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Abstract

In this paper, the DL EPR method (electrochemical potentiokinetic reactivation
with double loop) was modified and used to study the susceptibility to intergranular
corrosion and stress corrosion cracking of a stainless steel type X5CrNi18-10. The tests
were performed in a special electrochemical cell, with the electrolyte in the gel form.
Modified DL EPR method is characterized by simple and high accuracy measurements
as well as repeatability of the test results. The indicator of susceptibility to intergranular
corrosion (Q+/Qp)cea Obtained by modified DL EPR method is in a very good agreement
with the same indicator obtained by standard DL EPR method. The modified DL EPR
method is quantitative and highly selective method. Small differences in the susceptibility
of the stainless steel type CrNil8-10 to intergranular corrosion and stress corrosion
cracking can be determined. Test results can be obtained in a short time. The cost of tests
performed by modified DL EPR method is much lower than the cost of tests by
conventional chemical methods. Modified DL EPR method can be applied in the field on
the stainless steels constructions.
Key words: Stainless steels, intergranular corrosion, electrochemical potentiokinetic
reactivation, field tests.

Introduction

During cooling or heating of stainless steels type CrNil18-10 in the temperature
range from 420 °C to 820 °C, chromium rich carbides, mainly M23Cs can be precipitated
on grain boundaries [1-3]. Their precipitation causes the depletion in chromium grain
boundary areas. If the chromium content in these regions is less than the content that is
necessary for maintaining the protective passive film in a given corrosive environment,
the regions nearly to the grain boundaries become prone to intergranular corrosion [4-9].
This is a result of slow diffusion of chromium in the austenite in the specified temperature
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range, as compared to the diffusion rate of carbon. Grain boundaries areas, depleted in
chromium, have a higher dissolution rate as compared to other grain areas. Susceptibility
to intergranular corrosion is most common in welded joints of stainless steels, in the heat-
affected zone, which is parallel to the weld, or during annealing to reduce residual stresses
[4-6].

Testing of susceptibility to intergranular corrosion is traditionally performed in the
solution H,SO4 + CuSOg4 (Strauss test), in the solution of H,SO4 + Fep(SO4)s (Streicher
test) or in the HNOj3 solution (Huey test) [2]. These methods are destructive. In order to
determine the structure of a stainless steel that is susceptible to intergranular corrosion
electrochemical etching of the steel samples in oxalic acid can be applied (ASTM A262,
Method A) [10]. After electrochemical etching the samples are observed with microscope
at 500x magnification. If there are no signs of intergranular corrosion, long-term tests in
boiling acid solutions are not necessary. If there are signs of intergranular corrosion at
grain boundaries, the samples are tested in the appropriate acid solutions [10]. Testing
time is relatively long, and depending on the test method can be up to 10 days.

Testing time can be significantly reduced if DL EPR method is applied, according
to the standard 1SO 12732 [11]. Testing of susceptibility to intergranular corrosion by DL
EPR method lasts about 20 min. The test is conducted in a solution of sulfuric acid and
potassium thiocyanate. Potassium thiocyanate is added as an agent that causes activation
and dissolution of the chromium depleted grain boundary areas. The electrode potential
of a stainless steel sample, which is in solution, is gradually shifting from the corrosion
potential Ecorr in the positive potential region to the passivation, and then in the reverse
direction to the Econr. If the stainless steel is susceptible to intergranular corrosion
activation of the grain boundaries takes place in the reverse part of the loop. The ratio of
the charge amount that is spent during reactivation (ie. during dissolution of the grain
boundary areas) and the charge amount consumed during activation (ie. during
dissolution of grains and grain boundaries), is an indicator of the susceptibility to
intergranular corrosion. Also, the ratio of the current peak value in the reverse part of the
loop (reactivation) and the passivation current peak value in the activation part of the loop
can represent a measure of the susceptibility to intergranular corrosion. DL EPR method
can be applied with certain modifications to test susceptibility to intergranular corrosion
of other types of stainless steels [12-15].

Stainless steel X5CrNil18-10 belongs to a class of stainless steels CrNil18-10,
which have a wide application in various industries. One of the main disadvantages of
these steels is the appearance of intergranular corrosion in the heat affected zone of the
welded joint, in operating conditions. The aim of this work is to modify the DL EPR
method and to apply the modified method for testing susceptibility to intergranular
corrosion and stress corrosion cracking of stainless steels type CrNi18-10. The modified
DL EPR method can also be applied in the field, on stainless steels structures. Testing of
susceptibility to intergranular corrosion of these steel by standard DL EPR method is
carried out in laboratory conditions.
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Experimental

Material

The susceptibility testing to intergranular corrosion using the modified DL EPR
method is carried out on samples of the stainless steel X5CrNil8-10. The chemical
composition of the stainless steel X5CrNi18-10 is given in Table 1.

Table 1. The chemical composition of the stainless steel X5CrNi18-10

Element C Si Mn Cr Ni Mo N
mass. % 0.04 034 120 188 95 0.22 0.05

Testing was performed on the samples without heat treatment, ie. on the non-
sensitized samples, as well as on the sensitized samples. Sensitization heat treatment was
carried out at 630 °C for 90 min, in accordance with the position of the peak in the C-
curve [6,7]. In the case of this stainless steel the peak at the C-curve for chromium
carbides precipitation is located at ~ 630 °C. The stainless steel samples have dimensions:
25 mm x 50 mm x 6 mm. Before testing, the samples were grounded with emery paper
P600, and then with progressively finer paper up to emery paper P1500. After that, the
samples were polished with an aqueous suspension of Al,Os; with 5 um grain size. The
samples were degreased with ethanol, washed with distilled water and air-dried.

Test methods

Testing by the modified DL EPR method was performed in the electrolyte in the
gel form. The electrolyte contains about 90 mass. % of the standard solution (0.5 mol dm-
3 H,S04 + 0.01 mol dm KSCN) and 10 mass.% of an inert supstance in order to convert
the solution in the gel form. SiO, powder of nanometer granulation was used for this
purpose. The electrolyte in a gel form is prepared from the standard solution in which
SiO, powder was added in small portions, with vigorous stirring by a mechanical stirrer.
The electrolyte in a gel form is further homogenized by a treatment in an ultrasonic bath.

In addition to testing the susceptibility to intergranular corrosion by the modified
DL EPR method, the tests were also carried out by the standard DL EPR method [11] for
the purpose of comparison. The tests by the standard DL EPR method were performed in
a standard electrochemical cell, in the standard solution (0.5 mol dm H,SO, + 0.01 mol
dm KSCN), without the addition of SiO,.

Testings by the modified DL EPR method are carried out in a special
electrochemical cell made of Teflon, with a small volume (~ 35 cm®). The cell can be
used for testings in the field, on the stainless steels constructions. The reference electrode
is a saturated calomel electrode (SCE) with a double mantle. Platinum wire wrapped
around the outer cover of the SCE is the counter electrode. The working electrode is a
test sample of stainless steel X5CrNi18-10 (non-sensitized or sensitized). The hole in the
bottom of the electrochemical cell through which the sample is in electrical contact with
the electrolyte in a gel form, has a surface area ~ 0.2 cm?. The electrochemical cell was
carefully filled with the gel electrolyte. The electrochemical cell and its components are
shown in Figure 1.
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a) b)

Fig. 1. a) the electrochemical cell for testing susceptibility to intergranular corrosion
by the modified DL EPR method and b) cell components.

In the test solution (standard electrolyte or gel electrolyte), relatively stable Ecor
on the stainless steel sample was established in the potential range from -350 mV to -450
mV. The sample was held for 5 min at Ecr, and then the potential of the sample was
shifted in the positive direction to the sample passivation (+300 mV), at 1.67 mV s scan
rate. Immediately after reaching the passivation potential (+300 mV) the polarisation
direction was changed and the potential of the sample was returned to the Ecor. If the
stainless steel is susceptible to intergranular corrosion, the activation of the grain
boundaries takes place in the reverse part of the loop. The ratio of the charge amount that
was spent during the reactivation (i.e. during the dissolution of the grain boundary areas,
Q:) and the charge amount consumed during the activation (ie. during the dissolution of
grains and grain boundaries, Qp) is an indicator of tendency to intergranular corrosion

(Q/Qp)cea:

O st
Q/cpa Qp'(10_3' 26+5)

G is grain size according to standard I1SO 643 [16].

The grain size is determined by chemical etching of the metallographically
prepared stainless steel sample surface, according to ISO 21610 [17]. The grain size of
the non-sensitized and sensitized stainless steel sample is 18 - 20 um (~ G9).

By applying a scanning electron microscope JEOL JSM - 5800 the sample surface
was analyzed after testing the susceptibility to intergranular corrosion.

Results and disscusion

The results of testing using the modified DL EPR method are shown in Figures 2a
and b. It can be seen that the value of maximum reactivation current I, and reactivation
charge Q is significantly lower for the non-sensitized sample than for the sensitized
sample. The results from Figure 2a and b are shown together in Figure 2c in the purpose
of comparison.
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Fig. 2. Results of testing susceptibility to intergranular corrosion by the modified DL
EPR method: a) non-sensitized sample, b) sensitized sample and c) joined results.

Quantitative indicators of the susceptibility to intergranular corrosion, obtained by
the modified DL EPR method for the stainless steel X5CrNi18-10, are presented in Table
2.

Table 2. Quantitative indicators of susceptibility to intergranular corrosion obtained by
the modified DL EPR method

Sample Ecorr I /p Q: Qp (QV/QP)GBA
(mV)  (uA) (HA) (mC) (mC) (%)

Non-sensitized -425 53.6 7273 2.504 792.4 2.47

Sensitized -427 450.9 7426.5 23.58 809.9 22.74

The values of the quantitative indicator (Q//Qp)cea (Table 2) were calculated using
the equation 1. Very low value of (Q/Qp)sea for the non-sensitized sample indicates that
the stainless steel X5CrNil18-10, which was not heat-treated, is not susceptible to
intergranular corrosion. Significantly higher value of (Q/Qp)csa for the sensitized sample
indicates that the stainless steel is susceptible to intergranular corrosion after sensitization
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heat treatment. The value of indicator (Q/Qp)cea is ~ 9 times greater for the sensitized
sample than for the non-sensitized sample.

During sensitization heat treatment of the stainless steel X5CrNil8-10 the
precipitation of chromium-rich M23Cg carbides occur as well as depletion in chromium at
grain boundary areas. According to the standard ASTM G108 [18] width of the chromium
depleted areas, on each side of the grain boundary is ~ 0.5 um. Total surface area of the
sensitized grain boundary areas on the sample surface Sgga can be determined using the
following equation, in accordance with 1SO 12732 [11]:

Sapa = As - (1073 - /26+5) 2

As is sample surface and G is grain size according to standard 1SO 643 [16].

The actual formula of M23Cg carbide is (Cr,Fe)23Cs, because a certain number of
Cr atoms is replaced by Fe atoms in chromium-carbide [1-5]. The stainless steel which is
susceptible to intergranular corrosion is also susceptible to stress corrosion cracking. The
modified DL EPR method can also be applied for testing susceptibility of stainless steel
type CrNi18-10 to stress corrosion cracking in the field, at steel constructions [11].

Testing results of susceptibility to intergranular corrosion for the stainless steel
X5CrNil8-10 obtained using the standard DL EPR method (in a standard electrochemical
cell, with a standard liquid electrolyte) are shown in Figures 3a and b.
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Fig. 3. Results of testing susceptibility to intergranular corrosion by the standard DL
EPR method: a) non-sensitized sample and b) sensitized sample.

It can be seen in Figure 3 that the values of maximum reactivation current I, and
reactivation charge Q; are significantly lower for the non-sensitized sample than for the
sensitized sample, similarly to the results obtained by using the modified DL EPR
method. The indicator of susceptibility to intergranular corrosion (Q+/Qp)cea obtained by
the standard DL EPR method is ~ 12 times higher for the sensitized sample than for the
non-sensitized sample.

Repeatability of the modified DL EPR method was verified by 3 repeated tests of
susceptibility to intergranular corrosion, on the sensitized and non-sensitized samples.
The tests were carried out without replacing the electrolyte in a gel form. Obtained results
are shown in Figures 4a and b, while the corresponding indicators of susceptibility to
intergranular corrosion are given in Table 3.
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Fig. 4. Repeatability of testing susceptibility to intergranular corrosion by the modified
DL EPR method: a) non-sensitized sample, b) sensitized sample and c) joined results
(test is repeated 3 times).

Table 3. Repeatability of testing results obtained by the modified DL EPR method

Sample EXp Ecorr /r lp Qr Qp (Qr/Qp)GBA
No. (mV) (HA) (HA) (mC)  (mC) (%)

Non- 1 -438 76.9 9301 4.027 1132 2.78
sensitized 2 -433 58.2 8227 2.841 931.8 2.38

3 -417 30.5 7856 1.382 867.5 1.25

4 -425 53.6 7273 2.504 792.4 2.47
Sensitized 1 -430 629.4 7705 33.64 877.6 29.95

2 -427 450.9 7427 23.58 809.9 22.74

3 -439 382.2 8764 18.80 1023.4 14.35

4 -416 523.6 8168 26.29 915.0 22.45

It can be seen that the repeatability of the test results is very good. The average
value of the indicator (Q/Qp)cea is 2.22 + 0.58 for the non-sensitized sample, while the
average value of the (Q/Qp)cea is 22.37 + 5.52 for the sensitized sample. It can be seen
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that the average value of the indicator (Q/Qp)cea is ~ 10 times higher for the sensitized
sample than for the non-sensitized sample.

The modified DL EPR method allows a greater number of testing susceptibility to
intergranular corrosion, for stainless steels type CrNil8-10, in the field, at steel
constructions, as well as in welded joints of the stainless steels. At least 8 tests of
susceptibility to intergranular corrosion can be performed without replacing the
electrolyte in a gel form. Tests for susceptibility to intergranular corrosion by applying
the modified DL EPR method are non-destructive.

The typical SEM micrographs of the stainless steel X5CrNi18-10 surface after
testing the susceptibility to intergranular corrosion are shown in Figure 5. There was a
significant dissolution og grain boundary areas in the case of the sensitized steel sample,
while the dissolution is negligible in the case of the non-sensitized steel sample.
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Fig. 5. SEM micrographs of the stainless steel X5CrNi18-10 after testing susceptibility
to intergranular corrosion: a) non-sensitized sample and b) sensitized sample.

Conclusion

In this work the DL EPR method has been modified and applied for testing the
susceptibility to intergranular corrosion of the stainless steel X5CrNi18-10. The tests
were performed in a special electrochemical cell with the electrolyte in a gel form. This
electrolyte is formed by adding SiO, powder with nano-size particles in the standard
electrolyte for testing intergranular corrosion. At least 8 tests can be performed without
replacement the electrolyte in a gel form.

Testing of susceptibility to intergranular corrosion using the modified DL EPR
method is characterized by simplicity, high precision and very good repeatability of test
results. The values of (Q/Qp)cea indicator obtained by the modified DL EPR method are
in very good agreement with the values of the same indicator obtained by the standard
DL EPR method.

The modified DL EPR method is quantitative and very selective method. By using
this method small differences in the susceptibility to intergranular corrosion and stress
corrosion cracking can be determined for the stainless steels type CrNi18-10. Test results
are obtained in a short time. The modified DL EPR method is non-destructive method
and can be applied in the field. The cost of tests performed by the modified DL EPR
method is much lower than the cost of test conducted by conventional chemical testing
methods.
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