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Hot Corrosion Mechanism

Hot corrosion: the degradation of an alloy at elevated temperature induced by
a thin molten salt layer under an oxidizing atmosphere.
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Schematic of hot corrosion mechanism induced by coal ash
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Conceptual design of the self-powered HT corrosion sensor system
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Sulfidation Stages

Two stages of hot corrosion were revealed by SEM: oxidation and sulfidation
(external sulfidation and internal sulfidation).

Oxidation in Cr,Ni-rich regions

External Sulfidation
in Cr,Ni-rich regions

Internal Sulfidation
in Ni,Cr-rich regions

Morphology and element distribution of cross-sectional morphology of corroded sample

Aung, Naing Naing, and Xingbo Liu*. Corrosion science 76 (2013): 390-402.
Aung, Naing Naing, and Xingbo Liu*. Corrosion science 82 (2014): 227-238.



Reproducibility of Potential and Current

During Oxidation and Sulfidation

Both potential and current noise are effective and efficient signals to reveal
the stages of corrosion process (oxidation and sulfidation) in the simulated

coal-fired power plant environment.
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Fig.6 (a) potential and (b) current noise signals obtained for Inconel 740 alloy beneath a thin layer
of coal ash at 850 °C
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Corrosion Process

Electrochemical Potential Noise Signals

C The noise signature of a gradual potential continuously changingin the
negativeregion(NoiseSignaturel) correspondedwvith the OxidationStage

C The noise signature of quick potential continuously approaching more
positivevalues(NoiseSignaturell) correlatedto the ExternalSulfidationStage
C The noise signatureof positive potential fluctuating randomly in a narrow
range(NoiseSignaturelll) correspondedwith the Internal SulfidationStage

Electrochemical Current Noise Signals

C The noise pattern of the noise signature of current fluctuating with no
sudden spike correlated to the Low Extent of Oxidation/Sulfidation(Noise
SignaturelV).

C Thenoisepattern of suddenchangein current valuesfollowed by slowor no
recovery corresponded with the Accelerated Oxidation/Sulfidation (Noise
SignatureV). Thesesignaturescan be seenclearlyat 750 °C, in the flue gas
without SQ aswell asdeepcoalash

Aung, Naing Naing, and Xingbo Liu*. Corrosion science 82 (2014): 227-238.
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Hot comosion is a form of accelerated axidation which affects
alloys expased to high temperature combustion gases containing
small amounts of certain impurities [1], Because of its high ther-
modynamic stability in the mumal presence of sodium and sulfur
impurities in an axidizing gas, Na;S0, is often found to be the
dominant salt in a hot corrosion system [1]. A thin film deposit
of fused sulfate salt on the alloy surface in the hot axidizing gas
accelerates the corrasion kinetics and thus, the effective and reli-
able in situ hot corrosion monitaring system is necessary for the
avaidance of unscheduled shutdowns.

A three identical electrode array sensar {bwo working electrodes
and a pseudo-reference electrode of the same materials as the
working electrode] for real time hot corrosion monitoring has been
demonstrated [2-6]. However, there is insufficient correlation be-
tween the data from electrochemical corrasion measurements and
the comosion rates of materials in service [3,5,78]. Through analy-
sis of the currently available data, it is believed that the major
shartcoming of the identical electrode array sensor is the lack of
a reliable high temperature rference electrode which provides
the reference point for all the electmchemical readings and analy-
sis, With regard to Na,50,4nduced hot corrosion, the specific Na®
ion probes such as Ag/Ag mullite or AglAg’|-Ali0; or AgiAg’(
fused-silica [9] could be used as high temperature wference
electrodes.

Our proposed sensor was hased on a four-electrode system (two
identical working electrodes (WE1 and WE2). ane reference elec-
trode (RE) and one counter electrode {CE)). The schematic design
of the sensor is shawn in Fiz. 1a. The working elecirode was con-
structed of the allay to be tested. In this study, Ag/Ag fused-quartz
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1. Introduction

The continually increasing performance expectati
manded fmm coal-based power generation systems requ
increasing operating temperature and pressure. Conseque
requires coal-fired boiler materials with increased high-
ture strength and hot cormsion resistance (1], Coal ash h
sion is a major cause of materid degradation in ¢
malten, electralytic coal ash deposit and flue gas environ
elevated temperature [2-6]. No alloy is immune to hot «
attack [6].

In attempting to improve the resistance ta hot corrasic
loy should remain in the cormsion initiation stage as lon
sible. The time for the initiation stage of hot corrosio
influenced by a number of factors. These Factors affect
at which the hot cormsion process moves from the initiar
inta the propagation stage. They play the dominant role
mining the type of reaction product that is formed in the
tion stage. Itis generally believed that during the initiatio:
hot corosionthe alloys are being degraded at rates simila
that would have prevailed in the absence of the coal ash
Salt fliwdng and sulfidation are the predominant mechar
the propagation stage [7-11]. The salt fuxing may be o
toa combination of the protective oxides with O to fon
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1. Introducton

Ni-based superalloys are expected to be the best candidates for
Advanced-Ultrasupercritial (A-USC) steam boiler applications in
coal-fired power generation system. The goal of A-UISC is to gener-
ate 760 °C steam although the metal surface temperature of the
key components such as the superheater and reheater tubes will
be 800 *Car even higher [1]. Currently, a new nickel-based super-
allay, Inconel alloy 740, is under development to meet these strin-
gent material targets. Superheater and reheater materials in the
coal-fired boiler environment always suffer coal ash hot corrosion
at elevated temperatures [2-18] Thus, it is of considerable
industrial interest to develop hot corrosion resistant Mi-based
superalloys.

Coal ash hot comasion is the result of competition between axi-
dation and sulfidation which affect alloys exposed to high temper-
ature combustion gases contining sulfate coal ash. The shifting
conditions between oxidation and sulfidation can greatly vary
the corrosion rate as a consequence of slow-growing oxide scale
and fast-growing sulfide scale [13]. Operating temperature is one
of the important factors that influence sulfidation tendency in coal
ash hot cormsion of Ni-based superalloys. A high sulfidation ten-
dency can be ohserved in the low temperature form of hot corro-
sion (Type 1l hot comosion) due to the formation of low-melting
allali sulfate eutectic mixtures [67,10-13], This is the reason

* Gorre ponding suthar. Tel: +1304 293 3339; fax: +1 304 283 6689,
-l ddress: inghbe lmsail v edu (X L)

wihy Ni-basee
ature range ¢
decreases in
hot cormosion
pounds at ter
The hot co
follows the p.
initial oxide |
fide areas. a1
Sructure are
stages of car
Ni-xCr-10Al
bolic rate lav
law at 800°C
a mate imitin
ness close to
sient state in
120} It is gen
above a thr
although bot
and the speci
Despite th
sion research
ature electro
“under const
provide in sit
of the corrasi
assessment o

215) 188-194

Contents lists available at Science Direct

ISA Transactions

journal homepage: www.elsevier.com/locate/isatrans
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1. Introduction

Increasing global energy demands, coupled with an ageing and
inefficient fleet of power generation plants will require the
deployment of next-zeneration ultra-supercritical (USC) ooal-
fired power plants [1.2]. One of the major hurdles in the develap-
ment of USC power generation systems is managing coal ash hat
corrosion which can lead to sudden catastrophic failure of USC
bailer tubes | 3-5]. An effective approach to improve reliability is to
apply robust. in situ high temperature corrosion monitoring
sensors to provide real ime corrosion information so that the
& ic failure can be p . Energy harvesting wircless
sensor systems are more easily implemented with lower installa-
tion costs than traditional grid-powered sensors applied in harsh
carrosion environments [6-8).

Combining the concept of energy harvesting and state-of-the-
art wircless communication technology creates a nearly service-
free data transmission system. In this case, a thermoelectric
genemtor (TEG) is used as an energy harvester utilizing the heat
transferred between the heat source and ambient air to generate
electricity. TEGs are rugged, reliable, solid-state devices that

£1304 2933338
mailwvwedu (X Liu}
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convert heat directly into electricty [9-11] They produce a
constant power output for a given temperature difference between
their hot and cold sides. can operate atelevated temperatures with
supplementary coling, and have praven to be reliable in various
applications incuding harsh environments. A cal-fired boiler
environment can provide the thermal energy necessary to produce
sufficient power for robust, commerdally available wireless
instrumentation.

There are three major types of corrosion measurements that
«can be considered for use in high temperature corrosive environ-
ments: (1) the first type is a corrosion sensor where an alloy
coupan would be ineorparated into the weight lass test for a fixed
period of time. It provides a quantitative corrosion rate, but the
value only represents average corrosion over the fixed time
period; (2) the second type is based on the elecrrical ressmnce of
the sensor which measures the decrease in thidiness of the sensor
material as an increase in the sensor resistance. The data are very

on accurate P and cannot
distinguish localized corrosion; (3) a third type is one based on
the measurement of electrochemical signals. These signals should
be directly proportional to the corrosion rate and come in the
formof linear polarization resistance (LPR). electrochemical impe-
dance spectroscopy (EIS), and electrochemical noise analysis
(ENA). Recently, it has been demonstrated that our novel high
temperature electrochemical sensor can detect the hot cormsion




Corrosion sensor

| A \

(2400 .05 " 7 )
Photographs of WVU high temperature corrosion sensor: (a) new sensor; (b) sensor 45 days post-
exposure in boiler at WRIO&6s Combusti on



Project Objectives

U To validate the effectiveness of our Reci pi é&lngcdes
electrochemical sensor for high temperature (HT) corrosion in coal-

based power generation bollers;

U To optimize the Reci pi HIngerssr (currently at technology

readiness level TRL-5) to reach TRL-6;

U To develop a pathway toward commercialization of such technology.



Year 1 Year 2 Year 3
ID | Task

Q1 1Q2]Q3|Q4/Q1[Q2/Q3|Q4|Q1|Q2|Q3 Q4

1 Project management

2 Sensor development &ptimization

2.1 | Design & construct sensors

2.2 | Sensor packaging

3 Sgnal processing communication instruments
4 Corrosion sensor testing @ngviewP2 4 SN & 6 2
4.1 | Sensomplaementand installation

4.2 | Sensor testing

4.3 | Postmortem analyses

5 Corrosion monitoring software & database development
5.1 | Labscale sensooptimization \-- | \--
5.2 | Electrochemical and corrosion monitoring validation \--

5.3 | Postmortem analysis \

5.4 | Database and predictive model development
5.5 | Software development

6 | Techtransfer & commercialization

6.1 | NPV model & uncertaintynalysis

6.2 | NEMS nodel andeconomicanalysis

6.3 | Commercialization pathwagevelopment

AY1-Q1, finish updating PMP

AY1-Q4, demonstrate the high temperature corrosion seUWSE€badlercan with.
AY2-Q2, complete the NPV model and uncertainty analysis

AY2-Q4, complete the electrochemical and corrosion database and model construction

AY3-Q2, complete the NEMS model and economic analysis 11
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Sensor Testing @ Longview PonéL_ TLJIRSERISS

Location Monongalia County
near Maidsville, WV
Status Operational
Commission date 2011
Owner(s) Longview Power |
Thermal power station T
Primary fuel Coal and natural gas mm; 'Wmmm“wff?‘/\g |

Type Steam turbine JMWWW'~ 1 w
il |
Power generation s
Nameplate capacity 700 MW
A Officially a "zero discharge" power plant in WV
A Includes a new air pollution control system that results in emissions that is among
the lowest in the nation for coal plants.

A Emits less CO, than most other coal-fired power plants because of its high fuel
efficiency.
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Sensor Testing Locations i

Superheater/reheater tubes working conditions: high temperature and pressure (550-
750°C, 30MPa), high salt concentration (Na,S0O,,K,S0O,), corrosive flu gas (O,, SO,
and SO,)

Component: Nickel-based alloys (e.g., 282, 740) or fire-resistant stainless steel (e.g.,
347H).

Tangential
Steam/Water
Separators

Water
Collection
Vessel

!

i
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Silo

Fire S|de

Lower .
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------------- TRE steel tube Air flow 5 ‘ TC
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tube casting
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i
Sensor Packaging-Data Acquisi_ﬁg)

V This data acquisition system has a reliable accuracy.

| Voltage
Range: -1.2 to 1.8V l
[ Gain error: 0.2% ‘ »

_ . Offset autocal’ed < 10pV .
£ "

.,,““..II::::..O J .

: ﬁspmn‘v . 2 i s : g 1 s
) oo sonn s » o : . - I : w
B e - .
Batery Fower I | = ! P ‘ !
[ = -+ Range: ...
RVi- RVi+ RI1— Ri1+ - ! Resistance 1
i = o Offset error: 10C

_ | Range: 100mQto ...
£"1 Offseterror: 10mQ "

Current :
Range: 30nA to 1mA |
Offset error: 10nA |

2R S S T

Thermocouple &z |

P

[Left] PIECES hardware. (a) Top view of the fully-assembled device. (b) Bottom view of the Front Panel. (c) Top
view of the Measurement Board. [Right] Verification of each measurement type.

Sensor Node Cloud
, - D | | aws
- _‘% — “Badl > Hologram g
s Volage [ 5 TE i Server
A Network
Sensor Resisance - \leasurement ~ Measurement PP Storage &

Board Controller Visualization

Envisioned data pipeline for the corrosion sensor.
SPINITY



Sensor Packaging-Data Acquisitien

* \.».

V Easy access to real-time data stored in the Cloud

| [ [] 51202004

X OHome
“ Home Share View
* u o cut x b | Eopen [ setectall
Copy path 2 o~

W 7] Easy access ~ Edit Select none

- Pinto Quick Copy Paste Move Copy Delete Rename New Properties X @ 5
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V An updated electrochemical sensor was successfully installed on Aug 30", 2019

- \ i Temperature
Electrochemical '[”;/1 | Controller
sensor NG U (550 °C)

e
\'f

ECN sensor system installed through the observation port near superheater (11 floor of the boiler).



Field Measurement Results-PDRICUIVES

V PDP curve was successfully obtained after 1d, demonstrating the formation of

molten salt layer on 347H SS.

V Stern-Geary coefficient was calculated from PDP curve as 69.78.

Potential (mV)

2500 4
2000 .
Parameters obtained from the PDP
1500 4
1000 4 Materials and Anodic Tafel Cathodic Tafel Stem-f}eary
1 location slope, a slope, B coefficient, B
500 4 (mV/decade) (mV/decade) (mV)
01 347 55, 810.08+159.98 200.49+17.72 69.78
] \\xk Superheater
-500 4
i e
10°¢ 107 10 107 10*
i (A-cm'ﬁ

. - " - +
The potentiodynamic polarization (PDP) curve of Anodic reactionFei 3e Y Fre
347H SS measured at superheater place (550°C) n=3,}=7.8 g/cni, M=56 g/mol



Corrosion Rate

V Corrosion depth can be calculated by EN data through eq. (6).

Measure PDP Reference Curve using an
Electrochemical Workstation ap

‘ B=-7 (1)

Calculate the Tafel Slope from the Measure Potential Noise and Current B

PDP Reference Curve using Eq. 1 Noise by Voltme‘ter and Ammeter ICOTT - g (2)
‘ Calculate the Noise Resistance . 327 XB XM
Calculate the Corrosion Current from the Potential Noise and 1I”';a'r"r - (3)
. =rtal nxpxR,
using Eq. 2 Current Noise using Eq. 4
‘ | ‘ | (4)
Calculate the Corrosion Rate using Replace Polarization resistance (R,)
Eq. 3 by Noise Resistance (R,)
L | v 327 XBXM )
corr n >< p >< Rn
Calculate the Corrosion Rate using Introduce constants M =

Eq. 5 56,n = 3, p=7.874, B=69.78

(6)

Calculate Corrosion Rate using Eq. 6

Processes to calculate the corrosion depth by electrochemical noise data



V The latest electrochemical sensor works well in the last seven month.
V EN data was successfully collected unless the boiler is down

200

100

E o
LI -100

-200

N 2 0 =~ N

Aug 30th - Oct 29th, 2019

A

- Jan 9th - Feb 29th, 2020
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Electrochemical noises measured at the superheater (548°C) since Aug 30™, 2019.



Field Measurement Results-DatarRro

V EN data were readily converted into corrosion rate by using MATLAB.

DN ISt GRS Sy GATEARTS Time Corrosion depth
= A= xlsread('2 Meas.csv'): read dara of potent 5 noise

3 - B= xlsread('2 sv'): ead of current noise DD a

4 - C= xlsread('2 ; o.D182 S.60F0e-D2

Sri= e= 810.08; % a 030l 1.6822e-07

6 —  f= 200.49; % cathc 1 slope 00425 2.0654e-07F

= g= e*f/(2.303* (e+f) ) $stern-Geary cosfficient 00547 2.3728c 07

8 - i=1;3=1;

i Do) ooeee 2.68371e-07

oLD7Fed  3.1839=-07

10 - Jwhile (i< length(C)-2047)
T — X=C (£+1023) -C (1) ; ¥c! 0913 2.7530e-07
13—~ Yp=A(i:142047); 0.1035 4.2233e-07
13 = yp=detrend(Yp): % L1156 L.6193e-07
14 - a=std(yp) ;scalc 01277 4.9972e-07
2 e i202n) L1398 5.3956e-07
A= yosacrrend(ic) 01520/ 5.7234=_07
17 = =std (yc) ; sca current noise 01641 6037207
18 - d=std(Yc); tca

L1762 6A083=-07
19 = c=sgre (sum(yc) . are of noise
20 - Rn=a/b;%calculate noise resista 0882 6.7828e-07
21 - PI=b/c;%calculate localized 0.2005 7.1990e-07
22 — Vcorr=7.75*g/ (0.95*Rn) ; $calc oL2126) T.6299e-07
23 = D(j,1)=X/3600/24:% 02248 T.9959e-07
24 — D(j,2)=Rn;%output n o.2369 B.3652e-07
25 - D(3,3)=PI;%output local 0.2490 8.7532e-07
26 - D(3,4)=Vcorx:; L2612 9.1110e-07
27 = I=3+1;

S 02732 9.51865e-07

207~ i=i42048;

0.2854 9.96468e-07
29 = end
30 - CD=cumtrapz (D(:,1)/365,D(:,4)):%calculate accumlatsd corrosion depth 0.28975 1.0338e-0DE
31 — D(:,5)=CD: 03097 1.0768e-06
32— subplot (2,2,1) O.3218 1.13TF1e-0DE
33 - ploc(D(:,1),D(:,2)) 0.3339 1.1893e-06
34 - xlabel('time (d)') 0.3461 1.2270e-06
o o Yanele o 0.3582 1.2676e-06
Z: o “Eli ( o 0.3704] 1.3132e-06

= subplot ¥
., 1. 1 -

38 -  plot(D(:,1),D(:,3)) I el
39 —  xlabel('time= (d)') 0.3959 1.5686e-D6
40 - ylabel ('Localized index') 04081 1.7507e-0D8
41 - subplot (2,2, 3) 04202 1.7889%=-0&
42 - ploc(D(:,1),D(:,4))
43 = xlabel ('time (d)*)




Field Measurement Results I COOSIONIRSIES

V The corrosion depth calculated by EN data is about mm in last six month.
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Time dependence of the accumulated corrosion depth calculated from the electrochemical
noises measured at the superheater place.



- I |
Corrosion Database Development-Ex|
Conditions AL

V Two kinds of coal ashes have different crystal structures.
V The main elements in both sets of coal ash are O, Al, Si, Fe, Ca, Na, K
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XRD pattern of two kinds of coal ashes obtained from Longview Power Plant



Corrosion Database Development:

Conditions
V Some alkaline sulfate (Na,O, K,O and SO,) was confirmed in both kinds of coal
ashes

V Some metal oxides are found in both coal ashes
V Analysis result is similar to others reported in the literature

Various oxides in two kinds of coal ashes from Longview

/ N\
A|203 CaO0 FEzO MgO MnO P205 Kzo Si 02 320 503 TiOz
120 20.88 5.18 11.82 1.15 0.05 0.23 2.26 49.17 0.64 0.92 0.99
122 61.46 2.33 0.62 0.08 0.01 0.20 0.10 27.81 0.21 .08 1.38

Representative chemical compositions of the coal ash in Literature

AI203 F8203 SiOg N32504 K2504 NacCl CaSOa
30 30 30 5 5
29.25 29.25 29.25 5.625 5.625 1

22 6 39 2 2 29




Corrosion Database Development=

Conditions o

s

V Experiment conditions (gas composition and coal ash composition) were decided
based on the analysis result and reported data in literature.

V 347H, component of the superheater, was obtained from Longview Power Plant

Representative chemical composition of the flue gas in literature

N N\
N, Co, /50,\ /0,\ H0 HCl
81.25 15 0.25 3.5
80 15 1 4
Bal. 13.4 1300 vp 4 8.6 400 vpm
80 10 1.5 3.5 5
82.9 14 0.1 3

Element composition of the 347H obtained from Longview Power Plant

Element C Mn P S Si Cr Ni Mo Nb Fe

Weight ratio (%) 0.041 1.75 0.02 0.003 032 17.52 922 026 0.71 Bal




Corrosion Database Development=

Temperature

V OCP increases by time because of the growth of passive film
V This reference electrode can provide a stable potential at this working environment.
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(a) OCP of 347H in the first 1h and (b) potentiodynamic polarization curve (PDP) at various
temperature



Corrosion Database Developmez t

Temperature

V Potential noise reveals two stages of the corrosion process: oxidation from 1 to 49h,
sulfidation after 49h.

V Current noise needs to be verified again.
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Corrosion Database Development—E

Temperature

V Corrosion resistance varies by time at 550 °C.
V R, and R, show the same trend.

a
( )2_0x1o6 = (b)
R
G, 12x10" R, §\
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Variation of (a)R,, and (b)R,, at different exposure time at 550 °C



Corrosion Database Development‘l‘:‘

Temperature

V Localized corrosion occurs at 550 °C
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(a) Localization index at various exposure time and (b) PDP curve after 7d exposure at 550 °C



