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Quantitative regularities of the Zr-1%Nb alloy, Ni-Cr alloy 690 and Fr-Cr stainless steel (SS) 12X18H10T cor-
rosion in the near-critical domain (23.5 MPa, 360...380 °C) of a circulating water coolant are searched using multi-
scale calculations of the NSC KIPT Super-Critical Water (SCW) Convection Loop experiment e-irradiation environ-
ment qualifiers. The per-sample quantification of irradiation doses, temperatures, stress, and the radiolytically alte-
red coolant chemistry was obtained. A bi-linear increase of the oxidized coupons weight gain with absorbed dose
and corrodent temperature has been first revealed and described within the proposed mechanistic model approach.
The origin of the experimentally found corrosion cracking of the SS sample has been attributed to the irradiation in-
duced thermal-elastic hoop stress. The cracks activation threshold stress is predicted to lie between 40 and 80 MPa.
An experimental technique to study the controlled stress governed corrosion in SCW under irradiation is presented.

PACS: 81.40.Np;81.65.Mq;78.66.Bz;61.82.-d;61.80.Fe;82.50.Kx;82.33.De;44.25.+1;65.40.De;07.05. Tp

INTRODUCTION

Corrosion of alloys in chemically aggressive hot co-
olants (such as a pressurized sub- and Super-Critical
Water (SCW) or molten salts) under reactor (n, 7)-
irradiation is an essential determinative of the structural
materials performance and safety [1, 2]. An irradiation
impact on corrosion resistance is so far unclear (at least
quantitatively) and is hard to be studied in-pile, espe-
cially with reference to innovative Generation IV reac-
tors. Accelerator simulation irradiation [3] and ad-
vanced multi-scale computer modeling [4] both belong
to a valuable cost-effective roadmap to identify the cor-
rosion behavior driving forces and regularities as well as
the methods of its control by means of high-purity al-
loying and surface engineering. Particularly, the NSC
KIPT LEA-10 linac based Electron Irradiation Test Fa-
cility (E.LT.F.) is applied for assessment of advanced
structural materials of the GenlV SCW cooled reactor,
SCWR, by means of the dedicated circulation loop with
water in sub- and super-critical states. The E.LT.F.
unique methodology [5] of in situ (e, y)-irradiation pro-
vides research of Irradiation Assisted Corrosion (IAC)
and Irradiation Assisted Stress Corrosion Cracking
(IASCC) [6, 7]. As well, R&D of the Irradiation Assist-
ed Fatigue Corrosion, IAFC, studies technique is in pro-
gress.

An extensive set of the NSC KIPT E.L.T.F. priority
experimental data [6] on Zr- and, Ni-Cr-based alloys
and Fe-Cr austenitic stainless steel (SS) IAC/IASCC in
the vicinity of water coolant flow super-critical transi-
tion is still subjected to post-irradiation studies [7, 8].
Though the irradiation induced enhancement of alloys
oxidation/corrosion rate had been clearly established in
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ref. [6] and has been confirmed afterwards at a high-
resolution analysis of the specimens microstructure [7],
the effect qualification with a kind of predictive quanti-
tative model description has not been elaborated up-to-
date. This is the goal of the present paper which is spe-
cifically focused on the theoretical insight on the post-
irradiation examination data base on the Multi-Scale
Modeling & Simulation (MSMS) technique [4].

The paper is organized as follows. In Section 2, we
start with a brief survey of the facility [6], the investi-
gated materials and the obtained experimental responses
[7], identify the issues of their elucidation and formulate
the explicit task of this work. The MSMS procedure ap-
plied to solve it is given in Section 3. It is followed their
by the results of coupled calculations of the E.L.T.F. ir-
radiation [6] relevant thermal hydraulics, dosimetry,
coolant radiolysis and thermal and stress-strain state of
materials. Section 4 comprises application of these data
to the analysis of experimental [6, 7] observables. In
Section 4.1, the IAC empirical regularities are revealed
and discussed; the phenomenological model approach to
their systematics is also introduced. The physical reason
of the observed IASCC is identified in Section 4.2. The
overall conclusions and the prospects of further R&D
are summarized in the final Section 5.

1. THE NSC KIPT E.L.T.F. EXPERIMENTAL

1.1. FACILITY AND IRRADIATION SETUP

An in situ e -irradiation of samples of materials is
carried out at the circulation loop, SCWNCL (Fig. 1),
specially designed to conduct experiments in a broad
neighborhood (350...400 °C) of the water critical point
(P., T.) =(22.064 MPa, 374 °C) under 10 MeV/10 kW,
scanning electron beam (EB) of the LEA-10 linac.
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The loop operates according to the coolant natural
convection principle: water is heated by electric heaters
(as well as by the EB power deposition) and floats up
due to decrease of density p and the correspondent inc-
rease in buoyancy. The steady-state circulation at a con-
stant mass-flow rate W is provided with coolers; W is
determined by a balance of heating and cooling effects.

Specimens, in the form of thin rectangular plates, are
put into the 4-channel irradiation cell, IC (see Fig. 1)
which grants practically complete absorption of EB po-
wer in the IC tubes and specimens. Due to gradual slow-
ing down of electrons and unevenness of the scanning
EB coverage of samples, different ones absorb different
doses' D = (NA/M): Egep.

T36
Outlet thermocouples XK: —

Cooler 1 T31,T32,T33,T34,T35,T36,T37,T38

thermocouples XA:
T25,T26,T27,T28

Target top view

Irradiation
Cell (target)

Heater 1

Fig. 1. Schematics of the E.I.T.F. SCW Natural Circula-
tion Loop (SCWNCL) and its target four-channel target
Irradiation Cell (IC)

At a steady-state irradiation regime, samples also
differ by their temperatures 7, and by the temperature
T,, density p(P, T,,) and velocity v of surrounding con-
vective flow of corrosive coolant. This allows attribu-
tion of corrosion responses to a rather wide range of
doses and temperatures within the same irradiation ses-
sion. From the other hand, this impedes their quantita-
tive analysis since all these corrosion control parameters
are practically inaccessible for direct per sample meas-
urements inside the IC irradiation zone. We overcome
this inevitable experimental obstacle by the application
of a sophisticated computer model of the facility opera-
tion at each specific irradiation protocol.

The LEU-10 MeV/10 kW e -irradiation load is high:

the Total Ionization Dose (TID) rate D amounts to
~15...30 kGy/s in samples and ~5...10kGy/s in a
coolant. This is ~ 10" times greater than the corrosion
affecting j-heating rate in a reactor. Thus, E.I.T.F. is ca-
pable of express simulation of the SCWR candidate ma-
terSials corrosion scenarios at samples exposure less than
10° h.

Below we confine ourselves to the pioneering (2012)
497 h-long E.I.T.F. irradiation experiment [6, 7]. It dealt
with three kinds of tested materials: the cladding Zirco-

! Eqp is the dose D equivalent specific energy, keV per atom,
deposited by e -beam in a material having mean atomic mass
M, Ny is the Avogadro number.
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nium based alloy and the vessel/piping materials, the
corrosion-resistant Inconel™ grade Ni-Cr alloys and the
12X18H10T steel. Except of the latter one, which was
an industrial SS used for the loop piping and IC manu-
facturing, the sample coupons’ materials were inten-
tionally fabricated, in different institutions, from high-
purity (99.9999 at.%) components.

The Zr-1%Nb alloy (6.5 g/cm’) was designed and
fabricated in the NSC KIPT Institute for Material Sci-
ence and Technologies. Eight 40x9x0.5 mm sized cou-
pons ##1-8 were manufactured.

Other eight coupons (50x9x1.2 mm, 8.19 g/cm®) we-
re fabricated from Ni-Cr alloys. Each of them was ma-
de, in the Kyiv Paton Institute of Electric Welding, as a
combination of two materials of the same family but of
different chemistry. The base material, alloy 690

Ni(pase)Crr32.4F€g 55 Ti0.35C0 145196,
was welded, in the coupon mid-portion, with the auxil-
iary innovative alloy In 52 MSS

Ni(pase)Crr29. 6F€sMO01 gNbD1 5sMnNg 18Si0 31 Tio.17Co0 1at.%-
The difference of corrosion behavior of these materials
and effects’ features located in the vicinity of the weld-
ing joint were of special interest.

Sixteen coupons were mounted in different IC tubes
to obtain different irradiation loads. Particularly, cou-
pons No 7, 8 of each material were placed inside the
rear (wrt. the linac e -beam) IC tube No IV. Due to the
EB absorption, the flux of primary electrons was negli-
gible inside these samples which were only weakly
y-irradiated by the EB bremsstrahlung and thus played a
role of ‘witness’ samples wrt. the much highly irradiat-
ed coupons in other tubes of the IC.

The SS 12X18H10T samples were, in fact, the annu-
lar rings cut, after irradiation completed, from the bot-
tom and top parts of the sample holding cartridge of the
most highly irradiated frontal IC tube No II.

Coupons were exposed, in foto during 560 h, to the
deoxygenated water coolant with pH = 6.5 in the vici-
nity of the water pseudo-critical point Tp,.(P) = 379.5 °C
of the SCWNCL pressurized to P =23.5 MPa. The wa-
ter coolant circulation characteristic> mass-flow rate was
W =60 g/s. Inclusively during 497 h, they were irradia-
ted by the KIPT LUE-10 linac 9...11 MeV e -beam of
9.76 MeV mean energy {E.), 0.5...0.8 #A mean current
Iy, 6.23 kW, mean power (Q.), 3.4 us EB pulse durati-
on at 250 Hz repetition rate, and 3.5 Hz EB scanning
frequency. The total fluence amounted to ~10*' ¢ /cm®.

1.2. THE EXPERIMENTAL DATA

Immediately after removal from the IC cartridges,
all the coupons were subjected to General Corrosion
Test (GCT) of specific weight/loss (WG/WL, per sur-
face unit area) om/S measurement by means of a Class 2
(£ 0.15 mg) laboratory equal-arm balance VLR-200 [6].
The obtained results are depicted in Fig. 2.

2 A somewhat greater value W= 80 g/s was reported in [6, 7]
base on a limited set of dedicated test measurements. The cur-
rently adopted value, 60 g/s, follows from the refined calcula-
tion of the samples loaded IC hydraulic resistance.
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Fig. 2. Specific weight gain/loss sm/S and estimated
oxidation/corrosion layer thickness h,, of (¢7, 7)
irradiated coupons of Zr- and Ni-Cr-based alloys [6]

Other post-irradiation studies resulted in characteri-
zation of the corrosion layer microstructure, microhard-
ness and chemistry of selected specimens and samples
of the IC material by means of optical metallography,
SEM/STEM EDS/AES and FIB instrumentation of sev-
eral labs. The results are given and discussed in ref. [7].

One of them consists in the observed Inter-Granular
SCC (IGSCC) of welding joint areas of Inconel samples
as well as of the highly irradiated sample of the SS IC
piping. It was rather unlooked-for since no stress load
was intentionally applied within the experimental setup.
In ref. [7], the nature of the IGSCC was only qualita-
tively attributed to the welding residual stress and the ir-
radiation assisted thermal-elastic stress, respectively.
The quantitative description of the latter effect is defi-
nitely required, and we address this problem in Sec-
tion 4.2.
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Returning to the IAC GCT results of Fig. 2, we draw
attention to the very notable variability of WG/WL data
for samples of each material. For Zr alloy coupons, the
mean value (om/S) =0.27 at 0.22 mg/cm” r.m.s. devia-
tion. As well, (dm/S) = (0.58+0.51) mg/cm” for Inconel
coupons. In both cases, the ‘variance-to-mean’ ratios
tend to 100%. However, statistical tests decline the hy-
pothesis of Gaussian distribution of these data scattering
up to 95% confidence level. This points to existence of
hidden regularities of the IAC data. The task arises to
qualify them with generally poorly experimentally iden-
tifiable quantitative parameters (dose rate, temperature,
etc.) of the SCWNCL IC e -irradiation environment
each of the samples was corroded in. Our advances in
revealing of these regularities are presented in Sec-
tion. 4.1.

1.3. CHALLENGES & PROBLEM STATEMENT

In is worth noting here that our early attempts [6] to
find rather simple dependency of GCT data on dose or
temperature base on preliminary characterization of irra-
diation experiment have not been successful. Huge scat-
tering of WG(Eyp) and WG(max Ty) is evident in Fig. 3.
Only certain (still doubtful) correlation of oxidation rate
to max T > T, is peeking in this figure. No quantitative
(and even qualitative) scaling of oxidation rate with the
expected dose load variable Ey, is observed. From the
point of view of radiation physics and Radiation Materi-
al Science (RMS) trends [2], this looks odd.
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Fig. 3. Scatter plots of the measured om/S of Fig. 2 vs. the calculated E4, and the maximal T of samples [6]

The reason of this oddness is found in fundamentals
of corrosion science [9, 10, 1]. Corrosion is a multi-
factorial physical-chemical phenomenon coherently af-
fected by multiple mutually connected driving forces
and control variables (Fig. 4). When a certain of them is
(somewhat randomly) assigned as a primary one', the
co-operative effect of other, indirect, driving forces is
not negligible. The non-linear dependency between the-
se entities is generally strong, esp. under irradiation, i.e.
just in the case of the E.I.T.F. experiment.

' For example, dose and number of atomic displacements per
atom, dpa, are common primary control variables of RMS
concepts [2] while temperature and corrodent chemistry are
most familiar to general corrosion engineering studies [9].
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In brief, this paradigm can be clarified by the Fig. 4
graph interlinks. Let us treat the absorbed dose rate of
samples as the problem-specific primary control variab-
le of the E.ILT.F. irradiation which directly activates
chemical reactions at the coolant/material interface. The
dpa rate (e.g., in a protective oxide layer) is a comple-
mentary primary qualifier, though it is weak in E.L.T.F.
Suppose other variables fixed, one expects positive cor-
relation of the corrosion rate to either of these ones.

However, irradiation dose rate and power deposition
lead to (i) water radiolysis and (ii) local heating of both
samples and coolant. Radiolysis results in both short-li-
ved chemically aggressive radicals (this directly affects
corrosion rate by emerging a number of irradiation spe-
cific volatile reactants) and, at a much longer timescale,
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modifies the initial chemistry of coolant by accumula-
tion of quasi-stable reactable products. Changes of tem-
perature, in turn, enhance the Arrhenius-type rates of all
chemical reactions; this also indirectly affects the chem-
istry of water. Besides, inevitable temperature gradients
result in thermal-elastic stress which can range up to the
activation of IASCC. Fast circulation of coolant promo-
tes the Flow Accelerated Corrosion (FAC [9, 10]) ef-
fects absent in static autoclaves. For the same thermal
hydraulics and hydrodynamic reasons, the temperatures
of coolant and samples generally differ since they can-
not reach thermodynamic equilibrium replaced by a cir-
culation loop specific balance of heat generation, trans-
fer, and loss. Indirectly, this tunes non-linearly the tem-
perature distributions, affects reaction rates (and, thus,
water chemistry), and even can induce very specific
thermal-elastic effects at interfaces.

) of

in in

coolant — samples
Absorbed Dose

(TID, E,,,)

—8 —

T irradliation-specific 4

Radiation Damage
(dpa)

samples — coolant

Temperature

The observed GCT responses [6] of Fig. 2 has been
formed under combined impact of all these agents. Each
of them contributes to the observables in its own, gener-
ally unknown, extent. Because of their interlinking and
co-variation, needless to expect the applicability of sin-
gle-parameter models (like those searched in Fig. 3) for
quantitative description of GCT data. Instead, co-opera-
tive co-dependent multi-parametric models are required
to rationalize them and to uncover the essence of the
first observed [6] irradiation effect on corrosion rate.

This is just the problem we ventured to solve in the
present study. The question arose: how to identify the
most relevant control variables to fit the experimental
data with? Taking into account very different length and
time scales of co-operatively playing processes, we have
chosen MSMS as the only tool suitable to answer it.

of

-
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Coolant Flow Rate
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Coolant
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Rate
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Fig. 4. Interconnected driving forces and control variables of the materials corrosion in conditions of the E.I.T.F.
SCWNCL irradiation experiment

2. MULTISCALE MODELING PROCEDURE

The adopted MSMS workflow [11] is depicted in a
(to some extent simplified) diagram of Fig. 5.

We start with the System Thermal Hydraulic (STH)
qualification of the coolant steady-state circulation. It is
obtained by means of the NSC KIPT developed E.I.T.F.
SCWNCL specific 1D STH code [12]. The simulation is
iterative since STH is affected by the EB power deposi-
tion in samples and coolant which is simulated, in 3D,
using the GEANT4 Toolkit based Monte Carlo (MC)
radiation transport (RT) code RaT 3.1 [13]. This in-
house developed code is also applied to the high-

resolution computational dosimetry of samples (dose,
dpa) and simulation of the initial stages of water radiol-
ysis kinetics. The consistent calculations of temperature
and stress fields is performed using the Finite Element
Method (FEM) software FreeFEM++ [14]. All these
outputs are transferred to inputs of numerical, semi-
analytic phenomenological and kinetic Monte Carlo
(kMC) models of radiolysis and oxidation kinetics (e.g.,
by means of the kMC code SPPARKS [15]) to estimate
the corrosion responses of interest. Below in this sec-
tion, we present only the major results of MSMS with-
out going into the fine details of the calculations.

Macro-
FreeFEM++
FEM

Macro- i ) nano=>Macro RT
Thermal Hydraulics RaT 3
semianalytic MC

Meso- i 3 i
Oxidation Kinetics
semianalytic

] Meso-
SPPARKS
kMC

Meso-

Water Chemistry

kmC

Fig. 5. The highest-level diagram of the MSMS computational sequence: tasks, methods, and software

2.1. SYSTEM THERMAL HYDRAULICS

STH modeling result in evaluation of the steady-sta-
te mass-flow rate ¥ and profiling of circulating coolant
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properties (Fig. 6) base on standard U.S. NIST approved
data on the Equation of State (EoS) and kinetic proper-
ties (e.g., viscosity) of water.
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Fig. 6 data are clear. The coolant speed is maximal
inside the IC due to its relatively smaller hydraulic sec-
tion. Water is mostly heated (and, thus, accelerated) just
inside the IC due to EB power deposition Qpe,p,. It main-
ly occurs via heat transfer from dense hot walls of pip-
ing, cartridges and coupons. Water density sharply dec-
reases with temperature just in the vicinity of the super-
critical transition 7'— T,,.(P). This feature is known [1]
to have its own impact on alloys corrosion.

2.2. COMPUTATIONAL DOSIMETRY

The results of the RaT 3.1 code MC RT modeling
are used in several ways. First, the comprehensive data-
base of absorbed dose and dpa was obtained on a per
sample basis with high (~ 10 gm) spatial resolution and
extended to the adopted scheme of samples cutting for
further analysis.
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Fig. 6. Circumferential profiles of coolant speed,
temperature and density. Its path length z in the circula-
tion loop of Fig. 1 is counted from the IC bottom

An example of this procedure is presented in Fig. 7.
It serves as a guideline for subsequent post-irradiation
investigations [7] and assists in location of the most at-
tractive Regions of Interest.

Besides, the RaT code outputs serve as power and
ionization rate source terms for heat transfer and radiol-
ysis kinetic equations which are solved by means of the
greater scale methods, particularly by FEM. Their re-
sults (e.g., the maps of temperature 7;) are also included
into the sample inventory database as shown in Fig. 7.

Inconel™ alloy 690 + In52MSS weld joint
o 8 ( 6 irradiated + 2 ‘wi )
=32 samples

p

_Coupons positions & nomenclature _

S 10
x (mm)

Fig. 7. Computational dosimetry based inventory
of irradiated coupons: dose (keV/atom: front surface,
rear surface, depth averaged mean value); primary
radiation damage (dpa); temperature T;

GCT measured Sm/S.

Data for alloy 690 sample No 5 part 111
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2.3. COMPUTATIONAL THERMOMETRY

Since temperature plays an essential role in corrosi-
on phenomena, it has to be evaluated in great detail.
Thermal-hydraulic, radiation transport and FEM calcu-
lations are applied consistently to obtain the sufficiently
granular description of the corrosion environment. This
has to be done for both the IC hardware (e.g., pipes) and
coolant as it is illustrated in Figs. 8 and 9, respectively.

In Fig. 8, the hottest (up to 463 °C) part of the IC is
considered. FEM calculations point to the significant
circumferential inhomogeneity of the temperature field.

7637
Im 7

T (K, C)

.

.

463°C

.00

Tr.98

Ic 394°C
tube IT

bottom h e
irradiated

IIB/1/0

T FreeFEM++

Fig. 8. 2D distribution of the SS 12X18H10T made IC
tube #II temperature in the bottom part of the IC:
STH — MC RT — FEM calculation procedure

The profiling of coolant temperature (see Fig. 9) re-
veals notable disparity of different IC tubes subject to
their content and location wrt. the linac e -beam. The
water heating is the most strong and fast in the frontal
tube No II. In the symmetrically positioned lateral tubes
No I, I, water is nevertheless heated differently,
stronger in the tube No I loaded with more dense and
thick Inconel coupons. In the rear tube No IV, the EB
deposited power is minor, and instead water is cooled
due to the prevalence of heat loss to the environment.

Obviously, such finely resolved temperature fields
cannot be directly measured experimentally since there
is no chance to insert a sufficient number of operable
calibrated thermocouples into the irradiated part of the
circulation loop. MSMS has allowed to obtain it base
only on the measurable temperature 7, at the IC inlet.

~369°C — T T T T T
o_368°C| — IC tube #1 ]

~ 367°C } - - - -IC tube #II L eTTTTTT i
o _————— ’
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Fig. 9. Coolant temperature profiling per each of the IC
tubes: STH — MC RT — FEM calculation procedure
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2.4. STRESS-STRAIN STATE EVALUATION

FEM calculation of stress fields (Fig. 10) accounts
for both internal pressure of coolant (23.5 MPa) and
thermal-elastic stress due to the EB induced non-
uniform heating. The obtained picture is rather complex
and will be discussed more deeply in Section. 4.2.

G, (MPa) 100.7MPa Im“J

.m0

Ic

tube IT
bottom
irradiated
IIB/1/0
sigma_phi

26024

FreeFEM++

Fig. 10. 2D diagram of the FEM calculated hoop stress
o, in the bottom part of the IC tube #11 (cf. Fig. 8)

2.5. COOLANT RADIOLYSIS SIMULATION

Our recently reported [18] MSMS of the coolant ra-
diolysis in the SCWNCL was coupled to the E.L.T.F. ex-
periment dose rate calculations (8.76 kGy/s in water).
Radiolysis is itself of a multiscale nature. Its several sta-
ges at the successively increased timescale, from 107" s
up to the exposure duration, were modeled consistently.

The production of radiolysis primary species
(Fig. 11) was Monte Carlo calculated by application of
the GEANT4-DNA Project [16] technique properly ex-
trapolated to temperatures 7 ~ T,. The validation against
the up-to-date database [17] has shown good agreement
with reference values characteristic for low Linear En-
ergy Transfer (LET) irradiation.

Kinetics of radiolysis at the representative timescale
of the E.LT.F. experiment (~ 10" h) was calculated by
numerical solution of the coupled system of spatially
homogeneous stiff kinetic equations. Six primary speci-
es, 13 secondary ones and 46 reactions of 1* and 2™ or-
der were modeled. Reaction constants were taken from
ref. [17]. The characteristic results are given in Fig. 12.
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G-value (products per 100 eV)

10" ——e H 1
RaT 3.1 + "OH H,0,
! +GADNA —<—H H,
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Time (us)

Fig. 11. Calculated primary specific yields of several
major products of water radiolysis (G-values)
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Fig. 13. Circumferential steady-state profile of the con-
tent of major relatively stable radiolytic species across
the coolant path length z in the SCWNCL (cf. Fig. 6)

After the EB switching-on, the concentrations of ra-
diolytic species immediately (in ~ 0.1 s) tend to equilib-
rium values. This does not change significantly the pH
of water but results in a considerable increase of the dis-
solved oxygen (DO) content. The relaxation kinetic af-
ter the beam shutdown is more complex and prolonged.
The relaxation time is of order of 10 s and is smaller
than the STH derived coolant circulation period, = 33 s.
For this reason, coupling of the calculated kinetic ker-
nels to the STH scenario (see Fig. 6) of coolant circula-
tion results in the specifically varying steady-state pro-
file of quasi-stable radiolytic products shown in Fig. 13.

Fig. 13 data describe quantitatively an indirect driv-
ing force of the irradiation assisted corrosion, the e -be-
am induced enhancement of the content of essential cor-
rodents (like DO O, and hydrogen peroxide H,0,) in the
samples circumfluous coolant of the SCWNCL. It re-
mains only to note that due to coolant flow interfusion,
the proper effect of radiolysis on corrosion and oxida-
tion is the same for all coupons in the irradiation cell.

2.6. THE REVEALED CORRELATIONS

An all-round analysis of the MSMS data has let us in
on certain valuable correlations of the irradiation expe-
riment environmental parameters. They are summarized
in equations (1) below. An example is drafted in
Fig. 14.
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Such linear correlations are well conditioned:

T.-T,=x.D,, (1.1)
D, =x,D,, (1.2)

N g =K g5 Ds» (1.3)
PP K, X (TW —'_FW ) , (1.4)

vV, »V,, +K X (TW -'T'W ) . (1.5

Here Ts, and Ds,, are the temperatures and absorbed
doses characteristic of a sample and of its immediate
water environment of density o, and speed Vy,; Ngg, IS @
sample primary radiation damage estimate by a specific
number of point defects; overlined quantities mean
those averaged over the IC length.

Coefficients «; (i € s, w, dpa, 1, v) were calculated
and applied to the subsequent analysis of experimental
data.

3. RESULTS AND DISCUSSION
3.1. IRRADIATION-ASSISTED CORROSION

The revealed correlations simplify the lookup of the
IAC regularities since they allow to reduce the number
of control state variables. Though both direct and indi-
rect irradiation agents co-operate, they were found to be
highly correlated. Thus, the problem of choosing the
principal ones is largely a matter of agreement. We
eventually settled on the choice of the sample absorbed
dose D = Dy and the local-to-sample water temperature
T, to be treated as direct qualifiers (Fig. 15).

In Fig. 15, a bi-linear trend is readily revealed for ra-
ther highly irradiated samples ##1—6 of both alloys:

(6m/S) =B(Tw—To) + C-D. (2)
“Witness’ samples No 7, 8 irradiated to much smaller
absorbed doses evidently drop out of this trend. There-
fore, it can be attributed to the irradiation effect. Despite
of a limited dataset, the reduced *~10® of the
GCT data fit (2) is encouraging. It is remarkable that
dose D and corrodent temperature T,, effects are in fact
decomposed at least to the 2" approximation (the terms
oc DT, are too small to stand out against a background
of data statistical scattering). Therefore, variables
(D, Ty) are acceptable as Principal Components (at
least, in the statistical meaning of this term) and the co-
efficients (B, C) can be treated as fundamental tempera-
ture and dose sensitivities of the corrosion of materials.

As it is seen in Fig. 15 insets, the best-fit value of
the temperature sensitivity factor B is 191 ug-cm >-K'
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for Inconel vs. 92 pg-cm >K ' for Zr-based alloy. Ni-Cr
alloy 690 oxidation is about twofold more sensitive to
the corrodent temperature; this promotes the KIPT fab-
ricated Zr-1%Nb alloy to have higher ‘thermal stabil-
ity’.

Opposite, the irradiation dose sensitivity coefficient
C of alloy 690, 239 pg-cm>-Trad ', amounts to almost
half of that of the Zr-1%Nb alloy, 435 pg-cm >-Trad .
This suggests Inconel™ grade alloys to be more irradia-
tion resistant in comparison with Zr-based alloy.

Indeed, these speculations are preliminary and re-
quire further experimental confirmations. Nevertheless,
they are first based on a firm quantitative background.
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Fig. 15. Scatter plots of the Fig. 2 GCT 6m/S data vs.
the chosen corrosion control variables D =D and T,

Thus, the following regularities of the alloys IAC
was revealed: at e -irradiation up to ~ 2.5 Trad absorbed
dose in the vicinity of the water supercritical transition
at a circulating coolant temperatures 360...373 °C, for
both Zr-1%Nb alloy and Ni-Cr-Inconel™ alloy 690, the
alloys’ corrosion/oxidation yield (i) increases linearly
with dose at a fixed temperature, and (ii) increases line-
arly with temperature at a fixed dose.

To elaborate predictive models of alloys oxidation
and corrosion in SCW under irradiation, the MSMS de-
duced empirical trend (2) has to be treated phenomeno-
logically. Let us note that, due to eq. 2 bi-linearity, it
can be agnostically represented as a sum of i-numerated
bi-linear terms each of which is attributed to a certain
driving force discussed in Section. 2.3:
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(6m/S) =Z{Br(Tw—To) +C'DF. (3

Such representation appeals only to the empirical sensi-
tivities B and C which are known, from data fit, only as
whole. Thus, one cannot find B; and C; unambiguously
otherwise than by performing the i" term dedicated me-
asurements having all j" # i terms parameters fixed.

However, the same bi-linearity of (2) suggests an al-
ternative constructive mechanistic approach. We intro-
duce phenomenological susceptibilities z4, partial deri-
vatives of the observable on a control variable, so that

om

?:ﬂs'Ts_’_ﬂw'Tw_’_/'le'Ds_'_/’lDw'Dw (4)

+/udpa . Ndpa + H,, “Pw T, V-
By equating (4) and (2) and applying correlations (1)
of state variables, the system of linear equations is de-
rived to find susceptibilities

B:/us_'_/uw_{_/uv’(v_:upwlcpw; (51)
C= HKs +:uDS +:uD Ky +1udpadea; (52)
TO = [(quKV _lupw KpWM>.TW _(/upw ﬁw +:uv\7w )]/ B (53)

Though the system (5) is generally underestimated,
certain partial closed phenomenological models can be
easily derived from it knowingly reducing (5) to the ex-
actly solvable form for a subset of control variables. The
obtained solutions form a basis for the further insightful
analysis. We continue to work in this direction.

3.2. THE IRRADIATION-ASSISTED SCC ORIGIN

In ref. [7], the SS 12X18H10T corrosion was studied
with two annual samples cut from the bottom and top
parts of the IC frontal tube #II, Fig. 16. The bottom
sample 11B/1/0 was highly (up to 14 keV/atom) irradiat-
ed and heated up to = 460 °C. The top sample 11B/4 was
situated out of the irradiation zone a little above 360 °C.
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Fig. 16. Experimental details and preliminary charac-
terization of the SS 12X18H10T annular samples [7]

In addition to the irradiation damage to ~ 610~ dpa
induced ~ 30% hardening, the bottom sample metallo-
graphy exhibited severe corrosion damage, right up to
the exfoliation of the internal surface contacted with wa-
ter. IGSCC was clearly identified inside and just behind
the delaminated layer. In contrast, only a rough oxide
film was found in the top sample along with certain tra-
ces of weak crevice corrosion but without any SCC.

Our MSMS FEM calculations have allowed to quali-
fy quantitatively and to clarify the origin of the obser-
ved significant distinction in corrosion behavior of these
samples. This is explained in Figs. 8, 10, and 17 in
which the annular profiles of the relevant quantities are
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presented as functions of the azimuth ¢ — [-7, 7] coun-
ted from the linac scanning EB symmetry axis ¢ < 0°.
The main reason of a qualitatively different corrosi-
on behavior lies in an uneven heating of the bottom
sample (see Figs. 8 and 16, 17) caused by the azimuthal-
ly varying absorption of the EB power (see Fig. 16) in
it. In Fig. 17, the FEM calculated temperature diagram
of the top sample 1IB/4 is fairly uniform and axially
symmetric since no other heat source except of the
coolant-to-pipe heat transfer exists for it. On the other
hand, the = 40 K high difference in temperature between
the front (0°) and rear (£180°) surfaces of the bottom
sample 1IB/1/0 takes place, with maximum gradient V 4T’
on the sides +90°. The EB induced temperature gradi-
ents immediately give rise to a thermal-elastic stress.
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Fig. 17. Circumferential temperature and hoop stress
profiles of the bottom (irradiated) and top
(unirradiated) samples of the IC SS pipe

Stress FEM calculations were performed assuming
standard mechanical properties of the 12X18H10T steel:
Young modulus £ =200 GPa, Poisson’s ratio x=0.30,
linear thermal expansion coefficient ap=1.2:-10" K.
The elasticity-domain model is valid up to the tempera-
ture reduced yield stress oy, ~ 178 MPa at 7'~ 400 °C.

Figs. 10 and 17 represent the results of the tensile
hoop stress FEM profiling of both samples at the static
elastic relaxation of the internal pressure, 23.5 MPa. For
the unirradiated sample 1IB/4, the inner surface hoop
stress o4~ 40 MPa is axially uniform and has a reason-
able value peculiar to the internal load of a thin tube.
However, at the internal surface of the highly irradiated
bottom sample 11B/1/0, o, is about 2...2.5 times greater
and increases from 85 MPa at the front side (0°) to
100 MPa at the rear (£180°) side of the sample.

The Fig. 17 dashed curve plotted auxiliary stress da-
ta (which were FEM calculated at zero internal pres-
sure) definitely attribute the observed difference to the
thermal elasticity effect. Thus, IGSCC of this sample is
due to the contribution (= 40...50 MPa) of the indirect
macroscopic effect of the irradiation, the thermal-elastic
hoop tensile stress. One can conclude that the SS
12X18H10T TASCC activation threshold stress value
exists and lies between 40 and 80 MPa. Dedicated ex-
periments are required to refine this estimate. The me-
chanical stress effect on the corrosion behavior and SCC
of prospective materials in SCW under irradiation is
strong. This suggests a roadmap for further R&D.
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4. CONCLUSIONS AND OUTLOOK

The NSC KIPT priority experimental data of in situ
e -irradiation of the topical GenlV SCWR Zr-, Ni-Cr-
and Fe-Cr-based structural alloys are qualified quantita-
tively and explained theoretically by means of the con-
sistent MSMS technique.

The bi-linear dependency of the Zr-1%Nb and In-
conel 690 alloys corrosion/oxidation rate on the irradia-
tion absorbed dose and water coolant temperature is first
revealed. The phenomenological model approach to the
evaluation of materials’ sensitivity to the temperature
and irradiation relevant corrosion agents is formulated.

The origin of the experimentally observed Inter-
Granular Irradiation Assisted Stress Corrosion Cracking
of the SS 12X18H10T material sample is evidentially
attributed to the indirect irradiation effect, the thermal-
elastic hoop stress. The existence of the IASCC activa-
tion threshold stress value is identified for the first time.

The developed MSMS technique is currently applied
to the substantiation and computational support of the
next-step in situ e -irradiation experiments aimed at the
investigation of corrosion under combined effect of su-
percritical water, irradiation, and mechanical stress load.
Within the proposed and patented technique, the con-
trolled bending stress is applied to the specimens in
compliance with the developed scheme base on the so-
phisticated multi-scale calculations of stress diagrams
and irradiation scenarios. The next generation target ir-
radiation cell has been designed, manufactured, tested,
and put into operation. The 500 h-exposure test irradia-
tion of twenty SS 12X18H10T made bent samples in the
SCW Circulation Loop was completed in September,
2019. Post-irradiation studies are in progress.
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BJIMSHUE JJIEKTPOHHOI'O OBJIYYEHMUS, TEMIIEPATYPbI U HAIIPSIKEHUSA HA
KOPPO3HIO CIINTABOB HA OCHOBE Zr, Ni-Cr U Fe-Cr BBJIN3U CBEPXKPUTHYECKOI'O
HNEPEXOJA BOJHOTI'O TEIIVIOHOCHUTEJIA

A.C. bakaii, B.M. bopuckun, M.H. bpamuenko, C.B. /{1onb05

KonmuecTBeHHbIC 3akoHOMEpHOCTH Kopposuu cmaBa Zr-1%Nb, Ni-Cr-cimaBa 690 u HepikaBerolei cranu
12X18H10T B oxonokpurnaeckoM (23,5 MIla, 360...380 °C) uupKynupyromeM BOJHOM TEIUIOHOCHTENE Pa3bICKH-
BAIOTCSl C IIOMOINBI0 MHOTOMACIITAOHBIX PacueTOB IOKa3aTeled PaJAnallMOHHOTO OKPYXEHHs SKCIEPHMEHTa Ha
CBEpXKpUTHYECKOW BogHOW KoHBeKImoHHOH neriie HHI X®TU mon obirygeHneM anekrtpoHaMu. Kaxnsrit u3 00-
Pa3moB KOJMYECTBEHHO OXapaKTEPH30BaH IO 03¢ OOIydeHHs, TEMIIEpAType, HAPSIKCHUIO M N3MEHEHHBIM BCIIEA-
CTBHE paJfoNN3a XUMHIECKUM COCTABOM OKPYXKAIOIIEr0 TEINIOHOCUTEIS. BriepBhie BRISIBICHBI M ONTMCAHBI B paMKax
NPE/ITI0KEHHOT0 MEXaHUCTUYHOTO MOJAEIBHOTO 10/1X0/1a OWIIMHEHHbIE YBEIMYEHUs TPUPOCTA MACCHl OKUCIICHHBIX
00pasIoB ¢ MOTJIONIEHHOH 10301 OONydYeHHS W TeMIlepaTypold KOPpPO3MOHHOTO areHra. [IpoucxokiaeHue HaOIo-
JICHHOTO B DKCIIEPUMEHTE KOPPO3HOHHOTO PACTPECKUBAHMS CTaJbHOTO 00paslia 00BbsCHEHO BBI3BAHHBIM OOJIyYEeHH-
€M TEepPMOYIPYTUM OKPY>KHBIM HampsbkeHHeM. [IpenckazaHno, 4To moporoBoe HampspkeHHE aKTHBAIMH PaCTPECKHUBa-
HUA JexuT B npenenax 40...80 MIla. IIpencraBieHa skcriepuMeHTalIbHAs METOJMKA UCCIIEIOBaHUS YIPABIIsEMO
KOHTPOJIMPYEMBIM HalpsHKEHUEM KOPPO3HUHU B CBEPXKPUTUUECKOH BOJIE 10T 00TyYEeHHEM.

BIIJIMB EJIEKTPOHHOI'O OITPOMIHEHHS, TEMIIEPATYPHU TA HAIIPYT'H
HA KOPO3IIO CIIJIABIB HA OCHOBI Zr, Ni-Cr I Fe-Cr IIOBJIN3Y HAAKPUTUYHOI'O
HEPEXOIY BOAHOI'O TEIIJIOHOCIA

O.C. bakaii, B.M. bopuckin, M.1. Bpamuenxo, C.B. /{11602

KinbkicHi 3akoHOMIpHOCTI KOpo3ii ciaBy Zr-1%Nb, Ni-Cr-crutaBy 690 i HeprkaBitodoi crani 12X18H10T y 6i-
nsaxputaaHoMy (23,5 MIla, 360...380 °C) BomHOMY TETIOHOCI, 0 HUPKYIIOE, PO3MIYKYIOTHCS 3a JOTIOMOTO0 0a-
raToMacITa0HUX PO3paxyHKiB MOKA3HHUKIB padiallifHOrO OTOYCHHS €KCICPUMCHTY Ha HaIKPUTHYHIA BOXHIN KOH-
BekuiiHii netni HHI X®TI mig onpoMiHeHHAM enekTpoHaMHu. KoxxHUIT 13 3pa3KiB KiIBKICHO OXapaKTEepH30BaHUHA
3a JI03010 ONMPOMIHEHHS, TEMIIEPATYPOI0, HAIPYTOl0 Ta PATIOIITUYHO 3MIHEHUM CKJIaJOM OTOYYHOUYOI'O TEIUIOHOCIS.
Brepiie BusiBiieHi i omucaHi B Me)ax 3alpOIOHOBAHOTO MEXaHICTUYHOI'O MOJENBHOTO MiAXOAY OiiHINHI 3011b-
IICHHS TPUPOCTY MAacH OKUCIICHHWX 3Pa3KiB 3 MOIVIMHEHOK0 J03010 ONMPOMIHEHHS Ta TEMIIEPAaTypOI KOpPO3iiHOTro
areHra. [I0X0/KEeHHsI CIIOCTEPEKEHOT0 B EKCIIEPUMEHTI KOPO31IMHOTO PO3TPICKYyBaHHS CTAIBLHOIO 3pa3ka MOSCHEHE
BUKJIMKAHOIO OITPOMIHEHHSM TEPMOIIPY)KHOIO OKPY>KHOIO HAIPYrolo Ta nependavyeHo, 0 HUXKHS IPaHUYHa HaIlpy-
ra akTuBaiii po3TpickyBaHHs JekuTh moMik 40 i 80 MIla. [IpencraBieHa ekCrepUMEHTabHA METOIUKA TOCTi-
JDKEHHSI KepOBaHOT KOHTPOJIBOBAHOIO HAIIPYTO0 KOPO3ii B HAAKPUTHUYHII BOJI ITiJ] OIIPOMiHEHHSIM.

ISSN 1562-6016. BAHT. 2020. Ne1(125) 7



