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O] INTRODUCTION
OVERALL APPROACH TO JUSTIFICATION




* When Rolls-Royce was looking to introduce new manufacturing technologies of
Hot Isostatic Pressing (HIP) and AM Laser Powder Bed Fusion, there were no
specific nuclear codes and standards for these technologies.

* There is the need to meet the requirement of ‘Proven Technology’ in the nuclear
industry.
How do you justify the
application of a new B —
manufacturing T i e
technology in the
Nuclear Industry?
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* Rolls-Royce used the UK TAGSI| 4 Legged approach, primarily developed for
providing a Structural Integrity (Sl) justification for ‘Incredibility of Failure (IOF)
components, i.e. the need to demonstrate an extremely high level of reliability, e.g.
components such as the RPV. —‘
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* The approach isn’t just for providing a Sl justification of IOF components (TAGSI
recognises that). It can be used for lower classification components.

* Although developed for providing a Sl justification, i.e. not specifically developed
to justify new manufacturing processes, Rolls-Royce considered it to provide a

usable framework.
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* Four independent legs:

Leg1- Good Design & Manufacture

Leg 2 - Functional & Performance Testing

Leg 3 - Failure Analysis nwwumme
AN LPEF MGY
Leg 4 - Forewarning of Failure
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* Overall objective is to establish
a ‘Robust’ Method of
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()7 USE OF THE ASME CODE

ARt
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Rolls-Royce uses the ASME Section Ill -
Rules for Construction of Nuclear Facility
Components.

Construction: Material, Design, Fabrication,
Examination, Testing, Overpressure
Protection.

All components to ASME Section Il -
Division 1.

Notes.

a. Not Division 5 - High
Temperature Reactors.

b. Division 4 — Fusion-Energy

Related Components.

Section lll has five divisions:

Division 1: Metallic vessels, heat exchangers,

storage tanks, piping systems, pumps, valves,

core support structures, supports, and similar
items.

Divisien 2: Concrete containment vessels.

Division 3: Metallic containment systems for
storage or transportation of spent fuel and
high level radioactive materials and waste.

Division 4: Fusion energy related components
such as vacuum vessel__ .

Division 5: As division 1, plus graphite and
composite core components and assemblies
for High Temperature Reactors.




Leg 1 - Good Design & Manufacture

* Design in accordance with the ASME code, e.g. subsections
NB, NCD - design rules, NCA (e.g. specification/design
report requirements, specifying loading conditions).

* General manufacture/quality assurance in accordance with — T ]
the ASME code, e.g. NQA, NCA (e.g. material sourcing, e I
control of suppliers, records, inspection, audits). o E— -

ST

* Justifying new materials - properties - use of Section |l Part s |“_"‘]:
D - Mandatory Appendix 5 - Guidelines on the Approval of o | [ | [ | [mone
New Materials Under the ASME Boiler and Pressure Vessel
Code.

* Examination requirements.

Officisl
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* Material property data obtained by Rolls-Royce to support Rolls-Royce’s
justification was subsequently incorporated into ASME Section Il code cases and
guidance documents.

s ROVEE
wecsher 3, 2012 ANME BFYCLCNG 2008 N'834

Powder Metallurgy/Hot Isostatic
Processing (PM/HIP)

Table of Contents

Approval Date: Octeder 22, 2013

b (2 ok rveman sl bt v et d st by ey b Sende & (rema

Case N-334 (1) Density measurements and méarostructural ex
1 Istroduction ASTM ASS8/A98SM-11 UNS 531603, Subsection NB, srvmation shall be performed at the midsection of coe
Qlass | Components pons removed from the precrusion In acoordance with
3 g
2. Specfications for 3161 PMHIP Componants Section 111, Divisien 1 ASTM ASRH/ASOEM. 11 paras. 811 and 8.5.2
21 Chesmcal Conpontion (2) In addition 10 a chemiaal composithen analysts of
22 Tensile Requzement: Maguiry: May ASTM ASG8/AS8EM. 11 UNS S31603 be the fisal blend powder, an anadysis of 3 sample Som sach
*13 Heat Treatment used for Section [, Division 1, Sehsection NB, Cless 1 oomponent shall be required
: = Tr Comgonents constracion’ (3) Iimergranviar corresion tests shall e pestfonned
24 Hudnes: Reguiement udng Wt coupans removed from the protruven & acooe-

351 Heat$14520
352 Heat$iS11

39 Tenule Propernes (70.1000°F)
310 Yield Stessemam Curves
4 Waldumat Propetties of S31603 (316L) Mazufacted Componants
41  Welding Consunables
42 Welding Pasazneters
43 Jomt Geomenry
43 Moco and Mecrostructare
45 Hardnes: Profiles
46 Tenzde Properties
47 Bend Rewits
5. Referemces
6 Suggested Reading

Appendix A = Addihomal Test Property Data for Heat 33836-01A

Appendix B ~ ASME Stress Allowable Valoes

Reply: It ks the opiaion of the Committee that, ASTM
ASER/AGEAM. 11 UNS S31603 muy be wed for Section
N1, Diviston 1, Sebsection NB Class 1 Components in con
wction provided the following addnonal requrements
are met

(@) For purposes of welding procedure and perfor
mance qualification, this matertal shall he comaidered
PNo |

(N The design stress Intensity values and the max-
reutn allowable strews valoos, fathgue destpe curves, tim-
sile strength and yiold strength values, thee
expansion and other properties thall be the same 2
SA-240 UNS S31603

(<) The matmem allowadle powder partide size shal
b 0.020 . (0.5 mm) o dess

() Felowing ammization, powders Shail be stored
det A pOsive AT ORen OF Argos amesphere

(e An 8 in (20 Joeger protruson (et toion)
Sl be added to of each Item that equals or ex
ceods the Thickest section of that item. The protrusion
all be remowed upon completion of Issstatic prescing
and heat treatment of the wom and shall be used for mi-
croatrectural characte ation, denuity messurements,
hemical teating mechanical testing and intengrans
corTosion tosting as required below:

FLLLLLTTERTRELT

dance wish ASTM AZ62 Pracico &

(4) Mochanical property tests, inciading trasion teets
and baniness teats, that be performed usieg tee coupons
the protreston s accordance with ASTM
11, Section 9, Mechanical Propertien

() The matertal sl be examined uting the ultrasosic
caminanon method i accerdance with N8-2540 over
100% of its eative volume usiag Both stralght and angle
beam methods. items hat are prodeced in the form of
tubval ar peoducts shall be examined In sccordance with
NB-2550.

() The maserial shall net be used for components
where the neutren Irradiston Bucace levels will excoed
1o 50" n/en’ (€ » 1 Mev) within the desigs life of the
component

(N Following final het isestatic-pressing. all surfaces
exposed te the peocess fuld shall be removed by machin
Ing or grinding to » Sepeh of 0.008 in. (0.2 mim) or grester
Final accessibie surtaces shall be examined by the liguid
penetrant method in accordanco with NI 2576

(1) All other reguirements of NE-2000 for austenitic
materials shall apply

() This Cawe number dhall be marked oo the material
and d oo the Cortified Magerial Toxt Report and on
the Compornent Data Repors

Official
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Leg 2 - Functional & Performance Testing

* Cyclic load testing, particularly thermal fatigue, in accordance
Appendix || - Experimental Stress Analysis.

LEG 2
Funchonal and
Parform anoe Testing

* Failure defined as the propagation of a through-wall crack such that a
leak would occur.

lmmsh'dch [ Production ]
* Requirement to conduct more cycles by a factor than what will be seen | Yt ke

in-service :

Factors account for effects of size, surface finish, cyclic rate,
temperature, statistical variation (number of replicate tests).

Never less than x1.25, can be approach x5 (i.e. with a one off test).

Cifficial
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Leg 3 - Failure Analysis

* Analysis in accordance with the code, e.g. NB3200 - Design by Analysis.

* Protects against: Fakre
Ductile burst.
Gross plastic deformation (large portion of a component).

Excessive plastic deformation (in a local area, e.g. a
discontinuity/transition). [ == 1 [wmﬂ

Fatigue. [

Non-Ductile Fracture. |

Environmental Effects (just corrosion allowance).

Mot Subject 1o Expert Con



Leg 4 - Forewarning of Failure

* ASME Section Xl - In-Service Inspection

LEG4

Forewarning
of Failure

: l

Fallure Ir-servioe In-servite
Mechanisms Tests Inspections

Mot Subject 1o Expeat Cantrol - @ 20325
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(JA HOT ISOSTATIC PRESSING (HIP)

untaann o
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1.Inert gas atomisation to
produce powder.

Y
Y .
i -

) | ) |

2.Sheet metal
| l . . capsules filled
3.Capsules subjected to high with powder.
4.Can pickled or isostatic pressure and high
machined off. temperature to obtain full
density.

Official
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Project Benefits:

Lead-Time Reduction

- No tooling development required, thin-can
encapsulation - welding of mild steel

Cost Reduction
- Scrap/re-work elimination
- Material quantity - closer to final shape

- Machining reduction - closer to final shape

O
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Product Benefits:
Material Quality Improvements

- Cleaner material, no aligned inclusions

Homogeneous

Isotropic

Improved properties can be achieved due to
smaller grain size

- Smaller defect sizes (sieving size)

Non-Destructive Examination Improvement - Sensitivity
increase due to:

- Homogeneous material structure

- Finer grain size

Mot Subjsct 1o Expert C
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PROJECT FAST (2019-2021) 12021+
= TSEBW for HIPed SA508 I = Pressure & thermal

Previous work
= Proof of concept

« HiPed test pieces * Manufacture of a Small Vessel | cyclictesting
- Demonstrator (SVD) and hydrostatic * Completed LVD for UK
= Powder filling proces testing component

= Manufacture of two Large Vessel qualification testing

Demonstrator (LVD) sections

Manufacture of a Ring Section
Demonstrator (RSD) and thermal cyclic &
testing

Full material property
testing programme

= ASME code case
submission

== a=ea _— L} o Bl == _‘h == L ]
-

2018 2019 2020 2021
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Itis ] nExtr i X
Good Design and Manufschare

TA

Eunctional Testna |

Fale Analyas

Forg WildTiiNGg of Fadure

Well defined koading,
temperature and snvieonment

|

Good design basad on
hestoncal sapanancs

[Probatype test)

Pressure (el

Proof test analysis

wthidg degradaton |

Materials propery
determanaten

Pre-Sarvce Inspechon

f—

(151)

In-Sarvicn defect growth e
anatas

Materials ageing arkd
degradation

Leakags

1=
Monforing G
Re-characiensation follwing snap-
iFraugh

e

Materials monitonng
[

Flant mantonng of opsrating

PATAMEETS AND PELUTEDT SVEnls
|

Operationad feedback from other plant
|

Approprisbe SCHon in the avent of
abnomalities

——

Based wpon curent material

Full material test programme (MATCAF] ¢.g. billets, areas of
demonstrators, further heats, fracture toughness, irradiation

testing, crack growth, defect assassment

ASME code case submission

Further use of SVD/LVD.

Use for eqguipment

Humber of demonstrators — RS0

Destructive examination

l &
Good cholce of matenals -
Good manufacture *
Fre-Service Inspechon #Y (150
Goad opedation and
M ntenanse
MO
Further MDE, &g of
seeded defects Fydreesd
Thermal Cyclic Testing of RED
Designed to Burst Pressure Test SVD
ASME Section 1l
Code Pressure Cyclic Testing 5VD

Thermal Cyclic Testing SVD

Further demonstrators

sections — nozzles, safe-ends

SV, LV,

Exploring ‘cliff-=dges’, parameter variation — billets,

qualification tests —
in-Sarvioe
application

=aze of inspaction




* Approach:

Demonstrator units produced for each application.

Dimensionally inspected to show geometry can be achieved.

NDE examination and destructive examination. Units cut up for material
microstructural assessment and property testing.

Near Nett Shape? Some benefits, but design for inspectability was key
consideration.

O
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* Approach:

Independent industry survey.

Incremental approach:

- Non-Pressure Boundary .
- Pressure Boundary - Leak Limited %4 P
- Pressure Boundary - Isolable ey ! v
- Pressure Boundary - Unisolable B s K e
AL VAL VRS ORI, T g LT
Material equivalence striven for. Mutwiel Specibiation | EIPMQE | EPAAE | Wikt Cot
0.2% Prood Stress 207 MPa 174 MPa HOMPa 267 MPa
Uhtizsate Tesaile Serungth 517 MPa S5 Py BB NPy RLoAti

Mt Subpect ba Expedt C



* Understanding the MoM:
Defect/risk assessments.

Mitigating quality control measures.

‘The Devil is in the Detail, but so is Salvation’

Metallic Inclusions
Cause and Mitigation

Exchude slemental cleansing ‘washes', ¢.0. ‘cobalt’
wash

M an elemantal wash is conducted, diy remnant

powder may be drawn threogh in the subsequent
material Jtomisation run

Schedule the material production run to follow the BV RIS SRR T g bl e S )
exact same osaterial or material family of another E1 SRR RESPRNE L SRR S T )
order

Saceifictat run conducted of the actusl material
prior 1o the prodoction run proper.

Any tomeant matenal Som peevious production
nnswashes s most Skely % be drwn thiough n e
st quanity of malesal

Anty remmoant matenal $om a previous produchon nan

The whole, 0 specific operations (e.g. sieving). of
wil oot be adversely driferent to Se materal ron

the production process 10 be dedicated to a
spacific material famey type
Robust clean down of all the egupmant.

To remove any remmnact matenal om previous.
production ns

To reduce the rk of remeant muserial from previcus.
production matenal

This is B ey metigasting cootrol measure 10 ensure
wnacceptable powder & not appied 10 product

The cesign of the atomiser and sleve 1o be such

Examvimation of 3 HiPed specimen looking for
metallic inclusiom.

Rolls-Royce

ICONE24-61106

HIPED HARD FACINGS FOR NUCLEAR
APPLICATIONS - MATERIALS, KEY
POTENTIAL DEFECTS AND MITIGATING
QUALITY CONTROL MEASURES

Presented by
Eur Ing J Sulley - Chief of Engineering Capability
Co-Author

Dr D Stewart — Technical Specialist Reference:

ICONE24-61106, 2016 @

@ Potential Defects and Mitigating Quality Controls:
Metallic Inclusions
Non-Metallic Inclusions - Refractory Materials
Non-Metallic Inclusions — Meit Oxides
Porosity
Grain Growth
Oxide Formation
Contamination from Chemical Species

Officisl
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» Specifications/Standards for key MoM steps.

H”ﬁ Rolls-Royce

POWDER MANUFACTURE BY GAS ATOMISATION 2.0

Rolls-Royce

CONSOLIDATION BY HOT ISOSTATIC PRESSING 4.0

ﬁ Rolls-Royce MATERIAL  |RRMS

SPECIFICATION |Yemon 30

Date 03 ALG 2021

Acceptance Test Requirements for Metallic Powder and
Powder Based Product

Mot Subject 1o Expon C



* Walk the process to identify
risks.

* Help Suppliers develop robust

procedures, e.g. equipment clean
down.
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ADDITIVE MANUFACTURE -
LASER POWDER BED FUSION - GLOBE VALVE
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* Safety Critical component.

e TR

I?? NEWAM FACILITY 202%

L \

+ - N D2 ey
-,u'd W celup 1o A

Collular

for AM
Agile Capacity

Officisl
Not Subject to Export Control - ® 2025 Rolls-Royce



Leg 1 Good Design &

Manufacture

Mechanical Testing

Summary of Mechanical Testing

Test Description Tast Method 36LN Tristelle 5183
Tensile Tests (Ambient & Elevated Temps)) ASTM EB, L v v ‘
ASTM EZN
Charpy Impact Tests (Ambient & Elevated TempsT) ASTM E23 ¥ v
Hardness Tests . ASTM E92 v v
Elastic Modulus Test (Ambient & Elevated Temps’) ASTM E1B76 d ¥
Thermal Expansion Test [Ambient & Elevated Temps') ASTM E228 d v
Thermal Diffusivity Tests (Ambient & Elevated Temps’) ASTM E2585 . v
Specific Heat Capacity (Ambient & Elevated Temps') ASTM E1269 . ¥ ¥ .
Fatigue Endurance - In-air (Ambient & Elevated Temps') ASTM EGDG v v
Fatigue Endurance - In-de-oxygenated Water (Elevated . ASTM ES06 ¥ MN/A
Temps') [spirit of)
Fatigue Crack Grewth Tests - In de-oxygenated Water ASTM EG4T v MN/A
Fracture Toughness Tests (Elevated Temps') ASTM E1B820 v M/




Leg 1 Good Design &
Manufacture

Mechanical Testing

v ot
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Strain Ampiude, %

UTS and Proof Stress
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¥ Orviews
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e e
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Hardness
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[
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NS G/OR 4000 e 7t
- MALY
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e ——
ac o TSGR T —— o
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Summary of Metallurgical & Corrosion Testing

Leg 1 Good Design &

| Test Description Test Mothod 316LN | Tristelle 5183

Ma n UfaCtu re [ Chemical Analysis (Powder & LPBF Sample) ASTM E354 v v
Metallu rgica[ & Microstructure & Grain Size ASTM E12 v v
Corrosion Testing Material Inclusion Content ASTM E45 v v
[ Macrostructure ASTM E340 v v

proved | Resistance to Intergranular Attack (Sensitisation) ASTM A262 v N/A

' __L . | Method A& E

= == Resistance to Pitting Attack ASTM G48 v N/A

:'F . @ Resistance to Transgranular Attack ASTM G36 v N/A

— 1 | Resistance to Crevice Corrosion ASTM G78 v N/A

Typical Grain Structures Tristelle 5183 to 316 St St Bond Line

SRS

Officiel
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Residual Stress Mapping

—
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R
Moo
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Poe || . |
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50mm MGV Bonnet 15mm MGV Body

Bahing Lowd Mawatoanon Pagu

Non-Destructive Testing

P b
]
b -
Vomte e Pactras
WO FE £ I8
[
o 4 A2 Shet
Locuson
s Webogd arkrs
e B
Ao T
. L}
—— e
L [
Ptog | v
- P e

|
* Previous Method - Wrought/HIP bar examined using Ultrasonic Testing.

= AM Method - Radiographic Testing based on near-net-shape and start-of-Life
defect characterisation.

= Defect characterisation by expert elicitation used to guide inspection technique
and inspection acceptance criteria.

= Future expectation for in-process melt pool monitoring to remove requirement
for traditional volumetric examination.

rrsrrorrseronss]
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Weldability,
Machinability

Weldability Trials.
Canopy Weld Trials.

Pipework Stub Trials.

Machining Trials.

Official
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Ambient UTS & Proof Stress
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Production Test Data
and Experience

; Hardness (Hardfacing)
—] H ¥ 5 n P“:im » 1 A0 EL L L1
=== . —

—l—l Hardness = . '
| i b 450 @ -
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Heat Treatment Mo
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Comparison Production

Test Type Description Component

Wrought Valve Test

nY
H Standard Hydro Body onl No Yes
Leg 2 - Functional & 4
performa nce TeStl ng Valve Half Open Full Assembly oy j No Yes
Hydrostatic —
Valve Closed Full Assembly No Yes
Ultimate I P
] U umat: : ressure By only 50mMm only” Yes No
Hydrostatic est
. Cold Full Assembly — No Yes
oUmmyv
= W0 - Hot Full Assembly SMM” No No
" - }‘ A".-
\ \ Repeat Cold Full Assembly No No

£ Endurance [T RRN T VU o "
\\ s

Cold Full Assembly 50mm onlyv Yes No

m Thermal Shock Full Assembly 50mm onlyv Yes No

Officisl
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Wrought and AM MGV Bodies Pre-burst Test

Ultimate Pressure Tests

Explore full capability of
AM pressure boundary on
MGV body.

> 2000 bar applied without
failure.

Official
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Seismic Loading Tests

Tunaiorad o |

Three test orientations on
both AM and Wrought
valves.

Pre and post test functional
checks successful on each
valve.

Official
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Thermal Fatigue Test (ASME Appendix ll)

ASME lll, Appendix Il assessment used to specify HOT In
thermal cycle test.

- : 5 x service life - no cracks present (analysis
[:E predicted CUF of 0.4).

Valves functionally tested after extended life
simulation.

12 x service life (CUF of 1) - no cracks.

30 x life - evidence of cracking - picked up by NDE.

75 x life - max crack depth 6.5mm - wall thickness
13-20mm.




IS

lure Analys

Leg3 Fa

Location of Streas Classification Lines for ASME Assessment
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Leg 4 Forewarning-of-Failure

= Failure Mode Effects Analysis (FMEA) Review

- Large margins identified through functional &
performance testing.

= [n-Service Tests
- System Hydrostatic and Valve Functional Tests.

= [n-Service Inspections

- External inspections for evidence of
corrosion/EAC.

ot Subject 1o Export Control - & 2025 Rolls-Royos




ROLLS

ROYCE

THANK YOU FOR LISTENING!

THANK YOU TO THE IAEA FOR THE OPPORTUNITY TO PRESENT THIS
WORK
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	Slide 1
	Slide 2
	Slide 3
	Slide 4
	Slide 5
	Slide 6
	Slide 7
	Slide 8
	Slide 9
	Slide 10
	Slide 11
	Slide 12
	Slide 13
	Slide 14
	Slide 15
	Slide 16
	Slide 17
	Slide 18
	Slide 19
	Slide 20
	Slide 21
	Slide 22
	Slide 23
	Slide 24
	Slide 25
	Slide 26
	Slide 27
	Slide 28
	Slide 29
	Slide 30
	Slide 31
	Slide 32
	Slide 33
	Slide 34
	Slide 35
	Slide 36
	Slide 37
	Slide 38
	Slide 39
	Slide 40
	Slide 41
	Slide 42
	Slide 43

