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Welcome we are looking at the phase field equation, we said that the phase field modelling
actually incorporate the interfacial energy. So it is very important to understand where the

interfacial energy is coming from in this model. So that is what we want to understand in this
part of this lecture.
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So let us consider the free energy, the bulk free energy density that we were looking at. So it had
a0, it isa minima at 0, it had a maxima at 0.5 and it had another minima at 1 right, this is 0, this
is 1, this is 0.5 okay. Now consider a system which is what we are going to solve okay, so it has
this to be the A rich region, this to be the A rich region, this to be the B rich region. So | am
going to start with the profile.

So if you look at the initial profile it will look like that, remember this is consistent with periodic
non condition okay. So this is the profile that I start, in the case Cahn-Hilliard equation you saw
that the profile is going to setup like this, so it is going to become like this. Now if you look at
what happens in this profile, let us look at a bulk region, what happens in the bulk region, this is
our free energy, we said it is f0+k (Vc?)dv right. So this is what we are looking at, now in this
region, because | have taken my minima to be here at 0, so when the composition is 0 that is 0,
and this fO which is nothing, but AC%(1-c)? this becomes 0 at C=0.

And because there are no gradients, because composition is uniform here VC=0 so the f=0. So in
pure bulk A rick region, the free energy is 0. In a similar fashion, if you look at where
composition is 1, you can see the F is again 0, because 1 if you substitute in (1-c)* that term is



going to become 0. Again there are no concentration gradient so that is also going to be 0. In the

region where it changes from either 0 to 1 or 1 to O there are contributions that are coming.

One contribution is that the bulk free energy which is this contribution is going to increase,
because you are going to sample points with all this composition right, any region with this bulk
composition will have higher free energy as compared to this. So this is going to have a higher
energy, because remember | mean this is the barrier and this barrier height was decided by A, it
is A/16 because if you put 0.5 here it is 0.5%(0.5)% so it is (0.5)* that is (¥2)* so A/(2/4), A/16 that
is the barrier height.

So it is going to get to sample these regions. So suppose if this composition changes abruptly
suppose | can keep up to this as 1, up to this as 0 and then the composition changes adruptly then
the contribution from this will be very low, because it will be 0, but the VC term which is the
gradient term is going to become infinity. So when this is 0, this becomes the infinity. On the
other hand one can say that from this point to this point okay, the composition right, what have |

done, | have made the VC as small as possible.

So the contribution from this part is going to become very low, but because now it is looking at
compositions of all these points, most of the points are away from the minima, so there is going
to be huge contribution, that is going to come from the bulk region okay. So now that
contribution is going to become very large, so the system is going to adjust the VC the gradient
and composition in such a way that most of it, it will keep it clear, because this is also 0, this is

also 0.

But it has to support an interface from a B rich region and an A rich region. So in that region it is
going to choose that VC which as compared to this will minimize the energy. So if it takes very
small VC then it will have lot of contribution from here, if it takes very large VC this contribution
will be lower, but there are VC contribution will be high. So the system chooses an interface

which will be an optimum of these two.



In other words, the A in the FO and k here in the VC term together determine what is the
interfacial energy. Now thermodynamically the interfacial energy is the excess free energy. So
how do we define, we define it as the free energy of a system which has just this A and just this
B you add them up to subtract from a system which has these interface. And now we have two
interfaces, so it will be the interfacial energy will be two times the interfacial energy okay.

So, but we know that for the bulk we have setup the free energy to be 0. So if you measure this
quantity integral of FO+kVC? for a system which develops these interfaces that is the excess free
energy associated with the interface itself, because if | take an all A or all B then | would have
gotten O from this. So now because | have some part A and some part B, the interface forms and
the excess free energy associated with the interface is just obtained by the evaluation of this free

energy.

So that is what we want to do now, and in this case | do not want to take a initial profile which is
a sinusoidal, but I want to take an initial profile which looks like this. That is the code that |

have.
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So let us take the.
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FFT Cahn-Hilliard code that we had.
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CHEFT sk P DCNorpty) - Vi

B clear all;

32;
1.0;
'n‘ = n

K
B for i=1:N
Bcii) = 0.5*(1+sin(2*pi*m*1*dx/N));
™ endfor
n'plot(c,'r;lmtxal;');

hold on

% halfN = N/2;
’m-lk = 2*°pi/N;

“‘ht - 05,

=




(Refer Slide Time: 06:40)

g octave:2> [guru@BharadwajAngiras$: s
‘ CahnHilliardIinterfacialEnergy.oct

CHFFT.oct
8 DiffusionFFT.oct
FDCH.oct
B FODiffusion.oct
B FFTCahnHilliard.oct
™ FFTDiffusion.oct
g test.oct
5 {guru@BharadwajAngirass$: vi C
CahnHilliardInterfacialEnergy.oct
CHFFT . oct
'I;\x iru@BharadwalAngirass: vi CHFFT.oct
S {guru@BharadwajAngirass: |

Called this Cahn-Hilliard FFT.oct so | am going to say interfacial energy Cahn-Hilliard.oct vi
interfacial energy.



(Refer Slide Time: 06:57)

i ertumiee OO fSerpts) Vil
BN = 128;
'01 = 1.0;
‘c = 2eros(N.1);
for 1=(N/4)+1:3*N/4
!c(u = 1.0;
endfor
‘plot((,'r;lmtlal;');
.hold on
™ halfN = N/2;
. = 2*pi/N;
= 0.5

m
3
F

= 1:4000
. *C.*(1.-¢C).%(1.-2.%¢C);
Vn.,::)t = fft(g).

"-"'-~<'<t" 30L, 442C written 15,13

()?

Cahn-Hilliard, so I am going to take it on a bigger system okay, and | am going to change the
initial profile, so do not want any m. So | am going to make the initial profile like this for -
=N/4+1 that means what quarter to 3N/4, s quarters. | am going to say c(i) is 1 and so for the first
quarter and the last quarter 1 am going to make the composition to be 0, so | want to first define

c=zeros (N, 1).

So | have 128 so | have defined a composition which will be vector with 128 zeros of which the
first quarter and the last quarter | am going to leave it as 0, but the middle half | am going to put
as 1, so this is the initial profile okay. So we plot the initial profile, we evolve the system and

now we need to run for long time because we want to achieve equilibration.
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wherfacmise OCHogiy) Vi

B chat = fft(c);

.101 1=1:N

‘x.'(u 1) <=halfN) k = (1-1)*delk;
endif

B 1f((1-1) > halfN) k = (1-1-N)*delk;
endif

‘kB = K*K;

-u.-l = K2*Kk2;

M chat(i) = (chat(i)-dt*k2*ghat(1))/(1+2%k4

B"dt);
endfor

lc = real(ifft(chat));
pndfor

L
o il

w

And once we get that, so we get to the solution, we will plot the final solution. After this is where
| want to calculate the energy, now energy calculation means that we need to calculate AC%(1-
c)’+k VC? at every point and you add that up. So that is basically the excess free energy itself,
because for the bulk phases the free energy is 0, if | integrate this quantity that will be the bulk
free energy itself, so that is what | want to do now.

To do that now I know the final composition profile. So | am going to do the Fourier transform
of composition, I will tell you why I do this. FFT(c) okay and I implement the periodic boundary
condition stuff, so I am going to take these four, five lines and |1 am going to put there. So | am

going to put the 5 lines here, so I am going to implement periodic boundary condition for doing.
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M ertucmtae OCNorpts) - Ve o

B chat(i) = (chat(1i)-dt*k2*ghat(1))/(1+2*k4
*at).,
:omﬂor
¢ = real(ifft(chat));
!endfor
plot(c)
B chat = fft(c);
@ for i=1:N
M if((1-1) <=halfN) k = (i-1)*delk;
B'er.dlf
1f((1-1) > halfN) k = (1-1-N)*delk;
'r-r‘mf
chat = complex(0,1)*k*chat(1)
"/o_r'.jfov'

< INSERT -- 38,7

What | am going to take the chat = complex (0, 1) multiplying k, multiplying chat of i okay end
for okay. So what is being done here, see | want to calculate the concentration gradient, because |
can do Fourier transform if you take concentration to be C and if you are in Fourier space so you
can see that.
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Suppose if | have C tilde right, if I have C tilde then d/dx of C tilde is nothing, but ikC tilda. So if
| take the composition to C tilda then the derivative of the composition is just obtained by

multiplying with ik and taking the inverse Fourier transform, so that is what we are trying to do.
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g T :
B if((1-1) > halfN) k = (1-1-N)*delk;
.vr:(nf
‘(Mt = complex(0,1)*k*chat(1i)
endfor
lcprlme = real(ifft(chat));
energyl 0.0;
energy2 = 0.0;
B kappa = 1.0;
™ for 1=]1:
a'energyl energyl+A*c(1)*c(1)*(1-c(1))*(1

-c(1));
[ ]

energy2 = kappa*cprime(i)*cprime(i);

gndfor

.
v ~&- INSERT

So | will take the inverse, so this complex 0,1 means the complex number which I am
multiplying with k okay. So now with this, so we have the Fourier transform quantity, so if | take
this now back C’ is nothing, but real of iFFt(chat) okay. So if I do that then I calculate the C’
quantity right. So now | have C at every point, | have now the VC at every point 0C/0x at every

point.

Now I can calculate energy, so | am going to say energy is equal to 0.0 okay. So I am also going
to do another small test so let us split energy into two parts, energy 1 is 0.0, energy 2 is equal to
0.0. So for i=1 to n what are we doing we are saying that energy 1=energy 1+ A is 1,
A*A.*c(i).*c(i) okay, okay c(i0 we are doing, so .* is not required c(i)x c(i)x1-c(i)x1-c(i) right.
So what is this energy, this is the energy that is associated with AC?(1-c)? okay.

Now what is energy 2, that is nothing but the k, so I think I have defined k somewhere let us
make sure that we define the k okay | have not defined k, so k is 1 so | am going to define it
anywhere here, so k=1 because later it will be useful. So kxC’(1)xC’(1) so this is the second

prime end for. So now | want to write down the total energy.
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wiertsamise DCAcrgte) - Vi
B endif
g chat = complex(0,1)*k*chat(1)
endfor
cprime = real(ifft(chat));
!erergyl = 0.0;
energy2 = 0.0;
kKappa = 1.0;
B for i=1:
ﬁ(‘verqyl energyl+A*c(1)*c(1)*(1-c(1))*(1
-c(1));
.cr‘-crqu kappa*cprime(1i)*cprime(l);
endfor
_energyl
\en

v w4 INSERT

So energy 1 | want to print energy 2 | want to print and 0.5 times energy 1+ energy 2 | want to
print. Why 0.5 because here also it should be 0.5, because there are two interfaces, remember
there is an interface at quarter distance, there is an interface at three fourth distance. So
interfacial energy is per unit area or per unit length, whatever, so we want to get for two

interfaces this is the total energy.

So for one interface this is half the energy, because everything is symmetric okay. So we want to
get this as the energy, so want to print out these three quantity, so that is what we want to do with
this.
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Termned

B re useful.

g For more information, visit http://www.oc
5 tave.org/get-involved.html

BReac http://www.octave.org/bugs.html to 1
earn how to submit bug reports,
B For information about changes from previo

B us versions, type 'news
™

n'octave:b source In
Inf
* InterfacialEnergyCH
UInterfacialEnergyCH. oct
W octave: 1> source InterfacialEnergyCH.oct

So let us go and source interfacial energy CH.oct okay.
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So we are going to see.
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So the free energy if you know the free energy expression you can integrate it, if you subtract the
bulk free energies from there you will get the excess energy associated with the interface which
is bind of solution of the interfacial free energy. So using our Cahn-Hilliard code we are just
trying to calculate that quantity.
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So | got this solution, so you can see that it forms one interface here and another interface here.
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B chat = 0

gperror: InterfacialEnergyCH.oct: A(I): ind
ex out of bounds; value 2 out of bound 1
error: called from:

8 error: /media/gquru/GurulSB/Teaching/Jan

uary2016/M00C/Scripts/InterfacialEnergyCH

.0ct at line 37, column 6

octave: 1> [guru@BharadwajAngiras$: '~.’1l

B
]
o
T
-
»
5
L
™.
e

But there is some problem in the code, so let us go find out what is wrong line 37.
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erfaomlise  ODCNeptu - VI
B chat = fft(c);
g for i=1:N
i1f((1-1) <=halfN) k = (1-1)*delk;
endif
B if((1i-1) > halfN) k = (1-1-N)*delk;
endif
B chatli) = complex(0,1)*k*chat(i)
.m‘df()r
™ cprime = real(ifft(chat));
deﬂergyl 0.0;
energy2 0.0;
.kappa = 1.0;

for i=1:
4

o i

Okay, so | keep forgetting this chat of i is complex 0, 1 into chat of i okay.
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B chat = 0

geerror: InterfacialEnergyCH.oct: A(I): ind
ex out of bounds; value 2 out of bound 1
error: called from:

!error: /media/quru/GurulSB/Teaching/Jan
uary2016/M00C/Scripts/InterfacialEnergyCH

B .oct at line 37, column 6

B octave:1> [guru@BharadwajAngiras$: !vi

™vi InterfacialEnergyCH.oct

D'{guru@Bharadaa;Angxrass. vi InterfacialEn
ergyCH.oct '

%
"
'v
5
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# chat = 0

g error: InterfacialEnergyCH.oct: A(I): ind
ex out of bounds; value 2 out of bound 1
error: called from:

B . / T :
error: /media/quru/GurulSB/Teaching/Jan
uary2016/M00C/Scripts/InterfacialEnergyCH

oct at line 37, column 6

.O(I.wv: 1> [guru@BharadwajAngirass: 'vi
™ vi InterfacialEnergyCH.oct
E![guru@Bharadua;AnglraSS: octavel
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.Audltlonul information about Octave is av
‘.nlal)lv at http://www.octave.orq.

!Plcasc contribute if you find this softwa
re useful.

'for‘ more information, visit http://www.oC

B tave.org/get-involved.html

r

n'P.ead http://www.octave.org/bugs.html to 1
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For information about changes from previo
NS versions, type 'news
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gt UCtave: 13 il
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0
B Additional information about Octave 1s av
gpallable at http://www.octave.org.

Please contribute 1f you find this softwa
re useful,

For more information, visit http://www.oC
B tave org/get-involved, html

E
B

™ Read http://www.octave.org/bugs.html to |
gearn how to submit bug reports.
For information about changes from previo
us versions, type ‘news’

lockave:1> # Octave 3.8.1, Wed Feb 24 12:2
7136 2016 IST <guru@BharadwajAngiras>j
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B Additional information about Octave is av
.|a:lablv at http://www.o0ctave.org.

Please contribute 1f you find this softwa
B re useful.

For more information, visit http://www.OC
) tave.org/get-involved.html

™ Read http://www.octave.org/bugs.html to |
Ejoarn how to submit bug reports,
For information about changes from previo
us versions, type '‘news’

ave: 1> source InterfaclalEnergyCH.oct
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So that is the mistake, so now probably it will give me the solution. So we calculate that, so the
trick that we have used is that the derivative, the 0C/0x can also be obtained easily if you have
the Fourier transform okay. It is also going to be very accurate, so that is another thing as part of
an assignment you will try to do the same thing, but you will calculate the interfacial energy

using finite difference formula for the gradient and composition.

And you can see how much is the error, the spectral techniques are very, very accurate in 1D
they are accurate as 1/N, in 2D that goes at 1/N? whereas in the case of finite difference the error
goes as H? okay.
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Cannot

q’ cannot

07307
00000
EELEL)
00000
. 75586
,00000
. 26364
00000

964331
000001
D.,905101
000001
825221
., 000001
EYL
000001
29791 635921
edit standard input
edit standard input
edit standard input
edit standard input
edit standard input

(press RETUR!
(press RETUR!
(press RETURM
(press RETURM
(press RETURM
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., 33839 - 905101
, 00000 000001
. 15586 3.825221
00000 - , 000001
.26364 - . 132881
-0.000600 + 000001
2.29791 + 635921
'A' undefined near Line 44 column

ijarnxng: broken pipe

- error: called from:
error: /media/quru/GurulsSB/Teaching/Jan
,HJ'v?016/M00(/S(flDtS/Ianrfd(ldlfﬂvlqy(ﬂ
L.0ct at line 44, column 9
‘Uctave: 1> [guru@BharadwajAngirass$: 'vxl

There is something wrong, so a line 44.
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wertueinae OO Sorgti) - Vim
B endif
g chat(l) = complex(0,1)*k*chat(1);
endfor
cprime = real(ifft(chat));
!energyl = 0.0;
energy2 0.0;
] kappa = 1.0;

B for i=1:

Menergyl = energyl+A*c(i)*c(1)*(1-c(1))*(1
2 -c(i));

energy2 kappa*cprime(1i)*cprime(1);
'rfndfor

f.5%energyl

0. 5%energy2

Okay, | need to find out first thing it was okay, so this I do not want, that i okay. So okay | did
not get what the problem was, so let is run again.
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Okay, so there are also ways of solving in 1D atleast some of these things analytically and
getting to the solution, which is what we will do in the next lecture okay.



(Refer Slide Time: 16:52)

error: cal
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So in this part of the lecture we have done everything numerically.
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| W e + 0
'A' undefined near Lline 44 column

error: called from:

error: /media/quru/GurulsSB/Teaching/Jan
!!zJary2016/MOOC/Scrlpts/Interfac1alEnergyCH
‘" oct at line 44, column 9

B octave:1> il

o
r
-
b
n
1
-
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And we are going to do it analytically in the next okay, line 44 there is a problem.
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terdaciise DCAwpa) - Vi
B clear all;
clc;

C = zeros(N.,1);
B for i=(N/4)+1:3*N/4
.((H = 1.0;
™ endfor
dplot(c,‘r;ln1t1al;');
hold on

.halﬂi = N/2;
delk = 2*pi/N;
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e ertmimilse DCAorgty) - VWS
@ endfor
i cprime = real(ifft(chat));
energyl = 0.0;
energy2 = 0.0;
!kappa = 1.0;
|- for i=1:N
B Brergyl = energyl+A*c(i)*c(i)*(1-c(1))*(1
W -cll));

- energy2 = kappa*cprime(i)*cprime(1i);

i 0.5%energyl
0.5%energy2

n f.5%(energyl+energy2)

'/

N
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tertainiine OC/Srpiy) - Vim ol - %)

B chat(i) = (chat(i)fdt*k2*ghat(1))/(1+2*k4
"UU.

endfor

C = real(ifft(chat));
!endfor

plot(c)
B chat = fftic);
B for i=1:N
M if((1-1) <=halfN) kK = (1-1)*delk;
pendi f

1f((1-1) > halfN) k = (1-1-N)*delk;
.Pr‘.dlf
chat(1) = complex(0,1)*k*chat(1);
Lendfor

m 26,19

Okay, A was not defined that is the problem.
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S 6D ¢ weere

B if((1-1) <=halfN) Kk = (1-1)*delk;

.m*dlf

‘xfl(x 1) > halfN) kK = (1-1-N)*delk;
endif

!chat(l) = complex(0,1)*k*chat(i);
endfor

lcp'mn‘f = real(ifft(chat));

B energyl = 0.0;

a0 Aopts)  VIM

energy2 = 0.0;
niaopa = 1,0;
'for 1=]:
snergyl = energyl+A*c(i)*c(i)*(1-c(1))*(1
c.1));
it <+ INSERT 43,1 824

Okay A was also not defined, so let me define A also here A to be equal to 1, because that is

what we have used in the.
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octave:3> [quru@BharadwajAngiras$: vi Int
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B octave:2> source InterfacialEnergyCH.oct
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Sorry, so | run the --
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Okay, but one more thing that you can notice is that the Fourier transform technique is also really
fast, that is because it allows us to take larger At Fourier transform itself is not easy, so it is a

costly thing to do, but after you do the Fourier transform.
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You see that the solution is very fast, because we are able to take larger At. So the interface, the
red line is the initial one and you can see that most of it is kept at bulk A rich and B rich region.
But where the interface was, where | put a very large gradient, you know in one grid size, it went
from 0 to 1, now it has made it to be a smooth function. So there is a gradient here, but it is not
making the gradient from here to here that is because, you know the gradient term will be very

small the bulk free energy density contribution will be very high.

It is not preferring what | gave either, because even though the bulk free energy density was 0
everywhere in this part the gradient energy gave a very large contribution. So it made adjustment

between the two and it gave me the solution.
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# Additional information about Octave is av
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!Read http://www.octave.org/bugs.html to |

Ejearn how to submit bug reports.

"For information about changes from previo
us versions, type 'news’.

W octave: 1> source InterfacialEnergyCH.oct

i

Now if you look at this solution you can see that no, there is something wrong with this, so the
second term also should be 0.1666 so the total energy should be 0.3333 okay. So | do not know
where the mistake is, let me find out. So we took the Fourier transform of C and we calculated
the VC and we calculated C’ as this okay. So probably I should plot C* with C okay, so | know

what the mistake is.

So energy 2 is equal to energy 2 plus | am not summing it up and I am just taking some energy 2

plus right, so that is the mistake okay.
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So now | think we will get the right solution finally and the solution when you get so, so you can
show when we do the analytical solution, we will be able to show that for the FO that | have
chosen for the KA | have chosen the interfacial energy is one third okay 1/3. And you can see
that, that is what the solution we are getting. What is more interesting is that you can see, that the

contribution that comes from FO is exactly equal to the contribution that is coming from kVC?.

That is how the system is actually finding out the interface that it wants and how does it
determine what is the interface with either you have FO or C giving large contribution or the first
profile I made were all the contribution the interface as it came from VC. So it will keep reducing
the contribution from VC by making VC to be smaller and smaller in the process the FO

contribution will keep going.

The calculation will stop when both the contributions become equal okay. So this we can show
analytically which we will do later, but at this point all you need to see is that the contribution
between the two is exactly the same. Now you can see what happens, so let us do one small
experiment before we stop this lecture. Let us take a k to be equal to 2 and k to be equal to 4 and

then see what happens to the solution.



So let us go back to the code, so | want to put this A in k at the beginning itself, so we do not
want to put that here, because it is very useful to have it here itself let us define k and A and in
the solution also let us put the k and A. So this is dt, so Ghat when it is calculated it should be
two times A times VC right. So this is where A goes in and this is where k goes in, it is two times

k times k* okay.

So now we have k=1, so let us run and make sure that our code is working fine and then we will
change k let us make k to be 4 for example and see what happens to the interfacial energy and

interface with, so both we will look at okay.
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ghoctave:1> source InterfaclalEnergyCH.oct
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So we get this 0.3333 is the energy and you can look at the profile and so you can look at the
profile, the profile is like this right. So it is somewhere between 23, 24 to some 40 or something
right. So that is the interface, now let us take this thing and make k to be equal to 4. Now because
we have increased k then the gradient contribution is going to become more, so what should the

system do. That is what we are going to check.
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Wactave:1> source InterfacialEnergyCH.oct
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Okay, so we have increased k, so the k contribution is going to increase and we know that
interfacial energy should be in such a way that both the k contribution and F contribution should
become equal, so what happens you can see that it increased okay. Now this is 0.33, 0.33 so it
has become 0.6. So when you increased k four times interfacial energy became two times. So it

goes as root k.

In the same and you can look at the profile and so | do not see the plot okay, so you can do this
exercise and look at the plot of the okay, so there is a clear figure here, so which | just try to

know for plot.
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And similarly you can also change the interfacial energy by just changing A instead of taking A
to be 1 for example you can take A to be 4, then the contributions from the bulk free energy
density is going to increase, so k also should correspond adjust in all cases, | mean whatever be
the A k that you take the contribution that comes from FO terms should be equal to the term, the

contribution that comes from k density squared term to the free energy.

So that is the thing that we will show, we will show later, so now you can see that the interfacial

width also has increased, so it has gone beyond the 40, whereas previously we have to 40 okay.
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So you can pay around with A and k so | will stop at this point, we will come back and we will
look at some of the analytical solutions and analysis of the solution which we will do in the next
lecture, which will give us a much clearer picture of what is happening in the phase field model,
then we will move on to 2D and most of this course will be done on 2D systems only okay.

Thank you.
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