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ABSTRACT Welded joints of dissimilar steels are widely used in various components of the steam-water circuit at thermal and
nuclear power plants. In such welded joints after tempering and during high-temperature operations, carbon migrates through the
fusion surface from less alloyed steel to more alloyed steel due to the difference in the chemical potential of carbon in these steels.
Decarburization in the weld-adjacent area of the heat affected zone of less alloyed steel, which occurs due to carbon migration, can
lead to the formation of defects and subsequent failures in service. It was noticed that the thickness of the decarburized layer varies
depending on the geometry of the fusion line: after heat treatment in places of convexity of the more alloyed weld in the base metal
the thickness of the decarburized layer in the heat affected zone is less than in places of concavity of the weld. To numerically
estimate the influence of the shape of the fusion line on the intensity of decarburization in the weld-adjacent zone, it is proposed to
use a geometric factor. The aim of the work was to find such a function for use as the geometric factor, which would allow to
estimate locally the variable concavity of a complex curve (in our case - the fusion line) from a point outside the curve and express it
through a scalar parameter. An integral function @;(t) is proposed, which "scans" the fusion line L from the point t in the heat
affected zone, the obtained numerical value of this function for each point t can be interpreted as the order of decarburization of this
point during tempering or high-temperature operation at a given geometry of the fusion line L, and can be used to construct a scalar
field of the decarburization order in the heat affected zone of less alloyed steel by implementation of @(t) using computer vision
software.

Keywords: decarburized layer; welded joints; dissimilar steels; carbon diffusion; fusion line; heat affected zone; computational
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AHOTALIA 3sapHi 3’ cOnanHa pisHOPIOHUX cmanell WUpOKo 8UKOPUCMOBYIOMbCA 8 PISHUX 8Y3/1aX KOHMYPY NAPO8OOAHOI cymiui Ha
MEenaIosUx ma amoOMHUX eleKmpoCmanyisax. Buacnioox piswuyi 6 XiMmiuHOMY nomeHyiani eyeneyro niciisa 6iONYcKy ma npu
8uUCOKOmMeMnepamypHitl ekcnayamayii 6 HUx 6i00y8acmuvcs miepayis gyaieyro uepe3 NOBePXHI0 CHAABIEeHHS 3 OOKY MeHW 1e208AHOT
cmani 8 Oinbul 1€206aHy CMAb. 3Hegyeleylo8ants. 6 NPUWOGHIL OLIAHYL 30HU MEPMIYHO20 6NAUSY MEHW JIe208aHOi Cmaii, uo
BUHUKAE GHACTIOOK Micpayil gyeneyro, Modice npu3eo0umu 00 YmeoperHs depekmie ma nociioyiouux pyuHyeas npu ekcniyamayii.
Iomiveno, wo moswuHA 3HEEY2eYbOBAHO2O NPOWAPKY BAPIIOEMbCS 6 3ANeNHCHOCMI 6I0 2eomempii MMl CNIAGLEHHs: NiCls
mepmiunoi 06pobKu 6 MicYsx UNYKIOCHI OLlbU J1e208AHO020 WA 8 OCHOGHUL Memal MOGWUNHA NPOWAPKY 8 30HI MEPMIYHO20 GNIUGY
MeHwia, Hidic 8 Micysix ysicHymocmi wea. /[ uuciogoi oyinku éniugy gopmu ninii cniagnenns Ha iHMeHCUGHICMyb 3HegY2eyl08aAHH s
6 NPUWLOBHIL 30HI OVI0 3aNPONOHOBAHO GUKOPUCTNOBYBAMU 2eoMempuydHuil hakmop. Memorw pobomu Oy10 3HAXOO0XHCEHHA MAKOiL
YHKYIT 0N BUKOPUCTIANHA 8 AKOCMI 2e0MeMmPUYHO20 Gakmopy, AKa 0asana 6 3M02y JOKATIbHO OYIHUMU NePEeMIHHY YEIHYmicmb
CKAAOHOT Kpueoi (8 Hawomy unaoxy — JiHii CNIAGNEHHs) 3 MOYKU NO3A KPUBOI MdA SUPANCANACS Yepe3 CKANAPHULL napamemp.
3anpononosano inmezpanvry @yuryiro Dp(t), wo «ckamyey ninito cniasnenus L 3 mouku t 8 30Hi mepMiuHO20 6NAUBY;, OMPUMAHE
YUCn06e 3HaAUeHHs Yiel QYHKYIT 0Nl KOJICHOT mouKu t Modice 6ymu iHmepnpemosane sik Nops0oK 3Hegy2leylo8anHts Yici MoKy npu
GIONYCKY YU GUCOKOMEMNEPAmMypHill ekcnayamayii npu oauii eeomempii ainii cniagnenns L, ma mooce 6ymu euxopucmawne 0s
noOy008U CKANSAPHO20 NOJsL NOPSOKY 3HEBY2NeYIO8AHHS 8 30HI MEPMIUHO20 GNIUGY MEHW 1e208aHOl cmani npu imniemenmayii yiei
@ynryii @r(t) 3a 00nomo2o10 npoepam Komn 1omepHo2o 6ayenHs.

Knrwuoei cnosa: 3negyzieybosanuil npoulapox,; 36api 3 €OHaHHA, DI3HOPIOHI cmani;, Ougysia eyeneyio; NiHiA CHAAGIEHHA, 30HA
TEPMIUHO020 BNAUBY; OOUUCTIOBATLHA 2eOMEMPIs

Introduction

In order to reduce the cost of construction of
modern power plants, different sections of the steam-
water circuit are made of steels of different alloying
systems: sections with lower steam parameters are made

of ferritic steels with 1...2.25% Cr, with higher steam
parameters — of more heat-resistant and corrosion-
resistant austenitic steels and ferritic-martensitic steels
with 9... 12% Cr [1,2]. Therefore, it is necessary to obtain
welded joints between ferritic and austenitic steels, as
well as between ferritic steels with different chromium
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content. It is known that the joints of dissimilar steels can
be a source of potential problems during service. For
example, due to the difference in thermal expansion
coefficients between austenitic and ferritic steels, thermal
stresses may be developed in such joints during high-
temperature service, as well as oxide notches near the
fusion line on the ferritic side of the weld due to selective
stress corrosion [3]. However, a common problem, that
arises not only in the joints between ferritic and austenitic
steels, but also in the joints of ferritic steels with different
chromium content, is primarily related to the
redistribution of carbon [4,5].

Carbon is an interstitial alloying element and helps
to strengthen steels through solid-solution and dispersion
mechanisms. In the presence of a gradient of chemical
potential in the lattice, the diffusion of carbon arises in the
direction of lowering the chemical potential [6]. Due to
the fact that other alloying elements, in particular
chromium, reduce the chemical potential of carbon, so at
elevated temperatures in the joints of dissimilar steels
there is an active migration of this element from less
alloyed steel to more alloyed one. As a result, a
decarburized layer is formed in the weld-adjacent area of
the heat affected zone (HAZ) of less alloyed steel, which
has a reduced strength and can be detected by measuring
the hardness [7,8].

The development of a decarburized layer in the
joints of dissimilar steels, which operate at elevated
temperatures, is associated with the formation of type Illa
cracks (according to the classification [9,10]). In
particular, a statistical study during an inspection of
power plants in the UK found that a significant amount of
damage to welded joints of dissimilar steels was of type
[IIa [10].

The purpose of the article

While performing metallography of welded joints
of dissimilar steels an author of the article had noticed a
pattern that, depending on the sign and the magnitude of
the curvature of the fusion line (FL), the development of
the decarburized layer in less alloyed steel intensifies or
weakens. No reference to this effect was found in the
literature, so the author attempted to characterize it using
geometric methods.

Basic research materials

The literature uses the concept of the effective
thickness of the diffusion layer, which is determined as
the shortest distance from the saturation surface (in the
case of welded joints of dissimilar steels — from the fusion
line) to the place of measurement, characterized by the
nominal value of a base parameter [11]. The base
parameter is either the concentration of the diffusing
element, or a mechanical property (hardness), or a
structural feature, such as poor etchability of the
decarburized area.

Metallographic studies on welded joints between
martensitic and austenitic steels in the state after
tempering have shown that in places of bending of the
fusion line (FL) can be observed variation of the effective
thickness of the decarburized layer in HAZ by the
structural feature of etchability. In particular, in the places
of convexity of the FL in the direction of the base metal
there is less decarburization, and in the places of
convexity of the FL in the weld — more decarburization.
Fig. 1, 2 show micrographs of the structure of the welded
joint of steel P91 (wt.%: C-0.1, Si—0.34, Mn—-0.47, Cr—
8.52, Mo—-0.93, Ni-0.28, V-0.2, Nb-0.072), welded with
Fox CN 23/12 Mo-A electrodes (wt.%: C-0.01, Si—0.63,
Mn-0.73, Cr-23.0, Mo-2.6, Ni—13.1) in the state after
tempering 760 ° C, 2 h.

This effect is observed both on convexities of
small radius of curvature (Fig. 1) and on convexities of
large radius of curvature (Fig. 2). A common macroscopic
characteristic is that the front of decarburization tries to
reach the flattering of its boundary (Fig. 3).

A possible explanation for this effect is that the
carbon atom, which is disposed in the HAZ directly near
the convexity in the weld (Fig. 4, top), has many possible
shortest paths to the fusion line, and, according to the
probabilistic theory of random walks [12], can choose any
of them. At the same time, the carbon atom near the
convexity in the direction to HAZ has only one shortest
path, which with increasing intensification of diffusion
can lead to restriction of the flow through this path by its
maximum carrying capacity (Fig. 4).

In connection with the above, there may arise the
problem of modeling the development of the
decarburization front in HAZ of less alloyed steel
depending on the local curvature of the fusion line in the
welded joint of dissimilar steels. It is desirable to obtain a
function that would give a numerical value for each point
of the heat affected zone, depending on 1) the distance of
this point from the fusion line and 2) the local curvature
of the fusion line in the vicinity of this point.

For example, for each HAZ point we should obtain
such numerical values ® that the values at a point on the
@, line are approximately equal to each other point on
that line and greater than the values at the points on the @,
line, which in turn are greater than the values at the @,
points, etc (Fig. 5).

The obtained numerical value can be interpreted as
the order of onset of decarburization of each HAZ point:
the greater the value at a particular point, the faster it will
begin to decarburize in a continuous diffusion process at
elevated temperature in a homogeneous isotropic material
with a certain curvature of the fusion surface. Therefore,
the following requirements are laid down before the
function: 1) a point, closer to the fusion line (in the
direction, perpendicular to the FL), must have higher
values of the function than a point farther from the FL; 2)
near the concave areas of the FL values are relatively
higher than near the convex areas.
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Fig. 1 — Convexity of small radius of curvature (white arrows
indicates increased decarburization in HAZ, dark arrow —
reduced decarburization in HAZ), magnification x200

Fig. 2 — Convexity and concavity of a large radius of curvature
(white arrows indicates increased decarburization in HAZ, dark
arrow — reduced decarburization in HAZ), magnification x50

Fig. 3 — Overlaying with austenitic electrodes Fox CN 23/12
Mo-A on a plate of P91 steel afier tempering 750 °C, 18 h,
magnification x100

Geometric factor. For the geometric analysis of the
influence of the shape of the fusion surface on
decarburization, the author has proposed a geometric
factor @, (t), which is based on the function @z (x). If we

take the point t in the HAZ at a distance C from the
nearest point of the fusion line and draw a circle of radius
R > C around it, then a certain part of the fusion line will
be inside the circle (Fig. 6). The ratio of the radius of the
circle R to the length of the fusion line inside the circle L
we can take as a parameter x = L/R. We introduce the
condition: if the circle does not intersect the curve of the
fusion line (i.e. R<C), then @g(x) = 0. The function
@r(x) is continuous and monotonically increasing as the
parameter x increases. The total contribution of all
functions @z(x) with increasing R — oo, to estimate the
curvature of the fusion line and the distance of the point t
from the FL, can be determined using the integral

() = A- f W(R) - px ()R (M
0

where A is a coefficient that can be used to
normalize the function &, (t); P(R) is a function that
should ensure the convergence of the integral with a
possible increase of the function ¢z (x) to infinity at R — oo.

Fusion line

HAZ Weld

[ ] Carbon atom
Shortest distance to
the fusion line

Fig. 4 — Scheme of the possible mechanism of influence of the
fusion line geometry on the diffusion of carbon

|D1[=| D> |Ds|

Fusion line

Weld

Fig. 5 — Requirements for the obtained values of some function
@ at HAZ points for estimating the distance and local curvature

of the fusion line
Weld

HAZ

Fig. 6 — Geometric interpretation of parameters L, R and 0
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The function 1 (R) should be chosen in such a way
that the total integral @, (t) takes into account largely the
local curvature of the fusion line directly near the point ¢,
and as the radius of the circle R increases, the
contribution of @g(x) decreases in proportion to the
function of radius R. The reason for decreasing of a role
of @r(x) with increasing R may be that at large scales
there is no difference in the length L between the convex
and concave shapes of the fusion line (Fig. 7), however,
as shown above, there is a fundamental physical
difference in decarburization between the point near the
convex FL or a point near the concave FL. For fairly
simple forms of the fusion line, x has a value of the order
2, so @gr(x) is a bounded function. The elementary
functions, whose integrals converge in the range from 0 to
oo, are the family of functions 1/a* (a>1), so the integral
of such a function, multiplied by a certain number M,
which is the upper smallest boundary of the function
@gr(x), also converges.

Li=L2 0>
x1=Li1 R:_VL:-R*,\: -

01<02

01

Fig. 7 — Extreme cases with unlimited increase in radius

For example, the geometric factor of a certain
point t, depending on the fusion surface L, can be
calculated using the formula:

[ee]

Py (1) = f e gpu (%) dR

where @gr(x) = B-x = B-(L/R) (B — some
constant, for example, 1).

As the distance from the fusion line increases, the
influence of the geometric factor decreases, so at a
relatively large distance from the fusion line the
decarburization front ceases to repeat the wavy shape of
the fusion line and becomes uniformly rectilinear, so the
values of the function @;(t), as well as the
decarburization front, begin to spread in a straight line
(Fig. 3, 5).

For complex forms of the fusion line, the
parameter x = L/R can be a discontinuous function and
theoretically increase indefinitely in the case of fractal
self-repetition of the fusion line (although even in the case
of unlimited growth of the parameter x integral for @, (t)
in (1) converges if, for example, the function Y( ) =
e R, and the function @z(x) is of exponential type:
@r(x) < K-e*R, where a<l [13, p. 113]). In this case,
instead of the parameter x = L/R, the author
recommends to use 1) the parameter 8 — the angle of the

arc, cut off by the fusion line inside the circle of radius R
(0<6<2m), or its normalized variant 0/27 (0<6/2n<1); 2)
the area of the cut section of the weld S (or S/R) (Fig. 6).
Such parameters are also devoid of the disadvantage
shown in Fig. 7: the convex shape of the fusion line has
an angle less than =, and the concave — more than .

The function @g(x) uses the property of a circle
that, at the same length L of the truncated curve, the
shortest distance Cy to the convex curve of constant
curvature will be less than the distance Cc to the concave
curve (Fig. 8): Cc = Cy + A. Accordingly, for the same
value of ¢, (x) - ™1 (for a circle of radius R=1) the point
tc for a concave FL will be located farther from the fusion
line than the point ty for a convex FL, at a distance A. If
we place the point tc at the distance Cy from the concave
fusion line, then the circle of radius 1 from it will have a
larger value of the parameter x (due to the fact that L2 >
L1), and, accordingly, a larger value of ¢,(x)-e~! than
in the original case, which corresponds to the increased
decarburization for the concave FL in comparison with
the convex FL at the same distance Cy.

Fig. 8 — The difference between concave and convex fusion lines
for parameter @g(x)

When analyzing the structural components using a
light microscope, the Cavalieri principle is usually used,
from which it follows that the required ratios in the plane
of the section are the same as in the volume of the sample
[14, p.25]. However, due to the fact that in reality the
microslice (microphotograph) is a two-dimensional
section of the three-dimensional fusion surface, it is
possible for two identical fusion lines in the
photomicrograph to have a different shape of the
decarburized layer. For example, in the case of a convex
shape of the fusion line on the section, the two extreme
cases of the fusion surface will be an elliptical paraboloid
and a hyperbolic paraboloid (Fig. 9). The surface, cut off
by a sphere of radius R emanating from the point t, will
have a different area P or a different solid angle { in these
two cases. For the three-dimensional case, formula (1) is
also valid, and as parameters we can use the ratio of the
cut off area to the square of the radius of the sphere
y = P/RZ, the solid angle ¢ or the cut off volume V.

The practical value of the function @ (t) lies in
the possibility of its implementation in the software of
computer vision systems for the analysis of
microphotographs with a discrete step AR and
construction of three-dimensional graphs of @, ((x,y))

20
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Conclusions

It is shown that the shape of the diffusion layer
depends on the geometry of the fusion line: in places of
convexity of the fusion line in the direction of the base 1.
metal there is less decarburization, and in places of
convexity of the fusion line in the weld there is more
decarburization.

The geometric factor @, (t) is proposed, which
allows to estimate the order of decarburization in points t 5
of the heat affected zone.
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BiNycKy. Bicnux Hayionanvrnoeo mexuiunozo ynisepcumemy «XIly». Cepisn: Hoei piwenns ¢ cynacnux mexnonozisx. — Xapkis: HTY
«XITI». 2022. Ne 1 (11). C. 17-22. doi:10.20998/2413-4295.2022.01.03.

Hooscanyiicma, ccolnatimecs Ha 9my CmMamvio CledyiowuM oopazom:

Humko M. A. BrusiHue reOMeTpUH JIMHUU CIUIABICHHS Ha 00€3yriiepOXKUBAaHHE B CBAPHBIX COEAMHECHUSIX Pa3sHOPOIHBIX
cranel npu otmycke. Becmuux Hayuonanvnozo mexunuuecxkoeo ynusepcumema «XIIHy». Cepusa: Hoegvle pewienus 6 cospemeHHbix
mexnonocusix. — XapbkoB: HTY «XIT». 2022. Ne 1 (11). C. 17-22. doi:10.20998/2413-4295.2022.01.03.

AHHOTAITHA Csaphvie coedunenus pazHopOOHbIX CIANel WUPOKO UCTOIb3YIOMCS 6 PA3HBIX Y31AX KOHMYPA Napo8oO0sHOU cCMecu
Ha MennosviX U amOMHbIX eKmpocmanyusx. B pezynomame pasnuyvl 6 xumuyeckom nomenyuane yenepooa nocie omnycka u npu
6bICOKOMEMNEPAMYPHOU IKCIIYAMAYUU 8 HUX NPOUCXOOUM MUSPAYUsL Y2epo0a Yepe3 NOBEPXHOCMb CRAABNEHUsl CO CIOPOHbL MeHee
Jlecuposantoll cmanu ¢ oonee necuposannyio cmais. Obesyerepodicusanue 6 NPUUOSHOM YUACHMKe 30Hbl MEPMUYECKO20 GNUSHUSL
MeHee NecUpPOBaAHHOU CMAnU, 803HUKaruell 8Cledcmsue Muspayuu yeiepood, Moxicem npusooums K 00pasosanuto 0egekmos u
NOCIeOYIOWUX pAspyUWeHutl npu SKChayamayuu. 3ameyeHo, uymo MOAWUHA 00e3)2NePOACEHHOU NPOCIOUKU 8APLUPYEMCs 6
3A6UCUMOCTIU OM 2e0MempuU TUHUU CNIAGNIEHUsL: NOCLe MePMUYECKOU 00pabomKu 6 Mecmax GulnyKiocmu Oojee 1ecupo8aHHO20
Wea 6 OCHOBHOU MEMAail MONWUHA NPOCIOUKU 8 30He MEPMUHECKO20 GIUSHUA MeHbule, 4eM 6 Mecmax gocuymocmu wied. [{us
YUCTIOBOU OYEHKU GIUSAHUS (DOPMbL JTUHUU CHIAGLCHUSI HA UHMEHCUBHOCMb 00€3Y2NepodCUBanus 6 NPUUWOBHOL 30He OblLIO
npeoniodceHo UCnoab308ams ceomempuyeckull paxmop. Llenvio pabomul 6bi10 Haxodcoenue maxo GyHKyuu OJis UCHOAb30BANHUS 6
Kauecmee 2eoMempuiecko2o akmopa, Komopas no3gosiia 6vl IOKAIbHO OYEHUMb NEPEMEHHYIO BOSHYMOCHb CLONCHOU KPUBOU (6
Hawiem cayuae — JUHUU CHLAGIEHUS) U3 MOYKU 6He KPUBOU U 6bIpAJICAACy yepe3 CKausapHulll napamemp. IIpednodicena
unmezpanvnas Qynxkyus Pp(t), «ckanupyrowasy aunulo cniaeienus L uz mouxu t 6 30He mepMuiecko2o 6030elcmeus; NOIyYeHHoe
yucn0goe 3HaueHue Mot QYyHKyuu O KaxicOOU MouKu t Modicem Oblmb UHMEPRPEmuUpPOBAHO KAK NOPsO00K 00e3y2lepodicueanusl
9MOU MOYKU NPU OMNYCKe UL 8bICOKOMEMNEPAMYPHOU IKCHLYAmayuu npu OAHHOU 2eomempuu TuHuu cniaeienus L, u mooicem
ObIMb UCNONBL308AHO Ol NOCMPOEHUSl CKANAPHO20 NOJSL NOPSAOKA 00e3Y21epodiCueanusi 8 30He MepMU4ecKo20 GIUSHUS MeHee
J1e2upo8anHoll cmanu npu umniemenmayuy dmoi gyuxyuu Pr(t) ¢ NOMOUbIO NPOPAMM KOMNBIOMEPHOSO 3PEHUSL.

Knrouesvie cnosa: obesyeneposicennas npocioika; ceéaphvle COCOUHEHUsl, PA3ZHOPOOHble CManu, Ou@@ysus yerepooa; AuHus
CNAABNEeHUs; 30HA MEPMULECKO20 GUSHUS, GLIYUCTUMENbHASI 2e0Mempusl
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