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Rotori per turbine a vapore

e o °
- Acciai martensitici

. Figure 6.3 Typical Siemens steam turbine arrangement with high-pressure (HP), intermedi-
- S u pe rI eg h e a ba se n I c ke I ate-pressure (/P), and low-pressure parts (LP).

Siemens AG, Power Generation.

Figure 6.4 High-pressure turbine with combined intermediate-low pressure in welded design.

Figure 1.53 Toshiba’s tandem-compound, double-flow, condensing steam turbines [37]. Siemens AG. Power Generation

Figure 1.51 Alstom HP and IP turbines with welded rotors using 10% Cr steel in the hottest )
regions: (a) single flow, (b) double flux [34].
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Materiali per turbine a vapore

Materiali per turbine di alta pressione

SUPERCRITICI - ULTRASUPERCRITICI - ADVANCED ULTRASUPERCRITICI

Component 566°C 620°C 700°C 760°C
Casings/Shells CrMoV (cast) 9-10%Cr(W) CF8C+ CCA617
(valves; steam 10CrMoVNb 12CrW(Co) CCAG617 Inconel 740
chests: nozzle box: CrMoWVNDN Inconel 625
cylinders) IN 718
Nimonic 263
Bolting 422 9-12%CrMoV Nimonic 105 U700
9-12%CrMoV A286 Nimonic 115 U710
Nimonic 80A IN718 Waspaloy U720
IN718 IN718 Nimonic 105
Nimonic 115
Rotors/Discs 1CrMoV 9-12%CrWCo CCA617 CCAG617
12CrMoVNDN 12CrMoWVNDN Inconel 625 IN740
26N1CrMoV11 § Haynes 230
IN740
Vanes/Blades 422 9-12%CrWCo Wrought Ni- Wrought Ni-
10CrMoVNDN base base
PiEing P22 P92 CCAG617 IN740
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Figure 6.34 100,000 h creep rupture strength of the newly developed European steels.
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Figure 2: The role of materials development in increasing steam conditions and efficiency
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International R&D Projects for Advanced Power Plants

Japan

EPDC

|
USA

|
EPRI

|

Europe

|

COST

I

MHI, Toshiba, Hitachi

| GE, Wesfinghouse |

1981 - 1993
1994 - 2000

1978 — 1980
1986 — 1993

ABB, Boehler, ENEL,
ETH, FEL, GEC, KWU,

14 European Countries

> 47 Organisations

MAN, NEI, NP, SV, VSG

314 bar / 593°C

l
343 bar / 649°C

310 bar / 593°C

l
345 bar / 649°C

|
1983 - 1997
1998 - 2003
2004 - 2009

J
300 bar / 600°C
300 bar / 620°C
325 bar / 650°C

-

¢ KMM-VIN
- _ Creep Rupture 2012 —
Steel Source C Si Mn Cr Mo Ni W \ Nb N Strength at
[Weight %) 600°C/10° h [MPa]
TR1100 (TMK1) | Japan | 014 005 050 103 1.50 0.60 0.17 005 0.04 90
TR1150 (TMK2) | Japan | 0.14 005 050 103 050 070 180 017 005 004 90
TR1200 Japan | 012 005 050 113 030 080 180 020 005 0.06 125
1 COST Forged C Cr Mo V Ni Nb N B 100MPa Status
Steel Source C Steels 100.000h
1CivioV 0251 10 1.0 0.25 550°C Long term
12%CrMoV SEW 555 | 0.22 operating
e | ven | o3 12CrMoV | 023 | 115 | 1.0 0.25 570°C Long term
11%CrMoVNBN | USA | 0.18 ﬂpera_tlng_
501 Type F 0.1 10 1.0 02 07 | 005 0.05 5a7°C Operating in
plant
501 Type E 0.1 10 15 02 06 | 0.05 0.05 5a7°C Operating in
plant
501 Type B 0.2 9.0 1.5 02 01 0.05 0.02 0.01 B620°C
522 - | Type FB2 | 0.13 | 932 | 1.47 02 | 016 | 005 | 0019 | 0.085 620°C Tral rotors
536 (SdF) manufactured
and in service
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Steel Steel C Si Mn P S Cr | Mo | Ni A" W Al As Cu Sn Sb N
1%Cr 30CrMoN 0,27 < 0,3 < < 1,1 | 1,0 | 05 | 0,25 < < < < <
iV 5 11 . 0,1 - | 0,007 | 0,007 | - . - - 0,01 | 002 | 0,12 | 0,001 | 0,01
0,31 0,8 14 | 12 | 075 | 035 5
2%Cr | 22CrMoN 0,21 < |o065]| < < | 205|080 |070( 025 | 060 | < < < < <
iV 88 - 012 | - | 0,007 | 0,005 | - . - - - o001 001 | 01 | 0,006 | 0,001
0,23 0,75 2,15 | 0,90 | 0,80 | 035 | 0,70
9- COST501 0,11 < 04 < < 10,2 | 1,0 0,7 | 0,15 | 0,95 < < < < < 0,045
12%Cr | — Rotor E - 012 | - 0,01 | 0,005 | - - - - - | 001 |0012]| 01 | 0012 | 0,001 -
0,13 0,5 108 | 11 | 08 | 025 | 1,05 0,060
K o B T G i e
" " -Subgraih

»
s 4 oo

S BT A

.
o .'P S0 4o e o
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creep
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Steel C Si M Cr Mo w Mi Co W Nb M B
FB2 testmelt| 0.13 005 082 8932 147 - 016 096 020 0.050 0.019 0.0085
FB2 trial rotor] 013 0.09 033 908 143 - 016 126 022 0054 0.022 0.0076

Figure 6.9 Chemical compositions of steel FB2 [wt%].

, L1 0 L2 L3
T B
Melting D1 D2 D3 L1 L2 L3 | MDDS (mm)
Marofactae process | (mm) (mm) (mm) | (mm) (mm) (mm) | D1/D2/D3
Bohler Kapfenberg
(Austria) BEST 770 1180 865 | 1350 930 1110 1.2/1.81.3
Societa delle Fucine
Terni EAF/VCD | 925 1110 790 | 800 2750 830 1.0/1.5/1.5
(Italy)
Saarschmiede
Voelklingen ESR 800 1215 1050 | 1085 2130 800 1.5/2.01.7
(Germany)
0 MDDS, minimal detectable defect size

Figure 6.11 COST FB2 trial rotor forgings: dimensions and minimum detectable defect size
(MDDS) results.
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D,

(r;;:;\) Test Periphery, tangential, body end Core, radial, midsection body (* body end)
Rotor | Manufacturer | Metn9 Heat treatment| temp. »
process Ingot (°c) | UTS 0.2%YS EL RA Charpy FATT Grainsize| UTS 0.2%YS EL RA Charpy FATT Grain size
weight (kg) (MPa) (MPa) (%) % J) (‘C) (ASTM) |(MPa) (MPa) (% (%) J) (’C) (ASTM™)
Boehler 1180 1100°Cl/spray RT 824 702 16 56 37 +49 0-2 863 730 13 40 23 +67 0-1
Kapfenberg BEST Q +570°C
(Austria) 29,000 +700°C +625 | 378 332 21 82 368 308 29 79
Societa delle 1110 1100°Cloil RT 776 656 20 62 14 +90 0-2 803 682 13 39 12 +94
FB2 Fucine Temi EAF / +570°C
(taly) VvCD 53,000 +700°C +625 | 449 434 17 77 445 428 22 79
Saarschmiede 1215 1100°Cioil | RT | 846 720 15 56 36 +47 00-2 [843° 710 13 45 29 +58 <00-70%
Voelklingen ESR +570°C
(Germany) 56,000 +700°C +625 | 464 392 27 84 465° 396 23 70

Figure 6.12 Basic data and mechanical properties at RT of COST rotors FB2 (COST 522 Program).

La microstruttura nella condizione di trattamento termico di qualita in generale e costituita da
martensite rinvenuta e precipitati, principalmente M,;C; che rappresentano il tipo di particelle
dominanti. Durante il creep, si genera una diminuzione della densita di dislocazione, si formano
e crescono i subgrani, gli M,;C, crescono di dimensioni, le lamelle di martensite diventano
molto spesse, e si formano anche fasi nuove come la Laves o la fase Z.

L'acciaio FB2 mostra comunque una buona stabilita ad alta temperatura dovuta a:

¢ una struttura martensitica con lamelle di martensite strette, decorate e quindi stabilizzate
con carburi M,;C,, a loro volta stabilizzati dal boro

.® una densita elevata di dislocazioni, che & mantenuta per tempi piu lunghi,

¢ (Nb,V)C (fino a circa 1 um), che evitano la crescita del grano durante l'austenitizzazione e
sono stabili durante la creep.
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Microstruttura dell’ Acciaio FB2:
struttura martensite rinvenuta di un
rotore dopo trattamento termico di

qualita: microscopio ottico e TEM

Materiali per turbine a vapore

Temperature

1090-1110°C

0Q or PQ or WSQ

690-710°C
570-590°C

AC

Time

6.28 Quality HT cycle (schematic).
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Dislocations

Subgrains

Block Boundaries

@ MX
O M23C6

Martensite laths

Prior Austenite Grain Boundaries

Fig. 3-4: Schematic illustration of microstructure of 9-12% Cr steel after tempering (Internal i

precipitates) (adapted from [104]).
Dislocations

Subgrains Block boundaries

@ MX

S M23C6
@ Laves-phase
.Z-phase
Martensite laths

Prior Austenite Grain Boundaries
Fig. 3-5: Schematic illustration of microstructure evolution of 9-12% Cr steels after creep exposure

(coarsening of internal interfaces and precipitation of more stables phases ) (adapted from [104]).
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el —

Shaft component at QHT, COST steel F.

HP rotor at final forging, COST steel E.
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Table 5.1 Typical valve and casing material grades

GX-13CrMoCoVNbNBY

CB2 type 9%Cr steel with Boron

MarBN steel 9% Cr steel with
Boron

Nominal composition
9%Cr/1% Co/1.5% Mo, +V,Nb,B,N
Nominal composition 9%Cr/3% W/3% Co+V,Nb,B.N

Steel grade C Si Mn Ni Cr Mo A% Nb Other
Supercritical materials

G17CrMo5-5 0.17 0.40 0.75 0.4x 1.25 0.55 - -

1%4Cr; Y2aMo steel (Cr-Mo)

G17CrMoVs-10 0.17 0.45 0.70 0.4x 1.35 1.0 0.25 - Al <0.025
1Y4Cr; 1Mo; ¥4V steel (Cr-Mo-V)

G17CrMo9-10 0.17 0.50 0.70 0.4x 2.25 1.0 0.02 - Al <0.025
2¥4Cr; 1Mo steel (Cr-Mo)

Ultra-supercritical materials

G-X12CrMoVNbN9-1 0.12 0.30 0.60 0.4x 9.50 1.0 0.25 0.06 N:0.05
PO1/CI2A type 9%Cer steel

G-X12CrMoWVNbDbI10-1-1 0.12 0.25 0.75 0.60 10.0 1.0 0.25 0.06 W:l;
E911 type 9%Cr steel N:0.05

16
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Austenitise

)\
\
\

Time

Temper1 Temper 2
Siou

Temperature

Schematice quality heat treatment for modified 9%Cr steels.

és Materiali per turbine a vapore

Main steam valves (800-MW) and
ancillary components material
GX12CrMoVNbN9-1 (cast P91).
(Courtesy of Goodwin)

One thousand-MW unit comprised of
eight castings (unit weight 49,000 kg);
material: GX12CrMoWVNbN10-1-1

(cast E911). (Courtesy of Goodwin)
17
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Nella fabbricazione di corpi fusi risulta
fondamentale il controllo della velocita di
solidificazione al fine evitare la formazione di

ferrite

18
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Main steam pipe & header

( 600°C class I
ASME P91 (9Cr-1Mo-VNDb)

¥

620°C class

ASME P92* (9Cr-0.5Mo-1.8W-VNDb)

ASME P122* (11Cr-0.4Mo-2W-
CuVNb)

¥

650°C class
candidate for A-USC

MARBN* (9Cr-3W-3Co-VNbNB)

SAVE 12AD* (9Cr-2.9W-CoVNbTa-
NdN)

Low-C 9Cr* (9Cr-2.4W-1.8Co-VNDb)

Turbine rotor

Higher W, higher Co, higher boron

| 566°C class \
GE (10.5Cr-1Mo-VNbN)

¥

600°C class

TMK2* (10Cr-0.4Mo-1.8W-VNbN)
HR1100* (10.3Cr-1.2Mo-0.3W-VNbN)
TOS107* (10Cr-1Mo-1W-VNbN)

630°C class
candidate for A-USC

MTR10A* (10Cr-0.7Mo-1.8W-3Co-
VNbB)

HR1200* (11Cr-2.6W-3Co-NiVNbB)

TOS110* (10Cr-0.7Mo-1.8W-3Co-

VNbB)
*developed in Japan
Steel C Si Mn Cr Mo Ni Co W \Y Nb N B
MARBN 0.078 031 049 8388 - - 300 285 020 0.051 0.0079 0.0135
MARN 0.002 029 051 9.19 - - 309 29 020 0.060 0.0490 0.0070

Figure 6.35 Chemical compositions of newly developed 9% Cr steels [wt%].
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' Gr.92 9Cr-boron steel
Heating (a) Diffusive c/y transformation d) D e and marte ansforma
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) S DN NN Lath-block microstructure TR 9

Figure 10.35 Schematics of microstructure evolution in Gr.92 and 9Cr-boron steel during
simulated-HAZ thermal cycle.
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Type IV fracture

Grain size

Amount of M,; Cg

Fine Coarse

grain % grain

Re-dissolution
of My3Cq

Acy Acs

Peak temperature

Schematics of grain size
and amountof M 23 C6
carbides in Gr.92 during
simulation heating

(a) (b) Suppression of diffusive a/y transformation
by boron during heating
Guy
GB segregation of boron ,,"' ‘"\.\
14 hase N\
Ouce 1 - - _/B _______ A Oy
Se——————

N o - —————

N Grain

& boundary a phase
OuuOuy - Interfacial energy for 77¥and y/a interfaces

(c) Reduction of coarsening rate of My3Cq

by boron during creep
% Dissolving Growing

M,3Cq M23Ce
Diffusive flux o S0
Boron 0,250 (C, Cr, WFe, - -) < o
OQO “o
05 © ; 9
Vacancies —————> o o

[
Vacancies

Schematics of (a) GB segregation of
boron, (b) diffusive a/y transformation
at GB during heating and (c) reduction of
coarsening rate of M23C6 carbides by

boron during creep.
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Il n N deriva dal seguente:
microstruttura martensitica e controllo
del boro / azoto.

L'acciaio MarBN e stato originariamente
proposto dal Prof. Fujio Abe del NIMS.

Lo sviluppo e basato su una nuova
formulazione in lega: 9% Cr, 3% W, 3%
Co.

Il MarBN si dimostra superiore ad altri
acciai come il Grado 92 (9%Cr,1,5-
2%W,0,5%Mo).

MarBN |

A graphical representation of the cB2 |
indicative maximum operating |
temperatures of common 9%Cr steel E911 |
casting grades, state of the art grades
and MarBN steel still
underdevelopment. (Courtesy of

C12A
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Goodwin)

520 530 540 550 560

570 580 590 600 610 620 630 640 650
e



CS

Compusystemss Rotture catastrofiche

B
g !
A 2 -
1”;{:-'!" - : -~ .
A - = VR P ol 2N ¥

Iranshahr Power Plant Explosion- Coupling Failure

23




CS

Compusystes.

Rotori per turbine a gas industriali:
- Superleghe base nickel
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Rotori per turbine a gas industriali

BEEEVERLER AN RGEEEEEEREERES AT

1936 1966 1976 1996 2016
Commercial Operation
Engine Rotor inlet Power output | Predicted efficiency
temperature (°C)

(MWe) (%)
Westinghouse 501G 1426 240 58
Siemens V84/3a 1310 170 57
Alstom GT24/26 1240 188/281 57
General Electric 7FA 1290 150 55

25
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Component Cr | Ni |[Co| Fe | W Mo |Ti | Al [Cb| V C B Ta
Turbine Blades

U500 18,5(BAL [18,5| _ B 4 3 3| _| _ |007|0006| _
RENE 77 (U700) 15 |BAL| 17 | _ _ 1531335(4,25| | _ (0,07 |002| _
IN738 16 |BAL| 83|02 |26 (17534 (3,4(09, _ |00 |0,001|1,75
GTD111 14 |BAL| 95| _ (38154930 _| _ |010|0,01] 28
Turbine Nozzles

X40 25 | 10 |BAL| 1 8 N N | _ 1| _ 1050|001 _
X45 25 | 10 |[BAL| 1 8 _ _ | _1 _ 1025|001 | _
FSX414 28 | 10 |[BAL| 1 7 _ _ | _ | _ 1025|001 _
N115 21 | 20 | 20 |BAL| 25| 3 _ | _ 1 _ 10,20 _ _
GTD-222 225(BAL| 19| _ |20(23(12|08| _ [0,10|0,008| 1,00 | _
Combustors

$S309 23 | 13 | _ |BAL| _ _ I _ | _ 1 _ 10,10 _ _
HAST X 22 |[BAL|15(19/|0,7| 9 _ | _ | _ 10,07 (0,005 _
N-263 20 |BAL| 20 |04 | _ 6 [21/04| | _ |006 _ B
HA-188 22 | 22 [BAL| 1,5 1140 0,05 1 0,01
Turbine Wheels

Alloy 718 19 |BAL| _ |18,55| _ [30/09 (05|51, _ |003 _ i
Alloy 706 16 |BAL| _ [37,0| _ _ 138 _ 129 _ |0,03 _ B
Cr-Mo-V 1 /05| _ |BAL| _ [1,25| _ _ | _10,25| 0,30 _ B
A286 15 | 25| _ (BAL| _ |12| 2 |03 | _10,25| 0,08 0,006 _
M152 12 | 2,5 BAL 1,7 0,3]0,12
Compressor

Blades

AISI 403 12 | _ _ |BAL| _ i i | _ 1 _ 1011 _ N
AISI 403 + Cb 12 | _ _ | BAL| _ _ _ _ 10,2 _ 10,15 _ _
GTD-450 15,5| 6,3 BAL 0,8 0,03
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THE PLENTY OF PROCESSING
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Alloy Melt method
600 EAF/AOD + ESR
625 EAF/AOD -+ ESR

VIM + ESR

VIM + VAR
706 VIM + ESR

VIM + VAR

VIM + ESR + VAR
718 VIM + ESR

VIM + VAR

VIM + ESR + VAR
925 EAF/AOD + ESR
A-286 EAF/AOD + ESR

VIM + ESR

VIM + VAR
C-276 EAF/AOD + ESR SR Vi
Hast. X EAF/AOD + ESR |

‘ --------------------------------------------------
Note: EAF, electric arc furnace; AOD, arg
rization; ESR, electroslag remelting; VIM . ﬂ Vacuum
PR - Selected | e° induction |
melting; VAR, vacuum arc remelting pwmatetaly et metting
S
Ladle Fumace b
/3 :
e ol SN ’ tngots

.,
.
s,

A.0.0D. Bottom Pouring




és Rotori per turbine a gas industriali

Compusysteisel

TRIPLE MELT PROCESS

A

Vacuum Induction Melting
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IN706 turbine wheel (
Courtesy of Aubert & Duval

e i

S peurpi
¥

- g IN718 Forging at Forgiatura
: weril Morandini
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Metalloid Content, ppm
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Rotori per turbine a gas industriali

AL Removal of metalloid elements during refining

Te

Pb Bi
1 L L L 1 A

0 20 40 60 80 100 120 140
Time, min

There are three classes of defects that are of concern in the remelting of Ni-base
superalloys:

White spots: which are local depletions in the strengthening elements;

Freckles: which are enriched in primary strengthening elements;

Ring pattern of equiaxed grains which occur due to the thermal fluctuations and
restrict columnar grain growth.
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Materiali per rotori di turbine a vapore

Alloy | Element | Ni+ | Cr |Fe**|Nb+| Mo | Al | Ti C | Cu| Mn| Si S P B |Co*
(Co) (Ta)
706 Min (%) 39 | 145 2.5 1.5
Max (%) | 44 | 175 | bal | 3.3 0420 |0.06|03]|0.35|0.35]|0.015 | 0.02 {0.006] 1.0
718 Min (%) 50 17 475 |28 | 0.2 |0.65
Max (%) | 55 21 | bal | 550 | 33| 08/|1.15| 0.08 | 0.3 |0.35| 0.35 | 0.015 |0.015|0.006| 1.0

Traces: these elements have to be strictly recommended as low as possible:

Ag
Pb
Bi
As
Sb
Sn
H
@)

<5ppm
< 20ppm
<lppm
< 30ppm
< 30ppm
< 30ppm
< 3ppm
< 20ppm




s Rotori per turbine a gas industriali

Compusystensel
//

W
‘ l T | 2000 — ———
1900 . _-.i, S e — wod
1 m"
8¢ ' | _fesava | . 4 : Me 1000
| | 18004
| 1700 |—— - : ! | I — |
‘ \ ' 3 | 17004
“ 1600 L \._,_ ! | L 900
PR 1600+ o
’ ; 1€00 \ Y7 b \ -~ " | F 9
2 SN~ Py E— = 1500- °
° . ’ | >
':. 1400 |— l S Wik Qe 2 ':_\ =t 0 S 4 _ma
. Y )\'f i \ y oK1 | ".—-'-.'"v. g 1400+ E
‘ 1y i e 4 c:' ~ 2 i a
r | [ I el g 1300 700 £
-~ O
2 e —nd - : [ B
\ | 1200+
100 — Wi Qe v o
| ' | | 11004 —— 882°C/1h, AC + Temperature/Time, WQ 600
Rl ;] eeeeee 1121‘q11h. OC + Temperatura/Tima, WQ
) 1 10 10 100 1000 19000 10004——= . T T
0 0.1 1.0 10.0 100.0
Time, Wours Time (hours)
L
b 1 155 155 182

| Laves + &

B850
800

750

Temperature (°C)

T00

G50

600

Time (Hr)




és Rotori per turbine a gas industriali

Compusystenisel

:

==15Mo3

:

=r=Inconel 617

— { 20CFIOV1 2

200 | 1
={I=P92

600 | e a5 paloy
= =M 7DD

2

-

0 100 200 300 400 200 600 700 800 900 1000

Nominal Yield Strength Rp, , (MFa)

Temperature °C




Compusystemsel

és Rotori per turbine a gas industriali

IN706B aged:
a) at 700°C for 427h.

b) at 700°C for 1065h.

¢)at 750°C for 297h
d) at 750°C for 955h
e)at 750°C for 2330h

39
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IN718 mod microstructures of aged specimens by LOM and SEM: a) 650°C — 25355h;
b) 700°C — 25860h; c) 750°C — 33206h
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Rotori per turbine a gas industriali
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Rotori per turbine a gas industriali
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In conclusion, INCONEL Alloy 706 is a precipitation-hardenable alloy with excellent
mechanical strength, good fabricability and resistance against oxidation and
corrosion.

Stress Accelerated Grain Boundary Oxidation (SAGBO) in Alloy 706 has been reported
as the cause of cracking in the gas turbine discs.
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Figure 2. View of the left side of the No. 1 engine showing the engine split in two.

e

Figure 3. View of the exhaust of No. 2 engine showing piece of HPT stage 1 disk protruding
from the right side of the engine exhaust duct.
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Figure 7. Larson-Miller Plot of Stress Rupture Lite of Alloy 718Plus™,

49




60% |

0
e
o~

2
o~

45%

Combined Cycle Efficiency

40%

CS

Compusystelisel

Rotori per turbine a gas industriali
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