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ABSTRACT

The free energy simulation method is employed to study segregation to £5 and £13 (001)
wwist grain boundaries and \heir free energies in ordered Niz.xAlj4x. In the temperature range
studied (300 - 900K), it is shown that there is almost no segregation, strong Al segregation, and
weitk Ni segregation to the grain boundary for the stoichiometric, Al-rich, and Ni-rich bulk
compositions respecrively. It is also snown that the segregation is limited to a few (002) plancs
around the grain poundary and its magnitude decreases with increasing temperature. For Al-rich
bulk composition, it is demonstratcd that segreisation at low temperature substantially lowers the
grain boundary free energy.

INYRODUCTION

There has been, in recent years, some atomistic simulation studies of the properties of grain
boundaries in the intcrmetallic ordered ulloy NijAl [1-4]. These studics (2.3] were aimed al
cxplaining the brittle fracture behavior of the NijAl in the polycrystalline phase. [t has been
shown [ 3] thut the cohesive strength of grain boundarics in NijAl 18 increased by doping with
boron when the boundaarics are Ni-tich than when they are cither stoichiometric or Al-rich. This
encrgy increase suggests that boron doping of the grain boundarics should decreuase the tendency
lor brittie fracture in polycrystailine NijAl Most of these caleulations have been carried out
scro temperature for the stoichiometric bulk composition. Monte Carlo simulation studics of the
same svstem have shown that introduction of boron atoms into the boundary docs not induce wny
chemical disorder at grain boundaries [4] as speculited brsed on Tm0 studies {3).

In the following study, we address the effect of temperature and bulk composition on the
ienueal, structural, and thermodynamic properties of grain boundaries in ordered NijAl within
the framework of the new.y developed free energy simulation method for binary alloys (5], The
simulation method is briefly described in the following section and its application to (001) twist
grain boundaries with misorientation ungles of 36.9 (L5) and 225(213) in Nit.xAlyax
(x=-0.016, 0, and ().015)are presented in the following section.

METHOD

The 1ocal harmonic (LH) modcl has been applied with considerable success io pertect and
detected single component solids (6,7]. In this mocel, the classical vibrational contribution 1o
the tree encrgy for a single component system is given by

& hoy )
=l Rl L

where kg s the Boltzmann constant, and wij, w,2, anu ®,3 are the three vibrational
crgenfrequenciey of atom i, These frequencies may be detcrmined in termy of the local
dynumical matrix of cach atom Digp  (9%E/9xjqdx|p), where the x? correspond to atomic
displucements of atom 1 in the B direction. Diagonalizution of this 3x3 matrix yiclds the three
vibrational frequencies for atom i, As described In referenca (6], the approximations of the LI
model reduces the caleulation of the vibrational contribution to the tree encrgy trom one ot
diagonalizing a ANx3N dynamical matrix to *he culculation of N determinents ot 3x3 muatnces,
where N s the number of atomy {n the system.



In order to study binary alloys within the frame work of the LH model, an effective atom 1s
assigned to each atomic site which has the effective mass of m; = x,(i)mq +xp(i)my. Here, xq(i)
is the probability that atomic site i is occupied by an atom of type a and corresrondingly xp(i) =
l - x,(i) is the probability that the same atomic site is occupied by ctom of type L. The
vibrational contribution to the free energy is determined from the appropriately averaged local
dynamical manrix (for details see reference [5]). The configurational entropy is written using the
point approximation as

N
Sc=-ko 9 {xa(d) In[xa(i)] + (1) In{x(0)} 2)

im]

In the simulations described below, we employ a reduced Grand Canonical ensemble, where
the total number of atoms remains fixed but the relative amounts of each atomic species varies.
The appropriate thermodynamic potential for this type of ensemble is the Grand potential and is
given by

N N
Q=A+M0 Y ) =E+ Ay- TS + a0 2, x(i) 3)

im] =l

wnere A is the Helmholtz free energy, E is the potential energy (obtained via an interatomic
potential), and A is the difference in chemical potential between atoms of type 2 and b. Given
AW, the equilibrium concentration at each site cun be determined by minimizing Q with respect
to those concentrations.

Defect free energies, in this ensemble is defincd ay the difference in grand potential cnergies
hetween the system with the defect and the defect-free system ut the same chemical potential
¢ifference and temperature.

The simulation cell set-up used here has been described in detail elsewhere (7). Briefly, the
grain boundary is embedded in a perfect crystul at the desired tcmperature and composition. In
the plane of the boundary, periodic border condition are enforced. Norrual to the bouadary plane
the simulation cell is bounded by two infinite, mobile but rigid blocks of structurally pertect
crystul. The extent of the grain boundary region between the two blocks of perfect system is
increased during the course of the simulation to a size such ihat the free energy and other
properties of the grain boundury remained unchanged within the predetermined values. The
interatomic interactions employed in this «-1dy were the embedded aiom method type potentials
developed by Voter and Chen|8).

Depending on the chemical arrangement of the tenninating (002) planes of the two crystals
at the interface there are three distinct types of grain boundaries which correspond to different
stucking sequence of (002) nlanes; afaflapag, fafialjafof, and afaf|Bafa where o and B
are planes of pure Ni and ordered 50% Ni, respectively. These ditfzrent types of boundarics
correspond to the stoichiometric, Ni-rich, and aluminium rich composition in the grain boundary
region which have been denoted as 50/100, 100/100, and 30/50, respecuvely in Ref. (2],
Simulations of the TS and T13 structures at zero temperature showed thut the 507100 (yre
boundary has the lowest grain boundary erergy. In the present study, we concentrite on the
propertics of the 50/100 type grain boundarics as a function of temperature and composition.

In order to isolate the effect of segregatinn on the grain boundary propertics from that due
merely  to atomice structural relaxation, we have performed two types of simulations for cach
temperature and bulk composition. In the (irst, the composition of cach atomic site remans (ixed
At value corresponding to the sublattice composition in the perfect crystal (no segreguation) uand
the free energy 18 minimized with respect to the atom positions. In the second, the composition
ot cach site 18 allowed to vary along with atom positions to reach the minimum free energy
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RESULTS

The free energy minimization method, described above, was used to investigate the
compositional changes in the vicinity o135 and 213 (001) twist grain boundaries in Ni3.xAly.x
ordered alloys for three different tulk compositions, numely 73.5, 75.0, and 76.6 Ni atomic
percent. These compositions are within the stability range of NijAl phase as predicted by the
model using the present intcratomic potentials [8§. The experimental stability range for NijAl
phase is approximately 74-76 atomic percent. The effect of temperature on grain boundary
segregation was determined by performing diffcrent simulations at 300, 600, and 900 K for the
above three bulk compositions.

The equilibrium concentration profiles of the (002) planes for £5 and %13 grain boundarics
at the 73.5 % Ni bulk composition (Al-rich) are shown in Figurcs la and 1b for 300 und 900K
emperatures. The geometrical grain boundary plane was originally between planes () and 1. The
averaged concentration on each (002) plane is normalized by the concentration of the appropriate
(02) plane in the bulk. For X5 at T=300 K, planes ¢ and +1, which were initially almost pure
Niand 5G% Ni, respectively, are enriched with Al by about 20% whereas planes +2 and -1 are
slightly enriched with Ni. When the temperature is raised to 900K, plane O returns to almost
pure Ni whereas plane +1 still remains enriched with Al. For 313 at T=300K (Fig. 1b), plane +!
is strongly (34%) enriched with Al whereas plane O is cnriched by only 6%. When the
tempgerature is increased to 900K Al enrichment on plane +1 is reduced to about 18% and plane ¢
becomes nearly bulk-like.

Simulations performed at stoichiometric compogsition for the three tempcratures showed no
significant segregation of either Al or Ni to the 5 and 13 gruin boundaries studind in the
present work.,

In Figure 2, we show the calculuted concentration profiles for the 5 grain bou: .. 't the
300 and 900K for a bulk composition of 76.6% Ni. At T=300K planes -1 and +1 v . were
initially at about 50% Ni concentration have been enriched by 9 and 13% Ni, respect . and
plaines -3 and +3, which were similar to planes -1 and +1 are slightly enriched i AL+ the
temperature is increased 1o 900K the Ni enrichments on planes -1 and +1 arc reduced to les: than
2%. We observed similar behavior for the $13 grain boundary.

A measure of the overall compositional changes in the grain boundary is the integral of the
excess concentration of Ni (or Al) over the (002) planes. Figure 3 shows the :otal segr ~atio: ~f
Ni as a function of Ni bulk composition at Te300K for the L5 and T13 graia bounc ies. i.r
the Ni bulk composition of 73.5%, the total or net Al segregation 10 the X5 and Z13 grun
boundaries are equivalent to the addition of 25 und 32% of un (002) monolayci of Al,
respectively. The total Ni segregation to the TS5 ano Y13 grain bounrtaries at the bulk
composition of 76.6% Ni are equivalent to 10 und 6% . (002) monolayer of pure Ni,
respectively, There is no significant net segregation of €. . Wi or Al to the grain boundaries at
the stoichiometric bulk compos:don.

The effect of temperature on the net scgregation r the 25 and 213 boundaries 1s shown in
Figures 4 for the Al-rich and Ni-rich compositions. In both cases, the net segregation
monotonically decreuscs towards zero with increasing temperature. At the Al-rich bulk
composition, the total amount of segregation to the X' 5 grai. boundary decreases {from 32% 1o
13% of a (002) pure Al plane when temperature s raiscd from 300 to 900K, For the same grain
houndary structure, at the Ni-rich bulk composition, the decrease in the total Ni segregation 1y
from 6 1o 2% of un ((X)2) Ni monolayer over the same tempcrature runge.

Although, the above results suggest that some site disordering is taking place in the grain
boundary region, especially at low temperatures, detallcd site concent ations profiles show that
the rrain boundaries are still highly ordered. Figure ¢ shows the equilibrium site concentrutions
of two (002) planes just above and two (002) planes bilow th:q):l'j gruin boundary for the
Ni rich bulk composition at 300 K. In this figure, the sma [ circles represent atomic sites where
the degree of grayness changes from white to bluck corresponding to « change in site
concentration from 100% Ni to 100% Al. The big solid circles in Figure 5, indicnte which



atomic sites have changed from being initially almost pure Ni to almost nearly pure Al
The sites indicated by broken circles have changed to 60% Al from initially aimost pure Ni.

The effect of scgregation on the grain boundary free energy at 300K, as a function of bulk
composition, is shown 1n Fig. 6. The dashed line is the grain boundary free energy when no
scgregation is allowed (concentratior at all sitcs are kept fixed at values corresponding to the
appropriate sublattice concentration in the bulk) and the solid line is the free energy where
segregation is allowed to occur. For the Al-rich bulk composition, there is a pronounced free
energy decrease (about 20%) fcr both 15 and ¥ 13 grain boundaries upon segregation, whereas
for the Ni-rich bulk composirion, there is only a very small decrease in free energy for the 35
boundary and almost no change for the 213 boundary. The free energy change at the
stoichiometry composition is insignificant for both grain boundaries. The segrcgation effcct on
the grain boundary free energy at 900K is less than that at T=300K but with a similar trend
(Figure 6b).

Figures 7a and 7b show the temperature dependence of the grain boundary free encrgy at the
Al-rich and Ni-rich bulk compositions for the two gruin boundaries, respectively. As in Figure 6,
the dashed lines represent the cuse where no segregation is allowed. With increasing
temperature, the free energy curves corresponding to segregation and no scgregation appro: ch
cach other, For the Ni-rich bulk composition, there is almost no difference in the free encrgies in
the temperature range of 300 to 900K for the 213 grair boundary with and without segregation.
There is a small decrease (2%) in the free energies for the 5 grain boundary with and without
segregation at low temperatures which vanishes at high temperature. [t is intcresting to note that
the slopes of the frce energy curves in Figure 7a, which is the grain boundary entropy, changcs
sign when segregation is allowed.

DISCUSSION AND CONCLUSIONS

The free energy minimization method was used to study the properties of (001) twist grain
boundaries (35 and 2 13) in ordered Mi3.xAlj4x alloys. For the stoichiometric bulk composition,
(300KSTSY00K) there was no significant segregation of either Al or Ni 1o the grain boundary
region. There was also no observable site disordering in the grain boundary region for either of
the boundaries in the tempcerature range studied here. This 1s consistent with a recent Monte
Carlo sicrjnulation results [4) on a 5 tilt grain boundary where the same EAM type potential (8]
Wils used,

At the Al-rich bulk composition (73.5% Ni), the composition profile at 300K (Figure 4)
shows significant Al segregation to the boundary region which decreases with increasing
temperature.  The role of configurational entropy at low temperuature is not significant and
segregation to the grain boundaries is mainly controlled by the grain bcundury enthalpy which, in
turn, 18 controlled by the bond energies. Although, at low tempcratures, a significant amount of
Al scgregation to the grain boundary has been obscrved examination of the site compasitions on
different (002) planes shows very little site disordcring and the segregation is due mainly to the
replacement of Ni with Al atoms ut some sites on the two (002) plancs immediately adjacent 1o
the grain boundary plane, see Figure 5. This indicates that the strong ordering tendency in the
NijAl system is well represented by the EAM-type potential (8] used here. With increusing
temperature, the Al segregation to the grain boundary decreases but the site disordering in the
grain boundary region, relative to that at low temperature, increases. This site disordering, which
ix less than 2% tor most of the sites, is essentially due to the configurational entropy that
generally te.ds to move the system towards u disordered phase at high temperature.

For the Ni-rich bulk composition (76.6% Ni) at 300K we observed u weak tendency for Ni
atoms Lo segregaie to the grain boundary region, As can be scen from Figure 4, the total amount
of Ni corv~gation iy much less than the total amount of Al segregation to the boundary for Al
rich ¢ iition ut the same tempcerature and there is almost no segregat.on at 900K . This
highly usymmetric segregation tendency is partly due to the predicted stability of the NijAl
piise over 4 much wider composition range on the Ni-rich sidu than is seen experimentaiiy.
Thix shortcoming of the EAM-type |8| potentiul employed here, makes It difficult to assess the
effect of the segregation on the grain boundary properties for the Ni-rich side of the NiqA! phasce



field because the sites at the grain boundary region belonging to the Al sublattice can
accommodite much more Ni atoms than one would expect according to the experimental phase
diagram,

The effect of temperature on the grain boundary free energy is strongly related to the net
segregation. Segregation is strongest at low temperature for the Al-rich bulk composition and it
is there that the grain boundary free energy is the lowest. The cohesive energy of Al atoms is
greatcr than that of Ni atoms and thus Al segregaron to the boundary 'owers the grain boundury
free energy but this energy change is less than 10% of the total decease in the grain boundary
free energy. This suggests that the interaction between segregated atoms and the boundury
structure 1s the dominant factor in decreasing the gruin boundary free energics and therefore
making them more stable.

In summery, we employed the free energy simulation method to study scgregation to the
grain boundarics of I5 and 313 and their free energies as a function of temperature and bulk
composition. It was shown that in the temperature range of 300 to 900K that there is aimost no
scgregation, strong Al segregation, and weak Ni segregation to the grain boundary corresponding
to the stoichiometric, Al-rich, and Ni-rich composition of the bulk, raspectively. Tt is also shown
that the segregation is limited to a few (002) planes around the grain boundary and its magnitude
decreases with increasing temperature, For Al-rich bulk composition, it is demonstrated that
regregation ut low temperature substantially lowers the grain boundary free energy.
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Figure 1. Composition profiles of (002) planes plotted as a function of plane number from
interface for the (a) L5 and (b) £13 grain boundarics at the Al-rich buik composition. xby;
the Ni concentration on the corresponding plarie in the bulk.

Figure 2. Composition profiles of (002} planes in
the L5 boundary plotted as a function of plane
number from the interface for the Ni-rich bulk
composition

Figure 3. Net Ni segregation plotted as a function of
N1 bulk concentration at T=300 K.

Figure 4. Net Ni segregation piotted as function of
temperature for the Al (solid line) and Ni (dashed
ling) rich bulk compositions.

Figure 5. Atomic site cencentration on four (002)
plines around the LS grain boundary for the Al-rich
bulk composition at 300 K. The darker the circle,
the higher the Al concentration at the site. The
circled sites have undergone a large change in
concentration (see text).

Figure 6, Grain poundary free energy as a function of Ni bulk concentration. Solid and dashed
lines represent the calculations with and without segregation, respectively, at (a) T=300 K and
(b) T=900K

Figure 7. Grain boundury frce energy as a function of temperature for (a) the Al-rich bulk
composition and (b) the Ni-rich bulk composition. Solid and dashed lines represent the
caleulations with and without segregation, respectively.



Xt X"y,

L1 — —— T 1 T T T T T
o0 -0t o0  F0—0—0—0-9-¢ 00— 40—
1.0 oo~ -o'-o"ﬁ 104 0-0-0"0“‘"‘\ [\"“"‘“""
4 4 4 "
‘i 09 b 4 ‘: 09 b \\ f -
L. S /
Zz z
x o8k . x O08f \ /
3 L 1
[ \
07 ®Te300 | 0.7 = { o Te300 |
© Ta%00 < b © Te900 4
ol b ! ! ! 6 | [ N | L i ‘
o‘é‘s ) -4 2 0 2 4 6 [ 0 -8 r -+ 2 ] 2 4 [
Plane No. Plane No.
: Fiy. 16
Fﬁ'_ﬁ
12 T T T T
* Tad00 o2 T T :
: © Tep00 | 1 )
0.1 -
1] = -y
0.0 ~
' . 3 ]
g 0.1 >
10 oo —a-ta L -t 02 j
o e 20 2t 1 ’\Avo—ow‘ .0.3;- ik
0.9 tamamrk SR S SR R SR | OLi3) ]
’9.| -6 - -2 Q 2 4 [] ] -O.&E- P R ;3 O;" =
.74 [\ > X
Plane No. n 07 .
Ni
Ry
L L L J
G e o ©
%
0.2 . ol J % & (< ]
k o ®_ ® 5o o
Olp  Gue.. . 00 oe
e . @ o e 4
00 ) ® : g o o o ~)
PR T A
o b o ¢ 00 o o *
0.3 o] o] -
4 ~ { Jo [ 9}
b O— — LN £ %4, P
03 oy | | e ° ° o °
} [+3 4} ]
L A L
4% 400 600 0o 1000

F.i,s



T .iXxq

1

DEC-149-90 FRI

'
o

]

EH
- ;W
Av 4
S PPN B b......u.
E &8 8§ 8 ¥
fﬁqsﬁu
S
[ Q@ - —
| 33
B ;m
| {
- 1B
ﬁ
i 1
! \ S
ﬁ S &
PP S S S | <
g 8 g 8 g
Amﬁn\—.ﬂ:w.nr—

AN

XNi

A4

S

Flq Gl

e ¥
~ o
s o
4 ]
rLl.lrbLlAlLlLllfffhllL
g - 8 8 m.m
uy/ )«
MR B T <-<qm
| \ 1% |33
; /
5 18
- k me\ o
/ ‘-
/ <
. \ Lm
P I IV T |-
g8 § &8 8 g
Gu/nu)s* §



