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Changes in material characteristics of pyrolysis furnace tube coils
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1. Introduction

Traditional methods of structure change analysis
of composite alloyed pollycrystalline materials during
farce and temperature deformation do not allow to reveal
the peculiarities resulting in operating defects. The applica-
tion of multifractal parametrization methods for structure
analysis by metallographs allows to study purposefully the
changes occurring during the evolution of secondary phase
ensemble [1]. Information about deformation mechanism
change can be obtained from the relationship of order pa-
rameter on material service time. Characteristic extrema of
this relationship are connected with the change of the main
deformation mechanism as noted in the paper [2].

Multifractal analysis of separate phase distribu-
tion can point to the most probable time intervals for mi-
crocrack formation. Fractal dimentionality approximation
“two” can facilitate new surface formation, i.e. cracks.

2. Experimental

At present the tendency for developing pyrolysis
high temperature decomposition process of hydrocarbon
stuff, is directed at decreasing residence time of raw mate-
rial in the reaction zone and increasing the process tem-

perature [3]. So, steel out of which furnace coils are made
must retain structure and mechanical properties under high
operating temperature (up to 850°C), as well as under
thermal cycling conditions (start-ups, shut-downs and va-
pour burning-out).

For making coils of pyrolysis furnace tubes in
Russia steel containing 0.20% of carbon, 23% of chrome,
18% of nickel is mostly used. In a number of papers [4, 5]
it was shown that during the use of corrosion-strength steel
containing 0.20% of carbon, 23% of chrome, 18% of
nickel under operation conditions of pyrolysis process the
change of its phase composition and mechanical properties
occurs resulting in various defects formation in tubes:
cracks, local geometry change, burn-out. Metallographic
and x-ray phase studies revealed [4, 5]:

e -g-phase availability in the vicinity of through
cracks;

¢ -magnetization effect along the crack boundary;

e -carburisation of internal tube surface.

For regularities revealing in the structure and mul-
tifractal parameter change metallografic studies, mechani-
cal tests of steel specimens and multi-fractal parameteriza-
tion were carried out.

c
Fig. 1 Pyrolysis furnace tube defects produced in service: a- =5605 h; b - 7=7929 h; ¢ - ==11082 h



To conduct the studies coil tube sections of one
furnace were selected after different service time under
operating conditions of pyrolysis process 5605 h, 7929 h,
11082 h and a tube in the supply state-0 hours (Fig. 1).

3. Metallographic studies

For etching and polishing of steel specimen the
methods of electrochemical polishing with the following
conditions were used [4]:

e -solution - 73 ml of H,SO,, 7 ml of HF, 20 ml of
HQO;

e -cathode-stainless steel, stress-10-12V;

e —current density-15 A/dm?;

e -temperature-60°C.

When sharp grain structure boundaries appeared
electrochemical polishing was stopped. Thus for each ser-
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vice time of the steel its etching time was different. The
structure was surveyed on a digital electron microscope
“Axiovert-100A”. For indicating geometry number and
arrangement changes the structure of the formed second
phases the magnification of 1700 was used.

Fig. 2 presents steel containing 0.20% of carbon,
23% of chrome, 18% of nickel structure. It is seen that at
grain boundaries and in the grain body the second phases
of dark tone are present; with increase in service time their
arrangement, geometry in steel structure as well as the
number change. During the service time from 0 to 7929 h
the second phases are present in the structure as “micro-
grids” along the grain boundaries. In Fig. 2, d it is seen that
at service time 11082 h phases of dark tone are present as
large conglomerates along the grain boundaries (in triple
joints) and as smaller phases in the grain body.

Fig. 2 Steel sample structure containing 0.20% of carbon, 23% of chrome, 18% of nickel, *1700: z=0 h; 7= 5605 h;

7=7929 h; z=11082 h

Etched sample survey in the polarized light
showed that all phases of dark tone are of grey colour
which allows speaking about their indentical nature; in the
steel structure a small number of small-size phase groups
of yellow colour and regular geometric form (triangles,
squares, ect.) are present as well. According to reference
data [6] yellow phases were identified as titanium carbides.

With the increasing service time their number, arrange-
ment and size in the structure did not change.

X-ray phase studies showed that besides austen-
ite-matrix base, the second phases (phases of dark
tone)(Fig. 2, a, b, ¢, d) with tetragonal crystalline grid
CrNi, CrsFeq, FeCr (o-phase) are contained.

Thus, the studies conducted showed that thermal



cycling loads under operating conditions of pyrolysis proc-
ess affects the geometry, number and distribution of the
second phases in steel structure.

4. Mechanical tests

To define mechanical properties of steel tensile
and impact bending tests were carried out at room tempera-
ture. For service time three specimens of each steel were
made.

The tensile tests were carried out on a direct stress
machine Y10 under the deformation rate v,=2 mm/min.
Values of the following steel mechanical properties o2, 0y,
w, 0 were calculated with the obtained stress-strain dia-
grams according to GOST 1497.

The impact bending tests were carried out on the
specimens with a “U”- shaped concentrator on a pendulum
impact testing machine RPSW 150/300 SCHNEK
TREBEL. According to the results of specimens subjected
to the impact bending test the impact test values were cal-
culated. Mechanical tests results are given in Table 1.

Table 1
Mechanical properties of steel containing 0.20%
of carbon, 23% of chrome, 18% of nickel

Steel ser-

vice }Eime, 1(\7/(1)’;;1 o,MPa 6% v, % f/fnlﬁ
0 356 677 32 43 119
5605 344 604 26 19 60
7929 322 591 26 30 53
11082 358 651 19 3 57

From the data given in Table 1 it follows that at
service time of 11082 h strengthening and embrittlement of
steel proceeded simultancously-conventional ultimate
strength and yield strength values increased, relative steel
elongation and relative reduction of area have minimum
values.

5. Multifractal parametrization

To evaluate the effect of second phase geometry,
number and distribution in steel structure on the mechani-
cal properties the method of multifractal parametrization
was used.

Classical methods of the ordered microstructure
description are related to the use of such parameters as the
sizes of grains, phases and size distribution. Many of the
mechanical properties of steel change in service due to the
processes proceeding at phase boundaries which process
fractal character. They are described by additional struc-
ture indices, such as multifractal dimensionality. The latter
one allows to carry out the parametrization capable of dif-
ferentiating structure features which are inaccessible with
conventional methods of analysis.

The experience of using multifractal formalism
for structure analysis in materials (microstructure, structure
of fractures, ect.) [1, 7] showed informationality of the
following multifractal structure indices — Dy, Dy, D,, Dy, f,,
A4 obtained during multifractal parametrization:

1) Dy — Hausdorf-Bazikovich dimensionality charac-

terizing a uniform fractal;

2) D, — informational dimensionality;

3) D,- correlational dimensionality;

4) Dy, and D, - extremum values of D, correspond-
ing to rarefaction degree of multifractal aggregate set;

5) degree of uniformity £ = f;, ¢>>1. The higher is
J»=f;, the more uniform is the structure for the canonical
spectra and vice versa, for the pseudospectra. By the de-
gree of structure uniformity is meant not the conventional
qualitative characteristics of the external structure appear-
ance, but a character index of unit element distribution of
the structure considered in noneuclidean space covering
this structure;

6) multifractal parameter of latent structure periodic-
ity of the set 4,= D;- D, The more (by modulus) is the
latent periodicity value, the more ordered is the structure.
The values of 4, are obtained from the canonical and pseu-
dospectra account for somewhat different degree of order.
This index obtained from the cononical spectra and calcu-
lated on large scales accounts for the degree of order and
violation of symmetry for the general configuration of the
studied structure as a whole. According to informational
interpretation the multifractal formalism 4, meets a multi-
fraction information extremum and accounts for the sym-
metry violation degree of the studied structure measure
with respect to multifractal transformation. Thus an in-
crease means that the system is loaded with information
and the degree of violated symmetry increases in it. For
pseudomultifractal calculation (on small scales) the index
accounts for the local symmetry violation degree of the
studied structure measure with respect to multifractal trans-
formation averaged over the whole structure. Great
modulus values of this index in the latter case imply
greater degree of local symmetry violation.

To provide white and black colour (black colour —
intermetallides, white colour — austenite) of steel structure
representation the program Contour was used; black and
white structure is shown in Fig. 3.

For the calculation 100%, 99%, 98% coverage of
representation area was applied. Comparison of the ob-
tained roof — mean-square deviation values of the multi-
fractal parameters and adequecy parameter showed the
greatest information content of the multifractal parameters
obtained at 100% coverage of the representation area.

The values of multifractal structure parameters
are presented in Fig. 4 as the relationships of variation f59
and 4 depending on steel service time.

Below in Table 2 the results of some mechanical
property values and corresponding values of multifractal
order parameter (A) are presented.

Table 2
Results of mechanical property
Steelser- —  MPa o,MPa KCU,JVem, 4
vice time, h
0 356 677 119 0.204
5605 344 604 60 0.333
7929 322 591 53 0.272
11082 358 651 57 0.231

In the relationships presented in Fig. 4, a the mini-
mum value of multifractal order parameter takes place.
According to Ivanova V.S. the maximum value of this pa-
rameter implies the change of steel deformation



mechanism [2]. In case of steel containing 0.20% of car-
bon, 23% of chrome, 18% of nickel the maximum value of
the given parameter is in the area 4,,,=0.30-0.33 and
points to the change of steel destruction mechanism: transi-
tion from a tough destruction mechanism to a brittle one.
This is supported as well by the fact that impact strength

value at steel service time up to 5605 h decreases to
60 J/em® and hereinafter practically does not change. How-
ever in this case the decrease in order parameter values
occurs — steel adapts itself to operating conditions of the
process, an order system becomes predominant with re-
spect to a chaos system. The changes on the structural

Fig. 3 Steel containing 0.20% of carbon, 23% of chrome,

d-11082h

level occurs hereinafter due to the change of geometry and
the number of phases in the system.

Linear interrelation (Fig. 5) of yield limit oy, and
multifractal characteristic Dy is seen.

From the relationship given in Fig. 5 follows that

18% of nickel structure: a-0h; b-5605h; c-7929 h;

the geometry of the second phase boundaries influences
the value of steel yield strength. In this case it is suggested
that at D=2 the yield strength value will have the maxi-
mum value and the probability of brittle destruction will
increase.



40.34
® 333
0.32
max h‘ﬁ_
0.3 4 T~
e N
0.28 Ved AN
,/ 0,272 ﬁ \
0.26 I},a” — <
0.24 R=0.878 N\
' Y(X)=-3.158-10°-X*+3.646-10°-X+0.207 N\ o0 231
0.22 / N ]
i‘f’____o,zo4 N\
0.2 ; AN
0 2000 4000 6000 8000 10000 12000
Steel service time, h
a
foo 0.44
! "L S e
0.4 0,417 /,r l
* - 0,410
0.36 1 R*=0.678 % .
+  Y(X0=2.056109-X*-1.924-10"°X+0.2077 7
0.32 4
’/
0.28 o
.-f""//
0.24 0,219 T
¢ 0,184
0.2
7S
0.16
0 2000 4000 6000 8000 10000 12000
Steel service time, h

b

Fig. 4 The relationships of changing multifractal parameters depending steel service time: a - order (4); b - uniformity
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Fig. 5 Correlation of relative change of yield strength value with multifractal characteristic D, of steel containing 0.20% of
carbon, 23% of chrome, 18% of nickel structure with various service time

6. Conclusions nickel is revealed.
2. The geometry of the second phases - intermet-
1. The regularity of changing the structure of steel ~ allides, influences the values of steel yield strength; the
containing 0.20% of carbon, 23% of chrome, 18% of  relationship between the second phase geometry and the



yield strength is linear in character.

3. The maxima of the order distribution in time
are in the area 4=0.3. This correlates with the data of the
paper [2] and supports that 4,,,, is the fundamental charac-
teristic when changing steel deformation mechanism.
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N.A. Makchutov, A.G. Chirkova, M.I. Kuzeev

PIROLIZES SPIRALINIU VAMZDELIU PAVIRSIAUS
MEDZIAGOS CHARAKTERISTIKU PASIKEITIMAS

Reziumé

Straipsnyje nagrinéjamas hidrokarboninés piroli-
z¢s spiraliniy vamzdeliy pavirSius, turintis itakos agregato
suirimui. Parodyta, kad plysio atsiradimui nemagnetiniame
labai legiruotame Cr-Ni pliene turi itakos magnetinés sa-
vybés. Nagring¢jama, kaip keiciasi mechaninés savybés, kol
formuojamas spiralinis vamzdelis, ir nustatoma ekstreminé
formavimo trukmé. Metalo strukttiros pasikeitimui nagri-
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néti taikyti multifraktiiriniai parametrizuoti suirimo meto-
dai. [rodyta, kad mechaniniy savybiy pasikeitimas susijgs
su sigma fazés evoliucija ir kitais tarpmetaliniais jungi-
niais, atsirandanciais apdirbimo metu.

N.A. Makchutov, A.G. Chirkova, M.I. Kuzeev

CHANGES IN MATERIAL CHARACTERISTICS OF
PYROLYSIS FURNACE TUBE COILS

Summary

Tube coil of hydrocarbon pyrolysis furnace result-
ing in aggregate failures have been considered. It is shown
that with the appearance of the cracks non-magnetic high-
alloyed grade of Cr-Ni steel reveals magnetic properties.
Changes in mechanical properties coil during operation
have been studied and extreme operation time relationships
have been obtained. To analyse the changes in metal struc-
ture involving failures multifractal parameterization meth-
ods were applied. It is shown that the changes in mechani-
cal properties are connected with the evolution of sigma-
phase and other intermetallic compounds arising in service.

H.A. Maxytos, A.I'. Uupkosa, M.U. Ky3ees

N3MEHEHUWE XAPAKTEPUCTUK MATEPHUAJIA
MNOBEPXHOCTHU CITMPAJIBHBIX TPYBOK
I[MNPOJIN3A

PesowMme

B crarbe uccnenyercss NOBEPXHOCTh TI'MIPOKap-
OOHHBIX CIUPATBHBIX TPYyOOK NMHPOIM3a, BIMAIONIAS Ha
paspyiienue arperata. [lokasaHo, 4To Ha 0Opa3oBaHHE
TPEIIMHBI B HEMAarHUTHOW BbICOKOJerupoBanHOW Cr-Ni
CTaJIM MMEIOT BO3JIeliCTBUE MarHUTHBIE cBoOiicTBa. M3Mme-
HEHUE MEXaHUYECKHX CBOWCTB HCCIEAYETCS BO BpeMms
(hOopMHUPOBaHUS CIUPATHLHON TPYOKU M ONPEICIIICTCS IKC-
TpeHHOE BpeMs (popMupoBaHus. MynsTHQpPAKTYpHEIC Ma-
paMeTpU3UpOBaHHBIE METOABI UCCIIEIOBAHUS MCIOJIb30Ba-
HBI JJI1 U3yYEHUs] U3MEHEHUs CTPYKTYphl Metana. [Tokaza-
HO, YTO H3MEHCHHE MEXAHHYCCKHUX CBOMCTB CBS3aHO C
ABOJIIOIMEH cUrMa-(a3bl U IPYTUMH MEXKMETATHIeCKUMHU
CTPOCHUSIMH, KOTOPBIE 00pa3yroTcs BO BpeMs 00pabOTKH.
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