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Project Main Goals
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(i) Accumulation and studying in detail information related to the KURION/SARRY adsorption 
towers design features, operating history and results of preliminary investigations [see the 
slides: 3,4];

(ii) Development of corrosion occurrence review report based on Russian Side experience [see the 
slide: 5];

(iii) Implementation of adsorption towers ranking (related to the potential corrosion types, 
intensity, etc.) based on the accumulated data analysis;

(iv) Research Program Development for subsequent implementation of Corrosion experiments [see 
the slides: 6 - 12];

(v) Model samples manufacturing [see the slides: 11-12];
(vi) Preparation and implementation of Corrosion experiments (in accordance with the Research 

Program) [see the slides: 13 - 50];
(vii) Prediction Model development to predict possible development of the selected corrosion 

processes under the conditions of the 1F site for all of the types of KURION/SARRY adsorption 
towers [see the slides: 51 - 62];

(viii) Development of a forecast (using the Prediction Model) to describe the possible development 
of corrosion processes (under the storage conditions) for 50-year storage period [see the slides: 
60,61];

(ix) Development of Countermeasures set that can reduce the negative corrosion influence under 
the real storage conditions of the KURION/SARRY adsorption towers [see the slide: 63]; 

The main goal of the Project is to develop a Prediction Model for assessment of occurrence of Corrosion 
processes that can affect the KURION/SARRY adsorption towers integrity during their 50-year storage. 
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Results of preliminary Data accumulation and study (related to the 
KURION/SARRY design features as well as storage conditions) (1/2)

Designconditionsandstorageconditionsrelatedto the KURION/SARRYadsorptiontowers:

KURION adsorption tower SARRY adsorption tower

Temporary storage of the KURION 
adsorption towers

Storage of the SARRY adsorption towers

The following materials were selected for developing the Research Program related to 
Corrosion experiments implementation: steel ς316L; zeolite ςClinoptilolite. 

Storage conditions:
- [Cl-] ~ 10 ppm;
- ¢ Ϥ нл ɕ/Φ



Results of preliminary Data accumulation and study (related to the 
KURION/SARRY design features as well as storage conditions) (2/2)
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The following main requirements were formulated for Research Program Development:
- Specific activity of ̡/ -ɹcontaining components (90Sr / 137Cs) should be equal to ~ 108 Bq/g;
- Welded model samples should model as butt weld as O-like welded joint (to check the 

possibility of crevice corrosion development for KURION adsorption towers geometrical 
conditions);

- It is required to provide the following contact types for crevice corrosion experiments 
Implementation: Metal ςMetal contact type, Metal ςNon-metal contact type;

- Welding operations (when manufacturing the model samples) should be performed without 
additional thermal processing;

- The following details related to the welding conditions were taken into account:
For KURION ς Weld filler metal: ASME SFA-5.9 ER316LSi(Root

pass)/ER316L(Subsequentpass); Carbon֔ 0.02 wt.%, -ɻferrite 9-11 wt.%. Welding conditions:
Rootpass: GasMetal ArcWelding; Subsequentpass: SubmergedArcWelding.

ForSARRYςWeld filler metal: WELTIG316L(Japanesewelding rod), Carbon<0.02wt.%,
-ɻferrite 10-12 wt.%; Welding conditions: Root pass (root area formation):10 12kJ/cm, TIG

welded in Argonatmosphere,Subsequentpass(formation of the remainingpart of a weld): 10
15kJ/cm,TIGwelded in Argonatmosphere(both side),not usingbackingplate

O-like welded joint of the KURION adsorption tower Longitudinal welded joint of the SARRY adsorption tower
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wŜǇƻǊǘ ŘŜǾŜƭƻǇƳŜƴǘ ƻƴ ǘƘŜ wǳǎǎƛŀƴ ǎƛŘŜΩǎ ŜȄǇŜǊƛŜƴŎŜ

ReportContent:
(a) Description of the RussianǎƛŘŜΩǎexperiencein the

field of corrosionprocessesstudy;
Thefollowing corrosionmechanismswere considered:
- Hydrogencrackingof Zr-containingalloys
- Stresscorrosioncrackingstudiesresults
- Intergranularcorrosioncracking
- Corrosionstudiesof structural andfuel materials
(b) Application of RussianǎƛŘŜΩǎexperienceto consider
the occurrenceof the considered corrosion processes
under the conditionsof the KURION/SARRYstorage

(a) (b)

External appearance of the RBMKôs RPS 

channel in the zone of the process failure 

from the side of the adapter (a) and the 

pipe (b)

The following corrosion mechanisms were selected for 
the Research Program development:
- Crevice corrosion;
- General(uniform) corrosion;
- Pitting corrosion;
- Intergranular corrosion;
- Stress corrosion cracking.
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Research Program Development

The main purpose of ResearchProgram is to select and assessthe methods and
equipment required for preparation and implementation of the experiments related to
the acceleratedoccurrenceof the selectedcorrosion processes. Thescopeof experiments
(provided by ResearchProgram) should be sufficient for further development of the
PredictionModel aswell asCountermeasuresPlan.

Research Program 

Requirements for 
corrosion experiments 

without /̡ -ɹradioactivity

Requirements for corrosion 
experiments with ̡ κʴ-

radioactivity

Implementation of the corrosion experiments 
at the 2 different Research sites(INM site and 

CNIITMASH site) to provide a cross-
verification of the experimental data

The presence of ̡/ -ɹactivity is provided by saturation of clinoptilolite with 90Sr and 137Cs
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ResearchProgramDevelopment
LbaΩǎ {ŎƻǇŜ ƻŦ ǿƻǊƪ

Type of 

corrosion

The state 

of the 

steel

Type of 

contact

Parameters of experiments Type of the tower Number 

of the 

samples

Control Methods to be used Type of 

the sampléΣ ͦ˿ [Cl-], 

ppm

ˢΣ Bq/g t, h/ ˋͪ KURION/ SARRY

1 2 3 4 5 6 7 8 9 10 11

General

(uniform), 

Pitting

Homoge

neous

- 25, 70 100, 

10000, 

29000

0, ~4·108 1000, 

2000, 

3000, 

5000

+ / +

+ - means 

consideration for 

certain tower type

48 Visual inspection, photo, 

gravimetry, Optical 

metallography, SEM/EDX

3-1

Homoge

neous

-

(EPR,P)

25, 70 100, 

10000, 

29000

0, ~4·108 0, 

1000, 

5000

+ / + 36 EPR,P= EPR,P=f(Cl-,A,t,D,T)  

before and after the 

1000/5000-hour test 

3-12

General

(uniform), 

Pitting

With 

welded 

joint *)

- 25, 70 100, 

10000, 

29000

0, ~4·108 1000, 

2000, 

3000, 

5000

+ / + 48 Visual inspection, photo, 

gravimetry, Optical 

metallography, SEM/EDX

3-2

With 

welded 

joint *)

-

(EPR,P)

25, 70 100, 

10000, 

29000

0, ~4·108 0, 

1000, 

5000

+ / + 36 EPR,P= EPR,P=f(Cl-,A,t,D,T)  

before and after the 

1000/5000-hour test 

3-13

Crevice Homoge

neous

-˸b˸

(ASTM G78-

01)

25, 70 100, 

10000, 

29000

0, ~4·108 1000, 

2000, 

3000, 

5000

+ / + 48 Visual inspection, photo, 

gravimetry, maximum depth 

of corrosion, Optical 

metallography, SEM/EDX

3-3 +2 

sleeves

Homoge

neous

-˸b˸

(ASTM G78-

01)

(ASTM G192-

08)

25, 70 100, 

10000, 

29000

0, ~4·108 0, 

1000, 

5000

+ / + 36 EPR,CR= EPR,CR=f(Cl-,A,t,D,T)  

before and after the 

1000/5000-hour test

3-10 +2 

sleeves

AcceptedLegend:
D:  irradiation dose;
*): welded joint of steel AISI 316L;
M-NM: metal-nonmetal
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Type of 

corrosion

The 

state of 

the 

steel

Type of contact Parameters of experiments Type of the 

tower

Number 

of the 

samples

Control Methods to be 

used

Type of 

the 

sampléΣ ͦ˿ [Cl-], ppm ˢΣ Bq/g t, h/ ˋͪ KURION/

SARRY

1 2 3 4 5 6 7 8 9 10 11

Crevice With 

welded 

joint *)

-˸b˸

(ASTM G78-01)

25, 70 100, 

10000, 

29000

0, ~4·108 1000, 2000, 

3000, 5000

+ / + 48 Visual inspection, photo, 

gravimetry, maximum 

depth of corrosion, 

optical metallography, 

SEM/EDX

3-4+2 

sleeves

With 

welded 

joint *)

-˸b˸

(ASTM G78-01)

(ASTM G192-08)

25, 70 100, 

10000, 

29000

0, ~4·108 0, 1000, 

5000

+ / + 36 EPR,CR= EPR,CR=f(Cl-,A,t,D,T)  

before and after the 

1000/5000-hour test

3-11+2 

sleeves

Crevice With 

welded 

joint *)

-˸˸

(ASTM G78-01)

25, 70 100, 

10000, 

29000

0, ~4·108 1000, 2000, 

3000, 5000

+ / - 48 Visual inspection, photo, 

gravimetry, maximum 

depth of corrosion, 

optical metallography, 

SEM/EDX

3-4 + 3-

7(3 mm)

With 

welded 

joint **)

-˸˸ 25, 70 100, 

10000, 

29000

0, ~4·108 1000, 2000, 

3000, 5000

+ / + 48ͻ2=96 3-6

Stress 

corrosion 

cracking

Homoge

neous

- 25, 70 100, 

10000, 

29000

0, ~4·108 ˋͪҐлΣрˋ0,2, 

ˋͪҐлΣтрˋ0,2, 

ˋͪҐмΣлˋ0,2

+ / + 108 tcr= f(Cl-,A,t,T,D, )̀ 3-14

Stress 

corrosion  

cracking

With 

welded 

joint *)

- 25, 70 100, 

10000, 

29000

0, ~4·108 ˋͪҐлΣрˋ0,2, 

ˋͪҐлΣтрˋ0,2, 

ˋͪҐмΣлˋ0,2

+ / + 108 tcr= f(Cl-,A,t,T,D, )̀ 3-15

ResearchProgramDevelopment
LbaΩǎ {ŎƻǇŜ ƻŦ ǿƻǊƪ

Table continuation

AcceptedLegend:
*): welded joint of steel AISI 316L;
**) : welded joint of KURION adsorption tower;
D:  irradiation dose;
M-M: metal-metal;
M-NM: metal-nonmetal
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ResearchProgramDevelopment
LbaΩǎAdditional Scopeof work

Type of Corrosion/Type 

of  repassivation

potential

Points of Time, 

h

Points of [Cl-], 

ppm

T, ɕ/ Number of model samples 

to be used

The use of 

radioactivity

Pittting corrosion 0, 3000 1000, 5000, 

20000

50 Type 3-1: 3 pcs, 

Type 3-2: 3 pcs,

Without use of 

radioactivity

Repassivation potential 

for pitting corrosion

0, 1000 1000, 5000, 

20000

50 Type 3-12: 6 pcs,

Type 3-13: 6 pcs

Without use of 

radioactivity

Crevice corrosion 0, 3000 1000, 5000, 

20000

50 Type (3-3: 3 pcs + 3-4: 3 pcs) 

ςcontact «metal-

nonmetal»+12 washers;

Type (3-4: 3 pcs+ 3-7: 3 pcs) ς

contact «metal-metal»;

Without use of 

radioactivity

Repassivationpotential 

for crevice corrosion

0, 1000 1000, 5000, 

20000

50 Type 3-10: 6 pcs;

Type (3-11: 6 pcs) - contact 

«metal-nonmetal». + 24  

washers

Without use of 

radioactivity

It is plannedto considerthe 3rd temperature (50ɕ/ύfor severaltypesof studiedcorrosion
processesin the conditionsof absencesof radioactivity. Theabsencesof radioactivity will
allow to show the required Arrheniusdependenceaswell assimplify the implementation
of Additional scopeof work.
Thescopeof additional work is presentedin the table form:
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ResearchProgramDevelopment
/bLL¢a!{IΩs Scopeof work

Typeof
corrosion

State of the 
metal

Initial material
Number of 
the samples

͊Σ mm
length

b, mm
width

c, mm
thickness

Type of Drawing
Mode of experiment 

implementation

Pitting

Homogeneous
Steel sheet - 3 mm, 

steel 316L
60 50 20 3 3-1 

t=20±1 ꜛ C (glass container)),
the volume solution/sample 

surface ratio = 10:1. Duration is 
up to 72 hours

Solution: 10% solution of FeCl3

Weldedjoint

Steel sheet - 10 mm, 
steel 316L, welding 

wire OK Autrod316L + 
OK Flux10.92

60 50 20 3 3-2

Crevice

Homogeneous
Steel sheet 3 mm, steel 

316L
60 30 30 3 3-3

t=20±1/60±1  ꜛ C (glass 
container),

the volume solution/sample 
surface ratio = 10:1. Duration is 
30, 60, 90 days. [Cl-] 10, 9505, 

19000 ppm

Welded joint

Steel sheet - 10 mm, 
steel 316L, welding 

wire OK Autrod316L + 
OK Flux10.92

60 30 30 3 3-4

Model tank steel316L 6 - - -
Model Tank as 

assembly 

Solution is poured in the Model 
tank. t=20±1/60±1  ꜛ C. Duration 
500 -3000 hours. [Cl-] 10, 9505, 

19000 ppm

Intergranu
lar

Homogeneous
Steel sheet - 3 mm, 

steel 316L
12 80 20 3

(80±0,5)x(20±0,5)x(3
±0,2) mm

Preliminary heating up (650 ꜛC, 
1 hour). The boiling of solution 
with adding of the copper chips 

is implemented within the 8 
hours. Z-likebendof the sample

isused.  
Solution: It is planned to add 

the copper sulphate (50±0.1) g 
to (1000±3) cm3 of water as 

well as small portions of sulfuric 
acid (250±3) cm3
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ResearchProgramDevelopment
Model Samples DescriptionςModel Samples shape selection

Type: 3-1 Steel 316 L
Related standard: GOST R 9.905-2007

Type: 3-12 Steel316 L
Relatedstandard: GOST 9.912-88

Type: 3-2 Steel316 L
Relatedstandard: GOST R 9.905-2007

Type: 3-13 Steel316 L
Relatedstandard: GOST 9.912-88

Type: 3-3 Steel316 L
Relatedstandard: ASTM G 78-01

Type: 3-10 Steel316 L
Relatedstandard: ASTM G 192-08
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ResearchProgramDevelopment
Model SamplesDescriptionςModel Samplesshapeselection

Type: 3-4 Steel316 L
Relatedstandard: ASTM G 78-01

Type: 3-11 Steel316 L
Relatedstandard: ASTM G 192-08

Type: 3-7 Steel316 L
Relatedstandard: ASTM G 78-01

Type: 3-6 Steel316 L
Relatedstandard: GOST R 9/905-2007

Crevice Washer

Type: 3-14Steel 316 L
Related Standard OST 108.90101.79 

Type: 3-15 Steel 316 L
Related Standard OST 108.90101.79 
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Corrosion Experiments Preparation

Theselectedscopeof the experiments(seeslides7 - 9) impliesthe implementationof the hot experimentsrelated
to a certainsetof the controlledparameters: t, h; T,ɕ/; [Cl]- ppm; A Bq/g - sucha set of the controlled parameters
is oneexperimentalpoint.
In order to optimizeHot Cellworkingvolumefilling it is plannedto usethe singleassemblyallowingto install all
the requiredsamplesfor eachexperimentalpoint.

The assembly related to the certain experimental point 

1 -panel, 2- handle, 3- bushing(slot-forming device), 4, 9- washer, 

5 - high washer, 6, 7- bolt, 8 - nut, 10- screw, 12- crucibleswith

samplestype3-10 and3-11

(t, T, [Cl-], A)

Uniform/Pitting 
corrosion

Samples type 
3-1, 3-2, 3-12, 3-13

Crevice corrosion Samples type 3-3, 
3-4, 3-10, 3-11, 
3-7, 3-6 + Washers

Stress corrosion 
cracking

Samples type 
3-14, 3-15
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Corrosion Experiments Preparation

Description of Approach on Corrosion tests implementation 

Theneachassemblyis installedin the container

An overall view of a container with installed 

assembly for corrosion experiments

The cross-section of the assembly 

installed in the container 

Aschemeof samplesinstallationinsidethe container

Panel with installed samples (top 

view)
Panel with installed samples 

(side view)

Container for corrosion tests with installed assembly 

Container for corrosion tests 
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Corrosion Experiments Preparation

Details related to crevice corrosion 

Sample type 3-3, 3-4 assembling (multi-crevice 

experiment) in accordance with standard ASTM G-78 

The scheme of crevice corrosion experiments implementation

Samples type 3-10, 3-11 for defining the 

repassivationpotential of crevice corrosion

The surface 
roughness of the 
manufactured 

samples is equal to 
1.6 ˃ m (Ra=1.6 ˃m), 

Thus the studied 
crevice gap is equal 

to units of 
micrometer

Sampletype 3-6

Despite the fact that the 
distance between two walls 
is in the shown range 0.5 -1 
mm, there is the possibility 
of presence of the crevice 

gaps equal to tens of 
micrometer in areas located 
close to the welded joint. 

These areas are planned to 
be studied.

It is planned to 
implement the 

additional study (using 
the optical microscope) 
ƻŦ ǘƘŜ ǎŀƳǇƭŜΩǎ 

surfaces in order to 
define that the 

measured value of 
repassivationpotential 

is related to the 
considered gap

before adding zeolite after adding zeolite
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Corrosion Experiments Preparation

Samples weighting Dimensions control Electrochemical cell assembling 

Samples assembling

Sample type 3-10Sample type 3-12Sample type 3-3 Samples type 3-4 + 3-7
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Corrosion Experiments Preparation

Container Filling (with 

zeolite) related to 

RepassivationPotential 

Measuring (crevice 

corrosion)

Installation of the samples inside the container

Container filling with Zeolite

Collection of the prepared container

Samples are fixed on the panel
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Corrosion Experiments Preparation

Hot Tests Implementation. Required set of the prepared containers and 

thermostatic equipment are installed inside the Hot Cell

Manipulator

Container

Thermostatic 
equipment

Cold Tests Implementation. Required set of the 

prepared containers and thermostatic equipment  are 

installed inside the Thermostatic Equipment

Container

Thermostatic 
equipment
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It is requiredto implementthe ModelTanksfragmentationin order to providethe subsequentanalysisof crevicecorrosion
occurrence. It is plannedto implement preliminaryanalysisof the welded joint state usingthe microscope. In order to
providethe accessto the weldedjoint, the modeltank ispreparedin accordancewith the followingapproach:

Corrosion Experiments Preparation
An Approach to Model Tanks Fragmentation

- A line showing the approach for
preliminary cutting of the model tank to
provide the visual control using the
microscope. As a result, the areas for
subsequentdetailed metallographiccontrol
will be selected

The technology of manufacturing of
the model tanksŘƻŜǎƴΩǘexcludethe
presenceof smaller gaps(gapsequal
to tens of micrometer) in the areas
close to the welded joint root (this
fact will be defined after cutting the
samples when corrosion tests are
completed). Suchareas are planned
to be studied.

An overall view of the Model Tank

It is planned to use
the optical
microscope
OLYMPUSSZ-61 that
will provide the 5-20
times magnification

An example of a view of surface state in the gap 
between the bottom and the shell 



Experimental Results

CNIITMASH Site. Pitting corrosion (1/2)
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Experiments related to the pitting corrosion (In accordance with Russian Standard GOST 9.912-89 ïequivalent of

the Method A of ASTM G 48). Experiments under the conservative conditions to assess the tendency of 316L steel to

pitting corrosion.

Type of sample Dimensions, mm Number of the samples Solution Duration, h Temperature, ɕ/

Flat sample without welded joint 50x20x3 5 10% FeCl3ϊсI2O 72 20±1

Flat sample with welded joint 50x20x3 5

Samples without welded joint

An overall view of the samples after the experiments

Front side

Opposite side

Samples with welded joint

Front side

Opposite side

Initially, obtained pittings

are closed with «lids».

Thus, when experiment

had just been finished the

samples surfaces look like

«shiny steel»

shiny sample surfaces
Samples before experiment Samples before experiment



Experimental Results

CNIITMASH Site. Pitting corrosion (2/2)
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General Tendency of AISI 316L steel to pitting corrosion has been identified. 

Type of sample Averagerate of pitting 
corrosion, g/m2h

Maximal depth 
of a pitting, mm

Flat sample without welded 
joint

3.3±0.4 1.7

Flat sample with welded joint 2.9±1.2 1.8

It should be noted, that it has been obtained that the areas of more extensive development of pitting corrosion

are along the sampleôsends surface as well as close to hole that in general corresponds to accepted standards.

Crevice corrosion wasnôtidentified in the areas of contact with fluoroplastic thread (that provide the sample

hanging), due to the fact that diameter of the fluoroplastic thread is much smaller then hole diameter.



Experimental Results

CNIITMASH Site. Intergranular corrosion (IGC) 
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Experiments related to the Intergranular Corrosion (In accordance with Russian Standard GOST 6032-2017). GOST 6032-2017

has the following features compared with other standards (EN ISO 3651-2, ASTM A262:2014, JIS G0575:1999): preliminary

heating ï650 ęCduring 60-min period, experiment duration ï8 hours, angle of sample bending ï90ę. Conditions: boiling water

solution of CuSO4Ā5H2O (50Ñ1g) and H2SO4 (250Ñ3g) with presence of metallic Cu; Duration of boiling ~ 8 hours.

The state of base metal after experiment is finished 

¢ŜƴŘŜƴŎȅ ƻŦ ǘƘŜ ǎǘǳŘƛŜŘ ƳŜǘŀƭ ǘƻ ƛƴǘŜǊƎǊŀƴǳƭŀǊ ŎƻǊǊƻǎƛƻƴ ƘŀǎƴΩǘ ōŜŜƴ ƛŘŜƴǘƛŦƛŜŘ

The state of weld metal after the experiment is finished

Microstructure of the 

weld metal
Microstructure of the 

HAZ material 

Microstructure of the 

base material

The boundaries of 
austenitic grains were 
not destroyed after the 

IGC experiments are 
finished. Based on 

these results, it was  
concluded that the weld 
metal of heat-affected 

zone (HAZ) and the base 
ƳŜǘŀƭ ŘƻƴΩǘ ƘŀǾŜ 
tendency to IGC.

Non-welded Samples before the experiment Welded Samples before the experiment



Experimental Results

CNIITMASH. Crevice corrosion (in accordance with ASTM G 78) (1/4)
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Experiments related to the crevice corrosion (In accordance with Standard ASTM G 78).

Type of sample Dimensions, mm Number of the 
samples

Solution Duration, 
d

5ŜǇǘƘ ƻŦ ǿŀǎƘŜǊΩǎ
groove (h), mm

Temperature,ɕ/

Flat sample without 
welded joint

30x30x3 54 1 ς[Cl-] = 10 ppm
2 - [Cl-] = 9500 ppm

3 - [Cl-] = 19000
ppm

90 0.2/0.3/0.5 25±5/60±2

Flat sample with welded 
joint

30x30x3 54

Temperature, ɕ/ 25 60

[Cl-], ppm 10 9500 19000 10 9500 19000

h = 0.2 mm 0.00 26.50 40.75 0.75 16.62 38.00

h = 0.3 mm 0.00 33.20 71.50 0.00 6.25 32.00

h = 0.5 mm 0.00 15.25 47.00 0.00 0.00 27.00

Area of crevice corrosion, S mm2

Mass loss per surface area of sample,ȹm/S g/mm2

Temperature, ɕ/ 25 60

[Cl-], ppm 10 9500 19000 10 9500 19000

h = 0.2 mm 0.00 1.44 1.94 0.74 1.50 3.29

h = 0.3 mm 0.00 1.93 3.74 0.00 0.86 2.16

h = 0.5 mm 0.00 1.93 2.72 0.00 0.00 1.94



Experimental Results

CNIITMASH. Crevice corrosion (in accordance with ASTM G 78) (2/4)
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(a) For T = 25 ęC (a) For T = 60 ęC

Graphical interpretation of the dependencies of S mm2 (surface of crevice corrosion foci) and ȹm/s g/mm2

(mass loss)

1 ς[Cl-] = 10 ppm;
2 - [Cl-] = 9 500 ppm;
3 - [Cl-] = 19 000 ppm



Experimental Results

CNIITMASH. Crevice corrosion (in accordance with ASTM G 78) (3/4)
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Overall view of some samples after completion of the crevice corrosion experiments:

(a) Front side, (b) Opposite side

Solution: 3, t = 60 ęC

Washerôs groove 0.2 mm

(a) Front side, (b) Opposite side

Solution: 2, t = 25 ęC

Washerôs groove 0.2 mm

Sample ˉ 98 will be 

considered in detail on slide
ˉ 26 



Preliminary Experimental Results

CNIITMASH. Crevice corrosion (An example of analysis) (4/4)
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Study of the sample ˉ 98:

Scanning line

Dcr,max= 33.6 m˃
Dcr,maxIs the maximal depth of crevice corrosion



Experimental Results

CNIITMASH. Crevice Corrosion. Model Tanks (1/4)
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Use of Automatic welding method led to appearance of a defect called «incomplete welding». After that,

additional Model Tank was manufactured (using the Manual Welding Method) in order to avoid such a defect,

thus Model Tank with/without incomplete welding defect were analyzed.

A scheme of the manufactured Model Tanks:

Prepared metallographic Specimen

Bottom

Shell

Root area of the 

welded joint

Model Tank Conditions of an experiment

Model Tank 1 T = 25±5 ɕ/Σ [Cl-] = 10 ppm;

Model Tank 2 T = 25±5 ɕ/Σ [Cl-] = 9 500 ppm;

Model Tank 3 T = 25±5 ɕ/Σ [Cl-] = 19 000 ppm;

Model Tank 4 T = 60±2 ɕ/Σ [Cl-] = 10 ppm;

Model Tank 5 T = 60±2 ɕ/Σ [Cl-] = 9500 ppm;

Model Tank 6 T = 60±2 ɕ/Σ [Cl-] = 19 000 ppm;

The width of 
crevice area related 
to the incomplete 
welding is equal to 

5 - 50 ˃ m

An example of incomplete welding. Model Tank 6 

10- m˃-like defects(in the root areaof the welded joint) are most interestingareasfrom the point of view of crevicecorrosion
development.



Experimental Results

CNIITMASH. Crevice corrosion. Model Tanks. Example of crevice Corrosion 

formation (2/4)
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Analysis of the crevice corrosion development in case of presence of the defect (incomplete welding).
Model Tank ˉ6 - [Cl-] = 19 000 ppm. T = 60 ęC,t = 3000 hours.

The presence of etched areas inside the defect 
related to the incomplete welding SEM+EDS

In the crevicegapof defect there is a selectiveFedissolution(Fegoesinto solution in the form of ions and forms a
corrosionproduct alreadyat the exit of the crevicegap)aswell asenrichmentof the surfacewith elementsthat are
more stable under these conditions (Cr, Mo) due to their greater tendency to transition to a passivestate, which
confirmsthe strengthenedoccurrenceof crevicecorrosion(anodicdissolution). Thepresenceof Si is explainedby the
fact that the root areaof the weldedjoint wascreatedusinga Si-containingER316LSiweldingwire. Al, Si,Mn, Cacan
get into the defectareafrom the flux OKFLUX10.92 (FluxOKFLUX10.92 - Neutralagglomeratedchromocompensating
flux usedin welding).

10 ɛm



Experimental Results

CNIITMASH. Model Tanks. Features of crevice Corrosion formation 

(3/4)
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Development of crevice corrosion depends not only on the defect width but also it depends on its configuration

(presence of transition area).

Technological gap

Transition area

Incomplete welding 
area

¢ƘŜ ŘŜǇŜƴŘŜƴŎŜ ƻŦ Ƴŀǎǎ ƭƻǎǎόɲƳκ{ύ ŦǊƻƳ ǘƘŜ ǾŀƭǳŜ ƘǳƴŘŜǊ ǘƘŜ ŦƻƭƭƻǿƛƴƎ 
ŎƻƴŘƛǘƛƻƴǎΥ ¢ Ґ нр˿ όƭŜŦǘ ǎƛŘŜύ ŀƴŘсл˿ όǊƛƎƘǘ ǎƛŘŜύΥ мπώ/ƭπϐ Ґмл ǇǇƳΤ 

н πώ/ƭπϐ Ґфрлл ǇǇƳΤ о πώ/ƭπϐ Ґмфллл ǇǇƳΦ
5ǳǊŀǘƛƻƴΥ фл Řŀȅǎ όƛƴ ŀŎŎƻǊŘŀƴŎŜ ǿƛǘƘ !{¢a D туύΦ

The influence of transition area is also modelled by using the varied 
value of washerôs groove depth (h):

Model Tank Ѕ п ό[Cl-] =10 ǇǇƳΣ ¢ Ґ сл ɕ/, t = 3000 h)

The overall view of the samples tested under the following 
conditions: [Cl-] = 10 ppm, T = 60 ęC



Experimental Results

CNIITMASH. Model Tanks.  Features of crevice Corrosion formation

(4/4)
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Development of crevice corrosion depends not only on the defect width but also it depends on its configuration. An example of

crevice corrosion presence/absence inside the same Model Tank. Model Tank 6. Sample 6: [Cl-] = 19 000 ppm. T = 60 ęC,t =

3000 hours:

The presence of transition area (width = 0,1 ï0,3 mm) located between technological gap and a gap formed by incomplete

welding has quite a significant impact on crevice corrosion intensity. This finding has a good corresponding with results obtained

during the experiments described in the item (a) in case of using the washerôsgroove equal to 0.2 mm. The process of crevice

corrosion formation in the incomplete welding area is a stochastic one (in spite of same conditions, crevice corrosion
could/couldnôtbe formed in the considered areas).

Crevice corrosion presence:

Crevice corrosion absence:



Experimental Results

INM. Uniform/Pitting ʉorrosion. Examples of Samples appearance 
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t, h Before 
test

70 ͦ˿ without radiation 70 ͦ˿ with radiation

100 ppm 10 000 
ppm

29 000 
ppm

100 ppm 10 000 
ppm

29 000 
ppm

1000-
1200

1728-
2064



Experimental Results

INM. Uniform/Pitting ʉorrosion
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Pitting corrosion without radiation

t, h D, MGy T,oC 25 70

[Cl-], ppm 100 10000 29000 100 10000 29000

1100-1200 0
Metal No* No No No No No

Welded joint No No No No No No

2000-2064 0
Metal No No No No No No

Welded joint No No No No No No

3024 0
Metal No No No No No No

Welded joint No No No No No No

4056-4152 0
Metal No No No No No No

Welded joint No No No No No No

* - No = no pittingcorrosion



Experimental Results

INM. Uniform/Pitting Corrosion 
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Pitting corrosion with radiation

t, h D, MGy T,oC 25 70

[Cl-], ppm 100 10000 29000 100 10000 29000

1000 ~0.87 Metal No* No No No No No

Welded joint No No No No No No

1728-
2000

~1.5-
-~1.7

Metal No No No No No No

Welded joint No No No No No No

3024 ~2.6
Metal No No No No No No

Welded joint No No No No No No

4056-
4152

~3.6
Metal No No No No No +**

Welded joint No No No No No +**

* - No = no pittingcorrosion,
** - + = Pitting observed



Experimental Results

INM. Crevice Corrosion. Results for experiments without radiation
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Crevice corrosion without radiation (in ˃m)

t, h D, 
MGy

Material T, oC 25 oC 70 oC

[Cl-], ppm 100 10000 29000 100 10000 29000

1100-
1200

0 Metal Metal/nonmetal No* тΦсΧммΦо31.7..58.6 No 29.0Χ33.2 мнΦрΧоуΦс

Welding Metal/nonmetal No No 15.4 No 15.4Χ25.3 ннΦсΧпнΦл

Metal Metal/metal No No No 7.3 No 18.4

2000-
2064

0 Metal Metal/nonmetal No фΦоΧмлΦ6 16ΦсΧм7.5 No мпΦпΧмрΦлмпуΦоΧмто.4

Welding Metal/nonmetal No пΦсΧтΦттΦпΧмтΦлNo 29.1 35.2

Metal Metal/metal No No No No No + (n.d)**

3024 0

Metal Metal/nonmetal No рΦсΧмрΦс1рΦсΧм8.2 2.1 омΦсΧрсΦлопΦфΧттΦл

Welding Metal/nonmetal No фΦуΧноΦфрΦпΧмлΦсNo 17.2 22.8

Metal Metal/metal No No No 7.1 No 22.9

4152 0

Metal Metal/nonmetal No 11.3 тΦпΧнсΦн3.7 омΦсΧрсΦлутΦуΧмслΦл

Welding Metal/nonmetal No 7.6 рΦсΧтΦп+ (n.d) нмΦпΧолΦп24.4

Metal Metal/metal No No No No No + (n.d)

* - No = no crevicecorrosion,
** - + (n.d.) = crevicecorrosion observed (depth of crevicecorrosion no dementing)



Experimental Results

INM. Crevice Corrosion. Results of experiments with radiation
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Crevice corrosion with radiation(in ˃Ƴ)

t, h D, 
MGy

Material T,oC 25 oC 70 oC

[Cl-], ppm 100 10000 29000 100 10000 29000

1000 ~0.87 Metal Metal/nonmetal No* ммΦнΧноΦт23.7ΧсмΦфNo фΦфΧсфΦтмфΦфΧолΦт

Welding Metal/nonmetal No уΧΦнсΦтмтΦпΧΦруΦоNo 12.3..28.9 мнΦтΧпмΦо

Metal Metal/metal No No No No No + (n.d)**

1728-
2000

~1.5-
~1.7

Metal Metal/nonmetal No фΦфΧмпΦонмΦпΧттΦтNo мфΦмΧнпΦнмлΦлΧмфΦл

Welding Metal/nonmetal No 8.0ΧмоΦфмлΦтΧмфΦоNo нмΦлΧнтΦмнуΦпΧ46.1

Metal Metal/metal No 5.1 4.2 No No 2.6

3048 ~2.6

Metal Metal/nonmetal 26.6 мнΦтΧтлΦлмтΦуΧорΦсNo муΦлΧомΦр73.9ΧфлΦф

Welding Metal/nonmetal 11.1 ммΦнΧрлΦумлΦсΧмрΦлNo осΦнΧпмΦп10.5...16.4

Metal Metal/metal No No No No No 7.6

4056-
4152

~3.6

Metal Metal/nonmetal No мрΦуΧотΦтмтΦсΧннΦуNo нлΦлΧрфΦуппΦмΧутΦф

Welding Metal/nonmetal No уΦрΧмфΦл9.0 No млΣсΧнрΦпнфΦлΧпрΦф

Metal Metal/metal No + (n.d)** + (n.d)** No + (n.d)** + (n.d)**

* - No = no crevicecorrosion,
** - + (n.d.) = crevicecorrosion observed (depth of crevicecorrosion no dementing)



Experimental Results

INM. Crevice Corrosion. Example of implemented analysis (1/2) 
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T = 25 ęC. t = 2000 h. [Cl-] = 100 ppm. Welded joint. With radiation 

Front side Opposite side

Area A, Scanning lines (see slide No37)

Area B Scanning lines

B

Lextimage

Lextimage

Lextimage Lextimage

A

Front side
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Sample No 426. Welded joint. T = 25 ęC. t = 2000 h. [Cl-] = 100 ppm. With radiation. Area A. Profiles in accordance 

with the selected scanning lines

Characteristic types of scanning profile

along lines in any directions. 

There is no crevice corrosion. 

Dcr,max = 0 µm 

Dcr,max = 0 µm Dcr,max = 0 µm 

Dcr,max = 0 µm Dcr,max = 0 µm 

Height 
profile, µm

Length 
profile, µm

LextimageLextimageLextimage

Lextimage Lextimage

(Dcr,max - the maximum depth of crevice corrosion)

Experimental Results

INM. Crevice Corrosion. Example of implemented analysis (2/2) 
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Experimental Results

INM. Crevice Corrosion. Samples type 3-6 made of fragmented Model Tanks.

Example of the Implemented study (1/4)

[Cl-]

100 ppm

[Cl-]

10 000 ppm

[Cl-]

29000 ppm

Before test

2016 h

70 oC, with radiation

3024h

2016 h

2016 h

3024h

3024h

1008 h

1008 h

1008 h

Product 

corrosion

Product 

corrosion



Preliminary Experimental Results

INM. Crevice Corrosion. Samples type 3-6 made of fragmented Model Tanks.

Example of the Implemented study (2/4)
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SampleЅ сноΣT = 70 ͦ˿Σ[Cl-] = 29 000 ppm, t = 3048 h,  without radiation
AppearanceLext* 

investigation

In the gap between 
Shell and Bottom, 
crevices and 
corrosion products 
ƘŀǾŜƴΩǘ ōŜŜƴ 
indicated.

Shell

Bottom

Shell

Shell
Shell

Bottom

BottomBottom

Welded joint

Welded joint

Welded joint

Welded joint

Bͦ ttom Shell

Welded joint

*LextςLaser 
confocal scanning 
microscope 
OLYMPUS LEXT 
OLS5000

Refer to the lower left photo 
on p. 40 
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Shell

Bottom

Welded joint

²ŜƭŘŜŘ ƧƻƛƴǘΩǎ ƳŜǘŀƭ ƛǎ ŦǳǎŜŘ ǿƛǘƘ 
shell/bottom metall. 
/ǊŜǾƛŎŜǎκ/ƻǊǊƻǎƛƻƴ ǇǊƻŘǳŎǘǎ ƘŀǾŜƴΩǘ 
been identified. 

A sample for study using Lext
Front sideOpposite side

Preliminary Experimental Results

INM. Crevice Corrosion. Samples type 3-6 made of fragmented Model Tanks.

Example of the Implemented study (3/4)

Refer to the lower left photo
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A sampleЅ сноΣT = 70 ͦ ,˿ [Cl-] = 29 000 ppm, t = 3048 h,  without radiation

123456789

1

2

3

4

Welded joint in a gapshell bottom

Preliminary Experimental Results

INM. Crevice Corrosion. Samples type 3-6 made of fragmented Model Tanks.

Example of the Implemented study (4/4)

Scanningthe profiles has been implemented by using the confocal laser microscopein order to define the presenceof ͔ͪbͯeginningof areasof
incompleteweldingaswell aspresenceof crevicecorrosion(enlargedviewsof profiles of the zonesthat are closeto boundariesbetween welded joint
andbottom parts):

a zone with biggest (but not 
significant) changes of a scanning 
profile end. The beginning of an 
area of incomplete welding and 
presence of crevice corrosion in it 
ƘŀǎƴΩǘ ōŜŜƴ ƛŘŜƴǘƛŦƛŜŘΦ

this scanning line transits to 
tilted plane of the bottom side. 
The beginning of an area of 
incomplete welding and presence 
ƻŦ ŎǊŜǾƛŎŜ ŎƻǊǊƻǎƛƻƴ ƛƴ ƛǘ ƘŀǎƴΩǘ 
been identified.

a line of transition from welded 
joint to bottom side has quite a 
smooth profile. The beginning of an 
area of incomplete welding and 
presence of crevice corrosion in it 
ƘŀǎƴΩǘ ōŜŜƴ ƛŘŜƴǘƛŦƛŜŘΦ

a line of transition from welded
joint to bottom sidehasquite a 
smoothprofile. Thebeginningof
anareaof incompleteweldingand
presenceof crevicecorrosionin it
ƘŀǎƴΩǘbeenidentified.



Experimental Results

INM. Stress Corrosion cracking (1/6)
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Sample

Bolt (oxidizedTi)
Shell(oxidizedTi)

Inserts(oxidizedZr)

SCC installation as an assembly

Homogeneous
sample

Welded joint sample

лΦрˋ0.2

лΦтрˋ0.2

мΦлˋ0.2

лΦрˋ0.2

лΦтрˋ0.2

мΦлˋ0.2

W
e
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e

d
 j
o
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Experimental Results

INM. Stress Corrosion cracking (2/6)
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25 ͦ W˿ithout Radiation
[Cl-]=29 000ppm[Cl-]=10000ppm

1000 h

[Cl-]=100 ppm

2000 h

3000 h

Homogeneous Welded

Homogeneous Welded

Homogeneous Welded

Homogeneous Welded

Homogeneous Welded

Homogeneous Welded

Homogeneous Welded

Homogeneous Welded

Homogeneous Welded



Experimental Results

INM. Stress Corrosion cracking (3/6)
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70 ͦ˿ Without Radiation
[Cl-]=29 000ppm[Cl-]=10000ppm

1000 h

[Cl-]=100 ppm

2000 h

3000 h

Homogeneous Welded

Homogeneous Welded

Homogeneous Welded

Homogeneous Welded

Homogeneous Welded

Homogeneous Welded

Homogeneous Welded

Homogeneous Welded

Homogeneous Welded



Experimental Results

INM. Stress Corrosion cracking (4/6) 

45

25 ͦ w˿ith radiation
[Cl-]=29 000ppm[Cl-]=10000ppm[Cl-]=100 ppm

1000 h,
~0.87MGy

2000 h,
~1.7MGy

3000 h,
~2.5MGy

Homogeneous Welded

Homogeneous Welded

Homogeneous Welded

Homogeneous Welded

Homogeneous Welded

Homogeneous Welded

Homogeneous Welded

Homogeneous Welded

Homogeneous Welded



Experimental Results

INM. Stress Corrosion cracking (5/6) 
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70 ͦ˿ with radition
[Cl-]=29 000ppm[Cl-]=10000ppm

1000 h,
~0.87MGy

[Cl-]=100 ppm

2000 h,
~1.7MGy

3000 h,
~2.5MGy

Homogeneous Welded

Homogeneous Welded

Homogeneous Welded

Homogeneous Welded

Homogeneous Welded

Homogeneous Welded

Homogeneous Welded

Homogeneous Welded

Homogeneous Welded



Experimental Results

INM Stress Corrosion cracking (6/6)
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Stress corrosion cracking without radiation

t, h D, MGy T, oC
Material                   [Cl-], ppm

25 70

100 10000 29000 100 10000 29000

1000 0
Homogeneous metal No SCC No SCC No SCC No SCC No SCC No SCC

Welded joint No SCC No SCC No SCC No SCC No SCC No SCC

2000 0
Homogeneous metal No SCC No SCC No SCC No SCC No SCC No SCC

Welded joint No SCC No SCC No SCC No SCC No SCC No SCC

3000 0
Homogeneous metal No SCC No SCC No SCC No SCC No SCC No SCC

Welded joint No SCC No SCC No SCC No SCC No SCC No SCC

4000-
5000

0
Homogeneous metal No SCC No SCC No SCC No SCC No SCC No SCC

Welded joint No SCC No SCC No SCC No SCC No SCC No SCC

Stress corrosion cracking with radiation

t, h D, MGy T, oC
Material                   [Cl-], ppm

25 70

100 10000 29000 100 10000 29000

1000
~0.87 Homogeneous metal No SCC No SCC No SCC No SCC No SCC No SCC

Welded joint No SCC No SCC No SCC No SCC No SCC No SCC

2000 ~1.7
Homogeneous metal No SCC No SCC No SCC No SCC No SCC No SCC

Welded joint No SCC No SCC No SCC No SCC No SCC No SCC

3000 ~2.5
Homogeneous metal No SCC No SCC No SCC No SCC No SCC No SCC

Welded joint No SCC No SCC No SCC No SCC No SCC No SCC

4000-
5000

~3.4-4.25
Homogeneous metal No SCC No SCC No SCC No SCC No SCC No SCC

Welded joint No SCC No SCC No SCC No SCC No SCC No SCC



Corrosion Experiments Implementation 
CNIITMASHôs Side. Main Findings
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Type of 
Corrosion

Type of Samples ExperimentalConditions Main Findings of the Experiments

Crevice 
corrosion

Model Tanks SixModel Tanks were 
manufactured to implement 
the crevice corrosion 
experiment under the 
following conditions: T = 
25±5/ 60±н ɕ/Σ ώ/ƭ-] = 10/9 
500/19 000 ppm, duration 
3000 h. 

The use of the selected process on automatic welding led to presence of 
a defect of «Incomplete Welding». The width of crevice of incomplete 
welding area is in the following range 5 ς50 ˃ m. Crevice corrosion 
development is happened not in the technological gap that is equal to 
0.8 ς1 mm (a gap between bottom part and shell part of the Model 
Tank) but in the zone of incomplete welding. Herewith, the presence of 
transition area (width = 0.1 ς0.3 mm) located between technological 
gap and a gap formed by incomplete welding has quite a significant 
impact on crevice corrosion intensity. This finding has a good 
corresponding with results obtained during the experiments described 
on the slide 49(crevicecorrosionύ ƛƴ ŎŀǎŜ ƻŦ ǳǎƛƴƎ ǘƘŜ ǿŀǎƘŜǊΩǎ ƎǊƻƻǾŜ 
equal to 0.2 mm. The process of crevice corrosion formation in the 
incomplete welding area is a stochastic one (in spite of same conditions, 
ŎǊŜǾƛŎŜ ŎƻǊǊƻǎƛƻƴ ŎƻǳƭŘκŎƻǳƭŘƴΩǘ ōŜ ŦƻǊƳŜŘ ƛƴ ǘƘŜ ŎƻƴǎƛŘŜǊŜŘ ŀǊŜŀǎύΦ

Intergranular 
corrosion 
(IGC)

Plate-like 
samples: 
(80±0.5mm)x(20
±0.5mm)x(3±0.2
mm). 
Welded/non-
welded samples.

Experiments were 
implemented under the 
following conservative 
conditions: preliminary 
heating ςсрл ɕ/ ŘǳǊƛƴƎ сл-
min period, experiment 
duration ς8 hours, angle of 
sample bending ςфлɕΦ  
Conditions: boiling water 
solution of CuSO4ϊрI2O
(50±1g) and H2SO4 (250±3g) 
with presence of metallic 
Cu; Duration of boiling ~ 8 
hours

In accordance with obtained experimental data, the general tendency of 
ǎǘŜŜƭ !L{L омс[ ǘƻ LD/ ƘŀǎƴΩǘ ōŜŜƴ ƛŘŜƴǘƛŦƛŜŘΦ



Corrosion Experiments Implementation 
INMôs Side. Main Findings (1/2)
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Type of Corrosion Type of 
Samples

ExperimentalConditions Main Findings of the Experiments

General(Uniform)/
pitting corrosion

Homogeneous 
metal ς
Sample 3-1, 
3-12;
Welded 
Sample ς
Sample 3-2, 
3-13.

Experiments were 
implemented under the 
following conditions: [Cl-] = 
100, 10 000, 29 000 ppm, T 
Ґ нрΣ рлΣ тл ɕ/Τ 5ǳǊŀǘƛƻƴ ς
1000/2000/3000/5000 h, 
samples: welded/non-
welded, with/without 
radiation. 

DŜƴŜǊŀƭ ŎƻǊǊƻǎƛƻƴ ƘŀǎƴΩǘ ōŜŜƴ ƛŘŜƴǘƛŦƛŜŘΦ 
Pitting corrosion developmenthas been identified for experiments that 
have been implemented under the following conditions:
- Experimental duration is more than 4000 hours;
- [Cl-] = 29 000 ppm.

Crevice corrosion Homogeneous 
metal ς
Sample 3-3,
3-10;
Welded
Sample ς
Sample 3-4, 
3-11, 3-7, 3-6.

Crevice corrosion 
experiments have been 
implemented under the 
following conditions:  [Cl-] = 
100, 10 000, 29 000 ppm, T 
Ґ нрΣ рлΣ тл ɕ/Τ 5ǳǊŀǘƛƻƴ ς
1000/2000/3000/5000 h

- The surface of crevice corrosion Development increases as the value of 
[Cl-] increases;

- The pH value has the quite high extent of influence on crevice 
corrosion formation;

-¦ƴŘŜǊ ǘƘŜ ŎƻƴŘƛǘƛƻƴǎ ƻŦ ʲΣ ʴ-irradiation, resistance to crevice 
corrosion formation for metal-nonmetal contact and for  non-
ǿŜƭŘŜŘκǿŜƭŘŜŘ ǎŀƳǇƭŜǎ ƳŀŘŜ ƻŦ {¦{ омс[ ǎǘŜŜƭ ŀǘ нр ɕ/ ƛǎ ǇǊŜǎŜǊǾŜŘ ƻƴƭȅ 
for tests duration that is up to ~ 1100 hours, and during tests that are 
longer than 2000 hours, foci of crevice corrosion begin to appear 
(including experiments with [Cl-] = 100 ppm).

-Lƴ ŎŀǎŜ ƻŦ ƛƴŎǊŜŀǎƛƴƎ ǘƘŜ ŜȄǇŜǊƛƳŜƴǘ ǘŜƳǇŜǊŀǘǳǊŜ όǘƻ тл ɕ/ύΣ ŎǊŜǾƛŎŜ 
corrosion starts appearing (for metal-nonmetal contact) in case of [Cl-] 
=100 ppm, starting from short exposition time (~ 1000 hours) and in 
absence of radiation;
- Welded joint (in case of metal-metal contact) has the higher resistance to 
crevice corrosion. The first signs of crevice corrosion foci appear only at 70 
ɕ/ ƛƴ ǿŀǘŜǊ ǿƛǘƘ ώ/ƭ-] = 29000 ppm at both exposures of ~ 1000 and ~2000 
hours in conditions of irradiation presence/absence.
- The presence of radiation has a high impact on crevice corrosion 
formation/development



Corrosion Experiments Implementation 
INMôs Side. Main Findings (2/2)
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Type of 
Corrosion

Type of Samples ExperimentalConditions Main Findings of the Experiments

Stresscorrosion 
cracking

Homogeneous 
metal ςSample 
type 3-14Welded
Sample ςSample 
type 3-15 .

Stress corrosion cracking 
experiments have been 
implemented under the following 
ŎƻƴŘƛǘƛƻƴǎΥ ¢ Ґ нрΣ тл ɕ/Τ [ƻŀŘǎΥ 
0,5̀ 0,2 (0,5Rp0.2) ς0.5x300 = 150 
MPa; 0,75̀0,2 (0,75Rp0.2) ς
0.75x300 = 225 MPa; 1,0̀0,2

(1,0Rp0.2) ς1.0x300 = 300 MPa. 
Welded/ non-welded samples 
have been used. Experiments 
have been implemented 
with/without radiation

{ǘǊŜǎǎ ŎƻǊǊƻǎƛƻƴ ŎǊŀŎƪƛƴƎ ƘŀǎƴΩǘ ōŜŜƴ ƛŘŜƴǘƛŦƛŜŘ

Sample

Bolt (oxidizedTi)
Shell(oxidizedTi)

Inserts(oxidizedZr)

!ƴ ƻǾŜǊŀƭƭ ǾƛŜǿ ƻŦ ǘƘŜ ǎŀƳǇƭŜǎΦ ¢ Ґ нр  /Σ ǘ Ґ оллл ƘΣ 
ώ/ƭπϐ Ґ млл ǇǇƳΦ ²ƛǘƘƻǳǘ ǊŀŘƛŀǘƛƻƴ

!ƴ ƻǾŜǊŀƭƭ ǾƛŜǿ ƻŦ ǘƘŜ ǎŀƳǇƭŜǎΦ ¢ Ґ нр  / Σ ǘ Ґ оллл ƘΣ 
ώ/ƭπϐ Ґ млл ǇǇƳΦ ²ƛǘƘ ǊŀŘƛŀǘƛƻƴ
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The following dependenceof the depth of uniform corrosion on time, concentration of
chlorineionsin water andtemperaturewasobtained:

Where:

hgcïmaximal depth of uniform corrosion, mm;

t ïduration of an experiment, h;

[Cl-] ïCl-ions concentration, ppm;

T ïtemperature, K

hgcҐ пΦтф ϊмл
4ϊǘ0.5ϊώ/ƭ-] 0.19 exp(-3660/T) (1)

Prediction Model Development
Prerequisites for General/Uniform corrosion assessment

CƻǊƳǳƭŀόмύƛǎŀǊŜǎǳƭǘƻŦƳŀǘƘŜƳŀǘƛŎŀƭǇǊƻŎŜǎǎƛƴƎƻŦǘƘŜŦƻƭƭƻǿƛƴƎŜȄǇŜǊƛƳŜƴǘŀƭƭƛǘŜǊŀǘǳǊŜ
ŘŀǘŀƻƴŎƻǊǊƻǎƛƻƴƻŦомс[ǎǘŜŜƭƛƴǎŜŀǿŀǘŜǊǿƛǘƘŘƛŦŦŜǊŜƴǘŎƘƭƻǊƛƴŜƛƻƴŎƻƴǘŜƴǘƻōǘŀƛƴŜŘǳǎƛƴƎ
ŜƭŜŎǘǊƻŎƘŜƳƛŎŀƭǎǘǳŘƛŜǎΥ
πaŀƭƛƪ!Φ¦ΦΣ{ƛŘŘƛǉƛbΦ!ΦΣ!ƘƳŀŘ{ΦΣ!ƴŘƛƧŀƴƛLΦbΦ¢ƘŜŜŦŦŜŎǘƻŦŘƻƳƛƴŀƴǘŀƭƭƻȅŀŘŘƛǘƛƻƴƻƴ
ǘƘŜŎƻǊǊƻǎƛƻƴōŜƘŀǾƛƻǊƻŦǎƻƳŜŎƻƴǾŜƴǘƛƻƴŀƭŀƴŘƘƛƎƘŀƭƭƻȅǎǘŀƛƴƭŜǎǎǎǘŜŜƭǎǎŜŀǿŀǘŜǊκκ
/ƻǊǊƻǎƛƻƴ{ŎƛŜƴŎŜΦςмффрΦς±ƻƭΦотΦςbƻΦмлΦςǇǇΦмрнмςмрорΤ

πaŀƭƛƪ!Φ¦ΦΣ!ƘƳŀŘ{ΦΣ!ƴŘƛƧŀƴƛLΦΣ!ƭπCƻǳȊŀƴ{Φ/ƻǊǊƻǎƛƻƴōŜƘŀǾƛƻǊƻŦǎǘŜŜƭǎƛƴDǳƭŦǎŜŀǿŀǘŜǊ
ŜƴǾƛǊƻƴƳŜƴǘκ!Φ¦ΦaŀƭƛƪΣ{Φ!ƘƳŀŘΣLΦ!ƴŘƛƧŀƴƛΣ{Φ!ƭπCƻǳȊŀƴκκ5ŜǎŀƭƛƴŀǘƛƻƴΣмфффΦς±ƻƭΦ
мноΦςǇǇΦнлрςнмоΦ
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Prediction Model Development
Incubation Periods (PIT/CIT) Assessment (1/5) 

Influence of Cl-ions concentration and experiment duration on crevice corrosion maximal depth change

(a) (b) (c) (d)

ʘ, b ï25 ęʉ; c, d ï70 ę ʉ; ʘ, c ïwithout irradiation; b, d ïwith irradiation

Influence of Cl-ions concentration and experiment duration on crevice corrosion maximal depth change

(a) (b) (c) (d)

ʘ, b ï25 ę ʉ; c, d ï70 ę ʉ; ʘ, c ïwithout irradiation; b, d ïwith irradiation

Crevice corrosion maximal depth change as a dependence from [Cl-] in case of fixed values of experimental duration
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Prediction Model Development
Incubation Periods (PIT/CIT) Assessment (2/5) 

[Cl-]crit, crïcriticalconcentration of Cl-ions in water meeting the crevice corrosion formation beginning, without 

irradiation , ppm;
[Cl-]*crit, crïcriticalconcentration of Cl-ions in water meeting the crevice corrosion formation beginning, with 

irradiation , ppm;

t0,cr-incubation period corresponding the crevice corrosion development beginning for conditions without 

irradiation, h;

t*0,cr-incubation period corresponding the crevice corrosion development beginning for conditions with irradiation, 

h;

T, ͦ˿ Experimental 

conditions

Duration of 

experiment, h

[Cl-]crit,cr, ppm

25 Without 

irradiation

1200 6815
2064 2415
3024 2125
4152 2900

With 

irradiation

1008 5215
1992 2650
3048 -
4056 -

70 Without 

irradiation

1176 325
2016 6975
3024 -
4056 5210

With 

irradiation

1008 4515
1992 -
3048 1815
4056 435

Calculated values of [Cl-]crit,cr( ppm)

For conditions without radiation:

[Cl-]crit,crҐ мΣфп ϊмл
8ϊǘ-0.67·exp(-1745/T), R2=0.73; n=6

For conditions with radiation:

[Cl-]* crit,crҐ мΣоп ϊмл
7ϊǘ-1.36·exp(-500/T), R2=0.85; n=5

For conditions without radiation:

t0,cr = exp{(19.08 -1745/T - Ln[Cl-]crit,cr )/0.66}

For conditions with radiation:

ǘϝлΣŎǊҐ ŜȄǇϑόмсΦпм Ҍ рллκ¢ π[ƴώ/ƭπϐϝŎǊƛǘΣŎǊύκмΦорϒ

Where T - temperature
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To estimate the incubation period of time required for the formation of pitting and the development of

crevice corrosion on austenitic chromium-nickel steel, the following expressions are used:

PIT = k·
╟╡╔╝ Ў╔╬ȟ▬░◄

ȟɇ■▫▌╒■ (2) CIT = k·
╟╡╔╝ Ў╔╬ȟ╬►

ȟ
ɇ■▫▌╒■ (3)

Where:

PIT ïincubation period before pittings formation, h;

CIT ïincubation period before launching the crevice corrosion, h;

k ïa constant, h;

[Cl-] - the chloride concentration, ppm;

PREN ïnumerical equivalent of stainless steel resistance to local 

corrosion, that is calculated as follows:

PREN = %Cr+3.3῏%Mo+16Ā%N (3) (for stainless steels with Mo 

concentration less then 3% weight);

ɲ9c,pit = EcςEpit (5)
ɲ9c,cr= EcςErup (6)

Where:

Ecïpotential of corrosion, V (SHE), 

Epitïpotential of pittiingformation, V (SHE),
Erupïpotential of crevice corrosion launching, V (SHE) 

9ŎҐ фнрΦпр πоΦнϊό¢ύ Ҍ рнΦс[ƻƎώ/ƭπϐ (4)

Prediction Model Development
Incubation Periods (PIT/CIT) Assessment (3/5) 
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Epit and Erup have been calculated as follows:

ö
÷

õ
æ
ç

å -
+ùú

ø
éê

è
+Ö-++Ö

+
@

25

7
1

36
2501

25273

298 pHCl
log.)log(

PIN

T
Epit n (7) (8),

where

Epit,Erup, T, [Cl] ïdescription is shown on the slideˉ 54,

ɜïa speed of water moving, m/s;

PINπPitting Initiation Number, is a function of stainless steel composition
PIN = PREN -0.1%Mn-100%S

tǊŜŘƛŎǘƛƻƴ aƻŘŜƭ 5ŜǾŜƭƻǇƳŜƴǘ
LƴŎǳōŀǘƛƻƴ tŜǊƛƻŘǎ όtL¢κ/L¢ύ !ǎǎŜǎǎƳŜƴǘ όпκрύ

Processing of electrochemical measurements of the pitting corrosion of 316L steel gives the following

expression for the difference in the pitting resistance bases of base metal samples in water

containing chlorine ions:

ɲEbςɲE*b = 972.7 ς157.3Log[Cl-] ς0.75T; R2=0.98; n=6 

where

ȹEb - pitting resistance base for conditions without radiation, mV

ȹE*b - pitting resistance base for conditions with radiation, mV

[Cl-] ïCl-ions concentration, ppm

T ïtemperature, K

(9)

(7), (8) - Luciano Lazzari. Engineering Tools for Corrosion. Design and Diagnosis European 
Federation of Corrosion (EFC). Series 2017. 4 - Pitting and Crevice Corrosion. Pages 61-80. 
DOI: http://dx.doi.org/10.1016/B978-0-08-102424-9.00004-5.
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Results of PIT calculation (in hours, in accordance with expressions (2), (4), (5), (7), (9)

Lƴ ŀŎŎƻǊŘŀƴŎŜ ǿƛǘƘ ƻōǘŀƛƴŜŘ ŘŀǘŀΣ ǎǘŜŜƭ !L{Lомс[ ǿƛƭƭ ōŜ ǊŜǎƛǎǘŀƴǘ ǘƻ ǇƛǘǘƛƴƎ ŎƻǊǊƻǎƛƻƴΦ 

Prediction Model Development
Incubation Periods (PIT/CIT) Assessment (5/5)

Medium 

conditions

́Σ ͦ˿ [Cl-], ppm
10 100 300 1000 10000 29000

Without 

radiation

25 3.90E+27 9.07E+12 8.36E+09 4.39E+07 7.96E+04 1.11E+04
50 3.96E+25 1.04E+12 1.60E+09 1.23E+07 3.52E+04 5.67E+03
70 1.27E+24 2.05E+11 4.57E+08 4.65E+06 1.88E+04 3.36E+03

With radiation
25 1.08E+20 1.52E+10 1.17E+08 2.90E+06 3.30E+04 8.13E+03
50 1.89E+18 2.31E+09 2.79E+07 9.73E+05 1.67E+04 4.70E+03
70 9.42E+16 5.65E+08 9.55E+06 4.28E+05 9.97E+03 3.07E+03

ʘïwithout radiation; b ïwith radiation

Areas of pitting corrosion resistance as well as tendency to pitting corrosion for steel AISI 316L

(ʘ) (b)
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.

tǊŜŘƛŎǘƛƻƴ aƻŘŜƭ 5ŜǾŜƭƻǇƳŜƴǘ
!ǎǎŜǎǎƳŜƴǘ ƻŦ ŎǊŜǾƛŎŜ ŎƻǊǊƻǎƛƻƴ ŘŜǇǘƘ όмκнύ 

Medium 

conditions

́Σ ͦ˿ [Cl-], ppm
10 100 300 1000 10000 29000

Without 

radiation

25 1.94E+15 1.85E+07 2.48E+05 9.67E+03 1.94E+02 5.74E+01
50 1.42E+14 5.06E+06 9.28E+04 4.57E+03 1.22E+02 3.93E+01
70 1.97E+13 1.89E+06 4.37E+04 2.56E+03 8.44E+01 2.90E+01

With radiation
25 2.94E+10 2.46E+05 1.39E+04 1.54E+03 1.07E+02 4.65E+01
50 3.06E+09 8.11E+04 6.02E+03 8.24E+02 7.37E+01 3.46E+01
70 5.62E+08 3.52E+04 3.20E+03 5.11E+02 5.50E+01 2.73E+01

Incubation period values (in hours) before crevice corrosion development beginning for steel AISI316L in 

diluted and saturated (in terms of Cl-ions concentration) artificial seawater

(ʘ) (b)

ʘïwithout radiation; b ïwith radiation

Areas of crevice corrosion resistance as well as tendency to crevice corrosion for steel AISI316L

Results of CIT calculation (in hours, in accordance with expressions (3), (4), (6), (8), (9)
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Prediction Model Development
Assessment of crevice corrosion depth (2/2) 
CIT time dependencies (polynomic dependencies based on the table and graphic data presented on the 

slide57):

Undertheconditionswithoutradiation

y(25ęʉ)=0.1157x4ï1.7001x3+9.6989x2ï26.962x+34.131;

y(50ęʉ)=0.1077x4ï1.5821x3+9.0214x2ï25.063x+31.665;

y(70ęʉ)=0.1016x4ï1.4923x3+8.5068x2ï23.625x+29.801;

Undertheconditionswithradiation

y*(25ęʉ)=0.0618x4ï0.9287x3+5.4718x2ï15.92x+21.784;

y*(50ęʉ)=0.0549x4ï0.8269x3+4.8864x2ï14.272x+19.644;

y*(70ęʉ)=0.0497x4ï0.75x3+4.4457x2ï13.036x+18.041;

whereʫ=log(to,cr);

ʫ*=log(t*o,cr)

x=log[Cl-](inppm).

Dcr,max= (1490±5)ϊόǘ-tcr,in)
(0.29±0.12)ϊώ/ƭ-](0.63±0.09)ϊŜȄǇό-(3860±240)/T), R2 = 0.95, n = 23. 

without radiation

D*cr,max= (9.78±2.33)ϊόǘ-tcr,in)
(0.44±0.05)ϊώ/ƭ-](0.28±0.05)ϊŜȄǇό-(1510±160)/T), R2 = 0.92, n = 32. 

with radiation

Dcr,max - maximal depth 
of crevice corrosion

Mathematical processing of the obtained data
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tǊŜŘƛŎǘƛƻƴ aƻŘŜƭ 5ŜǾŜƭƻǇƳŜƴǘ
!ǎǎŜǎǎƳŜƴǘ ƻŦ {ǘǊŜǎǎ /ƻǊǊƻǎƛƻƴ /ǊŀŎƪƛƴƎ

To determine the operating time for the first failure of samples made of austenitic stainless steels

due to transcrystalline corrosion cracking, it is recommended to use the following expression:

lntʢʨ= lnL ï17.79ï0.5lnCO2ï1.5lnCCl + ln[exp{Uo - (ůp/2
1/2 - ŬGbɟ1/2)NAɔ}/RT +

+ exp{Uo - (ůp/2
1/2 + ŬGbNɟ1/2)NAɔ }/RT]

where t͟ ςͪtime beforefirst failureof a tube , h;

CO2 andCClςCl-ionsconcentrationin water,µg/kg;

Uoςenergyof activationof a processof dislocatedatom self-

diffusion,kJ/mol (for Russiansteel08̆ 18˹ 12́ Uo = 130,94 kJ/mol);

ςɹactivationvolume,10-28 m3;

Lςthicknessof a pipewall,mm;

b - Burgersvector(for steel08̆ 18˹ 12́ b = 2,53Ö10-10 m);

ς́densityof dislocations,m-2;

G- shearmodulus,N/m2;

NA- Avogadronumber;

-h coefficient, =h 0,1;

Nςnumberof dislocationsin microcluster;

R= 8,317J/(molÖ˴)ςuniversalgasconstant;

-́ temperature, ;˴

p̀ - total tensilestressin metal,kPa.

Influence of Cl-ions concentration on critical time before appearance 
of stress corrosion cracking for steel AISI316L 

There is no risk related to the Stress Corrosion 
Cracking during the 50-year storage of the 

KURION/SARRY adsorption towers
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.

Atotalcorrosiondepth(h)hasbeendefinedasfollows,

where:

.

h = hgc, if t < CIT; (hgc - general corrosion. See p. 51)

h = hgc + Dcr,maxΣ ƛŦ ǘ җ /L¢ όDcr,maxsee p. 58)

Prediction Model Development
50-year Forecast Development. Without radiation
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.

Prediction Model Development
50-year Forecast Development. With Radiation

¢ƘŜǊŜ ƛǎ ƴƻ Ǌƛǎƪ ǊŜƎŀǊŘƛƴƎ ǘƘŜ ƛƴǘŜƎǊƛǘȅ ƭƻǎǎ ŘǳǊƛƴƎ ǘƘŜ Y¦wLhbκ{!ww¸ ŀŘǎƻǊǇǘƛƻƴ ǘƻǿŜǊǎ ǎǘƻǊŀƎŜ ǿƛǘƘƛƴ ǘƘŜƛǊ рлπȅŜŀǊ 
ǎǘƻǊŀƎŜ ǳƴŘŜǊ ǘƘŜ мCΩǎ ǎǘƻǊŀƎŜ ŎƻƴŘƛǘƛƻƴǎ


