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Readings
Callister Ch. 19: 19.1-19.5

Suggested Practice Problems
Callister Ch. 19: 1* 7,8, 9% 10, 13* 14, 16, 17, 18,
20abc, 26*



Study Guide

Understand the different ways that a material can respond to changes in thermal energy (changes
in its temperature / enthalpy).

Understand the difference between enthalpy and temperature.
Know the general correlation between these quantities.

Know the definition of heat capacity and the difference between this and enthalpies of
transformation.

Know how to calculate the amount of heat flow that is required to change the temperature of a
material.



What can happen if you supply heat to a material?

Such events often occur simultaneously in a material upon
heating. Some of these involve heat transfer that can be
measured, although careful planning and experimental
procedures may be required to isolate / deconvolute
certain events.

Temperature Increase Grain Growth / Coarsening Reactions with Atmosphere

Increase in Enthalpy Oxidation, Nitriding, Carburization, etc.
—>

Volume Increase / Density Decrease Change of Phase Diffusion

Work is done by the system a— 3, Amorphous — Crystalline, etc. (Change Concentration Profile)

“Critical” Transitions
Appearance / Loss of Property

Thermal Conduction
Transfer of thermal energy through the

sample and/or across interfaces AAAAAA
AAAAAA(_
AAAAAA| T
*These are just a few examples.




What can happen if allow heat into / out of a material?

We will focus on:

Temperature Change
Change in Enthalpy

Volume Change / Density Change
Work is done on - or by - the system

Thermal Conduction
Transfer of thermal energy through the
sample and/or across interfaces

rF M

Part 1

Part 2

Part 2

Such events often occur simultaneously in a material upon
heating. Some of these involve heat transfer that can be
measured, although careful planning and experimental
procedures may be required to isolate / deconvolute
certain events.

By convention, endothermic events are associated with +
heat flow values (energy enters the system of interest).

By convention, exothermic events are associated with -
heat flow values (energy leaves the system of interest).

*These are just a few examples.




Enthalpy versus Temperature

is the total energy of a system related to the motion (kinetic energy)
of all the atoms, molecules, ions, etc. within the system.

Temperature is a measure of the average kinetic energy of the comprising atoms,
molecules, ions, etc.

Example:
These pots of boiling water are at the same temperature,
but they have different different




Enthalpy versus Temperature
You should have studied this in introductory chemistry / physics.

Enthalpy J/g kJ/mol etc.
H

t Cp is the constant pressure

heat capacity, and indicates
how much heat transfer is
required to raise / lower the
temperature of a system at
constant pressure.

~ (dH
cp(T) = (E>P IAHS—>L

CP-V

AH LV

q Temperature

M Tv T




Material Callister

Aluminum

Copper

Gold

Iron

Nickel

Silver

Tungsten

1025 Steel

316 Stainless steel

Brass (70Cu-30Zn)
Kovar (54Fe-29Ni-17Co)
Invar (64Fe—36Ni)

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

Alumina (ALO;)
Magnesia (MgO)

Spinel (MgAlL,0,)

Fused silica (Si0,)
Soda-lime glass
Borosilicate (Pyrex) glass

Polyethylene (high density)

Polypropylene

Polystyrene

Polytetrafluoroethylene
(Teflon)

Phenol-formaldehyde,
phenolic

Nylon 6,6

Polyisoprene

cP
(J7kg-K)

900
386
128
448
443
235
138
486
502
375
460
500
500

775
940
790
740
840
850

1850
1925
1170
1050

1590-1760

1670

Three Important Heat Capacity Considerations:

(1) Heat capacity can be measured different ways:

Here constant-pressure values are listed. — dH
Constant volume values are also common. cp(T) = T

These are not same conditions. P
Use the correct type for the situation of interest.

(2) Heat capacity values are typically normalized:
Molar (per mole of material): J/(mol-K) BTU/(mol-F) etc.
Specific (per mass): J/(g-K) BTU/(Ib-F)  etc.

(3) Constant pressure doesn’t imply constant value
The values in the table happen to be listed as constants.

Although some heat capacities may be fairly constant with
temperature, perhaps over certain temperature range(s), it
is generally a non-constant function of temperature.

So be careful, “constant pressure heat capacity” just means
the value / function applies to one particular pressure, usually
1 atmosphere.

YGenerally increasing specific heat capacity.



Enthalpy versus Temperature
You should have studied this in introductory chemistry / physics.

Enthalpy J/g kJ/mol etc.

H

A

For some materials, under certain
circumstances, phase changes

occur at constant temperature. CPV

We call these isothermal transformations.
AH LV
Here, AH s generically called a
heat of transformation.

Ex)
Melting - Freezing

Vaporization - Condensation

of a pure element or compound

CP-S

\

>

<
=

Temperature
T



Enthalpy of Transformation
Example: Enthalpy of Fusion

Bond strength trends exist for a
variety of properties, including melting
temperature and enthalpy of fusion.

Note: These quantities are often reported in
a per mass or a per mole basis.



Enthalpy of Transformation
Various Examples

Bond strength trends exist for a
variety of properties, including melting
temperature and enthalpy of fusion.

Table A.5 Molar Heats of Melting and Transformation

Substance Trans. AHians, J Tianss K
Ag s -/ 11,090 1,234
Al s >/ 10,700 934
Al,O, S -/ 107,500 2,324
Au S — 12,600 1,338
Ba a— f 630 648
Ba B— 1 7,650 1,003
Cu S -/ 12,970 1,356
Ca oa— P 900 716
CaF, S -/ 31,200 1,691
Fe a—y 670 1,187
Fe Y — & 840 1,664
Fe & — 1 13,770 1,809
H,O S -/ 6,008 273
K,0-B,0, S -/ 62,800 1,220
MgF, s >/ 58,160 1,563
Na,O-B,03 S — 67,000 1,240
Pb s -/ 4,810 600
PbO S -/ 27,480 1,158
Si S — | 50,200 1,685
\Y, S -/ 22,840 2,193
Zr oa— P 3,900 1,136
ZrO, o — p 5,900 1,478




Example - A very simple case (more of a quick / less-accurate estimate):
Compute the enthalpy change associated with heating 2 kilograms of aluminum from 25°C to its melting point of
660°C, and subsequently melting the aluminum. This entire process occurs at 1 atmosphere of ambient pressure.

(1) Sketch the enthalpy response

H, J/kg
A

AHgpceo1iq  (ii) the melting transformation

CP-FCC

q Temperature

250C (298 K) Tvi= 660°C (933 K) T




Example - A very simple case (more of a quick / less-accurate estimate):
Compute the enthalpy change associated with heating 2 kilograms of aluminum from 25°C to its melting point of
660°C, and subsequently melting the aluminum. This entire process occurs at 1 atmosphere of ambient pressure.

(1) Sketch the enthalpy response

H, J/kg
A

The enthalpy of a pure element in its stable phase at
the thermodynamic standard reference temperature
of 25°C (298 K) is defined by convention to be zero.

AHgpceo1iq  (ii) the melting transformation

--- CP-FCC

q Temperature

250C (298 K) Tvi= 660°C (933 K) T



Example - A very simple case (more of a quick / less-accurate estimate):
Compute the enthalpy change associated with heating 2 kilograms of aluminum from 25°C to its melting point of
660°C, and subsequently melting the aluminum. This entire process occurs at 1 atmosphere of ambient pressure.

(2) Determine the calculations to perform.

H, J/kg
A

We need to account for two different enthalpy changes:

AH = AHxp + AHpcco1ig

(i) the temperature
increase of FCC Al

AHgpceo1iq  (ii) the melting transformation

O CP-FCC

q Temperature

250C (298 K) Tvi= 660°C (933 K) T



Example - A very simple case (more of a quick / less-accurate estimate):
Compute the enthalpy change associated with heating 2 kilograms of aluminum from 25°C to its melting point of
660°C, and subsequently melting the aluminum. This entire process occurs at 1 atmosphere of ambient pressure.

(3) Solve for differential enthalpy and integrate.

dH
cp(T) = <H> J/(kg °C) or J/(kg K) Definition of constant-pressure heat capacity
P



Example - A very simple case (more of a quick / less-accurate estimate):
Compute the enthalpy change associated with heating 2 kilograms of aluminum from 25°C to its melting point of
660°C, and subsequently melting the aluminum. This entire process occurs at 1 atmosphere of ambient pressure.

(3) Solve for differential enthalpy and integrate.

dH
cp(T) = <H> J/(kg °C) or J/(kg K) Definition of constant-pressure heat capacity
P

(dH)p = cp(dT)p J/kg

Solve for differential enthalpy.



Example - A very simple case (more of a quick / less-accurate estimate):
Compute the enthalpy change associated with heating 2 kilograms of aluminum from 25°C to its melting point of
660°C, and subsequently melting the aluminum. This entire process occurs at 1 atmosphere of ambient pressure.

(3) Solve for differential enthalpy and integrate.

dH
cp(T) = <H> J/(kg °C) or J/(kg K) Definition of constant-pressure heat capacity
P

(dH)p = cp(dT)p J/kg

Solve for differential enthalpy.

T<T, T<T, T<T,

(AH)P=J CP(T) (dT)P = CP[ (dT)P = CPT J/kg Integrate.

Tref Tref Tref
We are assuming a constant (temperature-independent) heat capacity.



Example - A very simple case (more of a quick / less-accurate estimate):
Compute the enthalpy change associated with heating 2 kilograms of aluminum from 25°C to its melting point of
660°C, and subsequently melting the aluminum. This entire process occurs at 1 atmosphere of ambient pressure.

(3) Solve for differential enthalpy and integrate.

dH
cp(T) = <H> J/(kg °C) or J/(kg K) Definition of constant-pressure heat capacity
P

(dH)p = cp(dT)p J/kg

Solve for differential enthalpy.

I<T, I<T, I<T,
(AH)P=J CP(T) (dT)P = CP[ (dT)P = CPT J/kg Integrate.

Tref Tref Tref
We are assuming a constant (temperature-independent) heat capacity.

(AH)p = cp(T = T,,) simplify.



Example - A very simple case (more of a quick / less-accurate estimate):
Compute the enthalpy change associated with heating 2 kilograms of aluminum from 25°C to its melting point of
660°C, and subsequently melting the aluminum. This entire process occurs at 1 atmosphere of ambient pressure.

(4) Substitute values and solve.

dH
cp(T) = <H> J/(kg °C) or J/(kg K) Definition of constant-pressure heat capacity
P

(dH)p = cp(dT)p J/kg

Solve for differential enthalpy.

I<T, I<T, I<T,
(AH)P=J CP(T) (dT)P = CP[ (dT)P = CPT J/kg Integrate.

Tref Tref Tref
We are assuming a constant (temperature-independent) heat capacity.

(AH)p = cp(T = T,,) simplify.



Example - A very simple case (more of a quick / less-accurate estimate):
Compute the enthalpy change associated with heating 2 kilograms of aluminum from 25°C to its melting point of
660°C, and subsequently melting the aluminum. This entire process occurs at 1 atmosphere of ambient pressure.

(4) Substitute values and solve.

We are assuming a constant (temperature-independent) heat capacity.

c
Material (J/kgp-IQ
Aluminum 900
Copper 386
Gold 128
Iron 448
Nickel 443
Silver 235
Tungsten 138
1025 Steel 486
316 Stainless steel 502
Brass (70Cu-30Zn) 375
Kovar (54Fe-29Ni-17Co) 460
Invar (64Fe—36Ni) 500
Super Invar (63Fe-32Ni-5Co) 500




Example - A very simple case (more of a quick / less-accurate estimate):
Compute the enthalpy change associated with heating 2 kilograms of aluminum from 25°C to its melting point of
660°C, and subsequently melting the aluminum. This entire process occurs at 1 atmosphere of ambient pressure.

(4) Substitute values and solve.

dH
cp(T) = <H> J/(kg °C) or J/(kg K) Definition of constant-pressure heat capacity
P

(dH)p = cp(dT)p J/kg

Solve for differential enthalpy.

T<T, T<T, T<T,

cp(T) dT)p, = Cp[ dT)p = cpT J/kg Integrate.

Tref Tref
We are assuming a constant (temperature-independent) heat capacity.

(AH)p = J

Tref

(AH)p = cp(T = T,p)

Simplify.
(AH)p = (900 J/[kg K])(933 K — 298 K) Substitute.
(AH)p = 571.5 kl/kg Evaluate.
(AH)p = 571.5 kJ/kg (2 kg) Account for specimen mass.

(AH)p = 1,143 kJ



Example - A very simple case (more of a quick / less-accurate estimate):
Compute the enthalpy change associated with heating 2 kilograms of aluminum from 25°C to its melting point of
660°C, and subsequently melting the aluminum. This entire process occurs at 1 atmosphere of ambient pressure.

(5) Reconsult the H(T) response sketch.

H, J/kg
A

We need to account for two different enthalpy changes:

AH = AHpp + AHpcco g

AH,, = 1,143 kJ
CP-FCC

q Temperature

250C (298 K) Tvi = 660°C (933 K) T



Example - A very simple case (more of a quick / less-accurate estimate):
Compute the enthalpy change associated with heating 2 kilograms of aluminum from 25°C to its melting point of
660°C, and subsequently melting the aluminum. This entire process occurs at 1 atmosphere of ambient pressure.

(6) Consult a data table for the enthalpy of fusion (enthalpy of melting).




Example - A very simple case (more of a quick / less-accurate estimate):
Compute the enthalpy change associated with heating 2 kilograms of aluminum from 25°C to its melting point of
660°C, and subsequently melting the aluminum. This entire process occurs at 1 atmosphere of ambient pressure.

(6) Consult a data table for the enthalpy of fusion (enthalpy of melting).

We need to convert this from a molar
value to a specific (per mass) value:

1 mol
0.027 kg

AHgce_1iq = 10.7 KJ/mol ( ) = 396.3 kl/kg




Example - A very simple case (more of a quick / less-accurate estimate):
Compute the enthalpy change associated with heating 2 kilograms of aluminum from 25°C to its melting point of
660°C, and subsequently melting the aluminum. This entire process occurs at 1 atmosphere of ambient pressure.

(6) Consult a data table for the enthalpy of fusion (enthalpy of melting).

We need to convert this from a molar
value to a specific (per mass) value:

1 mol
0.027 kg

AHgce_1iq = 10.7 KJ/mol ( ) = 396.3 kl/kg

We need to account for the mass of our
specimen:

AHpce 14, = 396.3 kl/kg (2 kg)




Example - A very simple case (more of a quick / less-accurate estimate):
Compute the enthalpy change associated with heating 2 kilograms of aluminum from 25°C to its melting point of
660°C, and subsequently melting the aluminum. This entire process occurs at 1 atmosphere of ambient pressure.

(7) Sum the two enthalpy contributions
H, J/kg

A

We need to account for two different enthalpy changes:

AH = AHxp + AHpcco1ig

AH = 1,936 kJ

q Temperature

250C (298 K) Tvi = 660°C (933 K) T




Heat capacity is a function of temperature.
For small temperature dependence, a constant ce value may be sufficient as an approximation.

Table A.2 The Constant-Pressure Molar Heat Capacities of Various Substances (c, = a
+ bT + cT-2 J/mole-K)

Substance a bx103 cx10-5 Range, K Remarks

Ag 21.30 8.54 1.51 298-1234 (T,,)

Ag 30.50 — — 1234-1600

Al 20.67 12.38 — 298-933(7T,,)

Al 31.76 — — 933-1600

Al O, 106.6 17.78 —28.53 298-2325(T,,)

Ba, —473.2 1587.0 128.2 298-648

Ba,, -5.69 80.33 — 648—-1003

BaO 53.30 4.35 —-8.30 298-2286(T,,)

BaTiO, 121.46 8.54 -19.16 298-1800

C (graphite) 0.11 38.94 —-1.48 298-1100 —-17.38 %
10672

C (graphite) 24.43 0.44 -31.63 1100-4000

C (giamond) 9.12 13.22 -6.19 298-1200

CO 28.41 4.10 —-0.46 298-2500

CO, 4414 9.04 —-8.54 298-2500

Ca, 25.37 —-7.26 — 298-716 23.72 x
10672

Ca, —-0.36 41.25 — 716-1115

CaO 49.62 4.51 —-6.95 298-1177

CaTiO, 127.49 5.69 —27.99 298-1530

Crs 24.43 9.87 -3.68 298-2130(T,,)

Cr,0O, 119.37 9.30 —-15.65 298-1800

Cus) 22.64 6.28 — 298-1356(T,,)

Fe(a/s) 37.12 6.17 — 298 - 1187 /1664 - 1809

Fe, 24.47 8.45 — 1187—-1664

Fe,, 418 — — 1809-1873



Heat capacity is a function of temperature.
For small temperature dependence, a constant ce value may be sufficient as an approximation.
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Figure 6.4 The variations, with temperature, of the constant-pressure heat capacities of sev-
eral elements and compounds.



Heat capacity is a function of temperature.
For small temperature dependence, a constant ce value may be sufficient as an approximation.
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Figure 6.5 The variations, with temperature, of the constant-pressure molar heat capacities
of some elements which exhibit allotropy and some compounds which exhibit
polymorphism.



A more accurate / more general description:

Enthalpy
H

A

CP-V

Temperature
T

>




A more accurate / more general description:
(1) We know that solids can undergo phase changes as well:

Enthalpy
H

A

CP-V

Change of Phase

Temperature
T

>



A more accurate / more general description:
(2) In reality, the heat capacity, cp, is a function of temperature,
so the enthalpy tends to be a nonlinear function of temperature.

Enthalpy, H
A

For cases where the curvature is small, cp-v(T)
linear approximations work well, however.

The specific mathematical form may be

important for some applications. AH 1, —v

Change of Phase

cr-p(T)

Temperature
T

>

5
&
3
=



Enthalpy Change From Room Temperature (Heating From 298 K, 25°C)

(1a) Element. Heat capacity contribution(s) only. No transformation enthalpy(ies) incurred over 298 K — T.

J
mol K

co(T)=a + bT + T2

>

H(D) -5

A simple case:
Temperature change for a
pure element starting at 298 K.

AH(T)
No phase changes.
No chemical reactions.
He y93x Y-
=0 for an > T

elementin its
stable phase




Enthalpy Change From Room Temperature (Heating From 298 K, 25°C)

(1a) Element. Heat capacity contribution(s) only. No transformation enthalpy(ies) incurred over 298 K — T.

J
mol K

co(T)=a + bT + T2

>

H(D) -5

A simple case:
Temperature change for a
pure element starting at 298 K.

AH(T)
No phase changes.
No chemical reactions.
He y93x Y-
=0 for an > T

elementin its
stable phase




Standard Enthalpy - H°

He for an element in its stable phase at 298 K is - by convention - zero.
Example: Ho(298 K) for FCC Aluminum = 0 J/mol

He for an element notin its stable phase at 298 K is therefore non-zero.
Example: Ho(298 K) for Liquid Aluminum = 0 J/mol (likely > 0 J/mol in this case)

Table A.3 The Standard Molar Heats of Formation

and Molar Entropies of Various

Substances at 298 K

Substance AHze5,J Szoa, J/K

AlL,O,4 -1,675,700 50.9

Pure Element As Stable Phase ——MM 62.4

BaO -548,100 721

BaTiO, -1,653,100 107.9

Pure Element As Stable Phase — 5.73

Graphite is stable at 298 K, not diamond: > ped oot

cO -110,500 1975

CO. —-393,500 213.7

Pure Element As Stable Phase ———— > G I =0 s

CaO —-634,900 38.1

CaTiO, -1,660,600 93.7

3Ca0-Al,0,4-3SiO, -6,646,300 241.4

Ca0-Al,0,-SiO, —3,293,200 144.8

Ca0-Al,0,-2Si0, —4,223,700 202.5

2Ca0-Al,0,-SiO, -3,989,400 198.3

. . . Cr,0,4 -1,134,700 81.2
Liquid water is stable at 298 K, not water vapor. > H,0,, —241,800 232.9
These are elemental molecules not compounds. ——» hodet
SOy (w-quartz -910,900 415

Si;N, —744,800 113.0

Pure Element As Stable Phase ———— [N 07

TiO —-543,000 34.7

Ti,O,4 -1,521,000 772

TiyO5 —2,459,000 129.4

TiO, —-944,000 50.6

Pure Element As Stable Phase ——— 39.0

ZrO, -1,100,800 50.4




Enthalpy Change From Room Temperature (Heating From 298 K, 25°C)

(1a) Element. Heat capacity contribution(s) only. No transformation enthalpy(ies) incurred over 298 K — T.

J
mol K

co(T)=a + bT + T2

>

H(D) -5

A simple case:
Temperature change for a
pure element starting at 298 K.

AH(T)
No phase changes.
No chemical reactions.
He y93x Y-
=0 for an > T

elementin its
stable phase




Enthalpy Change From Room Temperature (Heating From 298 K, 25°C)

(1a) Element. Heat capacity contribution(s) only. No transformation enthalpy(ies) incurred over 298 K — T.

J
mol K

cp(T)=a + bT + cT™>

J/(mol K)

This equation gives the enthalpy change associated with temperature increases from room temperature for one phase i
(i=a B vy L, ... etc.) when the constant pressure heat capacity has the mathematical form indicated above. It is
evaluated from a lower reference temperature (here Tr.r = 298 K) to a temperature T that is less than or equal to the next
reference temperature. By convention, the reference temperature for the room-temperature stable structure is taken as
298 K. Other reference temperatures are defined as temperatures of transformation (e.g. crystallographic phase
change, melting, etc.). Occasionally a reference temperature is associated with a change in the polynomial fit for cp(T).

>

H(T) =g

A simple case:
Temperature change for a
pure element starting at 298 K.

AH(T)

No phase changes.

No chemical reactions.
Ho sk Y-
=0 for an

> T

elementin its
stable phase




Enthalpy Change From Room Temperature (Heating From 298 K, 25°C)

(1a) Element. Heat capacity contribution(s) only. incurred over 298 K — T.
T< next T, ]
AH. = cp(T) dT co(T)=a + bT + cT™?
298 K—T p(T) 1) mol K
Tiet = 208 K

1
Algs k. =|a(T =298 K) + —b (7%= [298 KI*) —c (77" — [298 K]™') J/(mol K)

This equation gives the enthalpy change associated with temperature increases from room temperature for one phase i
(i=a B vy L, ... etc.) when the constant pressure heat capacity has the mathematical form indicated above. It is
evaluated from a lower reference temperature (here Tr.r = 298 K) to a temperature T that is less than or equal to the next
reference temperature. By convention, the reference temperature for the room-temperature stable structure is taken as
298 K. Other reference temperatures are defined as temperatures of transformation (e.g. crystallographic phase
change, melting, etc.). Occasionally a reference temperature is associated with a change in the polynomial fit for cp(7).

Table A.2 The Constant-Pressure Molar Heat Capacities of Various Substances (c, = a
+ bT + cT~2 J/mole-K)

Substance a bx103 cx10-° Range, K Remarks
Ag 21.30 8.54 1.51 298-1234 (T,,)

Ag ) 30.50 — — 1234—-1600

Al s 20.67 12.38 — 298-933(T,,)

Al 31.76 — — 933-1600

Caution: Pay very close attention to tabulated values in general.
Sometimes (like in Table A.2 below), values are “converted” to make the tabulations more compact.

For example, the actual value of ¢ for solid Ag is 1.51x10° (J K) / mol




Enthalpy Change From Room Temperature (Heating From 298 K, 25°C)

(1a) Element. Heat capacity contribution(s) only. No transformation enthalpy(ies) incurred over 298 K — T.

J

co(T)=a + bT + ¢T3
) mol K

J/(mol K)

A simple case:
Temperature changes for an
element starting at 298 K.

AH(T)

No phase changes.

No chemical reactions.
Hoe 03k Y-
=0 for an

elementin its
stable phase

> T




Enthalpy Change From Room Temperature (Heating From 298 K, 25°C)

(1b) Compound. Heat capacity contribution(s) only. No transformation enthalpy(ies) incurred over 298 K — T.

J

co(T)=a + bT + ¢T3
pT) mol K

A An endothermic formation

enthalpy in this example.
- -A- ----------------------------------------
H(T) :
1
1 .
For a compound, Hye is the enthalpy of : A simple case:
formation of the compound at 298 K. ' Temperature change for a
Could be <0 or >0. : compound starting at 298 K.
AH(T) :
: No phase changes.
1
4 : No chemical reactions.
Hy0 298K == = = = 2 :
1 1
OF====== 1 1
1 1
1 1
# 0 for a 1 L
> T
compound and/or
something in its 298 K T

non-stable phase




Standard Enthalpy - H°

He for an element in its stable phase at 298 K is - by convention - zero.
Example: Ho(298 K) for FCC Aluminum = 0 J/mol

He for an element notin its stable phase at 298 K is therefore non-zero.
Example: Ho(298 K) for Liquid Aluminum = 0 J/mol (likely > 0 J/mol in this case)

He for a compound at 298 K is the enthalpy of formation of that compound (for the phase it expresses).

Example: Ho(298 K) for crystalline Aluminum Oxide = 0 J/mol
Enthalpies of formation can be + or - (endothermic or exothermic)

See diamond or other references below endothermic examples.

. . . Table A.3 The Standard Molar Heats of Formation
Most are exothermic formations so negative values. and Molar Entropies of Various
Substances at 298 K

Substance AHze5,J Szess J/K

AL,O, —1,675,700 50.9

Pure Element As Stable Phase ——MM 62.4

BaO -548,100 721

BaTiO, -1,653,100 107.9

Pure Element As Stable Phase — 5.73

Graphite is stable at 298 K, not diamond: g —— oot

cO —-110,500 1975

CcO —393,500 213.7

Pure Element As Stable Phase ———— [ B 0 sis

CaO —-634,900 38.1

CaTiO, —1,660,600 93.7

3Ca0-Al,0,4-3SiO, —6,646,300 241.4

Ca0-Al,0,-SiO, -3,293,200 144.8

Ca0-Al,0,-2Si0, —4,223,700 202.5

2Ca0-Al,0,-SiO, —3,989,400 198.3

L. . Cr,0, —1,134,700 81.2
Liquid water is stable at 298 K, not water vapor. > H,0,, 241,800 232.9
These are elemental molecules not compounds. ——— ;3;'_?
SOy (w-quartz -910,900 415

SigN, —744,800 113.0

Pure Element As Stable Phase ——— 1 307

TiO —-543,000 34.7

Ti,O,4 -1,521,000 772

TisO5 —2,459,000 129.4

TiO, —944,000 50.6

Pure Element As Stable Phase —— 39.0

ZrO, -1,100,800 50.4




Enthalpy Change From Room Temperature (Heating From 298 K, 25°C)

Heat capacity contribution(s) only. incurred over 298 K — T.
T< next T, ]
_ -2
AH,o9 ko7 = cp(T) dT cp(T)=a + bT + cT —K
Tiet = 208 K

1
AHog g =|a(T =298 K) + —b (7%= [298 KI*) —c (77" — [298 K]™') J/(mol K)

This equation gives the enthalpy change associated with temperature increases from room temperature for one phase i
(i=a B vy L, ... etc.) when the constant pressure heat capacity has the mathematical form indicated above. It is
evaluated from a lower reference temperature (here Tr.r = 298 K) to a temperature T that is less than or equal to the next
reference temperature. By convention, the reference temperature for the room-temperature stable structure is taken as
298 K. Other reference temperatures are defined as temperatures of transformation (e.g. crystallographic phase
change, melting, etc.). Occasionally a reference temperature is associated with a change in the polynomial fit for cp(7).

Table A.2 The Constant-Pressure Molar Heat Capacities of Various Substances (c, = a
+ bT + cT~2 J/mole-K)

Substance a bx103 cx10-° Range, K Remarks
Al O, 106.6 17.78 —28.53 298-2325(T,,)

Si;N, 70.54 98.74 — 298-900

ZrOyy 69.62 753 —14.06 298-1478

ZrOyy 74.48 — — 1478-2950(T,,)

Caution: Pay very close attention to tabulated values in general.
Sometimes (like in Table A.2 below), values are “converted” to make the tabulations more compact.

For example, the actual value of ¢ for solid Al2O3 is -28.53x10° (J K) / mol




Enthalpy Change From Room Temperature (Heating From 298 K, 25°C)

(2a) Element. Sum of heat capacity contribution(s) and sum of transformation enthalpy(ies) over 298 K — T.

J
mol K

Z AHtrans CP(T),' =aqa; + biT + CiT—Z
298 K<LT

Note that multiple transformation
enthalpies might need to be
included over the total temperature
range of interest.

A complex case:
Temperature changes for an
element starting at 298 K.
Some phase changes.

No chemical reactions.

H0298K .v..-./:

=0 for an ' '
elementin its >» T

stable phase 298 K TOC—> Vi T,B [ T




Enthalpy Change From Room Temperature (Heating From 298 K, 25°C)

(2a) Element. Sum of heat capacity contribution(s) and

T<T

ref j
AHyog ko7 = Z cp(T); dT; + Z AH,_., .. cpo(T);=a;, + bT + cT72

298 K<T * Teti 208 K<T

Note that multiple subranges might need to Note that multiple transformation

be integrated over the total temperature enthalpies might need to be

range of interest. included over the total temperature
range of interest.

over298 K — T.

J
mol K

+ bT + cT2 J/mole-K)

Table A.2 The Constant-Pressure Molar Heat Capacities of Various Substances (c, = a

Substance a bx103 cx10-° Range, K Remarks
Fe s 3712 6.17 — 298 - 1187 / 1664 - 1809
Fe, 24.47 8.45 — 1187-1664
Fe, 41.8 — — 1809-1873

Caution: Pay very close attention to tabulated values in general.

For example, the actual value of b for solid (BCC) Fe is 6.17x1073 J/(mol K2)

Sometimes (like in Table A.2 below), values are “converted” to make the tabulations more compact.




Enthalpy Change From Room Temperature (Heating From 298 K, 25°C)

(2a) Element. Sum of heat capacity contribution(s) and over 298 K — T.
T<T.e J
_ -2
A1_1298 KT — 2 CP(T)i de + Z AI_Itrans co(I)i=a; + bT + T mol K
208 K<T  Tret i 208 K<T

Note that multiple subranges might need to Note that multiple transformation

be integrated over the total temperature enthalpies might need to be

range of interest. included over the total temperature
range of interest.

Table A.5 Molar Heats of Melting and Transformation

Substance Trans. AHians, J Tianss K

= X — 670 1,187
e O — |/ 13,770 1,809




Enthalpy Change From Room Temperature (Heating From 298 K, 25°C)

(2a) Element. Sum of heat capacity contribution(s) and sum of transformation enthalpy(ies) over 298 K — T.

J
— — -2
— + Z AH,, . T =a + BT + 6T ——
298 K<T

Note that multiple transformation

enthalpies might need to be

included over the total temperature

range of interest.

H(T)y===-============-ccccc-c-ccmnmnmnonnn--

O~ S

An exothermic formation
enthalpy in this example.

A complex case:
Temperature changes for a
compound starting at 298 K.
AH(T)
Some phase changes.

No chemical reactions.

# 0 for a
compound and/or

something in its 298 K TOC—>ﬂ TIB—>L T

non-stable phase

> T



Enthalpy Change For An Arbitrary Temperature Change

(2a) Element. Sum of heat capacity contribution(s) and sum of transformation enthalpy(ies) over 7; — 1>

+ Z AHtrans
298 K<T,

AH,og K—T, —

+ Z AI{trans
298 K<T,

+ ) AHg,
T,<T<T,

vH" 208K Y-

=0 for an
elementin its
stable phase

> T




Enthalpy Change For An Arbitrary Temperature Change

(2a) Element. Sum of heat capacity contribution(s) and sum of transformation enthalpy(ies) over 7; — 1>

+ Z AHtrans
298 K<T,

AH,og K—T, —

+ Z AI{trans
298 K<T,

+ ) AHg,
T,<T<T,

vH" 208K Y-

=0 for an
elementin its
stable phase

> T




Enthalpy Change For An Arbitrary Temperature Change

(2b) Compound. Sum of heat capacity contribution(s) and sum of transformation enthalpy(ies) over T; — 1>

+ Z AHtrans
298 K<T,

AH,og K—T, —

+ Z AI{trans
298 K<T,

+ ) AHg,
T,<T<T,

va" 298K Felm mmm oo

# 0 for a
compound and/or
something in its

non-stable phase

> T




Example 1a
Given the following thermodynamic information, compute the enthalpy change associated with heating one mole of elemental

Vibranium (Vb) from 25°C to 2000°C at one atmosphere. Also compute the absolute enthalpy at 2000°C.
cp(T)=A + BT + CT™? + DT? 1/(mol K)

Coeff. A J/(mol-K) B J/(mol-K2) C (J-K)/mol D J/(mol-K3) Vb Transitioni;  Twansij [K] AHuansi-j [J/mol]
a-Vb 25 7.1x10-3 1.2x106 2.1x104 a-f§ 2,320 747

B-Vb 36 5.2x103 3.6x108 1.5x10-4 B-L 3,273 17,170

L-Vb 47 3.3x103 4.8x106 0.9x105 L-V 4,423 620,000



Example 1a
Given the following thermodynamic information, compute the enthalpy change associated with heating one mole of elemental

Vibranium (Vb) from 25°C to 2000°C at one atmosphere. Also compute the absolute enthalpy at 2000°C.
cp(T)=A + BT + CT™? + DT? 1/(mol K)

Coeff. A J/(mol-K) B J/(mol-K?) C (J-K)/mol D J/(mol-K?) Vb Transitioni;  Twansij [K] AHuansi-j [J/mol]
a-Vb 25 7.1x10-3 1.2x108 2.1x10-4 a-f§ 2,320 747

B-Vb 36 5.2x10-3 3.6x106 1.5x10-4 p-L 3,273 17,170

L-Vb 47 3.3x103 4.8x108 0.9x105 L-V 4,423 620,000

(1) Sketch the H(T) response for the temperature range of interest.



Example 1a
Given the following thermodynamic information, compute the enthalpy change associated with heating one mole of elemental
Vibranium (Vb) from 25°C to 2000°C at one atmosphere. Also compute the absolute enthalpy at 2000°C.

cp(T)=A + BT + CT™? + DT? 1/(mol K)

Coeff. A J/(mol-K) B J/(mol-K2) C (J-K)/mol D J/(mol-K3) Vb Transitioni;  Twansij [K] AHuansi-j [J/mol]
a-Vb 25 7.1x10-3 1.2x108 2.1x10-4 a-f§ 2,320 747

B-Vb 36 5.2x10-3 3.6x106 1.5x10-4 p-L 3,273 17,170

L-Vb 47 3.3x103 4.8x106 0.9x105 L-V 4,423 620,000

(1) Sketch the H(T) response for the temperature range of interest.

H
A

H(2273 K)

AH(T)

Hoyosx Y-

=0 for an
element in its >» T
stable phase 298 K T=2273 K




Example 1a
Given the following thermodynamic information, compute the enthalpy change associated with heating one mole of elemental
Vibranium (Vb) from 25°C to 2000°C at one atmosphere. Also compute the absolute enthalpy at 2000°C.

cp(T)=A + BT + CT™? + DT? 1/(mol K)

Coeff. A J/(mol-K) B J/(mol-K2) C (J-K)/mol D J/(mol-K3) Vb Transitioni;  Twansij [K] AHuansi-j [J/mol]
a-Vb 25 7.1x10-3 1.2x108 2.1x10-4 a-f§ 2,320 747

B-Vb 36 5.2x10-3 3.6x106 1.5x10-4 p-L 3,273 17,170

L-Vb 47 3.3x103 4.8x106 0.9x105 L-V 4,423 620,000

(2) Determine the calculations to perform.

H

A A simple case:
H(2273 K) Temperature change for a
“A pure element starting at 298 K.

No phase changes.

No chemical reactions.
AH(T)

Hoyosx Y-

=0 for an
element in its >» T
stable phase 298 K T=2273 K




Example 1a
Given the following thermodynamic information, compute the enthalpy change associated with heating one mole of elemental

Vibranium (Vb) from 25°C to 2000°C at one atmosphere. Also compute the absolute enthalpy at 2000°C.
cp(T)=A + BT + CT™? + DT? 1/(mol K)

Coeff. A J/(mol-K) B J/(mol-K?) C (J-K)/mol D J/(mol-K?) Vb Transitioni;  Twansij [K] AHuansi-j [J/mol]
a-Vb 25 7.1x103 1.2x106 2.1x10-4 a-f§ 2,320 747

B-Vb 36 5.2x10-3 3.6x106 1.5x10-4 p-L 3,273 17,170

L-Vb 47 3.3x103 4.8x108 0.9x105 L-V 4,423 620,000

(3) Solve for differential enthalpy and integrate.

dH

cp(T) = <E>P J/(mol K)
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Example 1a

Given the following thermodynamic information, compute the enthalpy change associated with heating one mole of elemental
Vibranium (Vb) from 25°C to 2000°C at one atmosphere. Also compute the absolute enthalpy at 2000°C.

cp(T)=A + BT + CT™? + DT? 1/(mol K)

Coeff. A J/(mol-K) B J/(mol-K2) C (J-K)/mol D J/(mol-K3)
a-Vb 25 7.1x10-38 1.2x108 2.1x104
p-Vb 36 5.2x10-3 3.6x106 1.5x10-4
L-Vb 47 3.3x10-3 4.8x106 0.9x10-5

(3) Solve for differential enthalpy and integrate.

dH

cp(T) = <E>P J/(mol K)

TSTlr TST”,
(AH)p = cp(T) (dT)P={ A + BT + CT™? + DT? (dT)p, J/mol

Trer Trer

Vb Transition i-j Ttransi-j [K] AH}rans i-j [J/mol]

a-f 2.320 747
p-L 3,273 17,170
L-V 4,423 620,000



Example 1a
Given the following thermodynamic information, compute the enthalpy change associated with heating one mole of elemental

Vibranium (Vb) from 25°C to 2000°C at one atmosphere. Also compute the absolute enthalpy at 2000°C.
cp(T)=A + BT + CT™? + DT? 1/(mol K)

Coeff. A J/(mol-K) B J/(mol-K?) C (J-K)/mol D J/(mol-K?) Vb Transitioni;  Twansij [K] AHuansi-j [J/mol]
a-Vb 25 7.1x103 1.2x106 2.1x10-4 a-f§ 2,320 747

B-Vb 36 5.2x10-3 3.6x106 1.5x10-4 p-L 3,273 17,170

L-Vb 47 3.3x103 4.8x108 0.9x105 L-V 4,423 620,000

(3) Solve for differential enthalpy and integrate.

dH

cp(T) = <E>P J/(mol K)

T<T, T<T,
(AH)p = cp(T) (dT)P={ A + BT + CT™? + DT? (dT)p, J/mol
Trer Trer

BT2 3| T<T,,
= AT + — — CT7' + — J/mol
2 3 1,



Example 1a
Given the following thermodynamic information, compute the enthalpy change associated with heating one mole of elemental

Vibranium (Vb) from 25°C to 2000°C at one atmosphere. Also compute the absolute enthalpy at 2000°C.
cp(T)=A + BT + CT™? + DT? 1/(mol K)

Coeff. A J/(mol-K) B J/(mol-K?) C (J-K)/mol D J/(mol-K?) Vb Transitioni;  Twansij [K] AHuansi-j [J/mol]
a-Vb 25 7.1x103 1.2x106 2.1x10-4 a-f§ 2,320 747

B-Vb 36 5.2x10-3 3.6x106 1.5x10-4 p-L 3,273 17,170

L-Vb 47 3.3x103 4.8x108 0.9x105 L-V 4,423 620,000

(3) Solve for differential enthalpy and integrate.
dH

cp(T) = <E>P J/(mol K)

T<T, T<T,
(AH)p = cp(T) (dT)P={ A + BT + CT™? + DT? (dT)p, J/mol
Trer Trer
BT2 3| T<T,,
= AT + — — CT7! + — J/mol
2 3 |,
ref
B(T? - TZ)) D(T* - Ty,)

(AH)p = A(T—-T,) + — - C(T‘I—Tr‘e}) +



Example 1a
Given the following thermodynamic information, compute the enthalpy change associated with heating one mole of elemental

Vibranium (Vb) from 25°C to 2000°C at one atmosphere. Also compute the absolute enthalpy at 2000°C.
cp(T)=A + BT + CT™? + DT? 1/(mol K)

Coeff. A J/(mol-K) B J/(mol-K?) C (J-K)/mol D J/(mol-K?) Vb Transitioni;  Twansij [K] AHuansi-j [J/mol]
a-Vb 25 7.1x103 1.2x106 2.1x10-4 a-f§ 2,320 747

B-Vb 36 5.2x10-3 3.6x106 1.5x10-4 p-L 3,273 17,170

L-Vb 47 3.3x103 4.8x108 0.9x105 L-V 4,423 620,000

(4) Substitute coefficient values for elemental Vb and assign integral bounds.

B(T* - T D(T° - T,;)
(AH), = AT-T,p) + — - C(T'-T,) + ———— J/mol
1x1073 1 K? 2 2 K
(AH), = 25 2273 K— 298 K) + 7.1x 107 J/(mol K)([2273 K" - 298 KI) ¢ JK (2273°K)~' - (298K
mol K 2 mol

N 2.1 x 10™* J/(mol K3)([2273 K|* — [298 K|*)
3




Example 1a
Given the following thermodynamic information, compute the enthalpy change associated with heating one mole of elemental

Vibranium (Vb) from 25°C to 2000°C at one atmosphere. Also compute the absolute enthalpy at 2000°C.
cp(T)=A + BT + CT™? + DT? 1/(mol K)

Coeff. A J/(mol-K) B J/(mol-K?) C (J-K)/mol D J/(mol-K?) Vb Transitioni;  Twansij [K] AHuansi-j [J/mol]
a-Vb 25 7.1x103 1.2x106 2.1x10-4 a-f§ 2,320 747

B-Vb 36 5.2x10-3 3.6x106 1.5x10-4 p-L 3,273 17,170

L-Vb 47 3.3x103 4.8x108 0.9x105 L-V 4,423 620,000

(5) Evaluate the change in enthalpy.

B(T* - T D(T° - T,;)
(AH), = AT-T,p) + — - C(T'-T,) + ———— J/mol
1x1073 1 K? 2 2 K
(AH), = 25 2273 K— 298 K) + 7.1x 107 J/(mol K)([2273 K" - 298 KI) ¢ JK (2273°K)~' - (298K
mol K 2 mol

N 2.1 x 107 J/(mol K3)([2273 K]* — [298 K]*)
3

(AH)p = 891,094 J/mol



Example 1a
Given the following thermodynamic information, compute the enthalpy change associated with heating one mole of elemental

Vibranium (Vb) from 25°C to 2000°C at one atmosphere. Also compute the absolute enthalpy at 2000°C.
cp(T)=A + BT + CT™? + DT? 1/(mol K)

Coeff. A J/(mol-K) B J/(mol-K?) C (J-K)/mol D J/(mol-K?) Vb Transitioni;  Twansij [K] AHuansi-j [J/mol]
a-Vb 25 7.1x103 1.2x106 2.1x10-4 a-f§ 2,320 747

B-Vb 36 5.2x10-3 3.6x106 1.5x10-4 p-L 3,273 17,170

L-Vb 47 3.3x103 4.8x108 0.9x105 L-V 4,423 620,000

(6) Evaluate the absolute enthalpy.

B(T* - T D(T° - T,;)
(AH), = AT-T,p) + — - C(T'-T,) + ———— J/mol
1x1073 1 K? 2 2 K
(AH), = 25 2273 K— 298 K) + 7.1x 107 J/(mol K)([2273 K" - 298 KI) ¢ JK (2273°K)~' - (298K
mol K 2 mol

N 2.1 x 107 J/(mol K3)([2273 K]* — [298 K]*)
3

(AH)p = 891,094 J/mol

H(T) = Hy,, + (AH)p

H(2273 K) =0 J/mol + 891,094 J/mol

H(2273 K) = 891,094 J/mol



Example 1a
Given the following thermodynamic information, compute the enthalpy change associated with heating one mole of elemental
Vibranium (Vb) from 25°C to 2000°C at one atmosphere. Also compute the absolute enthalpy at 2000°C.

cp(T)=A + BT + CT™? + DT? 1/(mol K)

Coeff. A J/(mol-K) B J/(mol-K2) C (J-K)/mol D J/(mol-K3) Vb Transitioni;  Twansij [K] AHuansi-j [J/mol]
a-Vb 25 7.1x10-3 1.2x108 2.1x10-4 a-f§ 2,320 747

B-Vb 36 5.2x10-3 3.6x106 1.5x10-4 p-L 3,273 17,170

L-Vb 47 3.3x103 4.8x106 0.9x105 L-V 4,423 620,000

(7) Compare to sketch.

H
A

H(2273 K) H(2273 K) = 891,094 J/mol

AH(T) (AH)p = 891,094 J/mol

Hozogk ¥o|e----

=0 for an
element in its >

stable phase 298 K T=2273 K




Example 1b

Given the following thermodynamic information, compute the enthalpy change associated with heating three moles of the
intermetallic compound VbAd from 25°C to 2000°C at one atmosphere. Also compute the absolute enthalpy at 2000°C.

cp(T)=A + BT + CT™? + DT? 1/(mol K)
Ttrans i-j [K] AHyirans i-j [J/mol]

Coeff. A J/(mol-K) B J/(mol-K2) C (J-K)/mol DJ/(mol-K3)  VbAd Transition i
a-VbAd 9 6.2x10-3 3.5x106 7.7x10-4 a-ff 2,900 963
B-VbAd 15 4.6x10- 5.7x108 3.10x10-4 B-L 3,883 21,159
L-VbAd 21 8.8x103 6.3x106 9.20x105 L-V 5,120 902,100
-1,987,000

VbAd AH® 298k




Example 1b
Given the following thermodynamic information, compute the enthalpy change associated with heating three moles of the
from 25°C to 2000°C at one atmosphere. Also compute the absolute enthalpy at 2000°C.

cp(T)=A + BT + CT™? + DT? 1/(mol K)

Coeff. A J/(mol-K) B J/(mol-K?) C (J-K)/mol D J/(mol-K3) VbAd Transitionij Twansij [K] AHtransij [J/mol]
a-VbAd 9 6.2x10-3 3.5x106 7.7x10-4 a-ff 2,900 963
B-VbAd 15 4.6x10- 5.7x108 3.10x10-4 B-L 3,883 21,159
L-VbAd 21 8.8x103 6.3x106 9.20x105 L-V 5,120 902,100

(1) Sketch the H(T) response for the temperature range of interest. VbAd AH® 295 k -1,987,000

Note the temperature range falls entirely within the stability range of a-VbAd



Example 1b
Given the following thermodynamic information, compute the enthalpy change associated with heating three moles of the
intermetallic compound VbAd from 25°C to 2000°C at one atmosphere. Also compute the absolute enthalpy at 2000°C.

cp(T)=A + BT + CT™? + DT? 1/(mol K)

Coeff. A J/(mol-K) B J/(mol-K?) C (J-K)/mol D J/(mol-K3) VbAd Transitionij Twansij [K] AHiransi;j [J/mol]
a-VbAd 9 6.2x10-3 3.5x106 7.7x10-4 a-ff 2,900 963
B-VbAd 15 4.6x10- 5.7x108 3.10x10-4 B-L 3,883 21,159
L-VbAd 21 8.8x103 6.3x106 9.20x105 L-V 5,120 902,100

(1) Sketch the H(T) response for the temperature range of interest. VbAd AH® 298 k -1,987,000

Note the temperature range falls entirely within the stability range of a-VbAd

H .
a H(T) = Hf y9g x + AHy9g k7

- -A- ----------------------------------------
H(T) :
1
1
For a compound, Hye is the enthalpy of :
formation of the compound at 298 K. "
Could be <0 or >0. :
AH(T) :
0-=-FfF-caa-- :
1
1
1
Hy0 298K == = = = 2 . :
l I I
1 1
1 1
1 1
# 0 for a 1 1

> T

compound and/or
something in its 298 K
non-stable phase

~



Example 1b
Given the following thermodynamic information, compute the enthalpy change associated with heating three moles of the
from 25°C to 2000°C at one atmosphere. Also compute the absolute enthalpy at 2000°C.

cp(T)=A + BT + CT™? + DT? 1/(mol K)

Coeff. A J/(mol-K) B J/(mol-K?) C (J-K)/mol D J/(mol-K3) VbAd Transitionij Twansi-j [K] AHuansii [J/mol]
a-VbAd 9 6.2x10-3 3.5x106 7.7x10-4 a-ff 2,900 963
B-VbAd 15 4.6x10- 5.7x108 3.10x10-4 B-L 3,883 21,159
L-VbAd 21 8.8x103 6.3x106 9.20x105 L-V 5,120 902,100

(2) Determine the calculations to perform. VbAd AH:° 298 k -1,987,000

Temperature change for a
starting at 298 K and

H .

x HT)= Hf 208 K + AHo08 k.7 heating to a temperature below the
next transformation or reference
temperature.

(3) Note it is the same mathematical
form of heat capacity as Example 1a

Thus, the general integrals we
established remain applicable here.

> T

298 K T



Example 1b

Given the following thermodynamic information, compute the enthalpy change associated with heating three moles of the
from 25°C to 2000°C at one atmosphere. Also compute the absolute enthalpy at 2000°C.

cp(T)=A + BT + CT™? + DT? 1/(mol K)
Ttrans i-j [K] AHyirans i-j [J/mol]

Coeff. A J/(mol-K) B J/(mol-K2) C (J-K)/mol DJ/(mol-K3)  VbAd Transition i
a-VbAd 9 6.2x10-3 3.5x106 7.7x10-4 a-ff 2,900 963
B-VbAd 15 4.6x10- 5.7x108 3.10x10-4 B-L 3,883 21,159
L-VbAd 21 8.8x103 6.3x106 9.20x105 L-V 5,120 902,100
-1,987,000

VbAd AH® 298k

(4) Substitute coefficient values for elemental Vb and
assign integral bounds for the integral.
B(T* - T} D(T° - T;,;)
(AH)p, = A(T-T,,) + — C(T™' =T ) + — J/mol

6.2 x 1077 J/(mol K?)([2273 K]* — [298 K| JK
(273 K - 198K) + (mo )(2[ -8R0 35x108 ~= (12273K) "' - (298K ")
mo

AH a — VbAd), =9
( * p mol K

N 7.7 x 10~* J/(mol K3)([2273 K]® — [298 K]*)
3




Example 1b

Given the following thermodynamic information, compute the enthalpy change associated with heating three moles of the
from 25°C to 2000°C at one atmosphere. Also compute the absolute enthalpy at 2000°C.

cp(T)=A + BT + CT™? + DT? 1/(mol K)
Ttransi-j [K] AHyirans i-j [J/mol]

Coeff. A J/(mol-K) B J/(mol-K2) C (J-K)/mol DJ/(mol-K3)  VbAd Transition i
a-VbAd 9 6.2x10-3 3.5x106 7.7x10-4 a-ff 2,900 963
B-VbAd 15 4.6x10- 5.7x108 3.10x10-4 B-L 3,883 21,159
L-VbAd 21 8.8x103 6.3x106 9.20x105 L-V 5,120 902,100
-1,987,000

VbAd AH® 298k

(5) Evaluate the change in enthalpy.

B(T* - T} | | D(T° - T;,;)
(AH)p, = A(T-T,,) + — C(T™' =T ) + — J/mol

6.2 x 107 J/(mol K?)([2273 K]* — [298 K]’ JK
(273 K - 198K) + (mo )(2[ -8R0 35x108 ~= (12273K) "' - (298K ")
mo

AH a — VbAd), =9
( * p mol K

N 7.7 x 10~* J/(mol K3)([2273 K]® — [298 K]*)
3

(AH)p = 3,051 kJ/mol

(AH)p = 9,153 kJ



Example 1b

Given the following thermodynamic information, compute the enthalpy change associated with heating three moles of the
from 25°C to 2000°C at one atmosphere. Also compute the absolute enthalpy at 2000°C.

cp(T)=A + BT + CT™? + DT? 1/(mol K)

Coeff. A J(mol-K) B J/(mol-K?) C (J-Ky/mol DJ/(mol-K?)  VbAd Transitioni; Tiansij [K] AHtransij [J/mol]
a-VbAd 9 6.2x10-3 3.5x106 7.7x10-4 a-ff 2,900 963
B-VbAd 15 4.6x10- 5.7x108 3.10x10-4 B-L 3,883 21,159
L-VbAd 21 8.8x103 6.3x106 9.20x105 L-V 5,120 902,100

(6) Evaluate absolute enthalpy. VbAd AHP 208k -1,987,000

B(T* - T}
2

D(T° - T;)

(AH)p, = A(T-T,,) + - T =T + J/mol

] 6.2 x 10 J/(mol K?)(|2273 K]* — [298 K] JK
(AH a = VbAd), =9 —— (273K - 98 K) + oy )(2[ PP RD 35108 — (12273 - (298K
mo mo

N 7.7 x 10~* J/(mol K3)([2273 K]® — [298 K]*)
3

(AH)p = 3,051 kJ/mol

(AH)p =9,153 kJ

H(T) = H; + (AH)p

H(T) = H; + (AH)p

H(2273 K) = (3 mol)(—1987 kJ/mol) + 9,153 kJ
H(2273 K) = 3,192 kJ



Example 1b
Given the following thermodynamic information, compute the enthalpy change associated with heating three moles of the
intermetallic compound VboAd from 25°C to 2000°C at one atmosphere. Also compute the absolute enthalpy at 2000°C.

cp(T)=A + BT + CT™? + DT? 1/(mol K)

Coeff. A J/(mol-K) B J/(mol-K?) C (J-K)/mol D J/(mol-K3) VbAd Transitionij Twansi-j [K] AHuansii [J/mol]
a-VbAd 9 6.2x10-3 3.5x106 7.7x10-4 a-ff 2,900 963
B-VbAd 15 4.6x10- 5.7x108 3.10x10-4 B-L 3,883 21,159
L-VbAd 21 8.8x103 6.3x106 9.20x105 L-V 5,120 902,100

(7) Compare to sketch. VbAd AHr 298k -1,987,000

Temperature change for a crystalline
H compound starting at 298 K and
heating to a temperature below the
H(T) H(2273 K) = 3,192 kJ next transformation or reference
R U temperature.

(AH)p = 9,153 kJ

AH; = (3 mol)(—1987 kJ/mol) = — 5,961 kJ

> T
298 K T



Example 2b

Given the following thermodynamic information, compute the enthalpy change associated with heating three moles of the
intermetallic compound VbAd from 3500°C to 4500°C at one atmosphere. Also compute the absolute enthalpy at 45000C.

cp(T)=A + BT + CT™? + DT? 1/(mol K)
Ttrans i-j [K] AHyirans i-j [J/mol]

Coeff. A J/(mol-K) B J/(mol-K2) C (J-K)/mol DJ/(mol-K3)  VbAd Transition i
a-VbAd 9 6.2x10-3 3.5x106 7.7x10-4 a-ff 2,900 963
B-VbAd 15 4.6x10- 5.7x108 3.10x10-4 B-L 3,883 21,159
L-VbAd 21 8.8x103 6.3x106 9.20x105 L-V 5,120 902,100
-1,987,000

VbAd AH® 298k




Example 2b

Given the following thermodynamic information, compute the enthalpy change associated with heating three moles of the

cp(T)=A + BT + CT™? + DT? 1/(mol K)
C (J-K)/mol

Coeff. A J/(mol-K)

a-VbAd 9
S-VbAd 15
L-VbAd 21

from

B J/(mol-K2)

6.2x10-3

4.6x10-3

8.8x10-3

to 4500°C at one atmosphere.

D J/(mol-K3)

VbAd Transition i

Ttrans i-j [K] AHyirans i-j [J/mol]

a-fp 2,900 963

B-L 3,883 21,159

LV 5,120 902,100
-1,987,000

VbAd AH® 298k

(1) Sketch the H(T) response for the temperature range of interest.



Example 2b
Given the following thermodynamic information, compute the enthalpy change associated with heating three moles of the
from to 4500°C at one atmosphere.

cp(T)=A + BT + CT™? + DT? 1/(mol K)

Coeff. A J/(mol-K) B J/(mol-K?) C (J-K)y/mol DJ/(mol-K%)  VbAd Transitioni; Tiransij [K] AHtransi; [J/mol]
a-VbAd 9 6.2x10-3 3.5x106 7.7x10-4 a-ff 2,900 963
B-VbAd 15 4.6x10- 5.7x108 3.10x10-4 B-L 3,883 21,159
L-VbAd 21 8.8x103 6.3x106 9.20x105 L-V 5,120 902,100

VbAd AH° 208 k -1,987,000

(1) Sketch the H(T) response for the temperature range of interest.

H
A
H(Tz) = H(Tl)
AH(T) f-===============s-seeccccccccccnccnnn--
AHT1—>T2
\ 4

> T




Example 2b
Given the following thermodynamic information, compute the enthalpy change associated with heating three moles of the
from to 4500°C at one atmosphere.

cp(T)=A + BT + CT™? + DT? 1/(mol K)

Coeff. A J/(mol-K) B J/(mol-K?) C (J-K)/mol D J/(mol-K3) VbAd Transitionij Twansij [K] AHiransi;j [J/mol]
a-VbAd 9 6.2x10-3 3.5x106 7.7x10-4 a-ff 2,900 963
B-VbAd 15 4.6x10-3 5.7x106 3.10x104 p-L 3,883 21,159
L-VbAd 21 | 8.8x103 | 6.3x108 | 9.20x105 L-V 5,120 902,100

VbAd AHr 298 k -1,987,000

(2) Determine the calculations to perform.
Temperature change for a

H and
A heating to the

H(T) = H(T) +AHp

A H(T2) fr=m--n-mmmmmmmmmmsssmmmmsssmmmees 7
Temperature change for a

A H; starting at its
1 and heating to 4500°C.

—)TZ

> T



Example 2b

Given the following thermodynamic information, compute the enthalpy change associated with heating three moles of the

cp(T)=A + BT + CT™? + DT? 1/(mol K)
C (J-K)/mol

Coeff. A J/(mol-K)

a-VbAd 9
S-VbAd 15
L-VbAd 21

(3) Consult the H(T) response for the temperature range of interest.

H
A

from

B J/(mol-K2)

6.2x10-3

4.6x10-3

8.8x10-8

(AH p—VbAd)p, =7

to 4500°C at one atmosphere.

D J/(mol-K3)

VbAd Transition i

Ttrans i-j [K] AHyirans i-j [J/mol]

a-pp 2,900 963

B-L 3,883 21,159

LV 5,120 902,100
-1,987,000

VbAd AH® 298k

Temperature change for a

and

heating to the

> T




Example 2b

Given the following thermodynamic information, compute the enthalpy change associated with heating three moles of the

cp(T)=A + BT + CT™? + DT? 1/(mol K)
C (J-K)/mol

Coeff. A J/(mol-K)

a-VbAd 9
S-VbAd 15
L-VbAd 21

(3) Consult the H(T) response for the temperature range of interest.

H
A

from

B J/(mol-K2)

6.2x10-3

4.6x10-3

8.8x10-8

(AH  — VbAd), = ?

to 4500°C at one atmosphere.

Ttrans i-j [K] AHyirans i-j [J/mol]

D J/(mol-K3) VbAd Transition
7.7x10-4 a-f§ 2,900 963
3.10x104 p-L 3,883 21,159
9.20x10-5 L-V 5,120 902,100
-1,987,000

VbAd AH® 298k

Temperature change for a

and

heating to the

.

(4) Note it is the same mathematical form of heat capacity as Example 1a
Thus, the general integrals we established remain applicable here.

> T




Example 2b
Given the following thermodynamic information, compute the enthalpy change associated with heating three moles of the
from to 4500°C at one atmosphere.

cp(T)=A + BT + CT™? + DT? 1/(mol K)

Coeff. A J/(mol-K) B J/(mol-K?) C (J-K)/mol D J/(mol-K3) VbAd Transitionij Twansi-j [K] AHuansii [J/mol]
a-VbAd 9 6.2x10-3 3.5x106 7.7x10-4 a-ff 2,900 963
B-VbAd 15 4.6x10-3 5.7x106 3.10x104 p-L 3,883 21,159
L-VbAd 21 8.8x103 6.3x106 9.20x105 L-V 5,120 902,100

(5) Substitute coefficient values for elemental Vb and VbAd AH 295 k -1,987,000

assign integral bounds for first integral

B(T* - T}
2

D(T° - T;)

(AH)p, = A(T-T,,) + - T =T + J/mol

J 4.6 x 1073 J/(mol K?)([3883 K]*> —[3773 K]?) ¢ JK O »
(AH — VbAd), =15 T (3883 K- 3773 K) + > - 5.7x10 — ([3883 KI~!' — [3773 K] ™)
mo mo

N 3.1 x 107* J/(mol K3)([3883 K]* — [3773 K])
3

(AH B — VbAd), = 503.4 kJ/mol

(AH B — VbAd), ,_; = 1,510 KJ



Example 2b

Given the following thermodynamic information, compute the enthalpy change associated with heating three moles of the

cp(T)=A + BT + CT™? + DT? 1/(mol K)
C (J-K)/mol

Coeff. A J/(mol-K)

a-VbAd 9
S-VbAd 15
L-VbAd 21

(6) Consult the H(T) response for the temperature range of interest.

H
A

from

B J/(mol-K2)

6.2x10-3

4.6x10-3

8.8x10-8

(AH p — VbAd), = 503.4 kJ/mol

to 4500°C at one atmosphere.

Ttrans i-j [K] AHyirans i-j [J/mol]

D J/(mol-K3) VbAd Transition
7.7x10-4 a-f§ 2,900 963
3.10x104 p-L 3,883 21,159
9.20x10-5 LV 5,120 902,100
-1,987,000

VbAd AH® 298k

Temperature change for a

and

heating to the

.

> T




Example 2b

Given the following thermodynamic information, compute the enthalpy change associated with heating three moles of the
from to 4500°C at one atmosphere.

cp(T)=A + BT + CT™? + DT? 1/(mol K)
Ttrans i-j [K] AHyirans i-j [J/mol]

Coeff. A J/(mol-K) B J/(mol-K2) C (J-K)/mol D J/(mol-K3) VbAd Transition i.;
a-VbAd 9 6.2x10-3 3.5x106 7.7x10-4 a-ff 2,900 963
p-VbAd 15 4.6x10-3 5.7x106 3.10x10-4 B-L 3,883 21,159
L-VbAd 21 8.8x10-3 6.3x106 9.20x10- L-V 5,120 902,100
VbAd AHf° 298 k -1,987,000
(7) Account for the melting transformation.
Temperature change for a
H and
heating to the

A

(AH ff — VbAd), = 503.4 kJ/mol /

> T




Example 2b
Given the following thermodynamic information, compute the enthalpy change associated with heating three moles of the
from to 4500°C at one atmosphere.

cp(T)=A + BT + CT™? + DT? 1/(mol K)

Coeff. A J/(mol-K) B J/(mol-K?) C (J-K)y/mol DJ/(mol-K%)  VbAd Transitioni; Tiransij [K] AHtransi; [J/mol]
a-VbAd 9 6.2x10-3 3.5x106 7.7x10-4 a-ff 2,900 963
B-VbAd 15 4.6x10-3 5.7x106 3.10x10+4 p-L 3,883 21,159
L-VbAd 21 8.8x103 6.3x108 9.20x105 L-V 5,120 902,100

VbAd AH° 208 k -1,987,000

(8) Consult the H(T) response for the temperature range of interest. Temperature change for a

H and
A heating to the

(AH L — VbAd)p = ? /
Temperature change for a

starting at its
and heating to 4500°C.
(AH ff — VbAd), = 503.4 kJ/mol /

> T
4773 K



Example 2b
Given the following thermodynamic information, compute the enthalpy change associated with heating three moles of the
from to 4500°C at one atmosphere.

cp(T)=A + BT + CT™? + DT? 1/(mol K)

Coeff. A J/(mol-K) B J/(mol-K?) C (J-K)/mol D J/(mol-K3) VbAd Transitionij Twansi-j [K] AHuansii [J/mol]
a-VbAd 9 6.2x10-3 3.5x106 7.7x10-4 a-ff 2,900 963
B-VbAd 15 4.6x10-3 5.7x106 3.10x10+4 p-L 3,883 21,159
L-VbAd 21 8.8x103 6.3x106 9.20x105 L-V 5,120 902,100

(9) Substitute coefficient values for elemental Vb and VbAd AH 295 k -1,987,000

assign integral bounds for second integral.

B(T* - T}
2

D(T° - T;)

(AH)p, = A(T-T,,) + - T =T + J/mol

J 8.8 x 1077 J/(mol K*)([4773 K]* — [3883 K]* JK
(AH L= VbAd), =21 —— (4773 - 3883 K) + {mo )(g [l D 63x108 ~ ({@773K) " - (3883 KI')
mo mo

N 9.2 x 10~* J/(mol K3)([4773 K]* - [3883 K]°)
3

(AH L — VbAd), = 15,444 kJ/mol

(AH L — VbAd), ,_; = 46,333 kIJ



Example 2b
Given the following thermodynamic information, compute the enthalpy change associated with heating three moles of the
intermetallic compound VbAd from 35000°C to 45000°C at one atmosphere.

cp(T)=A + BT + CT™? + DT? 1/(mol K)

Coeff. A J/(mol-K) B J/(mol-K?) C (J-K)/mol D J/(mol-K3) VbAd Transitionij Twansij [K] AHiransi;j [J/mol]
a-VbAd 9 6.2x10-3 3.5x106 7.7x10-4 a-ff 2,900 963
B-VbAd 15 4.6x10-3 5.7x108 3.10x10-4 B-L 3,883 21,159
L-VbAd 21 8.8x10-3 6.3x108 9.20x105 L-V 5,120 902,100

VbAd AH? 298 k -1,987,000

(10) Sum the enthalpy changes. Temperature change for a crystalline

H compound starting at 3500 K and
A heating to the

(AH L — VbAd), = 15,444 KJ / o
Temperature change for a liquid

compound starting at its
(AH B — VbAd), = 503.4 klJ/mol /

and heating to 4500°C.
AH; 7. = 15,969 kJ/mol

=T,

> T
3773 K 4773 K



Example 2b
Given the following thermodynamic information, compute the enthalpy change associated with heating three moles of the
intermetallic compound VbAd from 35000°C to 45000°C at one atmosphere.

cp(T)=A + BT + CT™? + DT? 1/(mol K)

Coeff. A J/(mol-K) B J/(mol-K?) C (J-K)/mol D J/(mol-K3) VbAd Transitionij Twansij [K] AHiransi;j [J/mol]
a-VbAd 9 6.2x10-3 3.5x106 7.7x10-4 a-ff 2,900 963
B-VbAd 15 4.6x10-3 5.7x108 3.10x10-4 B-L 3,883 21,159
L-VbAd 21 8.8x10-3 6.3x108 9.20x105 L-V 5,120 902,100

VbAd AH? 298 k -1,987,000

(11) Account for the 3-mole system. Temperature change for a crystalline

H compound starting at 3500 K and
A heating to the

(AH L — VbAd), = 46,333 KJ / o
Temperature change for a liquid

compound starting at its
(AH f — VbAd), = 1,510.2 KJ /

and heating to 4500°C.
AHT1—>TZ — 47,907 kJ

=T,

> T
3773 K 4773 K



