N\
N =
Mg = \Mﬁ‘ B
s s

Porous
Materials

Processing and Applications

HE - MNA - RIE

[f1]P.S.Liu [#]G.F.Chen

AERF AR




Porous
Materials

Processing and Applications

_%’EE, :

f I""

AERFHR AL
it =



REEN

LM R IRF RWEN 2R, A RAETh RS — A 4b 77 TH R 7n AR 5 Y
GatiRt. APRENA T RIS, H%. NAMREFERMRLZEFER
FARRBF RS . 21355 10 3. 7258 1 XL AMBME TRAM MR, 52 52
B8 EKIKRIAT ZILER. TR, WKEE = KEL FLAEH & Fh il & I B A
FHE, %9 FNE 10 EAHM AL MK EAS BRI, SELRERN
HAYEYERE. AT MR SURRIRBIA R . TEEARARSE, WalfEh %R
FORIRRMICEE 3. fese. A9, B UL 1hE. 8RS M.

WRALERE, BT, RIEERBIE: 010-62782989 13701121933

EHErL%R B (CIP) 8

LML Hl% « N + RIE=Porous materials: processing and applications: & 3/
g, BREE. - -duat: EERFEL AL, 2014
ISBN 978-7-302-38364-2

1. Q% 1. Qxl @OF- I OE£AEME -2 V. OTB39
o E A 0 CIP % (2014) 3F 247259 5

BRfEdmiE: W N
MR MRE
RIEEPH): vk 5%

AR & ERRF R

[z it http:// www.tup.com.cn; http://www.wgbook.com

M db: JERUEERFAUERE AR BB 4R 100084

# 2 #l: 010-62770175 w8 W: 010- 62786544
BE5IRERS: 010562776969, c-service@tup.tsinghua.edu.cn
JRERI%: 010-62772015, zhiliang@tup.tsinghua.edu.cn

=T S ED 45 AR A

2 EEFEEE

160mm X 227mm ED 3k 36

20144E 11 A 1R BN MR: 20144 11 A5 1 IREVAI
198.00 JG

a0

R CH R D
ORE Pk v

-4
Eo
2
Jin

: 050596-01



ABOUT THE AUTHORS

Dr. P. S. Liu is professor at the College of Nuclear Science and Technology,
Beijing Normal University (BNU), Beijing, China. He graduated from the
Chinese Academy of Science in 1998 and received his Ph.D. in materials
science and engineering. He has served as the committeeman of the aca-
demic committee of the Key Laboratory of Beam Technology and Material
Modification of Ministry of Education of China. Additionally, he was the
first director of the Material Physics division and then the vice director of
the Nuclear Physics Research Institute at BNU from 2004 to 2008. Inves-
tigating porous materials and high-temperature coatings for many years, he
has published extensively in the area of materials science and engineering as
the lead author, including about 60 SCI papers, more than 50 EI articles, and
six academic books. In addition, he has authorized nine Chinese invention
patents as the principal originator.

Dr. G. F. Chen, Ph.D. from the Institute of Metal Research, Chinese
Academy of Sciences; Alexander von Humboldt Fellow in the Max-
Planck-Institute for Metals Research in Stuttgart; research scientist at the
National Physical Laboratory in London; research specialist at Cleveland
State University in Cleveland, Ohio, professor at the Northwestern
Polytechnical University in Xi’an, China, and now an expert in corporate
technology at Siemens Ltd., China, in Beijing. He has more than 20 years
of experience in materials research and development, particularly with
energy materials.



R, 7R SE BEPDRIE Ui M) : www. ertongbook. com



PREFACE

Porous materials are a class of functional-structural materials with the opti-
mal index of physical and mechanical properties, thanks to their porous
structure. This book systematically introduces the basic concept behind
these materials, as well as their major types, characteristics, applications,
and main parameters. In addition, it presents various methods that can be
used to process porous metals, porous ceramics, and polymer foams (foamed
plastics) in accordance with their respective categories.

The concept of porous materials has been known for a number of years,
but its radiation is far less successful than that of other materials. By the end of
the 20th century, studies on porous materials have made a number of impor-
tant discoveries. Based on this background, we spent a good deal of time and
energy on collecting relevant literatures, combining with our own accumu-
lated work experience, to write the Chinese version of the book, Introduction
to Porous Materials, published in 2004 by Tsinghua University Press. This
book focuses on production methods and applications of porous materials,
considering that a classic work about porous materials, Cellular Solids: Struc-
ture and Properties,” by L. J. Gibson and M. F. Ashby, has made a great
contribution to expounding the structure and properties of porous solids.
This is aimed at providing more information to scientific researchers and
engineering or technical personnel who interact with porous materials
(including the present authors themselves, of course). The formation and
the publication of Introduction to Porous Materials were quite hasty at that
time, with some immature viewpoints. In addition, at that time, there were
only a few researchers in China studying porous materials. However, the
results of our previous effort (including its reception) far exceeded our
expectations, and that development further encouraged our future work.
In turn, the publication of this book may play a part in promoting the devel-
opment in China of the porous material field, as well as research in relevant
or potential relevant fields. Because we have seen that research into porous
materials has been growing rapidly in recent years in China, and the number
of the scientific research institutes, universities, and companies involved in
this area also have increased rapidly.

In order not to let down the readers, the publisher and the author jointly
determined to revise the original book for a second edition, published in

Xi



Xii Preface

Chinese, to better meet the needs of the wider readership. In the second
edition published in 2012, we corrected some errors and inappropriate con-
tent that appeared in the first edition, and we added relevant new content
reflecting the research progress made over the previous decade. In addition,
we readjusted the layout of the book to give it a scientific and reasonable
arrangement; in particular, we devoted a lot of time to revising chapters
2, 3, and 4.

Learning of Elsevier’s interest in the topic of this book and considering
the international demand for it, we comprehensively rewrote and rearranged
the book again for a third edition. In so doing, we expanded on the relevant
contents with an emphasis on supplementing the information about the
processing, applications, and characterization of porous materials.

In the process of writing this book, we referred to the relevant papers and
works published in the last 40 years, and especially those from the last
20 years, and made good use of them. Here, we would like to express
our heartfelt thanks to all the authors of these documents. However, we
should note that due to space and time limitations, we had to leave out a
good many worthy books, papers, and articles, and we regret this deeply.
Certainly, we also should acknowledge the assistance of many of our col-
leagues in the field of porous materials, and our friends that have helped
and supported us greatly. In the process of writing and publishing this book,
P. Liu provided excellent assistance, and C. Y. Yang and Y. ]J. Guo worked
hard to collate the references and draw the figures for this book. The com-
bined effort of all these fine people have allowed this project to reach a suc-
cessful conclusion.

P.S. Liu, G.F. Chen
October 2013
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CHAPTER ONE

General Introduction to Porous
Materials

Porous materials widely exist around us and play a role in many aspects of
our daily lives; among the fields they can be found in are energy manage-
ment, vibration suppression, heat insulation, sound absorption, and fluid fil-
tration. Highly porous solids have relatively high structural rigidity and low
density of mass, so porous solids often serve as structural bodies in nature,
including in wood and bones [1,2]; but human beings use porous materials
more functionally than structurally, and develop many structural and func-
tional integrative applications that use these materials fully [3,4]. This chap-
ter will introduce the elementary concepts and features of this kind of
material.

1.1 ELEMENTARY CONCEPTS FOR POROUS MATERIALS

Just as their name implies, porous materials contain many pores.
Porous solids are made of a continuously solid phase that forms the basic
porous frame and a fluid phase that forms the pores in the solid. The latter
can consist of gas, when there is a gaseous medium in the pore, or of liquid,
when there is a liquid medium in the pore.

In that case, can all materials with pores be referred to as porous?
Perhaps surprisingly, the answer is “no.” For instance, holes and crannies
that are the result of defects will lower a material’s performance. This result
is not what designers want, and so these materials cannot be termed porous.
So-called porous materials must possess two essential characteristics: one is
that the material contains a lot of pores, and the other is that the pores
are designed specifically to achieve the expectant index of the material’s
performance. Thus, the pore of porous materials may be thought as a func-
tional phase what designers and users hope to come forth within the mate-
rial, and it supplies an optimizing action for the performance of the
material.



2 Porous Materials

1.2 MAIN GROUPS OF POROUS MATERIALS

The number of pores (i.e., porosity) will vary for different porous
materials. Porous materials can be classified as low porosity, middle porosity,
or high porosity based on the number of pores. Generally, porous materials
with low and middle porosity have closed pores (Figure 1.1) which behave
like a phase of impurity. For porous materials with high porosity
(Figures 1.2—-1.4), there are two different cases according to various mor-
phologies of the pore and the continuous solid phase. In the first case, the
continuous solid constructs a two-dimensional array of polygons; the pore
is 1solated in space, taking on polygonal columniations accordingly; and
the cross-sectional shape of the pore is commonly triangle, quadrangle, or
hexagon (Figure 1.2). This structure looks similar to the hexagonal cell of
a honeycomb, and such two-dimensional porous materials are called honey-
comb materials. Porous materials with directional pores [5], which are called
lotus-type porous materials, have a similar structure as honeycomb materials,
but the cross-sectional shape of the pores for these materials is circular or
elliptic, and the pore often cannot run through it, resulting in less uniformity
of distribution and a lower density of the array. In the second case, the con-
tinuous solid presents a three-dimensional reticulated structure (Figure 1.3),
and such porous materials can be termed three-dimensional reticulated foamed

Figure 1.1 Porous composite oxide ceramics, which is a low-porosity material, shown as
a cross-sectional image.



