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Abstract

Heat-resistant nickel alloys are promising materials for manufacturing structural elements used in high-tem-
perature nuclear power plants. Nickel alloys are characterized as difficult-to-weld materials; this is one of the
main factors limiting their use. This paper presents the results of the development and industrial exploitation
of welding technology for heat-resistant nickel alloy grade CrNisz2MoChz-VI (EC 199-VI). The quality control
results of the obtained welded joints are presented. Notably, the welded joints of the CrNigzMoChz-VI alloy
exhibit resistance to intercrystalline corrosion and demonstrate improved mechanical characteristics.
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Introduction

The design of a nuclear power plant (NPP) [1] demonstrates the presence of welded joints. Therefore, one of
the main requirements for selecting structural materials (SMs) for NPPs is their manufacturability, which is
primarily determined by their weldability [2].

Welded joints within NPPs are operated under harsh conditions and must ensure reliable and trouble-free
operation of structures and equipment. The reliability and performance of these joints are determined by the
weldability of the materials involved. Weldability refers to the ability of a material to produce a welded joint
with quality and properties that match or exceed those of the base metal being welded. This includes ensuring
the absence of various types of defects such as pores, cracks, and slag inclusions. [3].

Deterioration in weldability leads to several issues: formation of hot cracks during welding, development of
cold cracks in welded joints, substantial grain growth in the heat-affected zone, and formation of unfavorable
structures with high brittleness and low ductility in the thermal impact zone (TIZ). Additionally, such deteriora-
tion results in the formation of softened areas in the TIZ, occurrence of sites in the heating zone, susceptibility
to dispersion strengthening of dispersion either immediately after welding or over time, and occurrence of high
residual stresses and deformations.

Heat-resistant nickel alloys are promising SMs for high-temperature NPPs; however, they are characterized
as difficult-to-weld with increased sensitivity to hot crack formation. This sensitivity is attributed to their low
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Fig. 1 Microstructures and
schematic representations
of the structures of the base
alloy grade CrNigzMo-VI
(EC 190-VI) [7] and nickel
alloy grade CrNigzMoCho-
VI (EC 199-VI) after ther-
mal exposure at 750°C
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stacking fault energy and the tendency to soften during welding mainly through the mechanism of dynamic
recrystallization. Therefore, the development and industrial exploitation of welding technology for heat-resistant
nickel alloys, essential for manufacturing equipment elements for high-temperature NPPs, require immediate
attention.

During 2020-2022, research efforts were focused on the development and industrial exploitation of a heat-
resistant nickel alloy with increased structural stability at 600°C-800°C, along with high strength and ductility.
The new alloy grade CrNigzMoCh2-VI (EC 199-VI) represents a collaborative innovation between specialists
from the Materials Science Department of NIKIET, the I.P. Bardin Central Research Institute of Iron and Steel
Industry, and the Metallurgical Plant Electrostal. The required characteristics of the alloy are achieved mainly
owing to a specific structural-phase state, which ensures that the performance of the alloy remains at or above
the required level throughout its service life under high-temperature conditions. Such a structural-phase state is
attained in the CrNigzMoChz-VI alloy as a result of microalloying with scandium.

The peculiarity of microalloying with rare-earth metals lies in the fact that the effectiveness of their influence
on the alloy properties depends on the proportion of the alloying element. Thus, even slight overalloying can
notably deteriorate the alloy properties [4]. Therefore, during the alloy development process, meticulous care is
taken to determine the optimal limits for scandium concentration [5]. The limit for the scandium content in the
alloy was established by studying the alloy characteristics during smelting of alloys with various compositions
and ensuring that does not exceed tenths of a percent.

This study investigated the development and industrial exploitation of welding technology as well as the
production of butt-welded joints from a pilot batch of sheets made of the nickel alloy grade CrNigzMoChz-VI
(EC 199-VI).

&\ Springer Metallurgist


https://doi.org/10.1007/s11015-024-01770-x

https://doi.org/10.1007/511015-024-01770-x 3

SER o T T S N R Fig.3 Appearance of welded joints manufactured from 10-
View field: 700 um Det: SE 200 um mm-thick sheets of the nickel alloy grade CrNigzMoChy-VI
(EC 199-VI) at the Research Institute of Chemical Engineer-
Fig.2 Fracture of a sample of the nickel alloy grade ing

CrNigzMoCho-VI (EC 199-VI) after high-temperature ther-

mal exposure (1000h at 750°C) and mechanical tensile tests

at 750°C

Methods

Figure 1 presents the structures of the base alloy CrNigz2Mo-VI (EC 190-VI) and the new nickel alloy grade
CrNigz2MoChz-VI (EC 199-VI). As shown in the figure, thermal exposure of the base alloy CrNigzMo-VI (EC
190-VI) at 600°C-800°C resulted in an uneven distribution of intermetallic inclusions, such as topologically
close-packed phases, forming continuously interconnected particles at the grain boundaries, potentially leading
to low resistance against the formation and propagation of brittle cracks. The nickel alloy grade CrNigxMoCh,-
VI (EC 199-VI) subjected to same conditions also experienced the precipitation of intermetallic inclusions;
however, the resulting relatively uniform distribution of intermetallic particles contributed to high deformability
and stability of performance characteristics [6].

When developing the nickel alloy grade CrNigz2MoCh2-VI (EC 199-VI), special attention was paid to achieve
a structure that ensures stress relaxation via plastic deformation, thereby preventing crack formation [8]. As
a result, after short-term mechanical tests conducted at 600°C—800°C on all samples, including those in their
original state and after thermal aging, the fractures were characterized as ductile intergranular (Fig. 2).

In 2020, specialists from NIKIET, the I.P. Bardin Central Research Institute of Iron and Steel Industry, and the
Research Institute of Chemical Engineering developed a technology for welding a pilot batch of sheets made of
heat-resistant nickel alloy grades CrNigzMoChi-VI and CrNigzMoCh»-VI and issued a technological instruction
(TT-04-2020-4810 with the letter O1). At the Research Institute of Chemical Engineering, butt-welded joints
were made according to TI-04-2020-4810 for a pilot batch of sheets from the nickel alloy grade CrNigzMoCha-
VI (EC 199-VI) in a heat-treated state with a thickness of 4 mm. Welding was performed manually using the
argon arc method using 2-mm-wide “noodles,” cut into 4-mm-thick strips.

In 2022, these specialists developed another technology for welding and issued a technological instruction
(TI-6-16-KS-22-1-4993) for same materials. This newly developed welding and heat processing technology
involved manual argon arc welding with a nonconsumable electrode using strips (‘“noodles”) made from a 10-
mm sheet with the dimensions of 3mm x 5mm and a length of 300—400 mm as the welding material. Similarly,
at the Research Institute of Chemical Engineering, butt-welded joints were made according to TI-6-16-KS-22-
1-4993 for a pilot batch of sheets from the nickel alloy grade CrNigzMoChz-VI (EC 199-VI) in a heat-treated
state with a thickness of 10mm.
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Fig. 5 Microstructure of
the metal of a welded
joint (10-mm-thick sheet)
from the nickel alloy grade
CrNig2MoCh»-VI (EC 199-
Vi)
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The appearance of welded joints made of 10-mm-thick hot-rolled sheets is presented in Fig. 3.

All the manufactured welded joints were subjected to radiographic testing, during which no lack of fusion,
no cracks, or pores were detected. Additionally, no cracks were observed during all passes, and no sounds
indicative of crack formation were detected either during the welding or cooling in still air.

Industrial exploitation of welding technology

In 2023, a collaborative effort between the specialists from NIKIET, the I.P. Bardin Central Research Institute
of Iron and Steel Industry, and the Research Institute of Chemical Engineering developed led to the development
of a technology for manual argon arc welding with a nonconsumable electrode of 10-mm-thick rolled sheets
made of the nickel alloy grade CrNig2MoChz-VI (EC 199-VI), which also resulted in issuance of a technological
instruction (TI-2123). At the N.S. Artemov Tambov Plant “Komsomolets,” welded joints were manufactured
according to TI-2123 from sheets of a pilot batch of alloy grades CrNigxMo + Y-VI and CrNigzMo + Sc-VI.
In a heat-treated state, these sheets exhibited a thickness of 10mm with one-sided and two-sided edge cutting
forms.

Strips cut from a sheet of the corresponding alloy, with dimensions of 2mmx2mm and a length of
300-400mm, were employed as welding material. These strips were supplied according to the developed
TU 14-1-5725 and TU 14-1-5726 specifications.
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Fig.6 Appearance of the V-shaped butt-welded joint
manufactured at the N.S. Artemov Tambov Plant
“Komsomolets” from a 10-mm-thick sheet of the nickel
alloy grade CrNig2MoCh>-VI (EC 199-VI)
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A nonconsumable tungsten electrode was used during welding, with argon serving as the gas protection for
the welded joint on the front and back sides. Welding for all samples was performed in a rigidly fixed state on
specially designed equipment (Fig. 4), which consisted of a 30-mm-thick sheet of 12Cr18Nil0T steel with an
8-mm-deep groove, into which argon was supplied during welding at a flow rate of 2-3L/min to protect the
back side of the joint.

Quality control of welded joints was performed using various approaches, including visual and measuring
methods, mechanical property and intergranular corrosion resistance (IGC) testing, and nondestructive methods
such as radiographic, ultrasonic, and capillary testing.

Visual inspection involved examination of welds and adjacent metal surfaces on both sides of the joint to
detect tarnish, burns, cracks, lack of fusion, and other defects. No defects were detected upon inspection. Met-
allographic studies further confirmed the absence of defects, including hot cracks, crystallization microcracks,
pores, and various inclusions (Fig. 5).

During the susceptibility tests for IGC according to RD 24.200.15-90, the resistance of the welded joint to
IGC was evaluated.. When subjected to 90° bending, the welded joint showed greater strength compared to
the base metal. The short-term mechanical tests conducted on the welded joint, weld metal, and base metal at
700°C confirmed the higher strength of the weld metal. Specifically, the temporary resistance of the welded
joint and base metal was 530N/mm?, while that of the weld metal was 50 N/mm? higher. Consequently, the
failure of all samples occurred along the base metal. Moreover, the ductility of the welded joint and weld metal
was 40% (compared to 54% for the base metal), indicating a high resistance to cracking.

The appearance of a V-shaped butt-welded joint made from a sheet of the nickel alloy grade CrNigzMoCha-
VI (EC 199-VI) with a thickness of 10mm is presented in Fig. 6.

The developed technology for welding heat-resistant nickel alloy grade CrNigzMoChz-VI (EC 199-VI) was
industrially exploited at the N.S. Artemov Tambov Plant “Komsomolets” (Tambov) and the Mining and Chemical
Plant (Zheleznogorsk). The outcomes were positive, implying that the developed technology can be considered
as the main welding technology for manufacturing equipment elements for high-temperature NPPs.

Conclusions

Through the conducted work, a technology for manual argon arc welding with a nonconsumable electrode
using 10-mm-thick rolled sheets made of the nickel alloy grade CrNigzMoCh2-VI (EC 199-VI) was developed,
and a corresponding technological instruction (TI-2123) was issued. This developed technology for welding
heat-resistant nickel alloy grade CrNigzMoChz-VI (EC 199-VI) was industrially exploited at the N.S. Artemov
Tambov Plant “Komsomolets” and the Mining and Chemical Plant (Zheleznogorsk) and can be considered as
the main welding technology for manufacturing equipment elements for high-temperature NPPs.
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