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[Problem 1] Thermodynamics and Kinetics of Materials

Answer the following questions based on Figure 1 showing the temperature
dependences of the standard Gibbs energy changes for the formation reactions of
chlorides of lithium (Li), sodium (Na), potassium (K), rubidium (Rb), cesium (Cs),

calcium (Ca), barium (Ba), and strontium (Sr) at 1 atm of pressure. Pey, is chlorine

partial pressure (atm). Use the gas constant R = 8.3 J-mol'-K~! if necessary.

(1) From Li, Na, Rb, Cs, Ca, Ba, and Sr, answer the all metal elements that can
thermodynamically reduce the chloride of K (KCl) at a pressure of 1 atm and a
temperature of 800 K.

(2) The standard Gibbs energy change of reaction (D at a pressure of 1 atm and a
temperature of 1000 K is positive. In reaction (D, | and g in the parentheses
represent pure liquid and gas, respectively. However, the metal Cs is effectively
produced from its chloride (CsCl) by using metal Li as a reducing agent under

reduced pressure. Explain its reason in approximately 30 words.

CsCl (1) +Li (1) — Cs (g) + LiCl (1) @®
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_650 T T T
2 Na + Cl, =2 NaCl ‘/

2 Li + Cl, = 2 LiCl vd

Ca + Cl, = CaCl,

Sr+Cl, = SrCl, :/

-700

Chlorine potential, RT'log, p_, / kJ-mol™"

2Rb + Cl, =2 RbCl

2K + Cl, = 2 KCl

2Cs +Cl,=2CsCl

_750 /7 ) Ba + C|.2 = BaCl,
600 700 800 900 1000

Temperature, T/ K

Figure 1

2. Reactions of metal M, oxide of M (MO), chloride of M (MCl2), metal R, oxide of R
(RO), and chloride of R (RCI2) at a high temperature are considered. The pressure
and reaction temperature are constant at 1 atm and 1300 K, respectively. Figure 2

shows the superimposed potential diagrams of M-O-Cl and R-O-Cl systems at 1300

K. The vertical and horizontal axes of Figure 2 are loglop02 and 10g1opc12 ,

respectively, where Po, and P, are oxygen partial pressure (atm) and chlorine

28



partial pressure (atm), respectively. Use the gas constant R = 8.3 J-mol~!-K~! and the

following values of standard Gibbs energy changes of reactions at 1300 K if

necessary.
M (s) + 1/2 02 (g) = MO (s) : AG1° =—142.7 kI-mol™! @
M (s) + Ch (g) = MCL (1) : AG»° =— 155.1 kJ-mol! ®
R()+1/202(2)=RO(s):  AG =—458.1 kJ-mol”' @
R (1) + Cl (g) = RCL (1) : AG4° = — 449.0 kJ-mol! ®
1/2 02 (g) = O (1 mass% in M) :  AGs° =— 450.0 kJ-mol~! ®

Here, s, I, g and 1 mass% in M in the parentheses represent standard states of the
substances indicating pure solid, pure liquid, gas at 1 atm, and oxygen in metal M
with 1 mass% of concentration, respectively. O denotes the dissolved oxygen in metal

M. Use loge y =2.3 logio y if necessary. Answer the values with two significant digits.

(1) Obtain the values of log10p02 and 10g1opc12 at the hypothetical R/RC12/RO
equilibrium shown as the dot [a] in Figure 2.

(2) Obtain the slope of the line [b] in Figure 2.

(3) Obtain the oxygen concentration (mass%) in metal M when metal R and RO are
in contact with metal M containing oxygen. The concentration is in the range
where Henry’s law is applicable. Let activity coefficient of oxygen fo = 1. Metal
R and RO remain after contact with metal M.

(4) Copy Figure 2 in your answer sheet and depict the condition of 10g10p02 to
produce MClz from metal M and RClz. Explain the condition in approximately

30 words.
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Figure 2

Gas A is in contact with liquid B in a container with an infinite depth (o) shown in
Figure 3. Consider the downward vertical movement of A in B. z is the distance from
the surface of B. A dissolves in B, diffuses in B, and then disappears with the

irreversible reaction (7). The concentration of produced AB is extremely low.
A+B — AB @
Considering that B is present in large excess compared to A, reaction (7 can be

treated as pseudo-first-order reaction. The reaction rate, R,(z), is expressed in

equation using the molar concentration of A, ca(z) , and the reaction rate constant,

k.
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RA(2)= — kica(2)

Na(z) is the flux of A at z. A is saturated at the surface of B and the saturated
concentration of A in B is ¢,. Diffusion coefficient of A in B, D,g, is constant. The
temperature is uniform throughout the container. Convection and the heat of
dissolution are negligible. The whole system reaches steady state. Answer the

following questions.

(1) Express Nj(z) using Dgpg, ca(2), and z.
(2) Express ca(z) using Dap, ¢, ki, and z.
(3) Express the absorption rate per unit area of A at the surface of B, N,(0), using

DAB’ Co, and kl'

Gas A I
Liquid B
! (RAC
A+B— AB
%
z
Figure 3
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[Problem 2] Structure of Materials

Figure 1 shows a hypothetical binary phase diagram of element A and element B. The L
phase is the liquid phase, and the a and B phases are solid phases with body-centered
cubic lattice structure (lattice constant @ = 0.281 nm) and face-centered cubic lattice
structure (lattice constant a = 0.359 nm), respectively. The y phase has the Llo-type
ordered structure shown in Figure 2, which is an ordered face-centered cubic structure

with the same lattice constant as the B phase.

Temperature / K

o R
700} S ' :
| K8 |
aty: ﬂ y+B W '
: : X @A @B

A cCl c2 50c¢ B
B concentration / at.%

Figure 1 Figure 2
1. Samples of each composition ci, c2, and ¢3 were held at temperature 71, then slowly
cooled and solidified under equilibrium condition. For each sample, select the most
appropriate schematic diagram of the typical microstructure at temperature 72 from
Figure 3. Also, describe the formation process of each microstructure in

approximately 20 words for each.
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The crystal structure factor F corresponding to the reciprocal lattice point of indices
h k s given by the following equation.

n
F =" fexp[2mi(hy; + ky, + 12))] @
=

where f; is the atomic scattering factor of the j-th atom, n is the number of atoms

in the unitcell, x;, y;, z; are the atomic coordinates of the j-th atom, and 1 represents

the imaginary unit. The atomic scattering factors of atom A and atom B are denoted
as f, and fg, respectively.

(1) Express the crystal structure factor using f, and fg of the following phases:
(a), (b), and (c). Also, list all possible values of the crystal structure factors and
the corresponding conditions for 4, &, and /. The unit cell and coordinates of the
v phase are defined as shown in Figure 2, and each atomic site is occupied by
either atom A or atom B with an occupancy of 1.

(a) o phase with pure A
(b) P phase with pure B
(c) v phase with the stoichiometric composition

(2) Using the geometry shown in Figure 4, X-ray diffraction measurement on a
powder sample of the y phase was performed using X-rays with a wavelength of
0.154 nm. Calculate the values of 26 for all Bragg reflections observed at angles

lower than 20 = 55° with three significant digits.

Detector

Sample

X-ray source

Figure 4
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To obtain the y phase from the liquid phase, it is necessary to cool at an extremely

slow rate of approximately 10712 K-s™!, making it difficult to synthesize the y phase

through continuous cooling. On the other hand, a method has been invented to obtain
the y phase by rapidly quenching a molten metal with a composition of cs = 50 at.%

to form a metallic glass, and then heat-treating it at 670 K for approximately 100

hours. Answer the following questions.

(1) Figure 5 shows a typical Time-Temperature-Transformation diagram for molten
metals. The time required for the crystallization of the supercooled liquid is long
at the high temperature range near the melting point (7m) and at the low
temperature range near the glass transition temperature (7). Explain the reasons
why the long time is required in these two temperature ranges in approximately

30 words each.

Liquid phase

Tm ——————————————————
2
% Crystalline phase
oy
=9
£ |Supercooled
15 Lo
= pliquid o T

Metallic glass

Time (Log. scale)
Figure 5
(2) Using the geometry shown in Figure 4, X-ray diffraction measurements were
performed on powder samples using X-rays with a wavelength of 0.154 nm. A-
B binary alloy samples were prepared under various conditions, resulting in the
powder X-ray diffraction patterns shown in Figure 6. Select the appropriate
powder X-ray diffraction patterns for samples synthesized under the following
two conditions. The lattice constant is independent of the composition of the o

phase and 3 phase.
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(1) A sample of molten metal with ¢ = 50 at.% continuously cooled to room

temperature at a rate of 107! K-s™".

(ii)
temperature, then heat-treated at 670 K for 100 hours.
(a) (b)
iy
g
|
0 |
20 40 60 80 100
26/ degree
(© (d)
2
g
|
0 | | L
20 40 60 80 100
20/ degree
Figure 6

Intensity

A sample of molten metal with ¢g = 50 at.% rapidly quenched to room

=3

Intensity

20 40 60 80 100
26/ degree
| ] | 1
20 40 60 80 100
20/ degree

(3) The y phase can be obtained in a short time by heat-treating the metastable

metallic glass while the extremely long time is required to obtain the y phase

through continuous cooling. Discuss its reason in approximately 120 words, by

comparing the two processes from the perspectives of atomic diffusion and

thermodynamic driving force.
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[Problem 3] Properties of Materials

Let W(r,t) be a one-electron wave function that depends on time t. Here, 1 is a
position vector. In general, W(r,t) satisfies Equation (D:

ih=W(r,t) = A¥(r,1), D
where i is the imaginary unit, A = h/2m (h: Planck constant), and H is the
Hamiltonian of the system. When the electron is in a steady state, W(r,t) can be

written as

W(r,t) = ¢(r) - exp (- 2). @
h
Here, E and ¢(r) are the eigenenergy and eigenwave function of the electron

satisfying Equation (3:
Hp(r) = Ep(r). ®

(1) Derive Equation 3 from Equations (D and @.

Next, let us consider the electronic states in a system consisting of /N atoms of the
same kind. Assume that the wave function W(r,t) of an electron in this system can
be expressed as a linear combination of the atomic orbital functions of each atom, as

in Equation @:

CHEPWAGTACY @

where C;(t) (i=1,2,..,N) are complex coefficients, and y;(r) is the atomic
orbital function of the i-th atom. Assume that y;(r) (i = 1,2, ..., N) are normalized

and that their overlap integrals are negligible. Namely,

f xi Mx;(dr = {1 (=)

0 (%) (i=12..,N;j=1,2,..,N), ®
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where the superscript “*” denotes complex conjugate. We define the elements Hi(;v)

of the Nx NHamiltonian matrix H™) by Equation ®):
Hl.(;v) = f)(;“ (M Hy;(r)dr . ®

We express the eigenwave function of the electron as

N

¢() =Zci)(i(r)' @

i=1

where ¢; (i =1,2,...,N) are complex coefficients.

(2) Show that ¢;(i=1,2,..,N) and the eigenenergy E of ¢(r) satisfy
Equation (®:

N

Wy, _
ZHU Cj—ECi .
j=1

(3) Let us consider the electronic states in a system of N = 2, that is, a molecule
consisting of two atoms of the same kind (Figure 1). Assume that Hi(jz) is given
by

Hy = {—EA (l(i ¢] i’) ’ o

where ¢ is the energy of the electron at the atomic orbital, and A > 0.

(a) Find all eigenenergies and corresponding normalized eigenwave functions.

(b) Assumethat W(r,0) = y;(r). Obtain the probability P(t) of finding the
electron in the state y,(r) at arbitrary time t (t > 0) by expressing
Y(r,0) as a linear combination of the normalized eigenwave functions
found in Question (3)(a) and by use of the fact that each eigenwave function

evolves in time according to Equation .
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(4) Let us consider the electronic states in a one-dimensional crystal with atoms of
the same kind arranged with the spacing a (Figure 2). The total number of
atoms is N, and we assign the numbers 1,2, ..., N to each atom. Assume N >

1. Impose periodic boundary condition to the system. Namely, atom N and

(V)

atom 1 are connected, as in Figure 2. Assume that H; i is given by

€ (for the cases of i = j)
Hi(;v) =<4 —A (for the cases of atoms i and j being adjacent) ,
0 (for the other cases)

where ¢ is the energy of the electron at the atomic orbital, and A > 0.
(@) ¢,() (n=1,2,..,N) in Equation @ are the normalized eigenwave

functions:

N
1
(1) = ﬁ;exp(ikn Gy ® (k=g ).

Find the corresponding eigenenergies E, (n =1,2,...,N). Because N >
1, k, (n=1,2,..,N) fill the interval (0,2m/a] densely and uniformly.
Consider the eigenenergy E as a function of the continuous variable k in
the interval (0,2m/a] and illustrate the approximate shape of the function
E(k) (0 <k <2m/a).

(b) Find the density of states g(E) per unit length, taking into account the
spin degrees of freedom, and illustrate its approximate shape. Here, g(E)
is defined as g(E)dE = M/(aN), where M is the number of electronic

states whose eigenenergy falls in the range (£ £+ dE).

x() Xx2(1)
1 2
Figure 1
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Figure 2
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[Problem 4] Mechanics of Materials

In the Cartesian coordinate system shown in Figure 1, isotropic elastoplastic phases A
(Young’s modulus 70.0 GPa) and B (Young’s modulus 200 GPa) are periodically stacked
along the x direction with the volumetric fractions of fa = 0.700 and f8 = 0.300,
respectively. Answer the following questions associated with the deformation behaviors
of this laminated material subjected to uniaxial tension. Neither delamination nor sliding

occurs at the heterointerfaces.

J

Figure 1

(1) When the tensile axis is along the x direction, obtain the apparent Young’s modulus

with three significant digits.

(2) When the tensile axis is along the y direction, obtain the apparent Young’s modulus

with three significant digits.
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Consider yielding behaviors of the laminated material, given that yield stresses of the
phases A and B are 10 MPa and 50 MPa, respectively. Ignore the strain hardening and

the effect of the stacking period.

(3) When the tensile axis is along the x direction, obtain the tensile stress and tensile

strain at the yield point with two significant digits.

(4) When the tensile axis is along the y direction, the laminated material exhibits two-
step yielding. Obtain the tensile stress and tensile strain at the first yield point with

two significant digits.

(5) In the case of Question (4), obtain the tensile stress and tensile strain at the second

yield point with two significant digits.

(6) Copy Figure 2 to the answer sheet and draw stress—strain (c—¢) diagrams in two cases

with tensile axes along the x and y directions.

A
40
s J0F
¥
=
o 20
10 |
1 1 1 1 »
0 1 2 3 4
e/107*
Figure 2
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Finally, given that the phases A and B are crystalline metals, consider the effect of the
stacking period on yield stress. When the stacking period was decreased, the following

relation was observed between the macroscopic yield stress 6, and the stacking period

y

t

Gy =0p T —= ®

7

where o, and k are constants.

(7) Equation (D indicates that o, increases with decrease in ¢. Explain this reason

y

qualitatively from the viewpoint of dislocation activities in approximately 20 words.
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(Calculation Sheet)
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