
22

THE PATON WELDING JOURNAL, ISSUE 05, MAy 2023 ISSN 0957-798X

                                                                                                                                                                                

                                                                                                                                                                                                    

Copyright © The Author(s)

DOI: https://doi.org/10.37434/tpwj2023.05.04

tecHnOlOgY Of mIg welDIng Of cHrOmIum steel 
OF MARTENSITIC GRADE СА-6NM
A.R. Gavryk1, A.K. Tsaryuk1, I.G. Osypenko1, O.V. Lynnyk2, O.V. Vavilov2, O.G. Kantor2

1e.O. Paton electric welding Institute of the nas of ukraine 
11 kazymyr malevych str., 03150, kyiv, ukraine. e-mail: tsaryuk@paton.kiev.ua 
2Jsc “ukrainian energy machines” 
199 Moskovsky Prosp., 61037, Kharkiv, Ukraine. E-mail: office@ukrenergymashines.com

ABSTRACT
the weldability of the martensitic steel ca-6nm was investigated and the fundamental technology of its mechanized welding 
in a mixture of shielding gases was developed according to the requirements for the manufacture of critical parts and assemblies 
of the hydroturbine equipment, as well as rewelding of casting defects. according to the strength level of the steel, the welding 
wire thermanit 13/04 si of a solid cross-section with a diameter of 1.2 mm and one of the variants of the shielding mixture 
mix 1 (82 % ar + 18 % cO2) were selected and comprehensively investigated according to EN 12072/G 134 (Germany). It 
was established that in order to prevent the formation of cold cracks in welded joints, it is necessary to perform welding of 
this steel with preheating and concurrent heating up to 150‒200 °C and a mandatory postweld tempering at the temperature 
of 600 °C. The developed technology provides a significant improvement in mechanical properties of welded joints and weld 
metal (by 30‒35 % higher than that specified by the requirements to the level of values for base metal of chromium steel CA-
6NM). Certification of the technology was carried out and recommendations for its use in production at JSC “Ukrainian Energy 
machines” were worked out.

KEYWORDS: mechanized welding, martensitic steel class, mixture of shielding gases, diffusible hydrogen, cold cracks, 
mechanical properties, structure

INTRODUCTION
In ukraine critical parts and welded components of 
hydroturbine equipment, exposed to intensive cavita-
tion, corrosion and abrasive wear in service are man-
ufactured using chromium steels, both of local grades 
06kh13n4mD, 06kh12n3D, and foreign grades, in 
particular CA-6NM steel (03Kh13N5M) [1]. A fea-
ture of manufacturing such components of hydraulic 
radial-axial turbines is a great diversity of individ-
ual types of parts and welded structures, which are 
to be joined and which include, for instance joining 
stamped or cast blades, rolled and cast rims to make 
the impeller, as well as rewelding possible casting de-
fects in parts of a large weight of up to 50 t. at the 
same time, manufacturing cast-welded structures re-
quires a technology of joining to other steel grades of 
the same class (06Kh12N3DL, 06Kh12N4ML) under 
the conditions of large thicknesses and considerable 
rigidity of the parts. Here, it is necessary to preserve 
high mechanical properties of welded joints of these 
steel grades, and to focus on the requirements of ca-
6nm steel. at present, at manufacture of welded parts 
and components of hydroturbine equipment from 
chromium steels of martensitic class, in particular, 
for rewelding casting defects, “ukrainian energy ma-
chines” Jsc, mainly, uses coated-electrode manual 
electric arc and mechanized cO2 welding, which have 

a number of drawbacks [2‒4]. Taking into account the 
welding-technological properties, mechanized weld-
ing, for instance in a mixture with shielding gases 
(ar + cO2), has significant advantages, compared to 
the above processes [5, 6]. In welding in a gas mix-
ture of 82 % ar + 18 % cO2 the region of welding 
modes with short-circuiting of the arc gap is absent 
(just the region of drop transfer and jet transfer is ob-
served). Here, electrode metal losses for burning-out 
and spatter are reduced, weld formation quality is im-
proved, resistance to pore formation and technologi-
cal strength are increased, labour consumption in the 
joint cleaning from spatter is reduced, and there is a 
real possibility for improving the values of welded 
joint mechanical properties.

therefore, development and introduction of mech-
anized welding in a shielding gas mixture in manufac-
ture of components of hydroturbine equipment from 
chromium martensitic steel and rewelding casting de-
fects is an urgent task. In this connection, the objec-
tive of this work was investigation and development 
of scientifically substantiated principles of the tech-
nology of mechanized welding of ca-6nm steel in a 
mixture of shielding gases, which allow improvement 
of the technological strength, in particular cold crack-
ing resistance of welded joints and ensuring their high 
service properties.
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EXPERIMENTAL MATERIALS 
AND PROCEDURES
chemical composition of chromium steels of steels of 
grades 06kh12n3D and ca-6nm, considered in this 
work, is given in table 1.

selection of welding wire was based on its match-
ing the chemical composition of the base metal, 
i.e. the possibility of its application for martensitic 
class steels with 13 % chromium. alongside having 
a matching composition, the welding wire in mech-
anized welding should satisfy the requirements of 
equivalent strength by the mechanical properties — 
ensuring equivalent strength by all the indices with 
the material being welded.

Proceeding from analysis of the market of supply 
of welding consumables, 1.2 mm solid wire of ther-
manit 13/04 Si grade of Thyssen (Germany) was se-
lected. chemical composition of the wire is given in 
table 2. Previous evaluation of its welding-techno-
logical properties in mechanized welding in gas mix-
ture mix 1 showed the high stability in welding in all 
the positions in space with excellent weld formation, 
slight spatter and absence of any type of defects. re-
sults of studying the chemical composition in the 7th 

layer of the deposited metal are given in table 2. as 
we can see, it is characterized by a low content of such 
impurities as sulphur and phosphorus, and it is close 
to ca-6nm steel composition.

Requirements of GTI-407–2018 Instructions [1] 
to the mechanical properties of base metal and weld 
metal are given in table 3.

the following investigation procedures were used 
during performance of this work:

● alcohol procedure of investigation of “pencil 
test” sample, produced by pouring the weld pool into 
a detachable copper mould [7] to determine the dif-
fusible hydrogen concentration in the deposited metal 
(applied in shipbuilding);

● procedure of restored melting of the sample in 
the flow of high-purity carrier-gas to determine the 
concentration of residual gases in the cast sample 
metal;

● procedure for determination of the equivalent of 
impurities in the weld meal [8], for evaluation of si-
multaneous influence of the concentration of oxygen, 
sulphur and phosphorus [Pe] = O] + 0.8 [S] + 0.7 [Р], 
where [O], [S], [P] are the concentrations of oxygen, 
sulphur and phosphorus;

Table 1. chemical composition of the studied steels, wt.%

steel grade c si mn cr ni mo
s P

Other elements
not more than

06kh12n3D steel to 
tu 1081425-86 ≤ 0.06 ≤ 0.3 ≤ 0.06 12.0‒13.5 2.8‒3.2 – 0.025 0.025 cu–0.50–1.10 w+v

ca-6nm steel in as-delivered 
condition (PWI data) 0.037 0.20 0.43 11.81 3.9 0.47 0.016 0.017 –

Table 2. chemical composition of the wire and deposited metal, wt.%

Object of study c si mn cr ni mo s P Other 
elements

thermanit 13/04 si wire en 12072/g 13/4 0.03 0.8 0.7 13.0 4.7 0.5 – – –

metal deposited by thermanit 13/04s wire 
(PWI data) 0.03 0.36 0.36 12.0 3.8 0.27 0.010 0.005 –

Table 3. requirements to mechanical properties of the base and deposited metal

Object of study
ultimate 

strength σt, 
mPa

Yield point 
σy, mPa

relative elon-
gation δ, %

reduction in 
area ψ, %

Impact toughness 
J/cm2 at 20 °c Hardness, 

HB
KCU KCV

06kh12n3D steel 
(for comparison) 690 540 14.0 30.0 59 49 187–275

ca-6nm steel 755 550 15.0 35.0 ≥ 50 – –

Deposited metal 
(thermanit 13/04 si 
wire to en 15971*)

800 ≥ 680 ≥ 15 – – ≥ 50 250

*after high-temperature tempering for 600 °c for 8 h.
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● procedure of quantitative evaluation of cold 
cracking susceptibility of the welded joints (Implant 
method), which envisages evaluation of the strength 
properties at delayed fracture of samples-inserts [9];

● procedure of qualitative evaluation of cold 
cracking susceptibility of welded joints [10];

● metallographic investigations of welded joint 
microstructure were conducted using optical light 
microscope neophot-32 with connected to it optical 
module based on a digital photocamera of Olympus 
c-5060 type for photorecording of images of the mi-
crostructures and nonmetallic inclusions;

● procedure of etching welded joint macrosections 
in 30 % water solution of iron chloride (fecl3);

● electrolytic etching of microsections in 10 % 
aqueous solution (distilled water) of chromic acid. 
etching mode was as follows: 12–15 v voltage, 10–
15 s etching time. microstructure is revealed with re-
polishing of the section surface on cloth with chromi-
um oxide powder deposition on it;

● determination of welded joint metal hardness in 
tP-5 instrument.

INVESTIGATION RESULTS 
AND THEIR DISCUSSION
ensuring minimal gas saturation of the weld metal 
is one of the most important welding-technological 
properties of welding consumables. Diffusion-mobile 
oxygen has a particularly noticeable influence on the 
technological strength of the metal of the weld and 
HaZ. concentration Hd of diffusion-mobile hydrogen 
was determined in the weld metal deposited with the 
studied wire. It was established that average value 
of Hd is on a very low level (<0.1 cm3/100 g of the 
deposited metal). Special attention was also given to 
oxygen content in the deposited metal, as in the base 
metal it determines the volume fraction of nonme-
tallic inclusions, and in the deposited metal it is one 
of the key factors of weld metal impact toughness. 
results of investigation of weld metal saturation by 
such gases as oxygen, nitrogen and residual hydro-
gen are given in table 4. they show that gas content 
in the deposited metal is practically the same at dif-
ferent welding processes and it satisfies the specified 
requirements.

Impurities (sulphur, phosphorus and oxygen) are 
known to have a negative influence on the ductile 
properties and impact toughness of the weld metal. 
the notion of impurity equivalent [Pe] was introduced 
by the procedure in work [8]. Introduction of the no-
tion of impurity equivalent allows reducing the mul-
tiple correlation to two variables and comparing the 
embrittlement of the weld metal in the form of oxide 
inclusions, sulphur and phosphorus, despite the exist-
ing differences in the behaviour of these impurities. It 
was found that a significant ductility drop is observed 
at [Pe] ≥ 0.08 % with a simultaneous increase in ulti-
mate tensile strength [8]. At calculation of oxygen and 
sulphur and phosphorus content in the metal deposit-
ed with thermanit 13/04 si wire in shielding gas mix-
ture mix 1, [Pe] is equal to 0.07%. This is indicative 
of significant loss of sulphur and phosphorus as a re-
sult of such an active impact of oxygen, which allows 
obtaining an admissible value of Pe at application of 
mechanized welding by the mentioned welding wire. 
thus, chemical composition of weld metal, its con-
centration of diffusible hydrogen and content of gases 
(O2, n2 and H) fully meet the specified requirements 
and should promote high crack resistance and the re-
quired level of mechanical properties of welded joints 
of CA-6NM steel (Table 3).

weldability of martensitic class steels with chro-
mium fraction of 13% is characterized by a higher 
cold cracking susceptibility of the joints. the de-
terminant role in this phenomenon is attributed to 
martensitic transformation, and increased content 
of hydrogen and carbon [13]. As a result of thermal 
cycle of welding, steels of martensitic class undergo 
hardening, HaZ metal becomes harder, stronger and 
more brittle [14]. To eliminate the possibility of cold 
cracking, the authors of works [15‒16] recommend 
minimizing the content of carbon and nitrogen in the 
base and filler material, here the weld should have not 
more than 10 % δ-ferrite. This is promoted by nickel 
content increased to 4–5 %. maximal content of car-
bon and nitrogen in the base metal and welding con-
sumables can be limited to the level of 0.02–0.03 %, 
and that of manganese and silicon usually is not more 
than 0.6–0.7 %. Optimal content of nickel of not more 

Table 4. content of residual gases in the deposited metal

Deposited metal [O], wt.% [N], wt.% [Н], ml/100 g Me

In a mixture of 82 % ar +18 % cO2 in welding with thermanit 13/04 si wire 0.059 0.043 2.46

In welding in 100 % cO2 [11] 0.063‒0.078 0.021 1.1

Manual welding by 4 mm TsL-20M electrodes [11] 0.0307 0.012 1.4

Automatic submerged-arc welding with AN-43M flux [12] 0.054 0.0138 1.6



25

Technology of MIg weldIng of chroMIuM sTeel of MarTensITIc grade СА-6nM                                                                                                                                                                                                    

                                                                                                                                                                               

than 5 % [17] also increases the content of highly duc-
tile components in the welded joint structure.

for hardenable steels it is rational to evaluate 
the cooling cycle in the range from 500 to 300 °c, 
which reflects the thermokinetic features of austenite 
transformation in the martensite-bainite region. also 
highly important for technological strength are the 
conditions of HaZ metal cooling after completion of 
phase transformation from ~200 to 100 °c. Delayed 
cooling at these temperatures ensures development of 
diffusion processes, with which the low-temperature 
tempering of martensite and atomic hydrogen escap-
ing from the zone of possible cracking are associated.

Determination of actual cooling rates of the HaZ 
metal in the specified ranges was of interest when 
studying the delayed fracture susceptibility of ca-
6nm steel. to assess the cold cracking susceptibil-
ity of ca-6nm steel and to determine the required 
preheating temperature at mechanized welding with 
1.2 mm wire of thermanit 13/04 si grade in gas mix-
ture mix 1 a number of Implant tests were conducted 
at different preheating temperatures (100, 150, 200 
and 250 °C) and without preheating, as well as at dif-
ferent level of loading of the samples-inserts. welding 
was performed by a single stringer weld (bead) in the 
following mode: Iw = 180–200 a, Ua = 24–26 v, gas 
flow rate of 1000 l/h.

the cooling rate of the insert HaZ metal was de-
termined by the thermal cycle (TC), welding charac-
teristics were recorded to T = 100 °c. cooling rate in 
the ranges of T = 600‒500; 500–300 and 200–100 °C, 
which are denoted w6/5, w5/3 and w2/1, was determined 
by calculation-graphic method by tc curve. two to 
three curves from different tc, derived at one and the 
same heating temperature were processed in a similar 
way, and the obtained values were used to determine 
the average value of the cooling rate.

results of evaluation of the delayed cracking sus-
ceptibility of welded joints of ca-6 nm steel are giv-
en in figure 1. One can determine from the graph that 
absence of cold cracking susceptibility in mechanized 

welding by wire of thermanit 13/04 si grade in gas 
mixture mix 1 is provided by preheating the base met-
al up to the temperature of 150 °c. It is found that the 
level of critical stress above the yield limit is ensured 
at preheating to 150–200 °c. thus, welding should be 
performed after preheating at the level of 150–200 °c.

Qualitative evaluation of cold cracking suscepti-
bility of the welded joints was performed by welding 
the first root pass in a rigid butt joint (Figure 2) at 
preheating temperatures, the optimal value of which 
was determined by the Implant method. such a tem-
perature was taken to be the value of 150 °c.

after cooling to room temperatures and soaking for 
48 h the welded rigid samples were cut into transverse 
templates. the surfaces of welded joints were studied 
for crack initiation. Preheating of welded joints above 
150 °c allows preventing cracklike defects.

EXPERIMENTAL-INDUSTRIAL 
VERIFICATION 
OF INVESTIGATION RESULTS
Butt samples of 200×300×30 and 200×300×40 mm 
size were prepared and welded, in order to study the 
structure and mechanical properties of weld metal 
in welded joints of ca-6nm steel made by mecha-
nized welding in a shielding gas mixture. figure 3 
shows the shape of edge preparation for gas-shield-
ed semi-automatic welding with dimensions, cor-
responding to type tP-6 according to Dstu en 
9692-1:2014.

Figure 1. curve of critical breaking stress for ca-6nm steel, de-
pending on preheating temperature

Figure 2. rigid sample for making butt welded joint of ca-6nm 
steel

Figure 3. shape of edge preparation of a joint of ca-6nm steel 
for mechanized welding
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welding the test butt joint was performed with 
preheating and concurrent heating up to the tempera-
ture of 150 °c. mode of welding the root pass was 
as follows: Iw = 120–140 a, Ua = 19–22 v, shielding 
gas flow rate was 600 l/h. To fill up the groove the 
mode parameters were increased: Iw = 180‒200 A, 
Ua = 24–26 V, gas flow rate was up to 1000 l/h. Weld-
ing was followed by heat treatment of the butt joint 
in the form of tempering at the temperature of 600 °c 
for four hours, with further cutting up of the samples 
into templates, from which samples were prepared 
for mechanical testing. when studying the mechan-
ical properties of the weld metal, static tensile tests 
were conducted on samples, cut out of the weld met-
al along the weld. when studying the welded joints, 
the samples were cut out across the weld with the 
sample middle located on the fusion line. for static 
bending at normal temperature, the bending angle of 
welded joint samples should be not lower than that of 
the base metal. weld metal testing for impact bending 
of samples with a round notch (KCU) was conducted 
at room temperature. Impact bend testing of samples 
with a sharp notch (KCV) was performed in the tem-
perature range from +10 to ‒40 °C. Results of me-
chanical testing of the metal of the weld and welded 
joint of ca-6nm steel are given in table 5.

thus, mechanical characteristics of the metal of 
the weld and welded joint of ca-6nm steel, made 
by mechanized welding in a shielding gas mixture 
mix 1, using thermanit 13/04 si wire, fully meet the 
requirements to welded joints of ca-6nm steel (see 
Table 3).

metallographic investigations were performed in 
order to evaluate the quality of base metal, welded 
joints and weld metal, as well as structural changes, 

Table 5. results of mechanical testing

Object of 
study σt, mPa σy, mPa δ, % ψ, %

Impact toughness, 
J/cm2 at 20 °c Bend angle, 

deg
Hardness, 

HB
KCU KCV**

weld* 870.2‒884.1 710.5‒725.2 15.5‒15.9 56.8‒60.1 86.7‒89.6‒98.8 68.7‒78.5‒80.7 – 235‒250

welded joint* 814.3‒827.7 – – – – – 130 –

*after high-temperature tempering at 600 °c, for 4 hours. 
**at ‒40 °C KCV is equal to 53.9–59.7–59.9.

Figure 4. macrosection of ca-6nm steel welded joint

Figure 5. nonmetallic inclusions and their size in the metal of 
the weld made by thermanit 13/04 si wire in shielding gas mix-
ture mix 1: a — weld upper part, ×1000; b — weld middle part, 
×1000; c — lower (root) part of the weld
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resulting from the process of welding and heat treat-
ment. macrosection of the full cross-section of the 
welded joint after heat treatment is shown in figure 4.

for microanalysis, microsections were cut out of 
the welded joints after heat treatment, to study the mi-
crostructure.

microstructures of the weld, HaZ and base metal 
were investigated.

as one can see from the given images in figure 5, 
distribution of nonmetallic inclusions in the weld met-
al is rather uniform. They are isolated and fine oxides 
and silicates of 0.5–0.9 μm size. For comparison, Fig-
ure 6 shows nonmetallic inclusions in the metal of the 
weld, made by manual arc welding by fOX cn 13/14 
electrodes (BOHLER), which are oxides and silicates 
of 1.3–2.3 μm size.

nonmetallic inclusions in the base metal of ca-
6nm steel shown in figure 7, are individual oxides 
of 1.0–2.5 μm size and oxysulphides of 4–15 μm size.

structural features of different areas of the welded 
joint of ca-6nm steel are considered in the condition 
after welding and tempering at 600 °c for four hours. 
the weld metal in the upper, middle and lower parts 
has bainitic-martensitic structure. HaZ structure of 
ca-6nm steel in the upper, medium and lower parts 

consists of bainite and martensite with inclusions 
of grain-boundary ferrite. Base metal structure at a 
distance from the weld is bainitic-martensitic with 
precipitates of grain-boundary ferrite. Hardness dis-
tribution in the welded joint of ca-6nm steel in the 
condition after heat-treatment is shown in figure 8.

thus, proceeding from the conducted metallo-
graphic investigations it was shown that in the metal 
of the weld deposited by the mechanized process in 
gas mixture mix 1 by thermanit 13/04 si wire such 
defects as pores, lacks of penetration, slag inclusions 
or cracks were absent. It was also shown that the na-
ture of nonmetallic inclusion distribution in the de-
posited metal in welding in mix 1 mixture is uniform, 
compared to the metal deposited with fOX cn 13/4 
electrodes. Here, the size of the inclusions is small-
er, which has a positive impact on the weld mechan-
ical properties. the weld metal structure is rather 
homogeneous, it consists of bainite and martensite, 
which completely corresponds to this class of mate-
rials. In the condition after tempering at 600 °c for 
four hours the weld metal hardness is in the range of 
240–250 HB. the HaZ structure is characteristic for 
CA-6NM steel (bainite + martensite) with individual 
precipitates of grain-boundary ferrite and its hardness 
is in the range of 230–240 HB. the hardness of weld 
and HaZ metal meets the requirements to welded 
joints of ca-6nm steel.

results of the performed investigations were used 
for certification of the proposed technology of mecha-
nized welding of ca-6nm steel in shielding gas mix-
ture Mix 1. Certification showed the real possibility 
of application of this technology for welding and re-
welding the casting defects in the parts and compo-
nents of hydroturbine equipment.

CONCLUSIONS
weldability of ca-6nm martensitic steel was stud-
ied and basic technology was developed of its mech-
anized welding in a mixture of shielding gases, in 
keeping with the requirements to manufacturing criti-
cal parts and components of hydroturbine equipment, 

Figure 6. nonmetallic inclusions and their size in the metal of the 
weld made by fOX cn 13/4 electrodes

Figure 7. nonmetallic inclusions and their size in ca-6 nm steel

Figure 8. Hardness distribution in the welded joint of ca-6nm 
steel
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as well as rewelding the casting defects. In keeping 
with the steel strength level, 1.2 mm solid welding 
wire thermanit 13/04 si to en 12072/g 134 (ger-
many) and one of the variants of shielding mixture 
mix 1 (82 % ar + 18 % cO2) were selected and com-
prehensively studied. the rationality of application of 
preheating and concurrent heating up to the tempera-
ture of 150–200 °c and performance of postweld heat 
treatment – tempering at the temperature of 600 °c 
for welded joints of ca-6nm chromium steel was 
substantiated. the developed technology of mIg 
welding allows a signifi cant improvement of techno-
logical strength and mechanical properties of welded 
joints by 30–35 % of the level of requirements to the 
values for base metal of ca-6nm chromium steel. 
Technology certifi cation was conducted, and recom-
mendations were developed as to its application in 
production at “ukrainian energy machines” Jsc.
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Save the Date!

“SCHWEISSEN & SCHNEIDEN”, the world’s leading international trade fair for 
joining, cutting, and surfacing, will take place on September 11–15, 2023 at the Messe 
Essen Conference Center.

Visit Paton Welding Institute in Hall 8 at Stand 8B29.1 and check out our new and proven solutions for 
welding and allied technologies.


