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ABSTRACT
within the framework of currently urgent problem of reconstruction and restoration of equipment of thermal power units of 
tpp, work has been performed on development of basic technology of welding body elements of a steam turbine from low-al-
loyed 15Kh2m2fBS (p3) steel to branchpipes from high-chromium martensitic X10crmoVnb91 steel with 9 % cr (p91). 
the paper gives the results of determination of the thermal mode of welding such combined joints to prevent delayed fracture. 
Proceeding from study of the influence of different modes of high-temperature tempering on impact toughness of weld metal 
and hardness of welded joint areas hardened during welding, heat treatment modes were selected, depending on electrode 
material type. It is shown that the resultant mechanical properties of welded joints correspond to the requirements, specified 
during work performance.
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high-temperature tempering, mechanical properties

INTRODUCTION
as shown by information sources, at present boiler 
equipment of tpp power units is in an unsatisfacto-
ry condition. Its general characteristics include moral 
obsolescence of project technologies, considerable 
wear of the equipment (for instance, exceeding the 
“physical wear limit of 200 thou h” approximately in 
80% of power units), limiting the working parame-
ters of the heat carrier for the reason of insufficient 
heat-resistance of steels, problems of cleaning from 
pollutant emissions, in particular meeting the current 
requirements to greenhouse gas emissions, etc. [1].

considering the current problems in the energy 
sector [1, 2] and economic capabilities of Ukraine, it is 
rational, alongside construction of new power sourc-
es, to conduct timely repairs and reconstruction of the 
equipment, using advanced technological solutions 
and improved structural materials. as regards compo-
nents, exposed to high temperatures and pressures in 
service, new modifications of high-chromium steels 
can be used, having higher long-term strength and 
corrosion resistance under the working conditions, 
than the traditional low-alloyed steels. at the present 
stage, steel with 9 % cr of p91 (X10crmoVnb91) 
type can be the most probable candidate material for 
work on reconstruction of boiler units. this steel, as 
well as its new modifications are being studied and 
are becoming widely applied in the world practice in 
manufacture of high-temperature components of ther-

mal power units [3, 4]. the advantages of application 
of such steels is the possibility of raising the working 
parameters of the heat carrier (up to the temperature 
of 600–620 °c, pressure up to 31 mpa), reduction of 
the structure weight, while ensuring their higher reli-
ability in service.

In the proposed work the results of development of 
the technology of welding tubular elements (branch-
pipes) from p91 steel to the steam turbine body from 
low-alloyed steel p3 (15Khm2fBS) are given as an 
example of upgrading the power equipment. the 
work was performed in cooperation with JSc “Ukren-
ergymachines” (former JSc “turboatom”).

MATERIALS AND METHODS 
OF INVESTIGATION
chemical composition of the used steels is given in 
table 1. for welding their combined joint, electrodes 
with deposited metal alloying close to the compo-
sition of each steel were selected (table 2). Before 
application, the electrodes were baked by the mode, 
recommended by the manufacturer (Böhler thyssen 
Schweisstechnik), at 300–350 °c, 2 h. Quantity of 
diffusible hydrogen hdif was determined by alcohol 
analysis, using “pencil” samples of electrode metal, 
deposited into a copper chill mould [5]. for thermanit 
chromo 9V electrodes, hdif was equal to 0.117–0.5, 
for thermanit p24 it was 0.582–1.9 cm3/100 g. con-
sidering the susceptibility of steels to hardening, the 
influence of the thermal mode of welding (preheat-
ing) on prevention of delayed fracture was evaluat-
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ed, using traditional test methods — Implant test and 
welding of rigid butt joints of tekken type with asym-
metrical y-shaped groove in the control zone (DStU 
en ISO 17642-2, DStU en ISO 17642-3 [6, 7]). Im-
plant samples (of 8 mm dia) had a spiral stress raiser 
at the end of the working part, which is welded to the 
plate, having the form of a groove of V-shaped pro-
file 0.5 mm deep with 40° opening angle and 0.1 mm 
rounding-off radius at the tip (in keeping with DStU 
en ISO 17642-3). here, at Implant tests the preheat-
ing temperature was measured by the potentiometer 
and thermocouple of Xa type (in a protective ceramic 
sheath), passed through an opening in the supporting 
plate and welded to the sample by a capacitor-dis-
charge machine [8]. at tekken tests and welding of 
control butt joints a contact thermocouple of the same 
type with KSp4 potentiometer was used. mechanical 
properties were determined in keeping with the provi-
sions of the current standards on static tensile testing 
(of weld metal and welded joints according to DStU 
en-ISO 5178:2015, DStU en ISO 4136:2014), im-
pact testing of welds (DStU en ISO 9016:2019) 
and static bend testing of welded joints (DStU en 
ISO 5173:2019). Vickers hardness was measured at 
5 kg load. Samples prepared in keeping DStU ISO 
204:2019 were used to assess the long-term strength 
(of weld metal and welded joints). test samples were 
prepared from combined butt joints of steels P3‒P91 
20 mm thick with 30° bevel. welding was performed 
with both types of studied electrodes in the following 

modes: for root passes — current Iw = 95–105 a, volt-
age Ua = 24 V, welding speed vw ~ ~ 5 m/h; for filling 
passes – Iw = 130–140 a, Ua = 24 V, vw ~ 16–20 m/h; 
preheating specified by experimental results (see fur-
theron) was equal to 200–230 °c. metallographic 
studies of the microstructures were conducted using 
light microscope neophot-32.

RESULTS AND THEIR ANALYSIS
During work performance the main objective was 
to ensure both the welded joints resistance to de-
layed fracture (cold cracks) that is always required in 
welding of hardenable steels, and weld metal impact 
toughness not lower than 51 J/cm2 (41 J [6]) at their 
strength not lower than that of the base metal.

thermal mode of welding is known to be the main 
technological factor in counteracting the delayed frac-
ture, alongside limiting the concentration of diffusible 
hydrogen, penetrating into the weld. the mode, in 
its turn, is controlled by preheating/accompanying 
heating of metal in the joint zone. figure 1 gives the 
results of quantitative evaluation of the influence of 
preheating on the studied steel resistance to this kind 
of fracture, obtained by Implant test. the criterion is 
maximal–critical–stresses, exceeding which leads to 
the joint damage.

results of testing joints of p3 steel show that pre-
heating to approximately 100 °c does not affect the 
fracture resistance. critical stresses remain on the 
same level, as in welding without preheating. how-
ever, at preheating up to 150 °c and higher, cracking 

Table 1. chemical composition of heat-resistant steels used in the work, wt.%

Steel c Si mn S p cr ni mo V nb

П3 0.115 0.468 0.67 0.023 0.027 1.95 0.16 1.12 0.32 0.072
p91 0.085 0.33 0.43 0.015 0.013 8.85 0.12 1.0 0.25 0.069

Table 2. chemical composition of electrode metal, wt.%

electrode grade c Si mn S p cr ni mo V nb ti

thermanit chromo 9V 0.12 0.1 0.55 <0.001 0.010 9.0 0.75 0.98 0.25 0.038 0.006
thermanit p24 0.11 0.1 0.33 <0.001 0.011 2.6 0.01 0.90 0.20 0.028 0.002

Figure 1. Influence of preheating temperature at Implant tests on critical stresses causing delayed fracture of welded joints: a — p3 
steel; thermanit p24 electrodes; b — p91 steel, thermanitchromo 9V electrodes
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resistance rises abruptly. It confirms the rationality of 
welding p3 steel with preheating to more than 150 °c.

In the joints of martensitic steel p91, an increase 
of cracking resistance intensity is observed at the 
temperature above 200 °c. Under the above-men-
tioned conditions, however, these joints can stand 
lower critical stresses than p3 steel joints, i.e. the 
martensitic complex-alloyed chromium steel has 
higher delayed cracking resistance than does p3 
steel. In view of this fact, when producing com-
bined joints of both the steels, such a thermal mode 
should be used, which reduces the risk of cracking 
in welding chromium steel proper. as one can see 
from the results of Implant tests (figure 1, b) it can 
be preheating to 200–250 °c.

as Implant tests allow loading the welded joints to 
stresses, which may not correspond to stresses in the 
real joints and may be much higher, the delayed frac-
ture resistance was checked using technological sam-

ples — tekken butt joints. two combined joints of 
p91 + p3 steels were used for each thermal mode, in 
which each steel had one and two bevels, (taking into 
account the asymmetric Y-shaped configuration of the 
edges in the butt). after welding the joint was kept for 
not less than 24 h before further testing. presence of 
cracks was determined visually at examination of the 
butt surface and studying in the light microscope the 
transverse templates cut out of the joint, ground and 
chemically etched to reveal the macrostructure (fig-
ure 2). the obtained data are given in table 3.

generalizing results of testing for technological 
strength, preheating up to and maintaining the inter-
pass temperature of 175–250 °c can be regarded as 
sufficient. In welding joints of a large cross-section 
and under the conditions of intensive heat removal, 
the preheating temperature should be increased (up to 
250–300 °c) to prevent its decrease in the welding 
zone below the specified minimal level.

Figure 2. transverse sections cut out of tekken joints: a — thermanit p24 electrode; Tpr = 150 °c (cracks); b — thermanit chromo 9V 
electrode Tpr = 150 °c (no cracks)
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In welding hardenable steels tempering is the main 
technological technique of regulation of the mechan-
ical properties, structural and stressed state. this op-
eration, however, becomes problematic at heat treat-
ment of combined joints of steels with considerable 
differences in alloying, when different modes are 
recommended for each of them, and particularly, in 
the absence of coincidences in the temperature ranges 
of recommended tempering. In such cases, the tech-
nology of producing the joints becomes much more 
complicated: it becomes necessary to use metals of 
intermediate composition (welded metal or inserts of 
other steels) and heat treatment in several stages. this 
topic will be considered in a separate publication.

proceeding from literature and reference data, tem-
pering of p3 steel can be conducted at 730–750 °c, of 
steel p91 — at 750–760 °c (according to [10], the 
range can be wider: from 740 to 780 °c). as recom-
mended by electrode manufacturer (Böhler thyssen), 
740 °c is the most favourable for weld metal of ther-
manit p24 type, and for thermanit chromo 9V type it 
is 760 °c. for all the materials in the combined joint 

the range of close tempering temperatures is equal to 
740–750 °c.

The final heat treatment mode needed to be pre-
cised, considering the following conditions: 1) tem-
pering at a higher temperature gives a greater guar-
antee of obtaining the required properties and in a 
shorter time; 2) increase of tempering temperature for 
metal with a limited maximum heating temperature 
may lead to its greater softening; 3) known “inert-
ness” of welds of p91 type as to increase of ductility 
and impact toughness requires application of higher 
temperatures, tempering at lower temperatures re-
strains these indices reaching the required level and 
may require increase of tempering duration.

In this regard, a study was carried out on the influ-
ence of heat treatment modes on impact toughness of 
weld metal, metal hardness in the joint zone and re-
sulting mechanical properties. considering prior ex-
perience and literature data, tempering was conducted 
with different soaking at temperatures of 740, 750 and 
760 °c. lower temperature was not used, because of 
the possibility of obtaining unsatisfactory results for 
weld of p91 type.

the primary task was to ensure the impact ener-
gy of the more problematic martensitic chromium 
welds below the criterial value of 41 J (KCV = 51 J/
cm2). also taken into account was tempering mode 
influence on HAZ metal hardness becoming closer 
to that of the base metal, which was taken as an 
approximate criterion of achieving a uniform struc-
tural state and mechanical properties of the metal of 
near-weld zone.

Table 3. results of welding butt combined tekken samples from 
p3 + p91 steels

preheating tempera-
ture Tpr, °c

thermanit chromo 
9V weld (9 % cr)

thermanit p24 weld 
(2.5 % cr)

presence of cracks 

150 yes*

no175
no

200
*crack in the weld.

Figure 3. Influence of tempering mode on impact toughness of weld metal in P3 + P91 steel welded joints: a‒c — welding with ther-
manit chromo 9V electrodes; d, e — welding with termanit p24 electrodes
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Obtained test results are given in Figures 3‒6. In 
figure 3 dashed lines show the target levels of im-
pact toughness: specified minimum for martensitic 
welds with 9 % cr (figure 3, a‒c) and averaged level, 
which, by the data of electrode manufacturer, is usu-
ally provided by welds of p24 type (figure 4, d, e).

proceeding from the derived regularities, at the 
change of impact toughness the following can be re-
garded as favourable modes: 

1) for joints made by thermanit chromo 9V elec-
trodes:

● 740 °C, 2–3 h;
● 750 °C, 1–2 h;
● 760 °C, 1 h.
2) for joints made by thermanit p24 electrodes:
● 740 °C, 2 h;
● 750 °C, 1 h.
for the above modes, the obtained average KCV 

exceed the target level for both weld types. mean-

while, for 9 % cr welds treated at 740 °c, an increased 
scatter of test results and possibility of individual 
KCV values dropping to minimal level is observed 
(figure 3, a). On the whole, however, in view of the 
data on the admissibility of lowering of impact energy 
for chromium welds to 27 J (or KCV to 34 J/cm2) [11, 
12], such results can be considered acceptable.

as one can see from figures 4, 5, the studied steels 
demonstrate different sensitivity to temper heating 
that can be traced by the nature of the change of hard-
ness values of hardened haZ metal. So, in p3 steel 
at all the temperatures the hardness drops abruptly 
and reaches base metal level (240–225 HV) approx-
imately in 1–1.5 h. at minimal temperature (740 °c) 
soaking for more than 3–4 h leads to a noticeable low-
ering of hardness below this level. A more significant 
softening takes place at transition to tempering at 750 
and 760 °c, starting from soaking for more than 2 h. 
hardened regions of p91 steel undergo less intensive 

Figure 4. Influence of temperature and duration of postweld tempering on HAZ metal hardness in the area of hardening of P3 + P91 
steel welded joints (welding with thermanit chromo 9V electrodes): a — metal hardness in p3 steel haZ; b — metal hardness in p91 
steel haZ
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tempering. In the used modes, hardness is gradually 
lowered to the level close to base metal initial hard-
ness (233 HV), while remaining somewhat greater, as 
one can see from the data obtained at 740 °c. no sig-
nificant softening after long-term soaking (4–5 h) at 
higher temperatures (750, 760 °c) was found. the na-

ture of the change of weld metal hardness in different 
modes is close to the change of haZ metal hardness 
(figure 6).

note that practical experience of tempering welded 
joints of some heat-resistant hardening steels envisag-
es application of temperatures by 20 to 40 °c lower 

Figure 5. Influence of temperature and duration of postweld tempering on HAZ metal hardness in the area of hardening of P3‒P91 steel 
welded joints (welding with thermanit p24 electrodes): a — haZ metal hardness in p3 steel; b — haZ metal hardness in p91 steel

Figure 6. Influence of tempering at 740 °C on hardness of weld metal in P3 + P91 steel joints, welded by different electrodes: a — 
thermanit chromo 9V electrodes with 9 % cr; b —thermanit p24 electrodes with 2.25 cr %
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than the steel tempering temperature in its production. 
the objective of this measure is prevention of further 
structural changes and possible lowering of the ini-
tial strength characteristics of base metal. Under such 
conditions, haZ metal hardness will be higher than 
that of steel in as-delivered condition. moreover, in 
keeping with DStU ISO 15614-1 standard, hardness 
of metal in martensitic chromium steel welded joints 
should not be higher than 350 HV, i.e. higher hardness 
of haZ metal from the side of p91 steel that is ob-
served at lower tempering temperature (as at 740 °c) 
should not be regarded as a rejection characteristic.

considering the conditions for ensuring the nec-
essary level of weld impact toughness, limitation of 
overheating of base metal and metal in the welded 
joint zone, the following modes of tempering the 
combined p3–p91 joint were selected: in welding 
with thermanit chromo 9V electrodes — 740 °c, 3 h, 
and with thermanit p24V electrodes — 740 °c, 2 h.

Verification of the specified technological mea-
sures consisted in evaluation of the quality and me-
chanical properties of control butt joints produced 
with application of both the selected electrode types. 
welding was performed with preheating to 200 °c 
and interpass temperature of up to 230 °c, temper-
ing — by the above-given modes. Quality was eval-
uated visually and by metallographic examination of 
transverse microsections. results of visual examina-
tion and metallographic analysis confirmed absence 
of cracks in welded joints. no pores, slag inclusions, 

lacks-of-fusion were found (figures 7, 8). In as-tem-
pered condition, hardness of both types of welds was 
on the level of 230 HV.

mechanical properties of welds and welded joints 
after short-term tensile and impact bend testing are 
given in table 4. tensile testing of transverse sam-
ples showed that weld strength was higher than that 
of base metal at room and working temperatures: all 
the samples broke through the haZ metal. at static 
bending through an angle of 120° (figure 9), no de-
fects developed in the joints.

for maximum operating temperature (570 °c), the 
value of long-term strength limit of the metal of welds 
and welded joints was obtained by direct testing for pe-
riods of 103 and 104 h and by approximation method — 
for 105 h (table 5). In all the cases of testing transverse 
samples of welded joints fracture ran through the haZ 

Figure 7. microstructure of a joint welded with thermanit chromo 9V electrodes: a — haZ and area of fusion of p3/weld; b — weld 
metal; c — haZ metal and area of fusion of p91/weld

Figure 8. microstructure of a joint (×400) welded with thermanit p24 electrodes: a — haZ and area of fusion of p91/weld; b — weld 
metal; c — haZ metal and area of fusion of p3/weld

Figure 9. Samples of welded joints after testing for static bending 
at 20 °c: a — thermanit chromo 9V weld; b — thermanit p24 
weld
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metal of low-alloyed p3 steel. weld metal had much 
higher fracture resistance than base metal.

CONCLUSIONS
1. It is shown that prevention of delayed fracture of the 
combined joints of p3 + p91 steels in welding by ther-
manit chromo 9V or thermanit p24 electrodes can be 
achieved at preheating do not lower than 175 °c.

2. proceeding from the conducted investigations, 
the following high-temperature tempering modes 
are recommended, depending on the applied type of 
welding electrodes: 740 °c, 3 h (thermanit chromo 
9V electrodes) and 740 °c, 2 h (thermanit p24 elec-
trodes).

3. Welding of control combined joints confirmed 
that application of the proposed heat-treatment weld-
ing modes and high-temperature tempering provides 
absence of cold cracks, relatively homogeneous tem-
pering structure with hardness of 220–240 HV of pre-
hardened regions of welded joints, high impact tough-
ness of weld metal (98 J/cm2 for thermanit chromo 
9V welds and 190 J/cm2 for thermanit p24 welds on 
average) and their higher short-term (at 20 °c) and 
long-term strength (at 570 °c) than that of base metal.

4. the developed welding process was accepted at 
JSc “Ukrenergymachines” for practical application.

REFERENCES
1. (2016) coal thermal power engineering: ways of reconstruc-

tion and development. In: Proc. of Int. Sci.-Pract. Conf. Kyiv.
2. teslenko, O.I., gorskyi, V.V., maliarenko, O.ye. (2020) 

analysis of tendencies and directions of development thermal 
power engineering. Problemy Zagalnoi Energetyky, 60(1), 
38–46 [in Ukrainian].

3. liratzis, t., forno, m., piombino, c. et al. (2010) acciai mar-
tensitici al 9cr–1mo–nb–V: proprietà, soldabilità e controlli. 
Riv. Ital. Saldatura, marzo/aprile, 2, 161–168.

4. Ahmet Shibli (2014) Coal Power Plant Materials and life As-
sessement. Developments and Applications. woodhead pub-
lisbing.

5. Kozlov, r.a. (1986) Welding of heat-resistant steels. lenin-
grad, mashinostroenie [in russian].

6. Sawhill, J.M., Dix, A.W., Sawage, W.F. (1974) Modifild im-
plant test for studying delayed cracking. Weld. J., 35(12), 
554–560.

7. hrivnak, I. (1984) Weldability of steels. moscow, mashinos-
troenie [in russian].

8. Skulsky, V.yu., Strizhius, g.h., nimko, m.a. et al. (2019) 
Delayed fracture resistance of welded joints of rotor steel 
25Kh2nVfa after welding reheating. The Paton Welding J., 
2, 7–12. DOI: http://dx.doi.org/10.15407/tpwj2019.02.01

Table 4. mechanical properties of combined welded joints

electrode grade Тtest, 
°С

weld metal* welded joint

σ0.2, mpa σt, mpa δ, % ψ, % KCV, J/cm2 σt, mpa fracture area

thermanit chromo 9V

20

601.0 
602.5 

(601.8)**

729.0 
725.3 

(727.2)

20.0 
17.0 

(18.5)

64.8 
40.2* 
(64.8)

110.1 
119.7 
59.1 

(96.3)

617.4 
613.7 

(615.6)

p3 haZ metal 
p3 haZ metal

570
376.9 
345.9 

(361.4)

407.9 
394.0 

(401.0)

20.3 
24.7 

(22.5)

79.8 
82.7 

(81.3)

‒ 
‒

353.6 
366.9 

(360.3)

p91 haZ metal 
p91 haZ metal

thermanit p24

20

621.7 
618.5 

(620.1)

714.7 
718.6 

(716.7)

21.0 
19.7 

(20.4)

67.6 
69.7 

(68.7)

178.9 
209.0 
193.8 

(193.9)

666.0 
669.5 

(667.8)

p3 haZ metal 
p91 haZ metal

570
409.9 
411.2 

(410.6)

447.5 
454.4 

(451.0)

19.3 
21.7 

(20.5)

79.8 
81.2 

(80.5)

‒ 
‒

396.2 
383.7 

(390.0)

p91 haZ metal 
p91 haZ metal

*rupture near the working zone edge. 
**average value is given in the brackets.

Table 5. results of long-term strength testing of composite welded joints of p3 + p91 steels

Sample type
long-term strength limit (mpa) and fracture site

In 103 h fracture site In 104 h fracture site In 105 h

thermanit p24 deposited metal 193 ‒ 147 ‒ 112
welded joint, thermanit p24 weld 147 p3 haZ metal 94 p3 haZ metal 60

thermanit chromo 9V deposited metal 209 ‒ 187 ‒ 167
welded joint, thermanit chromo 9V weld 152 p3 haZ metal 87 p3 haZ metal 50



17

PECULIARITIES OF WELDING COMBINED JOINTS OF 15KH2M2FBS (P3)                                                                                                                                                                                                    

                                                                                                                                                                               

9. Brózda, J. (2004) Stale żarowitrymałe nowei generacji, ich 
spawalność i własności złączny spawanych. Część IV. Stal 
e911. Biuletyn Instytutu Spawalnictwa, 4, 49–54.

10. (1993) Specification. werkstoffblatt 435 r. ausgabe märz. 
mannesmannröhren-werke ag, Düsseldorf.

11. Skulsky, V.yu., tsaryuk, a.K., gavrik, a.r. et al. (2016) Se-
lection of modes of high-temperature tempering of heat-re-
sistant steel welded joints made by electrodes thermanit 
mtS616. The Paton Welding J., 9, 47–50. DOI: http://doi.
org/10.15407/tpwj2016.09.10

12. mokhila, p., foldynova, K. (2014) effect of postweld heat 
treatment on mechanical properties of p92 steel welded joints 
performed by submerged-arc welding. Metallovedenie i Ter-
mich. Obrab. Metallov, 4, 36–39 [in russian].

ORCID 
V.yu. Skulskyi: 0000-0002-4766-5355, 
m.O. nimko: 0000-0002-9672-4921, 
a.r. gavryk: 0000-0002-0793-2754, 
I.g. Osypenko: 0000-0002-9969-7375

CONFLICT OF INTEREST 
The Authors declare no conflict of interest

CORRESPONDING AUTHOR 
V.yu. Skulskyi 
e.O. paton electric welding Institute of the naSU 
11 Kazymyr malevych Str., 03150, Kyiv, Ukraine. 
e-mail: vsku@paton.kiev.ua

SUGGESTED CITATION 
V.yu. Skulskyi, m.O. nimko, a.r. gavryk, 
I.g. Osypenko, O.V. Vavilov, O.g. Kantor, 
l.p. rubashka (2022) peculiarities of welding 
combined joints of 15Kh2m2fBS (p3) and 
X10crmoVnb91 (p91) steels. The Paton Welding J., 
8, 9–17.

JOURNAL HOME PAGE 
https://pwj.com.ua/en

received: 05.02.2022 
accepted: 17.10.2022


