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Quantitative determination of anti-structured defects applied to
alloys of a wide chemical range”
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Anti-structured defects bridge atom migration among heterogeneous sublattices facilitating diffusion but could also
result in the collapse of ordered structure. Component distribution Ni75 Al Vo5, alloys are investigated using a microscopic
phase field model to illuminate relations between anti-structured defects and composition, precipitate order, precipitate type,
and phase stability. The Niy5 Al V,s_, alloys undergo single Ni3 V (stage I), dual Ni3Al and Ni3V (stage II with Ni3V prior;
and stage III with Ni3 Al prior), and single Ni3 Al (stage IV) with enhanced aluminum level. For Ni3V phase, anti-structured
defects (Vni1, Niy, except Vyj2) and substitution defects (Alyi1, Alniz, Aly) exhibit a positive correlation to aluminum in
stage I, the positive trend becomes to negative correlation or smooth during stage II. For Niz Al phase, anti-structured defects
(Alnj, Nia) and substitution defects (Vyi, V1) have a positive correlation to aluminum in stage II, but Nia; goes down
since stage III and lasts to stage IV. Vy; and V) fluctuate when Ni3 Al precipitates prior, but go down drastically in stage
IV. Precipitate type conversion of single NizV/dual (Ni3V+NizAl) affects Ni3V defects, while dual (Niz V+NizAl)/single
Ni3Al has little effect on Ni3Al defects. Precipitate order swap occurred in the dual phase region affects on Niz Al defects

but not on Ni3zV.
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1. Introduction

Defects of intermetallic compounds have been widely
studied, and will stay active as long as structural materials
are in service.['™5! These defects include dislocations, vacan-
cies, and substitution defects. Dislocations explain that the
deformation strengthening vacancies are necessary for atom
diffusion, while substitution defects account for solid solution
strengthening. However, another kind of defects, named anti-
structured defects, have been discussed frequently in semi-
conductors but scarcely mentioned in structural materials.[6-8]
Anti-structured defects are intrinsic defects that strongly rely
on temperature and composition. It is not generally distin-
guished from substitution defects in intermetallic structural
materials. An anti-structured atom is usually defined as mis-
taken atom occupancy. Take face centered cubic A3B type
intermetallic compounds as an example, an A atom resides
on the face center (o sublattice) while B is on the corner (f3
sublattice) in a perfect cube, when A replaces B on the cor-
ner an anti-structured defect Ap arises. Similarly, B4 indi-
cates that an anti-structured atom B replaces the host atom
A on o sublattice (face center), graphically demonstrated in
Fig. 1. Experimental observation and theoretical computation
have manifested that anti-structured defects are considerably
greater than vacancies.>'% Anti-structured defects participate
in atom diffusion in many ways, for example, triple-defect
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mechanism, anti-structure bridge mechanism,
jump cycle mechanism,!'®!7 divacancy mechanism,!
and intrasublattice mechanism.>!->31 On the other hand, too
many anti-structured defects will result in structure collapse

and catastrophic mechanical failure.
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Fig. 1. (color online) Schematic representation of L1,-NizAl: (a) per-

fect structure, (b) an example of anti-structured defects Nia; and Aly;
(gray dots are Ni atoms, purple dots are Al atoms).
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Diffusion by vacancy migration is generally accepted
in the tradition. Theoretical computation verified the over-
whelming superiority of anti-structured defects in intermetal-
lic compounds, therefore, the idea that atom diffuses via anti-
structured defects arises.!'3!729 Take the L1,-Ni3Al phase as
an example, one nickel atom is accompanied by eight nickel
atoms and four aluminum atoms, therefore, a nickel atom can
migrate by exchanging with the neighbor nickel (o sublattice)
without disturbing the § sublattice. An aluminum atom has
twelve direct bonded nickel atoms as neighbors, thus, it is un-
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favorable for it moving exclusively through the f sublattice,
it has to migrate through the o sublattice via anti-structured
defects Alnj. As a matter of fact, even a nickel atom also mi-
grates through o and 8 sublattices with the participation of
anti-structured defects Niy;.[25-26]

Ternary Ni—-Al-V alloy, having fcc-derived L1,-NizAl
and D0,-Ni3V phases precipitate competitively, exhibits
prominent performance such as outstanding high-temperature
strength, high structure stability, and good oxidation resistance
ascribing to the abnormal stress effect. Ni3Al phase can hold
L1, configuration until the melting point because of the low
diffusivity due to the geometry close packing structure. NizV
phase with D0y, configuration is unstable when aluminum is
added, its B sublattice is prone to be occupied by aluminum
addition, and leads to the Ni3(Al, V) phase transforms from
D0y, to L1,. Ni3(Al, V) compound may display L1, structure
or D0y, structure while most experimental observation and
theoretical computation favor L1, other than D05,.1121 This
intrinsic property of D0, structure can also account for dras-
tic Ni3V reduction when the aluminum composition is slightly
enhanced. Both Ni3zAl and Ni3V phases are characterized by
low vacancies but concentrated anti-structured defects. 262!
Many prominent properties are related to the thermodynamic

equilibrium anti-structured defects linking to chemical com-
position. The relation between anti-structured defects and
the composition is clarified by the manipulating chemical ra-
tio of Al/V in Niy5AlVy5_, alloys in this study. For such
an L1,-D0,, competitive precipitation system the relation is
more than a simple issue related to the composition but to the

precipitate type and the order with the composition varying.

2. Equation of motion

The microscopic phase field model is generally used to
describe the microstructure evolution and the related quantita-
tive prediction.?8=311 It characterizes the phase transition and
the morphology evolution using single sublattice atom occu-
pancy probabilities Pa(r,1), Ps(r,
system. Here, Pa(rt), Ps(r,t
gle sublattice atom occupancy probabilities of elements A, B,

t), and Pc(r,t), for a ternary
), and Pc(r,t) represent the sin-

and C at a given time ¢ and sublattice r, respectively. Ignore
the vacancy effect and simplify the model, these three atom
occupancy probabilities fulfil Pa(r,t) + Ps(rt) + Pc(rt) =1
with only two independent items on each sublattice. Suppose
A and B are the two independent variables, the Langevin-type
dynamic equation is given by!3?!

dPa(r) 1 ¢ n_ 9F n_oF

T_mg |:LAA(V—V ) m—i—LAB (r—r") 81’3(}”@} +& (r,1), o
dPa(rt)_ 1 ¢ oF y - oF

s i 180 g ) | 40

where L(r — r’) is a constant related to the exchange probabil-
ity of a pair of atoms at  and #’ per unit time; 7 is the absolute
temperature; kg is the Boltzmann constant; & (r,f)is a thermal
noise governed by fluctuation-dissipation theorem to simulate
the thermal fluctuation; F is the total free energy given by the
following equation under the mean-field approximation:

+(1=Pa(r,t) =P (r,2) ) In(1—=Ps (r,2) =P (r,1)), (2)

where V,,(r — rf) is the interaction energy between compo-
nents a (a is A, B or C) at sublattice r and b (b is A, B or
C) at sublattice r’.
and the arrangement of the three components, a fourth-nearest

Considering all the likely atom migration

neighbor interaction energy model is introduced to describe
the free energy. The Valb,chb,Vfb, Va4b are respectively, the first-,
second-, third-, and fourth-nearest neighbors with an effective
interchange interaction energy between components a and b.

In this study concerning Ni—Al-V alloy, we use the following
interaction parameters (meV/atom): 3%

Nickel and aluminum interaction: V; = 122.30, V, = 6.0,
V3 =16.58, and V;, = —6.82;

Nickel and vanadium interaction: V| =
V3 =-9.6,and V;, = 12.8;

Aluminum and vanadium interaction: V| = 40.0, V, =
—30.0, V3 = —80.0, and V4 =
be written as

107.2, V, =32.0,

0.0. The interaction energy can

Vo (k) = 4V} (cos mhcos mtk 4 cos wheos mtl + cos thcos 7l
+2V2 (cos2mh 4 cos 27k 4 cos 27l
+8V,, (cos2mhcos wkcos xl
+ coshcos2ml cos !
+ cos wk cos 1l cos 27rl) + 4Va4l7 (cos 2mthcos2mk

+ €08 27h cos 271 4 cos 27k cos 271 3)

It is advantageous in quantitatively describing the atom distri-
bution using atom occupancy probabilities of P, P, and FPc.
We capitalize on this advantage to explore atom occupancy-
composition relation involving atom rearrangement and phase
transition.
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3. Results and discussion

Computation proceeds on a 128 x 128 matrix with peri-
odic boundary condition applied along both Cartesian axes.
The NiysAl Vo5, alloys contain 75 at.% nickel and total
25 at.% aluminum and vanadium. Aluminum composition is
enhanced consecutively from 1 at.% Al to 20 at.% Al with
a concentration gradient of 1%. Atom occupancy probabili-
ties of nickel, aluminum and vanadium are checked on each
128 x 128 site for these alloys.

3.1. Precipitate order and precipitate phases

Precipitated phases Ni3V and NizAl evolve in a way “sin-
gle Ni3V phase — dual Ni3Al and prior Ni3V phase —dual
Ni3V and prior Ni3zAl phase —single NizAl phase” with the
enhanced aluminum composition, a typical example of such
a “microstructure-chemical composition relation” is shown in
Fig. 2 for Ni75Al,Vys5_, alloys aging at 1150 K. In detail, the
whole process can be divided into four stages by the precipi-

tate order and phases as follows.

Fig. 2. (color online) Microstructure evolution with the enhanced aluminum composition for Niz;s Al Vs, alloys aging at 1150 K. (a) x =1,
G)x=15@Cx=2,(dx=3,@x=4Hx=5(@x=6,h)x=7,1Hx=8,§Hx=9,kK)x=10, ) x=11, (m) x =12, (n) x =13, (0)

x =14, and (p) x = 15.

Stage I: at.% Al< 2 at.%, single Ni3V phase region;
Stage II: 2 at.% < at.% Al< 5 at.%, dual NizAl and prior
Ni3V phase region with Ni3V precipitates prior to NizAl;
Stage III: 5 at.% < at.% Al< 13 at.%, dual Ni3V and prior
Ni3Al phase region with Ni3 Al precipitates prior to Ni3V;
Stage IV: at.% Al>13 at.%, single NizAl phase region.
The four stages are graphically demonstrated in Fig. 3.

3.2. Anti-structured defects of NizAl

Figure 4 demonstrates the atom occupancy—composition
relations of nickel, aluminum, and vanadium on ¢ sublattice
since stage II where the Ni3Al phase starts to precipitate. In
stage II, the atom occupancies of three components proceed as
host Niy; downs, anti-structured defects Aly; and substitution

defects Vyj; increase with the increase of the aluminum com-
position. The precipitate order swaps since stage III where
Niz Al phases start to precipitate prior to Ni3 V. Atom occupan-
cies of Niy;j and Vy; fluctuate in a narrow range while that of
Aly; increases slightly. Ni3V phases precipitate no more since
stage IV, the atom occupancies of Niy; and Aly; increase while
that of Vy; decreases. These trends last to 18 at.% Al.

Atom occupancy—composition relation on f sublat-
tice is demonstrated in Fig. 5. It is worth mentioning
that the scale of y axis in Fig. 5 is ten times larger than
that in Fig. 4, which indicates more drastic atom occu-
pancy fluctuation on the B sublattice than that on the o
sublattice. In stage II, the atom occupancy of host atom

Alp; decreases while those of anti-structured defects Nipj
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and substitution defects Vj,; increase with the increase

of the aluminum composition. In stage III, the atom

1.0
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Volume fraction
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single NizgV dual NigV and NizAl

single NizAl

Fig. 3. (color online) Volume fraction—composition relation and mi-
crostructure division.
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Fig. 5. Atom occupancy—composition relation of NizAl f3 sublattice.
(a) Alap, (b) Vaj and Nigj.

occupancy of Al increases while that of Niy; decreases dras-
NizV
phases fade since stage IV resulting in the atom occupancy

tically, the atom occupancy of V| becomes stable.

of host Aly; increasing but those of Niaj and V4 decreasing
till 18 at.% Al.

As stated above, anti-structured defects as well as other
atoms show a certain composition correlation depending on
First, the o
sublattice is predominated by the host nickel with little anti-
has a constant positive correlation with an enhanced alu-

the precipitate order and precipitated phases.
structured defects Aly; and substitution defects Vy;.

minum level, precipitate order swap does not affect its occu-
pancy while precipitated phase conversion of “dual Ni3V and
NizAl/single Ni3Al” does as the rising trend lasts to a single
NizAl region. The atom occupancy of substitution defects Vy;
fluctuates in a small range, and their composition correlation
varies when the precipitate order swaps at 5 at.%Al or NizV
phases disappear at 13 at.% Al. Second, compared with the o
sublattice, the B sublattice accommodates more alien atoms,
the atom occupancy of anti-structured defects Ni; is almost
ten times higher than that of Aly;. Niaj and host Ala; present
just opposite composition correlations, and strongly depend on
the precipitate order and precipitated phases. Substitution de-
fects V o) take almost one third of that of the 8 sublattice, they
are not affected by the precipitate order but by the disappear-
ance of Ni3 V.

It is easy to understand the positive composition correla-
tion of anti-structured defects Aly; and host Aly; in stages II1
and IV, as concentrated aluminum-concentration concentrated
aluminum-occupancy. The enhanced aluminum composition
means lessened vanadium, however, the vanadium occupancy
is comparatively smooth and does not lessen seriously over
stages II, IIT and IV. Once Ni3Al phases start to precipitate,
their volume fraction increases fast, thus, the average nickel
and aluminum atom assigned to each L1, cube lessens, that
is, the atom occupancies of host Niy; and Al decrease, con-
sequently, the spared sublattice replaced by anti-structured or
substitution defects is enhanced in stage II. Ni3Al precipitates
prior to Ni3V since stage III, their volume fraction keeps in-
creasing and holds a high Niy; occupancy, which demands vast
nickel, thus, nickel atoms that serve as anti-structured defects
Nip; reduce. NizV phases fade since stage IV, Ni3Al phases
coalesce to a larger size, the atom composition correlation is
simply ascribed to the Ni3Al volume and the aluminum com-
position. Ni3zV volume fraction decreases fast in the whole
process, which releases a large amount of vanadium. The re-
leased vanadium weighs more than the lessened one, thus, the
surplus one is accommodated by NizAl and comes to a rough
balance, that is why the vanadium occupancy fluctuates with
the sharply increased NizAl over stages II, III, and I'V.
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3.3. Anti-structured defects of Ni3V phase

The NizVa sublattice is subdivided into two other sub-
lattices, a Nij sublattice, and a Ni; sublattice according to
their coordination sphere differences. Figure 6 demonstrates
the atom occupancy—composition relation on the o (Ni; and
Niy) sublattice. The atom occupancy of host Niy;j; decreases
while that of Niyjy increases in stage I, the gap between Niyj;
and Nij, gets narrow crossing stage I and stage II but widens
gradually crossing stage II and stage III. The atom occupancy
of Niyj; fluctuates in a narrow range while that of Niyj con-
sistently decreases from stage II to stage III. The occupancy
gap between substitution defects Alyi; and Al is quite wide
with super site preference on the Ni; sublattice, and there is no
obvious composition correlation except Alyj;. Anti-structured
vanadium has overwhelming site preference on the Nij sub-
lattice. The atom occupancy of Vyi; keeps increasing subtly
while that of Vyj, decreases in stage I but increases in stages
IT and II1.
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Fig. 6. Atom occupancy—composition relation of Ni3V ¢ sublattice.
(a) NiNil and NiNi2’ (b) AlNil and AlNiZ, and (C) VNil and VNiZ-

Atom occupancy—composition relation on the § sublat-
tice is presented in Fig. 7. The atom occupancy of host atom
Vy decreases in stage I, but increases crossing stages Il and I11.
The atom occupancy of anti-structured defects Niy exhibits an
opposite trend to Vy. The atom occupancy of substitution de-
fects Aly increases slightly in stage I but shows no evident
composition correlation in stages II and III.

There is an occupancy difference in the two nickel sub-
lattices, that is, the Nil sublattice accommodates a few anti-
structured defects Vyj; and more substitution defects Alyjj

while the Ni2 sublattice accommodates more anti-structured
defects Vi and a few substitution defects Aly;>. This occu-
pancy difference is ascribed to their coordination sphere differ-
ence but the exact mechanism is unknown. Compared with the
o sublattice, the B sublattice is easier to be replaced by alien
atoms anti-structured defects Niy dominate on the 3 sublattice
with very little substitution defects Aly.

=

Z 0.85

I

e}

8

> 0.75

;:; fitting curve of Vy

=%

g + compute Vy

S 0.65 T 1T [ TIT |

o 0<€ - e b/ i 10 SN 1V }5
Al/at.%

— fitting curve of Aly (b)
+ compute Aly 1

9
a
>
9
3
a
B
1%
o

e}

Al/at.%

fitting curve of Niy

i + compute Niy | i
0 5 10 15
Al/at.%

Occupancy probability
()
=
ot

Fig. 7. Atom occupancy—composition relation of Ni3V B sublattice.
(a) Vy, (b) Aly, and (c) Niy.

The precipitate order swap at 5 at.%Al has no obvious
effect on the atom occupancy, while precipitate phase conver-
sion of “single NizV/dual NizAl and Ni3V” since 2 at. %Al
does. It is easy to understand that the atom occupancies of
substitution defects Aly;i, Alniz, and Aly increase and that of
anti-structured defects Vi, decreases in stage I as aluminum
is enhanced while vanadium is lessened. Anti-structured de-
fects Vi1 and Vi have a positive composition correlation,
anti-structured defects Niy have negative one while aluminum
occupancy fluctuates in a small range over stages II and III.
As discussed in the last section, the Ni3V volume fraction
goes down fast and releases a large amount of vanadium which
is used to compensate the Ni3 V3 sublattice, dissolve into the
Ni3V « sublattice, and be accommodated by the NizAl 8 sub-
lattice, that is why the atom occupancies of Vi, Vniz2, and
Vv increase. On the Ni3Vf sublattice, the increase of vana-
dium (Vv) cause nickle occupancy (Niy) down. Similar to the
role of vanadium on NizAl, the atom occupancies of substitu-
tion defects Alyii, Alniz, and Aly on Ni3V fluctuate due to the
rough balance.
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4. Conclusions

Microscopic phase field computation is proceeded on a
128 x 128 matrix to investigate anti-structured defects. A se-
ries of Ni—Al-V samples with aluminum composition rang-
ing from 1 at.% Al to 20 at.% Al are examined. Four stages
are summarized according to the precipitate order and precip-
itated phases. Precipitated phases converse at separate 2 at.%
Al and 13 at.% Al with dual NizAl and Ni3zV in the middle,
single Ni3V on the heading, and single Ni3z Al on the tail. The
precipitate order swaps at 5 at.% Al, which Ni3V precipitates
prior with insufficient aluminum composition and Ni3 Al pre-
cipitates prior since 5 at.% Al.

Anti-structured defects Nip; dominate in Ni3Al phases
while Aly; are minor. The Ni3Al B sublattice accommodates
a large amount of anti-structured defects Niaj and substitution
defects V. All defects show positive composition correla-
tions in stage II. The atom occupancy of Aly; goes up slightly
while that of Niy; decreases since 5 at.%Al, this trend lasts to
the single Ni3Al region. The atom occupancies of substitution
defects Vyj; and V) fluctuate in a small range over stage III,
and decrease drastically from a single NizAl region.

The Ni3V B sublattice is easier to be replaced by defects
than their o sublattice. Both anti-structured defects and substi-
tution defects have a positive composition correlation except
Vniz in the single Ni3V region; this positive trend inverses
or becomes smooth since the Ni3z Al phases start to precipitate
at 2 at.%Al. The atom occupancy of anti-structured defects
Niy keeps decreasing while that of substitution defects Vi
keeps increasing over the whole dual phases region, the pre-
cipitate order swap at 5 at.%Al does not have much effect on
the atomic occupancy.

In a word, the precipitate order swap effects Ni3 Al defects
while the precipitated phase conversion effects Ni3V defects.
No matter what Ni3 Al phases or Ni3V phases are, their 3 sub-
lattices are easier to be replaced by anti-structured defects or
substitution defects.
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