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A possibility was considered concerning estimation of grain anisomery in the structure of fuel cladding tubes of
corrosion-resistant 026Cr16Ni15Mo3Nb steel of austenitic class rolled according to two flow charts: regular and
intensive technologies using fractal formalism. Role of grain boundary hardening during cold plastic deformation
was analyzed by studying the effect of the fractal dimension of grains D and their boundaries Dg on o5, 6y, and Js.
The best correlation among those that were considered was observed between relative elongation and fractal
dimensions of the grain structure (R*= 0.90). The smallest correlation was observed with the yield stress (R*= 0.64).
It is because of variation of plastic flow processes towards a decrease in the degree of hardening in the material
rolled according to the intensive technology. Cold deformation results in refining of the average grain size from
15.50 to 15.42 um. In this case, extent of the grain boundary length L increased by 17.62% at an iteration step &
commensurate with the average grain size which is indicated by a change in the fractal dimension according to
L ~ 8"P. Degree of the grain structure inhomogeneity was estimated using ratios of self-similarity of regions of
fractal dimensions of the structure. The obtained results on the level of mechanical properties of fuel cladding tubes
made of austenitic steel indicate advantage of the intensive technology over regular one that was confirmed by

results of fractal modeling.
PACS: 61.82.Bg, 96.30.nd, 81.40.Gh, - Ef, 81.70.-q

INTRODUCTION

Quality requirements to nuclear fuel element
materials used in nuclear power engineering including
structure and mechanical properties are ever toughening
in the connection with intricate conditions of their
operation [1]. Tubes made of austenitic chromium-
nickel steel and chromium-nickel-molybdenum steel,
for example, 03Cr18Nill, 03Cr17Nil4Mo3Nb, occupy
a special place among the critical purpose materials.
Treatment of various types is used to improve material
service characteristics [2] in connection with current
requirements.

Cold-worked thin-walled tubes of
026Cr16Nil5Mo3Nb steel of austenitic class are used
for the most critical units of power plants [3]. Due to the
multi-parameter and multi-criteria nature of the
technology used for production of tubes from
026Cr16Nil5Mo3Nb  steel, their  structure s
characterized by chemical and structural heterogeneity.
Anisotropy, anisomery, grain number, grain boundaries
are structural characteristics that have a significant
effect on mechanical properties of austenitic alloy steel.
In this case, Geometric configuration of the grain shape
is not usually taken into account because of
transformation of grains after plastic working which is
insufficiently taken in consideration by conventional
techniques of quantitative metallography.

According to the present-day concepts, surface of
many materials is of fractal nature which [4] is the most
common case in nature [5]. It may happen that the
neglect of fractal dimension [6] of the metal structure

elements can introduce an error in establishing a
relationship between structure and properties [7].

In order to take into account influence of
“deformity” of grain structure in thin-walled tubes of
structurally sensitive 026Cr16Nil5Mo3Nb steel after
cold rolling on their mechanical characteristics, it was
proposed to apply the Mandelbrot’s fractal formalism
[8]. Practical implementation of this formalism allows
one to regularize conditionally incorrect problems of
metal science [9]. The use of fractal (fractional)
dimensions in materials science has made it possible to
determine average grain size in metals [10], predict
mechanical properties of low-carbon steel after heat
treatment [11], estimate residual life of aircraft
structures [12], develop a fractal accelerator based on a
corrugated plasma waveguide [13], etc. Application of
the fractal theory confirms a more accurate estimation
of quality characteristics of various materials (cast iron
rolls of cold rolling mills [14], metals [15], concretes
[16]) due to their ranking which contributes to
stabilization of the multi-parameter technology of their
production.

The abovementioned and many other publications
indicate prospects for using fractal modeling to describe
structural transformations of materials.

1. MATERIAL AND TECHNIQUE

Chemical composition of the tube steel under study
meets requirements of TU 14-1-1641 (Table 1).

Experimental samples of 5.8x0.3 mm tubes of
026Cr16Nil5Mo3Nb steel manufactured both by the
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regular (current) technology and intensive technology
(with intensive plastic deformation in the working
passes) must meet requirements of Technical Condition.
In this connection, all tubes were tested for compliance
with this technical specification in industrial production
conditions.

Table 1

Chemical composition of 026Cr16Ni15Mo3Nb steel

Element content, wt.%

C Si Mn Cr Ni Mo Nb
0.017 | 0.06 | 0.82 | 16.48 | 1559 | 257 | 0.45
S P N V Co Cu —
0.01 | 0.01 | 0.012 | 0.094 | 0.005 | 0.06 —

A standard flowchart for the production of cladding
tubes requires application of a significant number of
cyclic operations at main units and a large number of
auxiliary operations. In the manufacture of tubes, the
existing schedule includes 8 cycles and 220-230
operations. To reduce the production cycle, improve the
set of mechanical properties and reduce structural

processing has been implemented [3]. In this case, the
diagram of stressed state in the deformation zone was
altered. The intensive technology consists in the use of
two-row deformation schemes at KhPT cold tube rolling
mills using two pairs of rolls arranged in series (four-
high stands) and KhPTR cold tube rolling (roller) mills
with a two-row separator. Simultaneous reduction of
billets in two pairs of rolls (rollers) determines a
specific cyclic force interaction of two deformation
zones, which significantly changes plastic flow of the
rolled material towards a decrease in the degree of
hardening, makes it possible to more fully use the metal
plasticity resource and practically halve cycle city of the
tube production process [3].

Microstructure and mechanical properties of the
cladding tubes produced by both technologies have been
studied (Fig. 1).

Mechanical properties of tubes rolled according to
two flow charts are given in Table 2. Microstructure of

finished tubes is shown in Fig. 1.

heterogeneity, an intensive technology of tube
Table 2
Mechanical properties of fuel rod cladding tubes
. . Tube dimensions Temperature, +20 °C
Deformation variant .

(diameter x wall), mm 602, N/mm? c,, N/mm? 85, %

intensive 5.8x0.3 320...365 610...620 46...48

regular 5.8x0.3 335...345 600...610 43...45

not less
TU 14-3-550 — - | 520 | 37

Fig. 1. Microstructure of finished (5.8 x0.3 mm) tubes: regular technology («); intensive technology (b) x100

Austenitic grain size was measured using an RPA
installation and metallographic examination of thin
sections was made using a Neophot-21 microscope.
Average grain size corresponded to size numbers 9-10
in tubes rolled using regular technology and size
numbers 10-11 in tubes rolled using intensive
technology according to GOST 5639 [17].

2. THE TECHNIQUE OF FRACTAL
ANALYSIS

To determine fractal dimension of austenitic
structure in the tubes obtained by the two rolling
variants described above, a patented technique was used
[18] according to the following scheme (Fig. 2).
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convergence: b = 2

Fig. 2. General scheme of determining fractal
dimensions

The developed techniqgue was  computer
implemented. It is based on determining the
convergence of values of the Hausdorff cellular
dimension (1) [19] and point (2) [20] dimension:

D = lim\"N®)
550 Ind

: 1)

where N (8) is the number of cells of & size by which
the investigated fractal element is covered.
The point dimension was determined as follows:

N@) = X@/m)P(m,L), )
m=1

where N(é‘) is the average value of the number of cells

of & size that contain m points of the fractal (pixels for a
computer).

The results of calculating the fractal dimension of
the grain structure (see Fig. 1, a) are shown in Fig. 3.

Dependence 1 in Fig. 3 describes the fractal
dimension of boundaries of austenite grains calculated
by the cellular method and dependence 2 describes their
point dimension. Dependences 3 and 4 are cellular and
point dimensions of austenite grains, respectively.
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Fig. 3. Dependence of the fractal dimension on the cell
size & (in pixels)

It follows from Fig. 3 that the best convergence of
values of fractal dimensions is observed at the 3" step
of iteration for grain boundaries:

Dy = (Dy + Dy) = (1.528+1.434) = 1.481
and at the 13" step of calculations for grains:

D = (1.951+1.907) = 1.929.

3. RESULTS AND DISCUSSION

When controlling structure in tubes, a great
importance is attached to the grain size which is
determined by a strictly regulated complex of
properties, especially mechanical properties, which are
largely ensured by the grain structure of metal.

This is because of the fact that many of the
properties are structurally sensitive, for example, o,
Go2, Os, long-term strength, electrical resistance,
tendency to intergranular corrosion, etc. The processes
of precipitation of carbides occurring at operating
temperatures of the reactor are also associated with
grain size and the extent of the grain boundary. In their
turn, these processes significantly affect nature of creep
and high-temperature strength.

The study of efficiency of the fractal model of grain
structure in estimating mechanical properties (co,, Oy,
and 6s) of 5.8x0.3 mm cladding tubes was carried out
by comparison of its fractal dimensions with the results
of conventional Euclidean (diameter, area) and
statistical (number of grains, dispersion, coefficient of
variation) characteristics of the structure.

Quantitative estimation of microstructure of the
cladding tubes rolled according to the regular and
intensive technologies was carried out by conventional
methods using an Epiquant structure analyzer with
subsequent computer processing. The study results are
shown in Table 3.

According to the procedure of quantitative analysis
of structure (GOST 5639), in the case of determining
the grain size in an anisomerous structure, average
dimensions (diameter, area of the grain) are not
characteristics of its estimation. For example, it was
found that the maximum grain size decreased with
intensive processing technology by only 10% (from 50
to 45 um) compared to the regular technology. In this
case, average austenite grain size during transition from
the regular technology to the intensive one decreased
only by (15.50-15.42) um = 0.08 um or 0.52% which is
practically leveled by the values of root-mean-square
deviation of its sizes 8.63 and 8.10 um within the
experiment. The decrease in scatter of the grain size

values is evidenced by the coefficients of their
variation: 0.56 for the regular and 0.53 for intensive
technologies, respectively (see Table 3).

According to the ASTME system, average grain size
in 112 5.8x0.3mm tubes produced by intensive
technology changed by 2 number (from 9 to 8.5).
According to GOST 5639, grain size in the metal of
tubes rolled using intensive technology also decreased
to 8-9 numbers in comparison with numbers 8-10 in
the metal of tubes rolled using regular technology. This
is probably due to a more uniform development of
recrystallization processes in metal with an increase in
the degree of plastic deformation in passes.

In the region of large deformations, density of
dislocations and excess of dislocations of the same sign
are so high that a large number of primary
recrystallization centers are rapidly formed which
involves the entire volume of metal during annealing,

Large degrees of deformation is one of conditions
for obtaining a more uniform grain structure upon
subsequent annealing. A graph of grains size
distribution in cladding tubes rolled according to two
technological schemes is given in Fig. 4.

The data presented indicate less blur of the curve (1)
in the case of rolling tubes by the intensive technology
which also indicates a decrease in the austenite
anisomery.

Within the experiment, number of grains changed by
only 0.50% in 1 mm? and it also changed insignificantly
(by 0.75%) in a unit of volume (1 mm?).

The obtained geometric and statistical estimates of
anisomerous austenitic structure within the experiment
indicate their insufficient sensitivity to changes in
mechanical properties of the cladding tubes in the
studied parameter range.

In this regard, in order to search for more effective
estimates of anisomerous structure of cladding tubes, it
was proposed to apply the fractal theory. Effect of
fractal dimension of austenite grains and their
boundaries on mechanical properties, i.e. their role in
hardening of grain boundary, was estimated in this
work. This choice of characteristics was determined by
the fact that the effect of grains and their boundaries on
plasticity, toughness, and crack resistance of metal is
very significant [1, 2]. In addition, grain boundaries not
only prevent crack initiation but also inhibit their
development giving rise to an additional energy
dissipation [21].

Figs. 5 and 6 show graphs describing relationship
between fractal dimensions of austenite grains and their
boundaries and mechanical properties of the cladding
tubes made of 026Cr16Ni15Mo3Nb steel. An increase
in the fractal dimension of grains is associated with a
decrease in grain size, i.e. with an increase in
compactness of filling the considered two-dimensional
space of the thin section. Tubes with higher strength
characteristics rolled using the regular technology
correspond to a grain size number 9, and those with
lower strength characteristics correspond to a grain size
number 10.



Table 3

Computer processing of the structure in 5.8x0.3 mm tubes

Regular rolling technology

Intensive roling technology

Structure of initial plane section
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Structure of initial plane section

Number of grains, pcs 110
Maximum grain size, pm 50.00
Average diameter of flat section, um 15.50
Dispersion, pm 8.63
Coefficient of variation 0.56
Total area of grains, mm? 0.02895693
Number of grains in 1 mm? pcs 3798
Number of grains in 1 mm?, pcs 234062
Average grain size number 10
(GOST 5639)
Average grain size number 9

(ASTME 112)

Ny
Number of grains, pcs 111
Maximum grain size, pm 45.00
Average diameter of flat section, um 15.42
Dispersion, pm 8.10
Coefficient of variation 0.53
Total area of grains, mm? 0.02907737
Number of grains in 1 mm? pcs 3817
Number of grains in 1 mm?, pcs 235821
Average grain size number 9
(GOST 5639)
Average grain size number 85

(ASTME 112)
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Fig. 4. Grain size distribution in 5.8 x0.3 mm tubes
rolled by intensive (1) and regular (2) technologies

For tubes rolled using the intensive technology,
higher properties were recorded in those sections that
corresponded to a lower grain size number 8 compared
to the size numbers 9 and 10. A decrease in the grain
size leads to an increase in their length L per unit area,
which is fixed using their fractal dimension and
confirmed by the following relation [8]:

L= Lo/8", (3)

where L is the extent of the grain length calculated by
conventional method using a palette with a step 6. At
8—0, fractal dimension D of the curve L, becomes
equal to one. As the grain size decreased from number
10 to number 8, fractal dimension of their length
increased from 1.458 to 1.633. In this case, length of the
grains estimated by formula (3) increased. For metal of
tubes rolled according to the regular technology, length
of the grain boundaries was 74.034 mm/mm?, and for
the tubes rolled according to the intensive technology,
length of the grain boundaries was 89.868 mm/mm? and
the difference in their length was 17.62%. An increase
in length of the grain boundaries per unit area was due
to the specific cyclic force interaction of two
deformation zones which leads to a smaller decrease in
the degree of hardening by changing the processes of
plastic flow of the material being rolled. From this point
of view, fractal dimension of the grain boundaries can
be an indicator of a change in the length L of grain
boundaries due to the influence of plastic deformation.
As a result of analysis of the relations given in Figs.
5 and 6, fractal models for predicting mechanical
properties of tubes (4-6) at +20 °C were obtained.

o2 = —2420.91+859.36-D+739.61.Dg, R’=0.64; (4)
o = 150.00+105.31-D+169.06-Dg, R*=0.84; (5)
8 = 314.49-95.73-D-57.33-Dg, R?=0.90. (6)




- I I B A 1

RN T T

598 -
14 15

1.4

1.5 16 1.7 18 19 2
Dg. D
a

1.6 1.7 18

15 2 14
Dg. D

b c

15 16 1.7 18 19 2

Dg. D

Fig. 5. Relationships between fractal dimension of grain boundaries Dg (1), grains D (2) and yield point (a);
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Fig. 6. Relationships between fractal dimension of the grain boundaries Dg (1), grains D (2) and yield point (a);
ultimate strength (b); relative elongation (c) of cladding tubes rolled using intensive technology

Based on analysis of the coefficients of fractal
models (4-6), it was found that contribution to the grain
boundary hardening of austenite grains for strength
characteristics of the cladding tubes made of
026Cr16Ni15Mo3Nb steel after cold rolling was
38..54% and it was 46...62% for their boundaries
(Fig. 7). Contribution of the grain size was 63% for the
plasticity  characteristics (8), and, respectively,
contribution of their boundaries was equal to 0.37%.
This was largely due to alteration of the plastic flow
processes in the rolled material towards a decrease in
the degree of hardening when using the intensive
technology [3].
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Fig. 7. Estimation of contribution of austenite grains
and their boundaries to grain boundary hardening
using the fractal theory

Heterogeneity of anisomerous microstructure was
estimated in this study using fractal formalism (Fig. 8).
The coefficient of self-similarity of the microstructure
was determined from the ratio of fractal dimensions of
the regions of austenite grains and their boundaries.

It follows from the graph shown in Fig. 8 that the
region of self-similarity of grain boundaries Dg (2) is
the most sensitive to a change in anisomery of grains in
the tube metal (2). It ranged from 0.972 to 1.031
indicating the prospects for its application to estimation
of structural heterogeneity in comparison with the self-
similarity of grains.
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Fig. 8. Relationship between the grain size according to
ASTME 112 and ratios of their fractal dimensions



Comparative analysis of the effect of cold plastic
working of fuel cladding tubes on their mechanical
properties using conventional and fractal structure
estimates indicates the prospects for using the fractal
approach. It follows therefrom that the fractal dimension
can be used as an indicator of structural transformations
of anisomerous structure the tube metal and mechanical
properties of the tubes.

CONCLUSIONS

Application of the fractal theory in modeling the
anisomerous structure and properties of the fuel
cladding tubes made of austenitic 026Cr16Ni15Mo3Nb
steel is useful in the following.

1. Assessment of the degree of influence of cold
deformation on microstructure by assessing its
contribution to grain-boundary hardening based on
dynamics of changes in the fractal dimension of the
grain structure.

2. Assessment of inhomogeneity of the grain
structure by comparing the regions of its self-similarity.

3. Forecast of strength and plastic properties (o2,
o5, and 8s) according to fractal dimensions of the grain
structure (R?= 0.64...0.90).

4. Application of the fractal approach as an
alternative in quality control of the cladding tubes when
sensitivity of conventional estimates of anisomerous
structure is insufficient to establish a correlation with
mechanical characteristics.

The obtained results in terms of level of mechanical
properties show advantage of the intensive technology
and the prospects of its application in connection with
the problems of operability of fuel element cladding in
reactors iwhere the cladding loses its plastic and
strength properties by the campaign end.
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®OPAKTAJIBHAA MOJEJIb OHEHKHU KAYECTBA XOJIOJHOJAE®OPMUPOBAHHBIX
TPYB-OBOJIOYEK TBJJI

B.C. Baxpywesa, B.H. Boauyk, H.B. I'py3un, U.A. Tiomepes

PaccMoTpeHa BO3MOXHOCTh OIIGHKH PAa3HO3EPHUCTOCTH CTPYKTYpBI TPy0-0007I09YeK TBI M3 KOPPO3HOHHO-
cToifKoi cramm aycreHuTHoro kmacca 026X16H15M3bB, mpokaTaHHBIX HO JBYM TEXHOJOTHYECKHM CXEMaM —
NEHCTBYIOMEl W WHTEHCHBHOH, C TpHUMEHeHHeM (¢paktanbHOro (opMammiMa. IIpoaHamu3mpoBaHa poIb
3epHOTrPAaHUYHOTO YIPOUYHEHHUS] MPU XOJIOJHOH IUIaCTHYECKOH NedopManny Ha NMPHUMEPE WCCIEIOBAHMS BIMSIHUS
(pakranpHON pazmepHOCTH 3epeH D u ux rpanun DJ Ha Gp,, G, U Os. YCTaHOBJIEHO, YTO HAWITYYIIasi KOPPEIALIUS
Cpear paccMaTpPHBAaEMbBIX XapaKTEPUCTUK HaONIOAAeTCs MEXAY OTHOCHUTEIBHBIM Y/UIMHEHHEM U (paKkTaibHBIMH
Pa3MEpPHOCTSAMU 3E€PEHHOU CTPYKTYpPbI (RZZ 0,90), a HauMmeHbIIasi — C MPEAEIOM TEKY4ECTH R?= 0,64, uro
00yCIIOBJICHO H3MEHEHHEM IIPOLIECCOB IUIACTHYECKOrO TEHEHHUsS MPOKAThIBAEMOT0 MaTepuana IO HHTEHCHUBHOU
TCXHOJIOTUU B CTOPOHY CHUWIKCHHUA CTCIICHU YIIPOUYHCHUS. XOJ’IO[[HaSI I[e(bOpMaHI/ISI OpUBOAUT K H3MEJIIBYCHUIO
cpenHero pasmepa 3epeH ¢ 15,50 go 15,42 mxm. IIpu 3TOM yBEIHYMBACTCS MPOTKEHHOCTh JJTMHBI TPaHUIl 3epeH L
Ha 17,62% npu mare uTepamuy 6, COU3MEPUMBIM CO CPETHHM Pa3MEpOM 3€pHA, YTO (HKCHPYETCS M3MEHEHHEM
(hpakTaapHOI pa3MepHOCTH corjacHo L ~ 8. C momombio cooTHOMmEHNMIT 06TacTel CaMOmOLO0OHs (hpaxTaIbHBIX
pa3MepHOCTEH 3epeHHON CTPYKTYpHI OLIEHEHA CTENeHb e HeOAHOPOTHOCTH. IlomydeHHbIe pe3ynbTaThl 10 YPOBHIO
MEXaHUYECKUX CBOMCTB 000J0YEK TBIJI H3 ayCTeHHTHOﬁ CTaJIM YKa3bIBalOT Ha IMPCUMYHICCTBO WHTCHCHUBHOM
TEXHOJIOTHH Hepe]| MITaTHOM, 4TO MOATBEPXKIAACTCS Pe3yabTaTaMu (ppaKkTaIbHOTO MOJICITUPOBAHHS.

DOPAKTAJBHA MOJEJIb OOHIHKHU AKOCTI XOJIOAHOJAE®OPMOBAHUX
TPYB-OBOJIOHOK TBEJI

B.C. Baxpywesa, B.M. Bonuyk, H.B. I py3in, I.A. Tromepes

PO3riisiHyTO MOKIIMBICT OIIHKH Pi3HO3EPHHUCTOCTI CTPYKTYPH TPyO-000IOHOK TBEN 3 KOPO3iHHO-CTIHKOI cTami
aycrenitHoro kiacy 026X16H15M3b, npokaraHux 3a JBOMa TEXHOJOTIYHHMH CXEMaMH, SKa [i€ 3apa3 Ta 3a
IHTCHCUBHOIO ~ TEXHOJIOTi€r0, 13  3acTocyBaHHiIM  (pakrampHOro (¢opmamismy. [IpoaHamizoBaHo  poib
3epHOTPAHUYHOTO 3MIIIHEHHS TPH XOJOIHIA IUIACTHYHIM medopMmaliii Ha MPHUKIAAI JOCHIIPKEHHS BIUIHBY
(pakranbHOI po3mipHOCTI 3epeH D i1 ix rpanuns DQ Ha o5, G, 1 ds. BeranoBneHo, 1o Haiikpaia KOpesnsiis cepex
PO3IIISTHYTHX  CIIOCTEPIra€TbCss MK BiTHOCHUM TOJIOBXKEHHSIM 1 (pakTalbHUMHM pPO3MIPHOCTSAMH 3€pEeHHOT
crpykrypu (R*=0,90), a HaiiveHma — 3 Mexero mmHHOCTI R’=0,64, mo 0GYMOBICHO 3MIiHOK0 MPOLECIB
TUIACTUYHOI Tewil Marepiaily, IO NPOKaTaHWH 3a IHTEHCHUBHOIO TEXHOJIOTIEI0, B CTOPOHY 3HIDKEHHS CTYIEHS
3MilHeHHs. XoJoaHa aedopmalisi MPU3BOAUTE JI0 MOAPIOHEHHS cepeJHbOro po3Mipy 3epeH 3 15,50 no 15,42 mkm.
[Tpu 1iboMy 30iBLIYETHCS IPOTSHKHICTD JTOBKUHU TpaHullb 3epeH L Ha 17,62 % npu kpoui iTepauii & NOpiBHIHHUM
i3 cepeHiM po3mipoM 3epHa, 1m0 (ikcyeThes 3MiHO0 dpakTanbHOi po3MipHocTi 3rigmo 3 L ~ 8°. 3a momomororo
CHIBBiIHOIIEHh OONacTel camMomomiOHOCTI (paKTaTbHUX PO3MIPHOCTEH 3epeH CTPYKTYPH OIIIHEHO CTYMiHb Ii
HEOJTHOpigHOCTI. OTpUMaHi pe3yabTaTH 3a piBHEM MEXaHIYHHX BIACTHBOCTEH OOOJOHOK TBEN 3 ayCTEHITHOI CTai
BKa3ylOTb Ha IIepeBary IHTEHCHBHOI TEXHOJIOTIi TepeJ]] INTaTHOIO, IO MiATBEP/PKYETHCS PpE3yIbTaTaMu
(hpakTamIbHOTO MOJIETIOBAHHS.
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