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Various methods of experimental study of the texture of polycrystalline metals and alloys are
considered. The texture formed upon plastic deformation or upon recrystallization annealing leads to
anisotropy of the physical and mechanical properties of metallic materials. For express calculations
of the values of anisotropic physical properties of polycrystals, methods based on the use of integral
characteristics of textures are preferred. An X-ray method for calculating orientation factors for tex-
tured metals with a hexagonal close-packed structure is discussed. Calculation of the orientational
factor of texture A; assumes averaging over the representative volume of the polycrystalline sample
under study. The basis for calculating the orientational factors of a textured polycrystal is the reverse
pole figure. In the standard method for calculating the reverse pole figure of hcp metals, 17 crystal-
lographic orientations are used. Yttrium texture analysis can be performed using an extended set of
pole densities on the reverse pole figure. A method for calculating the reverse pole figure for hcp me-
tals is proposed, which takes into account 24 crystallographic orientations. The data of X-ray diffrac-
tion studies of polycrystalline yttrium after deformation by cold rolling with a degree of deformation
€ = 45% are discussed. On the basis of the obtained X-ray data, the reverse pole figures of deformed
yttrium were constructed using the standard method and using an extended set of pole densities.
The orientation factor of the texture A; of the deformed yttrium polycrystal was determined. A com-
parative calculation of the resistivity p; of textured yttrium has been performed using two experi-
mental procedures. The extended set of pole densities on the reverse pole figure is most convenient
when studying samples in which a sharp deformation texture is formed. The proposed technique
accurately describes the dynamics of texture formation, describes more precisely the features of
the pole density distribution on the reverse pole figure, and allows one to determine the anisotropic

physical properties of materials.

Keywords: polycrystals, texture, anisotropy, structure, deformation, rare-earth metals, X-ray

analysis, diffraction.

Introduction

An ordered distribution of crystallites in
metals and alloys (textured state) can be formed
during crystallization (ingot texture), with plastic
deformation methods of different symmetry (rol-
ling texture, upsetting texture, drawing texture,
etc.), during heat treatment (recrystallization tex-
ture), during mechanical treatment of the sample
surface (work hardening texture) and other me-
thods of external impact on the materials under
study [1, 2]. The consequence of the appearance
of texture in polycrystalline materials is the ani-
sotropy of their physical and mechanical proper-
ties [3-5].

In practice, the need often arises for a com-
parative analysis of the texture states of samples
at different stages of thermomechanical proces-
sing, as well as for current assessments of the le-

vel of anisotropy of the physical properties of
these samples. Known techniques for studying
textures make it possible to analyze the processes
of texture formation during deformation of poly-
crystalline materials. However, the accuracy of
the description of the texture can be increased
using an extended set of experimental data.

1. Methods and Materials

Various methods are used to analyze the tex-
ture state of metals and alloys [6—8]. The first to
appear were the methods based on the calcula-
tion of the crystallite orientation distribution
function (ODF). Such approaches were proposed
in the works of Bunge [9] and Roe [10]. ODF
recovery in most cases is performed on the basis
of processing the experimental data of X-ray
analysis of polycrystalline samples by the method
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of straight pole figures [11]. This was followed
by studies in which texture analysis was per-
formed on the basis of the experimentally recon-
structed function of crystallite misorientations in
textured polycrystals. Such techniques, despite
the clarity of the description of the texture and
the use of universal approaches of the theory of
probability, are difficult for practical application.

Methods based on calculations of the integral
characteristics of the texture of the materials un-
der study are more convenient and simpler for
use in the conditions of factory laboratories (car-
rying out express analysis) [3, 12]. One of such
methods for analyzing the texture state of metals
is the method for calculating the orientation fac-
tors of texture A; [4]:

A= (o ady + afai+odsah),
where q;; are the elements of the rotation matrix
defining the position of the j-th axis of the coor-
dinate system associated with the crystallite rela-
tive to the i-th axis of the laboratory coordinate
system or the system associated with an ortho-
tropic sample (i = 1, 2, 3).

The calculation of the texture orientation fac-
tor A; assumes averaging over the representative
volume of the sample under study. The basis for
calculations of A; is the experimental data of
X-ray analysis of polycrystals by the method of
inverse pole figures (IPF) [13]. In the practice of
X-ray analysis, the construction of inverse pole
figures for metals with a bcc structure is per-
formed according to 6 crystallographic orienta-
tions, for metals with an fcc structure — along
18 orientations, and for metals with an hcp struc-
ture — along 17 orientations.

The relationship between the pole density of
the k-th orientation of crystallites on the reverse
pole figure and the value of A; can be expressed
as follows [14]:

212
A= fff:og n(aizﬂgz + afan+ajan ) X

X Yie=1 PAr6(@ — )6 — ) X

X 6(9 — 9y )dedipdd,
A, is the Morris coefficient for the reverse pole
figure, Py is the pole density on the reverse pole
figure for the k-th crystallite orientation, the posi-
tion of which is described by the angular coordi-
nates [@y, Wi, 9] [6]:

p, = I/l ref

kT vm (Ali/Ticrer)

I; is the intensity of the X-ray line for the k-th
orientation of crystallites in a textured poly-
crystal, /i, is the intensity of the X-ray line for

the k-th orientation of crystallites in the reference
sample (isotropic state), m is the number of poles
on the reverse pole figure.

Having determined from the data of X-ray
analysis the value of the orientation factor A; for
the initial and subsequent state of the sample, it is
possible to make a conclusion about the direction
of the processes of texturing in the course of
thermomechanical processing of the metal. In ad-
dition, the known texture parameters A; can be
used to calculate the values of the anisotropic
physical properties of the materials under study.
For metals with a hexagonal close-packed crystal
lattice (hcp metals), the relationship between
monocrystalline constants and texture parameters
A, is expressed as:

S; =S¥+ [sM —s¥]a;.

S; is the value of the physical quantity in the i-th
direction of the investigated polycrystalline sam-
ple, SM is the value of a physical quantity mea-
sured in the direction perpendicular to the hexag-
onal axis of the single crystal, S| is the value of
a physical quantity measured along the hexagonal
axis of the single crystal.

Thus, the accuracy of texture analysis and
calculation of the anisotropic physical properties
of materials is largely determined by the accuracy
of determining the orientation factors of texture A,.
The accuracy of calculations A; is influenced not
only by errors in determining the intensities of
X-ray lines I; or pole densities P, but also by
the number of measured poles m on the pole fi-
gure of the sample under study. For most hcp me-
tals and alloys, the number of poles is limited to
17 orientations because the diffraction reflections
of other crystallographic orientations go beyond
the angular range available for an X-ray diffrac-
tometer. In this case, the limiting value diffrac-
tion angle is the crystallographic orientation
{3032}. The calculations performed for the crys-
tallographic orientations of the yttrium rare earth
metal (hcp structure) show that there are seven
additional lines in the angular range available for
X-ray photography. Taking into account these
features of yttrium, a scheme for calculating
the OPF was developed for a larger number of
poles (for 24 poles) compared to the standard
number (17 poles). The texture orientation factors
were also calculated taking into account 24 pole
densities.

The object of the study was samples of tech-
nical purity yttrium (grade UTM-1). The degree
of deformation by cold rolling was & = 45%.
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The intensities I, were measured on an industrial
X-ray diffractometer JJPOH-0,5. A copper anti-
cathode was used (Cu-K,; + Cu-K,, radiation).
For calculations, the average value of the X-ray
radiation wavelength Ag = 1,54178 A was used.
The parameters of the yttrium crystal lattice used in
the calculations at 7= 290 K [15]: a = 0.36482 nm,
c=0.57318 nm.

2. Results of the X-ray experiment

and their discussion

Fig. 1 shows a reverse pole figure obtained
for cold-worked yttrium using 17 poles. Fig. 2
shows the results of constructing the reverse pole
figure of yttrium using X-ray data for 24 crystal-
lographic orientations.

It can be noted that both techniques equally
reveal the nature of the texture formed in a poly-
crystalline sample and do not contradict the re-
sults of the study [16]. An acute slanted texture
component is formed in the sample, the center of
which is the pyramidal preferred orientation
{1014}. Both techniques reveal the preferred ori-
entation {1015} in the yttrium texture, as well as
the developed prismatic orientation of {1230}.
A similar acute one-component deformation tex-
ture is also characteristic of polycrystalline gado-
linium [17].

It can be noted that both techniques equally
reveal the nature of the texture formed in a poly-
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cording to the calculations of both methods.
However, the technique using 24 crystallographic
orientations describes in more detail the distribu-
tion of pole density on the reverse pole figure,
which is more preferable for studying the regula-
rity of texture formation mechanisms.

For comparison of the degree of texture de-
tail, carried out by two methods, the most re-
markable is the region of small angles on the re-
verse pole figure. Fig. 1b shows that the pole
density is blurred from the center of the formed
texture component {1014} to the region of
oblique orientation {1126}. In addition, it can be
noted that in the OPF in Fig. 1b, the region of
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(0002) and captures the {1235} orientation,
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Fig. 1. Reverse pole figure of yttrium obtained using 17 poles
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Fig. 2. The reverse pole figure of yttrium obtained using 24 poles

Table 1
Number of poles A, 0;-1078 Ohm - m M 100%
on a reverse pole figure (p)
17 0,5482 61,98 33,20
24 0,5656 62,69 34,25

which is not detected by the technique using only
17 orientations.

The difference between the two methods for
describing the texture of a polycrystalline sample
is strongly pronounced in the region of small an-
gles of the stereographic triangle. The yttrium tex-
ture detail is higher when using 24 crystallographic
orientations to construct the reverse pole figure.

Fig. 2 shows that the pole density is blurred
from the center of the formed texture component
{1014} to the region of oblique orientation
{1126}. In addition, in the reverse pole figure
(Fig. 2), the region of increased pole density is
blurred in the radial direction with respect to the ba-
sic orientation (0002) and captures the {1235}
orientation, which is not detected by the tech-
nique using only 17 orientations.

3. The calculation results

As an example of calculating the anisotropic
physical property of textured yttrium, we used
the resistivity value. Single-crystal parameters for
yttrium at 7= 300 K are [15]:

Pl = 39,5 . 10_8 Ohmm,

p, =80,5-1078 Ohm'm,

(p) = 67,7 1078 Ohm'm.
The main calculated values obtained by the two
methods used are shown in Table 1.

Conclusions

The yttrium texture can be investigated
based on the use of 24 crystallographic orienta-
tions. An extended set of pole densities increases
the accuracy of constructing a pole figure and
allows a more accurate analysis of the texture
state of a polycrystalline sample, more accurately
describing the dynamics of texture formation du-
ring metal deformation. The extended set of pole
densities on the reverse pole figure is most con-
venient when examining specimens in which
a sharp deformation texture is formed. The pro-
posed method for calculating inverse pole figures
makes it possible to more accurately take into
account the inhomogeneity of the pole figure
density when calculating the anisotropic physical
properties of polycrystalline materials.
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PEHTTEHOIPA®UYECKOE UCCJIEOOBAHUE TEKCTYPbI UTTPUA
C UCMNOJIb3OBAHUEM CTAHOAPTHOIO U PACLULMPEHHOIO
HABOPA MOJIKOCHbIX NIMOTHOCTEN

A.B. CmenaHeHKoO

Ypanbckul gpbedeparbHbil yHUsepcumem umeHu rnepeo2o lNpesudeHma Poccuu
b6.H. EnbyuHa, 2. EkamepuHbype, Poccus

B crarbe paccMaTpuBaroTCs pa3nuuHbIC METOBI SKCIEPHUMEHTAIBHOTO HCCIICOBAHUS TEKCTYPHI
MOJMKPHUCTAJUIMYECKUX METaIoB M ciutaBoB. CopMmupoBaHHas NpH IUacTHUecKoil nedopmanuu
WIN TIPU PEKPUCTAIIM3AHOHHOM OT)KHIe TEKCTYpa NPUBOAMUT K aHM30TPONHU (HUIUUECKUX U MeXa-
HHUYECKHUX CBOMCTB METAIMYECKUX MaTepuayioB. [l sKcIpecc-pacueToB BEIHMYMH aHU30TPOIHBIX
(U3MYECKNX CBOMCTB MOJIMKPUCTAIUIOB NPEANOYTUTEIBHBIMH SBISIOTCS METOUKH, OCHOBAHHbBIC HA
HCTIONBb30BaHUHN HHTETPAIBHBIX XapaKTEPUCTHK TeKCTyp. OOCyKmaeTcss peHTTeHOBCKAas METOIUKa
pacyera OPHEHTALMOHHBIX (DAKTOPOB JJIsi TEKCTYPOBAaHHBIX METAIOB C FeKCaroHaJbHOM IUIOTHO-
YIIaKOBaHHOHM CTpYyKTypoil. Pacuer opueHTanmoHHoro ¢akropa TeKCTypsl A; Ipennonaraer ycpenu-
HEHHE 10 IPEACTaBUTEIFHOMY 00BEMY HCCIEIyeMOro MOJUKpPHUCTAIIINYECKOro obpasna. OcHOBOM
JUIS pacyeToB OPHEHTAIIMOHHBIX ()aKTOPOB TEKCTYPOBAHHOTO MOJMKPHUCTAJUIA SIBJISETCS oOpaTHas
nomocHast ¢urypa. CraHmapTHas METOAMKa IIOCTpPOECHHWs oOpaTHOW momocHOH ¢urypsr I'TIY-
MeTaiioB TpeOyeT ydera 17 MOIIOCHBIX IUIOTHOCTEH. TeKCTypHBIH aHaIW3 MTTPUS BO3MOXKHO BBI-
MOJHUTh MO PAaCIIMPEHHOMY Ha0OpY IOJIIOCHBIX IUIOTHOCTEH Ha OOpaTHOM MONIOCHOW Qurype.
[pemmoskeHa MeTOIUKA TOCTPOCHUS 00paTHON MOIMOCHOH (urypsl ans ['TIY-MeramioB Ha OCHOBe
24 momocHBIX MIoTHOCTeH. OOCYKAal0TCs AaHHBIE PEHTTEHOrPadUMUecKOT0 MCCIIECIOBAHMS IOJIHN-
KPHUCTAJUIMYECKOTO UTTPHS Mociie JedopManui XOJIOoJHOM MPOKATKOW CO cTeneHbio Jedopmanuu
€ =45 %. Ha ocHOBe NOJTy4eHHBIX PEHTTCHOTPaUUECKUX JaHHBIX TIOCTPOCHBI OOPATHBIE TIOJIIOCHBIC
¢urypsl 1eOpMUPOBAHHOTO UTTPHS C HCIIOIb30BAaHUEM CTaHAAPTHOTO METOAA U C HCIIOJIb30BAaHUEM
pacuupeHHOro Habopa MOMIOCHBIX MIIOTHOCTEH. OnpeaeneHsl OpUeHTAIIMOHHOTO (aKTOpa TEKCTY-
pHl A; 1eopMHUPOBAHHOTO MONKMKPHUCTAIIA UTTPHS. BBIMONHEH CPaBHUTENIBHBIA pacdeT yJAelbHOIO
COIIPOTUBIICHHS P; TEKCTYPUPOBAHHOTO UTTPHS I10 JABYM 3KCIEPUMEHTAIBHBIM MeTOnMKaM. Pacmm-
peHHBIN HabOP MOIOCHBIX TUIOTHOCTEH Ha 00paTHOM MOJIIOCHOHN (urype Hambosee yno0eH mpu uc-
CJIEZIOBaHUM 00pa3IoB, B KOTOPHIX c(OPMUpOBaHA ocTpas TekcTypa aedopmarmu. [Ipexnaraemas
METO/IMKA TI03BOJISIET TOYHEE OIMCHIBATH ANHAMUKY TEKCTYPOOOpa30BaHMUs, ONHMCHIBATh HEOIHOPOI-
HOCTh PacIpeaciicHHs MOJIFOCHON IJIOTHOCTH Ha 00PAaTHOM MOJIOCHON (QUTYype U ONPEACNIATh aHH30-
TPOIHbIC PU3NYECKUE CBONCTBA MATEPHAJIOB.

Kniouegvie crosa: nonukpucmainivl, mexcmypa, aHu30mponus, Cmpykmypa, oeopmayusi, peoko-
3eMmenbHble MeMAntbl, peHM2eHOSCKUI aHANU3, OUPPAKYUsL.

Jumepamypa

1. Kocks, U.F. Texture and Anisotropy. Preferred Orientations in Polycrystals and Their Effect on
Material Properties / U.F. Kocks, C.N. Tomé, H.-R. Wenk. — Cambridge University Press, 2000. —
676 p.

2. 3onomopesckuii, H.1O. ®pazmenmayus u mexcmypoobpazosanue npu oeopmayuu Memaiiuye-
ckux mamepuanos / H.FO. 3onomopescxuii, B.B. Poioun. — CI10.: H30-60 [lonumexn. yn-ma, 2014. —
208 c.

3. Adamecky, P.A. Anuzomponus gusuueckux ceovicmg memannog / P.A. Adamecky, I1.B. ['envo,
E.A. Mumiwowos. — M.: Memannypeus, 1985. — 136 c.

4. Mumiwowos, E.A. Obobwennas nposoouMocms u Yupy2ocms MAKpOOOHOPOOHLIX 2eMepPO2eHHbIX
mamepuanos / E.A. Mumiowos, I1.B. I'envo, P.A. Aoamecky. — M.: Memannypeus, 1992. — 145 c.

5. Hielscher, R. Material Behavior: Texture and Anisotropy / R. Hielscher, D. Mainprice, H. Schae-
ben // Handbook of Geomathematics / W. Freeden, M.Z. Nashed, T. Sonar (eds). — Springer, Berlin,
Heidelberg, 2010. — P. 973—1003. DOI: 10.1007/978-3-642-01546-5 33

46 Bulletin of the South Ural State University. Ser. Metallurgy.
2021, vol. 21, no. 4, pp. 41-47



CmenaHeHko A.B. PeHmzaeHozpaghuyeckoe uccredosaHue mekcmypbl Ummpusi C UCMOJIb308aHUEM

cmaHOapmHoao u pacwupeHHo20 Ha60pa MOJIOCHbIX NJIomHocmel

6. Teopuss obpazosanuss mexcmyp 6 memaniax u cnaasax / A J. Buwmnsxos, A.A. babapaxo,
C.A. Braoumupos, U.B. Deus. — M.: Hayxa, 1979. — 344 c.

7. Memooul ucciedosanust mexkcmyp ¢ mamepuanax / M.JI. Jlobanos, A.C. IOposckux, H.HU. Kapoo-
nuna, I'M. Pycaxos. — Examepunoype: M30-60 Ypan. yn-ma, 2014. — 115 c.

8. Ivanova, T.M. The Modified Component Method for Calculation of Orientation Distribution
Function from Pole Figures / T.M. Ivanova, T.1. Savyolova, M.V. Sypchenko // Inverse Problems in Sci-
ence and Engineering. — 2010. — Vol. 18. — P. 163—-171.

9. Bunge, H.J. Zur Darstelung algemeiner Texturen / H.J. Bunge // Z. Metallkunde. — 1965. —
Bd. 56. - S. 872-874.

10. Roe, R.J. Description of Crystallite Orientation in Polycrystalline Materials / R.J. Roe // Journ.
Appl. Phys. — 1965. — Vol. 36, no. 6. — P. 2024-2031.

11. I'openux, C.C. Penmeenocpaguueckuii u snexmponno-onmuveckui anaws / C.C. Iopenux,
I0.A. Ckaxkos, JI.H. Pacmopeyes. — M.: MUCHC, 2002. — 306 c.

12. Cmenanenxo, A.B. Hccnedosanue anuzomponuu c8oticme NROAUKPUCIAILLA HA OCHOBe MeKCmYyp-
Hulx Oannvix / A.B. Cmenanenxo // 3a6o0ckas nabopamopusa. — 2019. — T. 85, Ne 9. — C. 46-51.

13. Bopookuna, M.M. Penmeenoepaghuueckuii ananus mexcmypvl Memannos u cniaeos / M.M. bo-
pooxuna, 3.H. Cnexmop. — M.: Memannypeus. 1981. — 272 c.

14. Bepecmosa, C.A. Ananumuueckuti Memoo nOCmMpoenus 00AACMU 803MOICHO20 USMEHEHUSI MEK-
cmypHuix napamempos / C.A. bepecmosa, H.E. Muciopa, E.A. Mumiowos // Becmuux I[THUIIY. Mexa-
Huka. —2015. —Ne 1 — C. 31-42. DOI: 10.15593/perm.mech/2015.1.03

15. 3unoeves, B.E. Tenioghuzuueckue ceoticmea mMemaniios npu 6blCOKUX memnepamypax: cnpas. /
B.E. 3unosves. — M.: Memannypeusa, 1989. — 384 c.

16. Adamesku, R.A. Texture and Deformation Mechanism in Yttrium / R.A. Adamesku, S.V. Greben-
kin, A.V. Stepanenko // The Physics of Metals and Metallography. — 1992. — Vol.74, no. 5. — P. 535-537.

17. Cmenanenxo, A.B. Texcmypoobpazosanue npu ocaoke u peKpucmaiiu3ayuoHHoM omacuee 2a-
oonunus / A.B. Cmenanenxo // Ycnexu cospemennoii nayku u oopazogeanus. — 2016. — T. 3, Ne 6. —
C. 85-88.

Crenanenko Anapeii BukropoBuy, kaun. ¢us.-mat. Hayk, AoneHT Kapenpsl ¢uzuku, MHCTUTYT
(dbyHIaMeHTambHOTO 00pa3oBaHusl, YpanbCcKuil QeepalibHBId YHHUBEPCUTET MM. mepBoro [IpesumeHrta
Poccun b.H. Ensuuna, r. ExkarepunOypr; a.v.stepanenko2@urfu.me.

Hocmynuna e pedaxyuro 7 maa 2021 ..

OBPA3EIl HUTUPOBAHUS

Stepanenko, A.V. X-Ray Study of Yttrium Texture
Using Standard and Extended Dialing Pole Densities /
A.V. Stepanenko // Bectuuk HOYpI'Y. Cepus «Metai-
ayprus». — 2021. — T. 21, Ne 4. — C. 41-47. DOL
10.14529/met210405

FOR CITATION

Stepanenko A.V. X-Ray Study of Yttrium Texture
Using Standard and Extended Dialing Pole Densities.
Bulletin of the South Ural State University. Ser. Metal-
lurgy, 2021, vol. 21, no. 4, pp. 41-47. DOI:
10.14529/met210405

BecTtHuk KOYplY. Cepus «<Metannyprus».
2021. T. 21, Ne 4. C. 41-47

47



