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1. Determine the phase of the binary couple (e.g., both sides are bcc or fcc) and the composition
difference between the couple. You should be able to determine the phase and composition
range based on the phase diagram of the system. Plot the phase diagram and show that in
your report. Also show the phase and composition range in the phase diagram.

I am using the Nickel-based demo databases, with Al-Cr as the binary alloy.
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Figure 1: Thermodynamic and Mobility Data Sources



I only included the following phases: BCC_A2, FCC_A1, LIQUID, and GAS(not shown in phase diagram).

Elements Spedes Phases and Phase Constitution Components Data Sources  Description

Phases

=

Status Name NIDEMO  MNIDEMO

Entered .. |AL11CRZ
Entered .. |AL13CRZ
Entered .. |AL3NEZ
Entered .. |AL4CR
Entered .. |ALBCRS_H
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Entered .. |CHLA12
Entered .. |CUB_A13
Entered .. |DIAMOND_A4
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Entered .. DIS_MU
Entered .. |DIS_SIG
Entered .. |FCC_AJ1
Entered .. |FCC_L12
Entered .. |GAS
Entered .. HCP_A3
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Figure 2: Included Phases in the Calculations



I ploted the phase diagram within 7" € [500 K, 1250 K| and x4; € [0.00,1.00].
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Figure 3: Phase Diagram of Al-Cr

Binary Couple at the following mole fraction compositions:

1. x4, =0.8, 2, = 0.2,

2. Al = 1.0, TCOr = 0.0,

At T =900 K,

in the FCC_A1 region: (AL:VA=1:1).

Compositions of elements and vacuum are taken from the ThermoCalc ”TCALS5” document[I].



2. Assume that these two materials are joined together in a weldment and then kept at an elevated

temperature for a period of time. Assume that the length of each side is 0.5 mm. Plot the
following:

(a) concentration profile

(b) flux of each species

(c) activity profile
)

(d) chemical diffusion profile

You should be able to determine the simulation temperature based on the phase diagram.

I configured the diffusion simulation as the following:

Configuration

@ Diffusion Calculator 1
Conditions  Options

Composition unit: |Mole fraction -

Length unit: m
Geometry
I_. Planar %
Regionl
Regionl

Left interface Boundary

# Show left interface boundary

&) & Region

MName: |Regionl

Width: |0.001 m| 500 | points and type |Linear
&) (@) Phase: FCC_ALl «

Composition profiles: Edit

Right Interface Boundary

# Show rightinterface boundary

Left Boundary Condition Right Boundary Condition

Closed system i Cloged system

Thermal FProfile

(@) Isothermal (7 NonHsothermal

Temperature: |900.0 Kelvin

L

Simulation time: (5.0 Days i

Figure 4: Simulation Configuration: FCC_A1, T' = 900K



with the initial concentration profile as:
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Figure 5: Initial Concentration Profile of Al



I set the solver to "homogenization” in the simulation options:

Configuration o i

| piffusion Calculator 1

Conditions Options

Simulation Conditions

Default solver: Homoagenization -
Time integration method: Automatic e
Save results to file: Yes w
|Use forced starting values in equilibrium calculations: Automatic e

Default driving force for phases allowed to form at interfaces: | 1.0E-5

Timestep Control
Max relative error: 0.05 Max absolute error; | 1.0E-5
Timestep: Initial | 1.0E-7 Smallest allowed: 1.0E-7 Max |10.0 %% of simulation time

Factor specfying the maximum increase in the timestep taken from one timestep to another: (2.0

The timestep is to be controlled by the phase interface displacement during the simulation: | Automatic w
Clagsic Model Specific
Use the  activity -+  ofa componentin order to find the correct tieline at the phase interface
Required accuracy during the solution of the flux balance equations: |1.0E-14
Homogenization Mode! Specific

Homogenization function: |Rule of mixtures (upper Wiener bound) e

Use global minimization: ]
Interpolation Scheme
Use interpolation scheme:
Logarithmic « | discretization with | 10000 steps in each dimension

Memory to use: [4096 Megabyte v

Figure 6: Simulation Options



(a) concentration profile
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Figure 7: Composition Profile of the system at t=0, 0.02, 0.05, 0.2, 0.5, 1.0, 1.5, 2, 5 days



(b) flux of each species
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Figure 8: Al Flux Profile at t=0.02, 0.05, 0.2, 0.5, 2, 5 days
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Figure 9: Cr Flux Profile at t=0.02, 0.05, 0.2, 0.5, 2, 5 days



(c) activity profile
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Figure 10: Al Activity Profile at t=0.02, 0.05, 0.2, 0.5, 2, 5 days
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Figure 11: Cr Activity Profile at t=0.02, 0.05, 0.2, 0.5, 2, 5 days



(d) chemical diffusion profile

1.6E-11
—  DC(FCC_A1CrCr,Al)
— DC(FCC_A1.Cr Cr Al
14E-117 —  DC(FCC_A1.CrCr Al
— DC(FCC_A1.Cr Cr Al
19E-11 _ﬁ\ —  DC(FCC_A1.Cr Cr Al
= DC(FCC_A1 Cr Cr Al)
1E-11 1
]
5 BE-121
2
6E-12
4E-12 1
2E-12 1
0EO
0.0000 0.0001 00002 00003 00004 00005 0.0006 0.0007 0.0008 0.0009

=)

@

Distance [m]

0.0010

Figure 12: Al Chemical Diffusion Profile at t=0.02, 0.05, 0.2, 0.5, 2, 5 days
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Figure 13: Cr Chemical Diffusion Profile at t=0.02, 0.05, 0.2, 0.5, 2, 5 days
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3. Having the concentration profile for a specific annealing time, use the Matano-Boltzmann
relation to reproduce the chemical diffusivity for different concentration. Compare that with
the results of your simulation.
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Figure 14: Al Concentration Profile and Matano Plane Positions at t=0.2, 0.5, 2, 5 days

At each annealing time: First I used the following formula to find the Matano plane position Xj;:

X 1 c(z=0.0) p .
M= (2 =0.0) — c(z = 0.001) /c(xo.om) wae (1)

The code used to find Matano planes:

def matano(x, c):
x = 1list(x)
c = 1list(c)
dc = [None] * (len(x)-1)

sum_xdc = 0.0

for i in range(0, len(dc)):
dc[i] = c[i] - cl[i-1]

if dc[i] == 0:

print (i)
break
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sum_xdc = sum_xdc - (dc[i] * x[i+1])

cL
cR

c[0]
c[-1]

x_M = sum_xdc / (cL - cR)
return x_M
fig, ax = plt.subplots()

al = pd.read_csv("al_17280.csv")

X, ¢, cp = dc_dx(al[’Distance [m]’], al[’1: Time=17280’])
ax.plot(x, c, label="0.2 day", color=’tab:blue’)

Xx_M = matano(x, c)

ax.axvline(x=x_M, linewidth=0.5, color=’tab:blue’)
ax.axhline(y=c[0], linewidth=0.5, color=’tab:blue’)
ax.axhline(y=c[-1], linewidth=0.5, color=’tab:blue’)

al = pd.read_csv("al_43200.csv")

X, ¢, cp = dc_dx(al[’Distance [m]’], al[’1: Time=43200’])
ax.plot(x, c, label="0.5 day", color=’tab:red’)

x_M = matano(x, c)

ax.axvline(x=x_M, linewidth=0.5, color=’tab:red’)
ax.axhline(y=c[0], linewidth=0.5, color=’tab:red’)
ax.axhline(y=c[-1], linewidth=0.5, color=’tab:red’)

al = pd.read_csv("al_172800.csv")

X, ¢, cp = dc_dx(al[’Distance [m]’], al[’1: Time=172800’])
ax.plot(x, c, label="2 days", color=’tab:green’)

x_M = matano(x, c)

ax.axvline(x=x_M, linewidth=0.5, color=’tab:green’)
ax.axhline(y=c[0], linewidth=0.5, color=’tab:green’)
ax.axhline(y=c[-1], linewidth=0.5, color=’tab:green’)

al = pd.read_csv("al_432000.csv")

X, ¢, cp = dc_dx(al[’Distance [m]’], al[’1: Time=432000’])
ax.plot(x, c, label="5 days", color=’tab:orange’)

x_M = matano(x, c)

ax.axvline(x=x_M, linewidth=0.5, color=’tab:orange’)
ax.axhline(y=c[0], linewidth=0.5, color=’tab:orange’)
ax.axhline(y=c[-1], linewidth=0.5, color=’tab:orange’)
#ax.grid()

ax.legend()

fig.savefig("matano_planes.png", dpi=300)

plt.show()

Then I used the following formula to calculate the diffusivity:

/

(&
u/‘ xdc
¢ Jeco

1 Ox

D(C/) = —?ta

where ¢ is the concentration at £ = 0.001 m.

Python code used to plot and analyze:
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1le—12 Diffusivity
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Figure 15: Al Chemical Diffusion Profile Comparison at t=0.2, 0.5, 2, 5 days

import pandas as pd

import numpy as np

import matplotlib

import matplotlib.pyplot as plt
#matplotlib inline

def dc_dx(x, c):

x = list(x)

c = list(c)

dx = [None] * (len(x)-1)

dc = [None] * (len(x)-1)

cp = [None] * (len(x)-1)

for i in range(0, len(x) - 1):
dx[i] = x[i+1] - x[i]
dc[i] = c[i+1] - cl[i]
cplil = dcli] / dx[i]

return x, c, cp

def int_x_dc(x, c, end_index):

list(x)

X

list(c)

(¢]
]
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dc = [None] * (len(x)-1)
int_x = [None] * (len(x))

int_x[0] = 0.0
max_index = end_index + 1
for i in range(1l, len(x)):
int_x[i] = 0.0
if i > end_index:
int_x[i] = 0.0
else:
for j in range(i, end_index + 1):
dc[i] = c[i] - c[i-1]
int_x[i] = int_x[i] - (dc[i] * x[j1)
return int_x

fig, ax = plt.subplots()

t = 17280.0
al = pd.read_csv("al_17280.csv")

X, ¢, cp = dc_dx(al[’Distance [m]’], al[’1: Time=17280"1)
cd = [None] * (len(x) - 1)
end_index=len(c)-1
for j in range(0, len(c)):
if c[j] == 1.0:

end_index = j

#print (j)

break
int_x = int_x_dc(al[’Distance [m]’], al[’1: Time=17280’], end_index)
for i in range(0, (len(x) - 1)):

if cpli] == 0.0:
cd[i] = 0.0
else:
cd[i] = -int_x[i+1] / cpl[il / (2.0 * t)

ax.plot(x[1:], cd, label="t=0.2 day, BM Analysis", linewidth=1.0, color=’tab:blue’)

diff = pd.read_csv("diff17280.csv")

ax.plot(x, list(diff[’1: Time=17280’]), ’--’, label="t=0.2 day, Dictra", linewidth=0.5,
color="tab:blue’)

t = 43200.0
al = pd.read_csv("al_43200.csv")
X, ¢, cp = dc_dx(al[’Distance [m]’], al[’1: Time=43200’])
end_index=len(c)-1
for j in range(0, len(c)):
if c[j] == 1.0:
end_index = j
#print (j)
break
int_x = int_x_dc(al[’Distance [m]’], al[’1: Time=43200’], end_index)
for i in range(0, (len(x) - 1)):
if cpli] == 0.0:
cd[i] = 0.0
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else:
cdl[i] = -int_x[i+1] / cplil / (2.0 * %)
ax.plot(x[1:], cd, label="t=0.5 day, BM Analysis", linewidth=1.0, color=’tab:red’)
diff = pd.read_csv("diff43200.csv")
ax.plot(x, list(diff[’1: Time=43200’]), ’--’, label="t=0.5 day, Dictra", linewidth=0.5,
color=’tab:red’)

t = 172800.0
al= pd.read_csv("al_172800.csv")
X, ¢, cp = dc_dx(al[’Distance [m]’], al[’1l: Time=172800’])
end_index=len(c)-1
for j in range(0, len(c)):
if c[j] == 1.0:
end_index = j
#print (j)
break
int_x = int_x_dc(al[’Distance [m]’], al[’1: Time=172800’], end_index)
for i in range(0, (len(x) - 1)):
if cplil] ==
cd[i]
else:
cd[i] = -int_x[i+1] / cplil / (2.0 * t)
ax.plot(x[1:], cd, label="t=2 day, BM Analysis", linewidth=1.0, color=’tab:green’)
diff = pd.read_csv("diff172800.csv")
ax.plot(x, list(diff[’1: Time=172800’]), ’--’, label="t=2 day, Dictra", linewidth=0.5,
color=’tab:green’)

0.0:
0.0

t = 432000.0
al = pd.read_csv("al_432000.csv")
X, ¢, cp = dc_dx(al[’Distance [m]’], al[’1l: Time=432000’])
end_index=len(c)-1
for j in range(0, len(c)):
if c[j] == 1.0:
end_index = j
#print (j)
break
int_x = int_x_dc(al[’Distance [m]’], al[’1: Time=432000’], end_index)
for i in range(0, (len(x) - 1)):
if cpli] == 0.0:
cd[i] = 0.0
else:
cd[i] = -int_x[i+1] / cpli] / (2.0 * t)
ax.plot(x[1:], cd, label="t=5 day, BM Analysis", linewidth=1.0, color=’tab:orange’)
diff = pd.read_csv("diff432000.csv")
ax.plot(x, list(diff[’1: Time=432000’]), ’--’, label="t=5 day, Dictra", linewidth=0.5,
color=’tab:orange’)

ax.set(xlabel=’Distance (m)’, ylabel=’D_Al’, title=’Diffusivity’)
ax.grid()

ax.legend ()

fig.savefig("D_Al.png", dpi=300)

plt.show()
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4. Examine Darken’s equation based in the calculated tracer diffusivity, thermodynamic factor,

and chemical diffusivity.

D = (zpDY" +24DE )¢ (3)

x4, xp are the mole fractions of atom types A and B; D", Dgr are the tracer diffusivities of atom types A
and B; ¢ is the thermodynamic factor.

During the calculation, I am using the plots at same simulation condition and annealing time at 2 days.

le—7 Darken Equation
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Figure 16: Dictra Calculated Diffusivity and Darken Calculated Difusivity

The plots are not in the same order of magnitude, but after I removed the thermodynamic factor,

D =xpDi" + 2 4DL (4)
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le—12 Darken Equation
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Figure 17: Dictra Calculated Diffusivity and Darken Calculated Difusivity
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