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LIST OF IMPORTANT SYMBOLS

B multiplier characterising crack opening displacement
B average crack opening factor

€ strain tensor

ELult ultimate longitudinal strain

€rst Ricci’s symbol

ETult ultimate transverse strain

nl);,xy ,n;xy coefficients of mutual influence of the second kind

nﬁy’x ,néy, , coefficients of mutual influence of the first kind

L L : > :
vy, V),  Poisson’s ratios

0 the angle of fibers orientation’

0,,0 ,(tk ) invariant polynomial functions

p average crack density

c stress tensor

c” remote tensile load of an infinite strip with a crack’

Gult ultimate stress

(1,2) principal material coordinate system for a laminate ply'

A extensional stiffness matrix of the laminate

Ai—A410 material constants

a|—asg material constants

ajj second order kinematic matrix

A° extensional stiffness matrix of a laminate in the damage state

' See Figure 1.7.



AO

ATH

bi—bs

C1—C3

Ji—13

extensional stiffness matrix of a laminate in initial (virgin)
state

abbreviation for term ”Azzi-Tsai-Hill” criterion
displacement jump vector”

material constants

stiffness matrix of a laminate ply in material axis

material constants

transformed reduced stiffness matrix of laminate ply in
reference coordinate system

transformed reduced stiffness matrix for a ply in damaged state

stiffness matrix of laminate ply in material axis, characterising
the change of stiffness due to damage

abbreviation for term “Classical Laminates Theory”
stiffness matrix of undamaged laminate ply in material axis
second order damage tensor (dyadic product)

”average” damage tensor
damage tensor of the normal discontinuities
damage tensor of the tangential discontinuities

Young’s modulus

transverse Young’s modulus of a laminate ply

longitudinal Young’s modulus

transverse Young’s modulus

strain tensor
second order kinematic matrix
finite size correction function for stress intensity factor

material constants

* See Figs 1.5and 1.7.



F ultimate load

G)fy shear modulus

Ki—K»; system of 23 invariants in contracted notation (Voigt’s
notation)

K; the stress intensity factor for crack in mode I

L the length of representative volume element’

[ the crack length

LEFM abbreviation for term “Linear Elastic Fracture Mechanics”

n number of cracks

n unit outward vector normal to the surface S *

P? matrix of transformation functions

P’ matrix of transformation functions

PPDM abbreviation for term ”Partial Ply Discount Method”

PR abbreviation for term ”Poisson’s Ratio”

Rijk polynomial functions of the set of invariants system (eq. 45)

RVE abbreviation for term “Representative Volume Element”

S crack surface’

Sm average crack spacing within m-th damaged ply’

t RVE thickness (the total thickness of a laminate specimen)’

tm thickness of m-th damaged ply (= intralaminar crack length)’

T°, T transformation functions

u displacements vector of crack surfaces

(u) average crack opening displacement

Ui invariant functions of Tsai and Pagano

Vi—V4 geometrical coefficients for a laminate

See Figs 1.6 and 1.7.
See Figs 1.5 and 1.7.
See Figure 1.5.
See Figure 1.6.
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Vi the volume fraction of m-th laminate ply
w the width of RVE’

(x, v) reference coordinate system®

YM abbreviation for term ”Young’s Modulus”

7 See Figs 1.6 and 1.7.
% See Figure 1.7.
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ABSTRACT

In the present paper, the damage of fiber-reinforced polymeric matrix laminates
is considered with the aim to examine the change of their mechanical properties
under external loading.

The damage mode in the form of intralaminar cracks (“primary matrix
cracking”) has been described in terms of second order, symmetrical damage tensor
by Vakulenko and Kachanov. It allows considering the orientation of the defects,
which is determined by the orientation of the constituent layers. The crack
discontinuity parameter is estimated in the frame of linear elastic fracture mechanics.

To describe the changes of the mechanical properties of a body caused by the
damage — the constitutive relations, which take into account developing damage,
along with stress and strain are needed. In order to derive an adequate description,
the approach based on polynomial invariants functions and irreducible integrity
basis by Adkins is employed.

Theoretical results are compared with the experimental data related to the
longitudinal Young’s modulus, Poisson’s ratio and crack density, obtained for cross
and, angle-ply laminates manufactured from carbon/epoxy Vicotex NCHR 174B
prepreg tape.

The results related to the influence of developing intralaminar damage on
ultimate strength are also shown and discussed.

1. THEORETICAL ANALYSIS

1.1. INTRODUCTION

One of the most important factors determining the load-bearing capacity
of structural materials is the presence of internal defects (voids, micro-
cracks, imperfections of the structure, etc.), which can exist as initial defects
and/or can initiate and develop in response to the applied external load.

In case of the materials in a bulk form, for example metals, the failure
assessment problem can be formulated in terms of fracture toughness, i.e.
the resistance to growth of one, isolated crack driven by different
mechanisms induced by e.g. fatigue, creep, corrosion process etc. Fracture
mechanics provides now very efficient methods to solve the problems of
this class.

In the case of composite materials the deterioration process is, however,
much more complex, due to the existence of at least two constituents which
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differ in properties. The main feature of composite material deterioration,
contrary to a monolithic material, is the multiplicity of cracking in various
shapes and forms which depend not only on the constituents’ properties, but
also on their geometrical arrangement. Therefore, considering deterioration
of composites, one must take into account the multitude of cracks, instead of
a single crack.

The composite materials damage, expressed in terms of fracture
mechanics is, at the present time, at a relatively early stage (see e.g. [13])
and has limited usage. What is more, taking into consideration extremely
complicated solutions of crack problem in an anisotropic body [120], one
can conclude that the methods and models established by fracture
mechanics are, in general, not very useful, or too unrealistic, or
cumbersome. However, significant progress in fracture mechanics
application to composite materials analysis has been noticed in recent years
and one can expect further intensive development in this area, mainly due to
the application of refined, specialized, professional numerical codes and
methods (e.g. FRANC 2DL [123], IDEAS [115], [116]). The research
activities are focused basically on the determination of stress intensity
factors [30], [117], fracture toughness K;. and COD fracture criterion [65],
as well as energy release rate [50], [97]. In most cases, the analysed cracks
are assumed to originate at the boundary of stress concentrators in the form
of circular and semi-circular notches.

The problem of composite laminates damage is considered on different
platforms and different aspects are taken into account. Let us confine the
basic issues to the following:

+ load,

* plies stacking sequence and other laminate’s geometrical features (e.g.
notches),

¢ damage mechanisms,

¢ theoretical approaches,

¢ experimental verification.

It is obvious that the above issues are in most cases “coupled” to one
another, therefore the review of up-to-date literature must be seen, more or
less, as a reflection of the main trends only, and the personal choice by the
author of the present work, probably far from complete and precise.

As regards the laminate’s loading, fatigue load with tension-compression
cycles is most often considered (it is typical not only of composites, but also
of all other materials). One of the first and most comprehensive publications
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in this field is the book by Talreja [124]. From the wide spectrum of current
problems let us mention only some interesting examples, namely: fatigue
damage induced composite’s residual strength degradation model ([102],
[142]) and residual stiffness degradation model ([102], [137], [138]), life
period estimation of composite plate with damage [93], combination of
orthotropic damage model and isotropic fatigue evolution model [2], the
FEM based fast and computationally efficient composite’s fatigue damage
simulation [136]. An interesting review of fatigue damage of composite
materials is reported in [19].

In the vast number of papers (e.g. [12], [15], [31], [53], [58], [63], [69],
[76], [84], [102], [103], [107], [109], [115], [121]) the static load, i.e.
monotonically increasing unidirectional and biaxial tensile load (with
visible majority of the first one), and less frequently bending load [73] are
analysed.

Taking into account laminates’ plies stacking sequences one can state
that most effort is devoted to cross-ply laminates, while other sequences are
rarely analysed. It can be explained by the fact that in a cross-ply laminate
damage is localized in 90° plies only and the overall picture of laminate’s
damage is quite clear from both theoretical and experimental point of view.
It is also easier to formulate some general conclusions for different
composite materials. An analysis of laminates of any configuration needs
more effort, and it is difficult to get “universal” conclusions that are reliable
and relevant for any plies stacking sequence and type of composite material.

In the last few years we have noticed a growing interest the notches
induced damage; notches of different configuration (e.g. central and edge
notches) and of different shape (e.g. circular and semi-circular) [15], [69],
[74], [86].

Let us now discuss briefly (more detailed considerations are included in
the next chapter ”Problem Formulation™) the basic damage mechanisms in
composite laminates.

One can notice that the biggest interest is focused on delamination,
though it need not necessarily be of primary importance in each case, when
laminate’s life period is considered. The probable reason is that
delamination is a phenomenon easily visible with the naked eye, and
therefore it is considered the crucial factor for determination of the
laminate’s serviceability. However, one must keep in mind that
delamination is often very close to final massive failure (in such a case it is
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too late for intervention!) and it is always preceded by a progressive process
of matrix deterioration.

Matrix damage in off-axis plies, also called ’the transverse cracking”, is
the first state in the progressive damage process, but it can cover a
considerable part of the life period, and — what is equally important — it
always initiates possible consecutive damage mechanisms. The direct,
unfortunately invisible to the naked eye, result of matrix cracking is
degradation of laminate’s strength and stiffness. This can be seen as one of
the basic reasons of interest in this phenomenon. The other reason is that the
standard procedure — widely used in the frame of strength analysis of
laminates — based on partial or total ply discount method coupled with one
of many strength criterion [37], [47], [59], [66], [98] leads to unreasonable
predictions of engineering moduli changes caused by progressive laminate
deterioration (an example is given in Part II of the present work).

The problem of stiffness changes due to matrix cracking has been
considered for 15 years very extensively by many authors, on the basis of
different approaches. The main reason is that composite materials combine
excellent strength and stiffness characteristics with low weight, therefore are
specially predestined for lightweight, e.g. aerospace, structures. On the other
hand, such structures need a careful inspection and adequate tools for
design, which take into account limits of damage tolerance [89]. Despite the
unquestionable importance and “attractiveness” (from both the scientific
and practical points of view) of the problem of laminate’s stiffness
degradation due to damage development, the number of papers in this
branch of composite mechanics is not large in comparison with other current
topics of the mechanics of composite materials. As a proof, let us show the
results of searching in World Wide Web. The three most popular and
reliable searching engines, namely Altavista, Yahoo and Google asked for a
key-word “laminates” gave 162.000, 190.000 and 198.000 results,
respectively (searching was done in November 2003). Refining searching
process by adding specific, more detailed key-words and phrases, one can
obtain results which are shown in Figure 1.1. Even if not all results are
adequate and part of adequate papers is not available in the web, it is evident
that the number of findings regarding basic terms in composite mechanics
as: shear, delamination and stiffness is substantially bigger than number of
results obtained for the same terms, but coupled with key-word damage or
key-phrase stiffness reduction. It is characterized, on average, by factor 2.3
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and 1.7 for shear and delamination, respectively. However, for stiffness and
stiffness reduction the factor is, on average, as big as 50 (!).

This result, drastically different from the two others, let us to conclude,
that the problem of the influence of damage on composite laminates
characteristics is still open and far from final solution, after about 20 years
of research. It can be seen as an explanation of different methods and
approaches used in the formulation and description of the considered
problem.

searching results for key words: "laminates™ and ...

15000 Bl shear
Ed stiffness 7 13700
O delamination s
12000 |- Elshear, damage
P O delamination, damage
5 O stiffness reduction, matrix
(7]
) 7149 i1 6780 1117000 7000
H BR I i 6230
8 6000 | || 5703 i i ]
[ i i35 4550 s i
] o ot 4100
c T
3000 |
| 264
0 frss 1 —
ALTAVISTA YAHOO GOOGLE

web searcher

Figure 1.1. Results of searching in World Wide Web

The approaches used in the analysis of laminates damage are as follows:
1. Shear lag approach (see e.g. [57], [63], [70], [81], [115], [140]), which is

based on the assumption that cracks exist only in a single ply, while the

neighbouring material is undamaged.

The serious weakness of this approximated approach is that the cracked

ply is assumed to be constrained by homogenous material and therefore

the laminate stacking sequence is ignored in the analysis.



18 Intralaminar Damage in Fiber-Reinforced Polymeric Matrix Laminates

2. Self-consistent approach (also called effective-medium approximation) is
a tool for analysis of inclusions in a matrix.
The basic idea is to embed a typical inclusion in a matrix that has an
unknown effective property. The resulting expression for the effective
property depends on the phase properties and volume fractions, and on
the inclusion shape. Laws et al. [77] assumed that the stiffness of a
cracked lamina can be approximated by the stiffness of an infinite
isotropic body containing two sets of inclusions, one set being cylinders
representing fibers and the other set being infinitely thin ellipses
representing cracks. Using Eshelby’s solution to the problem of an
inclusion in an infinite elastic body combined with Hill’s procedure for
stiffness of multi-phase media measurement [56] they derived the
approximated formula for the stiffness of a cracked lamina. This
approach is fully analogous to classical micromechanical models for
stiffness and strength computations, used in mechanics of composite
materials (see e.g. [37]). The problem was refined by reducing the fibers
and matrix to a single phase and embedding the cracks in this medium.
Due to this approach, effective elastic properties of a cracked ply were
determined and the laminate stiffness was then calculated using standard
laminate theory. It has been shown that self-consistent approximations
are exact for media that possess a type of topological symmetry that
fiber-reinforced composites do not possess [132]. It is probably the
reason why comparison of the stiffness estimates with experimental data
available in the literature was not reported. Nonetheless, many
researchers continue to apply self-consistent method because of its
relative simplicity leading to close analytical solutions.

3. The micro-macro approach based on Mori-Tanaka’s average model [92],
reformulated later by Benveniste [14], [29].
This approach is in fact based on micromechanical considerations, like
self-consistent methods. The Mori-Tanaka approximation is obtained by
assuming that the composite is a host material with imbedded inclusions
and then choosing the host to serve as the reference material. The
characteristics of individual phases can be linked to the overall composite
response by the use of phases’ local stress and strain in conjunction with
the rule of mixtures. This model allows predicting damage initiation by
comparing local stress field with the ultimate stress of the fiber or of the
fiber/matrix interface. The advanced applications of Mori and Tanaka
concept have been presented, recently, in e.g. [28], [119].
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4.

Minimum complimentary potential energy method introduced and
developed by Hashin [52], [53].

He considered a cross-ply laminate with transverse cracks in 90° plies.
Assuming admissible stress fields in the cracked laminate which were
approximated by employing the principle of minimum complementary
energy, he derived the lower bounds for the laminate stiffness.

. Variational mechanics approach which is mainly used in order to

determine failure criterion based on energy release rate.

This approach was successfully applied for rarely analysed composite
laminates with outer 90° plies cracking under static load [95], for fatigue
induced cracking [87], in analysis of transverse cracks leading to
initiation of longitudinal cracks, delamination process [108], [109],
stiffness reduction [141], as well as for more general analyses relating to
stiffness reduction and crack opening displacement given in work by
Praveen and Reddy [103].

Approach based on the average crack opening displacement (or more
generally speaking — on displacement discontinuity) of a single,
transverse and/or longitudinal matrix crack in the laminate [48], [49],
[61], [63], [64], [90], [140], [143].

This approach is often associated with analysis of delamination induced
by matrix cracks. This approach needs, in most cases, sophisticated
numerical FEM calculations, therefore it is a hard task to generalize
obtained results.

Probabilistic approach (e.g. [29], [140]) which assumes that strength,
fibers and matrix characteristics, fibers orientation, cracks density (in
paper [18] a term ”statistical volume element” containing so-called
critical defects leading to crack forming is introduced) etc. are random
quantities.

This approach is basically applied for statistical analysis of laminate
failure, which is also defined in terms of probability.

Homogenisation method which, in general, deals with a cell [101] chosen
from laminate’s ply including its constituents, i.e. matrix and fibers (and
possibly damage [7]).

For many researchers, e.g. [28], [119], the Mori-Tanaka model also
belongs to homogenisation methods.

Continuum damage mechanics (CDM) approach [5], [6], [12], [124] —[128].
The basic criterion for classifying any work as falling in the frame of
CDM is description of cracks field with use of damage measures that are
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inseparably associated with CDM concepts. Taking into account

anisotropic properties of composite materials, the second order damage

tensor is often used (see e.g. recent papers by Litewka et al. [83], [84]

regarding damage in concrete, as well as paper [62] by Jiang et al.

regarding impact load of laminate and paper [11] by Bai et al. on
delamination).

This approach will be discussed in detail in chapter ”Continuum Damage

Approach to Composite Body” of the present dissertation.

To supplement the above review let me add that brief, but quite complete
survey of approaches related to composite laminates deterioration is given
in [49] and quite recently in [96]. The review of theoretical and
experimental research activity in one of the world leading centres in Cachan
(France), regarding damage model for laminates is given in paper by
Ladeveze and Lubineau [75].

Regarding the methods used in the analysis of composite laminates
damage, they are like in other branches of engineering mechanics, either
analytical or numerical. Advantages and disadvantages of both are well
known. In case of composite laminates, due to the complexity of damage
geometry, namely orientation and distribution of e.g. transverse cracks and
unlimited possibilities of laminates forming, the result obtained for one
configuration may be (and in many cases it is so) not appropriate for the
other one. Taking it into account one may say that numerical methods have
strong limitations from the point of view of generalization of obtained
results. On the other hand, a number of sophisticated problems of composite
mechanics can be solved solely with the use of numerical methods. The only
conclusion to be made is that the method must be fitted to the considered
problem. The current trends of numerical calculations in composite
mechanics, including damage of composite materials, are reflected in e.g.
report by Ofate et al. [100], and recent papers by Aratjo dos Santos et al.
[8], [9], Fiedler [31], Kilic et al. [72], Kato et al. [71].

In order to verify the theoretical model used in the composite laminates
damage description adequate experimental procedures must be employed. A
wide program of such experiments is presented in e.g. [76]. The basic task is
to localize and to measure damage in form of e.g. matrix cracks. The basic
methods are: optical method, acoustic emission method and electrical
method based on AC/DC measurements. In chapter 2.4 “Testing
Instrumentation” of the present work, more detailed considerations
regarding this aspect of laminates’ damage analysis are given.
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To summarize briefly the above considerations regarding methods
applied for laminate damage analysis, one can conclude that it is difficult, if
possible at all, to point out the most effective or adequate approach. It is
rather the question of researcher’s individual choice and experience
according to the motto: the best tool is the tool you know how to use, and
which allows you to get reasonable results, of course.

1.2. PROBLEM FORMULATION

In the present publication, the problem of deterioration of a specific class
of composite materials, namely fiber-reinforced polymeric matrix laminates,
will be analysed on the base of damage mechanics concept, described in
detail in the next chapter.

The main goal of the analysis of laminates’ damaging process, by means
of matrix transverse cracking, is to consider the influence of damage state
on stiffness changes and, to some extent, also strength properties of
composite laminates.

We confine our analysis to the laminates having combinations of
unidirectional, cross-ply and angle-ply orientations under a monotonically
increasing (nearly static) tensile load.

The theoretical model derived in this part of dissertation was verified in
standard tensile tests. The testing procedures and their results together with
detailed analyses are presented in Part II of the present work.

The mechanisms of damage in such laminates are quite well known and
they have been reported by e.g. Reifsnider et al. [110] (an impressive review
of Reifsnider’s contribution to the development of composite materials
mechanics, including composites’ damage is given in the summary of his
activities [111]). A schematic description of the fatigue damage
development, recalled after [110], is shown in Figure 1.2.

The first stage of damage development is dominated by cracking of the
matrix along fibers in off-axis layers which have fibers inclined in the
direction of applied tensile load. This so-called primary matrix cracking
results in a roughly periodic array of almost parallel cracks lying within oft-
axis lamina and spanning the entire width of a composite specimen. The
cracks of this kind are also called intralaminar cracks. They are presented in
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Figs 1.3 and 1.4, which show cracks within 90° ply of the cross-ply
laminate.

The test observations of the polished specimen side surface show that the
cracks density depends on the applied load level, orientation of the laminate,
the stacking sequence of layers (see e.g. [95]) and the specimen thickness.

Reifsnider noticed that under fatigue loading after certain number of
cycles the cracks density reaches a saturation level named Characteristic
Damage State (CDS). In fatigue, CDS depends only on the laminate
configuration irrespective of the stress level.

Controlling Damage Modes
During Fatigue Life

1- MATRIX
A CRING 3 - DELAMINATION 5 - FRACTURE
0° 0° 0° 0°

mOn>»<>0

4 - FIBER BREAKING

CDS

2 - CRACK COUPLING,
INTERFACIAL
DEBONDING

0° 0°
PERCENT OF LIFE

Figure 1.2. Fatigue damage development in composite laminates
(from [110])

The subsequent damage stage is the initiation of cracks, transverse to the
intralaminar cracks, lying in adjacent layers to those with primary cracks.
These secondary cracks become initiators of the interlaminar cracks.
Initially, they are small, isolated and sparsely distributed in the interlaminar
planes. Subsequently, they grow and join together leading to a local loss of
the laminate integrity.
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Further development of damage involves large-scale fiber failures. In the
final stage, the formation of a failure path through the locally damaged
zones takes place.

The diagram shown in Figure 1.2 gives an overall picture of the laminate
deterioration mechanisms, but it should be pointed out that not all of the
mechanisms specified above must necessarily occur. Besides, some of those
mechanisms can cover more or less wide range of laminate life period in
comparison with indications shown in Figure 1.2. It depends mainly on
laminate ply stacking sequence (for instance, that crack coupling may not be
possible to occur and interfacial debonding as well as delamination will be
present in a very limited range at a very late stage of laminate life).

Figure 1.3. Transverse matrix cracking in [0, 903, 0] cross-ply laminate

The deterioration process is also influenced by the applied load.
Reifsnider’s diagram was obtained for fatigue load. In case of a
monotonically increasing tensile load (nearly static load) and laminates with
off-axis plies separated by on-axis plies, the predominant mechanism of
laminate deterioration is intralaminar transverse matrix cracking (see e.g.
[91], [95], [96], [99]). That first phenomenon, specified in Figure 1.2, is
observed in a wide range of applied load. The delamination and fibers
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breaking occur nearly simultaneously with a specimen failure. This
observation has found confirmation in the author’s experiments, carried out
on symmetrical cross-ply and angle-ply specimens described in [36] and in
more details in Part II of the present dissertation.

The process of intralaminar, transverse cracking is considered in the
present publication with the aim to provide the description of the changes of
mechanical properties of the composite laminate, caused by damage
development. It was already reported by the author in the series of papers
[35]1—[38] and [40] — [45].

In order to describe the laminate matrix cracking, the CDM approach is
utilised. Transverse matrix cracks are described in terms of damage concept
with the use of tensorial damage representation, following Vakulenko and
Kachanov’s damage definition ([68], [135]).

Figure 1.4. Transverse matrix cracking in [0, 90g, 0] cross-ply laminate

The constitutive relations for damaged composite unidirectional lamina
are derived in the frame of an approach based on polynomial representation
of stress tensor as a function of the internal state variables [3], [4], [16] and
[122].
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Using those relations and employing concepts of the Classical Laminates
Theory (CLT) the changes of engineering moduli of a laminate are obtained
as the final result.

They are related to the author's experimental data presented in Part II of
the present dissertation.

1.3. CONTINUUM DAMAGE APPROACH TO COMPOSITE
BODY

The term “continuum damage” appeared in the 50's of 20" century in the
papers by Kachanov [67] and Rabotnov [105] related to the deterioration of
homogeneous, isotropic continuum. However, the real development of
CDM concept began in early 70’s, mainly due to activity of west European
and Polish researchers.

The ”damage” in Kachanov’s formulation had no any physical, nor
geometrical interpretation. It was characterised by the scalar quantity, called
damage parameter which could change within the range <0, 1>.

In spite of the relative simplicity of the original damage measure
formulation, it was successfully applied in many problems of mechanics,
like e.g. interaction of creep and fatigue of metals [20], [21], creep crack
propagation in bodies with dispersed damage [25], [33], [34], [54], [60],
damage growth induced by stress concentrators [24], [26] and by strain
energy [22]. Let us add that scalar damage measure is still used in the
analysis of mechanical questions, as well as problems far from engineering
at first glance, like modelling of heart attacks in terms of CDM [144]. A
wide review of CDM achievements is given in published lectures by
Chrzanowski [23] and Lemaitre [80].

For composite materials such an approach is rather useless, as in
composites, which are in general anisotropic, the scalar representation of the
damage state cannot reflect the orientation of defects. For instance, in
composite laminates undergoing unidirectional tension, the orientation of
the intralaminar cracks is determined by the orientation of the constituent
layers (see Figs 1.6 and 1.7).

The continuum damage approach to the cracked composite materials is
based on an element of the volume of homogeneous continuum, containing
a representative sample of damage entities, called Representative Volume
Element (RVE).
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By damage entity we understand a single micro structural change which
in composite materials made of brittle constituents, under mechanical loads
can take the form of a matrix crack, fiber break and fiber-matrix debonding.

In real composites, contrary to e.g. metals, we never observe a single
dominant defect (for example crack), but a collection of damage entities.
The collection of damage entities of the same, or at least similar geometrical
features, is called a damage mode. In widely used laminated fiber
composites, under tensile load, a set of almost parallel cracks can be
observed, which are confined to layers of unidirectional fibers and have
their planes normal to the laminate plane — these are so-called intralaminar
cracks. Depending on the laminate stacking sequence, several damage
modes can be distinguished in a given laminate.

A set of damage modes is simply called damage.

The damage state formed by a set of damage modes of any geometrical
orientation (determined by the stacking sequence of the laminate composite)
in the shape of intralaminar cracks will be analysed in the subsequent
chapters of this publication.

1.3.1. Tensorial representation of damage

Let us consider, following [135], the two states of a body: the initial
“virgin” (i.e. without any damages) state and the actual one — the state in
which internal damage is developing in the body in response to the applied
external load. The transition from the first to the second state can be
characterised by displacements vector of crack surfaces, u, or strictly
speaking discontinuity of displacements along crack surfaces. This is
described by the displacement jump vector b across a crack surface S (see
schematic Figure 1.5), which takes the form:

b=u, —u_. (1)

Vector b represents a certain influence of the considered single damage
entity on the surrounding volume of the body.

Let vector n be a unit outward normal to surface S. Both b and n are in
general different at each point of surface S.
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Figure 1.5. Displacement jump vector b and unit outward normal vector n

Following classical papers by Vakulenko and Kachanov [68], [135] one
can construct at any point of a single crack (i.e. damage entity) surface S,
the second order tensor d’ in the form of dyadic product of vectors b and n,
which fully defines the local geometry of a single defect and takes the form:

d=b®ndS . (2)
The components of a tensor d’ are as follows:

d); =bn, dS . 3)

In order to fully characterize the damage field by means of its total
measure for 7k isolated defects — the summation of local damage, i.e.
summation over &, must be carried out. We obtain the following relation:

d'=) b®n.dS, . (4)
k

For the transition from discrete to the continuum model a standard
averaging procedure must be employed by means of averaging the damage
field described by (4) over a volume J of the representative volume
element, containing representative sample of cracks. Denoting an average
over volume V' by symbol <>, the damage tensor can be obtained as the
sum of the integrals over the cracks surfaces S; contained within the
representative volume V, i.e. such a volume in which a representative
sample of damage entities is contained. Thus, we can write the relation:
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(d'):%Zjbkcandek . )
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Discontinuity vector b can always be decomposed into the sum of two
others, namely — vector B n, which is parallel to vector n and the second one
— 1 - which is normal to vector n. Thus:

b=Bn+1, (6)

where [3 denotes a multiplier characterising crack opening displacement.

Inserting eq. (6) into eq. (5) we derive the decomposed averaged damage
tensor in the form:

(d)=(d'), +(d), , (7)
where:
(d')n:d=%ZjBknk®ndek , (8)
k Sk
("), =%thk®nk ds, . )
k St

Damage tensor in form of eq. (8) characterises the normal discontinuity
while tensor given by eq. (9) — tangential discontinuity. In terms of the 2-D
crack behaviour considered here, the first tensor is suitable for description
of the damage field with cracks in mode I ("normal mode”), the second one
—in mode II (’shear mode™).

In further analyses, we retain only the normal tensor, since intralaminar
cracks will be assumed active in mode 1. The shear damage tensor will no
longer be taken into consideration. It means that mode II (as well as mode
IIT) is neglected.

The components of a symmetrical, second order, normal damage tensor
are as follows:
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d; =dj), :%;J‘Bk M My d Sy (10)
Sk

For the set of & identical (in fact nearly identical) damage entities, creating
individual damage mode, with the restriction to normal component of b, the
damage tensor simplifies to the following form:

1 1

y

In successive analysis, surface S will be understood as the projection of
the crack surface on a crack “midplane”. Multiplier B is assumed as an
averaged crack opening factor, depending on material stiffness, applied
load, crack geometry and external geometrical constraints. The method of
its determining lies within the framework of linear elastic fracture
mechanics (LEFM) coupled with a new concept of “imaginary strip”
proposed by the author. This concept is given in the next chapter.

1.4. INTRALAMINAR DAMAGE IN COMPOSITE
LAMINATES

In order to determine damage tensor d, let us consider the representative
volume element (RVE) of the composite laminate, i.e. such a volume that
contains complete information on damage representation within the
laminate. The RVE is shown in Figure 1.6.

In the present work we confine the analysis to a specific damage mode,
namely in the form of an array of parallel cracks lying along the direction of
fibers and entirely spanning the width of RVE.

It is assumed that cracks are uniformly distributed along the RVE length
with equal spacing, which is taken as the average cracks spacing under the
applied load. Such a damage state is characteristic of the mechanism of
intralaminar cracking of composite laminates. The crack surfaces are
assumed to undergo a normal displacement only, which in terms of LEFM
means that only mode I is taken into consideration. Modes II and III of the
crack loading are neglected, as they are mostly related to delamination,
which is not considered in the present work for reasons given in chapter 1.2.
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It means, however, that the theoretical model gives a simplified picture of a
real behaviour of the composite laminate, especially for high load levels.

The RVE shown in Figure 1.6 consists, for illustration, of three plies of
different orientation and, as a consequence, of three damage modes named
”a”, ”b” and c”. The notation used in Figure 1.6 denotes: W — the width of
RVE, L — the length of RVE, here understood as the length of a reference
section of a specimen side surface along which the cracks are observed and
counted in the corresponding experiment, ¢ — the RVE thickness — meant
further on as the total thickness of a laminate specimen, #;; — thickness of
any damaged ply (as well as the intralaminar crack length) specified as m-th
ply (alternatively put m-th damage mode) and sy, — average crack spacing
within m-th ply.

ply ”a”
ply ”b”
ply ”c”

:

damage
node Po? <
damage <

mode ’b”

\

damage
mode ”a”

\
\
\
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Figure 1.6. Representative volume element of damaged composite
laminate with intralaminar cracks
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Within the laminate volume V there are, in general, many cracking plies,
specified by the angles of their orientation with respect to the chosen global
reference coordinate system, thus many damage modes can be observed. It
involves necessity of determining the damage tensors separately for each
individual cracking ply.

In the present paper, another procedure will be employed. The damage
tensor for any ply will be derived in the coordinate system which coincides
with the principal material axis of orthotropy, i.e. on-axis configuration of a
single ply will be a basis for determining components of damage tensor.
Due to this approach, the common feature of all damaged plies is that they
are formally indistinguishable from each other and the damage tensor for
any ply is identical. Therefore, there is no reason to analyse every damaged
ply of different angle orientation as the origin of separate damage mode, as
was proposed in e.g. [5], [6], [124], [126] and [128].

The approach briefly presented above will be applied for a ply of
arbitrary orientation given by angle 0,, with respect to the global reference
coordinate system (x, y). It is chosen in such a way that the plane (x, y) is
parallel to the mid-plane of a laminate ply. Principal material axes (1, 2) are
taken in such a way that axis 1" coincides with the fibres direction, while
axis 72 is perpendicular to the first one. The ply orientation is shown in
Figure 1.7.

Using notation as in Figs 1.6 and 1.7, the volume V of RVE and crack
surface S, are equal, respectively, to:

V=WLt, (12)
1
S, = wt, . (13)
sin0,,

Since only the normal discontinuity of the crack surfaces is taken into
consideration, we have:

b||n, (14)

where unit normal vector n has in coordinate system (1, 2) the following
representation:

n=[0,1]. (15)



32 Intralaminar Damage in Fiber-Reinforced Polymeric Matrix Laminates

intralaminar
cracks

fibers

Figure 1.7. Orientation of damaged ply (m-th damage mode)

After elementary transformations, we derive the components of the
damage tensor, expressed in principal material axis (1, 2) as follows:

1
d.. = v nn,, 16
ij sinem Pwm Vi Bm ity ( )

where p,, denotes the crack density within m-th damaged ply, which is equal:

n
=== 17

and n denotes the number of cracks within section of length L, v,, means the
volume fraction of m-th ply. Thus:

v, =t,/t. (18)
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The choice of an average crack opening factor 3, is an open question.
There are two typical approaches to this problem.

Talreja in the series of papers [125] — [127] introduced a vector of the
surface activity, which in fact plays the same role as vector 3 n. Since crack
opening displacement (COD) given by LEFM is proportional to the crack
length and crack length is equal to the thickness of m-th ply of a laminate,
he proposed to take as a crack opening factor 3, the product « 7, with k to
be assumed as a material constant. Thus, he considered in fact the flat crack
of rectangular shape. The crack opening was controlled in this approach by
a “new” constant k¥ only, and was independent of the applied load. The
Talreja’s concept is based on the simplistic assumptions and relations
leading to relatively simple and easy to use results.

The approach employed in papers by e.g. Gudmundson and co-workers
[49], [143] and Joffe et al. [64] allows, in turn, to avoid most of the
simplifications of the Talreja’s model, but needs using much more
complicated analysis, based primarily on LEFM concepts and FEM
calculations. However, the obtained results are probably more correct from
the theoretical point of view and they are possible to be derived for any
laminate's ply stacking sequence (in paper [64] — only 90 deg ply cracks are
considered), though they lose the beauty of simplicity of Talreja’s results.

In the present paper in order to evaluate the value of B the results of
LEFM will be utilised. For the central crack of length 2/ in an infinite strip
loaded by remote tensile stress o~ (see Figure 1.8), the crack opening
displacement u (in terms of Vakulenko - Kachanov’s approach — displacement
jump of crack surfaces) is given by the relation (see e.g. [32]):

B 26"

- = (19)

u

It can be easily rearranged to the form:

2K, o (20)

u=

Eni

where K; denotes the stress intensity factor in mode I, which is equal:

K, =c"nl . 21)
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Let us assume that the above relations can also be used for the central
crack in a strip of a finite width 2¢ (see Figure 1.9) with replacing K; in
form (21) by the relation which includes the finite width correction factor.
Thus:

K, =c"nl f(lc), (22)

where the correction function f'is taken in the form [32]:

f(1/e)=1+0.128(1/c)-0.288(1/¢)* +1.523(I/c)’ . (23)
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Figure 1.8. Central crack in an infinite strip
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Figure 1.9. Central crack in a strip of finite width
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The average crack opening displacement is defined as:

/

<u>:%judr. (24)
0

Using eqgs (19) and (22) we derive from eq. (24), after integration and

simple transformations, the following relation for the average crack opening
displacement:

(u)=(/E)b' 5™ . (25)

The quantity b’ denotes purely geometrical parameter equal:
b = %Z F(le) . (26)

Let us introduce for a ply in m-th damage mode two vectors, namely an
average discontinuity vector b, associated with parameter b’ and a load
vector G, , both shown in Figure 1.10.

In principal material axis (1, 2) they take the following forms, respectively:

b, =[0,£b ], (27)

o, =|xc”cosh, , x5 sin0, |, (28)
| )

where b , using the notation, as in Figure 1.10 and eq. (26), takes the form:

by = (1) (29)

Let us define an average crack opening factor 3,, as a scalar product of
the vectors b,, and o, , multiplied by 1/E. Such a definition means in term
of LEFM that mode III of crack load is not taken into account in the present
model. Since B,,, characterising crack opening, must be positive, we take an
absolute value of that product, therefore:
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1

0, =—b, c sind, . (30)
E
) A X 0 .
G cos0,, G sinf,,
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Figure 1.10. Geometrical characteristics for intralaminar crack

Thus, from eqgs (29) and (30) we derive the following relation:

nt,
4E

B, = f(t,/c,)o" sin@,, . (31)

As the intralaminar cracks are parallel to the fiber direction (direction of
axis 1) and they are in mode I (opening displacement is parallel to the
direction of axis 2), it is reasonable to replace in eq. (31) E by the transverse
Young’s modulus of a ply, i.e. E,. We have:

B, = Z;m 1, /e, )o" sin®,, . (32)
2
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In order to use eq. (32) for a laminate which consists of a number of
layers, in general of different orientation, we have to find any reasonable
method of defining the width c,.

Let us introduce an “imaginary” strip formed by the considered m-th ply
with cracks and neighbouring plies, see Figure 1.11. In further analyses
several simplifications are assumed, namely the interaction between the
cracks within neighbouring plies as well as between cracks within one ply is
neglected — only then eq. (19) and related relations are eligible. Another
assumption is that the strip satisfies the requirement of symmetry with
respect to the vertical symmetry axis of the cracks contained within m-th
ply. Furthermore, the choice of a strip must take into account the stacking
sequence of a laminate.

m-th “imaginary” strip

symmetry axis

t‘] Im tp Iy
D ———rle—ple—>!

Gl L
—— >

Figure 1.11. Modelling of imaginary strip

In order to satisfy both limitations the class of laminates has to be
confined to laminates with undamaged outer plies. Only in this case the
crack length of the last left-hand damaged ply (specified here as m-th ply)
t,<c, and the solution obtained by use of LEFM (eq. (22)) can be
employed (the analogous observation relates also to the last right-hand
damaged ply).
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Let us now present the procedure of the division of a given laminate into
“imaginary” strips. With every m-th damaged ply which is equivalent to
m-th damage mode (note that within a laminate there can be a number of
plies of the same damage mode) the m-th strip is associated. It is constructed
from the m-th ply with cracks of length 7,, and the adjacent plies (or their
parts). In order to satisfy the requirement of strip symmetry, the thickness of
left and right-hand adjacent plies must be the same and equal ¢#,, irrespective
of their mechanical state, i.e. damaged or undamaged state. Let us note once
more that possible cracks interactions are not considered.

In order to clarify the proposed procedure let us consider laminate, defined
by the code e.g. [01/012/61/03/02/v3/0,], which is shown in Figure 1.12. We
assume that the thickness of constituent single layers of each ply is the same
and equal 7,, which in fact is quite common for most layered composites.

Let us notice that in this example the two plies o, identical from the
geometrical point of view, are considered as different damage modes,
namely mode ”1” and mode 37, as corresponding to these plies strips are of
different thickness and in result average crack opening factors B; and B3
(eq. (32)) are different.

The proposed procedure allows, to some extent, taking into account the
constraint effect of neighbouring plies on the cracking process developing in
a given ply, contrary to e.g. Talreja’s concept of a crack surface activity
vector — see e.g. [126].

Let us consider two special orientations of the laminate plies, specified by
the angles 6 = 0° and 6 = 90°, i.e. a ply with fibers aligned along the
direction of x axis in the first case and y axis in the second one (cross-ply).
The values of factor f3,, for these two cases follow from eq. (32) and are
equal:

Boo =

Tt © o
f(t c for6 =90 , 33
T RAC) (33)

Bo=0 for6=0" . (34)

The relation (33), as could be expected, is fully equivalent to eq. (25)
supported by eq. (26), describing an average opening displacement of a
central crack placed in a strip of finite width. The zero value of (3, for a ply
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0° formally means a zero crack opening displacement, but physically it can
be understood as a lack of any cracks in a ply with fibers aligned along the
direction of applied load.

81 (05
_az—_rn()de ”2” 03 mode ”3” y3

mode 1”7 mode 4>
0,

T... w : » T

% cs f

Figure 1.12. Procedure of a laminate separation into “imaginary” strips
with central cracks

This result is in agreement with the mechanism of intralaminar damage
of layered laminates. For the plies orientations angles 0<(0°, 90°), see
Figure 1.10, the intralaminar cracks opening is then within the range

(BO’ BQO)'

One can easily see that the proposed definition of factor [3,,, in the form
of eq. (30) allows to connect the crack opening displacement with angle
orientation of any ply, and at the same time the crack orientation.

Using eq. (16) together with eq. (32), we can finally obtain the damage
tensor components for m-th mode of intralaminar damage expressed in the
principal material axis (1, 2) of a ply in the following form:
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m TCtm

Y 4E,

pm vm f(tm/cm)cooni nj . (35)

For the full clarity it must be noticed that relation (32) is derived in the
frame of LEFM for an isotropic body. The orthotropic properties of a ply
are incorporated in transverse crack opening displacement only by using the
transverse Young’s modulus of a ply. Thus, eq. (32) must be considered as
an approximate one.

Varna et al. [140] verified experimentally different expressions for the
transverse crack opening displacement and they found that predictions of
linear elastic fracture mechanics for an isotropic body are in general
agreement with measured crack face opening displacements of transverse
matrix cracks, except relatively small regions placed between the vicinity of
crack tips and crack centre. This observation together with averaging
technique of crack opening displacement, see eq. (24), is seen as
justification of the approach used in the present paper.

1.5. CONSTITUTIVE RELATION FOR AN ORTHOTROPIC
BODY WITH DAMAGE

To describe the mechanical behaviour of a continuous body with damage
it is necessary to define tensors specifying stress ¢, deformation & and
damage d.

The crucial point for an analysis of a body with damage is to introduce
appropriate constitutive relations which take into account the damage state.

The above goal can be achieved, among others, by employing the theory
of invariants, using the irreducible integrity basis and polynomial functions.

1.5.1. The fundamentals of theory of invariants

In most problems in continuum mechanics the construction of proper
constitutive relation is of primary importance, but at the same time it is also
a source of difficulties. They can be overcome with the use of the algebraic
theory of invariants. The modern development in the application of invariant
theory in continuum mechanics was originated in 1948 by Rivlin in his
work [113] on elastic strain-energy function. Another key work is by Rivlin
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and Ericksen (1955) [114], concerning constitutive equations in which stress
tensor components were expressed as polynomials of kinematic matrices,
taking into account specific material symmetry (e.g. orthotropy). This trend
was continued by Rivlin, Green, Noll, Pipkin, Adkins, Spencer, and in
Poland by e.g. Litewka [82] — [84].

A brief review of basic definitions and ideas of invariant theory is given
in subsequent sections of the present work. More details can be found in e.g.
[122].

1.5.2. Orthogonal transformation

The matrix whose ij-th element is denoted by Mj; is considered to be the
matrix of orthogonal transformation if it:
1) transforms rectangular cartesian coordinate system JX; into a new set of

rectangular cartesian coordinates X . by the relation

X, =M, X,, (36)
2) satisfies the relations
My M =3, (37)
and
M| =41, (38)

where §;; is the Kronecker delta.

The set of all orthogonal transformations forms an orthogonal group.
1.5.3. The orthogonal groups of transformation

The importance of orthogonal groups in continuum mechanics lies in the
fact that they may be used to describe material symmetries, strictly speaking
material symmetry may be characterized by a finite group of orthogonal
transformations.
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For any material symmetry and its associated transformation group the
material is transformed by any of the transformations of the group into a
configuration, which is indistinguishable from its reference configuration.

For orthotropy (rhombic-dipyramidal symmetry) the orthogonal group
consists of the following set of transformations:

I1,C,R,R,,R,,D,D,D,, (39)

where I and C describe relations of identity and central inversion,
respectively:

1

0 0
I=(0 1 0 : Cc=-1. (40)
0 1

Transformations R;, R, and Rj; are reflections of the coordinate system in
the plane normal to axes Xj, X, and X3, respectively.

10 0 1 0 0 1 0 0
R=[0 1 0|, R,=|0 -1 0| , Ry={0 1 0 (41)
0 0 1 0 0 1 00 -1

Transformations D, D, and Ds are rotations of the coordinate system by
180° around axes X, X, and Xj, respectively:

1 0 0 10 0 10 0
D=0 -1 0| , D,={0 1 0|, D,=|0 -1 0|. (42
0 0 -l 0 0 -1 0 0 1

The above relations defining orthogonal group can be written briefly as:

(X, X, X;)=(£X,,+ X, + X;) . (43)
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1.5.4. An invariant function

The following function:
UV, amy ;.. (44)

of the components of the set of vectors U, V,...and tensors m, n,...is said to
be an invariant of these vectors and tensors under a given group of
orthogonal transformation if:

O iy ) =M | fUVamy ) (45)

for every transformation M;; of the group.

An invariant is generally assumed to be an algebraic function, i.e. it can
be expressed as a polynomial.

A polynomial invariant is said to be irreducible if it cannot be expressed
as a polynomial in other invariants.

1.5.5. Classical invariant theory, integrity basis

The main problem in the theory of invariants is: for a given set of
variables (vectors and tensors) and a given orthogonal group, determine a
basic set of invariants from which all other invariants can be generated.

A set of polynomial invariants which has such property that any
polynomial invariant can be expressed as a polynomial in members of the
given set of variables is called an integrity basis. If all invariants are
irreducible then the integrity basis is called irreducible.

An important role in the theory of invariants is played by Hilbert’s
theorem which says that: for any finite system of vectors and tensors there
exists an integrity basis which consists of a finite number of invariants.

As a consequence of this theorem any polynomial function F of any
number of vectors and tensors which is invariant under given orthogonal
group can be expressed as a polynomial in members of integrity basis

FU, Vivamy g ,)= FLf U ng ) foUsony )] . (46)
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@ integrity basis for vectors and

tensors under orthogonal group

An irreducible integrity basis for orthotropy (orthogonal group I, C, R;,
R>, R3, D\, D,, D3) and two symmetrical second order tensors a;;, e;; was
given by Adkins [4]:

€ a;;
€ij €ji > dij 4ji > €ij 4ji
(47)
€12 €23 €31 5 app a3 Az
€ €k Ui » € Ak Ay

and: i, j, k=1,2,3;i#j, i=k, j=k ; i, j, k are not summed.
1.5.6. Polynomial form of constitutive relation

Rivlin and Ericksen [114] proposed that the stress tensor components
could be expressed as (or approximated by) polynomials in the components
of certain kinematic tensors with suitable invariance properties. Material
symmetries impose certain invariance requirements on the form of the
constitutive relation.

The general polynomial form of constitutive relation is therefore as follows:

sz f (au’bu’ 11) and f;'j:fji’ (48)

where a;;, b;j, ... are suitable kinematic tensors.
The specific form of eq. (48) depends on material symmetry, and number
and form of kinematic tensors.
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1.5.7. AdKkins’s approach to constitutive relation

It is common in the frame of approach based on the theory of invariants,
irreducible integrity basis and polynomial functions to suppose that the
stress tensor can be expressed as a polynomial in the elements of the tensors
defining deformation and damage.

It is an important issue to construct a suitable polynomial in such a
manner which takes into consideration any symmetry properties of an
anisotropic material. In the present paper we confine the analysis to the
orthotropic materials, since composite laminates belong to this class of
materials. This problem was already reported in brief, in a paper [43].

Following Adkins’s approach [3], [4], let us introduce the following
quantities, expressed by their components:

e 9’ —asystem of curvilinear coordinates associated with an element of a
material,

e x'(=x;) - rectangular Cartesian system,

e 1Y —contravariant stress tensor referred to convected system 9’

e " — stress tensor referred to rectangular Cartesian system x’ which
coincides with system 9’

e ¢, a; — two symmetrical kinematic matrices formed in Cartesian
system x.

The general relation (48) defines the stress tensor components for
orthotropic material and two kinematic tensors as follows:

o' = fli (em ,apq) - (fz'j :f./i)’ (49)

where functions f¥ are polynomials in the arguments indicated.

The coefficients which appear in these polynomials are material
constants that do not depend on the position through the body or on any
deformation.

The relation between stress tensors is as follows:

iy Y iy
/= 0% 09 " =47c" . (50)
ox" ox’
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When the curvilinear system 9' is such that it coincides with a rectangular
Cartesian system x' (= x;), i.e. (' =x;), we have:

i 1 for i=r,j=s
A;é = Aijrv = . (51)
0 otherwise.
Because of eq. (51) stress tensors have to satisfy the relation:
i =6" =0, (52)

and therefore the contravariant and covariant components of stress tensors
are equal.

For the orthotropic body and two symmetrical, second order kinematic
matrices e;;, a; Adkins [3] derived the relation:

Att ®tt + €51 € rst [ rslz + Prs 't r(sl)t +Qrs 't rst s (53)
where:
P\ =e, 0\, (54)
Prgzt) ars ®t(t2) > (55)
Qrst ert ets ®t(t3) s (56)
Qrst ats ®t(t4) s (57)
Rrs;t =€, Ay ®t(t5) teg a, ®z(t6) . (58)

The symbol &,,; denotes Ricci’s symbol, defined as:
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+1 forr # s #t and even permutation of suffixes1,2,3

g, =v—1 forr#s#tandodd permutation of suffixes1,2,3 (59)

rst

0 otherwise.

From eq. (59) it follows that in each of eqs (54) — (58) the conditions:
r#s, r#t, s#t must be satisfied. It is caused by the fact that functions given
by left-hand sides of these equations are multiplied by Ricci's symbol when
stresses are derived from eq. (53), besides ¢ is not summed.

1.5.8. Constitutive relation for damaged laminate on-axis ply

The general Adkins’s considerations regarding constitutive relation will
be now reformulated for a specific case, namely for damaged ply of a
laminate in its on-axis configuration defined by principal material co-ordinate
system (1, 2).

The relation (53) is the form invariant under the group of transformations
(43), describing the orthotropic symmetry of a material.

The functions ®

of a system of invariants (47) appropriate to the case where stress depends
on two symmetric, kinematic matrices, namely e; and a;;.

Taking into account the symmetry of matrices e; and a;, the set of
invariants (47) has the following explicit form:

@ﬁf) (k=1,2,3,4,5,6) are invariant polynomial functions

to

e s € €33
ay » an Qs
2 2 2
€p €3 €3 (60)
2 2 2
ap , aiy, an
épdp €3 a3, €3 dp3
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€12 €23 €315 ayp dys A3y
€12 €23 dy3 5 €13 €3 Ay
€2 €13 dr3 5 €13 dyp dys
€p i3 Aoz €3 dyp dp3

(60 cont.)

Thus we have the system of 23 invariants, which with the use of more
convenient contracted notation (Voigt's notation) can be rewritten in the form:

K, =¢,=¢

K, =ep=¢

K, =e; =¢

Ky=ay =aq

Ks=ay =a,

K¢ =asy; =a;

(61)
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Ky = 41123 = 5152
Ky = 6153 = ai
Ko =epay =e5ag
K5 =ej3ap =esas
Kig=exnay=e, ay
Ky =epeyey =eyeseg
Ky =apayay =a,asa4 (61 cont.)

Ky = e ey a3 = ey € as

Kig = ej3 ep a1y =ey e5a,

Ky =epesay =esesay

Ky =ej3ay, ay; = es a4 ag

Ky =epa3ay; = ey as

Ky =exap a3 =eq a5 ag
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In the successive considerations we assume that stress is linearly
dependent on both kinematic matrices e;, a;, therefore functions Q and
Qm can be neglected.

The other consequence of the assumed linearity is that functions G)(S) nd
@ff ) are reduced to a constant multiplier, as otherwise the function R
(eq. (58)) would be at least a quadratic function of e; or a; or both, which

rs;t

rs,t

obviously is in contradiction to the assumption. Thus, eq. (58) has now the
form:

Rrs;t =816, Ay + 87 €5 4y 5 (62)

where g and g, are constants.

For 9' = x;, under this assumption, together with eqs (51) and (52), the
stresses are as follows:

4, + PP+ R

rst “Tijrs rc 't rs;t rs;t

=i O, 8, € (63)

ijtt

Let us further identify the symmetrical kinematic matrices e;; and a,; as

strain tensor &; and damage tensor dj;, respectively. An assumption of linear
dependence of stress on kinematic matrices is then equivalent to the
assumption that strains and damage are small quantities.

We confine subsequent analysis to the in-plane behaviour of a laminate’s
ply by means of plane stress. Thus, the stress, strain and damage tensors in
Voigt’s notation are as follows:

Gy G
G=|0, |=|0,
G2 G | (64)
€1 € |
€=y =8,
€12 €6
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dl 1 dl
dlz d6

Plane stress analysis results in implied strain €3 which, however, is neglected
in the classical 2-D theory of laminates. Due to this, the number of
independent in-plane material constants for orthogonal material equals four,
instead of nine, like for 3-D case [66].

Using eq. (63) and utilising eqs (51) and (59), we derive the following
relations for stresses:

5, =0, , (65)
G, =0y, (66)
C¢ = ])1(21)3 + Pl(zzg +Rps (67)

and from eqs (54), (55), (62) we get:

PY) =g, OF) (68)
P} =d, 04, (69)
R3=0. (70)
Thus:
Gy =& ®3(;) +dg ®3(§) . (71)

Now we must define invariant polynomial functions ®,,, ©,,, ®(313) and
@§§) which in general are the functions of invariants set (61). For in-plane
case considered here only the chosen invariants are of interest, namely K;,
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K>, K4, K5 and K, 1.e. €1, €, d1, d> and g4 dg. Taking into account linearity
of the stress vs. strain relations, as well as stress vs. damage, the relevant
polynomials are:

O, =a,& +a,e,+(ayd, +a,d,)e +
+(asd +agd,)e, +a, dgeg +ag , (72)

+(bsd, +bgdy)e, +bydg g +bg . (73)

Recalling again the linear stress vs. strain relation and the form of eq.
(71), where function G)g? is multiplied by &, an adequate polynomial for
@Q? can be reduced to the form:

OV =c d +cydy+cs . (74)

The same reasoning, but with regard to damage instead of strain leads to

the following polynomial for ®g§) :

®g§)=f1 et fhe+ /3. (75)

The coefficients a1—asg, b1—bs, c1—c3, f1—f3 are material parameters.

Polynomial functions ©,,, ©,,, ®(313) and @)(3? cannot be independent
one of another, as the stress derived with the use of these functions must
satisfy the “universal” constitutive equation of a general form:

c;=Cye; ij=12,6, (76)

where Cj; denotes the stiffness matrix which for in-plane case has the
following components (in Voigt's notation):
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Cy Cp Ci
C=\Cp Cyp Cy | - (77)
Cis Cys Ces

We decompose the stiffness matrix into two constituent matrices: the first
one C° relating to the undamaged state and the other one C? characterising
the change of stiffness due to damage. We get the following relation:

0 d
GiICiij-l-Ciij. (78)

Now we can calculate stresses from eq. (78) and then compare them with
those given by eqs (65), (66) and (71), with the use of polynomial functions
(72) — (75). We obtain the following relations:

o
Cyp=q

o o
Cp=Cy=a,=b

Cp=Cg =0 , (79)
ng =b,
C;6 = ng =0
Ce =¢3 5 (80)
ag=by = f3=0, (81)

as =b; , ag =by , a; = fi, b; =1, (82)
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d

, (83)
Cé :le =asd,+agd,
CL =b,d +byd,
Cl=cd +c,d, , (84)
Cle =Cq =a,dg
Cl=Co =b,d, . (85)

From eqs (79) — (85) we get the following set of independent material
constants:

A4, =as, A4, =ag
Ay =ay, A, =D,
As = as, Ag =ay . (86)
A4, =c¢c;, Ag =c,
4y = bs, Ay = bg

Note that we have derived a stiffness matrix for the undamaged material
with elements Cy, = C5 = 0. This result was expected, since it is typical of
orthotropic laminate in principal material axis (1,2) (so-called special
orthotropy).
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For a general case of arbitrary damage state we have obtained Cf’; =0,
Czd6 # 0 (see eq. (84) and eq. (85)), thus the initial special orthotropy is no
longer retained and is replaced by so-called general orthotropy.

The damage tensor given by (35) together with (15), obtained for the
intralaminar damage model considered in the present work, has the only
non-zero damage tensor component:

Tt
=_m ¢ - 87

dy

Using eqgs (83) — (86) we finally get the stiffness matrix (so-called reduced

stiffness matrix) associated with the damage state in m-th ply, expressed in
the principal material axis in the form:

Agdl Ay dl 0
Cm =4, dl Ay dl 0 |. (88)
0 0 Agdy

It follows from eq. (88) that four unknown material constants, namely 4,
A, As, A19, Will be involved in further analysis.

The result in the form of eq. (88) obtained according to Adkins’s
approach is similar from the formal point view to the one derived by Talreja
[124] in the frame of quite sophisticated considerations based on
thermodynamics with internal state variables introduced by Coleman and
Gurtin [27], [51]. It is shown in brief in chapter 1.9. Such an approach with
regard to the orthotropic composite laminates has been utilized in a number
of papers, e.g. [104] and [124] — [127].

The stiffness matrices C° and C* for a single “virgin” and damaged ply,
respectively, are a basis for the evaluation of transformed stiffness matrices,
1.e. matrices transformed from principal material axis (1, 2) to any reference
coordinate system (x, y). Subsequently, they will be used in calculations of
stiffness matrices for a laminate as a collection of plies, some of which can
be damaged, while the remaining can remain intact.

The next steps will be to derive engineering constants, and finally to
determine material constants on the basis of experimental data. In order to
achieve these goals the Classical Laminates Theory (CLT) will be employed.
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1.6. TRANSFORMED STIFFNESS MATRIX FOR A PLY
OF DAMAGED LAMINATE

In order to obtain the elements of stiffness matrix for a given single ply
in an arbitrary reference coordinate system (x, y) (so-called transformed
reduced stiffness matrix) we have to transform the components of stiffness
matrix C, determined in the previous chapter, in principal material axis
(1, 2) of a ply. Since the stiffness matrix, which in fact forms a tensor of
fourth order, ”loses” its tensorial nature when written in Voigt’s notation,
we cannot use the classical tensorial transformation law. An alternative
method of transformation is shown in [55]. In the present paper we utilise
the classical straightforward transformation procedure proposed by Tsai and
Pagano, described elsewhere (e.g. [37], [66], [134]). Due to their scheme the

transformed reduced stiffness matrix C can be expressed in the following
form:

C=TP, (89)
where:
_gl -
Szz
— | C
c=|-"1, (90)
€66
El6
| Cas
(U, cos 20 cos40 |
U, -c0s20 cos40
U, 0 -cos 40
T = , 1)
Us 0 -cos 40
0 (1/2)sin 26 sin 46
L 0 (1/2)sin20  -sin40 |
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1
pP=\U,|, (92)
U,
with:
1
1
U, = E(Cu -Cy )
1
U3=§(C11+C22_2C12_4C66) (93)
1
U, :g(Cn +Cp +6C), _4C66)
1
Us zg(Cn +Cp —2Cy, +4C66)
Taking into account decomposition of stiffness matrix in the form:
_ o d
C,=C+C;, (94)

one can easily show that material coefficients U;—Us can also be
decomposed into two parts, namely U; and U l-d , which correspond to the

virgin and damaged state of a ply, respectively. Thus, we have:

U, =U;+U; .

(95)

Both U? and U/ are given by eq. (93), but replacing C; by C7; and

Cd

ij » respectively.
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Therefore, the transformed reduced stiffness matrix C with the use of
eq. (95) is given now by the relation:

c=Cc’+C", (96)
with:

C°=T°P°, (97)

c'=r’p". (98)

Transformation matrices T°, T%, P°, P9 are as follows:

Uy cos20 cos40 |
Uy —cos 260 cos40
u, 0 —cos40
Us 0 —cos40
0 (1/2)sin 26 sin 40
L 0 (1/2)sin 20 —sin40 |
1
s s "o" for virgin state
P = U2 and " — (100)
U "d" for damaged state .
3

Note that for a laminate manufactured from plies made of the same
composite material, which is true in most cases, the reduced stiffness matrix
C° (on-axis stiffness matrix) is the same for each ply, and as a
consequence, it relates also to all material coefficients U —Us. The reduced
stiffness matrix and the coefficients U; for a ply in virgin state are as

follows:
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KE, Kv, E, 0
0 0 G, (101)
ke 1
l1=v,vy

Ul =(1/8K[3(E, + Ey)+2E, vy |+4G,}
U; =(1/2)K(E1 _Ez)
U? =(1/8)[K (E, +E, =2 E, v, )-4G),] . (102)

U, :(1/8)[K(E1 +E, +6E, Vzl)_4G12]

Us :(1/8)[K(E1 +E,-2E, V21)+4G12]

where E,, E>, Gz, Vi2, (V21 = (E2/E1)vi2) are on-axis, in-plane standard
independent engineering elastic moduli for a composite material.

If damage is considered in a ply stiffness analysis, we have an other
situation. Stiffness matrix C? is dependent not only upon material
characteristics 4,, Aq, As, A0, E2, the same for each ply, but is also
dependent on geometrical parameters (ply thickness ¢,,, its volume fraction
vm, crack density p,,, width of “imaginary” strip ¢, associated with any
ply), which in general are different for different plies. Therefore, material
coefficients U,.d, transformation matrices T d, P? and finally transformed
stiffness matrix C“ have to be determined for each single ply separately if
they are of different geometry.

Material coefficients U ,.d with the use of eq. (88) can be written in the
form:

Ul=d,U, , (103)

4
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where:

U, =(1/8)3 45 +3 Ay +2 4, +4 Ag)

(72 = (1/2)(A6 - A10)

U3 :(1/8)(A6 +4,)—24, _4A8)

Uy = (1/8)(dg + Ayy +6 4, — 4 4y)

Us = (1/8)(dy + Ay —2 4, +4 45)

(104)

Let us notice that the coefficients given by eq. (104) are actually purely
material characteristics of damaged ply and they are independent of its
geometrical characteristics. Thus, they play the same role as coefficients

U/, (eq. (102)), for a ply in a virgin state.

The transformed reduced stiffness matrix for a ply in a damaged state
(eq. (98)) with the use of eqs (100) and (103) can be rewritten in a matrix

form:

or in an explicit form as follows:

af _Ul cos26
52‘2 Ul —c0s20
Cy| |U, 0
cdl o, 0
Cl 0 (1/2)sin 20
Cx| LO (1/2)sin 20

c'=rPd,,

cos40 |
cos40
—cos46
—cos40
sin 40

—sin40 |

(105)
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1.7. STIFFNESS MATRIX FOR A DAMAGED LAMINATE

The transformed reduced stiffness matrix C, already derived for any
single ply, is a basis for determination of the laminate stiffness matrices
which in general case are: extension, coupling and bending stiffness
matrices. All these matrices can be obtained in the frame of CLT, presented
briefly in Appendix.

In order to simplify the subsequent analysis we restrict the class of
laminates of our interest to the most widely used symmetrical laminates.

Besides, we assume that the laminate is loaded by tensile force only, i.e.
unidirectional tensile load is applied along x axis direction, see Appendix,
Figure A.2.

With the above condition, the problem of laminate stiffness is limited to
the analysis of extensional stiffness matrix 4 defined as follows:

A 5=
7:2@ Vi (107)
k=1

Using eq. (96) we get from eq. (107) the relation:

A

7=A" +A49, (108)
where:
N —
A°=)Clv,, (109)
k=1
M —
A= Cav, (110)

m=1

and N is the total number of laminate's plies, M is the number of plies
containing intralaminar cracks (M<N). Matrix A° relates to the initial
virgin state of a laminate, while matrix 4 is responsible for the influence of
damage, arising within some plies, on the resulting laminate stiffness.
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First, let us consider the procedure of the determination of matrix A°
elements. Setting eq. (98) into the eq. (109) we get:

A =3 (1P v, . (111)

M-

In order to use the summation convention for matrices 7° and P’ let us
rewrite the elements of matrix 4 in the following manner:

Ay Ay
Ay 4
AC | def | 42
A= "B =7, (112)

o
4
o
5

4
6

Ay A
Az A

Thus, the relation (111) can be expressed in an explicit form as follows:
N
40 =310 Po) v i=12.3,4,56 ;5 p=1,23,  (113)
k=1

where summation over p must be carried out.

From the previous considerations it follows that matrix P’ (see eqgs (100),
(102)) is purely material dependent, therefore it does not change from one
ply to another one. Consequently, the elements of that matrix included in eq.
(113) are not summed over ply index ”k”. Finally, from eq. (113) with the
use of eq. (100) we obtain:

N N N
y =[2(T; )kkaufz(T,; )kvk]{vsz(n;’ )j R
=1 =1 =1

Let us introduce the following purely geometrical coefficients:
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N
Ve = ka c0s26,

k=1

N

vy = ka cos46,
k=1

. (115)

N
vy = ka sin 20,
k=1

N
vy = ka sin40,
k=1

After some transformations of eq. (114) with the use of eq. (115) we get
an extensional stiffness matrix 4° for a virgin laminate, which can be
written in the following form:

A°=T°P°, (116)
where:
LS A
Uy - vy
—_., |ug 0 —Vy
T° =| * 20, (117)
o w2y vy
Lo @2y vy
1
P’ =|UJ | . (118)
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The stiffness matrix 4° is fully determined for any laminate if only
engineering moduli for a ply in the on-axis configuration, namely E;, E»,
G2 and v, are known.

Now let us consider the part of an extensional stiffness matrix
characterising the influence of the damage on the overall laminate stiffness,
i.e. matrix A%, given by eq. (110). Following exactly the same procedure as

already presented for matrix A4°, we can write 4 in the form:

A'=T1*P", (119)
U, 7 v
v, =K vy
_, |U. 0 —ve
T =|_* A (120)
0o (12 v
0 w2 -r
d
VO
P'=\U,|. (121)
U3
Coefficients Vl-d (i=0,1,2,3,4) are as follows:
4 M
VO = Z vmdén
m=1
(122)

M
v = va d; cos20,,

m=1
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M
vy = va d; cos46,,

m=1

M
V=Y v, dy sin20, . (122 cont.)
m=1

M
vi=>v,d; sin40,
m=1

Note that the coefficients given by eq. (122), contrary to those given by
eq. (115), are not only geometrical, but also material characteristics, as the
damage term d, (see eq. (87)) depends on crack density which in fact is a
material property feature, though not in an explicit way.

The stiffness matrix 4 is unknown as long as material parameters A4,, 4e,
Ag and Ao remain not determined in appropriate experiments. Note that for
an orthotropic laminate in the virgin state, to get full information on
laminate stiffness four on-axis constants are needed. When the damage is
included into considerations, we also need to know four constants which,
however, cannot be derived from tests carried out on a single ply (like in the
first case), but on a laminate as a whole. The first crack in a single ply
means its final fracture and the damage in the sense used in the present
paper cannot be defined. Therefore, in order to determine constants 4, Ag,
Ag and 4 the plies stacking sequence must be chosen in such a way which
makes the calculations possible, but on the other hand, as easy as possible. It
will be discussed in the next chapter.

1.8. ENGINEERING MODULI FOR A DAMAGED LAMINATE

In order to derive so-called engineering moduli for any laminate, the
compliance matrix § must be determined.
It can be shown on the basis of considerations presented in Appendix and
under two restrictions already assumed, namely:
e symmetry of plies stacking sequence with respect to the laminate
mid-plane,
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e laminate loading by extensional load only,
that the constitutive equation for a laminate is given by the following
equation:

c="¢, (123)

where & denotes the global, average stress tensor for a laminate (for details see
Appendix).
The invert relation to that given by eq. (123) is:

e=So, (124)

where compliance matrix S = A" r=A't .

The engineering moduli for a laminate can be directly derived from the
compliance matrix by the use of the following relations:

Eb -
Ey = ,1
L1
At
, (125)
T
YAy
L =Als1
Ay
. A
ny’”_A'zz
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The remaining three moduli are dependent on those expressed by eq.
(125) and have the forms:

L
vi =yt £y
yx T Vxy EL
X
L
G
L L xy
T]xy,x - T])c,xy L . (126)
E)C
L
L L xy
Niyy = Nyxy L
Ey

The notation used in the above equations is following: E xL — longitudinal

L L
Young’s modulus, £ , — transverse Young’s modulus, G,, - shear modulus,

L L

. s . L L . .
Vs V,, — Poisson’s ratios, n, ., N, ,,— coefficients of mutual influence

of the second kind by Lekhnitski [78] and niy)x, niy,y — coefficients of

mutual influence of the first kind by Lekhnitski.

We will use the relations (125) and (126) with the aim of determining the
residual, i.e. current engineering moduli for a damaged laminate of both
cross-ply and angle ply stacking sequences. In a general case they cannot be
expressed in explicit forms and numerical calculations are needed.

1.8.1. Engineering moduli for a damaged cross-ply laminate

Intralaminar cracking in cross-ply laminates develops in transverse, i.e.
90° plies only. It makes calculations of engineering moduli much simpler
than in any other case and one can derive relations for moduli in a close,
explicit form.

Let us consider symmetric cross-ply laminates with volume fraction
equal vy for 0° plies and vy for 90° plies. In order to get a stiffness matrix
let us calculate all needed quantities. From eqs (115) and (122) we get:
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o
Vi =vo—veg

Ve =v{=0
(127)
M
V1d = _Z v, dy = _Vod
m=l1
Vzd _ Vod
vi=v?=0

Matrix A° derived from equations (116) and (118) together with eqs
(102) and (127) has a form:

K (voE, +Vve E, ) KE v, 0
0 0 Gy

Matrix 44 given by eqs (119) and (121), after substituting eqs (104) and
(127) is as follows:
Al =4, 4, 0. (129)
0 0 Ag

An important observation arises from eqs (128) and (129), namely
stiffnesses A, Ay, Ak, A3 equal zero. Thus, the symmetric cross-ply
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laminates, which in virgin state are always characterised by special
orthotropy, retain this feature even in the presence of intralaminar damage.

Due to this fact the relations for engineering moduli become significantly
simplified. The current engineering moduli of a laminate can be directly
derived from the compliance matrix by use of the standard relations given in
e.g. [134]:

2
gL =1A11 Ay —Ap
Tt Ay
2
gL :1A11A22 —Ap
Y Ay, . (130)
L
ny = A66/t’
L
Vxy :Al2/A22

From the symmetry of the stiffness matrix it follows that

vix =(Ef / Ef )viy, as well as the Lekhnitski’s coefficients of mutual

influence are equal zero.

Recalling that 4= 4°+A4“, and already made assumption of damage being
a small quantity, we get, after transformations, the following formulas for
residual engineering moduli:

2
Ef =B 44l +(viE) ad—2vE 4l (131)
EL = gk 4 44 ( oL )2Ad 2voL 44 132

y - y+22+vyx n - Vy)c 12 ( )
L oL 1 oL oL d ol d
T (1= voE Vol )42 oL 4 ), (133)
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Gy, =Gy + AL (134)

where all quantities with superscript ”0” are related to the initial values of
engineering moduli (i.e. in virgin state) and can be derived from the
following relations:

AO
El =) -——, (135)
A22
4
EYf =45 -—, (136)
1
A()
Vi = (137)
22
Gy = Ags - (138)

Let us rewrite eqs (131) — (134) in terms of the elements of matrix A4°
(eq. (129)). We get:

2

EL = E% +p¢ [Am w4 (V) -24, v;ﬂ , (139)
Ef = E% 4y [A +dy (VY 2.4 v”L] (140)

y - y 0 6 10 yx 2 yx )

l_voLVoL
L oL X X d oL
Vi =V 4, -4, v? ], (141)
y

Gy, =G +V§ 4 . (142)
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The effective calculation of engineering moduli needs material
parameters A,, Ags, As, Ao to be experimentally determined. All details
regarding experimental specimens, their preparation and testing procedures
are given in Part II of the present work. The next chapter delivers a brief
description of calculations necessary to determine A, A¢, As and 4.

1.8.2. Determination of material parameters

Since quantities A,, A4¢, As, Ao are only material dependent, it is
reasonable to determine their values using laminate plies stacking sequence
as simple as possible. It follows from the previous chapter that cross-ply
laminates have such a feature, therefore they will be a basis for further
analysis.

It must be clearly stated that the forthcoming considerations are not
limitation or simplification of a theoretical model; their only goal is to adapt
the model to current needs regarding calculation of material parameters.

Let us solve the set of eqs (139) — (142) with respect to unknown
parameters A, Ag, As, A10. After some calculations, we finally get:

Ay ==A"VE (VS BTV O 14V )ESE (143)
dg=—4" (V2L + B +2C VL B (144)

4q =V17(Gf;y ~G%), (145)

Ay = A" (1=2v v )+ B (v a2 " vk B9 (146)

where:

A= (147)



72

Intralaminar Damage in Fiber-Reinforced Polymeric Matrix Laminates

Vo (l—v’;y v(;x)
L oL
. v —vo
C =%% (149)
Vo (l—v‘;yv‘;x)

The scheme of a procedure for determining the parameters A, Ag, A10 1S

shown in Figure 1.13. Let us note that Ag related to the shear modulus is not
taken into account in this scheme.

Besides, it was assumed that for any load level transverse Young’s

. L L .
modulus changes can be neglected (i.e. £, =E ; ), since transverse cracks

within 90° ply do not produce the change of transverse stiffness. Liu [88§]
made the same assumption and he confirmed experimentally, for ceramic
matrix composites, that it is a reasonable assumption. As a consequence —

parameter B=0.

oL oL oL © il iL
EX v Ej o, E- v P;

xy i X Xy

TENSILE TEST CLT MEASUREMENT POINT ”i”

d * * 1
Voi 47 G4 A Aioi|—> 72 — |4 4

1 1

Figure 1.13. Procedure of the calculation of material constants

The three unknown parameters A, A, Ajo can be determined in

unidirectional tensile test described in Part II of the work. The measured
quantities are longitudinal and transverse strains, and the number of
transverse cracks within 90° ply. They are necessary to determine:
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e initial longitudinal Young’s modulus £/ " and major Poisson’s ratio v )fyL

iL . . . iL
e current values of Young’s modulus E.” and major Poisson’s ratio v y

e  cracks density p;.

9999
1

All quantities with index i are taken at different levels of applied load o,

(called in Figure 1.13 ”measurement points”).

The initial value of transverse Young’s modulus is determined with the
use of standard procedure in the frame of CLT (see e.g. [37]).

Applying the procedure shown in Figure 1.13 we finally get parameters
Ay, Ag and Ao as arithmetic means of the values calculated at several
measurement points. It should be said that a specimen of arbitrarily chosen
cross-ply laminate code, namely [0/90s];, was used in the procedure
discussed.

For a composite laminate manufactured from carbon/epoxy (Torayca T300
in the modified epoxy matrix Vicotex 174) “prepreg” tape Ciba-Geigy
Vicotex NCHR 174B we obtain the following values for the requested
parameters:

A>=-192.0 GPa, A¢=-34.7GPa, A1o=-258.0GPa. (150)

The derived material parameters have been used for calculations of the
current values of engineering moduli for different cross-ply and angle-ply
carbon/epoxy NCHR 174B laminates. It allows a comparison of the values
of engineering moduli predicted by the present model and those obtained
from laminate specimens testing. It will be discussed in Part II of this
publication.

1.9. THERMODYNAMICAL BASIS OF THE THEORETICAL
MODEL

1.9.1. Thermodynamics with internal state variables

Following the concepts of thermodynamics with internal state variables,
introduced by Coleman and Gurtin (for details see e.g. [27], [51]), let us
introduce the following set of state variables:
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e — strain tensor,

T- the absolute temperature,

G — gradient of the temperature,

D — vector of the internal variables.

The elements of vector D are internal variables (scalars, vectors, tensors)
associated with any kind of microstructural changes within the body
volume. In particular it can consist of the set of the second order damage
tensors D(V, where superscript ”i” specifies damage tensor for i-th damage
mode (i=1, 2, ...., p).

The functions of thermodynamical response are as follows:

G — stress tensor,

v — Helmholtz free energy,

s — specific entropy,

q — heat flux vector,

D — vector of internal variables evolution.

According to Truesdell principle of equipresence the above five response
functions form a set of constitutive equations, namely:

c=6(e,T,G,D), (151)
v=vy(eT,G D), (152)
s=5(e,T,G,D), (153)
q=4(e,T,G,D), (154)
D=H (e, T,G,D) . (155)

The response functions must satisfy balance equations of linear and
angular momentum, equation of energy balance (the first law of
thermodynamics) and the second law of thermodynamics (called
Clausius - Duhem inequality or reduced dissipative inequality).

If we assume that each process described by the response functions must
satisfy dissipative inequality (so-called theorem of thermodynamical
restrictions imposed on the material described by the internal state
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variables), and we restrict formulation to the isothermal case, we get purely
mechanical response in the form of following equations [51]:

c=6(e,D), (156)
y=vy(e.D), (157)

.0y oy
_ oV UL 158
C =P e = i p@eij ’ (158)

where p is mass density.
Eq. (158) has the following form in Voigt’s notation:

oy
=p— . 159
c, pﬁep (159)
Taking into account eq. (76), we get a relationship between the Helmholtz
free energy v and the components of a stiffness matrix C in the form:
oty
Oe, Oe,

C,o=p 2q=126. (160)

Now the crucial problem is to construct the function of Helmholtz free
energy. It is possible on the base of the theory of irreducible integrity basis
and polynomial functions.

1.9.2. Polynomial form of Helmholtz free energy

Helmholtz free energy, eq. (157), can be written as a polynomial in the
arguments indicated. Let us assume that the vector of internal variables
consists of symmetrical, second order damage tensor d only. Thus, it is
given by:

v=vle,.d,). (161)
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Besides, Helmholtz free energy must incorporate any symmetry
properties of a material, therefore a relevant polynomial must be a form
invariant under the group of coordinate transformations describing those
properties. It is obtained by employing polynomial functions of an adequate
system of invariants called an irreducible integrity basis. For an orthotropic
body and two symmetrical, second order tensors, namely strain tensor e and
damage tensor d, the system of 23 invariants is given by eq. (61) replacing
”a” by ’d”.

We confine our considerations to the in-plane behaviour of a laminate,
described by eq. (64). Thus, the elements of irreducible integrity basis being
of interest are as follows:

(162)
K =d2 > K, =d62
Ky =¢4d;

The most general form of a relevant polynomial for Helmholtz energy v
with restriction to the second order terms in strain tensor components and
first order terms in the damage tensor components is:

Py = k&, +kyey + kg +hyd, +ksdy +kodoEg +koer +kgES +koE €y +
+kyod g +hkydye +hdoegg +h3d ey Yhydye, Y hsdge, e +
+hygdieg +hk,dyeg +kgd et +kiod,ef +kyyd g5 +kydygs +
+kydig gy +hydye e, +hy (163)

where k,—k,4 are the material constants.
It can be rewritten in the form:
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2 2 2
py =d, (k1686 +hge thyey +hkye 82)+

2 2 2

+dg (kpe eg thise,e6)+ Ple,.d, )+ Py (d,)+ P (e, )+ B, , (164)

where:

1))

2)

Po :k24

A (8[7 ’dq): d, (k1081 +k1382)+d2 (kHSl +k1482)+k6d6 €
(165)
Py (d,)=kyd, +ksd,

2 2 2
P (Sp)=k181 +hyey +hyeg +hkoe] +hge; +hye g,

Setting the following conditions to be satisfied within the body:
for unstrained and undamaged material, the Helmholtz free energy
vanishes, i.e.:

if ¢,=0and d, =0 = py=0, (166)

unstrained material is stress free at any damage state, i.e.:

A
d

q

ife =0 = o, =0/, (167)
fir e, }

p

we get: Py=0, P,=0, k;=k,=0. Thus, Helmholtz energy is given by the
relation:
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py =d, (klé g +hig €] +hy 83 +ky g 82)+
2 2 2
thyel+ko el vhyet thoe e, + P (d, ). (168)
1.9.3. Stiffness matrix for a damaged body
The elements of stiffness matrix derived with use of eqs (160) and (168) are:
Cip =Cy =ky +hyyd) +kyd,
(169)

C16 = C61 = k12 d6

C26 = C62 = k15 ds

Let us rewrite the material constants k; (i = 3, 7, 8,9, 12, 15-23) in terms
of constants used in eqs (79) — (85) in the following way:

2ky=c; =Cg 2k, =a, =Cy

2k8:b2:C§2, 2k92612=C102
(170)
Cf6:C§6=O, ky, = a,

kis =Dy, 2ki6 =
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2kyg = ay, 2kyg = bs
(170 cont.)
2ky =bg , ky = as

kyy = ag

The stiffnesses given by eq. (169) can be now written in a general form
as follows:

c, =Cl+C! (171)

ij
where:

Ch=a
Cloz :C;I =a,
C% :Cg1 =0

ng :bz
Cy =Co, =0 (172)

Cgs =C3
d

d d
C, =Cy =asd, +aqd,

CY, =bsd, +b, d,
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d

Ct=Cd =a,d, : (172 cont.)

d d
C26 = Csz = b7 d6

To recapitulate the results being derived here in the frame of the

thermodynamical approach, let us conclude as follows:

relation (171) is fully equivalent to eq. (78) and thus the admissibility of
the decomposition of a stiffness matrix into two parts, namely C°
relating to the undamaged state and C¢ characterising the change of
stiffness caused by damage is demonstrated,

stiffnesses given by eqs (172), derived on the basis of thermodynamics
with internal state variables, under additional assumptions (166) and
(167), are equivalent to the stiffnesses derived in the present paper on
the basis of Adkins’s mathematical approach — eqs (79), (80), (83), (84)
and (85).

1.10. FINAL REMARKS

In Part I of the present dissertation the transverse cracking of a composite

fiber-reinforced polymeric matrix laminates was considered.

The stiffness matrix as well as engineering characteristics for a damaged,

symmetrical orthotropic laminate of cross-ply and angle-ply stacking
sequences have been derived on the basis of:

tensorial damage representation by means of Vakulenko and
Kachanov’s damage definition,

linear elastic fracture mechanics, supported by the proposed concept of
“imaginary strip”, allowing reasonable evaluation of average crack
opening factor f3,

polynomial invariants functions and invariants integrity basis, as a
useful tool in construction of appropriate constitutive equations, by
means of Adkins’s approach,
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e classical theory of laminates, which made possible calculations of all
needed stiffness matrices for damaged single ply in the on-axis and off-
axis configuration, and finally for damaged laminate.

The procedure for determination of the “new” unknown material
parameters (with the use of one specific cross-ply laminate stacking
sequence) related to the influence of a damage state on the stiffness matrix
has been proposed.

The complete equivalence of a formal approach based on Adkins’s equation,
employed in the present paper, and the thermodynamical approach, based on
the thermodynamics with internal state variables, has been fully displayed.

Let us consider once more the issues related to the calculation method of
the average crack opening factor B, applied in the proposed theoretical
model. One should keep in mind that the only way to evaluate the
correctness of any model is its experimental verification. In the present
analysis the damage tensor is constructed with the aim of its use in
successive analysis of the changes of stiffnesses and engineering constants
of a laminate due to the intralaminar damage evolution. Thus, the final
verification is based on the comparison of the predicted and measured
values of the quantities of interest.

With regard to that problem, three critical points have to be pointed out:
a. The first one relates to the experimental results. It is well known that in

the case of composite laminates there is always a considerable scatter of
measured values of engineering constants for the geometrically identical
specimens manufactured from the same composite and tested with the
use of the same testing procedure and instrumentation. The scatter can be
as big as tens percent. Thus, the results obtained from an individual test
cannot be seen as fully representative for the tested composite, therefore
their comparison with predicted values should be considered with
caution.

b. Another point is the technique used when the comparison of the
theoretical and experimental results is performed. In most cases reported
the methods of best fitting of theoretical results are employed and then
constants introduced in the frame of the given theoretical model are
calculated. It does not mean, however, that constants derived on the basis
of the data obtained for a specific laminate stacking sequence, which in
fact is common practice, would be the same for other laminate lay-outs.

c. The last but not least problem relates to the mechanical behaviour of
composite laminates. One should keep in mind that the theoretical model
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aimed e.g. at prediction of the changes of engineering constants which is

adequate for some laminates sequences, need not be fully adequate for

others. The author's experiments with laminates of different stacking
sequences, which are presented in Part II of the present paper, confirm
this observation. Kashtalyan and Soutis report similar observation in

paper [70].

To recapitulate the above remarks it should be clearly stated that actually
there is no evidence that sophisticated, e.g. numerical, models give a better
correlation of the theoretical and predicted values of engineering constants
than simplified analytical models. Another conclusion is that a general
model adequate (by means of its fitting to the experimental data) for a given
composite material and any laminate lay-out probably does not exist at the
present time, what is more, if we take into account unlimited possibilities of
laminate lay-out forming, it looks somewhat hopeless to search for such a
general model. Finally, let us conclude that even if the predictions given by
any model match the experimental results obtained for a specific laminate,
the model should be seen as suitable for this specific laminate, but not
necessarily for others.

The above discussion should not be seen, by any means, as a pessimistic
opinion that the analysis of laminate’s damage, as well as its results, is
doubtful and it does not allow any general conclusions regarding laminate
behaviour. The results discussed in the next chapter show that it is possible
to get quite good agreement of the theoretical predictions and experimental
data, despite all the issues mentioned above.
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2. EXPERIMENTAL ANALYSIS AND MODEL
VERIFICATION

2.1. INTRODUCTION

One of the basic questions in the description of the behaviour of the fiber
composite with a plastic matrix is how its strength and stiffness
characteristics are influenced by different fracture mechanisms developing
during increasing load.

In Part I of the present paper the laminate composites consisting of
unidirectional fibers reinforced plies of different angle orientation of fibers
have been considered.

For such class of composite materials the failure process is dominated by
matrix cracking along fibers in the off-axis layers. The result of this
deterioration mechanism is the formation of an array of nearly parallel
cracks (called intralaminar cracks) lying within an inclined lamina and
spanning the whole width of a specimen. The observations of this feature of
laminate damaging process do not require any special equipment during the
tests.

The class of composites considered here exhibits orthotropic symmetry,
thus the independent in-plane elastic characteristics are in general
longitudinal Young’s modulus E,, transverse Young’s modulus £, major
Poisson’s ratio v,,, shear modulus G,, and coefficients of mutual influence
of the second kind by Lekhnitski m,,, mn,. (they can be, however,
expressed in terms of four independent on-axis ply stiffness characteristics).

The in-plane strength of a laminate is fully characterised by longitudinal
and transverse strength (in tension and compression), as well as shear
strength.

It should be emphasised for clarity that a complete picture of stiffness
and strength properties of damaged laminate would require experimental
determination of all specified characteristics, as well as additional
characteristics related to the developing damage (e.g. intralaminar cracks
spacing). In case of stiffnesses determination the experimental procedure
has to be invented to make possible the continuous measurements of
characteristics in question. In the case of strength the only characteristic
which is measured is ultimate strength when specimen is completely broken.
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The unidirectional tensile tests presented in this paper were performed
with the aim of examining the influence of developing intralaminar cracks
on current (i.e. at any load level) values of longitudinal Young’s modulus,
major Poisson’s ratio, and ultimate longitudinal (axial) strength. The basic
motivation for analysing unidirectional tensile load only was the possibility
to achieve the above goal. According to the classical theory of laminated
plates (see Appendix) it is possible only in such a case when there is no
coupling between bending and extension, i.e. coupling stiffness matrix equals
zero (it is assured for symmetrical laminates). The second necessary
condition is to determine the compliance laminate’s matrix as matrix inverse
to the stiffness matrix (see chapter 1.8). It means that the bending stiffness
matrix has to be equal zero also (it is assured for in-plane unidirectional
load).

The results of tests and their analysis will be given in this part of
dissertation in order to provide some qualitative and, to some extent, also
quantitative observations related to the change of elastic constants and axial
strength in response to developing damages. The author has reported some
of these results in [35] and [36].

In Part II of the dissertation, the engineering moduli predicted on the
basis of the theoretical model proposed in Part I will be compared with the
results of experiments carried out on carbon/epoxy laminate specimens of
cross-ply and angle-ply orientations.

2.2. MATERIAL AND SPECIMENS

2.2.1. Composite material and its characteristics

All the prepared specimens used in the tests have been manufactured
from carbon/epoxy composite, namely carbon fibers Torayca T300 in
modified epoxy matrix Vicotex 174. The basic carbon/epoxy material had
initial form of prepreg unidirectional carbon fiber tape with removable
backing, indicating fibers’ direction (commercial name Ciba-Geigy Vicotex
NCHR 174B). The "net” thickness of a tape was 0.123 mm and the width —
300 mm.
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Elastic constants, strength characteristics and coefficients of linear
expansion for a unidirectional lamina in its principal material axis are given
in Table 2.1. The notation used in this table is:

e LYM - Longitudinal Young’s Modulus,

e TYM —Transverse Young’s Modulus,

e SM — Shear Modulus,

e PR — Poisson’s Ratio,

e LTS  —Longitudinal Tensile Strength,

e LCS - Longitudinal Compressive Strength,

e TTS  —Transverse Tensile Strength,

e TCS  —Transverse Compressive Strength,

e SS — Shear Strength,

e LCLE - Longitudinal Coefficient of Linear Expansion,
e TCLE - Transverse Coefficient of Linear Expansion.

Table 2.1. Characteristics of Vicotex NCHR 174B unidirectional lamina

STIFFNESS STRENGTH ™
CHARACTERISTICS CHARACTERISTICS EXPANSION
LYM TYM SM PR LTS LCS TTS TCS SS LCLE TCLE
E, E, G, | vh | X X, Y, Y. S| ox10" o,x10°

[GPa] - [MPa] [1/°C]
1370 10.0 48 | 03 | 1531 1390 41 145 98| 3.1 3.1

2.2.2. Preparation and lamination of specimens

The procedure for manufacturing specimens was as follows. From the
prepreg tape rectangular pieces of size 60%x220 mm were cut off. The sides
of rectangular pieces were inclined to the axis (x, y) at a desired angle (it is
shown in Figs 2.1 and 2.4). Afterwards the layers were placed on top of
each other to form a sheet of a desired stacking sequence.

The next step was the lamination process. The sheet was pressed in a
standard testing machine between two thick steel plates under the pressure
of approx. 0.736 MPa (7.5 atm.). The steel plates were equipped with a
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heating device and thermocouple. It was cured up to 120° C at the rate 2°
C/min. The constant pressure and temperature were held over the period of
60 minutes and then the heating was switched off. When the temperature of
steel plates (and of laminated plies) dropped below 60° C, the compression
of the sheet stopped. In order to control the parameters of heating process
precisely both the heating device and the thermocouple were connected via
special interface unit to a microcomputer with appropriate software. All the
parameters of the lamination process are shown in Figure 2.2.

After lamination process the laminate pieces were sawn with the use of a
numerically controlled thin, diamond coated cutting wheel. In this manner
two rectangular specimens of size 25%x200 mm could be obtained from one
piece of size 60x220 mm. It should be pointed out that cutting has to be
done very precisely if one wants to get a specimen of desired and
anticipated orientation. Finally, the end tabs made of cross-ply glass/epoxy
laminate were glued to the specimens using an epoxy adhesive film. The
geometrical details of the specimens are shown in Figs 2.3 and 2.4.

\
\
\
\
\
—

—

=
\
\
\
\
\

Figure 2.1. Procedure of cutting plies of desired orientation from the
prepreg tape
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Figure 2.2. Lamination of the specimen material
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Figure 2.3. The specimen

Two sets of symmetric laminate specimens, cross-ply [0,90,]s and angle-
ply specimens of code [-20,+20,— 6,,—20,+20,+ 0,,—20,+20], were prepared
for testing. The angle 6 is equal 40°, 50°, 60°, 70°, 75°, 80° and 90°.
Theoretical analyses for angle-ply specimens would be easier taking plies of
angle 0° instead of +20°. The reason is that in plies 0° the transverse
intralaminar cracks cannot nucleate, and therefore analysis of angle +0
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influence on damage evolution is more straightforward. On the other hand,
specimens with 0° plies are stiffer than specimens with 20° plies. Due to this
fact one can expect that higher load is needed to initiate cracking process
within + 0 plies. Thus, the only reason for taking 20° was desire to ”force”
plies = 0 to undergo cracking under lower load. The plies with arbitrarily
chosen angle orientation +20° were also thought to remain undamaged
under applied load (similarly to 0° plies); and in fact no cracks were
observed within these plies in the performed tests.

The geometrical characteristics of both sets of specimens are shown in
Figure 2.4 and Table 2.2.

A x A x
+20° -20° LAMINATE
STACKING
.10 | -0 SEQUENCES

y=m y

Set #1 Set #2
[-20/20/-62/-20/20/6,/-20/20], [0/90n]s

Figure 2.4. Two sets of test specimens

Table 2.2. Geometrical characteristics of test specimens

SPECIMENS SET # 1 SPECIMENS SET # 2
A B C D E G H 1 2 3 4
¢t [mm] 2.46 0.48 0.74 098 1.22

W [mm] |24.38 23.74 24.66 24.54 24.75 23.56 23.46|24.86 24.96 24.88 24.98
0 [deg] 9 80 75 70 60 50 40 -

n (set #2) - 1 2 3 4
# of plies 20 4 6 8 10
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2.2.3. Preparation of specimens’ edges

The final, but of primary importance, step in the procedure of specimens
preparation is connected with the method used to reveal any defects (and the
structure of the material and fibers orientation, also) occurring before
fragmentation of a specimen.

The present method is based on observation of specimen's edge with the
use of standard microscope during the tensile test. It requires glossy edge
surface which has to be nearly as a mirror surface to be able to distinguish
scratches from cracks. In order to achieve the above aim a special procedure
of grinding and polishing specimen's edge must be used. The method based
on recommendations given in [131] is briefly described below. A similar
method is also reported in [76].

The specimens were subjected to machine grinding and polishing on
DP-U4/Pedemax-2, machine manufactured by STRUERS A/S (Denmark)
equipped with lower rotary disc for grinding paper and mechanical clutch,
allowing to attach a holder with specimens to the upper rotor. A special
triangle shaped holder of aluminium, invented at DTH (The Technical
University of Denmark, Lyngby) was used. It allows polishing of three
specimens at the same time, which makes polishing significantly less time
consuming. Water and lubricant are distributed uniformly and continuously
through the channels drilled in the holder.

In order to obtain clear and glossy specimens’ edge surfaces a “’step-by-
step” polishing procedure was applied with the use of SiC papers of grit
500, 1200 and 4000, Petrodisc-M with 6um diamond spray, and finally,
medium-hard cloth DP-Dur and 1um DP-spray. Water and the STRUERS
DP-Blue Lubricant were used as lubricants during polishing.

It should be clearly stated that selection of SiC paper grit, polishing time
duration, the relative rotational speed of a specimen and disc with paper grit
(range 50-300 rpm), as well as applied pressure (range 60—120 N) must be
selected for a given group of specimens individually.

The last step in specimens manufacturing procedure was placing of strain
gauges on their surfaces. Special care must be taken not to allow any contact
between gauges leads and specimen surface, as it is a source of erroneous
read-out since carbon/epoxy composite is an electrically conducting
material.
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2.3. SPECIMENS’ LOADING

In all tests the monotonically increasing tensile load was applied to the
specimens. The programmed and automatically controlled load rate was
0.2 kN/min. (ca 2 percent of ultimate load/min.) for set #2 and 0.5 kN/min.
(ca 1.5 percent of ultimate load/min.) for set #1. It was kept constant up to
the final failure of each specimen.

The chosen, relatively slow rate, allowed to count the number of cracks
during tests at any, almost fixed load level.

2.4. TESTING INSTRUMENTATION

The tensile tests (load controlled) were performed with the use of
INSTRON standard machine of 50 kN capacity. The longitudinal and
transverse strains in the specimen were measured with strain gauges HBM
10/120 LY 11, HBM 6/120 LY 11, HBM 10/120 XY 91 (0/90 orientation)
and strain bridges Briiel & Kjer 1526 (strain reading). The”displacement vs.
applied load” curves were also recorded with the use of x—y plotters. Very
good agreement of results obtained from both methods was noticed
(analogous conclusion is reported in papers e.g. [106] and [107]).

The intralaminar microcracks (with length equal to the thickness of
cracking ply — thickness of single ply was approx. 0.123 mm) and their
current number were monitored in sifu through the standard optical
microscope equipped with the camera holder. The microscope and camera
were mounted on a special translation stage, allowing their vertical shift
necessary for observation of the chosen reference section (in presented tests
its length was 48 mm). The configuration of testing instrumentation is
shown in Figure 2.5.

The above system allows almost continuous observation of the
specimens’ edge surface and direct in situ measurement of cracks number at
any load level (unlike the plastic replicas technique frequently used).

The weakness of the system is that the basic “apparatus” used for cracks
number counting is the human eye, supported by the microscope. In order to
determine the current (i.e. for fixed load) number of cracks, counting them
within reference section has to be done very efficiently, particularly at high
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load levels, when the number of cracks is large. The appropriate selection of
load rate allows reaching this goal easier; still it is troublesome. It is also a
source of possible errors, but this is of less importance, as we are mostly
interested in the overall process of cracks number growth and not only in the
current number of cracks at a single measurement point.

Another problem is connected with the applied method of observation,
namely the results cannot be electronically recorded and analysed.
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Figure 2.5. Testing equipment

Over the last few years the problem of non destructive testing (NDT), or
precisely speaking in situ monitoring, the systems and methods designed for
elements made of composite laminates has been in permanent progress. In
CFRP laminates three basic methods are used, i.e.: optical method [58],
acoustic emission (AE) method and electrical method based on AC/DC
measurements. The modern optical methods which allow surface
observation only, are based, as a rule, on computer controlled digital
camera-video recorder system [17], [85]. This method is suitable mainly for
laboratory conditions and especially prepared experimental specimens. The
AE method [88], [91], [112], [129], [133] is free of that disadvantage. It is
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able to predict easily the final fracture, while the analysis of earlier damage
stages is still difficult, though newly designed sensors and systems are
promising. Methods based on AC and/or DC measurements have limited
usage, as they can be used only for composite laminates which satisfy the
demand of the electric conduction, as e.g. CFRP laminates. It is discussed in

[].

2.5. RESULTS AND DISCUSSION

2.5.1. Initial Young’s Modulus and Poisson’s Ratio
— classical theory of laminates versus experiment

The values of initial Young’s Modulus (YM) and major Poisson’s Ratio
(PR) are given in Table 2.3. There are both experimental data and theoretical
predictions derived on the basis of classical lamination theory (CLT) (for
details of calculations see e.g. [37]).

The dimensionless values (experimentally determined values are related
to the theoretical ones) of initial longitudinal YM and major PR are shown in
Figure 2.6. The results for specimens of cross-ply orientation are presented in
Figure 2.6a, and for angle-ply orientation in Figure 2.6b.

Straight lines are linear regression fits to dimensionless data. Both slope
and intercept of best fitting lines show that in case of Young’s modulus
theoretical predictions are in very good agreement with experiment —
slightly better results are for cross-ply specimens.

For angle-ply specimens (set #1), CLT calculations and experimental
results are very close to each other. Disagreement lies within the range
approx. —2.5++3.0 % for PR, and 3.5+4.5 % for YM, which is quite a
satisfactory result.

For cross-ply specimens (set #2) theoretical values of YM are somewhat
underestimated (approx. 2+3 %). Predictions of major Poisson’s ratio given
by CLT are not so close to the test results. Disagreement varies from 20% to
90 % (the thinner specimen the bigger disagreement). For instance, if we
exclude from analysis the specimen [0/90];, the slope of best fitting straight
becomes very small (slope tangent is equal —0.055), but disagreement is
still significant, i.e. approx. 30+40 %.
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Table 2.3. Initial Young’s modulus (theoretical E,; and measured E,.) and
Poisson’s ratio (theoretical v, and measured v,,,)

INITIAL YOUNG’S MODULUS
AND POISSON’S RATIO

Eoex Eoth

# Name Code Voex Vouh
[GPa] [GPa]

[ —20/20/90,/-20/20/90,/-20/20]g 71.6 68.4 0.176 0.170
[-20/20/—80,/—20/20/80,/-20/20]g 67.4 67.9 0.198 0.203
[-20/20/=75,/-20/20/75,/-20/20]5 69.6 67.2 0.251 0.244

A
B
C
1 D [-20/20/=70,/-20/20/70,/-20/20]g 66.3 66.3 0.307  0.305
E
G
H

SPECIMEN

[-20/20/-60,/-20/20/60,/-20/20] 64.4 64.1 0483  0.489
[-20/20/-50,/-20/20/50,/-20/20]s 64.6 62.2 0.741  0.763
[-20/20/-40,/-20/20/40,/-20/20]g 66.0 63.7 1.067  1.089

1 [0/90]s 79.8 739  0.087 0.041
2 2 [0/90,]s 53.5 52,6  0.046  0.032
3 [0/903]s 42.1 420  0.038 0.029
4 [0/904]5 35.9 356 0.036  0.027

2.5.2. Ultimate tensile strength

In Table 2.4 ultimate values of load F,y, stress G,;, longitudinal strain
€ruis, transverse strain €r,, and average cracks density p'y, are given for
both specimens sets. For specimens set #2 average cracks density p'y; is
equal to p defined by (17) and it is taken at failure. For specimens set #1 the
numbers of cracks in outer plies (—0;) and inner plies (+0,) are different.
Therefore average cracks density p'y; is defined as follows:

t/2

’ 1
pur = [p(2)dz (173)
d _4/2
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p(z)=? , (174)

obs

where #; denotes the sum of thicknesses of all plies containing intralaminar
cracks, p — cracks density in a given ply, n — the number of cracks within the
observation section of length L, of a ply. Elementary calculation gives
P"wit = (PourtPinn)/2, Where po, and p;n, denote cracks density at failure in
outer plies (—0,) and inner plies (+6,), respectively.

Ultimate cracks density for set # 2 depends strongly on 90° ply thickness
— the bigger thickness the lower cracks density. It stabilizes when total
thickness of 90 deg layer increases.

However, the ultimate tensile load is nearly the same for all four
specimens. The reason is quite clear — load bearing capacity in this case is
determined by the longitudinal tensile strength of two outer 0° plies, which
is much bigger than transverse strength (X;/Y;=37). The inner transverse
layer (irrespective of its thickness) is of secondary importance from the
point of view of longitudinal strength analysis. Consequently, the
longitudinal strength should not be influenced by damage of inner 90° ply,
as strength is determined mainly by undamaged, outer 0° plies.

Confrontation of the ultimate load and ultimate cracks density which
represents damage state in 90° layer confirms the above observation.

Experimental data of longitudinal strength have also been compared with
standard evaluations based on the partial ply discount method and Azzi-Tsai-
Hill criterion [10] with regard to temperature effect caused by the difference
between lamination and testing temperatures (see e.g. [37]). The temperature
was taken into analysis as specimens were laminated at 120° C, while tested
at 20° C.

The ultimate strength is shown in Figure 2.7 along with the ultimate
crack density. The theoretical predictions match experimental data
irrespective of ultimate cracks density.

The ultimate stresses for all specimens of the set #1 are a little different,
which reflects the angle dependence of specimens’ strength, but differences
are almost negligible (less than 4.5 %). It is probably caused by the fact that
volume fraction of damaging plies with alternating angle is 0.4, while
volume fraction of undamaged plies of fixed angle (the same for all
specimens) is 0.6. There is also no clear relationship between the strength
and average ultimate crack density presented in Figure 2.8.
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Table 2.4. Ultimate tensile load F,;, stress o,; longitudinal strain g;,,
transverse strain €, and average crack density p',;

ULTIMATE LOAD, STRESS,
SPECIMEN STRAINS AND AVERAGE CRACK
DENSITY
4 N Cod Fu Ouir ELulr ETulr [
ame ode [KN] [MPa] [%] [%] [l/mm]
A [-20/20/90,/-20/20/90,/-20/20]¢ | 35.0 5827 0.82 0.148 1310

B [-20/20/-80,/-20/20/80,/-20/20] | 33.9 580.0 0.85 0.166  0.960
C  [-20/20/~75y/-20/20/75,/-20/20]s | 35.1 579.0 0.83 0219 0812
1 D [-20/20/~705-20/20/70,/-20/20] | 34.6 573.6 086 0271 0573
E  [-20/20/-60,/-20/20/60,/-20/20] | 36.5 599.5 0.93 0495  0.440
G [-20/20/-50,/-20/20/50,/-20/20s | 343 5922 099 0816 0333
H  [-20/20/-40,/-20/20/40,/-20/20]s | 34.5 598.1 1.00 1.298  0.125
1 [0/90] 109 9143 1.12 0.045 2.020
2 2 [0/90,]5 103 557.1 1.0 0.016 1.083
3 [0/905] 102 4167 1.07 0.011  0.860
4 [0/904] 102 3350 1.07 0.004 0.710

It seems that for the angle-ply specimens analysed here the strength is not
influenced by damage of 0, plies. It should be noticed that they are
strongly constrained (especially inner +6, plies) by the intact plies. Together
with the volume fraction aspect mentioned earlier, it may be an explanation
of this supposition. On the other hand, there is no way to determine
experimentally how damage of some plies influences the strength of
specimen, as in order to do it we should know, from test, the strength of
entirely intact specimen and then compare it with the strength of the
damaged specimen. It is obviously impossible, as due to the applied load the
specimen is always more or less damaged. Thus, the only possibility is to
compare the experimental values with the theoretical ones (e.g. based on
CLT and any strength theory), as was previously done for specimens set #2.

In Figs 2.9 and 2.10, the ratio of First Crack Appearance (FCA) stress to
the ultimate tensile strength, as a function of number of transverse plies (for
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set #2) and angle of damaging plies (for set #1), respectively, are presented.
For specimens set #1 the graphs are shown for both outer and inner plies 6.

In order to get the best fits to the experimental data the linear regression
lines have been drawn. The approximation by linear regression method has
been chosen for two reasons. Firstly, there is no visible tendency in data
distribution, therefore it is no clear indication, regarding more adequate
approximation method. Secondly, the linear regression lines are the
simplest, for both data interpretation and possible practical application.

For all the tested cross-ply specimens of set #2 the above ratio is within
the range approximately 0.5 + 0.4. It is visible that the thicker specimen the
less ratio of FCA to the stress at fracture, therefore laminates with thicker
90° ply are more susceptible to cracking [96]. Another observation is that
together with the growth of thickness of 90° ply the ratio stabilizes — it is
almost constant and equals approximately 0.4.

1620 - |ongitudinal tensile strength 2,25
1531 14— ° of unidirectional ply
1400 1,95

X experiment
1180 + Azzi-Tsai-Hil - 1,65

O cracks density

ultimate tensile strength
[MPa]
ultimate cracks density
[1/mm]

960 % 1,35
740 + o 1,05
o
520 X 5 0,75
X
300 : : : X 0,45
0 2 4 6 8 10

number of 90 deg plies

Figure 2.7. Ultimate longitudinal tensile strength and crack density versus
number of transverse plies in [0/90,]; specimens



100 Intralaminar Damage in Fiber-Reinforced Polymeric Matrix Laminates

1531
760 \ longitudinal tensile strength 14
of unidirectional ply )
730 /' 1.2
700 4+—| —X—ult. strength 1
— i
670 J ult. cracks density / 08

640 /./ / 0,6
610 04
%—x

P
550 : | : : 0

40 50 60 70 80 90
ply angle [deg]

ultimate tensile strength
[MPa]

ultimate cracks density
[1/mm]

Figure 2.8. Ultimate longitudinal tensile strength and crack density
versus damaging ply angle (specimens set #1)

0,6
)
]
g
»
o 0,5 X linear regression li
=
= X
<
s 0,4
= X X
<
(6]
i

0,3 } f f f

0 2 4 6 8 10
# of 90 deg plies

Figure 2.9. Ratio of FCA stress to fracture stress versus number of
transverse plies in [0/90,], specimens



PART II: Experimental Analysis and Model Verification 101

0,9 $4outer ply
" X Xinner ply
o 08
o \
2 0,7 X X linear regession (inner pIy) —
g 06 _J linear regession outer ply (7 pts.)
»
] \ “\)
% 05
< linear regession outer ply 6 pts.) D '
S o4 | | 54 K]

0,3 f f f f f

30 40 50 60 70 80 90

ply angle [deg]
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For the angle-ply specimens of set #1 (completely different with regard
to thickness and orientation in comparison with set #2), the ratio is within
range 0.6 + 0.45 for outer cracking plies and 0.8 + 0.5 for inner cracking
plies. Smaller values relate to bigger angles. It should be noted that the first
cracks in angle-ply specimens always occurred in outer plies, as they are
less constrained by neighbouring intact plies £20°, therefore outer plies are
relevant for analysis of the cracking process initiation. Excluding specimen
H (6=+40°), for which, in fact, we observed only several cracks, we find the
ratio of FCA stress to tensile strength in outer plies somewhat below 0.5. It
is very close to the ratio obtained for the cross-ply specimens.

Therefore, the value 0.4 can be regarded as a conservative estimation of
this ratio. It should not be seen as a general rule, since it is based on a very
limited number of test data only, and further investigations are needed to
confirm (or not) the above estimation, which probably is more credible for
[0/90, ] orientation.

In order to use in practice the FCA stress to tensile strength ratio and
thereby to predict the early stage of matrix cracking we need to know
longitudinal strength of a laminate. It can be obtained directly from the test,
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but it is obviously time and cost consuming procedure. Instead, the
theoretical prediction of strength based on known strength theories, e.g.
maximum stress, maximum strain, Tsai-Hill or Tsai-Wu approaches (an
interesting extension of classical Tsai-Wu criterion for progressive failure is
presented in [139]) and one of the methods of strength determination (e.g.
First Ply Failure (FPF), Last Ply Failure (LPF), total ply discount, partial
ply discount) can be employed. The disadvantage of this last procedure is
that it can be relatively easily performed only for simple laminate
orientations, e.g. cross-ply, while for most orientation a computer code is
necessary.

2.5.3. Ultimate longitudinal and transverse strain

In Figs 2.11a and 2.11b the ultimate longitudinal and transverse strains
are shown, respectively, together with the ultimate crack density for cross-
ply specimens.

Longitudinal fracture strains €;,,, are large, slightly less for specimens with
thicker 90° ply (approx. 4.5%), but they are nearly independent of the inner ply
thickness and cracks density within this ply. Therefore, only outer 0° plies
decide about ¢;,,. Ultimate transverse strain €z, changes significantly with
inner ply thickness — the thicker ply the smaller &, However, their values
(0.045%+0.004%) are drastically smaller when compared with the
longitudinal strains. It is a direct result of big stiffness of 90° ply (increasing
with the growth of its thickness) in transverse direction to the direction of
applied load, which does not allow transverse deformations. They cannot be
influenced by 90° ply matrix cracking, as the basic role is played by the intact
fibers, not a damaged matrix.
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Figure 2.11. Ultimate longitudinal strain (a.), transverse strain (b.) and crack
density versus number of transverse plies in [0/90,]; specimens

In Figure 2.12 the ultimate longitudinal and transverse strains are shown
together with the ultimate cracks density for the angle-ply specimens. The
smaller angle 6 of damaging ply, the bigger ultimate longitudinal strain (for
ply 40° &;,,=1%, and for 90° ply &;,;=0.82%), which can be explained by
the natural tendency of the inclined fibers to reducing angle of inclination
under the tensile axial load. It is confirmed by the values of transverse
fracture strains. Their angle relation is similar to that for longitudinal strains,
but sensitivity of €7, to angle decrease is significantly stronger in
comparison with g;,;, (for ply 40° — &7,,=1.3%, whereas for 90° ply

€70 =0.15%).
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Figure 2.12. Ultimate longitudinal strain, transverse strain and cracks
density versus damaging ply angle (specimens set # 1)

Another observation is that transverse fracture strains for small angles
can be greater than longitudinal strains (for ply 40° it is about 30%). It is a
completely different result from that in the case of cross-ply specimens.

From the comparison of Figs 2.11 and 2.12 one more interesting
conclusion can be drawn. It is visible that in the case of specimens set #2 the
reduction of both longitudinal and transverse fracture strains is accompanied
by decreasing of the crack density, while in the case of set # 1 the behaviour
is opposite. It can be seen as an indirect confirmation of the independence of
fracture strains of damage within some layers.

2.5.4. Longitudinal Young’s Modulus and Poisson’s Ratio
— cross-ply orientation

In Figs 2.13, 2.15, 2.17 and 2.19 dimensionless (ratio of the actual value
to the initial one) values of longitudinal Young’s modulus (YM) and
Poisson’s ratio (PR) along with the cracks density within transverse plies are
plotted as functions of applied stress. The above figures relate to cross-ply
specimens [0/90];, [0/90,];, [0/905]s and [0/904]s, respectively.
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In Figs 2.14, 2.16, 2.18 and 2.20, the graphs of longitudinal and
transverse strains versus applied stress are shown for the same specimens
set.

The first group of figures exhibits several common features. One of them
is that cracks density depends strongly on 90° ply thickness — the bigger
thickness the smaller crack density. Comparing the crack density at failure
in the thinner and thicker specimen, one can see that it is three times less for
thicker specimen. It is visible that crack density stabilizes for high load
level, especially for thicker specimens. One can also notice that the onset
stress (threshold stress) for matrix cracking initiation is bigger for the
thinner specimens. It means that threshold stress is inversely related to the
thickness of cracking 90° ply. The theoretical and experimental analysis
presented in paper [96] by Nairn confirms this conclusion.

The most important observations are related to the changes of
engineering constants. It is well known from a number of papers (e.g. [45],
[110]) that, in fact, they should not be called “constants”, as they are
changing under applied load. This effect is much stronger in the case of
Poisson’s ratio. Irrespective of the specimen thickness, the actual values of
PR significantly decrease with load increase. The reduction in PR is up to
50% for [0/90], specimen (it is similar to the results reported in e.g. [121]
and reaches 90% for [0/904];. For the two other specimens of set #2 PR is
within the range specified by the above limits. The basic and direct factor
causing such substantial reduction of Poisson’s ratio is the nonlinearity of
the relation between transverse strain and stress, which is shown in
Figs 2.14-2.20. Direct dependence of a degree of PR reduction with
nonlinearity of transverse strains is easily visible if relevant pairs of figures
are compared (e.g. Figure 2.13 and Figure 2.14 for specimen [0/90]; etc.).

An open question is the reason of progressive nonlinearity (the thicker
specimen the stronger nonlinearity) of transverse strains. It is probably due
to stacking sequence and on-axis properties of a CFRE ply, but there is no
doubt that transverse cracks also influence this phenomenon. Initiation and
evolution of the process of 90° ply cracking make the nonlinearity stronger.
The above effect is reflected by the degradation of Poisson’s ratio. It takes
place from the very beginning of the loading process, but the detailed
analysis of the experimental data presented in Figs 2.13—2.20 shows that
the reduction of PR is stronger when the growth of load is accompanied by
growth of crack density.
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The analysis of the graphs of longitudinal Young’s modulus shows that it
is much less sensitive to the stress level and cracks density than Poisson’s
ratio, nevertheless the dependence of the YM reduction on cracks density in
the cases of specimens #2, #3 and #4 is evident. The biggest reduction of
YM was 13% for the thickest [0/90,] specimen. For the specimens #2 and
#3 the reduction was nearly the same and equal to approx. 7%. Allen et al.
[6] reported very similar values for graphite/epoxy AS4/3502.

The only exception from the above tendency was the thinnest specimen
[0/90];. Instead of the reduction, we observe a very small increase of
Young’s modulus, which was the biggest at the final stage of loading
(approx. 2.5%). We have a very similar result for the second specimen
[0/90];. Both specimens were cut from the same laminate sheet, which also
means that both specimens were laminated in the same conditions. The
strain gauges used in these specimens were the same as well as the other test
instrumentation. Therefore, a random error can not be considered as the
reason of this unexpected result and can be rejected. The possible
explanation can be as follows. During careful observation of the specimen
edge surface and transverse cracks developing in 90° ply we noticed that
very short interlaminar cracks at cracks tips, at the boundary of 0° and 90°
plies were created. The direct result of this effect was partial delamination at
the free edges of the specimen. Taking into account the multitude of cracks
in [0/90], specimen and their growth with load increase, the delamination
effect intensified too. It is known from the laminates theory that longitudinal
YM for specimen with the given volume fraction of 0° plies decreases if the
volume fraction of 90° plies increases. If we recall that strain gauges are
placed on the outer surface, i.e. surface of 0° ply and we confront it with the
partial delamination, we can conclude that the influence of “weak” 90° ply
on global Young’s modulus decreases with the load increase. The possible
result of this mechanism may be a slight increase of measured longitudinal
Young’s modulus. It is in accordance with the graphs shown in Figure 2.13.
One can notice that Young’s modulus growth is correlated with crack
density growth.

Let us recall once more Figs 2.13, 2.15, 2.17 and 2.19. It is worth
noticing, irrespective of the previous analysis, that the reduction of the
actual values of engineering characteristics is the biggest for the specimen
with the thickest 90° ply, while the number of observed cracks in this
specimen is the smallest. Thus, in order to estimate the degradation of
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elastic characteristics of a cross-ply laminate, the number of intralaminar
cracks has to be taken into consideration along with the thickness of
cracking ply.

From the above analysis, together with earlier discussion regarding the
threshold stress, one can conclude that for the given load in the laminates’
operating range it seems reasonable to separate 90° plies of a cross-ply
laminate in groups of thin plies, instead of grouping them in one thick ply.
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2.5.5. Longitudinal Young’s Modulus and Poisson’s Ratio
— angle-ply orientation

The mechanical behaviour of the specimens specified as set #1, with
angle plies stacking sequence [-20/20/-0,/-20/20/+6,/-20/20]; is, in
general, quite different in comparison with the cross-ply specimens.
Experimental results related to engineering characteristics, represented by
dimensionless axial Young’s modulus and major Poisson’s ratio, cracks
density, longitudinal and transverse strains, are shown in the series of
Figs 2.21 + 2.34, successively from specimen A to H (0 changes from 90° to
40°).

First, let us notice some common features for all tested specimens. We
have never observed any intralaminar cracks, even at the load near to its
ultimate value, in plies with a fixed angle of fiber orientation + 20°. If we
confront this observation with very low cracks density within plies +40°
(specimen H, Figure 2.33), we can conclude that in the considered case the
damage mechanisms connected with the formation of intralaminar cracks
can not develop in plies inclined to the load direction with angles less than
approx. 40 degrees. The upper angle limit is undoubtedly dependent on
many factors (specimen thickness, volume fraction of damaging and intact
plies, on-axis strength characteristics of single composite ply), therefore the
above conclusion has only qualitative meaning, but one can expect the
existence of that threshold angle also for other laminate configurations. The
results given in papers [94] and [118] confirm this conclusion.

Another common observation for all specimens is that cracks in the outer
—0, plies nucleate always at the lower load than in inner +0, plies and their
density at any load is significantly higher (specimen H is the only exception
for reasons mentioned earlier). It is a result of the influence of the
constraining effect of intact plies on damage development in adjacent plies.
This effect can be characterised for outer plies by the sequence
[-20/20/-8,/-20/20], while for inner plies by [-20/20/+6,/-20/20/20/-20]
one. The bigger number of adjacent intact plies in the second case is
reflected by lower crack density within plies +0,.

The next similarity of the behaviour of specimens A + H is reflected by
the changes of Poisson’s ratio. In all cases the measured Poisson’s ratio
increases with the growth of applied load and the resulting cracks density
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increment. It is very different from cross-ply orientations analysed
previously. Instead of expected reduction of Poisson’s ratio accompanying
the damage growth we observed its progressive growth. This phenomenon is
confirmed by the results derived by Kashtalyan and Soutis [70] for
composite laminates of stacking sequence [®,/0;];

In order to find an explanation of this phenomenon, let us compare the
results for specimen A and H. In the first case, cracks density was the
biggest and maximum growth of Poisson’s ratio was approx. 3.5%, while in
the second specified specimen, in which we observed single cracks only, it
was as big as 18%. Taking into account the ply layout in both specimens,
one can say that growth of Poisson’s ratio is caused by specimen layout and
resulting deformations — both longitudinal and transverse strains for
specimen H are slightly nonlinear, as shown in Figure 2.34. It follows from
the above considerations that even if intralaminar cracks cause the reduction
of Poisson’s ratio (which in fact is only speculation based on experience
with cross-ply specimens), its growth arising from laminate nonlinear
deformations determines the overall macroscopic behaviour of considered
laminates.

Now let us make some remarks regarding the Young’s modulus. In the
case of specimens A the Young’s modulus was nearly constant and equal to
the initial value in spite of numerous cracks (see Figure 2.21) within the
entire range of applied load. The relation between longitudinal strain and
stress was linear (see Figure 2.22). Thus, actual values of the modulus were
not influenced by damage state. The graphs of Young’s modulus for
specimens B, C, D, E presented in Figs 2.23, 2.25, 2.27 and 2.29 show a
slight positive slope for almost the entire load range. However, the
maximum growth of Young’s modulus is less than 2.5 % (generally less
than 1%) and can reflect a scatter in experimental data, which is quite
common in testing of composite materials. Therefore, we assume that
Young’s modulus for these specimens is not influenced by the damage. For
specimens G and H (Figure 2.31 and Figure 2.33, respectively) we observed
a reduction of Young’s modulus equal to approx. 7% and 9%, respectively.
However, it cannot be explained, by evolution of cracks, as their density for
these two specific specimens was, in comparison with the remaining
specimens of set # 1, the smallest. It is also hard to explain the results
obtained for those specimens by measurements errors.

The above considerations resulting from experimental data allow us to
conclude that in the case of specimens set #1 the influence of developing
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intralaminar cracks on engineering characteristics is insignificant, if any. It
is in contrast to the results previously reported for cross-ply laminates. What
is more, the results obtained for two types of specimens, namely G and H,
are distinctly different from all others. Taking into account the foregoing
considerations it is reasonable to assume that for relatively thick laminates
of specific angle orientations changes in mechanical properties are probably
controlled strongly by different damage mechanisms from these considered
in the present work. It should be seen as a problem worth further research.

The qualitative observations are quite important since they show that in
the case of orthotropic laminates (or anisotropic materials, generally
speaking) the change of engineering moduli cannot be considered as the
“universal” feature and the appropriate, in each case, measure of the damage
state. It is an important issue, as it is a basically different picture from that
for isotropic materials. In case of isotropic materials, e.g. Young’s modulus
changes are very often considered as the damage measure and it is well
proven experimentally [79].
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Figure 2.21. Dimensionless YM, PR and cracks density in outer and inner 90
deg plies vs. stress for specimen [—-20/20/90,/—20/20/90,/—20/20],

1,2 i : A 1,2
I 1 1
c 08 —O0— logitudinal strain l ol 08
s , —e—transverse strainl / ;
® 06 0,6
g /
.-g 0,4 / 0‘4
g’ 0,2 / 0,2
-0 : : : : : 0

0 100 200 300 400 500 600
stress [MPa]

transverse strain [%]

Figure 2.22. Longitudinal and transverse strains vs. stress for specimen

[-20/20/90,/-20/20/90,/-20/20];
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Figure 2.23. Dimensionless YM, PR and cracks density in outer and inner 80
deg plies vs. stress for specimen [-20/20/—80,/—20/20/80,/-20/20]
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Figure 2.24. Longitudinal and transverse strains vs. stress for specimen
[-20/20/-80,/-20/20/80,/-20/20];
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Figure 2.25. Dimensionless YM, PR and cracks density in outer and inner 75
deg plies vs. stress for specimen [-20/20/—75,/-20/20/75,/-20/20];
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Figure 2.26. Longitudinal and transverse strains vs. stress for specimen

[-20/20/=75,/-20/20/75,/-20/20],



118 Intralaminar Damage in Fiber-Reinforced Polymeric Matrix Laminates

1,20 i specimen D 1.8
E 115 | +Y9ung MOdL.J|US - test 15 =
T —aA— Poisson Ratio - test S
‘EV 110 L —&— cracks density (outer ply) 1.2 g
> —O— cracks density (inner ply) >
& 105 09 ©
5 3
g 1,00 / = 0.6 %
o ©
E o095 0 103 &
T W

0,90 | | | | | 0,0

0 100 200 300 400 500 600
stress MPa

Figure 2.27. Dimensionless YM, PR and cracks density in outer and inner 70
deg plies vs. stress for specimen [-20/20/—70,/—20/20/70,/—20/20];
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Figure 2.28. Longitudinal and transverse strains vs. stress for specimen
[-20/20/=70,/-20/20/70,/-20/20]
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Figure 2.29. Dimensionless YM, PR and cracks density in outer and inner 60
deg plies vs. stress for specimen [-20/20/—60,/—20/20/60,/—20/20];
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Figure 2.30. Longitudinal and transverse strains vs. stress for specimen
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Figure 2.31. Dimensionless YM, PR and cracks density in outer and inner 50
deg plies vs. stress for specimen [-20/20/—50,/-20/20/50,/—20/20];
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Figure 2.32. Longitudinal and transverse strains vs. stress for specimen
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Figure 2.33. Dimensionless YM, PR and cracks density in outer and inner 40
deg plies vs. stress for specimen [-20/20/—40,/-20/20/40,/—20/20];
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Figure 2.34. Longitudinal and transverse strains versus stress for specimen
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3. THEORETICAL PREDICTIONS VERSUS
EXPERIMENTAL RESULTS

3.1. LAMINATE STIFFNESS CHANGES ESTIMATED
IN FRAME OF STANDARD STRENGTH ANALYSIS

The simplest way to estimate the changes of a laminate stiffness,
expressed in terms of engineering moduli, is to perform the standard
strength analysis of a laminate. Such an analysis is based on the assumption
that the elements of stiffness matrix of damaged ply are equal to zero
— this method is generally called Ply Discount Method (PDM). There are
two approaches within PDM: in the first one it is assumed that all elements
of stiffness matrix of damaged ply are equal to zero, while in the second one
it is assumed that only chosen elements of stiffness matrix are equal to zero,
namely those which are connected with damage mechanism responsible for
ply failure. The above two approaches are called: Total PDM (TPDM) and
Partial PDM (PPDM)), respectively. The PDM method must be coupled with
one of the number of strength criteria for a single ply (see e.g. [47], [59],
[98]). The reason is that laminate’s strength analysis is in fact done at
constituent plies level. The flow chart of appropriate procedure to perform
calculations is shown in Figure 3.1.

An example result of PPDM analysis by utilising the Azzi-Tsai-Hill
(ATH) criterion, taken from [37], [39], for specimen [0/90,]; made of
carbon/epoxy composite Torayca T300/Vicotex 174 is shown in Figure 3.2.
In this figure the changes of longitudinal Young’s modulus (YM) and
Poisson’s ratio (PR) are presented together with test data (see also Figure
2.15). The substantial differences, both quantitative and qualitative, are
easily visible. It is a general observation that PDM underestimates the
stiffness of a damaged laminate. The reason is that even cracked plies can
still carry some loading in spite of PDM assumption of zero stiffness of
those plies. This underestimation, in the example considered, reaches as
much as 15% in the case of Young’s modulus and 90% in the case of
Poisson’s ratio.
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Another observation is that PDM leads to somewhat unreasonable
prediction of a “’step” change of the engineering moduli instead of gradual
one, as it is observed in tests.

Thus, the predictions of strength analysis with regard to the engineering
moduli, thought relatively easy (but time consuming) to derive, do not give
reasonable estimation of engineering characteristics.

Now, let us compare the tests data presented in a series of figures with
successive odd numbers, namely from Figs 2.13—-2.33, with the predictions
of a theoretical model considered in Part I.

The values of dimensionless longitudinal Young’s modulus (the ratio of a
current value to the initial one) and Poisson’s ratio for the cross-ply
specimens (set #2) can be derived from eqs (139) and (141), directly.

For the angle-ply specimens (set #1) the calculations are a little more
complex, as engineering moduli of interest must be derived from the general
relations given by eq. (125), thus both stiffness matrices 4° and 4 have to
be determined following the procedure presented in Part 1. The only
parameter needed in these calculations which must be taken from tests is the
transverse crack density within all cracking plies. In order to construct the
diagrams showing the changes of engineering moduli predicted on the basis
of the proposed model we have used the values of material constants 4,, 4,
Ay given by eq. (150).

The results of calculations are presented in Figs 3.3—3.13, together with
experimental data.
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e Mechanical properties of the material
e Laminate’s plies stacking sequence
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Figure 3.1. Flow chart of strength analysis of a laminate
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Figure 3.2. Dimensionless YM and PR — theoretical predictions (PPDM and
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Figure 3.3. Dimensionless YM and PR — model predictions and test data for
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Figure 3.5. Dimensionless YM and PR — model predictions and test data for
the cross-ply laminate [0/905]
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Figure 3.6. Dimensionless YM and PR — model predictions and test data for
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Figure 3.7. Dimensionless YM and PR — model predictions and test data for

the angle-ply laminate [-20/20/90,/-20/20/90,/—20/20];
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Figure 3.8. Dimensionless YM and PR — model predictions and test data for
the angle-ply laminate [—20/20/-80,/—-20/20/80,/—20/20]
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Figure 3.9. Dimensionless YM and PR — model predictions and test data for
the angle-ply laminate [—20/20/-75,/-20/20/75,/-20/20]s
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Figure 3.10. Dimensionless YM and PR — model predictions and test data
for the angle-ply laminate [-20/20/—70,/—20/20/70,/—20/20];
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Figure 3.11. Dimensionless YM and PR — model predictions and test data
for the angle-ply laminate [-20/20/—60,/—20/20/60,/—20/20];
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Figure 3.12. Dimensionless YM and PR — model predictions and test data
for the angle-ply laminate [-20/20/-50,/—20/20/50,/—20/20];
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Figure 3.13. Dimensionless YM and PR — model predictions and test data for
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Young’s modulus predicted by the proposed theoretical model matches
the test data with very good accuracy for each cross-ply specimen and for
most of the angle-ply specimens. The difference between theoretical
predictions and test data does not exceed in these two cases 10%. The only
exceptions are specimens G and H — in that case the theoretical model is not
able to predict Young’s modulus decrease. Crack densities in both types of
specimens are very low, especially in case of specimen H, for which single
cracks have been observed only. Thus, the decrease of Young’s modulus,
observed experimentally, cannot be connected with the theoretically
analysed transverse matrix cracking.

The proposed model for a low crack density (or no crack at all) must
predict the same result as for a nearly virgin material (or entirely virgin)
and, in fact, it does. We can conclude therefore that the observed mismatch
does not mean that the model is unreasonable. However, in order to explain
the above exceptions it probably needs further refinement and improvement.

It is an open question what the reason of Young’s modulus decrease is if
not a damage state. Taking into account the fact that the only difference
between specimens G, H and the remaining specimens of set #1 is an angle
6 one can conclude that the explanation of this phenomenon must be purely
geometrical and not related to any damage mechanism.

The fitting of the calculated and measured Poisson’s ratio is in general
not as good as in the case of Young’s modulus, but it is significantly better
than that given by the partial ply discount method. It varies from specimen
to specimen — the maximum difference is approx. 30%, but in most cases
much less.

3.2. CONCLUSIONS

The influence of intralaminar cracks in the carbon/epoxy laminates of
two orientations on strength, ultimate strains and engineering characteristics
has been investigated.

Experimental data regarding engineering moduli have been compared
with the theoretical predictions derived on the basis of the transverse
cracking model discussed in Part I of the present publication. The analysis
presented in both parts of the paper allows drawing the following
conclusions:
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e longitudinal strength is not influenced significantly by damage of 90°
plies in cross-ply laminates and +6, plies in the other orientation
considered,

e ultimate longitudinal and transverse strains are nearly independent of
damage,

e the threshold stress for matrix cracking initiation is inversely related to
the thickness of cracking 90° ply. For cross-ply specimens the threshold
stress is approx. 0.4—0.5 of stress at failure. It means that for the load
below the threshold level the cross-ply laminate can be considered as
damage-free and, as a result, the stiffness derived from CLT calculations
is fully representative for laminate’s behaviour,

e the first cracks in angle-ply laminates always initiate in outer plies +0
and the threshold stress for matrix cracking initiation, based on the
behaviour of these plies, is somewhat below 0.5 of stress at failure. The
value 0.4 can be regarded as a conservative estimation of the ratio of
FCA to the ultimate tensile strength,

e the damage mechanisms connected with the formation of intralaminar
cracks have never developed in plies inclined to the direction of external
load at angle less than approx. 40°,

e for cross-ply orientation both YM and PR are reduced due to damage
evolution. YM is much less sensitive to crack density than PR,

e in order to avoid the significant stiffness reduction in the cross-ply
laminates under applied load in the laminates’ operating range it is
reasonable to separate 90° plies in groups of thin plies, instead of
grouping them in one thick ply,

¢ in the case of specimens set # 1 the influence of developing damage on
engineering characteristics is insignificant, if any. Despite the presence of
damage state the growth of PR is observed. Reduction of YM is noticed
for specific orientations only (defined by the angle 0 less than approx. 50
°) and is probably caused by the factors other than intralaminar cracks,

e a relatively simple theoretical model of transverse matrix cracking
provides quite reasonable estimation of the current values of Young’s
modulus and Poisson’s ratio,

e stiffness changes may not always be an appropriate measure of damage
state in composite laminates (it relates especially to angle-ply laminates,
but not to cross-ply laminates) contrary to isotropic materials for which it
is, generally, an accepted damage measure.
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A.1. FUNDAMENTALS OF THE CLASSICAL THEORY
OF LAMINATES

The elastic properties of a single ply are defined, in general, in its
principal material axis. In the case of a laminate as a collection of plies of
different orientation (the directions of material axis for different plies do not
coincide) it is crucial to determine these properties in one, arbitrarily chosen
reference coordinate system.

Another substantial issue is to take into account the fact that constituent
plies of a laminate do not form a set of separate layers, but form a “new”
material in which all plies are bonded together and each of them influences
the overall behaviour of the laminate.

The theory that deals with laminates and takes into consideration the
above issues is called the Classical Laminates Theory (CLT) (for details see
e.g. [37], [66] and [134]).

The basic tool employed in CLT is the Kirchhoff-Love’s hypothesis for
thin plates, described elsewhere (e.g. [130]). According to this hypothesis,
the strain tensor € with restriction to the in-plane case is given by the
relation:

e=¢" +zx°, (A.1)

where €” is the tensor of laminate mid-plane strains and x° is the tensor of
mid-plane curvatures, and z denotes the coordinate along axis perpendicular
to the laminate plane (through the thickness axis).

An explicit form of eq. (A.1) is as follows:

o [

€, €x Ky
o o

€, (=98, rtzyK, . (A.2)
o o

ny ’ny ny

The constitutive equation for laminate’s k-th ply can be written with the
use of (A.1) in the form:
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6,=C, " +zC,x’, (A.3)
where:
GX
Gk = Gy N
Toy ),
Eu 512 516
Ck = Cl2 sz C26 (A4)
Cy Cy Ces i

and C denotes the transformed reduced stiffness matrix.

In order to determine the laminate stiffness matrices the concept of
average laminate stresses is introduced. The average global stresses
(averaged through the laminate thickness) are defined in terms of
constituent plies stresses as follows:

/2
1
o= jckdz, (A.5)

~t/2

where & denotes the laminate average stress tensor, o, is the stress tensor

for k-th ply and ¢ is the laminate thickness.

It is common to use resultant forces N and moments M (with respect to
unit width) instead of average stresses. The following relations define these
two vectors:

t/2
N=ct= Ickdz, (A.6)
—t/2
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t/2
M= jok zdz . (A7)
—t/2

Taking into account the additivity property of integration, the resultant
forces and moments, with the use of notation shown in Figure A.1 can be
written in the form:

N=ZN: fckdz, (A.8)
k=1,
N %k

M=> jckzdz. (A.9)
k=12,

laminate mid-plane

N

Figure A.1. Laminate cross-section

Notation used in Figure A.1 means: z;, — the distance to the centroid of

the k-th ply, t; — the thickness of k-th ply, ¢ — the overall laminate thickness,
N — the number of constituent plies.

Equations (A.8) and (A.9) with the use of eq. (A.3) take the following
form:
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N=ZN: f6k80d2+i f(?kxozdz, (A.10)
(= k=1,
N %k N %k

M=y Jckaozdz+z jCkKozzdz. (A.11)
k=1, k=1,

Recalling that the transformed reduced stiffness matrix for any ply does
not change across the ply thickness, the strains and curvatures of a laminate
mid-plane are common for each ply and they are independent of the
coordinate z, we derive after some calculations the following relations:

N =Ag’° + Bk’ , (A.12)

M =B’ + Dk’ , (A.13)

which can be written in a short form as follows:

ME

The matrices 4, B and D are symmetrical 3x3 matrices with the
elements:

X X1y X1
X=X, Xy X ; X=AorBorD . (A.15)
X6 X6 Xes
Matrix A is an extensional stiffness matrix, B is the coupling stiffness

matrix and D is called bending stiffness matrix. They are, respectively,
given by the relations:
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N
A=Y City (A.16)

k=1

N
B=Y Cit,z , (A.17)

k=1
D—ﬁ:E . (A.18)

_k:1 k k “k 12 . .

Let us confine the further analysis to the in-plane behaviour of the
symmetrical laminates. The coupling stiffness matrix is now a zero matrix
(it follows directly from the form of eq. (A.17)), therefore the coupling between
bending and extension vanishes.

Besides, we assume that the only extensional loading N, is applied to the
laminate which it is a common case in experimental analysis of laminates,
based on unidirectional tensile tests, see Figure A.2.

1 X AX
y<
2|
w
——
I%_fl t2

Figure A.2. Laminate under unidirectional tension

Vector M is then, by definition, a zero vector and the curvatures x° must
be equal zero as well, and consequently eq. (A.12) is reduced to the relation:
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N=Ag. (A.19)

Thus, in the considered case the extensional stiffness matrix 4 contains
complete information on elastic stiffness of a laminate.

Let us notice that in the mechanics of composite laminates it is quite
usual to use, the so-called normalised extensional stiffness matrix defined as
follows:

A =
= D> Civi s (A.20)
k=1

where v, denotes the volume fraction of 4-th ply.
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SUMMARY

ITOBPEXJIEHUSA CBA3YIOLWEI'O BHYTPU CJIOEB
BOJIOKHUCTBIX KOMIIO3UTOB

Pe3rome

PaboTa kacaercsi MOBpEKACHUN CIIOMCTBIX BOJOKHUCTBIX KOMIIO3UTOB
BUJIA: CBSI3YIONINE ,,epOXYy’/BOJIOKHA ,,carbon’.

Llenbio paboThl sBISETCA MCCIENOBATh BO3JEHCTBUE MOBPEXICHUNM Ha
MEXaHUYECKUE CBOMCTBA CIOUCTHIX BOJOKHUCHUBIX IJIACTHUKOB.

HccnenoBanuio  MOJABEPralOTCs  MOBPEXKAEHUS  MPOSBISAIOLIMECS
Pa3pbIBOM CBSI3YIOIIETO BHYTPH CJIOEB, 3aK/IIOYAIOIINECS B BOSHUKHOBEHUH,
TaK Ha3bIBa€MbIX, [IEPBOHAYAIILHBIX TPEIMH B CBA3ytomeM. JledekTrl 3Toro
TUMa OBUIM OMHCAaHBl C WCHOJB30BAHUEM CHMMETPUYECKOTO TEH30pa
HNOBPEXXJEHUH BTOPOro paHra B BHJE HpeanaraeMoM BakyneHko u
KauanoBeiM. bnaromaps 3ToMy MOXKHO MpPUHATH TE€OMETPUUYECKOE
OpPUEHTUPOBaHHE JE(PEKTOB, TILATEIBHO CBA3AHBIX C OPHEHTUPOBAHHEM
CJIOEB COCTOBJISIIOLLIMX CJIOUCTBIA KOMIIO3UT. PacrositHue TpeumuH ObLIo
OLIEHEHO C MOMOIIBIO MEXaHUKHU pa3pyLIeHUN JIMHEHHO-yIPYToi Cpebl.

YroObl ommcaTh W3MEHEHHS] MEXaHWYECKHX CBOHCTB MaTepualia IOA
BIMSHUEM pa3BUBAIOLIMXCS IOBPEXKJIEHHUM, MCIOJIb30BaHO (U3NUECKUe
COOTHOILICHUS CBS3BIBAIONIME HANPSDKEHUS, Je(OpPMALUU U TIOBPEKICHHUS.
B or1o0if paboTe NpUMEHEHO NOJAXOJA ONUPAsACh Ha WHBapUAHTHBIX
NOJMHOMHATBHBIX (YHKIHMAX U HEPEIyIHPYEMBIX 0a3zaX MHTETPaIbHOCTH,
BBEJICHBIX AJIKUHCOM.

Pe3ynbrarsl BBIYMCIICHHN, BBITEKAIOUIUX W3 IPHUHATOM TEOPETHUYECKOU
MOJIEJIM, CPAaBHEHO C SKCIEPUMEHTAJIbHBIMU JAHHBIMH, KaCAIOLUIMMHUCS
npoaoasHoro Moayia FOura u koaddumuenra [lyaccona.

OHOBPEMEHHO BBIYHMCIEHHSI CPABHEHO C IUIOTHOCTBIO TPELIMH CIOMCTBIX
KOMIIO3UTOB C IPOJIOJIbHO-TIONEPEYHON apMHUPOBKOM U KOMIIO3UTOB C
apmupoBkoii Buma [-20,+20,-6,,—20,+20,+0,,—20,+20]s, oOpa3oBaHbIX U3
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JICHTHI ,,prepreg”’, THIIA OKCHPAH/yTICPOJTHOE BOJOKHO, ¢ KOMMEPUYECKUM
HasBanneM Vicotex NCHR 174B.

B pabGore mnoaBeprHyTOo aHaNM3y TaKXKE PE3YJbTAThl Kacarolluecs
BO3/ICHICTBUS  PA3BUBAIOIIMXCS TOBPEXKIECHUN BHYTPH KOMIIO3UTHOIO
Marepuaia Ha €ro MpOYHOCTbD.
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USZKODZENIA WEWNATRZWARSTWOWE LAMINATOW
POLIMEROWYCH ZBROJONYCH WLOKNAMI

Streszczenie

Praca dotyczy =zagadnienia pegkania wewnatrzwarstwowego w
kompozytach laminatowych o matrycy polimerowej, utworzonych z
dowolnie zorientowanych warstw, z ktoérych kazda jest jednokierunkowo
zbrojona witdknami ciagtymi. Celem pracy bylo zbadanie wplywu
powstajacych peknig¢ na charakterystyki ,,inzynierskie” kompozytu, a takze
W pewnym stopniu na jego wlasnosci wytrzymato§ciowe.

Praca podzielona jest na dwie czesci, z ktorych pierwsza dotyczy modelu
teoretycznego, za$ druga zawiera opis wykonanych badan do§wiadczalnych,
analize uzyskanych wynikéw 1 weryfikacje modelu teoretycznego.

W zalaczniku przedstawiono podstawy klasycznej teorii laminatow,
wykorzystanej w budowie modelu teoretycznego.

W  pierwsze] czgéci pracy przedstawiono model teoretyczny
wewnatrzwarstwowego pekania matrycy laminatow, sktadajacy sig z trzech
zasadniczych segmentow.

1. Opis pekni¢¢ matrycy dowolnej warstwy laminatu w uktadzie tzw. osi
materiatowych warstwy (konfiguracja on-axis) na gruncie mechaniki
uszkodzen kontynualnych.

Do opisu stanu uszkodzenia wykorzystano koncepcje tensora uszkodzen

Kaczanowa-Vakulenki (tensor uszkodzen II rzedu), wiazacego

uszkodzenia u$rednione po reprezentatywnej objgtosci materiatu z

wektorem nieciaglosci przemieszczen powierzchni peknigecia. W dalszej

analizie ograniczono si¢ do symetrycznej czgsci tensora, opisujacej
przemieszczenia normalne brzegu pegknigcia.

Przemieszczenia te wyznaczono dzigki zastosowaniu zaproponowanego

w pracy pomystu ,,pasma zastgpczego”. Umozliwia on w przyblizony

sposob uwzglednienie tzw. efektu wigzow. Wystgpuje on w wigkszosci

laminatéw, gdyz z reguly warstwy uszkadzajace si¢ wskutek m.in.
pekania matrycy sa rozdzielone warstwami o takim zorientowaniu
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wiokien, ktore ,,hamuje” powigkszanie si¢ pgknie¢ wychodzacych z
warstw sasiednich. Przy obliczaniu usrednionego przemieszczenia
normalnego brzegu peknigcia zastosowano rdéwniez rozwiazania,
wynikajace z liniowo-sprgzystej mechaniki pekania.

2. Budowa zwiazku konstytutywnego dla uszkodzonej pojedynczej warstwy
kompozytowej w uktadzie osi materialowych (konfiguracja on-axis).
W celu skonstruowania réwnania konstytutywnego dla indywidualnej,
uszkodzonej warstwy w jej osiach materialowych wykorzystano
formalne podejscie zaproponowane przez Adkinsa. Zgodnie z tym
podejsciem, wspotrzedne tensora naprg¢zenia powiazano z elementami
tzw. nieredukowalnej bazy niezmienniczej — wtasciwej dla materiatu o
symetrii ortotropowej i dwoch symetrycznych tensoréw II rzedu, a
mianowicie tensora odksztalcenia 1 tensora uszkodzenia — poprzez
odpowiednie funkcje wielomianowe.
W wyniku zastosowania tej metody otrzymano macierz sztywnosci dla
uszkodzonej warstwy kompozytowej, ktéora zdekomponowano na
macierz sztywnosci warstwy dziewiczej 1 macierz sztywnosci warstwy,
zwiazana wylacznie z uszkodzeniami matrycy. Wspolrzedne tej ostatniej
macierzy zawieraja nieznane stale materiatlowe, wynikajace z
zastosowane] funkcji wielomianowej, ktére nalezalo nastgpnie
wyznaczy¢ doswiadczalnie.
W pracy wykazano, ze zastosowane czysto matematyczne podejscie
oparte na rownaniu Adkinsa jest formalnie w pelni réwnowazne
podejSciu  energetycznemu, opartemu na tzw. termodynamice
Colemana-Gurtina z wewnetrznymi zmiennymi stanu, prowadzacemu do
macierzy sztywnos$ci poprzez zastosowanie wielomianowej postaci
energii swobodnej Helmholtza.

3. Wyznaczenie macierzy sztywnosci dla laminatu symetrycznego w stanie
tarczowym.
W celu wyznaczenia macierzy sztywnosci warstwy w dowolnym
uktadzie odniesienia — tzw. transformowanej macierzy sztywno$ci —
(konfiguracja off-axis) zastosowano klasyczna metod¢ T'saia-Pagano.
Globalng macierz sztywnosci tarczowej laminatu, w ktérym pewne
warstwy moga by¢ uszkodzone, a inne pozostawa¢ w stanie dziewiczym,
wyznaczono w ramach klasycznej teorii laminatow.
Dzigki takiemu podejsciu mozliwe jest uwzglednienie sekwencji utozenia
warstw, co rozni przyjety w niniejszej pracy model od innych —
stosujacych ,,homogenizacj¢” materialu kompozytowego.
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Korzystajac z otrzymanej macierzy, okreslono zalezno$ci opisujace stale

inzynierskie kompozytu laminatowego, zawierajace nieznane state

materialowe zwiazane z istniejacymi uszkodzeniami, ktore nalezato
wyznaczy¢ do§wiadczalnie.

Na podstawie uzyskanych rezultatow doswiadczalnych, dotyczacych

statych inzynierskich 1 ggstosci szczelin wewnatrzwarstwowych dla

jednej wybranej konfiguracji  krzyzowej (cross-ply) laminatu,

wyznaczono warto$ci liczbowe stalych materiatowych wystepujacych w

modelu teoretycznym.

W  drugiej czesci pracy przedstawiono procedury doswiadczalne
wykorzystane do wyznaczenia niezbednych w zaproponowanym modelu
teoretycznym statych materiatowych. W czgéci tej pokazano réwniez
uzyskane wyniki doswiadczalne dotyczace charakterystyk sztywnosciowych,
wytrzymato$ciowych i procesu pgkania matrycy.

Dokonano takze porownania wynikéw  eksperymentalnych z
obliczeniami wykonanymi w ramach przyj¢tego modelu teoretycznego.

Doswiadczalna czg$¢ pracy zawiera kilka zasadniczych elementow.

1. Szczegdtowy opis procedury ,fabrykacji” wielowarstwowych probek
kompozytowych, wykonanych z tasm ,,prepreg” carbon/epoxy o nazwie
handlowej Ciba-Geigy Vicotex NCHR 174B, o modyfikowanej matrycy
epoksydowej Vicotex 174, jednokierunkowo zbrojonej wtoknami
weglowymi Torayca T 300, na ktora sktadaja sig:

— sposob budowy probek o zadanej konfiguracji krzyzowej i katowej

warstw (cross-ply 1 angle-ply);

— technologia laminacji ,,stosu” warstw prowadzaca do uzyskania
materialu kompozytowego;

— metoda przygotowania bocznych krawedzi probek, poprzez
szlifowanie 1 polerowanie z wykorzystaniem wyspecjalizowanego
urzadzenia DP-U4/Pedemax 2 i specjalnych materiatow polerskich
(papiery szlifujace SiC, aerozole diamentowe DP, tkaniny polerujace
DP-Dur, tarcze diamentowe Petrodisc-M, ciecze smarujace DP-Blue
Lubricant) firmy STRUERS A/S Denmark. Zastosowana metoda
pozwolita uzyska¢ ,jasne”, lustrzane powierzchnie boczne probek,
umozliwiajace mikroskopowa obserwacj¢ procesu pekania wewnatrz
okreslonych warstw probki kompozytowe;;

— sposob umieszczania elektrooporowych czujnikéw tensometrycznych na
powierzchni probek kompozytowych.
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2. Szczegdtowy opis procedury prowadzenia badan doswiadczalnych na
wytworzonych probkach, obejmujace;:

— zestawienie stanowiska badawczego, sktadajacego si¢ z hydraulicznej
maszyny wytrzymatosciowej Instron sterowanej oprzyrzadowaniem i
oprogramowaniem firmy Hewlett-Packard, cyfrowych mostkéw
pomiarowych firmy Briiel & Kjaer, plotterow ,,x—y” firmy Roland —
rejestrujacych graficznie zalezno$¢ ,,sita versus przemieszczenie” oraz
przesuwnego mikroskopu optycznego sprz¢zonego z kamera firmy
Canon, umozliwiajacych rejestracje pola szczelin wewnatrzwarstwowych
na wybranym odcinku kontrolnym powierzchni bocznej probki,

— program obcigzenia — obcigzenie rozciagajace, monotonicznie
narastajace z szybkoscia na tyle mata, aby mozliwa byla
mikroskopowa obserwacja 1 zliczanie in situ powstajacych szczelin
wewnatrzwarstwowych.

3. Opracowanie uzyskanych w trakcie badan wynikow, a w szczegolnosci:

— przeprowadzenie analizy wytrzymatosci podluznej probek w
zaleznosci od konfiguracji katowej tworzacych je warstw 1 ich
grubosci, a takze porownanie wynikéw z przyktadowymi, klasycznymi
obliczeniami wytrzymato$ciowymi kompozytéw laminatowych,

— przeprowadzenie analizy zaleznos$ci podiuznego modutu Younga i
wspotczynnika Poissona od wielko$ci obciazenia,

— przeprowadzenie analizy wplywu biezacej (tzn. odpowiadajacej
aktualnej wielkoSci  obcigzenia) S$redniej ggstosci  szczelin
wewnatrzwarstwowych na uzyskane dos$wiadczalnie wartosci
wytrzymato$ci podluznej 1 wymienione wczesniej podstawowe
charakterystyki sprezyste.

4. Weryfikacja modelu teoretycznego poprzez poréwnanie wynikow
obliczen wg modelu z wynikami do$wiadczen.

Korzystajac z wyznaczonych na podstawie wynikéw doswiadczalnych, a

dotyczacych jednej wybranej konfiguracji probki, staltych materiatowych,

wprowadzonych w modelu teoretycznym — na podstawie zaleznoS$ci
otrzymanych z tego modelu, obliczono state inzynierskie dla innych
konfiguracji laminatéw (tak krzyzowych, jak i katowych).

Poréwnanie rezultatow teoretycznych z dos§wiadczalnymi wykazato ich

dobra zgodno$¢, szczegodlnie w przypadku laminatow krzyzowych

(w tym przypadku mozna méwi¢ o znakomitej zgodno$ci). Niezaleznie

od konfiguracji laminatu lepsza zgodno$¢ wynikow uzyskano w
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przypadku podtuznego modutu sprezystosci, w przypadku wspodtczynnika
Poissona byla ona nieco gorsza.

Dla dwu konfiguracji laminatéw katowych model teoretyczny nie byt w
stanie prawidtowo opisa¢ wynikow do$wiadczalnych, co nalezalo wiazac
z tym, ze zmiana charakterystyk sprezystych nie byla w tych
przypadkach stowarzyszona z niemal niewystgpujacym pegkaniem
matrycy.
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