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Valence electron structures and properties of Ni-based corrosion resistant alloy
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Abstract: The corrosion resistance and mechanical properties were tested and compared for the newly synthesized as-cast,
as-solution Ni-Cr-Mo-Cu corrosion resistant alloys and 1Cr18Ni9Ti austenitic stainless steel. Their valence electron structural units
were constructed, and the relative parameters were calculated by means of the Empirical Electron theory of Solids and Molecules
(EET). The results show that, during alloy elements Cr, Mo and Cu entering Ni-matrix, the bonding strength n,and bonding energy
E, of the strongest bond of the alloy are greatly increased, causing the stronger solid solution strengthening effects (about 30%
increase in o). Also, as reinforcement of the main bond network and the improvement of stability of the alloy system due to the
solution of these alloying elements in y-Ni, the ionization of metal atoms in corrosion solution and the flow of electrons from anode
to cathode would all be impeded during electro-chemical corrosion processes, which leads to the excellent corrosion resistant ability
of the present Ni-Cr-Mo-Cu alloy (about 2-3 orders of magnitude as high as 1Cr18Ni9Ti austenitic stainless steel) in several highly

aggressive solutions.
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1 Introduction

The corrosion resistant materials, as a member of
ecomaterials, play an important role in coordinating the
relationship between materials and
Comparable with stainless steel, other corrosion resistant
metals and non-metallic materials, nickel-base alloys can
provide not only superior corrosion resistance to various
types of chemicals, but also good mechanical properties
and workability[1]. Researches and practices[1—3] have
shown that Ni-base alloys are most suitable for
applications in  highly aggressive environment,
sometimes being unique choice, such as containing-rich
iron and chloric ions. Recently, corrosion behaviors of
NiCrFe 600 alloy and NiCrMo 625 alloy in high
temperature, hydrogenated water and in acetic acid
reported[4—6], and researches on
improved pitting corrosion behavior and electrochemical
corrosion behavior of Ni-base alloy coatings[7-9] by
electrodeposited nanocrystalline[7] and double glow
plasma alloying technique[8] were emphasized.

Adding Cr, Mo, W and Cu etc to pure nickel,

environment.

solution were

Ni-base alloys can be endowed with more excellent
properties, which constructs a wide range of nickel-base
corrosion resistant alloys. However, up to now, the nature
and micro-mechanism of its corrosion resistant behavior
have not been clear from the point of view of materials
science.

Based on the tests of mechanical and corrosive
properties for the present newly developed Ni-Cr-Mo-Cu
alloy, its valence electron structures were calculated and
analyzed by means of the Empirical Electron Theory of
solid and molecules (EET)[10] in order to explore its
solution effects and natures of outstanding corrosion
properties, which has not been seen in recent published
works and should have scientific and
engineering significance.

obvious

2 Synthesis and properties of tested Ni-Cr-
Mo-Cu alloy

Based on new progress in corrosive resistant alloy,
the main composition (mass fraction, %) ranges of the
present designed alloys are Cr 20—25, Mo 1420, Ni=
60 and some of copper (<3) according to the APF
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(=4Cr/(2Mo+W)) factor as a relevant value. After melted
in consumable electrode vacuum arc furnace (about 5 kg,
see Fig.1), the solution treatment(2.5 h, see Fig.2) at
1 140-1 170 ‘C was done for homogenizing and then
water-quenched for anstenitizing[11]. Its mechanical
properties are shown in Table 1. The corrosive tests of

Fig.1 As-cast microstructures of Ni-Cr-Mo-Cu alloy melted at
consumable electrode vacuum arc furnace

o]

Fig.2 As-solution condition microstructures of Ni-Cr-Mo-Cu
alloy: (a) 1 140 C+2.5h; (b) 1 170 C+2.5h

the present Ni-Cr-Mo-Cu alloy were performed at 90 C
for 100 h in 50% HNOs, 30% HCI, 15% FeCl; solutions
and mixed acid (20 mL 36.4% HCI+20 mL
65%HNO;+50 mL H,0), and its results of as-cast and
as-solution conditions are all shown in Table 2 (Taking
austenitic stainless steel 1Cr18Ni9Ti for comparison).

Table 1 Mechanical properties of as-cast and as-solution
conditions of Ni-Cr-Mo-Cu alloy

Condition Strength/MPa Hardness(HRB)
As-cast 570 85.3(or HB165)
As-solution 700 97.0(or HB215)
1Cr18Ni9Ti 530 82.5(or HB156)
Pure Ni 450 73.0(or HB118)

Table 2 Comparisons of corrosion resistance between as-cast
and as-solution conditions of Ni-Cr-Mo-Cu alloy and
1Cr18Ni9Ti austenitic stainless steel

Corrosion resistance/(g'm >h™")

Condition
50%HNO; 30%HCl Mixed acid 15%FeCl,
As-cast 02643 85019  0.1070  0.0171
As-solution 02258  6.1265  0.0848  0.0137
1Cr18Ni9Ti  1.0634 3364780 0.9501  15.0057
3 Establishment of valence electron

structural models of Ni-Cr-Mo-Cu alloy

According to EET[10], the main valence electron
structural (VES) units of Ni-Cr-Mo-Cu alloy change
from the single y-Ni unit of pure nickel into y-Ni,
y-(Ni-Cr),  y-(Ni-Mo),  y-(Ni-Cu),  y-(Ni-Cr-Mo),
y-(Ni-Cr-Cu), y-(Ni-Mo-Cu), y-(Ni-Cr-Mo-Cu) units, and
obviously, the units containing copper have a few
proportion. The calculating models of these structural
units  (p-Ni,  p-(Ni-Me),  y-(Ni-Me'-Me*)  and
y-(Ni-Me*-M¢e*-Me®)) are  shown in Fig3, in
consideration of the symmetry of structural unit[10].

4 Calculation results and analysis

The main calculated results of VES parameters of
the above structural units are shown in Table 3 by means
of the bond length difference (BLD) method[10] of EET,
in which n,, ng and E,, Ep are the co-valence electron
pairs and their bond energy per mole of the strongest
bond and the second one, respectively, £ is the total
binding energy of all interatomic bond in unit
(considering the contribution of lattice electrons and
magnetic electrons), and Yn, is the total co-valence
electron pairs in structural unit. Table 4 lists the results of
1Cr18Ni9Ti as the comparison object.
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Fig.3 Calculation models of structural units of Ni-base corrosion resistant alloy: (a)y-Ni unit; (b)y-(Ni-Me) unit; (c) y-(Ni-Me*-Me” )

unit; (d)y-(Ni-Me*-Me’-Me*) unit

Table 3 Valence electron structures of Ni-Cr -Mo- Cu corrosion resistant alloy

Structure unit Hybrid state T, E, /(kJ-mol™) E/(kI'mol ™"
. N ny (Ni-Ni)  0.52500 47.905 4
7-Ni NEALS ng (Ni-Ni)  0.010 00 0.645 2 2317.37
. Ni%:A13, NiA13 ng (Ni-Ni)  0.548 10 50.009 1
7-(Ni-Cr) Cr:A3 ng (Ni-Cr)  0.402 10 51.938 4 246580
. Ni%:A14, Ni:A14 ny (Ni-Mo) ~ 0.572 30 86.807 9
7-(Ni-Mo) Mo:A4 ng (Ni-Ni)  0.437 10 40.693 9 3 088.10
. Ni%:A14, NiA14 ng (Ni-Ni)  0.543 60 50.606 8
7-(Ni-Cu) CuAld ng (Ni-Cu)  0.537 80 49.116 7 2412.01
. Ni:A14, Nit:A14 n4 (Ni-Mo)  0.553 70 83.979 8
7-(Ni-Cr-Mo) Cr:AS, Mo:A4 ng (Cr-Mo)  0.447 90 96.394 9 3181.14
) Ni%:A14, Ni': A14 ng(Ni-Ni)  0.541 20 49.782 8
7-(Ni-Cr-Cu) Cr:A5, Cu:Al8 ng (Ni-Cu)  0.53170 48.639 4 244021
. Ni%:A14, Ni': A14 nys(Ni-Cu)  0.548 20 49.776 0
7-(Ni-Mo-Cu) Cu:Al12, Mo:A7 ng (Ni-Ni)  0.542 60 50.513 6 2 644.64
. Ni:Al4, Cr:A2 n 4 (Ni-Mo)  0.592 40 88.860 1
7-(Ni-Cr-Mo-Cu) Mo:A3, Cu:Al5 n 5 (Mo-Cu)  0.584 23 86.028 7 3019.47
Table 4 Valence electron structures of 1Cr18Ni9Ti stainless steel
Structure unit Hybrid state >hg ny ng ne
y-Fe Fe:Bl11 16.008 4 03299 0.006 0 0.000 3
7-(Fe-Ni) Fe“:Bl11, Fe"B11, Ni:A14 18.8419 0.394 5 0.382 1 0.007 4
y-(Fe-Cr) Fe®:Bl1, Fe":B11, Cr:6 15.6870 0.3320 03146 0.006 1
»-(Fe-Cr-Ni) FeC:Bl11, Fe':Bl11, Cr:6, Ni:A14 18.520 5 0.398 2 0.385 7 0.377 2

First, from Tables 3 and 4, the bond strength n, of
both pure nickel and Ni-Cr-Mo-Cu alloy is much larger
than that of 1Cr18Ni9Ti (about over 52%, their average
values are 0.553 1 and 0.363 6, respectively).

Second, n, increases with the addition of element Cr,
Mo and Cu to y-Ni (the largest value reaches 0.592 4),

and the bond energy E, from 47.905 4 kJ/mol to
88.860 1 kJ/mol respectively. Especially, increment of
the bond energy of the constructed Ni-Mo bonds in
Mo-containing units attains 75%—85% comparable to
Ni-Ni bond of y-Ni. And the main bond network and its
co-valence bond strength of Ni-Cr-Mo-Cu alloy are
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enhanced greatly, which causes the effects of solution
strengthening. As a result, the strength of the tested
Ni-Cr-Mo-Cu alloy (570—700 MPa) is not only higher
than that of as-solution 1Cr18Ni9Ti austenitic stainless
steel, but also much higher (about 30%) than that of pure
nickel (about 450 MPa).

In fact, the corrosion of metals in solution belongs
to the electrochemical corrosion, which always matches
with an anode reaction, metal as an anode solutes and
changes into positive ions or compound relative to the
loss of material. Meanwhile, the electrons produced in
the anode reaction will flow through the metal and be
used up in a cathodic reaction. Therefore, the corrosion
process and its reaction rate of metal mainly depend on
the extent of metal ionization and the flow resistance of
charged micro-particles.

For the present Ni-alloy, on the one hand, with the
addition of Cr, Mo and Cu, the binding energy £ (about
37% for y-(Ni-Cr-Mo) units over y-Ni unit) and the
strongest bond strength 7, all increase, these leading to
the higher stability of metallic system, the larger binding
to metal atoms and the more difficulty of metallic
ionizing process. On the other hand, with the
enhancement of the main bond network, bond energy and
binding energy, the vibrating frequency and restoring
force of atomic bonds will all rise greatly[12] and the
“empty orbit” space of unsaturated fractional co-valence
bonds by resonance[10] will be shortened, which causes
the larger obstruction against the electron flow from
anode to cathode in corrosion process. These factors will
improve the corrosion resistant ability of Ni-Cr-Mo-Cu
alloy. The present tested alloy shows much low corrosive
rate either in oxidizing solutions or in reducing solutions,
especially in FeCl; and HCI solutions, about 2—3 orders
of magnitude as high as 1Cr18Ni9Ti austenitic stainless
steel for its corrosive resistance.

5 Conclusions

1) The valence electron structures were built and the
relative parameters na, ng, Ea, Ep and E were calculated
for newly synthesized Ni-Cr-Mo-Cu corrosion resistant
alloy.

2) With the addition of element Cr, Mo and Cu to
nickel, the bond strength n,and bond energy E, of the
strongest bond all increase obviously, which causes the

larger solution strengthening effects (about 30% increase
in o’b).

3) The solutions of Cr, Mo and Cu can reinforce the
main bond network and binding energy, its average value
of np 52% over 1Cr18Ni9Ti stainless steel and Ni-Mo
bond energy of Ni-Cr-Mo-Cu alloy 80% over Ni-Ni bond
energy of pure nickel, which will make the ionization of
metal atoms in corrosion solution and the flow of
electrons form anode to cathod more difficult. As a result,
the present Ni-Cr-Mo-Cu alloy has excellent corrosion
resistant ability, about 2—3 orders of magnitude as high
as 1Cr18Ni9Ti in highly aggressive solutions.
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