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Abstract: This research provides a detailed investigation into the mechanical properties
and microstructural evolution of heat-resistant steel P92 subjected to both initial (i) weld-
ing procedures and simulated (ii) repair welding. The study addresses the influence of
critical welding parameters, including preheating temperature, heat input, and post-weld
heat treatment (PWHT), with a particular emphasis on the metallurgical consequences
arising from the application of repair welding thermal cycles. Through the analysis of
three welding probes—initially welded pipes using the PF (vertical upwards) and PC
(horizontal-vertical) welding positions, and a PF-welded pipe undergoing a simulated
repair welding (also in the PF position)—the research compares microstructure in the
parent material (PM), weld metal (WM), and heat-affected zone (HAZ). Recognizing the
practical limitations and challenges associated with achieving complete removal of the
original WM under the limited (in-field) repair welding, this study provides a comprehen-
sive comparative analysis of uniaxial tensile properties, impact toughness evaluated via
Charpy V-notch testing, and microhardness measurements conducted at room temperature.
Furthermore, the research critically analyzes the influence of the complex thermal cycles
experienced during both the initial welding and repair welding procedures to elucidate
the practical application limits of this high-alloyed, heat-resistant P92 steel in demanding
service conditions.

Keywords: heat-resistant steel P92; welding; heat input; mechanical properties; microstructural
analysis; weld metal; heat-affected zone

1. Introduction

Depending on the degree of alloying, heat (or creep)-resistant steels can be classified
as: (i) unalloyed steels, (ii) alloyed (Mo, CrMo, and CrMoV) steels, and (iii) alloyed
austenitic (Cr-Ni and Cr-Ni-Mo) steels. The service temperature of these steels increases
with the complexity of the chemical composition, so high-alloyed steels can be used at
operating temperatures exceeding 600 °C with significantly higher creep strength compared
to low-alloyed steels, which enables reduced wall thicknesses for components under the
same operating conditions they are exposed to. Still, despite their resistance to high
temperatures, high-alloyed heat-resistant steels can also be exposed to operating conditions
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(predominantly in pressure vessel equipment) that can lead to microstructural changes and
material degradation (caused additionally by excessive preheating during post-weld heat
treatment (PWHT)). This was investigated by Jovanovi¢ et al. [1], who studied changes
in martensitic lath width that affect the reduction of mechanical properties [2] as well as
creep cracking [3,4].

The initial task of welding and repair welding is to meet strict requirements regarding
mechanical properties, which furthermore provide safe and reliable service not only for
the structure itself but for the whole facility as well. It sounds like an easy task, but
experience and in-field conditions impose a different reality, in addition to the complexity
of metallurgical properties that come with high-alloyed heat-resistant steels and their
welding properties. This mainly reflects one of the most-investigated topics regarding this
group of steel—their creep resistance after welding [5,6]. Zeman et al. [7] pointed out the
importance of adequate heat treatment of martensitic steel welded tubes by emphasizing
how dangerous cracks in heat-affected zones (HAZs) can be. Meanwhile, some authors use
the structural integrity approach to verify the quality of welded joints made of different
types of materials, such as [8,9].

The heat-resistant steel P92 (also known in the literature as 1.4901/X10CrWMoVNDb9-
2/ASTM A335 P92) has been developed as a suitable material for power plant applications
that operate at elevated temperatures, precisely in the temperature range of 620-650 °C.
This steel represents a high-temperature martensitic steel from the group of 9-12% CrMoV
content group of creep-resistant steels. Numerous studies have dealt with some basic
frameworks regarding the mechanical properties and application limit [10,11] specifics of
steel P92, particularly concerning its weldability [12,13] and weldability to other materials,
especially to newly developed austenitic steels [14], as well as the problem of residual stress
in heterogeneous welded joints [15]. Special attention was put on the creep rupture problem
of heterogeneous welds made of steel P92 and other materials [6,16-19], emphasizing the
fact that they represent the weakest spot in construction. Most research has relied on
microstructure analysis to determine the degradation level of this steel after long service
periods—such as the work by Yangyang et al. [20], Duan et al. [21], and Zielinski et al. [22]
focusing on mechanical properties—or has been oriented towards the oxidation resistance
of their coatings, such as Zhou et al. [23]. Creep resistance also represents one of the favorite
topics of investigation for P92 steel, such as the paper by Kral et al. [24], whose authors
investigate the influence of high-pressure sliding and rotary swaging on this problem,
while a few interesting summaries regarding creep properties can be found in [25,26].

Welded joints made of P92 steel pose a considerable challenge to structural integrity
assessment due to their propensity for type IV cracking, i.e., cracks occurring in the
HAZ [27-29]. Furthermore, the literature discusses residual stress in welded joints of
this steel [30], though this is not within the scope of this paper. Consequently, these de-
scribed factors can lead to a decrease in the operational life of components, which can be
attributed to:

(a) Operational conditions exceeding design limits;

(b) Inadequate structural design and poor material selection; and

(c) Extensive repair welding procedures that introduce excessive heat and cause subse-
quent material degradation.

Material properties and their microstructure play vital roles in each of these con-
tributing factors. Given the inherent complexity of high-alloyed heat-resistant steels, their
welding represents a critical aspect affecting structural integrity. Consequently, the devel-
opment of a non-uniform microstructure across P92 weldments renders their weldability a
complex undertaking that needs careful consideration.
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The mechanical properties and microstructure of welded P92 steel are largely deter-
mined by the preheating, heat input during welding, interpass temperature, and PWHT.
However, the consequences of subsequent repair welding, involving additional preheating,
heat input due to repair welding, and PWHT, raise significant questions. Specifically, what
microstructure would be expected in the parent material, what microstructure would be
expected in HAZ, and how would mechanical characteristics change across each welding
joint zone after repair welding?

This paper presents an ongoing investigation into the mechanical characteristics and
microstructure of both initially welded and repair-welded heat-resistant steel P92. Welding
and repair welding were performed on a pipe with an outer diameter of J280 mm and a
butt-welded U-groove joint configuration (hereafter referred to as BW-U). The investigation
encompassed three welded pipe cases: two initially welded pipes (one in the PF—vertical
upwards position, and the other in the PC-horizontal-vertical position) and one PF-welded
pipe subjected to a simulated repair welding procedure, also in the PF position. The welded
joint in the PC position is considered critical and particularly worthy of analysis due to
the higher heat input compared to the PF welded case. Furthermore, it is important to
note that repair welding often occurs under field conditions—i.e., in non-ideal environ-
ments for welding activities—where complete removal of the original weld metal (WM)
is often impractical or infeasible. This aspect is given special consideration throughout
the manuscript. Detailed welding and repair welding technologies are also provided,
although they are not the primary focus of this paper. A dedicated subchapter outlines the
fundamental characteristics of P92 steel. A comparative analysis of each welding case (PF
welded, PC welded, and PF repair welded) and each welding joint zone (PM/HAZ/WM)
was conducted by evaluating their mechanical characteristics (uniaxial tensile properties,
impact toughness, and micro-hardness) and through microstructure analysis. All tests were
performed at room temperature, with sampling and testing procedures adhering to rele-
vant standards (described in the manuscript). The presented analysis provides insight into
the mechanical and microstructural properties of the welded joint zones and the general
behavior of creep-resistant P92 at room temperature. The influence of heat input from the
thermal cycles during the initial and repair welding procedures was analyzed to further
elucidate the application limits of high-alloyed heat-resistant steel P92.

2. Heat-Resistant Steel P92

Heat-resistant steel P92 is an improved P91/T91/F91 steel grade, characterized by
an approximate 2% addition of W, with a slightly increased Cr content, and a reduced
Mo content. While P92 steel exhibits a lower yield strength compared to P91 steel at
room temperature, its tensile strength surpasses that of P91 under the same conditions.
Notably, its primary advantage lies in its superior creep resistance, which is approximately
30% higher at temperatures of up to 600 °C compared to P91. This improvement is at-
tributed to the increased W content, which enhances the strengthening mechanisms within
the martensitic microstructure. Furthermore, this steel grade demonstrates improved
corrosion resistance and weldability compared to P91, making it widely adopted in su-
percritical power generation units. Additionally, it offers significantly high-temperature
strength and oxidation resistance. These properties render it highly suitable for applica-
tions in high-temperature and high-pressure environments where other materials may
experience premature failure or degradation. It can withstand service temperatures up to
650 °C and possesses a minimum yield strength of 440 MPa. This high-alloy martensitic
steel finds primary application in power plant facilities, petrochemical facilities, and oil
refineries—predominantly within the energy sector due to its advantageous characteristics.
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The chemical composition and tensile properties of two batches of hot-rolled creep-
resistant steel P92 (according to the inspection documents defined by standard EN
10204 [31] and technical delivery conditions by EN 10216-2 [32]) used for welding are
presented in Tables 1 and 2, respectively. Each batch is used for one pipe side.

Table 1. Chemical composition of steel P92 [wt%)].

C

Si

S P Nb Cr Ni Al A% Mo \4 B Cu N Fe

Batch1 0.119 042

0.166 0.003 0.009 0.054 875 0.14 0.005 0.194 05 155 0.016 0.14 0.053 bal

Batch2 0.114 0.41

0.158 0.003 0.011 0.055 8.6 0.23 0.004 0.192 049 1.52 0.002 0.143 0.05 bal

Table 2. Mechanical properties of steel P92 (at room temperature).

Re Rm A5

[MPa] [MPal [%]

Batch 1 580 728 21
Batch 2 514 683 28

Due to the chemical similarities between P92 and P91 steels, their metallurgical prop-
erties are also comparable. The same parameters and elements that contribute to the
strength of steel P91 are responsible for the strength of steel P92 grade, which is deeply
connected to the microstructure. Similarly, the microstructure exhibits sensitivity to the
material’s fabrication environment, chemical composition, heat treatment/heat input, and
cold working. It is important to note that if P92 steel undergoes PWHT at a sufficiently
low temperature, it can become susceptible to stress corrosion cracking. Subsequently, the
obtained martensitic structure requires further tempering and residual stress reduction
via heat treatment (i.e., annealing) at approximately 720-780 °C. Cracking due to stress
corrosion can occur in tempered martensite; therefore, it is recommended that PWHT be
performed immediately as a consequence of rapid cooling to 300 °C, followed by slow
cooling in the air. Furthermore, heat-resistant steel P92 can also be susceptible to stress
corrosion cracking in its as-welded condition; therefore, the duration between the welding
passes and its subsequent heat treatment (particularly in humid conditions) must be opti-
mized. Otherwise, its susceptibility to cracking increases rapidly. Consequently, all these
factors determine the thermal cycle during welding, ensuring a desirable microstructure in
each welding zone, which leads to satisfactory mechanical properties and, ultimately, the
reliable and safe operation of the equipment in general.

This steel necessitates strict technical specifications regarding preheating, welding
current, interpass temperature, weld bead width, PWHT timeline, etc. The high content of
alloying elements such as Cr, Mo, and W in P92 steel diminishes its weldability. Another
challenge encountered during the welding of P92 steel pertains to the potential formation
of o-ferrite, which, in higher content, may lead to hot cracks [33]. This is attributed to the
presence of a higher weight percentage of ferrite-stabilizing elements, including V, Nb, W,
and Mo [9].

3. Welding and Repair Welding

As previously noted, welding of heat-resistant steel P92 presents a significant challenge
due to strict technical requirements encompassing preheating temperature, welding current,
interpass temperature, bead width, and PWHT. These specific requirements are due to the
high content of alloying elements, specifically Cr, Mo, and W, which significantly affects its
weldability. Considering these factors, the Gas Tungsten Arc Welding (GTAW) and Shielded
Metal Arc Welding (SMAW) processes were selected for the root pass and subsequent fill
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passes, respectively. The modular welding machine EWM Tetrix XQ 300 puls DC Comfort
3.0 8P (Miindersbach, Germany) is used for both welding processes, since it supports both
welding regimes. It also refers to repair welding. Due to specific requirements concerning
heat input as well as welding position, welding is carried out manually by certified staff.

In all three cases, the pipes were 70 mm thick, with an outer diameter of J280 mm
and a butt-welded U-groove joint configuration (BW-U) as depicted in Figure 1a. The
preparation of the groove on the (repaired) pipe involved machining, specifically grinding,
to remove the majority, but not all, of the existing WM zone, as illustrated in Figure 1b.
This particular groove preparation simulated a repair welding under conditions of limited
resources, mobility, and accessibility to damaged areas.

~55 mm

70 mm 70 mm

Old weld
metal

4.‘ LL—4 mmT
(a) (b)

Figure 1. BW-U grooves geometry of (a) pipe No. 1 and No. 2; (b) pipe No. 3 meant for repairing.

The original two welding joints on pipes were made using the PF (vertical upwards)
and PC (horizontal-vertical) welding positions (Figure 2). A repair welding simulation was
then conducted on the PF-welded pipe, also in the PF position, requiring different welding
techniques and operator skill. Welding position dictates heat input, with the PC position
representing a critical case due to the higher heat input needed for adequate fill. Table 3
provides a summary of the welding samples, processes used, and other relevant data.

Welding position: PF Welding position: PC

2

I A).cis: quizontal " Axis: Horizontal vertical
Pipe: Fixed Pipe: Fixed
Weld: Vertical upowards Weld: Vertical

Figure 2. PF and PC welding positions.

In all three welding probes (original welding and repair welding of the pipes), the
selection of filler materials was based on the parent material’s metallurgical properties and
the recommendations provided by the filler material manufacturer.
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Table 3. Designation and geometry of pipes prepared for welding, with welding position and
joint type.

Pipe
Designation

Welding Welding Thickness
Position Process [mm]

Outside
Diameter Joint Type Remark
[mm]

PF1

PF

GTAW/SMAW 70 280 BW-U Welding

PC2

PC

GTAW/SMAW 70 280 BW-U Welding

PF3

PF

GTAW/SMAW 70 280 BW-U Repair welding

The specific characteristics of the heat-resistant P92 steel necessitate the utilization of
filler materials/electrodes with an identical or similar chemical composition. The filler ma-
terial employed for the GTAW welding process was a rod WZ CrMoWVNDb 9 0.5 1.5 grade
(commercially designated as Thermanit MTS 616 by Bohler Welding, Diisseldorf, Germany).
This is a high-alloyed, creep-resistant GTAW rod specifically designed for high-temperature
service and root passes. The resulting microstructure is martensitic, making it suitable for
subsequent quenching and tempering heat treatments. The shielding gas used was Argon
99.996% with a flow rate of 8-10 L/min, while the backing gas needed to be used is also
Argon 99.996% with a flow rate of 10-14 L/min. The electrode used for GTAW was a WT20
type with a diameter of 2.4 mm.

The SMAW welding process utilized the E ZCrMoWVNDb 9 0.5 2 B 4 2 H5 covered
electrode (commercially designated as Bohler FOX P 92 by Bohler Welding). This high-alloy,
creep-resistant basic electrode is specifically designed for welding P92 creep-resistant steel,
offering a stable arc, low spatter, and easy slag removal. It was suitable for continuous use
up to +650 °C.

The chemical compositions and tensile properties of both filler materials are provided
in Tables 4 and 5, respectively.

Table 4. Chemical composition of filler materials WZ CrMoWVND 9 0.5 1.5 and E Z CrMoWVNDb
90.52B42HS5 [wt%].

Filler Material/Element C Mn Mo Si Cr Ni \%Y Nb Vv N Fe

W Z CrMoWVNDb 9 0.5 1.5

0.1 0.5 04 025 85 0.5 16 006 02 004  bal

EZ CrMoWVNDb 90.52B 42 H5 0.1 07 05 03 8.6 07 006 004 02 004 Dbal

Table 5. Mechanical properties of filler material filler materials of WZ CrMoWVNb 9 0.5 1.5 and E
ZCrMoWVND 9 0.5 2 B 42 H5 guaranteed by the manufacturer (at room temperature) after PWHT
(annealed, 760 °C/2 h; cooling down to 300 °C/air).

Re Rm A Impact

Filler Material [MPal [MPal (Lo : 5dg)  Fracture
[%] 1)
W Z CrMoWVND 9 0.5 1.5 560 720 >15 >41
EZ CrMoWVNb 90.52 B 4 2 H5 600 740 20 >55

During welding, steel P92 is exposed to the welding in the martensitic range, which is
a direct consequence of its microstructure.

The thermal cycle for both welding and repair welding of pipes made of creep-resistant
steel P92 is given in Figure 3, adopted based on all features and pipe geometries, as well as
the material itself. Preheating of all pipes was performed using resistance heaters mounted
on both sides of the pipes to be welded, according to the recommended thermal cycle for



Materials 2025, 18, 2908

7 of 20

steel P92 (Figure 3). This involved maintaining a preheating temperature up to 240 °C.
Upon cooling, the weld metal immediately transforms into martensite, which is tempered
by the heat input during each subsequent welding pass. These same resistance heaters were
used to control the interpass temperature between welding passes at ~320 °C. Immediately
following welding, and without removing the resistance heaters from the pipes, a PWHT
was conducted by reaching a temperature of ~770 °C and holding it for a defined duration
of 5 h. Subsequently, the heaters were turned off and removed for the purpose of rapid
cooling down to ~300 °C, followed by slow (air) cooling.

i | ;
P — prcheating 770 °C
IT — interpass temperature
) SC —slow cooling
g, PWHT — tempering ;
L T v H
= ! : :
= : : ;
S ! : ;
o 4 ' '
) : i ;
o : max ' '
5 : 320°C | g > 300 °C
240 °C
E : air cooling
: { PWHT (Tempering)
20°C : -

Time [h]
Figure 3. Thermal cycle welding and repair welding of P92.

The welding parameters for all welding procedures (both PF1 and PC2 and the repaired
PF3 pipe) are detailed in Tables 68, with clear identification of each pass designation and
the corresponding welding parameters, including values for current, voltage, polarity,
and heat input. Travel speed (of welding) has varied in the range 60-90 mm /min, which
dictates heat input values not to exceed 1.8 k]/mm. It is important to emphasize that the
initial welding parameters applied to pipe PF3 were identical to those used for pipe PF1.

Table 6. Welding parameter (PF1).

Flll‘er Metal Current Voltage Type of Heat
Pass Process Diameter [A] V] Current/ Input
[mm] Polarity [k]J/mm]

Root 1 GTAW 2.4 95-105 13-15 DC- ~0.84
Fill 2-3 GTAW 24 125-135 13-15 DC- ~1.05
4-5 GTAW 24 135-145 13-15 DC- ~1.17
6-8 SMAW 2.5 70-80 21-23 DC+ ~1.3
9-11 SMAW 2.5 80-95 21-23 DC+ ~1.4
12-14 SMAW 2.5 80-95 21-23 DC+ ~1.4
15-17 SMAW 3.2 100-105  21-23 DC+ ~1.5
18-20 SMAW 3.2 100-110  21-23 DC+ ~1.5
21-23 SMAW 3.2 110-120  21-23 DC+ ~1.5

24-27 SMAW 3.2 105-125 21-23 DC+ ~1.5
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Table 6. Cont.

b Flll.er Metal Current  Voltage Type of Heat

ass Process Diameter [A] V] Current/ Input

[mm] Polarity [kJ/mm]
28-31 SMAW 3.2 110-125 21-23 DC+ ~1.5
32-35 SMAW 3.2 115-125 21-23 DC+ ~1.55
36-39 SMAW 3.2 115-125 21-23 DC+ ~1.5
4043 SMAW 4.0 120-135 21-23 DC+ ~1.6
4448 SMAW 4.0 120-135 21-23 DC+ ~1.6
49-53 SMAW 4.0 120-135 21-23 DC+ ~1.5
54-58 SMAW 4.0 115-135 21-23 DC+ ~1.6
59-62 SMAW 3.2 115-135 21-23 DC+ ~1.6
63-67 SMAW 4.0 130-135 21-23 DC+ ~1.6
68-72 SMAW 3.2 110-115 21-23 DC+ ~1.5
73-77 SMAW 3.2 110-115 21-23 DC+ ~1.4
78-82 SMAW 3.2 110-115 21-23 DC+ ~1.4
83-87 SMAW 3.2 110-115 21-23 DC+ ~1.4
88-92 SMAW 2.5 80 21-23 DC+ ~1.4
Cover
93-98 SMAW 2.5 80-85 21-23 DC+ ~1.3
Table 7. Welding parameter (PC2).

Filler Metal Type of Heat

Pass Process Diameter Cu{l;(}ent Vo[l‘t]a]ge yCur— Input

[mm] rent/Polarity  [kJ/mm]

Root 1 GTAW 24 100-110 13-15 DC- ~0.9
Fill 24 GTAW 2.4 140-145 13-15 DC- ~1.1
5-7 GTAW 24 140-145 13-15 DC- ~1.1
8-11 SMAW 2.5 80-90 21-23 DC+ ~1.3
12-15 SMAW 2.5 85-95 21-23 DC+ ~1.3
16-19 SMAW 25 90-100 21-23 DC+ ~1.35
20-23 SMAW 3.2 110-120 21-23 DC+ ~15
24-27 SMAW 3.2 115-125 21-23 DC+ ~15
28-31 SMAW 3.2 115-125 21-23 DC+ ~15
32-35 SMAW 3.2 115-125 21-23 DC+ ~15
36-39 SMAW 3.2 120-130 21-23 DC+ ~1.6
40-43 SMAW 3.2 120-130 21-23 DC+ ~1.6
44-47 SMAW 3.2 120-130 21-23 DC+ ~1.6
48-51 SMAW 4.0 140-150 21-23 DC+ ~1.7
52-56 SMAW 4.0 140-150 21-23 DC+ ~1.6
57-61 SMAW 4.0 140-150 21-23 DC+ ~1.7
62-66 SMAW 4.0 140-150 21-23 DC+ ~1.6
67-71 SMAW 4.0 140-150 21-23 DC+ ~1.7
72-76 SMAW 4.0 130-135 21-23 DC+ ~1.6
77-82 SMAW 3.2 120-130 21-23 DC+ ~14
83-88 SMAW 32 125 21-23 DC+ ~14
89-94 SMAW 3.2 125 21-23 DC+ ~15
95-100 SMAW 4.0 140-150 21-23 DC+ ~1.6
Cover SMAW 25 80-90 21-23 DC+ ~13

101-109
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Table 8. Repair welding parameter (PF3).
Fill_er Metal Current  Voltage Type of Heat
Pass Process Diameter [A] V] Cur- Input
[mm] rent/Polarity  [kJ/mm]
Root 1 GTAW 2.4 8595 13-15 DC- ~0.6
Fill 24 GTAW 2.4 100-110 13-15 DC- ~0.9
5-7 GTAW 2.4 115-125 13-15 DC- ~1
8-10 GTAW 2.4 125-135 13-15 DC- ~1.1
11-13 GTAW 2.4 140-150 13-15 DC- ~1.1
14-17 GTAW 2.4 145-155 13-15 DC- ~1.15
18-21 GTAW 2.4 145-155 13-15 DC- ~1.1
22-25 GTAW 2.4 145-155 13-15 DC- ~1.15
26-29 GTAW 2.4 190-200 13-15 DC- ~1.4
30-33 GTAW 2.4 190-200 13-15 DC- ~1.4
34-36 SMAW 3.2 120-130 21-23 DC+ ~1.6
37-39 SMAW 3.2 120-130 21-23 DC+ ~1.6
4042 SMAW 3.2 120-130 21-23 DC+ ~15
43-46 SMAW 3.2 120-130 21-23 DC+ ~15
47-50 SMAW 3.2 120-130 21-23 DC+ ~1.5
51-54 SMAW 3.2 120-130 21-23 DC+ ~15
55-58 SMAW 3.2 120-130 21-23 DC+ ~1.6
59-62 SMAW 3.2 120-130 21-23 DC+ ~1.6
63-66 SMAW 3.2 120-130 21-23 DC+ ~15
67-70 SMAW 3.2 120-130 21-23 DC+ ~1.5
71-75 SMAW 3.2 120-130 21-23 DC+ ~1.5
76-80 SMAW 3.2 120-130 21-23 DC+ ~1.6
81-85 SMAW 3.2 120-130 21-23 DC+ ~1.6
8690 SMAW 3.2 120-130 21-23 DC+ ~1.5
Cover
91-96 SMAW 2.5 80-90 21-23 DC+ ~1.1

All welded joints were subjected to non-destructive testing, adhering to the EN ISO
15614-1 [34] standard. In this particular case, visual testing, penetrant testing, and ultrasonic
testing were performed in order to detect potential welding defects that may affect the
testing results. No defects were observed.

4. Experimental Testing

The results of the experimental testing performed on both the (i) PF- and PC- welded
and (ii) PF repair-welded pipes are presented in this section. This testing included (1) tensile
testing, (2) impact testing, and (3) hardness measurements. The results of the microstruc-
tural analysis are given in a specific section, with an overview of the obtained experimental
results related to the mechanical properties. Test specimens for destructive evaluation
(tensile and impact testing), as well as for hardness assessment and metallographic analysis,
were sampled from both types of pipe following the EN ISO 15614-1 standard according
to the sampling scheme given in Figure 4. These evaluations provided a solid base for
understanding the properties of both the original and repaired welded joints in the welded
pipes, with particular attention paid to each welding zone, indicating their attributes and
potential service restrictions.



Materials 2025, 18, 2908 10 of 20

@ end of weld
@ area for:

— [ tensile test specimen

) )
l o l @ — bend test specimens
@ area for:
— impact and additional test
‘ \ specimens if required
® 0 ® @ q
@ area for:
— 1 tensile test specimen
' ' — bend test specimens
- - tart of weld; area for:
® ® /O
@ @ — [ hardness test specimen

(taken from the start of weld)

o weld direction

Figure 4. Sampling scheme for testing specimens for butt welded joint in pipe.

4.1. Tensile Testing

Following the recommendations outlined in EN ISO 15614-1 standard, two tensile
test specimens were taken in a direction perpendicular to the welded joint from each
pipe. Specimens were prepared from both the new welded (PF and PC) joints and the
repair-welded (PF) joint. Gauge length includes WM (central part of the specimen) and
HAZ and PM on both sides of it. The technical drawing of the tensile specimen, defined
in standard EN ISO 4136 [35], is given in Figure 5. The tensile testing procedure was
conducted at room temperature with a testing rate of 5mm/min, adhering to the criteria
of the EN ISO 4136 and EN ISO 6892-1 [36] standards. Testing was performed on ZWICK
ROELL Z1200E, a tensile testing machine (ZwickRoell GmbH & Co. KG, Ulm, Germany)
with a capacity of 1200 kN.

Le
1,=80mm t.=70m
S — e E
13
el £
% e o] ey
E’x . lsn:20n]1m

Figure 5. Tensile test specimen geometry.

Two specimens were tested from each pipe, and the results, which include yield stress
(RpO.Z)/ tensile strength (Rim), elongation, fracture location, and weld position, are given in
Table 9.
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Table 9. Tensile testing results.

Specimen Rpo.2 Rm A V4 .
Label [MPa] [MPa] [%] [%] Fracture Location
PF1-1 498 682 16 69 parent material
PF1-2 474 678 19 70 parent material
PC2-1 498 684 17 68 parent material
PC2-2 474 678 18 71 parent material
PF3-1 464 637 17 73 parent material
PF3-2 472 632 17 73 parent material

4.2. Charpy Impact Testing

Impact toughness testing was conducted following the EN ISO 9016 [37] guidelines
and EN 10216-2 acceptance criteria at room temperature, using an A. J. Amsler Schaffhausen
Charpy Impact testing machine (Ziirich, Switzerland) with maximum energy of 300 J. The
Charpy impact test specimens (10 x 10 x 55 mm) had neck cross-sectional geometry of
10 x 8 mm, with the V-notch machined at critical locations within the welded joints
(technical drawing shown in Figure 6). These critical locations encompassed the WM and
HAZ for all three welded joints cases, along with the old WM (or its leftover) and HAZ
regions for the repaired PF3. From each of the tested welded joints and their 2 two critical
zones (WM and HAZ in PF1 and PC2, new and old WM and HAZ in PF3), 3 specimens
were made—in total, 21 specimens. Results are shown in Figure 7. It should be stated
that even though the average impact toughness value of the PF3 sample is higher than the
minimum defined by the parent material standard, one of the samples exhibited a value of
41 J, which is at the bottom limit.

55 10
27.5 5
0.2{ te—She? o

Y
o :

Figure 6. Charpy V-notch specimen geometry.
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— . PF welded pipe #3
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> (notch in HAZ)
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)
=
)
-
9
g 150
E
St
s PF welded PF welded
wn . .
H 100 PF welded pipe #1 182 ) 191 pipe #3. pipe #3. 195
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Figure 7. Average values of impact energy [J] by critical welded region in all three cases.
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4.3. Hardness Measuring

Hardness measurements were conducted along upper and lower rows (proximal to
the weld face and root, respectively), with 15 measurement points per row on both the
originally welded and the repair-welded joints. These measurements covered both parent
material, both HAZs, and the weld metal itself, as illustrated in Figure 8. Additionally,
on the repair-welded joint (PF3), hardness measurements extended to the regions of the
old (original) weld joint on the root side. Each testing zone of the welded joint comprised
3 measurement points. The measurement procedure adhered to ISO 6507-1 [38] standards,
employing Vickers hardness testing with a test load of 10 kgf (HV10). The surface intended
for measurement was etched using a 3% solution of nitric acid in alcohol (i.e., Nital solution).
Hardness testing was performed on a Reicherter Stifelmayer 250H hardness testing device
(Reicherter Priiftechnik GmbH, Esslingen am Neckar, Germany).

Face R o

- -

1 3 101112 43 14 15
= o._."l [ ] L k)
1 w2z 13 14 15
Root

Figure 8. Locations of hardness measuring testing: proximal to the weld face and root.

Figure 9a compares the hardness values obtained along the measurement traverse
closer to the weld face, while Figure 9b shows the comparison for the traverse closer to the

weld root.
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Figure 9. Cont.
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Figure 9. Hardness values and their comparison between zones/welding cases: (a) measuring line
closer to face side; (b) measuring line closer to root side.

5. Microstructural Analysis

Specimens for microstructural analysis were sampled according to the EN
ISO 15614 standard recommendation. Samples were prepared by grinding on wet pa-
pers of different granulations (P240-P1200). Grinding was performed in such a way that
each subsequent sandpaper removed traces of the previous one. Samples were polished
afterward, with diamond pastes of 3 um and 1 pm granulations. Metallographic sam-
ples were chemically etched by a 3% solution of nitric acid in alcohol (i.e., Nital solution).
The metallographic analysis was performed on a Leica DM4 light microscope, which is
equipped with a digital camera and appropriate Leica Las v 4.9 software. Microstructural
analysis was made on each welded joint, i.e., the new (PF1 and PC2) welds and the repaired
one (PF3), at the representative positions.

During microstructural analysis of the PF1 and PC2 newly welded joints, as well as the
repaired PF3, each zone of the welded joint was examined in detail, including both parent
materials (HAZ and WM), over the entire cross section. From a microstructural point of
view, the welded joint in the PC position is considered to be critical due to the higher heat
input compared to the PF welded case (i.e., caused by welding position). In that manner,
microstructural analyses were performed on samples welded in the PC position for the
new joint and in the PF position for the repair joint.

Representative microstructures of parent material (steel P92) are given in Figure 10a
with two magnifications. The microstructure of the parent metal is tempered martensite,
which consists of martensite laths with precipitated carbides, with areas characterized by
sets of parallel martensitic laths (Figure 10a). HAZ consists of a similar microstructure, but
is characterized by finer martensitic laths, which were oriented in a more chaotic manner
compared to those in the parent material, which is more obvious in the figure with higher
magnification (Figure 10b). However, the microstructure of HAZ in the area close to the
fusion line is characterized by some amount of coarse laths, along with coarse carbide
particles. On the other hand, the microstructure of WM consists of tempered martensite
as well as small amounts of bainite (designated as B), as shown in Figure 10c. It should
be emphasized that the WM microstructure has a coarser microstructure compared to the
microstructure of the parent material and HAZ.

Regarding the PF3 repair welding pipe, the microstructure of the parent material
dominantly consists of tempered lath martensite (Figure 11a). Compared to the PF1 welded
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joint, after the repair welding, the tempered martensite in the PM is characterized by
larger second-phase particles (Figures 10a and 11a). The HAZ areas in the welded joint
are approximately 15-20% wider compared to the HAZ areas of the new joint, due to
(additional) heat input. It should be emphasized that the microstructure of HAZ is also
characterized by tempered martensite with coarser carbide particles compared to the HAZ
in the new PF welded joint, as shown in Figures 10b and 11a. Regarding the WM, its
microstructure consists of coarse tempered martensite (Figure 11c).

Figure 10. Microstructure of PC2 welded sample (a) PM, (b) HAZ, (c) WM.
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Figure 11. Microstructure of PF3 welded sample of (a) PM, (b) HAZ, (c) WM.

6. Discussion

In both initially welded (PF1 and PC2) and repair-welded (PF3) joints, the WM and
HAZ consistently exhibited higher hardness values compared to the PM, which is primarily
attributed to the formation of martensite microstructures in these regions caused by the
welding process.
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The fracture in all tensile tested specimens occurred in the ‘weaker” PM, which high-
lights the overmatching effect [39-42]. However, lower values of ultimate tensile strength
(Rm) were noted in the repaired PF3 pipe compared to the initially welded ones. This
difference can likely be attributed to the repair process itself, as a direct consequence of
the additional heat input due to repair welding and the PWHT. Note that in the case of
the repair-welded pipe (PF3), the PM, HAZ, and the small leftover portion of WM were
exposed to double heat input (due to welding/repair welding) and double PWHTs (due to
the initial and repair welding process).

The results of the Charpy impact testing reveal a trend of superior impact toughness
in the HAZ compared to the WM for the initially welded (both PF1 and PC2) pipes. This
suggests that the thermal cycle experienced by the HAZ during the original welding process
likely resulted in appropriate microstructural evolution. These changes in microstructure
enhance its resistance to brittle fracture initiation and propagation under impact loading
relative to the microstructure of the WM. Higher impact toughness values in HAZ could
be associated with the notch root position in the fine-grain microstructure area. Therefore,
the slight increase in impact toughness in the HAZ observed in the PC welded pipe
compared to the PF welded one could be attributed to subtle differences in the welding
thermal cycle associated with the welding position, potentially leading to a more favorable
microstructural arrangement within its HAZ. Concerning the repaired PF3 pipe, the impact
toughness of the newly formed WM mirrored that of the original WM. Even though the
microstructures of each WM look alike, the low impact energy of one PF3 sample might
be the consequence of welding defect(s) or a coarser microstructure caused by higher heat
input due to additional passes made with the TIG process. However, the unexpectedly
high impact toughness exhibited by the HAZ of the old WM in the repaired pipe demands
further microstructural investigation. One hypothesis regarding its microstructure is that
the subsequent thermal cycle from the repair welding and the PWHT may have produced
a more homogeneous microstructure, potentially optimizing the size and distribution of
carbides that might improve its impact energy absorption capacity.

The measured hardness values are intrinsically linked to the microstructures observed
on the analyzed surfaces. Notably, higher hardness values were consistently observed in
the WM region, followed by the hardness measured in the right-side HAZ across all three
cases. This trend is attributed to the presence of tempered martensite microstructure [39].
No significant difference in hardness values was detected in the PM and HAZ for the
PF1-welded pipe. However, in the case of the repaired pipe (PE3), slightly higher hardness
values in the WM and the right-side HAZ were observed. This increase is a consequence of
the heat input due to the repair welding and the subsequent PWHT, evident in both the
face-side and root-side measurement traverses. This observation also applies to the PC2
pipe. Furthermore, the repair welding and associated additional thermal cycle have been
shown to influence the hardness values of the PM when comparing the PC/PF-welded
cases with the repaired ones.

An extensive investigation of the mechanical properties at room temperature offers
preliminary input for a better understanding and characterization of the welding and
repair welding features of P92 steel. This work poses a critical question: How will elevated
temperatures influence the microstructure evolution of each welded joint zone, and thus
their mechanical properties?

The results of this study offer/suggest:

e Appropriate welding and repair techniques with recommended welding parameters,
leading to defining an appropriate welding procedure specification (which has to be
carried out at room temperature).
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e The aforementioned led to satisfactory mechanical properties of the welds at room
temperature, supported by favorable microstructures within each welded joint zone
for every welded pipe case. Nevertheless, the effect of heat input (due to welding or
post-weld heat treatment) on these properties, particularly concerning the WM and
HAZ, warrants a comprehensive investigation at higher temperatures.

e Identification of potentially critical spots during the welding of P92 steel and sub-
sequent repair welding, based on an analysis of mechanical properties and metallo-
graphic analysis.

e  The necessity of utilizing more advanced techniques for full characterization of each
welded joint zone, which is crucial for elevated temperature applications. This pre-
dominantly refers to metallographic analysis.

7. Conclusions

This study emphasizes the necessity of thorough microstructural characterization to
understand and predict the behavior of WM and HAZ during the welding of heat-resistant
steel P92, particularly in complex scenarios involving repair welding. This characterization
is crucial for ensuring the reliability and safety of welded structures made of heat-resistant
steel P92.

The experimental findings underscore the potential for repair welding to cause signifi-
cant changes in the existing WM and HAZ microstructure, which can affect the integrity
of the repaired joint. One key recommendation regarding the repair welding technique
for steel P92 drawn from this research is to strictly define the heat input—for instance, by
making more welding passes with the GTAW process. This is a precaution against brittle
fracture and é-ferrite formation.

Opverall, the research contributes valuable insights into optimizing welding and repair
welding procedures for P92 steel by providing a deeper understanding of the interplay
between welding parameters, microstructure, and mechanical properties.

Therefore, based on the presented results, the following conclusions can be drawn:

e Tensile testing revealed that fractures occurred consistently in the parent material,
indicating an overmatching effect.

o  The repaired (PF3) welded joints have lower ultimate tensile strength compared to
the PF1 and PC2 welded ones, which can be attributed to microstructural changes
induced by the additional heat input during the repair welding and PWHT, affecting
the tempering of the martensite.

e Impact testing demonstrated that specimens with the notch in the HAZ exhibited
higher impact energy values, suggesting that specific microstructural features within
the HAZ (likely related to grain refinement or tempering effects) contribute to im-
proved toughness compared to the WM. Another thermal cycle due to repair welding
also contributes to this statement, since the average impact energy of repaired welded
pipe is higher than both original welded ones.

e In the repair-welded case, a slight increase in hardness was noted in the WM and
HAZ, likely due to the supplementary heat input and PWHT contributing to further
microstructural changes.

Considering the limitations highlighted in the Section 6, the next phase of investi-
gation will involve more detailed qualitative and quantitative metallographic analysis.
The aim is to fully understand the welding/repair welding features of P92 steel and its
weld zones, especially at elevated temperatures, utilizing advanced material characteriza-
tion techniques. Additionally, a fracture mechanics approach will serve as an analytical
method for a potential structural integrity assessment model for each welded joint re-
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gion. This will link the obtained mechanical properties, providing reliable limitations in
engineering practice.

Author Contributions: Conceptualization, F.V.; Methodology, L.]J.; Software, B.D., LJ. and S.D.;
Validation, D.R.; Formal analysis, B.D. and S.D.; Investigation, A.S. and N.M.; Writing—original
draft, B.D. and S.D.; Writing—review & editing, D.R. and A.S.; Supervision, S.D. and N.M,;
Project administration, A.S. and L.J. All authors have read and agreed to the published version of
the manuscript.

Funding: This research received no external funding.
Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.

Data Availability Statement: The original contributions presented in this study are included in the
article. Further inquiries can be directed to the corresponding author.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Jovanovi¢, A; Baki¢, G.; Golubovi¢, T; Kirin, S.; Sedmak, A. Integrity And Risk Assessment Of Reconstructed Steam Line. Struct.
Integr. Life 2023, 23, 367-371.

2. Xia, X,; Zhu, B;; Jin, X,; Tang, M.; Yang, L.; Xue, F;; Shi, J.; Zhang, G. Analysis on microstructure and properties evolution and life
prediction of P92 steel in high temperature service. Int. J. Press. Vessel. Pip. 2021, 194 Pt A, 104482. [CrossRef]

3.  Chu, Q; Zhang, M,; Li, J.; Chen, Y.; Luo, H.; Wang, Q. Failure analysis of a steam pipe weld used in power generation plant. Eng.
Fail. Anal. 2014, 44, 363-370. [CrossRef]

4. Auerkari, P,; Salonen, J.; Holmstrom, S.; Laukkanen, A.; Rantala, J.; Nikkarila, R. Creep damage and long term life modelling of
an X20 steam line component. Eng. Fail. Anal. 2013, 35, 508-515. [CrossRef]

5. Vodarek, V.; Holesinsky, J.; Kubon, Z.; Palup¢ikovd, R.; Vanovd, P.; Malcharczikovd, J. Creep Resistance and Microstructure
Evolution in P23 /P91 Welds. Materials 2025, 18, 194. [CrossRef] [PubMed]

6. Yang, C.; Shi, R.; Qiao, J. Creep behavior and microstructure evolution of creep cavities in the heat-affected zone of P92 steel
joints. Int. J. Press. Vessel. Pip. 2025, 216, 105512. [CrossRef]

7. Zeman, B.M. Wrong heat treatment of martensitic steel welded tubes caused major cracking during assembly of resuperheaters in
a fossil fuel power plant. Eng. Fail. Anal. 2003, 10, 569-579. [CrossRef]

8.  Vuceti¢, F; Dordevi¢, B.; Arandelovi¢, M.; Sedmak, S.; MiloSevi¢, N.; Radu, D.; Jeremi¢, L. Integrity of Welded Joints Made of
Alloy NiCr21Mo. Struct. Integr. Life 2023, 23, 91-97.

9.  Kumar, A,; Pandey, C. Structural integrity assessment of Inconel 617 /P92 steel dissimilar welds for different groove geometry. Sci.
Rep. 2023, 13, 8061. [CrossRef]

10. Vaillant, ].C.; Vandenberghe, B.; Hahn, B.; Heuser, H.; Jochum, C. T/P23, 24, 911 and 92: New grades for advanced coal-fired
power plants—Properties and experience. Int. J. Press. Vessel. Pip. 2008, 85, 38—46. [CrossRef]

11. Tang, L.; Yang, Z.; Cui, X.; Zhang, L.; Li, ]. Study on Mechanical and Microstructural Evolution of P92 Pipes During Long-Time
Operation. Materials 2024, 17, 5092. [CrossRef] [PubMed]

12.  Kaplan, E.; Atici, T. Properties And Weldability Of X10CrWMoVNDb9-2 (P92) Steel. In Proceedings of the International Institute of
Welding International Conference 2010, Istanbul, Turkey, 11-17 July 2010.

13. Wang, Y.; Qin, N.; Shang, J.; Yang, J.; Sun, B. Study on Microstructure and Properties of P92 Steel Joint with Narrow Gap
Automatic Welding, Journal of Physics: Conference Series. In Proceedings of the 2nd International Conference on Advances
in Modern Physics Sciences and Engineering Technology 2023, Wuhan, China, 29-30 November 2023; Volume 2549, pp. 29-30.
[CrossRef]

14. Kumar, A.; Pandey, C. Development and Evaluation of Dissimilar Gas Tungsten Arc-Welded Joint of P92 Steel /Inconel 617 Alloy
for Advanced Ultra-Supercritical Boiler Applications. Metall. Mater. Trans. A 2022, 53, 3245-3273. [CrossRef]

15. Li, S,; Li, J.; Sun, G.; Deng, D. Modeling of welding residual stress in a dissimilar metal butt-welded joint between P92 ferritic

steel and SUS304 austenitic stainless steel. J. Mater. Res. Technol. 2023, 23, 4938-4954. [CrossRef]


https://doi.org/10.1016/j.ijpvp.2021.104482
https://doi.org/10.1016/j.engfailanal.2014.05.019
https://doi.org/10.1016/j.engfailanal.2013.05.008
https://doi.org/10.3390/ma18010194
https://www.ncbi.nlm.nih.gov/pubmed/39795840
https://doi.org/10.1016/j.ijpvp.2025.105512
https://doi.org/10.1016/S1350-6307(03)00039-6
https://doi.org/10.1038/s41598-023-35136-1
https://doi.org/10.1016/j.ijpvp.2007.06.011
https://doi.org/10.3390/ma17205092
https://www.ncbi.nlm.nih.gov/pubmed/39459795
https://doi.org/10.1088/1742-6596/2549/1/012009
https://doi.org/10.1007/s11661-022-06723-0
https://doi.org/10.1016/j.jmrt.2023.02.123

Materials 2025, 18, 2908 19 of 20

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.
32.

33.

34.

35.

36.

37.

38.

39.

40.

Kumar, A.; Guguloth, K; Pandey, S.M.; Sirohi, S.; Swierczyﬁska, A.; Fydrych, D.; Pandey, C. Microstructure degradation and
creep failure study of the dissimilar metal welded joint of heat-resistant steel and Inconel 617 alloy tested at 650 °C and applied
stress range of 100-150 Mpa. Int. ]. Press. Vessel. Pip. 2025, 214, 105370. [CrossRef]

Dak, G.; Guguloth, K.; Vidyarthy, R.S. Creep rupture study of dissimilar welded joints of P92 and 304L steels. Weld. World 2024,
68,2995-3018. [CrossRef]

Li, M,; Liu, Z.; Lu, Z.; Pan, W.; Xue, H.; Shang, Y. Analysis of the Creep Failure of P92 /HR3C Dissimilar Steel Welded Joint. Journal
of Physics: Conference Series. In Proceedings of the 10th International Conference on Advanced Manufacturing Technology and
Materials Engineering 2023, Zhuhai, China, 25-27 March 2023; Volume 2566. [CrossRef]

Xue, W.; Qian-gang, P.; Zhi-jun, L.; Hui-qiang, Z.; Yong-shun, T. Creep rupture behaviour of P92 steel weldment. Eng. Fail. Anal.
2011, 18, 186-191. [CrossRef]

Yangyang, F. Comparative study on microstructure and hardness of P92 steel before and after long service, Journal of Physics:
Conference Series. In Proceedings of the 4th International Conference on Advanced Materials and Intelligent Manufacturing
2023, Guangzhou, China, 1-3 December 2023; Volume 2720. [CrossRef]

Duan, P; An, D; Liu, Z,; Li, J.; Cheng, Y.; Li, B.; Wang, S. Effect of Long-Term Thermal Aging at 680 °C on Microstructure and
Mechanical Properties of P92 Steel. J. Mater. Eng. Perform. 2024, 33, 1448-1456. [CrossRef]

Zielinski, A.; Golanski, G.; Sroka, M. Assessment of microstructure stability and mechanical properties of X10CrWMoVNb9-2
(P92) steel after long-term thermal ageing for high-temperature applications. Kov. Mater. Met. Mater. 2016, 54, 61-70. [CrossRef]
Zhou, Y.; Zhao, Q.; Lu, J.; Liang, Z.; Yuan, Y.; Gu, Y,; Huang, J. Steam oxidation of scratched 3-FeAl coatings on P92 steel. Mater.
Corros. 2022, 74, 197-208. [CrossRef]

Kral, P; Dvorak, J.; Sklenicka, V.; Horita, Z.; Takizawa, Y.; Tang, Y.; Kuncickd, L.; Kvapilova, M.; Ohankova, M. Influence of High
Pressure Sliding and Rotary Swagingon Creep Behavior of P92 Steel at 500 °C. Metals 2021, 11, 2044. [CrossRef]

Parker, J.; Siefert, ]. Manufacture and Performance of Welds in Creep Strength Enhanced Ferritic Steels. Materials 2019, 12, 2257.
[CrossRef] [PubMed]

Sattar, M.; Othman, A.R.; Kamaruddin, S.; Akhtar, M.; Khan, A. Limitations on the computational analysis of creep failure models,
A review. Eng. Fail. Anal. 2022, 134, 105968. [CrossRef]

Milovi¢, L. Significance Of Cracks In The Heat-Affected-Zone Of Steels For Elevated Temperature Application. Struct. Integr. Life
2008, 8, 55-64.

Zhao, L, Jing, H.; Xu, L.; Han, Y.; Xiu, J. Experimental study on creep damage evolution process of Type IV cracking in
9Cr-0.5Mo-1.8W-VND steel welded joint. Eng. Fail. Anal. 2012, 19, 22-31. [CrossRef]

Milovié, L.; Vuherer, T.; Zrili¢, M.; Sedmak, A.; Puti¢, S. Study of the simulated heat affected zone of creep resistant
9-12% advanced chromium steel. Mater. Manuf. Process. 2008, 23, 597-602. [CrossRef]

Yaghi, A.-H.; Hyde, T.H.; Becker, A.A.; Sun, W. Finite element simulation of residual stresses induced by the dissimilar welding of
a P92 steel pipe with weld metal IN625. Int. |. Press. Vessel. Pip. 2013, 111-112, 173-186. [CrossRef]

SRPS EN 10204:2018; Metallic Products—Types of Inspection Documents. ISS: Copenhagen, Denmark, 2018.

SRPS EN 10216-2:2020; Seamless Steel Tubes for Pressure Purposes—Technical Delivery Conditions—Part 2: Non-Alloy and
Alloy Steel Tubes with Specified Elevated Temperature Properties. ISS: Copenhagen, Denmark, 2020.

Liu, H.; Zhong, M.; Panteleyenko, F.; Wang, C. Cooling Rate Dependency of Retained o-Ferrite in the Coarse-Grained Heat-
Affected Zone of P92 Heat-Resistant Steel. Metall. Mater. Trans. A 2024, 55, 3214-3219. [CrossRef]

SRPS EN ISO 15614-1:2017/A1:2020; Specification and Qualification of Welding Procedures for Metallic Materials—Welding
Procedure Test—Part 1: Arc and Gas Welding of Steels and Arc Welding of Nickel and Nickel Alloys—Amendment 1.
ISS: Copenhagen, Denmark, 2020.

SRPS EN ISO 4136:2022; Destructive Tests on Welds in Metallic Materials—Transverse Tensile Test. ISS: Copenhagen,
Denmark, 2022.

SRPS EN ISO 6892-1:2017; Metallic Materials—Tensile Testing—Part 1: Method of Test at Room Temperature. ISS: Copenhagen,
Denmark, 2017.

SRPS EN ISO 9016:2022; Destructive Tests on Welds in Metallic Materials—Impact Tests—Test Specimen Location, Notch
Orientation and Examination. ISS: Copenhagen, Denmark, 2022.

SRPS EN ISO 6507-1:2018; Metallic Materials—Vickers Hardness Test—Part 1: Test Method. ISS: Copenhagen, Denmark, 2018.
Saini, N.; Pandey, C.; Mahapatra, M.M.; Mulik, R.S. Characterization of P92 Steel Weldments in As-Welded and PWHT Conditions,
Room-temperature tensile tests and microhardness measurements led to improving the ductility of the weld joints. Suppl. Weld. ].
2018, 97, 207-213. [CrossRef]

Pisarski, H.G.; Tkach, Y.; Quintana, M. Evaluation of Weld Metal Strength Mismatch in X100 Pipeline Girth Welds. In Proceedings
of the 2004 International Pipeline Conference. 2004 International Pipeline Conference, Calgary, AB, Canada, 4-8 October 2004;
Volumes 1-3.


https://doi.org/10.1016/j.ijpvp.2024.105370
https://doi.org/10.1007/s40194-024-01757-x
https://doi.org/10.1088/1742-6596/2566/1/012114
https://doi.org/10.1016/j.engfailanal.2010.08.020
https://doi.org/10.1088/1742-6596/2720/1/012010
https://doi.org/10.1007/s11665-023-08027-9
https://doi.org/10.4149/km_2016_1_61
https://doi.org/10.1002/maco.202213300
https://doi.org/10.3390/met11122044
https://doi.org/10.3390/ma12142257
https://www.ncbi.nlm.nih.gov/pubmed/31337046
https://doi.org/10.1016/j.engfailanal.2021.105968
https://doi.org/10.1016/j.engfailanal.2011.09.003
https://doi.org/10.1080/10426910802160544
https://doi.org/10.1016/j.ijpvp.2013.07.002
https://doi.org/10.1007/s11661-024-07519-0
https://doi.org/10.29391/2018.97.018

Materials 2025, 18, 2908 20 of 20

41. Leiva, R.; Labbé, E; Donoso, J.R.; Muehlich, U. A two-parameter approach for the analysis of the effect of weld metal on the
constraint. Weld. Int. 2005, 19, 531-538. [CrossRef]

42.  Collin, P,; Moller, M.; Nilsson, M.; Térnblom, S. Undermatching Butt Welds in High Strength Steel. IABSE Rep. 2009, 96, 96-106.
[CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1533/wint.2005.3446
https://doi.org/10.2749/222137809796078829

	Introduction 
	Heat-Resistant Steel P92 
	Welding and Repair Welding 
	Experimental Testing 
	Tensile Testing 
	Charpy Impact Testing 
	Hardness Measuring 

	Microstructural Analysis 
	Discussion 
	Conclusions 
	References

