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2Two Issues/ Problems

1. Aberrant/Abnormal P91 has been found in many 
power plants around the world. The problem is how to 
estimate the safe remaining life of these structures. 
Power plants often assume the safe life is equal to P22 or 
traditional bainitic P9. But we may be underestimating the 
life thus condemning the components too early and losing 
revenue.

2. Traditional NDE methods usually do not show damage 
in P91/ P92 until late in life (70% of life or later). 
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1. Material over-tempered (by say 15oC above AC1) or just high in 
ASME range (say, 775°C)

2. Material slightly over-tempered (say at 10oC below AC1)

3. Material tempered (under-tempered) at bottom of new ASME 
range (730°C), or old ASME range (704°C)

4. Too slow cooling from austenitizing --> Fully ferritic or, mixed 30-
70% ferrite – 70-30% martensite

5. Soft spots and soft bands found in some piping material.

Problem 1

Aberrant P91 - Examples 

https://www.etd-consulting.com/
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Ref:  Masuyama F, Proc. ETD’s ‘New Materials’ Seminar, 20-21 June 2007, London

◼ Localised 
austenitisation can 
occur during 
tempering close to AC1

◼ Ferrite formed on 
cooling
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Weld on-site heat treatment

https://www.etd-consulting.com/
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Soft spots at field welds in P91 piping

• Original microstructure in the HAZ was over-tempered, exhibiting 
some degradation of the tempered martensite and coarse carbides

• After 12,000 hours service, ferrite was found along the fusion line and 
creep cavities were present in the HAZ 

Ref:  Itay & Asulin, Proc. ETD’s ‘New Materials’ Seminar, 20-21 June 2007, London

https://www.etd-consulting.com/


7Soft Bands

•Longitudinal soft bands in P91 components have been 
reported by a number of plant operators

• Soft band hardness ~175 HV

https://www.etd-consulting.com/


8• Bends have been found with no or not appropriate post-bend heat 
treatment.

→No long term stress rupture data and thus integrity and behaviour of 
such components difficult to predict.

Whole Component Soft - Pipe Bend

• Abnormal microstructure 
observed in a P91 pipe-
bend (replica image)

• Microstructure appears to 
be ferritic

• Measured hardness value 
of only 150 HV

• Problem with the re-
normalizing and tempering 
after hot bending

https://www.etd-consulting.com/
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An indication of how creep rupture strength of an abnormal P91 may compare with that 
of ASME P9, P22 and normal P91 steels at 600°C

https://www.etd-consulting.com/
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Joint Industry Project ‘Abnormal P91’
1. A 7-year duration Joint Industry Project started in 

April 2014 and completed in 2021.

2. Initially aimed at producing 35 aberrant 
microstructures in P91 (both base and weld metals) 
and conduct stress rupture tests up to over 40kh, 
which can then be extrapolated to 100kh and 
beyond to estimate the safe operating life. 

3. Eventually we conducted tests on 15 variables most 
commonly found in power plants.

➢ Data on these are still available to those interested,  at a small cost of 
£35k per variant. Not only rupture strength, but all metallography 
including TEM etc.

https://www.etd-consulting.com/
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Problem 2

It is now fairly well established that in 

P91/ P92 teels creep failure stages are 

reduced to: 

o Creep cavity initiation → cavity growth 

→ failure with little warning.

o No spherodisation.

https://www.etd-consulting.com/
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Typical Microstructure of Martensitic 9-12%Cr Steel (Matrix, 

Precipitates, Dislocation structures)

b） TEM

 GB, Packet, Block

Lath B

Martensite Lath

M23C6, Laves

MX Precipitation 
in Grains

Dislocation Network 
Lath Boundary
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E911, 600°C, t/tF= 1,  

tF=32000 h, 167 C/mm
2
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Development of Innovative Inspection Techniques

➢ 1. Magscan – to fast scan P91 and P92 components for 

‘aberrant’ microstructure. 

➢ 2. EDSE – portable ‘spark erosion machine for ‘boat sampling’ 

and quality checks for aberrant material below the surface.

➢ 3. SFM – portable Atomic Force Microscope for on-site early- 

stage damage detection.

➢ 4. Smart Sleeve – for more accurate on-site hardness testing.

➢ 5. PD – AC+DC Potential Drop equipment for creep cavitation 

damage monitoring.

➢ 6. Non-linear UT (New Project): For through-wall creep cavity 

detection.

https://www.etd-consulting.com/


1. MAGSCAN
(Electromagnetic Sensor)

15

Doc Ref-ETD\Pt:Mar22.v1

➢ MAGSCAN →  for rapid component scanning 
to detect P91 & P92 materials for aberrant 
microstructures. 

➢ Once the aberrant areas/ zones are identified, 
they may be confirmed by hardness and 
replica checks. 

https://www.etd-consulting.com/


Equipment set-up
16

• The equipment can be mounted 

in fixed positions around the pipe 

by permanent magnets and scan 

the target regions.

• The scanning results can be read 

instantaneously. 

• Two frequency modes can be 

operated: 1 Hz and 0.1 Hz.

https://www.etd-consulting.com/


Magscan sensor
17

Using magnetic response of the test material can then 

be correlated with the microstructural parameters

https://www.etd-consulting.com/


Common parameters used in B-H loop
18

The four parameters in the B-H loop are the most 

common results to compare with different regions 

B: induced magnetic flux density

H: applied magnetic field

https://www.etd-consulting.com/


19Distinguish between normal and aberrant P91

1 Hz scan

Normal

Aberrant



1) Quantitative life assessment and miniature or 
ultra-miniature specimen testing for integrity & 
life assessment.

2) Needs cutting out small slices (1 mm to 5 
mm thick) almost non-destructively for testing 
and life assessment of high value thick section 
components.  

2. EDSE (Electrical Discharge Sampling 

Equipment) -  for ‘boat’ sampling

https://www.etd-consulting.com/
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From top left (clockwise): EDSE cutting a sample from the reducer pipe; 4mm thick piece 
cut out from the pipe; round edge cavity left behind

  

 
 

 

Cutting electrode 
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Three miniature tensile specimens machined from a single ‘boat’ sample 

(5mm thick x 25mm long x 20 wide) for tensile, creep or fatigue testing. 

➢ A number of miniature CT or Charpy specimens can also be machined 

from a 5mm thick boat sample, as shown later. 

Note: Ultra-miniature tensile specimens can be machined from a 1mm thick boat

            sample where component thickness is an issue. 

https://www.etd-consulting.com/


Sample Sizes

• Thickness = 1 to ~20 mm

• Width = 20 to 40 mm

• Length = 25 to 130 mm

https://www.etd-consulting.com/
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UMC specimen testing from 1 mm thin boat samples has now been developed. 

This technique is now being offered by ETD. Useful for critical components 

where wall thickness is at a premium.

Development of Ultra Miniature Creep 

(UMC) Specimen Testing

https://www.etd-consulting.com/


Machining & Testing of ultra-miniature tensile, 
Charpy and Compact Tension Specimens out of a 
boat sample ~5 mm thick

https://www.etd-consulting.com/


Testing of Ultra-miniature CT and tensile specimens

Set-up for miniature CT J-R 

curve tests
Ultra-miniature tensile test/

DIC set-up

https://www.etd-consulting.com/


Fracture Toughness & Charpy Impact 
test results analysed by ETD recently 

Loading sequence for a miniature CT test Transition curves of absorbed energy (red) 

& % ductile fracture (blue) to determine 

FATT50 temp. 

https://www.etd-consulting.com/


Engineering drawing & post-test tensile specimen photo of an 

ultra-miniature tensile test specimen for tensile, creep and 

fatigue testing  - machined out of a 1 mm thick EDSE ‘boat’ 

sample/ ‘slice’ machined out of a component.

https://www.etd-consulting.com/


Miniature CT and Charpy specimens

0.16 T-TC (MCT) specimens Mini Charpy specimen (KLST)

https://www.etd-consulting.com/


A recent 2026 project in Alberta, Canada
Use of EDSE ‘boat sampling’ for the integrity assessment of an old rotor

• EDSE was used to cut out thin slices (boat samples) of exactly 
the same size (to keep rotor balance) from both the hot and 
cold ends of an old rotor which had seen service much beyond 
its design life. Ultra-miniature tensile, creep, fatigue, Charpy 
impact, compact tension (CT) and Small Punch (SP) 
specimens were machined out of the 5 mm thick boat samples 
to evaluate the rotor suitability and integrity for further 
service. 

• The boat samples were cut out from 12, 3, 6 and 9 O’clock 
positions on the rotor such that the rotor balancing remained 
intact. 

https://www.etd-consulting.com/


→  Contd.

• Prior to EDSE work, FE analysis was carried out to ensure that boat 
samples have no adverse effect on performance/ integrity of the rotor.  

  

Note: Where it may not be possible to cut out small slices (boat 
samples) from the rotors due to the geometrical feature hindrance, boat 
samples may be cut out from the rotor disks, as shown below, if these 
are integral part of the rotor - again keeping the rotor balance intact. 

https://www.etd-consulting.com/


Another use of ‘Boat’ sampling

Assessment of Cracks in Components

•  Recently there were a few incidents of finding 
cracks in rotors. 

•  The client was worried about its impact on rotor 
integrity. The cracks were about 10 mm deep as 
determined by PAUT.  ETD were asked to cut out 
about 12 mm thick slices containing crack tips in 
order to investigate cracking mechanism ahead of 
the crack tip. 

https://www.etd-consulting.com/


EDSE mounted between 2 discs of a 

rotor using magnetic mounts (red tops).
Sample cut from a rotor 

between two discs. 

https://www.etd-consulting.com/


Quality assurance of P91 components

The story of a large Steam valve

A newly delivered large P91 steam valve to a power plant in France was 

found to have hardness of ~ 170 VPN, much lower than the recommended 

hardness of 190 to 200 VPN. On complaining the valve supplier attributed 

this to decarburisation at the surface. However, grinding down and 

measuring the hardness again showed the same unacceptable lower 

hardness. The supplier argued that in large components undergoing long 

heat treatment can result in deeper decarburisation. 

ETD was then asked to cut out a 5 mm thick slice and investigate the 

hardness and microstructure. 

https://www.etd-consulting.com/


Micro-hardness traverse of 5mm thick EDSE ‘boat’ sample

• Microstructure did not change from surface to 4mm depth (next slide)

• No increase in hardness below surface

• The results confirmed an abnormal microstructural condition with poor mechanical 
property levels.
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Top photos:        Close to the component surface (i.e. approx. 0-1mm depth)
Middle photos:    Middle of thickness of EDSE sample (i.e. approx. 1-3mm depth)
Bottom photos:  Close to cut-surface of EDSE sample (i.e. approx. 4mm depth)
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3. Scanning Force Microscope (SFM) 

for 

On-Site Early-Stage Damage/ Creep 

Cavity Inspection

https://www.etd-consulting.com/


Scanning Force Microscope [1/4]
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Portable atomic force microscope:

https://www.etd-consulting.com/
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SFM images acquired before and after chemical etching.

Height data and depth distribution curves are shown at RHS 

https://www.etd-consulting.com/
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Creep specimen tested at 625C 

and interrupted at 18% of life

Top: SFM cavity micrograph 

(black spots are the deep cavities) 

Bottom: Footprint of the cavities

https://www.etd-consulting.com/
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Raffineria di Roma, Rome Italy, 18-19 May 2010

Dr Ahmed Shibli (ETD, UK)

Jorge Fernandes (ETD, UK)

 

Dr Peter Zhdan

(Consultant, UK)

Dr. Andrea Tonti (ISPESL, 

Italy)

Kirill Balizh

(NT-MDT, Russia)
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Scanning Force Microscope [4/4]

47
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4. SMART SLEEVE 
For  

In-situ Precision Portable Hardness Testing

https://www.etd-consulting.com/
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MIC 10 hardness tester

https://www.etd-consulting.com/


51

https://www.etd-consulting.com/


52

Smart Sleeve – ETD’s portable hardness tester

Results of hardness on ferritic alloy steel pipe, (Carbon Steel, P22, P91 and P92) 
ǳǎƛƴƎ aL/ мл ŀƴŘ aL/ мл ǿƛǘƘ Ω{ƳŀǊǘ {ƭŜŜǾŜΩΦ 
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5. Long term continuous AC-DC PD monitoring 

Monitoring of high temp. pipework and vulnerable 

welds/ weld repairs for creep damage development 

and warning of forthcoming failure.

https://www.etd-consulting.com/
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Test piece

Local junction boardAC/DC EPD

Instrumentation

Pod

GSM or wired connection to 

cloud server

Remote

monitoring

software

Daily report generated

for client

Monitoring base station

Client location
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6. Non-Linear UT for under-surface creep 
cavitation detection 

Doers

➢  ETD

➢   BINDT  (British Institute of NDT) – A virtual institute of UK 

Universities and Industry

New Group Sponsor Project (GSP) – development/ 

demonstration of non-linear UT technique for through 

thickness P91 creep cavity detection.

Looking for 5 Sponsors for this 2-year duration 

project – each sponsor £25k per year.

https://www.etd-consulting.com/


Announcement

2-Day Online P91 Training Course 

Quality Assurance, Inspection, Weldment 

Behaviour, Failure Analysis & Life Assessment of 

P91 Steel Components in Power Plant Boilers & 

HRSGs

Aimed at plant manufacturers, operators and 

service providers

14-15 October 2026   (9 am to 12 noon each day – UK time)

https://www.etd-consulting.com/
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