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Abstract 

Heat resistant martensitic steel X20CrMoV121 (DIN) is 
extensively used in the last few decades as a material for 
tubing systems and pipelines in thermal power plants. Long 
term behaviour of this material is well known and understood. 
X20CrMoV121 is found to be reliable for prolonged service 
at elevated temperatures. Main disadvantage is poor weld-
ability, apart from other properties of great importance for 
tubing systems. Failure of the tubing system during service 
requires quick replacement of damaged parts. In situ repair 
welding of martensitic steels is always problematic since it 
requires special welding techniques usually difficult to perform 
in short time during forced outages. Here we report on the 
repair welding procedure for the outlet superheater in two 
600 MW lignite power plant units. The super heater is made 
of X20CrMoV121 (DIN). Outlet temperature and pressure 
in the super heater system are 540°C and 18.6 MPa. The 
local thinning of tube walls is found to be the main damage 
mechanism of the super heater during prolonged service. 
Highly erosive lignite combustion particles are identified as 
the main reason for wall thinning. 

A serious problem is the long required period for repair 
welding of damaged martensitic X20CrMoV121 steel. The 
solution was cold welding involving repair welding by 
austenitic electrode with high nickel and chromium content. 
This technique has many advantages as short welding time, 
no need for special atmosphere and preheating treatment, 
relatively easy welding process, etc. Repaired joints are 
usually replaced during next overhaul, but for investigation 
purposes some are maintained in service over 10 years. 
Intensive characterization of base and filler material of 
repair welds after 10 years service is reported in this paper. 

Ključne reči 
• toplotno postojan martenzitni čelik 
• reparaturno zavarivanje 

Izvod 

Toplotno postojani martenzitni čelik X20CrMoV121 (DIN) 
se intenzivno koristi poslednjih nekoliko decenija za cevni 
sistem i cevovode u termoelektranama. Dugoročno ponaša-
nje ovog materijala u eksploataciji je vrlo dobro poznato i 
priznato. X20CrMoV121 se pokazao kao pouzdan u dugoroč-
nom periodu rada na povišenim temperaturama. Glavni 
nedostatak je slaba zavarljivost koja je uz ostala svojstva od 
velikog značaja za cevni sistem. Lomovi na cevnom sistemu u 
eksploataciji zahtevaju brzu zamenu oštećenih delova. Repa-
raturno zavarivanje na licu mesta martenzitnih čelika je uvek 
problematično jer zahteva posebne tehnike zavarivanja, 
koje je obično teško izvršiti za kratko vreme tokom prinudnog 
prekida. Opisan je postupak reparaturnog zavarivanja za poprav-
ku izlaznog pregrejača na dva bloka po 600 MW termoelektrane 
na lignit. Pregrejač je od X20 CrMoV121 (DIN). Temperatura 
i pritisak pare na izlazu iz pregrejača su 540°C i 18,6 MPa. 
Lokalno stanjenje zidova cevi je detektovano kao glavni meha-
nizam oštećenja pregrejača tokom njegovog produženog veka. 
Visoki sadržaj abrazivnih čestica produkata sagorevanja lig-
nita je identifikovan kao glavni razlog stanjenja zidova cevi. 

Dug period reparaturnog zavarivanja oštećenog X20Cr 
MoV121 čelika je ozbiljan problem. Rešenje je u tzv. ’hladnom 
zavarivanju’ sa reparaturnim zavarivanjem austenitnom elek-
trodom visokog sadržaja nikla i hroma. Ova tehnika ima pred-
nosti: kratko vreme zavarivanja, odsustvo posebne atmosfere 
i predgrevanja, relativno lak proces zavarivanja, itd. Repari-
rani spojevi su obično zamenjeni tokom narednog remonta, 
ali u cilju istrage neki su održavani u eksploataciji i više od 
10 godina. Rezime intenzivne karakterizacije osnovnog i 
dodatnog materijala repariranih zavarenih spojeva, posle 10 
godina rada, je opisan u ovom radu. 
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INTRODUCTION 

The main purpose of repair welding during power plant 
maintenance is to restore quickly the serviceability of the 
original part which failed incidentally during service, /1/. 
Since repair welding can be performed at minimal costs and 
short times during the outages /2/, it has been a widely used 
procedure to repair accidental damages of the tubing system 
which are considered to be the most frequent causes of 
boiler outage. 

Tubes of low-carbon and low-alloy steels can be welded 
during outages without adversely affecting the service life. 
On the other hand, the tubes made of martensitic steels such 
as X20CrMoV121 (according to DIN) with relatively high-
carbon content, and poor weldаbility have to be properly 
heat treated to provide adequate quality and service life of 
welded joints, /3/. In general, martensitic heat resistant 
steels harden during heat treatment. However, low-carbon 
martensitic steels can still be welded without special pre-
cautions. If the content of carbon exceeds 0.15% as in the 
case of X20CrMoV121 with carbon content of approxi-
mately 0.2%, the heat treatment before and after welding is 
required to avoid hardening of the material as well as very 
slow cooling after the post-welding heat treatment. 

However, the application of pre- and post-welding heat 
treatment with slow cooling is not always an acceptable 
solution, especially during very short outages. In that case, 
the austenitic stainless steel filler metal could be used to 
repair the tubes made of martensitic steels. If operational 
temperatures do not exceed 300°C, nickel-based alloys that 
contain 70% Ni and 20% Cr (70/20 alloy) are usually used 
as a filler material, /1/, but they are used also beyond that 
temperature. So called ‘cold repair welding’ of martensitic 
steels using austenitic filler material has many advantages 
over the regular procedure. The most important are: short 
welding time, no need for special atmosphere and preheat-
ing treatment, relatively easy welding process, etc. How-
ever, cold repair welding is mostly considered to be only a 
temporarily solution for damage repair and most of those 
welds are replaced during the next overhaul. However, in 
order to study the long-term behaviour of cold repair welds, 
we have kept some of those welds in service for more than 
10 years. 

The microstructure and mechanical properties of some 
welds are characterized after the long term exposure to 
service conditions and the results are reported in this paper. 

EXPERIMENTAL DETAILS 

The outlet superheater (SH) tube system of a 600 MW 
fossil fuel power plant boiler is made of X20CrMoV121 
steel (DIN-17175/79). The SH consists of 38 mm tubes 
with the different wall thicknesses in different sections, 
Table 1. The inlet part of SH is made of tubes with wall 
thickness of 4 or 4.5 mm because inlet operating tempera-
tures and pressures (tsteam = 485°C, p = 190.8 bar, tgas = 
900°C) are relatively low in that section. However, the 
outlet tubes have wall thickness of 5 and 5.6 mm, since the 
operating conditions are more severe in that area (tgas = 
815°C, tsteam = 540°C, p = 186 bar). A number of damages 
are detected on SH tubes during ≈ 150 000 hours of service. 

After solving some minor problems during the initial phase 
of the operation, related to the defects in original welded 
joints, the poor quality of some parts of the SH and build-
ups of material, the local thinning of the wall was found to 
be the main damage mechanism of the SH during prolonged 
service. Erosion caused by lignite combustion products 
with high content of erosive particles (low calorie lignite of 
6.699 MJ/kg with average ash content 10-23%) has been 
identified as the main cause of wall thinning. The number 
of outages due to damaged SH tubes was not large. How-
ever, the number of damaged SH tubes was found to be 
very large during each outage. 

Table 1. Basic dimensions of the superheater. 
Tabela 1. Osnovni podaci o pregrejaču 

Superheater 4 
Material
(DIN) 

Dimensions 
(mm) 

Length 
(m) 

No.of  
tubes  rows 

section 1  
(inlet)  38  4 21.7 

section 2  38  4.5 8.3 
section 3  38  5 6.2 
section 4  
(outlet) X

20
C

rM
oV

12
1 

 38  5.6 11.5 

27  24 

The regular reparation procedure for X20CrMoV121 that 
includes all preparations, such as pre- and post-welding 
heat treatment, required a lot of time and effort, and thus it 
was not an acceptable solution in many cases. The solution 
was found in cold welding that involves repair welding by 
austenitic electrode with high content of nickel and chro-
mium. An austenitic filer material such as FOX NIBAS 
70/20 has been used for cold repair welding, mainly due to 
its preferable mechanical properties. 

One of the SH’s repair welds was sampled to study the 
mechanical and structural properties of the base material 
and austenitic filler material after ≈ 60 000 h of operation, 
/4/. In addition, two original welded joints (nearby tube 
segment that failed due to erosion) are characterized after 
almost 150 000 h of service. 

Several techniques have been employed to characterize 
microstructural and mechanical properties of welded joints 
after prolonged service. Outer diameters as well as the wall 
thickness are measured at several locations along the tube. 
Chemical analyses of tube materials are carried out using 
the Quantometer. Qualitative and quantitative analyses of 
scale, are made by AAS 5000/ICP (Atomic Absorption 
Spectroscopy). Hardness measurements are performed 
using a Vickers hardness tester with the load of 300 N. The 
microstructures of selected, but typical areas are analysed 
by optical microscopy. 

RESULTS AND DISCUSSION 

Visual investigation 

Sample 1 – repair welded joint with 70/20 filler material; 
Heterogeneous welded joint. Sample 1 is the part of the SH 
segment with nominal tube dimensions of  38  4 and 
 38  4.5 mm. The outer surface of the sample was 
exposed to combustion products and thus covered with a 
relatively homogeneous thick scale of rough surface, 
Fig. 1b. The scale is strongly adhered to the metal surface  
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Sample 1 
70/20 filler 
material 

Inner surface 

Sample 2 Sample 3 

a) 

b) c) d) 

e) f)  
Figure 1a-f: Photographs of the examined samples. 

Slika 1a-f: Makro snimci ispitivanih uzoraka 

and its thickness varies along the tube. The maximum 
thickness of the outer scale is measured 12 mm, Fig. 1c. 
Visual inspection of the welded joints indicates an area with 
excessive weld reinforcement (overlap 1.5–3.5 mm) or 
incomplete penetration (1.5 mm), Fig. 1a, d. The magnetite 
layer can be observed on the inner surface of the tube. 

Sample 2 – homogeneous welded joint. Sample 2 is cut 
from the area exposed to intensive erosion. The state of the 
outer surface suggests that the particular tube was shielded 
by some other parts in the system and thus not exposed to 
intensive erosion or scale formation, Fig. 1e. The magnetite 
layer is also detectable on the inner surface. 

Sample 3 – homogeneous welded joint. Sample 3 also 
belongs to the area of intensive erosion. The sample is cut 
from the failed tube and damages caused by the steam jet 
are visible on its surface, Fig. 1f. The tube failed due to 
wall thinning caused by erosion. The lack of scale and 
intensive surface marks indicate the tube was previously 
exposed to intensive erosion. The magnetite layer is de-
tected on the inner surface, as on Samples 1 and 2. 

Dimensional measurements 

Maximum and minimum tube outer diameters and the 
wall and deposit thicknesses are summarized in Table 2. 
Wall thinning is present in all three samples, especially in 
Sample 3 that was exposed to the steam jet during the 
failure of the nearby tube. Excessive face reinforcements of 
the welds (overlap) in Samples 1 and 2 result in larger 
diameters measured for those two samples. Oxide deposits 
on the inner surface have uniform thickness, except in the 
area of the defective weld root where the oxides formed 
thicker deposits. 

Chemical analysis of material 

Chemical composition of examined materials as well as 
the standard data for X20CrMoV121 (DIN–17175/79) steel 
are listed in Table 3 and 4, respectively. The chemical 
composition of the material is within the standard margin, 
except for Sample 1 that contains less Cr. 

Table 2. Dimensional measurements in the vicinity of welded joints. 
Tabela 2. Dimenziona kontrola cevi u blizini zavarenih spojeva 

S
am

pl
e Tube 

diameter 
(mm) 

Tube 
thickness 

(mm) 

Outer 
surface 
deposit 
(mm) 

Inner 
oxide 
scale 
(mm) 

Weld 
overlap 
height 
(mm) 

1 38.2-38.35 
3.95-4.15/ 

4.2-4.7 
up to 12 0.14-0.18 1.5-3.5 

2 37.9-38.2 
3.9-4.5/ 
4.3-4.6 

0.05-0.06 0.11-0.16 0.35 

3 33.7*-38.3 
3.2-3.9/ 
4.1-4.5 0.05 0.10-0.12 0.5 

* in damaged area 

Table 3. Chemical analysis. 
Tabela 3. Hemijska analiza 

Chemical composition, wt. % 
Sample

C Si S P Mn Ni Cr Mo V 
1 0.19 0.42 0.01 0.02 0.47 0.73 9.25 1.17 0.26 
2 0.21 0.33 0.01 0.02 0.42 0.68 10.1 0.95 0.33 
3 0.18 0.39 0.01 0.02 0.46 0.73 10.2 0.90 0.28 

X
20

C
rM

oV
12

1 
(D

IN
 1

71
75

) 

0.17-
0.23 

≤ 
0.50

max
0.03

max
0.03

≤ 
1.00 

0.30-
0.80 

10.0-
12.5 

0.80-
1.20 

0.25-
0.35 

F
O

X
 N

IB
A

S
 7

0/
20

 
(B

Ö
H

L
E

R
) 

0.025 0.4 - - 5.0 ≥ 67.0 19.0 ≤ 1.2 - 

Chemical analyses of the tube inner-side deposit 

Results of qualitative and quantitative analyses of tube 
inner-side deposits indicate the presence of iron (Fe) and 
oxygen (O) mainly in the form of Fe3O4. However some 
complex oxide in the form (Cr, Fe)3O4 are also detected. 
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Table 4. Chemical composition - standard 
Tabela 4. Hemijski sastav - standard 

Chemical composition, wt. % 
Sample 

W Al Ti Cu 
1 0.03 0.01 0.02 0.16 
2 0.03 0.02 0.03 0.14 
3 0.02 0.02 0.02 0.15 

X20CrMoV121 (DIN 17175) - - - - 
FOX NIBAS 70/20 (BÖHLER) Nb 2.2; Fe 3.0; Co ≤ 0.08; Ti +

Mechanical properties 

The average hardness of the base metal and welded 
joints for all examined sample are plotted in Fig. 2. In 
homogeneous joints, the hardness of the weld and the HAZ 
are almost equal, /1/. The variation of hardness along the 
cross-section of welded joints corresponds to the different 
areas within the welded joint. In the austenitic area the 
measured hardness is significantly lower due to presence of 
austenite filler material. However, lower hardness in that 
area can be also attributed to the prolonged exposition of 
the material to elevated temperatures. 
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Figure 2. Results of the hardness measurements. 

Slika 2. Rezultati izmerene tvrdoće 

Results of tensile tests are summarized in Table 5. In the 
case of martensitic (homogeneous) joints, tensile specimens 
failed in the area of the base metal. In the case of Sample 1 
with austenitic filler, tensile tests were cut from both areas - 
base metal and austenitic filler material. The tensile 
strength of the austenitic filler material was found to be 
lower than that specified by manufacture (FOX NIBAS 
70/20 Böhler welding). The possible reason for the lower 
strength of the whole welding joint could be inadequate 
welding that resulted in the defective geometry of the weld 
joint such as incomplete penetration. The other possible 
reason for lower strength of the welded joint could be a 
long term exposure to elevated temperatures. 

Table 4. Measured tensile properties. 
Tabela 4. Izmerena mehanička svojstva 

Sample Re (MPa) Rm (MPa) A5 (%)
1  590 750 21.3 
2 557 790 21.8 
3 626 806 21.0 

X20CrMoV121 (DIN 17175) 490 690-840 min 17
1 - WELD METAL 483 594 - 

Fox NIBAS 70/20 (Böhler welding) 420 680 40 

Microstructure 

Sample 1. Optical micrographs of the different areas of 
the welded joint with austenitic filler material are shown in 
Fig. 3. The part of the SH system that had been in service 
for 150 000 hours is labelled as BM1, while the tube that 
had been in service for only 60 000 hours (a part that has 
replaced a failed tube) is labelled as BM2. It is obvious 
from Figure 3 that the root of the weld is not filled com-
pletely with austenitic filler material. 

The contact zone between filler and base metal contains 
a large quantity of carbide phase (the zone width is 0.1–
0.3 mm), Fig. 3a. However, carbon depletion is present in 
the close vicinity do the carbide reach zone. This is more 
dominant in BM1 because of: (a) the inhomogeneous initial 
structure of BM1 with areas rich in chromium carbides; and 
(b) more intensive degradation processes after longer expo-
sure. 

The basic structure of BM1 and BM2 is combined from 
fine-grained and coarse-grained tempered martensite. The 
structure is not homogeneous across the wall thickness. The 
microstructural evidence of long term exposure to elevated 
temperatures, such as the decomposed martensitic phase 
and the presence of acicular ferrite and bainite can be 
observed in BM1. In addition, inhomogeneous distribution 
of the carbide phase is also visible in BM1, along with a 
huge number of defragmented oxide and MnS inclusions 6–
76 m in length. A great number of inclusions is also 
visible in the BM2. The manufacturing defects such as sub-
surface microcracks are visible in Fig. 3e. 

In the vicinity of the welded joint, a large quantity of the 
cavities is present in BM1 indicating creep damage of class 
3a or 4 (according to VGB-TW 507 classification), Fig. 3b 
and 3c. Cavities are visible in the vicinity of both inner and 
outer surfaces, Fig. 3c and 3e. However, the coalescence of 
cavities is more pronounced in the vicinity of subsurface 
microcracks, as shown in Fig. 3e, as well as in the vicinity 
of corrosion damages, Fig. 3c, and on inclusion surfaces 
(not shown here). Damages caused by intensive corrosion 
can be seen in the wide area on the inner surface of the 
tube. Some are filled with deposits and their depth ranges 
from 0.15 to 0.20 mm, while the width of the corrosion 
damages usually does not exceed 0.25 mm. 

Macrocracks that were formed during exploitation can 
be seen in the austenitic filler material, Fig. 3a. 

Samples 2 and 3. The basic structure of examined welds 
2 and 3 with martensitic filling material is the tempered 
martensite. The morphology of tempered martensite depends 
on the maximum temperature to which it was exposed to 
during welding, Figs. 4 and 5. 

1 2 3 4 5 6 7 8 9 1
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70/20 
WMBM1 BM2 

100x 
a) 

BM1 inner 
surface 

BM2 
BM1 

 
Figure 3a-f. Optical micrographs of Sample 1 with 70/20 filler material. 

Slika 3a-f. Mikrostruktura uzorka 1 sa 70/20 dodatnog materijala 

The compact layered deposits of oxides that are formed 
during long term service at elevated temperatures can be 
seen on the inner surface of the tube, Figs. 4f and 5e. In 
addition, the microstructure in the vicinity of the inner 
surface is an area rich in Cr-carbide phase, /5/. This area 
rich in carbide is formed due to diffusion processes that 
took place during prolonged service at elevated tempera-

tures. The diffusion of Cr resulted not only in the formation 
of carbides but also in the formation of the Cr-rich oxide 
layer on the inner surface of the tubes. In both samples, the 
time-dependant microstructural damages such as individual 
cavities are present, Figs. 4e, 5a, 5b, 5f and 5g. The low 
level of martensitic decomposition can be observed in the 
base material and welded joint, Figs. 4 and 5. 

BM1 outer 
surface with 
undersurface 
cracks 

BM2  

500x 

500x 500x 200x 

100x 

b) c) d) 

e) f) 
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BM1 

 
Figure 4a-f. Optical micrographs of Sample 2. 

Slika 4a-f. Mikrostruktura uzorka 2 

Since welded joints of creep-resistant steels and austen-
itic filler material differ in composition, diffusion processes 
occur in the weld and the surrounding HAZ at high service 
temperatures. The austenitic filler material contains 20% of 
Cr, much more than the martensitic base material. Thus, 
austenitic filler material can be used for operating tempera-
tures under 300°C without need for post-weld tempering, 
/6/. Above this temperature, diffusion of Cr leads to the 
formation of a significantly thick diffusion layer. Since, the 
intensive (wide) diffusion zone is not usually expected to 

form during the welding of austenite-martensite heteroge-
neous welded joints, /7/, the areas rich in Cr carbide phase 
as well as areas of carbon depletion in the examined 
samples must form during the long term service at elevated 
temperatures due to the intensive diffusion processes. Also, 
inadequate joint geometry contributes to the increased local 
stress and intensive creep in the welded joint area. The 
creep cavitation in the joint area is in addition promoted by 
the presence of microstructural defects such as oxides and 
MnS inclusions. 

BM1 – HAZ 1 

WM – inner 
side 

HAZ1 

HAZ1 – 
 inner side 

BM2 

500x a) 500x b) 

BM1 

WM 

BM2 c) 200x d) 500x 

e) 
200x f) 500x 
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Figure 5a-g. Optical micrographs of Sample 3. 

Slika 5a-g. Mikrostruktura uzorka 3 

CONCLUSION 

The welding of martensitic steels such as X20CrMo 
V121 with poor weldаbility, could be difficult because it 
requires heat treatment before and after the welding process 
in order to obtain welded joints of good quality. In the case 
of frequent forced outages it is not economically feasible to 
perform full heat treatment of repaired welded joints. In 
that case, application of austenitic filler material for repair 
welding has many benefits such as short welding time, no 
need for specific atmosphere, no preheating treatment, rela-
tively easy welding process, tough and ductile welded 

joints, etc. The main disadvantage of this welding technique 
is the inhomogeneous welded joint and lower durability 
compared to the homogenous martensitic welded joints, 
especially when exposed to prolonged service at elevated 
temperatures. Thus, the repair welding of martensitic steels 
with austenitic filler materials can be used as a temporary 
solution to avoid long term repair processes, and these 
welded joints can be replaced during the next scheduled 
maintenance. However, austenitic welds can be reliable for 
at least 20 000 hours of service as it is shown in this paper. 
The quality of repair welding, however, has a significant 
effect on their performance during exploitation. 

BM
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