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An effect of cold rolling on texture and the Kearns’ texture parameter (TP) of Zr-2.5%Nb alloy plates, made by
straightening the rings of the &J15.0x1.5 mm tube, has been investigated by the X-ray method of inverse pole figures
(IPFs). The rolling was carried out in a direction perpendicular to the direction of longitudinal rolling of the original
tube, and did with deformations from 7 to 55% with intervals of ~ 15...40 min between the passages. IPFs and a plot
of TP changes with the deformation degrees on the plate’s surfaces are built. Strong oscillations of the graph are
noted. By investigation of the samples etched with 30 um, as well as original samples, selectively processed without
delays, it has been established that this is due to the surface stresses relaxation in the intervals between rolling acts.
For the continuous rolling process and the conditions of uniformity of the initial texture of the alloy, the graph of TP
changes has been determined. The staged nature of the TP dependence on deformation is revealed — existence of an
initial stage of almost linear growth and the subsequent stage of insignificant changes.

PACS: 28.41.Qb, 81.40 Ef, 61.10 Nz, 72 Mm

INTRODUCTION

This work is a part of the cycle of studies of patterns
of texture changes during cold deformation of nuclear
materials. These are metals with a crystalline hcp lattice,
namely, hafnium, zirconium and its alloys. The work is
related to tasks of analysis, control and predicting tex-
ture characteristics of products of reactor designation of
these metals, optimization of their exploitation charac-
teristics. The purpose of this series of works is to study
regularities and mechanisms of texture changes in prod-
ucts of the listed metals.

A feature of the work is, first of all, in choice of the
approach for textural research — this is use of the
Kearns’ texture parameter (TP, [1]). Mechanical, ther-
mophysical and other tensor parameters are directly
related to it in different geometric directions of products
made of metals with crystallographic anisotropy [2].
Such characteristics are the coefficient of thermal ex-
pansion, thermal and electrical conductivity, orientation
of precipitates, elastic modules etc. TP plays an im-
portant role in behavior of these materials under irradia-
tion — this is resistance to radiation growth of construc-
tions from these materials during reactor operation.

Use in principle of TP as the subject of analysis
should bring single-valued relationships in the study of
texture and structural patterns of deformation. In partic-
ular, based on texture studies of hafnium and
Zr-2.5%Nb alloy, it was shown [3, 4] that, with a low
initial texture, these metals can have an initial stage of
significant changes in TP with the degree of rolling. The
next stage is characterized by relative moderation. This
staged character occurs most visible for the TP meas-
ured in the rolling direction of Hf and Zr plates [3, 4].
When studying plates with a high initial texture, the
initial stage of TP would practically not be detected.

It follows from these results that both the TP chang-
es and the length of the initial stage of longitudinal roll-
ing of Zr and Zr-2.5% Nb alloy can be unambiguously
related to the initial value of TP, — it is implied, the roll-
ing was carried out in the same direction as has been for
the original bars. The obtained data also showed that in
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the texture changes of these materials, the twinning de-
formation systems play a supremely dominant role, and
the slip activity in this is insignificant. This fully agrees
with the developing concept on texture formation in hcp
metals [5-7].

In the present work, the first task is to study the TP
changes during the cross rolling [8] of plates from the
Zr-2.5%Nb alloy used as a structural material in RBMK
reactors — of rings cut from a tube of this alloy and
straightened to a flat shape — rolling of them in tangen-
tial direction of the original tube. The task was mainly
aimed at revealing the distinctive features of texture
dynamics in comparison with the results of investigation
of plates cut and rolled in longitudinal tube direction
[3, 4]. Preliminary results of the investigations gave a
motive to formulate another one task — studying the
influence of certain features of the processing on the
changes of texture of alloy plates.

MATERIAL AND TECHNIQUE

The investigations were carried out on the material
of &15.0x1.5 mm tube of Zr-2.5%Nb. Texture meas-
urements did on an X-ray diffractometer DRON4-07 in
CuK,-radiation with the usual Bragg-Brentano scheme.

First of all, the texture of the tube was investigated.
For this, a sample was made in the form of stack of
tube’s segments. For the studies, three flat surfaces of
the stack were prepared in accordance with three direc-
tions of the tube. This is the axial (TAD), radial (TRD)
and tangential tube direction (TTD) (Fig. 1).

Designed for subsequent deforming, initial bars of
the samples were also cut out of the tube in the form of
rings (see Fig. 1). Then the rings were straightened to a
flat shape. For maximally uniform their straightening,
tubes of different diameters were used as punches.

After this, the standard finish annealing of the made
plates was carried out — at 580 °C for 3 hours — until the
complete separation of the B-Nb-phase. The plates were
further deformed by cold rolling along their length (see
Fig. 1). So, the rolling direction of the plates (RD) coin-
cided with the TTD of the tube, the normal direction
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(ND) did with the tube’s TRD, the plates’ transverse
direction (TD) did with the tube’s TAD. Thus, speci-
mens with deformation to 7, 14, 19, 30, 39, and 55%
were made. Starting from the initial state, each rolling
step — from each degree to the next one — was carried
out one-act. Between the steps, technological breaks
were made for gauging.

TRD

Fig. 1. Scheme of bars preparation

The investigated surfaces of the stack of original
segments and surfaces of the plates were cleaned by
etching in a reagent with a volume combination of water,
nitric and hydrofluoric acid in the proportion of 9:5:1.5.

Texture of both the stack and the plates was investi-
gated by the method of inverse pole figures (IPFs)
[9, 10]. Investigations by this method allow most accu-
rately determine the TP of polycrystalline materials with
the hexagonal and tetragonal crystal lattice.

The essence of the method lies in the analysis of den-
sity distribution of crystallographic planes orientations in
polycrystalline material along the selected direction. For
hcp lattice, it is the distribution of the (hkil) normal to
these planes (from the full (hkil) set of registerable X-ray
reflections), which coincide with the chosen measure-
ment directions. In this case, these are the plates’ ND
and the tube’s TAD, TTD, TRD.

In the process of IPF building, for each pole (hkil),
the density of the corresponding orientations — of the
poles — is calculated; their regular distribution is con-
structed and displayed on the IPF by isolines or the color
scale (see below).

For calculating pole densities in selected measure-
ment direction (surface of sample), integral intensities of
all reflections — I(hkil) values — being defined. The den-
sities of the poles are calculated further by the following
formula:

PR RE2AT (1)

where i formally means (hkil); lo; are preliminary either
calculated or experimental values of X-ray intensities
from such a material in its non-textured state; A; are the
statistical weights of the i-th reflection — the fractions of
the space of the crystallographic orientations of the
grains giving the i-th reflection [11].

70

Using the obtained {P;} set, the TP values are calcu-
lated [10, 11]:

f. =<coszai>j => AP cos’ - @)
where o; is the angle between the basis normal of the
reflecting grains (it is the “c” axis of the hcp cell) and
the j direction of measurements (it is the normal to the
plate plane (ND)).

In order of accounting the textural differences that
exist between the sides of the plates — the outer and in-
ner surfaces of the original tube — the measurements
were carried out from both sides. In this connection the
corresponding notations were taken — “outer” and “in-
ner” sides.

To control the texture non-uniformity along the
length of the plate — this circumstance is provided — the
measurements were in some cases carried out from dif-
ferent parts of the plate surfaces. On the basis of this,
the satisfactory texture uniformity along the length of
the plates was established. The random error in deter-
mining the TP (0 < f < 1), with exception of several cas-
es, is approximately +0.005. It is meant possible to have
a systematic error related to texture irregularity along
the plate’s thickness.

RESULTS AND DISCUSSION

Fig. 2 shows the IPFs of the original tube in three
measurement directions The main crystallographic
(hkil) directions are indicated on the IPFs and the corre-
sponding Py values are given.

According to the obtained data (see Fig.2), the
tube’s texture by its characteristic features is similar to
the usual plates rolling texture of titanium subgroup
metals, if to match the plates’” RD to the tube’s TTD.
Thus, the “c” axes ((0002) normals) are basically dis-
tributed in a fan-like manner between the directions
TTD and TRD of the tube. This is the result of orienting
the prismatic (hkiO) normals along the TAD. Thus, the
choice of the TTD as the subsequent rolling direction
corresponds with sufficient similarity to the characteris-
tic features of the cross rolling of the plates (with 90°
turn).

Fig. 3 shows the IPFs of the original and deformed
(by 7%) plate. They are built by the results of measure-
ments from both sides. According to the figure, even at
7% deformation, noticeable differences are observed in
the pole figures of the plates, namely, differences along
the ND between the P50 values and especially be-
tween P(lOiO)-

Significant differences are also found between the
results of the TP calculation for both sides of all the
plates (Fig. 4). To determine the degree of reliability of
these data, some TP values, as mentioned above, were
determined twice: by measuring from the center and
edge of the plates, and this is indicated on the graphs by
pairs of dots. Despite the satisfactory reproducibility of
measurements for each side, such differences still re-
mained.
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Fig. 2. IPFs in three directions of the Zr-2.5%Nb tube. On right, the dislocation of (hkil) poles is shown
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Fig. 3. IPFs of Zr-2.5%Nb plates:
initial (left) and deformed 7% (on right)
from “outer” (up) and “inner” side (below)

In view of this, it was taken into account that this
texture ambiguity can be related to the deformation of

the surfaces of the rings when they were straightened.
The degree of such deformation was estimated by the
tube sizes — this is the ratio of the thickness to its medi-
an diameter, which is 10%.

In accordance with this, the correction of the ob-
tained data for the straightening effect was taken into
account by shifting the points’ positions on the TP plot:
for the “inner” surfaces by +10% along the deformation
axis, for the “outer” sides by -10%. These actions are
marked by arrows (see Fig. 4). The result of such trans-
formations is shown in Fig. 5, where the degree of de-
formation on the plates’ surfaces — i. e. plastic defor-
mation of plates in the usual sense plus or minus the
deformation of the surface in view of preliminary
alignment — is plotted along the abscissa axis.

According to Fig. 5, such acts led to a noticeable
regularization of the graph. Moreover, the regularity
turned out to be optimal within 0.5% error, i. e. when
corrected +(10+0.5)%, satisfactorily corresponding to
the result of the amendment.

On the other hand, the synthesized graph (see
Fig. 5), as can be seen, nevertheless shows a significant
singularity — sharp oscillations of the TP beginning
with a deformation of 4% (14% on Fig. 4).

This feature is fundamentally inconsistent with the
results of similar studies of annealed pure metals — haf-
nium, zirconium and Zr-2.5%Nb alloy [3, 4]. In these
works the regularity and even linearity of TP changes at
the initial stage of deformation was observed, as well as
its stationarity under deformations of about 30% and
above.
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on “outer” and “inner” sides of plates with deformation degree on the plate surfaces
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An attention is drawn to the details of this effect:
beginning from the deformation of 4%, the position of
the points corresponding to the “outer” sides (and the
several points of the “inner” sides, Fig. 5), practically
take the amplitude positions in the oscillations, i. e. in
each such position, the TP dynamics changes sign. In
other words, this dynamics is influenced in a special
way by a certain change in the internal state of the ma-
terial after current rolling step.

This is formally associated with relaxation of stress-
es after the rolling acts, as a result of which, obviously,
the trends of reverse TP changes arise.

In the present case, conditions were in reality creat-
ed for this — a time was taken between the rolling steps
because of certain measurements the samples, and this
interval was initially reach about 40 min and was re-
duced about to 5...10 min at the end of the stage of
preparation of deformed samples.

This is considered as the main reason of the ob-
served effect. A special study was carried out to verify
it. Thus, on the similar deformation scheme, however,
at intervals of not more than two minutes, samples from
the same initial batch were obtained with the defor-
mation of 19 and 23%. Measurements, processing of
results and input of corrections were carried out by sim-
ilar way. The result is shown in Fig. 6 together with the
previous data (see Fig. 5) which marked by dotted line.

The obtained result confirmed the expectation that
the continuity of the stepwise deformation process en-
sures the regularity of the TP dynamics on surfaces of
the plates, considering the location of new points (see
Fig. 6). Moreover, the points of the previous graph (see
Fig. 5) — most of the points corresponding to the “outer”
sides, what is indicated in Fig. 6 by small dots, — are
also embedded in the regularity of the assumed graph.
As a result, the TP dependence (dashed line) is seen,

formally similar to that obtained in [4]: there is the ini-
tial stage of growth with signs of its linearity — in pre-
sent case with the rate df/de =2 — and also the subse-
guent stationary stage with f = 0.75 (see Fig. 6).

On the other hand, it can be seen from Figure 6 that
the elimination of the deforming is manifested in the
sharp falls of the TP values (see Fig. 5) relatively to the
corrected version, beginning from the deformation of
4% (14% for a whole plate, Fig. 4). Such falls involve
most points corresponding to the internal sides of the
rings, what indicates the greatest texture instability on
the “inner” surfaces.
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Fig. 6. The point positions on graph of TP values
for “outer” (®) and “inner” (o) plates surfaces
at deformation without delays

In view of this, the next stage of research is to inves-
tigate near-surface regularity of the texture parameter.
Thence, a study was made of the TP changes within
30 um of the etching depth of the plates. The subject of
the study was a plate made of such tube and annealed at
580 °C for 24 hours. The results are shown in Fig. 7,a.
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Fig. 7. TP changes on “outer” (®) and “inner” (#) surfaces of Zr-2.5%Nb plates:
a — with etching depth of original plate; b — with deformation degree of them

According to Fig. 7,a, the TP on the “inner” side of
the original plate undergoes significant changes after the
acts of etching. In particular, it linearly changes up to a
depth of 20 um. At the same time, on the “outer” side,
starting at 12 um depth, the TP becomes practically un-
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changed, showing the trend of linear changes between
its values on the surfaces. This gives grounds to consid-
er its value on middle of each plate to be true average
value for it.
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After this, the TP was re-measured after etching all
the samples to a depth of more than 30 um. The results
are shown in Fig. 7,b in conjunction with the corrected
graph (see Fig. 6) marked by dashed line.

According to the data presented (see Fig. 7,b), TPs
on the “inner” sides of the plates showed irregularity,
which reflected their pre-history (see Fig.5). At the
same time, as expected, the data from the “outer” sides
showed their regularity and similarity with the corrected
graph of Fig. 6, exceeding its data as a whole by the
value 0.03: the rate of change in the TP at the initial
stage is 1.8...1.9; the values of TP at the stationary stage
are 0.785+0.015. Despite the residual irregularity of the
TP on the “inner” sides, the last graph of the TP on the
“outer” sides should be considered the true graph of TPs
for textural-uniform plates of this alloy.

It also follows from the data given that the relaxation
of stresses in the plates, occurring for few tens of
minutes, focuses on their surfaces, and to a greater ex-
tent — on the “inner” side. The clear manifestation of
this effect in these studies gives grounds to presume that
a twinning can be a structural mechanism which creates
returning TP changes in a discontinuous process of de-
formation with the rate of ~ 4 s™.

CONCLUSIONS

Using the X-ray method of inverse pole figures
(IPFs), texture of cold deformation by rolling plates of
Zr-2.5%Nb alloy has been investigated. The plates were
manufactured in the following way:

— the bars in the form of rings were cut from the
15.0x1.5 mm tube and straightened up to a flat shape;

— the resulting plates were annealed at a temperature
of 580 °C for 3 hours — until the complete segregation
of the B-Nb-phase and creating the partial recrystalliza-
tion state;

— the plates were rolled along the length of the orig-
inal rings up to 7, 14, 19, 30, 39, and 55% doing one
rolling act from each degree to next one and with tech-
nological intervals of 15...40 min between the rolling
acts.

IPFs were built and the values of the Kearns’ TP for
both sides of the plates were calculated.

Significant differences in texture and TP on the sur-
faces of different sides of the plates are noted, which is
associated with deformations caused by straightening
the original rings.

An optimal graph of the changes in the TP with the
degree of deformation of the plate surfaces was obtained
by input to the plates’ deformation degrees an additive
correction which due to the straightening of the rings
and calculated from their geometric parameters. An ir-
regularity of the built graph in the form of sharp oscilla-
tions of the TP values, beginning from ~ 15% defor-
mation of the plates, is revealed.

It has been established that such oscillations are as-
sociated with accumulation of residual stresses and their
relaxation on plate surfaces in a few tens of minutes
after deformation, which is accompanied by incipience
of trends of return TP changes. A hypothesis is made
that twinning is a mechanism of such relaxation.

After eliminating the surface stress-relaxation ef-
fects, a graph of the TP changes with degree of cross
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rolling of Zr-2.5%Nb plates was obtained for case of
uniformity of initial texture along their thickness. A
clearly expressed staged nature of the graph is revealed
— existence of an initial stage of almost linear growth of
TP and the subsequent its stationary stage. Numerical
estimates of the parameters of these stages are made.

The results of these studies broaden the possibilities
of predicting, based on the initial texture, deformation
changes of texture parameter of zirconium-based alloys.

Existence in principle of the structural effect of
stress relaxation in materials can lead to inaccuracies in
control of texture characteristics. It is considered advis-
able to take this into account in cases of high speeds of
deformation, irregularities of it and its process, low
temperatures of processing.
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BJIMAHUE HOHEUPE‘IHOP'I ITPOKATKHA U DPPEKTA PEJIAKCAIIUN
HATIPSI’)KEHUU HA TEKCTYPY IVIACTHUH CIIVIABA Zr-2.5%Nb

B.M. I'puyuna, /[.I. Manvixun, T.C. IOprosa, K.B. Koemyn, T.11. Yepnsaesa, I'.Il. Koesmyn, B.H. Boeeooun

Meronom o6patHbIX nomocHbIX ¢uryp (OII®) npoBeaeHbl PEHTIE€HOBCKUE HMCCIIEIOBAHHS BIMSHHUS XOJIOJHOM
NIPOKAaTKW Ha TEKCTypy W TekcTypHbli mnapamerp Kepuca (TII) miacTuH, W3rOTOBJICHHBIX W3 KOJEL TPYOBI
15,0x1,5 mm cmraBa Zr-2.5%Nb, BempsMiIeHHBIX 10 TUTOCKOH (opmbl. [IpokaTka OCyIIeCTBIISUIACH B HAIpaBIie-
HUH, TIEPIICHIUKYIIIPHOM HANpPaBJICHUIO MPOIOJIBHOM MPOKaTKKU UCXOAHOU TPYOBI, ¢ nedopmanmeii ot 7 1o 55% u ¢
uHTepBanamu ~15...40 mun mexxay npoxoaamu. [locrpoensr OIID u rpaduk 3aBucumoctu TII oT nedopmanuu Ha
MIOBEPXHOCTSX IJIacTHH. OTMEUEHBI pe3Kre OCHWILIINY rpaduka. MccienoBanueM o0pas3noB, MPOTPABICHHBIX Ha
30 MKM, a TaKk)Ke UCXOTHBIX 00pa3oB, BRIOOPOYHO M3TOTOBJICHHBIX 0€3 3a7iepiKeK B MpoIecce MPOKATKU, yCTaHOB-
JICHO, YTO 3TO CBS3aHO C ITOBEPXHOCTHOW peJakcanyeil HampspkeHui B TedeHue 15...40 muH. OnpenerneH rpaduk
n3MmeHeHudd TII i ycinoBUll ONHOPOAHOCTH MCXOAHOM TEKCTYpBI CIUIaBa M HEMPEPBIBHOCTH MPOLIECCA MPOKATKU.
BriaBien cranuitaelii xapakrep 3aBucuMoctu TII oT medopmarnmu — Haau4Ire HAYaTIBHON CTaJWU MPAKTUIECKH JIU-
HEHHOTr0 pocTa U MOCHENYIOLIEN CTaAu HE3HAYNTENIBHBIX U3MEHEHUH.

BILIMB MOMEPEYHOI ITIPOKATKHU I E®EKTY PEJAKCAIIIL HAIPYT
HA TEKCTYPY IIVIACTHH CIIVIABY Zr-2.5%Nb

B.M. I'puyuna, /1.I. Manuxin, T.C. IOpkosa, K.B. Kosmyn, T.11. Yepuacea, I'.Il. Koemyn, B.M. Boceooin

MertooM 3BopoTHUX NoocHUX Qiryp (3[1D) npoBeeHi peHTIeHIBChKI HOCIIKEHHS BIUIMBY XOJIOJHOT MPOKa-
TKU Ha TeKCTypy 1 TekctypHuit mapamerp Kepuca (TII) miacTuHiB, BUTOTOBICHHX 3 Kinenpb Tpyou &15,0x1,5 mm
cwiaBy Zr-2,5%NDb, Bunpsmiiernx 10 miockoi ¢popmu. [Ipokarka 3aidCHIOBATIACS B HAIPAMKY, TIEPHSHANKYIISIPHO-
MY HarnpsMKY IOJIOBXXHBOI MPOKATKK MOYAaTKOBOI TpyOH, 3 nedopmartiero Bin 7 1o 55% i intepanamu ~ 15...40 xB,
Mik mpoxogamu. [lo6ynosani 31D i rpadik 3anexnocti TII Big aedopmanii Ha MOBepXHsIX IUIACTUH. BiaMideHi
pi3ki ocumsnii rpadiky. JlociimkeHHsaM 3pa3KiB, IpoTpaBieHuX Ha 30 MKM, a TakoX IMOYaTKOBUX 3pa3KiB, BUOIp-
KOBO BHT'OTOBJICHUX 0€3 3aTPUMOK B IPOLIECi NPOKATKU, YCTaHOBIICHO, LIO IIe MOB'A3aHO 3 TOBEPXHEBOIO pelakca-
Li€r0 HATIPYTH BOPOIOoBXK 15...40 xB. Buznauenuii rpadik 3min TII 111 yMOB OJHOPITHOCTI MOYATKOBOI TEKCTYpPH
CIUTaBy i Oe3mepepBHOCTI Mpollecy MpoKaTKu. Busenenuii craniitanii xapaktep 3anexsuocti TII Big medopmarii —
HasBHICTH MOYATKOBOI CTa il MPaKTUIHO JIHIHHOTO 3pOCTaHHS 1 MOJANBIIO] cTail HE3HAYHUX 3MiH.
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