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Abstract: |f we are to formulate a general theory describing the behaviour

of composite materials, It 1s necessary to base it on the fundamental prin-
ciples which are responsible for the synergic effects bringing about the very
advantages of composite materials. Their number includes, in the first place,
the structurality on various levels, the inner surface determining interactions
(physical, chemical, efc.) of the structures and/or phases present and the
continuity of the material system with ambient environment and the purpose for
which it is used. Thus we can define three fundamental fypes of composites
differing by the mutual ratio and arrangement of phases, and five boundary
systems.

Introduction

UnTil recently the composite materials have been considered a simple com-
bination of two or more materials. Actually, however, the composites represent
a material system consisting of several phases, of which at least one is a
solid phase with macroscopically perceivable boundaries, and which makes it
possible to obtain new properties or a combination of properties not attain-
able by any of 1ts components separately or by their mere sum.

The study of composite materials must be necessarily interdisciplinary.
For the description of the deformation and mechanical behaviour and failure
of composites a number of methods and theories have already been derived. How-
ever, there are certain identical fundamental principles which apply fo all
composites. There are certain similarities, and a marked progress can be made
only by a synthetic theory based on the hitherto disintegrated data from vari-
ous branches and disciplines of science about varlous individual materials.
The scope of this relatively short paper makes It possible to mention only the
fundamental principles of the general theory of composite materials, To empha~
size primarily the philosophy of approach, without describing the analytical
process.

The existing theories have been derived usually by empiric methods for
the individual concrete types of composite materiats. If a single substance
is changes or if The production process is modified In any way, the theory
ceases to function. Further process consisted, as a rule, In the modification
of he theory to make the intention correspond with the result, instead of it
being the other way about.
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The reason for this unsuccessful procedure is the fact that in the major-
ity of cases no fundamental criteria have been respected, that the substantial
has been mixed with The Gnsubstantial, the deftermining factors with the modi-
fying factors, particularly that different classes of composites are mixed
which originate and operate in different conditions.

The obvious fundamental step in the endeavour fo understand the behaviour
and consequently obtain the possibility of predicting the characteristics of

composites is (Fig. 1) a) the selection of
ddcisive criteria
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VALIDITY b} the definition of the
. .
fields of their
GTCM T
validity
[SYNERGICALLY EFFECTIVE IACCORDING TO INTER-
EOMETRIC AND PHYSICAL ACCORDING TO STRUC- | |pHASE EFFECTS
OUANTITIES TURAL EFFECTS
PMCRO/STRUCTURALILY] [INNER SURFACﬂ ADHESION COHESION
LINKS LINKS
MECHANISMUS OF| d ‘
FAILURE SEGGREGATION OF AGGREGATION OF
DISPERSED PHASE DISPERSED PHASE
FORCE FLOW { { ]
MODE GEOMETRIC [| INTERPHASE|[PHYSICAL
l QUANTITIES| LINKS QUANTITIES
GEOMETRIC i L 1
oum'n:'n: PLASTICITY WITHOUT PORES WITH CLOSED] |[WITH OPEN
/WITHOUT FLUI FLUID PHASE FLUID PHASE
PHASE/
l MICROCREEP 1 I L Fi g. |
PHYSICAL WITHOUT PORES | [WITH CLOSED| WITH OPEN
QUANTITIES FLUTD PHASE FLUID PHASE . .
e . Fundamental criteria
ORELAXATION - 3 . .
| COMMUNICATION FILLED WITH for the description of
WITH ENVIRONMENT |SECONDARY SOLID . .
—L— STRUCTURE composites and the field
IGIN AND . .
DEVELOPMENT of their validity

Declslve Criteria and Field of Their Validity

¥ we observe, on an example of a composite consisting of two solid
phases with or without the presence of one fluld phase, its properties for
various representations of the individual phases (inci. the exfremes, i.e.
a quasihomogeneous system consisting of a single solid phase on the one hand,
and a two-phase non-cohesive system consisting of the other solid phase and
the fluid phase on the other hand), we can find not a random, but a regularly
variable change of all physical characteristics which is shown in Fig. 2 [l
The obvious simitarity of all these relations in dependence on the represen-
tation of the phases in the system lles in that they are markedly different
in three regions and that these regions are always the same.

This change is due not only to fhe representation of the phases or their
geometry, but also to the superstructure of the composite which fis, naturatly,
the function of the representation and geometric parameters of the phases as
well as of further physical and geometric parameters of the system and its

phases.
The magnitude of the influence of the superstructure on the characteristic
of the composite can be illustrated by another example (Fig.3). Microfiller

mixed by any ordinary method with a matrix (resin) affords a structure con-
sisting in coagulated clusters ot particles linked by physical forces. By a
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more strenuous mixing, e.g. by high-frequency vibration, this primary (initial)
structure can be disintegrated and a new structure created, characterlized by
the homogeneity of dispersal of iIndividual particles - structural uniformity.
In this way we reduce, for example, the effective viscoslity of the fresh mix

by 7 - 8 orders, increase the values of mechanical properties after curing
several times, etc. [2].

It would be possible to quote a number of further examples of the decisive
influence of structurality. Let us represent them by an example of a polystruc-
tural system (Fig. 4), 1.e. a system In which there are two or more indepen-
dent, phase- and geometrically continuous structures, auch se EE is the case
of PIC °, Impregnated
ceramics (e.g. C/C/SIC

f-fitler
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Fig. 4 Comparison of a polymer-impregnated polymer continuous structures
concrete (PICP) with a polymer concrete (PC) of the matrix than If
with identical matrix quantities in unit there is only a single
volume structure. This is

achieved, for example,
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by adding - after the formation of the PC+)'(wITh shortage of matrix and, con-
sequently, with continuous porosity) - to the system another batch of the ma-
trix (by impregnation) which forms in the pores of the primary system another,
independent infrastructure, chemically identical with the initial matrix, but
physically, morphologically and crystallographically entirely different from

it. The geometric arrangement of the impregnated phase as if In fibres of micro-
scopic dimensions, and the large quantity of Interfaces, in which the physical
characteristics of the matrix differ considerably from its characteristics in
bulk, change significantly the character of stress flows and failure, result

in a more favourable stress redistribution, localozation and prevention of crack
propagation, etc. As it is shown in Fig. 5 the strength, for example, grows by
the filling of pores with a rigid matrix in contrast to the filling of the

i pores with some liquid considerably above

~— = ~ complete impregnation t+he values attained in the case of a
single-structure, even fully dried sys-
tem.
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From what we have shown there follows explicitly (Fig. |) the first decisive
criterion - the structurality of the system. In the first place, it is decisive
whether the dispersed phase is segregated in the dispersing phase (matrix}), i.e.
without mutual force contact, o' whether it is aggregated, i.e. capable of
transferring directly a force flow from one particle to another, even through
an Intermediate layer of the matrix. The further circumstance is the quantity
and type of fluid phase (gas, liquid) and the degree of Its continuity with
the ambient environment,

Apart from the structural ity of the system the further, no iess important
criterion is the existence of discernible phase boundaries or the specific
inner surface. The specific Tnner surface determines the position of the indi-
vidual regions shown in Fig. 2 on the axis of the volume or weight represen-
tation of phases, not only by its magnitude, but also by the quality of the

of the phase boundary (Fig. 6). The individual phases are bound in their con-
tacts mostly (but not exclusively) by
physical |inks.
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S Fig. 6 Influence of the specific inner
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in the close proximity of dispersed particles the matrix structure changes
and the so-called transition layer is formed even in the case that no chemical
reaction takes place. For example, as a result of the effect of physical and
physico-chemical forces, the orientation of the polymer (crystallinity) oc-
curd in the proximity of the particles, shown in the microphotograph in Fig.7.
These changes in the interphase contact result in significant changes of the
deformation and strength characteristics of the polymer shown in Fig. 8.
Micromeasurements have shown that, for example. the modulus of elasticity varies
with the distance from the particle within the scope of fwo orders {41].
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Fig. 7 Formation of a transition Fig. 8 Properties of a ftransition
layer at phase boundary by layer at phase boundary

the orientation of polymers

During the composite solidification great stresses arise at the interphase
boundaries as a result of matrix polymerization shrinkage and, as a rule, of
considerably different thermal expansion coefficients of components. At par-
ticle boundaries (Fig. 9), most frequently in its enveloping (modified) layer,
but also in the particles themselves, microfailures (microcracks or crazes) may
arise, which are responsible for the considerably lower strength of the com-

posite than the strength determined by the
| inkage energy of arising |inks,

aggregate grain

Fig. 9a Origin of structural microdefects in
the proximity of dispersed rigid
cracks particles (grains, fibres) due fo the
solidification shrinkage and differant
resin binder coefficients of thermal expansion
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nity of rigid dispersed particles en-
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Recent experiments have confirmed that a reduction of the inner stresses

due to polymerization shrinkage can result In an enormous improvement of the

properties of the compositejfor example, in the case of a C/E composite the
toughness grows with the shrinkage stress reduction below 10 MPa exponentlally

from the initial tens of kd/sq.m to hundreds (200 - 600) kd/sq.m., as it [s
shown In Fig. 10,

Together with the superstrucfure (some-

600 times called also macrostructure or supra-
structure), expressing the arrangement of
the whole system, there exist in the com-
posite more or less regularly also the

structures of systems on different levels
400 (Fig. 11). Every phase has its own struc-
ture. The prepared phases in their orig-
inal arrangement In the composite form
its infrastructure. Every substance pre-
0 sent in the system, of which the phases
consist, has its own microstructure.

Fig. 10 Influence of the inner state of
stress due to solidification

0 . shrinkage and cooling from the
10 20 0 P solidification temperature on
shrinkage stress MPa :$pacf strength of a C/E compos~
e

Composite Definition According to Their Structure

Let us consider, for the sake of simplicity, once again a system consist-
Ing of two sol 1d phases. With reference to the conclusions justified in the
preceding text, It Is possible to find several types of composites, differing
In the mutual ratio and arrangement of phases.

There Is a whole number of systems, fully filling the given space, from
pure matrix (i.e. a quasihomogeneous system) (Fig.l2a) as the first boundary

system , over dlispersed particles (Fig. I12b) to the system with dispersed

phase in the densest possible arrangement with aggregated particles (Fig.l2c)
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as the second boundary
system. The determining
criterion of geometric
arrangement in these
systems is the segre-
A gation of particles, the
e determining component
‘\\\\\\‘\\\\ being the matrix. The
- 7 o whole group between the
first and the second
boundary systems is

classified as Izgg_l
composites,

system superstructure

Fig. 11

r - System structure on
" - h ' S microstructure of materials different levels
v = phase structure - N Ca0 composing phgses(on)a moe-
B cular or atomic scale

From the final (boundary) type | composite onwards it is no longer possible
to change the volume of the dispersed phase in the given body (the dispersed
phase remains aggregated), and any further change of the ratio of volumes of
both phases is possible only at the cost of matrix reduction, which is replaced
in the system by the third phase, viz. the fluid phase (Fig. 12d). Closed pores
arise in the matrix and the overall ratio of the solid phase volume to the
body volume drops below one and diminishes. Thus a system of at least three
phases originates, whose all properties begin to differ diametraliy from the
preceding systems. The composites of this type form another separate group,
classified as Type || composites. Theoretically this region ferminates with
a system in which The Third, fluid phase becomes continuous and forms a separ-
ate Infrastructure, thus connecting the system continuously and reversibly
with The ambient environment (Fig. 12e). Practically, however, this boundary,
i.e. the third boundary system, cannot be sharp, as the connectlon of the in-
dividual closed pores intfo continuous channels proceeds gradually. In contra-
distinction to Type | composites the solid phase in these systems does not
occupy the whole space defined by the material. I|f the fluid phase in the
vacancies is gaseous, it is easily compressible, if it is a liquid, it is
entirely non-compressible. The primary inner state of stress (due to the
origin of the material), similarly as the secondary inner state of stress
(due to external effects) become different with the origin of vacancies, simi-
larly as energy dissipation, etc. If the pores are filled with a gaseous phase,
the system has a greater possibllity of transverse deformations, prevention
of the development of microfailures, and dissipation of a greater amount of
energy, which results, for example, in an increase of impact and fatigue
strength and longer life. The number of parameters determining properties
includes, apart from the factors applied in the case of Type | composites
(i.e. the ratio of volume and characteristics of solid phases, the magnitude
and characteristics of the specific surface of the dispersed phase) futher
parameters: ratio of the solid and the fluld phases and the magnitude and
properties of the specific surface of the fluid phase.

As socn as the porosity of the system becomes continuous (without changing
the arrangement of the dispersed phase, which remains permanently in aggre-
gated state like at the beginning of Type |l composites) a further (often
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the given volume and their classifi=
cation Into fundamenta! types according
to their (macro)structural arrangement

arriving at more explicit and chiefly objective,

dictory results.
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decisive) quantity makes itself
felt, viz. the inner interaction
of the composite with its ambient
environment (Fig. 13a). Once again,
this quantity changes decisively
the behaviour of the system into
that which is characteristic of
Type 111 composites. Another neces-
sary parameter without which the
description of these systems cannot
get along is, consequently, the
ambient environment, its character-
b} istics and way of its interaction

with the inner surface of the com-
posite. The solid phase occupies

an ever decreasing portion of the
overall (outer) volume of the com-
posite, the matrix decreases until
the initial primary structure of the
matrix disintegrates, loses phase

q1¢ continuity (which represents the

fourth boundary system). The ma-
terial becomes loose (Fig. 13b)
and its properties are determined
primarily by the fluid phase (as
the boundary dispersing phase).
This group is classifies as Type IV
composites. The boundary of this
system is the fifth boundary sys-
d) tem (Fig. 13c), in which the prim-
ary dispersing phase (matrix) is
entirely absent, so that the system
comprizes only one solid phase
dispersed in a fluid environment.
Type |V composites are of no signi-
ficance as structural materials
and we encounter them mostly as
soils.

el
In accordance with structural ar-
rangement we can thus represent the
classification of structural com-
posltes schematically and with great
simpliflcation (as a basis of the
general theory of composite ma-
terials) as it is shown in Fig.li4.
Only if their investigations, de-
scription and experimental research
are classified in accordance with
the system, we have some hope of

reproducible and uncontra-

Let us note yet that the physical description of the structure comprizes

the physical characteristics of every component of the system, their inter-

action and phase boundaries.

Since the physical constants (functions) of a
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Third boundary system

composite are random spatial func-
tions, they can be described only
statistically. For this purpose,
however, it is necessary to know

Q
_W'g a complete geometric description
E of the structure and the physical
> characteristics of the components,
£ and not only the volume represen-
/E tation of phases.
< Mechanical processes which result
g from the relations of geometfric
§ and physical parameters, proceed

in the structure in accordance

with two fundamental mechanisms

- deformation processes acting
as shear flows along phase
boundaries and resulting in the
changes of mechanical energy by
its dissipation info thermal
energy or mechanical energy
lost in the formation of new
surfaces (cracks) in the struc-

ture. The quota of other types
of energy (chemical energy,
changes of electric field, efc.)
is negligible with regard to the
resulting effect. These deform-
ation processes are typical of
Type | composites;

- deformation processes resulting
in the formation of force con-
figurations, force flows in the
structure and, consequently, in
the origin of loaded and relieved
regions of the structure.

AN
Composites of the fourth type

Fig. I3 External loads are resisted by

Composite systems filling differentiy the a skeleton of force routes ori-
given volume and their classification in- ginating in the structure, offen
to fundamental types according to their of orthogonal or hexagonal cha-

racter. This process is signifi-
cant particutlarly for Type Il
and Type 1I! composites. The
most important parameter is the size distribution, cencentration distribution,
phase continuity and the ratio of physical characteristics of the phases.

The cirsumstance that both deformation processes take place in polystruc-
tural composites is also one of the reasons explaining the remarkable charac-
teristics of such systems.

Efastic Properties of Composites

On the basis of the briefly described fundamental conception of the gener-
al theory of composites some relations have been al ready derived character-
izing tfruthfully and realistically the elasticity of these systems [ 3].
Apart from interaction of the characteristics of the individual phases and
the intensity of their representation in the process (as it is customary in
practically all so-called blending rules) also the structurality of the system

(macro}structura! arrangement
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motrix dispersed solid  dispersed fluid ! environment with a certain inner surface
phase externd’ env and its interaction with am-

;}/' bient environment have been
intfroduced, This affords The

possibility of respecting also
/4( the fluid phase of the system

not only by its volume and mod-

ulus of elasticity, but also

by the magnitude of its inner

surface with which it is con-

nected.

decreases

B, ’,
‘ composite

8

o

5 Fig. 14

Schematic classification of
[~ composites according to

Their (macro)structural

7 iﬁ?ﬁ;? arrangement

decreaces

Conclusion

It is the author's wish that the outiined conception of the general theory
of composite materials, based on a structural aspect and a synthetic rather
than analytical approach, may serve the composite specialists as an effective
means of understanding and mastering a purpose-oriented formulation of com-
posites. The author considers this goal particularly important, as in the fu-
ture development of mankind, accompanied with the growing limitations of ma-
terial and energy resources, the composites will play a role of decisive im-
portance in all branches and industries, since they have the highest specific
(energy) efficiency of all existing materials.
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