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Abstract   Local hardness increasing on the surface of the power plant rotor may result in severe 
damages. One major solution for rapid repairing of the rotors is the adaptive tempering heat treatment. 
For this purpose, after identification of the damaged rotor, initial investigations and tests (such as 
visual inspection, chemical analysis, nondestructive hardness measurements and replica or on-site 
metallographic tests) were performed on the rotor journal. The results showed that, the occurrence of 
local phase transformation (i.e. tempered bainite to austenite and finally martensite) is the main factor. 
Finally, based on the aforementioned results, tempering heat treatment method was selected as a 
modifying solution for the following purposes: 1. Decreasing hardness in embrittled places (i.e. 400-
690 HV) and, 2. invariable or admissible decrease of hardness in undamaged areas (250-300 HV). 
Experiments showed that by choosing the 680˚C/4hr as an optimum condition for tempering heat 
treatment, the two mentioned objectives can be met. 
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افزايش سختي موضعي در سطح روتورهاي نيروگاهي كه گاهي اوقات عملكرد روتور را دچار اختالل منشاء چکيده   
در اين مقاله اصالح محل هاي تحت سايش ژورنال روتورهاي نيروگاهي كه به علت ايجاد . فراوان استمي كند، 
روش ه اند، ب ياتاقان دچار افزايش سختي موضعي شده-ي مابين شفت روتورناگهاني در سيستم روغن رسان اختالل

د ش مشخص ،)غيرمخرب(سنجی به همين منظور، پس از انجام تست سختي . شدعمليات حرارتي تمپرينگ بررسي 
تي  استحاله فازي مارتنزي" عمدتا)٤٠٠-HV ۶۹٠(علت اصلي افزايش بيش از حد سختي با دامنه پراكندگي فراوان که 

بر سيكل عمليات حرارتي تمپرينگ  بر اين اساس با عوارض ناشي از تنش مكانيكي در حوالي محل هاي مزبور .است
كاهش سختي : مبناي طراحي سيكل هاي عمليات حرارتي تمپرينگ در جهت تامين دو هدف استوار گرديد.  شدطرف

 عدم كاهش سختي يا كاهش معقول ضمن )٤٠٠-HV ۶۹٠(محل هاي آسيب ديده ژورنال روتور در حد قابل قبول 
به عنوان  ٤ hrو زمان  C۶۸۰˚با انتخاب دماي  لذا سيكل عمليات حرارتي. )٢٥٠-HV ۳۰٠( سختي محل هاي سالم

محل هاي داراي (حذف نواحي ترد . شد  تأمين دو هدف مزبور به مورد اجرا گذاشتهبرایحداقل دما و زمان بهينه 
 .است از جمله نتايج اين پروژه ،پراكندگي سختي در سطح ژورنال روتور كاهش دامنه و )حداكثر سختي

 
 

1. INTRODUCTION 
 
Turbine rotors are among the most critical and 

highly stressed components in power generating 
plants [1]. 
     Low alloy steel (ASTM 471/NiCrMoV, ASTM 
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A470/CrMoV) are used to manufacture rotors for 
high, intermediate and low temperatures [2]. The 
operating condition under which the failures 
occurred is deduced form the morphology of 
damaged area and the changes in microstructure 
[3]. Depending upon applied temperature and 
pressure, some damages occur gradually during 
long-term service. These damages include 
embrittlement, creep, thermo-mechanical fatigue, 
corrosion, and so on, which are related to inherent 
material properties. Additionally, some factors 
such as thermal shocks due to premature shut 
downs or trips, locally rubbing and erosion due to 
inadequate installation and conditions can be 
categorized as susceptible factors to occurrence of 
some damages (asperities, cracking, etc) [4]. 
     In the current study, the major factor, which 
may cause catastrophic events (i.e. rubbing due to 
the loss of clearance between rotating and 
stationary turbine parts), was investigated. The 
mechanism of aforementioned phenomenon, which 
is one of the most commonly encountered with all 
kinds of rotor journal, is described in the following 
sections. 
     The journal bearings are those parts of turbine 
which support the rotor. Their function is to ensure 
proper alignment of the parts in the cylinder during 
operation. When the rotor is in rotation, the friction 
arises between the bearings. That portion of the 
shaft which is located in the bearings is called shaft 
journal. 
     The bearings should be constructed to minimize 
the power losses due to friction. For this reason, a 
babbit (tin-base alloy) lining covers the surface of 
bearing shell with a given thickness. When two 
surfaces are rubbing against each other, the forces 
of friction will reach its maximum and that’s when 
the friction is dry, i.e. when there is no lubricant 
between the rubbing surfaces. These forces will be 
at minimum when these surfaces are separated by a 
layer of lubricant. Therefore, the lubricant is 
always delivered to the bearing through channels 
originated from main/auxiliary oil supply pump. 
Obstruction/limiting the channels due to any 
reason stop the lubrication system [5]. This event 
leads to hardening of steel due to frictional 
heating and subsequent cooling. Therefore, the 
tempering heat treatment method has been 
selected as a modifying solution [6] for the 
following purposes: 

• To decrease the hardness in embrittled 
places up to reference values 

• Invariable or admissible decrease of 
hardness in undamaged areas 

 
 
 

2. SCIENTIFIC BACKGROUND 
 
When hardened steel is exposed to any 
thermal/mechanical process similar to 
aforementioned phenomena (in the introduction), it 
changes into tetragonal martensite with a certain 
amount of retained austenite [7]. The main 
difficulty with using steels in hardened condition 
(in which martensitic structure is present) is 
reduction in its toughness. Thus, in most 
applications of power plant rotors where relatively 
intermediate hardness (220-280 HV) is required, 
the rotor steel must be modified by heat treatment, 
in order to convert the martensite to a structure of 
fine carbide particles in ferrite. This structure has a 
lower hardness than that of martensite, but by 
proper choice of temperature and time, the 
developed structure will be sufficiently fine to give 
the desired hardness. In this condition, the 
martensite has been replaced by a tougher 
structural component. This heat treatment is called 
tempering, and the main purpose is to develop a 
usable combination of hardness and toughness. 
     Tempering of microstructures other than 
martensite and retained austenite also represents 
special applications of tempering. Reactions of 
 
 
 

 
Figure1. The effect of microstructure on hardness during 
tempering [8]. 
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structures containing substantial amounts of lower 
bainite are relatively similar to martensite in terms 
of the phenomena associated with carbide growth 
and coalescence. Upper bainite and fine pearlite 
formed by controlled or relatively slow cooling, 
simply respond by carbide growth and eventual 
ferrite re-crystallization (Figure 1) [7,8]. 
In addition, tempering is used to relieve the 
stresses induced by any thermal/mechanical 
processing (e.g. welding, forming, machining, 
rubbing) and ensure dimensional stability [9]. 
 
 
 

3. PRINCIPAL VARIABLES 
 
Variables associated with tempering that affect the 
microstructural and mechanical properties of 
tempered steel include: 
 
• Tempering temperature 
• Holding time 
• Cooling rate 
• Composition of the steel, including carbon 

content (mainly) and alloying elements 
 
3.1. Tempering Temperature   It is obvious 
that variation of mechanical properties (especially 
hardness) depends on microstructural changes due 
to essential thermal influences according to the 
following sequences: 
 

 At a temperature between 80 and 200˚C, a 
carbon- rich transition product known as carbide is 
precipitated from the tetragonal martensite, 
reducing the lattice to cubic ferrite. This reaction is 
called the first stage of tempering. During this 
period, due to the release of carbon, the martensite 
lattice contracts in volume. 

 At a temperature between 200 and 300˚C, 
the retained austenite is decomposed in to a 
bainite-like product, a state of aggregation similar 
to tempered martensitic, and the transformation is 
called the second stage of tempering. At this stage, 
there is an increase in the volume of steel. 

 At a temperature between 300 and 700˚C, 
the growth continues and spheroidization of 
carbides takes place. 

 At higher temperatures, the formation of 
more complex carbides take place in steel in which 

strong carbide forming elements are present. This 
process is designated as the fourth stage [10]. 
 
3.2. Holding Time   Tempering accomplishes its 
purpose through a combination of temperature and 
time changes. It is not sufficient to merely heat 
hardened steel to some definite temperature. It 
must be soaked for a definite length of time. Since 
the diffusion of carbon and alloying elements is, 
temperature and time dependent, therefore in the 
tempering cycle, the holding time is very important 
to make the desired changes in properties 
(hardness is commonly used to evaluate the 
response of a steel to tempering) [7]. 
     The changes in hardness are approximately 
linear over a long range of time when the time is 
presented at a logarithmic scale. Rapid changes in 
hardness occur at the start of tempering. Less 
rapid, but still large, changes in hardness occur in 
subsequent times and finally smaller changes occur 
in the end times [10]. 
 
 
 

4. EXPERIMENTAL METHODS 
(BEFORE TEMPERING) 

 
In order to evaluate the as-received rotor, the 
following tests were performed (Figure 2). 
 
• Chemical Analysis 
• Hardness Test 
• Replica Test 
 
 
 
 

Damaged   
Area 

 
Figure 2. A general view of damaged rotor in journal position.
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TABLE 1. Chemical Composition of Rotor Steel. 
 

Element % C Si Mn P,S Cr Mo Ni V 

Weight Percent 0.27 0.2 0.79 0.02 0.97 1.22 0.31 0.26 
 
 
 

TABLE 2. Standard Composition Range of HP Rotor Steel (A470 CL. 8) [2,11]. 
 

Element C Si Mn P,S Cr Ni Mo V 

Weight Percent 0.25 -0.35 0.15-0.35 0.7 -1 0.015 0.9-1.5 0.75 1-1.2 0.2-0.3
 
 
 

TABLE 3. Mechanical Specifications of Investigated Rotor Steel [2]. 
 

Yield Strength ( ≥  N/mm2) Tensile Strength (N/mm2) Hardness (HV30) 

540 690-850 215-215 
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Figure 3. Hardness test locations in the peripheral and longitudinal directions 
of shaft with dimensions D = 204 mm, L = 160 mm. 

4.1. Chemical Analysis   In order to perform 
nondestructive determination of the chemical 
composition of a rotor, a study of an optical 
emission analysis with ARC-MET 930S8P was 
carried out. The Results of the chemical analysis 
are shown in Table 1. These results are compared 
with those specified by ASTM A293 (carbon and 
alloy steel forgings for turbine rotors and shafts) 
and A470 (vacuum treated carbon and alloy steel 
forgings for turbine rotors and shafts) in Table 2. 
According to this analysis, the rotor was made of 
1 % Cr-1 % Mo-0.25 % V low alloy steel, which 

is adaptable to ASTM A470 class 8. The 
mechanical specifications of this steel are 
presented in Table 3. 
 
4.2. Hardness Test   In order to study the 
variations of hardness in failed section of the rotor 
(i.e. journal), hardness tests were carried out on 
various locations in the peripheral and longitudinal 
directions according to Figure 3. The 
nondestructive hardness test was performed with 
Eqoutip 2 set, which had been standardized by 
ASTM A965-96. The results (Table 4) showed a 
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TABLE 4. Variations of Hardness Values in the Failed 
Section of Rotor. 
 

C B A 
Hardness 

Degree

238 253 266 0/360 

298 269 265 45 

409 634 260 90 

508 659 286 135 

590 597 235 180 

508 698 269 225 

418 680 280 270 

251 279 256 315 
 
 
 

 
Figure 4. The micro structural variations on embrittled zone 
of journal surface (Etchant: 2 % Nital, 100 X). 

noticeable increment of hardness values (up to 698 
HV in severely rubbed zone) in comparison with 
reference specified limits (215-265HV) [2,11]. 
 
4.3. Replica Test (Field Metallography)   In 
order to investigate the microstructural variations 
on severely embrittled zone of journal surface and 
comparing it with the original structure, it was 
decided to take nondestructive micrographs 
(Replica) were taken based on standard designated 
E 1351. Field metallography was performed by 
STRUERS microscope in site and PMG3 light 
microscope in the laboratory. 
     In spite of adequate grinding/polishing and 
etching of selected surface, no obvious variations 
in the phase transformations were observed. 
However, there were serious traces of rubbing due 
to contact of journal zone with stationary parts 
(Figure 4). The microstructure of rotor was found 
to be fully bainitic as shown in Figure 5. 
 
 
 

5. RESULTS AND DISCUSSION 
 
5.1. Discussion on Initial Tests   According to 
the main results of initial tests, the cause of 
increase in hardness of the embrittled surfaces (i.e. 
400-690 HV) was essentially local phase 
transformation (i.e. tempered bainite to austenite 
and finally martensite). This point may be further 
evidenced with respect to Continuous-Cooling-
Transformation diagram (C. C. T diagram) which 
is illustrated in Figure 6. It has been observed that, 
the hardness values of more than 500 HV is related 
to the existence of martensitic structure As 
expected, the material including of martensitic 
structure is rarely used in an untempered condtion 
because a large number of internal stresses 
associated with the transformation cause the 
material to be lacking in ductility [14]. 
     Hence, the tempering heat treatment method 
was selected as a modifying solution for the 
following purposes: 
 
• To decrease hardness in embrittled areas 

(i.e. 400-690 HV) up to the reference values 
• Invariable or admissible decrease of 

hardness in undamaged parts (250-300HV) 

5.2. Discussions on Tempering Procedure 
 
5.2.1. Tempering temperature [10]   According 
to Jominy test results, high hardness values 
decrease more than low hardness. It can be seen 
that high hardness near the quenched area of the 
specimen has decreased much more by tempering 
than low hardness values at greater distances from 
the quenched end. With respect to the cross section 
of hardened components, this effect means that 
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tempering equalizes the hardness differences 
between surface and core. So, the calculations used 
in selection of tempering temperature and times are 
based on following: 
     Equation 1 calculated the necessary tempering 
temperature Tt [10]: 
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where Hh is the hardness after hardening (HRC), Ht 
is the required hardness after tempering (HRC) and 
S is the degree of hardening. By substitution of 
measured values in formula: 
 
Hh = 60 HRC/680 HV,     Ht = 27 HRC 
 
The degree of hardening S normally varies 
between 0.7 and 1.0. Here it is taken to 0.8. 
Therefore, tempering temperature is: 
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T = 950 K-273 = 677˚C 
 
It follows that there is a firm relation between the 
hardness after tempering and the hardness after 
hardening. Spies et al quantified the influence of 
hardness after hardening, chemical composition 
and tempering temperature on hardness after 
tempering, and developed Equation 2: 
 
HB = 2.84Hh + 75(% C) – 0.78(% Si) + 14.25 (% 
Mn) + 14.77(% Cr) + 128.22(% Mo) – 54(% V) – 
0.55(Tt) + 435.66(2) 
 
Where HB is the hardness after hardening and 
tempering (Brinell), Hh is the hardness after 
hardening (HRC) and Tt is the tempering 
temperature (˚C). 
     By substitution of compositional values 
included in Table 1, calculated tempering 
temperature (~680˚C) and maximum hardness 
value (~60 HRC) in Equation 2, the HB will be: 
 
HB = 270 HB 
 
Also, according to the German standard DIN 
17021 an average relation between the hardness 
after hardening Hh and the hardness after 
tempering Ht is according to Equation 3, [10]: 
 
Hh [HRC] = (Tt/167-1.2) × Ht-17(3) 
 
60 HRC = (680/167-1.2) × Ht – 17 ⇒  Ht = 26 
HRC 
 
The above three relations showed a good agreement. 

 
Figure 5. The safe or original structure of rotor steel
(enchant 2 % Nital) [7,11]. 
 
 
 

 
Figure 6. Continuous-cooling-transformation diagram (C.C.T)
for A470/CrMoV steel [11]. 
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5.2.2. Tempering time   For the tempering case, 
the variations of hardness and strength of rotor 
steel depends on the tempering temperature and 
holding time. The hardness decreases with 
increasing tempering temperature and holding 
time. However, the effect of tempering temperature 
is more significant than holding time [12]. 
     A typical tempering curve for Cr-Mo-V rotor steel 
is shown in Figure 7. By using of aforementioned 
curve, tempering parameter developed by Larson 
and Miller can be predicted as follows [11]: 
 
LMP = T(C + log t) × 10-3 (4) 
 
Where T is temperature in ˚R, t is time in hr and C 
is a constant (C = 20). 
     By intersection of the maximum required 
hardness values (280 HB) from vertical lines and 
considering the predetermined tempering 
temperature, which is about 680˚C, tempering 
parameter (LMP) is obtained as 35.5. So, by 
substitution of the known values, tempering time is 
calculated as follows: 
 
35500 = 1716(20 + Log t) ⇒  t ≅  4hr 
 
The results of calculational and experimental 
investigations showed that, the 680˚C/4hr 
combination is an optimum temperature and holding 
time in tempering heat treatment that can decrease 
the hardness of embrittled places while not changing 
the hardness of undamaged areas above acceptable 
limits. The tempering heat treatment procedure was 
carried out according to the curve in Figure 8. Heat 
treatment was performed by electric heating pads. 
Repaired areas of shafts were heat treated locally by 
heating a complete circumferential band located at 
the cater [13]. Resistant heat treatment machine with 
capacity of 96 kVA was used for this purpose. 
Practical application of tempering heat treatment has 
been shown in Figure 9. 
     The results of tempering heat treatment applied 
in failed section of rotor in comparison with before 
and after tempering, were satisfied (Figure 10). 
 
 
 

6. CONCLUSION 
 

 The results of initial tests showed that the 

occurrence of local phase transformation (i.e. 
tempered bainite to austenite and finally 
martensite) is the main factor in local hardness 
increase of power plant rotor journals. 

 The results of practical and experimental 

 

 
Symbol  Tempering 
                           temperature 
      oF       oC 
     1000    540 
    1055    570 
    1110    600 
    1140    615 
   1170    630 
    × 1200    650 
    1230    665 
    1280    680 
    1300    705 
    1340    725 

 
 

Tempering Parameter = T(C + log t) × 10-3 
 
Figure 7. Tempering curve of rotor steel [11]. 
 
 
 
 T(oC)

Heating rate = 68 oC/ hr 

Holding time = 4 hr 

Cooling rate = 30 oC/ hr 

Holding temperature = 680 oC 

Time (hr)
 
Figure 8. The tempering heat treatment procedure applied in 
failed section of rotor. 
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investigations showed that the 680˚C/4hr as an 
optimum temperature and holding time in 
tempering heat treatment could provide desired 
objectives. 
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Figure 9. Practical application of tempering heat treatment 
procedure by using resistance method in journal area. 
 
 
 

 
Figure 10. The results of tempering heat treatment applied in
failed section of rotor with comparison to before and after 
tempering. 


