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The rotors of steam turbines belong to the extremely loaded parts of turbo generators due to various mechanical
and thermal influences during their operation. The following paper presents the results of the analysis of failure
causes of the rotor shaft of a steam turbine with the power of 6,43 MW, which occurred after approximately one year
of operation. The analysis was performed on the basis of the analysis of the chemical composition and microstruc-
ture of the material, the mechanical properties of the material under static and fatigue loading, as well as opera-
tional loading of the critical location of the shaft, using numerical and analytical methods. The conclusions about
the possible causes of the shaft failure were drawn on the basis of the results obtained.
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INTRODUCTION

Electricity is often produced by steam turbo genera-
tors consisting of a steam turbine, reduction gear and a
generator [1, 2]. The source of energy is steam, expand-
ing in multiple stages in a steam turbine, where rotating
blades cause the rotation of the turbine rotor. The rotation
frequencies of steam turbines with turbo generators are,
in general, derived from the parameters of the generator
(the most frequently 25 or 50 Hz). In case of a small
steam turbine with a power output of approximately 30
MW, reduction gears are used to increase the rotation fre-
quency of the turbine rotor, up to about 10* rpm.

Due to the fact that the steam can reach the pressure
of several tenths of MPa, with the temperature near
400 °C on the input of the turbine, turbine rotors (shafts
with rotating blades) belong to extremely loaded parts
of turbines because of severe mechanical and thermal
influences. Even though the turbine rotors are made of
special alloy steels, produced with modern production
technologies under quality control systems, shafts and
blades are frequently the source of failure of this equip-
ment [3 - 6]. The cause of failures is analysed by ana-
Iytical, numerical, as well as experimental methods of
mechanics and material science [7, 8].

The paper presents a procedure for the analysis aim-
ing to identify the causes of the failure of the steam tur-
bine rotor shaft. The turbine is part of the steam turbo
generator used for the production of electrical energy.
The steam turbo generator with the reduction gear has
the power of 6,43 MW with 8 200 rpm.

The analysed turbo generator consists of a steam tur-
bine, reduction gear and a generator for the production
of electrical energy. The shaft of the turbine rotor (Fig-
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Figure 1 Shaft of turbine rotor

Figure 2 a) View of the fracture surface on the side of turbine,
b) view of the broken part of turbine shaft

ure 1) is positioned in two radial bearings. Axial move-
ment of the shaft is limited by axial bearing. The shaft is
forged as a whole with T-grooved discs, for the posi-
tioning of blades.

After a relatively short operation time (approximate-
ly one year), a failure of the turbine rotor shaft occurred,
when it broke in the cross-section | - | (Figure 1). Figure
2a shows a view of the fracture surface of the shaft from
the side of the turbine. Figure 2b gives a view of the
broken part of the turbine shaft.

THE ANALYSIS OF THE FRACTURED SURFACE
OF THE SHAFT FROM THE POINT OF VIEW OF
FAILURE MECHANISMS

Figure 3 gives details of the fracture surface of the
shaft from the side of the turbine and Figure 4 shows the
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a) b)
Figure 3 Details of the fracture surface of the shaft from the
side of turbine

Figure 4 Fracture surface on broken part of shaft

fracture surface on the broken part of the shaft. As Fig-
ures 3,4 show, the fracture surface exhibits the area of
fatigue damage (glossy part of the cross-section on the
periphery of the surface) in the shape of an eccentric
circular ring and the internal area of brittle fracture.

In the location, where the area of fatigue damage is
broader (left side of the fracture surface in Figure 4b),
an approximately 30 mm long macro fracture is visible
in the circumferential direction at the distance of ap-
proximately 15 mm under the surface of the shaft (Fig-
ure 4a). A more detailed insight into the macro fracture
(Figure 5) leads to the conclusion that it is a strip intro-
duced during forging of the shaft.

The initiation of fatigue damage in the circumferen-
tial direction of the shaft cross-section proves that its
spreading in the cross-section is caused by combined
loading of the bending moment and torque. The crack in
the cross-section was initiated by the above mentioned
stress concentrator strip that together with the sharp
groove on the surface of the shaft, localizes the area of
the first failure of the turbine rotor shaft. The location of
fatigue crack initiation is seen in Figure 5.

Figure 5 Detail of macro fracture
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Figure 6 a) material taken from the broken part of turbine
shaft, b) view of the separated end segment from the
side of cross-section with crack

SELECTED MECHANICAL PROPERTIES
OF TURBINE SHAFT MATERIAL

The following analyses and tests were performed in
order to identify selected material parameters of the tur-
bine shaft:

- Analysis of chemical composition, metallographic

analysis;

- Static tensile tests;

- Hardness and notch toughness tests;

- Fatigue tests under cyclic symmetric loading by

torque and plane bending.

The material for tests was taken from the broken
part of the shaft Figure 6a, while from the sample of the
material, the end segment, on which the fatigue part of
the fracture with a macro crack (strip) lay, was separat-
ed. The separated end segment (Figure 6b) provided
evidence that the strip as a result of inappropriate tech-
nology of forging created a groove that in some loca-
tions ran to the surface of the shaft.

The chemical composition of the shaft material de-
termined by spectrometer is given in Table 1.

Table 1 The chemical composition of the shaft material / wt %

Fe C Si Mn Cr Mo Ni
94,61 0,278 0,01 0,325 1,48 0,353 2,734
Cu P S Al Vv Ti Nb
0,059 0,002 0,002 0,006 0,117 0,002 0,013

The measured chemical composition corresponds in
the tables of materials to steel with the prescribed chem-
ical composition given in Table 2 by STN 41 6431 [9]
(equivalents according to foreign standards are 26NiCr-
Mo8-5, or SEW555-84).

Table 2 Prescribed chemical composition of steel STN 41
6431/ wt %

C Mn Si Cr Ni
0,25-0,32 04-0,6 max. 0,37 1,2-16 1,8-2,3
Mo Vv Cu P S
0,35-0,45 0,05-0,10 max. 0,2 max. 0,035 | max. 0,035

The microstructure of the shaft is given in Figure 7. It
consists of tempered martensite — sorbit, which provides
evidence of a suitable technology of thermal processing.

The basic mechanical properties of the shaft mate-
rial were determined by the static tensile test. The inter-
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vals of values from three measurements on the samples
oriented in the direction of the shaft are given in Table
3. The table also gives the prescribed values of mechan-
ical properties for material 16 431.

Table 3 The mechanical properties of shaft material

R,,/MPa | R /MPa Al % Z/%
Measure | ¢35 66y | 769-789 | 207-223 | 71,4-734
values
Material min 569 686-834 min 20 -
16 431

The hardness according to Brinell, reaches the mag-
nitudes of 247+257 HBS where the prescribed values
for material 16431 are 208+253 HBS. The notch tough-
ness of the material was determined by a pendulum
hammer. The measurements on the three samples with
V-grooves gave us values in the range KCV = 209+233
Jem 2 and the measurements on the three samples with
U-grooves was in the interval KCU = 243+251 Jcm2,
The minimal prescribed value for material 16431 is
KCU =78 Jem™.

The fatigue material properties of the turbine shaft
were evaluated for cyclic symmetric loading by torsion,
as well as for cyclic symmetric plane bending [8]. The
fatigue limit for torsion was t, = +181 MPa and the fa-
tigue limit and strength ratio was t /R = 0,233. Fatigue
limit and yield stress ratio was t /R = 0,283.

The fatigue limit for plane bending was ¢, = +330
MPa. Fatigue limit for plane bending and strength ratio
was 6 /R = 0,423. Fatigue limit for plane bending and
yield stress ratio was ¢_/R,= 0,516.

The measured fatigue characteristics ¢, 7, their ra-
tio to the tensile strength and to yield stress, correspond
to the state of the shaft material and they are in accord-
ance with the properties of similar steels, e.g., 16 310.6,
or 16 343.6.

CONCLUSION

On the basis of the performed analyses, it can be
stated that:
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b)
Figure 7 View of the microstructure. a) in direction of shaft axis, b) perpendicular to shaft axis

- The analysis of the fracture surface of the shaft showed
that the location with the deepest fatigue crack con-
tained a crack in the circumferential direction, the ini-
tiation of which could not be connected with loading,
but with inappropriate production technology of the
turbine rotor. With high probability, these problems
were connected with the presence of a strip that re-
sulted from forging. This crack led to a sharp notch on
the surface and under variable loading, it caused the
failure of the shaft.

The chemical composition of the shaft material corre-
sponded to the material STN 41 6431 (equivalent to
26NiCrMo8-5-SEW 555-84), where the microstruc-
ture of the material indicates the suitability of the tech-
nology used for thermal processing of the machine
part. It is necessary to mention that according to the
material description [9], this steel is suitable for rotors
of electrical generators and it does not have prescribed
mechanical properties for the temperatures under
which the analysed steam turbine works.

The mechanical properties were determined for tensile
loading. The measurements were performed for three
specimens, and magnitudes of vyield stress R0z
strength R as well as plastic properties A, and Z, were
measured. Average values from three specimens were
Ry,= 640 MPaand R =778 MPa. These values rep-
resented a basis for the assessment of the shaft strength
capacity under loading and failure conditions. The fa-
tigue properties were investigated for cyclic symmet-
ric loading by bending and torque. The number of cy-
cles, up to the failure, was measured from ten samples
for the first, as well as second, loading type. Conse-
quently, the Wohler curves were designated with the
fatigue limit for bending o = 330 MPa and the fatigue
limit for torsion t_ = 181 MPa.

From the comparison of the mechanical properties of
the shaft and maximum stress values computed in the
location of the notch, it follows that the weakening of
the cross-section by the strip did not lead to the shaft
failure. The failure was caused by additional bending
loading that could result from various sources. One of
the reasons could be connected with the non-parallel
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positions of the gear input shaft and the turbine rotor
shaft. However, the eccentricity could not be confirmed
through inspection, because the bearings were com-
pletely damaged. Another reason could be connected
with exceeded vibrations caused by the eccentricity or
unbalance of the rotor (e.g. caused by material stuck to
the turbine blades), released anchoring, due to damage
of the bearing or by axial movement of the rotor. Ex-
treme vibration could also be caused by inappropriate
fixation of the input pipes to the supporting structure.
Failure of blades or discs that carried the blades, could
also lead to excessive turbine vibration.
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