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Chapter- 1 

Biomaterial 
 

 

 

 

A biomaterial is any matter, surface, or construct that interacts with biological systems. 
The development of biomaterials, as a science, is about fifty years old. The study of 
biomaterials is called biomaterials science. It has experienced steady and strong growth 
over its history, with many companies investing large amounts of money into the 
development of new products. Biomaterials science encompasses elements of medicine, 
biology, chemistry, tissue engineering and materials science. 

 
The iridescent nacre inside a nautilus shell. 
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Introduction 
Biomaterials can generally be produced either in nature or synthesized in the laboratory 
using a variety of chemical approaches utilizing metallic components or ceramics. They 
are often used and/or adapted for a medical application, and thus comprises whole or part 
of a living structure or biomedical device which performs, augments, or replaces a natural 
function. Such functions may be benign, like being used for a heart valve, or may be 
bioactive with a more interactive functionality such as hydroxy-apatite coated hip 
implants. Biomaterials are also used every day in dental applications, surgery, and drug 
delivery. E.G. A construct with impregnated pharmaceutical products can be placed into 
the body, which permits the prolonged release of a drug over an extended period of time. 
A biomaterial may also be an autograft, allograft or xenograft used as a transplant 
material. 

Materials scientists are currently paying more and more attention to the process inorganic 
crystallization within a largely organic matrix of naturally occurring compounds. This 
process typically generally occurs at ambient temperature and pressure. Interestingly, the 
vital organisms through which these crystalline minerals form are capable of consistently 
producing intricately complex structures. Understanding the processes in which living 
organisms are capable of regulating the growth of crystalline minerals such as silica 
could lead to significant scientific advances and novel synthesis techniques for nanoscale 
composite materials -- or nanocomposites. 

 Biomineralization 

 Self-assembly 
Self-assembly is the most common term in use in the modern scientific community to 
describe the spontaneous aggregation of particles (atoms, molecules, colloids, micelles, 
etc.) without the influence of any external forces. Large groups of such particles are 
known to assemble themselves into thermodynamically stable, structurally well-defined 
arrays, quite reminiscent of one of the 7 crystal systems found in metallurgy and 
mineralogy (e.g. face-centered cubic, body-centered cubic, etc.). The fundamental 
difference in equilibrium structure is in the spatial scale of the unit cell (or lattice 
parameter) in each particular case. 

Molecular self-assembly is found widely in biological systems and provides the basis of a 
wide variety of complex biological structures. This includes an emerging class of 
mechanically superior biomaterials based on microstructural features and designs found 
in nature. Thus, self-assembly is also emerging as a new strategy in chemical synthesis 
and nanotechnology. Molecular crystals, liquid crystals, colloids, micelles, emulsions, 
phase-separated polymers, thin films and self-assembled monolayers all represent 
examples of the types of highly ordered structures which are obtained using these 
techniques. The distinguishing feature of these methods is self-organization.       
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Structural hierarchy 
Nearly all materials could be seen as hierarchically structured, especially since the 
changes in spatial scale bring about different mechanisms of deformation and damage. 
However, in biological materials this hierarchical organization is inherent to the 
microstructure. One of the first examples of this, in the history of structural biology, is 
the early X-Ray scattering work on the hierarchical structure of hair and wool by Astbury 
and Woods.  In bone, for example, collagen is the building block of the organic matrix—a 
triple helix with diameter of 1.5 nm. These tropocollagen molecules are intercalated with 
the mineral phase (hydroxyapatite, a calcium phosphate) forming fibrils that curl into 
helicoids of alternating directions. These "osteons" are the basic building blocks of bones, 
with the volume fraction distribution between organic and mineral phase being about 
60/40. In another level of complexity, the hydroxyapatite crystals are platelets that have a 
diameter of approximately 70–100 nm and thickness of 1 nm. They originally nucleate at 
the gaps between collagen fibrils. 

Similarly, the hierarchy of abalone shell begins at the nanolevel, with an organic layer 
having a thickness of 20–30 nm. This layer proceeds with single crystals of aragonite (a 
polymorph of CaCO3) consisting of "bricks" with dimensions of 0.5 and finishing with 
layers approximately 0.3 mm (mesostructure). 

Crabs are arthropods whose carapace is made of a mineralized hard component (which 
exhibits brittle fracture) and a softer organic component composed primarily of chitin. 
The brittle component is arranged in a helical pattern. Each of these mineral ‘rods’ ( 1 μm 
diameter) contains chitin–protein fibrils with approximately 60 nm diameter. These 
fibrils are made of 3 nm diameter canals which link the interior and exterior of the shell. 

Applications 
Biomaterials are used in: 

• Joint replacements 
• Bone plates 
• Bone cement 
• Artificial ligaments and tendons 
• Dental implants for tooth fixation 
• Blood vessel prostheses 
• Heart valves 
• Skin repair devices (artificial tissue) 
• Cochlear replacements 
• Contact lenses 
• Breast implants 

Biomaterials must be compatible with the body, and there are often issues of 
biocompatibility which must be resolved before a product can be placed on the market 
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and used in a clinical setting. Because of this, biomaterials are usually subjected to the 
same requirements of those undergone by new drug therapies.  All manufacturing 
companies are also required to ensure traceability of all of their products so that if a 
defective product is discovered, others in the same batch may be traced. 

 Heart valves 

In the United States, 45% of the 250,000 valve replacement procedures performed 
annually involve a mechanical valve implant. The most widely used valve is a bileaflet 
disc heart valve, or St. Jude valve. The mechanics involve two semicircular discs moving 
back and forth, with both allowing the flow of blood as well as the ability to form a seal 
against backflow. The valve is coated with pyrolytic carbon, and secured to the 
surrounding tissue with a mesh of woven fabric called DacronTM (du Pont's trade name 
for polyethylene terephthalate). The mesh allows for the body's tissue to grow while 
incorporating the valve.  

 Skin repair 

Most of the time "artificial" tissue is grown from the patients own cells. However, when 
the damage is so extreme that it is impossible to use the patient's own cells, artificial 
tissue cells are grown. The difficulty is in finding a scaffold that the cells can grow and 
organize on. The characteristics of the scaffold must be that it is biocompatible, cells can 
adhere to the scaffold, mechanically strong and biodegradable. One successful scaffold is 
a copolymer of lactic acid and glycolic acid.  

Compatibility 
Biocompatibility is related to the behavior of biomaterials in various environments under 
various chemical and physical conditions. The term may refer to specific properties of a 
material without specifying where or how the material is to be used. For example, a 
material may elicit little or no immune response in a given organism, and may or may not 
able to integrate with a particular cell type or tissue). The ambiguity of the term reflects 
the ongoing development of insights into how biomaterials interact with the human body 
and eventually how those interactions determine the clinical success of a medical device 
(such as pacemaker or hip replacement. Modern medical devices and prostheses are often 
made of more than one material—so it might not always be sufficient to talk about the 
biocompatibility of a specific material.   

Also, a material should not be toxic unless specifically engineered to be so—like "smart" 
drug delivery systems that target cancer cells and destroy them. Understanding of the 
anatomy and physiology of the action site is essential for a biomaterial to be effective. An 
additional factor is the dependence on specific anatomical sites of implantation. It is thus 
important, during design, to ensure that the implement will fit complementarily and have 
a beneficial effect with the specific anatomical area of action. 
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 Biopolymers 
Biopolymers are polymers produced by living organisms. Cellulose and starch, proteins 
and peptides, and DNA and RNA are all examples of biopolymers, in which the 
monomeric units, respectively, are sugars, amino acids, and nucleotides. Cellulose is both 
the most common biopolymer and the most common organic compound on Earth. About 
33% of all plant matter is cellulose.     

Some biopolymers are biodegradable. That is, they are broken down into CO2 and water 
by microorganisms. In addition, some of these biodegradable biopolymers are 
compostable. That is, they can be put into an industrial composting process and will 
break down by 90% within 6 months. Biopolymers that do this can be marked with a 
'compostable' symbol, under European Standard EN 13432 (2000). Packaging marked 
with this symbol can be put into industrial composting processes and will break down 
within 6 months (or less). An example of a compostable polymer is PLA film under 20 
μm thick: films which are thicker than that do not qualify as compostable, even though 
they are biodegradable. A home composting logo may soon be established: this will 
enable consumers to dispose of packaging directly onto their own compost heap.       
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Chapter- 2 

Metalworking 
  
 
 
 
 
 
 
 
 
  

 
Machining a bar of metal on a lathe. 

Metalworking is the process of working with metals to create individual parts, 
assemblies, or large scale structures. The term covers a wide range of work from large 
ships and bridges to precise engine parts and delicate jewelry. It therefore includes a 
correspondingly wide range of skills, processes, and tools. 

Metalworking is a science, art, hobby, industry and trade. Its historical roots span 
cultures, civilizations, and millennia. Metalworking has evolved from the discovery of 
smelting various ores, producing malleable and ductile metal useful for tools and 
adornments. Modern metalworking processes, though diverse and specialized, can be 
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categorized as forming, cutting or joining processes. Today's machine shop includes a 
number of machine tools capable of creating a precise, useful workpiece. 

 Prehistory 
Metalworking predates history. No one knows with any certainty where or when 
metalworking began. The earliest technologies were impermanent and were unlikely to 
leave evidence for long. The advance that brought metal into focus was the connection of 
fire and metals. Who accomplished this is as unknown as the when and where, but the 
Egyptians are thought to have been one of the first civilizations to work gold. 

Not all metal required fire to obtain it or work it. Isaac Asimov speculated that gold was 
the "first metal."  His reasoning is that gold by its chemistry is found in nature as nuggets 
of pure gold. In other words, gold, as rare as it is, is always found in nature as the metal 
that it is. There are a few other metals that sometimes occur natively, and as a result of 
meteors. Almost all other metals are found in ores, a mineral bearing rock, that require 
heat or some other process to liberate the metal. Another feature of gold is that it is 
workable as it is found, meaning that no technology beyond eyes to find a nugget and a 
hammer and an anvil to work the metal is needed. Stone hammer and stone anvil will 
suffice for technology. This is the result of gold's properties of malleability and ductility. 
The earliest tools were stone, bone, wood, and sinew. They sufficed to work gold. 

At some unknown point the connection between heat and the liberation of metals from 
rock became clear, rocks rich in copper, tin, and lead came into demand. These ores were 
mined wherever they were recognized. Remnants of such ancient mines have been found 
all over what is today the Middle East.  Metalworking was being carried out by the South 
Asian inhabitants of Mehrgarh between 7000–3300 BCE.  The end of the beginning of 
metalworking occurs sometime around 6000 BCE when copper smelting became 
common in the Middle East. 

The ancients knew of seven metals. Here they are arranged in order of their oxidation 
potential: 

• Iron +0.44, 
• Tin +0.14 
• Lead +0.13 
• Copper -0.34 
• Mercury -0.79 
• Silver -0.80 
• Gold -1.50 

The oxidation potential is important because it is one indicator of how tightly bound to 
the ore the metal is likely to be. As can be seen, iron is significantly higher than the other 
six metals while gold is dramatically lower than the six above it. Gold's low oxidation is 
one of the main reasons that gold is found in nuggets. These nuggets are relatively pure 
gold and are workable as they are found. 
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Copper ore, being relatively abundant, and tin ore became the next important players in 
the story of metalworking. Using heat to smelt copper from ore, a great deal of copper 
was produced. It was used for both jewelry and simple tools. However, copper by itself 
was too soft for tools requiring edges and stiffness. At some point tin was added into the 
molten copper and bronze was born. Bronze is an alloy of copper and tin. Bronze was an 
important advance because it had the edge-durability and stiffness that pure copper 
lacked. Until the advent of iron, bronze was the most advanced metal for tools and 
weapons in common use. 

Looking beyond the Middle East, these same advances and materials were being 
discovered and used the world around. China and Britain jumped into the use of bronze 
with little time being devoted to copper. Japan began the use of bronze and iron almost 
simultaneously. In the Americas things were different. Although the peoples of the 
Americas knew of metals, it wasn't until the arrival of Europeans that metal for tools and 
weapons took off. Jewelry and art were the principal uses of metals in the Americas prior 
to European influence. 

Around the date 2700 BCE, production of bronze was common in locales where the 
necessary materials could be assembled for smelting, heating, and working the metal. 
Iron was beginning to be smelted. Iron began its emergence as an important metal for 
tools and weapons. The Iron Age was dawning. 
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History 
  

 
A turret lathe operator machining parts for transport planes at the Consolidated Aircraft 
Corporation plant, Fort Worth, Texas, USA in the 1940s. 

By the historical periods of the Pharaohs in Egypt, the Vedic Kings in India, the Tribes of 
Israel, and the Mayan Civilization in North America, among other ancient populations, 
precious metals began to have value attached to them. In some cases rules for ownership, 
distribution, and trade were created, enforced, and agreed upon by the respective peoples. 
By the above periods metalworkers were very skilled at creating objects of adornment, 
religious artifacts, and trade instruments of precious metals (non-ferrous), as well as 
weaponry usually of ferrous metals and/or alloys. These skills were finely honed and well 
executed. The techniques were practiced by artisans, blacksmiths, atharvavedic 
practitioners, alchemists, and other categories of metalworkers around the globe. For 
example, the ancient technique of granulation is found around the world in numerous 
ancient cultures before the historic record shows people traveled seas or overland to far 
regions of the earth to share this process that still being used by metalsmiths today. 

As time progressed metal objects became more common, and ever more complex. The 
need to further acquire and work metals grew in importance. Skills related to extracting 
metal ores from the earth began to evolve, and metalsmiths became more knowledgeable. 
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Metalsmiths became important members of society. Fates and economies of entire 
civilizations were greatly affected by the availability of metals and metalsmiths. The 
metalworker depends on the extraction of precious metals to make jewelry, build more 
efficient electronics, and for industrial and technological applications from construction 
to shipping containers to rail, and air transport. Without metals, goods and services would 
cease to move around the globe on the scale we know today. 

More individuals than ever before are learning metalworking as a creative outlet in the 
forms of jewelry making, hobby restoration of aircraft and cars, blacksmithing, 
tinsmithing, tinkering, and in other art and craft pursuits. Trade schools continue to teach 
welding in all of its forms, and there is a proliferation of schools of Lapidary and 
Jewelers arts and sciences at this- the beginning of the 21st Century AD. 

 General metalworking processes 

 
A combination square used for transferring designs. 
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A caliper is used to precisely measure a short length. 

Metalworking generally is divided into the following categories, forming, cutting, and, 
joining. Each of these categories contain various processes. 

Compatibility chart of materials versus processes  
 Material 

Process Iron Steel Aluminium Copper Magnesium Nickel Refractory 
metals Titanium Zinc 

Sand casting X X X X X X   0 

Permanent mold 
casting X 0 X 0 X 0   0 

Die casting   X 0 X    X 

Investment casting  X X X 0 0    

Closed-die forging  X 0 0 0 0 0 0  

Extrusion  0 X X X 0 0 0  

Cold heading  X X X  0    

Stamping & deep 
drawing  X X X 0 X  0 0 

Screw machine 0 X X X 0 X 0 0 0 

Powder metallurgy X X 0 X  0 X 0  

Key: X = Routinely performed, 0 = Performed with difficulty, caution, or some sacrifice, blank = Not recommended 

Prior to most operations, the metal must be marked out and/or measured, depending on 
the desired finished product. 
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Marking out (also known as layout) is the process of transferring a design or pattern to a 
workpiece and is the first step in the handcraft of metalworking. It is performed in many 
industries or hobbies, although in the repetition industries the need to mark out every 
individual piece is eliminated. In the metal trades area, marking out consists of 
transferring the engineer's plan to the workpiece in preparation for the next step, 
machining or manufacture. 

Calipers are hand tools designed to precisely measure the distance between two points. 
Most calipers have two sets of flat, perpendicular edges used for inner or outer diameter. 
These calipers can be accurate to within one-thousandth of an inch (25.4μm). Different 
types of calipers have different mechanisms for displaying the distance measured. Where 
larger objects need to be measured with less precision, a tape measure is often used. 

 Forming processes 
These forming processes modify metal or workpiece by deforming the object, that is, 
without removing any material. Forming is done with heat and pressure, or with 
mechanical force, or both. 

 Casting 

 
A sand casting mold 
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Casting achieves a specific form by pouring molten metal into a mold and allowing it to 
cool, with no mechanical force. Forms of casting include: 

• Investment casting (called lost wax casting in art) 
• Centrifugal casting 
• Die casting 
• Sand casting 
• Shell casting 
• Spin casting 

 Plastic deforming 

 
A red-hot metal workpiece is inserted into a forging press. 
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Plastic deformation involves using heat or pressure to make a workpiece more conductive 
to mechanical force. Historically, this and casting were done by blacksmiths, though 
today the process has been industrialized. 

• Cold sizing 
• Extrusion 
• Forging 
• Hot metal gas forming 
• Powder metallurgy 
• Friction drilling 

 Sheet metal forming 

 
A metal spun brass vase 
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These types of forming process involve the application of mechanical force at room 
temperature. 

• Bending 
• Coining 
• Decambering 
• Deep drawing 
• Drawing 
• Spinning 
• Flow turning 
• Raising 
• Roll forming 
• Roll bending 
• Repoussé and chasing 
• Rolling 
• Rubber pad forming 
• Shearing 
• Stamping 
• Wheeling using an English wheel (wheeling machine) 

 Cutting processes 

 



_________________WORLD TECHNOLOGIES_________________

WT

A CNC plasma cutting machining 

Cutting is a collection of processes wherein material is brought to a specified geometry 
by removing excess material using various kinds of tooling to leave a finished part that 
meets specifications. The net result of cutting is two products, the waste or excess 
material, and the finished part. If this were a discussion of woodworking, the waste 
would be sawdust and excess wood. In cutting metals the waste is chips or swarf and 
excess metal. These processes can be divided into chip producing cutting, generally 
known as machining. Burning or cutting with an oxyfuel torch is a welding process not 
machining. There are also miscellaneous specialty processes such as chemical milling. 

Cutting is nearly fully represented by: 

• Chip producing processes most commonly known as machining 
• Burning, a set of processes which cut by oxidizing a kerf to separate pieces of 

metal 
• Specialty processes 

Drilling a hole in a metal part is the most common example of a chip producing process. 
Using an oxy-fuel cutting torch to separate a plate of steel into smaller pieces is an 
example of burning. Chemical milling is an example of a specialty process that removes 
excess material by the use of etching chemicals and masking chemicals. 

There are many technologies available to cut metal, including: 

• Manual technologies: saw, chisel, shear or snips 
• Machine technologies: turning, milling, drilling, grinding, sawing 
• Welding/burning technologies: burning by laser, oxy-fuel burning, and plasma 
• Erosion technologies:by water jet or electric discharge. 

Cutting fluid or coolant is used where there is significant friction and heat at the cutting 
interface between a cutter such as a drill or an end mill and the workpiece. Coolant is 
generally introduced by a spray across the face of the tool and workpiece to decrease 
friction and temperature at the cutting tool/workpiece interface to prevent excessive tool 
wear. In practice there are many methods of delivering coolant. 
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Machining 

 
A milling machine in operation, including coolant hoses. 
 

Milling is the complex shaping of metal or other materials by removing material to form 
the final shape. It is generally done on a milling machine, a power-driven machine that in 
its basic form consists of a milling cutter that rotates about the spindle axis (like a drill), 
and a worktable that can move in multiple directions (usually two dimensions [x and y 
axis] relative to the workpiece). The spindle usually moves in the z axis. It is possible to 
raise the table (where the workpiece rests). Milling machines may be operated manually 
or under computer numerical control (CNC), and can perform a vast number of complex 
operations, such as slot cutting, planing, drilling and threading, rabbeting, routing, etc. 
Two common types of mills are the horizontal mill and vertical mill. 

The pieces produced are usually complex 3D objects that are converted into x, y, and z 
coordinates that are then fed into the CNC machine and allow it to complete the tasks 
required. The milling machine can produce most parts in 3D, but some require the objects 
to be rotated around the x, y, or z coordinate axis (depending on the need). Tolerances are 
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usually in the thousandths of an inch (Unit known as Thou), depending on the specific 
machine. 

In order to keep both the bit and material cool, a high temperature coolant is used. In 
most cases the coolant is sprayed from a hose directly onto the bit and material. This 
coolant can either be machine or user controlled, depending on the machine. 

Materials that can be milled range from aluminum to stainless steel and most everything 
in between. Each material requires a different speed on the milling tool and varies in the 
amount of material that can be removed in one pass of the tool. Harder materials are 
usually milled at slower speeds with small amounts of material removed. Softer materials 
vary, but usually are milled with a high bit speed. 

The use of a milling machine adds costs that are factored into the manufacturing process. 
Each time the machine is used coolant is also used, which must be periodically added in 
order to prevent breaking bits. A milling bit must also be changed as needed in order to 
prevent damage to the material. Time is the biggest factor for costs. Complex parts can 
require hours to complete, while very simple parts take only minutes. This in turn varies 
the production time as well, as each part will require different amounts of time. 

Safety is key with these machines. The bits are traveling at high speeds and removing 
pieces of usually scalding hot metal. The advantage of having a CNC milling machine is 
that it protects the machine operator. 
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Turning 

 
A lathe cutting material from a workpiece. 
 

Turning is a metal cutting process for producing a cylindrical surface with a single point 
tool. The workpiece is rotated on a spindle and the cutting tool is fed into it radially, 
axially or both. Producing surfaces perpendicular to the workpiece axis is called facing. 
Producing surfaces using both radial and axial feeds is called profiling.  

A lathe is a machine tool which spins a block or cylinder of material so that when 
abrasive, cutting, or deformation tools are applied to the workpiece, it can be shaped to 
produce an object which has rotational symmetry about an axis of rotation. Examples of 
objects that can be produced on a lathe include candlestick holders, table legs, bowls, 
baseball bats, crankshafts, camshafts, and bearing mounts. 

Lathes have three main components: the headstock, the carriage, and the tailstock. The 
headstock's spindle secures the workpiece with a chuck, whose jaws (usually three or 
four) are tightened around the piece. The spindle rotates at high speed, providing the 
energy to cut the material. While historic lathes were powered by belts from the ceiling, 
modern examples uses electric motors. The workpiece extends out of the spindle along 
the axis of rotation above the flat bed. The carriage is a platform that can be moved, 
precisely and independently, horizontally parallel and perpendicular to the axis of 
rotation. A hardened cutting tool is held at the desired height (usually the middle of the 
workpiece) by the toolpost. The carriage is then moved around the rotating workpiece, 
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and the cutting tool gradually shaves material from the workpiece. The tailstock can be 
slid along the axis of rotation and then locked in place as necessary. It may hold centers 
to further secure the workpiece, or cutting tools driven into the end of the workpiece. 

Other operation that can be performed with a single point tool on a lathe are:  

Chamfering: Cutting an angle on the comer of a cylinder. 
Parting: The tool is fed radially into the workpiece to cut off the end of a part. 
Threading: A tool is fed along and across the outside or inside surface of rotating parts to 
produce external or internal threads. 
Boring: A single-point tool is fed linearly and parallel to the axis of rotation. 
Drilling: Feeding the drill into the workpiece axially. 
Knurling: Produces a regular cross-hatched pattern in work surfaces intended to be 
gripped by hand. 

Modern computer numerical control (CNC) lathes can do secondary operations like 
milling by using driven tools. When driven tools are used the work piece stops rotating 
and the driven tool executes the machining operation with a rotating cutting tool. The 
CNC machines use x, y, and z coordinates in order to control the turning tools and 
produce the product. Most modern day CNC lathes are able to produce most turned 
objects in 3D. 

Materials appropriate for turning used are softer metals, although harder metals can be 
turned with a bit more time and effort. 

The turning tool material must be harder than the material being turned in order for the 
process to work. Production rates for this process depend on the object being turned and 
the speed at which it can be done. More complex materials, therefore, will take more 
time. 
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Threading 

 
Three different types and sizes of taps. 
 

There are many threading processes including: cutting threads with a tap or die, thread 
milling, single-point thread cutting, thread rolling and forming, and thread grinding. A 
tap is used to cut a female thread on the inside surface of a pre-drilled hole, while a die 
cuts a male thread on a preformed cylindrical rod. 

 Grinding 
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A surface grinder 

Grinding uses an abrasive process to remove material from the workpiece. A grinding 
machine is a machine tool used for producing very fine finishes, making very light cuts, 
or high precision forms using a abrasive wheel as the cutting device. This wheel can be 
made up of various sizes and types of stones, diamonds or inorganic materials. 

The simplest grinder is a bench grinder or a hand-held angle grinder, for deburring parts 
or cutting metal with a zip-disc. 

Grinders have increased in size and complexity with advances in time and technology. 
From the old days of a manual toolroom grinder sharpening endmills for a production 
shop, to today's 30000 RPM CNC auto-loading manufacturing cell producing jet turbines, 
grinding processes vary greatly. 

Grinders need to be very rigid machines to produce the required finish. Some grinders are 
even used to produce glass scales for positioning CNC machine axis. The common rule is 
the machines used to produce scales be 10 times more accurate than the machines the 
parts are produced for. 

In the past grinders were used for finishing operations only because of limitations of 
tooling. Modern grinding wheel materials and the use of industrial diamonds or other 
man-made coatings (cubic boron nitride) on wheel forms have allowed grinders to 
achieve excellent results in production environments instead of being relegated to the 
back of the shop. 

Modern technology has advanced grinding operations to include CNC controls, high 
material removal rates with high precision, lending itself well to aerospace applications 
and high volume production runs of precision components. 
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 Filing 

 
A file is an abrasive surface like this one that allows machinists to remove small, 
imprecise amounts of metal. 

Filing is combination of grinding and saw tooth cutting using a file. Prior to the 
development of modern machining equipment it provided a relatively accurate means for 
the production of small parts, especially those with flat surfaces. The skilled use of a file 
allowed a machinist to work to fine tolerances and was the hallmark of the craft. Today 
filing is rarely used as a production technique in industry, though it remains as a common 
method of deburring. 

 Other 

Broaching is a machining operation used to cut keyways into shafts. Electron beam 
machining (EBM) is a machining process where high-velocity electrons are directed 
toward a work piece, creating heat and vaporizing the material. Ultrasonic machining 
uses ultrasonic vibrations to machine very hard or brittle materials. 
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 Joining processes 

 
Mig welding 

 Welding 

Welding is a fabrication process that joins materials, usually metals or thermoplastics, by 
causing coalescence. This is often done by melting the workpieces and adding a filler 
material to form a pool of molten material that cools to become a strong joint, but 
sometimes pressure is used in conjunction with heat, or by itself, to produce the weld. 

Many different energy sources can be used for welding, including a gas flame, an electric 
arc, a laser, an electron beam, friction, and ultrasound. While often an industrial process, 
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welding can be done in many different environments, including open air, underwater and 
in space. Regardless of location, however, welding remains dangerous, and precautions 
must be taken to avoid burns, electric shock, poisonous fumes, and overexposure to 
ultraviolet light. 

 Brazing 

Brazing is a joining process in which a filler metal is melted and drawn into a capillary 
formed by the assembly of two or more work pieces. The filler metal reacts 
metallurgically with the workpiece(s) and solidifies in the capillary, forming a strong 
joint. Unlike welding, the work piece is not melted. Brazing is similar to soldering, but 
occurs at temperatures in excess of 450 °C (842 °F). Brazing has the advantage of 
producing less thermal stresses than welding, and brazed assemblies tend to be more 
ductile than weldments because alloying elements can not segregate and precipitate. 

Brazing techniques include, flame brazing, resistance brazing, furnace brazing, diffusion 
brazing, and inductive brazing. 

 Soldering 

 
 
Soldering a printed circuit board. 
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Soldering is a joining process that occurs at temperatures below 450 °C (842 °F). It is 
similar to brazing in the fact that a filler is melted and drawn into a capillary to form a 
join, although at a lower temperature. Because of this lower temperature and different 
alloys used as fillers, the metallurgical reaction between filler and work piece is minimal, 
resulting in a weaker joint. 

 Riveting 

Riveting is one of the most ancient metalwork joining processes. Its use has declined 
markedly during the second half of the 20th century, but it still retains important uses in 
industry and construction into the 21st century. The earlier use of rivets is being 
superseded by improvements in welding and component fabrication techniques. 

A rivet is essentially a two-headed and unthreaded bolt which holds two other pieces of 
metal together. Holes are drilled or punched through the two pieces of metal to be joined. 
The holes being aligned, a rivet is passed through the holes and permanent heads are 
formed onto the ends of the rivet utilizing hammers and forming dies (by either 
coldworking or hotworking). Rivets are commonly purchased with one head already 
formed. 

When it is necessary to remove rivets, one of the rivet's heads is sheared off with a cold 
chisel. The rivet is then driven out with a hammer and punch. 

 Associated processes 
While these processes are not primary metalworking processes, they are often performed 
before or after metalworking processes. 

 Heat treatment 

Metals can be heat treated to alter the properties of strength, ductility, toughness, 
hardness or resistance to corrosion. Common heat treatment processes include annealing, 
precipitation strengthening, quenching, and tempering. The annealing process softens the 
metal by allowing recovery of cold work and grain growth. Quenching can be used to 
harden alloy steels, or in precipitation hardenable alloys, to trap dissolved solute atoms in 
solution. Tempering will cause the dissolved alloying elements to precipitate, or in the 
case of quenched steels, improve impact strength and ductile properties. 

Often, mechanical and thermal treatments are combined in what is known as thermo-
mechanical treatments for better properties and more efficient processing of materials. 
These processes are common to high alloy special steels, super alloys and titanium alloys. 
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 Plating 

Electroplating is a common surface-treatment technique. It involves bonding a thin layer 
of another metal such as gold, silver, chromium or zinc to the surface of the product. It is 
used to reduce corrosion as well as to improve the product's aesthetic appearance. 

 Thermal spraying 

Thermal spraying techniques are another popular finishing option, and often have better 
high temperature properties than electroplated coatings. 
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Chapter- 3 

Ceramic Engineering 
  
 
 
 
 
 
 
  

 
Outside of the Space Shuttle as it heats up to over 1,500 °C (2,730 °F) during re-entry 
into the Earth's atmosphere 

Ceramic engineering is the science and technology of creating objects from inorganic, 
non-metallic materials. This is done either by the action of heat, or at lower temperatures 
using precipitation reactions from high purity chemical solutions. The term includes the 
purification of raw materials, the study and production of the chemical compounds 
concerned, their formation into components and the study of their structure, composition 
and properties. 

Ceramic materials may have a crystalline or partly crystalline structure, with long-range 
order on atomic scale. Glass ceramics may have an amorphous or glassy structure, with 
limited or short-range atomic order. They are either formed from a molten mass that 
solidifies on cooling, formed and matured by the action of heat, or chemically 
synthesized at low temperatures using, for example, hydrothermal or sol-gel synthesis. 
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The special character of ceramic materials gives rise to many applications in materials 
engineering, electrical engineering, chemical engineering and mechanical engineering. 
As ceramics are heat resistant, they can be used for many tasks that materials like metal 
and polymers are unsuitable for. Ceramic materials are used in a wide range of industries, 
including mining, aerospace, medicine, refinery, food and chemical industries, packaging 
science, electronics, industrial and transmission electricity, and guided lightwave 
transmission.   

 
Bearing components made from 100% silicon nitride Si3N4 
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Ceramic bread knife 
 

 History 
The word "ceramic" is derived from the Greek word κεραμικός (keramikos) meaning 
pottery. It is related to the older Indo-European language root "to burn",   "Ceramic" may 
be used as a noun in the singular to refer to a ceramic material or the product of ceramic 
manufacture, or as an adjective. The plural "ceramics" may be used to refer the making of 
things out of ceramic materials. Ceramic engineering, like many sciences, evolved from a 
different discipline by today's standards. Materials science engineering is grouped with 
ceramics engineering to this day. 



_________________WORLD TECHNOLOGIES_________________

WT 
Leo Morandi's tile glazing line (circa 1945) 

Abraham Darby first used coke in 1709 in Shropshire, England, to improve the yield of a 
smelting process. Coke is now widely used to produce carbide ceramics. Potter Josiah 
Wedgwood opened the first modern ceramics factory in Stoke-on-Trent, England, in 
1759. Austrian chemist Karl Bayer, working for the textile industry in Russia, developed 
a process to separate alumina from bauxite ore in 1888. The Bayer process is still used to 
purify alumina for the ceramic and aluminum industries. Brothers Pierre and Jacques 
Curie discovered piezoelectricity in Rochelle salt circa 1880. Piezoelectricity is one of 
the key properties of electroceramics. 

E.G. Acheson heated a mixture of coke and clay in 1893, and invented carborundum, or 
synthetic silicon carbide. Henri Moissan also synthesized SiC and tungsten carbide in his 
electric arc furnace in Paris about the same time as Acheson. Karl Schröter used liquid-
phase sintering to bond or "cement" Moissan's tungsten carbide particles with cobalt in 
1923 in Germany. Cemented (metal-bonded) carbide edges greatly increase the durability 
of hardened steel cutting tools. W.H. Nernst developed cubic-stabilized zirconia in the 
1920s in Berlin. This material is used as an oxygen sensor in exhaust systems. The main 
limitation on the use of ceramics in engineering is brittleness.   
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 Military 

 
Soldiers pictured during the 2003 Iraq War seen through IR transparent Night Vision 
Goggles 

The military requirements of World War II (1939–1945) encouraged developments, 
which created a need for high-performance materials and helped speed the development 
of ceramic science and engineering. Throughout the 1960s and 1970s, new types of 
ceramics were developed in response to advances in atomic energy, electronics, 
communications, and space travel. The discovery of ceramic superconductors in 1986 has 
spurred intense research to develop superconducting ceramic parts for electronic devices, 
electric motors, and transportation equipment. 

There is an increasing need in the military sector for high-strength, robust materials 
which have the capability to transmit light around the visible (0.4–0.7 micrometers) and 
mid-infrared (1–5 micrometers) regions of the spectrum. These materials are needed for 
applications requiring transparent armor. Transparent armor is a material or system of 
materials designed to be optically transparent, yet protect from fragmentation or ballistic 
impacts. The primary requirement for a transparent armor system is to not only defeat the 
designated threat but also provide a multi-hit capability with minimized distortion of 
surrounding areas. Transparent armor windows must also be compatible with night vision 
equipment. New materials that are thinner, lightweight, and offer better ballistic 
performance are being sought.   Such solid-state components have found widespread use 
for various applications in the electro-optical field including: optical fibers for guided 
lightwave transmission, optical switches, laser amplifiers and lenses, hosts for solid-state 
lasers and optical window materials for gas lasers, and infrared (IR) heat seeking devices 
for missile guidance systems and IR night vision.   



_________________WORLD TECHNOLOGIES_________________

WT

 Education 

Czech Republic 

• The Secondary Technical School Of Ceramics was founded in 1872 in Znojmo. In 
1922 it moved to Karlovy Vary.  

• The Ceramic Technical School At Bechyne was founded in 1884.  

Japan - The Ceramic Society of Japan was founded in 1891 in Tokyo.  

Germany 

• The Ceramic Society Of Germany was founded in Berlin in 1919. 
• Staatliche Fachschule fur Porzellan (Government Technical College for 

Porcelain) was founded in Selb in 1908. In 1973 it was transferred to Nuremberg 
Polytechnic, when it was incorporated into a professional training organisation for 
ceramics which also includes the Staatliche Fachschule fur Keramtechnik and a 
college for block release courses in ceramic trades, testing and laboratory work.   

Poland – the Bunzlau Ceramic Technical College operated from 1887 to 1945.  

Spain 

• The ‘Official Ceramic School’ open in Madrid in 1911.  
• The Ceramic School Of Manises – was founded in 1914.  

United States - the first ceramic engineering course and department in the USA were 
established by Edward Orton, Jr., a professor of geology and mining engineering, at the 
Ohio State University in 1894. Orton and eight other refractory professionals founded the 
American Ceramic Society (ACerS) at the 1898 National Brick Manufacturers' 
Association convention in Pittsburgh. Orton was the first ACerS General Secretary, and 
his office at OSU served as the society headquarters in the beginning. Charles F. Binns 
established the New York State School of Clay-Working and Ceramics, now Alfred 
University, in 1900. Binns was the third ACerS president, and Orton the 32nd.  
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 Modern industry 

 
U.S. Army soldiers wearing bulletproof ballistic vests with an armored M3 Bradley. 

Now a multi-billion dollar a year industry, ceramic engineering and research has 
established itself as an important field of science. Applications continue to expand as 
researchers develop new kinds of ceramics to serve different purposes.     

• Zirconium dioxide ceramics are used in the manufacture of knives. The blade of 
the ceramic knife will stay sharp for much longer than that of a steel knife, 
although it is more brittle and can be snapped by dropping it on a hard surface. 

• Ceramics such as alumina, boron carbide and silicon carbide have been used in 
bulletproof vests to repel large-caliber rifle fire. Such plates are known commonly 
as small-arms protective inserts (SAPI). Similar material is used to protect 
cockpits of some military airplanes, because of the low weight of the material. 

• Silicon nitride parts are used in ceramic ball bearings. Their higher hardness 
means that they are much less susceptible to wear and can offer more than triple 
lifetimes. They also deform less under load meaning they have less contact with 
the bearing retainer walls and can roll faster. In very high speed applications, heat 
from friction during rolling can cause problems for metal bearings; problems 
which are reduced by the use of ceramics. Ceramics are also more chemically 
resistant and can be used in wet environments where steel bearings would rust. 
The major drawback to using ceramics is a significantly higher cost. In many 
cases their electrically insulating properties may also be valuable in bearings. 
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• In the early 1980s, Toyota researched production of an adiabatic ceramic engine 
which can run at a temperature of over 6000 °F (3300 °C). Ceramic engines do 
not require a cooling system and hence allow a major weight reduction and 
therefore greater fuel efficiency. Fuel efficiency of the engine is also higher at 
high temperature, as shown by Carnot's theorem. In a conventional metallic 
engine, much of the energy released from the fuel must be dissipated as waste 
heat in order to prevent a meltdown of the metallic parts. Despite all of these 
desirable properties, such engines are not in production because the 
manufacturing of ceramic parts in the requisite precision and durability is 
difficult. Imperfection in the ceramic leads to cracks, which can lead to potentially 
dangerous equipment failure. Such engines are possible in laboratory settings, but 
mass-production is not feasible with current technology.  

• Work is being done in developing ceramic parts for gas turbine engines. 
Currently, even blades made of advanced metal alloys used in the engines' hot 
section require cooling and careful limiting of operating temperatures. Turbine 
engines made with ceramics could operate more efficiently, giving aircraft greater 
range and payload for a set amount of fuel.  

 
Collagen fibers of woven bone 
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SEM 10,000x magnification of crystalline bone mineral. 

• Recently, there have been advances in ceramics which include bio-ceramics, such 
as dental implants and synthetic bones. Hydroxyapatite, the natural mineral 
component of bone, has been made synthetically from a number of biological and 
chemical sources and can be formed into ceramic materials. Orthopedic implants 
made from these materials bond readily to bone and other tissues in the body 
without rejection or inflammatory reactions. Because of this, they are of great 
interest for gene delivery and tissue engineering scaffolds. Most hydroxy apatite 
ceramics are very porous and lack mechanical strength and are used to coat metal 
orthopedic devices to aid in forming a bond to bone or as bone fillers. They are 
also used as fillers for orthopedic plastic screws to aid in reducing the 
inflammation and increase absorption of these plastic materials. Work is being 
done to make strong, fully dense nano crystalline hydroxyapatite ceramic 
materials for orthopedic weight bearing devices, replacing foreign metal and 
plastic orthopedic materials with a synthetic, but naturally occurring, bone 
mineral. Ultimately these ceramic materials may be used as bone replacements or 
with the incorporation of protein collagens, synthetic bones.  

• High-tech ceramic is used in watchmaking for producing watch cases. The 
material is valued by watchmakers for its light weight, scratch-resistance, 
durability and smooth touch. IWC is one of the brands that initiated the use of 
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ceramic in watchmaking. The case of the IWC 2007 Top Gun edition of the Pilot's 
Watch Double chronograph is crafted in high-tech black ceramic.  

 Glass-ceramics 

 
A high strength glass-ceramic cooktop with negligible thermal expansion. 

Glass-ceramic materials share many properties with both glasses and ceramics. Glass-
ceramics have an amorphous phase and one or more crystalline phases and are produced 
by a so called "controlled crystallization", which is typically avoided in glass 
manufacturing. Glass-ceramics often contain a crystalline phase which constitutes 
anywhere from 30% [m/m] to 90% [m/m] of its composition by volume, yielding an 
array of materials with interesting thermomechanical properties.  

In the processing of glass-ceramics, molten glass is cooled down gradually before 
reheating and annealing. In this heat treatment the glass partly crystallizes. In many cases, 
so-called 'nucleation agents' are added in order to regulate and control the crystallization 
process. Because there is usually no pressing and sintering, glass-ceramics do not contain 
the volume fraction of porosity typically present in sintered ceramics.  

The term mainly refers to a mix of lithium and aluminosilicates which yields an array of 
materials with interesting thermomechanical properties. The most commercially 
important of these have the distinction of being impervious to thermal shock. Thus, glass-
ceramics have become extremely useful for countertop cooking. The negative thermal 
expansion coefficient (TEC) of the crystalline ceramic phase can be balanced with the 
positive TEC of the glassy phase. At a certain point (~70% crystalline) the glass-ceramic 
has a net TEC near zero. This type of glass-ceramic exhibits excellent mechanical 
properties and can sustain repeated and quick temperature changes up to 1000 °C.   

 Processing steps 
The traditional ceramic process generally follows this sequence: Milling → Batching → 
Mixing → Forming → Drying → Firing → Assembly         
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Ball mill 

• Milling is the process by which materials are reduced from a large size to a 
smaller size. Milling may involve breaking up cemented material (in which case 
individual particles retain their shape) or pulverization (which involves grinding 
the particles themselves to a smaller size). Milling is generally done by 
mechanical means, including attrition (which is particle-to-particle collision that 
results in agglomerate break up or particle shearing), compression (which applies 
a forces that results in fracturing), and impact (which employs a milling medium 
or the particles themselves to cause fracturing). Attrition milling equipment 
includes the wet scrubber (also called the planetary mill or wet attrition mill), 
which has paddles in water creating vortexes in which the material collides and 
break up. Compression mills include the jaw crusher, roller crusher and cone 
crusher. Impact mills include the ball mill, which has media that tumble and 
fracture the material. Shaft impactors cause particle-to particle attrition and 
compression. 

• Batching is the process of weighing the oxides according to recipes, and 
preparing them for mixing and drying. 

• Mixing occurs after batching and is performed with various machines, such as dry 
mixing ribbon mixers (a type of cement mixer), Mueller mixers, and pug mills. 
Wet mixing generally involves the same equipment. 

• Forming is making the mixed material into shapes, ranging from toilet bowls to 
spark plug insulators. Forming can involve: (1) Extrusion, such as extruding 
"slugs" to make bricks, (2) Pressing to make shaped parts, (3) Slip casting, as in 
making toilet bowls, wash basins and ornamentals like ceramic statues. Forming 
produces a "green" part, ready for drying. Green parts are soft, pliable, and over 
time will lose shape. Handling the green product will change its shape. For 
example, a green brick can be "squeezed", and after squeezing it will stay that 
way. 

• Drying is removing the water or binder from the formed material. Spray drying is 
widely used to prepare powder for pressing operations. Other dryers are tunnel 
dryers and periodic dryers. Controlled heat is applied in this two-stage process. 
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First, heat removes water. This step needs careful control, as rapid heating causes 
cracks and surface defects. The dried part is smaller than the green part, and is 
brittle, necessitating careful handling, since a small impact will cause crumbling 
and breaking. 

• Firing is where the dried parts pass through a controlled heating process, and the 
oxides are chemically changed to cause sintering and bonding. The fired part will 
be smaller than the dried part. 

 Forming methods 
Ceramic forming techniques include throwing, slipcasting, tape casting, injection 
molding, dry pressing, isostatic pressing, hot isostatic pressing (HIP) and others. Methods 
for forming ceramic powders into complex shapes are desirable in many areas of 
technology. Such methods are required for producing advanced, high-temperature 
structural parts such as heat engine components and turbines. Materials other than 
ceramics which are used in these processes may include: wood, metal, water, plaster and 
epoxy—most of which will be eliminated upon firing.   

These forming techniques are well known for providing tools and other components with 
dimensional stability, surface quality, high (near theoretical) density and microstructural 
uniformity. The increasing use and diversity of specialty forms of ceramics adds to the 
diversity of process technologies to be used.  

Thus, reinforcing fibers and filaments are mainly made by polymer, sol-gel, or CVD 
processes, but melt processing also has applicability. The most widely used specialty 
form is layered structures, with tape casting for electronic substrates and packages being 
preeminent. Photolithography is of increasing interest for precise patterning of 
conductors and other components for such packaging. Tape casting or forming processes 
are also of increasing interest for other applications, ranging from open structures such as 
fuel cells to ceramic composites.  

The other major layer structure is coating, where melt spraying is very important, but 
chemical and physical vapor deposition and chemical (e.g., sol-gel and polymer 
pyrolysis) methods are all seeing increased use. Besides open structures from formed 
tape, extruded structures, such as honeycomb catalyst supports, and highly porous 
structures, including various foams, for example, reticulated foam, are of increasing use.  

Densification of consolidated powder bodies continues to be achieved predominantly by 
(pressureless) sintering. However, the use of pressure sintering by hot pressing is 
increasing, especially for non-oxides and parts of simple shapes where higher quality 
(mainly microstructural homogeneity) is needed, and larger size or multiple parts per 
pressing can be an advantage.  
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The sintering process 

 
Scanning electron micrographs (SEM) of room temperature Al2O3 fine powder compact 
formed using a) colloidal processing and b) slip casting techniques. *Note: Mean particle 
diameter = 0.6 micrometres. 
 

 
Scanning electron micrographs (SEM) of Al2O3 fine powder compact formed using a) 
colloidal processing and b) slip casting techniques and sintered to 1200°C. *Note: Mean 
cluster size = 3 micrometres. 
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Scanning electron micrographs (SEM) of Al2O3 fine powder compact formed using a) 
colloidal processing and b) slip casting techniques and sintered to 1400°C. *Note: Mean 
grain size = 2 micrometres. 
 

 
Scanning electron micrographs (SEM) of fully densified Al2O3 ceramic formed using a) 
colloidal processing and b) slip casting techniques and sintered to 1600°C. *Note: Mean 
grain size = 3 micrometres. 

The principles of sintering-based methods are simple ("sinter" has roots in the English 
"cinder"). The firing is done at a temperature below the melting point of the ceramic. 
Once a roughly-held-together object called a "green body" is made, it is baked in a kiln, 
where atomic and molecular diffusion processes give rise to significant changes in the 
primary microstructural features. This includes the gradual elimination of porosity, which 
is typically accompanied by a net shrinkage and overall densification of the component. 
Thus, the pores in the object may close up, resulting in a denser product of significantly 
greater strength and fracture toughness. 
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Another major change in the body during the firing or sintering process will be the 
establishment of the polycrystalline nature of the solid. This change will introduce some 
form of grain size distribution, which will have a significant impact on the ultimate 
physical properties of the material. The grain sizes will either be associated with the 
initial particle size, or possibly the sizes of aggregates or particle clusters which arise 
during the initial stages of processing. 

The ultimate microstructure (and thus the physical properties) of the final product will be 
limited by and subject to the form of the structural template or precursor which is created 
in the initial stages of chemical synthesis and physical forming. Hence the importance of 
chemical powder and polymer processing as it pertains to the synthesis of industrial 
ceramics, glasses and glass-ceramics. 

There are numerous possible refinements of the sintering process. Some of the most 
common involve pressing the green body to give the densification a head start and reduce 
the sintering time needed. Sometimes organic binders such as polyvinyl alcohol are 
added to hold the green body together; these burn out during the firing (at 200–350 °C). 
Sometimes organic lubricants are added during pressing to increase densification. It is 
common to combine these, and add binders and lubricants to a powder, then press. (The 
formulation of these organic chemical additives is an art in itself. This is particularly 
important in the manufacture of high performance ceramics such as those used by the 
billions for electronics, in capacitors, inductors, sensors, etc.) 

A slurry can be used in place of a powder, and then cast into a desired shape, dried and 
then sintered. Indeed, traditional pottery is done with this type of method, using a plastic 
mixture worked with the hands. If a mixture of different materials is used together in a 
ceramic, the sintering temperature is sometimes above the melting point of one minor 
component - a liquid phase sintering. This results in shorter sintering times compared to 
solid state sintering.   

 Strength of ceramics 
A material's strength is dependent on its microstructure. The engineering processes to 
which a material is subjected can alter this microstructure. The variety of strengthening 
mechanisms that alter the strength of a material include the mechanism of grain boundary 
strengthening. Thus, although yield strength is maximized with decreasing grain size, 
ultimately, very small grain sizes make the material brittle. Considered in tandem with 
the fact that the yield strength is the parameter that predicts plastic deformation in the 
material, one can make informed decisions on how to increase the strength of a material 
depending on its microstructural properties and the desired end effect. 

The relation between yield stress and grain size is described mathematically by the Hall-
Petch equation which is 
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where ky is the strengthening coefficient (a constant unique to each material), σo is a 
materials constant for the starting stress for dislocation movement (or the resistance of 
the lattice to dislocation motion), d is the grain diameter, and σy is the yield stress. 

Theoretically, a material could be made infinitely strong if the grains are made infinitely 
small. This is, unfortunately, impossible because the lower limit of grain size is a single 
unit cell of the material. Even then, if the grains of a material are the size of a single unit 
cell, then the material is in fact amorphous, not crystalline, since there is no long range 
order, and dislocations can not be defined in an amorphous material. It has been observed 
experimentally that the microstructure with the highest yield strength is a grain size of 
about 10 nanometers, because grains smaller than this undergo another yielding 
mechanism, grain boundary sliding.  Producing engineering materials with this ideal grain 
size is difficult because of the limitations of initial particle sizes inherent to nanomaterials 
and nanotechnology. 
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Theory of chemical processing 

 Microstructural uniformity 

 
SEM micrograph of surface of colloidal solid. Structure and morphology consists of 
ordered domains with both interdomain and intradomain lattice defects.(Amorphous 
colloidal silica particles of average particle diameter 600 nm). 
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Manual highlighting reveals microstructural defects and domains in the above image 

In the processing of fine ceramics, the irregular particle sizes and shapes in a typical 
powder often lead to non-uniform packing morphologies that result in packing density 
variations in the powder compact. Uncontrolled agglomeration of powders due to 
attractive van der Waals forces can also give rise to in microstructural inhomogeneities.   

Differential stresses that develop as a result of non-uniform drying shrinkage are directly 
related to the rate at which the solvent can be removed, and thus highly dependent upon 
the distribution of porosity. Such stresses have been associated with a plastic-to-brittle 
transition in consolidated bodies,  and can yield to crack propagation in the unfired body 
if not relieved. 

In addition, any fluctuations in packing density in the compact as it is prepared for the 
kiln are often amplified during the sintering process, yielding inhomogeneous 
densification.   Some pores and other structural defects associated with density variations 
have been shown to play a detrimental role in the sintering process by growing and thus 
limiting end-point densities.  Differential stresses arising from inhomogeneous 
densification have also been shown to result in the propagation of internal cracks, thus 
becoming the strength-controlling flaws.  
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It would therefore appear desirable to process a material in such a way that it is 
physically uniform with regard to the distribution of components and porosity, rather than 
using particle size distributions which will maximize the green density. The containment 
of a uniformly dispersed assembly of strongly interacting particles in suspension requires 
total control over particle-particle interactions. Monodisperse colloids provide this 
potential.  

Monodisperse powders of colloidal silica, for example, may therefore be stabilized 
sufficiently to ensure a high degree of order in the colloidal crystal or polycrystalline 
colloidal solid which results from aggregation. The degree of order appears to be limited 
by the time and space allowed for longer-range correlations to be established.   

Such defective polycrystalline colloidal structures would appear to be the basic elements 
of submicrometer colloidal materials science, and, therefore, provide the first step in 
developing a more rigorous understanding of the mechanisms involved in microstructural 
evolution in inorganic systems such as polycrystalline ceramics. 

 Self-assembly 
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An example of a supramolecular assembly.  

"Self-assembly" is the most common term in use in the modern scientific community to 
describe the spontaneous aggregation of particles (atoms, molecules, colloids, micelles, 
etc.) without the influence of any external forces. Large groups of such particles are 
known to assemble themselves into thermodynamically stable, structurally well-defined 
arrays, quite reminiscent of one of the 7 crystal systems found in metallurgy and 
mineralogy (e.g. face-centered cubic, body-centered cubic, etc.).  The fundamental 
difference in equilibrium structure is in the spatial scale of the unit cell (or lattice 
parameter) in each particular case. 

Thus, self-assembly is emerging as a new strategy in chemical synthesis and 
nanotechnology. Molecular self-assembly has been observed in various biological 
systems and underlies the formation of a wide variety of complex biological structures. 
Molecular crystals, liquid crystals, colloids, micelles, emulsions, phase-separated 
polymers, thin films and self-assembled monolayers all represent examples of the types 
of highly ordered structures which are obtained using these techniques. The 
distinguishing feature of these methods is self-organization in the absence of any external 
forces.  

In addition, the principal mechanical characteristics and structures of biological ceramics, 
polymer composites, elastomers, and cellular materials are being re-evaluated, with an 
emphasis on bioinspired materials and structures. Traditional approaches focus on design 
methods of biological materials using conventional synthetic materials. This includes an 
emerging class of mechanically superior biomaterials based on microstructural features 
and designs found in nature. The new horizons have been identified in the synthesis of 
bioinspired materials through processes that are characteristic of biological systems in 
nature. This includes the nanoscale self-assembly of the components and the development 
of hierarchical structures.    
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Ceramic composites 

 
The Porsche Carrera GT's carbon-ceramic (silicon carbide) composite disc brake 

Substantial interest has arisen in recent years in fabricating ceramic composites. While 
there is considerable interest in composites with one or more non-ceramic constituents, 
the greatest attention is on composites in which all constituents are ceramic. These 
typically comprise two ceramic constituents: a continuous matrix, and a dispersed phase 
of ceramic particles, whiskers, or short (chopped) or continuous ceramic fibers. The 
challenge, as in wet chemical processing, is to obtain a uniform or homogeneous 
distribution of the dispersed particle or fiber phase.     

Consider first the processing of particulate composites. The particulate phase of greatest 
interest is tetragonal zirconia because of the toughening that can be achieved from the 
phase transformation from the metastable tetragonal to the monoclinic crystalline phase, 
aka transformation toughening. There is also substantial interest in dispersion of hard, 
non-oxide phases such as SiC, TiB, TiC, boron, carbon and especially oxide matrices like 
alumina and mullite. There is also interest too incorporating other ceramic particulates, 
especially those of highly anisotropic thermal expansion. Examples include Al2O3, TiO2, 
graphite, and boron nitride.   
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Silicon carbide single crystal 

In processing particulate composites, the issue is not only homogeneity of the size and 
spatial distribution of the dispersed and matrix phases, but also control of the matrix grain 
size. However, there is some built-in self-control due to inhibition of matrix grain growth 
by the dispersed phase. Particulate composites, though generally offer increased 
resistance to damage, failure, or both, are still quite sensitive to inhomogeneities of 
composition as well as other processing defects such as pores. Thus they need good 
processing to be effective.   

Particulate composites have been made on a commercial basis by simply mixing powders 
of the two constituents. Although this approach is inherently limited in the homogeneity 
that can be achieved, it is the most readily adaptable for existing ceramic production 
technology. However, other approaches are of interest.    
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Tungsten carbide milling bits 

From the technological standpoint, a particularly desirable approach to fabricating 
particulate composites is to coat the matrix or its precursor onto fine particles of the 
dispersed phase with good control of the starting dispersed particle size and the resultant 
matrix coating thickness. One should in principle be able to achieve the ultimate in 
homogeneity of distribution and thereby optimize composite performance. This can also 
have other ramifications, such as allowing more useful composite performance to be 
achieved in a body having porosity, which might be desired for other factors, such as 
limiting thermal conductivity. 

There are also some opportunities to utilize melt processing for fabrication of ceramic, 
particulate, whisker and short-fiber, and continuous-fiber composites. Clearly, both 
particulate and whisker composites are conceivable by solid-state precipitation after 
solidification of the melt. This can also be obtained in some cases by sintering, as for 
precipitation-toughened, partially stabilized zirconia. Similarly, it is known that one can 
directionally solidify ceramic eutectic mixtures and hence obtain uniaxially aligned fiber 
composites. Such composite processing has typically been limited to very simple shapes 
and thus suffers from serious economic problems due to high machining costs.   

Clearly, there are possibilities of using melt casting for many of these approaches. 
Potentially even more desirable is using melt-derived particles. In this method, quenching 
is done in a solid solution or in a fine eutectic structure, in which the particles are then 
processed by more typical ceramic powder processing methods into a useful body. There 
have also been preliminary attempts to use melt spraying as a means of forming 
composites by introducing the dispersed particulate, whisker, or fiber phase in 
conjunction with the melt spraying process. 

Besides many process improvements, the first of two major needs for fiber composites is 
lower fiber costs. The second major need is fiber compositions or coatings, or composite 
processing, to reduce degradation that results from high-temperature composite exposure 
under oxidizing conditions.   
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 Applications 

 
Radial rotor made from Si3N4 for a gas turbine engine 

 

 
Silicon nitride thruster. Left: Mounted in test stand. Right: Being tested with H2/O2 
propellants 

The products of technical ceramics include tiles used in the Space Shuttle program, gas 
burner nozzles, ballistic protection, nuclear fuel uranium oxide pellets, bio-medical 
implants, jet engine turbine blades, and missile nose cones. 

Its products are often made from materials other than clay, chosen for their particular 
physical properties. These may be classified as follows: 

• Oxides: silica, alumina, zirconia 
• Non-oxides: carbides, borides, nitrides, silicides 
• Composites: particulate or whisker reinforced matrices, combinations of oxides 

and non-oxides (e.g. polymers). 

Ceramics can be used in many technological industries. One application are the ceramic 
tiles on NASA's Space Shuttle, used to protect it and the future supersonic space planes 
from the searing heat of reentry into the Earth's atmosphere. They are also used widely in 
electronics and optics. In addition to the applications listed here, ceramics are also used 
as a coating in various engineering cases. An example would be a ceramic bearing 
coating over a titanium frame used for an airplane. Recently the field has come to include 
the studies of single crystals or glass fibers, in addition to traditional polycrystalline 
materials, and the applications of these have been overlapping and changing rapidly. 
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 Aerospace 

• Engines; Shielding a hot running airplane engine from damaging other 
components. 

• Airframes; Used as a high-stress, high-temp and lightweight bearing and 
structural component. 

• Missile nose-cones; Shielding the missile internals from heat. 
• Space Shuttle tiles 
• Space-debris ballistic shields -- Ceramic fiber woven shields offer better 

protection to hypervelocity (~7 km/s) particles than aluminum shields of equal 
weight.  

• Rocket Nozzles; Withstands and focuses the exhaust of the rocket booster. 

 Biomedical 

 
A titanium hip prosthesis, with a ceramic head and polyethylene acetabular cup. 

• Artificial bone; Dentistry applications, teeth. 
• Biodegradable splints; Reinforcing bones recovering from osteoporosis 
• Implant material 
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Electronics 

• Capacitors 
• Integrated Circuit packages 
• Transducers 
• Insulators 

 Optical 

• Optical fibers; Guided Lightwave Transmission 
• Switches 
• Laser amplifiers 
• Lenses 
• Infrared Heat Seeking Devices 

 Automotive 

• Heat shield 
• Exhaust Heat Management 

 Biomaterials 

 
The DNA structure at left (schematic shown) will self-assemble into the structure 
visualized by atomic force microscopy at right.  

Silicification is quite common in the biological world and occurs in bacteria, single-
celled organisms, plants, and animals (invertebrates and vertebrates). Crystalline minerals 
formed in such environment often show exceptional physical properties (e.g. strength, 
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hardness, fracture toughness) and tend to form hierarchical structures that exhibit 
microstructural order over a range of length or spatial scales. The minerals are 
crystallized from an environment that is undersaturated with respect to silicon, and under 
conditions of neutral pH and low temperature (0-40 °C). Formation of the mineral may 
occur either within or outside of the cell wall of an organism, and specific biochemical 
reactions for mineral deposition exist that include lipids, proteins and carbohydrates. The 
significance of the cellular machinery cannot be overemphasized, and it is with advances 
in experimental techniques in cellular biology and the capacity to mimic the biological 
environment that significant progress is currently being reported. 

Most natural (or biological) materials are complex composites whose mechanical 
properties are often outstanding, considering the weak constituents from which they are 
assembled. These complex structures, which have risen from hundreds of million years of 
evolution, are inspiring the design of novel materials with exceptional physical properties 
for high performance in adverse conditions. Their defining characteristics such as 
hierarchy, multifunctionality, and the capacity for self-healing, are currently being 
investigated.  

The basic building blocks begin with the 20 amino acids and proceed to polypeptides, 
polysaccharides, and polypeptides–saccharides. These, in turn, compose the basic 
proteins, which are the primary constituents of the ‘soft tissues’ common to most 
biominerals. With well over 1000 proteins possible, current research emphasizes the use 
of collagen, chitin, keratin, and elastin. The ‘hard’ phases are often strengthened by 
crystalline minerals, which nucleate and grow in a biomediated environment that 
determines the size, shape and distribution of individual crystals. The most important 
mineral phases have been identified as hydroxyapatite, silica, and aragonite. Using the 
classification of Wegst and Ashby, the principal mechanical characteristics and structures 
of biological ceramics, polymer composites, elastomers, and cellular materials have been 
presented. Selected systems in each class are being investigated with emphasis on the 
relationship between their microstructure over a range of length scales and their 
mechanical response. 

Thus, the crystallization of inorganic materials in nature generally occurs at ambient 
temperature and pressure. Yet the vital organisms through which these minerals form are 
capable of consistently producing extremely precise and complex structures. 
Understanding the processes in which living organisms control the growth of crystalline 
minerals such as silica could lead to significant advances in the field of materials science, 
and open the door to novel synthesis techniques for nanoscale composite materials, or 
nanocomposites. 
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The iridescent nacre inside a Nautilus shell. 

High-resolution SEM observations were performed of the microstructure of the mother-
of-pearl (or nacre) portion of the abalone shell. Those shells exhibit the highest 
mechanical strength and fracture toughness of any non-metallic substance known. The 
nacre from the shell of the abalone has become one of the more intensively studied 
biological structures in materials science. Clearly visible in these images are the neatly 
stacked (or ordered) mineral tiles separated by thin organic sheets along with a 
macrostructure of larger periodic growth bands which collectively form what scientists 
are currently referring to as a hierarchical composite structure. (The term hierarchy 
simply implies that there are a range of structural features which exist over a wide range 
of length scales).  

Future developments reside in the synthesis of bio-inspired materials through processing 
methods and strategies that are characteristic of biological systems. These involve 
nanoscale self-assembly of the components and the development of hierarchical 
structures.     
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Chapter- 4 

Materials Science 
 
 
 
 
 
 
 
 
 

 
Outside of the Space Shuttle as it heats up to over 1,500 °C (2,730 °F) during re-entry 
into the Earth's atmosphere 

Materials science is an interdisciplinary field applying the properties of matter to various 
areas of science and engineering. This scientific field investigates the relationship 
between the structure of materials at atomic or molecular scales and their macroscopic 
properties. It incorporates elements of applied physics and chemistry. With significant 
media attention focused on nanoscience and nanotechnology in recent years, materials 
science has been propelled to the forefront at many universities. It is also an important 
part of forensic engineering and failure analysis. Materials science also deals with 
fundamental properties and characteristics of materials. 
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History 
The material of choice of a given era is often its defining point. Phrases such as Stone 
Age, Bronze Age, and Steel Age are good examples. Originally deriving from the 
manufacture of ceramics and its putative derivative metallurgy, materials science is one 
of the oldest forms of engineering and applied science. Modern materials science evolved 
directly from metallurgy, which itself evolved from mining and (likely) ceramics and the 
use of fire. A major breakthrough in the understanding of materials occurred in the late 
19th century, when the American scientist Josiah Willard Gibbs demonstrated that the 
thermodynamic properties related to atomic structure in various phases are related to the 
physical properties of a material. Important elements of modern materials science are a 
product of the space race: the understanding and engineering of the metallic alloys, and 
silica and carbon materials, used in the construction of space vehicles enabling the 
exploration of space. Materials science has driven, and been driven by, the development 
of revolutionary technologies such as plastics, semiconductors, and biomaterials. 

Before the 1960s (and in some cases decades after), many materials science departments 
were named metallurgy departments, from a 19th and early 20th century emphasis on 
metals. The field has since broadened to include every class of materials, including: 
ceramics, polymers, semiconductors, magnetic materials, medical implant materials and 
biological materials (materiomics). 

Fundamentals 
The basis of materials science involves relating the desired properties and relative 
performance of a material in a certain application to the structure of the atoms and phases 
in that material through characterization. The major determinants of the structure of a 
material and thus of its properties are its constituent chemical elements and the way in 
which it has been processed into its final form. These characteristics, taken together and 
related through the laws of thermodynamics, govern a material’s microstructure, and thus 
its properties. 

The manufacture of a perfect crystal of a material is currently physically impossible. 
Instead materials scientists manipulate the defects in crystalline materials such as 
precipitates, grain boundaries (Hall-Petch relationship), interstitial atoms, vacancies or 
substitutional atoms, to create materials with the desired properties. 

Not all materials have a regular crystal structure. Polymers display varying degrees of 
crystallinity, and many are completely non-crystalline. Glasses, some ceramics, and many 
natural materials are amorphous, not possessing any long-range order in their atomic 
arrangements. The study of polymers combines elements of chemical and statistical 
thermodynamics to give thermodynamic, as well as mechanical, descriptions of physical 
properties. 
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In addition to industrial interest, materials science has gradually developed into a field 
which provides tests for condensed matter or solid state theories. New physics emerge 
because of the diverse new material properties which need to be explained. 

 Materials in industry 
Radical materials advances can drive the creation of new products or even new industries, 
but stable industries also employ materials scientists to make incremental improvements 
and troubleshoot issues with currently used materials. Industrial applications of materials 
science include materials design, cost-benefit tradeoffs in industrial production of 
materials, processing techniques (casting, rolling, welding, ion implantation, crystal 
growth, thin-film deposition, sintering, glassblowing, etc.), and analytical techniques 
(characterization techniques such as electron microscopy, x-ray diffraction, calorimetry, 
nuclear microscopy (HEFIB), Rutherford backscattering, neutron diffraction, small-angle 
X-ray scattering (SAXS), etc. 

Besides material characterization, the material scientist/engineer also deals with the 
extraction of materials and their conversion into useful forms. Thus ingot casting, 
foundry techniques, blast furnace extraction, and electrolytic extraction are all part of the 
required knowledge of a metallurgist/engineer. Often the presence, absence or variation 
of minute quantities of secondary elements and compounds in a bulk material will have a 
great impact on the final properties of the materials produced, for instance, steels are 
classified based on 1/10th and 1/100 weight percentages of the carbon and other alloying 
elements they contain. Thus, the extraction and purification techniques employed in the 
extraction of iron in the blast furnace will have an impact of the quality of steel that may 
be produced. 

The overlap between physics and materials science has led to the offshoot field of 
materials physics, which is concerned with the physical properties of materials. The 
approach is generally more macroscopic and applied than in condensed matter physics.   

 Metal alloys 

The study of metal alloys is a significant part of materials science. Of all the metallic 
alloys in use today, the alloys of iron (steel, stainless steel, cast iron, tool steel, alloy 
steels) make up the largest proportion both by quantity and commercial value. Iron 
alloyed with various proportions of carbon gives low, mid and high carbon steels. For the 
steels, the hardness and tensile strength of the steel is directly related to the amount of 
carbon present, with increasing carbon levels also leading to lower ductility and 
toughness. The addition of silicon and graphitization will produce cast irons (although 
some cast irons are made precisely with no graphitization). The addition of chromium, 
nickel and molybdenum to carbon steels (more than 10%) gives us stainless steels. 

Other significant metallic alloys are those of aluminium, titanium, copper and 
magnesium. Copper alloys have been known for a long time (since the Bronze Age), 
while the alloys of the other three metals have been relatively recently developed. Due to 
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the chemical reactivity of these metals, the electrolytic extraction processes required were 
only developed relatively recently. The alloys of aluminium, titanium and magnesium are 
also known and valued for their high strength-to-weight ratios and, in the case of 
magnesium, their ability to provide electromagnetic shielding. These materials are ideal 
for situations where high strength-to-weight ratios are more important than bulk cost, 
such as in the aerospace industry and certain automotive engineering applications. 

 Polymers 

Polymers are also an important part of materials science. Polymers are the raw materials 
(the resins) used to make what we commonly call plastics. Plastics are really the final 
product, created after one or more polymers or additives have been added to a resin 
during processing, which is then shaped into a final form. Polymers which have been 
around, and which are in current widespread use, include polyethylene, polypropylene, 
PVC, polystyrene, nylons, polyesters, acrylics, polyurethanes, and polycarbonates. 
Plastics are generally classified as "commodity", "specialty" and "engineering" plastics. 

PVC (polyvinyl-chloride) is widely used, inexpensive, and annual production quantities 
are large. It lends itself to an incredible array of applications, from artificial leather to 
electrical insulation and cabling, packaging and containers. Its fabrication and processing 
are simple and well-established. The versatility of PVC is due to the wide range of 
plasticisers and other additives that it accepts. The term "additives" in polymer science 
refers to the chemicals and compounds added to the polymer base to modify its material 
properties. 

Polycarbonate would be normally considered an engineering plastic (other examples 
include PEEK, ABS). Engineering plastics are valued for their superior strengths and 
other special material properties. They are usually not used for disposable applications, 
unlike commodity plastics. 

Specialty plastics are materials with unique characteristics, such as ultra-high strength, 
electrical conductivity, electro-fluorescence, high thermal stability, etc. 

The dividing lines between the various types of plastics is not based on material but 
rather on their properties and applications. For instance, polyethylene (PE) is a cheap, 
low friction polymer commonly used to make disposable shopping bags and trash bags, 
and is considered a commodity plastic, whereas Medium-Density Polyethylene MDPE is 
used for underground gas and water pipes, and another variety called Ultra-high 
Molecular Weight Polyethylene UHMWPE is an engineering plastic which is used 
extensively as the glide rails for industrial equipment and the low-friction socket in 
implanted hip joints. 

 Ceramics and glasses 

 Composite materials 
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Another application of material science in industry is the making of composite materials. 
Composite materials are structured materials composed of two or more macroscopic 
phases. Applications range from structural elements such as steel-reinforced concrete, to 
the thermally insulative tiles which play a key and integral role in NASA's Space Shuttle 
thermal protection system which is used to protect the surface of the shuttle from the heat 
of re-entry into the Earth's atmosphere. One example is Reinforced Carbon-Carbon 
(RCC), The light gray material which withstands reentry temperatures up to 1510 °C 
(2750 °F) and protects the Space Shuttle's wing leading edges and nose cap. RCC is a 
laminated composite material made from graphite rayon cloth and impregnated with a 
phenolic resin. After curing at high temperature in an autoclave, the laminate is pyrolized 
to convert the resin to carbon, impregnated with furfural alcohol in a vacuum chamber, 
and cured/pyrolized to convert the furfural alcohol to carbon. In order to provide 
oxidation resistance for reuse capability, the outer layers of the RCC are converted to 
silicon carbide. 

Other examples can be seen in the "plastic" casings of television sets, cell-phones and so 
on. These plastic casings are usually a composite material made up of a thermoplastic 
matrix such as acrylonitrile-butadiene-styrene (ABS) in which calcium carbonate chalk, 
talc, glass fibres or carbon fibres have been added for added strength, bulk, or electro-
static dispersion. These additions may be referred to as reinforcing fibres, or dispersants, 
depending on their purpose. 

 Classes of materials 
Materials science encompasses various classes of materials, each of which may constitute 
a separate field. Materials are sometimes classified by the type of bonding present 
between the atoms: 

1. Ionic crystals 
2. Covalent crystals 
3. Metals 
4. Intermetallics 
5. Semiconductors 
6. Polymers 
7. Composite materials 
8. Vitreous materials 

 Overview 
• Nanotechnology – rigorously, the study of materials where the effects of quantum 

confinement, the Gibbs-Thomson effect, or any other effect only present at the 
nanoscale is the defining property of the material; but more commonly, it is the 
creation and study of materials whose defining structural properties are anywhere 
from less than a nanometer to one hundred nanometers in scale, such as 
molecularly engineered materials. 
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• Microtechnology - study of materials and processes and their interaction, allowing 
microfabrication of structures of micrometric dimensions, such as 
MicroElectroMechanical Systems (MEMS). 

• Crystallography – the study of how atoms in a solid fill space, the defects 
associated with crystal structures such as grain boundaries and dislocations, and 
the characterization of these structures and their relation to physical properties. 

• Materials Characterization – such as diffraction with x-rays, electrons, or 
neutrons, and various forms of spectroscopy and chemical analysis such as Raman 
spectroscopy, energy-dispersive spectroscopy (EDS), chromatography, thermal 
analysis, electron microscope analysis, etc., in order to understand and define the 
properties of materials.  

 
Si3N4 ceramic bearing parts 

• Metallurgy – the study of metals and their alloys, including their extraction, 
microstructure and processing. 

• Biomaterials – materials that are derived from and/or used with biological 
systems. 

• Electronic and magnetic materials – materials such as semiconductors used to 
create integrated circuits, storage media, sensors, and other devices. 

• Tribology – the study of the wear of materials due to friction and other factors. 
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• Surface science/Catalysis – interactions and structures between solid-gas solid-
liquid or solid-solid interfaces. 

• Ceramography – the study of the microstructures of high-temperature materials 
and refractories, including structural ceramics such as RCC, polycrystalline 
silicon carbide and transformation toughened ceramics 

Some practitioners often consider rheology a sub-field of materials science, because it 
can cover any material that flows. However, modern rheology typically deals with non-
Newtonian fluid dynamics, so it is often considered a sub-field of continuum mechanics.  

 
A cloth of woven carbon fiber filaments is commonly used for reinforcement in 
composite materials. 

• Glass Science – any non-crystalline material including inorganic glasses, vitreous 
metals and non-oxide glasses. 

• Forensic engineering – the study of how products fail, and the vital role of the 
materials of construction 

• Forensic materials engineering – the study of material failure, and the light it 
sheds on how engineers specify materials in their product 

• Textile Reinforced Materials - materials in the form of ceramic or concrete are 
reinforced with a primarily woven or non-woven textile structure to impose high 
strength with comparatively more flexibility to withstand vibrations and sudden 
jerks. 
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 Primary topics 

• Thermodynamics, statistical mechanics, and physical chemistry, for phase 
equilibrium conditions, phase diagrams of materials systems (multi-phase, multi-
component, reacting and non-reacting systems) 

• Phase transformation kinetics, for the kinetics of phase transformations (with 
particular emphasis on solid-solid phase transitions) 

• Transport phenomena for the transport of heat, mass, and momentum in materials 
processing. 

• Crystallography, quantum chemistry or quantum physics, for the structure 
(symmetry and defects) and bonding in materials (e.g., ionic, metallic, covalent, 
and van der Waals bonding) 

• Mechanical behavior of materials, to understand the mechanical properties of 
materials, defects and their propagation, and their behavior under static, dynamic, 
and cyclic loads 

• Electronic properties of materials, and solid-state physics, for the understanding 
of the electronic, thermal, magnetic, and optical properties of materials 

• Diffraction and wave mechanics, for the science behind characterization systems, 
e.g., transmission electron microscopy (TEM) 

 
Household items made of various kinds of plastic. 

• Polymer properties, synthesis, and characterization, for a specialized 
understanding of how polymers behave, how they are made, and how they are 
characterized; exciting applications of polymers include liquid crystal displays 



_________________WORLD TECHNOLOGIES_________________

WT

(LCDs, the displays found in most cell-phones, cameras, and iPods), novel 
photovoltaic devices based on semiconductor polymers (which, unlike the 
traditional silicon solar panels, are flexible and cheap to manufacture, albeit with 
lower efficiency), and membranes for room-temperature fuel cells (as proton 
exchange membranes) and filtration systems in the environmental and biomedical 
fields 

• Biomaterials, physiology, biomechanics, biochemistry, for a specialized 
understanding of how materials integrate into biological systems, e.g., through 
materiomics 

• Semiconductor materials and semiconductor devices, for a specialized 
understanding of the advanced processes used in industry (e.g. crystal growth 
techniques, thin-film deposition, ion implantation, photolithography), their 
properties, and their integration in electronic devices 

• Alloying, corrosion, and thermal or mechanical processing, for a specialized 
treatment of metallurgical materials—with applications ranging from aerospace 
and industrial equipment to the civil industries 

 Professional organizations 
• Materials Research Society, MRS 
• European Materials Research Society, EMRS 
• ASM International 
• The Minerals, Metals, & Materials Society, TMS 
• Materials Australia 
• American Ceramic Society, ACerS 
• NACE International 
• The American Institute of Mining, Metallurgical, and Petroleum Engineers, 

AIME 
• Society for the Advancement of Material and Process Engineering, SAMPE 
• The Institute of Materials, Minerals and Mining, IOM3 
• Alpha Sigma Mu, ΑΣΜ 
• Central European Institute of Technology, CEITEC 

 Important journals 
• ACS Applied Materials & Interfaces 
• Acta Crystallographica 
• Acta Materialia 
• Acta Metallurgica 
• Advanced Composite Materials 
• Advanced Functional Materials 
• Advanced Materials 
• Chemistry of Materials 
• Computational Materials Science 
• Crystal Growth & Design 
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• Federation of European Materials Science Societies Newsletter 
• International Journal of Applied Ceramic Technology 
• JOM 
• Journal of the American Ceramic Society 
• Journal of Applied Crystallography 
• J Colloid & Interface Science 
• Journal of Materials Chemistry 
• Journal of Materials Research 
• Journal of Materials Science 
• Journal of Physical Chemistry B 
• Materials Chemistry and Physics 
• Materials Letters 
• Materials Research Bulletin 
• Materials Science and Engineering-A, B, C, and R 
• Metallurgical and Materials Transactions 
• Modelling and Simulation in Materials Science and Engineering 
• MRS Bulletin 

Physical Review B 

• Nature Materials 
• Science and Technology of Advanced Materials - Open Access 
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Chapter- 5 

Casting (metalworking) 
  
 
 
 
 
 
  

 
Casting iron in a sand mold 
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In metalworking, casting involves pouring a liquid metal into a mold, which contains a 
hollow cavity of the desired shape, and then is allowed to solidify. The solidified part is 
also known as a casting, which is ejected or broken out of the mold to complete the 
process. Casting is most often used for making complex shapes that would be difficult or 
uneconomical to make by other methods.  

The casting process is subdivided into two main categories: expendable and non-
expendable casting. It is further broken down by the mold material, such as sand or metal, 
and pouring method, such as gravity, vacuum, or low pressure.  

 Terminology 
Metal casting processes uses the following terminology:  

• Pattern: An approximate duplicate of the final casting used to form the mold 
cavity. 

• Molding material: The material that is packed around the pattern and then the 
pattern is removed to leave the cavity where the casting material will be poured. 

• Flask: The rigid wood or metal frame that holds the molding material.  
o Cope: The top half of the pattern, flask, mold, or core. 
o Drag: The bottom half of the pattern, flask, mold, or core. 

• Core: An insert in the mold that produces internal features in the casting, such as 
holes.  

o Core print: The region added to the pattern, core, or mold used to locate 
and support the core. 

• Mold cavity: The combined open area of the molding material and core, there the 
metal is poured to produce the casting. 

• Riser: An extra void in the mold that fills with molten material to compensate for 
shrinkage during solidification. 

• Gating system: The network of connected channels that deliver the molten 
material to the mold cavities.  

o Pouring cup or pouring basin: The part of the gating system that receives 
the molten material from the pouring vessel. 

o Sprue: The pouring cup attaches to the sprue, which is the vertical part of 
the gating system. The other end of the sprue attaches to the runners. 

o Runners: The horizontal portion of the gating system that connects the 
sprues to the gates. 

o Gates: The controlled entrances from the runners into the mold cavities. 
• Vents: Additional channels that provide an escape for gases generated during the 

pour. 
• Parting line or parting surface: The interface between the cope and drag halves of 

the mold, flask, or pattern. 
• Draft: The taper on the casting or pattern that allow it to be withdrawn from the 

mold 
• Core box: The mold or die used to produce the cores. 
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Some specialized processes, such as die casting, use additional terminology. 

 Theory 
Casting is a solidification process, which means the solidification phenomenon controls 
most of the properties of the casting. Moreover, most of the casting defects occur during 
solidification, such as gas porosity and solidification shrinkage.  

Solidification occurs in two steps: nucleation and crystal growth. In the nucleation stage 
solid particles form within the liquid. When these particles form their internal energy is 
lower than the surrounded liquid, which creates an energy interface between the two. The 
formation of the surface at this interface requires energy, so as nucleation occurs the 
material actually undercools, that is it cools below its freezing temperature, because of 
the extra energy required to form the interface surfaces. It then recalescences, or heats 
back up to its freezing temperature, for the crystal growth stage. Note that nucleation 
occurs on a pre-existing solid surface, because not as much energy is required for a 
partial interface surface, as is for a complete spherical interface surface. This can be 
advantageous because fine-grained castings possess better properties than coarse-grained 
castings. A fine grain structure can be induced by grain refinement or inoculation, which 
is the process of adding impurities to induce nucleation.  

All of the nucleations represent a crystal, which grows as the heat of fusion is extracted 
from the liquid until there is no liquid left. The direction, rate, and type of growth can be 
controlled to maximize the properties of the casting. Directional solidification is when the 
material solidifies at one end and proceeds to solidify to the other end; this is the most 
ideal type of grain growth because it allows liquid material to compensate for shrinkage.  

 Cooling curves 

 
Intermediate cooling rates from melt result in a dendritic microstructure. Primary and 
secondary dendrites can be seen in this image. 

Cooling curves are important in controlling the quality of a casting. The most important 
part of the cooling curve is the cooling rate which affects the microstructure and 
properties. Generally speaking, an area of the casting which is cooled quickly will have a 
fine grain structure and an area which cools slowly will have a coarse grain structure. 
Below is an example cooling curve of a pure metal or eutectic alloy, with defining 
terminology.  
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Note that before the thermal arrest the material is a liquid and after it the material is a 
solid; during the thermal arrest the material is converting from a liquid to a solid. Also, 
note that the greater the superheat the more time there is for the liquid material to flow 
into intricate details.  

The cooling rate is largely controlled by the mold material. When the liquid material is 
poured into the mold, the cooling begins. This happens because the heat within the 
molten metal flows into the relatively cooler parts of the mold. Molding materials transfer 
heat from the casting into the mold at different rates. For example, some molds made of 
plaster may transfer heat very slowly, while steel would transfer the heat quickly. Where 
heat should be removed quickly, the engineer will plan the mold to include special heat 
sinks to the mold, called chills. Fins may also be designed on a casting to extract heat, 
which are later removed in the cleaning (also called fettling) process. Both methods may 
be used at local spots in a mold where the heat will be extracted quickly. Where heat 
should be removed slowly, a riser or some padding may be added to a casting.  

The above cooling curve depicts a basic situation with a pure alloy, however, most 
castings are of alloys, which have a cooling curve shaped as shown below. 
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Note that there is no longer a thermal arrest, instead there is a freezing range. The 
freezing range corresponds directly to the liquidus and solidus found on the phase 
diagram for the specific alloy. 

 Chvorinov's rule 

The local solidification time can be calculated using Chvorinov's rule, which is: 

 

Where t is the solidification time, V is the volume of the casting, A is the surface area of 
the casting that contacts the mold, n is a constant, and B is the mold constant. It is most 
useful in determining if a riser will solidify before the casting, because if the riser does 
solidify first then it is worthless.  

 The gating system 

 
A simple gating system for a horizontal parting mold. 
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The gating system serves many purposes, the most important being conveying the liquid 
material to the mold, but also controlling shrinkage, the speed of the liquid, turbulence, 
and trapping dross. The gates are usually attached to the thickest part of the casting to 
assist in controlling shrinkage. In especially large castings multiple gates or runners may 
be required to introduce metal to more than one point in the mold cavity. The speed of the 
material is important because if the material is traveling too slowly it can cool before 
completely filling, leading to misruns and cold shuts. If the material is moving too fast 
then the liquid material can erode the mold and contaminate the final casting. The shape 
and length of the gating system can also control how quickly the material cools; short 
round or square channels minimize heat loss.  

The gating system may be designed to minimize turbulence, depending on the material 
being cast. For example, steel, cast iron, and most copper alloys are turbulent insensitive, 
but aluminium and magnesium alloys are turbulent sensitive. The turbulent insensitive 
materials usually have a short and open gating system to fill the mold as quickly as 
possible. However, for turbulent sensitive materials short sprues are used to minimize the 
distance the material must fall when entering the mold. Rectangular pouring cups and 
tapered sprues are used to prevent the formation of a vortex as the material flows into the 
mold; these vortices tend to suck gas and oxides into the mold. A large sprue well is used 
to dissipate the kinetic energy of the liquid material as it falls down the sprue, decreasing 
turbulence. The choke, which is the smallest cross-sectional area in the gating system 
used to control flow, can be placed near the sprue well to slow down and smooth out the 
flow. Note that on some molds the choke is still placed on the gates to make separation of 
the part easier, but induces extreme turbulence.  The gates are usually attached to the 
bottom of the casting to minimize turbulence and splashing.  

The gating system may also be designed to trap dross. One method is to take advantage 
of the fact that some dross has a lower density than the base material so it floats to the top 
of the gating system. Therefore long flat runners with gates that exit from the bottom of 
the runners can trap dross in the runners; note that long flat runners will cool the material 
more rapidly than round or square runners. For materials where the dross is a similar 
density to the base material, such as aluminium, runner extensions and runner wells can 
be advantageous. These take advantage of the fact that the dross is usually located at the 
beginning of the pour, therefore the runner is extended past the last gate(s) and the 
contaminates are contained in the wells. Screens or filters may also be used to trap 
contaminates.  

It is important to keep the size of the gating system small, because it all must be cut from 
the casting and remelted to be reused. The efficiency, or yield, of a casting system can be 
calculated by dividing the weight of the casting by the weight of the metal poured. 
Therefore, the higher the number the more efficient the gating system/risers.  

 Shrinkage 

There are three types of shrinkage: shrinkage of the liquid, solidification shrinkage and 
patternmaker's shrinkage. The shrinkage of the liquid is rarely a problem because more 
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material is flowing into the mold behind it. Solidification shrinkage occurs because 
metals are less dense as a liquid than a solid, so during solidification the metal density 
dramatically increases. Patternmaker's shrinkage refers to the shrinkage that occurs when 
the material is cooled from the solidification temperature to room temperature, which 
occurs due to thermal contraction.  

 Solidification shrinkage 

Most materials shrink as they solidify, but, as 
the table to the right shows, a few materials do 
not, such as gray cast iron. For the materials 
that do shrink upon solidification the type of 
shrinkage depends on how wide the freezing 
range is for the material. For materials with a 
narrow freezing range, less than 50 °C 
(122 °F),  a cavity, known as a pipe, forms in 
the center of the casting, because the outer 
shell freezes first and progressively solidifies 
to the center. Pure and eutectic metals usually 
have narrow solidification ranges. These 
materials tend to form a skin in open air 
molds, therefore they are known as skin 
forming alloys.  For materials with a wide freezing range, greater than 110 °C (230 °F),  
much more of the casting occupies the mushy or slushy zone (the temperature range 
between the solidus and the liquidus), which leads to small pockets of liquid trapped 
throughout and ultimately porosity. These castings tend to have poor ductility, toughness, 
and fatigue resistance. Moreover, for these types of materials to be fluid-tight a secondary 
operation is required to impregnate the casting with a lower melting point metal or resin.   

For the materials that have narrow solidification ranges pipes can be overcome by 
designing the casting to promote directional solidification, which means the casting 
freezes first at the point farthest from the gate, then progressively solidifies towards the 
gate. This allows a continuous feed of liquid material to be present at the point of 
solidification to compensate for the shrinkage. Note that there is still a shrinkage void 
where the final material solidifies, but if designed properly this will be in the gating 
system or riser.  

Solidification shrinkage of various metals   
Metal Percentage 

Aluminium 6.6 
Copper 4.9 
Magnesium 4.0 or 4.2 
Zinc 3.7 or 6.5 
Low carbon steel 2.5–3.0 
High carbon steel 4.0 
White cast iron 4.0–5.5 
Gray cast iron −2.5–1.6 
Ductile cast iron −4.5–2.7 
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 Risers and riser aids 

 
Different types of risers 
 

Risers, also known as feeders, are the most common way of providing directional 
solidification. It supplies liquid metal to the solidifying casting to compensate for 
solidification shrinkage. For a riser to work properly the riser must solidify after the 
casting, otherwise it cannot supply liquid metal to shrinkage within the casting. Risers 
add cost to the casting because it lowers the yield of each casting; i.e. more metal is lost 
as scrap for each casting. Another way to promote directional solidification is by adding 
chills to the mold. A chill is any material which will conduct heat away from the casting 
more rapidly that the material used for molding.  

Risers are classified by three criteria. The first is if the riser is open to the atmosphere, if 
it is then its called an open riser, otherwise its known as a blind type. The second 
criterion is where the riser is located; if it is located on the casting then it is known as a 
top riser and if it is located next to the casting it is known as a side riser. Finally, if riser 
is located on the gating system so that it fills after the molding cavity, it is known as a 
live riser or hot riser, but if the riser fills with materials that's already flowed through the 
molding cavity it is known as a dead riser or cold riser.  

Riser aids are items used to assist risers in creating directional solidification or reducing 
the number of risers required. One of these items are chills which accelerate cooling in a 
certain part of the mold. There are two types: external and internal chills. External chills 
are masses of high-heat-capacity and high-thermal-conductivity material that are placed 
on an edge of the molding cavity. Internal chills are pieces of the same metal that is being 
poured, which are placed inside the mold cavity and become part of the casting. 
Insulating sleeves and toppings may also be installed around the riser cavity to slow the 
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solidification of the riser. Heater coils may also be installed around or above the riser 
cavity to slow solidification.  

 Patternmaker's shrink 

Typical patternmaker's shrinkage of various metals  
Metal Percentage in/ft 

Aluminium 1.0–1.3 1⁄8–5⁄32 
Brass 1.5 3⁄16 
Magnesium 1.0–1.3 1⁄8–5⁄32 
Cast iron 0.8–1.0 1⁄10–1⁄8 
Steel 2.5–3.0 3⁄16–1⁄4 

Shrinkage after solidification can be dealt with by using an oversized pattern designed 
specifically for the alloy used. Contraction rules, or shrink rules, are used to make the 
patterns oversized to compensate for this type of shrinkage.  These rulers are up to 2% 
oversize, depending on the material being cast.  These rulers are mainly referred to by 
their percentage change. A pattern made to match an existing part would be made as 
follows: First, the existing part would be measured using a standard ruler, then when 
constructing the pattern, the pattern maker would use a contraction rule, ensuring that the 
casting would contract to the correct size. 

Note that patternmaker's shrinkage does not take phase change transformations into 
account. For example, eutectic reactions, martensitic reactions, and graphitization can 
cause expansions or contractions.  

 Mold cavity 

The mold cavity of a casting does not reflect the exact dimensions of the finished part due 
to a number of reasons. These modifications to the mold cavity are known as allowances 
and account for patternmaker's shrinkage, draft, machining, and distortion. In non-
expendable processes, these allowances are imparted directly into the permanent mold, 
but in expendable mold processes they are imparted into the patterns, which later form 
the mold cavity.  Note that for non-expendable molds an allowance is required for the 
dimensional change of the mold due to heating to operating temperatures.  

For surfaces of the casting that are perpendicular to the parting line of the mold a draft 
must be included. This is so that the casting can be released in non-expendable processes 
or the pattern can be released from the mold without destroying the mold in expendable 
processes. The required draft angle depends on the size and shape of the feature, the 
depth of the mold cavity, how the part or pattern is being removed from the mold, the 
pattern or part material, the mold material, and the process type. Usually the draft is not 
less than 1%.  
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The machining allowance varies drastically from one process to another. Sand castings 
generally have a rough surface finish, therefore need a greater machining allowance, 
whereas die casting has a very fine surface finish, which may not need any machining 
tolerance. Also, the draft may provide enough of a machining allowance to begin with.  

The distortion allowance is only necessary for certain geometries. For instance, U-shaped 
castings will tend to distort with the legs splaying outward, because the base of the shape 
can contract while the legs are constrained by the mold. This can be overcome by 
designing the mold cavity to slope the leg inward to begin with. Also, long horizontal 
sections tend to sag in the middle if ribs are not incorporated, so a distortion allowance 
may be required.  

Cores may be used in expendable mold processes to produce internal features. The core 
can be of metal but it is usually done in sand. 
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Filling 

 
Schematic of the low-pressure permanent mold casting process 

There are a few common methods for filling the mold cavity: gravity, low-pressure, high-
pressure, and vacuum.  

Vacuum filling, also known as counter-gravity filling, is more metal efficient than gravity 
pouring because less material solidifies in the gating system. Gravity pouring only has a 
15 to 50% metal yield as compared to 60 to 95% for vacuum pouring. There is also less 
turbulence, so the gating system can be simplified since it does not have to control 
turbulence. Plus, because the metal is drawn from below the top of the pool the metal is 
free from dross and slag, as these are lower density (lighter) and float to the top of the 
pool. The pressure differential helps the metal flow into every intricacy of the mold. 



_________________WORLD TECHNOLOGIES_________________

WT

Finally, lower temperatures can be used, which improves the grain structure.  The first 
patented vacuum casting machine and process dates to 1879.  

Low-pressure filling uses 5 to 15 psig (35 to 100 kPag) of air pressure to force liquid 
metal up a feed tube into the mold cavity. This eliminates turbulence found in gravity 
casting and increases density, repeatability, tolerances, and grain uniformity. After the 
casting has solidified the pressure is released and any remaining liquid returns to the 
crucible, which increases yield.  

 Tilt filling 

Tilt filling, also known as tilt casting, is an uncommon filling technique where the 
crucible is attached to the gating system and both are slowly rotated so that the metal 
enters the mold cavity with little turbulence. The goal is to reduce porosity and inclusions 
by limiting turbulence. For most uses tilt filling is not feasible because the following 
inherent problem: if the system is rotated slow enough to not induce turbulence, the front 
of the metal stream begins to solidify, which results in mis-runs. If the system is rotated 
faster then it induces turbulence, which defeats the purpose. Durville of France was the 
first to try tilt casting, in the 1800s. He tried to use it to reduce surface defects when 
casting coinage from aluminum bronze.  

 Macrostructure 

The grain macrostructure in ingots and most castings have three distinct regions or zones: 
the chill zone, columnar zone, and equiaxed zone. The image below depicts these zones. 

 

The chill zone is named so because it occurs at the walls of the mold where the wall chills 
the material. Here is where the nucleation phase of the solidification process takes place. 
As more heat is removed the grains grow towards the center of the casting. These are 
thin, long columns that are perpendicular to the casting surface, which are undesirable 
because they have anisotropic properties. Finally, in the center the equiaxed zone 
contains spherical, randomly oriented crystals. These are desirable because they have 
isotropic properties. The creation of this zone can be promoted by using a low pouring 
temperature, alloy inclusions, or inoculants.  
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Inspection 

Common inspection methods for steel castings are magnetic particle and liquid 
penetrant.  Common inspection methods for aluminum castings are radiography, 
ultrasonic, and liquid penetrant.  

 Defects 

There are a number of problems that can be encountered during the casting process. The 
main types are: gas porosity, shrinkage defects, mold material defects, pouring metal 
defects, and metallurgical defects. 

 Expendable mold casting 
Expendable mold casting is a generic classification that includes sand, plastic, shell, 
plaster, and investment (lost-wax technique) moldings. This method of mold casting 
involves the use of temporary, non-reusable molds. 

 

 Waste molding of plaster 

A durable plaster intermediate is often used as a stage toward the production of a bronze 
sculpture or as a pointing guide for the creation of a carved stone. With the completion of 
a plaster, the work is more durable (if stored indoors) than a clay original which must be 
kept moist to avoid cracking. With the low cost plaster at hand, the expensive work of 
bronze casting or stone carving may be deferred until a patron is found, and as such work 
is considered to be a technical, rather than artistic process, it may even be deferred 
beyond the lifetime of the artist. 

In waste molding a simple and thin plaster mold, reinforced by sisal or burlap, is cast 
over the original clay mixture. When cured, it is then removed from the damp clay, 
incidentally destroying the fine details in undercuts present in the clay, but which are now 
captured in the mold. The mold may then at any later time (but only once) be used to cast 
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a plaster positive image, identical to the original clay. The surface of this plaster may be 
further refined and may be painted and waxed to resemble a finished bronze casting. 

 Sand casting 

Sand casting is one of the most popular and simplest types of casting that has been used 
for centuries. Sand casting allows for smaller batches to be made compared to permanent 
mold casting and at a very reasonable cost. Not only does this method allow 
manufacturers to create products at a low cost, but there are other benefits to sand 
casting, such as very small size operations. From castings that fit in the palm of your 
hand to train beds (one casting can create the entire bed for one rail car), it can all be 
done with sand casting. Sand casting also allows most metals to be cast depending on the 
type of sand used for the molds.  

Sand casting requires a lead time of days for production at high output rates (1–20 
pieces/hr-mold) and is unsurpassed for large-part production. Green (moist) sand has 
almost no part weight limit, whereas dry sand has a practical part mass limit of 2,300–
2,700 kg (5,100–6,000 lb). Minimum part weight ranges from 0.075–0.1 kg (0.17–0.22 
lb). The sand is bonded together using clays, chemical binders, or polymerized oils (such 
as motor oil). Sand can be recycled many times in most operations and requires little 
maintenance. 

 Plaster mold casting 

Plaster casting is similar to sand casting except that plaster of paris is substituted for sand 
as a mold material. Generally, the form takes less than a week to prepare, after which a 
production rate of 1–10 units/hr-mold is achieved, with items as massive as 45 kg (99 lb) 
and as small as 30 g (1 oz) with very good surface finish and close tolerances.  Plaster 
casting is an inexpensive alternative to other molding processes for complex parts due to 
the low cost of the plaster and its ability to produce near net shape castings. The biggest 
disadvantage is that it can only be used with low melting point non-ferrous materials, 
such as aluminium, copper, magnesium, and zinc.  

 Shell molding 

Shell molding is similar to sand casting, but the molding cavity is formed by a hardened 
"shell" of sand instead of flask filled with sand. The sand is finer than sand casting sand 
and is mixed with a resin so that it can be heated by the pattern and harden into a shell 
around the pattern. Because of the resin it gives a much finer surface finish. The process 
is easily automated and more precise than sand casting. Common metals that are cast 
include cast iron, aluminium, magnesium, and copper alloys. This process is ideal for 
complex items that are small to medium sized. 
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Investment casting 

 
An investment-cast valve cover 

Investment casting (known as lost-wax casting in art) is a process that has been practised 
for thousands of years, with the lost-wax process being one of the oldest known metal 
forming techniques. From 5000 years ago, when beeswax formed the pattern, to today’s 
high technology waxes, refractory materials and specialist alloys, the castings ensure 
high-quality components are produced with the key benefits of accuracy, repeatability, 
versatility and integrity. 

Investment casting derives its name from the fact that the pattern is invested, or 
surrounded, with a refractory material. The wax patterns require extreme care for they are 
not strong enough to withstand forces encountered during the mold making. One 
advantage of investment casting is that the wax can be reused.  

The process is suitable for repeatable production of net shape components from a variety 
of different metals and high performance alloys. Although generally used for small 
castings, this process has been used to produce complete aircraft door frames, with steel 
castings of up to 300 kg and aluminium castings of up to 30 kg. Compared to other 
casting processes such as die casting or sand casting, it can be an expensive process, 
however the components that can be produced using investment casting can incorporate 
intricate contours, and in most cases the components are cast near net shape, so requiring 
little or no rework once cast. 

 Evaporative-pattern casting 

This is a class of casting processes that use pattern materials that evaporate during the 
pour, which means there is no need to remove the pattern material from the mold before 
casting. The two main processes are lost-foam casting and full-mold casting. 

 Lost-foam casting 

Lost-foam casting is a type of evaporative-pattern casting process that is similar to 
investment casting except foam is used for the pattern instead of wax. This process takes 
advantage of the low boiling point of foam to simplify the investment casting process by 
removing the need to melt the wax out of the mold. 
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 Full-mold casting 

Full-mold casting is an evaporative-pattern casting process which is a combination of 
sand casting and lost-foam casting. It uses a expanded polystyrene foam pattern which is 
then surrounded by sand, much like sand casting. The metal is then poured directly into 
the mold, which vaporizes the foam upon contact. 

 Non-expendable mold casting 

 
The permanent molding process 

Non-expendable mold casting differs from expendable processes in that the mold need 
not be reformed after each production cycle. This technique includes at least four 



_________________WORLD TECHNOLOGIES_________________

WT

different methods: permanent, die, centrifugal, and continuous casting. This form of 
casting also results in improved repeatability in parts produced and delivers Near Net 
Shape results. 

 Permanent mold casting 

Permanent mold casting is metal casting process that employs reusable molds 
("permanent molds"), usually made from metal. The most common process uses gravity 
to fill the mold, however gas pressure or a vacuum are also used. A variation on the 
typical gravity casting process, called slush casting, produces hollow castings. Common 
casting metals are aluminum, magnesium, and copper alloys. Other materials include tin, 
zinc, and lead alloys and iron and steel are also cast in graphite molds. Permanent molds, 
while lasting more than one casting still have a limited life before wearing out. 

 Die casting 

The die casting process forces molten metal under high pressure into mold cavities 
(which are machined into dies). Most die castings are made from nonferrous metals, 
specifically zinc, copper, and aluminium based alloys, but ferrous metal die castings are 
possible. The die casting method is especially suited for applications where many small 
to medium sized parts are needed with good detail, a fine surface quality and dimensional 
consistency. 

 Semi-solid metal casting 

Semi-solid metal (SSM) casting is a modified die casting process that reduces or 
eliminates the residual porosity present in most die castings. Rather than using liquid 
metal as the feed material, SSM casting uses a higher viscosity feed material that is 
partially solid and partially liquid. A modified die casting machine is used to inject the 
semi-solid slurry into re-usable hardened steel dies. The high viscosity of the semi-solid 
metal, along with the use of controlled die filling conditions, ensures that the semi-solid 
metal fills the die in a non-turbulent manner so that harmful porosity can be essentially 
eliminated. 

Used commercially mainly for aluminium and magnesium alloys, SSM castings can be 
heat treated to the T4, T5 or T6 tempers. The combination of heat treatment, fast cooling 
rates (from using un-coated steel dies) and minimal porosity provides excellent 
combinations of strength and ductility. Other advantages of SSM casting include the 
ability to produce complex shaped parts net shape, pressure tightness, tight dimensional 
tolerances and the ability to cast thin walls.  

 Centrifugal casting 

Centrifugal casting is both gravity- and pressure-independent since it creates its own 
force feed using a temporary sand mold held in a spinning chamber at up to 900 N. Lead 
time varies with the application. Semi- and true-centrifugal processing permit 30-50 
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pieces/hr-mold to be produced, with a practical limit for batch processing of 
approximately 9000 kg total mass with a typical per-item limit of 2.3-4.5 kg. 

Industrially, the centrifugal casting of railway wheels was an early application of the 
method developed by German industrial company Krupp and this capability enabled the 
rapid growth of the enterprise. 

Small art pieces such as jewelry are often cast by this method using the lost wax process, 
as the forces enable the rather viscous liquid metals to flow through very small passages 
and into fine details such as leaves and petals. This effect is similar to the benefits from 
vacuum casting, also applied to jewelry casting. 

 Continuous casting 

Continuous casting is a refinement of the casting process for the continuous, high-volume 
production of metal sections with a constant cross-section. Molten metal is poured into an 
open-ended, water-cooled copper mold, which allows a 'skin' of solid metal to form over 
the still-liquid centre. The strand, as it is now called, is withdrawn from the mold and 
passed into a chamber of rollers and water sprays; the rollers support the thin skin of the 
strand while the sprays remove heat from the strand, gradually solidifying the strand from 
the outside in. After solidification, predetermined lengths of the strand are cut off by 
either mechanical shears or travelling oxyacetylene torches and transferred to further 
forming processes, or to a stockpile. Cast sizes can range from strip (a few millimetres 
thick by about five metres wide) to billets (90 to 160 mm square) to slabs (1.25 m wide 
by 230 mm thick). Sometimes, the strand may undergo an initial hot rolling process 
before being cut. 

Continuous casting is used due to the lower costs associated with continuous production 
of a standard product, and also increases the quality of the final product. Metals such as 
steel, copper and aluminium are continuously cast, with steel being the metal with the 
greatest tonnages cast using this method. 
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Chapter- 6 

Nanomaterials 
  
  

 

 

 

 

Nanomaterials is a field that takes a materials science-based approach to 
nanotechnology. It studies materials with morphological features on the nanoscale, and 
especially those that have special properties stemming from their nanoscale dimensions. 
Nanoscale is usually defined as smaller than a one tenth of a micrometer in at least one 
dimension,  though this term is sometimes also used for materials smaller than one 
micrometer. 

 Background 
An important aspect of nanotechnology is the vastly increased ratio of surface area to 
volume present in many nanoscale materials, which makes possible new quantum 
mechanical effects. One example is the “quantum size effect” where the electronic 
properties of solids are altered with great reductions in particle size. This effect does not 
come into play by going from macro to micro dimensions. However, it becomes 
pronounced when the nanometer size range is reached. A certain number of physical 
properties also alter with the change from macroscopic systems. Novel mechanical 
properties of nanomaterials is a subject of nanomechanics research. Catalytic activities 
also reveal new behaviour in the interaction with biomaterials. 

Nanotechnology can be thought of as extensions of traditional disciplines towards the 
explicit consideration of these properties. Additionally, traditional disciplines can be re-
interpreted as specific applications of nanotechnology. This dynamic reciprocation of 
ideas and concepts contributes to the modern understanding of the field. Broadly 
speaking, nanotechnology is the synthesis and application of ideas from science and 
engineering towards the understanding and production of novel materials and devices. 
These products generally make copious use of physical properties associated with small 
scales. 
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As mentioned above, materials reduced to the nanoscale can suddenly show very 
different properties compared to what they exhibit on a macroscale, enabling unique 
applications. For instance, opaque substances become transparent (copper); inert 
materials attain catalytic properties (platinum); stable materials turn combustible 
(aluminum); solids turn into liquids at room temperature (gold); insulators become 
conductors (silicon). Materials such as gold, which is chemically inert at normal scales, 
can serve as a potent chemical catalyst at nanoscales. Much of the fascination with 
nanotechnology stems from these unique quantum and surface phenomena that matter 
exhibits at the nanoscale. 

 Uniformity 
The chemical processing and synthesis of high performance technological components 
for the private, industrial and military sectors requires the use of high purity ceramics, 
polymers, glass-ceramics and material composites. In condensed bodies formed from fine 
powders, the irregular sizes and shapes of nanoparticles in a typical powder often lead to 
non-uniform packing morphologies that result in packing density variations in the powder 
compact. 

Uncontrolled agglomeration of powders due to attractive van der Waals forces can also 
give rise to in microstructural inhomogeneities. Differential stresses that develop as a 
result of non-uniform drying shrinkage are directly related to the rate at which the solvent 
can be removed, and thus highly dependent upon the distribution of porosity. Such 
stresses have been associated with a plastic-to-brittle transition in consolidated bodies, 
and can yield to crack propagation in the unfired body if not relieved.     

In addition, any fluctuations in packing density in the compact as it is prepared for the 
kiln are often amplified during the sintering process, yielding inhomogeneous 
densification. Some pores and other structural defects associated with density variations 
have been shown to play a detrimental role in the sintering process by growing and thus 
limiting end-point densities. Differential stresses arising from inhomogeneous 
densification have also been shown to result in the propagation of internal cracks, thus 
becoming the strength-controlling flaws.       

It would therefore appear desirable to process a material in such a way that it is 
physically uniform with regard to the distribution of components and porosity, rather than 
using particle size distributions which will maximize the green density. The containment 
of a uniformly dispersed assembly of strongly interacting particles in suspension requires 
total control over particle-particle interactions. It should be noted here that a number of 
dispersants such as ammonium citrate (aqueous) and imidazoline or oleyl alcohol 
(nonaqueous) are promising solutions as possible additives for enhanced dispersion and 
deagglomeration. Monodisperse nanoparticles and colloids provide this potential.  

Monodisperse powders of colloidal silica, for example, may therefore be stabilized 
sufficiently to ensure a high degree of order in the colloidal crystal or polycrystalline 
colloidal solid which results from aggregation. The degree of order appears to be limited 
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by the time and space allowed for longer-range correlations to be established. Such 
defective polycrystalline colloidal structures would appear to be the basic elements of 
sub-micrometer colloidal materials science, and, therefore, provide the first step in 
developing a more rigorous understanding of the mechanisms involved in microstructural 
evolution in high performance materials and components.    

 Classification 
Materials referred to as "nanomaterials" generally fall into two categories: fullerenes, and 
inorganic nanoparticles.  

 Fullerenes 

 
Buckminsterfullerene C60 

 

The fullerenes are a class of allotropes of carbon which conceptually are graphene sheets 
rolled into tubes or spheres. These include the carbon nanotubes (or silicon nanotubes) 
which are of interest both because of their mechanical strength and also because of their 
electrical properties. 

For the past decade, the chemical and physical properties of fullerenes have been a hot 
topic in the field of research and development, and are likely to continue to be for a long 
time. In April 2003, fullerenes were under study for potential medicinal use: binding 
specific antibiotics to the structure of resistant bacteria and even target certain types of 
cancer cells such as melanoma. The October 2005 issue of Chemistry and Biology 
contains an article describing the use of fullerenes as light-activated antimicrobial agents. 
In the field of nanotechnology, heat resistance and superconductivity are among the 
properties attracting intense research. 
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A common method used to produce fullerenes is to send a large current between two 
nearby graphite electrodes in an inert atmosphere. The resulting carbon plasma arc 
between the electrodes cools into sooty residue from which many fullerenes can be 
isolated. 

There are many calculations that have been done using ab-initio Quantum Methods 
applied to fullerenes. By DFT and TDDFT methods one can obtain IR, Raman and UV 
spectra. Results of such calculations can be compared with experimental results. 

 Nanoparticles 

Nanoparticles or nanocrystals made of metals, semiconductors, or oxides are of particular 
interest for their mechanical, electrical, magnetic, optical, chemical and other properties. 
Nanoparticles have been used as quantum dots and as chemical catalysts. 

Nanoparticles are of great scientific interest as they are effectively a bridge between bulk 
materials and atomic or molecular structures. A bulk material should have constant 
physical properties regardless of its size, but at the nano-scale this is often not the case. 
Size-dependent properties are observed such as quantum confinement in semiconductor 
particles, surface plasmon resonance in some metal particles and superparamagnetism in 
magnetic materials. 

Nanoparticles exhibit a number of special properties relative to bulk material. For 
example, the bending of bulk copper (wire, ribbon, etc.) occurs with movement of copper 
atoms/clusters at about the 50 nm scale. Copper nanoparticles smaller than 50 nm are 
considered super hard materials that do not exhibit the same malleability and ductility as 
bulk copper. The change in properties is not always desirable. Ferroelectric materials 
smaller than 10 nm can switch their magnetisation direction using room temperature 
thermal energy, thus making them useless for memory storage. Suspensions of 
nanoparticles are possible because the interaction of the particle surface with the solvent 
is strong enough to overcome differences in density, which usually result in a material 
either sinking or floating in a liquid. Nanoparticles often have unexpected visual 
properties because they are small enough to confine their electrons and produce quantum 
effects. For example gold nanoparticles appear deep red to black in solution. 

The often very high surface area to volume ratio of nanoparticles provides a tremendous 
driving force for diffusion, especially at elevated temperatures. Sintering is possible at 
lower temperatures and over shorter durations than for larger particles. This theoretically 
does not affect the density of the final product, though flow difficulties and the tendency 
of nanoparticles to agglomerate do complicate matters. The surface effects of 
nanoparticles also reduces the incipient melting temperature. 

 Sol-gel 

Sol-gels and other ceramics are sometimes considered nanomaterials.  
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The sol-gel process is a wet-chemical technique (also known as Chemical Solution 
Deposition) widely used recently in the fields of materials science and ceramic 
engineering. Such methods are used primarily for the fabrication of materials (typically a 
metal oxide) starting from a chemical solution (sol, short for solution) which acts as the 
precursor for an integrated network (or gel) of either discrete particles or network 
polymers.  

Typical precursors are metal alkoxides and metal chlorides, which undergo hydrolysis 
and polycondensation reactions to form either a network "elastic solid" or a colloidal 
suspension (or dispersion) – a system composed of discrete (often amorphous) 
submicrometer particles dispersed to various degrees in a host fluid. Formation of a metal 
oxide involves connecting the metal centers with oxo (M-O-M) or hydroxo (M-OH-M) 
bridges, therefore generating metal-oxo or metal-hydroxo polymers in solution. Thus, the 
sol evolves towards the formation of a gel-like diphasic system containing both a liquid 
phase and solid phase whose morphologies range from discrete particles to continuous 
polymer networks.   

In the case of the colloid, the volume fraction of particles (or particle density) may be so 
low that a significant amount of fluid may need to be removed initially for the gel-like 
properties to be recognized. This can be accomplished in any number of ways. The most 
simple method is to allow time for sedimentation to occur, and then pour off the 
remaining liquid. Centrifugation can also be used to accelerate the process of phase 
separation. 

Removal of the remaining liquid (solvent) phase requires a drying process, which is 
typically accompanied by a significant amount of shrinkage and densification. The rate at 
which the solvent can be removed is ultimately determined by the distribution of porosity 
in the gel. The ultimate microstructure of the final component will clearly be strongly 
influenced by changes implemented during this phase of processing. Afterwards, a 
thermal treatment, or firing process, is often necessary in order to favor further 
polycondensation and enhance mechanical properties and structural stability via final 
sintering, densification and grain growth. One of the distinct advantages of using this 
methodology as opposed to the more traditional processing techniques is that 
densification is often achieved at a much lower temperature. 

The precursor sol can be either deposited on a substrate to form a film (e.g. by dip-
coating or spin-coating), cast into a suitable container with the desired shape (e.g. to 
obtain a monolithic ceramics, glasses, fibers, membranes, aerogels), or used to synthesize 
powders (e.g. microspheres, nanospheres). The sol-gel approach is a cheap and low-
temperature technique that allows for the fine control of the product’s chemical 
composition. Even small quantities of dopants, such as organic dyes and rare earth 
metals, can be introduced in the sol and end up in uniformly dispersed in the final 
product. It can be used in ceramics processing and manufacturing as an investment 
casting material, or as a means of producing very thin films of metal oxides for various 
purposes. Sol-gel derived materials have diverse applications in optics, electronics, 



_________________WORLD TECHNOLOGIES_________________

WT

energy, space, (bio)sensors, medicine (e.g. controlled drug release) and separation (e.g. 
chromatography) technology.  

The interest in sol-gel processing can be traced back in the mid-1880s with the 
observation that the hydrolysis of tetraethyl orthosilicate (TEOS) under acidic conditions 
led to the formation of SiO2 in the form of fibers and monoliths. Sol-gel research grew to 
be so important that in the 1990s more than 35,000 papers were published worldwide on 
the process.         

 Characterization 
The first observations and size measurements of nano-particles were made during the first 
decade of the 20th century. They are mostly associated with the name of Zsigmondy who 
made detailed studies of gold sols and other nanomaterials with sizes down to 10 nm and 
less. He published a book in 1914.  He used an ultramicroscope that employs a dark field 
method for seeing particles with sizes much less than light wavelength. 

There are traditional techniques developed during 20th century in Interface and Colloid 
Science for characterizing nanomaterials. These are widely used for first generation 
passive nanomaterials specified in the next section. 

These methods include several different techniques for characterizing particle size 
distribution. This characterization is imperative because many materials that are expected 
to be nano-sized are actually aggregated in solutions. Some of methods are based on light 
scattering. Other apply ultrasound, such as ultrasound attenuation spectroscopy for testing 
concentrated nano-dispersions and microemulsions.  

There is also a group of traditional techniques for characterizing surface charge or zeta 
potential of nano-particles in solutions. This information is required for proper system 
stabilzation, preventing its aggregation or flocculation. These methods include 
microelectrophoresis, electrophoretic light scattering and electroacoustics. The last one, 
for instance colloid vibration current method is suitable for characterizing concentrated 
systems. 

 Safety 
Nanomaterials behave differently than other similarly-sized particles. It is therefore 
necessary to develop specialized approaches to testing and monitoring their effects on 
human health and on the environment. The OECD Chemicals Committee has established 
the Working Party on Manufactured Nanomaterials to address this issue and to study the 
practices of OECD member countries in regards to nanomaterial safety.  

While nanomaterials and nanotechnologies are expected to yield numerous health and 
health care advances, such as more targeted methods of delivering drugs, new cancer 
therapies, and methods of early detection of diseases, they also may have unwanted 
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effects.  Increased rate of absorption is the main concern associated with manufactured 
nanoparticles. 

When materials are made into nanoparticles, their surface area to volume ratio increases. 
The greater specific surface area (surface area per unit weight) may lead to increased rate 
of absorption through the skin, lungs, or digestive tract and may cause unwanted effects 
to the lungs as well as other organs. However, the particles must be absorbed in sufficient 
quantities in order to pose health risks.  

As the use of nanomaterials increases worldwide, concerns for worker and user safety are 
mounting. To address such concerns, the Swedish Karolinska Institute conducted a study 
in which various nanoparticles were introduced to human lung epithelial cells. The 
results, released in 2008, showed that iron oxide nanoparticles caused little DNA damage 
and were non-toxic. Zinc oxide nanoparticles were slightly worse. Titanium dioxide 
caused only DNA damage. Carbon nanotubes caused DNA damage at low levels. Copper 
oxide was found to be the worst offender, and was the only nanomaterial identified by the 
researchers as a clear health risk.  
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Chapter- 7 

Composite Material 
  
 
 
 
 
 
 
 
 
    

 
A cloth of woven carbon fiber filaments, a common element in composite materials 

Composite materials, often shortened to composites, are engineered or naturally 
occurring materials made from two or more constituent materials with significantly 
different physical or chemical properties which remain separate and distinct at the 
macroscopic or microscopic scale within the finished structure. 
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The most visible applications is pavement in roadways in the form of either steel and 
aggregate reinforced Portland cement or asphalt concrete. Those composites closest to 
our personal hygiene form our shower stalls and bathtubs made of fibreglass. Imitation 
granite and cultured marble sinks and countertops are widely used. The most advanced 
examples perform routinely on spacecraft in demanding environments. 

 Composition 

 
Plywood is a commonly encountered composite material 

Wood is a natural composite of Cellulose fibers in a matrix of lignin.   The earliest man-
made composite materials were straw and mud combined to form bricks for building 
construction. The ancient brick-making process can still be seen on Egyptian tomb 
paintings in the Metropolitan Museum of Art. 

Composites are made up of individual materials referred to as constituent materials. 
There are two categories of constituent materials: matrix and reinforcement. At least one 
portion of each type is required. The matrix material surrounds and supports the 
reinforcement materials by maintaining their relative positions. The reinforcements 
impart their special mechanical and physical properties to enhance the matrix properties. 
A synergism produces material properties unavailable from the individual constituent 
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materials, while the wide variety of matrix and strengthening materials allows the 
designer of the product or structure to choose an optimum combination. 

Engineered composite materials must be formed to shape. The matrix material can be 
introduced to the reinforcement before or after the reinforcement material is placed into 
the mould cavity or onto the mould surface. The matrix material experiences a melding 
event, after which the part shape is essentially set. Depending upon the nature of the 
matrix material, this melding event can occur in various ways such as chemical 
polymerization or solidification from the melted state. 

A variety of moulding methods can be used according to the end-item design 
requirements. The principal factors impacting the methodology are the natures of the 
chosen matrix and reinforcement materials. Another important factor is the gross quantity 
of material to be produced. Large quantities can be used to justify high capital 
expenditures for rapid and automated manufacturing technology. Small production 
quantities are accommodated with lower capital expenditures but higher labour and 
tooling costs at a correspondingly slower rate. 

Most commercially produced composites use a polymer matrix material often called a 
resin solution. There are many different polymers available depending upon the starting 
raw ingredients. There are several broad categories, each with numerous variations. The 
most common are known as polyester, vinyl ester, epoxy, phenolic, polyimide, 
polyamide, polypropylene, PEEK, and others. The reinforcement materials are often 
fibres but also commonly ground minerals. The various methods described below have 
been developed to reduce the resin content of the final product, or the fibre content is 
increased. As a rule of thumb, lay up results in a product containing 60% resin and 40% 
fibre, whereas vacuum infusion gives a final product with 40% resin and 60% fibre 
content. The strength of the product is greatly dependent on this ratio. 

 Moulding methods 
In general, the reinforcing and matrix materials are combined, compacted and processed 
to undergo a melding event. After the melding event, the part shape is essentially set, 
although it can deform under certain process conditions. For a thermoset polymeric 
matrix material, the melding event is a curing reaction that is initiated by the application 
of additional heat or chemical reactivity such as an organic peroxide. For a thermoplastic 
polymeric matrix material, the melding event is a solidification from the melted state. For 
a metal matrix material such as titanium foil, the melding event is a fusing at high 
pressure and a temperature near the melt point. 

For many moulding methods, it is convenient to refer to one mould piece as a "lower" 
mould and another mould piece as an "upper" mould. Lower and upper refer to the 
different faces of the moulded panel, not the mould's configuration in space. In this 
convention, there is always a lower mould, and sometimes an upper mould. Part 
construction begins by applying materials to the lower mould. Lower mould and upper 
mould are more generalized descriptors than more common and specific terms such as 
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male side, female side, a-side, b-side, tool side, bowl, hat, mandrel, etc. Continuous 
manufacturing processes use a different nomenclature. 

The moulded product is often referred to as a panel. For certain geometries and material 
combinations, it can be referred to as a casting. For certain continuous processes, it can 
be referred to as a profile. Applied with a pressure roller, a spray device or manually. 
This process is generally done at ambient temperature and atmospheric pressure. Two 
variations of open moulding are Hand Layup and Spray-up. 

 Vacuum bag moulding 

A process using a two-sided mould set that shapes both surfaces of the panel. On the 
lower side is a rigid mould and on the upper side is a flexible membrane or vacuum bag. 
The flexible membrane can be a reusable silicone material or an extruded polymer film. 
Then, vacuum is applied to the mould cavity. This process can be performed at either 
ambient or elevated temperature with ambient atmospheric pressure acting upon the 
vacuum bag. Most economical way is using a venturi vacuum and air compressor or a 
vacuum pump. 

A vacuum bag is a bag made of strong rubber-coated fabric or a polymer film used to 
bond or laminate materials. In some applications the bag encloses the entire material, or 
in other applications a mold is used to form one face of the laminate with the bag being 
single sided to seal the outer face of the laminate to the mold. The open end is sealed and 
the air is drawn out of the bag through a nipple using a vacuum pump. As a result, 
uniform pressure approaching one atmosphere is applied to the surfaces of the object 
inside the bag, holding parts together while the adhesive cures. The entire bag may be 
placed in a temperature-controlled oven, oil bath or water bath and gently heated to 
accelerate curing. 

In commercial woodworking facilities vacuum bags are used to laminate curved and 
irregular shaped workpieces. 

Vacuum bagging is widely used in the composites industry as well. Carbon fiber fabric 
and fiberglass, along with resins and epoxies are common materials laminated together 
with a vacuum bag operation. 

Typically, polyurethane or vinyl materials are used to make the bag, which is commonly 
open at both ends. This gives access to the piece, or pieces to be glued. A plastic rod is 
laid onto the bag, which is then folded over the rod. A plastic sleeve with an opening in 
it, is then snapped over the rod. This procedure forms a seal at both ends of the bag, when 
the vacuum is ready to be drawn. 

A "platen" is used inside the bag for the piece being glued to lay on. The platen has a 
series of small slots cut into it, to allow the air under it to be evacuated. The platen must 
have rounded edges and corners to prevent the vacuum from tearing the bag. 
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When a curved part is to be glued in a vacuum bag, it is important that the pieces being 
glued be placed over a solidly built form, or have an air bladder placed under the form. 
This air bladder has access to "free air" outside the bag. It is used to create an equal 
pressure under the form, preventing it from being crushed.  

 Pressure bag moulding 

This process is related to vacuum bag moulding in exactly the same way as it sounds. A 
solid female mould is used along with a flexible male mould. The reinforcement is placed 
inside the female mould with just enough resin to allow the fabric to stick in place (wet 
lay up). A measured amount of resin is then liberally brushed indiscriminately into the 
mould and the mould is then clamped to a machine that contains the male flexible mould. 
The flexible male membrane is then inflated with heated compressed air or possibly 
steam. The female mould can also be heated. Excess resin is forced out along with 
trapped air. This process is extensively used in the production of composite helmets due 
to the lower cost of unskilled labor. Cycle times for a helmet bag moulding machine vary 
from 20 to 45 minutes, but the finished shells require no further curing if the moulds are 
heated. 

 Autoclave moulding 

A process using a two-sided mould set that forms both surfaces of the panel. On the 
lower side is a rigid mould and on the upper side is a flexible membrane made from 
silicone or an extruded polymer film such as nylon. Reinforcement materials can be 
placed manually or robotically. They include continuous fibre forms fashioned into 
textile constructions. Most often, they are pre-impregnated with the resin in the form of 
prepreg fabrics or unidirectional tapes. In some instances, a resin film is placed upon the 
lower mould and dry reinforcement is placed above. The upper mould is installed and 
vacuum is applied to the mould cavity. The assembly is placed into an autoclave. This 
process is generally performed at both elevated pressure and elevated temperature. The 
use of elevated pressure facilitates a high fibre volume fraction and low void content for 
maximum structural efficiency. 

 Resin transfer moulding (RTM) 

A process using a two-sided mould set that forms both surfaces of the panel. The lower 
side is a rigid mould. The upper side can be a rigid or flexible mould. Flexible moulds 
can be made from composite materials, silicone or extruded polymer films such as nylon. 
The two sides fit together to produce a mould cavity. The distinguishing feature of resin 
transfer moulding is that the reinforcement materials are placed into this cavity and the 
mould set is closed prior to the introduction of matrix material. Resin transfer moulding 
includes numerous varieties which differ in the mechanics of how the resin is introduced 
to the reinforcement in the mould cavity. These variations include everything from 
vacuum infusion to vacuum assisted resin transfer moulding (VARTM). This process can 
be performed at either ambient or elevated temperature. 
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 Other 

Other types of moulding include press moulding, transfer moulding, pultrusion moulding, 
filament winding, casting, centrifugal casting and continuous casting. There are also 
forming capabilities including CNC filament winding, vacuum infusion, wet lay-up, 
compression moulding, and thermoplastic moulding, to name a few. The use of curing 
ovens and paint booths is also needed for some projects.  

 Tooling 
Some types of tooling materials used in the manufacturing of composites structures 
include invar, steel, aluminium, reinforced silicone rubber, nickel, and carbon fibre. 
Selection of the tooling material is typically based on, but not limited to, the coefficient 
of thermal expansion, expected number of cycles, end item tolerance, desired or required 
surface condition, method of cure, glass transition temperature of the material being 
moulded, moulding method, matrix, cost and a variety of other considerations. 

 Properties 

 Mechanics 

The physical properties of composite materials are generally not isotropic (independent 
of direction of applied force) in nature, but rather are typically orthotropic (different 
depending on the direction of the applied force or load). For instance, the stiffness of a 
composite panel will often depend upon the orientation of the applied forces and/or 
moments. Panel stiffness is also dependent on the design of the panel. For instance, the 
fibre reinforcement and matrix used, the method of panel build, thermoset versus 
thermoplastic, type of weave, and orientation of fibre axis to the primary force. 

In contrast, isotropic materials (for example, aluminium or steel), in standard wrought 
forms, typically have the same stiffness regardless of the directional orientation of the 
applied forces and/or moments. 

The relationship between forces/moments and strains/curvatures for an isotropic material 
can be described with the following material properties: Young's Modulus, the shear 
Modulus and the Poisson's ratio, in relatively simple mathematical relationships. For the 
anisotropic material, it requires the mathematics of a second order tensor and up to 21 
material property constants. For the special case of orthogonal isotropy, there are three 
different material property constants for each of Young's Modulus, Shear Modulus and 
Poisson's ratio—a total of 9 constants to describe the relationship between 
forces/moments and strains/curvatures. 

Techniques that take advantage of the anisotropic properties of the materials include 
mortise and tenon joints (in natural composites such as wood) and Pi Joints in synthetic 
composites. 
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 Resins 

Typically, most common composite materials, including fiberglass, carbon fiber, and 
Kevlar, include at least two parts, the substrate and the resin. 

Polyester resin tends to have yellowish tint, and is suitable for most backyard projects. Its 
weaknesses are that it is UV sensitive and can tend to degrade over time, and thus 
generally is also coated to help preserve it. It is often used in the making of surfboards 
and for marine applications. Its hardener is a MEKP, and is mixed at 14 drops per oz. 
MEKP is composed of methyl ethyl ketone peroxide, a catalyst. When MEKP is mixed 
with the resin, the resulting chemical reaction causes heat to build up and cure or harden 
the resin. 

Vinylester resin tends to have a purplish to bluish to greenish tint. This resin has lower 
viscosity than polyester resin, and is more transparent. This resin is often billed as being 
fuel resistant, but will melt in contact with gasoline. This resin tends to be more resistant 
over time to degradation than polyester resin, and is more flexible. It uses the same 
hardener as polyester resin (at the same mix ratio) and the cost is approximately the same. 

Epoxy resin is almost totally transparent when cured. In the aerospace industry, epoxy is 
used as a structural matrix material or as a structural glue. 

Shape memory polymer (SMP) resins have varying visual characteristics depending on 
their formulation. These resins may be epoxy-based, which can be used for auto body and 
outdoor equipment repairs; cyanate-ester-based, which are used in space applications; 
and acrylate-based, which can be used in very cold temperature applications, such as for 
sensors that indicate whether perishable goods have warmed above a certain maximum 
temperature.  These resins are unique in that their shape can be repeatedly changed by 
heating above their glass transition temperature (Tg). When heated, they become flexible 
and elastic, allowing for easy configuration. Once they are cooled, they will maintain 
their new shape. The resins will return to their original shapes when they are reheated 
above their Tg.  The advantage of shape memory polymer resins is that they can be 
shaped and reshaped repeatedly without losing their material properties, and these resins 
can be used in fabricating shape memory composites.  



_________________WORLD TECHNOLOGIES_________________

WT

Categories of fiber-reinforced composite materials 

 
Typologies of fibre-reinforced composite materials: 
a) continuous fibre-reinforced 
b) discontinuous aligned fibre-reinforced 
c) discontinuous random-oriented fibre-reinforced. 

Fiber-reinforced composite materials can be divided into two main categories normally 
referred to as short fiber-reinforced materials and continuous fiber-reinforced materials. 
Continuous reinforced materials will often constitute a layered or laminated structure. 
The woven and continuous fibre styles are typically available in a variety of forms, being 
pre-impregnated with the given matrix (resin), dry, uni-directional tapes of various 
widths, plain weave, harness satins, braided, and stitched. 

The short and long fibers are typically employed in compression moulding and sheet 
moulding operations. These come in the form of flakes, chips, and random mate (which 
can also be made from a continuous fibre laid in random fashion until the desired 
thickness of the ply / laminate is achieved). 

 Failure 

Shock, impact, or repeated cyclic stresses can cause the laminate to separate at the 
interface between two layers, a condition known as delamination. Individual fibres can 
separate from the matrix e.g. fibre pull-out. 

Composites can fail on the microscopic or macroscopic scale. Compression failures can 
occur at both the macro scale or at each individual reinforcing fibre in compression 
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buckling. Tension failures can be net section failures of the part or degradation of the 
composite at a microscopic scale where one or more of the layers in the composite fail in 
tension of the matrix or failure the bond between the matrix and fibres. 

Some composites are brittle and have little reserve strength beyond the initial onset of 
failure while others may have large deformations and have reserve energy absorbing 
capacity past the onset of damage. The variations in fibres and matrices that are available 
and the mixtures that can be made with blends leave a very broad range of properties that 
can be designed into a composite structure. The best known failure of a brittle ceramic 
matrix composite occurred when the carbon-carbon composite tile on the leading edge of 
the wing of the Space Shuttle Columbia fractured when impacted during take-off. It led 
to catastrophic break-up of the vehicle when it re-entered the Earth's atmosphere on 1 
February 2003. 

Compared to metals, composites have relatively poor bearing strength. 

 Testing 

To aid in predicting and preventing failures, composites are tested before and after 
construction. Pre-construction testing may use finite element analysis (FEA) for ply-by-
ply analysis of curved surfaces and predicting wrinkling, crimping and dimpling of 
composites.  Materials may be tested after construction through several nondestructive 
methods including ultrasonics, thermography, shearography and X-ray radiography  

 Examples 

 Materials 

Fibre-reinforced polymers or FRPs include wood (comprising cellulose fibres in a lignin 
and hemicellulose matrix), carbon-fibre reinforced plastic or CFRP, and glass-reinforced 
plastic or GRP. If classified by matrix then there are thermoplastic composites, short fibre 
thermoplastics, long fibre thermoplastics or long fibre-reinforced thermoplastics. There 
are numerous thermoset composites, but advanced systems usually incorporate aramid 
fibre and carbon fibre in an epoxy resin matrix. 

Shape memory polymer composites are high-performance composites, formulated using 
fibre or fabric reinforcement and shape memory polymer resin as the matrix. Since a 
shape memory polymer resin is used as the matrix, these composites have the ability to be 
easily manipulated into various configurations when they are heated above their 
activation temperatures and will exhibit high strength and stiffness at lower temperatures. 
They can also be reheated and reshaped repeatedly without losing their material 
properties. These composites are ideal for applications such as lightweight, rigid, 
deployable structures; rapid manufacturing; and dynamic reinforcement.  

Composites can also use metal fibres reinforcing other metals, as in metal matrix 
composites or MMC. The benefit of magnesium is that it does not degrade in outer space. 
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Ceramic matrix composites include bone (hydroxyapatite reinforced with collagen 
fibres), Cermet (ceramic and metal) and concrete. Ceramic matrix composites are built 
primarily for toughness, not for strength. Organic matrix/ceramic aggregate composites 
include asphalt concrete, mastic asphalt, mastic roller hybrid, dental composite, syntactic 
foam and mother of pearl. Chobham armour is a special type of composite armour used in 
military applications. 

Additionally, thermoplastic composite materials can be formulated with specific metal 
powders resulting in materials with a density range from 2 g/cm³ to 11 g/cm³ (same 
density as lead). The most common name for this type of material is High Gravity 
Compound (HGC), although Lead Replacement is also used.  These materials can be used 
in place of traditional materials such as aluminium, stainless steel, brass, bronze, copper, 
lead, and even tungsten in weighting, balancing (for example, modifying the centre of 
gravity of a tennis racquet), vibration dampening, and radiation shielding applications. 
High density composites are an economically viable option when certain materials are 
deemed hazardous and are banned (such as lead) or when secondary operations costs 
(such as machining, finishing, or coating) are a factor. 

Engineered wood includes a wide variety of different products such as wood fibre board, 
plywood, oriented strand board, wood plastic composite (recycled wood fibre in 
polyethylene matrix), Pykrete (sawdust in ice matrix), Plastic-impregnated or laminated 
paper or textiles, Arborite, Formica (plastic) and Micarta. Other engineered laminate 
composites, such as Mallite, use a central core of end grain balsa wood, bonded to surface 
skins of light alloy or GRP. These generate low-weight, high rigidity materials. 

 Products 

Composite materials have gained popularity (despite their generally high cost) in high-
performance products that need to be lightweight, yet strong enough to take harsh loading 
conditions such as aerospace components (tails, wings, fuselages, propellers), boat and 
scull hulls, bicycle frames and racing car bodies.  Other uses include fishing rods, storage 
tanks, and baseball bats. The new Boeing 787 structure including the wings and fuselage 
is composed largely of composites. Composite materials are also becoming more 
common in the realm of orthopedic surgery. 

Carbon composite is a key material in today's launch vehicles and spacecraft. It is widely 
used in solar panel substrates, antenna reflectors and yokes of spacecraft. It is also used in 
payload adapters, inter-stage structures and heat shields of launch vehicles. 

In 2007, an all-composite military High Mobility Multi-purpose Wheeled Vehicle 
(HMMWV or Hummvee) was introduced by TPI Composites Inc and Armor Holdings 
Inc, the first all-composite military vehicle. By using composites the vehicle is lighter, 
allowing higher payloads. In 2008, carbon fiber and DuPont Kevlar (five times stronger 
than steel) were combined with enhanced thermoset resins to make military transit cases 
by ECS Composites creating 30-percent lighter cases with high strength. 
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Many composite layup designs also include a co-curing or post-curing of the prepreg 
with various other mediums, such as honeycomb or foam. This is commonly called a 
sandwich structure. This is a more common layup process for the manufacture of 
radomes, doors, cowlings, or non-structural parts.  

The finishing of the composite parts is also critical in the final design. Many of these 
finishes will include rain-erosion coatings or polyurethane coatings. 
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