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COMPOSITE MATERIALS DESIGN

1.     Basic Concepts
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Basic Concepts

A composite is a new material formed by the combination of two or
more distinct materials to form other material with enhanced properties

Examples:  

natural composites

• wood consists of cellulose fibers in a lignin matrix

• bone consists as fiberlike osteons embedded in an interstitial bone matrix

Modern manmade composites
• fiberglass boats are made of a UP reinforced with glass fibers

• hibrid composites- epoxy resin with kevlar and carbon fiber

What’s a composite material
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Basic Concepts

What’s a composite material

Composites are formed by the combination of two or more components
to achieve properties : mechanical, chemical, electrical, that are 
superior to those of the constituents.

• fibres: provide most of the stiffness and strenght

• matrix: binds the fibers together providing load transfer between them
and between the composite and the external loads and supports

• design remarks: Unlike conventional materials the properties of the
composites can be designed simultaneously with the structural aspects. 
Composite properties can be varied continously over a broad range of values, 
under the control of the designer.

• Micromechanics: predict very well some mechanical properties of
composites, using the combination of fibers and matrix properties
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Basic Concepts

Why composite materials

Composites make up a very broad and important class of
engineering materials. World annual production is over 12 
million tonnes and the market has in recent years growing at 8-
12% per annum. Composites are used in a wide variety of
applications. Furthermore, there is considerable scope for
tailoring their structure to suit the service conditions This
concept is well illustrated by biological materials such as wood, 
bone, teeth and hide; these are all composites with complex
internal structures designed to given mechanical properties well
suited to performance requirements. Adaptation of
manufactured composite structures for different engineering
purpouse requieres input from several branches of science. 



MECHATRONICS 
December 2007

xavier.colom@upc.edu 5

Basic Concepts

Why composite materials
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Basic Concepts

Why composite materials?

For its excellent Tensile Strenght
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Basic Concepts SPECIFIC TENSILE STRENGHT 

Why composite materials?
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Basic Concepts TENSILE MODULUS

Why composite materials?
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Basic Concepts

Polymer Matrix Composites

Resin systems such as epoxies and
polyesters have limited use for the
manufacture of structures on their own, 
since their mechanical properties are not
very high when compared to, for
example, most metals. However, they
have desirable properties, most notably
their ability to be easily formed into
complex shapes. 
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Basic Concepts

Polymer Matrix Composites

Materials such as glass, aramid, carbon and
boron have extremely high tensile and
compressive strength but in 'solid form' these
properties are not readily apparent. This is due
to the fact that when stressed, random surface
flaws will cause each material to crack and fail
well below its theoretical 'breaking point'. To
overcome this problem, the material is produced
in fibre form, so that, although the same number
of random flaws will occur, they will be restricted
to a small number of fibres with the remainder
exhibiting the material's theoretical strength. 
Therefore a bundle of fibres will reflect more 
accurately the optimum performance of the
material. However, fibres alone can only exhibit
tensile properties along the fibre's length, in the
same way as fibres in a rope. 
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Basic Concepts

Polymer Matrix Composites

It is when the resin systems are 
combined with reinforcing fibres such as 
glass, carbon and aramid, that
exceptional properties can be obtained. 
The resin matrix spreads the load applied
to the composite between each of the
individual fibres and also protects the
fibres from damage caused by abrasion
and impact. High strengths and
stiffnesses, ease of moulding complex
shapes, high environmental resistance all
coupled with low densities, make the
resultant composite superior to metals for
many applications. 
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Basic Concepts

TENSILE MODULUS versus DENSITY



MECHATRONICS 
December 2007

xavier.colom@upc.edu 13

Basic Concepts ENERGY CONTENT versus COST

Comparison with Other Structural Materials
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Basic Concepts

How design a composite material?

Recognition of a need

Problem definition / specifications

Brainstorming / design concepts

synthesis

Analysis / Experiments Local 
Optimitzation

Evaluation

Presentation

Global optimization
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Basic Concepts

How design a composite material?

Recognition of a need design begins by recognizing a need. Satisfying
this need becomes the problem of the designer
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Basic Concepts

How design a composite material?

Recognition of a need design begins by recognizing a need. Satisfying
this need becomes the problem of the designer
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Basic Concepts

How design a composite material?
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Basic Concepts

How design a composite material?

Problem definition / specifications The designers, with the concurrence
of the user and other parties involved (marketing, etc..) defines the problem
in engineering as well as in layman’s term, so that every one involved 
understands the problem.

140/160 mm

25/40 mm

20/40 mm

Inner Flange:
3mm / 6.8mm

Web*:
1,9mm / 3mm

Outer Flange
3mm / 4.1mm

Section frame
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Basic Concepts

How design a composite material?

Brainstorming / design concepts

synthesis

Syntesis is the selection of the optimum
solution among the many combinations
proposed. Synthesis, and design relies on
analysis to predict the behaviour of the
product before one is actually fabricated

Simple Joining L-shaped Piece:

•X displacements are constrained on nodes 
corresponding to the contact surface.

Rigid Joining L-shaped Piece:

•X,Y and Z displacements constrained on 
nodes corresponding to the contact surface.
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Basic Concepts

How design a composite material?

Analysis / Experiments Local Optimitzation Analysis uses mathematical models
to construct an abstract representation of the reality from which the designer can 
extract information about the likely behaviour of the real product. The optimized solution
is then evaluated against the performance criteria set forth in the definition of the
problem

An iterative process takes place as depicted in previuos/next organigram
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Basic Concepts

How design a composite material?

Recognition of a need

Problem definition / specifications

Brainstorming / design concepts

synthesis

Analysis / Experiments Local 
Optimitzation

Evaluation

Presentation

Global optimization
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Basic Concepts

How design a composite material?

Evaluation of Mechanical properties
Stiff
Strong
Tough
Light

Not stiff enough (need bigger E)

Not strong enough (need bigger σy )

Not tough enough (need bigger Kic)

Too heavy (need lower ρ) 
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Basic Concepts

How design a composite material?

Materials information for design

What do we need to know about materials to design a product?

Test Test data

Data 
capture

Statistical
analysis

Design data

Mechanical Properties

Bulk Modulus 4.1 - 4.6 GPa
Compressive Strength 55 - 60 MPa
Ductility 0.06 - 0.07
Elastic Limit 40 - 45 MPa
Endurance Limit 24 - 27 MPa
Fracture Toughness 2.3 - 2.6 MPa.m1/2

Hardness 100 - 140 MPa
Loss Coefficient 0.009- 0.026
Modulus of Rupture 50 - 55 MPa
Poisson's Ratio 0.38 - 0.42
Shear Modulus 0.85 - 0.95 GPa
Tensile Strength 45 - 48 MPa
Young's Modulus 2.5 - 2.8 GPa

Successful 
applications

$

Economic analysis
and business case

Selection of
material and process

Potential 
applications

Characterisation Selection and implementation
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How design a composite material?

General
Weight: Density  ρ, Mg/m3

Expense: Cost/kg Cm,  $/kg

Mechanical
Stiffness: Young’s modulus  E,  GPa
Strength: Elastic limit σy , MPa
Fracture strength: Tensile strength σts , MPa
Brittleness: Fracture toughness Kic , MPa.m1/2

Thermal
Expansion: Expansion coeff.  α, 1/K
Conduction: Thermal conductivity λ, W/m.K

Electrical
Conductor?   Insulator?

Young’s modulus, E

Elastic limit, yσ

Strain  ε

S
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Ductile materials

Brittle materials

Young’s 
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Basic Concepts

Comparison with Other Structural Materials
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Basic Concepts

Viscous plastic behavior
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Basic Concepts
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Maxwell Model (Stress Relaxation)

Basic Concepts

σ=σoe-t/θ1 θ1=η1/E1    γ=(σo/E1)+(σo/η1)t  σ=0.37σo per t=θ1
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Basic Concepts

Kelvin-Voigt Model  or Creep Deformation (Slow fluency)

γo
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Burgers Model

Basic Concepts
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Burgers Model

Basic Concepts

-(σo/E1)

(σo/η1)t+(σo/E2)(1-e-t/θ2)(σo/E1)

(σo/η1)t+(σo/E2)(1-e-t/θ2)
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Basic Concepts

The concept of load transfer

To understand the mechanical behavior of composite we need to know the 
concept of load sharing between the matrix and the reinforcing phase

There are four main direct loads that any material in a structure has to 
withstand: tension, compression, shear and flexure. 

Tension
The figure below shows a tensile load applied to a composite. The response of 
a composite to tensile loads is very dependent on the tensile stiffness and 
strength properties of the reinforcement fibers, since these are far higher than 
the resin system on its own. 
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Basic Concepts

The concept of load transfer

Compression

The figure below shows a composite under a compressive load. Here, the
adhesive and stiffness properties of the resin system are crucial, as it is the
role of the resin to maintain the fibres as straight columns and to prevent them
from buckling.  
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Basic Concepts

Tension Compression
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Basic Concepts

The concept of load transfer

Shear

The figure below shows a composite experiencing a shear load. This load is 
trying to slide adjacent layers of fibres over each other. Under shear loads the 
resin plays the major role, transferring the stresses across the composite. For 
the composite to perform well under shear loads the resin element must not 
only exhibit good mechanical properties but must also have high adhesion to 
the reinforcement fibre. The interlaminar shear strength (ILSS) of a composite 
is often used to indicate this property in a multi-layer composite ('laminate'). .  
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Basic Concepts

The concept of load transfer

Flexure

Flexural loads are really a combination of tensile, compression and shear
loads. When loaded as shown, the upper face is put into compression, the
lower face into tension and the central portion of the laminate experiences
shear. 
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Basic Concepts

Shear load

E                2    G( 1+ν ) 1        E
Κ = ⎯⎯⎯⎯⎯ = ⎯ ⎯⎯⎯⎯ = ⎯ ⎯⎯⎯

3 ( 1-2ν ) 3       1-2ν 3    3-E/G
E                3     K( 1-2ν ) E 

G = ⎯⎯⎯⎯⎯ = ⎯ ⎯⎯⎯⎯⎯ = ⎯⎯⎯⎯
2 ( 1+ν ) 2         1+ν 3- E/3G

3G
E = 2G( 1+ν ) = 3K( 1-2ν ) = ⎯⎯⎯⎯⎯

1+G/3K
1       E         1    E         1-2G/3K

ν = ⎯ - ⎯⎯ = ⎯ ⎯⎯ = ⎯⎯⎯⎯⎯
2      6K        2  G-1        2+2G/3K

Relation between mechanical parameters

compression

elastic

poisson
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Analysis Comp

Poisson’s coeficient (ν)
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Analysis Comp
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Analysis Comp
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Analysis Comp
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Analysis Comp
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Basic Concepts

How design a composite material?

Materials, Processes and Shapes

MATERIALS

SHAPES

PROCESSES

• Ceramics
• Glasses
• Polymers
• Metals
• Elastomers
• Composites
• Natural materials

• Axisymmetric
• Prismatic
• Flat sheet
• Dished sheet
• 3-D solid
• 3-D hollow

• Deformation
• Moulding
• Powder methods
• Casting
• Machining
• Composite forming
• Molecular methods
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Basic Concepts

How design a composite material?

Material Class
Materials:\Ceramic Materials:\Metal Materials:\Polymer Materials:\Composite
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Basic Concepts

How design a composite material?

Relationship between different materials

Metals              Polymers           Ceramics      Composites

PEEK

PP

PTFE

WC

Alumina

Glass

CFRP

GFRP

Fibreboard
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Basic Concepts

How design a composite material?

Untitled
Materials:\MET ALS Materials:\POLYMERS Materials:\CERAMICS and GLASSES Materials:\COMPOSITES
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Basic Concepts

How design a composite material?
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Basic Concepts

How design a composite material?

PE, PP, PC
PA (Nylon)

Polymers,
elastomers

Butyl rubber
Neoprene

Polymer foams
Metal foams

Foams
Ceramic foams

Glass foams

Woods

Natural
materials

Natural fibres:
Hemp, Flax, 

Cotton 

GFRP
CFRP

Composites
KFRP

Plywood

Alumina
Si-Carbide

Ceramics,
glasses

Soda-glass
Pyrex

Steels
Cast irons
Al-alloys

Metals
Cu-alloys
Ni-alloys
Ti-alloys
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Basic Concepts

At Storage Technology, a new assembly using DFM that costs 86% 
less, reduced part count from 100 to 36. DFM applied to large
hydraulic cylinders at Caterpillar, Inc. produced significant cost
reduction. Then, at Xerox, DFM was used to re-design a paper feed
guide to go from five parts plus hardware to one part and snap fits. 
Standardized components at IBM help expedite product
development.

DFM: Design for Manufacturing
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Basic Concepts

Fundamentals of Manufacturing Cell Planning 

The ability to effectively plan a manufacturing cell is a fundamental skill
needed by every supervisor, team leader, and manufacturing engineer, 
This video is based upon a proven and widely used method called
Systematic Planning of Manufacturing Cells (SPMC). Together these
materials comprise a ready to use kit for introducing, expanding, and
improving the use of cells in your plant. 


