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Objectives

ISSUES TO ADDRESS...
« How does a material respond to heat?

« How do we define and measure...
--heat capacity
--coefficient of thermal expansion

—-thermal conductivity



Introduction
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« General: The ability of a material to absorb heat.
« Quantitative: The energy required to increase the
t t f th terial.
emperature of the materia ___ energy input (J/mol)

heat capacity—__, dQ

(J/mol-K) dT temperature change (K)

« Two ways to measure heat capacity:
- Cp : Heat capacity at constant pressure.

- Cv : Heat capacity at constant volume.

Specific Heat , ¢

Heat capacity per unit mass (J/Kg-K)



Temperature Dependence of The Heat Capacity

« Heat capacity...
--increases with temperature

—-reaches a limiting value of 3R
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A : Temperature-independent constant



Debye temperature (9D
- ANUBY Heat capacity, C, agilAnUseana 3R Loy R AaA1 gas
constant

- A1wes 6, fndiningumngiivesdmiuianudamn

3R Ficure 19.2 The temperature
dependence of the heat capacity at
constant volume; 6p 1s the Debye
temperature.
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Thermal Expansion
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(linear coefficient of thermal expansion)



Material a (10°6/K)
e Polymers atroomT

Polypropylene 145-180
Polyethylene 106-198

Polystyrene 90-150
Teflon 126-216
* Metals
g Aluminum 23.6
c Steel 12
‘» Tungsten 4.5
S Gold 14.2
%] °* Ceramics
f= Magnesia (MgO) 13.5

Alumina (Al203) 7.6

Soda-lime glass 9
Silica (cryst. Si02) o4



duUsLansn1sve1enN19AU5U (OL)

Aluminium
Antimony
Asphalt
Beryllium
Bismuth
Boron

Brass

Bronze
Cadmium
Carbon

Cast Iron
Chromium
Cobalt
Concrete
Constantan
Copper
German Silver
Germanium
Glass

Gold
Graphite
Indium

Invar

Iridium

Iron

Lead
Magnesium
Magnesium Oxide
Marble
Molybdenum

0.000023 K-1
0.000011 K-1
~0.0002 K-1
0.0000113 K-1
0.0000134 K-1
0.0000047 K-1
0.000018 K-1
0.000017 K-1
0.0000308 K-1
le-6 to 3.1e-6K1?
0.0000105 K-1
0.0000049 -1
0.000012 K-1
0.000012 K-1
0.0000152 K-1
0.0000165 K-1
0.000018 K-1
0.0000057 K-1
0.000008 K-1
0.0000142 K-1
0.0000079 K-1
0.0000321 K-1
0.0000017 K-1
0.0000064 -1
11e-6 to 12e-6K1
0.0000289 K-1
0.0000248 K-1
0.000012 K-1

3e-6to 15e-6K1
0.0000052 -1
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Monel
Nickel
Niobium
Nylon

Oak
Palladium
Paraffin Wax
Platinum

Polymethyl Methacrylate Resin

Polystyrene
Porcelain
Quartz
Rhodium
Silicon

Silicon Carbide
Silver

Sodium | Fluoride
Stainless Steel
Steel

Sulphur
Tantalum
Thallium

Tin

Titanium
Tungsten
Uranium
Vanadium
Water

Zinc

Zinc Sulphide

0.000014 K-1
0.0000134 K-1
0.0000073 K-1

0.0001 -1

0.15E-6 along grainK?

0.0000118 K-1
0.00011 K-1
0.000009 K-1

0.000085 K-1

0.00007 K-1

2e-6 to 6e-6K1

0.0000005 K-1
0.0000082 -1
0.0000026 -1
0.0000045 -1
0.000019 K-1
0.000036 K-1
0.000016 K-1
0.000015 K-1
0.000064 -1
0.0000063 K-1
0.0000299 -1
0.000022 K-1
0.0000086 -1
0.0000045 -1
0.0000139 -1
0.0000084 K-1

(Ice: 5.0E-5) K1

0.0000302 K-1
0.0000066 K1
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Thermal Conductivity

« General: The ability of a material to transfer heat.

o Quantitative:

dT temperature
/ o
— _k— gradient
heat flux — 4 dx
(J/m2-s) thermal conductivity (J/m-K-s)
T4 T2>T4

X9 heat flux X2



Lwiwaqmﬁaqu‘viwﬁagﬂ%ﬂmaﬁgq 2 919 DLYNNDILAADS
lsiflanufuiigamgiivies (20 °C) fgamgiigeaaivinlad
L aMAnIIraNnTaSUALSaU TnefinuiAulsesall
AW 172 MPa AvuabA E = 100 GPa



Material k (W/m-K) Energy Transfer
e Metals

Silica (cryst. SiOp) 1.4
 Polymers

Aluminum 247 By vibration of
Steel 52 atoms and
Tungsten 178 motion of
Gold 315 electrons

=4 ° Ceramics

g’ Magnesia (MgO) 38

7 Alumina (Al20O3) 39 By vibration of

§ Soda-lime glass 1.7 atoms

o

=

Polypropylene 0.12 By vibration/
Polyethylene 0.46-0.50 rotation of chain
Polystyrene 0.13 molecules

Teflon 0.25



Thermal conductivity (W/m-K)
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1 2580 Ficure 19.4 Thermal
conductivity versus
composition for copper—zinc
alloys. [Adapted from Metals
Handbook: Properties and
Selection: Nonferrous Alloys
and Pure Metals, Vol. 2, 9th
edition, H. Baker (Managing
Editor), American Society
for Metals, 1979, p. 315.]
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Ficure 19.5
Dependence of thermal
conductivity on
temperature for several
ceramic materials.
(Adapted from W. D.
Kingery, H. K. Bowen,
and D. R. Uhlmann,
Introduction to
Ceramics, 2nd edition.
Copyright © 1976 by
John Wiley & Sons,
New York. Reprinted
by permission of John
Wiley & Sons, Inc.)
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Thermal Stresses
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- Stresses Resulting From Restrained Thermal
Expansion and Contraction
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- Stresses resulting from temperature gradients
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RMAL PROTECTION SYSTEM
e Application:

------

r T —
: e reinfC-C silicatiles  nylon felt, silicon rubber
: (1650°C) (400-1260°C) coating (400°C)
Space Shuttle Orbiter

e Silica tiles (400-1260 C):
--large scale application --microstructure:

s

ity A L & A o
R W YAy ~20% porosity!

- ‘gj" # Si fibers

e, bonded to one




