Chap. 21. Thermal Properties of Materials

Thermal Properties of Materials
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Phonon: A packet of elastic waves. It is characterized by its energy, wavelength,
or frequency, which transfers energy through a material. (M=ol UXIE BLsts S4T}H]
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2l.1. Heat Capacity and Specific Heat

< The heat capacity(8&%) is the energy required to raise
the temperature of one mole of a material by one degree.

[cal/mol+K]

<_The specific heat(H|¥) is defined as the energy needed to

increase the temperature of one gram of a material by 1C.
[cal/g-K]

** Neither the heat capacity nor the specific heat depends
significantly on the structure of the material; thus, changes iIn
dislocation density, grain size, or vacancies have little effect.

*» The most important factor affecting specific heat is the
lattice vibration or phonons.
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2l.1. Heat Capacity and Specific Heat

[Fig. 21-1]
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Heat capacity as a function of temperature for metals and ceramics.
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2l.1. Heat Capacity and Specific Heat

[Table 21-1]
Specific Heat Specific Heat
Material (t:_al) Material (Lal)
g-K g-K
Metals: Ceramics:
Al 6424 s Al>O4 0.200
Cu 0.092 Diamond 0.124
B 0.245 SiC 0.250
Fe 0.106 SizN4 0.170
Pb 0.038 SiOz (silica) 0.265
Mg 0.243 Polymers:
NI 0.106 High-density polyethylene 0.440
Si 0.168 Low-density polyethylene 0.550
Ti 0,125 6,6-nylon 0.400
W 0.032 Polystyrene 0.280
Zn 0.093 Other:
\ Water T TTTTTTT 1.000 1
~~Nitrogen 0.249
Ntas 7 gc:a:{ — giRa ng- . * %_O_' ulogg ] glkl' g {_:_Oil HIOH DOHQ _:_IL'.I-”

The specific heat of selected materials at 27 C
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2l.1. Heat Capacity and Specific Heat [Fig. 21-2]
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21.2. Thermal Expansion

€ Linear coefficient of thermal expansion(CTE) a:

- |f—|0 B Al —i
,(T; =T,) |, AT AT

Where 7, and 7, are the initial and final temperatures and

/, and /. are the initial and final dimensions of the material
and ¢ is the strain. ( A GIOHAL H4 ),

CTES| =240l CHoll & o6tAI 2.

Thin film on Si wafer at high temp. process
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2l.2. Thermal Expansion

The coefficient of thermal expansion of a material is
related to the strength of the atomic bonds.

1. The expansion characteristics of some materials, particularly single crystals or
materials having a preferred orientation, are anisotropic.

2. Allotropic materials have abrupt changes in their dimensions when the phase
transformation occurs. These abrupt changes contribute to the cracking of
refractories on heating or cooling and quench cracks in steels. [ o = vy ]

3. The linear coefficient of expansion continually changes with temperature.
Normally, a either is listed in handbooks as a complicated temperature-dependent
function or is given as a constant for only a particular temperature range.

4. Interaction of the material with electric or magnetic fields produced by magnetic
domains may prevent normal expansion until temperatures above the curie
temperature are reached. This is the case for Invar, a Fe-36% Ni alloy, which
undergoes practically no dimensional changes at temperatures below the Curie
temperature(200°C). This makes Invar attractive as a material for bimetallics.
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2l.2. Thermal Expansion

« Tailored multi-phase materials can have a zero or negative thermal-
expansion coefficient. (AT ML T ZeroY X M HQE)

% Zerodur™ is a glass-ceramic material that can be controlled to
have zero or slightly negative thermal expansion developed by
Schott Glass Technologies.

e It consists of a 70~80wt% crystalline phase that has a high-quartz
structure.

* The remainder is a glassy phase. The negative thermal expansion
coefficient of the glassy phase and the positive thermal expansion of
the crystalline phase cancel for each other out, leading to a zero-
thermal-expansion material. Zerodur™ has been used as the mirror
substrate on the Hubble telescope and Chandra x-ray telescope.
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21.2. Thermal Expansion . [Polymer > Metal > Ceramics] [Table 21-2]

Metal: 10~25, Polymer: 50~100, Ceramics: 3~7 ppm
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The linear coefficient of thermal expansion at room temperature for selected materials
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2l.2. Thermal Expansion [Fig. 21-3]
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2l.2. Thermal Expansion [Fig. 21-4]
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(a) The linear coefficient of thermal expansion of iron changes abruptly
at temperature where an allotropic transformation occurs.

(b) The expansion of Invar is very low due to the magnetic properties
of the material at low temperatures.

St VCTE = 3LCTE(a) & %2 JIXOHH, 228 (6)=a £AT (22-5)
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21.3. Thermal Conductivity [Fig. 21-5]

The thermal conductivity(k)2 &2 : a measure of the rate
at which heat is transferred through a material.

[ BAY, 29 382 2% T279 Hg 2> 277 EWZE[K].

. == Q AT
1eat source _ 7:1 1 — = K ——
. ' \J| k=paC,

Ax _J L_ (=[S, SEAE, HIE]

When one end of bar is heated, a heat flux Q/A flows toward the cold
end at a rate determined by the temperature gradient produced in the bar.

*#+ OJONLAKIL L KO EQUF TJON QIOHA RILEL) @ REQAIZFQE HEHKIE(phonon)
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21.3. Thermal Conductivity [k]

[ )
[Table 21-3]

Metal: 20~450, Polymer: < 0.5, Ceramics: 10~300, Carbon: >335 (W/(m-K

Thermal
Conductivity

Material (W-m—'!'-K ")
Pure Metals:

Ag 430

Al 238
L_Cu 400 |

Fe 79

Mg 100

MNi Q0

Pb 35
| Si 150 |

Ti 22

W 171

zn 117

il 23
Alloys:

1020 steel 100

32003 aluminum alloy 280

304 stainless steel 30

Cementite 50

Cu-30%c Ni 50

Ferrite 75

Gray iron 79.5

Yellow brass 2271
Note: 1 calcrri-s- K= 4184 W- m—1 . K1

Thermal
Conductivity
Material (W-m—1'.K 1)
Ceramics:

Al-0O

Carbon (graphite) 335
Fireclay 0.26
Silicon carbide up to 270
AdMN up to 270
SigsMNs up to 150

| Soda-lime glass 096—-1./ |
Vitreous silica 1.4
Vycor ™ glass 125
ZrQOs 4.2

Polymers:

6,6-nylon 0.25
Polyethylene 0.33

| Polvimide 0.21 |
Polystyrene 0.13
Polystyrene foam 0.029
Teflon 0.25

*+ 1& polymer, M2H0y OIRLL HIJIII

k=paC,

2| watts per meter kelvin (W/(m-K).

Typical values of room temperature thermal conductivity of selected materials.
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21.3. Thermal Conductivity Plasmon?

<+ Thermal energy is transferred by two important
mechanisms: transfer of free electrons and lattice
vibrations (phonons,).

 Valence electrons gain energy, move toward the
colder areas of the material, and transfer their energy to
other atoms.

 The amount of energy transferred depends on the number of
excited electrons fpiasmons: DauoiA) and their mobility; these in turn,
depend on the type of material, lattice imperfections, and temperature.

“* In_addition, thermally induced vibrations of the atoms
[Phonon] transfer energy through the material.

& Thermal Conductivity2 Xltlidl= &84l QI X} [XF5-Z X2 Phonon], their mobility
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21.3. Thermal Conductivity-Metal

The thermal conductivity of metals is due primarily to the electronic
contribution. [Carrier® =Xt 2} mobilityel trade off & Al 1]

* When the temperature of the material increases, two off-setting factors affect
thermal conductivity. [ &It =O0tXIH, 2J42] factorJt 2™ = XIHH &t

« Higher temperature are expected to increase the energy of the electrons, creating

more “carriers” and increasing the contribution from lattice vibration; these
effects increase the thermal conductivity. [E X8 =& SIt 4]

« However, the greater lattice vibration scatters the electrons, xeducing
their mobility, and therefore tends to decrease the thermal conductivity.

» The combined effect of these factors leads to very different behavior for different
metals. =P [ Z7}: 249 YNE L= Phonong| [+1& 1|0j9} electrong] [F1E 1[0 302 A7%]

Thermal conductivity in metals also depends on crystal structure
defects, microstructure, and processing.

*+ | orentz A4(L): J40IA O4RICEQr RINRICLL HianorLon omh A& (K / 6T = L)
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21.3. Thermal Conductivity-Ceramics[Glass]

- The energy gap[Eg] in ceramics is too large for many
electrons to be excited into the conduction band except at very high
temperatures. Consequently, the transfer of heat in ceramics occurs primarily

by lattice vibrations (phonons). = Since the electronic contribution is

absent, the thermal conductivity of most ceramics is much lower than that of metals.
(kllEl-D_lI{\_QJ ogri;;;;‘:r gl%on HIOH L7'=-8 OIQ)

« However, the main reason (why the experimentally observed
conductivity of ceramics is low) is the level of porosity-:

o Materials with a close-packed structure and high modulus of elasticity produce high-

enerqy phonons that encourage high thermal conductivities. [2ixi=5 = A A4x LU ExH|21]>
k=paC,
e Glasses have low thermal conductivity. The amorphous loosely packed structure

minimizes the points at which silicate chains contact one another, making it more
difficult for the phonons to be transferred.

[Contact modes: point contact, line contact, surface contact 0| AS, LEDS2| &< &H7?]

* Ceramic®} glass= 9l O|2 NBCH AUY U VWM H=2T? [loosely packed structure = low contact]
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21.3. Thermal Conductivity-®E*, E=|%

@ Semiconductors: SRTT = X BHEH[EQIS AD12 =0 O &=

« Heat is conducted in semiconductors by both phonons and elecirons.

« At low temperatures, phonons are the principal carriers of energy, but
at higher temperatures, electrons are excited through the small energy
gap into the conduction band and thermal conductivity increases

significantly. [Bt=H|: M 2 2F 1ol A SFEE 7|77 et 3]

P olymers: LR = SN, Z2|H DX S 0[S0l 2dh Z2H

 The thermal conductivity of polymers is very low-even in comparison with
silicate glasses.

LEajofol M HHLL E2|0f DajERte| FE A o Foll o F.

AT O MA: Holtt AEH A

JIREE Bt

D .

llo

v T8 AE:[EH, MY, glass, Bt=A, E2v]A SHUE K2 44 89F dYsHA 2.
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21.3. Thermal Conductivity
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21.4. Thermal Shock [°137]

The failure of a brittle material caused by stresses induced by sudden

changes in temperature is known as thermal shock(g% d). (R c4Q=0i
OIoF FHEOI RIAJIFIII)

[H4d "AZ Q23 2739 gpurce?? 1

Thermal shock parameter: | R=c;¢ K (1-v) /E ¢ o

Thermal shock behavior is affected by several factors [57H]:
[EF5HA| g8t ME= oF SIAECl HOF ot=Al? AO[oF oh=A|?]

1. Coefficient of thermal expansion[CTE: «]: A low coefficient minimizes
dimensional changes and increases[??] the ability to

withstand thermal shock. [Y2 TEC = €& 2 X0l K28

2. Thermal conductivity[K]: The magnitude of the temperature gradient is
determined partly by the thermal conductivity of the material. A high thermal
conductivity helps to transfer heat and reduce temperature differences quickly in
the material. [E2 ST = A 210 |K2l&

]




21.4. Thermal Shock R=o;* K-V /E+

3. Modulus of elasticity[E]: A low modulus of elasticity permits large amounts of
strain before the stress reaches the critical level required to cause fracture.

[E2E=> AHdHE 20 253 2 X0 72l &

4. Fracture stress[o; ]: A high stress required for fracture permits larger strains.
The fracture stress for a particular material is high if flaws are small and few in
number. [E2 It SE > M= W R0l =Mot= flawe| =2t FI[I} &
2 €53 20 F2lE]

5. Phase transformations: Additional dimensional changes can be caused by phase
transformations. Transformation of silica from quartz to cristobalite, for
example, introduces residual stresses and increase problems with thermal shock.
Similarly, we cannot use pure PbTiO, ceramics since the stresses induced during
the cubic to tetragonal transformation will cause the ceramic to fracture.

[ABIEN > ABIENR QI8 SD10 SAUM S IE YR 0 22l
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21.4. Thermal Shock R=c;*K-v)/E«aq [Fig. 21-7]
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Chap. 21. Thermal Properties of Materials

[= Al k=paC,

1. &2 89§ s L:
@87, g, gusi4s, @NET, €FH, Phonon, Lorentz¥4

2. MMEES ANMEES TR (mechanism)ol HiEIN 7B AFSAL,
[34ME, YN Mz, M= Az, &30 Mz /
€ 2 34, F2 9L 9 QAt(electron, phonon, Eg)E A-&3M]

k/ T = om) :

J4&OuM, thermal conduchvufy (k)2 electrical conductivity(c) J+HAL

2 o] B AHZAHE oldtiet F, FClABF S 7I=sdiM HESHAIL
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