbkHoro HanparieHus (HH) k nonepeunomy Hampasienuto (ITH). IIpu stom kpucramiorpaduyeckue
manpasnexns (1120) u (1010) coBmagator ¢ HIL. TexcTypa, mpu KOTOPOit 0Ch TeKCaroHaIbHOM mpu3Msl oTkIoHseTcst or HH o TTH
Ha yriel oT 15 mo 70° (B OTJMYHE OT TEKCTYpbl 0A3MCHOIO THUIIA YHUCTOrO Maruus), (POpMUpPYETCs MOCie AaTbHEHIICH MPOKaTKU
ucciexryeMoro cruiasa 1o ToiamuHsl 1 MM ¢ usmenenue HIT va 90 © B codueranuu ¢ omxurom npu 350°C mocne kaxaoro rnpoxoja.

Kpucrannorpaduueckue Hamnpasiaenus (2131) cosmagaror ¢ HII. O6Hapy» eHa aHM30TPOIMs BBILICYKA3aHHBIX XapaKTEPHCTUK. B
pe3ynbTaTe KOPPEISIMOHHOTO U PErpecCHOHHOTO aHann3a ObLIO YCTAaHOBJICHO, YTO aHU30Tponus U 3HadeHus E u D ymeHbiarorces,
a 3HAYCHHUS € P M O YBSIMYMBAIOTCS C YBEIMYCHHEM 4YHCIa LHUKIOB dYepedyromierocs usruba. Iloka3aHo, 4TO W3MEHEHHS
BBILICYKA3aHHBIX XaPaKTEPUCTHK OOYCIOBIEHBI, B OCHOBHOM, KPHCTALIOrpadHIeCKON TEKCTYpOol, chOPMHUPOBAHHOM B Ipolecce
TEPMOMEXaHMYECKOI 00pabOTKM H MOCIEIYIOIIEro 3HAKOIEPEeMEHHOTO u3rmba mwcroB crmaBa Mg - 5% Li (Bec.), 4to
MIOATBEP)KAACTCS JAHHBIMU KOPPEJISLIMOHHOTO ¥ PErPecCHOHHOrO aHaIIH3a.

KJ/IFOYEBBIE CJIOBA: s3kcTpy3us, IpOKaTKa, 3HAKONEPEMEHHBIH M3rH0, TEKCTypa, aHM30Tpomus, Moayns lOHra, mapamerp
MOBPEKACHHOCTH, CYyOCTPYKTypa





