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1st Lecture on Composites


Lectures outline


Ing. Blanka Tomková, Ph.D. Department of Textile Materials


Basic terms and definitions


Quantitative structural analysis


Reinforcing fibers
(glass, ceramics, basalt, carbon, 
polymers, natural fibers and others)


Composite layer analysis
Fatigue failure of
composite laminates


Types of textile composite 
and their properties


Design of composite structures


Matrices for textile composites 
(utility, and technological properties)


Industrial and advanced composites 
Strength calculation
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1st Lecture on Composites


Basic categorization of materials


 Homogenous


 Structure and properties are 
the same in every point of material


 Heterogenous (composites)


 Material is composed of two or more 
physically and/or chemically different
material components
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1st Lecture on Composites


Terminology - component and phase
System – group of physical bodies that are separated


from surrounding environment


 it can be composed of two or more physically and/or
chemically homogenous substances called phases


 it can be open, closed or insulated
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open              closed insulated
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1st Lecture on Composites


Phase – unit of homogenous substance in heterogenous
system physically separated from other units


 Some material parameters are drop changed on interface 


 One phase system - homogenous


 Multiphase system – heterogenous


 Solid, liquid, gaseous state of one substance – three different phases


 Every crystalline state of one substance - individual phase


 Phase does not have to be chemically pure substance
 It may be solution, mixture of gasses etc.


 Component - chemically pure substance


 It participates in system changes, but it is not rising or
disappearing due to those changes


 Number of independent components in the system is constant
and must comply with any phase possible
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1st Lecture on Composites


 Example:


 System water-ice - two phases - one component H2O


 Blue vitriol solution – one phase system - two
components (H2O, CuSO4)
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1st Lecture on Composites


Material components
 Units forming heterogenous composite materials


 they differ from each other
physically and/or chemically


 composition of these components produces new material of unique
properties that cannot be reached by individual components
and are not pure sumation of individual
component properties


 Classical example - composition
of iron and concrete


 iron rods or grids bonded by concrete


 Every component in composite keeps
its structure and properties
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1st Lecture on Composites


Composite definition
 Basically it depends on the structural point of view


 macro-,  meso-, micro-, or nanostructure


 Submicron point of view (up to atoms and molecules)
 ALL MATERIALS ARE COMPOSITES!!!


 Technical point of view:
 Composites are materials created of two or more different material


components (or phases) that are distinguishable and separated by 
interface


 Reinforcement
 Harder, stiffer, firmer usually


discontinuous component


 Matrix


 Continuous usually more flexible component
 Binder of reinforcement
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1st Lecture on Composites


 Classical constructive materials:
 Matrix is continuous, ductile and 


plastic substance


 it distributes the load among reinforcing units


 Reinforcement


 discontinuous, hard and firm component


 The synergy effect
 combined efficiency


 in the system components


cooperate in such a way, that at


least one property of composite


is greater than pure sumation of


individual component properties


 It basically says that "1+1=3"
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1st Lecture on Composites


Categorization of composites


 It is not uniform, there are various attitudes:


 Mainly the categorizations are according to: 


 utilized continuous component (matrix)


 geometry of reinforcement


 type of reinforcement
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1st Lecture on Composites


Categorization according to the matrix 


 Polymeric
 thermoplastic, thermosets, elastomers


 Inorganic
 concrete, clay, etc.


 Metallic
 metal composites


 Ceramic
 cermets


 metal reinforced
ceramic composites
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1st Lecture on Composites


Categorization according to 
the reinforcement geometry


 System  particular, granular, fibrillar, lamellar


 Particular  particles of various shapes


 Granular  particles of symmetric shapes


 Fibrillar  particles of one major size
(1 length fibres)


 Lamellar  one size is insignificant
(thickness  plate)
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1st Lecture on Composites


Categorization according to 
the type of reinforcement


 Particles
 random orientation
 prefered orientation


 Fibres
 single-layered


a) long fibres
unidirectional
multidirectional


b) short fibres
random orientation
preferred orientation


 multi-layered
 laminates
 hybrids


 Lamina
 one layer


of multiplied composite


 Laminate


 multiplied composite


 layers are the same


 Hybrid laminate


 layers are different
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1st Lecture on Composites


Textile composites
 Fibrous reinforcement


 glass, carbon, ceramics, polymers ...


 high strength, stiffness and 
thermal stability


 embedded mostly in polymer matrices


 thermosets (polyesters, epoxides, phenolic resins)


 thermoplastics (polypropylene, polyamide, aromatic thermoplastics)


 New products of unique properties


 reinforcement properties + easiness
of polymers manufacturing


 exceeds construction limits
of standard materials


 But! It is necessary take into account
certain specifics of composite materials
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1st Lecture on Composites


Specifics that may cause the problems
 great difference in design and construction of final products


 composite material is usually created in one
step with final product


 lamination of boats, pultrusion of shapes, winding
of pressure tanks, etc.


 design and construction are more complicated


 it is hard to separate properties of material and those of final products


 more complicated optimizing and reliability of construction
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1st Lecture on Composites


 Limited database of construction data


 Matematical models for technical use


 simulation of loads and prediction of properties


 complex geometry of composite system


 technology of manufacturing


 selection of optimum time-temperature
mode for matrix curing
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1st Lecture on Composites


Composites vs Standard materials
 Composites - high strenth and modulus combined with light


weight material components


 savings of material


 savings of energy


 better utilization of material
properties


 savings of natural sources


 respect to ecological aspects


 better utility properties
of products


 design of new properties


Wide range of properties while using thesame components!!!
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1st Lecture on Composites


Comparison of standard and 
composite materials
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1st Lecture on Composites


Selected applications fields
 aerospace industry


 spacecrafts protective shields, 
wing leading edges


 parts of jet aircrafts turbine engines


 automotive industry
 mudguards, dashpanels, instrument panels


 marine applications


 boat and canoe hulls


 electrical and electronics applications


 protection against electrostatic discharge


 medical applications


 laboratory equipment, biomedical implants


 military
 construction of invisible aircrafts


 satellite protective shields


 building industry
 bridge-deck beams, roof covers


 sport equipment


 skis, snowboards, hockeysticks, bicycle frame
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1st Lecture on Composites


Ing. Blanka Tomková, Ph.D. Department of Textile Materials


Face of SpaceShipOne
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2nd Lecture on Composites


Types of textile composites
and their properties
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2nd Lecture on Composites


Type of Fibrous Reinforcement
 Single-layered


a) Long Fibres (continuous) 


 unidirectional


 multidirectional


b) Short Fibres 


 random orientation


 preferred orientation


 Multi-layered
Laminates or Hybrid laminates


Lamina 
 one layer of multiplied composite


 Laminate
 multiplied composite


 composition of the layers is the same


 Hybrid laminate
 layers are of different materials
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2nd Lecture on Composites
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2nd Lecture on Composites


Highest tensile strength and Young´s modulus gain
the continuous fibre reinforced composites!!!


 Continuous reinforcing fibres:


 glass


 carbons


 polymers


 ceramics


 metallic


 Matrix:


 polymers (thermosets or thermoplastics)


 glass


 glass-ceramics


 ceramics


 carbons


Ing. Blanka Tomková, Ph.D. Department of Textile Composites 4/26







2nd Lecture on Composites


Fibre strength is always higher than the strength
of the same material in bulk form!!!


 Small fiber cross-section


 Thin fibres


 the size of intrinsic material
defects is minimized


 surface defects are less dangerous


 Whiskers


 mono-crystals of very small transverse properties


 they can reach very high tensile strengths


(in order of 104 MPa)
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2nd Lecture on Composites


 Material defects


 submicroscopic and 


microscopic cracks and voids


 preferred orientation, defects are 


oriented along the fiber axis  


 preferred orientation of strong


covalent bonds along the fiber axis
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2nd Lecture on Composites


 High modulus fibres


 tough macromolecules oriented
in direction of fiber axis 


 strongly anisotropic structure


 e.g. carbon or polymer fibres
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2nd Lecture on Composites


 Fibrous microcomposites


 fiber diameter 100 to 102 m


 Some composite reinforcement


 fiber diameter less than 1 m, usually


short (discontinuous) nanofibres


 nanocomposites
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2nd Lecture on Composites


Choice of fibrous reinforcement
 Majority of composite products is reinforced with


E-glass fibres to obtain the material of satisfying
properties
 Price of common glass fibres is comparable with the price


of common thermoset resins


 Utilization of expensive fibres


 price can be several orders higher than the one of glass fibres


 reasonable for extremely loaded constructive components
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2nd Lecture on Composites


Fiber forms for composite reinforcement
 Chopped strands


 the multifilaments are cut to 
exact lengths – for blends
utilized in pressing technology 


 Milled fibres


 inorganic short fibres only


 for injection molding
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2nd Lecture on Composites


 Rovings (long and narrow bundle of filaments)
 Zero or small number of twists


 less than 40 twists per meter


 for pultruded profiles, winding
technology, and prepreg preparation


 Large cylinder bobbins
 for glass fibres up to 15 kg weight


 Weaving  – smaller bobbins with conic ends


 Linear density of rovings – in order of hundreds of tex


 Roving wovens


 Contact lamination, pultrusion, winding and making of woven prepregs
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2nd Lecture on Composites


 Mats
 nonwovens, fleeces


 in-plane randomly oriented
continuous or short fibres


 chopped fibres (25 to 50 mm) 


 mats bonded by polymeric binders, 
dissolvable in resins


 continuous fibres


 fibres are interlaced in mats


 binders are not necessary


 Prepregs


 rolls of various widths carrying parallelly
aranged rovings, wovens or mats
preimpregnated by polymeric resins


 for high-tech applications
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2nd Lecture on Composites


Comparison of various reinforcing fibres
HM - High modulus fibres HS - High strength fibres
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2nd Lecture on Composites


Comparison of composites and metal materials
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2nd Lecture on Composites


Ing. Blanka Tomková, Ph.D. Department of Textile Composites


Effects influencing composite properties


 Properties of components


 mechanical, thermal, electrical etc.


 Geometry and distribution of components including
pores


 Volume fraction of components


 Properties of interface (adhesion)


 interaction of components
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2nd Lecture on Composites


Ing. Blanka Tomková, Ph.D. Department of Textile Composites


Properties of components
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2nd Lecture on Composites


Ing. Blanka Tomková, Ph.D. Department of Textile Composites


Selected properties of main fibrous
reinforcements
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2nd Lecture on Composites


Ing. Blanka Tomková, Ph.D. Department of Textile Composites


 We search for most useful composition of components


 Highest efficiency of SYNERGIC EFFECT


 Highest cost/effect ratio


Selected properties of main matrices
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2nd Lecture on Composites


Ing. Blanka Tomková, Ph.D. Department of Textile Composites 19/26







2nd Lecture on Composites
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2nd Lecture on Composites
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2nd Lecture on Composites


Ing. Blanka Tomková, Ph.D. Department of Textile Composites


Properties of fiber-matrix interface
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2nd Lecture on Composites


Ing. Blanka Tomková, Ph.D. Department of Textile Composites


Fiber-Matrix interface


 Nano-sized boundary between components


 drop change of chemical and physical properties


 result of two surfaces interaction depends on the surface
structure and properties of both phases


 the structure and properties of interface differ from both phases
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2nd Lecture on Composites


Ing. Blanka Tomková, Ph.D. Department of Textile Composites


 Ideal interface 


 infinitely thin, tight, 


there are no defects


 Real interface


 complicated chemical and physical structure


 Important influence on composite properties, e.g.:


 fracture toughness


 corrosive behaviour


Each system possess specific interface
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2nd Lecture on Composites


Ing. Blanka Tomková, Ph.D. Department of Textile Composites


Mechanisms of adhesion


 For modelling of composite properties are used
five main mechanisms of adhesion
 joining between fibres and matrices


 they work either separately or in conjunction


 Adsorption and wetting


 Interdiffusion


 Electrostatic attraction


 Chemical bond


 Mechanical adhesion
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2nd Lecture on Composites


Ing. Blanka Tomková, Ph.D. Department of Textile Composites


Adhesion in practice


 It works!!!  It does not!!!
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3rd Lecture on Composites


Quantitative structural
analysis of textile composites
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3rd Lecture on Composites


 Volume ratio (fraction) of fibres


 Fiber packing density


 Length of fibres


 Distribution of fiber lengthes


 Fiber diameter


 Orientation of fibres


 Structural properties, that mainly
influence properties of final
composite products


 Ratio of structural parameter
influence depends
on particular property
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3rd Lecture on Composites


Volume and Mass Ratio of Components
 One of most important structural characteristic


 Volume ratio (fraction) Vi - theoretical presumptions


 Mass (weight) ratio Wi - practical mixing of composite components


 similar to textile mixing


 Example:


 Number of components n


 Volume of entire composite v


 Volume of i-component vi


 Weight of entire composite w


 Weight of i-component wi


 Volume ratio (fraction) 
of i-component


 Mass ratio (fraction) of i-component


𝑽𝒊 =
𝒗𝒊
𝒗


𝑾𝒊 =
𝒘𝒊


𝒘
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3rd Lecture on Composites


 Calculation of volume density of i-component ρi [kg/m3] and relations 
between volume Vi [%] and mass Wi [%] fractions of composite componentsρi


Relation between volume and weight ratio of i-component


𝑣 = 𝑣1 + 𝑣2 +⋯+ 𝑣3


𝑉𝑖 =
𝑣𝑖
𝑣


𝑉1 + 𝑉2 +⋯+ 𝑉𝑛 = 1


𝒗𝒊 =
𝒘𝒊


𝝆𝒊


𝑤 = 𝑤1 + 𝑤2 +⋯+𝑤3


𝑊𝑖 =
𝑤𝑖
𝑤


𝑊1 +𝑊2 +⋯+𝑊𝑛 = 1


𝒗𝒊 = 𝝆𝒊𝒗𝒊


𝑉𝑖 =
𝑣𝑖
𝑣
=


𝑣𝑖
𝑣1 + 𝑣2 +⋯+ 𝑣𝑛


=


𝑤𝑖
𝜌𝑖


𝑤1
𝜌1


+
𝑤2
𝜌2


+⋯+
𝑤𝑛
𝜌𝑛


=


𝑤𝑖
𝑤 ∙ 𝜌𝑖


𝑤1
𝑤 ∙ 𝜌1


+
𝑤2


𝑤 ∙ 𝜌2
+⋯+


𝑤𝑛
𝑤 ∙ 𝜌𝑛


𝑽𝒊 =
𝒗𝒊
𝒗


𝑾𝒊 =
𝒘𝒊


𝒘


𝑊𝑖 =
𝑤𝑖
𝑤
=


𝑤𝑖


𝑤1 + 𝑤2 +⋯+𝑤𝑛
=


𝜌𝑖 ∙ 𝑣𝑖
𝜌1 ∙ 𝑣1 + 𝜌2 ∙ 𝑣2 +⋯+ 𝜌𝑛 ∙ 𝑣𝑛


=
𝜌𝑖 ∙


𝑣𝑖
𝑣


𝜌1 ∙
𝑣1
𝑣 + 𝜌2 ∙


𝑣2
𝑣 + ⋯𝜌𝑛 +


𝑣𝑛
𝑣


𝑾𝒊 =
𝝆𝒊 ∙ 𝑽𝒊


𝝆𝟏 ∙ 𝑽𝟏 + 𝝆𝟐 ∙ 𝑽𝟐 +⋯+ 𝝆𝒏 ∙ 𝑽𝒏
𝑽𝒊 =


𝑾𝒊
𝝆𝒊


𝑾𝟏
𝝆𝟏


+
𝑾𝟐
𝝆𝟐


+⋯+
𝑾𝒏
𝝆𝒏
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3rd Lecture on Composites


Fiber packing density
 Laminate


 composite made by bonding together two or more sheets, 
composed of lamina


 Most common:


 Flat laminate


 three fibrous laminae


 oriented about 90 degrees


from one another


 typical for tough panels


 aircraft applications


 Cylindrical laminate


 three fibrous laminae
various fiber orientation


 pressure vessels
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3rd Lecture on Composites


 Unidirectional lamina
 continuous fibres


 length in longitudinal direction


 Example of fiber distribution in lamina cross-section


hexagonal order square order
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3rd Lecture on Composites


Limits of Hexagonal Order


 Equilateral triangle ABC
 Area of triangle


𝑨𝒕𝒐𝒕𝒂𝒍 =
𝟏


𝟐
∙ 𝒅 ∙ 𝒗𝒅 𝒗𝒅 = 𝒅 ∙ 𝒔𝒊𝒏𝟔𝟎° = 𝒅 ∙
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𝒅


𝑨𝒕𝒐𝒕𝒂𝒍 =
𝟏


𝟐
∙ 𝒅 ∙
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𝟐
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Limits of Square Order
 Square ABCD


 Area of square 
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 Area of fibre cross-section  Fibre volume fraction Vf
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3rd Lecture on Composites


 Fibres spacing S


 less than fiber diameter 2*r


Vf = 0,3
 S/r = 1,5
 S = 1,5 * r


 low volume fraction


 High volume fraction Vf


Vf = 0,7


 hexagonální order
 square order


 Low volume fraction Vf


 random order


Fiber packing density
depends on fiber volume fraction
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3rd Lecture on Composites


 Microskopic inhomogenity of lamina


 various fiber order


 more or less random


 high influence on modulus and stiffness


 mainly in transversal direction


 Main disadvantage of random distribution


 it is hard to possess Vf  higher than 0,7 


 limiting value for comercial composites


 Packing density


 important technological parameter


 high Vf + small fiber diameters


 long times + high pressures


for perfect wetting of fibres
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3rd Lecture on Composites


Length of fibres
 continuous fibres


 highest reinforcing effect


 load is applied to fibres directly


 short fibres


 load is transmitted from matrix to fibres


 through fiber surface


 through fiber ends


 high strength of composites depends on high strength of fibres


 strength of fibres is length dependant


 high variability of the value


 statistical character of fiber strength


 higher volume higher probability of rupture
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 Influence of fiber ends


 short fiber reinforced composites


 high concentration of stresses
 in contact with brittle matrices


 separation of fiber ends from matrix
 generation of microcracks
 generation of other defects


 propagation of cracks


 fiber is unbonded


 looses the efficiency
 decreasing of reinforcing effect


 propagation of fracture


 composite properties are 
function of fiber lengthes
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3rd Lecture on Composites


 Fibre length in composites is influenced by:


 type of reinforcing fibres
 processing of composites


 Thermosetting matrix
 fibres are poured over


by low viscosity matrix, 
good wetting of fibres


 rupture of fibres is minimized
 basic length of fibres is stable during the manufacturing


 Thermoplastic matrix (POP, PA, polycarbonate)
 fibers are mixed with matrix and injected into the form
 rupture of brittle fibres
 it is important to analyse fibre lengthes distribution


Distribution of fibre lengthes
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 Fibre lengthes measurement methods


 direct or indirect


 Indirect methods


 analysis of such properties that
are length-dependand
(modulus,  tensile strength)


 the information are not precise
and of various quality


 information on quality of entire material


 Direct methods


 measurement of all lengthes in 
analysed volume


 demanding, high amount of measurements


 separation of fibres from matrix 


 burning or desolving of matrix 
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 practicaly two methods are used for analysis


 dispersion of fibres in low viscous liquid


 fibre fractions of individual lengthes


 distribution using sequence of sieves


 method of decantation


 analysis of structural micrographs


 it is possible to measure individual fibre lengthes


 most precise but demanding


 utilization of automatic image analysers


Micrograph of short fibres


separated from thernoplastic matric after injection moulding
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3rd Lecture on Composites


Critical length of fibres lc


 Critical length is important for setting of limit properties


 e.g. tensile strength


 minimal length when the fiber cooperates in composite structure


 load is yet held by fibres


 the load is transmitted from matrix to fibres


 load transmitted to fibres is distributed over whole fiber


 in composite fiber length must be at least 
critical to obtain reinforcing effect


 Fibre length l > lc
 fibres are ruptured due to deformation
 fibre length significantly higher than critical


 reinforcing effect comparable to continuous
fibres reinforced composites
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3rd Lecture on Composites


 fibre length l < lc
 fibres are extracted from matrix


 critical length is influenced by 
quality of fiber-matrix bonding


 better adhesion, 


lower critical length


 Generally


are short fibres


characterized by 


Aspect ratio of shape
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Aspect ratio of shape α
 ratio between the length and diameter of the fibres


 efficient reinforcement


α min = 50 až 100


 to reach certain efficiency effect there is valid folloeing proportion


thinner fiber  lower length


 usually used aspect ratio  30 až 500


 values of critical aspect ratio


 ratio of critical length and diameter lays between 20 až 50


Values of aspect ratio of various dispersed components


d


l

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3rd Lecture on Composites


Fibre orientation


 Directly influences load distribution between fibres and matrix


 Reinforcing effect depends on


 angle between fibre axes and load direction


 number of fibres in load direction


 Estimation of orientation distribution
use of methods of stereology


 two directional structural micrographs


 angle measurement


 Maximum reinforcing effect


 all fibres parallel to load direction


 other directions – decrease of strength and stiffness
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3rd Lecture on Composites


 Distribution of fibres


PLANAR (2D) VOLUME (3D)
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3rd Lecture on Composites


Efficiency of reinforcement η 
 contribution of fibrous layers to bearing capacity of composites


 an – volume fraction of fibrous group,  angle Φ – angle between fibrous group
orientation and load direction


 efficiency of various fibres differs due to e.g.:
 fibre sensitivity to damage during composite manufacturing


 strength-modulus ratio
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4th Lecture on Composites


Design of composite structures
Mixing rules
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4th Lecture on Composites


 Depends on structural geometry


 knowing structural parameters it is possible
to describe the composite structure


 solved individually for each composite structure


 e.g. volume fraction of matrix Vm and fibres Vf


 shape and distribution of reinforcement etc.


 Analysis of components interaction


 Limit models for components arrangement


 defined for ideal unidirectional lamina


 parallel-connected (so-called hard system)


 series-connected (so-called soft system)


Averaging of Properties
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4th Lecture on Composites


Ideal unidirectional 
composite lamina


Cross-section of real structure
Random distribution of fibres


Parallel-connected 
same deformations
of matrix and fibres


Series-connected
same tension of 
matrix and fibres
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4th Lecture on Composites


Parallel arrangement of components
 Young´s modulus of composite n direction of fibers axes


 Top limit of moduli


 VOIGHT average


 Maximum reinforcement


 hard system


 same deformation of components


ε = ε1 = ε2


 distribution of forces impacting the fibres and matrix


F = F1 + F2


 Hook´s law


σ = ε · E σ = F / S F = ε · S · E


 same length of fibres and matrix
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4th Lecture on Composites


Young´s modulus for parallel-connection
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4th Lecture on Composites


Series arrangement of components
 Young´s modulus of composites


in direction normal to fibres axes


 Bottom limit of moduli


 REUSS average


 Minimum reinforcement


 soft system


 same tension on fibres and matrices


σ = σ1 = σ2


 components deformations differ


ε = ε1 + ε2


 increase of model thickness Δd


∆d = ∆d1 + ∆d2 ε.d = ε1.d1 + ε2.d2
2


2
 2 


d1



d1


1


d


d


d
 


d



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 Hook´s law


Young´s modulus for series-connection
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4th Lecture on Composites


 Limit models


 simplifying presumptions


 are not exact for 
real composites


 Model design


 uniform distribution of fibres


 real fibres are more or less
randomly distributed


 tension in fibres and matrices is equal


 not in real material


 idealized geometry


 models do not imply real geometry
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General mixing
 General form of mixing rules


 for any connection


 P – calculated parameter
of material (e.g. modulus E)


n ... mixing parameter


 n = 1


parallel-connection
Voight average


 n = -1


series-connection
Reuss average


 n = 0 Logarithmic mixing
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4th Lecture on Composites


Logarithmic mixing rule
 It is usefull for


 electrical, magnetic or 
thermal properties


 permittivity of composites


 Disadvantages


 same description of all
composite properties


 same components, but


 different structural geometry


 different distribution


 Possible solution


 geometry models of real structures
 complicated calculation - numerical models
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4th Lecture on Composites


Tensile strength of composite 
- continuous fibres


 Brittle fracture pressumption


 Hook´s law until deformation


 Top limit of strength


 E from Voight average


 Deformation in fibre axis direction
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4th Lecture on Composites


 Influence of fibre orientation
and composite porosity 


Vp ... porosity


fa ... factor of anisotropy


 Bottom limit of strength


 fracture of weakest composite part


 E from Reuss average
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4th Lecture on Composites


Strength of composite – fibres fracture


 Matrix


 weaker


 higher strain


 - stress in matrix


 when fibres are  
elongated to break


 Law Vf


 decreased strength


 faster deformation 
of fibres


𝝈𝒎
,
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4th Lecture on Composites


Continuous fibres - strength of matrix


 No adhesion is presumed


 parameter of geometry k


 linked to length l, diameter d, 
and fiber orientation


 ε = εm


 deformation develops first in 
unreinforced parts of matrix
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4th Lecture on Composites


Short fibres in polymer matrix
 Randomly distributed particles in matrix


 length L


 particle diameter D


 volume fraction of particles Vf


 Strain of composites T


 linked to strain of matrix Tm


 General mechanical property Z


 index of matrix m, index of particle f


 Z  modulus, tension, compression etc.
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4th Lecture on Composites


Modulus of short fibre reinforced composite – Halpin/Tsai


 Parametr k


 linked to length l, diameter d,


and short fibres orientation


k = 2 · l /d


 fibres volume fraction V1,


and modulus E1


 matrix modulus E2


 Short fibres defined as particles


k = 1.1 až 1.5


 For k = 0  Reuss average


 For k  Voight average
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4th Lecture on Composites


Short fibres reinforcement
 Higher deformation of matrix


 Fibre ends


 shear tension τ


 Critical length of fibres
 maximum tension for


parallel direction
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4th Lecture on Composites


Randomly oriented fibres
 Elimination of anisotropy


 worse average properties


 direction independend


K - factor of fibre efficiency


 depends on fibre length
and ratio Ef / Em
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5th Lecture on Composites


Textile Composites
Reinforcing fibres
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5th Lecture on Composites


 Glass fibres


 Ceramics fibres


 Boron fibres


 Basalt fibres


 Carbon fibres


 Polymer fibres


 Metal fibres


 Natural fibres


 plant fibres


 protein fibres


Fiber reinforcements
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5th Lecture on Composites


 All glass fibres contain silicate base
and particular complements
 SiO2 + complements
 most frequent complements are: Ca, B, Fe, Al, Mg oxides etc.
 glass fibres are classified according to complement composition


 Manufacturing
 fibres are drawn of melts of particular 


oxides with small part of alcali metal oxides (Na,K)
 the melt flows from platinum spinnerets (1 mm in 


diameter) placed in the bottom of the bushing plate
 required diameter of fibers


 governed by the difference between the melt flow speed 
and the speed of glass monofilaments drawing


 winding speed may be a few thousand meters per minute


 in the continuous filament process, after the fiber
is drawn, sizing is applied


1. Glass fibres
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Manufacturing of glass fibres
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5th Lecture on Composites


Basic types of glass fibres
 E – glass


most frequent, cheapest


 S – glass
special engineering applications


 C – glass
corrosion proof


 AR – glass


alcali resistant


 Quartz glass


thermal insulation, radomes, 
electrotechnics etc. 


Composition of glass melts (percentage by weight)
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Basic properties of glass fibres
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Glass fiber
products


Ing. Blanka Tomková, Ph.D. Katedra textilních materiálů 7/27
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2. Ceramic fibres
 Higher volume density comparing to glass or carbon fibres


 average 3 g/cm3 for Al2O3 fibres, 2,5 g/cm3 SiC for fibres


 SiC continuous fibres


 prepared from polymeric precursors or by  CVD method
 low density, high temperature strength, 
 resistance to oxidation and creep


 Al2O3 continuous fibres


 polycrystalline ceramic fibers
 manufactured usually by sol-gel process


 high melting temperature (2000C), 
low thermal conductivity,
chemical stability


 Si3N4 fibres


 prepared from polymeric precursors
 high tensile strength (1000 MPa) and modulus (300 GPa), 


light weight, good resistance to thermal shock and oxidation, 
wear resistance,electrically non-conductive


 high-temperature structural applications up to 1500°C
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Selected types of ceramic fibres, 
(K continuous fibres, D discontinuous fibres)
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3. Boron fibres
 Fine and complex crystalline structure


 crystallite size on the order of 2 nanometers
 nodular surface of the fiber


 Manufacturing
 devaporation of fluid boron on fibrous substrate


 CVD technology
 the basic reaction, carried out at 1350°C, is as follows:


2BCl3(g) + 3H2 (g) > 2 B (s) + 6HCl


 quite expensive (least price is cca 300 $/kg)


 Properties
 volume density 2,5 g/cm3


 large diameter comparing to other fibres (up to 102 m) 
 compressive strength (cca 6,9 GPa) higher than tensile strength
 high tensile strength 3,45 GPa, high modulus 400 GPa


 Application
 high-performance composite structures for components under compressive


load, horizontal and vertical stabilizers
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5th Lecture on Composites


4. Basalt fibres
 Basalt has a crystalline structure


 Varies due to the specific conditions during
the lava flow at each geographical location
 Combines three silicate minerals


 plagioclase, pyroxene and olivine


 Manufacturing
 continuous process similar to that used to make glass fibers


 Properties
 good thermal, electrical and sound insulation properties
 volume density 2600-2800 kg/m3, melting temperature1400ºC
 tensile strength 1.43±0.59 GPa, elastic modulus 82-110 GPa
 withstand wide temperature range


 from about -260/-200 to about 650/800°C
 unstressed (used as fire/heat barrier) basalt can


maintain integrity up to 1250°C
 more stable in strong alkalis than glass, slightly less stable in strong acids


 Applications
 thermal and sound insulation/protection (e.g. basalt wool, engine insulation)
 structural plastics, automotive parts, concrete reinforcement (constructions)
 insulating plastics and frictional materials
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Composition of glass and basalt fibres
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5. Carbon fibres
 93-95% pure carbon


 Narrow graphene sheets


 chains bond side-to-side (ladder polymers)


 Wide range of mechanical properties while
the volume density is relatively low (1,8 - 2 g/cm3) 
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Manufacturing of carbon fibres
 Pyrolysis of polymeric precursors


(main part of carbon fibers)


 Rayon


 PAN


 Coal tar pitch


 CCVD process (combustion chemical vapor deposition)


 devaporation of hydrocarbon gas on fibrous substrate
(C, Si, křemen SiO2)


 Whiskers (d < 25μm) 


 grown in direct current arc under pressure
of approximately 9 MPa in argon at high temperatures


 consist of one or more graphite sheets rolled up like
a scroll into a tight cylinder


 growth and perfection of crystals


Ing. Blanka Tomková, Ph.D. Katedra textilních materiálů 14/27







5th Lecture on Composites


Ing. Blanka Tomková, Ph.D. Katedra textilních materiálů 15/27







5th Lecture on Composites


PAN based carbon fibres
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Pitch based carbon fibres
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 Various carbon fibre cross-sections
 Models of structural


arrangement of graphene sheets


 First line 


 PAN based fibres


 Second and third line 


 pitch based fibres


Ing. Blanka Tomková, Ph.D. Katedra textilních materiálů 18/27







5th Lecture on Composites


6. Polymer fibres
 Main advantage


 low volume density


 high specific strength, and specific modulus


 low volume density and high tensile strength


 Preparation of high modulus polymer fibres


 from polymer solution


 from LCP („Liquid Crystal Polymer“) polymer melts
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 Properties


 good resistance to abrasion, organic
solvents, and thermal degradation


 sensitive to ultraviolet radiation


 sensitive to moisture and salts


 nonconductive


 no melting point


 low flammability, good fabric
integrity at elevated temperatures


 Applications


 flame-resistant clothing, 
protective clothing and helmets


 composite reinforcement


 asbestos replacement, hot air 
filtration fabrics


 tire and mechanical rubber
goods reinforcement


 ropes and cables, etc.


Aromatic Polyamides (Aramids)
Kevlar by DuPont Nomex by DuPont


Technora by Teijin


Twaron by Teijin (Kevlar like structure)
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Basic mechanical properties
comparison of selected aramids


to standard PA66 (Nylon)
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 Ultra High Molecular Weight polyethylene
 average molecular weight in the 3.1 to 5.0 million range
 Dyneema by DSM company (since1985)
 Spectra by Honeywell International, Inc.


 Properties


 high abrasion and wear resistance


 low coefficient of friction


 non-adherent surface


 excellent chemical fatigue and impact
resistance


 good noise dampening properties


 high performance at extremely low
temperatures (liquid nitrogen -259 °C)


 !starts to soften and lose its abrasion resistance
characteristics around 85°C


UHMW polethylene fibres


 Application
 ropes, nets, cordages


 technical textiles


 helmets, vests


 vehicle armor panels


 medical deviced
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Basic mechanical properties
comparison of selected UHMW PE to standard fibres (PET, PA66)


Polarized Light
Microscopy


Spectra 1000 Fiber
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 One of the most interesting classes of polymeric materials


 Aromatic copolyesters with a tightly ordered structure


 Preparation
 formed by melt extrusion of the LCP through fine diameter


capillaries


 the molecular domains are oriented parallel to the fiber axis


 high degree of orientation


 Commercially available melt spun LCP fibers
 SUMIKASUPER LCP (Ekonol) by 


Sumitomo Chem. and Japan Exlan
 Vectran™ by Kuraray America, Inc.


Aromatic Thermotropic Copolyesters - LCP polymers
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 Steel, copper, bronze, and aluminum fibres


 Manufacturing
 Continuous fine chips of wire


 analogy to cutting operation
 in one delivery point of cutting device


are produced several fibres at once
 fibers are wound onto a bobbin


 square cross-section
 chemical and mechanical


properties depend
on basic material


 Metaloplastic threads
 laminated


 metallic foil is laminated by plastic layer
 metal plated (metallized)


 plastic foil is sprayed by metal
 Foils are cut into fibres with required diameter


7. Metallic fibres
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 Natural plant fibres (hemp, jute, flax, cotton)


 Natural mineral fibres (asbestos)


 Protein fibres (spider silk)


8. Natural fibres as composite reinforcement
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 Plant fibres are mainly used mostly in POP 
matrix
 non-polar matrix is modified


by polar compound
 increase of adhesion
 e.g. maleinanhydride


 Advantage of plant fibres
in thermoplastics
 low cost reinforcement
 recyclable materials
 biodegradable
 natural look of composite


surface
 fibres are friendly to manufacturing


devices
 minimum wear of mechanisms


(worms, fusible chambers and molds)
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Matrices for textile composites
 Polymeric


 mostly used for textile composites,
mainly thermoplastics or thermoset
resins (will be described in detail)


 combined with all kinds of reinforcing
fibres (glass, carbon, aramid, ceramic,
natural ones, and many others)


 composites known as FRP - Fiber Rein-
forced Polymers (or Plastics), used as
structural parts in all kinds of industrial
apllications


 Inorganic


 concrete, clays, plasters, etc.


 mainly used fof building constructions


 reinforced with glass, cellulose, steel, 
basalt, PP, and others


 Metallic
 Metal Matrix Composites (MMC) 


 increasingly found in the automotive 
industry


 alumina alloys,  cast iron,  magnesium, 
and others are used as a matrix


 reinforced with ceramics (SiC, Al2O3, 
ZrO2), carbon, or metal fibres


 Ceramic
 Ceramic Matrix Composites (CMC)


 in very high temperature environments


 reinforced with short fibres, or whiskers
(SiC, BN, BC and others)


 Cermets (min. 70% of ceramic)


 metal reinforced ceramic or ceramic
reinforced metals (very hard)


 tungsten-carbide (WC), titanium-carbid
(TiC), Al2O3 in chromium, etc.)
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Polymer matrices
 Thermosets


 epoxy resins (EP)


 unsaturated polyesters (UP)


 vinylesters (VE) 


 phenolic resins (PF)


 Thermoplastics
 polypropylene (PP) 


 polyamides (PA), polyimides (PI)


 Most expensive polymer matrices
 Aromatic thermoplastics with high thermal resistivity


 Matrices for military applications (composite parts for
military aircrafts , sattellite components etc.)


 Polyimides (PI)
 Research on composite properties under


dynamic load is currently run in the USA and France
 Testing of composite parts for civil aircrafts


reaching supersonic speeds
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Thermosets
 Chemical structure - resins, e.g.:


 epoxy resins


 unsaturated polyesters


 vinylesters


 phenolic resins


 Reactive groups are underlined


 Curing cross-linked polymer
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 Bismaleimide (BMI) a polyimide (PI)


 BMI can be used in hot and wet
environment up to 232°C


 Some PI resins can be shortly exposed
up to 370°C


 Curing problems


 Evaporation of volatile substances
and damp


 Difficult manipulation comparing
to epoxides or cyanester


 Special treatment and technology


 elimination of voids and delamination


 BMI and PI are more wettable than
EP and VE


Other types of thermosets
 Thermoset polyetheramide (PEAR)


 Derived from bisoxazoline and 
phenolic novolacs


 Great  thermo-oxidizing stability


 Good tensile strength


 For high temperature application


 Poly(chinoxaline) (PPQ)


 new thermosets with high glass
transition temperature (Tg=327°C)


 ladder structure of macromolecule
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Thermoplastic matrices
 Advantages


 non-limited storage time


 good chemical resistance


 non-wettable


 good tenacity comparing
to  the thermosets


 thermal processing of prepregs


 moulding of compounds


 hot pressing of prepregs


 cooling of composite


 Thermoplastics for common applications


 cheap polypropylene (PP) 


 polyamides (PA), acryl-butadien-styrens (ABS)


 e.g. automotive industry


 Aromatic thermoplastics


 thermal resistance exceeds standard 
thermoplastics


 non-flammable


 expensive


 Selected types of aromatic thermoplastics


 polyphenylensulfide (PPS), 


 polyetherimide (PEI),


 polyamidoimide (PAI), 


 polyetherketone (PEEK) 


 thermoplastic polyimides (PI) 
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Overview of aromatic thermoplastics for composites
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 BMC (bulk moulding compound) 


 molded mixture of short fibres and 
thermosetting resins


 SMC (sheet moulding compound)


 preformed plate of pre-treated resin, 
fibres, and additives prepared
for heat moulded compounds


 TMC (thick moulding compound) 


 similar to SMC, higher thickness
of semi-product


 LPMC (low pressure moulding compound) 


 mixture for low pressure moulding


 IM (injection moulding) 


 mixture of thermoplastics and short fibres
(length from 10o to 101 mm) is injected
into moulding form


Outline of textile composite fabrication
 RTM (resin transfer moulding)


 fibrous reinforcement is impregnated by low
viscous resin in two-parts form, sometimes
vacuated (VARTM)


 SCRIMP (Seeman Composite Reaction Infusion
Moulding Process)


 production of large scale composite
componenets


 RRIM (reinforced reaction injection moulding) 


 injection of polyurethane resin mixed with
short fibres into metal form


 SRIM (structural reaction injection moulding) 


 impregnation of continuous fibres
reinforcement by polyurethane resin in tow-
part form


 GMT (glass mat reinforced thermoplastic) 


 production of thermoplastic plates reinforced
by glassy mats
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Matrices and Production
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Choice of matrix due to utility and processing properties
 Requirements on costs, reliability and safety of composites


 Fire-resistance


 cheap non-flammable matrices with phenolic resins


 composites for construction in public transport
 composites for building constructions


 non-flammable aromatic thermoplastics


 very expensive
 high-tech applications
 aircraft constructions (composites for interiors)


Overview of utility and processing properties of polymer matrices
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 Storage ability of materials


 Thermoplastic prepregs - infinite time


 compounds for heat moulding


 thermoplastic plates reinforced
by continuous fibres


 Recycling of composites


 substitution of thermosets by termoplastics


 Thermoset matrix composite


 recycling of expensive fibres (carbon or ceramics)


 complex expensive technologies


 otherwise the waste is milled
and futher utilized as a filling
into non-constructive mixtures


 Thermoplastic composites


 matrix can be melted


 car production,  furniture, etc. cheap thermoplastics
reinforced by short glass fibres


 components are mainly injection molded
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 Chemical resistance


 Thermosets


 most of common applications


 pipeworks, tanks, pressure vessels


 Thermoplatics


 expensive


 for composites with special requirements
on chemical resitance combined with tenacity


 Wettability of reinforcing fibres


 Thermoplastic melts - high viscosity, pure wetting


 special prepreg technologies, addition of solvents


 emulsion impregnation of polymer particles


 mixture of thermoplastics and short fibres


 production of hybrid wovens containing mixture of reinforcing
fibres and thermoplastic fibres that are melted in composite
preparation and then bond to termoplastic matrix


 Thermosets - mostly solved in low viscous liquids


 Epoxy resins in 20° curing is started after reinforcement
is impregnated by low viscous resin solution
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Hand Lay-Up of Large Scale Composite Parts
 Resins are manually impregnated into fibres spreaded in open form


 Fibres are in the form of woven, knitted, stitched or bonded fabrics


 Often accomplished by rollers or brushes (increasing use of nip-roller 
type impregnators) for forcing resin into the fabrics 


 Laminates are left to cure under standard atmospheric conditions


 Sometimes post-curing in increased temperature is applied


 In case of heat cured resins autoclaves are used
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AUTOCLAVE CURING
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Composite specimen preparation
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Preparation of UD reinforcement
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Short fiber composites


Mold casting
of epoxy specimen 
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Testing of composite properties
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Testing of composite properties


3PB - Bending strength


Tensile strength


Charpy -
Impact strength
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Composite Layers Analysis
Fatigue Failure of Composite Laminates
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Composite laminates
 Product made by bonding together two or more pre-impregnated layers


(prepregs) or laminas of material


 Superimposed layers of resin-impregnated or resin coated fabrics
or fibrous reinforcements bonded together, usually by heat and 
pressure to form a single piece


 Composites of resins and fibers, which are not in distinct layers, 
such as filament wound structures and spray-ups


 Lamina (lamina)


 A single ply or layer in a laminate


 Materials for high tech applications


 The mechanical analysis of composite laminates is realized on various scale levels


 micromechanics


 mechanics of orthotropic layer


 macromechanics of laminate


 laminate failure analysis


 Reliable prediction of material properties


 strongly dependent on geometry of composite structure
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Composite layers geometry
 Geometric characteristics of the structure are input parameters


for calculation of material properties, eg.:


 volume fraction of fibres and matrix


 shape and distribution of reinforcement, etc.


 Classification of fibrous composites by fiber length and volume distribution


 unidirectional
 short fibres reinforcement (aspect ratio < 100)


 long fibres reinforcement (aspect ratio > 100, continuous fibres)


 prepregs - pre-impregnated laminae
 combination of mat, fabric, nonwoven material or roving with resin
 usually cured to the B-stage, ready for molding


 pultruded profiles (beams, rods, tubes etc.)
 pultrusion - manufacturing process for producing continuous lengths of FRP 


structural shapes (raw materials include a liquid resin mixture and reinforcing fibers)


 process involves pulling these raw materials through
a heated steel forming die using a continuous pulling device


 multidirectional
 prepregs (pre-impregnated fibrous mats or wovens)


 laminates (layers of laminae with various orientation of fibres, 
woven or nonwoven layers with various orientation of fibres)
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 Intrinsic properties (input)


 Micromechanical geometry
 Material properties of each constituent


 Estimation


 Fiber-matrix interaction
 Effective material properties
 Micromechanical stress/strain state


 Simulation of the properties


 Analytical models
 Application of the Finite Element 


Method (FEM)
 Combined models


Micromechanics
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 Basic assumptions of the analytical model


 Fibres
 continuous, parallel, straight
 infinitely long in direction of fiber axis 
 circular in cross section


 Fibres and matrix 
 homogeneous, isotropic and linearly elastic
 perfectly bonded at their interface


 Application of FEM
 single representative volume element (RVE)
 based on idealized fiber packing in composite lamina
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Mechanics of orthotropic layer
 Elementary composite ply


 Unidirectional (UD) long fibres reinforcement, In-plane elastic constants


 Three mutually perpendicular planes of symmetry (x,y,z)


 Elastic constants in x-direction (parallel to composite
ply, transverse to fiber axis), and y-direction
(transverse to composite ply) are the same


 Layer of UD reinforced composite
 High fiber volume fraction Vf


(0.6 - 0.8)
 Thickness of orthotropic


layers 0.1 - 0.14 mm


 Elastic properties
 Elastic moduli EII and E
 Poisson's ratio 12 (or 21)
 Shear modulus G12
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 Analytical estimation of elastic properties
 Derivation of simplified relations among 


properties of composite components and 
orthotropic layer constants


 Neglection of stress on microscale level


 Elastic properties of fibres and matrix


 Fiber volume fraction Vf


 Estimation of fiber volume fraction
 Measurement of composite weight w


 Measurement of fiber weight wf


 Estimation of matrix weight wm


 Estimation of fiber volume densityrf


 Estimation of matrix volume densityrm


Influence of Fiber volume fraction
on composite material properties
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Macromechanics of laminate
 The global properties of a laminate


 stiffness


 strength


 coefficients of thermal, and moisture
expansion


 determined on the individual global
properties of laminae and the stacking sequence


 Laminate failure analysis
 based on the ply stresses/strains


 application of failure theories to each laminar
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Laminate fatigue failure
 Fatigue is caused by repeated cycling of the load


 Progressive damage due to fluctuating stresses
and strains on the material


 Fatigue cracks initiate and propagate in regions
where the strain is most severe


 The fatigue consists of variety of processes


 Initiation of microcracks in matrix


 Delamination


 Fiber rupture


 Change of direction in crack's propagation


 Those processes are not local are in progress 
diffusionally in whole composite volume


 Variations in the stress ratios can
significantly affect fatigue life
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Analysis of composite under cyclic load
 Experimental estimation of fatigue failure of composites
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Cracks initiation
 Main reason for crack development 


 difference in Poisson's ratios 
those of fibres f and matrix m


f >m


 initiation of radial tensile 
strength on fiber-matrix 
interface 


 delamination


f <m


 initiation of peripheral 
tensile strength 


 development of matrix cracks


Length of fibers - rupture of composites


Length of fibers l [mm] (critical length lc)
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Prediction of fatigue failure


 Assumption of increasing damage up to failure


 stress in material does not get over ultimate strength 


 development of critical size crack


 number of cycles Nf , maximum stress in cycle σmax


 parameter of cycle asymmetry R


 immediate value of damage D
Damage influences 
the elastic modulus


E = E0(1-cD)


c - material constant
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Manson-Coffin calculation


Ei = E0(1- cDi)


𝜺𝒑𝒍
𝑨 = 𝜺𝒇


, 𝟐𝑵 𝒄
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Strength calculation
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Polymer-matrix composite's design 
and development


 Composite products 


 From skateboards to components of the space shuttle


 Wide range of requirements on material properties


 Multibillion dollar industry 


 The industry can be generally divided into two basic segments


 Industrial composites


 Advanced composites
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Industrial Composites
 Fiber reinforcement


 Typically glass fibers


 Utilization of various resin systems including polyester, epoxy, and other
specialty resins


 Used in the production of a wide spectrum of industrial components and 
consumer goods: boats, piping, auto bodies, and a variety of other parts
and components. 


Advanced Composites
 Use of expensive, high-performance resin systems and high-strength, 


high-stiffness fiber reinforcement


 Major customers for advanced composites


 The aerospace industry, including military and commercial aircraft of all types


 Use by the sporting goods suppliers who sell high-performance equipment to 
the golf, tennis, fishing, and archery markets


Ing. Blanka Tomková, Ph.D. Department of Textile Materials 3/27







8th Lecture on Textile Composites


Ing. Blanka Tomková, Ph.D. Department of Textile Materials 4/27







8th Lecture on Textile Composites


Strength calculation
 Design and construction of new composite component


 Prediction of component response on various types of loads


 Integration of various composite components in new devices


 Basis of strength calculation


 Prediction of stress-strain behavior of component with predefined constraint
and load


 Analytical solution


 particular solution of PDEs


(partial differential equations)


 applicable to objects
possesing simple geometry


 Numerical solution


 objects possesing
general geometry


 estimation of displacements
and rotations in particular nodes
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Types of analyses
 Static analysis


 computation of stress or strain
constants, etc.


 system is loaded by static force
or moment ... 


 stationary load


 Modal analysis


 simulation of component´s
eigenfrequencies


 one of the frequencies at
which an oscillatory system
can vibrate


 basis for dynamic simulations


 Buckling analysis


 safety analysis of long rods loaded
by bucling


 Dynamic analysis


 responce of components on 
dynamic load


 determines dynamic properties of
the system


 the frequencies at which
vibration naturally occurs


 the modal shapes which the
vibrating system assumes


 Fatigue analysis
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Simulation of strength properties
 Development of  computing methodology


 set of procedures which will be fulfilled to obtain reliable simulation results


 Example of modelling process


 Definition of input parameters
 Creation of geometry model (bulk, surface or curve) representing the component 


shape and size
 Definition of material properties (density, elastic modulus, Poisson's ratio,...)
 Definition of component constraint
 Definition of component loading


 Selection of computing method
 Analysis of computing complexity of the model
 Setting of initial and boundary conditions
 Implementation and verification of the model
 Determination of model validity


 Simulation of strength properties of selected component or whole system 
 For proper definition of loading it is necessary to pay attention to system of units 


used in simulation, and then properly explicate the simulation results 


Ing. Blanka Tomková, Ph.D. Department of Textile Materials 7/27







8th Lecture on Textile Composites


Stress-strain numerical simulation
 Task – simulation of fiber-matrix elastic modulus


 Calculation of effective elastic modulus using PDE Toolbox of MATLAB


 Geometry of representative volume element (RVE)


 Fiber volume fraction Vf = 60%


 Matrix volume fraction Vm = 40%


 Parameters of composite components
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Multiscale modeling of
textile composite


structure - properties
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