State University of New York
University at Buffalo

Department of Mechanical and Aerospace Engineering

Ph.D. Qualifying Examination in Materials Science
May 28, 2008

This test includes 7 problems on 5 pages. Please answer any four of these problems in the blue book(s) provided. The

Periodic Table of the Elements on the last page includes information on the atomic masses.

Avogadro’s number = 6.02 x 10%

Problem 1 (100%)

X-ray diffraction is conducted on aluminum (an FCC material with density 2.70 g/cm’) with using an x-ray diffractometer
and CuKa radiation of wavelength 1.542 A.  The specimen is in powder form. The melting temperature is 660°C.

(a) (9%) What is the lattice constant (length of an edge of the conventional cubic unit cell) in A?
(b) (3%) What is the number of atoms per conventional cubic unit cell?

(c) (3%)

(d) (3%) What is the shape of the primitive (smallest) unit cell?

(e) (6%) What is the length (in A) of an edge of the primitive unit cell?

(f) (12%) Sketch the reciprocal lattice and label each reciprocal lattice point with the Miller indices (with respect to

What is the number of lattice points per conventional cubic unit cell?

the conventional cubic unit cell).

(8) (9%) What is the length (in A™) of an edge of the conventional cubic unit cell in reciprocal space? Note that a
unit cell must be a true unit cell.

(h) (6%) What is the length (in A™) of an edge of the primitive unit cell in reciprocal space?

(i) (9%) Give the Miller indices (with respect to the conventional cubic unit cell) of the first three diffraction lines.
List them in order of increasing diffraction angle.

(j) (6%) Calculate the diffraction angle (26, in degrees) of the lowest angle diffraction line.

(k) (6%) Is the satellite peak due to the CuKp radiation at the lower angle side or the higher angle side of the
corresponding main peak that is due to the CuKa radiation? Explain your answer.

() (6%) How would heating to a temperature below the melting temperature affect the diffraction pattern? The
diffraction is conducted at the elevated temperature.

(m) (4%) How would heating to a temperature above the melting temperature affect the diffraction pattern? The
diffraction is conducted at the elevated temperature.

(n) (6%) How would the diffraction pattern be affected by preferred orientation, which is such that the particles in
the specimen powder preferentially have their (100) plane parallel to the diffraction plane?

(0) (6%) The mass absorption coefficient is 50.23 cm?/g. Calculate the linear absorption coefficient.

(p) (6%) Describe the main principle behind how a copper x-ray tube produces CuKa radiation.
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Problem 2 (100%)

(a) (16%) By consideration of equality of mechanical energy and electrical energy in the energy conversion, derive
an equation that describes the direct piezoelectric effect. Use this equation to define the piezoelectric coupling
coefficient. Give the unit for this coefficient.

(b) (6%) The piezoelectric coupling coefficient ds;is positive, whereas the coefficient ds, is usually negative. Why?

(c) (9%) Sketch the butterfly curve, i.e., the curve that describes the strain due to the converse piezoelectric effect
during electric field variation.

(d) (6%) Piezoelectric materials are ceramics or polymers, but not metals. Why?

(e) (6%) Barium titanate is piezoelectric only below 120°C? Why?

(f) (6%) PZT is the most common piezoelectric material. What is meant by “PZT"?

(g) (6%) How is the piezoelectric effect utilized in scanning tunneling microscopy?

(h) (6%)

(i) (6%) How is the piezoelectric effect utilized in energy harvesting?

How is the piezoelectric effect utilized in structural vibration control (active control)?

(j) (6%) How does the elastic modulus affect the piezoelectric effect?

(k) (6%) How does the relative dielectric constant affect the piezoelectric effect?

() (6%) Piezoelectric aging affects the direct piezoelectric effect much more than the converse piezoelectric effect
Why?

(m) (9%) Use a sketch to describe the structure and the components in a piezoelectric stack actuator.

(n) (6%) What is the main advantage of electrostrictive actuation compared to piezoelectric actuation?

Problem 3 (100%)
(20%) (a) S=kInQ
(i) which scientist established this relation?
(i) identify the symbols S, k, Q.

(iii) what two branches of thermodynamics are connected through this equation?

(40%) (b) Consider a system composed of N 'particles' in which a 'particle' may have either
an energy of zero or an energy of €. The total energy of the system is U.
Determine Q when:

(i) the 'particles' are distinguishable.

(i) the "particles' are indistinguishable.



(40%)  (c) When the 'particles' are atoms in a crystal and € is the energy associated with a

point defect in the lattice,
(i) are the particles distinguishable or indistinguishable? Why?
(i) determine S(U, €, N) and simplify it using Stirling's approximation

(iii) consider € = g(v), where v= V/N (volume per mole of atoms);

determine an expression for the pressure, P.

Problem 4 (100%)
(12%) (a) True or False:

(i) Ideal Solid Solutions and Ideal Gas Solutions have the same mixing behavior.
(ii) Foran Ideal Solution, the entropy of mixing is zero.

(iii) For an Ideal Solution, the volume remains the same.

(iv)For an Ideal Solution, the Gibbs free energy of mixing is zero.

(v) The entropy of mixing for a Regular Solution equals that of an Ideal Solution.

(vi)The enthalpy of mixing for a Regular Solution equals that of an Ideal Solution.

(36%) (b) Define by giving an equation:
(i) activity
(i) activity coefficient
(iii) fugacity
(iv) the partial molal differential operator
(v) a Gibbs-Duhem relation for a binary mixture

(vi) the Clausius-Clapeyron equation for a unary heterogeneous system

(52%) (c) Consider the stability of a binary solution for which:
AGix =0 RT X3X, + RT (X1 /nX1+ X;/nX;) , X =mole fraction

Determine the values of o for which the mixture is thermodynamically stable.



Problem 5 (100%)
(a) (50%) Demonstrate that the slope of the coefficient of compressibility 3 vs T is horizontal at T= 0 K.

(b) (50%) The ice of an outdoor skating rink is at ambient temperature of -1.5 °C. Calculate in atmospheres the minimum

pressure (applied for example by a skate) necessary to melt the ice.

Data: At 0 °C, the specific volume of water is 1 cm?®/g and that of ice is 1.090 cm’/g. The heat of fusion is 79.7 cal/g 1
cal=41.3 cm® atm.

Problem 6 (100%)
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Figure above shows a simple method of estimating the theoretical shear strength of a perfect crystal. For small elastic
strains, the stress o is related to the displacement x by: 6=Gx/d, where d is the inter-planar distance between atom sin
rows A and B, and G is the shear modulus (derived from the broken line in stress versus displacement at the initial

slope). At first approximation, stress-displacement relation for large displacements may be written as:
o=(Ga/2nd)sin(27tx/d),
where ‘@’ is the inter-atomic spacing in the shear direction.

(a) (80%) What is the critical shear stress o, at which the lattice becomes unstable (that is when the atoms in row A are
directly above B corresponding to zero stress)?

(b) (20%) What is the value of 6. when a~d?



Problem 7 (100%)

The fcc phase of the Al-Zn system exhibits a miscibility gap. The molar free energy of that phase may be described as

G, =X,G’'+X,G! +RT(X, InX, + X, InX,)+ X, X,(3150X, +2300X,)[1 - (7'/4000)] cal, for which Al=1

and Zn=2. Calculate the composition and temperature of the miscibility gap’s critical point.
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