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EXECUTIVE SUMMARY : 

Stress corrosion cracking was found to affect shrunk-on discs of 900 MW-EDF 
turbines. Investigations revealed that inter^ranular cracking occurred in high-stress 
confined locations, where concentrations of pollutants resulting from some assembling 
operations -could take place (MoS2 sometimes used as a lubricant, carbonated 
compounds widi chloride as in paint marks). 

Laboratory tests allowed to assess me chemical conditions (pH, electrochemical 
potential, pollutants) responsible for the stress corrosion cracking of NiCrMoV-steels. 
Three main E-pH fields were found to favour stress corrosion cracking, whose 
boundaries may be dependant on the anionic species. The crack growth rates in these 
conditions were measured at 95 and 130°C and compared to the observed average 
measurements from service. 

The most likely mechanism seems to involve molybdic acid, as a result of 
thermal decomposition of M0S2 or generated by general corrosion of MoK:ontaining 
steeL Cracks might also have been initiated by carbonated compounds. The relevance 
of classical models to stress corrosion cracking of disc steel was discussed with respect 
to electrochemical behaviour. 
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STRESS CORROSION CRACKING OF TURBINE DISC STEEL : 

A STUDY OF MECHANISM 

Introduction 

Since the first failure of a turbine disc in 1969 at Hinckley-Point (Great Britain), IGSCC of low-pressure 
shrunk-on discs has become a generic problem (Great Britain, United States, South Africa...)-
Numerous investigations and experimental works in laboratories have been performed in order to 
understand cracking, to assess fife prediction and to restore cracked rotors [1-5]. In 1986, Electricité 
de Prance experienced cracking on 900 MWe-turbines equipped with shrunk-on NiCrMoV-steel discs 
(et EDF requirements, table I). The cracks were mainly located on discs number 4 and 11 (figure 1), 
where several wet/dry sequences occurred in confined highly-stress locations (figures 2 and 3). 
Investigations revealed intergranuiar stress corrosion cracks [6]. As a complement of previous papers 
(6-8). an up-date of EDF laboratory results to support comprehensive study is presented, with 
emphasis on the involved mechanism in specific conditions of cracking. 

Experimental procedure 

Environmental conditions 
Though many experiments have been perlormed near pH 9,3 (nominal conditions), the investigated 
environments cover a wide range of pH-values from 3 to more than 14, including various pollutions to 
account for the main results of investigation on cracked discs : 

- Acidic conditions (pH 3 to 6) were examined because molybdenum bisulfide (M0S2), used as 
a lubricant during some assembling operations, was found in confining locations : 

* either it has been hydrolysed at 100°C to produce H2S [9] : HgS was neither 
detected in these experiments, so a NACE-test has been performed with H2S (pH 3) ; 

* or it has been thermally decomposed during the shrinking-on operations at 350°C : 
M0O3 has been formed and then hydrolysed to generate molybdic and sulfuric acid solutions [10J. 
The more frequently studied solution (Mo : 0,25 g/i) has a pH-value near 4.5 increasing slowly to 5.5 



Table I—Chemical composition and mechanical property requirements 
of turbine disc-steels in EOF plants. 
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Figure 2 — Assembly scheme of discs. Figure 4 — General corrosion-rate of 26 NCDV 14-7 steal as a function. 
ofpH.at95°C. 



7 

with steel contact ; it could be obtained from thermally-decomposed M0S2 or M0O3 itself. Additionnai 
experiments were performed at the same pH-value to separate the effects of pH and those of specific 
anions (chromic or sulfuric acids). Because boric acid is planed to be added in the secondary circuit in 
orderto limit intergranular attack of steam generator tubes, its effect on corrosion of disc steel was also 
examined. 

- NeutraJ-pH 7 conditions consisted in pure water, chloride (50-35000 ppm) or 10~2M-Sulfate 
solutions. 

- Weakly basic solutions were prepared with morphofine (pH 9,3) and ammonia (pH 9,1) 
solutions oniy (nominal conditions), or with différents pollutants that may be found in turbines : 
sulfides, sulfates, chlorides, molybdates, species composing paint marks or paint itself1 found on 
discs near cracks, or with additives (boric acid). 

- Strong basic environments have been obtained from 0,4 to 500 g/l of sodium hydroxide (pH 
12 to 14). 
Deaeration conditions (10 to 20 ppb O2) were generally applied by continuous bubbling of nitrogen ; 
when volatile compounds were present (CO2 or carbonated compounds or ammonia), a short 
deaeration followed by immediate closure of the cell was leading to tow-oxygen content (100 ppb}. 
The experiments were generally performed at 95"C, near the working temperature ot the cracked discs 
; some tests with peint were conducted at 100-120°C, and some crack grcwth rate measurements in 
water at 130°C in orderto assess the influence of temperature. 

Experimental techniques 
- Becrrochemical tests were conducted on mechanically-polished specimens (1.75 cm2) in a 

PTFE-cell at free-potential conditions, or in potentiostatic or potentiokinetic conditions, in order to 
assess active or passive behaviour and then to determine the accurate electrochemical conditions for 
cracking ; 

- Stress corrosion cracking fSCCVtests : 
* Slow strain-rate technique on tensile specimens in a PTFE-cell on a constant 

displacement-rate machine equipped with a screw device and a speed-reducing motor ; some 
experiments, involving volatile species, have been performed in a nickel autoclave. A 10"7 s*1-
extension rate was found suitable to perform severe cracking within a short duration (200 h). 

* U-bend-tests (or double-U-bend to keep paint or paint components in the apex of 
the crevice) were performed in a stainless steel autoclave ; duration might exceed 4 000 h. 

* Constant-load tests were conducted at 95°C in a PTFE-cell including 6 specimens, 
the section of which was calculated to apply different stress levels when loaded on a creep machine 
(duration : < 2 000 h). 

* Crack propagation tests at 95 and 130°C were performed on WOL(20 mm)-
specimens in a stainless-steel autoclave for 3 500 to 10 000 h ; loading was applied according to the 
procedure defined in [11]. 

Experimental measurements 

Electrochemical tests included free-potential measurements ; general corrosion rates from polarisation 
resistance and potentiokinetic tests were also performed using a potentiostat. 
For SCC-tests, the usual tensile parameters were determined, while the examination on a longitudinal 
micrographie section of specimens allowed evaluation of crack depths. The severity of constant-load, 
U-bend and WOL-tests was assessed in terms of the duration and the maximum crack depth. 
In addition, some chemical analyses of elements (Mo, S) • that could be found in corrosion products at 
the crack tip -were performed with an electron microprobe. 

1 Paint was mainly composed of carbonate (CaCC>3), T1O2, PbCrC>5 and a chlorinated solvent. In these 
experiments, paint was previously heated at resp. 200°C or 350°C during 3 h to simulate assembling operations 
on the different parts of the disc (resp. the bore and the web). When paint was heated at 350°C, sulfur content was 
found to be 12 limes higher than when it was heated at 200°C. In some experiments, paint has been substituted 
for more soluble compounds (NaHC03 or CO2 with which it is in chemical equilibrium). 
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Resul ts 

Bectrochemical behaviour of disc steel 

In order to study SCC-susceptibility in given environmental conditions, it is necessary to know how 
long is the time required before passivity may occur as predicted by Pourbaix diagram of iron. The limits 
oi passivity at 95°C were established as a Junction of pH in a borèacid/bcffaîeo^eae^edenwrDnment: 
ft was demonstrated that stable passive states might be obtained at pH-vafues higher than 9.2 (figure 
4). 

fioejd3PjejTtrate 
When a passive state before cracking could occur, stabilization of the potential was waited before 
SCC-test started, unless duration of the test would overpass the time before passivation (a few hours 
at pH 9.3, or some hundred hours in caustic soda). 

Time could be saved in the case of an electrochemical cracking process, by applying at the 
beginning of the test a given potential, as determined from the comparison of two potentiokineric 
cvn'Bs : ft© sJou'-one which was representative of the passive metal, arxf a 1000 time-faster one which 
simulated electrochemical response of bare (active) metal Cracking potential could be choosen such 
as the ratio of Ifast/lslow w a s above an arbitrary value (depending on the environment), as evidenced 
by PARKINS [12] (figure 5). 
It could be noticed that most of the eléctrochemically-investigated basic environments induced a 
cracking potential field, except morpholina solution (pH 9.3). 

Stress corrosion cracking behaviour of disc steel 

EjMWJMSnM.^nâWsn$JorcjaçJâng 
The various environmental conditions were examined using slow strain-rate technique, U-bend and 
constant-load tests, unless otherwise indicated : 
There was no cracking at 95°C : 

- in nominal conditions with morpholina (pH 9.3), after 4 000 hours (WOL-tests) ; 
- in nominal conditions with pollutants or additives : sulfuric, chromic or boric acids (pH4.5), and 

sodium or ammonium sulfates or molybdates, borate (500 ppm boric acid) or carbonated compounds 
at positive potentials (pH 9.3 to 9.8) ; 

- in neutral solutions : pure deaerated water after 10 000 hours (WOL-tests), or weakly polluted 
by chloride or sulfate, at a potential inducing reduction of water ; 

- in strong basic environments, from pH 11.5 (morpholina, sodium hydroxide) to higher than 14 
(sodium hydroxide, at "active" potentials). 
Transgranular cracking was observed at 95°C : 

- in chloride solution with H2S, pH 3 (NACE-test), 
- in chloride solutions at pH 7 to 9.1, at "passive-like" potentials, 
- in ammoniacal solutions at pH 9.1, for low oxygen contents, 
- in nominal conditions (pH 9.3) on double U-bends with paint heated at 350°C : high S-

content with a low-oxygen content was sufficient to induce significant transgranular cracking. 
These results are in agreement with those of Lyle when oxygen and chloride are present [3]. 
Intergranular cracking was evidenced (figure 6) : 

- in molybdic acid solution (pH 3-6), at 95°C, as a consequence of thermal decomposition of 
M0S2; 

- in pure water at 130°C after 10 000 hours (WOL-tests), 
- in nominal environment (pH 9.3) at 95°C polluted by carbonated compounds (CO2, 

hydrogenocarbonate, paint heated at 200°C), at potentials between -300 and -100 mV/ENH, 
- in concentrated (200 to 500 g/l) sodium hydroxide solutions, at 95°C, at "passive" potentials. 

.Ç.tack.sro.w^h-Me„rneas.urementç 
In order to define an accurate safety policy for cracked discs, it was proposed to compare crack 

growth-rates from ultrasonic inspections with experimental values. Laboratory data (including crack-
growth rates and thresholds) have been obtained in environments inducing intergranular cracking in 
the previous tests (figure 7). 

Crack-growth rates from 0.10 to 0.26 um/h were measured at 95°C in nominal environment 
polluted by M0O3 (pH 4.5) in 5 000 h ranging, at stress intensity factors Kj between 30 and 70 
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Figure 5 — Potentioldnetic curves of 26 NCDV 14-7-steel in various environmental conditions, pH > 9 , 9 5 ° £ 
(Critical potential zones determined by PARKINS are crosshatched). 
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MPaVm. These values agree wfth that deduced from investigated discs (CL2 pm/h). The initiation 
period seemed to be very short and the rapid cracking threshold was less than 30 MPavm. 
In pure deaerated water at 130°C, cracks initiated after a few huricîredriours have grown at a 0.04-04)8 
uni/h velocity in 10 000 h, beyond a threshold of 30 MPaVm. 
m concentrated, sodium hydroxide solutions (95°C), cracks propagated at velocities over Q.5 pm/h du
ring 3 000 h, at Kj =70 MPavm. 

Discussion 

Comparison with open literature resufts 
A comparison concerned with intergranular cracking can be made wim already published papers: 

- If cracking of disc steel in Mo-containing solutions is quite new, Turner and Newmann £2] have 
reported intergranular cracking of Mo-containing tow-alloyed steels in pure water from selective disso
lution of molybdenum in confining conditions such as those encountered at the crack tip. Microprobe 

' analyses performed at the crack tip of WOL- specimens exhibit high Mo-contents in corrosion products 
on specimens cracked in water at 130°C, and not on specimens without SCC propagation (at 95°C, in 
water and in nominal conditions pH 9.3). So a continuous trend - to be confirmed - seems to Gnk SCO 
behavïours in acidic Mo-containing solutions and in water. 

- Boric add, as a consequence of water treatment in steam generators, does not induce detri
mental effect at pH 4.5 and 9.3 ; these results are not in contradiction with the observed intregranular 
cracking at pH 6 (130°C) from Matsumura et al [13], which is very similar with behaviour in water at 
13CC. 

- Results in carbonated or sodium hydroxide environments agree with those related in [3,13, 
14]. 

Mechanism approach 
The above evidence leads to an interpretation of SCC of disc steel at 95°C, depending on potential E 
and pH. Three IQSCC-areas could be defined in E-pH-diagram as shown figure 8 : 

- The first one is concerned with cracking at pH-values between 3 to 6, and up-to-now have 
been in strong relationship with the presence of molybdic acid only. It seems that this area may be ex
tended to pH 7 to account for similar cracking in water at 130°C. On the basis of investigations and 
crack-growth measurements, these conditions appear to be the most likely environment responsible 
for the cracking of discs. The mechanism, which has to be better defined, probably involves hydrogen 
embrittlement, as ft could be assumed from potential measurements (at the vicinity of the reduction 
Sne cf water) and general corrosion rates. 

- The second one, the pH-boundaries of which have to be precised, is located near the pH 
9.3-vaiue of nominal conditions : it is only associated with carbonated compounds {CO2, HCO3" or 
CO32-) alone or mixed with paint. Cracking strongly depends on potential, as predicted by Parkins 
method (figure 5c) : it seems to involve an electrochemical process with passivation/dissolution 
sequences. This mechanism is probably of some importance in the initiation of some cracked discs, 
because cracks were often found near paint marks. But it is unlikely to explain propagation, on the 
basis of the observed short cracks in laboratory conditions even for long term experiments. 

-The third area, concerning strong basic environments, is located on the border of thermody-
namical-stabflity fields of HFe02~ ("active"' species) and Fe203 or Fe304 fpassive" species), ft is then 
in relationship with a transitional (active-to-passive) behaviour, as evidenced for cracking potential on 
potentiokinetic curves (figure 5dj. So, as for CrMo-steels [15], such cracking is concerned with an 
electrochemical mechanism : cracking potential field is large to account for dissolution of iron and 
chromium at higher potentials. This third area does not worry EDF as long as the chemical conditions in 
turbines are obtained from volatile species. 

Conclusion 

Laboratory tests succeeded in reproducing the conditions of intergranular cracking observed on 
shrunk-on discs of 900 MWe LP turbines : thermally-decomposed M0S2 used as a lubricant during 
some assembling operations may induce the formation of molybdic acid, but the presence of paint 
marks may have a detrimental effect on the initiation process. 
From a mechanistic viewpoint, disc steel exhibits various IGSCC-behaviours, depending on the poten
tial of the steel and on pH : 
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Figure 6 — Intergranular stress corrosion cracking of tu-tjine disc stgsl in laooratory conditions. 
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- An acïdic(pH 3 to 6)-field is mainly concerned with molybdic acid, and additional investigations 
have to be performed in order to confirm an hydrogen-ernbrittlement process ; IGSCC in pure water 
may be relevant to this type of cracking. 

- The second field, including the nominal pH(9.3)-va!ue, seems to be associated with carbona
ted compounds, as found in paint marks. The mechanism is clearly an passivation-dissolution one. 

- A third field has been identified in strong basic solutions ; the mechanism is an electrochemi
cal process involving passivation and iron dissolution, and even chromium dissolution at higher poten
tials. These conditions are unlikely in EDF plants, because of the use of volatile species. 
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