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A calculation of X-ray diffraction on the dislocation structure of polycrystalline materials with the biaxial anisotropy of the crystal
lattice has been carried out. The task was reduced to definition of the field of lattice distortion in this neighborhood applied to edge
dislocations of the «c» type in condition of anisotropy of elastic modules of a crystal. As a result of general solution of this task, a
parameter of spatial anisotropy of the distortion field was defined from elastic modules and further included into tensors of
transformation of both initial isotropic model of this field and its coordinates. According to this principle a modified mathematical
model of the field of elastic atomic displacements in the neighborhood of an edge dislocation has been built. The final result shows
that this anisotropy entirely reflects onto dislocation specific parameters of distortion that can be obtained by an XRD method for
determination dislocation distributions and density. It is noted that for hcp metals widely used, accounting of this anisotropy would
be reduced to small corrections of parameters.
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YPAXYBAHHS AHI3OTPOIIII EJJACTUYHHAX MOJYJIB Y TIY-METAJAX
IPA PEHTTEHIBChKIM JOCJIIKEHHI JUCJOKALIAHOI CTPYKTYPU
J.I'. Manuxin
Hayionanvnuii naykosuil yenmp « XapKiecokuil Qizuxo-mexHiunHuLl iHCImumymy
Yxpaina, 61108, m. Xapkis, yn. Akademiuna, 1

[IpoBeneHO po3paxyHOK PEHTIeHiBCHKOI An(paKii Ha TUCIOKALIHHIN CTPYKTYpi MOJIKPUCTATIYHUX MaTepiaiiB B yMOBaxX IBOOCHOT
aHI30TpOIMii KPUCTATIYHOI pelliTKU. 3aady 3BEJCHO 10 BU3HAYCHHS CTATHCTHYHOTO PO3MOALTY AedopMariil mpyKHO-aHI30TPOIHOT
KPHUCTAIIYHOI PEIIiTKH B OKOJIUII KpallOBUX JHUCIOKAIIN THUITY «C». 32 MOAYJISIMU MPY>KHOCTI IUIIXOM IOIIYKY 3arajbHOrO PillIeHHS
Takoi 3a/1adi BH3HAYEHO IapaMeTp MPOCTOPOBOi aHi30Tpomii moms naedopmalliif, Skuii Oaai BBEAEHO [0 CKIaxy TEH30piB
MEPETBOPEHHS ITOYATKOBOI 130TPOIMHOI MOJENI IBOTO OIS i HOro KOOpIUHAT. 32 TAKHM MPHHIHUIIOM 1MO0YI0BaHO MOIU(IKOBaHY
MaTeMaTHYHy MOJENb MOJII aTOMHHX 3CYBIB KPHCTaNi4HOI PELNTKH B OKOJHMII KpaioBoi auciokamii. OcraTodHuil pesyibrar
BHPAKAETHCS B TOMY, IO Taka aHI30TPOIMIs LIIKOM I HMOBHICTIO BiZOOpaKaeThCS HAa XapaKTEepHUX IapaMeTpax IHUCIOKAI[IHHIX
Mikpoaedopmaii, Mo MOXXYTh BH3HAYaTUCS PEHTT€HIBCHKUM METOJIOM Ta CIYXKUTH IJISI PO3pPaxyHKY PO3HOALTY IHCIOKAIii 1 ix
IiIpHOCTI. Bim3navaetbes, mo as Y -meranis, MAPOKO BUKOPUCTOBYBAHUX B TEXHilli, YPaxyBaHHS TaKol aHi30TPOIIiT 3BOTUTHCS
JI0 HEBEJIMKUX KOPEKI[iH TUCTIOKaLiifHUX mapamMeTpiB.

KJKOUYOBI CJIOBA: peHTreHOCTpYKTYpHHU aHawi3, audpaxiiis, MikpoaehopMalii, JUCIOKALl, MiINbHICTh MUCIOKALii, MOIyTi
npy>kHoCTi, aHizotpomis, ['TIY-meranu

VYET AHU3O0TPOIIMM MOAYJIEA YIIPYTOCTHU I'ITY-METAJLJIOB
IPY PEHTTEHOBCKOM MCCJEJOBAHUU TACTOKAIIMOHHOM CTPYKTYPBI
J.I'. Maabixud
Hayuonanvrorit Hayunviii yenmp «Xapoko6cKkutl (puzuKo-mexHuyeckuil uHCIumynm»
Yrpauna, 61108, 2. Xapvkos, yn. Akademuueckas, 1

IIpoBeneH pacyéT peHTreHOBCKOW AM(paKIUMU Ha AUCIOKAIHMOHHOW CTPYKTYpe MOJHKPHCTAUIMYECKOr0 MaTepHualia B YCIOBHUSIX
JBYOCHOW aHU30TPOIHH KPUCTAJUTMUECKON PeIéTKU. 3a1aua CBeeHa K ONPEIEICHUIO CTATHCTUIECKOTO PACTIPENETICHHS NCKaXKEeHN
YOPYTO-aHU30TPOIHON KPUCTAUINYECKON PEIIETKH B OKPECTHOCTH KPAaeBbIX AUCIOKALUH Tuna «c». Ilo MoaynsiM ynpyrocta myTtém
TIOMCKa OOIIEro pelIeHys TAaKOH 3aa4y OIpeIeIeH mapaMeTp NPOCTPaHCTBEHHOW aHU30TPOIHH ITOJISI UCKAXKEHHH, BBEJICHHBIH fanee
B COCTaB T€H30pOB IIPe0Opa30BaHUS HCXOJHONW H30TPOITHON MOJIEIH TOTO II0JIS X €r0 KOOpAuHAT. [1o TakoMy NMPUHIUITY TOCTPOESHA
MOIM(GUIMPOBAHHAS MaTeMaTHYecKass MOJENb IIOJISI aTOMHBIX CMEIICHUH KPUCTAJUIMYECKOW pEeIETKH B OKPECTHOCTH KpaeBOi
quciokay. OKOHYATEIBHBIN Pe3ysIbTaT BHIPAXKASTCsl B TOM, YTO TaKas aHM30TPOINUS IEIMKOM U IMOJHOCTBIO OTOOpaXkaeTrcs Ha
XapakTEPHbIX NapaMeTpax AUCIOKAMOHHBIX HCKa)KeHHFI, OnpeACIAEMbIX PEHTICHOBCKUM METOOM, 110 KOTOPBIM PAaCCHUTBHIBACTCA
pacmpeneneHue IUCIOKaUi U UX MI0THOCTh. OTMmeuaercs, yto [t ['TIY-meTannos, HpOKO UCIOIb3YEMBIX B TEXHUKE, YUET TaKOH
AQHMU30TPOITNH CBOJUTCS K HEOOIBIIIMM MONIPAaBKaM K JHCIOKAIOHHBIM apaMeTpaMm.
KJIIFOYEBBIE CJIOBA: peHTreHOCTPYKTYpHBIH aHamu3, AU(paknus, UCKaKEHHS KPUCTAJUTMUECKON PEmETKH, TUCIOKAINH,
IUIOTHOCTH JUCIIOKAINN, MOTYJIH yIpyrocTy, anusotponwus, ['TIY -meramis

In previous studies [1-3], a complex of techniques of analysis of the dislocation structure in hcp metals was
described. These developments are directed onto solving of problems of X-ray substructural studies of metals used in
nuclear reactors: zirconium, titanium and hafnium. A distinctive feature of the methodical basis is to use the most direct
approach for calculating the X-ray diffraction on distorted neighborhood of dislocations, especially in relation to the
edge dislocations. It is, first of all, the use of physical and mathematical model of elastic-equilibrium displacement
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fields of atoms and, on the basis of it, calculation of the distribution of the normal distortion (g) of crystal lattice within
the neighborhood — it is an universal function f{g):

f(q)=£j (1 2cos’ go)dgo f.[ cosy dy |
‘ Ty g’ +cos’ g 04/2¢° +1—cosy M

wherein g = ¢/g,, and €, = b/nR is a dislocation parameter of distortion €; b is the Burgers vector of the edge dislocation;
R is the radius of its individual neighborhoods in the vicinity of those with the same type and configuration. At the same
time it has been show that, with sufficient accuracy, this distribution directly describes the corresponding intensity of X-
ray difraction i(/) under the identification &€ with coordinates # what is the relative deviation of the diffraction vector
from a site the reciprocal lattice [2].

One of the practical features of the development results associated with the versatility of function f{g) for
dislocations of all types and orientations — the differences are reduced onto change of expressions for the distortion
parameters: €, = kb/nR. So, factor k is equal to sin?p for edge dislocations and sinf-cosp for screw ones, where f is the
angle between the main direction of the dislocation line and the diffraction vector (S). This makes it possible to divide
the types of dislocations — “a” and “c” (“c+a”) — in structure of hcp metals during the analysis of a wide number of
experimental lines. In this case, the experimental parameter &, is divided into components &,, and &,. according both to
the types of edge dislocations and to 3-time dimension of the object. As a result, the following orientation relationship
used [4]:

g(a)=¢,,sin> a+e,, +&,,cos’ a, )

wherein o is the angle between the direction of X-ray diffraction and the crystallographic direction [0002]; &,, is the
distortion parameter for the “a”-dislocations of prismatic slip; €., are those for two orthogonal directions of “a”-
dislocations along the basal plane.

If the sample is a plate and X-ray measurements undertaken only from its surface, it remains to consider these two
parameters are equal. As a result, the density of dislocations (of edge type) defined as a combination of its three partial
components p; calculated by three according parameters in formula (2): p; = me,#/b? [3]. Determination &, parameter
associated with another practical feature of the method.

This feature is satisfactory accuracy of X-ray profile models simulated by convolution of distribution f{g) with the
Gaussian function, where the latter of which shows the effect of random strain in dimension of grains (intergranular
strain). Speaking more specifically, by such convolution, as shown, it can be quite accurately modeled the Voigt
function, which widely used for approximation of X-ray lines during phase-structural studies. As a result, the parameter
€ (2) can be determined per the half-width (w¢) of a Voigt function component, which approximate diffraction on
distortion by form of the Cauchy function C(4): g, = 1.7w¢ [1, 3].

The problem is that all methodical calculations actually received only in approach of isotropic elasticity. In
particular, it was shown that under these conditions the parameter ¢, for a fixed edge dislocation direction is not depend
on orientations of the Burgers vector. It remains unclear how the anisotropy of parameters of crystalline medium
elasticity, what is typical for hcp metals and alloys, affects the calculation result. The purpose of this work is to
determine the nature and extent of effect of such anisotropy on the function and parameters of distribution of dislocation
distortion. It is supposed for this to repeat the entire sequence of calculations including this factor.

FORMULATION OF THE TASK

To dislocations, oriented in the direction of the axis “c” of hcp crystal (they can be either edge or screw ones), this
problem does not concern since they accept the maximum symmetry inherent to hcp crystal lattice. Effect of the
anisotropy will thus reduce to dislocations lying in the basal plane. In this case, we consider the edge “c”’-component
dislocations, in particular “c”-type edge dislocation entirely. It differs from -type ones of prismatic slipping by
presence of biaxial anisotropy in orthogonal cross section, i.e. in a prismatic plane of hep lattice.

In the isotropic-continuum approach of determining of displacement field u(r) of atoms, conditions of elastic
equilibrium are reduced to equations divu = |rotu| = 0. This provide for elastic deformations &; = du;/0x; the following
expressions: g; = g; Xg; = 0. In the case of anisotropic elastic parameters one should replace the displacements u(r)
onto stresses o(r): dive = |[rote| = 0 [5]. As a result, it is reduced to the expressions — 6;; = 6;; Zo; = 0, where i, j =1; 3 -
designation, respectively, the coordinates x and y where first one varies along the basal plane of the crystal lattice, and

the second one does along the “c”-axis.
These conditions are specifically expressed in the following form:

“ th)

zanzcu +O—33=(C11‘911+C13533) (C33533+C31‘911) (Cu +C13)511 (C13 +C33)‘933=0’ (3)

0; =0 =0 - C44(513 _531):0 “4)

wherein Cj; are the elastic modules with indices corresponding to the accepted notation; Ci4 is the shear modulus.
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Thus, it may be noted that in the constancy of mathematical presentation of the conditions of equilibrium, the
elastic parameters anisotropy changes their object in limits of linear transformations. As in the original task, let the
Burgers vector b is directed along the “c”-axis of crystal cell, i.e. along the y (see figure). Then in general, principles of
transformation will be reduced to the following:

— according to the equations (4), the condition for shear strain retains the same as for the case of isotropy — &3, = €13;

— because of the immutability of the Burgers vector, changing along its direction (y or “c”’-axis) by the anisotropy effect
would formally be absent;

— thus, the transformations will only be along the direction x, and the corresponding rate would be defined by the ratio
between g; in the equation (3).

As a result, the recuired field of elastic displacements of atoms — u(r) = u..i + u,j (r =xi + yj) — can be defined
from the solution that obtained in terms of isotropy — uo(#y), — by the following transformations:

ﬁ(f):”x(xay)f"'”y(x:y)j:k”0x(’70)17+u0y(’7;>)j; Ty = Xl +y0f=locf+y], %)

where the anisotropy appears at k # 1.

In this way it is supposed to build a model of the field of atoms displacements in neighborhood of an edge
dislocation (of type “c”) under the elastic anisotropy options. Details of implementation of these options after the
transformations (5) will be seen below.

CALCULATION RESULTS AND THEIR ANALYSIS

According to previous calculations [1, 2], the field of atomic displacements u(ro) = uo,'i + ugy;j in neighborhood of
an edge dislocation was defined through assignment, in the initially adopted coordinates (xy, 1), a function of complex
variable W(z) = (b/2m)[Inz — z/2R,] expressed in this case as follows: W = — ug, + ug,i (z = xo + yoi). Here Ry is the radius
of boundary of the observed neighborhood (xy? + yo? < Ry?), on which the normal distortion along the survey direction is
taken as zero, as dictated by the general principle of constructing the model. Accounting the feature of linear
transformations, as assigned by the expressions (5), it is possible to represent the formula for the displacements of
atoms in this neighborhood in the following form:

b v kxy bk 2o 2\ KxP-y?
u,=u,, =—/|arctan-——-—-|; u =kuy, =——|Inlk"x" +y° )-—————|"
yow 271( kx Rozj 0 47r|: ( y) R; ©)

Along the semiaxis x > 0 as a result of these transformations, a slit with width b is retained, that related to the 2x-
periodicity of the arctangent. According to the formulas (6), a distortion tensor in the plane (x, y) is taken the following

form:
En €y | bk 1 -k’x -y 1 (k*x —y
5@/:[8 g}J:2|:222( ]+2[ ’ (7
o €y mlk’x"+y"\ -y x ) R/ -y -—x
According to the equation (3), the factor £ may be determined from the ratio of the diagonal elements of the matrix (7):
k= Ci+Cy . (8)
Cll + Cl3

The following figure shows schematically the distortion of the crystal lattice in the neighborhood of an edge
dislocation in the isotropy conditions (k = 1) and with the anisotropy coefficient £ = 2.
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Fig. Illustration of distorted neighborhood of an edge dislocation at both isotropic elastic parameters (left part) and anisotropic those
with a factor of k£ = 2 (right part; b — Burgers vector).
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It makes sense to introduce a dimensionless quantities system: s = y/Rg; t = kx/Ro; g = €/€40 (€00 = b/mRy). Then for
€ = g; the formula (7) will acquire the following view:

_Ey 1 1 —1 —g”—k—zt ! -1/ 9
% gy 2017 +5° ' & g 2 L7+s ®

Let us leave out the repetition of the process of calculating the distribution of f{g), referring to the previous results
and limiting by formulas (9). It should be noted that in the first formula, the anisotropy coefficient £ is really absent. In
other words, this formula also relates to a case of isotropy, and the dislocation distortion parameter in this direction, i.e.
along the Burgers vector, remains without changes: g, = gy = b/nR (where the R is the real radius of the neighborhood
border), seeing in this case it would be R = R, = R,.

If direction of the x-axis is oriented along survey, the dislocation parameter &, is dependent on k. Thus, according
to the second equation (9), gy = gyok* = bk/nR, taking account in this case R = R, = Ry/k.

If at last to return to the formula (2), where gy(a) is the dependency has modeled on the basis of experimental data,
the value &,.1, that corresponding to “c”-dislocation lying in the plane of diffraction, may be thus determined with
adjusting of following view:

&9, = (b, /7R, )(k sin’ & + cos’ a), (10)

In the adopted orientation of coordinates, for the second orthogonal component “c”’-dislocation, x-axis lies in the plane
of diffraction. Consequently &,, distortion do not appear, and thus &,., = b./nR..

Table
Elastic modules (GPa) [6] and the anisotropy coefficients & (8) for several HCP metals
Element C| 1 C13 C33 k
Be 292.3 14.0 336.4 1.070
Mg 63.5 21.7 66.5 1.017
Ti 162.4 69.0 180.7 1.039
Zr 143.4 65.3 164.8 1.050
Hf 181.1 66.1 196.9 1.032

The Table presents data on the elastic modules of some metals with hep lattice, and the anisotropy coefficients k&
calculated by the formula (8). According to these and to formula (10), accounting of the elastic modules anisotropy in
this task is reduced to introduction of small adjustments to the formula (2). For the real level of accuracy, these
corrections may be considered negligible, especially if to account a real variety of orientations of the grains in materials.

CONCLUSION

In general terms, a principle of accounting the anisotropy of the elastic moduli in calculation the two-dimensional
elastic-equilibrium field of atomic displacements in distorted microregions of crystals with hcp lattice has been defined.
This principle is reduced to definition of certain anisotropy parameter, which leads to the "biaxial" linear transformation
of the displacement field and its coordinates starting from the options of isotropy.

Modified recalculation of the field of elastic atomic displacements and distribution parameters of crystal lattice
distortion in neighborhood of an edge dislocation has been carried out using the defined anisotropy parameter.

This anisotropy parameter has been determined for several hcp metals used in nuclear technology. The calculation
result shows that accounting the anisotropy in determination both the dislocation distortion parameters of the crystal
lattice and dislocation densities is reduced to small corrections, and in many cases such tasks may be confined by the
option of isotropy.
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