
1. Introduction

The construction of modern 1000MW supercritical 
coal-fired boilers is the main direction for power industry 
development in the current decade. The most modern 
materials, such as X10CrMoVNb9-1 or X10CrWMoVNb9-2 
steels, must be taken into consideration in the design process 
for this kind of devices. These materials must be able to 
meet very high requirements in terms of the efficiency 
and availability expected by the user [1-5]. This applies 
especially to steam pipelines, which operate at a temperature 
equal or higher than 600°C and under pressure exceeding 

28MPa. These objects are exposed mainly to the harmful 
effects of progressive changes in the material caused by, 
among others, creep processes and, in many cases, processes 
of thermo-mechanical fatigue of a low-cycle nature [2, 4, 6, 
7, 8].
Tube bends [9-11] are used in practically all power 
pipelines. Therefore, unconventional bending methods, 
including those using local heating of tubes during forming 
[12], are finding application in their production technology 
more and more often. A diagram of the tube bending with 
a local induction heating is shown in Fig. 1.
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Fig. 1. Diagram of a device for  tube bending with local induction 
heating:1 – fixing element, 2 – feed mechanism guides, 3 – tube 
subject to bending, 4 – guiding rollers, 5 –heating and forming zone, 
6 – coil, 7 – forming arm, P – pushing force, Mg – bending moment

The authors find it appropriate to undertake research 
oriented towards the determination of relations between the 
technological parameters of the tube bending process and the 
mechanical properties of the tube bend material, which should 
not diverge from the properties of the tube in its initial state (as 
delivered). Examination of the basic mechanical properties, as 
well as low-cycle fatigue and creep tests at a temperature of 
600°C have been carried out. 

The test material consisted of a high-temperature creep 
resisting steel X10CrMoVNb9-1 tube with dimensions 530x90 
mm, which was thermally treated through normalization and 
tempering (heat treatment of NT type) and a tube bend made of 
this steel, formed at 950oC, with bending radius 1325 mm, which 
was thermally treated through toughening (heat treatment of QT 
type). Industrial trials of forming tube bends were performed at 
zakłady Remontowe energetyki katowice s.a. 

2. Numerical modelling of the tube bending process 

Forming of a tube bend made of the X10CrMoVNb9-1 
steel, with the dimensions 530x90 mm and bending radius 
1325 mm, was modelled. Calculations by means of the finite-
element method (FEM) were conducted using the Simufact 
Forming software, version 11.0. This software was repeatedly 
used for numerical modelling of complex metal forming 
processes and the obtained results were successfully verified 
experimentally [13÷16].

Numerical simulations of the tube bending process were 
carried out in the range of heating temperature of 900 - 1050°C 
at a feed rate of the pusher: 2.5 – 5.0 mm/min. The model of 
the material was developed based on plastometric compression 
tests and the examples of the flow curves are shown in Fig. 2. It 
was assumed in the numerical simulation that a semi-finished 
product was heated right through along a 60 mm long segment, 
up to the forming temperature. The assumed initial temperature 
of the semi-finished product, the environment and tools, was 
20°C. The other parameters adopted for the calculations were 
as follows: the factor of friction between the semi-finished 
product and tools m = 0.3 (constant friction model), material/
tool heat exchange coefficient – 10 kW/m2K, heating ring/
semi-finished product heat exchange coefficient – 100 kW/
m2K, material/environment heat exchange coefficient – 0.35 
kW/m2K for cooling in standing air.

The optimal geometry of the bend in its cross- and 
longitudinal section, determined using FEM, is shown in Fig. 3. 
Measurements of geometrical parameters were taken in five 
cross-section (marked in Fig. 3), perpendicular to the bend’s 
axis. The shape of the tube bend is characterised by slight 
ovalization of the section (ca. 0.8%, Table 1). An increase in 
the wall thickness was observed within the internal area of the 
bend, where compressive stresses predominate, and thinning 
of the walls within the external area, where tensile stresses 
prevail.  When analysing the strain distribution, it is visible 
that the strain is not homogeneous. The highest plastic strain 
is present within the internal radius zone (circa 0.3), while the 
area of occurrence of similar strain values within the external 
radius zone is much smaller. 

Fig. 2. Flow curves determined for the X10CrMoVNb9-1 steel in 
plastometric compression tests 

Fig. 3. Change in the tube bend’s section geometry determined using 
FEM (heating temperature: 950°) 

The factor that initiates forming in induction bending 
processes is the temperature, which decreases the plastic 
flow resistance in the bending zone, owing to which the 
material is deformed over a relatively short segment. 
Therefore, during the FEM analysis the temperature 
distribution was also taken into account. The temperature 
distributions determined by FEM and the Cockroft-Latham 
fracture criterion are presented in Fig. 4. The temperature 
distribution within the forming area is not of a homogenous 
nature. Directly in the heating ring area, the temperature 
reaches the assumed values (ca. 950°). Farther on from the 
heating zone, the temperature drops quickly until reaching 
the ambient temperature. 
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Fig. 4. FEM-determined distributions of: (a) – the temperature at the 
final stage of induction tube bending, (b) - Cockroft-Latham failure 
criterion at the final stage of induction tube bending (optimal bending 
parameters)

The analysis of the Cockroft-Latham failure criterion 
(Fig. 4b) shows that its highest values occur in the external 
radius zone of the tube bend. This is the area with the highest 
tensile stress which may lead to material cracking. The 
obtained Cockroft-Latham integral values are relatively low 
(ca. 0.2). For typical constructional steels, threshold of the 
Cockroft-Latham criterion adopts values within the range 
0.7 ÷ 1. The obtained results of numerical simulation of bending 
tubes made of X10CrMoVNb9-1 steel show that the resultant 
deformation (cross-section ovalization) is much lower than 
the admissible values. An increase of the heating temperature 
(within the range of 900° – 1050°) affects the geometry of the 
formed bends to a small degree. The significant inhomogeneity 
of the obtained stress and strain distributions in the area of 
the bend formed affects the strength parameters of the tubes 
subject to bending. Therefore, the so-formed semi-finished 
products are subjected to heat treatment, the main purpose of 
which is to homogenize the mechanical properties within the 

bending zone and in the non-deformed segments of the tube.  
Optimal tube bending parameters, in terms of the 

geometrical features of the bend and force parameters of the 
bending process, as well as economic indicators, were defined, 
based on numerical simulations. The defined optimal tube 
bending parameters were applied in the process carried out in 
industrial conditions.

3. Industrial trial of induction tube bending

Forming of tube bends for power engineering applications 
was performed at zakłady Remontowe energetyki katowice 
S.A. The parameters of bending and QT treatment (toughening) 
were selected based on numerical calculations, zRe 
Katowice’s own experiments and the PN-EN10216-2 standard. 
An induction bending machine was used, which enables tube 
bending in the range of diameters D = 168.3÷1220 mm with 
wall thickness of g = 5÷100 mm in the area of bending angles 
α = 0÷180°. A characteristic feature of the bend formed was 
a great compliance of its geometry with the outline determined 
in FEM numerical analysis. When analysing the geometry of 
the formed bend, a considerable change in the wall thickness 
can be observed (similar to that determined numerically), 
while the change in the wall thickness of the formed bend falls 
within the range acceptable by appropriate standards. 

The minimum wall thickness in the tensioned zone 
amounted to g = 80.9 mm and was greater than the minimum 
thickness defined by the standard (g = 60 mm). At the same 
time, the measured minimum wall thickness of the bend in 
the compressed zone amounted to g = 107.5 mm and was 
greater than the minimum defined by the standard (g = 72mm). 
Also, a slight deformation (ovalization) of the formed bend’s 
cross-section occurred, whose maximum measured value was 
e = 0.8%, which was much lower than the admissible e = 8%.

TABLE 1
Geometrical parameters of the tubes subject to bending, obtained in FEM simulation (temperature 950°C)

Geometrical features of the tube
tube diameter D = 530 mm, wall thickness of the tube g = 90 mm,

Geometrical features of the bend
bending radius R = 1325  mm, shift of the neutral axis e = 32.9 mm

Bend section no. 1-1 2-2 3-3 4-4 5-5 Mean value

Wall thickness in the tensioned zone 
of the bend gz[mm] 81.9 81.3 80.9 82.1 86.0 82.4

Wall thickness in the compressed 
zone of the bend gw [mm] 107.7 108.6 108.9 108.8 107.5 108.3

Large axis of the ellipsis Db [mm] 536.1 528.3 529.8 531.2 532.4 531.6

Small axis of the ellipsis Da [mm] 531.5 532.2 532.9 533.2 533.6 532.7
Section ovalization e, %

%100⋅
−

=
D

DD
e ba 0.8 0.7 0.6 0.4 0.2 0.54
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4. test results and their analysis 

Evaluation of principal mechanical properties of a 530 x 
90 mm tube in its as-delivered condition after heat treatment of 
NT type (normalizing and tempering) and of the bend formed 
from this tube after heat treatment of QT type (quenching and 
tempering), was performed based on the results of a tension, 
hardness and impact tests. Testing material was sampled from 
3 zones of the tube bend and from tube. 

The test results concerning the principal mechanical 
properties of the investigated materials are collated in Table 
2. On the basis of their analysis it can be ascertained that 
the material of the bend formed from the X10CrMoVNb9-1 
steel meets the requirements set forth in the PN-EN 10216-2 
standard.

For selected zones of the bends and the as-delivered 
tube material, low-cycle fatigue tests were carried out. The 
tests simulated plastic deformation in the unsteady operation 
conditions of a power unit that is possible to occur in pipelines 
subject to the highest effort. The fatigue tests were conducted 
using a servo-hydraulic strength testing machine MTS on 
cylindrical specimens with a diameter of 12mm. The tests were 
conducted at an elevated temperature of 600°C with the machine 
being controlled by deformation at a constant frequency of the 
strain change of 0.1Hz. The tests were performed for the total 
strain range of Δεt = 0.6% and 1.0%. Based on the results, the 
number of cycles until specimen’s fracture (Nf.) was determined. 
The developed characteristics of cyclic deformation and fatigue 
durability are shown in Fig. 5÷8. The recorded fatigue durability 
values, Nf, for the tube bend material were higher than for the 
tube material in the as-delivered condition, which indicates 
greater ability of the bend to transfer loads of a low-cycle nature. 
At the same time, amplitudal saturation stress σan of the bend 
material was lower (Fig. 5, 7). This testifies to the decrease of 
strength properties of the material in the conditions of cyclic 
loadings of an elastic-plastic nature.

Fig. 5. Diagrams of cyclic deformation of the X10CrMoVNb9-1 steel 
tube material and of the tube bend 

Fig. 6. Diagrams of low-cycle durability (Nf) of the X10CrMoVNb9-1 
steel tube material and of the tube bend at a temperature of 600°C for 
the total strain range Δεt=0.6%

TABLE 2
Mechanical properties of the X10CrMoVNb9-1 steel tube and of the bend at room temperature

Sampling place Sample 
design.

Rm

MPa
Rp0,2

MPa
A5
%

z
%

KV
J

HV10
kG/mm2

tube: as-delivered 1 682.04 546.33 22.68 72.3 209 218.5

bend: straight segment behind the bend 2 638.43 492.95 25.38 73.85 194.3 214.3

bend: tensioned zone 3 649.83 500.6 24.97 75.03 192.2 209

bend: compressed zone 4 711.15 603.25 20.47 74.46 222.4 201.2

Properties in accordance with 
PN-EN 10216-2 630÷830 min 450 min. 19 - min. 27 200÷260
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Fig. 7. Diagrams of cyclic deformation of the X10CrMoVNb9-1 steel 
tube material and of the tube bend

Fig. 8. Diagrams of low-cycle durability (Nf) of the X10CrMoVNb9-1 
steel tube material and of the tube bend at a temperature of 600oC for 
the complete deformation range Det=1.0%

Creep tests were conducted to characterize the behaviour 
of the tube material in the steady operating conditions of 
a power installation. Creep tests of the materials presented 
in Table 2 were performed on an ATS-2330 machine in the 
Institute of Aviation, Warsaw. The tests were carried out 
at a temperature of 600oC under stress of 140 MPa. The 
developed characteristics of creep are shown in Fig. 9. The 
characteristics show considerably lower steady creep rates Vu 

for the bend material compared to the tube material in its 
as-delivered condition. The effect thereof is higher creep 
durability (time until failure) of the bend material compared 
to the tube material in its as-delivered condition.  

Fig. 9. Creep diagrams for the X10CrMoVNb9-1 steel tube material 
and bend at a temperature of 600oC and stress 140 MPa

To identify the potential cause of increase of the bend 
material durability compared to the tube as-delivered, 
examination of the materials’ substructure was carried 
out using the thin-film technique. Observation of the 
substructure was performed on a transmission electron 
microscope. Observation of the tube material in the as-
delivered condition and of the tube bend revealed dislocation 
structures and presence of carbides (mainly M23C6), as well 
as MX dispersion precipitates at grain boundaries and 
dislocations (Fig. 10 and 11). The tube material in its initial 
condition (Fig. 10) was characterized by a lower dislocation 
density and a higher ferrite subgrain size compared to 
the tube bend material after QT heat treatment (Fig. 11). 
It can be assumed that the observed differences in the 
microstructure of the tube in its initial condition (after type 
NT heat treatment) and of the bend (after QT heat treatment) 
resulted in the diversification of steady creep rates for the 
tested materials (Fig. 9). Both higher dislocation density 
and numerous subgrain boundaries contributed to strain 
consolidation of the bend material as a result of blocking of 
easy slip systems. [6] In consequence, the steady creep rate 
Vu of the bend has decreased (Fig. 9), which will result in its 
increased durability.
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5. Conclusions 

1. Based on the research it can be concluded that the 
tube bend made of the X10CrMoVNb9-1 steel in the 
analysed process meets the requirements set forth in 
the PN-EN10216-2 standard. At room temperature, the 
mechanical characteristics of the bend, i. e. KV, HV10, 
Rm and Rp0,2, are comparable to those of the tube material 
in the as-delivered condition (Table 2). 

2. Tests of low-cycle fatigue of the X10CrMoVNb9-1 
steel tube material in the as-delivered condition and of 
the material from the selected bend zones, performed at 
600°C within the deformation range Δεt=0.6%, showed 
higher, by circa 40%, low-cycle durability Nf of the bend 
material as well as lower saturation stress σan (Fig. 5,6). 
A similar mechanical behaviour was observed for the bend 
material within the deformation range Δεt=1.0%. Also in 
this case, the bend material was characterized by a slightly 
lower (circa 8%) saturation stress σan. This testifies to 

the decrease of strength properties of the material in the 
conditions of cyclic loading of an elastic-plastic nature. At 
the same time, the durability of the bend material, Nf, was 
about twice as high for each bend zone as it was for the 
tube material in the as-delivered condition (Fig. 8). 

3. Creep tests of the X10CrMoVNb9-1 steel showed 
a considerably higher steady creep rate (Vu) of the 
tube material in the as-delivered condition compared to 
the bend material (Fig. 9), as well as a longer stage II 
of the steady creep, which results in an increased creep 
durability of the bend. 

4. Based on the presented analyses and discussions of 
obtained results it should be noted that the parameters 
of bending and QT heat treatment, adopted in the 
technological process of fabricating the tube bend from 
steel X10CrMoVNb9-1, were properly selected. This 
contributed eventually to the obtaining of the required 
quality of the tube bend with regard to the geometrical 
features and mechanical properties.

Fig. 10. Tempered martensite substructure of the tube material in its 
initial condition after NT heat treatment. Dispersion precipitates of 
M23C6 carbides are visible. Dislocation density is relatively lower in 
the subgrains, while the subgrain size is relatively larger compared to 
the bend material after QT heat treatment shown in Fig. 11

Fig. 11. Tempered martensite substructure of the bend material 
after QT heat treatment. High dislocation density in the area of 
numerous subgrains – (a, b). Dispersion precipitates of M23C6 
carbides – (a, c) and MX phases on dislocations – (c) are visible
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