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Foreword

ISO (the International Organization for Standardization) is a worldwide federation of national standards
bodies (ISO member bodies). The work of preparing International Standards is normally carried out
through ISO technical committees. Each member body interested in a subject for which a technical
committee has been established has the right to be represented on that committee. International
organizations, governmental and non-governmental, in liaison with ISO, also take part in the work.
ISO collaborates closely with the International Electrotechnical Commission (IEC) on all matters of
electrotechnical standardization.

The preecedures—tsed—to—developth ment-and-these—ntendedfor-its—further-maintenance are
described in the ISO/IEC Directives, Part 1. In particular, the different approval criteria‘needed for the
different types of ISO documents should be noted. This document was drafted in acéordapce with the
editdrial rules of the ISO/IEC Directives, Part 2 (see www.iso.org/directives).

Attention is drawn to the possibility that some of the elements of this documéntmay be the subject of
patent rights. ISO shall not be held responsible for identifying any or all su¢h“patent rights. Details of
any patent rights identified during the development of the document willbe in the Introdu¢tion and/or
on tHe ISO list of patent declarations received (see www.iso.org/patents);

Any trade name used in this document is information given for the'éonvenience of users gnd does not
consfitute an endorsement.

For an explanation of the voluntary nature of standards; the meaning of ISO specifi¢ terms and
exprgssions related to conformity assessment, as well ‘as’information about ISO's adhefence to the
World Trade Organization (WTO) principles in the Techtiical Barriers to Trade (TBT), see wiww.iso.org/
iso/fpreword.html.

This|document was prepared by Technical Comniittee ISO/TC 156, Corrosion of metals and qlloys.

Any feedback or questions on this documentshould be directed to the user’s national standpards body. A
complete listing of these bodies can be feund at www.iso.org/members.html.
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Introduction

The purpose of this document is to provide instructions on the use of electrochemical sensors
for monitoring atmospheric corrosion. These sensors are used to measure thin film electrolyte
conductance, corrosion current or coating condition over long periods. This method permits the
instantaneous evaluation of corrosion current that can be related to specific environmental conditions
in real time. The instantaneous corrosion current measurements are not accessible using electrical
resistance sensors or mass loss techniques. The technology described in this document complements
other standard techniques for assessing atmospheric corrosion such as mass loss coupons, electrical
resistance sensors or coated test panels (see ISO 8407 and ISO 4628-8). These continuous records of

material cofdition can be useful for studying atmosphneric corrosion, evaluating materials or mad glng
assetsl211[22)[23][24][25][26][27][28][29)],

This documgnt was developed based on ANSI/NACE TM0416-2016.

This documient is relevant to alloy and coating manufacturers and users in transportation, chemical
process, engrgy and infrastructure applications.
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Corrosion of metals and alloys — Electrochemical
measurements — Test method for monitoring atmospheric

corrosion

1 Scope

This|document specifies a test method for atmospheric corrosion measurements, using(ty
electirochemical sensors.

It is dpplicable to measurements of the corrosion rate of uncoupled metal surface$(i:e. “fre
rate)| galvanic corrosion rate, conductance of thin film solutions and barrier,propertie

coatings. It specifies electrochemical sensors that are used with or without organic c
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Normative references

Terms and definitions

brs are applicable to corrosion measurements made in laboratory testchambers, outdg
and service environments.

following documents are referred to in the text in such*a way that some or all of t
Fitutes requirements of this document. For dated references, only the edition cited
ted references, the latest edition of the referenced@document (including any amendme

618, Paints and varnishes — Terms and definitions

1628 (all parts), Paints and varnishes — “Evaluation of degradation of coatings — D4
tity and size of defects, and of intensity ofuniform changes in appearance

044, Corrosion of metals and alloys== Vocabulary

D223, Corrosion of metals and_alloys — Corrosivity of atmospheres — Classification, d¢
stimation

he purposes of this document, the terms and definitions given in ISO 4618, ISO 462
044, ISO 9223-and the following apply.

nd IEC maintain terminological databases for use in standardization at the following z

SO/Online browsing platform: available at https://www.iso.org/obp

ro-electrode

e” corrosion
5 of organic
atings. The
or exposure

heir content
applies. For
hts) applies.

signation of

termination

B (all parts),

ddresses:

31

EC Electropedia: avallable at http:// www.electropedia.org/

electrical resistance sensor
device for measuring corrosion involving measurement of the ratio of the potential difference along a
conductor and the current through the conductor

Note 1 to entry: ISO 15091:2019, 3.1, defines “electrical resistance” as the “ratio of the potential difference along
a conductor and the current through the conductor”.
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electrochemical sensor
device for measuring corrosion involving anodic and cathodic reactions

Note 1 to entry: 1ISO 8044:2020, 4.1, defines “electrochemical corrosion” as “corrosion involving at least one
anodic reaction and one cathodic reaction”.

3.3

electrode digit
single finger of an interdigitated electrode (3.5)

3.4

corrosion g
distance bef

Note 1 to ent
a metal affec

3.5
interdigita
electronic c

3.6
sensor rang
upper and Iq

3.7

sensor span

difference b

3.8
solution re
ratio of elec

3.9
thin film cd
solution layy¢

Note 1 to ent

3.10
zero-resist
instrument

4 Summ

enetration
ween the corroded surface of a metal and the original surface of the metal

y: [SO 8044:2020, 3.11, defines “corrosion depth” as the “distance between a point on-the surf;
ed by corrosion and the original surface of the metal”.

fed electrode
pnductors interlocked like fingers

49
b
wer measurement values

etween maximum and minimum measurement values

bistance
frode potential increment to the corrésponding current increment dependent on solut

nductance
b1 current transport capaeity.

Fy: 1SO 15091:2019, 3.3,-defines “conductance” as the “reciprocal of the resistance”.

hnce ammeter
sed for curreht measurement between two electrodes with no potential drop between

ary of'sensors

hce of

on

them

The atmosp,

heric corrosion measurements are made using three types of sensors to measure: a)

free

corrosion current, b) galvanic corrosion current and c) surface conductance.

Electrochemical sensors for atmospheric corrosion shall have a planar gage area. They are composed of
two metallic electrodes separated by a dielectric material that electrically isolates the electrodes (see
Figures A.1 and A.2). The electrochemical sensors have interdigitated electrode geometries and may
be produced using composite laminate or thin film processes (see Annex A). The sensor gage area is
defined as the area of the electrodes exposed to the environment.
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5 Free corrosion current sensor

5.1 Free corrosion current sensor description

Free corrosion rate measurements are obtained using two-electrode sensors that may have a variety
of alloys, geometries and excitation techniquesl Two-electrode sensors for the
measurement of free corrosion rate may be made from any alloy of 1nterest. Both electrodes of the free
corrosion current sensor shall be constructed of the same alloy. The electrical excitation of sensors shall
be done by applying a voltage between the two electrodes. Voltage may be applied using a potentiostat
or other electronic device designed to apply a controlled potential. During measurements, the voltage
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cen the two electrodes is controlled and the current response recorded. Between me

wo electrodes of the sensor may be electrically shorted. The corrosion current measuy
pan will be dependent on the expected corrosion rates of the given sensor alloy incthe'e

Sensor geometry

eparation distance between the electrodes should be no more than 300 jim'(see Figures
h electrode digit length to width ratio minimizes the contribution of edge effects that dis
botential distributions, and small width electrodes support a more’uniform active nj
under varying environmental conditions. An example length teywidth ratio is 10 and
rode digit width is 2 mm. Geometry and sensing areas for eaclrelectrode should be the g

Uniform corrosion current measurement

Use and conditions for uniform corrosion measurements

lloys that undergo uniform corrosion, such>as a low alloy steel, polarization resistd
ned and free corrosion rate estimated by means of the Stern-Geary equation (see
[R 16208 and ASTM G59-97). For a sitiple equivalent circuit model of a two-elect
olarization resistance may be approximated as half of the real impedance at a low fre
x B). This assumes that the solutiohresistance is small relative to the polarization resi
mption may not be valid at low levels of corrosive contaminants or for very thin or di
ion layers. Uniform corrosiohnmeasurements should be validated with mass loss or o
for environments classified*as low corrosivity outdoor (C1) or medium corrosivity i
5s (see IS0 9223, 1SO 9224, 1SO 9226 and 1SO 11844-1). High solution resistance could|
restimation of corro$§ion rate. Polarization resistance shall be determined using the mg¢

3.2 to 5.3.4.

Method 14— Sine wave excitation

ss than 30 mV. The excitation frequency shall be low enough, typically from 0,01 Hz
n-a‘reasonable estimate of the polarization resistance. This method may require

that

the’ selected Frpmmnrv \npldc ar_correlates to nn]nrwnfmn resistances obtained

bment range
nhvironment.

A.1and A.2).
tort current
easurement
an example
ame.

nce may be

ISO 17475,
"ode sensor,
quency (see
stance. This
scontinuous
ther coupon
ndoor (IC 3)
result in an
rthods given

Current\response may be measured using a voltage sine wave excitation. The amplitude should

to 10 Hz, to
verification
using a full

elect

5.3.3

rochemical 1mpedance scan (see ISO/TR 16208 and ASTM G102- 89).

Method 2 — Triangle wave excitation

The current response may be measured using a triangle wave voltage excitation with an amplitude not
greater than 30 mV. The excitation signal shall have a ramp rate from 0,05 mV/sec to 10 mV/sec. This
method may require verification that the selected waveform produces polarization resistances that
correlate to those obtained using potentiodynamic scan methods (see ISO 17475 and ASTM G59-97).

5.3.4 Method 3 — Potential step excitation

The current response may be measured using potential steps and holds. A sufficient number of steps
shall be used to obtain a linear fit to the voltage versus current response data over a potential range

© IS0 2020 - All rights reserved 3


https://standardsiso.com/api/?name=e86042640a624ffbaaf09f45e0cd1ead

ISO 22858:2020(E)

no greater than +30 mVI22], For each step, the hold time should be sufficient to obtain a steady-state
current measurement. For each step, the current shall be measured after the hold time and be an
average of multiple readings. This method may require verification that the selected excitation produces
polarization resistances that correlate to polarization resistances obtained using potentiodynamic
scan methods (see ASTM G59-97).

5.4 Localized corrosion current measurement

For alloys that corrode by localized mechanisms, such as aluminium alloy pitting, the impedance should
be measured for a given sine wave voltage excitation, and the amplitude should be less than 30 mV. The
impedance may be either the real component or modulus. The excitation frequency shall be within the
range of 0,01 Hz to 10 Hz. In the case of localized corrosion processes, a constant of proportionality
that empirigally relates the measured impedance to the corrosion current is needed to make absplute
estimates of corrosion rate.

5.5 Free rorrosion rate and total free corrosion for sensors without coatings

5.5.1 Free corrosion current and current density

Free corrosfon current density shall be reported as microampere per square centimetre (uA/¢m2).
Current dengity shall be calculated using the free corrosion current and.the area of one electrode. [f one
electrode is[smaller, then the smallest electrode area shall be used. Seg\Formula (1).

I

. _‘cprr
Leorr =1, 1

where
Iorr IS|the free corrosion current density, expressed as microampere per square centimetre (LA/fm?);
I.orr isthe free corrosion current, expressed as microampere (pA);
A isthe electrode area, expressed as square centimetre (cm?).

5.5.2 Free corrosion penetration rate

The free corrosion rate may also,be converted to free corrosion penetration rate, but this shall onlly be
done for allgys with uniform’eorrosion and shall not be used for alloys with localized corrosion such as
pitting or intergranular cgrrosion. See Formula (2):

i
_ corr
rt _Kl '—p—'We (2)
where
re is the corrosion penetration rate of a metal, expressed as micrometre per year (um/a);

K is a constant of proportionality equal to 3,27, expressed as micrometre gram per microampere
centimetre year ((um - g)/(LA - cm - a)) (see ASTM G102-89);

p is the density of the metal, expressed as kilogram per cubic metre (g/cm3);

is the atomic weight of the metal divided by the valence of the oxidized metal atom, this is used
as a dimensionless quantity (see ASTM G102-89).

Methods are available for obtaining corrosion mass loss and penetration rate for alloys that use
alloy equivalent weight and densities, but these methods are outside the scope of this document (see
ASTM G102-89).
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5.5.3 Free corrosion mass loss rate

Free corrosion current density measurement may be converted to mass loss corrosion rate. See

Formula (3):

Feorr =82 Leorr " We

K, w

where

r,

corr
(g/m? - a));

3

is the corrosion mass loss rate of metal, expressed in grams per square metre year

5.54

Timg
estin
expr
Mea{
alloy
mass

5.6

5.6.1

For
sens
mou

The 4
may
unifd

5.6.2

For d
excif]
rang

Curr

2
per microampere square metre year ((g - cm2)/(uA - m2 - a)).

Total free corrosion mass loss and corrosion penetration

-based measurements of free corrosion current or corrosion rate;may be integrate

pssed in coulombs per square metre (C/m?) or grams per square metre (g/m?2), |
ures of thickness loss may also be reported as micrometres, (jtm), but shall only be

loss of specimens produced from the same alloy as the sensor (see ISO 8407).
Free corrosion current and total charge for;sensors with coatings

Use and conditions for free corrosion measurements with coatings

br gage area along each edge (see Figures A.1 and A.2). This may be achieved by castin
ting the sensors.

ensor responses are dependent on coating properties and coating defect area. The seng
change during the test as the\coating degrades. Therefore, the sensor response is not g
rm conditions over the eomplete gage area of the sensor.

Free corrosionicurrent for a coated sensor

| coated free €ortosion sensor, the current should be measured for a given sine W
ation and the amplitude should be less than 30 mV. The excitation frequency shall b
b of 0,01 Hzto 10 Hz.

ent shall be expressed as microamps (LA).

is a constant of proportionality equal to 3,268, expressed as gram square cefitiietre

rd to obtain

hates of total charge passed or total mass loss, respectively. Totalycharge or mass loss shall be

espectively.
reported for

s with uniform corrosion. Total mass loss obtained from(the sensor should be compared to the

se with coatings, the sensor should be mounted to form a planar surface that is greater than the

o, potting or

or response
measure of

rave voltage
e within the

5.6.

Free corrosion total charge fora coated Sensor

Time-based measurements of current may be integrated to obtain estimates of total charge passed.
Total charge shall be expressed as coulombs (C).

5.7

Free corrosion sensor preparation

5.7.1 Considerations for free corrosion sensor surface preparation

The free corrosion sensors shall be prepared and cleaned as specified by the sensor supplier. Mechanical
surface preparation should be avoided for thin film sensing elements. Composite laminate sensors with
sufficient electrode thickness, approximately greater than 1 mm, may be mechanically finished using
abrasives such as 600-grit sandpaper.
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5.7.2 Free corrosion sensors without coatings

For sensors used without coatings, the sensors shall be cleaned to remove soluble organic and inorganic
contaminants. Cleaning chemicals and processes shall be compatible with the sensor electrode and

dielectric m

aterials.

5.7.3 Free corrosion sensors with coatings and surface treatments

5.7.3.1 Coatings and surface treatments for use with free corrosion sensors

A broad ran

ge of protective coatings and surface treatments can be used with the electroche

ical

sensors. A g
givenin 5.7.]

eneral description of the use of electrochemical sensors with an organic coating syst
.2 t0 5.7.3.4. The system can consist of a chemical pretreatment, primer and topcoat. Be

paints and
volatile corr

5.7.3.2 01

Sensors to
pre-treatme
preparation

It is recommended that sensor resistance to cleaning and pretreatment processes be verified pri

coating test

5.7.3.3 Cq

Sensors use
be applied b
and connec
resistance d
according td
adhesion arj
electrodes.

5.7.3.4 Cq

Coating def
cutting tool
interdigitatq
more defect]

Coating def4
full width of

Mechanical

coatings, other materials that can be applied to the sensors are chemical prétreatm
osion inhibitors and protective oils or compounds.

'ganic coating

be used with organic coatings can be prepared using typicdletching, cleaners
nt processes. Coating performance is strongly dependent on, surface cleanliness
Some high temperature and cleaning process steps may danrage the sensor electr

5. The sensors should be visually inspected after each step of the coating process.

ating application and processing

d to test coatings should be processed, as mueh as possible, like actual parts. Coating

fors from the coating processes. Heat-cured coatings can be applied to the sensorg
f the sensor to cure temperatures shall'be verified. Coatings should be applied and g
the manufacturer’s specifications(Specific coating properties such as dry film thick]
d curing should be tested on witniess panels processed at the same time as the s¢

ating scribe defect

ects may be produced on free corrosion sensors using a mask, scribe tool or r
(see ISO 4628-8-and ASTM D1654-08). The defects should be oriented transverse t
bd electrodes,and can be oblique or normal to the sensor length (see Figure A.1). O
5 may be applied to each sensor.

bcts canbe formed by masking the sensor using thin strips of tape that extend acros
the Sensor.

bm is
sides
ents,

and
and
bdes.
or to

5 can

y spray, brush or dipping processes. Masking’shall be used to protect the electrical confacts

, but
ured
ness,
nsor

tary
b the
he or

s the

scribing of thick composite laminate electrodes can be done using standard man

al or

automated methods for coated panels (see ISO 4628-8 and ASTM D1654-08). Mechanical scribing shall
not be performed on deposited or thin film electrodes. Scribes shall fully penetrate the coating to the
substrate and have a uniform width of exposed metal that should be 0,5 mm to 1,5 mm. After scribing,
the impedance shall be assessed to demonstrate that the electrodes are not electrically shorted by
metal smearing or debris in the scribe (see 5.8.3.2). If an electrical short is detected, the scribe should
be cleaned with a fine grit silicon carbide sandpaper (800 to 1 000 grit) or with an abrasive file.

5.8 Specification and inspection — Free corrosion sensors

5.8.1 Visual inspection

Sensors should be inspected prior to sensor processing and before use in atmospheric corrosion tests.
Sensors shall be visually inspected for any irregularities such as defects or pores in the dielectric
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materials, damage to the electrodes, irregular geometry, electrode defects, surface contaminants or
other sensor-to-sensor anomalies that could affect performance and consistency of results.

5.8.2

Sensor range and span

The nominal expected range and span for the sensors should be established for the expected test

cond

itions either theoretically or experimentally before conducting exposure tests.

5.8.3 Electrical verification tests

5.8.

Cont

be taken not to scratch or otherwise damage the test surface during this measurement.

5.8.3

Resiy
madyd
aften
to en

shall

conty
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Sens
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sens

metH

The 1

sens

chen

prod
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6.1
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elect
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Zero
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nuity between the gage area of the electrodes and sensor connector shall be checked.

.2 Electrical resistance test

tance measurements between the two electrodes of the interdigitated electrode sen
preparation is complete. The resistance should be measured using a multimeter. This

be greater than 100 M. Resistance measurements shall be performed in envi

Corrosion verification tests

br operation may be verified by immersing intdifferent corrosivity salt solutions (see
ion chemistry and concentration should be\sélected based on expected sensor use. Fr
prs shall be immersed in salt solution at a known temperature and excited using th
ods of 5.3 or 5.4. Sensors used to verify'performance should not be reused for atmosph

ime between exposure and testifig:should be noted. The time should be sufficient for t
pr to reach a steady-state condition. Test conditions may be application specific. ]
istry, concentration and temperature shall be recorded. Three conditions should bd
uce sensor response in each'third (low, medium and high) of the desired corrosion ratf

ralvanic corrosion current sensor

Galvanic.¢orrosion current sensor description

Ainic cerrosion current measurements are obtained using two-electrode sensoj
rodesconnected together using either: a) a zero-resistance ammeter, or b) a precision
res-A1 and A.2)[ 1. The preferred technique for measuring galvanic cor}

rolled conditions with a RH less than 50 % and a temperature between 20 °C and 27 °Q.

Care should

sor shall be

e on the as-produced or as-received sensors and shall be repeated again immediately prior to testing

test is done

sure that the two electrodes are electrically isolated from €ach other prior to use. Thie resistance

ronmentally

[SO 11845).
e corrosion
e excitation
eric testing.

he corrosion
'he solution
tested that
P range.

s with the
resistor (see
rosion is the

rade 4 4] g T 1 4 | £ 4] . £ 1
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iC corrosion

may be fabricated from any alloys of interest. The electrodes of the two-electrode sensor shall be
constructed of dissimilar materials to form a galvanic couple. Galvanic current range will depend on
the alloys, cathode and anode areas and environment. Spans for current measurements should be
selected based on these factors. The galvanic corrosion measurement range and span will depend on
the expected galvanic corrosion rates for the given sensor alloys and environment.

6.2 Sensor geometry

The separation distance between the electrodes and the electrode digit length to width ratio should be
as described by 5.2. The geometry of the electrodes and cathode to anode area ratio will influence the
spatial distribution and magnitude of the galvanic current. The area ratio may be selected based on the
known cathode and anode areas for a particular application.
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6.3 Galvanic corrosion current measurements

6.3.1 Met

Electrical m

a)

b) precisio

6.3.2 Met

hods for galvanic corrosion current measurement

easurement of the galvanic current may be done using either of two methods:

zero-resistance ammeter (see 6.3.2);

n resistor measurements (see 6.3.3).

hod 1 — Zero-resistance ammeter

Galvanic se
control the
required to

During the 4
the sensors

6.3.3

Galvanic cu
connects th|
precision re
resistor pro
low as poss
precision re
of 0,01 %[31

Between mg
precision re

6.4 Galva

6.4.1 Galy

Galvanic cot
cm?). Currel

6.4.2 Galy

Galvanic co
in 5.5.3. Galy
corrosion p

Method 2 — Precision resistor

hsor excitation shall be done using a zero-resistance ammeter that applies a curre
potential difference between the electrodes of the galvanic couple to zero. Fhe cu
hchieve this potential control is the galvanic current.

ime interval between active zero-resistance ammeter measurements, the)two electrod
hall be controlled to the same potential or electrically shorted.

'rent shall be determined by measuring the voltage drop_deross a precision resistor

sistor (R), the galvanic current (I/;) may be calculated using Ohm’s Law: (I, = V/R)
duces a voltage difference between the anode andieathode. The resistance should 1
ble, while still allowing the current measurement:to meet the galvanic current rangg

quirements. The resistance should be between*10 ohms to 100 000 ohms with a tolej
(32],

basurements, the two electrodes of the sensor shall be electrically connected throug
Sistors.

nic corrosion rate and total'galvanic corrosion without coatings

Fanic corrosion current

rosion current density (i) shall be reported as microampere per square centimetre
1t density will be measured using the area of the anode.

Fanic corrosion’rate for mass loss and corrosion penetration

rosion €urrent density may be converted to mass loss rate using Formula (3) as desc
anicanass loss rate shall be expressed as grams per square metre year (g/(m? - a)). Galy
bnetration rate may be expressed in micrometre per year (um/a) using Formula (2)

nt to
rrent

es of

that

e two alloys of the galvanic couple. Knowing the voltage.drop (V) and the value of the

The
be as
b and
ance

h the

(nA/

ribed
yanic
(see

5.5.2), but s

hall only be reported for alloys that uniformly corrode and shall not be reported for g

lloys

with localized corrosion such as pitting or intergranular corrosion.

6.4.3 Total galvanic corrosion mass loss and corrosion penetration

Time-based measurements of galvanic corrosion rate may be integrated to obtain estimates of total
mass loss. Total mass loss shall be expressed as grams per square metre (g/m?). Measures of thickness
loss may also be reported as micrometre (um), but shall only be reported for alloys with uniform

corrosion.
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6.5 Galvanic corrosion rate and total galvanic corrosion with coatings

6.5.1 Use and conditions for galvanic corrosion measurements with coatings

For use with coatings, the galvanic corrosion sensors should be mounted to form a planar surface that
is greater than the sensor gage area along each edge (see Figures A.1 and A.2). This may be achieved by
casting, potting or mounting the sensors.

The galvanic corrosion sensor responses are dependent on coating properties and coating defect area. The
sensor response will change during the test as the coating degrades. Therefore, the measured galvanic
corrosion rate is not a measure of the anodic current over the complete anode gage area of the sensor.

6.5.2 Galvanic mass loss corrosion rate for a coated sensor

Galvanic corrosion shall be reported as galvanic current and shall be measured.asymicroampere (pA).
Galvanic corrosion current measurements may be converted to galvanic massiloss corrosjon rate (see
5.5.3and ASTM G102-89). Galvanic mass loss rate shall be expressed as grams|per year (g/p).

6.5.3 Total galvanic mass loss for a coated sensor

Timg-based measurements of galvanic corrosion rate may be integrated to obtain estimptes of total
charge passed or total mass loss. Total charge or mass loss shall' be expressed as coulombs (C) or grams
(g), 1lespectively.

6.6 | Galvanic corrosion sensor preparation

6.6.1 Considerations for galvanic corrosion sensor preparation

The galvanic corrosion sensors shall be prepared and cleaned as specified in 5.7.

6.6.] Galvanic corrosion sensors without coatings

For sensors used without coatings, the galvanic corrosion sensors shall be cleaned as described in 5.7.2.

6.6.3 Galvanic corrosion(sensors with coatings and surface treatments

A brgad range of protective coatings and surface treatments can be used with the galvanlic corrosion
senspr. The preparation'methods described in 5.7.3 shall be followed.

6.7 | Specification and inspection — Galvanic corrosion sensors

6.7.1 Visual, span and range inspection

Sensbrs’should he incpnr‘fnd prior to sensor processing and before use in nfmncphnrir‘ codrosion tests

according to the methods described in 5.8.1 and 5.8.2.

6.7.2 Electrical verification tests

6.7.2.1 Continuity test

Continuity between the gage area of the electrodes and sensor connector shall be checked according to

6.7.2.2 Electrical resistance test

Resistance measurements between the two electrodes of the interdigitated electrode sensor shall be
checked according to 5.8.3.2.
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6.7.3 Corrosion verification tests

Sensor performance may be verified by methods described in 5.8.4.

7 Thin film conductance sensors

7.1 Cond

uctance sensor description

Conductance measurements are used to measure moisture and contaminants on the sensor surfacel32l,
The conductance measurement is indicative of conditions that promote corrosion.

Interdigitat
for surface

bd two-electrode sensors produced from noble metals and alloys, such as gold, shall,be
onductance measurements.

7.2 Sensor geometry

The separa
described b

ion distance between the electrodes and digit length to width ratio should K
5.2.

7.3 Surface conductance measurement method

The electri
electrodes.
the current

al excitation of sensors shall be done by applying alvoltage signal between the
During measurements, the relative potential between:the two electrodes is controlleq
Fesponse recorded. Current range will depend on theelectrode area, excitation voltag

environment. Spans for current measurements used to determine conductance should be selected

on these fa(
contaminan

Between md

The current
be within th

The excitat
not more th|
conductanc

tors. The conductance measurement range and-span will be dependent on the expg
[t composition and amount deposited on the sensor surface.

asurements, the two electrodes of the sensor should be electrically shorted.

response shall be measured using sine wave voltage excitation. Excitation frequency
e range of 0,1 kHz to 1,000 kHz forconductance sensors used in the bare condition.

on signal shall be a voltage sine wave with amplitude between the two electrod
an 50 mV. The conductance shall be measured as the ratio of the current to voltage
e shall be measured as Siemens (S).

7.4 Surface conductance sénsor preparation

For sensors

used without/coatings, conductance sensors shall be cleaned as described in 5.7.2.

7.5 Specification*and inspection — Conductance sensor

used

e as

two
| and
e and
ased
pcted

shall

es of
The

7.5.1 Visual/span and range inspection

Sensors should be inspected prior to sensor processing and before testing according to the methods
described in 5.8.1 and 5.8.2.

7.5.2 Electrical verification tests

7.5.2.1 Continuity test

Continuity between the gage area of the electrodes and sensor connector shall be checked according to

5.8.3.1.

10
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.2 Electrical resistance test

Resistance measurements between the two electrodes of the interdigitated electrode sensor shall be
checked according to 5.8.3.2.

7.5.3

Conductive solution verification tests

Sensor performance may be verified in standard conductivity solutions at a constant temperature.
Sensors used to verify performance shall not be reused for atmospheric testing.

Test conditions may be application specific. Solution chemistry, concentration and temperature shall be

reco
(low,

8 ¢

8.1

Coat
meas
are (
shall
the s
along
sens

8.2

The
the d
apply
betw

Betw

The (
meas
rang
thet

to current. The coating impedance shall be measured as ohms ().

8.3

ded-tisTecommended that three tomditions be tested that produce Sensor Tesporse |
medium and high) of the stated sensor conductance measurement range.

Coating barrier property sensors

Coating barrier property sensor description

ng impedance measurements with interdigitated, noble metal, tio<electrode sensors
ure barrier properties of coatings applied to the sensor. The impedance measurements|
ependent on coating properties, moisture and contaminarts. The sensors described
be used to make impedance measurements to assess coating barrier properties. For c
ensors should be flush mounted to form a planar surfaee that is greater than the sens
r each edge (see Figures A.1 and A.2). This may be‘achieved by casting, potting or nj
DI'S.

Coating barrier property measurements

mpedance measurement range and span required for coating barrier properties wil
oating, electrode area and test environment. The electrical excitation of sensors shal
ing a voltage signal between the\two electrodes. During measurements, the relati
een the two electrodes is controlléd and the current response recorded.

een measurements, the twgwelectrodes of the sensor should be electrically shorted.

urrent response shallbe-measured using voltage sine wave excitation. Single or multip
urements may be used to characterize coating condition. Excitation frequency may
e from 0,1 Hz toA00°kHz. The sine wave excitation signal shall have a voltage amplity
vo electrodes©fynot more than 50 mV. The impedance shall be measured as the ratio o

Coating barrier property sensor preparation

n each third

are used to
for coatings
in Clause 7
pating tests,
br gage area
ounting the

| depend on
| be done by
ve potential

e frequency
include the
de between
f the voltage

8.3.

Sensor preparation for coating

Sensors to be used with organic coatings shall be prepared as described in 5.7.3.2 and 5.7.3.3.

8.3.2 Coating test condition

The coating barrier property sensors shall only be tested with intact coatings with no applied artificial
defects.
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fication and inspection — Coating barrier property sensor

8.4.1 Visual, span and range inspection

Sensors should be inspected prior to sensor processing and before testing according to the methods
described in 5.8.1 and 5.8.2.

8.4.2 Electrical measurements

8.4.2.1 Continuity test

Continuity i
5.8.3.1.

8.4.2.2 Rg

Resistance measurements between the two electrodes of the interdigitated electrode sensor shg

checked acc

8.4.3 Sen

The measu
measureme
system resp
measureme

9 Atmos

9.1 Type

The electrd

environmenfts.

9.2 Testarrangement

The sensorf{
panels (see

9.3 Test duration

The longevif
of a coating,

etween the gage area of the electrodes and sensor connector shall be checked accerdi

bsistance test

prding to 5.8.3.2.

King system impedance verification tests

Fement system impedance should be verified using/load resistances applied td
Nt circuit. [tis recommended that three resistances be tested that produce the measure
onse expected for each third (low, medium and high) of the expected sensor imped
ht range.

pheric testing with electrochemical’sensors

5 of atmospheric tests

chemical sensors can be uséd)in laboratory tests, outdoor exposures and se

should be arranged and oriented using the same practices used for other standard
SO 8565 and 1S0-9226).

y of antelectrochemical sensor will depend on the corrosivity of the environment, preg
coating defects and durability of the sensing elements.

ng to

11l be

the
ment
ance

rvice

test

ence

9.4 Sensor selection

The sensor selection should consider the expected laboratory test or exposure environment severity
(see IS0 9223 and ISO 11844-1).

It may be necessary to run preliminary tests to verify that the sensors have the longevity and
measurement range required for the given environment.

9.5 Sampling time interval

The sampling interval shall be selected based on the expected rate of change of the exposure conditions.
For cyclic laboratory testing, a five-minute interval may be suitable. For outdoor testing under ambient

12
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weather, conditions a 15-min to one-hour interval may be suitable. When selecting sampling time
interval and total test time, the file size should be considered.

9.6 Date and time information

All data shall be time and date stamped using Coordinated Universal Time (UTC) conventions. Formats
described in ISO 8601-1 should be used. Clocks shall be verified versus UTC prior to initiating a
test. Clock precision and accuracy for the specific electronics should be stated as part of the system

specifications and reporting.

10

10.

Guid
(see

10.2

The 1
barr
sens
statd

53,1

|

estreport

Test report guidance

hnce is given for reporting sensor information, results and environmental)parameter
ASTM G33-99 and ASTM G107-95).

Sensor information

ype of sensor used shall be identified: free corrosion, galvahiccorrosion, conductand
er property. Reporting shall include sensor-specific inforination, including sensor se
br materials, geometry and electrode areas. Sensor output spans and data sampling r
d. The methods used to determine free corrosion and galvanic corrosion shall be id
.4 and 6.3). Excitation signal parameters shall be given for all corrosion, conductance

5 in Annex C

e or coating
rial number,
htes shall be
entified (see
and barrier

property sensors used.

10.3 Surface preparation

bservations
plication of

Surf3
relat
artif

lce preparation processes, products and materials shall be reported along with any d
ed to the sensor inspection, condition, cleaning, pretreatment and coating. The aj
cial coating defects shall be repgrted.

10.4 Test description

hclude notes
hlity control
, these data

Repdrting shall include thetype of test, start date, end date and duration. Reporting shall i1
on any irregular conditions that may affect the results of the test. If environmental and qu
data|(mass loss, colléetion rates, chemistry, etc.) are collected during the exposure tests
shou]d be included‘epreferenced.

10.5 Sensor.inspection

Sensprs”“shall be visually inspected after testing and images should be obtained to dqcument the
corrgsion and coating condition on the sensors. Coating defects shall be assessed in accofdance with
ISO 4628 (all parts). Sensor degradation that could affect the performance and consistency of results
should be noted, such as a localized attack at interfaces between the dielectric materials and electrode

alloys (see Figure A.1).

10.6 Data storage

The electrochemical sensor data shall be stored in a digital format such as comma separated variable
(.csv) text files. The first column of each file will contain a time stamp (UTC). Additional data
columns should be added for each sensor being used. Each column will include header information for
identification of the data type and units. The digital data can also include environmental measures
of sensor surface temperature, air temperature and relative humidity (see ASTM G92-86). Relevant
environmental data from other sources, such as time-based records of laboratory test conditions or
environmental weather stations, should be included with the digital test records.
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Example images of electrochemical sensors

rtrodes:

14

n signal, zero-resistanee ammeter or precision resistor

h electrode is madeof a single alloy or metal, but the two electrodes may be either the same ma
e corrosion sénsor) or different materials (galvanic corrosion sensor).

two electfodes are formed by shorting together every other digit to form the interdigitated

‘Figure A.1 — Illustration of laminated interdigitated two-electrode sensor
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e digit 6  electrode width
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=
=

Key
blectrode separation distance 4 electrical contact
blectrode digit 5  working electrode leads
lielectric substrate L N excitation signal, zero-resistance atnmeter or

preécision resistor

NOTE 1 The two electrodes are formed by patterning the thin filnrdeposit or bonded foil on the dielectric
material.

NOTH 2 Each electrode is made of a single alloy or metal, butthe two electrodes may be either the spme material
(free corrosion sensor) or different materials (galvanic corrosion sensor).

Figure A.2 — Illustration of thin film interdigitated two-electrode sensor;
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valent circuit analysis for two-electrode measurements

B.1 Polarization resistance theory

The measur
coated sens
alloy using t

ement of polarization resistance is for bare sensors only and not for use with coating
prs. Polarization resistance may be used to calculate the free corrosion current ef'\ame
he Stern-Geary equation (see ASTM G59-97), see Formula (B.1):

R, :(AE)AE) =530 ﬂa(% ) Jor- B ,sothat, I S
AE—0 ’~“corr YFa c corr p

where

Rp ig the polarization resistance;

AE  igthe change in electrical potential;

Al igthe change in current;

B id the anodic Tafel slope;

B. id the cathodic Tafel slope;

I, i9the free corrosion current;

B proportionality constant.
B.2 Polarization resistance for two-electrode sensor
Experimenthlly, the polarization Tesistance can be obtained by measuring the resistance of a

b and

al or

(B.1)

two-

electrode circuit with eachtworking electrode fabricated from the same material with equal areas.

The simple
elements (s
frequency a

Z

w—0 ~ 1

equivalent circuit for this two-electrode arrangement consists of resistive and capag

itive

A =

W00

where

Z
W

R

S

16

S

is the impedance;
is the frequency;

is the solution resistance.

e Figure Bel): The impedance of the equivalent circuit at low frequency excitation and/high
e shown by Formulae (B.2) and (B.3), respectively.
'!Rp 4R, (B.2)
R (B.3)
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