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The regularities of structural formation of the weld metal and HAZ during multilayer welding, made by the
transverse humping method, with short sections of defects on cast steel 15Kh1M1FL with perlite electrodes without
heating and heat treatment are considered. It has been established that the structure of all the studied zones of the
welded joint is represented by upper granular bainite of varying degrees of dispersion. The difference in the
hardness of the structures in the upper and middle parts of the welded joint is insignificant (314 and 296 HV,
respectively). In the upper part, the formation of a hypereutectoid ferrite is found, which is located along the grain
boundaries, which is also related with edge effect. The plastic properties of the weld metal are increased by more
than 1.5 times, KCV — by more than 3 times in comparison with the base metal.

PACS: 62.20.-x; 62.20.Mk; 68.35.Gy; 81.70.Bt

The performance and durability of power equipment
is largely dependent on the quality of the hull parts of
power units made of heat-resistant steels by casting.
Practice has established that the vast majority of defects
detected at the manufacturing stage are casting ones [1]:
porosity, shrinkage shells, cracks associated with the
influence of shrinkage stresses. These defects, as a rule,
are most often characteristic of massive thick-walled
parts. Single selections of defective places for correction
(by welding) often reach 3-5 thousand cm?®. The most
commonly used universal correction method is manual
arc welding. A feature of welding heat-resistant steels is
the high metal sensitivity of individual sections of the
heat-affected zone (HAZ) heated during welding to the
austenization temperature, to various cooling rates
below the decomposition temperature of austenite.
Upon cooling, solid and brittle structures in these areas
of the HAZ are formed. At a certain level of residual
welding and structural stresses formed, this leads to the
formation of cold cracks. The main way to prevent cold
cracking of the HAZ metal is pre-heating and
concurrent heating. Depending on the weight of the
construction and wall thickness, as well as on the
chemical composition of the metal, the heating
temperature ranges from 250 to 400 °C, followed by
high-temperature tempering of welded joints after
welding. Such a technology for correcting casting
defects causes production difficulties and is labor-
intensive, and in some cases impossible.

At one of the stages, when repairing damaged cast
parts, the technology of electric arc welding using
austenitic electrodes was used [2]. However, during
high-temperature operation at the boundary “weld metal
- base metal”, diffusion processes lead to the formation
of brittle martensitic layers, heterogeneity of mechanical
properties. To avoid this effect, according to [3], nickel-
based electrodes should be used for welding.

The accumulated long-term experience of domestic
and foreign researchers has established that a
technology with the use of welding materials of the
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same chemical composition with the base metal as the
most promising for welding low-alloy heat-resistant
steels is more promising. This technology minimizes
undesirable  diffusion  processes, reduces the
microchemical heterogeneity and heterogeneity of
mechanical properties in welded joints. At the same
time, to reduce the creep rate during high-temperature
operation, the carbon content in both cast parts and weld
metal should be extremely low [4, 5]. An increase in
carbon content leads to depletion of the solid solution
by alloying elements (Cr, Mo), which leads to
accelerated creep. To reduce the intensity of diffusion
processes, the carbon content is limited. In Russia, VTI
scientists have developed and recommended for welding
heat-resistant chromium-molybdenum-vanadium steels
electrodes of the TML-4B, TML-5 grades [1], which
provide a low carbon content in the weld metal
(~ 0.06%). This carbon content was obtained by using a
low-carbon wire (CB-04A) as a rod, as well as the
limited introduction of calcium carbonate CaCO; into
the coating composition. However, a change in the
composition of the coating leads to a deterioration of
technological properties [1] and, as a result, adversely
affects the quality of the weld. An analysis of foreign
scientific and practical developments shows that, in
order to maintain heat resistance, a decrease in the
carbon content in heat-resistant steels and materials for
their welding is impractical. So in the USA, pearlitic
steels containing ~ 0.25% carbon (WCA, WC1, etc.),
but with high plastic properties, are used for the power
system [1]. High viscous plastic properties are achieved
by increasing the purity of the metal in sulfur (< 0.01%)
and phosphorus. To neutralize the negative effects of S
and P, rare-earth metals (REM) — cerium ligature are
introduced into carbon steel [6]. This increases the
plastic properties by 15...25% and impact strength. In
Japan, for the welding of chrome-molybdenum-
vanadium steel, GMB-95 grades are used [7], the
deposited metal of which is characterized by a high
level of ductility and a low hydrogen content. The
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carbon content is not reduced and is in the range of
0.08...0.12%. High plastic properties of the metal are
also achieved due to microalloying additives of rare-
earth metals [6-8].

Thus, from the information presented it follows that
the most promising today is the use of weld metal with
high viscoplastic properties as a welding material that
provides a pearlite structure.

The purpose of the work is to study the structure and
mechanical properties of welded joints on steel
15Kh1M1FL, made by the transverse humping method
(THM) without heating and subsequent heat treatment
with  perlite electrodes containing REM (Y)
microadditives.

RESEARCH MATERIALS AND METHODS

We studied welded joints made on massive plates of
steel 15KhIMIFL with a size of 250x200x110 mm,
cast under production conditions. After casting, the
plates were subjected to heat treatment according to
standard technology. In the middle part of the plates
along the long side, the metal was mechanically
sampled with a length of 130 mm, a width and depth of
60 mm, simulating a remote defect. The sample was
filled by manual arc welding of THM. Welding was
performed with UNL-1 electrodes [9] with a diameter of
4 mm in the mode: |, = 160...170 A, U, = 26...27 B. It
should be noted that THM provides layer-by-layer
formation of a seam with multiple auto-heating with
welding heating of each layer of deposited metal. The
chemical composition of the weld metal, %:
C=0.1...0.12; Mn =0.6...0.65; Si=0.5...0.65;
Cr=0.6...0.9; Mo = 05...0.7; S < 0.012; P < 0.019;
REM (Y) = 0.009; Mechanical properties: Ultimate
tensile  strength  (UTS) =570...580 MPa; o, =
400...440 MPa; & = 25...26%; y = 68...72%; KCV.y =
96...100 J/cm®.

When filling in deep samples, the temperature
conditions of the HAZ metal are not the same. Under
the influence of thermocyclic influence during layer-by-
layer filling, the cooling rates of HAZ sections are also
different. Under the conditions of the pronounced
influence of the edge effect associated with the limited
size of the part, i.e. when barriers arise in the way of
heat fluxes, this leads to overheating of the surface local
sections of the HAZ metal, the formation of structures,
including quenching. Therefore, the HAZ sections were
examined at a depth of 10 mm and 35 mm from the
surface (Fig. 1). The scheme for cutting samples for
research is shown in Fig. 2. Toughness KCV was
determined on standard samples made from different
zones of the welded joint (see Figs. 2, 3). The
microstructure was investigated by optical microscopy.
Grain boundaries were revealed by etching thin sections
in a supersaturated aqueous solution of picric acid with
the addition of surfactants. The grain size and its
morphology were studied in all zones of the welded
joint. In the main and deposited metal (weld), the grain
size was estimated by the grid of the boundaries of the
ferrite component, and in the high-temperature zone of
the HAZ with a predominance of bainite, the grain was
determined by the etched grid of the boundaries of the
former austenite [10].

HV5
320}
|
|
300}
|
|
280} |
|
260} |
g
| 3
240 g
o

YPOBHH

Fig. 1. Measurement scheme (a) and microhardness (b)
in various zones of a welded joint
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Fig. 2. The scheme for cutting samples for testing

Fig. 3. Macrostructure of a welded joint on steel
15X1M1FL, made by THM

RESEARCH RESULTS

Evaluation of grain size according to the GOST
5639-82 scale and using quantitative metallography [15]
showed that when welding THM, the structure of all
areas of the HAZ and weld metal is fine-grained.
Especially fine grain in the weld metal — 9, 10 points. In
the HAZ, at a distance of up to 3 mm from the fusion
boundary, 8, 9 points; in the HAZ near the fusion
boundary — 7, 8 points; in the base metal — 6, 7 points.

It was established that the weld metal of the same
type and slightly different from the main chemical
composition has a higher hardness of 287...303 and
240...250 HV respectively (see Fig. 1). This is



explained by the modifying effect of REM
microadditives contained in the electrode material, as
well as by metallurgical processing of deposited metal
layers during repeated thermal exposure during layer-
by-layer filling of the groove. An increase in hardness
(314 HV) observed in the high-temperature region of
the HAZ indicates the formation of a nonequilibrium
structure. The width of the HAZ with increased
hardness reaches 0.5...0.7 mm. At a distance of
3.0...3.5 mm from the fusion zone, hardness decreases
and reaches the level of 240...250 HV (see Fig. 1).

Analysis of the phase composition of the HAZ at
different levels along the seam height showed that it is
not the same. The increased sensitivity of 15Kh1M1FL
steel to the cooling rate leads to the appearance in the
high-temperature heating zone of the HAZ in the upper
part of the weld, in addition to granular bainite,
structurally-free hypereutectoid ferrite, which is located
along the grain boundaries of the former austenite and
inside these grains (Fig. 3). It is acceptable that the
appearance of ferrite is due to a decrease in the cooling
rate and is associated with auto-heating directly from
the welding heating, which is provided during LNG
welding. According to the MIS classification [11],
intragranular ferrite I (PF) is idiomorphic, and the ferrite
precipitated along the grain boundaries is referred to as
prime ferrite PF (G) ferrite. The light discharge of a
rounded shape discovered during the study is separated
by grain boundaries and is clearly visible against the
background of a bainitic structure (Fig. 4). According to
[12], the presence of hypereutectoid ferrite in
combination with upper bainite provides Cr-Mo-V-
steels with an optimal combination of long-term
strength and stability, which is associated with the
precipitation of dispersed vanadium carbides in ferrite.
In addition, the presence of a small amount of ferrite in
steel (up to 20%) increases the plastic properties.

The formation of idiomorphic ferrite is apparently
associated with the intragranular structure of austenite,
when, under conditions of heating above critical points
with small plastic strains in austenite, dynamic in situ
processes of crystallization occur [13]. Moreover, in
austenitic grains, subgrain boundaries are formed at the
joints and along the boundaries of which nuclei | (PF)
appear upon cooling. The heating and cooling
conditions are such that these ferritic grains do not have
time to grow, and the bulk of austenite turns into a
granular bainite structure. It is possible that part of
ferrite 1 (PF) is formed on precipitated dispersed
inclusions of secondary phases (vanadium carbides) [13,
14]. 1t should also be noted that in the middle part of the
welded joint, a structure of granular bainite is formed,
which has increased etchability. In the HAZ, when
approaching  the conditional  fusion  boundary
(overheating area), the amount of granular bainite
increases and a predominantly finely dispersed granular
structure is observed near the boundary (see Fig. 4).
These structural changes are provided by auto-heating
and thermal cycling during multilayer weld formation
and a multiple phase of recrystallization.
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Fig. 4. Microstructure in the high-temperature region
of HAZ, x500:
a — in the upper part of the weld;
b — in the middle part of the weld

Fig. 5 shows the mechanical properties of the metal
of various zones of the welded joint. The metal is
characterized by high plastic properties. So v and &
have values that are 1.8 and 1.5 times greater than the
identical values of the base metal, respectively.
Attention should also be paid to the fact that the most
dangerous part of the HAZ, characterized by increased
hardness (see Fig. 1), has sufficiently high plastic
properties (Fig. 5). The microalloying additive of rare-
earth metals in the welding material ensured high
toughness to the weld metal, which is more than 3 times
higher than that of the base metal.

A comparative analysis of the results of structural
changes, hardness and mechanical properties in the
near-surface and middle layers (in depth) of the welded
joint did not reveal significant differences. The structure
of the upper granular bainite containing up to 20% of
hypoeutectoid ferrite is formed in the HAZ. In the
middle layers, a highly dispersed structure with a
reduced hardness is formed (see Fig. 1).
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Fig. 5. Mechanical properties of the zones of welded
joints on steel 15X1M1FL, made by THM electrodes
without heating and heat treatment

Thus, it has been established that the use of pearlite
class electrodes with high viscoplastic properties of the
deposited metal when welding casting defects on
15Kh1M1FL steels by the transverse slide method
allows to obtain high-quality compounds without
preliminary heating and heat treatment after welding.
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3ABAPKA JJE®EKTOB B JIMUTBIX KOPITYCHBIX JETAJISAX TYPBUH NEPJIMTHBIMHU
JEKTPOJIAMHU BE3 NIOJOIPEBA U TEPMUYECKOM OBPABOTKH

H.I'. E¢pumenko, C.B. Apmemosa

PaccMoTpeHBl 3aKOHOMEPHOCTH CTPYKTYPOOOpa3oBaHMsI MeTajla IIBAa W 30HBI TepMmuueckoro BiusHus (3TB)
IIPU MHOTOCJIOMHOW 3aBapKe KOPOTKUMM YydacTKamu JedekroB Ha sutoil cranm 15XIMI®JI nepmurHeIMU
anekTpoaaMu criocobom monepeunoi ropku (CIIIY) 6e3 momorpeBa u TepMUUECKOW 00paOOTKU. Y CTAHOBIICHO, YTO
CTPYKTypa BCEX HCCIEIyeMbIX 30H CBapHOTO COEIWHEHHs IIPEACTaBJICHA BEPXHUM 3E€PHHUCTBIM OCHHHUTOM
Pa3IMYHOM CTENEHU IUCIEPCHOCTU. Pa3HMIa B TBEPAOCTH CTPYKTYpP B BEPXHEH M CpeJHEM 4acTsIX CBAapHOIO
coequHeHus: HezHaunTensHa (314 m 296 HV coortBercTBeHHO). B BepxHe# dacTh oOHapy>keHO (OpPMHPOBaHHE
JOABTEKTOMIHOTO (heppuTa, PacHojararoIierocsi 1mo TpaHWIlaM 3€peH, YTO CBA3aHO, B TOM YHCIE, C KpPaeBBIM
a¢dexrom. [TnacTuyeckre CBOMCTBA MeTalIa [IBa yBeIM4YCHBI Oosiee yeM B 1,5 paza, KCV — donee uem B 3 pasa mo
CpPaBHEHHIO C OCHOBHBIM METAJLIIOM.



3ABAPKA JTE®EKTIB Y JINTUX KOPITYCHUX JAETAJISIX TYPBIH HEPJIITHUMHA
EJIEKTPOJAMM BE3 IIIAIT'PIBY TA TEPMIYHOI OBPOBKH

M.I. Egimenxo, C.B. Apmvomosa

PoO3rmsiHyTO 3aKOHOMIPHOCTI CTPYKTYPOYTBOPEHHSI MeTalxy MmiBa i 30HM TepMmiudoro BmiuBy (3TB) mpu
OararonrapoBiii 3aBapiui KOPOTKMMH IUITHKaMH JedekTiB Ha ymTii crami 15X1M1®DJI nepniTHUMU eneKTpoaaMu
cnocobom mornepednoi ropku (CIII) 6Ge3 mimirpiBy i Tepmiunoi 00poOku. BcTaHOBICHO, WO CTPYKTypa YCix
JOCIIIJPKYBAaHUX 30H 3BapHOTO 3'€JHaHHS NPE/CTaBICHA BEPXHIM 3€pPHUCTHM OCHHITOM pi3HOI MipH AMCHEPCHOCTI.
PisHHMIT B TBEpHOCTI CTPYKTYp y BEpXHIH i cepemHiil yacTHHaxX 3BapHOro 3'enmHaHHA HesHayHa (314 i 296 HV
BINOBITHO). Y BepxXHili YacTWHI BUABICHO (OPMYBaHHS HOCBTEKTOITHOTO (EpUTY, PO3TAIIOBAHOTO IO MEXax
3epeH, 10 MOB'A3aHO, B TOMY YHCIHI, 3 KpaiioBuM edexrom. [ImacTiuaHi BIacTHBOCTI MeTay mIBa 30iIbIIeH] OLIbMT
HK y 1,5 pasn, KCV — 6imemn HiXk y 3 pa3u B MOPIBHAHHI 3 OCHOBHIM METaJIOM.



