ISSN 0321-4095, Voprosy khimii i khimicheskoi tekhnologii, 2025, No. 2, pp. 123-133 123

UDC 669.620.197:006.354

T.0. Derhach ¢, D.A. Sukhomlyn ®, D.B. Hlushkova °, A.Ye. Baliey ¢

SCIENTIFIC AND EXPERIMENTAL JUSTIFICATION FOR THE INDUSTRIAL
APPLICATION OF ACCELERATED ELECTROCHEMICAL METHODS FOR TESTING

RESISTANCE TO INTERGRANULAR CORROSION

2 Kharkiv National Automobile and Highway University, Kharkiv, Ukraine
> Dnipro University of Technology, Dnipro, Ukraine
¢ «CENTRAVIS PRODUCTION UKRAINE» PJSC, Nikopol, Ukraine

The purpose of this work is to provide a scientific and experimental justification for the
widespread industrial application of accelerated electrochemical methods for testing the
resistance of austenitic stainless steel products to intergranular corrosion as an alternative
to prolonged (up to 240 hours) boiling tests in acid solutions. A large-scale comparative
study was conducted using standardized methods for assessing the intergranular corrosion
resistance: (a) in weakly oxidizing environments — an accelerated electrochemical method
of potentiostatic etching in 1 N HCIO,+0.25 N NaCl, compared with a prolonged test
involving the boiling of samples in 35% H,SO, with the addition of CuSO, and metallic
copper (Practice E, ASTM A-262); and (b) in highly oxidizing environments — an
accelerated electrochemical method of anodic etching of metallographic sections in 10%
H,C,0,-2H,0, compared with a prolonged test involving the boiling of samples in 65%
HNO, (Practices A and C, ASTM A-262, respectively). The study was conducted on
experimental 304L-type stainless steel samples with a carbon content of 0.018—0.05%,
sensitized under different conditions, as well as on industrially manufactured Cr—Ni and
Cr—Ni—Mo stainless steel products. A strong correlation was found between the results
obtained using the proposed accelerated methods and the traditional prolonged tests.
Additionally, quantitative criteria for satisfactory intergranular corrosion resistance were
established when testing by the potentiostatic etching and Practice A methods. The study
demonstrated the high corrosion resistance of special X3 twin grain boundaries when
using method A, as described in the coincident site lattice theory. The obtained results
support the recommendation of using the accelerated potentiostatic etching and Practice
A methods as viable alternatives to prolonged testing procedures in industrial production
of austenitic stainless steel products.
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Introduction

Metal products made of austenitic stainless steels
are widely used for applications requiring steel’s unique
properties and corrosion resistance, for instance, in
chemical and petrochemical industries, oil refining,
energy, aerospace, machine-building, nuclear power,
automotive, architecture and other industries [1—4].

The most popular among the austenitic stainless steel
are Cr—Ni and Cr—Ni—Mo steel grades 08Cr18Nil0Ti
(321), 12Cr18Nil2Ti, 03Cr18Nill (304L, 304LN)
and 03Cr17Nil4Mo; (316L and 316LN) due to their
unique combination of high corrosion resistance,
mechanical and technological properties, workability
and weldability [3]. These steels are used in closed
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cycles of circulation of corrosive liquids at chemical,
oil refining enterprises, mineral fertilizer production
plants [4,5]; at nuclear and thermal power plants,
they are used in the shells of heat-emitting elements,
heat exchange equipment, racks for storing spent
nuclear fuel, etc. [4]. A further development of
production and consumption of products made of
austenitic Cr—Ni and Cr—Ni—Mo steels is stimulated
by the recent sharp drop in the price of one of their
important quality components, nickel, which has
almost tripled over the past 2 years: from 48,000 up
to 16,000 dollars per ton.

Certainly, due to the tendency of corrosion-
resistant steels to passivation, they can be exposed to
the most dangerous local types of corrosion, the most
common of which is intergranular corrosion (IGC)
[2,3,5—7]. IGC develops at large-angle grain boundaries
of steels and can lead to through corrosion damage
and loss of strength of valuable equipment and to
negative economic, humanitarian and environmental
consequences. Therefore, mandatory acceptance and
acceptance tests of metal products made of austenitic
Cr—Ni and Cr—Ni—Mo steels are tests for resistance
to the IGC in accordance with the requirements of
domestic, foreign and international standards.
According to their requirements, tests of metal products
on the IGC are carried out by boiling the samples in
solutions of acids of different oxluvation-reduction
capabilities. Before the tests, the samples are subjected
to a special provocative heating (sensitization), which
contributes to the release of chromium and
molybdenum carbides at the grain boundaries of steels
and the appearance of their susceptibility to the IGC
[2,3]. Depending on the operating conditions of the
metal product, in weakly oxidizing or strongly oxidizing
environments, it must be tested according to the
methods E, and C according to ASTM A-262,
respectively. The E method consists in boiling flat
samples with dimensions of 1—3x6—20x50—80 mm
(thickness, width, and length, respectively) for 8 hours
in a solution of 35% sulfuric acid and copper sulfate
with the addition of metallic copper. In such a
solution, the corrosion potential E ., ~+0.1 V relative
to the standard saturated silver chloride reference
electrode Ag/AgCl is established on the test samples.
[t corresponds to weakly oxidizing environments and
the transition region of electrochemical potentials on
the anodic polarization curve of austenitic Cr—Ni and
Cr—Ni—Mo steels. Resistance to the IGC is assessed
by the presence or absence of characteristic
intercrystalline cracks on the surfaces (tops of bends)
of samples bent at an angle of 90° or Z-shaped, visible
under magnification x8—12. The C method is
intended for testing products that are used in particularly

aggressive, highly oxidizing environments. It involves
boiling the same samples as in the E method for
5 cycles of 48 hours each (240 hours in total) in a
65% HNO, (E, ~*+1.0...1.1 V (Ag/AgCl reference
electrode)), which corresponding to the beginning of
the transpassive region of potentials, with initial and
intermediate weighing of samples after each cycle.

For each test cycle, a new portion of HNO,
solution is required in the amount of 20 ml per 1 cm?
of the sample surface. The rate of corrosion of the
samples for each test cycle is evaluated by their specific
mass loss (gravimetric method). The test results are
considered satisfactory and the product suitable if the
corrosion rate of the samples does not exceed
0.5 mm/year (v.,<0.5 mm/year). Therefore, tests on
the IGC are the longest and most expensive of the
acceptance tests of products made of stainless steels.
They significantly increase the total time of
manufacturing products, delay their delivery and
negatively affect the economic efficiency of production.
Therefore, the introduction and widespread use in the
industry of express methods of testing resistance to
the IGC is urgent.

The analysis of accelerated test methods on the
IGC showed that currently there is standard on
electrochemical methods for determining the resistance
of austenitic steels against intergranular corrosion in
weakly oxidizing environments. It includes four
methods:

a) potentiostatic etching (PE), which consists in
keeping test samples in a solution of perchloric acid
and sodium chloride (1 N HCIO,+0.25 N NaCl) for
15 minutes at E=+0.1 V (Ag/AgCl reference electrode).
The assessment of susceptibility to the IGC is similar
to the method Practice E, ASTM A-262;

b) a drop method, based on the assessment of
the corrosion potential of steel under a drop of a
solution of nitric acid and ferric chloride
(HNO;+FeCl,);

¢) a method of measuring the corrosion potential
of steel in a solution of nitric acid, hydrochloric acid
and ferric chloride (HNO;+HCI+FeCl,);

d) a method of potentiodynamic reactivation,
which consists in polarizing the sample in a solution
of sulfuric acid and potassium thiocyanate in a given
range of potentials successively in the anodic and
cathodic directions and comparing the amount of
electricity spent in the process of reactivation and
passivation.

However, all these methods have not been
sufficiently tested so far, so they need widespread
verification; their disadvantages are that they (except
the PE method) involve the simultaneous testing of
only one sample and are not recommended for the
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control of welded joints.

ASTM A-262 contains an accelerated
electrochemical method of etching in oxalic acid
(EOA) Practice A, which is proposed for the IGC
testing of austenitic corrosion-resistant steels intended
for operation in strongly oxidizing environments.
It consists in anodic etching of samples (metallographic
sections) in a 10% solution of dehydrate oxalic
acid (H,C,0,-2H,0) at a current density of
1 A/cm? (1-10* A/m?) for 1.5 min, followed by analysis
of the resulting microstructures [3,8]. The Practice A
is recommended as a preliminary test before the long-
term method Practice C and in some cases can be
used as an independent method. However, the EOA
(A method) has not yet gained widespread use in the
industry due to the insufficient amount of statistical
tests and information about their results, as well as
the lack of specific recommendations regarding the
criteria for the suitability or unsuitability of the metal.

The purpose of the work is to provide a scientific
and experimental justification for the availability of
widespread industrial application of accelerated
electrochemical methods for testing the resistance to
intergranular corrosion (IGC) of metal products made

of austenitic stainless steels instead of long (up to
240 hours) methods involving the boiling of samples
in acid solutions.

Materials and methods

Materials

In this work, the following materials were used:

— samples of forgings/billets made of the most
common low-carbon chromium-nickel austenitic
stainless steel 03Cr18Nill (304L) of heats with a
different carbon content (0.018, 0.030 and 0.050%),
after sensitization (temperature and soaking time in
the range of 400—700°C; 0.25—100 h), for obtaining
metal with different degrees of susceptibility to IGC
(Table);

— samples of industrial production products
subject to and not subject to the IGC (pipe blanks,
forgings, rolled sheets, hot-, cold- and heat treated
tubes and pipes) made of steels 08Cr18Nil0Ti (321),
12Cr18Nil12Ti, 03Cr18Nill (304 L, 304 LN),
03Cr17Nil4Mo3 (316 L and 316 LN) with a carbon
content of 0.015—0.030% and a nitrogen content of
0.04—0.18%, after sensitization at 650°C, 1 h.

Methods

For mass tests at the IGC, the test methods

Corrosion resistance comparative data of testing samples of laboratory heats made of steel grade 304 L,
tested according to Practice C and A, ASTM A-262

iﬁt;irtl ) Sensitization mode Veor Type of microstructure (%
W% ’ t, C time, h mm/year etched GB)
400 10; 20; 50; 100 02-04 «step structure»
500 20 0.3-0.4 «step structurey
500 30 0.45-0.5 «dual structure» (£20)
500 50 0.45-0.5 «dual structure» (£25)
0.018 500 100 0.6-0.7 «dual structure» (=30)
550 50 0.7-0.9 «ditch structure»
600, 650 2;5;10 0.3-0.45 «step structure»
600, 650 15 0.6-0.8 «dual structurey» (>35)
700 2;5;10 03-04 «step structure»
550 5; 10 0.4;0.45 «step structure»
550 20 1.2-19 «ditch structurex
600 1 0.3-0.4 «step structurey
600 2 0.45-0.5 «dual structurey (£20)
0.03 600 3 0.85-0.9 «dual structurey (>35)
' 600 5 1.3-1.4 «ditch structure»
650 0.5 0.45-0.5 «dual structurey» (>25)
650 1 1.1-1.3 «ditch structure»
700 1;2 0.3;0.47 «dual structure» (<25)
700 5; 10 09-1.3 «ditch structurex
550 5; 10 0.3;0.45 «step structure»
550 15;20 1.35;1.65 «dual structure» (>50)
0.05 600 1;3;5 1.5-6.2 «ditch structure»
650 0.25; 0.5 3.2-3.6 «ditch structure»
700 1;3;5 8.6-13.5 «ditch structure»
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according to ASTM A-262, E and C, were used as
long-term ones.

As accelerated, the following methods were used:

1) a number of electrochemical methods, which
according to their effect on the grain boundaries of
austenitic corrosion-resistant steels should correspond to
the long-term test method Practice E, ASTM A-262;

2) an EOA method involving an anodic etching
of grindings in 10% H,C,0,2H,0, (Practice A,
ASTM A-262) [8], which should correspond to the
long-term method Practice C, ASTM A-262.

Corrosion mechanisms at grain boundaries were
determined by the following procedures: chemical
analysis of solutions after tests for the content of ions
of the main alloying elements of steels, as well as
construction of anodic potentiodynamic curves in 1
N HCI0,+0.25 N NacCl [9]. The general and grain-
boundary structure of steels and special low-energy
grain boundaries (GB) S3 according to the theory of
coincident site lattice (CSL) [3,10] were investigated
by the methods of light metallography on an «Axiovert»
metallographic microscope at magnifications of 200—
500 and raster electron microscopy on a SEM 106 M
microscope. After EOA, each slide sample was
examined in at least five fields of view. The share of
grain boundaries occupied by etching was estimated
by the method of intersecting lines.

Results and discussion

Comparative tests of samples of the studied steels
for resistance against IGC by accelerated
electrochemical methods and the long-term method

Practice E showed the following. In addition to the
above-mentioned shortcomings, accelerated methods
in some cases did not ensure reproducibility of results
and had a discrepancy with the results of long-term
tests, especially with a small degree of steel susceptibility
to the IGC.

It was established that the most promising among
these accelerated electrochemical methods is the PE
method. It is easy to perform, allows testing 10 or
more samples at the same time, the composition of
the test solution used in it is scientifically justified by
the selective action of Cl~ ions in the NaCl solution
on the chromium and molybdenum-depleted border
areas of the grains and the passivating effect of HCIO,
on the body of the grain [9]. The evaluation of the
results in it is similar to the method E.

The results of mass comparative tests of samples
of metal products of industrial production using the
PE and Practice E methods showed the following.
On the tops of the Z-like bends of samples prone to
the IGC, tested by both methods, similar intergranular
cracks were observed (Fig. 1a,c,e), and on transverse
metallographic sections cut from straight sections of
curved samples, etching of steel grain boundaries
(Fig. 1b,d,f). The greater the tendency of the steel to
the IGC, the coarser were the cracks and the greater
the tempering of the boundaries. There were no cracks
on the surfaces of samples not exposed to IGC tested
by both methods, and there were no etching of grain
boundaries on the grinds (Fig. 1g,h).

[=8
o

Fig 1. Tested surface (Z-bent) (a, c, e, and g, x20) and microstructure after PE testing (b, d, f, and h; x500) prone
to the IGC (a—f) and passed (g and h) made of 06Cr18Nill (304) after prolonged sensitization (a and b);
12Cr18Nil12Ti (321) (¢ and d); and 03CrI8Nill (304L) with various carbon content (e—h)
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Method of potentiostatic etching

When testing the samples by the PE method
and by plotting the anodic potentiodynamic curves
for a solution of 1 N HCIO,+0.25 N NaCl, the
following data were obtained. On the anodic
potentiodynamic curves of samples exposed to the
IGC recorded by the PE method, activation areas
were observed, which revealed the current peaks of
steel dissolution (Fig. 2, curves 3—5), due to the rapid
dissolution of chromium- and molybdenum-depleted
border areas of the solid solution [2,3,7]. There were
no activation areas on the anodic potentiodynamic
curves of samples not exposed to the IGC, and curves
had the appearance characteristic of corrosion-resistant
steel prone to passivation (Fig. 2, curves 1 and 2).

Mass comparative tests of steel samples of
industrial production for resistance to the IGC were
conducted by Practice E and PE method with the
determination of the value of the anodic current of
steel dissolution (Igl,) in 1 N HCIO,+0.25 N NaCl
at E=+0.1 V (Ag/AgCl reference electrode (Fig. 3).
If during the test according to the Practice E, the
susceptibility of steel to the IGC was not detected
when using the PE method, the value of Igl, of the
samples on the potentiostatic curves did not exceed
1-10~* A/cm? (Fig. 3, curves 1—4), that is, the following
condition was fulfilled: 1gl ,<1-10™* A/cm?. Accordingly,
if during the test by Practice E method, the steel was
prone to the IGC, then the Igl, value of the samples
exceeded 1-10*A/cm? (Igl,>1-107* A/cm?) and
increased with an increase in the degree of susceptibility
to the IGC (Fig. 3, curves 5—8).

Based on these results, in addition to the presence
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Fig 2. Anodic potentiodynamic curves recorded in
1 N HCIO,+0.25 N NaCl solution for samples made of
grade 321: failed (1 and 2) and with different tendency to
the IGC (3, 4, and 5)

or absence of intergranular cracks at the top of the
bend of the sample, the limit Igl,<1-107*A/cm? was
adopted as an additional quantitative criterion for the
satisfactory resistance of metal products to the IGC
when tested by the PE method. Curves 1 and 2 in
Fig. 3 correspond to this condition. Curves 5—8, for
which Igl,>1-10"*A/cm?, characterize the samples
tendency to the IGC.

The results obtained show the feasibility
of introducing and widespread use of the accelerated
PE method for acceptance testing at IGC of
products made from austenitic stainless Cr—Ni and
Cr—Ni—Mo steels intended for weakly oxidizing
environments (nuclear power plants, chemical and
mechanical enterprises, engineering, etc.) The designed
methodology ensures the reduction of testing time by
more than 30 times.

Method EOA (Practice A)

So far, the accelerated methodology to the IGC
susceptibility by means of anodic etching of testing
samples in 10% H,C,0,-2H,0 at 1-10* A/m?, 1.5 min
(Practice A, ASTM A 262) is recommended as rapid
preliminary methodology for stainless steel materials
which is intended for final testing according to
prolonged and expensive 240 hours corrosion test
Practice C, ASTM A 262.

As a result of mass comparative tests by
long-term and accelerated methods of experimental
heats of steel type 304 L (Table), as well as metal
products of industrial production made of austenitic
grades 304L, 304LN, 316L and 316LN with different
degrees of susceptibility to the IGC, the following
five main types of microstructures have been detected

0 5 10 15
Exposure time, min

Fig. 3. Potentiostatic curves in 1 N HCIO,+0.25 N NaCl
(E=+0.1 V) for samples of 316LN (1); 304LN (2);
304L (3, 5, and 6); and 321 (4, 7, and 8)
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(Figs. 5—7, 9, Table):

1) «Ditch» structure (Fig. 4,a—c).

Such a structure was observed on samples of
sensitized experimental steel grade 304 L with an
increased carbon content (Fig. 4,a,b), as well as near
the internal carburized surface of cold -rolled pipes
made of steel grade 304L (Fig. 4,c).

Typical of «ditch» structure is that the grain
boundaries of the general type (or trivial) are etched
until they form continuous ditches, caused by the
releasing of high chromium and chromium
molybdenum carbides of the Cr,,C, and (Cr,Mo),,Cq
type; at the same time, at least one or several grains
are completely surrounded by ditches.

Special low-energy boundaries of the 23" type
in coincident site lattice are sometimes observed inside
grain boundaries of the general type (shown by arrows
in Fig. 4,a). On coherent (straight-line) sections of
GB 23, which are characterized by a reduced specific
surface energy of 19 erg/cm? (19-10* J/m?) comparing
to the energy of the general type (trivial) boundaries
209 erg/cm? (209-10* J/m?) [6,10—12], carbides were
absent after tempering; accordingly, there was no over
etching of such boundaries. Samples with a «ditch»
structure were not resistant to the IGC when tested

by usig the long-term method Practice C; their
corrosion rate (v,,) significantly exceeded the
maximum allowable of 0.5 mm/year (Table) and had
been increased with each of subsequent test cycle.

2) «Step» structure (Fig. 5,a—c).

This structure is typical of austenitic Cr—Ni and
Cr—Ni—Mo steels with an ultra-low carbon content
(less than 0.020%) [3,8,10] and is characterized by a
large number of special low-energy twin boundaries
>3 (CSL). In Fig. 5,a,b, SB 3 CSL are shown by
arrows, and Fig. 5,c shows an electron microscopic
image of SB (carbon replica method). There are no
etching ditches on the grain boundaries; and the
boundaries appear in the form of steps, or thin lines
due to the different etch ability of two
crystallographically oriented neighboring grains with
different crystallographic orientations. Samples
with this structure were always characterized by a
reduced rate of corrosion when tested by method
C (v<0.5 mm/year; actually from 0.3 to 0.4 mm/year)
(Table).

3) «Dual» structure (Fig. 6,a—c).

These structures combine the first two types of
structures (some ditches at grain boundaries in addition
to steps, but no one grain completely surrounded).

Fig. 4. «Ditch» structure after testing by Practice A of sensitized samples made of steel 304 L, magnification x500:
a and b — experimental heats with 0.05% C; (b — REM image);
¢ — near the inner surface of cold-rolled tubes of industrial roduction

Fig. 5. «Step» structure after testing steel samples by Practice A: a—c — 304L with 0.018% C (a and b — magnification x500);
¢ — magnification x6000, extraction replica); d — tubes of industrial production made of steel 316 LN, magnification x300
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Grain boundaries with a «step» structure mostly belong
to special low-energy ones; they are shown by arrows
in ig. 6,a and b. Earlier studies showed that coherent
SB 23 CSL do not corrode even when testing samples
using the Practice C method.

According to the ASTM, such a structure is
considered uncertain in relation to the resistance of
metal products to the IGC and requires a long test by
Practice C method.

However, the results of mass comparative tests
and studies showed that if during the examination
after EOA the surface of the testing samples in five
fields of view, the etched boundaries occupied less
than 25% of the total surface of the boundaries
(Fig. 6,a), then when tested by the Practice C, v,,,
was less than 0.5 mm/year, which corresponds to
products resistant to the IGC. If the etched borders
occupied greater than 25% (Fig. 6.,b,c), then v, at
least in one test cycle was greater than 0.5 mm/year,
which characterizes the product as not resistant to the
IGC. The larger the surface of the grain boundaries
occupied by etching ditches after EOA, the greater
was the corrosion rate of the samples when tested by
the Practice C (Table).

Figure 7 shows as an example of the temperature-
time dependences of susceptibility to IGC (Rollasson
curves), built on the basis of the results of comparative
tests using the methods of C and A sensitized at
500—700°C for 0.5—20 h. Test samples of 304L steel
with 0.030% C (Fig. 7,a) and 0.018% C (Fig. 7.,b)
show complete convergence of mass test results by
two methods.

In addition to the above types of standard
structures, after EOA, the structures 4) «grain-boundary
pitting I» and 5) «grain-boundary pitting I1» can also
be observed (Fig. 8,a,b).

In the examined metal products of industrial
production, the «grain boundary pitting II» structure
was caused by structural and selective corrosion of
steel, associated with the dissolution of deformed non-
metallic inclusions, in particular, manganese sulfides,
and the high-chromium intermetallic c-phase [13].
Figure 9 illustrates the deformed o-phase (a) in the
structure of hot-extruded pipes made of 03X18N11
(304L) with a degree of deformation of 95%; associated
structural and selective corrosion on the ends of the
samples (b and ¢) when tested in boiling 65% HNO,
according to the method C (the corrosion rate of the

Fig. 6.

«Dual» structure of steel samples 304L (a and b) and 316L (c, REM image) after testing by Practice A,

magnification x500; a, b and ¢ — 15, 45, and 35% of the etched grains, respectively

3 oh
Lo 1.8
oA pA
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Fig. 7. Rollasson curves of test samples of 304L steel plotted according to the results of tests by methods C (red curve) and A
(blue curve): a— 0.030% C; and b — 0.018% C. @ A — samples susceptible to the IGC; . O A— samples resistant to the IGC
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samples reached more than 3 mm/year); and «grain-
boundary pitting I1» (d) when tested to method A.

One of the five above-mentioned structures is
usually observed on a cross-section of sample austenitic
corrosion-resistant steel etched during testing to
Practice A (Fig. 2—8,9,c). Sometimes there can be a
«mixed» structure, for example, simultaneously «ditch»
and «grain-boundary pitting II» (Fig. 10,a);
«intermediate» and «grain-boundary pitting II»
(Fig. 10,b); «grain-boundary pitting I» (pittings with
a light bottom are shown by arrows) and «grain-
boundary pitting II» (Fig. 10,c).

The analysis of mass test results showed that
«step», «intermediate» structures with <25% etched
grain boundaries and «grain boundary pitting I»
indicate the resistance of steel to intergranular
corrosion. The «ditch» structure, as a rule, indicates

the tendency of steel to the IGC. When obtaining
structures «intermediate» with >25% etched grain
boundaries and «grain boundary pitting 11», additional
testing of samples in boiling 65% HNO, according to
the C method is recommended to prevent false rejection
of suitable precious metal products.

Previously conducted research with the help of
highly sensitive y-spectrometry method proved that
the root cause of the IGC of Cr—Ni steel 03Cr18Nill
(304L) and, even more so, Cr—Ni—Mo steel
03Cr17Nil4Mo3 (316L) in boiling 65% HNO; is
the predominant dissolution of carbides enriched
in chromium and molybdenum at grain boundaries
[3]. This is due to the lower corrosion resistance
of chromium and, to an even greater extent,
molybdenum at high anodic potentials due to the
formation of soluble higher oxides of the specified

Fig. 9. Deformed s-phase (a), structural and selective corrosion (b and c) after testing to Practice C and
«grain boundary pitting II» (d) after the test Practice A of hot-extruded samples pipes made of steel 304L,
magnification x500: a and b — longitudinal cuts; ¢ and d — transverse cuts
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elements: Cr,0,2~ and MoO3 and loss of their
passivating protective properties.

Chemical analysis of oxalic acid solutions after
tests of samples prone to the IGC according to the
EOA method showed an increased content of
chromium and molybdenum ions in them and a
reduced content of iron and nickel ions compared to
the content of these elements in steels:

{ [Cr]/[ Fe] }solution>{ [Cr]/[ Fe] }steela

and

{IMo]/[Fel}suion{[Mo]/[Fel}ea-

This testifies to the fact that during Practice A,
as when testing in boiling 65% HNO, (Practice C),
the predominant dissolution of chromium and
molybdenum-enriched carbides occurs at the grain
boundaries and proves the identity of the IGC
mechanisms when tested by accelerated electrochemical
method and long method.

When conducting mass tests using the method
A of samples with a high degree of susceptibility to
the IGC, it was also proven that a 1 liter of solution
of 10% H,C,0,-2H,0 can be used repeatedly for up
to 500 samples of metallographic testing samples.

Taking into account the obtained results will
make it possible to apply a simple and economical
accelerated method A for finishing tests of metal
products in the conditions of industrial production
and significantly (up to 1000 times) to reduce the
testing time.

Conclusions

1. The results of comprehensive research and
statistical comparative tests of austenitic stainless steels
on resistance to intergranular corrosion by standard
long-term and accelerated electrochemical methods
were obtained.

2. It was shown the complete convergence
of the results and the identity of the corrosion
mechanisms during tests by the long-term
methods of Practice E and Practice C according to
ASTM A-262 and the corresponding accelerated
electrochemical methods PE and Practice A,
ASTM A-262.

3. It was also shown that coherent SB X3 CSL
are not subject to corrosion, both when tested by the
accelerated Practice A method and long-term
Practice C method.

4. For the first time, the quantitative criteria for
satisfactory resistance to the IGC of austenitic Cr—Ni
and Cr—Ni—Mo steels, tested in a weakly oxidizing
environment by the PE method, were proposed:
limitation of the steel dissolution current density
(Igl,<1-107* A/cm?) at the anodic potentiostatic curve
in a solution of 1 N HCIO,+0.25 N NacCl at
E=+0.1 V (Ag/AgCl reference electrode).

5. For the first time, the quantitative criteria for
suitability to the IGC of austenitic Cr—Ni and
Cr—Ni—Mo steels with an «intermediate» structure
when tested according to Practice A were designed:
<25% of the surface of over etched grain boundaries
on a metallographic section in the structure of steel.

6. Implementation and wide usage of proposed
accelerated electrochemical methods of PE and Practice
A make possible to reduce by 30 and 1000 times the
corrosion testing time to detect the IGC resistance of
products made of austenitic stainless steels. This
development will definitely improve the technological
cycle and significantly increase the efficiency of
production of stainless steel products highly demanded
by the world market.

Fig. 10. «Dual» structure after the test Practice A of cold-rolled samples pipes made of steel 304:

a — «ditch» and «grain boundary pitting II»; b — «intermediate» and «grain-boundary pitting II», ¢ — «grain-boundary pitting I»
and «grain-boundary pitting [I», magnification x400
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HAVKOBE TA EKCIIEPUMEHTAJIBHE
OBI'PYHTYBAHHSI 3ACTOCYBAHHS B
ITPOMHUCJIOBOCTI IMTPMCKOPEHUX
EJIEKTPOXIMIYHUX METOJIB BUITPOBYBAHHSA
HA CTIVIKICTh IO MIKKPHUCTAJITHOI KOPO3Ii

T.0. Jepeau, /I.A. Cyxomaun, /I.b. Iiyurosa, A.€. baice

Mera nmaHoi poOOTM € HayKoBe Ta eKCIepHMeHTaJbHe
OOIPYHTYBaAHHSI MOXJIMBOCTI IIMPOKOTO 3aCTOCYBaHHSI B IPO-
MMCJIOBOCTI MPUCKOPEHUX EJEKTPOXIMIYHMX METOIIiB BUIIPO-
OyBaHHS Ha CTIMKICTb 10 MiIXXKKPUCTAJIITHOT KOPO3il MEeTaJIoINpo-
IyKUii 3 ayCTeHITHUX HEPXaBilOUMX CTajeil sIK ajabTepHATHUBU
TpuBaauM (1o 240 roauMH) MeTomaM KUIT'STiHHS 3pa3KiB y
po3uMHax KucjaoT. byno 3miiicHeHO MacoBi MOPiBHSUIbHI BU-
MpOOYyBaHHSI Ha CTIUKICTh 10 MIXXKPUCTAJIITHOI KOpO3ii 3a J1BO-
Ma TUIIAaMU METOIMK: a) y CJA0KO OKMCHUX CepeloBMIIAX —
MPUCKOPEHUM €JIEKTPOXIMIYHUM METOJIOM MOTEHLIIOCTaTUYHO-
ro tpasieHHsa 3paskiB y 1 N HCIO,+0,25 N NaCl ra
TPUBAJIMM METOIOM IIISIXOM KHUIT'SITiHHSI 3paskiB y 35% H,SO,
3 pomaBaHHsaM CuSO, i meraneBoi mini (ITpaktuka E,
ASTM A-262); 6) y CUJAbHO OKHCHHUX CE€PEHOBUIIAX —
MPUCKOPEHUM €JIEKTPOXiMIYHMM METOJOM aHOIHOTO TpaBJICH-
Hs1 Metanorpadiuaux uutidis y 10% H,C,0,.2H,0 Tta tpusa-
JIUM KHTTSTiHHSAM 3paskiB y 65% HNO; (ITpaktuku A i C,
ASTM A-262, BinnosinHo). st gociiikeHb BUKOPUCTOBYBA-
s 3pasku craii tumy 304L (0.018—0.05% C), ceHcubinizoBaHi
3a PI3HUMM peXMMaMHu, a TaKoxX MeTajonpoaykiio 3 Cr—Ni
ta Cr—Ni—Mo crajeil mpoMucioBoro BMpoOHULTBA. Bcra-
HOBJIEHO 30i1XHICTb pe3y/JbTaTiB BUIIPOOYBaHb 3pa3KiB, OTpU-
MaHMX 3alpONOHOBAHUMU TPUCKOPEHUMH i TpaauLiiitHUMU
TPUBAIUMU METOJAMM, a TaKOX BHU3HAUEHO KiJIbKiCHI KpUTepii
3a/I0BUJIBHOT CTIMKOCTI CTaJIeil 10 MixKKpPUCTaJIITHOI KOpO3ii Ipu
BUIPOOYBaHHI 32 METOJaMU MOTEHLIOCTaATUYHOTO TPaBJICHHS i
[MTpaktuku A. IlokazaHa BMCOKa KOpoO3iiiHa CTIilKiCTb crie-
LiaJIbHUX IBIMHUKOBUX MEX 3epeH X3 y paMKax Teopii perli-
TOK CITiBMagawodux By3JiB. OTpyrMaHi pe3ybTaTh JT03BOJISIIOThH
PEKOMEHIYBaTH 3aCTOCYBAaHHS MPUCKOPEHUX METOMIB
MOTEHIL[IOCTATUYHOTO TpaBjieHHsT Ta [IpakTuku A 3aMicTb Tpu-
BAJIMX METOAMK Y MPOMMCIOBOMY BUPOOHMITBI METAIONpPO-
IyKUii 3 ayCTeHITHUX HEpXKaBilOUMX CTaseid.

KnwouoBi cioBa: aycTeHiTHI HepxXaBitrodi cTali,
MiXKpUCTaJiTHA KOpoO3isi, eJeKTpOXiMiuHi MeTOoAM,
3epHOrpaHMYHa CTPYKTypa, cleliadbHi MeXi, pelriTKu
criBmajalumMx BY3JIiB.

T.0O. Derhach, D.A. Sukhomlyn, D.B. Hlushkova, A.Ye. Baliev
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The purpose of this work is to provide a scientific and
experimental justification for the widespread industrial application
of accelerated electrochemical methods for testing the resistance
of austenitic stainless steel products to intergranular corrosion as
an alternative to prolonged (up to 240 hours) boiling tests in
acid solutions. A large-scale comparative study was conducted
using standardized methods for assessing the intergranular corrosion
resistance: (a) in weakly oxidizing environments — an accelerated
electrochemical method of potentiostatic etching in
1 N HCIO,+0.25 N NaCl, compared with a prolonged test
involving the boiling of samples in 35% H,SO, with the addition
of CuSO, and metallic copper (Practice E, ASTM A-262);
and (b) in highly oxidizing environments — an accelerated
electrochemical method of anodic etching of metallographic
sections in 10% H,C,0,-2H,0, compared with a prolonged test
involving the boiling of samples in 65% HNO, (Practices A
and C, ASTM A-262, respectively). The study was conducted
on experimental 304L-type stainless steel samples with a carbon
content of 0.018—0.05%, sensitized under different conditions,
as well as on industrially manufactured Cr—Ni and Cr—Ni—Mo
stainless steel products. A strong correlation was found between
the results obtained using the proposed accelerated methods and
the traditional prolonged tests. Additionally, quantitative criteria
for satisfactory intergranular corrosion resistance were established
when testing by the potentiostatic etching and Practice A methods.
The study demonstrated the high corrosion resistance of special
¥3 twin grain boundaries when using method A, as described in
the coincident site lattice theory. The obtained results support
the recommendation of using the accelerated potentiostatic etching
and Practice A methods as viable alternatives to prolonged testing
procedures in industrial production of austenitic stainless steel
products.

Keywords: austenitic stainless steels; intergranular corrosion;
electrochemical methods; grain boundary structure; special
boundaries; coincident site lattices.
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