
© 2019 Electric Power Research Institute, Inc. All rights reserved.w w w . e p r i . c o m

Jonathan Parker
Senior Technical Executive

Advanced Non-Light Water 
Reactors – Materials and 
Component Integrity Workshop
December 10th 2019

Metallurgical 

Challenges associated 

with using Grade 91 

steels at Elevated 

Temperature

http://www.epri.com/
https://www.linkedin.com/company/epri
https://www.facebook.com/EPRI/
https://twitter.com/EPRINews


© 2019 Electric Power Research Institute, Inc. All rights reserved.w w w . e p r i . c o m2

EPRI History of Materials Research
Includes key collaborations with Energy Sector 
Stakeholders and Global Technology Transfer 
including involvement with International 
Conferences. For example
▪ “0th” Conference: Chicago, IL (1987)
▪ 1st-London, UK (1995)
▪ 2nd-San Sebastian, Spain (1998)
▪ 3rd–Swansea, Wales (2001)
▪ 4th–Hilton Head, SC (2004)
▪ 5th–Marco Island, FL (2007)
▪ 6th–Santa Fe, NM (2010)
▪ 7th–Waikoloa, HI (2013)
▪ 8th–Albufeira, Portugal (2016)
▪ 9th – Nagasaki , Japan (2019)

EPRI’s extensive experience in high temperature materials performance offers benefit to 
Advanced Nuclear applications, in general, and long term service issues, in particular

http://www.epri.com/
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Introduction

▪ Design codes for alloys used in high energy applications typically 
specify that the components fabricated will exhibit homogeneous 
composition, microstructure and properties. Experience has 
shown that these assumptions may not be valid. 

▪ This presentation highlights known problems associated with 
heterogeneity in as manufactured components and welds with 
particular reference to Grade 91 steel. 

▪ There is growing recognition that further work is required to 
understand the factors affecting variability and then to use this 
knowledge to underpin solutions.

▪ Solutions may involve use of non traditional fabrication methods

http://www.epri.com/
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EPRI Library of Information on 9%Cr Steels initiated by collaboration

on Grade 91 Life Management in Fossil Plants  
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Now over 100 reports on 9%Cr steels - comprehensive understanding 
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http://www.epri.com/
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see ‘The Effect of Metallurgical Factors & Stress State on the Performance of High Energy Components Manufactured 
from Creep Strength Enhanced Steels‘ Parker and Siefert, ECCC Conference 2017

Heterogeneity linked to manufacturing issues, including: 

•Steel Composition, 

•Steel Making,  

•Segregation

•Hot Working method and conditions, 

•Degree of Hot Reduction, 

•Heat Treatment History, such as:

• Normalizing Temperature, 

• Normalizing Time, 

• Cooling Rate from Normalizing, and 

• Tempering temperature, time and controls  

Components can exhibit significant microstructural variability.

Proper documentation of microstructure is NOT straightforward.

Typical martensitic structure

Non-Typical Ferritic structure

http://www.epri.com/
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Imaging Methods Critical to Meaningful Characterization

Ion Beam imaging reveals the true non martensitic 
structure and the precipitate distribution. 

Reference Loughborough University

Etching followed by optical metallography reveals a

microstructure which appears martensitic

http://www.epri.com/
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Detailed Characterization 

reveals heterogeneity of 

composition in Grade 91 

components

http://www.epri.com/
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Variable Creep for Smooth Bar Tests in Grade 91 Steel Parent  

Focused ion beam (FIB) milling allows detailed 3D characterization 

of individual creep voids which are not previously exposed 
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In-service Creep Cracks in Grade 91 Welds
▪ Expected Performance > 200,000 hours

▪ Cracking at stub & attachment welds after about 50 000 hours; 
Replacement at about 79 000 hours

▪ Operational temperature ~570°C in line with Design

▪ Component Stresses in line with Design

S. J. Brett and J. D. Parker. “Creep Performance of a Grade 91 

Header.” International Journal of Pressure Vessels and Piping 

111 (12), 2013. pp. 82 to 88. 

http://www.epri.com/
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Metallurgy of Grade 91base steel influences creep of weld HAZs, 

Creep Life of Welds changes by 

up to 30 depending on cavity 

susceptibility of base steel

Life 1,685h Life 13,201h

http://www.epri.com/
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Cavities in Grade 91 steel linked to Inclusions: 

Cu Concentration around MnS

S Cu

SCuAl

Al

CuS

In Cavity Susceptible Steels Cu was frequently found around inclusions

1

2

3

http://www.epri.com/


© 2019 Electric Power Research Institute, Inc. All rights reserved.w w w . e p r i . c o m12

Summary of Observations Grade 91 steel (Creep Life Finite) 

▪ Low (very) Creep Strength typically linked to ‘bad’ (very) Heat treatment

▪ Low Creep Ductility linked to ‘hard’ particles which are present after steel making –

this are difficult to change by heat treatment

▪ Complexity of Problems increased 

by segregation (heterogeneous) 

▪ Low ductility failures associated 

with Factors which promote cavity 

nucleation and growth

– Metallurgical AND Stress State

▪ Lower bound heat affected zone life 

linked to a high density of voids,

▪ Upper bound heat affected zone

life noted in cavity resistant steel

▪ Lower bound poor damage tolerance

http://www.epri.com/
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ASME Code Case 2864, 2016

http://www.epri.com/
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Comparison of Current and New Allowable Stress Values 91 & 92
In 2009, the specified Allowable Stress values for Grade 92 steel were reduced to be 

15.7 ksi, 12.0 ksi, 8.6 ksi and 5.6 ksi for use temperatures of 1050 oF, 1100 oF, 1150 oF

and 1200 oF respectively. Allowable stresses of Grade 91 reduced in 2018.
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http://www.epri.com/
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Advanced Reactors (AR) 
▪ EPRI’s Advanced Reactors (AR) technical focus area 

primarily addresses the next generation of nuclear 
reactors (often referred to as Generation IV)

– Includes R&D relevant to light water SMRs and 
fusion technologies

▪ Objective is to build the technical foundation needed 
to ensure advanced reactors are real, deployable 
generation options when and at scale needed

▪ Program is evolving four years after launch

– Formal incorporation into the EPRI Advanced 
Nuclear Technology (ANT) program portfolio

– New AR Supplemental project now available, 
providing low-cost access to and engagement in 
EPRI AR research collaborative

http://www.epri.com/
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EPRI AR Scope:
Scouting + R&D Portfolio Requirements and 

Guidance

• Align design with                 
customer needs

• Leverage existing 
nuclear industry 
experience

• Assemble and             
disseminate best 
practices

Technology 
Development and 

Transfer

• Address common needs 
and gaps through 
collaboration

• Leverage and extend 
EPRI core competencies

• Technology transfer

Strategic Analysis and 
Technology 
Assessment

• Economic analysis 
and market insights

• Safety-in-design

• Technology and 
manufacturing 
readiness

Scouting and
Engagement

• Innovation network
• Awareness and 

understanding

Advanced Materials
and Manufacturing

http://www.epri.com/
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Powder Metallurgy-

Hot Isostatic Pressing

Why PM-HIP?

▪ Near-net shaped 
components

▪ Homogenous 
microstructure

– Ease of inspection!

▪ Elimination of welds

▪ 4-6 months lead times 
typical

▪ Ideal for multiple 
penetration applications 
(RPV or CNV head) vs 
expensive forgings

40” diameter HIP Vessel 

Courtesy: Isostatic Forge 

International

Subsea Manifold.  

Courtesy: Sandvik

Large Bore Valve 

(courtesy Roll-Royce)

NNS Reactor Coolant Pump 

Impeller (courtesy Framatome

and Albert & Duval)
3600lb (1630kg) BWR 

Nozzle

http://www.epri.com/
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Small Modular Reactor 

Upper Head--Example

▪ Approximately 44% scale

▪ Single monolithic structure

▪ A508 Class 1, Grade 3

▪ 27 penetrations 

▪ 1650kg (3650lbs); 1270mm (50 
inches) diameter

▪ Next, 2/3-scale head

▪ Need larger HIP Vessel -- ATLAS

Photographs courtesy of EPRI 

and NuScale Power 

DOE Project: DE-NE0008629

http://www.epri.com/
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Summary of Benefits of Clean Homogeneous Steels

Improved Properties include Reduced variability (Uncertainty) and

▪ Lower FATT, higher fracture toughness, higher upper shelf energy 
▪ Better creep strength and ductility 
▪ Higher yield strength 
▪ Higher low cycle fatigue strength
▪ Greater resistance to SCC initiation  
▪ Uniform radial and longitudinal properties 
These improved Properties should offer performance benefits such as:

▪ Increased life under conventional service conditions,
▪ Increased critical crack size ( greater duration of stable crack growth)
▪ Greater opportunity for weld repair,
▪ Reduced damage initiation sites provides a lower risk of cracking during Flexible 

Operation.

A simple take away is “well made, clean steel components reduce variability 
in properties and provide the margin which aids Damage Tolerance”

http://www.epri.com/
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Together…Shaping the Future of Electricity

http://www.epri.com/
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Recent EPRI Position Papers / Theses Loughborough Uni
▪ Life Management of 9Cr Steels – Damage Tolerance Assessment of Header End Cap 

Geometries , EPRI, Palo Alto, CA: 2018 3002011049
▪ Life Management of 9%Cr Steels – Damage Tolerance Assessment of Novel Step Weld 

Geometry for Girth Welds in Thick-section Components, EPRI, Palo Alto, CA: 2018
3002011053

▪ Life Management of 9%Cr Steels – Damage Tolerance Assessment of a Common Hot Reheat 
Lateral Geometry, EPRI, Palo Alto, CA: 2018 3002011051

▪ Xu Xu
https://repository.lboro.ac.uk/articles/Microstructural_evolution_and_creep_damage_accu
mulation_in_Grade_92_steel_weld_for_steam_pipe_applications/9230171

▪ Gu
▪ https://repository.lboro.ac.uk/articles/Microstructural_investigation_of_creep_behaviour_i

n_Grade_92_power_plant_steels/9230141

▪ Siefert
https://repository.lboro.ac.uk/articles/The_influence_of_the_parent_metal_condition_on_t
he_cross-weld_creep_performance_in_Grade_91_steel/8309882

http://www.epri.com/
https://repository.lboro.ac.uk/articles/Microstructural_evolution_and_creep_damage_accumulation_in_Grade_92_steel_weld_for_steam_pipe_applications/9230171
https://repository.lboro.ac.uk/articles/Microstructural_investigation_of_creep_behaviour_in_Grade_92_power_plant_steels/9230141
https://repository.lboro.ac.uk/articles/The_influence_of_the_parent_metal_condition_on_the_cross-weld_creep_performance_in_Grade_91_steel/8309882

