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. Commercially available & in operation
O Under active validation
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Nominal composition & temperature range of readily available
commercial 9Cr martensitic steels

Wrought/  Wrought/ Cast Wrought Cast

Cast Cast
---
Cr 9.75 9.30
Mo 1.00 1.00 1.00 0.50 1.5

W - 1.00 1.00 1.75 -

Ni - 0.25 0.70 - -

V 0.20 0.20 0.20 0.20 0.20

Nb 0.08 0.08 0.08 0.06 0.022

B - 0.002 - 0.0035 0.01
0.05 0.07 0.05 0.06 0.022

Co - - - - 1.00

590°C 600°C 610°C  620°C 620°C

www. goodwinstealcastings.com
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&

OCr Steel (E911 type) f@OC°C operation

N
Cr 9.0
Mo 1.00
W 1.00
Ni 0.25
V 0.20
Nb 0.08
B 0.002
N 0.07
Co

600°C

1,000MW MSYV steamalve - 35,000kg
Supplied to India

www. goodwinstealcastings.com



9Cr Steel (Goodwin D9T&yalidated for610°C operation

Mo 1.00
W 1.00
Ni 0.70
v 0.20

Nb 0.08

B
N 0.05

Co
610°C

1,000MWsteam valve- 29,000kg
Supplied toChina

WA, g{!l{){j'ﬁ'. nstealcast INgs.com



9Cr Steel (CB2)or 620°C operation

GX13CrMoCoVNbNBA1

BT

Cr 9.30
Mo 1.5
W i
Ni -
Vv 0.20
Nb 0.022
B 0.01
| N 0022
D , < Co  1.00
8,000kg 7.5inclsteam valve 620°C

Suppliedto USA

WA, g{:l{i{j'\'.-' nstealcast Ngs.com



(Technological Advance improved martensitic steeﬂ

Q Under active validation

Upper limit for

OCr steels 6500C
O

Goodwin
MarBN
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Goodwin

Goodwin

2008¢ 2018

10 years oiMarBN (IBN1) development

9Cr3W-3CaV-Nb-B-N

MarBNsteel (Martensitic Steel Strengthened
with Boron andvanadium Carbditrides) with
an optimised compositioand heat treatment
in order to allowuseat 65CC.

www, Qooawinsteslc

astings.com



Nominal composition & temperature range of 9Cr martensitic steels

Wrought/  Wrought Cast  Wrought Cast | Wrought/
Cast Cast
| LerciaA e Lo Lesz | ooz et
Cr 9.75 9.30 9.0
Mo 1.00 1.00 1.00 0.50 1.5 -
W - 1.00 1.00 1.75 - 2.75
Ni - 0.25 0.70 - - -
Vv 0.20 0.20 0.20 0.20 0.20 0.22
Nb 0.08 0.08 0.08 0.06 0.022 0.06
B - 0.002 - 0.0035 0.01 0.01
0.05 0.07 0.05 0.06 0.022 0.013
Co - - - - 1.00 3.0
590°C 600°C  610°C  620°C 620°C | 630-650°C

www.goodwinsteelcastings.com



A MarBNdevelopment projects

A Casting production

A Casting welding with CB2 filler

A Development of matching filler metal

Production of ingots

A
A Forged bar testing
A

Pipework evaluation



A MarBNdevelopment projects



Goodwin development oMarBNsteel

PROJECT| Country& Part Funding | Goodwin activity

IMPACT UK TSB A Chemistry & processing development

A Produce castings, ingotseld testing forMarBN
Technology Strategy Board '
200813 ( 9 9 ) A Room temperature characterisation

KMM-VIN European CB2 /MarBN& nickel alloys
2010¢ (not funded) A 12month aging at service temperature

ongoing A Evaluate effect on microstructure and impacts

IMPEL UK UK group developing weld consumablesNarBN
2013 (not funded) A Effect of PWHT on microstructure

INMAP UK TSB A Production of commerciaarBNcasting
201416 (Technology Strategy Board) A ValidateNDT inspection

A Validate weld qualification and weldability
A Evaluateproperties in thick/thin parts

IMPULSE UKInnovate UKgroup producing piping & tubing

A Validate homogenisation heat treatment

ongoing
IMET UKAMSCI MarBN& nickel alloys
2016¢ (Regional funding) A Dissimilar welding betweelarBNand nickel alloys

ongoing

www. goodwinstealcastings.com



UK IMPACT Project
2008- 2013

Goodwin

Production of a novel UK steel alloy based on the Japanese
Ga! w. bég O2yOSLIi Aa adzomaidl yial t;“;és-ré}ﬁuér
P92 in current use.

Theresultantalloy has30-40% higher creep strength than the
previous state of the art alloy ‘ Loughborough
University
A Alloy chemistry development producing different e on
composition ranges for characterisation. @
A Manufacture demonstration castings, ingots and weld test National Physical Labor r
material. "ri

Carry out development heat treatment trials. TATA
Produce & process full scale casting.
Produceingots.

T To To ITo

Carry outmaterial characterisation

WWW.Q(J{Z-{‘."-.‘.-' nstealcasings.com



A Casting production

wiww. Qoodwinstealcastings.

com



4,500kg bonnet ewe AGT K A
IMPACT Project R et b

R

8,600kg 12in valve body

950mm diameter INMAP Project

Largest inscribed sphere: 340mm

Smallest inscribed sphere: 50mm Largest section: 210mm

www. goodwinstealcastings.com



CastMarBNstress rupture

Cast 9Cr Steels
Stress to Rupture v Larsen Miller Parameter "™ oo
300
250 MarBN
| ]
200
E 150
2
a
E 100
50
19.50 20.00 20.50 21.00 21.50 22.00 22.50 23.00
Larsen Miller Parameter
m P91 ECCC Mean mE911 P92 ECCC Mean = MarBN

MarBNhas 3040% higher creep strength than
the previous state of the art alloy (P92)

WA, -;__]{.'I{}{j'a'.-' nstealcast Ngs.com



A Casting welding with CB2 filler



Weld repair of simulated large excavation MarBNcasting
using CB2 filler metal

MarBN casting:
Excavation 200 x 155mm
100mm deep

Weld electrode:
Metrode ChrometWB2
filler metal - MMA

A Simulates worst case repair
with weld restraint not
achievable with test plates

A Provides material for stress
rupture testing

www. goodwinstealcastings.com



Stress rupture testindMlarBN casting with CB2 filler

Cast 9Cr Steels
Stress to Rupture v Larsen Miller Parameter

LMP={T*Log(Tri+20) 21000

300
250 MarBN
X-Weld
- Cast & forged
g
E_ 150
i
&
LR
@ P92
ECCC mean
50
19.5 20 20.5 21 7215 22 225 23

Larsen Miller Parameter

® P91 ECCC Mean m E911 & MarBN X-Weld CB2 + P92 ECCC Mean  + MarBN (Forged) = MarBN

www.goodwinsteelcastings.com



A Development of matching filler metal



Current developments in weldinglarBNa 0 S S f X

Goal: produce and qualify matching composition electrodes

% METRODE A Development of optimal weld electrode chemistry
. .

S Ll Eeirc e A Production oMarBNclose matching MMA electrode
A Welding and PWHT of test plates completed
A Weldments now on creep rupture testing

Goal: demonstrate fabrication oMarBNwith nickel alloy 625

% TWI A Development of welding parameters

A Production of Procedure Qualification
Goodwin A January 2019 carry out demonstration welding

B Loughborough A Carry out characterisation testing
University

WWW.-;'_?(I'{Z-{T\‘J nstealcasings.com



IMPULSE ProjeetMarBNweld metal optimisation

A Lincoln Electric Company

Goodwin ALSTOM

A CastMarBNweld test material

A ForgedMarBNweld test material

A MMA weld metal variants

A PWHT variants

A Room temperature tensile & impact testing
A Weld metal creep testing (to 20,00hrs)

A Metallographic testing

www. goodwinstealcastings.com



Stress rupture testing of one variant matchirigarBNfiller

Cast 9Cr Steels

st' ess to Rupture V M II P LMP=(T*Log(Tr)+20)}/1000

250

Allweld
matching
filler

200

150 'S

Test Stress (MPa)

100 MarBN
X-Weld
CB2
50
19.5 20 20.5 21 215 22 22.5 23
Larsen Miller Parameter
A MarBN X-Weld CB2 P92 ECCC Mean + MarBN (Forged) = MarBN A MarBN (Chromet933) All weld

www. goodwinstealcastings.com



Creep testing ofChromet933 variants

D Temp Stress Stress Estimated Current Final Strength Elong. R. Of A Failure

(*C) (MPa)  (%P92) (hr) (hr) ) (%P92) (%) (%) location

1000

V4B-x-3 625 160 115
V4B-x-8 625 143 120
V4B-x-2 650 137 110
V4B-x-4 650 118 110
V4B-x-5 650 88 100
V4B-x-6 650 70 90

V4B-x-1 675 114 120
V4B-x-7 675 79 100

A 8 variant compositions developed Creep tesic welded forged bar

A Over 10,000hr testing completed 110mm bar (T fillerx; 625, 650, 67%C
A 20,000 hr is ongoing Plate weld (R filler} 650,675°C

A Currently up to 124% of P92 strength

www, Qoodwinstealcastings.com



Demonstration of weldingMarBN casting with matching filler

Parent metal:
Weld MMA:

Weld prep:
PWHT:

CastMarBN (Goodwin IBN1) e 30"
Chromet933 LinconMetrode) ] ; S 1
48mm double V 51 e
735°C 8 hours £

www.goodwinstealcastings.com



WeldingMarBN casting with matching filler

1N
AR

&

x200

Weld metal Heat affected zone

www. goodwinsteelcastings.com

Foundrymen & Engineers for over 130 years...



Mechanical properties MarBNcasting with matching filler

Tensile properties

1 Transverse

2 Transverse

3 All Weld

4 All Weld
Specification:

Impact properties

1 Centre line Ambient
2 Fusion line Ambient
3 Fusion line +2mm Ambient
A4 Root Ambient

Foundrymen & Engineers for over 130 years...

700 N/mm?

690 N/mm?

735 N/mm?

734 N/mm?2
660-750

49]

30J
47)

18J

50 mm

50 mm

50 mm

50 mm

48)
60J
54)

37)

48)

29)

49)

45)

20% Parent

22% Parent

24% -

24% -
15% min

48) 0.67 mm
40J 0.54 mm
50J 0.58 mm
33J 0.58 mm

Specification: 24 average / 20 single

www. goodwinsteelcastings.com



A Production of ingots

wiww. Qoodwinstealcastings.

com



GoodwinMarBNingots

\ it

Round Ingotg 800mmdia Square ingot; 30 x 32in
13,000kg 8,500kg

www. goodwinstealcastings.com
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A Forged bar testing



Parent metalg forged bar testingg GoodwinMarBN (IBN1) ingot

IMPULSE PROJECSCope of work

Tensile: RT, 200, 500, 600, 625, 650, 675, 100
Charpy longitudinal & transverse

Creep (130% of P92):
650°C¢ 1kh, 3kh, 10kh, 30kh, 70kH2 tests still running)
675°C¢ 3kh
79MPac 650, 675, 695, 71C

Low Cycle Fatigue:
0.4%- 25, 600C
0.8%- 25, 625, 650, 6 7%

www, Qoodwinstealcastings.com



Parent metalc forged bar testingg GoodwinMarBNingot

¢ o ® °
o
’ [ ] &
\ 600°C
@ L5 — 625C
& * ¢ ¢ 650°C
Duration
IMPULSE 110 & 140mm bar 650, 675, 695, 7FC

IMPACT Forged bar 625, 650, 71%C

Consistent 28C advantage over P92 forged bar

www. goodwinstealcastings.com



A Pipework evaluation

wiww. Qoodwinstealcastings.

com



ExtrudedMarBN pipework from Goodwin forged bar

MarBNtubing installed in a UK coal
fired power plant in2014 and 2015

IMPACTC material developmentc
production of tubes.
Run for 4 years at 60C

IMPULSE material characterisatiorg first tubes removed from power
101% station and assessed for oxidation resistance and microstructural
\ N evolution

www. goodwinstealcastings.com



MarBNc¢ further development

A

Evaluation of in servic@iping
Completion offorged barevaluation

Complete development ofveld filler

WeldingMarBNcastingto nickel alloy625
Extrusion of large ingot intahick wall pipe

Evaluation of all 9%Cr steels at 68 12mths

New 2018

Do Po Po Do Po

HOWELFEXRotor development

future

WWW.Q(."{E{T\‘J nstas

Castings.com



. Commercially available & in operation

700°C
O

Nickel alloy
625 & 617



Goodwin development of Nickel alloy castings forlSC applications

RO’CT |

AD7001 Selection of candidate alloys
1998- 2000 625, 617, 282, 263
A\byjeeziee)\ap==t " Production of 625 casting for component testing

2004
50+ Large scale 11,000kg alloy 625 castings
2007- 2010 Development of induction riser system

NextGenPower Design & test of inert casting technology
2010- 2015 Casting modellingzvaluation of HT cycles and microstructure

CoolEarth Large section (435mm) castings, test can servicedaspngs
2011- 2013 Alloy 626 & 617 cast with induction riser system

MacPlus Development of gamma prime strengthening alloys
2011- 2016 Microstructureevaluationg development of new alloy (G130)

NetPower Alloy 625 & TOS34stings for novel super critical COrbine

201316
National Projects Supplyof test blocks 10 to 1,500Kgr characterisation
2013-18 Chinese, Indian, Korean National Projects

www. goodwinstealcastings.com



Nickel alloy 625 for Gas Turbin&’20°C operation

3,000kg alloy 625 steam gland
GE 9H turbine supplied to UK and Japan

www. goodwinstealcastings.com



AD700 phase 2 COMTEST (2004)

UK & European Project

AD700 phase 2 COMTEST

Alloy 625

Demonstration valve casting
Weight: 4,000kg gross 1,800kg net

Valve installed in the coal-fired
power Bdhavent 6
Germany.

Operation temp: 705 AC
20,000 hour operation.

www. goodwinstealcastings.com



Cool Earth project (2005)

Japanese National Project
METI Cool Earth
Alloy 625

Demonstration valve casting

www. goodwinstealcastings.com



(Technological Advance Argon Shrouding Pouring Systém

H

Oxide Defects in Ni Alloys

Synthetic Barrier

Ladle

Ni Alloy

Tapered Nozzle

Pouring Cup

Fibre Seal

Steel Shroud These oxide defects are associated with
reoxidation of Aluminum

Argon Supply

Representation Sand Mould

(]
T I -

This system seals the metal stream from air, and
therefore prevents oxidation.
Argon is also purged into the mould both before and
during the pouring operation.

www. goodwinstealcastings.com



50+ project (2007)

European/German Project
50+ project

Alloy 625

Demonstration valve casting
Sections to 200mm

Weight: 6,500kg gross

Demonstration of castability and
fabrication welding of extension
piece

www. goodwinstealcastings.com



( Technological Advance large section dissimilar weldirj;

50+ projectc fabrication welding (2008)

IE

Pk
-
oo

~Alloy 625 Weld

-
R ] ,;

T - '-'..:-/ f 5 5

Alloy 625 | ||

Alloy 625 welded to GMo-V Steel
200mm section
SMAW & SAW

www. goodwinstealcastings.com



Dissimilar weldingg detectability of artificial defects by radiography

Photo of the CMV Ring after milling of the
holes prior to the introduction of the
inserts

Photo of the 625 Ring after the TIG
welding of the inserts into position

Insert TIG welded into
position

The purpose of the insert
is to produce an artificial
lack of fusion defect in two

1
1
:
1
1
1
1
i
1
1
1
orientations. |
1
1
1
1
1
1

Artificial defects were
inserted into the weld
prep of each test ring.

These were used to
determine defect
detectability upon
Radiography inspection.

www. goodwinstealcastings.com



Problem with heavy section nickel alloys:
Nickel alloys have a low coefficient of heat transfer

. u‘,' ‘Frﬁld‘
PR _,;s"ﬁ‘

Cracking in an alloy 625 cast test block
Section size: 348 440mm

www.goodwinsteelcastings.com



Details of the cracking

Large cast sections can result in internal cracking during cooling

www.goodwinsteelcastings.com

Foundrymen & Engineers for over 130 years



Computer analysis of the solidification stresses

Mﬁﬂhd;:lb‘h‘ts
[MF3]

el Jﬂ .
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g e w0 : re,0m
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Emphy

F2RST
H2HAF
+14.23

+ 714

+ aae

- T4
14,29
CARE

CoBaT

B
- AXAE
-Gl

Stresses 5 hours after pouring  Stress value

Section _ _
340 x 440mm the defect area was progressing in Mpa

through solidification

+vetensile
-ve compression

www. goodwinstealcastings.com



( Technological Advancereducing cooling stresses J

Infinitely controlled cooling during both solidification
and mould cooling reduces these stresses

Induction Coil

Casting

www.goodwinsteelcastings.com



ermocouples

Argon to the feeder

Induction coil

Argon to the
pouring bush
seal

www. goodwinstealcastings.com



