Springer T+ JIPRS £ Bt hi £ 51

“Francois Cardarelli

Matenals
Handbook

A Concise Desktop Reference
Second Edition

HITP HARBIN IN‘;TITUTE OF TECHNOLO SSSSSSS



HEFHRT

e IIIII I-Iﬁllll Wi b




D) Springer MBS

Materials
Handbook

A Concise Desktop Reference
Francois Cardarelli
2nd Edition

TRF 7
3 IR ke TREE L £k
it bRl B R HERE
¥ SLabhr

HARBIN INSTITUTE OF TECI



B R PR 7 08-2014-0295

Reprint from English language edition:

Materials Handbook A Concise Desktop Reference

by Frangois Cardarelli

Copyright © 2008 Springer London

Springer London is a part of Springer Science+Business Media
All Rights Reserved

This reprint has been authorized by Springer Science & Business Media for distribution in
China Mainland only and not for export therefrom.

EH#EMSE (CIP) #iE

M*ﬂrfm 7, B EEL KR, REEL . AM . _n#JMH MR SRR,
R KEZ . RAAMRE: SE (35) RIEEAIES. —IRRES: PRRTE Tolk K2
Jiit, 2014.4

( Springer DR RS )

ISBN 978-7-5603-4453-9

[ O#--- D.OF- MOMERREHARTFN-%3C V.OTB3-62
rp ] RROAS [ AT CIPEUIEAZ 7 (2013) 552915435

7?7 mﬂ#sm

RIERE B M MR kEAE

HRRE ST MRS Tl s L

HE PEIRIETT G X X AL PUEA 105 Hik%w 150006
B 0451-86414749

HE http://hitpress.hit.edu.cn

B I IRETT A RFEN 55 PR ]

660mm x 980mm 1/16 EN5K 11.75

R 201444 F SRR 20144E4 A 55 1K EN I

S ISBN 978-7-5603-4453-9

fr 58.007C

CUnDR QR o B Rl ma ) 132, FRt Tt )

fldFHISE G R
B




Francois Cardarelli

Materials
Handbook

A Concise Desktop Reference

2nd Edition

@ Springer



Dedication for the First Edition

The Materials Handbook: A Concise Desktop Reference is dedicated to my father, Antonio,
and my mother, Claudine, to my sister, Elsa, and to my spouse Louise Saint-Amour for their
love and support. I want also to express my thanks to my two parents and my uncle Consalvo
Cardarelli, which in close collaboration have provided valuable financial support when I was a
teenager to contribute to my first fully equipped geological and chemical laboratory and to my
personal comprehensive scientific library. This was the starting point of my strong and extensive
interest in both science and technology, and excessive consumption of scientific and technical
literature.

Frangois Cardarelli

Dedication for the Second Edition

The Materials Handbook: A Concise Desktop Reference is dedicated to my father, Antonio,
and my mother, Claudine, to my sister, Elsa, and to my wife Elizabeth I.R. Cardarelli for their
love and support. I want also to express my thanks to my two parents and my uncle Consalvo
Cardarelli, which in close collaboration have provided valuable financial support when I was
a teenager to contribute to my first fully equipped geological and chemical laboratory and to
my personal comprehensive scientific library. This was the starting point of my strong and
extensive interest in both science and technology, and excessive consumption of scientific and
technical literature.

Frangois Cardarelli

Acknowledgements for the First Edition

Mr. Nicholas Pinfield (engineering editor, London), Mr. Jean-Etienne Mittelmann (editor,Paris),
Mrs. Alison Jackson (editorial assistant, London), and Mr. Nicolas Wilson (senior production
controller, London) are gratefully acknowledged for their valued assistance,patience, and
advice.

Acknowledgements for the Second Edition

Mr. Anthony Doyle (senior engineering editor), Mr. Oliver Jackson (associate engineering
editor), and Mr. Nicolas Wilson (editorial coordinator) are gratefully acknowledged for their
valued assistance, patience, and advice.



Units Policy

In this book the only units of measure used for describing physical
quantities and properties of materials are those recommended by
the Systeme International d’Unités (SI). For accurate conversion
factors between these units and the other non-SI units (e.g., cgs, fps,
Imperial, and US customary), please refer to the reference book by
the same author:

Cardarelli, F. (2005) Encyclopaedia of Scientific Units, Weights, and
Measures. Their SI Equivalences and Origins. Springer, London New
York. ISBN 978-1-85233-682-1.

Author Biography

Dr. Frangois Cardarelli (Ph.D.)
Born in Paris (France) February 17, 1966
Canadian citizen

Academic Background

e Ph.D,, chemical engineering (Université Paul Sabatier, Toulouse,
France, 1996)

e Postgraduate degree (DEA) in electrochemistry (Université
Pierre et Marie Curie, Paris, 1992)

e M.Sc. (Maitrise), physical chemistry (Université Pierre et Marie
Curie, Paris, 1991)

e B.Sc. (Licence), physical chemistry (Université Pierre et Marie
Curie, Paris, 1990)

e DEST credits in nuclear sciences and technologies (Conserva-
toire National des Arts et Métiers, Paris, 1988)



« Associate degree (DEUG B) in geophysics and geology (Université Pierre et Marie Curie,
Paris, 1987)
o Baccalaureate C (mathematics, physics, and chemistry) (CNED, Versailles, France, 1985)

Fields of Professional Activity

The author has worked in the following areas (in chronological order) since 1990.

(1)

(2)

(3)

4)

(5)
(6)

(7)

(8)

©)

(10)

Research scientist at the Laboratory of Electrochemistry (Université Pierre & Marie
Curie, Paris, France) for the development of a nuclear detector device for electro-
chemical experiments involving radiolabeled compounds;

research scientist at the Institute of Marine Biogeochemistry (CNRS & Ecole Normale
Supérieure, Paris, France) for the environmental monitoring of heavy-metal pollution
by electroanalytical techniques;

research scientist for the preparation by electrochemistry in molten salts of tantalum
protective thin coatings for the chemical-process industries (sponsored by Electricité
de France);

research scientist for the preparation and characterization of iridium-based industrial
electrodes for oxygen evolution in acidic media at the Laboratory of Electrochemical
Engineering (Université Paul Sabatier, Toulouse, France);

registered consultant in chemical and electrochemical engineering (Toulouse, France);
battery product leader in the technology department of ARGOTECH Productions,
Boucherville (Québec), Canada, in charge of electric-vehicle, stationary, and oil-
drilling applications of lithium polymer batteries;

materials expert and industrial electrochemist in the lithium department of
ARGOTECH Productions, involved in both the metallurgy and processing of lithium
metal anodes and the recycling of spent lithium polymer batteries;

materials expert and industrial electrochemist in the technology department of
AVESTOR, Boucherville (Quebec), Canada, in charge of all strategic raw materials en-
tering into the fabrication of lithium polymer batteries, as well as being in charge of the
recycling process of spent lithium batteries;

principal chemist, materials, in the technology department of R0 TINTO Iron and Tita-
nium, Sorel-Tracy (Québec), Canada working on the electrowinning of titanium metal
from titania-rich slags and on other novel electrochemical processes;

principal electrochemist at Materials and Electrochemical Research (MER) Corp.,
Tuscon (Arizona, USA) working on the electrowinning of titanium metal powder from
composite anodes and other materials related projects.



Introduction

Despite the wide availability of several comprehensive series in
materials sciences and metallurgy, it is difficult to find grouped
properties either on metals and alloys, traditional and advanced
ceramics, refractories, polymers and elastomers, composites, min-
erals and rocks, soils, woods, cement, and building materials in
a single-volume source book.

Actually, the purpose of this practical and concise reference book
is to provide key scientific and technical materials properties and
data to materials scientists, metallurgists, engineers, chemists, and
physicists as well as to professors, technicians, and students work-
ing in a broad range of scientific and technical fields.

The classes of materials described in this handbook are as follows:
@) metals and their alloys;

(ii) semiconductors;

(iii)  superconductors;

(iv)  magnetic materials;

) dielectrics and insulators;

(vi)  miscellaneous electrical materials (e.g., resistors, thermo-
couples, and industrial electrode materials);

(vii)  ceramics, refractories, and glasses;
(viii) polymers and elastomers;

(ix)  minerals, ores, and gemstones;

(x) rocks and meteorites;

(xi)  soils and fertilizers;

(xii) timbers and woods;

(xiii) cement and concrete;

(xiv) building materials;

(xv) fuels, propellants, and explosives;
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(xvi) composites;
(xvii) gases;
(xviii) liquids.

Particular emphasis is placed on the properties of the most common industrial materials
in each class. The physical and chemical properties usually listed for each material are as
follows:

(i) physical (e.g., density, viscosity, surface tension);

(ii)  mechanical (e.g., elastic moduli, Poisson’s ratio, yield and tensile strength, hardness,
fracture toughness);

(iii)  thermal (e.g., melting and boiling point, thermal conductivity, specific heat capacity,
coefficients of thermal expansion, spectral emissivities);

(iv)  electrical (e.g., resistivity, relative permittivity, loss tangent factor);

(v) magnetic (e.g., magnetization, permeability, retentivity, coercivity, Hall constant);

(vi)  optical (e.g., refractive indices, reflective index, dispersion, transmittance);

(vii)  electrochemical (e.g., Nernst standard electrode potential, Tafel slopes, specific cap-
acity, overpotential);

(viii) miscellaneous (e.g., relative abundances, electron work function, thermal neutron
cross section, Richardson constant, activity, corrosion rate, flammability limits).

Finally, detailed appendices provide additional information (e.g., properties of the pure
chemical elements, thermochemical data, crystallographic calculations, radioactivity calcula-
tions, prices of metals, industrial minerals and commodities), and an extensive bibliography
completes this comprehensive guide. The comprehensive index and handy format of the
book enable the reader to locate and extract the relevant information quickly and easily.
Charts and tables are all referenced, and tabs are used to denote the different sections of the
book. It must be emphasized that the information presented here is taken from several sci-
entific and technical sources and has been meticulously checked and every care has been
taken to select the most reliable data.
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Soils and
Fertilizers

14.1 Introduction

The science of soils, also called pedology, considers the soil as a com-
plex ecological entity and not only as an inert geological material
resulting simply from the weathering and alteration of the underly-
ing bedrock. Actually, soil is a complex and evolutive system that
originates from the interaction between the bedrock with other
important factors such as the climate, the vegetation and the animal
activity. During its evolution, called pedogenesis, the soil first forms
a primitive and superficial thin layer of organic matter mixed with
altered rock, later the incorporation of organic matter together with
the lixiviation of some inorganic material yields to a thicker strata
split into different zones with distinct texture, structure and color
called horizons, all the horizons constituting the overall profile of
the soil.

According to Duchaufour, three major horizons develop during
the evolution of a soil. First, primitive soils consist essentially of an
organic layer made of vegetable debris called horizon O (or A) and
an underlying layer of altered rock called horizon C. As time passes,
the intimate mixing of previous materials gives rise to the superficial
horizon A. This dual AC profile is characteristic of poorly evolved
soils or young soils. Later the weathering of minerals from rock
debris leads to the formation of an intermediate horizon denoted
(B). Afterwards, the mass transfer from horizon A brings additional
matter to (B) transforming it into an illuvial horizon B. The time
sequence of the profiles: AC —> A(B)C —> ABC is the common
evolution process of a soil.
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14.2 History

The first soil classification was established in China during the Vao dynasty (2357-2261 BC)
more than four thousand years ago. At that time, soils were grouped into nine classes, based
on their productivity. In ancient times, soil was only considered as a medium for plant
growth. Later, in the Middle Ages, it was well known that manure applied to soils improved
crop growth. For instance, Plaggen cultivation was practiced for a long time in Europe, leav-
ing Plaggen soils Plaggen cultivation involved stripping the topsoil of grassland for use as
litter in stables. After becoming mixed with manure, the material was applied to arable land
to improve crop production. From the 1660s onwards, various members of The Royal Society
of London proposed various soils classification that incorporated elements of a natural or
scientific approach in their criteria such as Boyle (1665) and Lister (1684). In 1840, the Ger-
man chemist Justus von Liebig initiated a revolution in soil science and agriculture. He
proved that plants assimilate mineral nutrients from the soil and proposed the use of min-
eral fertilizers to fortify deficient soils. Crop production was increased tremendously using
mineral fertilizers. Another effect was the shift from extensive to intensive techniques in
agriculture, which influenced soils. In 1853, Thaer published a classification that combined
texture as a primary subdivision with further subdivisions based on agricultural suitability
and productivity. Several classifications based largely on geologic origin of soil material were
also proposed in the 19th century by Fallou (1862), Peters (1885) and Richtofen (1886). From
this period on, the disciplines of agricultural chemistry, geography, and geology provided
a broad but somewhat fragmented background from which pedology emerged as a separate
discipline in the late 19th century more or less independently in Russia by Dokuchaev and
coworkers and in the United States by Hilgard and coworkers. In 1883, Dokuchaev carried
out a comprehensive field study in Russia, where he described the occurrence of different
soils thoroughly using soil morphologic features. Due to his observations in the field he
hypothesized that different environmental conditions result in the development of different
soils. He defined soil as an independent natural evolutionary body formed under the influ-
ence of five factors, of which he considered vegetation and climate the most important.
Dokuchaev is generally credited with formalizing the concept of the five soil forming factors,
which provides a scheme for study of soils as natural phenomena. The soil classification
developed by Dokuchaev and his colleagues Glinka and Neustruyev was based the genetic
aspect of the soil formation. In the United States, Hilgard (1892) emphasized the relationship
between soils and climate, which is known as the climatic zone concept. In 1912, Coffey
produced the first soil classification system for the United States based on the soil genesis
principles of Dokuchaev and Glinka. In 1951, Marbut introduced the concepts of Coffey into
soil survey programs in the U.S. carried out by the United States Department of Agriculture
(USDA). Between 1912 and the 1960 the soil classification in the United States used
a genetic approach. In 1941, Jenny put together a detailed description of the five soil forming
factors responsible for the development of different soils. In 1959, Simonson stressed that
many genetic processes are simultaneously and/or sequentially active in any soil. Hence,
a soil classification based on principles of soil genesis would not be favorable. In 1967,
Duchaufour and co-workers of the CPCS established the Classification Frangaise des Sols.
Later in 1973, the Food and Agriculture Organization (FAO) introduced a simplified version
of the USDA classification for the mapping of the soils worldwide. This classification is
easier to understand because it uses a nomenclature with a terminology common in pedol-
ogy and was extensively used by soil scientists in underdeveloped countries.
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14.3 Pedogenesis

The three major processes are involved during pedogenesis:

(i) the weathering and alteration of minerals from the bedrock with clays formation; i
(ii) the incorporation of organic matter from superficial horizons; 5;’“"'15

(iii) the mass transfer between horizons. Fertilizers

14.3.1 Weathering and Alteration of Minerals and Clays Formation

The mineral fraction in soils comes essentially from:

(i)  physical degradation, called erosion; and
(ii) chemical transformation, called weathering or alteration, of the underlying bedrock.

These two distinct processes lead to the formation of secondary minerals mainly phyl-
losilicates such as clays, of soluble products (e.g., carbonates or silica) lixiviated by percolat-
ing waters and of colloids usually iron and aluminum sesquioxides complexed by humic
acids. While physical degradation involves mechanical (e.g., abrasion, impact) or thermal
(e.g., thermal shock) processes, alteration involves only chemical reactions such as hydroly-
sis influenced by pH conditions and/or the oxidation of primary materials depending on the
Eh (redox potential) conditions. Whatever the type of underlying rock, the end product is
always a clay except when silica is totally absent from the bedrock, the composition of the
clay depending on the type of climate and the time over which the evolution process takes
place. These conditions are summarized in Table 14.1.

Table 14.1. Clay minerals in soils vs. initial conditions

Bedrock Confined slightly acid Lixiviated acidic
Alkaline rocks Montmorillonite Illite

(e.g., limestone, basalt)

Acidic rock Kaolinite

(e.g., granite, sandstone)

14.3.2 Incorporation of Organic Matter

The topsoil, with undecomposed or partially decomposed litter such as leaves, twigs, moss,
and lichens, represents the major source of organic matter in soils. During its decomposition
by normal biological activity, two major processes are involved:

(i)  mineralization that produces soluble inorganic anions (e.g., NO", CO,”, SO,”) or gase-
ous molecules (e.g., NH,, CO,, CH,);

(ii)  humification or the formation of complexes by the minerals in clays with humic acids
released by the biochemical degradation of cellulose and lignin. These stable argillo-
humic complexes that resist further biological degradation, are the main components
of humus named from the Latin word for soil. The evolution of the humus strongly de-
pends on the oxygenation conditions (i.e., aerobic or anaerobic regimes) and roughly
three types of humus can be distinguished (see Table 14.2).



930 Soils and Fertilizers

Table 14.2. Different types of humus

Designation Conditions Description

Mor Formed onto siliceous bedrocks with low pH and with Raw humus with a fibrous or
coniferous or resinous cover (e.g., podzols) lamellar structure.

Moder Formed under anaerobic and poorly drained conditions Undecomposed litter and moss,
(e.g., hydromorphic soils) where the accumulation of sphagnum.

undecomposed litter (e.g., moss, sphagnum) is important
like in marsh, swamp, and peat’ bogs.
Mull Formed under aerobic conditions and pH close to neutrality Exhibits a dark-brown color

where biological processes are highly active. and a grumelous texture due to
argillo-humic complexes.

14.3.3 Mass Transfer between Horizons

In soils, several processes insure the mass transfer between the upper and lower horizons.
Due to the action of gravity, major processes are of the descending type but some ascending
processes also occur.

14.3.3.1 Descending Processes

Three descending processes ensure the mass transfer in soils; these process are:
(i) lixiviation;

(ii) cheluviation;

(iii) lessivage.

Lixiviation. Lixiviation involves the removal of soluble alkali- and alkaline-earth-metal
cations (e.g., Na', K’, Ca”, and Mg"") by infiltrating water charged with anions. The anions
involved are either nitrates, carbonates, sulfates or humates. Lixiviation strongly depends on
the pH and oxydo-reduction conditions existing in the soil. Heavy metal cations such as Fe'',
Mn”, or Al"" are usually complexed by humic acids and they are hence not lixiviated except
under highly acidic or reducing conditions. Soils developed on calcareous or dolomious
bedrocks undergo a particular type of lixiviation called decarbonatation involving dissolved
carbon dioxide. As a general rule, the lixiviation process affects the entire soil profile without
the concentration of lixiviate into lower horizons.

Cheluviation. Cheluviation involves the transport of organo-metallic complexes (i.e., che-
lates) of iron and aluminum. Once transported to the lower horizon B, the iron and alumi-
num precipitate as iron and aluminum sesquioxides forming colored spodic horizons de-
noted B..

Lessivage. Lessivage involves the vertical transport of particles and colloids of clay miner-
als. The downward horizons where the accumulation of the transported clays occurs are
called argillic (denoted B ) horizons. Usually, due to the swelling of clay minerals with water,
the plugging of argillic horizons ensures an impermeabilization of lower horizons.

' Peat is the partly carbonized organic residue produced by decomposition of roots, trunks of trees, seeds,

shrubs, grasses (reeds), ferns, mosses, and other vegetation.



