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# =E. Monte Carlo simulation with the energetics described by the embedded atom method has

been employed to calculate dependence of the grain boundary cohesion on the Zr bulk atom concen-
tration, for the Ni, Al-x % Zr (100% Ni\100% Ni)[001]/35(210)/36. 87° symmetric tilt grain

boundary, at the equilibrium. Calculations show that when z (the Zr bulk atom concentration) in-

creases from 0.1 10 0.5, the Zr enrichment increases, both the Ni enrichment and the Al depletion

maximizes at «==0. 3. The calculations also show the best cohesion of the grain boundary at

x=0. 3.
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1 Introduction

The intermetallic compound Niy; Al has high
strength at elevated temperature with a character-
istic positive temperature dependence on strength

. This remarka-

over a certain temperature range[
ble property, however, is not sufficient to make it
useful for high-temperature applications because of
its brittleness and unfabricability. It has been dem-
onstrated in experiments that the addition of a
"small amount of B, Cr, Mg or Zr (trace element)
to Nis Al remarkably improves its ductilityt!=*,
Quantitative dependence of the cohesive prop-
erties of the Ni;y Al grain boundaries (or ductility of
Ni; Al) on the bulk concentration of the trace ele-

ment has been studied for years. For example, for
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the Ni; AI-B system, the measurementst® and the
simulationsl* * ¥ have shown that the cohesive
properties of the Ni, Al grain boundaries will be im-
proved when its B bulk atom concentration is below
about 1 %, and also that the best cohesive proper-
ties of the Niy Al grain boundaries will be obtained
when its B bulk atom concentration equals about
0.5 % (weight fraction 0.1 %). However, for the
NiyAl-Zr system, to our knowledge, this depend-
ence has been not studied until now, The aim of
present simulation work studies such dependence.

The simulation method is the Monte Carlo one con-

joined with the embedded atom method (EAM) po-
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tentialst ).

2 EAM Potentials and Monte Carlo

Simulation

2.1 Potentials

The EAM energy of an n-particle homonuclear

system is given by

i ;
where E is the total energy of the system, r; is Ehe
distance between atom i and j, and $(r) is a pair-
wise interaction potential which is taken to be a
Morse function, F(p) is the embedding energy and
p; is the electron density at atom 7, which is con-
tributed by it’s all neighbors. For the Ni; Al-Zr
system, the optimized potential parameters are

adopted from Ref. [8].
2.2 Monte Carlo simulation

Monte Carlo method is used to relax the grain
structure to the lowest energy configuration at the
room temperature (25°C). The unrelaxed, starting
structure of the grain boundary is assumed to be
the coincidence site lattice (CSL) model. The
(100%Ni\100% Ni)[001]/35(210)/36. 87° sym-
metric tilt boundary structure of Niz Al is chosen.

A schematic drawing of the computation cell is
shown in Fig. 1 of Ref. [5]. The initial bulk con-
centration of Zr atoms in the computation cell is
given as x atoms % (x= 0.1, 0.2, 0.3, 0.4,
0.5,0.6,0.7, 0.8, 0.9 and 1. 0), and this con-
centration disperses randomly homogeneously. The
present results in Sect. 3 are statistical (average of
a few million MC steps per atom after equilibrium)

for each system of 82 620 atoms.

3 Results and Discussion

3.1 Definition of the bulk effects of Zr

Starting with relaxed Ni; Al-Zr grain bounda-
ty, as the segregating species, the Zr atoms substi-

tute either Al or Ni atoms!®; in our opinion,
¢

meantime, as the inducing species, the Zr atoms
induce Ni atoms to substitute Al atoms. Subse-
quently, the grain boundary is relaxed to the low-
est energy. Thus, the bulk effects of Zr on the
grain boundary include the primarily positive effect
on the Ni enrichment at the grain boundary, the
secondarily positive effect on it, and the negative
effect on it. The primarily positive effect is defined
as the Zr atoms inducing Ni atoms to substitute in-
to Al sites, the secondarily positive effect is de-
fined as the Zr atoms substituting into Al siteé,
and the negative effect is defined as the Zr atoms

substituting into Ni sites.

3.2 Analysis of the bulk effects on boundary con-
centrations

For the Ni; Al-x atoms % Zr (100 % Ni\100%
Ni[001]/35(210)/36. 87° symmetrical tilt grain
boundary, at the equilibrium, Fig. 1 shows that
when x (the Zr bulk concentration) increases from
0.1 to 0.5, the Zr enrichment increases, both the
Ni enrichment and the Al depletion maximizes at x

=0. 3.
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Fig.1 The atom concentrations of Zr, Ni and Al as a func-
tion of x (the Zr bulk atom concentration) at the equi-
librium for the Ni; Al-z % Zr [001]/55(210)/36. 87°

symmetrical grain boundary.

For relaxation of the Niy Al-x atoms % Zr
grain boundary, in our opinion, the primarily posi-
tive effect is main cause of the Ni enrichment at the
grain boundary, the secondarily positive effect

plays an “enhancing” role; but the negative effect
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plays a ®weakening” role, especially at high Zr
bulk concentrations such as = =0. 5, where this
negative effect becomes strong, because the signifi-
cant Zr enrichment (Fig. 1) is formed by the 100%

Zr atoms substituting into Ni sites (Fig. 2).
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Fig.2 The substitutional probability of Zr atoms into Al (or
Ni) sites as a function of = (the Zr bulk atom concen-
tration) at the equilibrium for the Niy Alz % Zr

[001]/35(210)/36. 87" symmetrical grain boundary.

Also in our opinion, study of combination of
the positive and the negative effects is available, in
order to understand the dependence of the cohesive
properties of Ni; Al grain boundaries on the Zr bulk
concentration, particularly in order to search the
Zr bulk concentration corresponding to the best co-
hesive properties of Niz Al grain boundaries.

According to the above explanations, for the
Ni; Al-xr % Zr grain boundary at the equilibrium,
at low Zr bulk concentrations, such as x=0.1,
due to the positive effects, corresponding to the Zr
enrichment increasing, the Ni enrichment and the
Al depletion increase (Fig. 1). However, at high
Zr bulk concentrations, such as x=0. 5, due to the
negative effect, corresponding to the Zr enrichment
increasing, the Ni enrichment and the Al depletion
decrease (Fig. 1). Therefore, between low (x=
0.1) and high (z=0.5) Zr bulk concentrations,
there might be a Zr bulk concentration, at which

the Ni enrichment and the Al depletion maximize
(x=0. 3(Fig. D).

3.3 Analysis of the bulk effects on cohesive proper-

ties

As shown in Fig. 1, for the NiyAl-x % Zr
grain boundary, at the equilibrium, when x (the
Zr bulk concentration) increases from 0.1 to 0.5,
the Zr enrichment increases, both the Ni enrich-
ment and the Al depletion maximizes at x=0. 3.
Are the best cohesive properties of the Ni; Al-x %
Zr grain boundary obtained at x=0. 3? Calculations
of the Griffith grain boundary cohesion energy
(Yot e gt 2100 ) and the bulk one (Yo, sor buk cz10 ) are
necessary to answer this questiont®!.

For the Ni; Al-z % Zr (210) bulk, the present
calculations show that Y., tor buk czir (24 327 m]/
m? in the range of z=0.1—0.5, i e., its relative
change is always less than 0.5 % (—0.5 Y% <(1—
Vb tor btk czioy /4 327 mJ/m?) X 100% <C0. 5 %)
when x changes between 0, 1 and 0. 5. For the
Ni;Al-z % Zr (210) grain boundary, the present
calculations show that Y., or o8 210y / Yeoh, for butk (2103 =
0.79 in the range of x=0.1—0. 5, and its best val-
ue is 0. 89 at x=0. 3, i. e. , the best cohesion of the
grain boundary is obtained when x=0. 3 (Fig. 3).
Note that for the Ni, Al grain boundary (210),
Yeoh, for 6B 2100 / Voo, for batk c2100 = 0. 73,
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Fig. 3 The Griffith cohesive energy ratio of the GB (grain
boundary) to the bulk, i. €. Ve, torc8/ Yeh. forbuk v @5 @
function of x (the Zr bulk concentration) for the
NisAlx % Zr [0017/35(210)/36. 87° symmetrical

grain boundary.

4 Conclusion

Monte Carlo simulation with the energetics

described by the embedded atom method (EAM)
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has been employed to calculate not only grain
boundary concentrations of Ni, Zr and Al, but also
dependence of the grain boundary cohesion on the
Zr bulk concentration, for the Niy Al-x % Zr
(100%Ni\ 100 % Ni)[0017/25(210)/ 36. 87° sym-

metric tilt grain boundary, at the equilibrium. The

& * X #.

(11 LiuCT, Stiegler J O. Science, 1984, 226. 636,
[2] LiuX H, Jiang BY, Wang X. Nucl Instr and Meth, 1993,

B80/81; 221.

[3] White C L, Padgett R A, Liu C T. Scr Metall, 1984, 18.
1417.

[4] Chen SP, Voter A F, Albers R C, | Mater Res, 1990, 5.
955.

{51 ZhengLP.,LiDX, QiuS, etal. Nucl Instr and Meth, 2001,

calculations show that when z (the Zr bulk atom
concentration) increases from 0. 1 to 0.5, the Zr
enrichment increases, both the Ni enrichment and
the Al depletion maximizes at x=0. 3. The calcula-
tions also show the best cohesion of the grain

boundary at £=0. 3.

B184; 354.

{6] JiangBY, Liu X H, Zou SC. ] Mater Res, 1998, 13. 1 741.

{7] ZhengL P, ZhuDZ, Jiang BY, etal. Nucl Instr and Meth,
2001, B173 : 441.

(8] ZhengLP, QiuS, YuLP, etal. J Mater Sci Technol, 2001,
17 sl3.

{91 Zheng L P, Zhang H Y, Li D X, et al. Chin Phys Lett,
2002, 19: 1 490.

S (Zr) BESF 3T Ni;Al-x atoms %
Zr B RBENEE

%{SE‘-‘F—LZ’ $3+§3, %%%4
(1 P EF ¥ EGEAYENFRA, L% 201800;
2 FEMEEERM Y EPL, T WA 1100165
SHEMFEEBUIHN AR ¥ER BAELKERE. 15 tHMA 110016,
4 SRS T % B L DR GUIT 212003)

W R AARKTRAFRHUBERERCZOHERF A NisAlz atoms % Zr SR AR K ST
W BHUET, [ FEOREERREINC I WE 0.5, EER Zr EEER K, Ni &£ Al £
ZAEz=03HATRA. HALET, NiAlzatoms % Zr B R ARME 2=0.3 0 H & 4.

XRA: BREE: G TE5ERT: 24hHE

« EEME: EXRAK/BFERES YL E (50271074, 90206044)


http://www.cqvip.com

