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Steels with martensitic microstructure (low 
carbon) and high creep resistance can be used 

at high temperatures for a long period of time. One 
of the potential applications of these materials is 
thermal and nuclear power plants. Over the years, 
the demand on the service temperature level in 
these plants have increased. As a result, studies on 
the development of new steel-based materials with 
enhanced creep and corrosion resistance have soared. 
The graph shown in Fig. 1 shows the need for service 
temperatures and pressures depending on years. 
Steels with 9-12% Cr content have been started to be 
used in these applications since 1950s. These steels 
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can be used at the pressures of about 350 bar and 
temperatures of 600°C. In our work, X20CrMoV11-1 
(short name X20) steel was used from these steels. [1, 
2]

The X20 steel, developed in 1950, containing 
12% Cr, was modified in 1970s by micro-alloying with 
tungsten. This phase enhances the corrosion and 
oxidation resistance. The main use of these steels in the 
world was limited primarily to turbine blades. However, 
in Europe these modified steels have been used in steam 
pipelines for energy production especially in Germany. 
The weldability of this X20 steel was low due to the high 
carbon content (especially due to the high content of 
carbon-about 0.2%). The high carbon content results 
in to hydrogen fracture. On the other hand, these 
deficiencies were minimized by the heat treatment of 
the weld zone. This post-weld heat treatment (PWHT) 
is made to dissipate the irregular hardness distribution 
in the weld zone [2-5].

In the world, the X20 steel was used in the 
construction of the indispensable elements in the energy 
sector. In the application stage, the acceptability of 

A B S T R A C T

In the study, mechanical properties of martensitic steel X20CrMoV11-1 was investigated 
after being welded using Tungsten Inert Gas (GTAW) welding method at different weld 

positions (PC and PJ-EN 6947). The X20CrMoV11-1 steels have been widely used in thermal 
power plant applications in combustion chambers and other high-temperature parts. These 
materials experience extremely high internal pressure at the service conditions. WCrMoV12 
Si was used as the filler metal in the welding. The GTAW welding process was conducted in 
a controlled manner and all the parameters used during the process was monitored. The post 
welding heat treatment was applied in order to eliminate the variations in the hardness of the 
welded materials. The samples were characterized using tensile, bending, hardness, and notch 
impact tests. Macro photographs were taken from the samples to observe the transition areas. 
The results indicated that the mechanical properties obtained from the samples welded in PC 
position were higher than those obtained from PJ position. 
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INTRODUCTION

Figure 1. Heat rate of steam power plants in Germany as a 
function of steam parameters[1]
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welding related to the rapid cooling (cooling time and rate) 
of the weld zone was found to be in different positions [6-
10]. In our study, we aimed to unravel the effect of different 
welding positions on the mechanical and microstructural 
properties of X20 steel. We tried to shed light on the welding 
science in the X20 steels depending on various welding 
configuration. 

MATERIALS AND METHOD
In this study, pipes made of X20 steel with the dimensions 
of Ø38x5 mm were used. According to production 
reports; the X20 material was exposed to hydrostatic 
testing at the pressure of 70 bar for 5 sec. Then, a 20 
minute normalization heat treatment conducted at 
1090°C and tempering heat treatment at 780°C were 
applied to the samples. The chemical composition of the 
steel samples determined using spectral analysis method 

Table 1. Comparison of chemical composition of 11-12% Cr steels according to to steel makers [2] and Chemical composition of tested X20 steel 
grade. (Based on the manufacturer’s data).

Type

Chemical Element (%)
Ceq*

C Si Mn Nb Co Cr Mo Ni Cu V W B N Ta Nd

X20 0,2 0,4 0,6 - - 11 1 0,5 - 0,25 - - - - - 1,37

HCM12A (T/P122) 0,11 0,1 0,6 0,05 - 12 0,4 - 1 0,2 2 0,003 0,03 - - 1,46

NF12 0,08 0,2 0,5 0,07 2,5 11 0,2 - - 0,2 2,6 0,004 0,05 - - 1,28

SAVE12 0,1 0,3 0,2 0,07 3 11 - - - 0,2 3 - 0,04 0,07 0,04 1,25

VM12-SHC 0,12 0,5 0,3 0,055 1,6 11,5 0,3 0,25 - 0,25 1,5 0,0045 0,05 - - 1,36

X20 (Tested) 0,17 0,26 0,47 - - 10,39 0,94 0,38 - 0,27 - - - - - 1,35

*Ceq calculated by K. Winterton Formula for pre-heat temp.[13]

Table 2. Filler Metal Chemical Analysis (EN 21952) (according to the manufacturer’s data).

Element C
%

Si
%

Mn
%

P
%

S
%

Cr
%

Ni
%

W
%

V
%

Mo
%

min. 0,170 0,200 0,400 - - 10,500 - 0,350 0,200 0,800

max. 0,240 0,600 1,000 0,025 0,020 12,000 0,800 0,800 0,400 1,200

W20 0,199 0,46 0,6 0,015 0,001 11,03 0,34 0,4 0,31 1,01

Figure. 2. Welding positions PJ-PC and welding groove details
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(product data). TIG welding method was used in different 
welding positions of PC and PJ and the corresponding 
configurations are shown in Fig. 2. In the same figure, 
weld groove and pass numbers (R-Root, F-Filler, and 
C-Cap) are also indicated. The welding processes were 
carried out by EN 9606-1 certified welders and by 
taking the considering carbon equivalent (Ceq) value 
into account, the specimens were preheated to 250 °C 
before the welding [11] (EN 12952-5).  As shown in Fig. 
2, the welding of the metals were conducted in 3 passes 
and the inter-pass temperature was measured to be 350-
400 °C. WCrMoWV12Si (named as W20 throughout the 
manuscript) was used as filler material. The chemical 
composition of the filler material is shown in Table 
2(acc. to product data). In the table, the composition of 
a standard filler material is also given to compare the 
composition of the applied filler with the standards. The 
welding parameters used in the work is listed in Table 3. 
The heat input was calculated based on Equation 1 using 
the values shown in Table 3 [12]. 

60 x E x A       
1000 x S

H =                                                            (1)

where; H=heat input(kJ/mm), E=arc volt(volts), 
A=current(amp), S=weld speed (mm/min) 

Heat input is a relative measure of the energy 
transferred per unit length of the weld. It has a significant 
effect on the characteristics of the weld metal since it 
affects preheat and inter-pass temperature. In addition, as 
a function of heat input, the cooling and heating rate of the 
metal chances, which in turn results in obtaining different 
mechanical properties and the metallurgical structures 
in the weld metal and the HAZ [12]. The welded samples 
were finally exposed to a post-weld heat treatment (PWHT) 
based on EN 12952-5 (Table 4). The cycle graphic after the 
PWHT operation is presented in Fig. 3a and schematic 
drawn it is given Fig. 3b. The cooling and the heating rates 
were calculated using the slopes of the graph. The calculated 
heating and cooling rate values were found to be compatible 
with the standards values as shown in Table 4 and, PWHT 
(Post Weld Heat Treatment) parameters for all position 
specimens.

After the welding process, all the samples were 
characterized using non-destructive tests (NDT) including 

Table 3. During of Welding use to Parameters  

Pass 
Code

Current 
(A)
Avg.

Voltage 
(V)
Avg.

Current 
Type 
(Filler Metal 
Polarity)

Weld 
Speed
mm/min.
Avg.

Heat 
Input
KJ/mm.
Avg.

Root (R) 75 10 DC (-) 52 0,87

Filler (F) 105 11 DC (-) 55 1,26

Cap (C) 115 12 DC (-) 57 1,45
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visual (VT), penetrant (PT), and radiography (RT) tests. 
All the mentioned tests were conducted according to the 
requirements of quality level B in EN 5817. The samples 
which passed the NDT tests were then subjected to further 
mechanical testing. The mechanical tests used in the work 
and their corresponding standards are given below. 

1. Tensile Test (made of acc. to EN 4136) 
2. Bending Test (made of acc. to EN 5173)
3. Impact Test (made of acc. to EN 9016)
4. Hardness Test (made of acc. to EN 9015-1)
5. Macrostructure Analysis (made of acc. to EN 17639)

Tensile Test 

The sample configuration used in the tensile testing is 
shown in detail in Fig. 4 and used Instron 5989 tensile 
module. The tests were carried out at room temperature. 

Bending Test

The bending test parameters and the applied test method 
are shown in Fig. 5. Specimens were prepared for two 
welding positions (PC and PJ), separately for both root 
and face as required by relevant standard (Fig. 5). The 
bending values and test parameters were calculated 
according to the equations given below. The 3-point 
bending test was conducted using an Instron 5989 Bend 
Module.  

( )2* 3minA D t= + +                                                          (2)

3                                      maxA D t= +                              (3)

100* tB t
E

= −                                                                      (4)

( )0.1*C t D= +                                                                  (5)

Where; A: Distance rollers, B: Bend roller diameter, C: 
Specimen width, t: Thickness, D: Pipe diameter

Impact Test

The sample configuration used for impact testing is 

A

B

Figure. 3. PWHT graphs for both positions; (a) device, (b) schematic.

Figure. 5. Bending test parameters according to relevant the standard

Figure. 4. Tensile test specimen acc. to relevant the standard
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shown in Fig. 6. The tests were carried out at room 
temperature. These specimens were examined with 
an Instron 450MPX. For each welding positions, 3 
specimens were prepared from the base material, HAZ, 
and weld metal. 

Hardness Test

The hardness tests were conducted at the root line and 
cap line (Fig. 7) using 10 kg of load used to Vickers (HV10). 
These specimens were examined with a Qness Q10M. 3 
independent measurements were recorded at the root 
and cap line. 

Macrostructure Analysis

Specimens were cut from the vertical section of welded 

Figure. 6. Dimensions of impact test specimens and notch locations acc. to the standard

Figure. 7. Measurement locations for hardness test

Figure 8. Tensile strength values
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plates in order to investigate the welding zone. The 
samples were made of metallographic process and etched 
with a Nital10 solution (%10 HNO3 + %90 Alcohol) [14, 
15]. 

RESULTS AND DISCUSSION
It is known that the weld quality requires control of 
weld pool width and cooling time. The cooling time 
t8/5 (from 800 °C to 500 °C) is related to the hardness 
of the weld metal [16]. The microstructure of the weld 
metal is highly dependent upon speed of the heating and 
cooling cycles and based on these parameters various 
microstructural features are formed in the weld metal. 
Therefore, one of the most important factors affecting 
the microstructure and thus strength of the weld metal 
is the cooling time which is the function of the heat input 
[16]. The weld regions of carbon steels mainly consists 
of a microstructure containing allotriomorphic ferrite 
grains (primary ferrite or grain boundary ferrite – αa), 
acicular ferrite (AF), and Widmanstatten ferrite (ferrite 
with aligned second phase – αW) phases [17-20].

Tensile Test

The tensile test results showed that all the specimens got 
broken in the HAZ area. Tensile strength (Rm) of the 
samples which were welded in PC position was higher 
than those obtained from welded samples in PJ position. 
The results revealed that the highest tensile strength (879 
N/mm2) was obtained from the sample welded in PC 
position. The tensile strength of the sample welded in PJ 

position, however, was found to be 859 N/mm2 (Fig. 8). 
The all of results in the test is listed in Table 5. Despite 
the difference between the tensile strength values, 
elongation of the samples were close to each other. In 
addition, as expected from EN10216-2: A1 standards, the 
elongation should began in range of 14-17% which is fully 
compatible with the test results.

It was reported that while the welding position of a 
metal did not have any significant effect on tensile and 
hardness values, the toughness of the weld metal showed 
a dependency on the welding position [21]. It was observed 
that the toughness value of the weld metal obtained from 
the vertical position was lower than that of obtained from 
the flat position at all temperatures. In the same paper it was 
also shown that the hardness values obtained regardless of 
the welding positions were close to each other,  indicating a 
good agreement with the tensile test results [21].  Those fin-
dings suggest that the total heat input values can be different 
in each material during the welding process. The difference 
in the total heat input value varying based on the welding 
position leads to different cooling rate and time, which in 
turn results in the formation of different grain structure and 
microstructure [16]. The difference in the cooling rates, as 
well as the dwell time at high temperatures causes signifi-
cant microstructural changes [22]. Briefly; the difference in 
the mechanical properties of the weld metal is attributed to 
the difference in the cooling time (t8/5) resulted from the 
amount of heat input.

Bending Test

The bending test parameters and results are shown in 
Table 6. Images taken random from the bended samples 
are given in Fig. 9 for both root and face bending. It is 
noteworthy that after both bending modes, no crack 
formation was observed in welding and HAZ regions. 
After the bending tests, no visual damage was observed 
after 180° folding. Furthermore, liquid penetration test 
detected no invisible surface cracks. The PC and PJ 

Table 5. Tensile Test Results

Specimen 
Code

Test 
Temp. 

(ºC) (+)

Max. 
Load 
(kN)

Rp 0,2 
(N/mm²)

Rm 
(N/mm²)

Elongation  
(%)

PC 1 20 103 657 882 16,3

PC 2 20 104 685 876 16,9

PJ 1 20 99 630 861 17,1

PJ 2 20 96 633 857 16,2

Figure. 9. Bending test sample type photos; (a) Face bend, (b) Root bend  
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positions no damage was reported neither in weld metal
 nor in HAZ. In a study conducted by Figueirôa et al. [6] 
showed that weld region with a lower shape factor and 
more penetration were observed. In addition, when the 
same test but in the overhead position was applied to the 
same material the authors obtained weld regions with 

a low shape factor [6]. Our results (shown in Fig. 7) 
indicated a low shape factor and thus no deformation, 
which is in a good agreement with the results shown by 
Figueirôa et al. [6].

Impact Test

Impact test results are shown in Fig. 10. For the specimens 
welded in PC position, the fracture energy values of 27, 31, 
and 23 J were obtained from the base, HAZ, and weld 
metal, respectively. For the samples welded in PJ position, 
the measured fracture energy values were 27, 29, and 23 J 
in base, HAZ, and weld metal, respectively. 

When the Charpy test results are taken into account, 
it can be stated that welding position had no effect on the 
fracture energy. The toughness of the HAZ area, however, 
was higher than the toughness values obtained from both 
weld and base metals. Gomes et al. [22] explained the 
increment in the toughness in the HAZ area by the repeated 
welding process in the HAZ region. The repeated welding 
process results in a recrystallization of the HAZ region in 
every welding pass, which in turn leads to higher toughness 
[22]. 

Figure. 10. Fracture energy difference of zones

Figure. 11. Hardness test results

Figure. 12. Macrostructure images

Table6. Bending Test Results

Test
Specimen Code Test Direction*

Rollers Distance
(A)

(mm)
Roller Diameter

(B)
(≈mm)

Specimen Width
(C)

(≈mm)

Last 
Bending 

Angle

Crack
Result*

min max

PC F 51 52 24 9 180º UN

PC R 51 52 24 9 180º UN

PJ F 51 52 24 9 180º UN

PJ R 51 52 24 9 180º UN
 * F = Face Bend, R = Root Bend, UN = Unobserved
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Hardness Test

The results are given in Fig. 11. It is expected that hardness 
of the weld metal should be higher than the base metal 
and HAZ, which was confirmed by this study. For every 
welding positions, the base metal hardness values were 
211±9 HV min. and 220±5 HV max. as shown in Figure 
11. Hardness values of HAZ were 211±9 HV min. and 
238±7 HV max. On the other hand, measurements on 
weld metal were found to be 244±5 HV min. and 264±6 
max.

The hardness test results indicated that for both 
welding modes, the hardness of the base metal was different 
than those obtained from weld metal. In addition, the 
welding process resulted in an increase in the hardness. 
This can be explained by cooling time and fine grain 
structure of the weld metal. Heat input that transferred into 
the material during the welding process caused hardening 
in HAZ and weld metal. Hardness values measured from 
the base metal and HAZ were close to each other. However, 
hardness of the weld metal measured in the cap line were 
higher for PC and lower for PJ. The values in the root of 
the weld metal were about the same level. For PC position, 
this can be explained by the effect of the total heat input on 
grains. When the cooling is faster because of the lower total 
heat input, the structure will be harder. Finally, looking at all 
the values, the maximum 350 HV (HV10) limit in EN12952-
6 standard was not exceeded [23-25]. The highest hardness 
values were measured in the HAZ and weld metal, and can 
be attributed to the process of quenching and tempering by 
the subsequent passes. This hardening only occurs in steels 
in which a small fraction of martensitic microstructure 
is formed and when they possess elements that promote 
secondary hardening [26-28]. 

Macrostructure Analysis

The images of the welding zone shown in Fig. 12 recorded 
by a Strues-Welding Expert. The images were taken using 
the standard of EN 17639.

Macro images (BM: Base Metal) of the side surfaces 
were examined for both welding modes at different 
positions.  Root (R), filler (F), and cap (C) formations were 
observed from the images. HAZ also occurred because of 
the heat input. HAZ showed equal distribution on both 
sides of welding depending on the heat input for both 
positions. No defect or discontinuities were detected from 
the weld metal to HAZ transition area. Similarity; a study, 
macro photographs taken and HAZ borders were examined. 
But because the preheat value varies in this study, the HAZ 
limits are different and the other areas (base metal and weld 
metal) are clearly monitored [22]. In our work, the HAZ 
limits are close to each other because the preheat value is 
constant.

CONCLUSION
In our work, the effect of welding position on the 
mechanical properties of weld metals (X20CrMoV11-1 
steels (X20)) were evaluated. The obtained results are 
given below:

1. Similar tensile test results were obtained regardless 
of the welding position, which is consistent with the 
literature. 

2. It was observed that the bending behavior of the 
weld metal was not affected by the welding position. 
No deformation was observed in the weld zone for 
both positions.

3. The impact test results indicated that the toughness 
values obtained from the HAZ region were higher 
than the toughness values measured from the 
welding zone and base metals. In addition, the 
toughness of the weld zone was low due to the high 
hardness of the region. The toughness of the base 
metal was similar with the data obtained during the 
fabrication process of the metal. 

4. The Vickers test results confirmed the impact test 
results and were in a good agreement with the 
literature. 

5. Macro photographs taken from the weld zone 
showed all the elements of the welding zone and 
there was no difference based on the welding 
position.
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