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ETD’s Approach to Plant Life Assessment

* Review of plant data

Stage 1 * Preliminary life estimates

Desktop study * Prioritisation for inspection
* |Inspection plan

Condition assessment

Stage 2
Inspection-based

Refinement of life estimates
e Setinterval to next inspection / assessment

More detailed analysis & inspection
Stage 3 e Setinterval to next inspection / assessment

Refined assessment « Repair options
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Inspection-based assessment

ETD provides life & condition
assessment services

— Full range of conventional NDE
techniques, and some more
innovative ones

@ European Technology Development Ltd, UK

Visual Examination
Magnetic Particle
Dye Penetrant
Eddy Current

UT Flaw Detection
— Phased Array; ToFD

UT Thickness Measurement
— Internal oxide thickness

Replication; Hardness
SFM

IRIS

LFET, BFET
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Inspection-based assessment

 Visual Examination

. : Crackfit
* Magnetic Particle Crack detection & sizing software
* Dye Penetrant | (Defect/ crack growth
* Eddy Current assessment)
* UT Flaw Detection
— Phased Array; ToFD Wall thinning rate

e UT Thickness Measurement / (corrosion RLA)

— Internal oxide thickness — | SH tube temperature
* Replication; Hardness estimation (and RLA)

N

Creep damage assessment
& microstructural degradation
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P91 /191 inspection and RLA projects

* Superheater and reheater outlet headers
* Branch welds, stub welds, body welds (end-caps)

* Main steam and hot reheat piping
e Butt welds, terminal welds, branch welds

* Superheater and reheater tubing
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In-service damage risks for P91/ T91
components

* Thick-section components (HT headers and steam piping)
o Premature creep damage in P91 weld HAZ - Type IV cracking
o Thermal fatigue / creep-fatigue cracking (cyclic operation)

* Thin-walled tubes (superheaters and reheaters)
o Overheating failures due to development of thick steam-side
oxide
o Fatigue cracking at tube-to-header welds (cyclic operation)
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Type IV cracking of P91 welds

* Welded joints exhibit drop in hardness and creep strength in the FGHAZ / ICHAZ
(the ‘Type IV’ region)

* Performance in service depends upon level of cross-weld stress and operating
temperature

* Relative risk of Type IV creep damage / cracking
* Longitudinal seam > Branch weld > Circumferential butt weld
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e Type IV Creep Damage in P91

Stub cracking

Brett S J, Allen D J, “Life management of Grade 91 power plant components — the

Premature creep damage was found on a . , . , S .
P91 superheater outlet header [ETD] UK ‘GENSIP’ programme”, Proc. ETD’s Int. Seminar ‘Use of 9-12Cr Martensitic &

2Cr Bainitic Steels’, 10-11 Sep 2008, London, UK

* At T-connection welds, the orientation of the HAZ at the flank position is perpendicular to the
design stress (pressure hoop stress) on the piping/header side of the joint

* Higher risk of Type IV creep damage
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Inspection of P91 superheater / reheater headers

* Replica/ hardness
 MPI

« UT

* Borescope
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Main steam / hot reheat piping welds

= e
- N 4

* Replica/ hardness
* MPI

* PAUT/TOFD

* SFM
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Scanning Force Microscopy (SFM)

* The creep behaviour of CSEF steels (such as P91) is different:

* The point in time when creep cavities are identified for the first time could
be later in life (up to 70% or more of component lifetime) in comparison to
low alloy steels (50% of component lifetime)

* Neither creep cavity orientation nor the formation of cavity chains and grain
boundary separations are normally observed in CSEF steels until the
formation of macro-cracks

* In CSEF steels, a critical damage situation could be reached at relatively low
levels of cavitation

* SFM can detect cavities at the nano-scale = early-stage damage detection
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SFM

Portable atomic force microscope

(= S

Copyright © NT-MDT, 2002 www.ntmdt.com

@ European Technology Development Ltd, UK www.etd-consulting.com 12

Doc Ref-ETD\Pt:Mar26.v1



SFM imaging and cavity measurement

* Cavity depth, area and volume can be measured
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Development of SFM inspection-based life assessment
guideline for P91 weld HAZ
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SFM damage parameter versus life fraction — SFM data from
surface inspection of welded P91 pressure vessel test
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SFM inspection of P91 main-steam piping welds at large
fossil-fired plant

Images of two pipe welds being inspected using SFM at selected clock positions
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In-service damage risks for P91/ T91
components

* Thin-walled tubes (superheaters and reheaters)

o Overheating failures due to development of thick steam-side
oxide
o Fatigue cracking at tube-to-header welds (cyclic operation)
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Steam-side Oxidation of T91 T —

B
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Steam exidation of commercial stzeals
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Cr content, wt %

* variable behaviour for Cr contents between 8 and 12 wt % ‘

* at least 11.5 % Cr seems necessary for good steam oxidation resistance ‘

Courtesy: Ennis, P.

Courtesy: Masuyama, F.
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Example failure case: Long-term overheating failure of
191 reheater tube
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Inspection of T91 superheater / reheater tubes
(fossil plant)
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Example failure case: Fatigue cracking at T91 tube-to-
header welds in HT Superheater and Reheater of HRSG
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Inlet Header Finned Tubes / Tube Supports Outlet Header

b

Low-cycle fatigue failures in the early years of operation
Unit was not designed for frequent cyclic ops.
Soft zones in T91 tube adjacent to header weld

European Technology Development Ltd, UK www.etd-consulting.com 20

Doc Ref-ETD\Pt:Mar25.v1



Example failure case:
Pendant Superheater Tube DMWs (T91-Austenitic)

Austenitic side of DMW T91 side of DMW

* Creep-dominated failure along fusion line (example above: 180,000 h; 546°C)
* Poorjoint design often plays a role in DMW failures

21
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Case Study

Assessment of Creep Damage in Welded
P91 T-pieces of Steam Piping System
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Background

* Coal-fired power station; 3 x 700 MW capacity units
* P91 for Main Steam and Hot Reheat piping systems
* Piping designh code = ASME B31.1

 After >100,000 hours of operation at 540°C, micro-cracks were
observed in metallographic replicas taken from welded T-connections
of the main-steam system

* OEM’s opinion was that the T-piece components should be
replaced immediately

* ETD was engaged to assess the creep damage and fitness-for-service
of the welded T-piece components

Doc Ref-ETD\Pt:Mar26.v1
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Scope of Work

* Assessment of creep damage observed in replicas
* Assessment of hardness test results

* Assessment of creep life and correlation with observed damage
* Stress analysis
* Creep life assessment

* ldentification of root cause of premature damage / cracking
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Creep damage assessment

HAZ (x500) - Branch

HAZ (x500) - Main-Steam

* High density of creep cavities
and micro-cracking found by
replication at flank positions of
welded T-pieces

European Technology Development Ltd, UK

Hardness of base metal generally >190 HV (pre-service
limit)

Few locations ~175-185 HV (softening judged
consistent with service time)

Weld metal <300 HV

www.etd-consulting.com
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Stress Analysis

* The pipeline stress analysis software ‘Caesar I’ was used to create models of
the MS and HRH piping systems
* Analysis was performed for the ‘as-built’ and ‘as-exists’ conditions
* The ‘as-built’ condition considers the design drawings and specifications

* The ‘as-exists’ analysis considers the current conditions identified by
recent inspection (hot and cold walk-down), including conditions of pipe
hangers and pipe supports

» Stress levels experienced by each of the sections and forces and moments
were obtained for use in the FE analysis

* FE software ‘ANSYS’ was used to model the H-pipe and the welded T-piece
connections
* Pressure plus sustained line loads
* Stresses due to the expansion of the line to operating temperature
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FEA results

1000.00 (rrm)
1

* Stresses of the order of the ASME maximum allowable at
the flank of the welded T-piece
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Creep life assessment (base metal)
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* FEA showed high levels of
sustained stress of the order of
the ASME maximum allowable
(111.3 MPa at 540°C) at the flank
of the welded T-piece

* Base metal creep rupture after
>1,000,000 hours

* T-pieces were fabricated prior to
ASME introducing weld strength
reduction factors (for longitudinal
seam welded components)
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Creep life assessment (Type V)

* Welded T-piece exhibits what is effectively a portion of
longitudinal seam at the flank position of the welded joint

* Creep-weak HAZ is exposed to the full design stress

* Need to consider P91 cross-weld (Type V) strength
* Available models: “Bell equation” or Yaguchi (2016)

European Technology Development Ltd, UK www.etd-consulting.com
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Creep life assessment (Type V)

520°C * Possible cracking after ~100,000
hours based on Yaguchi (2016)
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H e \,\\ * Prediction correlates with the
I R FCcC mean +/-20% TSI actual inspection findings
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Root cause of damage / cracking

e Stress analysis showed high levels of sustained stress (of the
order of ASME maximum allowable) that can cause cracking
in the creep-weak HAZ

e T-pieces were fabricated prior to ASME introducing weld
strength reduction factors (for longitudinal seam welded
components)

e Root cause of premature creep damage (micro-cracking): the
weakness of P91 HAZ (Type IV) was not accounted for in the
design
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Defect Assessment

* Maximum defect size found during inspection was 4 mm surface length (of discontinuous
micro-cracks)

* Repaired by light grinding; but similar damage found at the next outage

* Performed defect assessment for a postulated crack size of 10 mm surface length and
1T mm depth

* A conservative representation of the actual post-outage condition — all significant
defects were repaired during the outage
* Defect assessment was conducted using ETD’s ‘Crackfit’ software

* This tool incorporates recognised procedures from British Standard BS 7910 and
French RCC-MR defect assessment codes

 RESULT: remaining life > 15,000 hours

Failure assessment diagram
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Concluding Remark

e Crack growth analysis showed that it should be possible to run
the repaired component to the next annual outage without
reaching a critical unstable condition

e Grind-out repairs and annual inspections used to manage the
life of the components

e In the longer term, replacement of welded P91 branches with
forged branches would likely become a necessity
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