University of Baghdad
College of Engineering
Department of Chemical Engineering

”

oy, Class: 2™

» Subject: Materials Properties

AN Lecture Title: Introduction to Materials Science

o d

;*' Lecturers: Dr. Ali I.Al-Mosawi and Dr. Asrar Abdullah Hassan

Materials science is an interdisciplinary branch that investigates the structure, properties, and
applications of natural and synthetic materials, with focusing on understanding their behavior. This
understanding is crucial for creating and developing the materials we use in different applications.
The main aspects of materials science studies include:

1. Structure of Materials: Materials science studies the atomic and molecular structure of
materials. Depending on the composition of the material, whether it is
solid, liquid, or gas, the study of structure includes atom arrangement,
grain boundaries, crystal structure, etc. As shown in Figure.l.
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Figure.1l: Atoms arrangement in solid, liquid, and gas

2. Properties: An important part of materials science is comprehending the properties or
characteristics of various materials, such as mechanical, thermal, electrical optical
properties, etc.

3. Behavior and Performance: Materials science studies the behavior of materials under specific
conditions that vary from application to another, which will
affect their performance. This includes studying how the
properties and structure of materials will change as a result of
changes occurring in the environment in which they operate.

4. Manufacturing Methods: The methods used in manufacturing, production, or processing have a
significant impact on the properties and performance of materials.
The types of manufacturing methods are shown in the Figure.2.
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Figure.2: Types of manufacturing methods

5. Analysis: Analysis is used to diagnose and characterize changes that occur in the structure of
materials that affect their general properties.

6. Material Selection: This is one of the most important fields of materials science because it
determines the material that is suitable for a specific application and studies
all of the circumstances surrounding this choice to determine the suitability
of the material for that application. With the development of technology, it
has become possible to select materials using computer-aided programs, as
shown in the Figure.3.
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Figure.3: Computer-aided selection of materials

7. Materials Design: With the development of the industry, it has become possible to modify and
develop the materials structures at the atomic and molecular levels to attain
specific qualities and fulfill the demands of various industrial technologies.
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Metals are inorganic substances that are solid at room temperature. However, there are a few
exceptions, for example, mercury is a liquid metal at room temperature. Unlike liquids or gases,
metals have a defined shape and volume, and there is a regular pattern of repeating atoms in metals
called a crystal lattice. Also, metals resemble giant metallic structures rather than non-metals, which
appear as discrete molecules or covalently bonded networks. Metals are characterized by their atom
arrangement, which gives them their general properties, including hardness, strength, electrical
conductivity, etc. In addition to their unique properties, metals have structural characteristics,
including crystal structure, close packing, and metallic bonding. In addition, metals are
characterized by large atomic radii, low ionization energies, and low electronegativity. Figure.l
represents the metals in the periodic table.
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Figure.1: Metals in the periodic table
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Crystal structure of metals: Metals' crystal structure determines their properties and behaviors.
The arrangement of atoms in metals is usually highly ordered and
tightly packed, as opposed to non-metals. Many of the
characteristics of metals, such as strength, conductivity, and
malleability, can be attributed to this characteristic metallic
structure. There are five main types of crystal structure
arrangements as shown in Figure.2:
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1. Simple Cubic (SC): also called primitive unit cell (P). It is the simplest of all crystal structures.
Atoms are arranged at the eight corners of a cube in this structure.

2. Body-Centered Cubic (BCC): Another common crystal structure in metals is the body-
centered cubic structure. The cube contains eight corners and a center atom. Atoms are
arranged at the corners of a cube.

3. Face-Centered Cubic (FCC): In metals, the most common crystal structure is the face-
centered cubic structure. It consists of eight atoms at the corners of a cube and four atoms on its
faces.

4. Hexagonal Closest-Packed (HCP): There are three atoms in each layer of this structure. In
each layer, an atom has six nearest neighbors within its own layer, and three neighbors above
and below.

5. Cubic Closest-Packed (CCP): The cubic closest-packed crystal structure has atoms packed as
closely as possible. A structure like this maximizes the number of atoms that can be packed
into a given space, and as a result, it is extremely stable and efficient.
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Figure.2: Types of crystal structure arrangements

Close-packing: which describes how atoms are arranged in a metal lattice. As many atoms as
possible surround each atom in a close-packed arrangement. The structure
resulting from this is very stable and strong. Hexagonal closest-packed (HCP) and
cubic closest-packed (CCP) are the two most prevalent close-packing structures,
as listed in Figure.2.

Metallic bonding is a kind of chemical bonding caused by the electrostatic attraction of conduction
electrons (in the form of an electron cloud of delocalized electrons) to positively
charged metal ions. It is defined as the sharing of free electrons among
positively charged ions (cations) as shown in Figure.3. Many physical
characteristics of metals are accounted for by metallic bonding, including
strength, ductility, thermal and electrical resistivity and conductivity, opacity,
and luster.
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Properties of metals: Metals have several significant properties. These properties are critical for
choosing the right metal for a given application as well as for
comprehending how metals behave under different working conditions. The
properties possessed by metals can be listed as follows:

1. Strength: is a metal's capacity to sustain an external force without breaking or deforming
excessively. There are several types of strength, such as tensile strength, compressive strength,
and shear strength. This characteristic is critical for structural applications.

2. High melting and boiling points: The melting and boiling points of most metals are both high.
Because of this feature, metals are suited for high-temperature applications.

3. Ductility: defined as the capacity of a metal to be drawn into wires without fracturing.

4. Malleability: describes the ability of a metal to withstand being hammered into thin sheets.

5. Toughness: represents the capacity of a metal to absorb energy and resist fracture. This feature
qualifies metals for applications requiring high impact resistance.

6. Fatigue Resistance: it is a measure of the metal's capacity to sustain repeated or cycled loads
without breaking. This feature is critical in applications involving cyclic stress on metals.

7. Hardness: it represents the metal's ability to resist penetration or scratching. Harder metals will
be more resistant to wear and abrasion.

8. Elasticity: is the ability of a metal to regain its original shape after the load imposed on it that
led to its deformation has been removed. Elastic metals considered more flexible and resilient.

9. Plasticity: The ability of a metal to deform permanently without breaking. Metals with higher
ductility are usually more ductile and malleable.

10. Density: it is an essential property for metals that are used in applications where weight is a
critical factor, such as aircraft and spacecraft or construction.

11. Conductivity: which is the capacity of the metal to conduct heat or electricity. Metals are
usually good conductors of heat and electricity, making them appropriate for applications such
as electrical cables and heat sinks.

12. Corrosion Resistance: is a critical attribute for metals exposed to corrosive conditions such as
saltwater or chemicals.

13. Insolubility: metals do not dissolve in water or any other solvents.

14. Luster: Metals have a distinctive bright look due to their propensity to reflect light.
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Metallic alloys are composed of two or more elements, one of which is a metal, which are mixed
together in a particular proportion. It is often the case that alloys are formed through the melting of
constituent elements and the solidification of those elements. In comparison with the individual
elements, the resulting material has different properties, which allows it to be used in a broader
range of applications than the individual elements. It has been discovered that alloys can have many
advantages over pure metals, in the sense that alloys can be significantly stronger, harder, and more
resistant than pure metals, which makes them suitable for structural applications where high
strength is needed. The most common types of alloys are: steel, which is an alloy of iron and
carbon; brass, which is an alloy of copper and zinc; bronze, which is an alloy of copper and tin;
aluminum alloys; nickel alloys.
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What are the principles relied upon in selecting the properties of materials for chemical engineering
applications? This question can be answered if we know the type of application for which the
appropriate material is to be selected and the operating conditions in which it works. Engineers
must take into account a group of factors to ensure that the chosen material meets the specific
requirements of this application. Therefore, the chemical engineer must take the following factors
into consideration to ensure the correct and sound selection of the material that suits the application:

1. Specify the Application Requirements.

This is done by determining the chemical, thermal, mechanical, and electrical requirements for
the process or equipment. And also by determining operating conditions, such as temperature,
pressure, and exposure to corrosive chemicals. Finally, determine the safety standards that must
be provided and ensure compliance with them.

2. Identify Candidate Materials for that Application.

This is done based on the first step, which determined the application requirements for us, Which
can be metal, polymer, ceramic, composite, and other materials. Material selection charts
(Figure.1) can be used to compare the properties of candidate materials.
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Figure.1l: The material selection charts
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3. Chemical Compatibility Assessment.

To avoid unwanted interactions between materials, attention must be paid to the extent of their
chemical compatibility. This is done through the use of chemical resistance data, corrosion
charts, and compatibility tables, which help in the correct and precise assessment of the extent of
chemical compatibility of the candidate material with the chemicals with which it comes into
contact. For example, Figure.2 represents the chemical compatibility map for plastics and 3-D
printing materials.

PLA PETG nGen PP ABS Inova-1800 ASA Alloy 910 PET PC
Chemical L F P L F P L F P L F P L F P L Fr L F P L F P L F P L F P
Thio |
IPA

Acetone
Ethanol

HC137%
N3 25%
Ha0130%
H;PO, 85%
HNO, 69%
H,S80, 96%
Acetic acid
Resist strip
RCA1
RCA2

Aqua Regia
Piranha

Compatibility legend -Mnderate- No data avnillble|No test ran]

Figure.2: Chemical compatibility map for plastics and 3-D printing materials

4. Evaluation of Candidate Materials Properties.

The properties of candidate materials suitable for a specific application are evaluated by
conducting practical tests on them, and then the results obtained are compared to what is found
in standard tables. For example, Table.1 represents the standard mechanical properties for PA
3200 GF material.

Table.1: The standard mechanical properties of PA 3200 GF material

Mechanical Properties Value Unit Test Standard
Tensile Modulus 3200 MPa ISO 527
Tensile Strength 51 MPa 15O 527
Strain at break 9 Y% ISO 527
Charpy impact strength (+23 °C) 35 kJ/m? ISO 179/1eU
Charpy notched impact strength (+23 °C) 5.4 KJ/m? ISO 179/1eA
Flexural modulus (23 °C) 2900 MPa 1SO 178
Flexural Strength 73 MPa ISO 178
Izod notched impact strength (+23 °C) 4.2 kJ/m? ISO 180/1A
Izod impact strength (+23 °C) 21 kJ/m? ISO 180/1U
Shore D hardness 80 - ISO 7619-1
Ball indentation hardness 98 MPa ISO 2039-1
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5. Assessment of Environmental Effects and Sustainability Aspects.

This is done by knowing the recyclability, toxicity, carbon footprint, carbon footprint,
biodegradability, energy consumption during processing, etc. of the selected materials.
Therefore, as much as possible, environmentally friendly materials should be chosen. Figure.3
represents the implementation of safe and sustainable design approaches.

Multi-disciplinary Describe Assess Compare with Select candidates

design of product lifecycle impacts SSBD criteria to produce
Avoid chemicals
of concern |

N2 AR

Select Overview Assess
candidates of lifecycle impacts candidates

Service Technical Raw
of product performance ~ material

Circular  Chemical Waste s Climate |} Ecosystem
bydesign  function re-use impact impact

Figure.3: The implementation of safe and sustainable design approaches

Production  Resources  Safety

6. Health and Safety Considerations.

The selected materials must be compatible with safety standards and not negatively affect the
health of those dealing with them during manufacturing or during use.

7. Longevity and Durability.

The materials selected must have a long and safe operating life, which will result in reduced
operational costs.
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Within all elements, the atom is considered to be the smallest unit of ordinary matter. Atomic
structure can be defined as the arrangement of subatomic particles, which includes protons,
neutrons, and electrons in an atom. These subatomic particles are the fundamental constituents of all
matter. Figure.1 shows the structure of the atom, where an atom is made up of a nucleus consisting
of protons and neutrons held together by a strong nuclear force and surrounded by a cloud of
electrons that are held together by an electrostatic force. The nucleus contains almost all of an
atom's mass, with just a little contribution from the electron cloud. As we mentioned, the atom
consists of subatomic particles whose properties are shown in Table. 1.

Protons

Nucleus

———— Neutrons

N

Electrons

Figure.l: The structure of the atom

Table.1: Properties of subatomic particles

Particle Symbol Mass (amu) Charge Location
proton p* 1 + Inside nucleus
neutron n° 1 - Inside nucleus
electron e 5.45x 10~ 0 Outside nucleus

Note: (aum) is an abbreviation for atomic mass unit, where 1 amu is equal to: 1 amu = 1.6605 x 10 ** g.
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1. Proton: This subatomic particle has a positive charge. The number of protons in an atom equals
the element's atomic number. For example, based on the periodic table of elements, iron
(Fe) has an atomic number equal to 26, so the protons number will also be 26, as shown
in Figure.2.

atomic mass— 55 845 26-— atomic number

or most stable mass number
1st ionization energy— 762.5  1.83 — electronegativity

in kJ/mol +6
45
+4
chemical symbol — e 13
5 idati tat
J— —1— oxidafion sftates
name |r0n =7 most common are bold
electron configuration — [Ar] 3d® 452

Figure.2: Atomic information for iron based on the periodic table of elements

2. Neutron: The neutron has a neutral charge. The number of neutrons (Np)can be estimated by
subtracting the atomic number (A,) from the atomic mass (An). For example, from
Figure.2, the atomic mass of iron is approximately 56 (55.845) and its atomic
number is 26; therefore, the number of neutrons will be:

N, =56 — 26, So: N,, = 30 neutron

Depending on the isotope of the atom, the number of neutrons in an atom can vary.
Isotopes are atoms of a certain element with a different number of neutrons than
other atoms of that element. The most common example of an isotope is iron, where
iron-56 has 30 neutrons. Iron-57 has 31 neutrons, and Iron-54 has 28 neutrons.

3. Electron: An electron is a subatomic particle with a negative charge that orbits the nucleus. As
compared to protons and neutrons, electrons are much smaller and lighter. The number
of electrons, as is the case with protons, is equal to the atomic number of an element
for neutrally charged species. For example, according to the atomic number of iron
shown in Figure.2, iron will have 26 electrons, which is equal to the number of
protons.

A valence electron is an electron in the outermost shell (valence shell or orbit) of an atom. In an
atom, these valence electrons participate in chemical reactions, making them the most important
electrons. A chemical reaction occurs when two atoms form bonds. These bonds are created when
electrons are shared or transferred between atoms. The number of valence electrons that each atom
possesses determines the kind of bond that forms, reactivity, and electronegativity of an atom.
Figure.3 represents the valence electrons in the aluminium atom. There are two methods to find the
number of valence electrons: the first is using the periodic table, and the second is using the electron
configuration.
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Calculating valence electrons using the periodic table: The periodic table can be used to
calculate the number of valence electrons by checking the location of the element in the table
(group columns), where all elements have valence electrons equal to the number of the column of
one group (except the transition elements). For example, from Figure.4, we can find the valence
electrons of aluminum (Al), which has atomic number 13 and is in group 3 (13), so one atom of
aluminum will have three valence electrons. Table.2 lists the number of valence electrons in the
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/ o0 .’q Valence Electron
1slSheII4/—[

| @ e Nucleus

2nd Shell ———|

e 4\\ \\:’// /,7 Valence Shell(Orbit)
Y "

Figure.3: The valence electrons in the aluminium atom

different groups of the periodic table.

Group =1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 17 18
Piod 1 2 3 4 5 6 7 _8
1 1 2
H He
2 | 3| 4 5 6 || 7 9 (|10
Li || Be g B || C]|IN F || Ne
Transition elements

11 1|12 13 (] 14 || 15 17118
* [Na|vg — Al||Si|| P cl || Ar
4 | 19|20 21 (122 (|23 (({24 || 25|26 |[27 (/28|29 (|30 (|31 |[32]|33 35 || 36
K || Ca Sc || Ti || V||Cr|[Mn||Fe||Co||Ni|[Cul[lZn || Ga||Ge]||As Br || Kr
5 | 37|38 39 (|40 (| 41 |[42 || 43 (| 44 |[45 || 46 (| 47 || 48 || 49 || 50 || 51 53 || 54
Rb || Sr Y || Zr [|Nb|[Mo]|| Tc [|Ru |[Rh || Pd |[|Ag || Cd || In || Sn || Sb [ || Xe
6 |55||56|*|71 (|72 || Z3|[74|[Z5||76 || 77 || 78 || 79 || 80 || 81 || 82 || 83 85 || 86
Cs || Ba Lu || Hf[| Ta || W || Re[|Os || Ir || Pt [|Au||Hg]|| Tl || Pb || Bi At || Rn
7 |87 (| 88 |*[103(|104|(105|(106(|107([108|(109(|110|[111{[112(|113|{114][115 117(|1118
Fr || Ra |*| Lr || Rf [|Db || Sg || Bh||Hs|[Mt||Ds||Rg||Cn||Nh|| FI || Mc Ts || Og

*1 57 1|58(159||60|l61|62|63]|/64(|65]|| 66|67 68 ||69

La || Ce || Pr |[Nd Sm || Eu Tb || Dy [| Ho || Er || Tm

*189 1190 (]91([92]|93 || 94 96 (| 97 || 98 || 99 [|100(|101

*| Ac || Th all| U |[Np|[Pu||[Am||{Cm]|| Bk || Cf || Es || Fm || Md

Table.2: The number of valence electrons in the various groups of periodic table

Figure.4: The periodic table

Periodic Table Group Valence Electrons

Group 1 (1) — Alkali metals

Group 2 (2) — Alkaline earth metals
Group 3 (13) — Boron group

Group 4 (14) — Carbon group
Group 5 (15) — Nitrogen group
Group 6 (16) — Oxygen group
Group 7 (17) — Halogens

Group 8 (18) — Noble gases

CONOO1LhE WN B
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Calculating valence electrons using the electronic configuration: It represents the second
method of calculating valence electrons, and electronic configuration means how the electrons of an
atom or molecule are distributed in atomic or molecular orbitals as shown in Figure.5. Major
energy levels (shells) are divided into subshells, and a subshell consists of one or more atomic
orbitals. The orbitals are arranged in terms of energy in the following sequence:

1s, 2s, 2p, 3s, 3p, 4s, 3d, 4p, 5s, 4d, 5p, 6s, 4f, 5d, 6p, 7s, 5f, 6d, 7p, 8s

Where:

s orbital: has one orbital and holds two electrons.
p orbital: has 3 orbitals and holds 6 electrons.

d orbital: has 5 orbitals and holds 10 electrons.

f orbital: has 7 orbitals and holds 14 electrons.

Nucleus

/ o-o /@ st Shell = 2 electrons

X

"\« @ Ssubshell = 2e

\

.' rl
‘;j_ 2nd Shell = 8 electrons
/ s subshell = 2e + p subshell = 6e

 3rd Shell = 18 electrons
s subshell = 2e + p subshell = 6e + d subshell = 10e

Figure.5: Distribution of electrons into orbitals

Note that the number represents the shell level, and the symbol represents the subshell, and any
number that comes after the symbol will represent the number of electrons. As an example,
aluminum has an atomic number of 13, so its electronic configuration would be:

1s? 2s% 2p® 352 3p*
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The desired properties of materials in chemical engineering can vary depending on the application
for which they are being used. Therefore, it is imperative for chemical engineers to take into
consideration which material properties are required for that application in order to ensure the
material meets the specific requirements of chemical processes. The following are some of the most
important properties for chemical engineering applications:

1. Chemical Resistance: It is necessary for chemical engineers to select materials that are
resistant to the corrosive effects of the chemicals they will be exposed to, which include acids,
bases, solvents, aggressive chemicals, etc.

2. Thermal Stability: Thermal stability refers to a material's ability to withstand changes in its
characteristics or structure when subjected to high temperatures. As we know, the high
temperatures are often involved in chemical processes. As a result, the material should be able
to resist thermal stresses without losing their significant properties, like softening, melting, or
decomposition.

3. Permeability: The term permeability describes a material's capacity to permit fluids to pass
through it. Depending on the application, a high permeability might be desirable, but for some
applications, a low permeability may be necessary to prevent leaks or contamination. The
permeability is important separations and filtration processes. The separation process of a
membrane is shown in Figure.1.

feed ‘ - retentate

permeate

Figure.1l: The separation process by membrane is an example of permeability
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4. Flammability: The flammability is defined as a material's ability to catch fire, causing a fire,
combustion, or even an explosion if the material is unstable. According to this, in case heat or
sparks are involved, the material should not be flammable. The flammability ranges of non
metallic materials are shown in Figure.2.

Vinylidene Chloride 4- +-Vinylidene Chloride
=2 7 Fluoroplastic

o 500 C o
Low flammability 4 Polystyrenes, PS Hard to ignite
TCellulose Acetate

-+ Polyvinyl chloride, PVC

Nylon L 4 Nylon

400°C TPolyurethane, PU
Polyvinyl chloride, PVC +4- i

Polyethylene, PE 4

Polyurethane, PU T T Polyethylene, PE

Methacrylic Resin 4 300°C
Pine Wood + +-Pine Wood
Paper T T Cotton
High flammability Wool 4 —+Paper Easy to ignite
200°C

© Ali Ibrahim Al-Mosawi, aliibrahim76@yahoo.com

Figure.2: Flammability ranges of non metallic materials including

5. Biocompatibility: For biomedical or pharmaceutical applications, materials must be
biocompatible and pose no health risks. In applications such as medical implants and drug
delivery devices, this is essential.

6. Biodegradability: By definition, biodegradability refers to the ability of materials to decompose
naturally into simpler and more environmentally friendly components, which reduces their
negative and harmful environmental effects.

7. Dimensional stability: It is important that the material remains dimensionally stable under
various environmental conditions, such as those associated with high pressure and temperature.

8. Thermal conductivity: As a property that measures a material's capability to conduct heat,
thermal conductivity is crucial to chemical engineering, particularly when designing and
optimizing heat-transfer processes.

9. Toxicity: The consideration of toxicity is crucial for chemical engineers when designing and
handling products, and operating chemical processes.

10. Processing properties: it refer to a material's characteristics that determine how it behaves and
performs within manufacturing processes. A wide variety of chemical, material, and product
production processes depend on these properties.

11. Sustainability: The material's effect on the environment should be taken into account, including
its energy consumption during manufacture and disposal as well as its capacity for recycling
and biodegradation.
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