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Foreword

ISO (the Inte

rnational 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-governm

ental,_in liaison with 1SQ _ also take part in the work 1SO collaborates closely with the
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Electrotechnical Commission (IEC) on all matters of electrotechnical standardization.

Standards are drafted in accordance with the rules given in the ISO/IEC Directives, Part'2.
5k of technical committees is to prepare International Standards. Draft International Stangards
the technical committees are circulated to the member bodies for voting. [Publication gs an

Standard requires approval by at least 75 % of the member bodies casting-a vote.

rawn to the possibility that some of the elements of this document may be the subject of gatent
pall not be held responsible for identifying any or all such patent rights.

as prepared by Technical Committee ISO/TC 156, Corrosion ofimetals and alloys.
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Co

rrosion of metals and alloys — Electrochemical

potentiokinetic reactivation measurement using the double loop
method (based on Cihal's method)

It is the responsibility of whoever uses this standard to consult and establish appropria

safety and

WAFjNING — This International Standard may involve hazardous materials, operations aniequipment.
t

health practices, and determine the applicability of regulatory limitations prior to use.
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formation of alloy-element-depleted zones at grain boundaries or in the matrix. However, attenti
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nternational Standard specifies the method for measuring the degree.6f/sensitization (DOS
and nickel-based alloys using the Double Loop Electrochemical Ratentiokinetic Reactivati
pased on Cihal's method).

method may be used for the quantitative assessment of ‘deleterious thermal effects res

when testing heat-affected weld zones, due to possible,non-uniform distribution of sensitized
sion lines.

esults of the test can be used as an index toZidentify the potential susceptibility of stainle
I-based alloys to intergranular corrosion, pitting corrosion, and intergranular-stress corros
rediction of these corrosion modes depends’on complementary specific testing.

nternational Standard describes the general methodology and, in Annex C, gives examplg
xposure conditions for specific alloys.
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ISO 8044:1999, Corrosion of metals and alloys — Basic terms and definitions
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3 Terms and definitions

For the purposes of this document, the terms and definitions in ISO 8044 and the following apply.

31

integrated charge

0

charge measured during passivation (Qp) and reactivation (Q,), given by the time integral of current below the

passi
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4 Principle

Heat treatment (including welding) of corrosion-resistant alloys can lead to formation of particles, such as
chromium carbide in the case of 304 SS or o-phase (FeCrMo) in duplex stainless steels. This will lead to local
depletion of alloying elements, unless replenished by matrix diffusion, the extent of which will be temperature
dependent. This process is commonly referred to as sensitization, because depleted zones have an intrinsic
lower resistance to localized corrosion and, where appropriate, to stress corrosion cracking. The extent to
which these damage mechanisms develop and propagate will depend on the extent of depletion and the
density of depleted zones. There was a need for a simple laboratory test to rapidly identify potentially
deleterious thermal effects on stainless steels and nickel-based alloys. The EPR test was developed for that
purpose. Although two methods have been used in laboratory testing, the single loop and the double loop, the

former, whicl
the method (

some adaptgtion be made to the cell and assembly.

The double |
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an be sensitive to surface finish. The EPR test may also be applied’ to in-field testing,pro

bop version of this method is preferred. Here, the specimen is immersed in an acid-solution
ne active state under freely corroding conditions, but then anodically polarized.into the p3
surface features are dissolved during initial immersion under active corrosion conditions
surface preparation having an impact diminishes. From the passive(state, the specim
b controlled scan rate in the cathodic direction. A schematic illustratioris shown in Figure
of active depleted zones, the passive film can become unstable as.the potential becomeg
can start to dissolve (e.g. by reductive dissolution). However, the, rate of dissolution is smal
bp rate employed, the anodic current is not able to rise substantially, so that only a modest a
is measured. The process of anodic dissolution during the” cathodic scan is referred
Occasionally, the current may go transiently cathodic on‘lowering the potential, as the p3g
ty may be less than the cathodic current at the potentials.of relevance.

bted zone is present, the passive film is locally less protective and is more easily reduced. H
Lition of the depleted zones will occur more readily whilst adjacent material still retains
albeit a gradually thinning passive film. Thus.significant active dissolution occurs. The reas
ise in current is probably a reflection of.the spread in activity associated with a spread ¢
bletion and corresponding variations in.the passive film properties (some sections reduc
ials and some at lower potentials). Gradually, as the activity of all the sites build up, this beg
tted by the decrease in potential\réducing the current of the active regions because of

behaviour; t
associated

The ratio of the reactivation peak to\the activation peak, or the reactivation charge to the activation ch
when compared with the values forthe solution-annealed specimen, gives an index of sensitization. How
for sensitized grain boundaries;-these values have to be normalized to the grain size. At the end of thq
the specimen is examined tg_confirm the nature of the localized corrosion process.

us a reactivation peak is observed. The peak in the current density, and the charge p3
ith that peak, depend on the-extent of alloy depletion.
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Figure 1 — Schematic polarization curves of the double loop EPR test method

5 Apparatus

The ppparatus necessary_for obtaining EPR data consists of electronic instruments and a test cell. The
electronic instruments-may be integrated into one instrument package or may be individual [components.
Eithef form of instrumentation can provide acceptable data.

5.1 | Scanning potentiostat

The potentiostat should be capable of controlling the potential to within £ 1 mV accuracy, over|the range of
poter tialand current encountered-inthe EPR measurements.The pnfnnfinefnf should have a pd tential range

of —2 000 to +2 000 mV and a current range of 1 yAto 1 A.

5.2 Electrode potential-measuring instrument

The electrode potential-measuring circuit should have a high input impedance of the order of 1011 Q to 1014 ©,
to minimize current drawn from the system during measurements. Such circuits are provided with most
potentiostats. Instruments should have sufficient sensitivity and accuracy to detect a change of 1,0 mV over a
potential range between -2 000 and +2 000 mV.

© I1SO 2006 — All rights reserved 3
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5.3 Current-measuring instruments

The current in the circuit is evaluated from the potential drop measured across a known resistor. In many
potentiostats, this measurement is made internally but measurements can also be made externally by locating
a resistor in the current line from the counter electrode to the auxiliary connection on the potentiostat. The
current intensities encountered in an EPR test are usually in the range of 1 pA-cm=2 to 100 mA-cm=2. An
instrument that is capable of measuring a current accuracy to within 1 % of the absolute value over a current
density range between 1,0 pA-cm=2 and 105 pA-cm—2, for a specimen with a surface area of approximately

1,0 cm? to 5,0 cm?, is recommended.

5.4 EPR test cell

The test cel
measuring th
will not cor
tetrafluoroeth

The counten
symmetrical.

The referenc
junction refe
and linked tq

should contain the working electrode (the metal to be polarized), a reference ele¢trog

e electrode potential and counter electrode(s). The test cell shall be constructed of material
ode, deteriorate, or otherwise contaminate the test solution. Borosilicate glass” and
ylene (PTFE) have been successfully used.

electrode/s should be positioned so that the current distribution about the specim
e electrode may be inserted directly into the main cell. To avoid mutual contamination, a dg

ence electrode may be used or the reference electrode may beé’located in a separate chg
the main cell by a salt bridge. To minimize the potential drop between the reference eled

and the wor

so that it is af a minimum distance from the working electrode of 2 times'the diameter of the tip.

The volume pf solution in the test cell shall be such as to reducg, to insignificance any change in the so
chemistry, ap a consequence of the reaction processes. Typically 250 ml is sufficient, with a min
requirement pf 100 ml-cm—2 of working electrode.

5.41

sometimes |
attack for cdg
Annex A.

5.4.2 Wor
usually in thq

5.4.3 Refedrence electrode. The type of reference electrode used will depend on the application

temperature
silver/silver ¢
electrode at

Electrode holder. The working electrodes ‘shall be mounted in such a way that the holde
mounting material have no influence on the measurement. An example of an electrode-mounting assem
shown in Fidure A.2. For steels with a protective.oxide film, the seal of the test specimen to the holde

ing electrode, a Luggin capillary should be used. The tip of.the capillary probe shall be posit

ad to undesired crevice attack of the steel at the interface. A method of preventing such cr
rtain applications, using a flushed port cell or using a flushed specimen holder, is outlin

King-electrode material." The working electrode is prepared from the test material of int

and environment. Commonly used electrodes include the saturated calomel electrods
hloride €le¢trode. The potential of these electrodes at 25 °C, relative to the standard hyd
P5 °Csds.given in Annex B.

form of a rod or sheet. See Clause 7 for surface finish and cleaning of the working electrodg.

e for
5 that
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544 Cou

ntertelectrode preparation. The counter electrode shall be free of any product that

vould

contaminate the solution. The counter electrode is commonly prepared from high-purity platinum. For platinum
electrodes, dipping in concentrated HCI and thoroughly rinsing in distilled water is usually sufficient. Other
materials may be used, provided they are inert. The area of the counter electrode should be at least the area of
the working electrode.

NOTE Graphite may be used as a counter electrode but care must be taken to avoid contamination; desorption of
species retained in the graphite may be necessary prior to usage. This contamination can be avoided by routinely
replacing the graphite electrode.
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6 Test solutions

The test solution most often consists of a mixture of sulfuric acid (H,SO,) and potassium thiocyanate (KSCN),
prepared from analytical reagent-grade chemicals and distilled water (the solution can be made up in bulk in a
large quantity and stored for 1 month at room temperature). The composition of the test solution is chosen

depending on the tested material and varies between 0,5 M to 2,5 M H,SO, and 0,001 M to 0,05 M KSCN.

NOTE

effective test solution.

Fresh solution should be used for each test.

KSCN is deliquescent. For super-duplex stainless steel, 3,0 M HCI without KSCN has been shown to be an

7

Sped|
the p

The
taker

Altho
spec
clean
adeq
subs
be st

Spec

The Qise of control specimens with a known degree of sensitization is recommended. These ca
m the performance of new cells for field:applications, and the quality of the apparatus and reagents used.

confi

Test specimen preparation

mens to be given a thermal sensitizing treatment prior to DL-EPR testing should‘be treated
focedure given in Annex C.

thape of the specimens should not allow crevice corrosion and be without’sharp edges. C3
to avoid overheating of specimens when machining or grinding.

ugh corrosion in the active state should limit the influence of thé/surface state, it is advisab

according to

re should be

le to prepare
Shall then be

mens to a well-defined surface finish, for example to Ra less than 0,25 ym. The specimen
ed. Ultrasonic cleaning in distilled water, washing with«alcohol and rinsing with aceto
Late. The time between grinding and exposing the spécimen may have some effect o
pquent dissolution in the active state. This delay should be limited to 1 h. After grinding, spe
bred in a dessicator cabinet when possible.

mens should be pre-treated according to the pfécedure given in Annex C.

e is usually
the rate of
cimens shall

h be used to

8 Procedure

Placg the specimen, counter ‘electrode, salt bridge probe, and other components in the test gell. Add the
solution, ensuring that the-LLuggin capillary is filled with the test solution and contains no|air bubbles,
partigularly in the restrieted’space within the tip region.

Record the open <ircuit (rest or corrosion) potential of the test specimen after 1 min to 2 mip. If the rest
potential does not register normal for the class of alloys being evaluated (-350 mV to —450 m\{ vs. SCE for
Cr18|Ni9 type-steel), cathodically polarize the specimen so as to remove any existing oxide layer, for instance
to —7P0 mVvs. SCE for 0,1 min to 1 min, and recheck the rest potential.

Exp se-the Qpnrimpn far about 5 min_at the free carrosion Innh:nfi:\l, then Irmlariw: :mnriir‘ally intd the passive

region at a controlled scan rate. Typically, the potential will be about 200 mV to 600 mV (SCE). As soon as
this potential is reached, the scanning direction is reversed and the potential is decreased at the same rate to
the initial free corrosion value E,,,. The scan rate chosen is designed to give a clear distinction between the
activation and reactivation process and will be alloy sensitive. Initial tests should be undertaken to establish
the optimum rate. Values in the range 2 000 mV-hr-1to 15 000 mV-hr-1 are typical. The sequence of the
polarization steps should be performed at least three times.

© I1SO 2006 — All rights reserved
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For types 304, 321, and 347, the following test conditions shall be used:

polarizat

test solution composition: 0,5 M H2S04 +0,01 M KSCN;

scan rate: 6 V/h;

ion range from E,. (about —400) up to +300 mV/SCE;

justification).

temperature: 25 °C (however, acceptable temperature range for field applications requires experimental

9 Metallpgraphic inspection

At the end of the test, the specimen surface shall be examined to ensure that there are no othér factors,
as pitting, that might have influenced the results.

such

A grain size |measurement is required when normalizing the data obtained to the grain size. This shodld be
done using IBO grids on micrographs of the sample for determination of the grain¢size number, and diyiding
the data by the grain-boundary area per unit of specimen area, or by the length of\grain boundary per ynit of
specimen ar¢a.
10 Evaludtion of results
Measure the|peak current for the reactivation scan (Z;) and for the.activation scan (Z,), and take their ratip. Do
likewise for the charge (0, and Op respectively) by integrating.the current under the peak over the timel The
ratio, when gompared with results from tests of a solution-annealed specimen, will give an index of the gxtent
of depletion. [When depletion is homogeneous, this index.provides a sufficient criteria for ranking the impfact of
different heat treatments.
For sensitized grain boundaries, divide the activation peak current by the area of the specimen and divide the
reactivation peak by the area of the grain boundary, in order to account for specimens with different|grain
sizes. This gssumes that the reactivation peak is associated with the grain-boundary sensitization only, and
not depleted|zones or other active corrosion regions in the matrix. The exercize is repeated for the charge.
The relevant|relationships are:
I 1 7 I I 1
<1r/1p)e3A:f/p=f/p= - r (1)
SGBA AS SA AS AS SA Ip [p10—3 2G+5
0 0 0 0 0
(0r/0p Yoo = SQr /Ap:S o Raw NS @)
GBA/ As ads/ As SaOp g 107320+

where

O, s the charge for the reactivation loop (in coulombs);

Op is the charge for the anodic loop (in coulombs);

I, is the maximum current for the reactivation loop (MA-cm™2),

I, is the maximum current for the anodic loop (MA-cm™2),

Sp is the grain-boundary area per unit of specimen area;
6 © I1SO 2006 — All rights reserved
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Sp = 4x107220+1;

Ag is the specimen area (cm2);

Sgea is the grain-boundary area (cm2);
SeBA = SA x 4s;

G is the grain-size number (see ISO 643).

(O 1O\ ratio
(Cr Zp/GBA Tonos— o

F anvanianon nienaone (7 /7 ) and
or genvenieree—purpeses—itigpa-and

percgntage values.

cated-by—100-te-be—expressed as

An alternative approach is to normalize the reactivation currents or charge to the grain-boundary length, to
provifle a dimensional ratio defined by:

/ I I I I I
111 S S el S S R S r cm 3
/o)L LGBL/AS 10L AS/AS 10La Ip /1042675 (e 3)
0,10y )apL = —2F / % _ O / SD__ O O (cm) (4)
i

wher

W

1, s the length of grain boundary per unit of specimen area (mm=1);

Lp = [2G + 5;

4 is the specimen area (cm?);

Lgpg. is the grain-boundary length (cm);
LGBL =1O><LA XAS

The fatios can be used\as’ a relative index for comparing the relative effect of different heat tfeatments on
sensitization. The degree of sensitization can only be confirmed by separate complementary measurements
but Annex D provides-preliminary guidelines.

11 Testreport

The test rnpnri‘ shall include the fnlln\nnng information:

a) a full description of the test material from which the specimens were taken, including UNS number,
composition, heat treatment, type of product;

b) method of manufacture of the specimens and details of the surface preparation;
c) number of test repeats and whether the sample surface is reprepared after each test;
d) the solution composition, pH, volume and temperature and any variations with time;

e) area of the specimen exposed to the test solution;

© I1SO 2006 — All rights reserved 7
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n)

description of cell and electrodes used;

time of immersion prior to polarization;

open circuit potential prior to scanning, and whether this was steady;

the potential shall be quoted with respect to the standard hydrogen electrode;

full details of potential scanning, including scan rate, upper potential value and final potential value;

typical example of polarization scan;

individual values of reactivation peak current and activation peak current and their ratio for both.\the¢ test
specimen and for the solution-annealed specimen, together with details of grain size and normalization
parameters used for characterizing sensitized grain boundaries;

individum values of reactivation charge and activation charge and their ratio for both,the test spegimen
and for the solution-annealed specimen, and the normalized values for sensitized grain‘boundaries.

result of|the metallographic inspections.

© I1SO 2006 — All rights reserved
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Annex A
(informative)

Flushed port cell and flushed electrode holder

Flushed port cell

The f

exterpal recirculating heating bath and various inlets, connections for temperature measuremer

and ¢

The pottom of the cell incorporates the specimen holder. The specimen is snounted outs
Elimipation of crevice corrosion at the contact point of the specimen and thelcell port is
contipuously pumping a small volume of distilled water into the contact area ofthe cell port.

as purging.

The $pecimen is separated from the cell port by one or more filter-paper rings, creating a dif
betwgen the purified water, the specimen and the test solution. The’ distilled water pumped in
displaces any electrolyte that would otherwise be in the crevice-likevregion. The water flow is typically in the

rangg

solution volume to minimize the dilution effect from the purified\water within the timeframe of th
necesgsary, the dilution of the test solution should be balanced’by addition of appropriately cond
solution at the same rate.

The fest area exposed to the electrolyte is not isolated\from the test solution by the distilled water
difference in density between the distilled water andthe test solution makes the distilled water 1

just g

Because the specimen is mounted outsidesthe cell, there can be a difference in temperature

elect

n the port sides. Furthermore, stirring of theysolution will cause effective mixing.

olyte and the specimen when testing at elevated temperatures. This can be minimized by st

ushed port cell (Figure A.1) consists of a circular double-walled glass chamber to facilitate II\eating by an

t, electrodes

ide the cell.
achieved by

usion barrier
this region

of 4 ml-h~1to 5 ml-h~1 for a 1 cm?2 port opening. The cell shall’be large enough to ensure pufficient test

test. Where
entrated test

because the
low upwards

between the
rring, and by

a combination of insulation and by.minimization of the volume of the metal to reduce its effectijveness as a

heat pink.
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luggin capillary (to reference electrode)
thermometer

double-wplled glass chamber

counter glectrode

gas dispgnser

distilled water

O-ring
specimer

© 00 N O a b~ ON -

filter pepér

N
o

mounting screw for specimen

The double wall facility allows the temperature to be well controlled.

Figure A.1 — Example of general-purpose flushed port cell

A.2 Flushed electrode holder (Figure A.2)

Distilled water is fed through a glass tube sealed with O-rings to the PTFE mount at the bottom. The water is
distributed through the filter paper on top of the specimen. The stainless steel connecting rod, on which the
specimen is mounted, is painted to avoid electrical contact with the distilled water. A typical flow rate is about
1,5 mL-h~" for a 10 mm diameter cylindrical specimen.

10 © 1SO 2006 — All rights reserved
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Key
gcrew

gpring

PTFE disc and O-ring
distilled water

glass tubes

painted connecting rod
PTFE mount

®-ring

filter paper

= ©O© 00 N O O A WOWN -

0 gylindrical specimen

Figure A.2 — Example of flushed electrode holder
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Annex B
(informative)

Potential of selected reference electrodes at 25 °C with respect
to the standard hydrogen electrode (SHE)

N Potential with respect to SHE
—Refereneeclectrode v
Saturated calpmel electrode 0,241
Silver/silver cploride electrode in 1 molar KCI 0,222
Silver/silver chloride electrode in 0,1 molar KCI 0,281
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