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ABSTRACT

Rotor, a key component of steam turbine, has aetandof thermal embrittlement after long-runningeTseverity
of thermal embrittlement must be monitored timelgdrrect some process parameters such as warnmeand
so on to avoid further damagement. Compared withventional destructive methods (e.g. small pungi),te
nondestructive approaches (e.g. chemical corrosiod electrochemical method)has drawn significatergton in
predicting the material degradation in turbine rotsteels without impairing the integrity of the quonents. In this
paper, the principle and characteristics of the destructive methods for predicting the temper ettdbment of
turbine rotor steel were reviewed.
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INTRODUCTION

Thermal power stations provide most of the eleatrdnergy used in China due to their low runningtgoreliability,

abundance of the fuel and safety. Compared to apal rexpansion of newly installed high productivihermal

power stations, there are still a considerableelargmber of aged thermal power plants operatingiamy areas.
Any failures in the main components (e.g. stearbimgr rotor) of these plants can cause significarsts; long

downtime, and even the loss of life. Demonstratpgr@aches to evaluate the aging process and préuict
remaining service life are highly desirable foresaperation and life extension [1].

Temper embrittlement in low alloy steels (e.g. Go-M) of steamed turbine rotors used in thermal poplants, is
one of the typical material degradations (e.g. grdatigue, embrittlement and corrosion) [2, 3].eTfracture
appearance transition temperature, referred as fAdtTwhich the fracture surface of the material i%:5frittle or
cleavage and 50% ductile, is commonly used to dmsthe temper embrittlement process in steamdxdntirotors
[1]. Having been operated at a high temperatur&@&) for a long period of time, the turbine rotor edtevill
generally lose its flexibility and ductility as tlsegregation of metalloid impurities such as phosgh (P), tin (Sn)
and antimony (Sb), at the grain boundaries whictuces the cohesion at grain boundaries [4-6]. Amibre
impurity elements, phosphorus is considered asie impurity causing temper embrittlement [5, 7, 8

Once the temper embrittlement occurs, the resistafiche material in rotors to the embrittlemenstdzy will
decrease and the corresponding F4Malue increases, indicating the turbine warmingetishould be prolonged to
increase the rotor temperature above its FgyWhen the turbine is cold started [5]. If the irase of FATE, value
is not detected promptly, the rotor steel can tsdlyedamaged or even broke, which cause severg¢ysafeidents
[4]. Therefore, it is essential to make the acaurptedictions and assessments on the temper dehatit
parameters of the turbine rotor material.

To date, different destructive and nondestructieghmods have been developed to detect the EAldlue of turbine
rotors, such as small punch test [1, 9-12], elecégnetic method [13], ultrasonic [14-16], Auger cilen
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spectroscopy [17, 18], electrochemical method §,2D0] and chemical corrosion [19].

The small punch test (a miniaturized mechanicalrtgdechnique) requires a modest amount of matéoan the
rotor surface for residual life and FAJglvalue assessment. It can provide accurate redulteechanical properties
(e.g. (yield stress, tensile strength, FAJ Tracture toughness and creep properties) fronathgal components [11,
12]. Another method is to study the phosphorusngbaundary segregation on the miniature specimargusuger
electron spectroscopy, and then the phosphoruseotmation at the boundary can be converted intoTsAValue
[17, 18]. Both of these two approaches are consilexs destructive testing method and their appicais
highly-limited due to the damage on the turbin@rot

Electromagnetic and ultrasonic methods are nomdste, but suffer low-sensitivity and low-accuya®©nly
chemical corrosion and electrochemical methodsvidtely used as nondestructive predicting methodHertemper
embrittlement properties of turbine rotor [19, Zhe chemical corrosion method uses etch liquigl. @cid) to treat
the rotor steel sample surface and segregationhofghorus on steel grain boundary which leads tapés
embrittlement will dissolve firstly [4]. After eltg the etch groove were measured and analyzedeuicprthe
FATTs, value [4]. The electrochemical method establigtegendency between the electrochemical signal fzend t
extent of segregation of impurities (e.g. phosphpand can be used a nondestructive method forluairy the
temper embrittlement [5].

In this review, we summarize the recent progressade in the area of predicting the temper embnittet of
turbine rotor steel with a focus on nondestructggproaches, including chemical corrosion and elebgmical
methods.

CHEMICAL CORROSION METHOD

Intergranular corrosion (IGC) is a form of corrasizvhere the boundaries of crystallites of the nialtere more
susceptible to corrosion than their insides [22]. dustenitic stainless steels, where chromium deddfor
corrosion-inhibiting element, chromium carbide fpéates at the grain boundaries, resulting in fdmnation of
chromium-depleted zones adjacent to the grain bamieslwhich is vulnerable to corrosion [23, 24]eTdhromium
concentration in chromium-depleted zones is sigaiftly lower than that in the passivation zones, #hiese zones
also act as local galvanic couples, causing loedVamic corrosion. The phosphorus segregation engttain
boundary which will lead to temper embrittlementalso correlated to intergranular corrosion [25]. ZEhe
composition of different elements (such as carlobnpmium, nickel, phosphorus, tin and antimonyed®ines the
tendency of intergranular corrosion in austenitédrdess steel materials.

The fracture appearance transition temperaturerreaf as FAT Y, which is used to describe temper embrittlement
properties of the material, will be obviously irfluced by various parameters, such as the tempem@itworrosion
liquids, grain size, the content of alloy elemenia@d impurity elements [4, 27]. Kadoya et al.rfduhat P-doped
steels showed evident embrittlement by the segmyaf P at grin boundaries, whilst the Sn-dopeslst showed
little embrittlement [20]. Chemical etching testsmased to measure the embrittlement and the ctorlbetween
width W of etched grain boundary and FATT was reipgd. Multiple regression was conducted to expF&SsT
using W and other variables as a nondestructivesamnement [20]: FATT = 99.12-W + 1.609-Hv + 816.4-Si
652.5-Mn + 3320-P - 310.4-Cr+3404- Sn -0.282- Jfa@85.6, where Hv is the Vickers hardness, J-fast¢P +
Sn)-(Si + Mn)- 18 A regression equation which can estimate thesh&®&T T with the scatter of +2C was obtained
[20].

Chen et al. used picric acid and sodium dodecyt&es sulfonate solutions to corrode the turbinerrsteel sample
[4, 27, 28]. Phosphorus on grain boundary dissofirely, and width of etch groove on the grain hdary were
measured and analyzed by Photoshop. Due to phdsgiimr dissolve which leads to the grain boundamyrosion,
FATT of rotor steel relate with concentration ofment phosphorus gCin the grain boundary, and-@ the grain
boundary related with the steel sample’s degreeoafsion in the particular etching solution. Theltlv of grain
boundary increase with the FATT, and this trendobses more obvious as the temperature raises. Eaécpmodel

of FATT was established by make multiple linearresgion analysis on all relevant parameters [4, a@f
expresses as FATT = 263.725 - 0.981- T + 322.1411@621.77-¢+ 0.119-J - 16.664-N. where T is temperature,
w is the width of grain boundary, Cs is the concaian of impurity element S, J is Chemical conteatameter (J =
Csi+ Gun)- (G + Csp)), and N is the grain size. The verifying expeniinghow that the model’s error range is within
+20°C [4, 27].

Chen et al. developed a new etch solution usimigratid and acetic acid mixture to corrode thesteotor steel

[29]. The relationship between width of etch graoWAT Ts, and other parameters were established using naultip
linear regression analysis: FAJ= -227 + 375-W -0.258-Hv + 141-G5334-Cs -256-R +0.146-J -8.73-N, where
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correlation parameter R = {G Gyo)-(Gsi- Cy). The result showed that the error between prediotalues and
actual values is in the range of £C529].

ELECTROCHEMICAL METHOD

As a relatively high-precision nondestructive déter method, electrochemical approach has drawnifgignt
attention in predicting the material degradationtimbine rotor steels without impairing the intégriof the
components.

Mao et al. investigated the electrochemical betlravid type 321 austenitic stainless steel in sidfacid solution,
found that the electrochemical polarization curvas be used to estimate the aging embrittliememadaton [30].
Kwon et al. studied the effect of thermal agingneechanical and electrochemical behavior of pristéing degraded
Cr-Mo-V alloys [31]. The electrochemical corrosicimaracteristics were investigated by the potentiadyic anodic
polarization and the reactivation methods in awBd Ca(NQ), electrolyte, and the electrochemical characteristi
values showed a good correlation with the rate atenial degradation obtained from destructive tes81].

Komazaki et al. developed a methodology for theragihg embrittlement and creep damage evaluatioW of
alloyed 9% Cr ferritic steel [32-34]. Results oratochemical polarization measurements in 1IN K@Hiton
revealed that the peak current density ‘Ip’ incegbwith thermal aging and creep damage and refleuté only the
thermal effect but also the stress effect on copage [32]. The Ip value corresponded to the ededissolution
volume of precipitates (MCe and Laves phase) and the increase in the Ip itediche increase in amount of
chromium precipitated as Laves phase [32]. TheVvhlue was found to be increasing linearly with tegree of
embrittlement as evaluated by impact absorbed gragr§°C [33, 34].

For the purpose of non-destructive evaluation efdbgree of temper embrittlement in 2.25wt%Cr-1wiS@ikeels,
anodic and single loop electrochemical potentidiineeactivation (SL-EPR) polarization curves o ttmbrittled
specimens which had been serviced for oil refimegctor for the maximum 25 years have been measurgsl wt%
Ca(NGy), solution at 30°C [35]. Difference in current densflP2-E-Ipass-E) between active second peak and
passive in an anodic polarization curve of tempebttled specimens increases linearly with inceeimsFATT in

the range of mode transfer over transgranular elgavo intergranular of Charpy impact fracture [35]

Zhang et al. claimed that the prediction accuramyHATT by this multiple linear regression techrégmay not
sufficient for the life assessing of the turbinéorpwhich may due to the pre-determined predictiwdel is too
simple and the prespecified size and shape of théehare not adequate for the complex relationshatsveen
FATT and its parameters [5, 36]. They developedeaetic programming (GP) for FAEJ prediction where the
structures subject to adaptation are the hieraatiiiicorganized computer programs whose sizes amchsfo
dynamically change during simulated evolution [3:3®]. Single loop electrochemical polarizationateation
(EPR) test was carried out in 0.1M sodium molybddgetrolyte at different temperature.

The generative method for the initial random popafawas ramped half-and-half [37] and the fitnessasure of

each population was defined as the mean square (M&E) as follows:@ = % §V=1(CIpre,i = Qexp,i )%, where Qe
and @y, are prediction value and experimental value, retdpaly [5]. The set of function genes F was defises F
={+, -, *,/, sin, cos, log, exp}, and the settefminal genes T included the independent varigples, J, N, Cr, S,

Hv} and random floating-point constants [5]. Withetgenes, the simulated evolution produced therhedel for
- , . (x2+6.095) cos(xg)  (x6—X7)

prediction of temper embrittlement iFATTs, = ’;_ZJ;HSHZ;:; — e x’f: 5 _ 2cos (x5 + xg)*+log(x; x2x,) +

67.516, where x=T, %=1, X3 = J, x= N, X = Cr, % = S, ¥ = H,, repectively. The multiple correlation coefficient

between predicted and measured F4Was 0.990, indicating the model obtained by GPlmmnised in predicting

temper embrittlement of new rotor materials witbracision of about £20 °C [5].

Then the similar genetic programming approach v&esl by Zhang et al. and peak current density aftiredion
measured by the potentiodynamic anode polarizatiethod, temperature of electrolyte, the chemicatmmsition
of steel (J-factor), Cr content and the grain sizeteel were used as independent variables, \WAIE 5o was used
as dependent variable. The accuracy of this modsl faund better than that of the model obtainedgusiultiple
linear regression method [40]. Later, Cao et abdubardness as the new independent variables tmwaphe
existing genetic programming approach [41]. Thedjatéon error of the model is within the scatter £#0°C,
indicating the prediction model obtained by genptiagramming is feasible and effective [41].

Bayesian neural network was proposed to modelliegémper embrittlement of steam turbine rotoreirvise, and

the FATTs, was predicted as a function of ratio of the twakpeurrent densities {I,, ) tested by electrochemical
potentiodynamic reaction method [42]. The Bayesipproach involves the optimization of the objecfiwaction
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Sw that comprises the conventional sum squared éuration E, as well as an additional weight error terg E
which is to penalize the more complex weight fumatin favor of simpler functions [42-46]. The neunatwork
showed a more precise prediction of temper emdmiiint of rotor steels than the prediction usingtiplel linear
regression. The training error and verifying eiigowith the scatter of +2@ [42].

CONCLUSION

FATTs is a key indicator in detecting the severity oérthal embrittlement. For the turbine rotor, thigiaator
could be monitored by nondestructive methods tintelgorrect process parameters, including chentioaiosion
and electrochemical approaches. Compared with ctiorel destructive methods, these approachesoaredst,
easy to operate, with reasonable sensitivity arcracy. However the predicted results are stilldeeeto be
verified by small punch or Charpy impact tests.ureitdevelopment on these nondestructive methodsretpyre
more variables to be considered in the model wbahfurther improve the accuracy of the predicbbRAT Ts.
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