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ABSTRACT

The Lattice energy of a cubic nickel crystal has been calculated by using the
embedded atom method. The embedding energy has been determined by means of
quantum mechanical approximations. The lattice energy changes of the static
structure including 864 atoms with Bain and shear stresses have been obtained.
The energies of the fcc and bee phases caused by Bain stress have been compared.
The variation of the barrier energy required for the transition between these
structures has been investigated as a function of shear stress intensity. As a
conclusion, we have determined that the barrier energy of fcc—bcc transition rises
in shear stress fields.

Key Words: Phase Transition, Barrier Energy, Embedded Atom Method, Stress
Fields.

FCC—BCC FAZ DONUSUMUNDE BARIYER ENERJISININ
KESME ZORU iLE DEGIiSiMIi

OZET

Kiibik bir nikel kristalinin orgli enerjisi, gomiilmiis atom metodu kullanilarak
hesaplandi. Gémme enerjisi kuantum mekanik yontemler yardimiyla belirlendi.
864 atomlu statik kiibik yapinin 6rgii enerjisinin Bain ve kesme zorlariyla degisimi
elde edildi. Bain zoru uygulanarak elde edilen fcc ve bee yapili fazlarin enerjileri
karsilastirildi. Bu yapilar arasinda gegis igin gerekli bariyer enerjisinin kesme zoru
siddeti ile degisimi incelendi. Sonugta, fcc—bce bariyer enerjisinin kesme zoru
alanlarinda azalacagi tespit edildi.

Anahtar Kelimeler: Faz Doniigiimii, Bariyer Enerjisi, Gomiilmiis Atom Metodu,
Zor Alanlar.

1. GIRIS

Kristal yapili metal ve alasimlar sicaklik, zor veya
bunlarin ¢cesitli kombinasyonlar1 altinda mikro yap1
degistirme egilimindedir. Kati—kat1 faz doniisiimii olarak
bilinen bu yapisal degisim, termodinamik agidan sistemin
bulundugu yapiya gore daha diisik enerjili baska bir
yapiya gecmesi seklinde yorumlanir. Kati-kat1 faz
doniistimleri, malzemenin mikro yapisin1 ve dolayisiyla
makraskobik oOzelliklerini etkiledigi igin, metaliirjide ve
bilimde 6nemli bir aragtirma konusudur (1, 2).

Bain tarafindan 1924 yilinda ortaya atilmis Orgii
uygunlugu (Bain zorlanmasi), yiizey merkezli kiibik (fcc)
orgiiden cisim merkezli kiibik (bcc) orgii tiretmenin basit
bir kurgusudur. fcc—bcc doniisiimleri igin bu kurgu, fcc
Orgiisiiniin (001) ekseni boyunca ~%20 kisalmay1, (110)
ve (11 0) eksenleri boyunca ~%12 genislemeyi ongoriir.
Bain zorlanmasi fcc—bcee doniisiimleri i¢in genel bir
model olarak kabul edilir (3). Bu model, kristal orgii
enerjilerinin  hesaplanmasinda yapilan yaklagimlarin

1. INTRODUCTION

Metals and alloys tend to change their microstructure
with temperature, stress or their various combinations.
This structural variation, which is known as solid-solid
phase transformation, is explained by the way that the
microstructure of a system transforms from one structure
to another which has lower free energy. This kind of
transformation is an important research topic in metallurgy
and solid state physics because of its effects on
macroscopic properties of the system (1,2).

Bain lattice convenience, or Bain strain, suggested by
E.C. Bain in 1924 is a simple scheme to produce body-
centred cubic (bec) lattice from the face-centred cubic
(fcc) one. According to the scheme, an fcc—bce
transformation is achieved by contracting the fcc lattice
20% in (001) direction and expanding 12% along (110)

and (11 0) directions. This lattice convenience has been

accepted as a general model for fcc—bec transformations
(3). This model can also be used in the examinations of
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gecerliligini incelemek i¢in de kullanilmaktadir.

Bir kristalin toplam &rgili enerjisi, atomlar arasindaki
fiziksel etkilesmelerin matematiksel modelleri yardimiyla
hesaplanabilir. Bu amagla, iki cisim etkilesmelerini ve ¢ok
cisim etkilesmelerini temsil eden gesitli potansiyel enerji
fonksiyonlar (PEF) kullanilmaktadir (4). ilk defa Daw ve
Baskes (5) tarafindan ileri siiriilen gomiilmiis atom
metodu (Embedded Atom Method —EAM), ¢ok cisim
etkilesmelerini temsil eden ve metaller i¢in oldukga iyi
sonuglar iireten bir PEF tiiriidiir. Bununla birlikte, orijinal
EAM nin kuantum mekanik fonksiyonlar icermesi,
aragtirmacilari1  deneysel ~ fonksiyonlar  tiiretmeye
yoneltmistir (6, 8).

Bu calismada, 864 atomlu kiibik bir nikel kristalinin
toplam Orgii enerjisi, kuantum mekanik fonksiyonlar
kullanilarak gémiilmiis atom metodu ile hesaplanmistir.
Statik orgilye Bain zoru uygulanarak o6rgili enerjisindeki
degisim belirlenmistir. Bu degisimden fcc ve bee yapilarin
minimum enerjileri hesaplanmistir. Bu islemler, farkli
degerlerdeki kesme zorlari igin tekrarlanarak, kesme
zoruna bagli enerji degisimleri elde edilmistir. Enerji
degisimlerinin incelenmesi sonucunda, Bain zorlanmasi
altindaki bir fcc kristale kesme zoru uygulanmasinin
bariyer enerjisini azalttigi tespit edilmistir.

2. TEORI
2.1. Gomiilmiis atom metodu (EAM)

EAM yaklasiminda, N atomlu kristal 6rgii sistemin
toplam potansiyel enerjisi,
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validity of the approach made for the calculations of
crystal lattice energy.

Total energy of a crystal can be calculated by means of
mathematical models of interatomic interactions. Various
potential energy functions (PEFs) which represent two-
body or many-body interactions between atoms or
molecules have been used for this purpose (4). The
embedded atom method (EAM) suggested by Daw and
Baskes firstly (5), includes many-body interactions and
produces satisfactory results for metallic systems.
However, because its original form contains some
quantum mechanical functions, researchers have been
compelled to derive empirical functions (6-8).

In this research, the total lattice energy of model nickel
system with 864 atoms in a cubic cell has been calculated
by means of EAM using quantum mechanical functions.
The energy change of the model system with applied Bain
strain has been determined. The minimum energy values
of fcc and bec lattices have been estimated. Repeating
these calculations for different values of shear stress, the
lattice energy changes with respect to shear stress values
have also been obtained. From the findings, it has been
concluded that the shear application on an fcc crystal
lattice under Bain strain reduces the barrier energy of the
fcc—bec transformation.

2. THEORY
2.1. Embedded Atom Method

In the EAM approach, total potential energy of a crystal
with N atoms is given by

N 1
Etop ZZE(P,'HEZ(D(@-) [1]

ile tamimlanir (5). Burada Fi(p;), p; elektron yogunlugu
bulunan bir uzay noktasmna i atomunu gémmek igin
gerekli enerjiyi, @(r;), aralarinda r; mesafesi bulunan i ve
j atomlar1 arasindaki iki cisim etkilesme enerjisini
belirtmektedir. p; elektron yogunlugu, sistemdeki diger
atomlarin ortalama atomik elektron yogunluklarinin lineer
olarak st liste gelmesi yaklagimiyla

i#]

where F(p;) is a function representing the energy required
to embed atom i into the electron density p;. @#(r;) denotes
the two-body interaction energy between atoms i and j
separated by the distance ;. The electron density p; is
defined as a summation of average atomic electron
densities, p(r;), of other atoms in neighbours of atom i:

N a
pi =2 pjry) 2]
J=1

seklinde ifade edilir. Atomik elektron yogunluklari,
kuantum mekanik yaklasimlar iceren Hartree—Fock
teorisine gore,

pil(r)=| £Cyy

1

1) .
[(2n)1] "

According to Hartree-Fock theory as in (5), the atomic
electron densities are also given by

(nkl.+l/2)
—1 =,
ki~ Sk’ ar [3]
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yazilir (5). Burada k = s, p, d,... seklinde elektronik
kabuklart temsil eder. Burada C ve ¢ elektron
yoriingelerine bagli sabitlerdir. n ve ng sirasiyla valans
elektronu sayist ve dis kabuktaki s elektronlari sayisi
olmak iizere, atomik elektron yogunlugu

p(r)=nspg (r) +(n=ny) pi (r)

seklinde ifade edilir (5).

Here, k denotes the electron shell, &=s, p, d, etc.. C and ¢
are constants related to the electron shell. n and n are the
number of electrons in valence band and outer shell s.
Hence, atomic electron density is rewritten as

k=d,p... [4]

In order to obtain the embedding energy, (Fi(o;),

Gomme enerjisi  (Fi(p;)) terimini belirlemek igin various empiric and non-empiric functions have been
ampirik ve teorik olmak iizere ¢esitli yaklagimlar used. As based on some experimental findings, Johnson
kullanilmaktadir. Johnson (8) gémme enerjisi terimini, (8) described the embedding energy as

F(p) = ~E.(1-Inx) x - 64, y [5]

olarak tammlamustir. Burada x=(0/p0.)*?, y=(o/p.)"® ve
a=3(QB/E,)"”? seklindedir ve E, deneysel kohesif enerjiyi,
Q denge atomik hacmini, B hacim modiiliinii, p, ise denge

where x=(p/pe)“/3, y=(o/p.)" P and a=3(QB/E.)"*Where E,
is the cohesive energy, Q) is the equilibrium atomic
volume, B is the bulk modulus and p, is the electronic

durumunda elektronik yiik yogunlugunu ifade eder.
Johnson, iki cisim potansiyelini

charge density in equilibrium.
Also, Johnson (8) assumed the two-body interaction
energy as

O (7)) = e exp[—y (1 / 1o = 1)] [6]

seklinde kabul etmistir (8). Burada r, denge bag uzunlugu,
#. enerji boyutunda bir sabit ve y A" boyutlu bir sabittir.
Nikel i¢in PEF parametreleri Cizelge 1 ve 2 de

where r, is the bond length in equilibrium condition, ¢, is a
constant in unit of energy, and vy is an adjustable parameter

in AL

verilmistir. All parameters of the functions for nickel are listed in
Table 1 and Table 2.
Table 1. The parameters of electron density functions for nickel (5)
Cizelge 1. Nikel i¢in elektron yogunlugu fonksiyon parametreleri (5)
Shell/
Kabuk | i n; GA™ C;(eV)
1 1 54.8888 —0.00399
2 1 38.4843 —0.02991
3 2 27.4270 —0.03189
4 2 20.8820 0.15289
s 5 3 10.9571 —0.20048
6 3 7.31958 —0.05423
7 4 3.92650 0.49292
8 4 2.15299 0.61875
d 1 3 12.6758 0.42120
2 3 5.43253 0.70658
Table 2. The parameters of two-body and embedding energy functions for nickel (8)
Cizelge 2. Nikel i¢in iki cisim ve gdmme enerjisi fonksiyon parametreleri (8)
E.(eV) QB (eV/A) 4. (eV) a B y
4.45 12.28 0.74 4.98 6.41 8.86

Burada uygulanan EAM yaklagiminda elektronik yiik
yogunlugu Es.3 ve Es.4 ile kuantum mekanik olarak
belirlenmis ve gémme enerjisi Es.5 ile hesaplanmustir. ki
cisim potansiyeli olarak Johnson tarafindan onerilen Es.6

In this study, the functions of electronic charge density
in equations 3 and 4 and embedding energy in equation 5
are adopted for the calculations based on quantum
mechanical concepts. The equation 6 proposed by Johnson
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kullanilmistir. Béylece, burada yapilan yaklasim bir karma
EAM  olusturmaktadir.  Hesaplamalarda r.=5,787A
degerinden biiyiik uzakliklar i¢in PEF sifir degerinde
alimmustir.

2.2. Bain zorlanmasi

fcc—bee doniistimleri icin genel bir model olarak kabul
edilen Bain zorlanmasina gore; kristal hiicre eksen
uzunluklar: birbirlerine esit (a=b=c) ise bce, a=b ve
=2 a ise fcc birim hiicreleri tanimlanabilir. Béylece,
fcc—bee doniisiimii sadece fce hiicrenin ¢/a oranindaki
degisimle gosterilebilir. Kristal hacminin sabit oldugu
diistintilerek, c¢/a=1,4142 sart1 fcc yapiy1, c/a=1 sart1 bee
yapiy1 karakterize eder (9). Bain zorlanma mekanizmast,
sadece  Orgii  noktalarmin  koordinat  doniisiimil
diginiilerek; x*=x(1+¢), y’=y(l+e¢), z =z/(1+¢)’
sekilde de ifade edilebilir (10). Burada, x, y ve z orijinal
fcc orgilisiindeki atomik koordinatlar, x”, y”> ve =z’
degerleri ise doniigiimden sonraki koordinatlardir. Bu
durumda, ¢=0 fcc orgliyii, £&=0,1225 ise bee orgiiyi temsil
eder (10).

2.3. Kesme zorlanmasi

Kati-kat1 faz doniistimlerinin kristalografisi iizerine
yapilan deneysel calismalar, bu tip faz doniisiimlerinin

sadece Bain zorlanmasiyla aciklanamayacagini, Bain
mekanizmasiyla birlikte kesme ve donme tipi
mekanizmalarin  da  bulunmasi  gerektigini  ortaya

koymustur (11, 12). Bilinen basit kesme zorlanmalarindan
ikisi Sekil 1 de goriilmektedir. Bain mekanizmasinda
oldugu gibi, sadece geometri degisimi sonucunda elde
edilebilecek kararli yapiy1 belirlemek amaciyla, kesme
zorlanmalarinda da kristal hacminin sabit kaldigi kabul
edilir. Boylece, hacim degisimi nedeniyle enerjide
meydana gelecek degisimler Onlenir ve bir fcc—bce
doniistimiinde  enerji ~ degisiminin  sadece  kristal
geometrisine bagl kalmasi saglanir.

Buradaki hesaplamalarda kristal hacmi sabit tutulmus
ve Sekil la da gosterilen s kesme vektorii biyiikliigiiniin
fonksiyonu  olarak  kristal  enerjisinin  degisimi
incelenmistir.

(a)

Figure 1. Applications of various shear stresses
Sekil 1. Farkli kesme zoru uygulamalar

Shear Planes/
Kesme Diizlemi

G.U. J. Sci., 17(2): 35-42 (2004)/ Sefa KAZANC*, Soner OZGEN

is used as two-body potential function. Hence, the EAM
approach here constitutes a mixed form of various EAM
functions. Besides these assumptions, the values of
potential energy functions are neglected at the distances
which are greater than a cut-off range (r.) of 5.787A,
equalizing it to zero.

2.2. Bain Convenience

According to Bain convenience which is adopted as a
general model for fcc—bee transformations, it can be
defined a bece cell if the axis lengths of the cell are equal
(a=b=c), or an fcc cell if the lengths @ and b are equal, and

¢ equals to V2 a. Hence, the fcc—bec transformation is
described by using only one parameter of fcc cell, c/a.
Therefore, the values 1.4142 and 1 of c¢/a characterize an
fce and a bece cell, respectively (9). Bain strain mechanism
is also clarified by considering the geometric
transformations of the lattice site coordinates:
x*=x(1+¢), y =y(1+¢), z’=z/(1+&)? (10), where x, y
and z are the atomic coordinates in the original fcc cell,
and x”, y” and z” are the coordinates after the
transformation. In this case, the conditions &0 and
£=0.1225 denote the fcc and the bee cells, respectively
(10).

2.3. Shear Strain

The experimental studies on the crystallography of
solid-solid phase transformations show that this type of
phase transformations cannot be explained by only Bain
strain mechanism but also, besides it, there must be shear
and rotation mechanisms (11, 12). Two of the known
simple shear strains are shown in Figure 1. As in the Bain
strain mechanism, in order to determine the stable
structure as a result of only geometric change, it has been
assumed that the crystal lattice has a constant volume.
Therefore, the energy changes due to the volume variation
during the fcc—bcc transformation is prevented and it has
been ensured that the energy changes depends only on
lattice geometry.

In our calculations, the lattice volume has been
accepted as a constant in an equilibrium structure of fcc
cell and the lattice energy changes has been obtained as a
function of the strength of the shear S as is shown in
Figure 1a.
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3. SONUCLAR VE TARTISMA

Kesme zorunun fcc—bce doniisiim bariyer enerjisi
iizerindeki etkilerini incelemeye baslamadan Once,
potansiyel enerji fonksiyonunun ve nikel i¢in kullanilan
parametrelerin, model orgiide kullanilan atom sayisina
baglilig1 incelenmistir. Bu amagla, Es.1 ile verilen toplam
kristal orgii enerjisi, kiibik hesaplama hiicresinin
yogunlugu sabit tutularak atom sayisina bagli hesaplanmig
ve sonuglar Cizelge 3 de verilmistir. 864 ve daha fazla
atomla yapilan ¢alismalarda enerjinin atom sayisiyla fazla
degismedigi belirlenmistir (Cizelge 3). Ayrica, 864 atom
kullanarak toplam kristal enerjisinin hacme bagl degisimi
elde edilmis ve bu enerji degisimi, kiibik kristaller i¢in
genellestirilmis durum denklemi olarak bilinen ve kristal
Orgii parametresine bagli kristal enerjisini veren Rose
enerjisi (13) ile karsilastirilmustir (Sekil 2). (1) bagintistyla
hesaplanan sonuglarmm Rose enerjisi ile uyumlu oldugu
Sekil 2 den goriilmektedir. Ayrica, Sekil 2 deki enerji
degisiminin minimumu a=3,52A  degerindeki 6rgii
parametresine karsilik gelmektedir ki bu deger 300K deki
nikelin deneysel orgli parametresidir (14). Enerjinin
minimum degeri ise; Rose enerjisi icin 4,445¢V, EAM
icin 4,410eV olarak belirlenmistir. Bu enerji degerleri,
4,45¢V olan nikelin deneysel kohesif enerjisi ile
uyumludur (14). Buradan, potansiyel enerji fonksiyonu ve
nikel parametrelerinin ¢aliymanin amacina uygun oldugu
sonucuna vartlmistir.

Bain zorlanmasinin orgii enerjisi iizerindeki etkilerini
incelemek icin, 864 atomlu hiicreye s=0 kesme zoru sarti
altinda —-0,05 <&< 0,20 arahiginda Bain zorlanmasi
uygulanmistir. Bain zorlanmasi sonucunda sistemin iki
enerji minimumuna sahip oldugu gézlenmistir (Sekil 3).
Enerji minimumlarindan birincisi &=0 noktasinda digeri
ise &0,134 noktasinda bulunmaktadir. &0 noktasi
sistemin fcc birim hiicreli yapisina karsilik gelirken digeri
deforme olmus bir bec birim hiicreli yapiya karsilik
gelmektedir.

3. RESULTS and DISCUSSIONS

Before starting to study the effects of shear strain on the
barrier energy of fcc—bcec transformation, firstly, the
dependency of the potential energy functions and its
parameters on the number of atoms used in the model for
nickel have been investigated. For this aim, total lattice
energy given by equation 1 has been calculated for various
numbers of atoms in the model system, using a constant
atomic volume, and the results have been given in Table 3.
It has been observed that, for numbers of atoms over 864,
the energy does not change importantly as seen from Table
3. Also, the energy changes with variation of the atomic
volume have been obtained for the system of 864 atoms
and these energy changes have been compared with the
Rose energy (13) which is known as a generalized state
equation for cubic crystals and gives the crystal energy
with respect to crystal lattice parameter, in Figure 2. From
Figure 2, it has been shown that the results obtained from
equation (1) agree with Rose energies. Also, the minimum
value of the lattice energy obtained from the EAM, in
Figure 2, occurs at the value of a=3.52A which is the
experimental lattice parameter of nickel at 300K (14). In
addition to these conformations, the minimum energy
values for Rose and the EAM are calculated to be 4.445¢V
and 4.410eV, respectively, which agree with the
experimental value of the cohesive energy, 4.45eV (14).
From these results, it has been realized that the functions
and its parameters can be used in the present study.

In order to examine the effects of Bain strain on the
lattice energy, the Bain strain from -0.05 to 0.20 has been
applied to the model lattice with 864 atoms under the zero
shear stress condition. As a result of this application, it has
been observed that the system has two energy minimums,
in Figure 3. One of the minimum values is located in &=0
and the other is in &=0.134. The former value of the Bain
strains accords with an ideal fcc cell, the latter value
produces a deformed bcec cell.

Table 3. The lattice energy depending on the number of atoms in the model lattice

Cizelge 3. Parcacik sayisina baglh enerji degerleri

N E, (eV)
32 —4.2511
108 —4.3785
256 —4.3794
500 —4.3797
864 —4.3798

1372 —4.3798

2048 —4.3798
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Figure 2. The EAM and Rose energy changes with lattice parameter
Rose ve EAM orgii enerjilerinin drgii parametresiyle degisimi

Sekil 2.

fec yapi igin enerji degeri E™=4,3798¢V, bee yapr igin
E=4,3243eV olarak belirlenmistir (Sekil 2). Bu yapilar
arasindaki enerji farki ise Ef — E® = AE=0,0555eV
seklindedir. Buna gore, saf Bain zorlanmasi durumunda
sistemin fcc yapida kararli oldugu, zorlanmanin £=0,134
degerine ulasmasi halinde sistemin yar1 kararli bir bec
yaplya gecis yapabilecegi soylenebilir. Bu durum, farkl
enerji  fonksiyonlart kullanan ¢esitli arastirmacilar
tarafindan da gozlenmis ve nikel i¢in fcc—bec enerji
farkinin ~%1-5 araliginda degistigi kaydedilmistir (10,
15). bec yapmun bulundugu £=0,134 degerinin ideal
degerden (0,1225) sapmasi sistemin bct (tetragonal)
yapiya zorlandigimi gostermektedir.

Bain zorlanmasiyla olusan enerji degisimi iizerine
kesme zorunun etkisini incelemek amaciyla, sistem
tizerine Sekil la da goriilen (010) dogrultulu kesme zoru
uygulanmistir.  Kesme zoru uygulamalarinda atomik
diizlemler arasindaki mesafeler korunmustur ve sade
diizlemlerin birbirleri {izerinde kaymasina izin verilmistir.
Sadece kesme zoru altinda sistemin ikinci bir minimum
enerji Uretmedigi belirlenmistir. %0-20 araliginda 20
farkli kesme zoru altindaki sisteme Bain zoru uygulanarak
enerji degisimleri elde edilmistir (Sekil 3). Sekil 3 deki her
bir enerji egrisinde kesme zoru agagidan yukariya dogru
%0,01 adimlarla artmaktadir. Bain deformasyonunun sifir
oldugu bolgede sistem fcc drgiiye sahiptir. Ideal bee drgii,
Bain zorlanmasinin 0,1225 degerinde beklenir. Ancak,
kesme zorunun artmasi, sistemi ideal bcc Orgliden
uzaklastirir ve €=0,185 degerinde kararli bet yapiya dogru
stiriiklenmesine neden olur.

From Figure 2, the fcc and bee lattice energies are
obtained as E=4.3798eV and E=4.3243¢V, respectively.
The energy difference between these structures is
0.0555e¢V, AE=E— E®. According to this finding, it can be
concluded that the model system under pure Bain stress
condition can be stable in an fcc lattice for &=0 but it could
be transformed into an unstable bee lattice when the Bain
strain reaches a value of &0.134. Here, the fact that the
value of Bain strain associated with the bcce lattice deviates
from the ideal value of 0.1225 indicates that the Bain
strain compels the system to transform a lattice with bct
(tetragonal) cell. Similar results have been observed by the
other researchers, using different potential energy
functions, and they have noted that the energy discrepancy
between fcc and bec lattices of nickel changes in a region
of ~1%-5% (10,15).

The shear stress along (010) direction, as is shown in
Figure la, has been applied on the system in order to
investigate its effects on the energy of the system under
the Bain strain. In this application, spaces between atomic
layers have been conserved and it has been allowed the
layers to slip on each other. It has been determined that
there is no secondary minimum in the energy changing
curve for the system under the condition with only shear
stress application, &=0. After that, it has been calculated
the energy changes of the system under the Bain strain for
twenty different shear values from 0 to 20 in increment of
0.01%. These energy changes are shown in Figure 3 and
the shear stress values for each curve in the figure increase
towards upper side in an increment with 0.01. The system
has a lattice with fcc cell in the region of zero Bain strain.
While a lattice with an ideal bee cell can be expected in its
value of 0.1225, an increasing in shear stress takes the
system away from the ideal bce cell and causes it to drift
toward a stable lattice with bct cell at &=0.185.
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Figure 3. The changes of the lattice energy with Bain strain for different shear stress
Sekil 3.  Farkli kesme zoru siddetlerine gore 6rgii enerjisinin Bain zoru ile degisimi

Kesme zoru siddetine bagli olarak, Sekil 3 de goriilen
Eax degerinin, AE enerjisinin ve bariyer enerjisinin (Ep,=
EmaX—Eb) degisimleri Sekil 4 de verilmistir. s = 0,17 lik
kesme zoru icin Orgii enerjileri E=—42042¢V ve
E’=—4,1276eV olarak elde edilmistir. Bu iki 6rgii igin
enerji farki Ef — E™' = AE=0,0766¢V seklindedir. Bu fark,
saf Bain zorlanmasi sonucu elde edilen degerden
(AE=0,0555¢V) yiiksektir. Boylece, kesme zoru altindaki
bir sistemde, fcc—bct doniisimil igin daha biiyik bir
siiriicii  enerjisine ihtiyag duydugu sonucuna ulasilir.
Ayrica, Sekil 4 de goriilen bariyer enerjisi degisiminden,
kesme zoru altindaki sistemin bct Orglide daha karali
olabilecegi ve bct—fec ters doniisiimii i¢in daha fazla
siiriicii enerji gerektirecegi sonucuna ulagilmaktadir.

Eax the energy differences AE and the barrier energy
(Evar= Ema—E®) values denoted in Figure 3 are plotted as a
solid line with respect to the shear stress values S, in
Figure 4. The lattice energies for fcc and bec cells are
calculated as E™=-4.2042eV and E"=—4.1276eV for
§=0.17. The energy discrepancy for these lattices is E—
EY™=AE =0.0766eV. This difference is bigger than the
value (AE=0.0555eV) obtained for pure Bain stress
application. From this result, it can be concluded that
more energy is required to produce an fcc—bcet
transformation with Bain stress in a system under shear
stress. From the barrier energy change in Figure 4, on the
other hand, it has been found out that the system under
shear stress may be more stable in the lattice with bct cell
and, for a reverse transformation from bct to fcc, more
driving energy can be needed.
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Figure 4. The change of energy difference between structures, and barrier energy versus shear stress

Sekil 4.

Sonug olarak, hesaplamalarda kullanilan parcacik
sayisinin 864 ve {lizerinde olmast halinde sistemin
hacimsel (bulk) Ozelliklerinin  elde edilebilecegi
belirlenmistir. EAM yaklagimimnin, fec—bcece veya fec—bet

Yapilar arasindaki enerji farkinin ve bariyer enerjisinin kesme zoru ile degisimleri

In conclusion, it has been estimated that when using
864 or more atoms in the model, the bulk properties of the
system could be determined from the presented EAM
approach. Also, it has been shown that the EAM functions
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doniisimlerini, kati-kat1 faz doniigiimlerinin temel teorileri
ve deneysel bulgulari ile uyumlu olarak saglayabildigi
gozlenmistir. Bu tiir faz doniisiimlerinde sistemin kesme
zoru alanlarinda bulunmasi halinde bariyer enerjisinin ve
iki faz arasindaki denge enerjisi farkinin artacagi
sonucuna ulagilmigtir.

G.U. J. Sci., 17(2): 35-42 (2004)/ Sefa KAZANC*, Soner OZGEN

used in this study could provide the conditions for
fcc—bee or fce—bet transformations in atomic scale,
within satisfactory agreement with the fundamental
principles and the experimental findings of solid-solid
phase transformations. As another result driven here, it
has been reached that, in the case of the system under

shear stress, the barrier energy and the difference of the
equilibrium energies between two phases could rise in
these types of phase transformations.
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