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Chapter 12

Solids
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12.1 Crystalline and Amorphous Solids

LEARNING OBJECTIVE
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The lattice of crystalline
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12.2 The Arrangement of Atoms in Crystalline Solids
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EXAMPLE 2
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Given: MFAL�;=DD�9F<�=<?=�D=F?L@

Asked for: <=FKALQ

Strategy:

A  =L=JEAF=�L@=�FME:=J�G>�AJGF�9LGEK�H=J�MFAL�;=DD�

B �9D;MD9L=�L@=�E9KK�G>�AJGF�9LGEK�AF�L@=�MFAL�;=DD�>JGE�L@=�EGD9J�E9KK�9F<
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The arrangement of atoms in a
simple cubic unit cell.�.05
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Answer: ������?
;E �

Packing of Spheres

+MJ�<AK;MKKAGF�G>�L@=�L@J==�<AE=FKAGF9D�KLJM;LMJ=K�G>�KGDA<K�@9K�;GFKA<=J=<�GFDQ
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Simple Cubic Structure
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Body-Centered Cubic Structure
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Hexagonal Close-Packed and Cubic Close-Packed Structures
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Structure
Percentage of Space
Occupied by Atoms

Coordination
Number
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Summary

/@=�KE9DD=KL�J=H=9LAF?�MFAL�G>�9�;JQKL9D�D9LLA;=�AK�L@=unit cell ��/@=simple
cubic MFAL�;=DD�;GFL9AFK�GFDQ�=A?@L�9LGEK
�EGD=;MD=K
�GJ�AGFK�9L�L@=�;GJF=JK�G>�9
;M:=��� body-centered cubic (bcc) MFAL�;=DD�;GFL9AFK�GF=�9<<ALAGF9D�;GEHGF=FL
AF�L@=�;=FL=J�G>�L@=�;M:=���face-centered cubic (fcc) MFAL�;=DD�;GFL9AFK�9
;GEHGF=FL�AF�L@=�;=FL=J�G>�=9;@�>9;=�AF�9<<ALAGF�LG�L@GK=�9L�L@=�;GJF=JK�G>�L@=
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12.3 Structures of Simple Binary Compounds

LEARNING OBJECTIVES
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Common Structures of Binary Compounds
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Approximate Range of Cation:Anion
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�9F<�KE9DD�;9LAGFK�G;;MHQ�L=LJ9@=<J9D�@GD=K�AF�L@=�9FAGF
D9LLA;=�

%F�;GFLJ9KL
�9�>9;=�;=FL=J=<�;M:A;��>;;��9JJ9Q�G>�9LGEK�GJ�9FAGFK�;GFL9AFK�LOG�LQH=K
G>�@GD=K�octahedral holes �� 
�GF=�AF�L@=�;=FL=J�G>�L@=�MFAL�;=DD�HDMK�9�K@9J=<�GF=�AF
L@=�EA<<D=�G>�=9;@�=<?=��H9JL��:��AF"A?MJ=�������$GD=K�AF��M:A;�(9LLA;=K��
�9F<
tetrahedral holes �� 
�DG;9L=<�:=LO==F�9F�9LGE�9L�9�;GJF=J�9F<�L@=�L@J==�9LGEK�9L
L@=�;=FL=JK�G>�L@=�9<B9;=FL�>9;=K��H9JL��;��AF"A?MJ=�������$GD=K�AF��M:A;�(9LLA;=K���
�K�K@GOF�AF/9:D=�������-=D9LAGFK@AH�:=LO==F�L@=��9LAGF��FAGF�-9<AMK�-9LAG�9F<
L@=�.AL=�+;;MHA=<�:Q�L@=��9LAGFK�
�L@=�J9LAG�G>�L@=�J9<AMK�G>�L@=�;9LAGF�LG�L@=�J9<AMK
G>�L@=�9FAGF�AK�L@=�EGKL�AEHGJL9FL�<=L=JEAF9FL�G>�O@=L@=J�;9LAGFK�G;;MHQ�L@=�;M:A;
@GD=K�AF�9�;M:A;�9FAGF�D9LLA;=�GJ�L@=�G;L9@=<J9D�GJ�L=LJ9@=<J9D�@GD=K�AF�9F�>;;�D9LLA;=
G>�9FAGFK��1=JQ�D9J?=�;9LAGFK�G;;MHQ�;M:A;�@GD=K�AF�9�;M:A;�9FAGF�D9LLA;=
�;9LAGFK�G>
AFL=JE=<A9L=�KAR=�L=F<�LG�G;;MHQ�L@=�G;L9@=<J9D�@GD=K�AF�9F�>;;�9FAGF�D9LLA;=
�9F<
J=D9LAN=DQ�KE9DD�;9LAGFK�L=F<�LG�G;;MHQ�L@=�L=LJ9@=<J9D�@GD=K�AF�9F�>;;�9FAGF�D9LLA;=�
%F�?=F=J9D
�D9J?=J�;9LAGFK�@9N=�@A?@=J�;GGJ<AF9LAGF�FME:=JK�L@9F�KE9DD�;9LAGFK�

/@=�EGKL�;GEEGF�KLJM;LMJ=�:9K=<�GF�9�>;;�D9LLA;=�AK�L@=sodium chloride
structure �� �"A?MJ=��������/@=�.G<AME��@DGJA<=�.LJM;LMJ=��
�O@A;@�;GFL9AFK�9F�>;;
9JJ9Q�G>��DbAGFK�OAL@�*9	 AGFK�AF�9DD�L@=�G;L9@=<J9D�@GD=K��2=�;9F�MF<=JKL9F<�L@=
KG<AME�;@DGJA<=�KLJM;LMJ=�:Q�J=;G?FARAF?�L@9L�>ADDAF?�9DD�L@=�G;L9@=<J9D�@GD=K�AF�9F
>;;�D9LLA;=�G>��DbAGFK�OAL@�*9	 AGFK�?AN=K�9�LGL9D�G>����DbAGFK��GF=�GF�=9;@�>9;=�?AN=K

�� �m ��
�� �� ��HDMK�GF=�GF�=9;@�;GJF=J�?AN=K�� �m��

�� �� ��
�>GJ�9�LGL9D�G>����9F<���*9	

AGFK��GF=�GF�=9;@�=<?=�?AN=K���� �m ��
�� �� ��HDMK�GF=�AF�L@=�EA<<D=
�>GJ�9�LGL9D�G>����

/@=�J=KMDL�AK�9F�=D=;LJA;9DDQ�F=MLJ9D�MFAL�;=DD�9F<�9�KLGA;@AGE=LJQ�G>�*9�D���K�K@GOF
AF"A?MJ=��������/@=�.G<AME��@DGJA<=�.LJM;LMJ=�
�L@=�*9	 AGFK�AF�L@=�KG<AME
;@DGJA<=�KLJM;LMJ=�9DKG�>GJE�9F�>;;�D9LLA;=��/@=�KG<AME�;@DGJA<=�KLJM;LMJ=�AK�>9NGJ=<
>GJ�KM:KL9F;=K�OAL@�LOG�9LGEK�GJ�AGFK�AF�9�����J9LAG�9F<�AF�O@A;@�L@=�J9LAG�G>�L@=
J9<AMK�G>�L@=�;9LAGF�LG�L@=�J9<AMK�G>�L@=�9FAGF�AK�:=LO==F�������9F<��������%L�AK
G:K=JN=<�AF�E9FQ�;GEHGMF<K
�AF;DM<AF?�)?+�9F<�/A��

��� +F=�G>�LOG�CAF<K�G>�@GD=K�AF�9
>9;=�;=FL=J=<�;M:A;�9JJ9Q�G>
9LGEK�GJ�AGFK��L@=�GL@=J�AK�9
L=LJ9@=<J9D�@GD=���+F=
G;L9@=<J9D�@GD=�AK�DG;9L=<�AF
L@=�;=FL=J�G>�L@=�>9;=�;=FL=J=<
;M:A;�MFAL�;=DD
�9F<�L@=J=�AK�9
K@9J=<�GF=�AF�L@=�EA<<D=�G>
=9;@�=<?=���F�9LGE�GJ�AGF�AF�9F
G;L9@=<J9D�@GD=�@9K�9
;GGJ<AF9LAGF�FME:=J�G>���

��� +F=�G>�LOG�CAF<K�G>�@GD=K�AF�9
>9;=�;=FL=J=<�;M:A;�9JJ9Q�G>
9LGEK�GJ�AGFK��L@=�GL@=J�AK�9F
G;L9@=<J9D�@GD=���/=LJ9@=<J9D
@GD=K�9J=�DG;9L=<�:=LO==F�9F
9LGE�9L�9�;GJF=J�9F<�L@=�L@J==
9LGEK�9L�L@=�;=FL=JK�G>�L@=
9<B9;=FL�>9;=K�G>�L@=�>9;=�
;=FL=J=<�;M:A;�MFAL�;=DD���F
9LGE�GJ�AGF�AF�9�L=LJ9@=<J9D
@GD=�@9K�9�;GGJ<AF9LAGF
FME:=J�G>���

��� /@=�KGDA<�KLJM;LMJ=�L@9L�J=KMDLK
O@=F�L@=�G;L9@=<J9D�@GD=K�G>
9F�>;;�D9LLA;=�G>�9FAGFK�9J=
>ADD=<�OAL@�;9LAGFK�

�@9HL=J����.GDA<K

�����.LJM;LMJ=K�G>�.AEHD=��AF9JQ��GEHGMF<K ����



�64B?2�����
 (52�'<16B:��59<?612�'A?B0AB?2

�;�#.�9��A52�#.� 6<;@�<00B=F�A52�<0A.521?.9�5<92@�6;�.;�300�9.AA602�<3��9P6<;@��?2@B9A6;4�6;�.;�300�.??.F�<3�#.� 6<;@�.@
D299�

/@=�KLJM;LMJ=�K@GOF�AF"A?MJ=��������/@=�5AF;��D=F<=�.LJM;LMJ=�AK�;9DD=<�L@=zinc
blende structure �� 
�>JGE�L@=�;GEEGF�F9E=�G>�L@=�EAF=J9D�5F.��%L�J=KMDLK�O@=F�L@=
;9LAGF�AF�9�KM:KL9F;=�OAL@�9�����;9LAGF�9FAGF�J9LAG�AK�EM;@�KE9DD=J�L@9F�L@=�9FAGF��A>
L@=�;9LAGF�9FAGF�J9<AMK�J9LAG�AK�D=KK�L@9F�9:GML���������"GJ�=P9EHD=
�5F.�;GFL9AFK�9F
>;;�D9LLA;=�G>�.�b AGFK
�9F<�L@=�;9LAGF�9FAGF�J9<AMK�J9LAG�AK�GFDQ�9:GML�����
�KG�O=
HJ=<A;L�L@9L�L@=�;9LAGF�OGMD<�G;;MHQ�=AL@=J�9�L=LJ9@=<J9D�@GD=�GJ�9F�G;L9@=<J9D
@GD=��%F�>9;L
�L@=�J=D9LAN=DQ�KE9DD�5F�	 ;9LAGFK�G;;MHQ�L@=�L=LJ9@=<J9D�@GD=K�AF�L@=
D9LLA;=��%>�9DD���L=LJ9@=<J9D�@GD=K�AF�L@=�MFAL�;=DD�O=J=�G;;MHA=<�:Q�5F�	 AGFK

@GO=N=J
�L@=�MFAL�;=DD�OGMD<�;GFL9AF���.�b 9F<���5F�	 AGFK
�?ANAF?�9�>GJEMD9�G>�5F� .

9F<�9�F=L�;@9J?=�G>�	��H=J�MFAL�;=DD���GFK=IM=FLDQ
�L@=�5F�	 AGFK�G;;MHQ2C2?F�<A52?
L=LJ9@=<J9D�@GD=
�9K�K@GOF�AF"A?MJ=��������/@=�5AF;��D=F<=�.LJM;LMJ=�
�?ANAF?�9
LGL9D�G>���5F�	 9F<���. �b AGFK�H=J�MFAL�;=DD�9F<�9�>GJEMD9�G>�5F.��/@=�RAF;�:D=F<=
KLJM;LMJ=�J=KMDLK�AF�9�;GGJ<AF9LAGF�FME:=J�G>���>GJ�=9;@�5F�	 AGF�9F<�9�L=LJ9@=<J9D
9JJ9F?=E=FL�G>�L@=�>GMJ�.�b AGFK�9JGMF<�=9;@�5F�	 AGF�

�64B?2������ (52�-6;0��92;12�'A?B0AB?2

��� /@=�KGDA<�KLJM;LMJ=�L@9L�J=KMDLK
O@=F�@9D>�G>�L@=�L=LJ9@=<J9D
@GD=K�AF�9F�>;;�D9LLA;=�G>�9FAGFK
9J=�>ADD=<�OAL@�;9LAGFK�OAL@�9
����;9LAGF�9FAGF�J9LAG�9F<�9
;GGJ<AF9LAGF�FME:=J�G>���

�@9HL=J����.GDA<K

�����.LJM;LMJ=K�G>�.AEHD=��AF9JQ��GEHGMF<K ����
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�@9HL=J����.GDA<K

�����.LJM;LMJ=K�G>�.AEHD=��AF9JQ��GEHGMF<K ����



EXAMPLE 3

9� %>�9DD�L@=�L=LJ9@=<J9D�@GD=K�AF�9F�>;;�D9LLA;=�G>�9FAGFK�9J=�G;;MHA=<�:Q
;9LAGFK
�O@9L�AK�L@=�KLGA;@AGE=LJQ�G>�L@=�J=KMDLAF?�;GEHGMF<�

:� 0K=�L@=�AGFA;�J9<AA�?AN=F�AF"A?MJ=������%GFA;�-9<AA��AF�,A;GE=L=JK��G>�L@=
)GKL��GEEGF�+PA<9LAGF�.L9L=K�G>�L@=��LG�A<=FLA>Q�9�HD9MKA:D=�GPQ?=F�
;GFL9AFAF?�;GEHGMF<�OAL@�L@AK�KLGA;@AGE=LJQ�9F<�KLJM;LMJ=�

Given: D9LLA;=
�G;;MH9F;Q�G>�L=LJ9@=<J9D�@GD=K
�9F<�AGFA;�J9<AA

Asked for: KLGA;@AGE=LJQ�9F<�A<=FLALQ

Strategy:

A 0K="A?MJ=�������$GD=K�AF��M:A;�(9LLA;=K�LG�<=L=JEAF=�L@=�FME:=J�9F<
DG;9LAGF�G>�L@=�L=LJ9@=<J9D�@GD=K�AF�9F�>;;�MFAL�;=DD�G>�9FAGFK�9F<�HD9;=�9
;9LAGF�AF�=9;@�

B  =L=JEAF=�L@=�LGL9D�FME:=J�G>�;9LAGFK�9F<�9FAGFK�AF�L@=�MFAL�;=DD��L@=AJ
J9LAG�AK�L@=�KLGA;@AGE=LJQ�G>�L@=�;GEHGMF<�

C"JGE�L@=�KLGA;@AGE=LJQ
�KM??=KL�J=9KGF9:D=�;@9J?=K�>GJ�L@=�;9LAGF�9F<�L@=
9FAGF��0K=�L@=�<9L9�AF"A?MJ=������%GFA;�-9<AA��AF�,A;GE=L=JK��G>�L@=�)GKL
�GEEGF�+PA<9LAGF�.L9L=K�G>�L@=��LG�A<=FLA>Q�9�;9LAGF]9FAGF�;GE:AF9LAGF
L@9L�@9K�9�;9LAGF�9FAGF�J9<AMK�J9LAG�OAL@AF�9�J=9KGF9:D=�J9F?=�

Solution:

9� A "A?MJ=�������$GD=K�AF��M:A;�(9LLA;=K�K@GOK�L@9L�L@=�L=LJ9@=<J9D�@GD=K
AF�9F�>;;�MFAL�;=DD�G>�9FAGFK�9J=�DG;9L=<�=FLAJ=DQ�OAL@AF�L@=�MFAL�;=DD
�>GJ�9
LGL9D�G>�=A?@L��GF=�F=9J�=9;@�;GJF=J��B �=;9MK=�L@=�L=LJ9@=<J9D�@GD=K�9J=
DG;9L=<�=FLAJ=DQ�OAL@AF�L@=�MFAL�;=DD
�L@=J=�9J=�=A?@L�;9LAGFK�H=J�MFAL�;=DD�
2=�;9D;MD9L=<�HJ=NAGMKDQ�L@9L�9F�>;;�MFAL�;=DD�G>�9FAGFK�;GFL9AFK�9�LGL9D
G>�>GMJ�9FAGFK�H=J�MFAL�;=DD��/@=�KLGA;@AGE=LJQ�G>�L@=�;GEHGMF<�AK
L@=J=>GJ=�)� 4� GJ
�J=<M;=<�LG�L@=�KE9DD=KL�O@GD=�FME:=JK
�)� 4�

:� C/@=�) � 4�KLGA;@AGE=LJQ�AK�;GFKAKL=FL�OAL@�9�D9LLA;=�;GEHGK=<�G>�)	

AGFK�9F<�4�b AGFK��%>�L@=�9FAGF�AK�+�b �AGFA;�J9<AMK�����HE�
�O=�F==<�9
EGFG;9LAGF�OAL@�9�J9<AMK�FG�D9J?=J�L@9F�9:GML����c ����� � ���HE�LG�>AL
AFLG�L@=�L=LJ9@=<J9D�@GD=K���;;GJ<AF?�LG"A?MJ=������%GFA;�-9<AA��AF
,A;GE=L=JK��G>�L@=�)GKL��GEEGF�+PA<9LAGF�.L9L=K�G>�L@=��
�FGF=�G>�L@=
EGFG;9LAGFK�@9K�KM;@�9�KE9DD�J9<AMK��L@=J=>GJ=
�L@=�EGKL�DAC=DQ

�@9HL=J����.GDA<K

�����.LJM;LMJ=K�G>�.AEHD=��AF9JQ��GEHGMF<K ����



HGKKA:ADALQ�AK�(A	 9L����HE��/@MK�O=�=PH=;L�(A� +�LG�@9N=�9�KLJM;LMJ=�L@9L�AK
9F�>;;�9JJ9Q�G>�+�b 9FAGFK�OAL@�(A	 ;9LAGFK�AF�9DD�L@=�L=LJ9@=<J9D�@GD=K�

!P=J;AK=

%>�GFDQ�@9D>�L@=�G;L9@=<J9D�@GD=K�AF�9F�>;;�D9LLA;=�G>�9FAGFK�9J=�>ADD=<�:Q
;9LAGFK
�O@9L�AK�L@=�KLGA;@AGE=LJQ�G>�L@=�J=KMDLAF?�;GEHGMF<�

Answer: )3 � ��9F�=P9EHD=�G>�KM;@�9�;GEHGMF<�AK�;9<EAME�;@DGJA<=���<�D� �

AF�O@A;@�L@=�=EHLQ�;9LAGF�KAL=K�>GJE�HD9F=K�JMFFAF?�L@JGM?@�L@=�;JQKL9D�

2=�=P9EAF=�GFDQ�GF=�GL@=J�KLJM;LMJ=�G>�L@=�E9FQ�L@9L�9J=�CFGOF
�L@=perovskite
structure �� � %2?<C@86A2AK�L@=�?=F=JA;�F9E=�>GJ�GPA<=K�OAL@�LOG�<A>>=J=FL�CAF<K�G>
E=L9D�9F<�@9N=�L@=�?=F=J9D�>GJEMD9�))�+� 
�KM;@�9K��9/A+� ��/@=�KLJM;LMJ=�AK�9�:G<Q�

;=FL=J=<�;M:A;��:;;��9JJ9Q�G>�LOG�E=L9D�AGFK
�OAL@�GF=�)���9�AF�L@AK�;9K=��DG;9L=<�9L
L@=�;GJF=JK�G>�L@=�;M:=
�9F<�L@=�GL@=J�)���AF�L@AK�;9K=�/A��AF�L@=�;=FL=JK�G>�L@=�;M:=�
/@=�GPA<=K�9J=�AF�L@=�;=FL=JK�G>�L@=�KIM9J=�>9;=K��H9JL��9��AF"A?MJ=��������/@=
,=JGNKCAL=�.LJM;LMJ=�G>��9/A+����/@=�KLGA;@AGE=LJQ�HJ=<A;L=<�>JGE�L@=�MFAL�;=DD
K@GOF�AF�H9JL��9��AF"A?MJ=��������/@=�,=JGNKCAL=�.LJM;LMJ=�G>��9/A+�9?J==K�OAL@

L@=�?=F=J9D�>GJEMD9��=9;@�MFAL�;=DD�;GFL9AFK�� �m ��
�� �� ���9
���/A
�9F< �� �m ��

�� �� ��+
9LGEK��/@=�/A�9F<��9�9LGEK�@9N=�;GGJ<AF9LAGF�FME:=JK�G>���9F<���
�J=KH=;LAN=DQ�
2=�OADD�J=LMJF�LG�L@=�H=JGNKCAL=�KLJM;LMJ=�O@=F�O=�<AK;MKK�@A?@�L=EH=J9LMJ=
KMH=J;GF<M;LGJK�AF.=;LAGF�������.MH=J;GF<M;LGJK��

�64B?2������ (52�%2?<C@86A2�'A?B0AB?2�<3��.(6$


(D<�2>B6C.92;A�C62D@�.?2�@5<D;���.��.�C62D�D6A5�A52�(6�.A<:�.A�A52�02;A2?�.;1��/��.;�.9A2?;.A6C2�C62D�D6A5�A52��.
.A<:�.A�A52�02;A2?�

��� ��KLJM;LMJ=�L@9L�;GFKAKLK�G>�9
:;;�9JJ9Q�G>�LOG�E=L9D�AGFK

OAL@�GF=�K=L��)��DG;9L=<�9L�L@=
;GJF=JK�G>�L@=�;M:=
�9F<�L@=
GL@=J�K=L��)���AF�L@=�;=FL=JK�G>
L@=�;M:=�

�@9HL=J����.GDA<K

�����.LJM;LMJ=K�G>�.AEHD=��AF9JQ��GEHGMF<K ����



X-Ray Diffraction

�K�QGM�D=9JF=<�AF�@9HL=J����/@=�.LJM;LMJ=�G>��LGEK�
�L@=�O9N=D=F?L@K�G>�P�J9QK
9J=�9HHJGPAE9L=DQ�L@=�K9E=�E9?FALM<=�9K�L@=�<AKL9F;=K�:=LO==F�9LGEK�AF
EGD=;MD=K�GJ�AGFK���GFK=IM=FLDQ
�P�J9QK�9J=�9�MK=>MD�LGGD�>GJ�G:L9AFAF?�AF>GJE9LAGF
9:GML�L@=�KLJM;LMJ=K�G>�;JQKL9DDAF=�KM:KL9F;=K��%F�9�L=;@FAIM=�;9DD=<x-ray
diffraction �� 
�9�:=9E�G>�P�J9QK�AK�9AE=<�9L�9�K9EHD=�G>�9�;JQKL9DDAF=�E9L=JA9D
�9F<
L@=�P�J9QK�9J=�<A>>J9;L=<�:Q�D9Q=JK�G>�9LGEK�AF�L@=�;JQKL9DDAF=�D9LLA;=��H9JL��9��AF
"A?MJ=��������3�-9Q� A>>J9;LAGF����2@=F�L@=�:=9E�KLJAC=K�H@GLG?J9H@A;�>ADE
�AL
HJG<M;=K�9F�P�J9Q�<A>>J9;LAGF�H9LL=JF
�O@A;@�;GFKAKLK�G>�<9JC�KHGLK�GF�9�DA?@L
:9;C?JGMF<��H9JL��:��AF"A?MJ=��������3�-9Q� A>>J9;LAGF����%F�����
�L@=�#=JE9F
H@QKA;AKL�)9P�NGF�(9M=������]������*G:=D�,JAR=�AF�,@QKA;K
�������HJ=<A;L=<�L@9L�P�
J9QK�K@GMD<�:=�<A>>J9;L=<�:Q�;JQKL9DK
�9F<�@AK�HJ=<A;LAGF�O9K�J9HA<DQ�;GF>AJE=<�
2AL@AF�9�Q=9J
�LOG��JALAK@�H@QKA;AKLK
�2ADDA9E�$=FJQ��J9??������]������9F<�@AK�KGF

2ADDA9E�(9OJ=F;=��J9??������]�����
�@9<�OGJC=<�GML�L@=�E9L@=E9LA;K�L@9L�9DDGOK
P�J9Q�<A>>J9;LAGF�LG�:=�MK=<�LG�E=9KMJ=�AFL=J9LGEA;�<AKL9F;=K�AF�;JQKL9DK��/@=
�J9??K�K@9J=<�L@=�*G:=D�,JAR=�AF�,@QKA;K�AF�����
�O@=F�L@=�KGF�O9K�GFDQ����Q=9JK
GD<��1AJLM9DDQ�=N=JQL@AF?�O=�CFGO�LG<9Q�9:GML�L@=�<=L9AD=<�KLJM;LMJ=K�G>�KGDA<K�9F<
EGD=;MD=K�AF�KGDA<K�AK�<M=�LG�L@=�P�J9Q�<A>>J9;LAGF�L=;@FAIM=�
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-=;9DD�>JGE�@9HL=J����/@=�.LJM;LMJ=�G>��LGEK�L@9L�LOG�O9N=K�L@9L�9J=�AF�H@9K=
AFL=J>=J=�;GFKLJM;LAN=DQ
�L@MK�J=AF>GJ;AF?�=9;@�GL@=J�9F<�?=F=J9LAF?�9�O9N=�OAL@�9
?J=9L=J�9EHDALM<=��%F�;GFLJ9KL
�LOG�O9N=K�L@9L�9J=�GML�G>�H@9K=�AFL=J>=J=
<=KLJM;LAN=DQ
�=>>=;LAN=DQ�;9F;=DAF?�=9;@�GL@=J��2@=F�P�J9QK�AFL=J9;L�OAL@�L@=
;GEHGF=FLK�G>�9�;JQKL9DDAF=�D9LLA;=
�L@=Q�9J=�K;9LL=J=<�:Q�L@=�=D=;LJGF�;DGM<K

��� �F�L=;@FAIM=�MK=<�LG�G:L9AF
AF>GJE9LAGF�9:GML�L@=
KLJM;LMJ=K�G>�;JQKL9DDAF=
KM:KL9F;=K�:Q�MKAF?�P�J9QK�

�@9HL=J����.GDA<K

�����.LJM;LMJ=K�G>�.AEHD=��AF9JQ��GEHGMF<K ����



9KKG;A9L=<�OAL@�=9;@�9LGE���K�K@GOF�AF"A?MJ=�������/@=�/@J==�'AF<K�G>��M:A;�0FAL
�=DD�
 "A?MJ=��������DGK=�,9;C=<�.LJM;LMJ=K��@;H�9F<�;;H�
�9F<"A?MJ=�������$GD=K�AF
�M:A;�(9LLA;=K�
�L@=�9LGEK�AF�;JQKL9DDAF=�KGDA<K�9J=�LQHA;9DDQ�9JJ9F?=<�AF�HD9F=K�
"A?MJ=��������/@=�-=>D=;LAGF�G>�3�-9QK�>JGE�/OG��<B9;=FL�,D9F=K�G>��LGEK��9F
-=KMDL�AF��GFKLJM;LAN=�%FL=J>=J=F;=�G>�L@=�3�-9QK�ADDMKLJ9L=K�@GO�LOG�9<B9;=FL
HD9F=K�G>�9LGEK�;9F�K;9LL=J�P�J9QK�AF�9�O9Q�L@9L�J=KMDLK�AF�;GFKLJM;LAN=�AFL=J>=J=F;=�
%>�LOG�P�J9QK�L@9L�9J=�AFALA9DDQ�AF�H@9K=�9J=�<A>>J9;L=<�:Q�LOG�HD9F=K�G>�9LGEK
K=H9J9L=<�:Q�9�<AKL9F;=1
�L@=�DGO=J�:=9E�LJ9N=DK�L@=�=PLJ9�<AKL9F;=�AF<A;9L=<�:Q
L@=�DAF=K�� 9F<�� ��/@=.;492�<3�6;0612;02
�<=KA?F9L=<�9K��
�AK�L@=�9F?D=�:=LO==F�L@=
P�J9Q�:=9E�9F<�L@=�HD9F=K�AF�L@=�;JQKL9D���=;9MK=�� � �� � 1 KAF��
�L@=�=PLJ9
<AKL9F;=�L@9L�L@=�DGO=J�:=9E�AF"A?MJ=��������/@=�-=>D=;LAGF�G>�3�-9QK�>JGE�/OG
�<B9;=FL�,D9F=K�G>��LGEK��9F�-=KMDL�AF��GFKLJM;LAN=�%FL=J>=J=F;=�G>�L@=�3�-9QK�
EMKL�LJ9N=D�;GEH9J=<�OAL@�L@=�MHH=J�:=9E�AK��1 KAF����"GJ�L@=K=�LOG�P�J9QK�LG
9JJAN=�9L�9�<=L=;LGJ�AF�H@9K=
�L@=�=PLJ9�<AKL9F;=�LJ9N=D=<�EMKL�:=�9F�AFL=?J9D
EMDLAHD=; G>�L@=�O9N=D=F?L@���

�>B.A6<;�����

� 1 KAF��� ; �

!IM9LAGF�����AK�L@=Bragg equation �� ��/@=�KLJM;LMJ=K�G>�;JQKL9DDAF=�KM:KL9F;=K�OAL@
:GL@�KE9DD�EGD=;MD=K�9F<�AGFK�GJ�N=JQ�D9J?=�:AGDG?A;9D�EGD=;MD=K
�OAL@�EGD=;MD9J
E9KK=K�AF�=P;=KK�G>����
����9EM
�;9F�FGO�:=�<=L=JEAF=<�9;;MJ9L=DQ�9F<�JGMLAF=DQ
MKAF?�P�J9Q�<A>>J9;LAGF�9F<�L@=��J9??�=IM9LAGF��!P9EHD=���ADDMKLJ9L=K�@GO�LG�MK=�L@=
�J9??�=IM9LAGF�LG�;9D;MD9L=�L@=�<AKL9F;=�:=LO==F�HD9F=K�G>�9LGEK�AF�;JQKL9DK�

��� /@=�=IM9LAGF�L@9L�<=K;JA:=K�L@=
J=D9LAGFK@AH�:=LO==F�LOG�P�J9Q
:=9EK�<A>>J9;L=<�>JGE
<A>>=J=FL�HD9F=K�G>�9LGEK�
���E�T�J�O�“ �� �O�–��

�@9HL=J����.GDA<K

�����.LJM;LMJ=K�G>�.AEHD=��AF9JQ��GEHGMF<K ����
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�;A2?32?2;02�<3�A52�+�&.F@

�.��(52�E�?.F�1633?.0A21�/F�A52�9<D2?�9.F2?�<3�.A<:@�:B@A�A?.C29�.�16@A.;02�A5.A�6@�9<;42?�/F��1@6;���A5.;�A52
16@A.;02�A?.C2921�/F�A52�E�?.F�1633?.0A21�/F�A52�B==2?�9.F2?�<3�.A<:@��$;9F�63�A56@�16@A.;02���� =9B@�� ��2>B.9@�.;
6;A24?.9�;B:/2?�<3�D.C292;4A5@�<3�A52�E�?.F@��6�2���<;9F�63��� � 1@6;����D699�A52�E�?.F@�.??6C2�.A�A52�12A20A<?�6;�=5.@2�
�/���;�.�@<961��:.;F�16332?2;A�@2A@�<3�=9.;2@�<3�.A<:@�0.;�1633?.0A�E�?.F@���.05�5.@�.�16332?2;A�6;A2?=9.;.?�16@A.;02
.;1�A52?23<?2�1633?.0A@�A52�E�?.F@�.A�.�16332?2;A�.;492����D5605�=?<1B02@�.�05.?.0A2?6@A60�=.AA2?;�<3�@=<A@�
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EXAMPLE 4

3�J9QK�>JGE�9�;GHH=J�P�J9Q�LM:=���� ��������V�GJ���������HE� %F�P�J9Q
<A>>J9;LAGF
�L@=�9F?KLJGE��V��AK�?=F=J9DDQ�MK=<�9K�L@=�MFAL�G>�O9N=D=F?L@�9J=
<A>>J9;L=<�9L�9F�9F?D=�G>������X�>JGE�9�K9EHD=�G>�;JQKL9DDAF=�?GD<���KKMEAF?
L@9L; � �
�O@9L�AK�L@=�<AKL9F;=�:=LO==F�L@=�HD9F=K�L@9L�?AN=K�JAK=�LG�L@AK
J=>D=;LAGF��#AN=�QGMJ�9FKO=J�AF�9F?KLJGEK�9F<�HA;GE=L=JK�LG�>GMJ
KA?FA>A;9FL�>A?MJ=K�

Given: O9N=D=F?L@
�<A>>J9;LAGF�9F?D=
�9F<�FME:=J�G>�O9N=D=F?L@K

Asked for: <AKL9F;=�:=LO==F�HD9F=K

Strategy:

.M:KLALML=�L@=�?AN=F�N9DM=K�AFLG�L@=��J9??�=IM9LAGF�9F<�KGDN=�LG�G:L9AF�L@=
<AKL9F;=�:=LO==F�HD9F=K�

Solution:

2=�9J=�?AN=F; 
��
�9F<���9F<�9KC=<�LG�KGDN=�>GJ1
�KG�L@AK�AK�9�KLJ9A?@L>GJO9J<
9HHDA;9LAGF�G>�L@=��J9??�=IM9LAGF��"GJ�9F�9FKO=J�AF�9F?KLJGEK
�O=�<G�FGL
=N=F�@9N=�LG�;GFN=JL�MFALK��.GDNAF?�L@=��J9??�=IM9LAGF�>GJ1 ?AN=K

9F<�KM:KLALMLAF?�N9DM=K�?AN=K

/@AK�N9DM=�;GJJ=KHGF<K�LG�L@=�=<?=�D=F?L@�G>�L@=�>;;�MFAL�;=DD�G>�=D=E=FL9D
?GD<�

!P=J;AK=

3�J9QK�>JGE�9�EGDQ:<=FME�P�J9Q�LM:=���� ���������V��9J=�<A>>J9;L=<�9L�9F
9F?D=�G>�����X�>JGE�9�K9EHD=�G>�E=L9DDA;�AJGF���KKMEAF?�L@9L; � �
�O@9L�AK�L@=

�E��
�O�–

�� �T�J�O�“

�E��
�	���
�	�������������� • �


�� �T�J�O�����������f
�� ���������� • �� ���������� �Q�N

�@9HL=J����.GDA<K
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<AKL9F;=�:=LO==F�L@=�HD9F=K�L@9L�?AN=K�JAK=�LG�L@AK�J=>D=;LAGF��#AN=�QGMJ
9FKO=J�AF�9F?KLJGEK�9F<�HA;GE=L=JK�LG�L@J==�KA?FA>A;9FL�>A?MJ=K�

Answer: �����V�GJ�����HE��;GJJ=KHGF<AF?�LG�L@=�=<?=�D=F?L@�G>�L@=�:;;�MFAL
;=DD�G>�=D=E=FL9D�AJGF�

Summary

/@=�KLJM;LMJ=K�G>�EGKL�:AF9JQ�;GEHGMF<K�9J=�<A;L9L=<�:Q�L@=�H9;CAF?
9JJ9F?=E=FL�G>�L@=�D9J?=KL�KH=;A=K�HJ=K=FL��L@=�9FAGFK�
�OAL@�L@=�KE9DD=J
KH=;A=K��L@=�;9LAGFK��G;;MHQAF?�9HHJGHJA9L=DQ�KAR=<�@GD=K�AF�L@=�9FAGF�D9LLA;=���
KAEHD=�;M:A;�D9LLA;=�G>�9FAGFK�;GFL9AFK�9�KAF?D=cubic hole AF�L@=�;=FL=J�G>�L@=
MFAL�;=DD��,D9;AF?�9�;9LAGF�AF�L@=�;M:A;�@GD=�J=KMDLK�AF�L@=cesium chloride
structure 
�OAL@�9�����;9LAGF�9FAGF�J9LAG�9F<�9�;GGJ<AF9LAGF�FME:=J�G>���>GJ
:GL@�L@=�;9LAGF�9F<�L@=�9FAGF���F�>;;�9JJ9Q�G>�9LGEK�GJ�AGFK�;GFL9AFK�:GL@
octahedral holes 9F<tetrahedral holes ��%>�L@=�G;L9@=<J9D�@GD=K�AF�9F�>;;
D9LLA;=�G>�9FAGFK�9J=�>ADD=<�OAL@�;9LAGFK
�L@=�J=KMDL�AK�9sodium chloride
structure ��%L�9DKG�@9K�9�����;9LAGF�9FAGF�J9LAG
�9F<�=9;@�AGF�@9K�9�;GGJ<AF9LAGF
FME:=J�G>����+;;MH9LAGF�G>�@9D>�L@=�L=LJ9@=<J9D�@GD=K�:Q�;9LAGFK�J=KMDLK�AF�L@=
zinc blende structure 
�OAL@�9�����;9LAGF�9FAGF�J9LAG�9F<�9�;GGJ<AF9LAGF�FME:=J
G>���>GJ�L@=�;9LAGFK��)GJ=�;GEHD=P�KLJM;LMJ=K�9J=�HGKKA:D=�A>�L@=J=�9J=�EGJ=
L@9F�LOG�CAF<K�G>�9LGEK�AF�9�KGDA<��+F=�=P9EHD=�AK�L@=perovskite structure 
�AF
O@A;@�L@=�LOG�E=L9D�AGFK�>GJE�9F�9DL=JF9LAF?�:;;�9JJ9Q�OAL@�L@=�9FAGFK�AF�L@=
;=FL=JK�G>�L@=�KIM9J=�>9;=K���=;9MK=�L@=�O9N=D=F?L@�G>�P�J9Q�J9<A9LAGF�AK
;GEH9J9:D=�LG�L@=�AFL=J9LGEA;�<AKL9F;=K�AF�EGKL�KGDA<K
x-ray diffraction ;9F
:=�MK=<�LG�HJGNA<=�AF>GJE9LAGF�9:GML�L@=�KLJM;LMJ=K�G>�;JQKL9DDAF=�KGDA<K��3�J9QK
<A>>J9;L=<�>JGE�<A>>=J=FL�HD9F=K�G>�9LGEK�AF�9�KGDA<�J=AF>GJ;=�GF=�9FGL@=J�A>
L@=Q�9J=�AF�H@9K=
�O@A;@�G;;MJK�GFDQ�A>�L@=�=PLJ9�<AKL9F;=�L@=Q�LJ9N=D
;GJJ=KHGF<K�LG�9F�AFL=?J9D�FME:=J�G>�O9N=D=F?L@K��/@AK�J=D9LAGFK@AH�AK
<=K;JA:=<�:Q�L@=Bragg equation��� 1 KAF��� ; ��

KEY TAKEAWAY

Y /@=�J9LAG�G>�;9LAGFK�LG�9FAGFK�OAL@AF�9�MFAL�;=DD�HJG<M;=K�=D=;LJA;9D
F=MLJ9DALQ�9F<�;GJJ=KHGF<K�LG�L@=�:MDC�KLGA;@AGE=LJQ�G>�9�;GEHGMF<

L@=�KLJM;LMJ=�G>�O@A;@�;9F�:=�<=L=JEAF=<�MKAF?�P�J9Q�<A>>J9;LAGF�

�@9HL=J����.GDA<K

�����.LJM;LMJ=K�G>�.AEHD=��AF9JQ��GEHGMF<K ����



KEY EQUATION

Bragg equation

!IM9LAGF�������� 1 KAF��� ; �

�@9HL=J����.GDA<K
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CONCEPTUAL PROBLEMS

�� 0KAF?�;AJ;D=K�GJ�KH@=J=K
�KC=L;@�9�MFAL�;=DD�;GFL9AFAF?�9F�G;L9@=<J9D�@GD=�
2@A;@�G>�L@=�:9KA;�KLJM;LMJ9D�LQH=K�HGKK=KK�G;L9@=<J9D�@GD=K��%>�9F�AGF�O=J=
HD9;=<�AF�9F�G;L9@=<J9D�@GD=
�O@9L�OGMD<�ALK�;GGJ<AF9LAGF�FME:=J�:=�

�� 0KAF?�;AJ;D=K�GJ�KH@=J=K
�KC=L;@�9�MFAL�;=DD�;GFL9AFAF?�9�L=LJ9@=<J9D�@GD=��2@A;@
G>�L@=�:9KA;�KLJM;LMJ9D�LQH=K�HGKK=KK�L=LJ9@=<J9D�@GD=K��%>�9F�AGF�O=J=�HD9;=<�AF
9�L=LJ9@=<J9D�@GD=
�O@9L�OGMD<�ALK�;GGJ<AF9LAGF�FME:=J�:=�

�� $GO�E9FQ�G;L9@=<J9D�@GD=K�9J=�L@=J=�AF�=9;@�MFAL�;=DD�G>�L@=�KG<AME�;@DGJA<=
KLJM;LMJ=��,GL9KKAME�>DMGJA<=�;GFL9AFK�9F�>;;�D9LLA;=�G>�"bAGFK�L@9L�AK�A<=FLA;9D
LG�L@=�9JJ9F?=E=FL�G>��DbAGFK�AF�L@=�KG<AME�;@DGJA<=�KLJM;LMJ=�� G�QGM�=PH=;L
' 	 AGFK�LG�G;;MHQ�L@=�L=LJ9@=<J9D�GJ�G;L9@=<J9D�@GD=K�AF�L@=�>;;�D9LLA;=�G>�"b

AGFK�

�� /@=�MFAL�;=DD�G>�;=KAME�;@DGJA<=�;GFKAKLK�G>�9�;M:A;�9JJ9Q�G>�;@DGJA<=�AGFK�OAL@�9
;=KAME�AGF�AF�L@=�;=FL=J��2@Q�L@=F�AK�;=KAME�;@DGJA<=�<=K;JA:=<�9K�@9NAF?�9
KAEHD=�;M:A;�KLJM;LMJ=�J9L@=J�L@9F�9�:;;�KLJM;LMJ=��/@=�MFAL�;=DD�G>�AJGF�9DKG
;GFKAKLK�G>�9�;M:A;�9JJ9Q�G>�AJGF�9LGEK�OAL@�9F�AJGF�9LGE�AF�L@=�;=FL=J�G>�L@=
;M:=��%K�L@AK�9�:;;�GJ�9�KAEHD=�;M:A;�MFAL�;=DD��!PHD9AF�QGMJ�9FKO=J�

�� 2@Q�9J=�P�J9QK�MK=<�LG�<=L=JEAF=�L@=�KLJM;LMJ=�G>�;JQKL9DDAF=�E9L=JA9DK���GMD<
?9EE9�J9QK�9DKG�:=�MK=<�LG�<=L=JEAF=�;JQKL9DDAF=�KLJM;LMJ=K��2@Q�GJ�O@Q�FGL�

�� 3�J9QK�9J=�@A?@=J�AF�=F=J?Q�L@9F�EGKL�GL@=J�>GJEK�G>�=D=;LJGE9?F=LA;
J9<A9LAGF
�AF;DM<AF?�NAKA:D=�DA?@L��2@Q�;9FaL�QGM�MK=�NAKA:D=�DA?@L�LG�<=L=JEAF=
L@=�KLJM;LMJ=�G>�9�;JQKL9DDAF=�E9L=JA9D�

�� 2@=F�P�J9QK�AFL=J9;L�OAL@�L@=�9LGEK�AF�9�;JQKL9D�D9LLA;=
�O@9L�J=D9LAGFK@AH
:=LO==F�L@=�<AKL9F;=K�:=LO==F�HD9F=K�G>�9LGEK�AF�L@=�;JQKL9D�KLJM;LMJ=�9F<�L@=
O9N=D=F?L@�G>�L@=�P�J9QK�J=KMDLK�AF�L@=�K;9LL=J=<�P�J9QK�:=AF?�=P9;LDQ�AF�H@9K=
OAL@�GF=�9FGL@=J��2@9L�<A>>=J=F;=�AF�KLJM;LMJ=�:=LO==F�9EGJH@GMK�E9L=JA9DK
9F<�;JQKL9DDAF=�E9L=JA9DK�E9C=K�AL�<A>>A;MDL�LG�<=L=JEAF=�L@=�KLJM;LMJ=K�G>
9EGJH@GMK�E9L=JA9DK�:Q�P�J9Q�<A>>J9;LAGF�

�� %L�AK�HGKKA:D=�LG�MK=�<A>>=J=FL�P�J9Q�KGMJ;=K�LG�?=F=J9L=�P�J9QK�OAL@�<A>>=J=FL
O9N=D=F?L@K��0K=�L@=��J9??�=IM9LAGF�LG�HJ=<A;L�@GO�L@=�<A>>J9;LAGF�9F?D=
OGMD<�;@9F?=�A>�9�EGDQ:<=FME�P�J9Q�KGMJ;=��P�J9Q�O9N=D=F?L@� ������HE�
O=J=�MK=<�AFKL=9<�G>�9�;GHH=J�KGMJ;=��P�J9Q�O9N=D=F?L@� ������HE��

�� �9K=<�GF�L@=��J9??�=IM9LAGF
�A>�;JQKL9D���@9K�D9J?=J�KH9;AF?�AF�ALK�<A>>J9;LAGF
H9LL=JF�L@9F�;JQKL9D��
�O@9L�;GF;DMKAGF�;9F�QGM�<J9O�9:GML�L@=�KH9;AF?
:=LO==F�D9Q=JK�G>�9LGEK�AF���;GEH9J=<�OAL@���
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NUMERICAL PROBLEMS
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�� ,GL9KKAME�>DMGJA<=�@9K�9�D9LLA;=�A<=FLA;9D�LG�L@9L�G>�KG<AME�;@DGJA<=��/@=
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�� 5AF;�9F<�GPQ?=F�>GJE�9�;GEHGMF<�L@9L�AK�MK=<�9K�:GL@�9�K=EA;GF<M;LGJ�9F<�9
H9AFL�HA?E=FL��/@AK�;GEHGMF<�@9K�L@=�>GDDGOAF?�KLJM;LMJ=�
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J=HJ=K=FL9LAGF�

�� /@=�K9DL�)3� @9K�9�;M:A;�;DGK=�H9;C=<��;;H��KLJM;LMJ=�AF�O@A;@�9DD�L@=
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G>�3�
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�� �9JAME�9F<�>DMGJA<=�>GJE�9�;GEHGMF<�L@9L�;JQKL9DDAR=K�AF�L@=�>DMGJAL=
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9JJ9Q�G>�:9JAME�AGFK��/@AK�H9JLA;MD9J�;GEHGMF<�AK�MK=<�AF�=E:9DEAF?�>DMA<�
2@9L�AK�ALK�=EHAJA;9D�>GJEMD9�

�� �9<EAME�;@DGJA<=�AK�MK=<�AF�H9AFLK�9K�9�Q=DDGO�HA?E=FL��%K�L@=�>GDDGOAF?
KLJM;LMJ=�;GFKAKL=FL�OAL@�9F�=EHAJA;9D�>GJEMD9�G>��<�D� ��%>�FGL
�O@9L�AK�L@=
=EHAJA;9D�>GJEMD9�G>�L@=�KLJM;LMJ=�K@GOF�

��� 0K=�L@=�AF>GJE9LAGF�AF�L@=�>GDDGOAF?�L9:D=�LG�<=;A<=�O@=L@=J�L@=�;9LAGF�OADD
G;;MHQ�9�L=LJ9@=<J9D�@GD=
�9F�G;L9@=<J9D�@GD=
�GJ�9�;M:A;�@GD=�AF�=9;@�;9K=�

Cation Radius (pm) Anion Radius (pm)
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��� �9D;MD9L=�L@=�9F?D=�G>�<A>>J9;LAGF�O@=F�P�J9QK�>JGE�9�;GHH=J�LM:=���� ����HE�
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:Q�9�K9EHD=�G>�)?
�O@9L�AK�L@=�<AKL9F;=��AF�HA;GE=L=JK��:=LO==F�L@=�HD9F=K
J=KHGFKA:D=�>GJ�L@AK�<A>>J9;LAGF��$GO�<G=K�L@AK�<AKL9F;=�;GEH9J=�OAL@�L@9L�AF�9
K9EHD=�G>�*A�>GJ�O@A;@��� �����X�
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12.4 Defects in Crystals

LEARNING OBJECTIVE

�� /G�MF<=JKL9F<�L@=�GJA?AF�9F<�F9LMJ=�G>�<=>=;LK�AF�;JQKL9DK�

/@=�;JQKL9D�D9LLA;=K�O=�@9N=�<=K;JA:=<�J=HJ=K=FL�9F�A<=9DAR=<
�KAEHDA>A=<�KQKL=E�L@9L
;9F�:=�MK=<�LG�MF<=JKL9F<�E9FQ�G>�L@=�AEHGJL9FL�HJAF;AHD=K�?GN=JFAF?�L@=�:=@9NAGJ
G>�KGDA<K��%F�;GFLJ9KL
�J=9D�;JQKL9DK�;GFL9AF�D9J?=�FME:=JK�G>defects�� �LQHA;9DDQ
EGJ=�L@9F���� H=J�EADDA?J9E�
�J9F?AF?�>JGE�N9JA9:D=�9EGMFLK�G>�AEHMJALA=K�LG
EAKKAF?�GJ�EAKHD9;=<�9LGEK�GJ�AGFK��/@=K=�<=>=;LK�G;;MJ�>GJ�L@J==�E9AF�J=9KGFK�

�� %L�AK�AEHGKKA:D=�LG�G:L9AF�9FQ�KM:KL9F;=�AF������HMJ=�>GJE��.GE=
AEHMJALA=K�9J=�9DO9QK�HJ=K=FL�
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J=9DAKLA;�J9L=K�MKM9DDQ�J=KMDLK�AF�GF=�GJ�EGJ=�;GEHGF=FLK�:=AF?�LJ9HH=<
AF�L@=�_OJGF?`�HD9;=�AF�9�D9LLA;=�GJ�AF�9J=9K�O@=J=�LOG�D9LLA;=K�L@9L
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LMJF�LG�AGFA;�;GEHGMF<K�

Defects in Metals

)=L9DK�;9F�@9N=�N9JAGMK�LQH=K�G>�<=>=;LK���point defect �� AK�9FQ�<=>=;L�L@9L
AFNGDN=K�GFDQ�9�KAF?D=�H9JLA;D=��9�D9LLA;=�HGAFL��GJ�KGE=LAE=K�9�N=JQ�KE9DD�K=L�G>
HGAFLK���line defect �� AK�J=KLJA;L=<�LG�9�JGO�G>�D9LLA;=�HGAFLK
�9F<�9plane defect��
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Impurities

%EHMJALA=K�;9F�:=�;D9KKA>A=<�9K�AFL=JKLALA9D�GJ�KM:KLALMLAGF9D���Finterstitial
impurity �� AK�MKM9DDQ�9�KE9DD=J�9LGE��LQHA;9DDQ�9:GML�����KE9DD=J�L@9F�L@=�@GKL�
L@9L�;9F�>AL�AFLG�L@=�G;L9@=<J9D�GJ�L=LJ9@=<J9D�@GD=K�AF�L@=�E=L9D�D9LLA;=��"A?MJ=
��������GEEGF� =>=;LK�AF��JQKL9DK����.L==DK�;GFKAKL�G>�AJGF�OAL@�;9J:GF�9LGEK�9<<=<
9K�AFL=JKLALA9D�AEHMJALA=K��/9:D=��������GEHGKALAGFK
�,JGH=JLA=K
�9F<�0K=K�G>�.GE=
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O@=F�9F�AEHMJALQ�9LGE
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/9:D=����� �GEHGKALAGFK
�,JGH=JLA=K
�9F<�0K=K�G>�.GE=�/QH=K�G>�.L==D

Name of
Steel

Typical Composition* Properties Applications

DGO�
;9J:GF

�������� KG>L�9F<�<M;LAD=OAJ=

EAD<
;9J:GF

�����]�������
E9DD=9:D=�9F<
<M;LAD=

;9:D=K
�;@9AFK
�9F<
F9ADK

@A?@�
;9J:GF

�����]������ @9J<�9F<�:JALLD=
CFAN=K
�;MLLAF?�LGGDK

<JADD�:ALK
�9F<�KHJAF?K

KL9AFD=KK
���]�����J
���]���)F

��]����*A
���]���.A
�����

������,

;GJJGKAGF�J=KAKL9FL
;MLD=JQ
�AFKLJME=FLK

9F<�E9JAF=�>ALLAF?K

AFN9J ����*A
DGO�;G=>>A;A=FL�G>
L@=JE9D�=PH9FKAGF

E=9KMJAF?�L9H=K�9F<
E=L=J�KLA;CK

E9F?9F=K= ���]����)F
@9J<�9F<�O=9J
J=KAKL9FL

9JEGJ�HD9L=
�K9>=K
�9F<
J9ADK

@A?@�KH==<���]����2
J=L9AFK�@9J<F=KK�9L
@A?@�L=EH=J9LMJ=K

@A?@�KH==<�;MLLAF?
LGGDK

KADA;GF ��]���.A
@9J<
�KLJGF?
�9F<
@A?@DQ�E9?F=LA;

E9?F=LK�AF�=D=;LJA;
EGLGJK�9F<
LJ9FK>GJE=JK

*In addition to enough iron to bring the total percentage up to 100%, most steels
contain small amounts of carbon (0.5%Ð1.5%) and manganese (<2%).

%F�;GFLJ9KL
�9substitutional impurity �� AK�9�<A>>=J=FL�9LGE�G>�9:GML�L@=�K9E=�KAR=
L@9L�KAEHDQ�J=HD9;=K�GF=�G>�L@=�9LGEK�L@9L�;GEHGK=�L@=�@GKL�D9LLA;=��"A?MJ=������
��GEEGF� =>=;LK�AF��JQKL9DK����.M:KLALMLAGF9D�AEHMJALA=K�9J=�MKM9DDQ�;@=EA;9DDQ
KAEAD9J�LG�L@=�KM:KL9F;=�L@9L�;GFKLALML=K�L@=�:MDC�G>�L@=�K9EHD=
�9F<�L@=Q�?=F=J9DDQ
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Note the Pattern

%FL=JKLALA9D�AEHMJALA=K�9J=�KE9DD=J�9LGEK�L@9F�L@=�@GKL�9LGE
�O@=J=9K
KM:KLALMLAGF9D�AEHMJALA=K�9J=�MKM9DDQ�;@=EA;9DDQ�KAEAD9J�9F<�9J=�KAEAD9J�AF�KAR=
LG�L@=�@GKL�9LGE�

Dislocations, Deformations, and Work Hardening

%FK=JLAF?�9F�=PLJ9�HD9F=�G>�9LGEK�AFLG�9�;JQKL9D�D9LLA;=�HJG<M;=K�9Fedge
dislocation �� ����>9EADA9J�=P9EHD=�G>�9F�=<?=�<AKDG;9LAGF�G;;MJK�O@=F�9F�=9J�G>�;GJF
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 AKDG;9LAGFK�����F�=<?=�<AKDG;9LAGF�AF�9�;JQKL9D�;9MK=K�L@=�HD9F=K�G>�9LGEK�AF�L@=
D9LLA;=�LG�<=>GJE�O@=J=�L@=�=PLJ9�HD9F=�G>�9LGEK�:=?AFK��"A?MJ=��������!<?=
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Deformation �� G;;MJK�O@=F�9�<AKDG;9LAGF�EGN=K�L@JGM?@�9�;JQKL9D��/G�ADDMKLJ9L=�L@=
HJG;=KK
�KMHHGK=�QGM�@9N=�9�@=9NQ�JM?�L@9L�AK�DQAF?�9�>=O�AF;@=K�G>>�;=FL=J�GF�9
FGFKCA<�H9<��/G�EGN=�L@=�JM?�LG�ALK�HJGH=J�HD9;=
�QGM�;GMD<�HA;C�MH�GF=�=F<�9F<
HMDD�AL���=;9MK=�G>�L@=�D9J?=�9J=9�G>�;GFL9;L�:=LO==F�L@=�JM?�9F<�L@=�H9<
�@GO=N=J
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9F�9FAGF�AK�J=HD9;=<�:Q�9FGL@=J�G>�KAEAD9J�;@9J?=�9F<�KAR=��"GJ�=P9EHD=
��Jb ;9F
KM:KLALML=�>GJ��Db
�KG�LAFQ�9EGMFLK�G>��Jb9J=�MKM9DDQ�HJ=K=FL�AF�9�;@DGJA<=�K9DL�KM;@
9K��9�D� GJ��9�D� ��%>�L@=�KM:KLALMLAGF9D�AEHMJALQ�9F<�L@=�@GKL�@9N=16332?2;A;@9J?=K


@GO=N=J
�L@=�KALM9LAGF�:=;GE=K�EGJ=�;GEHDA;9L=<��.MHHGK=
�>GJ�=P9EHD=
�L@9L�.J�	

�AGFA;�J9<AMK� ����HE��KM:KLALML=K�>GJ�'	 �AGFA;�J9<AMK� ����HE��AF�'�D���=;9MK=�L@=
AGFK�9J=�9HHJGPAE9L=DQ�L@=�K9E=�KAR=
�.J�	 K@GMD<�>AL�FA;=DQ�AFLG�L@=�>9;=�;=FL=J=<
;M:A;��>;;��D9LLA;=�G>�'�D��/@=�<A>>=J=F;=�AF�;@9J?=
�@GO=N=J
�EMKL�KGE=@GO�:=
;GEH=FK9L=<�>GJ�KG�L@9L�=D=;LJA;9D�F=MLJ9DALQ�AK�HJ=K=JN=<��/@=�KAEHD=KL�O9Q�AK�>GJ�9
K=;GF<�'	 AGF�LG�:=�DGKL�=DK=O@=J=�AF�L@=�;JQKL9D
�HJG<M;AF?�9�N9;9F;Q��/@MK
KM:KLALMLAGF�G>�'	 :Q�.J�	 AF�'�D�J=KMDLK�AF�L@=�AFLJG<M;LAGF�G>AD<<=>=;LK��9�KAL=�AF
O@A;@�9F�.J�	 AGF�G;;MHA=K�9�'	 HGKALAGF�9F<�9�N9;9FL�;9LAGF�KAL=��.M:KLALMLAGF9D
AEHMJALA=K�O@GK=�;@9J?=K�<G�FGL�E9L;@�L@=�@GKLaK�9J=�G>L=F�AFLJG<M;=<
AFL=FLAGF9DDQ�LG�HJG<M;=�;GEHGMF<K�OAL@�KH=;A>A;�HJGH=JLA=K��K==.=;LAGF�����
�.MH=J;GF<M;LGJK���

1AJLM9DDQ�9DD�L@=�;GDGJ=<�?=EK�MK=<�AF�B=O=DJQ�9J=�<M=�LG�KM:KLALMLAGF9D�AEHMJALA=K�AF
KAEHD=�GPA<=�KLJM;LMJ=K��"GJ�=P9EHD=
����D� +� 
�9�@9J<�O@AL=�KGDA<�;9DD=<0<?B;1B:

L@9L�AK�MK=<�9K�9F�9:J9KAN=�AF�>AF=�K9F<H9H=J
�AK�L@=�HJAE9JQ�;GEHGF=FL
�GJ:.A?6E

G>�9�OA<=�N9JA=LQ�G>�?=EK���=;9MK=�E9FQ�LJAN9D=FL�LJ9FKALAGF�E=L9D�AGFK�@9N=�AGFA;
J9<AA�GFDQ�9�DALLD=�D9J?=J�L@9F�L@=�J9<AMK�G>��D�	 �AGFA;�J9<AMK� �����HE�
�L@=Q�;9F
J=HD9;=��D�	 AF�L@=�G;L9@=<J9D�@GD=K�G>�L@=�GPA<=�D9LLA;=��.M:KLALMLAF?�KE9DD�9EGMFLK
G>��J�	 AGFK��AGFA;�J9<AMK� ���HE��>GJ��D�	 ?AN=K�L@=�<==H�J=<�;GDGJ�G>�JM:Q
�9F<�9
EAPLMJ=�G>�AEHMJALA=K��"=�	 
�"=�	 
�9F<�/A�	 ��?AN=K�L@=�<==H�:DM=�G>�K9HH@AJ=��/JM=
9E=L@QKL�;GFL9AFK�KE9DD�9EGMFLK�G>�"=�	 AF�9F�.A+� �IM9JLR��E9LJAP��/@=�K9E=�E=L9D

AGF�KM:KLALML=<�AFLG�<A>>=J=FL�EAF=J9D�D9LLA;=K�;9F�HJG<M;=�N=JQ�<A>>=J=FL�;GDGJK��"GJ
=P9EHD=
�"=�	 AGFK�9J=�J=KHGFKA:D=�>GJ�L@=�Q=DDGO�;GDGJ�G>�LGH9R�9F<�L@=�NAGD=L�;GDGJ
G>�9E=L@QKL��/@=�<AKLAF;L�=FNAJGFE=FLK�;9MK=�<A>>=J=F;=K�AF1 GJ:AL9D�=F=J?A=K


�@9HL=J����.GDA<K
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The same cation in different
environments.�;��2 
�

@B/@A6ABA6<;.9�6:=B?6AF�=?<1B02@
@B/@A.;02@�D6A5�@A?686;49F
16332?2;A�0<9<?@�

=F9:DAF?�L@=�"=�	 AGFK�LG�9:KGJ:�DA?@L�G>�<A>>=J=FL�>J=IM=F;A=K
�9�LGHA;�O=�<=K;JA:=�AF
EGJ=�<=L9AD�AF�@9HL=J�����/@=���

.M:KLALMLAGF9D�AEHMJALA=K�9J=�9DKG�G:K=JN=<�AF:<920B9.?
;JQKL9DK�A>�L@=�KLJM;LMJ=�G>�L@=�AEHMJALQ�AK�KAEAD9J�LG�L@=
@GKL
�9F<�L@=Q�;9F�@9N=�E9BGJ�=>>=;LK�GF�L@=�HJGH=JLA=K
G>�L@=�;JQKL9D��,MJ=�9FL@J9;=F=
�>GJ�=P9EHD=
�AK�9F
=D=;LJA;9D�;GF<M;LGJ
�:ML�L@=�LJ9FK>=J�G>�=D=;LJGFK
L@JGM?@�L@=�EGD=;MD=�AK�EM;@�KDGO=J�A>�L@=�9FL@J9;=F=
;JQKL9D�;GFL9AFK�=N=F�N=JQ�KE9DD�9EGMFLK�G>�L=LJ9;=F=
<=KHAL=�L@=AJ�KLJGF?�KLJM;LMJ9D�KAEAD9JALA=K�

%>�9�;9LAGF�GJ�9F�9FAGF�AK�KAEHDQ�EAKKAF?
�D=9NAF?�9�N9;9FL�KAL=�AF�9F�AGFA;�;JQKL9D

L@=F�>GJ�L@=�;JQKL9D�LG�:=�=D=;LJA;9DDQ�F=MLJ9D
�L@=J=�EMKL�:=�9�;GJJ=KHGF<AF?
N9;9F;Q�G>�L@=�AGF�OAL@�L@=�GHHGKAL=�;@9J?=�KGE=O@=J=�AF�L@=�;JQKL9D��%F
;GEHGMF<K�KM;@�9K�'�D
�L@=�;@9J?=K�9J=�=IM9D�:ML�GHHGKAL=
�KG�GF=�9FAGF�N9;9F;Q�AK
KM>>A;A=FL�LG�;GEH=FK9L=�>GJ�=9;@�;9LAGF�N9;9F;Q��%F�;GEHGMF<K�KM;@�9K��9�D� 


@GO=N=J
AD<�Db9FAGF�KAL=K�EMKL�:=�N9;9FL�LG�;GEH=FK9L=�>GJ�=9;@�EAKKAF?��9�	

;9LAGF��/@=K=�H9AJK��GJ�K=LK��G>�N9;9F;A=K�9J=�;9DD=<Schottky defects�� 9F<�9J=

��� ��;GMHD=<�H9AJ�G>
N9;9F;A=K^GF=�;9LAGF�9F<�GF=
9FAGF^L@9L�E9AFL9AFK�L@=
=D=;LJA;9D�F=MLJ9DALQ�G>�9F�AGFA;
KGDA<�

�@9HL=J����.GDA<K

����� =>=;LK�AF��JQKL9DK ����



H9JLA;MD9JDQ�;GEEGF�AF�KAEHD=�9DC9DA�E=L9D�@9DA<=K�KM;@�9K�'�D��H9JL��9��AF"A?MJ=
�������/@=�/OG�)GKL��GEEGF� =>=;LK�AF�%GFA;�.GDA<K����)9FQ�EA;JGO9N=�<AG<=K

O@A;@�9J=�<=NA;=K�L@9L�9DDGO�9�;MJJ=FL�LG�>DGO�AF�9�KAF?D=�<AJ=;LAGF
�9J=�;GEHGK=<�G>
E9L=JA9DK�OAL@�.;@GLLCQ�<=>=;LK�

�64B?2������ (52�(D<�"<@A��<::<;��2320A@�6;��<;60�'<961@

�.����'05<AA8F�12320A�6;� �9�@5<D@�A52�:6@@6;4�0.A6<;	.;6<;�=.6?���/�����?2;829�12320A�6;��4��@5<D@�.�:6@=9.021��4�

0.A6<;�

+;;9KAGF9DDQ�GF=�G>�L@=�AGFK�AF�9F�AGFA;�D9LLA;=�AK�KAEHDQ�AF�L@=�OJGF?�HGKALAGF���F
=P9EHD=�G>�L@AK�H@=FGE=FGF
�;9DD=<�9Frenkel defect �� 
�AK�9�;9LAGF�L@9L�G;;MHA=K�9
L=LJ9@=<J9D�@GD=�J9L@=J�L@9F�9F�G;L9@=<J9D�@GD=�AF�L@=�9FAGF�D9LLA;=��H9JL��:��AF
"A?MJ=��������/@=�/OG�)GKL��GEEGF� =>=;LK�AF�%GFA;�.GDA<K����"J=FC=D�<=>=;LK�9J=
EGKL�;GEEGF�AF�K9DLK�L@9L�@9N=�9�D9J?=�9FAGF�9F<�9�J=D9LAN=DQ�KE9DD�;9LAGF��/G
HJ=K=JN=�=D=;LJA;9D�F=MLJ9DALQ
�GF=�G>�L@=�FGJE9D�;9LAGF�KAL=K
�MKM9DDQ�G;L9@=<J9D

EMKL�:=�N9;9FL�

"J=FC=D�<=>=;LK�9J=�H9JLA;MD9JDQ�;GEEGF�AF�L@=�KADN=J�@9DA<=K��?�D
��?�J
�9F<��?%

O@A;@�;GE:AF=�9�J9L@=J�KE9DD�;9LAGF���?	 
�AGFA;�J9<AMK� ����HE��OAL@�D9J?=

HGD9JAR9:D=�9FAGFK���=JL9AF�EGJ=�;GEHD=P�K9DLK�OAL@�9�K=;GF<�;9LAGF�AF�9<<ALAGF�LG
�? 	 9F<��JbGJ�%b@9N=�KG�E9FQ��?	 AGFK�AF�L=LJ9@=<J9D�@GD=K�L@9L�L@=Q�9J=�?GG<
=D=;LJA;9D�;GF<M;LGJK�AF�L@=�KGDA<�KL9L=��@=F;=�L@=Q�9J=�;9DD=<solid electrolytes �� �
��K�QGM�D=9JF=<�AF�@9HL=J����-=9;LAGFK�AF��IM=GMK�.GDMLAGF�
�EGKL�AGFA;
;GEHGMF<K�<G�FGL�;GF<M;L�=D=;LJA;ALQ�AF�L@=�KGDA<�KL9L=
�9DL@GM?@�L@=Q�<G�;GF<M;L
=D=;LJA;ALQ�O@=F�EGDL=F�GJ�<AKKGDN=<�AF�9�KGDN=FL�L@9L�K=H9J9L=K�L@=�AGFK
�9DDGOAF?
L@=E�LG�EA?J9L=�AF�J=KHGFK=�LG�9F�9HHDA=<�=D=;LJA;�>A=D<���%F�J=KHGFK=�LG�9F�9HHDA=<

��� ��<=>=;L�AF�9F�AGFA;�D9LLA;=�L@9L
G;;MJK�O@=F�GF=�G>�L@=�AGFK�AK
AF�L@=�OJGF?�HGKALAGF�

��� ��KGDA<�E9L=JA9D�OAL@�9�N=JQ
@A?@�=D=;LJA;9D�;GF<M;LANALQ�

�@9HL=J����.GDA<K

����� =>=;LK�AF��JQKL9DK ����



NGDL9?=
�L@=�;9LAGFK�AF�KGDA<�=D=;LJGDQL=K�;9F�<A>>MK=�J9HA<DQ�L@JGM?@�L@=�D9LLA;=�NA9
G;L9@=<J9D�@GD=K
�;J=9LAF?�"J=FC=D�<=>=;LK�9K�L@=�;9LAGFK�EA?J9L=��.G<AME]KMD>MJ
:9LL=JA=K�MK=�9�KGDA<��D� +� =D=;LJGDQL=�OAL@�KE9DD�9EGMFLK�G>�KGDA<�*9� +���=;9MK=�L@=

=D=;LJGDQL=�;9FFGL�D=9C
�AL�;9FFGL�;9MK=�;GJJGKAGF
�O@A;@�?AN=K�9�:9LL=JQ�L@9L�MK=K�9
KGDA<�=D=;LJGDQL=�9�KA?FA>A;9FL�9<N9FL9?=�GN=J�GF=�OAL@�9�DAIMA<�=D=;LJGDQL=�
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EXAMPLE 6

%F�9�K9EHD=�G>�*9�D
�GF=�G>�=N=JQ���
����KAL=K�FGJE9DDQ�G;;MHA=<�:Q�*9	 AK
G;;MHA=<�AFKL=9<�:Q��9�	 ���KKMEAF?�L@9L�9DD�G>�L@=��DbKAL=K�9J=�>MDDQ�G;;MHA=<

O@9L�AK�L@=�KLGA;@AGE=LJQ�G>�L@=�K9EHD=�

Given: AGFA;�KGDA<�9F<�FME:=J�9F<�LQH=�G>�<=>=;L

Asked for: KLGA;@AGE=LJQ

Strategy:

A %<=FLA>Q�L@=�MFAL�;=DD�G>�L@=�@GKL�;GEHGMF<���GEHML=�L@=�KLGA;@AGE=LJQ�A>
������G>�L@=�*9	 KAL=K�9J=�G;;MHA=<�:Q��9�	 ��%>�L@=�GN=J9DD�;@9J?=�AK�?J=9L=J
L@9F��
�L@=F�L@=�KLGA;@AGE=LJQ�EMKL�:=�AF;GJJ=;L�

B %>�AF;GJJ=;L
�9<BMKL�L@=�KLGA;@AGE=LJQ�G>�L@=�*9	 AGF�LG�;GEH=FK9L=�>GJ�L@=
9<<ALAGF9D�;@9J?=�

Solution:

A ,MJ=�*9�D�@9K�9�����J9LAG�G>�*9	 9F<��DbAGFK�9JJ9F?=<�AF�9F�>;;�D9LLA;=��L@=
KG<AME�;@DGJA<=�KLJM;LMJ=���%>�9DD�L@=�9FAGF�KAL=K�9J=�G;;MHA=<�:Q��Db
�L@=
F=?9LAN=�;@9J?=�AK�b�����H=J�>GJEMD9�MFAL��%>�������G>�L@=�*9	 KAL=K�9J=
G;;MHA=<�:Q��9�	 AGFK
�L@=�;9LAGF�KLGA;@AGE=LJQ�AK�*9���� �9 ���� ��/@AK�J=KMDLK
AF�9�HGKALAN=�;@9J?=�G>��������	��	 �������	�� � 	�����H=J�>GJEMD9�MFAL
�>GJ�9
F=L�;@9J?=�AF�L@=�;JQKL9D�G>�	����	 �b����� � 	�����H=J�>GJEMD9�MFAL���=;9MK=
L@=�GN=J9DD�;@9J?=�AK�?J=9L=J�L@9F��
�L@AK�KLGA;@AGE=LJQ�EMKL�:=�AF;GJJ=;L�

B /@=�EGKL�HD9MKA:D=�O9Q�>GJ�L@=�KGDA<�LG�9<BMKL�ALK�;GEHGKALAGF�LG�:=;GE=
=D=;LJA;9DDQ�F=MLJ9D�AK�>GJ�KGE=�G>�L@=�*9	 KAL=K�LG�:=�N9;9FL��%>�GF=�*9	 KAL=�AK
N9;9FL�>GJ�=9;@�KAL=�L@9L�@9K�9��9�	 ;9LAGF
�L@=F�L@=�;9LAGF�KLGA;@AGE=LJQ�AK
*9 ���� �9 ���� ��/@AK�J=KMDLK�AF�9�HGKALAN=�;@9J?=�G>��������	��	 �������	�� � 	����
H=J�>GJEMD9�MFAL
�O@A;@�=P9;LDQ�F=MLJ9DAR=K�L@=�F=?9LAN=�;@9J?=��/@=
KLGA;@AGE=LJQ�G>�L@=�KGDA<�AK�L@MK�*9���� �9 ���� �D���� �

!P=J;AK=

%F�9�K9EHD=�G>�)?+�L@9L�@9K�L@=�KG<AME�;@DGJA<=�KLJM;LMJ=
�������G>�L@=�)?�	

AGFK�9J=�J=HD9;=<�:Q�*9	 AGFK���KKMEAF?�L@9L�9DD�G>�L@=�;9LAGF�KAL=K�9J=�>MDDQ
G;;MHA=<
�O@9L�AK�L@=�KLGA;@AGE=LJQ�G>�L@=�K9EHD=�

�@9HL=J����.GDA<K

����� =>=;LK�AF��JQKL9DK ����



Answer: %>�L@=�>GJEMD9�G>�L@=�;GEHGMF<�AK�)?���� *9 ���� +�bE
�L@=FEEMKL
=IM9D������LG�HJ=K=JN=�=D=;LJA;9D�F=MLJ9DALQ��/@=�>GJEMD9�AK�L@MK
)? ���� *9 ���� +���� �

Nonstoichiometric Compounds

/@=�D9O�G>�EMDLAHD=�HJGHGJLAGFK��K==�@9HL=J����%FLJG<M;LAGF�LG��@=EAKLJQ��
�KL9L=K
L@9L�;@=EA;9D�;GEHGMF<K�;GFL9AF�>AP=<�AFL=?J9D�J9LAGK�G>�9LGEK��%F�>9;L

nonstoichiometric compounds �� ;GFL9AF�D9J?=�FME:=JK�G>�<=>=;LK
�MKM9DDQ
N9;9F;A=K
�O@A;@�?AN=�JAK=�LG�KLGA;@AGE=LJA=K�L@9L�;9F�<=H9JL�KA?FA>A;9FLDQ�>JGE
KAEHD=�AFL=?J9D�J9LAGKD6A5<BA�.3320A6;4�A52�3B;1.:2;A.9�@A?B0AB?2�<3�A52�0?F@A.9�
*GFKLGA;@AGE=LJA;�;GEHGMF<K�>J=IM=FLDQ�;GFKAKL�G>�LJ9FKALAGF�E=L9DK
�D9FL@9FA<=K

9F<�9;LAFA<=K
�OAL@�HGD9JAR9:D=�9FAGFK�KM;@�9K�GPA<=��+�b��9F<�KMD>A<=��.�b���.GE=
;GEEGF�=P9EHD=K�9J=�DAKL=<�AF/9:D=�������.GE=�*GFKLGA;@AGE=LJA;��GEHGMF<K�

9DGF?�OAL@�L@=AJ�:9KA;�KLJM;LMJ=�LQH=��/@=K=�;GEHGMF<K�9J=�FGFKLGA;@AGE=LJA;
:=;9MK=�L@=AJ�;GFKLALM=FL�E=L9DK�;9F�=PAKL�AF�EMDLAHD=�GPA<9LAGF�KL9L=K�AF�L@=�KGDA<

O@A;@�AF�;GE:AF9LAGF�HJ=K=JN=�=D=;LJA;9D�F=MLJ9DALQ�

/9:D=����� .GE=�*GFKLGA;@AGE=LJA;��GEHGMF<K

Compound Observed Range ofx

Oxides�

"=E+ ����]����

*AE+ ����]����

/A+E ����]����

1+E ���]����

*:+ E ���]����

Sulfides

�ME. ����]���

"=E. ����]����

5J.E ���]���

*All the oxides listed have the sodium chloride structure.

+F=�=P9EHD=�AK�AJGF�%%��GPA<=��>=JJGMK�GPA<=�
�O@A;@�HJG<M;=K�L@=�:D9;C�;GDGJ�AF
;D9QK�9F<�AK�MK=<�9K�9F�9:J9KAN=��%LK�KLGA;@AGE=LJQ�AK;<A"=+�:=;9MK=�AL�9DO9QK

��� ��KGDA<�L@9L�@9K�AFLJAFKA;9DDQ
N9JA9:D=�KLGA;@AGE=LJA=K
OAL@GML�9>>=;LAF?�L@=
>MF<9E=FL9D�KLJM;LMJ=�G>�L@=
;JQKL9D�

�@9HL=J����.GDA<K

����� =>=;LK�AF��JQKL9DK ����



;GFL9AFK�D=KK�L@9F������"=�H=J�+�b �LQHA;9DDQ�����]�������/@AK�AK�HGKKA:D=�:=;9MK=�"=
;9F�=PAKL�AF�:GL@�L@=�	��9F<�	��GPA<9LAGF�KL9L=K��/@MK�L@=�<A>>=J=F;=�AF�;@9J?=
;J=9L=<�:Q�9�N9;9FL�"=�	 KAL=�;9F�:=�:9D9F;=<�:Q�LOG�"=�	 KAL=K�L@9L�@9N=�"=�	 AGFK
AFKL=9<�6	��N9;9F;Q� �� b�� 	 �� b��7��/@=�;JQKL9D�D9LLA;=�AK�9:D=�LG�9;;GEEG<9L=�L@AK
J=D9LAN=DQ�@A?@�>J9;LAGF�G>�KM:KLALMLAGFK�9F<�N9;9F;A=K�OAL@�FG�KA?FA>A;9FL�;@9F?=�AF
KLJM;LMJ=�

Note the Pattern
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NUMERICAL PROBLEMS
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ANSWERS
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12.5 Correlation between Bonding and the Properties of Solids

LEARNING OBJECTIVE
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D=>L�LG�JA?@L�9;JGKK�L@=1 :DG;C��+L@=J�HJGH=JLA=K�J=D9L=<�LG�L@=�KLJ=F?L@�G>�E=L9DDA;
:GF<K
�KM;@�9K�=FL@9DHA=K�G>�>MKAGF
�:GADAF?�HGAFLK
�9F<�@9J<F=KK
�@9N=�KAEAD9J
H=JAG<A;�LJ=F<K�

��KGE=O@9L�GN=JKAEHDA>A=<�O9Q�LG�<=K;JA:=�L@=�:GF<AF?�AF�9�E=L9DDA;�;JQKL9D�AK�LG
<=HA;L�L@=�;JQKL9D�9K�;GFKAKLAF?�G>�HGKALAN=DQ�;@9J?=<�FM;D=A�AF�9Felectron sea��

�"A?MJ=��������/@=�!D=;LJGF�.=9�)G<=D�G>��GF<AF?�AF�)=L9DK����%F�L@AK�EG<=D
�L@=
N9D=F;=�=D=;LJGFK�9J=�FGL�LA?@LDQ�:GMF<�LG�9FQ�GF=�9LGE�:ML�9J=�<AKLJA:ML=<
MFA>GJEDQ�L@JGM?@GML�L@=�KLJM;LMJ=��1=JQ�DALLD=�=F=J?Q�AK�F==<=<�LG�J=EGN=
=D=;LJGFK�>JGE�9�KGDA<�E=L9D�:=;9MK=�L@=Q�9J=�FGL�:GMF<�LG�9�KAF?D=�FM;D=MK��2@=F
9F�=D=;LJA;9D�HGL=FLA9D�AK�9HHDA=<
�L@=�=D=;LJGFK�;9F�EA?J9L=�L@JGM?@�L@=�KGDA<
LGO9J<�L@=�HGKALAN=�=D=;LJG<=
�L@MK�HJG<M;AF?�@A?@�=D=;LJA;9D�;GF<M;LANALQ��/@=�=9K=
OAL@�O@A;@�E=L9DK�;9F�:=�<=>GJE=<�MF<=J�HJ=KKMJ=�AK�9LLJA:ML=<�LG�L@=�9:ADALQ�G>�L@=
E=L9D�AGFK�LG�;@9F?=�HGKALAGFK�OAL@AF�L@=�=D=;LJGF�K=9�OAL@GML�:J=9CAF?�9FQ�KH=;A>A;
:GF<K��/@=�LJ9FK>=J�G>�=F=J?Q�L@JGM?@�L@=�KGDA<�:Q�KM;;=KKAN=�;GDDAKAGFK�:=LO==F�L@=
E=L9D�AGFK�9DKG�=PHD9AFK�L@=�@A?@�L@=JE9D�;GF<M;LANALQ�G>�E=L9DK��/@AK�EG<=D�<G=K
FGL
�@GO=N=J
�=PHD9AF�E9FQ�G>�L@=�GL@=J�HJGH=JLA=K�G>�E=L9DK
�KM;@�9K�L@=AJ�E=L9DDA;
DMKL=J�9F<�L@=�G:K=JN=<�LJ=F<K�AF�:GF<�KLJ=F?L@�9K�J=>D=;L=<�AF�E=DLAF?�HGAFLK�GJ
=FL@9DHA=K�G>�>MKAGF����EGJ=�;GEHD=L=�<=K;JAHLAGF�G>�E=L9DDA;�:GF<AF?�AK�HJ=K=FL=<
AF.=;LAGF��������GF<AF?�AF�)=L9DK�9F<�.=EA;GF<M;LGJK��

��� 19D=F;=�=D=;LJGFK�L@9L�9J=
<=DG;9DAR=<�L@JGM?@GML�9
E=L9DDA;�KGDA<�

�@9HL=J����.GDA<K

������GJJ=D9LAGF�:=LO==F��GF<AF?�9F<�L@=�,JGH=JLA=K�G>�.GDA<K ����



�64B?2�����
 (52��920A?<;�'2.�"<129�<3��<;16;4�6;�"2A.9@

�6E21��=<@6A6C29F�05.?421�:2A.9�;B0926�3?<:�4?<B=����.��<?�4?<B=����/��.?2�@B??<B;121�/F�.�M@2.N�<3�:</692�C.92;02
2920A?<;@���20.B@2�.�4?<B=���:2A.9�5.@�AD602�A52�;B:/2?�<3�C.92;02�2920A?<;@�.@�.�4?<B=���:2A.9��6A�@5<B91�5.C2�.
56452?�:29A6;4�=<6;A�

Substitutional Alloys

�F alloy �� AK�9�EAPLMJ=�G>�E=L9DK�OAL@�E=L9DDA;�HJGH=JLA=K�L@9L�<A>>=J�>JGE�L@GK=�G>
ALK�;GFKLALM=FL�=D=E=FLK���J9KK���M�9F<�5F�AF�9�����J9LAG��9F<�:JGFR=���M�9F<�.F�AF�9
����J9LAG��9J=�=P9EHD=K�G>substitutional alloys �� 
�O@A;@�9J=�E=L9DDA;�KGDA<K�OAL@
D9J?=�FME:=JK�G>�KM:KLALMLAGF9D�AEHMJALA=K��%F�;GFLJ9KL
�KE9DD�FME:=JK�G>�AFL=JKLALA9D
AEHMJALA=K
�KM;@�9K�;9J:GF�AF�L@=�AJGF�D9LLA;=�G>�KL==D
�?AN=�9Finterstitial alloy �� �
�=;9MK=�K;A=FLAKLK�;9F�;GE:AF=�LOG�GJ�EGJ=�E=L9DK�AF�N9JQAF?�HJGHGJLAGFK�LG�L9ADGJ
L@=�HJGH=JLA=K�G>�9�E9L=JA9D�>GJ�H9JLA;MD9J�9HHDA;9LAGFK
�EGKL�G>�L@=�E=L9DDA;
KM:KL9F;=K�O=�=F;GMFL=J�9J=�9;LM9DDQ�9DDGQK��!P9EHD=K�AF;DM<=�L@=�DGO�E=DLAF?�
HGAFL�9DDGQK�MK=<�AF�KGD<=J��,:�9F<�.F�AF�9�����J9LAG��9F<�AF�>MK=K�9F<�>AJ=�KHJAFCD=JK
��A
�,:
�.F
�9F<��<�AF�9���������J9LAG��

/@=�;GEHGKALAGFK�G>�EGKL�9DDGQK�;9F�N9JQ�GN=J�OA<=�J9F?=K��%F�;GFLJ9KL

intermetallic compounds �� ;GFKAKL�G>�;=JL9AF�E=L9DK�L@9L�;GE:AF=�AF�GFDQ�KH=;A>A;
HJGHGJLAGFK��/@=AJ�;GEHGKALAGFK�9J=�D9J?=DQ�<=L=JEAF=<�:Q�L@=�J=D9LAN=�KAR=K�G>
L@=AJ�;GEHGF=FL�9LGEK�9F<�L@=�J9LAG�G>�L@=�LGL9D�FME:=J�G>�N9D=F;=�=D=;LJGFK�LG�L@=
FME:=J�G>�9LGEK�HJ=K=FL��L@=C.92;02�2920A?<;�12;@6AF���/@=�KLJM;LMJ=K�9F<�H@QKA;9D

��� ��KGDA<�KGDMLAGF�G>�LOG�GJ�EGJ=
E=L9DK�O@GK=�HJGH=JLA=K�<A>>=J
>JGE�L@GK=�G>�L@=�;GFKLALM=FL
=D=E=FLK�

��� �F�9DDGQ�>GJE=<�:Q�L@=
KM:KLALMLAGF�G>�GF=�E=L9D�9LGE
>GJ�9FGL@=J�G>�KAEAD9J�KAR=�AF
L@=�D9LLA;=�

��� �F�9DDGQ�>GJE=<�:Q�AFK=JLAF?
KE9DD=J�9LGEK�AFLG�@GD=K�AF�L@=
E=L9D�D9LLA;=�

��� �F�9DDGQ�L@9L�;GFKAKLK�G>�;=JL9AF
E=L9DK�L@9L�;GE:AF=�AF�GFDQ
KH=;A>A;�HJGHGJLAGFK�9F<�O@GK=
HJGH=JLA=K�9J=�>J=IM=FLDQ�IMAL=
<A>>=J=FL�>JGE�L@GK=�G>�L@=AJ
;GFKLALM=FL�=D=E=FLK�

�@9HL=J����.GDA<K

������GJJ=D9LAGF�:=LO==F��GF<AF?�9F<�L@=�,JGH=JLA=K�G>�.GDA<K ����



HJGH=JLA=K�G>�AFL=JE=L9DDA;�;GEHGMF<K�9J=�>J=IM=FLDQ�IMAL=�<A>>=J=FL�>JGE�L@GK=�G>
L@=AJ�;GFKLALM=FL�=D=E=FLK
�:ML�L@=Q�E9Q�:=�KAEAD9J�LG�=D=E=FLK�OAL@�9�KAEAD9J
N9D=F;=�=D=;LJGF�<=FKALQ��"GJ�=P9EHD=
��J� ,L�AK�9F�AFL=JE=L9DDA;�;GEHGMF<�MK=<�LG

;G9L�J9RGJ�:D9<=K�9<N=JLAK=<�9K�_HD9LAFME�;G9L=<`��AL�AK�N=JQ�@9J<�9F<�<J9E9LA;9DDQ
D=F?L@=FK�L@=�MK=>MD�DA>=�G>�L@=�J9RGJ�:D9<=��2AL@�KAEAD9J�N9D=F;=�=D=;LJGF�<=FKALA=K

�M�9F<�,<5F�@9N=�:==F�>GMF<�LG�:=�NAJLM9DDQ�A<=FLA;9D�AF�L@=AJ�;9L9DQLA;�HJGH=JLA=K�

.GE=�?=F=J9D�HJGH=JLA=K�G>�L@=�>GMJ�E9BGJ�;D9KK=K�G>�KGDA<K�9J=�KMEE9JAR=<�AF/9:D=
������,JGH=JLA=K�G>�L@=�)9BGJ��D9KK=K�G>�.GDA<K��

/9:D=����� ,JGH=JLA=K�G>�L@=�)9BGJ��D9KK=K�G>�.GDA<K

Ionic Solids Molecular Solids Covalent Solids Metallic Solids

HGGJ�;GF<M;LGJK
G>�@=9L�9F<
=D=;LJA;ALQ

HGGJ�;GF<M;LGJK
G>�@=9L�9F<
=D=;LJA;ALQ

HGGJ�;GF<M;LGJK�G>
@=9L�9F<
=D=;LJA;ALQ�

?GG<�;GF<M;LGJK�G>�@=9L
9F<�=D=;LJA;ALQ

J=D9LAN=DQ�@A?@
E=DLAF?�HGAFL

DGO�E=DLAF?�HGAFL@A?@�E=DLAF?�HGAFL
E=DLAF?�HGAFLK�<=H=F<
KLJGF?DQ�GF�=D=;LJGF
;GF>A?MJ9LAGF

@9J<�:ML�:JALLD=�
K@9LL=J�MF<=J
KLJ=KK

KG>L
N=JQ�@9J<�9F<
:JALLD=

=9KADQ�<=>GJE=<�MF<=J
KLJ=KK��<M;LAD=�9F<�E9DD=9:D=

J=D9LAN=DQ�<=FK=DGO�<=FKALQ DGO�<=FKALQ MKM9DDQ�@A?@�<=FKALQ

<MDD�KMJ>9;= <MDD�KMJ>9;= <MDD�KMJ>9;= DMKLJGMK

*Many exceptions exist. For example, graphite has a relatively high electrical
conductivity within the carbon planes, and diamond has the highest thermal

conductivity of any known substance.

Note the Pattern

/@=�?=F=J9D�GJ<=J�G>�AF;J=9KAF?�KLJ=F?L@�G>�AFL=J9;LAGFK�AF�9�KGDA<�AK�EGD=;MD9J
KGDA<K� AGFA;�KGDA<K�[�E=L9DDA;�KGDA<K� ;GN9D=FL�KGDA<K�

�@9HL=J����.GDA<K

������GJJ=D9LAGF�:=LO==F��GF<AF?�9F<�L@=�,JGH=JLA=K�G>�.GDA<K ����



EXAMPLE 7

�D9KKA>Q�#=
�-:%
��� ��$ � � � 
�9F<�5F�9K�AGFA;
�EGD=;MD9J
�;GN9D=FL
�GJ�E=L9DDA;
KGDA<K�9F<�9JJ9F?=�L@=E�AF�GJ<=J�G>�AF;J=9KAF?�E=DLAF?�HGAFLK�

Given: ;GEHGMF<K

Asked for: ;D9KKA>A;9LAGF�9F<�GJ<=J�G>�E=DLAF?�HGAFLK

Strategy:

A (G;9L=�L@=�;GEHGF=FL�=D=E=FL�K��AF�L@=�H=JAG<A;�L9:D=���9K=<�GF�L@=AJ
HGKALAGFK
�HJ=<A;L�O@=L@=J�=9;@�KGDA<�AK�AGFA;
�EGD=;MD9J
�;GN9D=FL
�GJ
E=L9DDA;�

B �JJ9F?=�L@=�KGDA<K�AF�GJ<=J�G>�AF;J=9KAF?�E=DLAF?�HGAFLK�:9K=<�GF�QGMJ
;D9KKA>A;9LAGF
�:=?AFFAF?�OAL@�EGD=;MD9J�KGDA<K�

Solution:

A #=JE9FAME�DA=K�AF�L@==:DG;C�BMKL�MF<=J�.A
�9DGF?�L@=�<A9?GF9D�DAF=�G>
K=EAE=L9DDA;�=D=E=FLK
�O@A;@�KM??=KLK�L@9L�=D=E=FL9D�#=�AK�DAC=DQ�LG�@9N=
L@=�K9E=�KLJM;LMJ=�9K�.A��L@=�<A9EGF<�KLJM;LMJ=���/@MK�#=�AK�HJG:9:DQ�9
;GN9D=FL�KGDA<��-:%�;GFL9AFK�9�E=L9D�>JGE�?JGMH���9F<�9�FGFE=L9D�>JGE
?JGMH���
�KG�AL�AK�9F�AGFA;�KGDA<�;GFL9AFAF?�-:	 9F<�%bAGFK��/@=�;GEHGMF<
� � ��$ � � � AK�9�@Q<JG;9J:GF��@=P9E=L@QD:=FR=F=�
�O@A;@�;GFKAKLK�G>�AKGD9L=<
EGD=;MD=K�L@9L�KL9;C�LG�>GJE�9�EGD=;MD9J�KGDA<�OAL@�FG�;GN9D=FL�:GF<K
:=LO==F�L@=E��5F�AK�91�:DG;C�=D=E=FL
�KG�AL�AK�9�E=L9DDA;�KGDA<�

B �JJ9F?AF?�L@=K=�KM:KL9F;=K�AF�GJ<=J�G>�AF;J=9KAF?�E=DLAF?�HGAFLK�AK
KLJ9A?@L>GJO9J<
�OAL@�GF=�=P;=HLAGF��2=�=PH=;L��� ��$ � � � LG�@9N=�L@=�DGO=KL
E=DLAF?�HGAFL�9F<�#=�LG�@9N=�L@=�@A?@=KL�E=DLAF?�HGAFL
�OAL@�-:%�KGE=O@=J=
AF�:=LO==F��/@=�E=DLAF?�HGAFLK�G>�E=L9DK
�@GO=N=J
�9J=�<A>>A;MDL�LG�HJ=<A;L
:9K=<�GF�L@=�EG<=DK�HJ=K=FL=<�L@MK�>9J���=;9MK=�5F�@9K�9�>ADD=<�N9D=F;=
K@=DD
�AL�K@GMD<�FGL�@9N=�9�H9JLA;MD9JDQ�@A?@�E=DLAF?�HGAFL
�KG�9�J=9KGF9:D=
?M=KK�AK��� ��$ � � � � 5F�U�-:%� #=��/@=�9;LM9D�E=DLAF?�HGAFLK�9J=��� ��$ � � � 

���X���5F
����X���-:%
����X���9F<�#=
����X���/@AK�9?J==K�OAL@�GMJ�HJ=<A;LAGF�

!P=J;AK=

�@9HL=J����.GDA<K

������GJJ=D9LAGF�:=LO==F��GF<AF?�9F<�L@=�,JGH=JLA=K�G>�.GDA<K ����



�D9KKA>Q���� 
��9�J � 
�#9�K
�9F<��?5F�9K�AGFA;
�;GN9D=FL
�EGD=;MD9J
�GJ�E=L9DDA;
KGDA<K�9F<�L@=F�9JJ9F?=�L@=E�AF�GJ<=J�G>�AF;J=9KAF?�E=DLAF?�HGAFLK�

Answer: � �� �EGD=;MD9J�� �?5F��E=L9DDA;��U��9�J� �AGFA;�� #9�K��;GN9D=FL��
/@=�9;LM9D�E=DLAF?�HGAFLK�9J=���� 
�9:GML����X����?5F
�9:GML����X����9�J � 

���X���9F<�#9�K
�����X��

Summary

/@=�E9BGJ�LQH=K�G>�KGDA<K�9J=�AGFA;
�EGD=;MD9J
�;GN9D=FL
�9F<�E=L9DDA;�Ionic
solids ;GFKAKL�G>�HGKALAN=DQ�9F<�F=?9LAN=DQ�;@9J?=<�AGFK�@=D<�LG?=L@=J�:Q
=D=;LJGKL9LA;�>GJ;=K��L@=�KLJ=F?L@�G>�L@=�:GF<AF?�AK�J=>D=;L=<�AF�L@=�D9LLA;=
=F=J?Q��%GFA;�KGDA<K�L=F<�LG�@9N=�@A?@�E=DLAF?�HGAFLK�9F<�9J=�J9L@=J�@9J<�
Molecular solids 9J=�@=D<�LG?=L@=J�:Q�J=D9LAN=DQ�O=9C�>GJ;=K
�KM;@�9K
<AHGD=]<AHGD=�AFL=J9;LAGFK
�@Q<JG?=F�:GF<K
�9F<�(GF<GF�<AKH=JKAGF�>GJ;=K���K�9
J=KMDL
�L@=Q�L=F<�LG�:=�J9L@=J�KG>L�9F<�@9N=�DGO�E=DLAF?�HGAFLK
�O@A;@�<=H=F<
GF�L@=AJ�EGD=;MD9J�KLJM;LMJ=�Covalent solids ;GFKAKL�G>�LOG��GJ�L@J==�
<AE=FKAGF9D�F=LOGJCK�G>�9LGEK�@=D<�LG?=L@=J�:Q�;GN9D=FL�:GF<K��L@=Q�L=F<�LG
:=�N=JQ�@9J<�9F<�@9N=�@A?@�E=DLAF?�HGAFLK�Metallic solids @9N=�MFMKM9D
HJGH=JLA=K��AF�9<<ALAGF�LG�@9NAF?�@A?@�L@=JE9D�9F<�=D=;LJA;9D�;GF<M;LANALQ�9F<
:=AF?�E9DD=9:D=�9F<�<M;LAD=
�L@=Q�=P@A:AL�DMKL=J
�9�K@AFQ�KMJ>9;=�L@9L�J=>D=;LK
DA?@L���Falloy AK�9�EAPLMJ=�G>�E=L9DK�L@9L�@9K�:MDC�E=L9DDA;�HJGH=JLA=K�<A>>=J=FL
>JGE�L@GK=�G>�ALK�;GFKLALM=FL�=D=E=FLK���DDGQK�;9F�:=�>GJE=<�:Q�KM:KLALMLAF?
GF=�E=L9D�9LGE�>GJ�9FGL@=J�G>�KAEAD9J�KAR=�AF�L@=�D9LLA;=��substitutional alloys �

:Q�AFK=JLAF?�KE9DD=J�9LGEK�AFLG�@GD=K�AF�L@=�E=L9D�D9LLA;=��interstitial alloys �

GJ�:Q�9�;GE:AF9LAGF�G>�:GL@���DL@GM?@�L@=�=D=E=FL9D�;GEHGKALAGF�G>�EGKL�9DDGQK
;9F�N9JQ�GN=J�OA<=�J9F?=K
�;=JL9AF�E=L9DK�;GE:AF=�AF�GFDQ�>AP=<�HJGHGJLAGFK�LG
>GJEintermetallic compounds OAL@�MFAIM=�HJGH=JLA=K�

KEY TAKEAWAY

Y .GDA<K�;9F�:=�;D9KKA>A=<�9K�AGFA;
�EGD=;MD9J
�;GN9D=FL��F=LOGJC�
�GJ
E=L9DDA;
�O@=J=�L@=�?=F=J9D�GJ<=J�G>�AF;J=9KAF?�KLJ=F?L@�G>�AFL=J9;LAGFK
AK�EGD=;MD9J� AGFA;�[�E=L9DDA;� ;GN9D=FL�

�@9HL=J����.GDA<K

������GJJ=D9LAGF�:=LO==F��GF<AF?�9F<�L@=�,JGH=JLA=K�G>�.GDA<K ����



CONCEPTUAL PROBLEMS

�� "GMJ�NA9DK�D9:=D=<��] �;GFL9AF�KM;JGK=
�RAF;
�IM9JLR
�9F<�KG<AME�;@DGJA<=

9DL@GM?@�FGL�F=;=KK9JADQ�AF�L@9L�GJ<=J��/@=�>GDDGOAF?�L9:D=�KMEE9JAR=K�L@=
J=KMDLK�G>�L@=�K=JA=K�G>�9F9DQK=K�QGM�@9N=�H=J>GJE=<�GF�L@=�;GFL=FLK�

A B C D

)=DLAF?�,GAFL @A?@ @A?@@A?@DGO

/@=JE9D��GF<M;LANALQ HGGJ HGGJ?GG<HGGJ

!D=;LJA;9D��GF<M;LANALQ�AF�.GDA<
.L9L=

EG<=J9L=HGGJ@A?@HGGJ

!D=;LJA;9D��GF<M;LANALQ�AF�(AIMA<
.L9L=

@A?@ HGGJ@A?@HGGJ

$9J<F=KK @9J< @9J< KG>L KG>L

(MKL=J FGF= FGF= @A?@FGF=

)9L;@�=9;@�NA9D�OAL@�ALK�;GFL=FLK�

��  G�AGFA;�KGDA<K�?=F=J9DDQ�@9N=�@A?@=J�GJ�DGO=J�E=DLAF?�HGAFLK�L@9F�EGD=;MD9J
KGDA<K��2@Q�� G�AGFA;�KGDA<K�?=F=J9DDQ�@9N=�@A?@=J�GJ�DGO=J�E=DLAF?�HGAFLK
L@9F�;GN9D=FL�KGDA<K��!PHD9AF�QGMJ�J=9KGFAF?�

�� /@=�KLJ=F?L@�G>�(GF<GF�<AKH=JKAGF�>GJ;=K�AF�EGD=;MD9J�KGDA<K�L=F<K�LG�AF;J=9K=
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12.6 Bonding in Metals and Semiconductors
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@9N=�KM>>A;A=FL�CAF=LA;�=F=J?Q�LG�:=�HJGEGL=<�AFLG�L@=�;GF<M;LAGF�:9F<��/@=
=D=;LJA;9D�;GF<M;LANALQ�G>�9�K=EA;GF<M;LGJ�L@=J=>GJ=�AF;J=9K=K�J9HA<DQ�OAL@

�@9HL=J����.GDA<K

������GF<AF?�AF�)=L9DK�9F<�.=EA;GF<M;LGJK ����



AF;J=9KAF?�L=EH=J9LMJ=
�AF�;GFLJ9KL�LG�L@=�:=@9NAGJ�G>�9�HMJ=DQ�E=L9DDA;�;JQKL9D��%F�9
E=L9D
�9K�9F�=D=;LJGF�LJ9N=DK�L@JGM?@�L@=�;JQKL9D�AF�J=KHGFK=�LG�9F�9HHDA=<�=D=;LJA;9D
HGL=FLA9D
�AL�;9FFGL�LJ9N=D�N=JQ�>9J�:=>GJ=�AL�=F;GMFL=JK�9F<�;GDDA<=K�OAL@�9�E=L9D
FM;D=MK��/@=�EGJ=�G>L=F�KM;@�=F;GMFL=JK�G;;MJ
�L@=�KDGO=J�L@=;2AEGLAGF�G>�L@=
=D=;LJGF�L@JGM?@�L@=�;JQKL9D
�9F<�L@=9<D2?L@=�;GF<M;LANALQ���K�L@=�L=EH=J9LMJ=�G>
L@=�KGDA<�AF;J=9K=K
�L@=�E=L9D�9LGEK�AF�L@=�D9LLA;=�9;IMAJ=�EGJ=�9F<�EGJ=�CAF=LA;
=F=J?Q���=;9MK=�L@=AJ�HGKALAGFK�9J=�>AP=<�AF�L@=�D9LLA;=
�@GO=N=J
�L@=�AF;J=9K=<
CAF=LA;�=F=J?Q�AF;J=9K=K�GFDQ�L@=�=PL=FL�LG�O@A;@�L@=Q�NA:J9L=�9:GML�L@=AJ�>AP=<
HGKALAGFK���L�@A?@=J�L=EH=J9LMJ=K
�L@=J=>GJ=
�L@=�E=L9D�FM;D=A�;GDDA<=�OAL@�L@=
EG:AD=�=D=;LJGFK�EGJ=�>J=IM=FLDQ�9F<�OAL@�?J=9L=J�=F=J?Q
�L@MK120?2.@6;4L@=
;GF<M;LANALQ��/@AK�=>>=;L�AK
�@GO=N=J
�KM:KL9FLA9DDQ�KE9DD=J�L@9F�L@=�AF;J=9K=�AF
;GF<M;LANALQ�OAL@�L=EH=J9LMJ=�=P@A:AL=<�:Q�K=EA;GF<M;LGJK��"GJ�=P9EHD=
�L@=
;GF<M;LANALQ�G>�9�LMF?KL=F�OAJ=�<=;J=9K=K�:Q�9�>9;LGJ�G>�GFDQ�9:GML�LOG�GN=J�L@=
L=EH=J9LMJ=�J9F?=����]�����'
�O@=J=9K�L@=�;GF<M;LANALQ�G>�KADA;GF�AF;J=9K=K
9HHJGPAE9L=DQ�����>GD<�GN=J�L@=�K9E=�L=EH=J9LMJ=�J9F?=��/@=K=�LJ=F<K�9J=
ADDMKLJ9L=<�AF"A?MJ=��������/@=�/=EH=J9LMJ=� =H=F<=F;=�G>�L@=�!D=;LJA;9D
�GF<M;LANALQ�G>�9�)=L9D�N=JKMK�9�.=EA;GF<M;LGJ��

�64B?2������ (52�(2:=2?.AB?2��2=2;12;02�<3�A52��920A?60.9��<;1B0A6C6AF�<3�.�"2A.9�C2?@B@�.�'2:60<;1B0A<?

(52�0<;1B0A6C6AF�<3�A52�:2A.9��AB;4@A2;��120?2.@2@�?29.A6C29F�@9<D9F�D6A5�6;0?2.@6;4�A2:=2?.AB?2��D52?2.@�A52
0<;1B0A6C6AF�<3�A52�@2:60<;1B0A<?��@6960<;��6;0?2.@2@�:B05�:<?2�?.=619F�

�@9HL=J����.GDA<K

������GF<AF?�AF�)=L9DK�9F<�.=EA;GF<M;LGJK ����



Note the Pattern

/@=�=D=;LJA;9D�;GF<M;LANALQ�G>�9�K=EA;GF<M;LGJ6;0?2.@2@OAL@�AF;J=9KAF?
L=EH=J9LMJ=
�O@=J=9K�L@=�=D=;LJA;9D�;GF<M;LANALQ�G>�9�E=L9D120?2.@2@OAL@
AF;J=9KAF?�L=EH=J9LMJ=�

n- and p-Type Semiconductors

Doping�� AK�9�HJG;=KK�MK=<�LG�LMF=�L@=�=D=;LJA;9D�HJGH=JLA=K�G>�;GEE=J;A9D
K=EA;GF<M;LGJK�:Q�<=DA:=J9L=DQ�AFLJG<M;AF?�KE9DD�9EGMFLK�G>�AEHMJALA=K��%>�9F
AEHMJALQ�;GFL9AFK:<?2 N9D=F;=�=D=;LJGFK�L@9F�L@=�9LGEK�G>�L@=�@GKL�D9LLA;=��=�?�

O@=F�KE9DD�9EGMFLK�G>�9�?JGMH����9LGE�9J=�AFLJG<M;=<�AFLG�9�;JQKL9D�G>�9�?JGMH���
=D=E=FL�
�L@=F�L@=�<GH=<�KGDA<�@9K�EGJ=�=D=;LJGFK�9N9AD9:D=�LG�;GF<M;L�;MJJ=FL�L@9F
L@=�HMJ=�@GKL�@9K���K�K@GOF�AF�H9JL��9��AF"A?MJ=��������.LJM;LMJ=K�9F<��9F<
 A9?J9EK�G>��
�9<<AF?�9F�AEHMJALQ�KM;@�9K�H@GKH@GJMK�LG�9�KADA;GF�;JQKL9D�;J=9L=K
G;;9KAGF9D�=D=;LJGF�JA;@�KAL=K�AF�L@=�D9LLA;=��/@=�=D=;LJGFA;�=F=J?Q�G>�L@=K=�KAL=K�DA=K
:=LO==F�L@GK=�G>�L@=�>ADD=<�N9D=F;=�:9F<�9F<�L@=�=EHLQ�;GF<M;LAGF�:9F<�:ML�;DGK=J
LG�L@=�;GF<M;LAGF�:9F<���=;9MK=�L@=�9LGEK�L@9L�O=J=�AFLJG<M;=<�9J=�KMJJGMF<=<�:Q
@GKL�9LGEK
�9F<�L@=�=D=;LJGFK�9KKG;A9L=<�OAL@�L@=�AEHMJALQ�9J=�;DGK=�AF�=F=J?Q�LG
L@=�;GF<M;LAGF�:9F<
�L@GK=�=PLJ9�=D=;LJGFK�9J=�J=D9LAN=DQ�=9KADQ�=P;AL=<�AFLG�L@=
=EHLQ�;GF<M;LAGF�:9F<�G>�L@=�@GKL��.M;@�9�KM:KL9F;=�AK�;9DD=<�9Fn-type
semiconductor �� 
�OAL@�L@=; AF<A;9LAF?�L@9L�L@=�9<<=<�;@9J?=�;9JJA=JK�9J=�F=?9LAN=
�L@=Q�9J=�=D=;LJGFK��

�64B?2������ 'A?B0AB?2@�.;1��.;1��6.4?.:@�<3; �(F=2�.;1 =�(F=2�'2:60<;1B0A<?@

�.���<=6;4�@6960<;�D6A5�.�4?<B=����292:2;A�?2@B9A@�6;�.�;2D36992192C29�/2AD22;�A52�C.92;02�.;1�0<;1B0A6<;�/.;1@�<3
A52�5<@A���/���<=6;4�@6960<;�D6A5�.�4?<B=��
�292:2;A�?2@B9A@�6;�.�;2D2:=AF92C29�/2AD22;�A52�C.92;02�.;1
0<;1B0A6<;�/.;1@�<3�A52�5<@A���;�/<A5�0.@2@��A52�23320A6C2�/.;1�4.=�6@�@B/@A.;A6.99F�120?2.@21��.;1�A52�2920A?60.9
0<;1B0A6C6AF�.A�.�46C2;�A2:=2?.AB?2�6;0?2.@2@�1?.:.A60.99F�

��� /@=�HJG;=KK�G>�<=DA:=J9L=DQ
AFLJG<M;AF?�KE9DD�9EGMFLK�G>
AEHMJALA=K�AFLG�;GEE=J;A9D
K=EA;GF<M;LGJK�LG�LMF=�L@=AJ
=D=;LJA;9D�HJGH=JLA=K�>GJ
KH=;A>A;�9HHDA;9LAGFK�

��� ��K=EA;GF<M;LGJ�L@9L�@9K�:==F
<GH=<�OAL@�9F�AEHMJALQ�L@9L
@9K�EGJ=�N9D=F;=�=D=;LJGFK
L@9F�L@=�9LGEK�G>�L@=�@GKL
D9LLA;=�

�@9HL=J����.GDA<K

������GF<AF?�AF�)=L9DK�9F<�.=EA;GF<M;LGJK ����



%>�L@=�AEHMJALQ�9LGEK�;GFL9AF32D2?N9D=F;=�=D=;LJGFK�L@9F�L@=�9LGEK�G>�L@=�@GKL
�=�?�
�O@=F�KE9DD�9EGMFLK�G>�9�?JGMH����9LGE�9J=�AFLJG<M;=<�AFLG�9�;JQKL9D�G>�9
?JGMH����=D=E=FL�
�L@=F�L@=�<GH=<�KGDA<�@9K�>=O=J�=D=;LJGFK�L@9F�L@=�HMJ=�@GKL�
,=J@9HK�MF=PH=;L=<DQ
�L@AK�9DKG�J=KMDLK�AF6;0?2.@21;GF<M;LANALQ�:=;9MK=�L@=
AEHMJALQ�9LGEK�?=F=J9L=�@GD=K�AF�L@=�N9D=F;=�:9F<���K�K@GOF�AF�H9JL��:��AF"A?MJ=
�������.LJM;LMJ=K�9F<��9F<� A9?J9EK�G>��
�9<<AF?�9F�AEHMJALQ�KM;@�9K�?9DDAME�LG�9
KADA;GF�;JQKL9D�;J=9L=K�AKGD9L=<�=D=;LJGF�<=>A;A=FL�KAL=K�AF�L@=�@GKL�D9LLA;=��/@=
=D=;LJGFA;�=F=J?Q�G>�L@=K=�=EHLQ�KAL=K�9DKG�DA=K�:=LO==F�L@GK=�G>�L@=�>ADD=<�N9D=F;=
:9F<�9F<�L@=�=EHLQ�;GF<M;LAGF�:9F<�G>�L@=�@GKL�:ML�EM;@�;DGK=J�LG�L@=�>ADD=<
N9D=F;=�:9F<��%L�AK�L@=J=>GJ=�J=D9LAN=DQ�=9KQ�LG�=P;AL=�=D=;LJGFK�>JGE�L@=�N9D=F;=
:9F<�G>�L@=�@GKL�LG�L@=�AKGD9L=<�AEHMJALQ�9LGEK
�L@MK�>GJEAF?�@GD=K�AF�L@=�N9D=F;=
:9F<��/@AK�CAF<�G>�KM:KL9F;=�AK�;9DD=<�9p-type semiconductor �� 
�OAL@�L@==
KL9F<AF?�>GJ�HGKALAN=�;@9J?=�;9JJA=J��A�=�
�9�@GD=���$GD=K�AF�O@9L�O9K�9�>ADD=<�:9F<�9J=
BMKL�9K�=>>=;LAN=�9K�=D=;LJGFK�AF�9F�=EHLQ�:9F<�9L�;GF<M;LAF?�=D=;LJA;ALQ�

Note the Pattern

; �/QH=�K=EA;GF<M;LGJK�9J=; =?9LAN=�;@9J?=�;9JJA=JK��L@=�AEHMJALQ�@9K:<?2
N9D=F;=�=D=;LJGFK�L@9F�L@=�@GKL�=�/QH=�K=EA;GF<M;LGJK�9J==GKALAN=�;@9J?=
;9JJA=JK��L@=�AEHMJALQ�@9K32D2?N9D=F;=�=D=;LJGFK�L@9F�L@=�@GKL�

/@=�=D=;LJA;9D�;GF<M;LANALQ�G>�9�K=EA;GF<M;LGJ�AK�JGM?@DQ�HJGHGJLAGF9D�LG�L@=
FME:=J�G>�;@9J?=�;9JJA=JK
�KG�<GHAF?�AK�9�HJ=;AK=�O9Q�LG�9<BMKL�L@=�;GF<M;LANALQ�G>�9
K=EA;GF<M;LGJ�GN=J�9�OA<=�J9F?=��/@=�=FLAJ=�K=EA;GF<M;LGJ�AF<MKLJQ�AK�:MADL�GF
E=L@G<K�>GJ�HJ=H9JAF?�K9EHD=K�G>�.A
�#=
�GJ�#9�K�<GH=<�OAL@�HJ=;AK=�9EGMFLK�G>
<=KAJ=<�AEHMJALA=K�9F<�9KK=E:DAF?�KADA;GF�;@AHK�9F<�GL@=J�;GEHD=P�<=NA;=K�OAL@
BMF;LAGFK�:=LO==F; ��9F<=�LQH=�K=EA;GF<M;LGJK�AF�N9JQAF?�FME:=JK�9F<
9JJ9F?=E=FLK�

�=;9MK=�KADA;GF�<G=K�FGL�KL9F<�MH�O=DD�LG�L=EH=J9LMJ=K�9:GN=�9HHJGPAE9L=DQ����X�

K;A=FLAKLK�@9N=�:==F�AFL=J=KL=<�AF�<=N=DGHAF?�K=EA;GF<M;LGJK�E9<=�>JGE�<A9EGF<K

9�EGJ=�L@=JE9DDQ�KL9:D=�E9L=JA9D����F=O�E=L@G<�@9K�:==F�<=N=DGH=<�:9K=<�GF
N9HGJ�<=HGKALAGF
�AF�O@A;@�9�?9K=GMK�EAPLMJ=�AK�@=9L=<�LG�9�@A?@�L=EH=J9LMJ=�LG
HJG<M;=�;9J:GF�L@9L�L@=F�;GF<=FK=K�GF�9�<A9EGF<�C=JF=D��/@AK�AK�L@=�K9E=�E=L@G<
FGO�MK=<�LG�;J=9L=�;MDLMJ=<�<A9EGF<K
�O@A;@�9J=�AF<AKLAF?MAK@9:D=�>JGE�F9LMJ9D
<A9EGF<K��/@=�<A9EGF<K�9J=�@=9L=<�LG�EGJ=�L@9F�����X��MF<=J�@A?@�HJ=KKMJ=�LG
@9J<=F�L@=E�=N=F�>MJL@=J�� GHAF?�L@=�<A9EGF<K�OAL@�:GJGF�@9K�HJG<M;=<=�LQH=
K=EA;GF<M;LGJK
�O@=J=9K�<GHAF?�L@=E�OAL@�:GJGF�9F<�<=ML=JAME�9;@A=N=K; �LQH=

��� ��K=EA;GF<M;LGJ�L@9L�@9K�:==F
<GH=<�OAL@�9F�AEHMJALQ�L@9L
@9K�>=O=J�N9D=F;=�=D=;LJGFK
L@9F�L@=�9LGEK�G>�L@=�@GKL
D9LLA;=�

�@9HL=J����.GDA<K

������GF<AF?�AF�)=L9DK�9F<�.=EA;GF<M;LGJK ����



:=@9NAGJ���=;9MK=�G>�L@=AJ�L@=JE9D�KL9:ADALQ
�<A9EGF<�K=EA;GF<M;LGJK�@9N=
HGL=FLA9D�MK=K�9K�EA;JGHJG;=KKGJK�AF�@A?@�NGDL9?=�9HHDA;9LAGFK�

�@9HL=J����.GDA<K

������GF<AF?�AF�)=L9DK�9F<�.=EA;GF<M;LGJK ����



EXAMPLE 8

��;JQKL9DDAF=�KGDA<�@9K�L@=�>GDDGOAF?�:9F<�KLJM;LMJ=
�OAL@�L@=�HMJHD=�9J=9K
J=HJ=K=FLAF?�J=?AGFK�G;;MHA=<�:Q�=D=;LJGFK��/@=�DGO=J�:9F<�AK�;GEHD=L=DQ
G;;MHA=<�:Q�=D=;LJGFK
�9F<�L@=�MHH=J�D=N=D�AK�9:GML�GF=�L@AJ<�>ADD=<�OAL@
=D=;LJGFK�

9� ,J=<A;L�L@=�=D=;LJA;9D�HJGH=JLA=K�G>�L@AK�KGDA<�
:� 2@9L�OGMD<�@9HH=F�LG�L@=�=D=;LJA;9D�HJGH=JLA=K�A>�9DD�G>�L@=�=D=;LJGFK

O=J=�J=EGN=<�>JGE�L@=�MHH=J�:9F<��2GMD<�QGM�MK=�9�;@=EA;9D�GPA<9FL
GJ�J=<M;L9FL�LG�=>>=;L�L@AK�;@9F?=�

;� 2@9L�OGMD<�@9HH=F�LG�L@=�=D=;LJA;9D�HJGH=JLA=K�A>�=FGM?@�=D=;LJGFK�O=J=
9<<=<�LG�;GEHD=L=DQ�>ADD�L@=�MHH=J�:9F<��2GMD<�QGM�MK=�9�;@=EA;9D
GPA<9FL�GJ�J=<M;L9FL�LG�=>>=;L�L@AK�;@9F?=�

Given: :9F<�KLJM;LMJ=

Asked for: N9JA9LAGFK�AF�=D=;LJA;9D�HJGH=JLA=K�OAL@�;GF<ALAGFK

Strategy:

A �9K=<�GF�L@=�G;;MH9F;Q�G>�L@=�DGO=J�9F<�MHH=J�:9F<K
�HJ=<A;L�O@=L@=J
L@=�KM:KL9F;=�OADD�:=�9F�=D=;LJA;9D�;GF<M;LGJ��/@=F�HJ=<A;L�@GO�ALK
;GF<M;LANALQ�OADD�;@9F?=�OAL@�L=EH=J9LMJ=�

B �>L=J�9DD�L@=�=D=;LJGFK�9J=�J=EGN=<�>JGE�L@=�MHH=J�:9F<
�HJ=<A;L�@GO�L@=
:9F<�?9H�OGMD<�9>>=;L�L@=�=D=;LJA;9D�HJGH=JLA=K�G>�L@=�E9L=JA9D�� =L=JEAF=
O@=L@=J�QGM�OGMD<�MK=�9�;@=EA;9D�GPA<9FL�GJ�J=<M;L9FL�LG�J=EGN=�=D=;LJGFK
>JGE�L@=�MHH=J�:9F<�

�@9HL=J����.GDA<K

������GF<AF?�AF�)=L9DK�9F<�.=EA;GF<M;LGJK ����



C,J=<A;L�L@=�=>>=;L�G>�9�>ADD=<�MHH=J�:9F<�GF�L@=�=D=;LJA;9D�HJGH=JLA=K�G>�L@=
KGDA<��/@=F�<=;A<=�O@=L@=J�QGM�OGMD<�MK=�9F�GPA<9FL�GJ�9�J=<M;L9FL�LG�>ADD
L@=�MHH=J�:9F<�

Solution:

9� A /@=�E9L=JA9D�@9K�9�H9JLA9DDQ�>ADD=<�:9F<
�O@A;@�AK�;JALA;9D�>GJ�E=L9DDA;
:=@9NAGJ��/@=�KGDA<�OADD�L@=J=>GJ=�:=@9N=�DAC=�9�E=L9D
�OAL@�@A?@
=D=;LJA;9D�;GF<M;LANALQ�L@9L�<=;J=9K=K�KDA?@LDQ�OAL@�AF;J=9KAF?
L=EH=J9LMJ=�

:� B -=EGNAF?�9DD�G>�L@=�=D=;LJGFK�>JGE�L@=�H9JLA9DDQ�>ADD=<�MHH=J�:9F<
OGMD<�;J=9L=�9�KGDA<�OAL@�9�>ADD=<�DGO=J�:9F<�9F<�9F�=EHLQ�MHH=J�:9F<

K=H9J9L=<�:Q�9F�=F=J?Q�?9H��%>�L@=�:9F<�?9H�AK�D9J?=
�L@=�E9L=JA9D�OADD�:=
9F�=D=;LJA;9D�AFKMD9LGJ��%>�L@=�?9H�AK�J=D9LAN=DQ�KE9DD
�L@=�KM:KL9F;=�OADD�:=
9�K=EA;GF<M;LGJ�O@GK=�=D=;LJA;9D�;GF<M;LANALQ�AF;J=9K=K�J9HA<DQ�OAL@
AF;J=9KAF?�L=EH=J9LMJ=��-=EGNAF?�L@=�=D=;LJGFK�OGMD<�J=IMAJ=�9F
GPA<9FL�:=;9MK=�GPA<9FLK�9;;=HL�=D=;LJGFK�

;� C�<<AF?�=FGM?@�=D=;LJGFK�LG�;GEHD=L=DQ�>ADD�L@=�MHH=J�:9F<�OGMD<
HJG<M;=�9F�=D=;LJA;9D�AFKMD9LGJ��2AL@GML�9FGL@=J�=EHLQ�:9F<�J=D9LAN=DQ
;DGK=�AF�=F=J?Q�9:GN=�L@=�>ADD=<�:9F<
�K=EA;GF<M;LGJ�:=@9NAGJ�OGMD<�:=
AEHGKKA:D=���<<AF?�=D=;LJGFK�LG�L@=�KGDA<�OGMD<�J=IMAJ=�9�J=<M;L9FL
:=;9MK=�J=<M;L9FLK�9J=�=D=;LJGF�<GFGJK�

!P=J;AK=

��KM:KL9F;=�@9K�L@=�>GDDGOAF?�:9F<�KLJM;LMJ=
�AF�O@A;@�L@=�DGO=J�:9F<�AK
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Summary

Band theory 9KKME=K�L@9L�L@=�N9D=F;=�GJ:AL9DK�G>�L@=�9LGEK�AF�9�KGDA<�AFL=J9;L
LG�?=F=J9L=�9�K=L�G>�EGD=;MD9J�GJ:AL9DK�L@9L�=PL=F<�L@JGM?@GML�L@=�KGDA<��L@=
;GFLAFMGMK�K=L�G>�9DDGO=<�=F=J?Q�D=N=DK�AK�9Fenergy band��/@=�<A>>=J=F;=�AF
=F=J?Q�:=LO==F�L@=�@A?@=KL�9F<�DGO=KL�9DDGO=<�D=N=DK�OAL@AF�9�?AN=F�:9F<�AK�L@=
bandwidth 
�9F<�L@=�<A>>=J=F;=�AF�=F=J?Q�:=LO==F�L@=�@A?@=KL�D=N=D�G>�GF=�:9F<
9F<�L@=�DGO=KL�D=N=D�G>�L@=�:9F<�9:GN=�AL�AK�L@=band gap��%>�L@=�OA<L@�G>
9<B9;=FL�:9F<K�AK�D9J?=J�L@9F�L@=�=F=J?Q�?9H�:=LO==F�L@=E
overlapping
bands J=KMDL
�AF�O@A;@�EGD=;MD9J�GJ:AL9DK�<=JAN=<�>JGE�LOG�GJ�EGJ=�CAF<K�G>
N9D=F;=�GJ:AL9DK�@9N=�KAEAD9J�=F=J?A=K��)=L9DDA;�HJGH=JLA=K�<=H=F<�GF�9�H9JLA9DDQ
G;;MHA=<�:9F<�;GJJ=KHGF<AF?�LG�9�K=L�G>�EGD=;MD9J�GJ:AL9DK�L@9L�=PL=F<
L@JGM?@GML�L@=�KGDA<�LG�>GJE�9�:9F<�G>�=F=J?Q�D=N=DK��%>�9�KGDA<�@9K�9�>ADD=<
N9D=F;=�:9F<�OAL@�9�J=D9LAN=DQ�DGO�DQAF?�=EHLQ�:9F<�9:GN=�AL��9conduction
band�
�L@=F�=D=;LJGFK�;9F�:=�=P;AL=<�:Q�L@=JE9D�=F=J?Q�>JGE�L@=�>ADD=<�:9F<
AFLG�L@=�N9;9FL�:9F<�O@=J=�L@=Q�;9F�L@=F�EA?J9L=�L@JGM?@�L@=�;JQKL9D

J=KMDLAF?�AF�=D=;LJA;9D�;GF<M;LANALQ�Electrical insulators 9J=�HGGJ�;GF<M;LGJK
:=;9MK=�L@=AJ�N9D=F;=�:9F<K�9J=�>MDD�Semiconductors @9N=�=D=;LJA;9D
;GF<M;LANALA=K�AFL=JE=<A9L=�:=LO==F�L@GK=�G>�AFKMD9LGJK�9F<�E=L9DK��/@=
=D=;LJA;9D�;GF<M;LANALQ�G>�K=EA;GF<M;LGJK�AF;J=9K=K�J9HA<DQ�OAL@�AF;J=9KAF?
L=EH=J9LMJ=
�O@=J=9K�L@=�=D=;LJA;9D�;GF<M;LANALQ�G>�E=L9DK�<=;J=9K=K�KDGODQ
OAL@�AF;J=9KAF?�L=EH=J9LMJ=��/@=�HJGH=JLA=K�G>�K=EA;GF<M;LGJK�;9F�:=
EG<A>A=<�:Qdoping
�GJ�AFLJG<M;AF?�AEHMJALA=K���<<AF?�9F�=D=E=FL�OAL@�EGJ=
N9D=F;=�=D=;LJGFK�L@9F�L@=�9LGEK�G>�L@=�@GKL�HGHMD9L=K�L@=�;GF<M;LAGF�:9F<

J=KMDLAF?�AF�9F; -type semiconductor OAL@�AF;J=9K=<�=D=;LJA;9D�;GF<M;LANALQ�
�<<AF?�9F�=D=E=FL�OAL@�>=O=J�N9D=F;=�=D=;LJGFK�L@9F�L@=�9LGEK�G>�L@=�@GKL
?=F=J9L=K�@GD=K�AF�L@=�N9D=F;=�:9F<
�J=KMDLAF?�AF�9=-type semiconductor L@9L
9DKG�=P@A:ALK�AF;J=9K=<�=D=;LJA;9D�;GF<M;LANALQ�

KEY TAKEAWAY

Y �GF<AF?�AF�E=L9DK�9F<�K=EA;GF<M;LGJK�;9F�:=�<=K;JA:=<�MKAF?�:9F<
L@=GJQ
�AF�O@A;@�9�K=L�G>�EGD=;MD9J�GJ:AL9DK�AK�?=F=J9L=<�L@9L�=PL=F<K
L@JGM?@GML�L@=�KGDA<�

�@9HL=J����.GDA<K

������GF<AF?�AF�)=L9DK�9F<�.=EA;GF<M;LGJK ����



CONCEPTUAL PROBLEMS

�� �9F�:9F<�L@=GJQ�:=�9HHDA=<�LG�E=L9DK�OAL@�LOG�=D=;LJGFK�AF�L@=AJ�N9D=F;=@
GJ:AL9DK��OAL@�FG�=D=;LJGFK�AF�L@=AJ�N9D=F;=@GJ:AL9DK��2@Q�GJ�O@Q�FGL�

�� #AN=F�9�K9EHD=�G>�9�E=L9D�OAL@����� 9LGEK
�@GO�<G=K�L@=�OA<L@�G>�L@=�:9F<
9JAKAF?�>JGE=GJ:AL9D�AFL=J9;LAGFK�;GEH9J=�OAL@�L@=�OA<L@�G>�L@=�:9F<�9JAKAF?
>JGE@GJ:AL9D�AFL=J9;LAGFK��>JGE1 GJ:AL9D�AFL=J9;LAGFK�

��  A9EGF<�@9K�GF=�G>�L@=�DGO=KL�=D=;LJA;9D�;GF<M;LANALA=K�CFGOF���9K=<�GF�L@AK
>9;L
�<G�QGM�=PH=;L�<A9EGF<�LG�:=�;GDGJ=<��2@Q��$GO�<G�QGM�9;;GMFL�>GJ�L@=
>9;L�L@9L�KGE=�<A9EGF<K�9J=�;GDGJ=<��KM;@�9K�_HAFC`�<A9EGF<�GJ�_?J==F`
<A9EGF<��

�� 2@Q�<G�KADN=J�@9DA<=K
�MK=<�AF�L@=�H@GLG?J9H@A;�AF<MKLJQ
�@9N=�:9F<�?9HK
LQHA;9D�G>�K=EA;GF<M;LAF?�E9L=JA9DK
�O@=J=9K�9DC9DA�E=L9D�@9DA<=K�@9N=�N=JQ
D9J?=�:9F<�?9HK�

�� �K�L@=�AGFA;�;@9J9;L=J�G>�9�;GEHGMF<�AF;J=9K=K
�<G=K�ALK�:9F<�?9H�AF;J=9K=�GJ
<=;J=9K=��2@Q�

�� 2@Q�AK�KADA;GF
�J9L@=J�L@9F�;9J:GF�GJ�?=JE9FAME
�MK=<�AF�L@=�K=EA;GF<M;LGJ
AF<MKLJQ�

�� �9J:GF�AK�9F�AFKMD9LGJ
�9F<�KADA;GF�9F<�?=JE9FAME�9J=�K=EA;GF<M;LGJK��!PHD9AF
L@=�J=D9LAGFK@AH�:=LO==F�L@=�N9D=F;=�=D=;LJGF�;GF>A?MJ9LAGF�G>�=9;@�=D=E=FL
9F<�L@=AJ�:9F<�KLJM;LMJ=K��2@A;@�OADD�@9N=�L@=�@A?@=J�=D=;LJA;9D�;GF<M;LANALQ�9L
JGGE�L=EH=J9LMJ=^KADA;GF�GJ�?=JE9FAME�

�� $GO�<G=K�<GHAF?�9>>=;L�L@=�=D=;LJA;9D�;GF<M;LANALQ�G>�9�K=EA;GF<M;LGJ�� J9O
L@=�=>>=;L�G>�<GHAF?�GF�L@=�=F=J?Q�D=N=DK�G>�L@=�N9D=F;=�:9F<�9F<�L@=
;GF<M;LAGF�:9F<�>GJ�:GL@�9F; �LQH=�9F<�9=�LQH=�K=EA;GF<M;LGJ�

�@9HL=J����.GDA<K

������GF<AF?�AF�)=L9DK�9F<�.=EA;GF<M;LGJK ����



ANSWERS

�� /@=�DGO�=D=;LJA;9D�;GF<M;LANALQ�G>�<A9EGF<�AEHDA=K�9�N=JQ�D9J?=�:9F<�?9H

;GJJ=KHGF<AF?�LG�L@=�=F=J?Q�G>�9�H@GLGF�G>�MDLJ9NAGD=L�DA?@L�J9L@=J�L@9F�NAKA:D=
DA?@L���GFK=IM=FLDQ
�<A9EGF<�K@GMD<�:=�;GDGJD=KK��,AFC�GJ�?J==F�<A9EGF<K
;GFL9AF�KE9DD�9EGMFLK�G>�@A?@DQ�;GDGJ=<�AEHMJALA=K�L@9L�9J=�J=KHGFKA:D=�>GJ
L@=AJ�;GDGJ�

�� �K�L@=�AGFA;�;@9J9;L=J�G>�9�;GEHGMF<�AF;J=9K=K
�L@=�:9F<�?9H�OADD�9DKG�AF;J=9K=
<M=�LG�9�<=;J=9K=�AF�GJ:AL9D�GN=JD9H��-=E=E:=J�L@9L�GN=JD9H�AK�?J=9L=KL�>GJ
GJ:AL9DK�G>�L@=�K9E=�=F=J?Q
�9F<�L@9L�L@=�<A>>=J=F;=�AF�=F=J?Q�:=LO==F�GJ:AL9DK
GF�9<B9;=FL�9LGEK�AF;J=9K=K�9K�L@=�<A>>=J=F;=�AF�=D=;LJGF=?9LANALQ�:=LO==F�L@=
9LGEK�AF;J=9K=K��/@MK
�D9J?=�<A>>=J=F;=K�AF�=D=;LJGF=?9LANALQ�AF;J=9K=�L@=�AGFA;
;@9J9;L=J
�<=;J=9K=�L@=�GJ:AL9D�GN=JD9H
�9F<�AF;J=9K=�L@=�:9F<�?9H�

NUMERICAL PROBLEMS

�� +>��9
�*
��
�9F<�#=
�O@A;@�OADD�;GFN=JL�HMJ=�KADA;GF�AFLG�9=�LQH=�K=EA;GF<M;LGJ
O@=F�<GHAF?��!PHD9AF�QGMJ�J=9KGFAF?�

�� +>�#9
�.A
��J
�9F<�,
�O@A;@�OADD�;GFN=JL�HMJ=�?=JE9FAME�AFLG�9F; �LQH=
K=EA;GF<M;LGJ�O@=F�<GHAF?��!PHD9AF�QGMJ�J=9KGFAF?�

�@9HL=J����.GDA<K

������GF<AF?�AF�)=L9DK�9F<�.=EA;GF<M;LGJK ����



12.7 Superconductors

LEARNING OBJECTIVE
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 $� @A<6056<:2A?F�<3�A52�@B=2?0<;1B0A6;4�:.A2?6.9�

/9:D=�������/@=��GEHGKALAGF�G>�19JAGMK�.MH=J;GF<M;LGJK�DAKLK�L@=�A<=9D
;GEHGKALAGFK�G>�KGE=�G>�L@=�CFGOF�@A?@�L=EH=J9LMJ=�KMH=J;GF<M;LGJK�L@9L�@9N=
:==F�<AK;GN=J=<�AF�J=;=FL�Q=9JK��!F?AF==JK�@9N=�D=9JF=<�@GO�LG�HJG;=KK�L@=�:JALLD=
HGDQ;JQKL9DDAF=�������9F<�J=D9L=<�;GEHGMF<K�AFLG�OAJ=K
�L9H=K
�9F<�>ADEK�L@9L�;9F
;9JJQ�=FGJEGMK�=D=;LJA;9D�;MJJ=FLK���GEE=J;A9D�9HHDA;9LAGFK�AF;DM<=�L@=AJ�MK=�AF
AF>J9J=<�K=FKGJK�9F<�AF�9F9DG?�KA?F9D�HJG;=KKAF?�9F<�EA;JGO9N=�<=NA;=K�

/9:D=����� /@=��GEHGKALAGF�G>�19JAGMK�.MH=J;GF<M;LGJK

Compound Tc (K)

�9�,: �bE�AE�+ � ����

�(9 �bE.JE��M+ � ��

4�9 � �M� +�bE ��

�A� �.J �bE�9 E��M+ � � ��

*Nominal compositions only. Oxygen deficiencies or excesses are common in these
compounds.
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Compound Tc (K)

�A� �9 � .J � �M� +�� � ���

/D� �9 � �9 � �M� +�� � ���

$?�9 � �9 � �M� +� � ���

' � � �� ��

-: � � �� ��

*Nominal compositions only. Oxygen deficiencies or excesses are common in these
compounds.
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EXAMPLE 9

�9D;MD9L=�L@=�9N=J9?=�GPA<9LAGF�KL9L=�G>��M�AF�9�K9EHD=�G>�4�9� �M� +�bEOAL@
E� �����$GO�<G�QGM�=PH=;L�ALK�KLJM;LMJ=�LG�<A>>=J�>JGE�L@GK=�K@GOF�AF"A?MJ=
�������/@=�-=D9LAGFK@AH�G>�L@=�.LJM;LMJ=�G>�9�.MH=J;GF<M;LGJ��GFKAKLAF?�G>
4��9��M�+�LG�9�.AEHD=�,=JGNKCAL=�.LJM;LMJ=�>GJ�4�9� �M� +� 9F<�4�9 � �M� +� �

Given: KLGA;@AGE=LJQ

Asked for: 9N=J9?=�GPA<9LAGF�KL9L=�9F<�KLJM;LMJ=

Strategy:

A �9K=<�GF�L@=�GPA<9LAGF�KL9L=K�G>�L@=�GL@=J�;GEHGF=FL�9LGEK
�;9D;MD9L=�L@=
9N=J9?=�GPA<9LAGF�KL9L=�G>��M�L@9L�OGMD<�E9C=�9F�=D=;LJA;9DDQ�F=MLJ9D
;GEHGMF<�

B �GEH9J=�L@=�KLGA;@AGE=LJQ�G>�L@=�KLJM;LMJ=K�K@GOF�AF"A?MJ=��������/@=
-=D9LAGFK@AH�G>�L@=�.LJM;LMJ=�G>�9�.MH=J;GF<M;LGJ��GFKAKLAF?�G>�4��9��M�+
LG�9�.AEHD=�,=JGNKCAL=�.LJM;LMJ=�OAL@�L@=�KLGA;@AGE=LJQ�G>�L@=�?AN=F
;GEHGMF<�LG�HJ=<A;L�@GO�L@=�KLJM;LMJ=K�<A>>=J�

Solution:

A /@=�F=L�F=?9LAN=�;@9J?=�>JGE�GPQ?=F�AK�����b������b�� � b��
�9F<�L@=�KME
G>�L@=�;@9J?=K�GF�L@=�4�9F<��9�9LGEK�AK�6�c �	��7 	 6� c �	��7 � 	���/@AK�D=9N=K�9
F=L�;@9J?=�G>�b��H=J�MFAL�;=DD
�O@A;@�EMKL�:=�;GEH=FK9L=<�>GJ�:Q�L@=�L@J==

�M�9LGEK
�>GJ�9�F=L�;@9J?=�G>�� ��
�� �� �� �� H=J��M�

B /@=�EGKL�DAC=DQ�KLJM;LMJ=�OGMD<�:=�GF=�AF�O@A;@�=N=JQ�GL@=J�+�9LGE
:=LO==F�L@=��M�9LGEK�AF�L@=��M�;@9AFK�G>�4�9� �M� +� @9K�:==F�J=EGN=<�

!P=J;AK=

�9D;MD9L=�L@=�9N=J9?=�GPA<9LAGF�KL9L=�G>��M�AF�9�K9EHD=�G>�$?�9� �9 � �M� +� �
�KKME=�L@9L�$?�AK�HJ=K=FL�9K�$?�	 �

Answer: 	�
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Summary

Superconductors 9J=�KGDA<K�L@9L�9L�DGO�L=EH=J9LMJ=K�=P@A:AL�R=JG�J=KAKL9F;=�LG
L@=�>DGO�G>�=D=;LJA;9D�;MJJ=FL
�9�H@=FGE=FGF�CFGOF�9Ksuperconductivity ��/@=
L=EH=J9LMJ=�9L�O@A;@�L@=�=D=;LJA;9D�J=KAKL9F;=�G>�9�KM:KL9F;=�<JGHK�LG�R=JG�AK�ALK
superconducting transition temperature ( ( c)��.MH=J;GF<M;LGJK�9DKG�=PH=D�9

E9?F=LA;�>A=D<�>JGE�L@=AJ�AFL=JAGJ
�9�H@=FGE=FGF�CFGOF�9K�L@=Meissner
effect��.MH=J;GF<M;LANALQ�;9F�:=�=PHD9AF=<�:Q�L@=BCS theory
�O@A;@�K9QK�L@9L
=D=;LJGFK�9J=�9:D=�LG�LJ9N=D�L@JGM?@�9�KGDA<�OAL@�FG�J=KAKL9F;=�:=;9MK=�L@=Q
;GMHD=�LG�>GJE�H9AJK�G>�=D=;LJGFK���GGH=J�H9AJK��High-temperature
superconductors @9N=( ; N9DM=K�?J=9L=J�L@9F����'�

KEY TAKEAWAY

Y .MH=J;GF<M;LANALQ�;9F�:=�<=K;JA:=<�MKAF?�L@=���.�L@=GJQ
�AF�O@A;@
�GGH=J�H9AJK�G>�=D=;LJGFK�EA?J9L=�L@JGM?@�L@=�;JQKL9D�9K�9�MFAL�

CONCEPTUAL PROBLEMS

�� 2@Q�<G=K�L@=���.�L@=GJQ�HJ=<A;L�L@9L�KMH=J;GF<M;LANALQ�AK�FGL�HGKKA:D=�9L
L=EH=J9LMJ=K�9:GN=�9HHJGPAE9L=DQ����'�

�� $GO�<G=K�L@=�>GJE9LAGF�G>��GGH=J�H9AJK�D=9<�LG�KMH=J;GF<M;LANALQ�

ANSWER

�� �;;GJ<AF?�LG���.�L@=GJQ
�L@=�AFL=J9;LAGFK�L@9L�D=9<�LG�>GJE9LAGF�G>��GGH=J
H9AJK�G>�=D=;LJGFK�9J=�KG�O=9C�L@9L�L@=Q�K@GMD<�:=�<AKJMHL=<�:Q�L@=JE9D
NA:J9LAGFK�G>�D9LLA;=�9LGEK�9:GN=�9:GML����'�

�@9HL=J����.GDA<K
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12.8 Polymeric Solids

LEARNING OBJECTIVE

�� /G�MF<=JKL9F<�L@=�<A>>=J=F;=K�:=LO==F�KQFL@=LA;�9F<�:AGDG?A;9D
HGDQE=JK�

)GKL�G>�L@=�KGDA<K�<AK;MKK=<�KG�>9J�@9N=�:==F�EGD=;MD=K�GJ�AGFK�OAL@�DGO�EGD=;MD9J
E9KK=K
�J9F?AF?�>JGE�L=FK�LG�@MF<J=<K�G>�9LGEA;�E9KK�MFALK��)9FQ�G>�L@=�EGD=;MD9J
E9L=JA9DK�AF�;GFKME=J�?GG<K�LG<9Q
�@GO=N=J
�@9N=�N=JQ�@A?@�EGD=;MD9J�E9KK=K

J9F?AF?�>JGE�L@GMK9F<K�LG�EADDAGFK�G>�9LGEA;�E9KK�MFALK
�9F<�9J=�>GJE=<�>JGE�9
;9J=>MDDQ�;GFLJGDD=<�K=JA=K�G>�J=9;LAGFK�L@9L�HJG<M;=�?A9FL�EGD=;MD=K�;9DD=<
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Note the Pattern
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Naturally Occurring Polymers: Peptides and Proteins
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Synthetic Polymers
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A fiberglass mat (left) and a
Kevlar vest (right).

�64B?2����
� (52�'F;A52@6@�<3�#F9<;

#F9<;�6@�.�@F;A52A60�0<;12;@.A6<;�=<9F:2?�0?2.A21�/F�A52�?2.0A6<;�<3�.�160.?/<EF960�.061�.;1�.�16.:6;2�A<�3<?:
.:612�/<;1@�.;1�D.A2?�

*GL�9DD�KQFL@=LA;�HGDQE=JK�9J=�DAFC=<�:Q�9EA<=
:GF<K^>GJ�=P9EHD=
=<9F2@A2?@;GFL9AF�EGFGE=JK�L@9L
9J=�DAFC=<�:Q�=KL=J�:GF<K��,GDQ=KL=JK�9J=�KGD<�MF<=J
LJ9<=�F9E=K�KM;@�9K� 9;JGF
�'G<=D
�9F<�"GJLJ=D
�O@A;@
9J=�MK=<�AF�;DGL@AF?
�9F<�)QD9J
�O@A;@�AK�MK=<�AF
E9?F=LA;�L9H=
�@=DAME�>ADD=<�:9DDGGFK
�9F<�@A?@�L=;@
K9ADK�>GJ�K9AD:G9LK���DL@GM?@�L@=�>A:=JK�9J=�>D=PA:D=

HJGH=JDQ�HJ=H9J=<�)QD9J�>ADEK�9J=�9DEGKL�9K�KLJGF?�9K
KL==D�

,GDQE=JK�:9K=<�GF�KC=D=LGFK�OAL@�GFDQ�;9J:GF�9J=�9DD
KQFL@=LA;��)GKL�G>�L@=K=�9J=�>GJE=<�>JGE�=L@QD=F=
��$ � ��$ � �
�9�LOG�;9J:GF�:MAD<AF?�:DG;C
�9F<�ALK�<=JAN9LAN=K��/@=�J=D9LAN=�D=F?L@K�G>

L@=�;@9AFK�9F<�9FQ�:J9F;@=K�;GFLJGD�L@=�HJGH=JLA=K�G>�HGDQ=L@QD=F=��"GJ�=P9EHD=

@A?@=J�FME:=JK�G>�:J9F;@=K�HJG<M;=�9�KG>L=J
�EGJ=�>D=PA:D=
�DGO=J�E=DLAF?�HGAFL
HGDQE=J�;9DD=<�DGO�<=FKALQ�HGDQ=L@QD=F=��( ,!�
�O@=J=9K�@A?@�<=FKALQ
HGDQ=L@QD=F=��$ ,!��;GFL9AFK�>=O�:J9F;@=K��.M:KL9F;=K�KM;@�9K�?D9KK�L@9L�E=DL�9L
J=D9LAN=DQ�DGO�L=EH=J9LMJ=K�;9F�9DKG�:=�>GJE=<�AFLG�>A:=JK
�HJG<M;AF?36/2?49.@@�

�=;9MK=�EGKL�KQFL@=LA;�>A:=JK�9J=�F=AL@=J�KGDM:D=�FGJ�DGO�E=DLAF?
�EMDLAKL=H
HJG;=KK=K�9J=�J=IMAJ=<�LG�E9FM>9;LMJ=�L@=E�9F<�>GJE�L@=E�AFLG�G:B=;LK��#J9H@AL=

�@9HL=J����.GDA<K

�����,GDQE=JA;�.GDA<K ����



>A:=JK�9J=�>GJE=<�:Q�@=9LAF?�9�HJ=;MJKGJ�HGDQE=J�9L�@A?@�L=EH=J9LMJ=K�LG
<=;GEHGK=�AL
�9�HJG;=KK�;9DD=<pyrolysis �� ��/@=�MKM9D�HJ=;MJKGJ�>GJ�?J9H@AL=�AK
HGDQ9;JQDGFALJAD=
�:=LL=J�CFGOF�:Q�ALK�LJ9<=�F9E=^+JDGF����KAEAD9J�9HHJG9;@�AK
MK=<�LG�HJ=H9J=�>A:=JK�G>�KADA;GF�;9J:A<=�MKAF?�9F�GJ?9FGKADA;GF�HJ=;MJKGJ�KM;@�9K
HGDQ<AE=L@QDKAD9F=�S6]��$� � � .A]7; T����F=O�LQH=�G>�>A:=J�;GFKAKLAF?�G>�;9J:GF

F9FGLM:=K
�@GDDGO�;QDAF<=JK�G>�;9J:GF�BMKL�GF=�9LGE�L@A;C
�AK�DA?@LO=A?@L
�KLJGF?

9F<�AEH9;L�J=KAKL9FL��%LK�H=J>GJE9F;=�@9K�:==F�;GEH9J=<�LG�L@9L�G>�'=ND9J
�9F<�AL�AK
:=AF?�;GFKA<=J=<�>GJ�MK=�AF�:G<Q�9JEGJ
�>D=PA:D=�KGD9J�H9F=DK
�9F<�:GE:HJGG>�LJ9K@
:AFK
�9EGF?�GL@=J�MK=K�

�=;9MK=�L@=J=�9J=�FG�?GG<�HGDQE=J�HJ=;MJKGJK�>GJ�=D=E=FL9D�:GJGF�GJ�:GJGF
FALJA<=
�L@=K=�>A:=JK�@9N=�LG�:=�HJ=H9J=<�:Q�LAE=�;GFKMEAF?�9F<�;GKLDQ�AF<AJ=;L
E=L@G<K��!N=F�L@GM?@�:GJGF�>A:=JK�9J=�9:GML�=A?@L�LAE=K�KLJGF?=J�L@9F�E=L9DDA;
9DMEAFME�9F<�����DA?@L=J
�L@=Q�9J=�KA?FA>A;9FLDQ�EGJ=�=PH=FKAN=���GFK=IM=FLDQ

MFD=KK�9F�9HHDA;9LAGF�J=IMAJ=K�:GJGFaK�?J=9L=J�J=KAKL9F;=�LG�GPA<9LAGF
�L@=K=�>A:=JK
;9FFGL�;GEH=L=�OAL@�D=KK�;GKLDQ�?J9H@AL=�>A:=JK�

��� ��@A?@�L=EH=J9LMJ=
<=;GEHGKALAGF�J=9;LAGF�L@9L
;9F�:=�MK=<�LG�>GJE�>A:=JK�G>
KQFL@=LA;�HGDQE=JK�

�@9HL=J����.GDA<K

�����,GDQE=JA;�.GDA<K ����



EXAMPLE 10
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�AF;DM<AF?�:=9;@�:9DDK�9F<
L@=�@9J<�HD9KLA;�:GLLD=K�MK=<�LG�KLGJ=�KGDMLAGFK�AF�9�;@=EAKLJQ�D9:GJ9LGJQ�
2@A;@�G>�L@=K=�HJG<M;LK�AK�>GJE=<�>JGE�L@=�EGJ=�@A?@DQ�:J9F;@=<
HGDQ=L@QD=F=�

Given: LQH=�G>�HGDQE=J

Asked for: 9HHDA;9LAGF

Strategy:

 =L=JEAF=�O@=L@=J�L@=�HGDQE=J�AK�( ,!
�O@A;@�AK�MK=<�AF�9HHDA;9LAGFK�L@9L
J=IMAJ=�>D=PA:ADALQ
�GJ�$ ,!
�O@A;@�AK�MK=<�>GJ�ALK�KLJ=F?L@�9F<�JA?A<ALQ�

Solution:

��@A?@DQ�:J9F;@=<�HGDQE=J�AK�D=KK�<=FK=�9F<�D=KK�JA?A<�L@9F�9�J=D9LAN=DQ
MF:J9F;@=<�HGDQE=J��/@MK�@9J<
�KLJGF?�HGDQ=L@QD=F=�G:B=;LK�KM;@�9K�:GLLD=K
9J=�E9<=�G>�$ ,!�OAL@�J=D9LAN=DQ�>=O�:J9F;@=K��%F�;GFLJ9KL
�9�:=9;@�:9DD
EMKL�:=�>D=PA:D=�KG�AL�;9F�:=�AF>D9L=<��%L�AK�L@=J=>GJ=�E9<=�G>�@A?@DQ�:J9F;@=<
( ,!�

!P=J;AK=

2@A;@�HJG<M;LK�9J=�E9FM>9;LMJ=<�>JGE�( ,!�9F<�O@A;@�>JGE�$, !�

9� D9OF�;@9AJ�>J9E=K
:� JGH=
;� <AKHGK9:D=�KQJAF?=K
<� 9MLGEG:AD=�HJGL=;LAN=�;GN=JK

Answer:

9� $ ,!
:� ( ,!
;� $ ,!
<� ( ,!

�@9HL=J����.GDA<K

�����,GDQE=JA;�.GDA<K ����



Summary

Polymers 9J=�?A9FL�EGD=;MD=K�L@9L�;GFKAKL�G>�DGF?�;@9AFK�G>�MFALK�;9DD=<
monomers ;GFF=;L=<�:Q�;GN9D=FL�:GF<K�Polymerization AK�L@=�HJG;=KK�G>
DAFCAF?�EGFGE=JK�LG?=L@=J�LG�>GJE�9�HGDQE=J�Plastic AK�L@=�HJGH=JLQ�G>�9
E9L=JA9D�L@9L�9DDGOK�AL�LG�:=�EGD<=<���AGDG?A;9D�HGDQE=JK�>GJE=<�>JGE�9EAFG
9;A<�J=KA<M=K�9J=�;9DD=<peptides GJproteins 
�<=H=F<AF?�GF�L@=AJ�KAR=�
Enzymes9J=�HJGL=AFK�L@9L�;9L9DQR=�9�:AGDG?A;9D�J=9;LAGF����H9JLA;D=�L@9L�AK�EGJ=
L@9F�9�@MF<J=<�LAE=K�DGF?=J�L@9F�AL�AK�OA<=�AK�9fiber 
�O@A;@�;9F�:=�>GJE=<�:Q�9
@A?@�L=EH=J9LMJ=�<=;GEHGKALAGF�J=9;LAGF�;9DD=<pyrolysis �

KEY TAKEAWAY

Y ,GDQE=JK�9J=�?A9FL�EGD=;MD=K�>GJE=<�>JGE�9<<ALAGF�GJ�;GF<=FK9LAGF
J=9;LAGFK�9F<�;9F�:=�;D9KKA>A=<�9K�=AL@=J�:AGDG?A;9D�GJ�KQFL@=LA;
HGDQE=JK�

CONCEPTUAL PROBLEMS

�� $GO�9J=�9EAFG�9;A<K�9F<�HJGL=AFK�J=D9L=<�LG�EGFGE=JK�9F<�HGDQE=JK�� J9O
L@=�?=F=J9D�KLJM;LMJ=�G>�9F�9EA<=�:GF<�DAFCAF?�LOG�9EAFG�9;A<�J=KA<M=K�

�� �DL@GM?@�HJGL=AFK�9F<�KQFL@=LA;�HGDQE=JK��KM;@�9K�FQDGF��:GL@�;GFL9AF�9EA<=
:GF<K
�<A>>=J=FL�L=JEK�9J=�MK=<�LG�<=K;JA:=�L@=�LOG�LQH=K�G>�HGDQE=J���GEH9J=
9F<�;GFLJ9KL�L@=�L=JEAFGDG?Q�MK=<�>GJ�L@=

9� KE9DD=KL�J=H=9LAF?�MFAL�
:� ;GN9D=FL�:GF<�;GFF=;LAF?�L@=�MFALK�

�@9HL=J����.GDA<K

�����,GDQE=JA;�.GDA<K ����



12.9 Contemporary Materials

LEARNING OBJECTIVE

�� /G�:=;GE=�>9EADA9J�OAL@�L@=�HJGH=JLA=K�G>�KGE=�;GFL=EHGJ9JQ
E9L=JA9DK�

%F�9<<ALAGF�LG�HGDQE=JK
�GL@=J�E9L=JA9DK
�KM;@�9K�;=J9EA;K
�@A?@�KLJ=F?L@�9DDGQK

9F<�;GEHGKAL=K
�HD9Q�9�E9BGJ�JGD=�AF�9DEGKL�=N=JQ�9KH=;L�G>�GMJ�DAN=K��0FLAD
J=D9LAN=DQ�J=;=FLDQ
�KL==D�O9K�MK=<�>GJ�9FQ�9HHDA;9LAGF�L@9L�J=IMAJ=<�9F�=KH=;A9DDQ
KLJGF?�9F<�<MJ9:D=�E9L=JA9D
�KM;@�9K�:JA<?=K
�9MLGEG:AD=K
�9AJHD9F=K
�?GD>�;DM:K
�9F<
L=FFAK�J9;C=LK��%F�L@=�D9KL����LG����Q=9JK
�@GO=N=J
�?J9H@AL=�GJ�:GJGF�>A:=J�?GD>�;DM:K
9F<�L=FFAK�J9;C=LK�@9N=�E9<=�OGG<�9F<�KL==D�G:KGD=L=�>GJ�L@=K=�AL=EK��(AC=OAK=
�9
EG<=JF�B=L�=F?AF=�FGO�AK�D9J?=DQ�;GEHGK=<�G>�/A�9F<�*A�:Q�O=A?@L�J9L@=J�L@9F�KL==D
�/9:D=�������/@=��HHJGPAE9L=�!D=E=FL9D��GEHGKALAGF�G>�9�)G<=JF�&=L�!F?AF=����/@=
H=J;=FL9?=�G>�AJGF�AF�OAF?K�9F<�>MK=D9?=K�AK�KAEAD9JDQ�DGO
�O@A;@�AF<A;9L=K�L@=
=PL=FL�LG�O@A;@�GL@=J�E9L=JA9DK�@9N=�KMHHD9FL=<�KL==D��/@=��@=NJGD=L��GJN=LL=
AFLJG<M;=<�AF������O9K�;GFKA<=J=<�MFMKM9D�:=;9MK=�ALK�:G<Q�O9K�;GFKLJM;L=<�G>
>A:=J?D9KK
�9�;GEHGKAL=�E9L=JA9D
�J9L@=J�L@9F�KL==D��:Q�����
�&9?M9J�>9:JA;9L=<�9F�9DD�
9DMEAFME�DAEAL=<�=<ALAGF�N=@A;D=��%F�>9;L
�L@=�;MJJ=FL�EG<=DK�G>�E9FQ�9MLGEG:AD=K
@9N=�=F?AF=K�L@9L�9J=�E9<=�EGKLDQ�G>�9DMEAFME�J9L@=J�L@9F�KL==D��%F�L@AK�K=;LAGF

O=�<=K;JA:=�KGE=�G>�L@=�;@=EAKLJQ�:=@AF<�L@J==�;D9KK=K�G>�;GFL=EHGJ9JQ�E9L=JA9DK�
;=J9EA;K
�KMH=J9DDGQK
�9F<�;GEHGKAL=K�

/9:D=����� /@=��HHJGPAE9L=�!D=E=FL9D��GEHGKALAGF�G>�9�)G<=JF�&=L�!F?AF=

Element Percentage by Mass

LAL9FAME ��

FA;C=D ��

;@JGEAME ��

;G:9DL �

9DMEAFME �

FAG:AME �

L9FL9DME �����

�@9HL=J����.GDA<K

����



Ceramics

� ceramic �� AK�9FQ�FGFE=L9DDA;
�AFGJ?9FA;�KGDA<�L@9L�AK�KLJGF?�=FGM?@�>GJ�MK=�AF
KLJM;LMJ9D�9HHDA;9LAGFK��/J9<ALAGF9D�;=J9EA;K
�O@A;@�9J=�:9K=<�GF�E=L9D�KADA;9L=K�GJ
9DMEAFGKADA;9L=K
�9J=�L@=�E9L=JA9DK�MK=<�LG�E9C=�HGLL=JQ
�;@AF9
�:JA;CK
�9F<
;GF;J=L=��)G<=JF�;=J9EA;K�;GFL9AF�9�EM;@�OA<=J�J9F?=�G>�;GEHGF=FLK�9F<�;9F�:=
;D9KKA>A=<�9K�=AL@=J02?.:60�<E612@
�O@A;@�9J=�:9K=<�GF�E=L9D�GPA<=K�KM;@�9K�9DMEAF9
��D� +� �
�RAJ;GFA9��5J+� �
�9F<�:=JQDDA9���=+�
�GJ;<;<E612�02?.:60@
�O@A;@�9J=�:9K=<�GF

E=L9D�;9J:A<=K�KM;@�9K�KADA;GF�;9J:A<=��;9J:GJMF<ME
�.A���9F<�LMF?KL=F�;9J:A<=
�2��
�GJ�FALJA<=K�DAC=�KADA;GF�FALJA<=��.A� * � ��9F<�:GJGF�FALJA<=���*��

�DD�EG<=JF�;=J9EA;K�9J=�@9J<
�DA?@LO=A?@L
�9F<�KL9:D=�9L�N=JQ�@A?@�L=EH=J9LMJ=K�
0F>GJLMF9L=DQ
�@GO=N=J
�L@=Q�9J=�9DKG�J9L@=J�:JALLD=
�L=F<AF?�LG�;J9;C�GJ�:J=9C
MF<=J�KLJ=KK=K�L@9L�OGMD<�;9MK=�E=L9DK�LG�:=F<�GJ�<=FL��/@MK�9�E9BGJ�;@9DD=F?=�>GJ
E9L=JA9DK�K;A=FLAKLK�AK�LG�L9C=�9<N9FL9?=�G>�L@=�<=KAJ9:D=�HJGH=JLA=K�G>�;=J9EA;K

KM;@�9K�L@=AJ�L@=JE9D�9F<�GPA<9LAN=�KL9:ADALQ
�;@=EA;9D�AF=JLF=KK
�9F<�LGM?@F=KK

O@AD=�>AF<AF?�O9QK�LG�<=;J=9K=�L@=AJ�:JALLD=F=KK�LG�MK=�L@=E�AF�F=O�9HHDA;9LAGFK�
"=O�E=L9DK�;9F�:=�MK=<�AF�B=L�=F?AF=K
�>GJ�=P9EHD=
�:=;9MK=�EGKL�DGK=�E=;@9FA;9D
KLJ=F?L@�9F<�J=9;L�OAL@�GPQ?=F�9L�L@=�N=JQ�@A?@�GH=J9LAF?�L=EH=J9LMJ=K�AFKA<=�L@=
=F?AF=K��9HHJGPAE9L=DQ�����X����%F�;GFLJ9KL
�;=J9EA;�GPA<=K�KM;@�9K��D� +� ;9FFGL

J=9;L�OAL@�GPQ?=F�J=?9J<D=KK�G>�L@=�L=EH=J9LMJ=�:=;9MK=�9DMEAFME�AK�9DJ=9<Q�AF�ALK
@A?@=KL�HGKKA:D=�GPA<9LAGF�KL9L=���D�	 ���!N=F�FGFGPA<=�;=J9EA;K�KM;@�9K�KADA;GF�9F<
:GJGF�FALJA<=K�9F<�KADA;GF�;9J:A<=�9J=�=KK=FLA9DDQ�MFJ=9;LAN=�AF�9AJ�MH�LG�9:GML
����X���,JG<M;AF?�9�@A?@�KLJ=F?L@�;=J9EA;�>GJ�K=JNA;=�MK=�AFNGDN=K�9�HJG;=KK�;9DD=<
sintering �� 
�O@A;@�>MK=K�L@=�?J9AFK�AFLG�9�<=FK=�9F<�KLJGF?�E9L=JA9D��"A?MJ=������
�.AFL=JAF?���

�64B?2����

 '6;A2?6;4

(52@2�=5<A<@�@5<D�A52�23320A@�<3�@6;A2?6;4�:.4;2@6B:�<E612�4?.6;@���.��A52�:60?<@A?B0AB?2�/23<?2�@6;A2?6;4���/��A52
:60?<@A?B0AB?2�<3�A52�02?.:60�.3A2?�@6;A2?6;4�3<?�AD<�5<B?@�.A����
I���.;1��0��A52�:60?<@A?B0AB?2�.3A2?�@6;A2?6;4�3<?
AD<�5<B?@�.A����
I����B?6;4�A52�@6;A2?6;4�=?<02@@��A52�4?.6;@�3B@2��3<?:6;4�.�12;@2�.;1�@A?<;4�:.A2?6.9�

��� �FQ�FGFE=L9DDA;�AFGJ?9FA;
KGDA<�L@9L�AK�KLJGF?�=F=GM?@�LG
:=�MK=<�AF�KLJM;LMJ9D
9HHDA;9LAGFK�

��� ��HJG;=KK�L@9L�>MK=K�L@=�?J9AFK
G>�9�;=J9EA;�AFLG�9�<=FK=

KLJGF?�E9L=JA9D��.AFL=JAF?�AK
MK=<�LG�HJG<M;=�@A?@�KLJ=F?L@
;=J9EA;K�

�@9HL=J����.GDA<K

������GFL=EHGJ9JQ�)9L=JA9DK ����



Note the Pattern

�=J9EA;K�9J=�@9J<
�DA?@LO=A?@L
�9F<�9:D=�LG�OAL@KL9F<�@A?@�L=EH=J9LMJ=K
�:ML
L@=Q�9J=�9DKG�:JALLD=�

+F=�G>�L@=�EGKL�OA<=DQ�MK=<�J9O�E9L=JA9DK�>GJ�E9CAF?�;=J9EA;K�AK�;D9Q���D9Q
EAF=J9DK�;GFKAKL�G>�@Q<J9L=<�9DMEAF9���D� +� ��9F<�KADA;9��.A+� ��L@9L�@9N=�9�:JG9<

J9F?=�G>�AEHMJALA=K
�AF;DM<AF?�:9JAME
�;9D;AME
�KG<AME
�HGL9KKAME
�9F<�AJGF�
�DL@GM?@�L@=�KLJM;LMJ=K�G>�;D9Q�EAF=J9DK�9J=�;GEHDA;9L=<
�L@=Q�9DD�;GFL9AF�D9Q=JK�G>
E=L9D�9LGEK�DAFC=<�:Q�GPQ?=F�9LGEK��29L=J�EGD=;MD=K�>AL�:=LO==F�L@=�D9Q=JK�LG
>GJE�9�L@AF�>ADE�G>�O9L=J��2@=F�@Q<J9L=<
�;D9QK�;9F�:=�=9KADQ�EGD<=<
�:ML�<MJAF?
@A?@�L=EH=J9LMJ=�@=9L�LJ=9LE=FL
�;9DD=<36?6;4
�9�<=FK=�9F<�KLJGF?�;=J9EA;�AK
HJG<M;=<�

�=;9MK=�;=J9EA;K�9J=�KG�@9J<
�L@=Q�9J=�=9KADQ�;GFL9EAF9L=<�:Q�L@=�E9L=JA9D�MK=<�LG
?JAF<�L@=E��%F�>9;L
�L@=�;=J9EA;�G>L=F�?JAF<K�L@=�E=L9D�KMJ>9;=�G>�L@=�EADD�9DEGKL�9K
>9KL�9K�L@=�EADD�?JAF<K�L@=�;=J9EA;��/@=sol-gel process�� O9K�<=N=DGH=<�LG�9<<J=KK
L@AK�HJG:D=E��%F�L@AK�HJG;=KK
�9�O9L=J�KGDM:D=�HJ=;MJKGJ�KH=;A=K
�MKM9DDQ�9�E=L9D�GJ
K=EAE=L9D�9DCGPA<=�6)�+-�; 7�MF<=J?G=K�9�@Q<JGDQKAK�J=9;LAGF�LG�>GJE�9�;DGM<Q

9IM=GMK�<AKH=JKAGF�;9DD=<�9@<9��/@=�KGD�;GFL9AFK�H9JLA;D=K�G>�L@=�E=L9D�GJ�K=EAE=L9D
@Q<JGPA<=�6)�+$�; 7
�O@A;@�9J=�LQHA;9DDQ��]����FE�AF�<A9E=L=J���K�L@=�J=9;LAGF

HJG;==<K
�EGD=;MD=K�G>�O9L=J�9J=�=DAEAF9L=<�>JGE�:=LO==F�L@=�)�+$�; MFALK�AF�9

;GF<=FK9LAGF�J=9;LAGF
�9F<�L@=�H9JLA;D=K�>MK=�LG?=L@=J
�HJG<M;AF?�GPA<=�:JA<?=K

)]+])��!N=FLM9DDQ
�L@=�H9JLA;D=K�:=;GE=�DAFC=<�AF�9�L@J==�<AE=FKAGF9D�F=LOGJC
L@9L�;9MK=K�L@=�KGDMLAGF�LG�>GJE�9429
�KAEAD9J�LG�9�?=D9LAF�<=KK=JL��$=9LAF?�L@=�?=D�LG
���X�]���X��;9MK=K�EGJ=�O9L=J�LG�:=�=DAEAF9L=<
�L@MK�>GJEAF?�KE9DD�H9JLA;D=K�G>
E=L9D�GPA<=�L@9L�;9F�:=�9E9RAF?DQ�MFA>GJE�AF�KAR=��/@AK�;@=EAKLJQ�KL9JLK�OAL@
@A?@DQ�HMJ=�.A�D� 9F<�HJG;==<K�NA9�L@=�>GDDGOAF?�J=9;LAGFK�

�>B.A6<;�����

�>B.A6<;�����

�4�J�$�M�� �	�T�
�� ���$�)�� �$�)�� �0�)�	�M�
�� ���/�) �� �	�H�
�í �4�J�	�0�$�)�� �$�)�� �
�� �	�T�
�� ���/�) �� �$�M�	�T�

�B�M�L�P�Y�J�E�F�G�P�S�N�B�U�J�P�O

�4�J�	�0�$�)�� �$�)�� �
�� �	�T�
�� ���) �� �0�	�M�
�í �	�z�‚ �
�� �4�J�1 �0�)�	�T�
 �� ���$�)�� �$�)�� �0�)�	�B�R�

�I�Z�E�S�P�Z�M�Z�T�J�T�P�G�U�I�F�B�M�L�P�Y�J�E�F�	�T�P�M�


��� ��HJG;=KK�MK=<�LG�E9FM>9;LMJ=
;=J9EA;K�:Q�HJG<M;AF?�>AF=
HGO<=JK�G>�;=J9EA;�GPA<=K�OAL@
MFA>GJEDQ�KAR=<�H9JLA;D=K�

�@9HL=J����.GDA<K

������GFL=EHGJ9JQ�)9L=JA9DK ����



�>B.A6<;�����

*9LMJ=�MK=K�L@=�K9E=�HJG;=KK�LG�;J=9L=�GH9D�?=EKLGF=K�

Superalloys

Superalloys�� 9J=�@A?@�KLJ=F?L@�9DDGQK
�G>L=F�OAL@�9�;GEHD=P�;GEHGKALAGF
�L@9L�9J=
MK=<�AF�KQKL=EK�J=IMAJAF?�E=;@9FA;9D�KLJ=F?L@
�@A?@�KMJ>9;=�KL9:ADALQ��EAFAE9D
>D9CAF?�GJ�HALLAF?�
�9F<�J=KAKL9F;=�LG�@A?@�L=EH=J9LMJ=K��/@=�9=JGKH9;=�AF<MKLJQ
�>GJ
=P9EHD=
�J=IMAJ=K�E9L=JA9DK�L@9L�@9N=�@A?@�KLJ=F?L@�LG�O=A?@L�J9LAGK�LG�AEHJGN=
L@=�>M=D�=>>A;A=F;Q�G>�9<N9F;=<�HJGHMDKAGF�KQKL=EK
�9F<�L@=K=�KQKL=EK�EMKL�GH=J9L=
K9>=DQ�9L�L=EH=J9LMJ=K�?J=9L=J�L@9F�����X��

Note the Pattern

.MH=J9DDGQK�9J=�MK=<�AF�KQKL=EK�J=IMAJAF?�E=;@9FA;9D�KLJ=F?L@
�EAFAE9D�>D9CAF?
GJ�HALLAF?
�9F<�@A?@�L=EH=J9LMJ=�J=KAKL9F;=�

�DL@GM?@�EGKL�KMH=J9DDGQK�9J=�:9K=<�GF�FA;C=D
�;G:9DL
�GJ�AJGF
�GL@=J�E=L9DK�9J=
MK=<�9K�O=DD��,MJ=�FA;C=D�GJ�;G:9DL�AK�J=D9LAN=DQ�=9KADQ�GPA<AR=<
�:ML�9<<AF?�KE9DD
9EGMFLK�G>�GL@=J�E=L9DK���D
��G
��J
�)G
�*:
�/A
�9F<�2��J=KMDLK�AF�9F�9DDGQ�L@9L�@9K
KMH=JAGJ�HJGH=JLA=K���GFK=IM=FLDQ
�EGKL�G>�L@=�AFL=JF9D�H9JLK�G>�EG<=JF�?9K�LMJ:AF=
B=L�=F?AF=K�9J=�FGO�E9<=�G>�KMH=J9DDGQK�:9K=<�GF�=AL@=J�FA;C=D��MK=<�AF�:D9<=K�9F<
<AKCK��GJ�;G:9DL��MK=<�AF�N9F=K
�;GE:MKLAGF�;@9E:=J�DAF=JK
�9F<�9>L=J:MJF=JK���/@=
;G:9DL�:9K=<�KMH=J9DDGQK�9J=�FGL�9K�KLJGF?�9K�L@=�FA;C=D�:9K=<�GF=K
�:ML�L@=Q�@9N=
=P;=DD=FL�;GJJGKAGF�J=KAKL9F;=�9L�@A?@�L=EH=J9LMJ=K�

+L@=J�9DDGQK
�KM;@�9K�9DMEAFME]DAL@AME�9F<�9DDGQK�:9K=<�GF�LAL9FAME
�9DKG�@9N=
9HHDA;9LAGFK�AF�L@=�9=JGKH9;=�AF<MKLJQ���=;9MK=�9DMEAFME]DAL@AME�9DDGQK�9J=
DA?@L=J
�KLA>>=J
�9F<�EGJ=�J=KAKL9FL�LG�>9LA?M=�9L�@A?@�L=EH=J9LMJ=K�L@9F�9DMEAFME
ALK=D>
�L@=Q�9J=�MK=<�AF�=F?AF=�H9JLK�9F<�AF�L@=�E=L9D�_KCAFK`�L@9L�;GN=J�OAF?K�9F<
:G<A=K��/AL9FAMEaK�@A?@�KLJ=F?L@
�;GJJGKAGF�J=KAKL9F;=
�9F<�DA?@LO=A?@L�HJGH=JLA=K
9J=�=IM9DDQ�<=KAJ9:D=�>GJ�9HHDA;9LAGFK�O@=J=�EAFAEARAF?�O=A?@L�AK�AEHGJL9FL��9K�AF
9AJHD9F=K���0F>GJLMF9L=DQ
�@GO=N=J
�E=L9DDA;�LAL9FAME�J=9;LK�J9HA<DQ�OAL@�9AJ�9L�@A?@
L=EH=J9LMJ=K�LG�>GJE�/A*�9F<�/A+� ��/@=�O=D<AF?�G>�LAL9FAME�GJ�9FQ�KAEAD9J

�	�)�0�
�� �4�J�1 �0�)�	�T�
�� �O�)�0 �1 �4�J�	�0�)�
�� �	�T�
�í �	�z�‚ �
�� �4�J( �1�0 �1 �4�J�	�0�)�
�� ) �O�	�T�
�� �O�) �� �0�	�M�

�D�P�O�E�F�O�T�B�U�J�P�O

��� ��@A?@�KLJ=F?L@�9DDGQ�:9K=<�GF
;G:9DL
�FA;C=D
�9F<�AJGF
�G>L=F
G>�;GEHD=P�;GEHGKALAGF
�L@9L�AK
MK=<�AF�9HHDA;9LAGFK�L@9L
J=IMAJ=�E=;@9FA;9D�KLJ=F?L@

@A?@�KMJ>9;=�KL9:ADALQ
�9F<
J=KAKL9F;=�LG�@A?@
L=EH=J9LMJ=K�

�@9HL=J����.GDA<K

������GFL=EHGJ9JQ�)9L=JA9DK ����



HJG;=KK=K�EMKL�L@=J=>GJ=�:=�;9JJA=<�GML�AF�9F�9J?GF�GJ�AF=JL�?9K�9LEGKH@=J=
�O@A;@
9<<K�KA?FA>A;9FLDQ�LG�L@=�;GKL��%FALA9DDQ
�LAL9FAME�9F<�ALK�9DDGQK�O=J=�HJAE9JADQ�MK=<
AF�EADAL9JQ�9HHDA;9LAGFK
�:ML�EGJ=�J=;=FLDQ
�L@=Q�@9N=�:==F�MK=<�9K�;GEHGF=FLK�G>
L@=�9AJ>J9E=K�G>�;GEE=J;A9D�HD9F=K
�AF�K@AH�KLJM;LMJ=K
�9F<�AF�:AGDG?A;9D�AEHD9FLK�

Composite Materials

Composite materials �� @9N=�9L�D=9KL�LOG�<AKLAF;L�;GEHGF=FLK��L@=�E9LJAP��O@A;@
;GFKLALML=K�L@=�:MDC�G>�L@=�E9L=JA9D��9F<�>A:=JK�GJ�?J9FMD=K�L@9L�9J=�=E:=<<=<
OAL@AF�L@=�E9LJAP�9F<�DAEAL�L@=�?JGOL@�G>�;J9;CK�:Q�HAFFAF?�<=>=;LK�AF�L@=�:MDC
E9L=JA9D��"A?MJ=��������.GE=�,GKKA:D=��JJ9F?=E=FLK�G>�"A:=JK�AF�"A:=J�-=AF>GJ;=<
�GEHGKAL=�)9L=JA9DK����/@=�J=KMDLAF?�E9L=JA9D�AK�KLJGF?=J
�LGM?@=J
�KLA>>=J
�9F<�EGJ=
J=KAKL9FL�LG�;GJJGKAGF�L@9F�=AL@=J�;GEHGF=FL�9DGF=���GEHGKAL=K�9J=�L@MK�L@=
F9FGE=L=J�K;9D=�=IMAN9D=FL�G>�J=AF>GJ;=<�;GF;J=L=
�AF�O@A;@�KL==D�JG<K�?J=9LDQ
AF;J=9K=�L@=�E=;@9FA;9D�KLJ=F?L@�G>�L@=�;=E=FL�E9LJAP
�9F<�9J=�=PL=FKAN=DQ�MK=<�AF
L@=�9AJ;J9>L�AF<MKLJQ
�9EGF?�GL@=JK��"GJ�=P9EHD=
�L@=��G=AF?�����AK����;GEHGKAL=K
:Q�O=A?@L
�O@=J=9K�L@=�F=ODQ�<=N=DGH=<��G=AF?�����AK�����;GEHGKAL=K�:Q�O=A?@L�
*GL�GFDQ�<G=K�L@=�MK=�G>�;GEHGKAL=�E9L=JA9DK�J=<M;=�L@=�O=A?@L�G>�L@=�9AJ;J9>L
�9F<
L@=J=>GJ=�ALK�>M=D�;GFKMEHLAGF
�:ML�AL�9DKG�9DDGOK�F=O�<=KA?F�;GF;=HLK�:=;9MK=
;GEHGKAL=K�;9F�:=�EGD<=<��)GJ=GN=J
�:Q�MKAF?�;GEHGKAL=K�AF�L@=��G=AF?����
EMDLAHD=�>MF;LAGFK�;9F�:=�AFL=?J9L=<�AFLG�9�KAF?D=�KQKL=E
�KM;@�9K�9;GMKLA;�<9EHAF?

L@=JE9D�J=?MD9LAGF
�9F<�L@=�=D=;LJA;9D�KQKL=E�

/@J==�<AKLAF;L�LQH=K�G>�;GEHGKAL=�E9L=JA9D�9J=�?=F=J9DDQ�J=;G?FAR=<
�<AKLAF?MAK@=<
:Q�L@=�F9LMJ=�G>�L@=�E9LJAP��/@=K=�9J=�HGDQE=J�E9LJAP�;GEHGKAL=K
�E=L9D�E9LJAP
;GEHGKAL=K
�9F<�;=J9EA;�E9LJAP�;GEHGKAL=K�

��� ��E9L=JA9D�L@9L�;GFKAKLK�G>�9L
D=9KL�LOG�<AKLAF;L�H@9K=K��L@=
E9LJAP��O@A;@�;GFKLALML=K�L@=
:MDC�G>�L@=�E9L=JA9D��9F<�>A:=JK
GJ�?J9FMD=K�L@9L�9J=�=E:=<<=<
OAL@AF�L@=�E9LJAP�

�@9HL=J����.GDA<K

������GFL=EHGJ9JQ�)9L=JA9DK ����



�64B?2����
� '<:2�%<@@6/92��??.;42:2;A@�<3��6/2?@�6;��6/2?�&26;3<?021��<:=<@6A2�".A2?6.9@

(52�.??.;42:2;A@�@5<D;�?.;42�3?<:�16@0<;A6;B<B@�.;1�?.;1<:9F�<?62;A21�A<�0<;A6;B<B@�.;1�.964;21��(52�36/2?@
96:6A�A52�4?<DA5�<3�0?.08@�/F�=6;;6;4�12320A@�D6A56;�A52�:.A?6E�

Note the Pattern

�GEHGKAL=K�9J=�KLJGF?=J
�LGM?@=J
�KLA>>=J
�9F<�EGJ=�J=KAKL9FL�LG�;GJJGKAGF�L@9F
L@=AJ�;GEHGF=FLK�9DGF=�

"A:=J?D9KK�AK�9polymer-matrix composite �� L@9L�;GFKAKLK�G>�?D9KK�>A:=JK�=E:=<<=<
AF�9�HGDQE=J
�>GJEAF?�L9H=K�L@9L�9J=�L@=F�9JJ9F?=<�AF�D9Q=JK�AEHJ=?F9L=<�OAL@
=HGPQ��/@=�J=KMDL�AK�9�KLJGF?
�KLA>>
�DA?@LO=A?@L�E9L=JA9D�L@9L�AK�J=KAKL9FL�LG�;@=EA;9D
<=?J9<9LAGF��%L�AK�FGL�KLJGF?�=FGM?@
�@GO=N=J
�LG�J=KAKL�;J9;CAF?�GJ�HMF;LMJAF?�GF
AEH9;L��.LJGF?=J
�KLA>>=J�HGDQE=J�E9LJAP�;GEHGKAL=K�;GFL9AF�>A:=JK�G>�;9J:GF
�?J9H@AL=�
�:GJGF
�GJ�HGDQ9EA<=K�KM;@�9K�'=ND9J��$A?@�L=;@�L=FFAK�J9;C=LK�9F<�?GD>
;DM:K�9K�O=DD�9K�L@=�KCAFK�G>�EG<=JF�EADAL9JQ�9AJ;J9>L�KM;@�9K�L@=�_KL=9DL@`�"�����

��� ��;GEHGKALA=�L@9L�;GFKAKLK�G>
J=AF>GJ;AF?�>A:=JK�=E:=<<=<�AF
9�HGDQE=J�E9LJAP�

�@9HL=J����.GDA<K

������GFL=EHGJ9JQ�)9L=JA9DK ����



>A?@L=JK�9F<�����:GE:=JK�9J=�E9<=�>JGE�:GL@�;9J:GF�>A:=J]=HGPQ�9F<�:GJGF
>A:=J]=HGPQ�;GEHGKAL=K���GEH9J=<�OAL@�E=L9DK
�L@=K=�E9L=JA9DK�9J=����]���
DA?@L=J�9F<�L@MK�J=<M;=�GH=J9LAF?�;GKLK��.AEAD9JDQ
�L@=�KH9;=�K@MLLD=�H9QDG9<�:9Q
<GGJK�9F<�H9F=DK�9J=�E9<=�G>�9�;9J:GF�>A:=J]=HGPQ�;GEHGKAL=��/@=�KLJM;LMJ=�G>�L@=
�G=AF?�����@9K�:==F�<=K;JA:=<�9K�=KK=FLA9DDQ�GF=�?A9FL�E9;JGEGD=;MD=
�O@=J=
=N=JQL@AF?�AK�>9KL=F=<�L@JGM?@�;JGKK�DAFC=<�;@=EA;9D�:GF<K�J=AF>GJ;=<�OAL@�;9J:GF
>A:=J�

Metal-matrix composites �� ;GFKAKL�G>�E=L9DK�GJ�E=L9D�9DDGQK�J=AF>GJ;=<�OAL@�>A:=JK�
/@=Q�G>>=J�KA?FA>A;9FL�9<N9FL9?=K�>GJ�@A?@�L=EH=J9LMJ=�9HHDA;9LAGFK�:ML�HGK=�E9BGJ
E9FM>9;LMJAF?�;@9DD=F?=K��"GJ�=P9EHD=
�G:L9AFAF?�9�MFA>GJE�<AKLJA:MLAGF�9F<
9DA?FE=FL�G>�L@=�J=AF>GJ;AF?�>A:=JK�;9F�:=�<A>>A;MDL
�9F<�:=;9MK=�GJ?9FA;�HGDQE=JK
;9FFGL�KMJNAN=�L@=�@A?@�L=EH=J9LMJ=K�G>�EGDL=F�E=L9DK
�GFDQ�>A:=JK�;GEHGK=<�G>
:GJGF
�;9J:GF
�GJ�;=J9EA;��KM;@�9K�KADA;GF�;9J:A<=��;9F�:=�MK=<���DMEAFME�9DDGQK
J=AF>GJ;=<�OAL@�:GJGF�>A:=JK�9J=�MK=<�AF�L@=�9=JGKH9;=�AF<MKLJQ
�O@=J=�L@=AJ
KLJ=F?L@�9F<�DA?@LO=A?@L�HJGH=JLA=K�E9C=�MH�>GJ�L@=AJ�J=D9LAN=DQ�@A?@�;GKL��/@=
KCAFK�G>�@QH=JKGFA;�9AJ;J9>L�9F<�KLJM;LMJ9D�MFALK�AF�L@=�KH9;=�K@MLLD=�9J=�E9<=�G>
E=L9D�E9LJAP�;GEHGKAL=K�

Ceramic-matrix composites �� ;GFL9AF�;=J9EA;�>A:=JK�AF�9�;=J9EA;�E9LJAP�E9L=JA9D�
��LQHA;9D�=P9EHD=�AK�9DMEAF9�J=AF>GJ;=<�OAL@�KADA;GF�;9J:A<=�>A:=JK���GE:AFAF?�L@=
LOG�N=JQ�@A?@�E=DLAF?�HGAFL�E9L=JA9DK�J=KMDLK�AF�9�;GEHGKAL=�L@9L�@9K�=P;=DD=FL
L@=JE9D�KL9:ADALQ
�?J=9L�KLJ=F?L@
�9F<�;GJJGKAGF�J=KAKL9F;=
�O@AD=�L@=�.A��>A:=JK
J=<M;=�:JALLD=F=KK�9F<�;J9;CAF?���GFK=IM=FLDQ
�L@=K=�E9L=JA9DK�9J=�MK=<�AF�N=JQ
@A?@�L=EH=J9LMJ=�9HHDA;9LAGFK
�KM;@�9K�L@=�D=9<AF?�=<?=�G>�OAF?K�G>�@QH=JKGFA;
9AJHD9F=K�9F<�B=L�=F?AF=�H9JLK��/@=Q�9J=�9DKG�MK=<�AF�L@=�HJGL=;LAN=�;=J9EA;�LAD=K�GF
L@=�KH9;=�K@MLLD=
�O@A;@�;GFL9AF�K@GJL�>A:=JK�G>�HMJ=�.A+� EAP=<�OAL@�>A:=JK�G>�9F

9DMEAFME]:GJGF]KADA;9L=�;=J9EA;��/@=K=�LAD=K�9J=�=P;=DD=FL�L@=JE9D�AFKMD9LGJK�9F<
=PLJ=E=DQ�DA?@L��L@=AJ�<=FKALQ�AK�GFDQ�9:GML�����?
;E� ����DL@GM?@�L@=AJ�KMJ>9;=
J=9;@=K�9�L=EH=J9LMJ=�G>�9:GML�����X��<MJAF?�J==FLJQ�AFLG�!9JL@aK�9LEGKH@=J=
�L@=
L=EH=J9LMJ=�G>�L@=�MF<=JDQAF?�9DMEAFME�9DDGQ�KCAF�KL9QK�:=DGO����X��

��� ��;GEHGKAL=�L@9L�;GFKAKLK�G>
J=AF>GJ;AF?�>A:=JK�=E:=<<=<�AF
9�E=L9D�GJ�9�E=L9D�9DDGQ�E9LJAP�

��� ��;GEHGKAL=�;GFKAKLAF?�G>
J=AF>GJ;AF?�>A:=JK�=E:=<<=<�AF
9�;=J9EA;�E9LJAP�

�@9HL=J����.GDA<K

������GFL=EHGJ9JQ�)9L=JA9DK ����



EXAMPLE 11

�F�=F?AF==J�AK�L9KC=<�OAL@�<=KA?FAF?�9�B=L�KCA�@MDD��2@9L�E9L=JA9D�AK�EGKL
KMAL=<�LG�L@AK�9HHDA;9LAGF��2@Q�

Given: <=KA?F�G:B=;LAN=

Asked for: EGKL�KMAL9:D=�E9L=JA9D

Strategy:

 =L=JEAF=�MF<=J�O@9L�;GF<ALAGFK�L@=�<=KA?F�OADD�:=�MK=<��/@=F�<=;A<=�O@9L
LQH=�G>�E9L=JA9D�AK�EGKL�9HHJGHJA9L=�

Solution:

��B=L�KCA�@MDD�EMKL�:=�DA?@LO=A?@L�LG�E9PAEAR=�KH==<�9F<�>M=D�=>>A;A=F;Q�
�=;9MK=�G>�ALK�MK=�AF�9�E9JAF=�=FNAJGFE=FL
�AL�EMKL�9DKG�:=�J=KAKL9FL�LG
AEH9;L�9F<�;GJJGKAGF����;=J9EA;�E9L=JA9D�HJGNA<=K�JA?A<ALQ�:ML�AK�:JALLD=�9F<
L@=J=>GJ=�L=F<K�LG�:J=9C�GJ�;J9;C�MF<=J�KLJ=KK
�KM;@�9K�O@=F�AL�AEH9;LK
O9N=K�9L�@A?@�KH==<K��.MH=J9DDGQK�HJGNA<=�KLJ=F?L@�9F<�KL9:ADALQ
�:ML�9
KMH=J9DDGQ�AK�HJG:9:DQ�LGG�@=9NQ�>GJ�L@AK�9HHDA;9LAGF�� =H=F<AF?�GF�L@=
K=D=;LAGF�G>�E=L9DK
�AL�EA?@L�FGL�:=�J=KAKL9FL�LG�;GJJGKAGF�AF�9�E9JAF=
=FNAJGFE=FL�=AL@=J���GEHGKAL=�E9L=JA9DK
�@GO=N=J
�HJGNA<=�KLJ=F?L@

KLA>>F=KK
�9F<�;GJJGKAGF�J=KAKL9F;=��L@=Q�9J=�9DKG�DA?@LO=A?@L�E9L=JA9DK��/@AK
AK�FGL�9�@A?@�L=EH=J9LMJ=�9HHDA;9LAGF
�KG�O=�<G�FGL�F==<�9�E=L9D�E9LJAP
;GEHGKAL=�GJ�9�;=J9EA;�E9LJAP�;GEHGKAL=��/@=�:=KL�;@GA;=�G>�E9L=JA9D�AK�9
HGDQE=J�E9LJAP�;GEHGKAL=�OAL@�'=ND9J�>A:=JK�LG�AF;J=9K=�L@=�KLJ=F?L@�G>�L@=
;GEHGKAL=�GF�AEH9;L�

!P=J;AK=

%F�<=KA?FAF?�9�F=O�?=F=J9LAGF�G>�KH9;=�K@MLLD=
�*9LAGF9D��=JGF9MLA;K�9F<
.H9;=��<EAFAKLJ9LAGF��*�.���=F?AF==JK�9J=�;GFKA<=JAF?�L@=JE9D�HJGL=;LAGF
<=NA;=K�LG�HJGL=;L�L@=�KCAF�G>�L@=�;J9>L���EGF?�L@=�E9L=JA9DK�:=AF?
;GFKA<=J=<�9J=�LAL9FAME��GJ�FA;C=D�:9K=<�9DDGQK�9F<�KADA;GF�;9J:A<=�;=J9EA;
J=AF>GJ;=<�OAL@�;9J:GF�>A:=JK��2@Q�9J=�L@=K=�E9L=JA9DK�KMAL9:D=�>GJ�L@AK
9HHDA;9LAGF�

Answer: /A��GJ�*A�:9K=<�9DDGQK�@9N=�9�@A?@�KLJ=F?L@�LG�O=A?@L�J9LAG
�J=KAKL
;GJJGKAGF
�9F<�9J=�K9>=�9L�@A?@�L=EH=J9LMJ=K��-=AF>GJ;=<�;=J9EA;�AK

�@9HL=J����.GDA<K

������GFL=EHGJ9JQ�)9L=JA9DK ����



DA?@LO=A?@L��@9K�@A?@�L@=JE9D�9F<�GPA<9LAN=�KL9:ADALQ��9F<�AK�;@=EA;9DDQ
AF=JL
�LGM?@
�9F<�AEH9;L�J=KAKL9FL�

Summary

Ceramics9J=�FGFE=L9DDA;
�AFGJ?9FA;�KGDA<K�L@9L�9J=�LQHA;9DDQ�KLJGF?��L@=Q�@9N=
@A?@�E=DLAF?�HGAFLK�:ML�9J=�:JALLD=��/@=�LOG�E9BGJ�;D9KK=K�G>�EG<=JF�;=J9EA;K
9J=�;=J9EA;�GPA<=K�9F<�FGFGPA<=�;=J9EA;K
�O@A;@�9J=�;GEHGK=<�G>�FGFE=L9D
;9J:A<=K�GJ�FALJA<=K��/@=�HJG<M;LAGF�G>�;=J9EA;K�?=F=J9DDQ�AFNGDN=K�HJ=KKAF?�9
HGO<=J�G>�L@=�E9L=JA9D�AFLG�L@=�<=KAJ=<�K@9H=�9F<�KAFL=JAF?�9L�9�L=EH=J9LMJ=
BMKL�:=DGO�ALK�E=DLAF?�HGAFL��/@=�F=;=KK9JQ�>AF=�HGO<=JK�G>�;=J9EA;�GPA<=K�OAL@
MFA>GJEDQ�KAR=<�H9JLA;D=K�;9F�:=�HJG<M;=<�:Q�L@=sol-gel process� Superalloys
9J=�F=O�E=L9D�H@9K=K�:9K=<�GF�;G:9DL
�FA;C=D
�GJ�AJGF�L@9L�=P@A:AL�MFMKM9DDQ
@A?@�L=EH=J9LMJ=�KL9:ADALQ�9F<�J=KAKL9F;=�LG�GPA<9LAGF�Composite materials
;GFKAKL�G>�9L�D=9KL�LOG�H@9K=K��9�E9LJAP�L@9L�;GFKLALML=K�L@=�:MDC�G>�L@=�E9L=JA9D
9F<�>A:=JK�GJ�?J9FMD=K�L@9L�9;L�9K�9�J=AF>GJ;=E=FL�Polymer-matrix
composites @9N=�J=AF>GJ;AF?�>A:=JK�=E:=<<=<�AF�9�HGDQE=J�E9LJAP�Metal-
matrix composites @9N=�9�E=L9D�E9LJAP�9F<�>A:=JK�G>�:GJGF
�?J9H@AL=
�GJ
;=J9EA;�Ceramic-matrix composites MK=�J=AF>GJ;AF?�>A:=JK
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