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- Attentions -
The examination duration of this problem is 45 minutes.

Fill in your examinee number and name on the answer
sheets.

The answer sheets must be used in the order of sheet 1,
sheet 2, sheet 3, and sheet 4.

Do not write your answer on the back sides of the answer
sheets. However, you may use the back sides as draft
sheets.

Answer in English or Japanese.

After the examination, upload all the answer sheets one by
one according to the direction by the examination officers.

This problem PDF file must be completely deleted after all
the examinations are completed and must never be
distributed or modified.
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[Problem 2] Metallography

For most metal elements that show allotropic transformation, the structure with low
atomic packing ratio becomes the high temperature phase. However, in the case of Fe, a-
Fe having a body-centered cubic (bcc) structure with a low packing ratio becomes a low
temperature phase (< 1184 K), and y-Fe having a face-centered cubic (fcc) structure with
a high packing ratio becomes the high temperature phase (>1184 K). Let us consider this

phenomenon in terms of the magnetic transition of a.-Fe.

1. Based on the Ising model, consider the free energy of all spins, Fpin, when N: up-
spins?(+) and N-down-spins|(—) are arranged at the total number of N sites (N = N+
+ N-). Here, the parameter showing the degree of magnetization, X = (N+ — N-)/N, is
defined. |X| = 1 represents the ferromagnetic state where all spin directions are the
same, and X = 0 represents the paramagnetic state where + and — are equaly mixed.
Here, consider only the nearest-neighbor spin interactions for simplicity. Then, the
possible spin arrangements are + +, — —, and + —. When N is sufficiently large, the

numbers of each spin pair, P,,, P__,and P,_, are given as below;

o 0 S mar - ()
== y) ___ZN,an+_—ZNN,

where, z represents a coordination number.

(1) Spin pairs of + + and — — have the attractive energy of —& per one pair, and spin
pairs of + — have the repulsive energy of +& per one pair. In this case, express
the total sum of spin interaction energy, Espin, using X.

(2) Express the entropy of the spin configuration, Sspin, using N, X, and Boltzmann
constant, kg. Use In N! ~ NIn N — N, if necessary.

(3) The parameter, |X,|, showing the degree of magnetization in the thermal

equilibrium state at a temperature, 7, can be obtanined from the minimum



4

6))

(6)

condition of Fspin (= Espin — T'Sspin) With a variable X. Show that the relationship

between T and |X,| is given as
kgT
zelXol = 2= [In (1 + 1Xol) — In (1 = XDl

On this basis, express the Curie point 7. using z, & and kg, by assuming |X,| <
1 in the vicinity of the 7c. If necessary, use the approximate expression
In (1+x) ~x (|x] K 1).

Based on the result obtained in (3), and given that 7¢ of a-Fe is 1000 K, estimate
the & value with two significant digits. Use ks = 1.4 x 10~2* J- K~!. Using the &
value obtained, estimate the change of Espin per 1 mole of spin, AEpin, with two
significant digits, accompanied with the transition of a-Fe from the state of
|X] =1 to the state of X = 0. Avogadro constant is 6.0 x 10> mol™'.

It is known that the empirical rule of enthalpy change in melting of metal per 1
mole, AHp, is given as AHm ~ R-Tr (R is the gas constant 8.3 J-mol™!-K~! and
T is melting point). By comparing the AHn, for the metal with 7 = 1000 K to
the AEpin value obtained in (4), explain the reason why the bce structure (a-Fe),
which has a low packing ratio, becomes a stable phase at low temperatures. Note
that y-Fe transforms into the bce structure (8-Fe) again at high temperatures (>
1665 K).

The spin model presented here is essentially inappropriate for applying to Fe.

Describe its reason in about 30 words.

Excellent mechanical properties of steel materials that support our civilization have

been realized through the microstructural control utilizing various phase

transformations including the y-a phase transformation. “Quenching®” has been

used as a process for strengthening steels since ancient times. Describe the

characteristics (in three bullet points) of the y-a phase transformation that progresses



during quenching in terms of the atomic behaviors during the transformation and
microstructures obtained by the transformation.
* A process in which steel materials are held in the high-temperature y-phase region

and then rapidly cooled, such as by being immersed into water.
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