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Results of X-ray investigations of dependence of the crystallographic texture of hafnium and zirconium on degrees of cold rolling are
presented. To obtain numerical principles, the method of inverse pole figures (IPF) with calculation of the texture parameters of
Kearns (TP) for a chosen direction has been used. Measuring was carried out in the plane of the plates, as well as in the other two
directions relating to rolling. The trigonal diagram of TP changes with degrees of deformation was built. Two stages of TP changes
with deformation degrees are revealed: rate of the TP changes at the initial stage and, in part, characteristics of the subsequent stage
depend on the initial texture of the materials. The second stage is characterized either by achievement of a minimum of TP in the
rolling direction of the plates, or by moderate and even slight changes of them. In an example of hafnium, it has established that the

increased rate of initial changes in TP is exclusively associated with intensive twinning predominantly by the {1012}(1011) system.
Arguments for dominance of twinning in the texture formation in hafnium and zirconium on the subsequent stage of rolling defor-
mation are given.
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BILTHUB XOJIOJHOI IPOKATKH HA TEKCTYPHHUI ITAPAMETP YUCTOI'O TA®HIIO TA HUPKOHIIO
I'.Il. KoBtyHn, K.B. KoBTyH, /I.I'. Maauxin, T.C. IOpkoBa, T.1O. PynuueBa
Hayionanenuii naykosuii yenmp « Xapkiecokuil Qizuxo-mexHiunuil iHcmuniymy
Yxpaina, 61108, m. Xapkis, eyn. Akademiuna, 1

HaBezneHo pe3ynbTaTé peHTI€HIBCHKHUX JOCHTIIPKEHb 3aJIeKHOCTI KprucTanorpadiqHoi TeKCTypHr raHiio i HIUPKOHIIO BiJl CTYIEHS XO-
noaHoi aedopmanii npokaTkoro. st OTpUMaHHsS YHCICHHUX 3aKOHOMIPHOCTEH BHKOPHCTaHO METO]| 3BOPOTHHX IMOJIOCHHX (iryp
(3I1®D) 3 po3paxynkom TekcTypHUuX napameTpiB Kepuca (TII). 3iioMku mpoBeneHO B IUIOUIMHI IUIACTHH, & TAKOX B JIBOX 1HIIUX Ha-
MpsIMKax, MOB'A3aHUX 3 MpokaTkor. [loOyxoBano TpuroHansHy miarpamy 3miH TII 3i ctynenem nedopmarii. Bussineno agi cranii
3miH TII 3i crymenem nedopmarii: Temn 3min TII Ha mepmiii cranii i, HOYacTH, XapaKTEPUCTHKU JPYTOi CTasil 3amexaTh Bij moyar-
KOBOI TEKCTypH MarepiaiiB. Jlpyra cTajis XapakTepu3yeTbesi JOCSATHEHHSIM MiHiMyMmy TII, BUMipsSHHX y HampsMKY MPOKATKH ILIac-
THH, a00 MOMIPHOIO 4M c1a0Koro ix 3MmiHo0. Ha mpuxiani radHiro BCTaHOBICHO, IO MiABHINCHUH TeMn nodaTkoBuX 3MiH TII BH-

KIIIOYHO TIOB'S3aHUM 3 IHTEHCHBHUM JIBIHHUKYBaHHAM mepeBakHo 3a cuctemoro {1012}(1011)..HaBeneHo aprymMeHTH Ha KOPHCTH
JOMiHYBaHHS JIBIHHUKYBaHHs y ()OpMyBaHHI TeKCTYpH radHiro i IUPKOHIIO Ha ApyTiil cTaii eopmarii mpoKaTKoro.

KJIIOUOBI CJIOBA: peHTreHOCTpYKTYpHUIl aHali3, TeKCTypa, 3BOPOTHI MOIOCHI (irypH, TeKCTYpHHI mapameTp, XOJ0AHa Hpo-
KaTka, radHii, TUPKOHIN, NBIHHUKYBaHHS

BJIMSIHUE XOJIOJHOM NPOKATKH HA TEKCTYPHBIN ITIAPAMETP YACTOI'O TA®HUA U HUPKOHUSA
I'.Il. KoBtyHn, K.B. KoBTyH, /I.I'. Maauxin, T.C. IOpkoBa, T.1O. PynuueBa
Hayuonanvneiii Hayunwtit yenmp «Xapokosckuil puzuko-mexuudeckuii UHCmumymy
Yrpauna, 61108, 2. Xapvkos, yr. Akademuueckas, 1

[IpuBeneHs! pe3yabTaThl PEHTTCHOBCKUX HCCIIEIOBAaHMN 3aBHCHMOCTH KpUCTA/UIOrpaduueckoil TEeKCTYpbl TaQHUS M LUPKOHUS OT
CTENCHH XOJIOAHOW edopMaliin poKaTKor. J{is moayyeHHs YHCICHHBIX 3aKOHOMEPHOCTEH MCIOIb30BaH METOJ 0OPaTHBIX MOJIFOC-
HbIX duryp (OIID) ¢ pacuérom Tekctypubix nmapamerpoB Keprca (TII). CréMKH HpOBeIeHbI B IUIOCKOCTH [UIACTHH, @ TAKKE B ABYX
JIpPYTUX HaNpaBJICHUAX, CBA3aHHBIX ¢ MpokaTkoil. [locTpoena TpuronangpHas auarpamMa usmeneHuil TI1 co creneHbro aedopMaum.
Bruasneno nBe craguu msmeneHnit TI1 co crenensto aedopmanun: temn n3MeHeHuit TI1 Ha HAYaBHOM CTaTuM U, OTYACTH, XapaKTe-
PHCTHKH TIOCJIEIYIOMEH CTaAuN 3aBUCST OT MCXOJHOH TEKCTyphl MaTepHanoB. Bropas cragus xapakTepu3yeTcsl JOCTIKCHHEM MH-
HuMmyMa TII, n3MepeHHBIX B HaNpaBIEHUU MPOKATKH IUIACTHH, MO0 YMEPEHHBIM WM Aaxke c1aOblM MX m3MeHeHneM. Ha mpumepe
rayHUsl YCTaHOBJICHO, YTO HOBBIIIEHHBIA TEMI HA4YaJIbHBIX N3MeHeHUH TI1 NCKIIIOUNTENbHO CBSI3aH C HHTEHCUBHBIM JIBOWHUKOBAaHH-
eM mpenmMyecTBeHHO 110 cucteme {1012}(1011). [IpuBeneHsr apryMeHTHI B MOJIB3Y TOMUHAPOBAHHS ABOMHUKOBAHHUS B (POPMUPO-
BaHUH TEKCTYPbI TadHUsI U LUPKOHMS HA MOCIeAyoIIei cTaanu nedhopMannuy NPOKaTKOM.

KJIOUEBBIE CJIOBA: peHTreHOCTpyKTYpHBIN aHAJIN3, TEKCTYpa, 0OpaTHbIE MOMIOCHBIE (GUIYpPBI, TEKCTYPHBINH HapaMeTp, X001~
Has MPOKaTKa, TadHUH, TUPKOHUH, TBOMHIKOBAHHE

Zirconium and hafnium are the basis of materials intended for use in the construction of nuclear reactors. Products
made of such materials, especially from zirconium-niobium alloys, undergo a special thermo-mechanical treatment
aimed to maximize their satisfactory performance. Their crystallographic texture is an important characteristic on which
the mechanical and radiation properties of these materials depend, as well as concerning to other hcp metals. Obtaining
skills to predict its development after a necessary cycle of treatments is of practical interest. Study of principles of its
changes after elementary processing cycles and analysis of the structural mechanisms responsible for these changes is
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of scientific interest.

The aim of these studies is to reveal principles of changes in the crystallographic texture of pure hafnium and
zirconium in process of cold rolling deformation, starting from annealed state of their plates. An exceptional feature is
the subject of research — the Kearns texture parameter (TP) [1], which characterizes the general directionality of the
crystallographic axes "c" of grains in hcp metals towards the investigated direction of the sample.

The world experience of research of this kind is practically absent. At present, the X-ray method of direct pole
figures (DPF) is widely used for crystallographic texture research. The advantages of this method is simplicity of
texture representing — in the form of a spatial distribution of orientations of the "c" axes, and the disadvantages are the
difficulties of obtaining them due to limitations in the orientation of the samples and other technical reasons. This
greatly reduces accuracy in the event of subsequent data processing. In fact, the DPF is a qualitative result of such
studies.

In contrast, the suggested approaches described below make it possible to determine with satisfactory accuracy the
TP as a characteristic convenient for both quantitative analysis and revealing numerical principles. This aspect also has
no precedents and is therefore of especial interest.

The second exceptional feature of the research is the determination of TP in three orthogonal directions associated
with rolling of plates.

Results will obtained can give some information about laws of rolling texture developments in the materials, and
about accompanying structural mechanisms of it.

TECHNIQUE AND MATERIALS
To determine the TPs of hafnium and zirconium plates, the X-ray analysis of their texture by inverse pole figures
(IPF) is used [2-4]. In contrast to the DPF method, in this approach, a usual X-ray optical scheme with Bragg-Brentano
focusing is used. In particular, the present investigations were carried out using an X-ray diffractometer DRON4-07 in
the radiation of CuK,. To eliminate the vertical divergence of the X-ray beam, the pair of Soller slits was used.
According to this method, for the selected measuring direction (j), the pole density values P; (i.e. P;yu)) are
calculated — this is an analogue of the distribution of crystallographic orientations (4ki/) in this direction. These
quantities are proportional to the experimental values of the integral intensity /;. The corresponding coefficient (R;), in
turn, is proportional to the flux of radiation incident on the sample. In general, the values of P; may be determined
according to the following formulas:
11,
P=—->; R=)4
g Rj 101' ! ZI:

where /i, is the standard set of integrated intensities of reflection from an ideally non-textured (crystallographically
isotropic) sample of such material; 4; is the quote of own orientation space (of a grain) for the i-th reflection, is used as
the statistical weight [4]. In fact, the pole density is normalized to unity and would equal to unity for such non-textured
material. Values /, either may be measured in advance, if there is a non-textured sample, or calculated [5].

The TP may be determined on the basis of the calculations of P;; (1) using the following formula:

f; :<cos2 ai>/ = ZA,.PJ.I. cos’ a;; ©)

n.n

where o; (o) is the angle between the "c" axes of crystallites and the normals (4kil) in their reflecting position, i.e. in
the direction of measuring. The meaning of the TP can be explained by an elementary example: the TP of a grain is
equal to 1, if its axis "c" is oriented in the measuring direction, — is equal to O if it is perpendicular to them, and takes
intermediate values in other cases. The TP of the material is averaged over all the plurality of grains.

The method was tested at its application to the Zr-2.5% Nb alloy texture investigations. So, the refined intensities
Iy; were obtained by averaging the results for the samples of this alloy, obtained in three projections [6]. After
comparing the results with the calculated values, the final set of values was obtained, the error of each of them is
estimated at a limit of 5%. The values of 4; were calculated mathematically. Their set may be applicable to titanium,
hafnium, zirconium and its industrial alloys.

Texture measurements of hafnium and zirconium samples were carried out in the rolling plane (normal direction, —
ND), in the cross-section (rolling direction, — RD), and in the longitudinal section of the plates (transverse direction, —
TD).

As samples for three-dimensional studies, hafnium plates HFE-1 (of Ukrainian specification) 2 mm thick annealed
at 850°C for 1 hour, with a residual zirconium content of less than 0.2 wt. %, and other impurities — less than 0.1 wt. %
are used. For the studies, samples were obtained by subsequent rolling up to 5, 15 and 30%.

Plates of iodide zirconium (99.9 mass%) with a thickness of 5 mm are also investigated in “3D” after both
annealing at 600°C for 1 hour and subsequent deformation by 6, 10, 15, 20, 30 and 50%. Measurements in RD and TD
were carried out from the surfaces of the central cut of plates to eliminate the boundary effect of rolling.

Additionally, the TP parameter in the normal direction of hafnium plates 5 mm thick, of the same kind and
annealing mode, deformed to 5, 10, 15, 20, 30 and 50%, is investigated. For this material, the designation “Hf®” will be
further used, as well as “Hf'"” for its previous analogue.

The investigated surfaces of the plates were preliminary processed by grinding and etching.

1,
Jt .
I()" (1)
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RESULTS
In Figure 1, the IPFs of the Hf'" plates are shown in three measuring directions. The values of the pole density

(0002), (1010) and (112 0) are displayed.
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deformation are indicated.

In Figure 2, with the same designations, IPFs of zirconium plates are given.

Fig.1. IPFs in three measuring directions for the original and deformed HfY plates. The directions and the degree of

Based on the results of measurements from the plane of the initial and deformed HY, Hf(z), and Zr plates, the
graphs are given for the TP values in the ND direction (fyp, Fig. 3) calculated by the formula (2).

The TP values determined for the three directions of the Hf" and Zr plates are displayed using a trigonal diagram
(to be continued in the context). The diagram is built according to the principle of representing sections of ternary phase
diagrams. The basis of this building is the trigonometric regularity:

;wﬁ%:L»;ﬂzloﬂ@ﬂ 3)
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Fig.2. IPFs in three directions for the original and deformed plates of zirconium with indication the directions and the
deformation degrees.

ANALYSIS OF THE RESULTS AND DISCUSSION

First of all, an ambiguity of the results obtained on the Hf") and Hf'” samples (Fig. 3) attracts an attention. This
circumstance, apparently, is due to differences in the making of the original plates.

A common principle of the graphs (Fig. 3) is moderate changes of the TPs for deformations of more than 5%. In
the region below it and somewhat higher, the commonality of the graphs run is absent. The rate of the changes at up to
5%, as can be seen, depends on the initial values of the TPs. Partially, this also relates to changes at increased
deformations, as can be seen in the example of the Hf(".

Existence of such differences is confirmed by figure 4, where the arrows indicate the direction of the changes,
starting from the initial state. So, on the one hand, it can be seen from the figure that the texture parameters of the
original Zr plate fit in the direction of their further change, although at the same time, there is an increased initial rate.
In part, this circumstance can also be noted for the Hf'” (Fig. 3). Probably, the original plates of the Hf» and Zr were
made by rolling, as well as subsequent samples, and at the same time — with achievement of high texture. On the other
hand, for the Hf" (Fig. 4), the initial stage is more clearly detected, due to both the lower initial fi, value (Fig. 3) and
the increased TP in the RD (fxp; Fig. 4).
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Fig.3. Changes of the fy, with deformation degrees of the Hf\" () Fig.4. Diagram of the TPs changes for the Hf" (#) [7]
[7], Hf® () and zirconium plates (O). and zirconium plates (O) at the cold rolling.

In general, there are two principles in the obtained results. Firstly, in the changes of TPs with deformation degree
of hafnium and zirconium, the stationary (moderate) stage exists. Its feature is small changes in frp (Fig. 4). In
zirconium, for example, this parameter at such stage practically does not change, taking on value 0.06. Secondly, in the
changes of TPs, at depending on their initial values, the initial stage as a rule can exist, differing by an accelerated run
and a differed direction on the texture diagram. Partly, it is observed on the plates of Zr and is especially obvious for the
Hf" plates (Fig. 3.4), and even is noticeable for Hf® (Fig. 3).

To define the structural nature of changes of TPs, first of all, their evaluation was carried out from the standpoint
of homogeneous deformation at the scales of grains and higher. It was understood that such deformation is provided by
the dislocation slip mechanisms. It was assumed that the contribution of slip to the formation of a typical rolling texture,
if this could be, can be due to the binding of both the basal planes (0002) of the crystallites and their "¢" normals — to
the geometry of such kind deformation. According to this principle, during deformation, these planes are permanently
approaching to the rolling plane by their orientation. In this calculation, changes of the normals "c" incline are taken:
a; — oy The texture features of the initial and deformed plates allow us to use for estimation such formula:
tana”; = ktana,;, — where & depends on the deformation degree € and takes the value (1 - €)". The value # is equal to 2 for
the longitudinal section of the plates (RD<«>ND), and to unit for the cross section (TD«<>ND) [7].

According to this scheme, the evaluation was carried out on a sequence of values of the pole density (404 1),
aligned along the cos’a scale. In this regard, in Fig. 5, the deformation dynamics of the experimental sequence of values
P(cos?n;) and calculated one — P(cos®a’;) — are given. The values of P,(cos?a’;) were calculated on the basis of the data
for the initial sample.

As can be seen from figure 5, the experimental and calculated data significantly differ. In view of this, it should be
assumed that at the rolling process of the plates, dislocation slipping in the grain body is distributed irregularly. In such
cases one considers that it develops a tendency to localize in the grain boundary region. Such a state, apparently, has
little effect on the changes in the crystallographic orientations of grains. The reason of the texture changes in this case
remains to be attributed to twinning. Data from other studies confirm formation of twins in zirconium during rolling [8].

From what has been said, in particular, it follows that in the initial changes in the HfD texture, which are the most
evident in comparison with other ones (Fig. 3, 4), preference should also be attributed to twinning.

For a detailed explanation of this, a calculation of the frp(%#4i0) values, characterizing the directionality of normals
to the prismatic planes along the RD (instead of the "c¢" axes, as is accepted for TP), has been carried out. Practically it
has taken in account the directions within 30° around the RD. An analogue of formula (2) has been used with the
replacement cos?o,; — sin’o;:

Sup (hKi0)= Z AP sin’ a;, @)

where A’; is the statistical weight of the poles, additionally bounded by the such angular limits and so equal to either 4,,
or zero, or intermediate values. All values refer to the RD.

The meaning of this task is to analyze the juxtaposition of quotes of prismatic — (#ki0) — and basal (axis "c")
orientations along RD, and their changes during deformation.

In this regard, in Figure 6 the graph of correlation of fxp with fup(%4i0) for all deformation degrees of the Hf"
plates is presented. As can be seen, the graph obviously represents a linear correlation of these values. Significantly, its
course is extrapolated to coordinates (1; 0). So, if frp(#4i0) could reached its maximum, i.e. unit, then the parameter frp
(i.e. frp(0002)) according to formula (3) would vanish.
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Fig. 5. Graphs of changes in the experimental (upper figures) and calculated sequences of values of the pole density (lower
figures) measured in normal direction of the deformed Hf'” (left) and Zr samples (right-hand).

It follows from this that the initial rotation of the "c" axes from the RD towards the ND (and a slight reverse for
deformations above 5%) is done with immediate exchanges (0002) <> (%£i0). In other words, the turn acts are made
practically on 90°. It is meant, intermediate orientations do not participate in this. By the way, they are practically

absent (Fig.1, RD).

This shows that the changes of the TPs at the initial stage of deformation of the Hf" are carried out exclusively by

fro
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Fig.6. Correlation between frp and frp(hkiO)
parameters at all the deformation degrees for the Hf",
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intensive twinning, and predominantly by the {1012}(1011)
system, which rotates the axes by 85° [9.10].

For the Hf® and zirconium, the conditions for this are
insufficient. Evidently, such a process in these materials could
end at the stage of making the original plates. An initial stage of
TPs changes in pre-annealed zirconium plates can be expected
if the initial frpp parameter will noticeably exceed a value of
0.06.

The results obtained are in general consistent with existing
concepts, according to which twinning exhibits high activity at
deformation of hcp metals [11], significantly affects their
texture [10-12] and plays an exclusive role in texture formation
in zirconium alloys [13]. Moreover, it does a significant
contribution to the mechanical properties of hcp metals [14].

CONCLUSIONS
By the method of inverse pole figures, X-ray studies of
dependence of the crystallographic texture of hafnium and

zirconium plates, in particular, the texture parameter of Kearns (TP) on degree of cold deformation by rolling are
carried out. Measurements are done in the rolling plane of plates and in two other orthogonal directions.

In the changes of TPs with the degree of deformation of hafnium and zirconium, the presence of two stages has
been revealed. Unlike the initial one, the subsequent stage is characterized by a moderate rate of change of TPs, in

particular, by small changes in the rolling direction.

The level and rate of changes of the TPs at the initial and, in part, the characteristics of the subsequent stage
depends on the initial state of the material, in this case on degree of difference of the initial TPs from their expected
values in the subsequent stage.

Using the example of hafnium, which is characterized by a relatively high value of the initial TP in the rolling



42
EEJPVol.4 No.32017 G.P. Kovtun, K.V. Kovtun...

direction, it is found that the increased rate of initial changes of this parameter is exclusively associated with intensive

twinning, predominantly of its {1012}(101 1) system. The arguments for dominance of twinning in formation of the
texture of hafnium and zirconium in the subsequent stage are given.
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