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» Experiences with Boiler Tube Failures and Hedid Eail
» Approaches and Experience
* Boiler Tube Failure/Heat Tube Failure Mechanisms
* Failure Prediction and Prevention
* Repair and Replacement Options
-Welding Techniques and Quality Cohtro
-Metallurgical Analyses
-New Materials for Tube Replacement
-Monitoring and Analysis
« Management Approaches to Boiler Tube Failueat-ube Failure
- Boiler Tube Failure Reduction Progsam
- Heat Tube Failures Reduction Programs
-Cycle Chemistry Improvement Programs
-Economic Impact Assessment Tools
* Boiler Tube Failure issues with Advanced Fertlloys
* Cycle Chemistry Influences
* Cycling Units and Thermal Transients
* Startup Chemistry and Layup
» Combined Cycle/Heat Recovery Steam Generator Gtwgnand Problems
* Boiler Tube Failure Reduction Best Practices
» Non-Destructive Evaluation

* Oxidation



» Advanced Materials
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Fly Ash Erosion 1 3 3 3
Corrosion Fatigue 2 1 2 2
Sootblower Erosion 3 4 5 4
Longterm QOverheat/Creep 4 2 1 1
Hydrogen Damage/Under

Deposit 5 5 4 6

Tahle 1 Historical Boiler Tube Failure Mechanisms

%02 BERBMvIcHRE K 2 FRBHIEE

FAC 1 1 3
Thermal Fatigue 2 2 2
Corrosion Fatigue 3 3 1
Pitting 4
Hydrogen Damage 5

Table 3 Historical HRSG Tube Failures
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Figure 5. Macro image (left) and micrograph (right) of a SIPH failure in a 347H tube at
an as-welded support lug after ~10,000 hours of services

B3 STP347TH % %5 %% T Ap2 412 L FA - @ * 42:F 10000
P A R RA A A AT AR

G H 2 E L EEA R
1 an intergranular failure with significant NbC.
2 near the crack exhibited hardness ~210H\ base metal was
~176HV )
FIETR
3 strain from the welding process which was not realed by

heat-treatment

R

4 sucepectable to a brittle creep failure in 10,000durs of operation

ERFFR A7 I3 ST 78 2 A32IHM A - 4rBl42 g g 5
WBAMEA A TR R ] o d BT e

1. Swages SIPH damage has caused short-term faibftes (n less
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than 100 hours).
2. SIPH failures in swages include 321H, HR3C, and847

Figure 7. 321H Swage SIPH Failure

M4 TPp321Hp # HiE 318 12 b9 5 A1 4 17 133 & 4T A

1 In-situ field heat-treatment is an option for matksrin service, but
field experience shows caution must be exercisedhmr damage

may occur.
2 Solution annealing is the most prudent form of preion to SIPH

failures
3 i jsASME B&PV Code Rules for Cold-Forming of TP347H

Stainless Steel (rules found in ASME B&PV Code F3}-1 4-# 3

13



43 ASME B&PV Code Rules $TP347H% & 4% i 4 1715 2 #

bL2 i’ri\ﬁ,,ﬁ‘:

Limitations in Lower-Temperature Limitation in Higher- Minimum Heat-
Range Temperature Regime Treatment Temperature
When Design
For Design Temperatures And For Design | An forming Temperature and
Forming | Temperatures strains Forming Strain Limits
Exceeding But less Strains Exceeding | Exceeding are Exceeded
than or Exceeding
equal to
540°C 675°C 15% 675°C 10% 1095°C (2000°F)
(1000°F) (1250°F) (1250°F)

Note: applies to cylinders formed from plates, spherical or dished heads, and tube and pipe bends
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Thermal strain

Attachment restraint/ AT/Ax
*Fixed attachments
*Slip/ stick attachments

Localized strain

at tube bore
Ll Stress Growth of
concentration on crack tip
Break in waterside pil or crack tip
--- oxide layer

(]
i (A, 4 +0.1%/-0.3%)
1
']

Corrosion
Fatigue

Oxide embrittlement due
to water contaminants

Exposed
base material

Crack tip
oxidation or
corrosion

pH lowering water

cantaminanis I Corrosive environment
“Wet lay-up
| DO in water > 500 ppb -Startup
= = 1 *On-load upsets
T>135°C (275°F) |-} *Chemical cleaning . = and
(]
]

Stagnant flow

Solution species
concentration by deposit

-l

. =aor
i

= accelerating factor

| High sulfur in tube metal) }-----

BI7H 4k & ;42 7 LW

2AVEFARF 2RV F Sz it
1 Influence of dissolved oxygen
— Water temperature above 3000F (£90and perhaps as high as
4000F (2040).

— Applied strains that are high enough to mechdlgidesrupt the
surface oxide scale.

— Dissolved oxygen in the boiler water is above ppb.
2 Influence of pH

— pH inthe range of 5 to 6 degraded the cyclesadoking by a

factor of approximately Z compared to pH value of 9

2AZERBRE L BA PR 7T

1 Boiler corners, at the upper or lower arches, dhewvicinity of

16



manway or burner openings, the adjacent wall nesti@ut-of-plane
movement.

2 Fixed external structural restraints or construcfeatures such as
scallop plates or filler blocks.

3 Fixed external features such as the windbox cabuger or air port
casings or manway casings

4 Lock-up of sliding fitting type external structur&straints (e.g.,

buckstays and their waterwall panel attachment corapts)

2.5 SA213T9%p ¢ § i F1 % 2 3%
251 ¥ F IR EERERIF L BERBRFL
AR 3 2 o B i

1 Oxide grows according to parabolic rate constant

2 Metal temperature continues to rise with increasade thickness

3 Creep failures occur due to operating stress andln@nperature

252 F i ERUF/IEW R R F 2 BB
AR E 2 I
1 Metal temperature continues to rise with increasade thickness
2 Oxide exfoliates and partially or completely pludping (during
startup or shutdown)
3 Metal temperature rises until internal stress easgeld strength of
material

4 High ductility fish-mouth failure occurs with thinacture lips

253 @ RAESHACE ER

17



BAR 2 F e
1 Metal temperature rises due to blocked steam fidwgged gas path
or other reason.
2 Metal temperature exceeds lower transformation &atpre( 800C )
3 Yield, tensile, and creep strength is reduced
4 Failure occurs
High ductility failure occurs resembling shortrteoverheat
Low ductility failure occurs resembling long teowerheat

254 #mJLE R K
BAp R 2 I
1 Tubing is heated above lower transformation tempesa 800C )

during manufacture or erection.
2 Microstructure and strengthening precipitates ameabed

3 Creep, yield, and tensile strength are reduced

4 Failure resembles short or long term overheat

18



255 ¥t id2 § it Fad i
BAR 2 I
1 Tubing contains thick scale from normalization lbogg heat treatment

Metal temperature is elevated due to insulationevalf scale

2

3 Scale transforms to oxide during operation

4 Exfoliation may occur rapidly increasing metal tesrgdure
5

Either of the following occur
--Tubing fails rapidly with high ductility

--Tubing fails by creep in less than design life

264 Kdpp iR bF
A TR e Bor e @{@@?7ﬁﬁnﬂﬁﬁﬁg‘@

FEFHEREATLG FEARRA 2R TP BB A
HEFHE SN RA3 R REA L Brfehpd 22 XLk
FPWET AR ZFACERELAR Y > ZWApE 2 RAFER A T
PG B A B ER S 4 B 30 B9 ERPE % £.2001- 2004~ 2007
ERB TR FRF L R EEFA LSS > N2007F 5 b MR E

# ® ¥ (LP evaporatoy 2 4f# - 5 975 # 2 7 &3 » # X L3 BB
# £ ¢ (HP superheator ®]10 ERPFE %] %2001~ 2004~ 2007 #}#
¥ ﬂi%{féiéﬁiwﬁﬂ@ﬁ?% H g% > 112007# 5 b 0 1 AR Y Y
A8 seik B4 (FAC) & % - B =X E & & (thermal fatigue - B 11~ )
140 % 2 B EREHRE2F L BRI HRE G
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EPRIHTF Conference Surveys
IP economizer tubes F 2007
H zooa
Reheater tubes 52001
IP evaparatar tubes -
HF evaporator tubes -
]
Q 1o 0 ED 30 50 (0]
Parcent of utilities surveyed that had experienced HTFs atthese locations

Figure 1
Locations Where HTFs Have Been Reported by Participants at EPRI's 2001, 2004, and 2007 HTF
Conferences.

B9 ERPE % 2001~ 2004~ 2007 41w Jcdblp 2 3% 4 =8 &

EEEe
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EPRIHTF Conference Surveys
Acid phosphate corrosion

Caustic gouging 2007

& 2004

Longterm Overheating | E2001

Creep fatigue

Hydrogen Damage

PR |
_
pEE |
ﬁ
L |
Corrosion fatipue =
I

Pitting
—

Thermal fatigue

a L1 10 15 20 25 30 35 40 45 50
Percent of res pondants surveyed that had experienced this damage mechanism

Figure 2
HTF Damage Mechanisms Reported by Participants at EPRI's in 2001, 2004 and 2007 HTF Conferences.

F110 ERPE %] 2001~ 2004+ 2007 $# v e h 2 37 8 41t 7 2
et
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Radius of dime = (0.35”

d weld toe radius = 1/64” |
e B e

«STI'0

Crack and oxide exfoliation
(induced during tube removal)
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Crack suscepiibls
location 22

Teowazmp

Tersile dizplocemant
row I wien IT__, = T,

Comprassive displocements
imrowlwhen I __ =T .

T et ot Crack susceptible
location £1

FEA immge ot [, Pemn, Alsom UK
o o ST TchnoiogyT
Lingerganding Cyoing, Dec. 003

B R h FRREER é%,;&,!,‘ﬁﬁg 4 2 ";&ﬂ, R4 B Z}%@

R14 B 5 N EEz ed 3 4 e FBIR % (FAC)
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A e (FAC) R Flgreed & 2

1 Aturbulent flow condition that caused dissolutmfrthe iron oxide
layer

2 Inadequate cycle chemistry due to limited blow daapability

3 Operating temperatures between 140° F and 450ttfeirconomizer

4 Base materials with Chromium content less than 1#%this more
susceptible to FAC, and

5 To alesser degree, the original design of the @oazer included tube
stubs that projected approximately two inches m#d header

NEE L EEN AL EES YV EE L L]

FHEMY AL BRS GRS (wWL5) f 0 2 A TRR B b
Bt AZTRR BRI EE L 0 R RO R LS T
BritE2VAAR EFEARGER T FHART 2L FIEE 2
5 o

4

Alternating-tube, two-pass vertical
tube design with OD & ID cracks in
each cooler, Pass 1 tubes

7

Pass 2 (hotter fluid) has:
- | *No cracks

- | *38um to 51um thick indigenous oxide
. | "66pm to 76um porous deposited oxide |

o

Pass 1 has:

| *Circumferential cracks

| * 66pm to 71pm thick indigenous oxide
*533um to 635um porous deposited oxi

14

Unit A: 750MW,
1000F, In servic

BI15 ko F1% 2 2 £k 5475 4

24



Sulfur EDS map

Unit B: 420MW, IHI, Variable pressure,
25.9 MPa/569°C, In service since 2001,
OD & ID Cracking in spiral tubes in
burner zone after 56khrs

W16 kb # o & 2 B ¥ S A

271 % e R ¥4 G184
1 Oxidation enhanced thermal fatigue
2 Ash or sulfidation enhanced thermal fatigue.
3 Creep-fatigue
4 cyclic stress and temperature .
2.7.2 ¥ i — % e d
1 Altered coal characteristics----Coal blending torease the heat
release rate, and reduce the ash burden, ashrgigufiential, or gas
temperature distributions
2 reduce the heat input
3 Use coal with increased viscosity vs. temperature
4 Optimize the performance of the coal pulverizers

25



5 Optimize the shape of the flame pattern by adjgstinreshaping the
burner and air port vanes
6 Reduce the peak flame temperature and incidentfloeat
273 &g » i —ilp g i
1 Apply thin ceramic coatings
2 Use higher strength alloy with thinner wall thickse
3 Use engineered weld overlays
4 Candidate coatings--chromized coatingaconel alloys
5 Use internally ribbed tubes
6 Alter the tube diameters to locally change the tubat absorption
rate or fluid side heat transfer coefficient
2.7. 4z d & 2 —pok e g
increase the fluid heat transfer coefficient
monitor the deposit thickness and chemically clean

evaluate the consequences of altered fluid mass flu

A W N P

an adequate flow rate distribution.

28 9-12%Crovedh 4 & 4 A b B BH L BB HHE & PR F
- BREHEERS R

€ Thermal stresses caused by differenced in coefticethermal

expansion
€ Carbon denuded zones caused by carbon migrationléw alloy

base metals to higher alloyed filler metals

FRETR L L £ A BB FETRE 2
T REEFLFETA A RBEER LR LS ERINIRRMTE

26



FURG 2R R e

ERNiCrMo-3 [l ER309L (Stainless) J| | EPRI P&7 Filler Metal

BI17 9-126Cr3 &9 k48 5 & &£ {07 &hdh & 75 5 D I m ad

‘\?F'lej

EPRIG st L "R e Ba+ m HRALS MR G0 2 3455 F
Bz BT R AL B ATH B NEPRIBZL HE & e A s g i
BIFE A EYP4ri3y RI8L £ B2 Wk HBE 2 ddn i 2t
oo KB RKBITRE A& E R aM % = 2 EF 2L » EPRIST
BRGZFREWEEA A HEAF (FIL19) o T 7 #EPRISY
il &2

B Weldability

» Microfissuring was not observed in any welds

» Weldability appears equivalent to ERNICr-3

B High-temperature mechanical testing
» Tensile, Creep-rupture strength, and ductility BRE P87 wire
Is more than sufficient for DMW application whemeep

strength in excess of Gr. 91 base metal
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%3 EPRISH ¥ & 2 & >
EPRIPS7 | Al B C |Cr| Fe |[Mn|Mo| N |Nb| Ni P S Si | Ti
0.10 | 00005 |0.09] 85| 38 |12 1.8 0.9 0.05
. 0.02 54
Spec. = . £ = 2 £ = £ 0.010 |0.010| - |0.05
max max
0.20 | 90020 1014 95| 42 | 1.8 22 1.4 0.25
Target | 0.15 | 00012 [0.11| 9 | 40 | 15| 2 1.2 | Bal 0.003 | 0.15 |0.10
Solid Wire | 0.16 | 0.0010 | 0.11 [ 8.92 | 40.98 | 1.45| 2.05 | 0.003| 1.26| 44.8 | <0.005 | 0.001 | 0.14 |0.11
1300 - P22 —— P91 —— TP304H
- —+ Super304H - 3THFG —o~NF709
= 1200 -8 ERNIiCR3 - P37
£ 18-20%CrB-10%Ni Stainless Sted
€ 1100 ‘\
: P e
g 1000 " =
g 900 o StaideSSM g e
@ T
£ 800 N\ X
X TERNG— - \
5 =
- EPRI P87
5 ‘./_.-I-" \
E 600 e CSEF Steel (Gr. 91)
g '/K/
g 500 \
Ferritic Steel (Gr. 22)
400 : : : : : : :
0 100 200 300 400 500 600 700 800
Temperature (°C)

-a from various sources:

B118 EPRISE # & 2. Wik (2 8ic 7 4w 18 2 vt
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-+ 34TH Plate (SA-240) Table U
110 ..mer Gr. 91 (SA-387) Table U
Gr.91 Min —&— GTAW 91-P87-347H Cross-Weld UTS
100 - - | —e—GMAW 91-P87-347H Cross-Weld UTS
—o0— GTAW P87 Weld Metal
a0 o SMAW P87 Weld Metal
EREe T Hert s LR P87 SMAW
80 LI —8— g
E ... LS ¥
= 70 - n
£ . % P87 GTAW
= 60 AN TS ey
g N All Weld
w 50 u
o 347H Min. N\
2 40
LF]
" a0
Cross-weld DMW Joints \
20
10
0 T T T T T T T
0 200 400 600 800 1000 1200 1400 1600
Temperature (F)

Bl19 EPRISHEZiizZ 3 R R A2 H A3
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