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Chapter 17. Thermal Properties of Materials
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Heat Capacity (& 8 &)

~ Amount of energy to produce a unit temperature rise
_dQ
dT
1 molE€ CHA 2 Z 522 J/mol-K or cal/mol-K2| Bt
c.f.) Specific heat (H|) ~ EH¢| 2 E LS
(J/kg-K, cal/g-K, or Btu/lb, -°F)

C, ~ heat capacity at constant volume (‘&% EEF)
C, ~ heat capacity at constant pressure (EY L)
o

C,=C,O|X|2F, T X2t KA MHE C=C 2 & =
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Temperature Dependence of Heat Capacity (& S&2| 2% 2|E4)
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Table 17.1 Tabulation of the Thermal Properties for a Variety of Materials

Marerial

Aluminum

Copper

Cold

Iron

Mickel

Silver

Tungsten

1025 Steel

316 Siainless sieel

Brass (TOCu-30Zn)
Kovar (34Fe-29Ni-17Co)
Invar (6dFe-36N1)

Super Invar (63Fe-32Ni-5Co)

Alumina { Al-Oy)

Magnesia (MgO)

Spinel (MgAlOy)

Fused silica (5i04)
Soda-lime glass
Borosilicate (Pyrex™) glass

Polyethylene (high density)
Polypropylene

Polystyrene
Polytetrafluoroethylene (Teflon
Phenol-formaldehyde, phenolic
MNylon 6,6

Polyisoprene

I!?..I}

£p
(Jkg-K)"

o0
h
128
448
443
235
138
486
02
375
460
500
S0M)

175
40
TH)
740
540
bl

1850
1925
1170
1050

| 5901760
1670

%
[(°C)~! x 10-]*
Merals
23.6
17.0
14.2
11.8
13.3
19.7
4.5
12.0
16,0
20.0
5.1
1.6
(.72

Ceramics
1.6
13.5¢
7.6

0.4
Q.0
3.3

Palvmers
[00-195
145-180
Q0-150
126-216

122
144
220

k
(Wim-K)

247
398
) ]
s
o)
428
178
31.9
15.9
120
17
10
10

3

3.7

15.0¢
1.4
1.7
1.4

(.46-0.50
0.12
(.13
(.25
0.15
(.24
.14

L
[2-WHK)* = 10°%]

2.20
2.25
2.50
2.71
208
2.13
3.20

280
275
268

“ To convert to cal/g-K, multiply by 2.39 = 107*; to convert to Buw/lby,-"F, multiply by 2.39 = 107,

" To convert to ("F)~', multiply by 0.56.

* To convert to calis-em-K, multiply by 2.39 = 10%; to convert to Btu/ft-h-"F, multiply by 0.578.

4 value measured at 100°C.

© Mean value taken over the temperature range O=10000C,
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Thermal Expansion (& Z%h

25 T,> T, 2 Hst&ol et 2ol 1, > | 2 B35t

I —1g Al
=05|(Tf—To) or E_a'AT

o, - linear coefficient of thermal expansion
(M8 QEE A= or MEE A=)

AV = o, AT o, : volume coefficient of thermal expansion
Vv (M LEE A= or MEE 7H|=)

SEEMEL B2 a, =3¢

i
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- Thermal Expansion from Atomic Perspective

Potential energy ———

Vibrational energies

0 Interatomic distance
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Table 17.1 Tabulation of the Thermal Properties for a Variety of Materials

Cp o) k L

Muarterial (Jkg-K)" [Coy = 1ot (W/m-K)* [2-WIK)* = 107¥]
Metals
Aluminum o0 23.6 247 2.20
Copper 386 17.0 308 2.25
Gold 128 14.2 315 2.50
Iron 448 118 B0 2.71
Mickel 443 13.3 o) 208
Silver 235 19.7 428 2.13
Tungsten 138 4.5 178 3.20
1025 Steel 486 12.0 51.9 —
316 Stainless steel 502 16.0 15.9 —
Brass (T0Cu-30Zn) 375 20.0 120 —
Kowvar (54Fe-29Ni-17Co) 460 3.1 17 280
Invar (64 Fe-36Ni) 500 1.6 10 275
Super Invar (63Fe-32Ni-5Co) SN 0.72 10 2.68
Ceramics
Alumina (Al O5) 775 1.6 39 —
Magnesia (MgO) 940 13.5¢ 3.7 —
Spinel (MgAlOy) TH) 7.6¢ 15.0¢ —
Fused silica (Si0) 740 0.4 1.4 —
Soda-lime glass H40 0.0 1.7 —
Borosilicate (Pyrex™) glass 850 3.3 1.4 —
Palvmers

Polyethylene (high density) 1850 [06-198 0.46-0.50 —
Polypropylene 1925 145-180 0.12 —
Polystyrene 1170 Q0-150 (.13 —
Polytetrafluoroethylene (Teflon™) 1050 126-216 0.25 —
Phenol-formaldehyde, phenolic 1 5901760 122 015 —_
Nylon 6,6 1670 144 (.24 —
Polyisoprene — 220 .14 —

“ To convert to cal/g-K, multiply by 2.39 = 107*; to convert to Buw/lby,-"F, multiply by 2.39 = 107,
" To convert to ("F)~', multiply by 0.56.

* To convert to calis-em-K, multiply by 2.39 = 10%; to convert to Btu/ft-h-"F, multiply by 0.578.

“ Value measured at 100°C. 2iCHetn
© Mean value taken over the temperature range O=10000C,
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5x10°6 ~ 25x10°6 [1/°C]

Ceramics

0.4x10% ~ 15x10% [1/°C]
fused silica

Polymers

EX AZES| M

50x10-6 ~ 40010 [1/°C]
Network polymers ~ ¢ {

gitierm
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Thermal Expansion: Example

Ex: A copper wire 15 m long is cooled from 40 to -9°C.
How much change in length will it experience?

(Answer) For Cu ¢ —17.040°°Cc)™

Rearranging the equation IA_I = AT
0

Al = o l,AT =[17.0<107°(°C) 1] (15m)[-9° C — 40°C]

Al =—-0.0125m =-12.5mm
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Thermal Conductivity (& TEE)

Thermal conduction

~Qo| A LHe| 1 X|FoM X2 X[€e 2 o|Sst= T4
dT .
q= —k d— -- Fourier’s law for steady state heat flux
X

q:heatflux ~ | AlZhH B HHMI A 5 F
[EFR] W/m2 or J/s-m?

k : thermal conductivity (T T )
[EF2] W/m-K or J/s-m-K

=200
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(Ex.) Heat flux through a brass sheet

T, =150°C k = 120 W/m-K
S T,=50°C

7.5 mm

A=0.5m?

(a) Heat flux, q ?

__gAT

q= = —(120W/mK) x [ (50-150)K

7.5x1073°m

j=1.60><106 W/m?
AX

(b) Heat loss per hour, dQ/dt ?

‘ij—? =gA = (1.6x10°J/sm?) x (0.5m?) x (60s/min) x (60min /h) = 2.88x10° J/h
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S| 7| MRt & M =2l #7

- Wiedermann-Franz law:

.

thermal conductivity

—T
N electrical conductivity
B X

A= (O|ER|: 2.44x108 Q-W/K?2)
g2 250 AR g EA

gitierm
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Table 17.1 Tabulation of the Thermal Properties for a Variety of Materials

Cp o) k
Marerial (Jkg-K)" [Coy = 1ot (Wim-K )"
Metals
Aluminum 00 236 247
Copper 386 17.0 308 k
Gold 128 14.2 315 2.50
Iron 448 1.8 20 2.71 T
Nickel 443 13.3 9 208 ol
Silver 235 19.7 428 2.13
Tungsten 138 4.5 178 3.20
1025 Steel 456 12.0 31.9 —
316 Stainless steel s02 16.0 15.9 — k:Qd AMET- &
Brass (T0Cu-307Zn) 375 20.0 120 — = 11
Kovar (34Fe-29Ni-17Co) 460 ol | 17 280 .
Imvar (64Fe-36Ni) 1] 1.6 10 275 O . 7(|_‘| 7 | 7(|_‘| EE
Super Invar (63Fe-32Ni-5Co) SN 0.72 10 208
Ceramics
Alumina (Al O3) 775 1.6 39 —
Magnesia (MgO) 940 13.5¢ 31.7 —
Spinel (MgaAlLO,) TH) 7.6¢ 15.0¢ —
Fused silica (Si0;) 740 0.4 1.4 —
Soda-lime glass 840 a1 1.7 —
Borosilicate (Pyrex™ ) glass 850 33 1.4 —
Palvmers
Polyethylene (high density) 1850 [06-198 0.46-0.50 —
Polypropylene 1925 145-180 0.12 —
Polystyrene 1170 Q0-150 (.13 —
Polytetrafluoroethylene (Teflon™) 1050 126-216 0.25 —
Phenol-formaldehyde, phenolic 1 5901760 122 015 —_
Nylon 6,6 1670 144 (.24 —
Polyisoprene — 220 .14 —

“ To convert to cal/g-K, multiply by 2.39 = 107*; to convert to Buw/lby,-"F, multiply by 2.39 = 107,
" To convert to ("F)~', multiply by 0.56.

* To convert to calis-em-K, multiply by 2.39 = 10%; to convert to Btu/ft-h-"F, multiply by 0.578.

“ Value measured at 100°C. 2iCHetn
© Mean value taken over the temperature range O=10000C,
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Ceramics

~ KFF ™K} 7F 2104 thermal insulators
Mztelo| Ar20Mel d ME L

2 ~ 50 W/m-K

(B2 &7tetH ol|LAX| &2tol BE&) - Fig. 17.5

Porosity (713) t > @ ML
(3719 ¥ MEE(0.02 Wm-K)7I 0§ Z2)

=200

THE UNIVERSITY OF SLIWON



Materials Science & Engineering Chapter 17. Thermal Properties of Materials

Temperature (°F)
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Polymers
TEA AR W MEE:

0.3 W/m-K H&

(foamed polystyrene, “Styrofoam”)
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Thermal Stresses (¥ €2)

~ Stresses induced in a body as a result of changes in temperature

Stresses from Expansion and Contraction

sede u o7t FEE2E n™EE[{ U=
2 #Hstol et oF7|ElE B &

Dependence of thermal stress on E, ¢ and AT

oc=Eq(T,-T,;)=EqAT

S~

7He (T, > Tp) Al B&HO| AARIEl0] 95 221w
HZE (T, < Ty) Al 50| AR Elo] QIF 221w

gitierm
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(Ex. 17.1) A brass rod is stress-free at room temperature (20°C).
It is heated up, but prevented from lengthening.
At what temperature does the stress reach -172 MPa?

Solution:
To Original conditions
« >
¢ 0
l Step 1: Assume unconstrained thermal expansion
f 0 Ag A

— g e =TT

l Step 2: Compress specimen back to original length

€« >| A
c o 8compress - = “Cthermal

FOom

=200
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o The thermal stress can be directly
calculated as

c=E(e

compress)

Noting that &,press = ~Ethermar @Nd substituting gives

[PTF -E (gthermal) = —EOLde _TO) — EOLdTO _Tf)
Rearranging and solving for 7, gives

20°C . . .
1 _ -172 MPa (since in compression)

T =-—
/1 /E%\
Answer: 106°C - 1006pa 20x100°C
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Thermal Shock of Brittle Materials (| {2 2| & &)

-1

Ductile metals & polymers
~ A 30| &ad HHFol ofsl 2t3HE

Ceramics
~ 4 =0 olal| F M ut|o| VtsE =3
(dZto| 7hEECt A B7H0| B)

Thermal shock resistance
~ Q3 3of ot o] MHEE = U= S
Thermal shock resistance parameter (TSR):

Oy
TSR =
E ¢

o:: fracture strength (ZtZ| ZE)

gitierm
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4% 7|H|A EA 45
(é,af&kT,E&a, L)
x

Soda-lime glass®| ¢, : 9x10-6 /°C
Borosilicate glass2| ¢, : 3x10¢ /°C
- Kitchen oven0il 21l (Pyrex)

gitierm
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(Probs.)
17.1,17.3,17.7,17.13,17.14, 17.26 & 17.27.

=#CH2
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