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1 INTRODUCTION

Stress corrosion cracking (SCC) has been attributed to many engineering failures, some of which have resulted in
loss of life and others in significant economic losses. Many experimental as well as mechanistic modeling efforts
have been made to try to solve the light water reactors SCC problem but it still remains unclear [1,2]. It is difficult
to explain in details such a complex problem like SCC. Recent, analytical transmission electron microscope
(ATEM) study showed that the crack tip is as narrow as 1-5 nm [3]. This narrow region is believed to be the
molecular domain which is very effective zone to understand the SCC mechanism. This molecular domain region
is difficult to analyze by experiment to clarify this phenomena. Most of the SCC phenomena have been observed
in face centered cubic (fcc) metals and alloys because of their limited slip system and so on. Many SCC has been
experienced in austenitic stainless steels and Ni-base alloys in light water reactor (LWR) environments. For this
reason, it is rational to consider the fcc structure for all cases even in case of iron structure calculations. This work
is focused on trying to better understand the fundamental solid state oxidation mechanism of fcc Fe (111), Fe-Cr
(111), and Fe-Cr-Ni (111) surfaces considering nanoscale SCC crack tip domain at high temperature and by
considering oxidation phenomenon theoretically design the expected SCC resistant Ni-base alloy.

2 OPTIMIZATION OF PARAMETERS

Tight-binding method being used for the analysis of chemical reaction dynamics on the metal surface for using the
slab model, with a density functional theory (DFT) method being used for understanding the adsorption
mechanism of metal surface along with the screening of alloy candidates which is expected to be resistant to SCC.
A suitable set of parameters is very important for the tight-binding calculation of alloys and it is the most difficult
task. We have obtained diatomic properties and compared with the DFT and experimental results. By considering
these parameters, bulk systems have been analyzed and compared with the available results. As for example, the
calculated cohesive energy for the chromium metallic bulk system is 3.98 eV, the value shows well consistency
with the experimental value 4.10 eV. On the other hand, calculated atomic oxygen mean square displacement
(MSD) value 0.03 A? is close to the value observed by XRD 0.01 A? [4]. The set of parameters have been
selected for the alloys with water interaction at BWR conditions.

3 STRESS CORROSION CRACKING STUDY OF FCC Fe, Fe-Cr, AND Fe-Cr-Ni ALLOYS

From computational chemistry point of view, the simplest and most natural model of a surface is a cluster of metal
atoms. The cluster model has been used to treat the chemisorption or diffusion phenomena on transitional metal
surfaces for at least last two decades. This method has been done both of ab initio and tight-binding self consistent
field (SCF) methods. Real materials composed of several kinds of elements and systems are more complex. The
logical first step in moving towards the study of more realistic materials is the study of single crystal binary or
ternary models with water at high temperature conditions. Mechanical factor such as strain is necessary to
consider within this kind of environment to understand reaction phenomena at the atomistic level. Hence, in the
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Figure 1 MSD comparison of prefect matrix and defective with strain matrix.
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Figure 2 Mulliken population of matrixes.

present study, quantum chemical molecular dynamics (QCMD) simulation is applied for the initial stages of the
reaction process on the Fe, Fe-Cr, and Fe-Cr-Ni regular and defective matrixes with and without strain in high
temperature water. The objective of this study is to investigate solid state oxidation of Fe (111), Fe-Cr (111) and
Fe-Cr-Ni matrixes at high temperature environment by considering QCMD. The tight-binding calculations have
been performed by using ‘colors’ code with slab model which is consists of 48 metallic atoms with monolayer six
water molecules. At the early stage, water is decomposed and diffused into the matrixes with respect to time
which indicates the surface oxidized and metal atom segregate from the surface. Fe and Cr segregated from the
matrixes whereas Ni atoms slightly move upward. This phenomenon revealed the Ni enrichment at the crack tip
region. Addition of Ni reduced the oxygen MSD value due to nickel oxygen strong bond formation. Surface
morphology showed that the Fe, Cr and O were accumulating on top of matrixes and Fe, Cr, Ni, and O were
trying to make bond below this layer which revealed the outer oxide and inner oxide formation, respectively. The
strain and defective matrix have shown that the Fe and Cr segregated from the surfaces whereas Ni atom slightly
moved to the upper direction, which is similar to the regular matrix. This phenomenon revealed the Ni enrichment
at the crack tip region, which is good agreement with experimental results [5]. MSD of oxygen for defective
matrix is higher than the regular matrix. It seems that the defective matrix locally oxidized faster than regular
matrix. Strain enhanced the diffusivity of adsorbed atom in the matrixes (see Fig. 1). Addition of Cr reduces
oxygen atom mobility due to Cr enriched passive film formation in the matrix. Hydrogen atom diffusivity has
significantly increased for the defective and strain matrixes in comparison to other matrixes, as shown in Fig. 1.
The simulation results made clear that strain plays a role in enhances the dissociation of number of water
molecules which lead metal segregation. Figure 2 shows that the diffused hydrogen atoms have negative charge,
result is consistent with the previous DFT study [6,7]. These negatively charged hydrogen atoms into matrix
oxidized the metallic structure as like as oxygen which weakens the metal atomic bond. Hydrogen atoms diffused
deeper in matrixes than the oxygen. As a result, this negatively charged hydrogen atoms work as a oxygen carrier
into the matrix [8]. This mechanism enhances the localized oxidation process which increased the metallic solid
state oxidation and metal atom bond breakage. This process initiates the cracking of metals.
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Figure 3 Schematic of SCC resistance alloy.

4 THEORETICAL DESIGN OF SCC RESISTANT Ni-BASED ALLOY

Metallic surface reaction dynamics with defective matrix and strain was discussed in the previous section by
considering tight-binding SCF method. This method has been successfully applied to analyze the surface
phenomenon of Fe-base atomistic slab model [9]. It has been observed from the tight-binding SCF method that
initially water adsorbed on the metal surfaces and dissociated. The dissociated oxygen and hydrogen diffused into
matrix and finally oxidized the surfaces. It indicates that the adsorption mechanism is important for understanding
the oxidation of metal surfaces. By considering this point, DFT method is another suitable tool which can
precisely describe the metal surface adsorption phenomenon. DFT calculation was carried out to better understand
the adsorption phenomenon of water molecules, atomic oxygen, and hydrogen in the nickel and chromium
substituted nickel matrix. The calculated value revealed that the fcc hollow site is energetically most favorable for
oxygen and hydrogen adsorption. The fcc hollow site adsorption energy of 6.15 eV for Ni-Cr matrix was found to
be the highest chemisorbed site among all the cases studied here. Atomic charge analysis indicated that the net
charge transfer from Ni-Cr matrix to oxygen atom is the maximum. It is found that the on top site is the
energetically preferable for water molecule adsorption. Adsorption energy as well as charge analysis indicated the
water weakly adsorbed on the metal surfaces and the adsorption was not dissociative. Atomic oxygen remains
closer to matrixes in comparison to oxygen of water molecules. The DFT calculations implied that the Ni-Cr
matrix is energetically stable for adsorbing atomic oxygen, hydrogen or water molecules in comparison to Ni
matrix. The high metal-oxygen bond strength is evidently necessary for the stability of the passive film and the
low metal-metal bond strength favors the rapid nucleation and growth of the oxide by facilitating the breaking of
the surface metal-metal bonds involved in the early stages of passivation. On this basis, it is believed to be
chromium is a passivation promoter. So, surface reactions at the atomic or molecular level understanding may
provide the fundamental aspects in oxidation problems, which is very useful for SCC. DFT study revealed that the
oxygen makes the strong bond with the metal. Oxygen diffusivity in metal is important for oxidation process. This
method has been applied to find suitable elements for the Ni-based alloy, which can form a stable oxide film, as
shown in Fig. 3. From the cluster model, Li, Na, K, Mg, Ca, Sr, Ba, Sc, Y, Ti, Ce, V, Cr, Pd, and Cu elements
have large negative oxidation energies, compared to Ni. This also indicates that the following elements can
accelerate the growth of oxide film on metal surface. Hf, Ta, Si, Sc, Ti, Y, Zr, Nb, Rh, W, P, Pd, and Pt elements
have high activation energy that implies small oxygen mobility in presence of these elements. Ba, K, Na, Sr, and
Zn have a large interatomic bond distance compared to Ni-Ni bond distance. These elements affect on the oxide
film protective property as a localized strain. Amongst these elements, Ti, Sc, and Y have high oxidation and
activation energies, which satisfy both the requirements. These elements are suitable for the formation of a stable
oxide film, as well as possessing small interatomic bond distances compared to Ni. DFT calculations suggested
these three elements are favorable for incorporation into Ni-based alloys and another two elements, Hf and Zr, are
very competitive. Based on these results, the bulk model has been calculated, with the substitution of these
elements into the Ni bulk. The bimetallic bulks (Ti, Sc, and Y) have higher oxidation energies than Ni bulk. The
values are consistent with the small cluster model. Mulliken population analysis has shown that the substitute
elements have enhanced the electron transfer in both models. Finally, the present calculation recommends that the
addition of Ti, Y, or Sc is expected to improve SCC resistance for Ni-base alloy which shows good agreement
with experimental study [10-12]. This calculation has been performed, based on the interstitial oxygen effect. For
further clarification and confirmation of the result, it is necessary to simulate a large model with different surface
oxidation phenomena, as well as performing experiments.



5 CONCLUSIONS

The QCMD have been successfully applied to analyze the SCC phenomenon at the atomistic level. Tight-binding
SCF method revealed that hydrogen quickly dissociated and penetrated into matrix. The deeply penetrated
negative hydrogen into matrix initiated chemical reaction. The positively charged metal atoms donate excess
electron to the deeply diffused hydrogen atoms which initiate the chemical reaction into matrix. Consequently
oxygen diffusion into the matrix increased the electron transfer from metallic atom to oxygen which makes
attraction in between negatively charged oxygen and positively charged metal atom and the repulsion occur in
between metal-metal atom. It has been pointed out that in dealing with complex many electron systems there is
generally no single unique way to analyze the bonding. However, the cluster calculations indicated that the
transitional metal 4s orbitals were most important with some contribution from the 34 orbitals [13]. The metal-
oxygen electron transfer process helps to form strong bond and finally breakage the ultimate metal-metal bond.
The bond breakages indicate the oxidation and formation of oxide layer on the surface. This kind of chemical
reaction may take place at the crack tip molecular domain which can assists mass transfer on the regular basis.
This process plays a key role in subsequent localized corrosion nucleation like initiation of stress corrosion
cracking. On the other hand, DFT revealed that the oxygen made stronger bond with metal. This strong bond may
help to reduce the oxygen diffusivity into matrix which can slow down the oxidation process. Based on this point,
DFT calculation referred to Ti, Y, and Sc is the best suitable elements among the thirty nine elements which show
good agreement with the experimental results. This study provided us fundamental information for the
development of expected SCC resistant Ni-base alloy.
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FHiicESx RSN TEY, SREmBLEOT / @RICBIT 2B ICIEE- TV, £ TR
WETIE, Z0T /BRTOISABRENAROAEMEA* BRI, BFSFEH¥QCMDIER IS
LCERERIECBITDRTF LN TOBRRIGEB 2T LTS, &Ko, KBEFCE4ETEX
GBI E COBRRBE IR T D, Ko tOWE &L REERICR URRE L -fE L kEDSLNEGT
DILHER), EHICINLIIRIETOTACERRMOEELMALLELOT, £HESENLLS,

F1EE, FAROERL BR, KX oMmEZiR~Twn3,

F2ETIE, ABITTHAVWS QCMD TRV EER, 42 BRI AEBROTEROEFREIA
Frve S —RBICE S BENBEEOFDETSRICESERETA L L biZ, FOFF
YU NERCTEAT LI Bt L R ERER LT AL T, BRELEERT Vv LR
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H L Tiit SCC #iItENc= vy T VEEEOBRHDOBRFEZIT-TWA, FORE, BILYFMmRTF
NE—DBRTKEL, BFHEEZRAF—BETKEVWEEL LT, Sc, Ti, RRY TEOEMAM
SCC #Em EIZEHTH L Z LEREL T3, ZhiITHGALBO TEELGRTH S,

EBTETHE, BEFOAETEDSCCHEAI=XA ¥ ERMICEEL, BLTWS, ~hi
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