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Electrochemical Noise Measurements of Steel Corrosion
in the Molten NaCl-K ,SO, System
F. Cappeln, N. J. Bjerrum,** and I. M. Petrushina®

Materials Science Group, Department of Chemistry, Technical University of Denmark, DK-2800 Lyngby,
Denmark

Electrochemical noise measurements have been carried out on AlSI347, 10CrM0910, 15Mo03, and X20CrMoV121 steels in molten
NaCl-K,SO, at 630°C. Different types of current noise have been identified for pitting, intergranular and peeling corrosion. The
corrosion mechanism was the so-called active corrogien the corrosion proceeds with no passivation due to the influence of
chloring, characterized by the formation of volatile metal chlorides as a primary corrosion product. It was found possible to obtain
an empirical separation of general and intergranular corrosion using kuf#osiatistical parameter calculated from the electro-
chemical noise dajalt was found that average kurtosis values above 6 indicated intergranular corrosion and average values below
6 indicated general corrosion. The response time for localized corrosion detection in in-plant monitoring was approximately 90
min on this basis. Approximate values of polarization resistances of AlSI347 and 15Mo3 steels were determined to be 250 and
1000 cn?, respectively.

© 2005 The Electrochemical Society.DOI: 10.1149/1.1928187All rights reserved.

Manuscript submitted March 10, 2004; revised manuscript received January 25, 2005. Available electronically May 26, 2005.

Electrochemical noise measureme(E&MS) is a term used for Ue(f)
the registration of small fluctuations in current and potential around Ren = f [2]
a mean valudthe steady stajetypically at the corrosion potential. ()

The relationship between these current and potential variations isvhereys, is the power spectral densit?SD of x [x can be eitheE

determined by the processes occurring on the electrode. An eledpotentia) or | (curren}]. PSDs are calculated from the Fourier-

trode undergoing localized corrosion displays low-frequency, sto-transformed noise dam(f)26

chastic transients originating from occurrence of events on the elec- n

trode surface. While being random in nature, it still makes intuitive 21 2

sense to expect a jump in current to be accompanied by a change in W(f) = -T—NE ‘Xj(f)| (3]

potential and visa versa. One application of the ENM technique is to it

describe this relation between current and potential in terms of avhereN and T are the number of time records and the time record

polarization resistance which can be related to the corrosion rateluration, respectively. The number of individual data points in a

using the procedures developed for potential sweep techniques likéme record isn.

steady-state voltammetry. Using Eq. 1-3 makes it possible to calculate the polarization
The first papers concerning electrochemical noise in corrosiorvesistance fronk if the low-frequency limit ofRsy(f) can be deter-

were published as early as the 198GsHowever, breakthrough im-  mined from aRsy, vs. frequency plot, and that the impedances and

provements of the data analysis occurred mostly in the T99@d  noijse patterns of the individual electrodes are identical.

have established their use and reliability in the present day for many )

low-temperature applicationgonstruction, nuclear waste barrels, Experimental

industrial process monitoring, efc. Some research on high-  The |aboratory ENM experiments were carried out in a 40:60

temperature applications of an ENM technique has been carrieyacl:k,S0, (by weighy melt at 630°C in air atmosphere. The salts

out, but for now there is no reliable ENM probe for high- k50, Merck pro analysi, min 99%, NaCl Merck pro analysi, min

temperature corrosion monitorin@gyaste incineration, fossil fuel 99.5% were dried overnight and used with no further purification.

combustion, bio-mass combustion, and cofiring combinationsThe salt was placed in an alumina crucibable in this mejtand

thereoj. _ _ _ _ placed in a celf’ The outer casing of the cell was a 50 mm diam
The present work is a series of laboratory experiments designedartz tube. The heating was accomplished using a block furnace

to demonstrate whether ENM measurements can be used in the congii temperature regulation within +1°8 The temperature was
bustion environment when sulfur-containing coal is cofired with ¢ontinyously monitored using a Chromel-Alumel thermocouple in a
chloride-containing biomase.g, straw. The eutectic NaCI-KSO, protective sheathing. The electrode system consisted of three iden-
(40% NaCl by weightis a model melt for the molten film expected ¢4l electrodes of the material under investigation.
to be formed at superheater tubes at high temperatures. ENM is Tnhe electrodes were cut out from superheater tubes, polished,
potentially a very strong tool for monitoring the corrosion, as the rinsed in ethanol, and dried before use and all had the same physical
technique is well suited fom situ real-time measurements. The gimensions. The experiments were carried out on the steel types
main goal is to monitor the occurrence of localized corrosion, a|isted in Table |I.
major factor in lifetime assessment of process equipment. _ The electrochemical noise data were measured using special
Another goal is to measure the corrosion rate. In electrochemlcabquipment and software designed at the Department of Chemistry,
techniques the corrosion resistance of an electrode is commonlyechnical University of Denmark. The setup is divided in three
expressed as thezgharge-'transfer resistance, or pol_arizatior_1 resistangsits: preamplifier and high-pass filter, main amplifier and low-pass
R,. Bertocciet al™ investigated how to express this quantity from fjiter and the computer interface. The electronic filters allow signals
ENM. They found that for a system of three identical electrodes above (high-pass or below (low-pass a certain frequency to pass
: f—0 — [ but stops other signals. The purpose of the high-pass filter is to
Lim[R&3°()] = V3R, [1] eliminate drift in the data. The purpose of the low-pass filter is to
wheref is the frequency andRsy is the spectral noise resistance remove aliasing effects. The filter had a cutoff value equal to the
given by maximum frequency of the experimental data as given by the sam-
pling rate. The equipment is shown in Fig. 1.
The current preamplifier is an operational amplifier which served
* Electrochemical Society Active Member. as a current-to-voltage converter of 1 V/1Q@ or 1 V/1 A, cor-
2 E-mail: njb@kemi.dtu.dk responding to an amplification of 10,000 and 1,000,000, respec-
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Table I. Steel compositions and electrode area for ENM testing. 12 8

Area 44

Alloy Composition in wt % (cr?)
10CrMo910 C 0.06-0.14, Bhax) 0.5, Mn 0.4-0.8,  0.58 e ~
Al(min) 4 Cr 2.0-2.5, Mo 0.9-1.1, 2 12 E
balance Fe i o
15Mo3 C 0.12-0.2, $inax) 0.35, Mn 0.4-0.9,  0.58 @ .
Al(min.) 4, Cr< 0.3, Mo 0.25-0.35, e 12 =
Ni < 0.3, balance Fe = £
AISI 347 Cri18, Ni10, Nb < 1.2, balance Fe 0.86 E 11 2
X20CrMoVv121 C0.20,Cr12, Mo 1, B< 1, 1.61 C.‘:-; . &

V 0.25-0.35, Si 0.25-0.35%, balance Fe

tively. The operator can choose the preferred amplification. The
voltage preamplifier is a 30 voltage follower. The noise and drift

of both amplifiers are very low and chopper stabiliZethear Tech- )
nology type LT1250. The instrumental noise was measured using Time (s)

an ohmic resistor and was found to be orders of magnitude less than _ .

the corrosion noise. The high-pass filters for both current and volt--i9ure 2. EN from AISI 347 electrodes in 40:60 NaCl,E0, at 630°C:(1)
age signals are simple resistance-capacitdi® elements with current noise and2) potential noise.

time constants of 100 s. Their purpose is to allow high amplification

of the noise signal without overloading the amplifiers with dc signal.

Drift in the electrochemical system could be a source of such a dc

signal. ] ) ) target of the technique. Therefore two identical measuring electrodes
The low-pass filters are 5th-order, maximally flat, switched- are used, identical in the sense that they have the same surface area
capacitor filtergLinear Technology, type LTC1062The cutoff fre-  and were machined with the same procedure and treated the same
quency can be chosen by the operator as 0.25, 0.5, 1, 2, or 4 Hz. Thgay before the experiment. During the experiment, differences al-
purpose is to eliminate signals from aliasing. Around the filter cir- most certainly will appear: a stochastic event like pit formation must
cuits are amplifiers with a amplification range fronx o 300x. be expected to happen at a slightly different frequency on one elec-
The value of the amplification can be set by the operator. trode, etc. This factor can be a lifetime limiting factor of iansitu
The computer interface consists of an integrating analogue-togNMm probe. However, scanning electron microscé®fM) images
digital (A/D) converter that interfaces with a PC through the serial of the electrodes have shown that no significant differences devel-

0 100 200 300 400 500 600

port. ) _ ) _ oped during the experiments.
The data collection program, written in Visual Basic, collects a  The third electrodéshown grounded in Fig.)lis the reference
definite number of current and voltage poifgsg, 1024 with con- electrode. A true reference electrode like a silver/silver sulfate

stant intervals(e.g, 0.5 9. This process is repeated with regular electrodé’ could also be used. However, in this work it has been
intervals. The system consists of three identical steel electrodes. Onghosen to work using a third identical electrode, this being a quasi-
of these electrode®lectrode lis used as a pseudo-reference elec- reference electrode.

trode for potential noise measurement and the current noise is de- The time records contained 1024 data points of potential and
termined by the current between the two other electréelestrodes  current noise. The sampling frequency was two measurements per
2 and 3. The noise signal is preamplified, analog filtered to remove second for a total duration of 512 s. For each experiment ten time
aliasing and drifting signals, and finally amplified again. The ENM records were recorded. The transformation to the frequency domain
technique setup is illustrated in Fig. 1. was accomplished by using the fast fourier transf¢fRT) algo-

It is preferable to measure the potential and the current simultarithm and the PSDs calculated from Eq(R3ef. 6 without the use of
neously(as opposed to sequential measureinorder to get the  additional processingi.e, no window was applied to the time
best possible data for calculating the electrode impedance, a majaiecords before computing the FET

The frequency range for the recordsfig, = 1/T = 1.95 mHz
and f.,o = 1/2At = 1 Hz, whereT is the time record duration and

CUT - OFF FREQUENCY At is the time between sampling of consecutive data points. In order
PRE-AMPLIFIER CONTROL . . . . .
(HIGH- PASS FILTER)  (LOW - PASS FILTER) to avoid aliasing the cutoff frequency was set at 1(Hs skipping
all contributions from higher frequencies
x10*, x10° I x3, x10

RS

I—-[& o {}—— ——&— AD Results

The results of the experiments are presented as data mainly ob-
| x3,x10 tained under two conditions. The first condition is immediately after
o the signals have stabilizeghe initial formation of corrosion prod-
E—4 Ll {>" B PC ucts would usually induce dramatic current and potential changes
during the first 30 min after immersignThe second condition is
with a stabilized oxide layer typically obtained 24 h after immersion
of the electrodes. The recording of ten data sets as required for good
0 s 0 precision in the measurements could be accomplished in about 90
min.

AlS| 347—Figure 2 shows the noise patterns observed at an
Figure 1. Electronic equipment for EN aquisition and a diagram of the AISI 347 electrode after reaching a stable level. A characteristic
experimental setup used for ENMs. pattern of abrupt shifts with approximately 50 s intervals is seen on

Downloaded 28 Jun 2010 to 192.38.67.112. Redistribution subject to ECS license or copyright; see http://www.ecsdl.org/terms_use.jsp



B230 Journal of The Electrochemical Societys2 (7) B228-B235(2005

1.E+00 4 6
1.E-03 - 2 145
N < —
£
= o e 0 3
T 1.E-06 - AW ﬁé 13 @
oy o
> 1.E-00 - z 115 £
7 £ -4 5
o 3 o
12 4 2 J
1.E-12 5 0
1.E-15 . . | -8 : : : : : -15
0.001 0.01 0.1 1 0 100 200 300 400 500 600
Frequency (Hz) Time (S)

Figure 3. PSDs for current and potential noise from AlISI 347 electrodes in Figure 5. EN from AISI 347 electrodes in 40:60 NaCl,RO, at 630°C after
40:60 NaCl-KSO, at 630°C:(1) current PSD and?2) potential PSD. 24 h: (1) current noise an2) potential noise.

a background of fasthe smaller transientss well as slow events was lost as it had extremely poor adherence. The layer mainly con-
(the gradual change of the basel)in@his pattern is seen in the sists of iron oxide with traces of chromium oxide. The corrosion
potential as well as the current signal. product must be expected to have been mostly chlorides which have

The transient is repeated many times, almost periodically, but thedisappeared due to the volatility of iron and chromium chlorides.
interval between bordering events does veayg you would expect The resulting iron oxide could be observed in the melt after the
from a stochastic processThese transients are localized corrosion experiments. There was no evidence of a sulfidation process.
phenomena according to noise theory. In Fig. 3 the PSDs for the The thickness of the AISI 347 samples were 10@ and the
current and potential noise are given and the roll-off slopes wereintergranular attack dominated the bulk of the electrodes after 24 h
determined to be —2. Figure 4 showRg, vs.frequency plot. It can  of testing. This loss of structural integrity may have contributed to
be seen that the vallRyy is largely independent of frequency in the the poor state of the oxide layer.

. . . _ : s 21
given interval and the assumption t = Rsy is thus valid-” The 10CrM0910— The electrochemical noig&N) data obtained for

value ofRgy is approximately 25@) crr?. . C o
' . . . .. 10CrMo0910 are given in Fig. 7. It can be seen that it differs from the
After 24 h of immersion the larger magnitude of transients indi- EN patterns for AISI 347. The characteristic peaks that are present

C?gﬁﬂ'gﬁfgﬁﬂfﬁ;ﬁjﬁgﬁzﬂ Z‘grggédﬁ'igs' sst)iil 12—28 ;zrecqnlfgf{o\?vo?;m in AISI 347 EN data are found in the 10CrM0910 current noise data
P 9 N as well, but with a lower frequency of repetition. The SEM image

uencies. The constant overall polarization resistance and increasegd. R L . Lo
ﬂ)calized corrosion suggest thafgeneral corrosion proceeds at a r%— ig. 8 |nd|ca_tes a_Ilmlted intergranular corrosion attack, which is in
greement with this reduced frequency of transients. After 24 h the

duced rate due to the formation of an oxide layer. : . . .
. : EN picture is somewhat different: the potential time records are
Figure 6 shows an SEM picture of the corroded AIS| 347 elec- now dominated even more by a single transient, while the “inter-

e e el s ST e eey Severe e bt SO tranuar ransens have disappeared fom he curen e
) y : y 9). It is likely that the significant potential changes are caused be

10000
1000

=
*o
G 100 f
z
o

10 |

1 1 1

0.001 0.01 0.1 1

EHT =20 .89 kV

Frequency (Hz) ’ 1epn  —o

Figure 4. Rgy vs.frequency from AlISI 347 electrodes in 40:60 NaCJSO, Figure 6. SEM picture of a corroded AISI 347 electrode. The arrow indi-
at 630°C. cates the remains of the oxide layer.
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Figure 7. EN from 10CrM0910 electrodes in 40:60 NaC}y®0, at 630°C: Figure 9. EN from 10CrMo910 electrodes in 40:60 NaCy¥0O, at 630°C
(2) current noise an¢?) potential noise. after 24 h:(1) current noise an¢?) potential noise.

) ) ) inward diffusion of chloride iongand water and oxygen if present
peeling of the oxide layer from the steel surface. The peeling can by in this casethrough the porous oxide layer and an electrochemi-

provoked by formation of volatile chlorides during corrosfon. cal reaction!

15Mo3—The typical noise on 15Mo3 low-alloy steel is shown Cathodic:Q + 2H,0 + 46 — 40H" [4]
in Fig. 10. The Eattern is similar to what can be expected from
pitting corrosionej but SEM analysis did not reveal any signs of it. Anodic:Fe + 3Cl — FeCk + 3e [5]

In fact, there is no indication of localized corrosion at all. However,
a broken and nonadherent oxide layer is observed after corrosion Total:30, + 6H,0 + 4Fe + 12Cl — 4FeCk + 120H  [6]
(Fig. 112). The results are similar to what was observed on
10CrMo0910 in the sense that a few large transients dominate th
picture for the potential noise. As earlier, it is supposed that these 4FeC} + 30, — 2Fg0O3 + 6Cl, [7]
few major transients are the result of parts of the oxide layer falling
off the electrodes because of volatile chloride formation. This for-
mation of volatile chloride can clearly be seen in Fig. 11. The outer
oxide layer is a mixture of iron oxide and sulfidiae light areas in

él'he final corrosion product is F@;

The formation of volatile chloride(boiling point for FeC} is
315°C?) results in a breakdown of the oxide layer as it escapes as a
bobble. This removes the diffusional barrier fop®¥O, and CI

. : R and enhances the corrosion rate dramatically until a new oxide layer
Fig. 11 are the sulfide, as seen from the element mapping in Fig. 12 can be formed. This is the pattern reflected in the EN data. The

From the SEM element mappin§ig. 12 another important obser- ; . . : o
vation can be made: Near the electrode surface a mixture of ironmechanlsm of forming chlorine gas available for further corrosion is

oxide and iron chloride is found. Normally, such iron chloride would "Gvfgb"kg‘s’g‘,’,va’l and the term "active corrosion” has been proposed by
vaporize but in this SEM picture we see a proof of its formation. |

: : ! : : The PSD roll-off slopes calculated from the data in Fig. 11 are
The formation of iron(and chromium chlorides is the result of 2. Rey Was determined to 110 c? with the conditions of

Rsn = Ry fulfilled. The data after 24 h of immersiofFig. 13
shows that in this case the EN is basically unchanged from the

100 10
~ 80 ) 15
£ 5
% 10 E
L |- ©
2 . | 3
5 | 11028
3 \ g
2 0 Y e P g ™
I——— w,-u"“' P oen eany M‘wa‘ﬂw wa i, w 1 -15
» 0 : ' : : : -20
EHT 20,00 KV we 2 —rerr - : 0 100 200 300 400 500 600
S 71 Y S— 9 )etector= QBSD RPPASS. 4 Time (s)

Figure 8. SEM picture of a corroded 10CrMo910 electrode. The arrow Figure 10. EN from 15Mo3 electrodes in 40:60 NaCL&O, at 630°C:(1)
indicates the location of the limited intergranular attack. current noise an?) potential noise.
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Figure 13. EN from 15Mo3 electrodes in 40:60 NaCL8O, at 630°C after

Figure 11. SEM picture of a corroded 15Mo3 electrode. The top arrow 24 h: (1) current noise and?) potential noise.

indicates the light areas in the oxide layer which have been identified as iron

sulfide. The bottom arrow indicates the area identified as iron chloride. Iden-

tifications were made using X-ray element analy&BDAX). both the current measuring and pseudo-reference electrodes. How-
ever, the potential noise shows no sign of pitting corrosion in
progress. This is most likely due to a passivation of the potential
measuring electrode. From the frequency domain data shown in Fig.

; o 16 and 17, it can be seen that the spectral noise resistance actually
the frequency domain thiésy does not reach a limiting value at low drops as the frequency is decreased. Equation 1 requires the elec-

frequencies, but the value is above 10@n?. The roll-off slopes trodes to be identical. It does not apply to this system and any

have an unusual value of —3. It can be seen that the peeling Process le relationshin betweeRew and R. cannot be expected. The
causes a state of nonequilibrium. As the oxide layer on one of the pe P SN p ~ P '
ffect is also seen in the frequency domain where the (ESmlI-

three electrodes breaks, the result is a large transient which lasts 1‘00ff Slope is close to zero. while the current roll-off slope is —2. The
as long as it takes the oxide layer to reform. P ' P :

SEM image(Fig. 15 shows the pseudo-reference electrode. After
X20CrMoV121—The noise records for the X20CrMoV121 24 h the pattern is the same, although less obvigig 18).
steel are somewhat different from the other types of steel investi-
gated(Fig. 14). The major current transients observed on the first
recordings are abrupt changes in the current and what appears to be A brief summary of the results is given in Table Il. In this table,
an exponential return to the equilibrium values. Such behavior isthe "Rgy = Ry?” column indicates whether the theoretical assump-
commonly found in connection with pitting corrosiGhAn SEM tions for settingR, = Rgy are fulfilled or not. There are two cases
image, shown in Fig. 15, confirms that this is the case, as shallowthat do not follow this assumption. First, if the corrosion is diffusion
pits are formed on the electrode surface. An important aspect of thisimited the Rgy Vs. frequency plot will show a negative slope no
pitting formation is that it is likely to develop differences in elec- matter how low frequencies are investigated. This is known from
trode properties over time. Most notably the electrode impedancémpedance spectroscopy where the corresponding feature is termed
will be different from a pitted electrode and a nonpitted electrode, the Warburg impedance, a diffusion factor that dominates the imped-
which in turn may lead to preferential pitting of the already attacked ance at lower frequencies and results in a slope of>Qecond, if
electrode. This behavior results in a completely different appearance
of the voltage and current noise as seen in Fig. 14. The current noise

situation immediately after stable levels are obtaiEid). 11). In

Discussion

shows positive and negative transients consistent with pitting on 40 0.14
i 1010 5
g E
2 10.08 %
£ 10 2
= 1 0.06 g
2o g
= 1 0.04 o

-10 1 0.02
_20 L 1 L L L 000
0 100 200 300 400 500 600

Time (s)

Figure 12. SEM element mapping of oxygen, iron, sulfur, and chlorine Figure 14. EN from X20CrMoV121 electrodes in 40:60 NaCLEO, at
corresponding to Fig. 11a) oxygen,(b) iron, (c) sulfur, and(d) chlorine. 630°C: (1) current noise and?) potential noise.

Downloaded 28 Jun 2010 to 192.38.67.112. Redistribution subject to ECS license or copyright; see http://www.ecsdl.org/terms_use.jsp



Journal of The Electrochemical Socigetys2 (7) B228-B235(2005 B233

100

10 |

Rsn (QFem?)

01 r
. 0.01 ' '
A e gl NSt ie brn 0.001 0.01 0.1 1
Frequency (Hz)
Figure 15. SEM picture of a corroded X20CrMoV121 electrode. The arrow
indicates a shallow pit. Figure 17. Rgy vs. frequency from X29 electrodes in 40:60 NaC}$0O, at

630°C.

the electrodes develop significant changes between each other dur-
ing the course of corrosion, the condition of identically noisy elec- insufficient for the present data. More successful was the application
trodes will not be fulfilled as required. Futhermore, it is known that of the so-called kurtosiég,). Its use has been previously suggested
in the case of pitting corrosion the impedance spectfiuay theRsy  in literaturé”*°and it is a parameter that indicates the “peakedness”
vs.frequency plot can be of a type which results in the absence of of a data set. A kurtosis statistic close to zero indicates a data set
dependance betwedy andR,. 6 Except for these cases the values close to a normal distribution, while positive values indicate a data
of the polarization resistance could be evaluated. set with many transient®. It is given by the following equation

The amount of data generated during monitoring is large. This
situation is common for implementation of the ENM technique.

n
1
= _ 4
Various steps have to be taken in order to simplify the output so that ”E (X = Xa)

a corrosion expert would not be required to extract the information g, = m42 = . 5 [8]
of each time record. Neural network software systems seem prom- (my) 1 )
ising as they are well suited for pattern recognition ta<Ks. 52 (Xt = Xav)

However, this work confines itself to the discussion of suitable =1

statistic parameters for such a netwdshatistical parameters will  where(x, - x,,) is the difference between the individual data points
have to form the backbone of an automated pattern recognition,) and the average of the set,,). In other wordsg, is equal to

schemg The usefulness of the so-called pitting indéX) which  he fourth momentm,) divided by the variancém,) squared. It has
has been applied to other cafesas found to make an insufficient 0"t This parameter has been calculated for the data provided in

and unrelilelb[e difstirr]mtion.betweendthekdifferent rrfmrr]phglogies. Like- 5rder to find an objective criterion for evaluating from the noise data
wise, analysis of the variance and skewness of the dataset provggliniergranular corrosion was in progress or not. The lack of station-
ary corrosion conditions in all casése., not for 10CrMo910 and

1.E+00
25 0.14
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& . 15
E \\ P
< 4E06 F 0\ E 51| \ 1010
(=] Y o -—
i 5 \‘\, - 3 -.‘er\ : Iﬁﬂr“\'\l‘,ﬂt"{)’?kw'{, 1008 8
] - :\‘a.,,\ 2 $ 5 + 2
< 1.E-09 t S | s 7 [ " s
) AN PN -1 0.06 =
AL T g -15 ]
1.E-12 1 ‘ a 1004 &
25 ¢ {0.02
1.E-15 : '
0.001 0.01 0.1 1 35 : : : ' : 0.00
Frequency (Hz) 0 100 200 300 400 500 600

Time (s)
Figure 16. PSDs for current and potential noise from X20CrMoV121 elec-
trodes in 40:60 NaCl-KSO, at 630°C: (1) current PSD and2) potential Figure 18. EN from X20CrMoV121 electrodes in 40:60 NaCLBO, at
PSD. 630°C after 24 h{(1) current noise an¢2) potential noise.
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Table Il. Summary of laboratory ENM experiments.

Roll-off slope Roll-off slope Potential noise Current noise

Morphology as determined by

Steel Time PSD(E) PSD(I) transients transients Rsn SEM Rsy = Rp?
AISI 347 Day 0 -2 -2 Abrupt (50  Abrupt (502 250 Severe intergranular, loose scale Yes
AlSI 347 Day 1 -2 -15 Abrupt (70)*  Abrupt (70* 250 Severe intergranular, loose scale Yes

10CrMo0910 Day 0 -2 -1 Man))’ Abrupt (200  Unknown Limited intergranular No
10CrMo0910 Day 1 -2 -2 Few’ No patterﬁ Unknown Limited intergranular No
15Mo3 Day 0 -2 -2 Few Few 110 Uniform corrosion Yes
15Mo3 Day 1 -3 -3 Few Few 100 Uniform corrosion Yes
X20CrMoV121 Day 0 0 -2 No patterﬁ Few Unknown Shallow pitting No
X20CrMoV121 Day 1 -1 -2 No patterfl Many’ Unknown Shallow pitting No

@ Abrupt transients. The approximate period is indicated in parantheses.

b Many transients with a few major transients dominating.
¢ Few transients with a few major transients dominating.
d Many transients without any apparent pattern.

Table Ill. Kurtosis for different steels.

Test AISI 347 X20CrMoV121 15Mo3
1 11.94 8.93 6.87
2 11.12 7.91 5.81
3 11.25 7.74 5.33
4 8.43 6.97 4.93
5 7.74 5.56 3.48
6 6.54 4.79 4.26
7 6.21 3.80 3.90
8 6.14 3.20 3.07
9 5.33 2.48 2.50
10 4.77 1.77 2.27
Average 7.95 5.32 4.24
+ AlSI 347 ¢ 10CrMo810 < 15Mo3 + X20
14
12 1 &
b +
= 10 -
[=]
. - @ &
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Co[ e + 23
- -+
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0
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Figure 19. Kurtosis values calculated from the current noise sigaalseen

X20CrMoV12)) resulted in the current noise data being far more
reliable for statical interpretations than the potential noise data. It
was therefore chosen to present kurtusis evaluations for current data
only for clarity.

Table Il and Fig. 19 show the kurtosis values for current noise
after 24 h of immersion. In Table Il the values have been arranged
by the size of the kurtosis, largest to smallest, while Fig. 19 shows
the data as they were obtained chronologically.

This parameter shows considerable potential as the trends are
that the intergranular corrosion gives higher values of kurtosis. The
(empirica) cut value is around), = 6. Average values of, less
than 6 indicate general corrosion, and average valugs bigher 6
indicate intergranular corrosion. However, the deviations from this
average value, indicated in Fig. 19, suggest that this separation of
corrosion types requires about ten time records for a reliable deter-
mination of the averagg, level. This means that the indication time
is between 1 and 2 h. If a faster indication is required other statis-
tical quantities will need to be considered. The reasorgshealues
for 10CrM0910 and 15Mo3 are partly above the cut value is that a
limited localized corrosion occurs even when intergranular corrosion
does not occur, as discussed earlier. The kurtosis value for the pit-
ting corrosion of X20CrMoV121 was inconclusive.

Conclusions

Corrosion of steels has been studied in th&S&),-NaCl eutectic
melt at 630°C using the EN technique. The moltesSK),-NaCl
mixture is a simulation of the molten salt film formed on superheater
tubes during cofiring of straw and coal.

EN data have been collected for four different types of steel
which can be used as superheater construction materials. It has been
shown that the EN technique can predict the corrosion rate if the
low-end frequency limit of the impedance can be reached and the
three identical electrodes used in the experiments are, in fact, cor-
roding in the same wagidentical impedancgsAn example of this
can be seen in Fig. 4. Moreover, the ENM data makes it possible to
distinguish between different corrosion morphologies. In the present
work it has been demonstrated that a characteristic transkotvn
in, for example, Fig. 2 and)5can be ascribed to intergranular cor-
rosion, which is the main localized corrosion type found in chloride-
containing systems at high temperatu‘PeSEM and ENM measure-
ments indicate shallow pitting of X20CrMoV121 electrodes. The
requirement of at least ten individual recordings in order to deter-
mine a realiable average value for the kurtosis parameter results in a
response time of around 90 min.
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