PM-HIP Manufacturing Method for

Nuclear Reactor Components
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8l (1/2) : Performance of PM-HIP Alloys in Nuclear Environments

0|'

1. PM-HIP 28= s ga52 &2 =2 Ao 5|5t O & 7| AN E45 E0F
(Morrison et al., 2019; Atklnson and Davies, 2000; Rao et al., 2003; Metals and Ceramics
Information Center Report No, 1977; Shulga, 2012; A. v. Shulga, Euro PM,2014; Barros et al., 2022)

2. Synchrotron X-ray in situ Q1 ZHA| & =3 Z 1t Wrought 316LZ S LA 7| 625 &322 A2 PM-HIP
AT A™E Muto| 2N M O 223 23 B E B0 FH (Guillen et al., 2018); ZX 2 37|17}

O OJMSH O =2 2283 8l 2142 2 0|F (Atkinson & Davies, 2000; Guillen et al., 2018)

3. Alloy 625 5! 690 2t=2| 42 800°C/1,000 hr A= 2 SO A PM-HIP 2K 7t €X 0HY 40|
Cl @0t ot 02 7[AM B & =2 LIELE (Bullens et al., 2018; Getto et al., 2019)
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8l (2/2)Performance of PM-HIP Alloys in Nuclear Environments

Specimen Species | dpa Temp. Observation Ref.
316LN 2.5 290 % Consistent Irradiation-induced Y.S 1, Ductility |; No Work hardening | Lind 2000
v PM-HIP % PM-HIP Steel, a Shorter av. LCF Life Lind 2001
v" Wrought s only 30 % Fracture Toughness of the Wrought Steel, [O] Content
316LN 10 265 % Uniform Elongation Similar across all three Specimens Rodchenkov
v Rolled Plate neutron % HIP Specimens (Solid & PM) Greater Irradiation Hardening, 2000
v Solid HIP Greater Loss of Fracture Toughness than the Rolled Plate
v PM-HIP * Rolled Plate & PM-HIP Specimens, Reduced Strain Hardening

Capacity; the Solid HIP Specimen Maintains Full Strain Hardening
Capacity
Alloy 625 50 400 % Dislocation-type Defects (Loops & Lines) Density, Consistent in both | Clement
v PM-HIP 100 500 the PM-HIP and Forged Specimens at all Irradiation Conditions. 2022
v Forged + Ratio of Loops to Lines, Depending on the Initial Sink Strength,
4.5 Mev . : .
Fe2* ion whlch was Higher in Forged 625: . .
+ Higher Sink Strength Delayed Dislocation Loop Growth & Unfaulting,
but Ultimately Did Not Change Total Dislocation-type Defect Density.
Microstructural Evolution w/ Nanoindentation Hardening.
F/M Steel F82H 25— 300 % PM-HIP & Rolled Plate Specimens Identical DBTT van Osch
v PM-HIP 5 < PM-HIP, Larger Irr.-induced DBTT Shift & Reduction in USE 1996
v Rolled Plate
Martensitic Steel neutron 2 200 % Little Effect of on Fatigue Crack Propagation Jong
PH13-8Mo 300 2011
(Fe-12Cr-8Ni-2Mo)
v" PM-HIP only

1%



Adoption of PM-HIP Specifications into ASME B&PVC

Applicable ASTM ASME Code Case or
. . . Nuclear Use
Materials Specification Section
Approved for Use by the NRC in Regulatory
316L.SS ASTMA988 Code Case N-834 Guide 1.84 for Class 1 Components
No Nuclear Approval; N-2840 Endorses for
Duplex SS ASTMASBS — Code Case N-2840 0 \nder ASME Code Section VIIl, Division 1
Cr-Mo Steels _
(Grade 91 & ASTM A989 Code Case N-2770 No Nuclear Approval.; N-277.0 Endorses for
Use under ASME Code Section |
Grade 22)
Nonferrous
Alloys
(AL-6XN, ASTM B834 Section II, Part A
Alloy 625, Not Endorsed by any ASME Code Book
Alloy 718) Sections, including Nuclear
Low Alloy
Steels None None
(A508)

D. Helzer 2022
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Experiment Flow Diagram
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Chemical Composition of SA508 Gr.3 Steel Sample, KAERI

C Mn P S Si Ni Cr Mo \'/ Cu Al N (0]
ASTM 1.20 0.40 0.45
0.25 1.50 0.025 0.025 040 1.00 0.25 0.60 0.05 0.02 0.030
Al
© e 0.20 1.34 0.007 0.002 0.20 0.89 0.20 0.50 0.002 0.02 0.02 0.011 0.039
(Forged)
(éi) 0.51 1.07 0.005 0.004 0.345 0.87 0.198 0.51 0.002 0.023 0.008 0.0049 0.056
(EIiE(gSA) 0.206 1.1 0.006 0.003 0.214 0.87 0.201 0.50 0.002 0.023 0.018 0.0077 0.046
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Microhardness Measurement on PM-HiP SA 508 Samples
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micro Vickers Hardness of PM-HIP SA508 Samples
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EPRI SMR Vessel Manufacture & Fabrication, Phase 2 (2022 ~ ?)
Task 7. ASME Boiler & Pressure Vessel Code Development

&2 AAE 22 WA/MEXSO| /MY 7ls5S MU2 28 = UZE 57| 2[5 = ASME BPVCO|A{, 22[1
LWR 3 SMR L& Z % EPRI Utility Requirements Document (URD),

M=Z& Code Cases?t Rt £ EE 91, 7|& Code 82 Section Lf {715 The= £HoHH &= REE 9IS XY
MZ2 Code Case X ASME =730f E 23t 2ot (Definitive) H|O|E 3! HE F=H|
Elimination of the EB Weld via Solution Annealing

Powder Metallurgy-HIP of 508 Low Alloy Steel

M ASME Section 10 M= PM-HIP 7|22 N Z = 300 372 &t=2=0
Ferritics, Austenitics, L|Z%8ta S0| Z& |0 A OLI SA508 M Z= ZTHE
PM-HIP SA508 RPVs 7| Section 110 Z2Hk|7| @M= Aot A7

v 0§ 2| Heats2| PM-HIP SA508 £ & x| &=
v &0t otu[eld Bt (Characterization)
v (BEX) ZAL AR EIt

Diode Laser Cladding (DLC)

Bulk Additive Manufacturing (BAM)

Small Modular Reactor Vessel Manufacture and Fabrication:
Phase 1-Progress. EPRI, Palo Alto, CA: 2019. 3002015814.
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Examples of EPRI Projects on PM-HIP Technology

Sponsor :

xF in

Year Kkoj 7|2t g Title
EPRI Program on Technology Innovation:

2012 05 Final Report CPP Manufacture of Large Nuclear & Fossil
X-Gen Eng. Components Using PM & HIP Technologies
EPRI

: : DOE NE : :
: GE-Hitachi Innovative Manufacturing Process for
2016 03 Final (Yr. 3.5) CPP NEET Nuclear Power Plant Components via PM-HIP
: : AMM

(Ohio Univ.)
EPRI
Nuclear AMRC

202204 Phase 1(Yr.4)  g4qer Welding Eng.

Synertech PM

SMR Vessel Manufacture & Fabrication

S H : 2/3 Scale SMR (NuScale) Pressure Vessel &8 £E& (Vital Assemblies) X =




EPRI PM-HIP =9 =7} B}

. X 72| Transition Shell Segments M| & 2t=; 20223 42 7[0 87 A =
v o2 20 A2 TlE o2& (VA; Vacuum Annealing) Segments
v 7|88 7tA EF (AM-GA; Air Melted-Gas Atomized) &2 0| &; A4 A& 0| A= Charpy
Toughness 135J 5 &
v SHX|BE RS EXe| 2 E 7| TAM EE ToughnessE 27| 082 A= B¢
(Consistent Toughness Properties while Scaling up the VA Technology have proven Elusive to date).
ANESFEE 7tA 28 (VIM-GA; Vacuum Induction Melted-GA) 22 282 42 Toughness £40|
2 LIOFEI A =2l &= 79| Upper Head Section VIM-GA 222 M= | H
. NuScale Power Lower Reactor Head2| Demonstrator Assembly 2%} 4&; PM-HIP 7| &£ K|t

T /2l BF% Lower HeadE d& M2 2 &4&0otd, HX SF2 2 XN &¢ Flange EF

. A New Slope-out Welding Procedure ......
. All Diode Laser Cladding Coupons Generated in This Study ......



23 m H x 4.57 m dia.
77 MWe (gross)

NuScale SMR Fact Sheet

NuScale SMR

Reactor Vessel

Pressurizer

Steam Generator
(Secondary Flow)

Feedwater

Downcomer
(Primary Flow)

RPV

Nuclear Core
(Primary Flow)



RPV Transition Shell

Lower Assembly of the RPV, The Transition Shell at the Top (left image) &
a Model of the Transition Shell 13



Preparation of PM-HIP Transition Shell

Transition Shell Section Capsule ready for Transportation

following HIP Process with Frame
Transition Shell Section Capsule (a) Initial (b) Completed



Transition Shell Segments Properties

Transition Shell Segment #1 #2 #3 e #5 #6
819188
AM-GA Powder 818880 819379 819369 820052 820536 820052
Heat #
820078
As-Received Powder Oxygen, ppm 100 90 160 100 130 NA
Laboratory Charpy Impact Results, J
As-Received Powder 115 98 92 118 136 NA
Following Vacuum Anneal * 155 107 106 141 NR NA
Vacuum Anneal Temp. (°C) No 800 650
Oxygen, ppm for Plugs above
Upper Region 200 140 130 110 101 86
Middle Region 80 110 120 90 88 123
Lower Region 90 100 120 100 85 105
Witness Sample NA 80 100 80 NR NR
Charpy Toughness, J
Plugs from Shells after Heat Treatment
Upper Region 86 73 52 92 56 94
Middle Region 95 110 73 95 121 75
Lower Region 75 106 91 115 97 103
Witness Sample (150 mm?®) 92 106 107 138 133 103




Photographs of Transition Shell Segment

@l M‘

Transition Shell Segment #5

Transition Shell Article 6 following Plug Removal 16



VIM Melt Chemistry, NOT of Powders

VIM-GA by Sandvik

ID Route PSD C Si Mn P S Cr Mo Ni Al O
(um) (ppm)
ASME Spec. min - - 1.20 0.45 0.40
ASME Spec. max - - 0.25 0.40 1.50 0.025 0.025 0.25 0.60 1.00 0.025
131385 VIM-GA 53-420 0.178 0.02 143 <0.005 <0.001 022 053 094 <0.01 0.004 0.003
131386 VIM-GA 53-420 0.173 0.09 1.32 <0.005 <0.001 0.15 053 094 <0.01 0.003 0.002

PSD : Powder Size Distribution

Table 4-6 VIM-GA Powders Chemistries (#022 EPRI Yr. 4)



Chemistry of 2 VIM Melt & 6 HIP Capsule

VIM-GA by Sandvik

ID Route {;JSmD) C Si Mn P S Cr Mo Ni Al N o
ASME Spec. min - - 1.20 0.45 0.40
ASME Spec. max - - 0.25 040 150 0.025 0.025 025 060 1.00 0.025
131385 VIM-GA 53-420 0.178 | 0.02 | 1.43 <0.005 <0.001 0.22 053 094 <0.01 0.004 :’0-.50-3\:
2A Hot Degas Full 0.163 | 0.02 | 1.41 0.24 053 095 <0.01 0.0ZOE 0.021 i
2B RT Degas +53 0.155| 0.02 | 140 <0.005 <0.001 024 053 095 <0.01 0.022 i 0.020 i
2C Hot Degas +53 0.161| 0.02 | 1.37 0.23 050 0.90 <0.01 0.024 Il_O;O_ZEJ
131386 VIM-GA 53-420 0.173 | 0.09 | 1.32 <0.005 <0.001 0.15 053 094 <0.01 0.003 :‘C;O-O-Z\:
9A Hot Degas Full 0.164 | 0.09 | 1.30 0.16 0.53 0.95 <0.01 0.024 i 0.020 i
9B RT Degas +53 0.162| 0.09 [ 1.29 <0.005 <0.001 0.15 053 095 <0.01 0.024 i 0.015 i
9C Hot Degas +53 0.165| 0.09 | 1.29 0.16 053 0.99 <0.01 0.024 LO_.O_1fJ

PSD : Powder Size Distribution

Table 4-6 & 4-7 Chemistry of VIM-GA Powders & from 6 HIP VIM Capsules (#022 EPRI Yr. 4) 18



Charpy Toughness, J

Charpy Toughness vs. Oxygen Content
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Chemistry of EPRI (VIM-GA) & KAERI Works

ID Route ::st) C Si Mn P S Cr Mo Ni Al N o
131385 VIM-GA  53-420 0.178 0.02 1.43 <0.005 <0.001 0.22 053 094 <0.01 0.004 0.003
2A Hot Degas  Full 0.163 | 0.02 | 1.41 024 053 095 <0.01 0.020 0.021
2B RT Degas +53 0.155| 0.02 | 140 <0.005 <0.001 0.24 053 095 <0.01 0.022 0.020
2C Hot Degas +53 0.161 | 0.02 | 1.37 023 050 090 <0.01 0.024 0.020
131386 VIM-GA  53-420 0.173 0.09 132 <0.005 <0.001 0.15 053 094 <0.01 0.003 0.002
9A Hot Degas  Full 0.164 | 0.09 | 1.30 016 053 095 <0.01 0.024 0.020
9B RT Degas +53 0.162| 0.09 | 1.29 <0.005 <0.001 0.15 053 095 <0.01 0.024 0.015
9C HotDegas +53 0.165( 0.09 | 1.29 016 053 099 <0.01 0.024 0.014
g ESR & Forged 020 | 0.20 | 1.34 0.007 0.002 0.20 050 0.89 0.02 0.011 0.039
AG, GA Hot Degas Full 051 |0.345| 1.07 0.005 0.004 0.198 0.51 0.87 0.008 0.0049 0.056
E6, EIGA Hot Degas Full 0.206 | 0.214 | 113 0.006 0.003 0.201 0.50 0.87 0.018 0.0077 0.046 3




NRC, Technical Information (1/2)
PM-HIP A508 Material-Specific; Impact Toughness
NRC Ranking of Significance : High

« PM-HIP o2 A Qe =24 21 5|8 X| (Consistent & Acceptable)E 4= F/H2 UE M2 EE Mx=
O 2 Of24-2 1tA| (a Significant Challenge).

- M= 2Eel st 2R E 7] flotd, A2 22 A EF0 HE0 QdE g = AT 8522 AE,
e AN E7SEHHPEE S 2 80 24 Zatel &8 22 2R

Key Technical Information

1. PM-HIP M| = LY 220 42 MK = &8 Mo 28 S22t 54 2482 LdEA EOFX| 2ot US
2. \|gX| EE 54 o1'd 240] S25| =X 210 &£ Q1Y ol #zt Z0| A LIEtLE A2 ME 222 D=2 U
S}st =4 9| X} (Variations)I|£Q Aoz HQl
< PM-HIP X224 EEQ X254 od 42 M2 2 22 5 HAO| 7|Qst= A2 B¢
- FEEL AR, FE, MY L E7|SE HAE SR H AT O EN PM-HIP CHE FE2f 4F4 Bl OfE}
=== MIE 2™5l= 40| 2
« HP 378 B, GXE| US| F=7HM %[M3tE S0 O L2 54 o1 1B 20X E 22 = U2 A2 HY
« PM-HIP A508 £&0| TtEX{Qt= 1 HS0| CHE MEZ2 M ZEE (New Product Form)2 2 THEHE| = H 2 PM-HIP
A508 2XH 2| 518 (Acceptable) Charpy S A X| 2t L] Q1 £ ALO[2] & 2tAE F5t0 20 F=0{0F & 4.

NRC Technical Assessment 2022




NRC, Technical Information (2/2)
PM-HIP A508 Material-Specific; Irradiation Effects

NRC Ranking of Significance : High
Met22 extE g2g7of thgh (B4R ZAL 23
A=

PM-HIP X232 TR0 et 47 ZA}

Key Technical Information

« 7S5 E M3 (LAS in the Wrought Condition) A2 28 2% 3 S4X} 2t Lo A (5 X}E) AL
ULSHH, ZAL =2t & A s BO| 3.

« PM-HIP Mef220| 29 bttt 24 9 0|MZE S 2He 743 20| ZAF Yot SAE Ao 2 7|ofe|x| g,
ol 7|THS SQIA7 Z 4 9lE Hlo|E T

NRC Technical Assessment 2022
22
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