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This method designed to examine the susceptibility to nonuniform corrosion, ranks
among the more successful technique developments. One of its numerous advantages is
that it allows nondestructive, on-site examination. EPR measurements are used to estab-
lish the resistance of stainless steels and alloys to intergranular corrosion and stress cor-
rosion cracking e.g. in nuclear engineering applications as well as to study grain bound-
ary precipitation and other minute local changes in alloy composition and structure.

By the EPR test, the specimen and/or the field object (working electrode) is tested
in acid solutions, most often in solutions of sulfuric acid (¢ = 0.01-5 mol dm~ H,SO,)
and potassium thiocyanate (¢ = 0.001 to 0.1 mol dm3 KSCN). The principle of the mea-
surements is to reactivate the sample from the incomplete passivity region. This indicates

local changes in chemical composition in relation to phase transformations.
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Introduction

The development of electrochemical potentio-
dynamic methods, from its early phases to its latest
advances, has been applied to intergranular corro-
sion (IGC), stress corrosion cracking (SCC), pitting
and crevice corrosion tests of stainless steels and
other alloys and to the examination of their struc-
ture and properties. In assessing the susceptibility
to intergranular and pitting corrosion by potentio-
dynamic polarization tests, the polarization curves
which apply to the bulk of the alloy grains (the ma-
trix) must be distinguished from those pertaining to
grain boundaries.

The EPR test, using the double and/or single
loop polarization is the preferred technique to es-
tablish the resistance of stainless steels and alloys
to intergranular corrosion. EPR offers the advan-
tage of rapidity and responds to the combined ef-
fects of a number of factors which influence the
properties of materials, such as the effects of chro-
mium-rich and molybdenum-rich carbides or
phases, titanium carbides/sulfides and sulfide inclu-
sions, in addition to the chromium/molybdenum de-
pletion effect.

Measurements involving reactivation from a
state of incomplete passivity indicate local changes
in chemical composition, which relate e.g. to phase
transformations in martensite-austenite steels. The
electrochemical potentiodynamic tests are sensitive

enough to detect structural changes in heat treated
or thermally influenced materials ranging far be-
yond stainless steels alone, and can be used for
non-destructive testing aimed at elucidating the
properties and behavior of materials.

EPR history and principles

The electrochemical polarization techniques
using solid electrodes represent a follow-up to the
analytical methods which made use of the mercury
drop electrode. Fundamentals including Heyrovsky’s
polarography,! Hickling’s early potentiostat’ and
Pourbaix’s thermodynamics of dilute aqueous solu-
tions® were the launching pad for this new genera-
tion of measurements based on potentiostatic and
potentiodynamic polarization. Used by numerous
authors over the years* ! mainly to examine stain-
less steels, the polarization methods found their
pinnacle in electrochemical potentiodynamic reacti-
vation — the EPR test. From the Cihal’s basis,!! EPR
came as a response to a situation in corrosion test-
ing where a better, quantitative method was needed
to measure the degree of sensitization (DOS) in
welded components. Also, EPR was rapid, nonde-
structive and — when fully developed — well-suited
for in-situ field measurements. Therefore, it came
to enjoy worldwide acceptance, as documented by
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the geographic spread of the major papers devoted
to this topic.'"!®

The principle of EPR is to measure the current
generated in response to a uniform sweep of ap-
plied potential and to evaluate the characteristic
features on the potential-current curve obtained.

In the single-loop EPR test (SL EPR) the polar-
ization curve measured is a ‘reverse’ curve, with the
potential scan from positive to negative, ie. a
sweep in the direction from a potential in or beyond
the passive range to the open-circuit potential. In
the double-loop EPR test (DL EPR) this is a cyclic
curve consisting of a forward scan followed by a re-
verse scan, possibly with a delay at vertex which
generally is located within the passive range or in
the transpassive region.

The potentiodynamic polarization curves incor-
porate information not only on general corrosion
but also on grain boundary depletion of chromium
— and thus, on the susceptibility to intergranular at-
tack as well as on changes of the metal structure.
The polarization curve recorded for a sensitized
steel specimen represents the sum of the curves for
the chromium depleted and intact solid solutions.
Two partial curves would be required to reflect the
shares of total metal surface taken up by the two re-
spective zones. This consideration also applies to
the reactivation i.e. reverse curve, although the
manifestations of the depleted regions differ de-
pending on whether the potential is increasing or
decreasing. The extent of depletion in chromium
and, consequently, the degree of sensitization to
intergranular corrosion can only be judged by re-
sorting to comparative measurements capable of
rendering the retardation of the total activation due
to the formation of a passive film. Due to contact
with a suitable electrolyte at an externally applied
potential, a passive layer is formed on the alloy sur-
face, its character depending chiefly on the compo-
sition of the basic solid solution of the alloy and on
the electrolyte chemistry, and to a lesser extent on
the mechanical stresses developed around the pre-
cipitated phases.

The potentiodynamic method of examining the
susceptibility of stainless steels and alloys to inter-
granular corrosion issues from the principle of reac-
tivation of a previously passive metal, the amount
of reactivation depending on the chromium content
in the solid solution. The method therefore points to
the main cause underlying the intergranular corro-
sion of stainless steels — the depletion of chromium,
which occurs due to the precipitation of complex
chromium carbides.

Due to previous sensitizing exposure at ele-
vated temperatures the chromium depleted grain
boundaries are covered with a passive film at poten-
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Fig. 1 — Potentiodynamic polarization curves, reverse sweep
from transpassivity, for low carbon stainless steel (y = 0.025 % C,
12.4 % Ni, 18.5 % Cr — curves 1,2,3) and for stabilized stain-
less steel (0.06 C, 12.05 Ni, 18.0 Cr, 0.65 Ti — curves 3’, 4) in
2.5 mol dm= H,SO, at 70 °C (N,), scan rate v = 9 V ™!
(UNIEUX, France 1969) after thermal treatment

1 1150 °C/20 /water + 650°C/1 h/water

2 1150 °C20°/water + 550°C/20 h/water

3,37 1150 °C/20°/water + 550°C/200 h/water

4 1300 °C/20°/water + 550°C/200h/water

tials within the passive range. The passive film,
however, is not perfect. On shifting the potential to
the active region the passive film tends to preferen-
tially redissolve at film defect sites which are acti-
vated first, whereas the film formed atop a suffi-
ciently chromium-rich solid solution need not be
disturbed at all under suitably selected conditions,
or else its dissolution will manifest itself in only a
small proportion on the over-all polarization curve.
Thanks to this retardation of over-all corrosion dur-
ing such reactivation the examiner has an opportu-
nity to detect the nonuniform corrosion attack as re-
vealed by the characteristic features of the curve. In
EPR measurements, the active peak current, the ra-
tio of active peak currents and/or charges on the
forward and reverse scans, the reactivation charge,
or some other parameters relating to the hysteresis
in the active region is the evaluated response.

In order to express these relations quantita-
tively the retarded over-all corrosion of the surface
initially covered with a largely intact or partially
damaged passive film (represented by the reverse
curve) is compared with the corrosion of the ini-
tially bare alloy surface (represented by the forward
curve starting from the hydrogen evolution region).

Experimental

Once again, the essence of the electrochemical
potentiodynamic polarization methods is the ren-
dering of the functional dependence of current den-
sity in response to changes of applied potential.
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In the potentiodynamic reactivation test, the
polarization curves are recorded under experimental
conditions so selected as to bring to prominence
any differences in electrochemical behavior of the
chromium-depleted grain boundaries and the bulk
of the material, i.e. the grains themselves, which
have been produced by variations in chemical com-
position and/or structure.

The electrochemical polarization measure-
ments are conducted using a potentiostat. The sys-
tem operates with three electrodes of which one is
the material being tested, another is a counter elec-
trode and the third is a reference electrode. The cor-
rosion current passes between the test specimen and
the counter electrode, and responds to controlled
changes of potential. Recommendation by SVUOM
Prague'? is to apply DL EPR in ¢ = 0.5-2.5 mol
dm™ H,SO, + 0.01 mol dm>3 KSCN at ambient
temperature in air, at a scan rate of 9 V h™!. This al-
lows both to examine changes if any in the speci-
men surface and to evaluate the sensitivity to inter-
granular corrosion to a sufficient accuracy (Fig. 2).

Ist step - surface

studies
+J

_—
——
IInd step - intergranular

sensitivity
evaluation

Fig. 2 — Double loop polarization reactivation measure-
ment recommended by SVUOM, Prague in 0.5-2 mol dm™
H,S0, + 0.001 % KSCN at ambient temperature. The first step
is employed particularly for surface studies and the second
step for exact evaluation of intergranular corrosion sensitivity.
Example of sensitized steel 0.5Cr18Ni9 in 2 mol dm> H,SO, +
0.01 % KSCN at ambient temperature, scan rate v = 9V Wl
(air), potential vs. SCE

Material groups tested

Today’s application range of EPR encompasses
four prominent groups of materials: (i) general pur-
pose commercial austenitic stainless steels; (ii) fer-
ritic, martensitic and duplex stainless steels;
(iii) nuclear grade and other heavy-duty steels; and
(iv) nickel base alloys. The major cases are outlined
below.

Austenitic stainless steels

The EPR test is particularly well adapted to
testing the susceptibility to intergranular corrosion
(IGC) in general purpose Cr18Nil0 stainless steels
but can also assist in studies of other materials and
other forms of nonuniform corrosion. Indeed, the
technique has had impact on pitting and crevice
corrosion measurements as well as knife-line attack
and stress corrosion cracking studies. It has also
been very useful in the examination of structures
and phases. Here we cannot devote more space to
the most common type of steels since this would be
to the detriment of the other corrosion resistant ma-
terials which, although less common, are the pre-
ferred choice for high duty applications where the
knowledge that can be derived from the EPR mea-
surements is the most critical. The wide interest in
this technique has been evident from the massive
body of publications over the last three decades.
A comprehensive review detailing the individual
results until 2004 has been presented elsewhere.!?

The sensitization phenomenon is often respon-
sible for intergranular stress corrosion cracking fail-
ures encountered in BWR primary water recircula-
tion pipelines and in vessel components (Fig. 3).!418
Double loop EPR testing (in ¢= 0.5mol dm= H,SO,
+ 0.01 mol dm> KSCN solution at 25 °C, at
100 mV/min) confirmed that significant differences
in the degree of sensitization developed in cast and
wrought stainless steel structures after hot isostatic
pressing when annealed at T = 675 °C. Electrochem-
ical polarization can be efficacious in studies of ther-
mal aging degradation of low-carbon, high-alloy
stainless steels, such as Cr12Mnl10Nil2Mo5SN or
Cr24Mn4Nil5N. Here it can detect microstructural
changes, identify precipitates (such as M,;C, car-
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Fig. 3 — Correlation between reactivation ratio from the
EPR test and SCC susceptibility from the CBB test of austenitic
stainless steels. The 1/I, parameter was established from the
EPR test carried out in 0.5 mol dm> H,SO, + 0.01 % KSCN,
within the range of Egcp = —450 to +350 mV, at a scan rate v =
100 mV min™!; the CBB test was carried out at 350 °C, 40 kgf
em 2y =20-10°Cl, y = 100-10° O, pH 5.6 — 6.0.
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Fig. 4— The  time-temperature-sensitization diagram

based on double loop EPR reactivation ratios for (a)
01Cr20Ni18Mo6CuN0.20 and (b) 01Cr24Ni22Mo7CuN0.53.
The EPR test was carried out in 5 % HCl at 50 °C up to E,., =

sce

0.5 Vatascan ratev = 6 V h™!, reactivation coulombic charge
ratio Q,/0, in %.

bides, Laves phases and the o-phase) and estimate
the extent of precipitation.

Recently, high-nitrogen austenitic stainless steel
containing up to 0.5 % N such as Cr24Nil5N are re-
ceiving increased attention. They offer strength ad-
vantages in nuclear fusion reactor applications.
However, they are susceptible to Cr,N precipitation
during thermal exposure at 550-800 °C (Fig. 4).!°

Ferritic, martensitic and austeno-mariensitic steels

Ferritic stainless steels such as Cr18Mo2 and
Cr26Mo even fif stabilized by titanium succumb to
intergranular attack in oxidizing environments. Pre-
cipitation of carbides and nitrides cannot be
avoided in low-interstitial ferritic Cr-Mo steels
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Fig. 5— The susceptibility of 01Cr26Mo steel to intergra-
nular corrosion related to temperature and annealing time. The
upper values are the average corrosion rates (in g/m’ - h) for
3 - 48 hcycles testing in boiling 65 % HNOj;. The lower values
(in mC cm™) are taken from potentiodynamic reactivation mea-
sured in 2.5 mol dm= H,SO, at 40 °C in nitrogen atmosphere.
After initial heat treatment at 900 °C/30 min/water the steel
shows a corrosion rate of 0.08-0.11 g m™ - h and a zero reacti-
vation charge (0.0 mC cm™).

((cin < 0.01 %) during welding and heat treatment
in the critical range of temperatures (Fig. 5). Type
Cr29Ni2Mo4 steel can accommodate y = 0.02 %
nitrogen when welded.

Penetration of intergranular attack along the
austenite grains produced by tempering has been
demonstrated by EPR measurements in Crl7Ni2
martensitic steel (Fig. 6). Out of the many aspects
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Fig. 6 — Effect of the tempering temperature on the critical
passivation current density j, and the Q,/Q, ratio of quen-
ched-and-tempered martensitic 15Cri17Ni2 stainless steel
(quenched at 1040°/ 3 min/oil and tempered for 4 h) as re-
vealed by EPR measurements conducted in 0.5 mol dm™
H,S0, + 0.01 % KSCN at ambient temperature, at a scan rate
v=I15Vh'
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deserving an in-depth discussion, the case of
martensitic stainless steels such as Crl7Ni2,
Cr16Ni2Mo and Cr16Ni3Mo is mentioned here to
demonstrate the importance of making the right
choice of EPR parameters to be evaluated when
conducting  sensitization tests. The critical
passivation current density is not specific of chro-
mium depletion alone, since it also reflects the gen-
eral heterogeneity of structure. Consequently, the j,
readings when plotted against sensitization temper-
ature tend to grow higher throughout the entire
range. In contrast, the coulombic charge ratios on
reactivation, Q,/Q,, show clearly defined peaks re-
flecting the maximum sensitization of grain bound-
aries. The shifts in annealing temperature corre-
sponding to these peaks are due to compositional
changes of the steels (e.g. the presence of Mo).

Molybdenum alloyed austeno-martensitic
steels Cr13Ni6Mo and Cr14Ni4Mo may suffer IGC
(Fig. 7). The same is true of low-carbon martensitic
grades.?’ On the reverse scan begun at a potential
affording an incomplete passivity, the reactivation
peak is split (Fig. 8); the first peak corresponds to
dissolution of the martensite matrix, whereas the
peak occurring at a more positive potential is linked
with the dissolution of a nickel-rich phase — either
stable austenite or the product of its reverse trans-
formation to martensite after tempering.
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Fig. 7— The potentiokinetic polarization curves of the
martensite-austenite steel 03Cri3Ni6Mo, quenched from
800 °C and tempered at 500 °C; the EPR test was carried out
in 0.5 mol dm= H,SO, + 0.01 % KSCN at ambient tempera-
ture, within the range of —0.7/+0.5/-0.7V, at a scan rate v =
9V

E../V
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Austeno-ferritic stainless steels

In strongly oxidizing media, austeno-ferritic
duplex stainless steels such as Cr22Ni6Mo3N suf-
fer preferential attack of J-ferrite. Degradation in
thermally aged duplex steels Cr21Ni8 and Cr21Ni9Mo
has also been studied by EPR. In duplex steels,
EPR can be used to study the decomposition of fer-
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Fig. 8 — Potentiokinetic polarization curves of steel
03Cri13Ni6Mo in 0.5 mol dm™ H,50, + 0.01 % KSCN at 25 °,
scan rate 9V h! (start/end potential Eg-r = —0.7 V, vertex poten-
tial Egcp = —0.1 V) tempered after quenching at 1050 °C/2 h/air.

a) tempered at 625°C / 6 h/air

b) tempered at 575°C / 6 h/air

rite to e.g. the o-phase and the y-phase, as well as
the precipitation of carbides. Secondary phases
have a large effect on the results obtained by EPR
and, conversely, EPR can be used to examine sec-
ondary phases (Fig. 9).21-%

When using EPR to investigate structural com-
ponents and changes, e.g. ferrite, the o-phase, certain
carbides, nitrides, sulfides, etc., a metallographic or
other microscopic examination of the intergranular
attack and the etched phases is recommended.
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Fig. 9 — Relationship between the amount of segregation
and the results of double loop EPR (charge ratio values) for
type X2CrNiMoN22-5-3 duplex stainless steel after annealing
at 750 °C. The EPR test in 0.5 mol dm= H,SO, + 0.001 mol
dm™ KSCN was run at potentials from Egcp = =500 to +200

mV and back to —500 mV at a scan rate v = 1 mV sec™.
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Nickel base alloys

Prominent nickel alloys tested by EPR inclu-
de Ni31Cr21Fe46 (Sanicro 31H), Ni33Cr21TiAl
(Alloy 800), Ni74Cr16Fe9 (Inconel 600), NiCr30Fe
(Alloy 690), Ni73Cr16Fe6TiAl (Inconel X- 750),
or Ni57Cr22Mo13W3Co (Alloy 22) etc., some of
them used for nuclear waste containers.?> Other
nickel base and nickel-chromium alloys were of
course also tested. It is an established fact that alloy
composition has a strong effect on the dissolution
rates even though sensitization may lead to similar
depletion in chromium. High nickel alloys will not
passivate as readily as iron base alloys but DL EPR
can cope with this problem. In analogy to common
stainless steels, EPR may be used to assess the sus-
ceptibility to IGC in these alloys.

Low temperature sensitization of Cr21Ni33TiAl
(Alloy 800H), detected by DL EPR, was related to
chromium depletion at grain boundaries (Table 1).
This is of practical importance in screening the re-
sistance to IGC and IGSCC of chemical furnace
materials exposed to high service temperatures
while in contact with a chemical product.?

The double loop -electrochemical potentio-
kinetic reactivation test of Alloy 800 and/or Alloy
600 — widely used for steam generator tubing of nu-
clear power plants because of its favorable mechan-
ical and corrosion properties at high temperatures,
in spite of numerous cases being reported of IGC
and IGSCC during normal operation — brought evi-
dence of a beneficial effect of laser surface melting

of the alloy on its resistance to both these kinds of
attack.”’” DL-EPR measurements conducted on Al-
loy 600 were highly discriminating and correlated
well with IGSCC susceptibilities determined in
deaerated Na,S,0, solution under deformation.

All this testing is of utmost importance to
the nuclear industry. This is highlighted by the
recent series of serious corrosion related problems
experienced in nuclear power installations in
various countries. For example, DL EPR tests
confirmed that steam generator bolts made of
Fe41Ni35Cr15WS5TiAl alloy developed IGC sus-
ceptibility after a number of years in service. In
other countries there also were numerous IGC
and/or IGSCC related problems in power stations
employing both PWR and BWR reactors, particu-
larly where welded joints developed intergranular
fissures.

Low alloy steels

On the low-alloy side, in-service degradation
and creep life of low-alloy (Cr2Mol) steel is an ex-
ample of using EPR to detect sensitization pro-
voked by selective dissolution of MC carbides.
Numerous on-site measurements were also carried
out in fossil fuel fired boilers.?®

In the EPR test, the polarization curves are re-
corded under experimental conditions described in
pertinent standards.?*=* They should always be so
selected as to bring to prominence any differences
in electrochemical behavior of the chromium-de-

Table 1 — Results of DL EPR measurements of 0.2Cr21Ni33TiAl after prolonged exposure to temperatures of 450 °C and 650 °C

and/or after subsequent heat treatment

Heat treatment mA{Zm*Z mA{;m*Z C.CQ;*Z C.CQI;’Z 0 /0y
450 °C/30.000 h/air 56.0 26.00 2.222 1.210 544
1050 °C/2h/water (A) 49.0 0.04 2.036 0.000 0.0
(A) + 870 °C/3W/air 53.0 0.20 2.162 0.000 0.0
(A) + 52.0 12.80 2.122 0.594 279

Heat treatment mA{szz mA{;m*Z C.CQI:TZ C.CQI'I‘FZ O /0y
650 °C/30.000 h/air 65.0 6.0 2.466 0212 8.5
1050 °C/2h/water (A) 54.0 3.8 3.018 0.144 47
(A) + 870 °C/3h/air 53.0 0.4 2.300 0.004 0.2
(A) + 50.5 18.0 2.162 0.852 39.4

=800 °C/3h/ = 650 °C/4 h/ = 500 °C/air
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pleted grain boundaries and the bulk of the material
e.g. the grains themselves, which have been pro-
duced by variations in chemical composition and/or
structure.

Conclusion

The EPR test remains the most sensitive elec-
trochemical testing technique in detecting the de-
gree of sensitization. Its indications of IGC and
IGSCC susceptibility correlate with information de-
rived from microstructural examination.

The EPR tests have been applied to a variety of
materials which include stainless steels of various
types (austenitic, ferritic, martensitic and auste-
no-ferritic), nickel base alloys, special high-alloy
stainless steels, and plain-carbon and low-alloy
steels. However, the general-purpose austenitic
stainless steels constitute the largest group of mate-
rials to which EPR tests have been applied. While
the major stimulae for development of the EPR test
came from the nuclear power industry, its use has
been extended to the fossil fuels power industry,
chemical industry, food and pharmaceutical indus-
tries, and many other industries employing steels
and nickel base alloys.

Future developments in the EPR tests are ex-
pected to further extend its use as a nondestructive,
in-situ test. The use of gel electrolytes is expected
to facilitate its common use as an in-situ test. New
parameters are being examined to fully take into ac-
count that the reactivation current comes mainly
from the chromium-depleted regions. Potentially,
EPR could be used to indirectly measure, on a
macro scale, the minimum levels of chromium in
the depleted regions of sensitized stainless steels
and nickel base alloys. While the 1980s had seen
major advances toward the formulation of com-
monly acceptable test conditions for stainless steels,
the 1990s saw the same for nickel base alloys and
also witnessed the development of a deeper under-
standing of the processes occurring during EPR. It
is expected that the first decade of the millennium
would witness a common acceptance of the test
conditions for stainless steels and nickel base alloys
and of the parameters describing the results of the
EPR tests, facilitating formulation of common EPR
test standards.
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List
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of symbols

concentration, mol dm™

potential, mV, V

— current, mA

— current density, mA cm™

— surface charge density, C cm™

temperature, °C

— time, min

— mole fraction, %

— potential scan rate, mV s
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