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Abstract:

This thesis presents the results of three dimensional finite element analyses of cross-plied ([0/90/0])
and angle-plied ([0/+45]s) laminates with cracks in the off-axis plies. The materials are modelled with
homogenous orthotropic layers or regions. The effects of actual microstructures are considered in two
stages, first by including matrix interlayers between plies, and then by including discrete strands of
fibers within the layers. The discrete strands model the structure of the reinforcement in typical wind
turbine blades and other common composites. This work does not model interply delamination regions,
which will be introduced in subsequent studies.

The [0/90/0] laminates were analyzed for two different sets of material properties representing glass
fiber/epoxy and carbon fiber/epoxy composites. These two classes of laminates were analyzed for three
different models: a) no epoxy layer between plies, b) uncracked epoxy layer between plies, and c)
cracked epoxy layer between plies. Stress concentrations were lower in general in carbon/epoxy
laminates than in glass/epoxy laminates. The three-dimensional analysis appears necessary to predict
the effects of off-axis ply cracking on axial-ply failure for the glass/epoxy case. The presence of an
epoxy interlayer reduces the stress concentrations considerably. While most of the stress components
increase moderately if the interlayer is cracked (relative to an uncracked layer), some interlaminar
stresses were reduced by cracking the layer. The interlayer results are consistent with experimental
observations of OO0 ply failure resulting from off-axis ply cracking in fatigue if the layers were stitched
tightly together, preventing the formation of an interlayer.

The [0/90/0] laminate was also analyzed with a discrete band of high fiber material surrounded by pure
matrix in the OO0 ply, instead of homogenous ply properties. The crack then penetrated through the 90°
ply, the epoxy interlayer, and the epoxy region in the OO0 ply. This geometry corresponds to many
composites composed of strands which are woven or stitched together. The shape of the strand
cross-section was also found to be important. In general, the axial stresses in the high fiber region were
increased relative to homogenous layers, but the other stress components were not strongly affected.

Similar results were obtained for a [0/+45]s laminate with both homogenous plies and a OO0 ply with a
strand structure. The laminates contained crossing matrix cracks in the (+) and (-) 45° plies. Stress
concentrations at the intersection were higher than for the [0/90/0] case due to the off-axis ply
orientation and the greater proportion of off-axis plies. Stress concentrations appear high enough to
cause OO0 ply failure when the +45 plies crack, even at low applied stresses. The interlaminar stresses
are also very high, and should lead to interply delamination. Both of these findings are consistent with
experimental observations.
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ABSTRACT

This thesis presents the results of three dimensional finite element analyses
of cross-plied ([0/90/0]) and angle-plied ([0/+45],) laminates with cracks in the
off-axis plies. The materials are modelled with homogenous orthotropic layers or
regions. The effects of actual microstructures are considered in two stages, first
by including matrix interlayers between plies, and then by including discrete
strands of fibers within the layers. The discrete strands model the structure of the
reinforcement in typical wind turbine blades and other common composites. This
work does not model interply delamination regions, which will be introduced in
subsequent studies.

The [0/90/0] laminates were analyzed for two different sets of material
properties representing glass fiber/epoxy and carbon fiber/epoxy composites.
These two classes of laminates were analyzed for three different models: a) no
epoxy layer between plies, b) uncracked epoxy layer between plies, and c)
cracked epoxy layer between plies. Stress concentrations were lower in general
in carbon/epoxy laminates than in glass/epoxy laminates. The three-dimensional
analysis appears necessary to predict the effects of off-axis ply cracking on axial-
ply failure for the glass/epoxy case. The presence of an epoxy interlayer reduces
the stress concentrations considerably. While most of the stress components
increase moderately if the interlayer is cracked (relative to an uncracked layer),
some interlaminar stresses were reduced by cracking the layer. The interlayer
results are consistent with experimental observations of 0° ply failure resulting from
off-axis ply cracking in fatigue if the layers were stitched tightly together, preventing
the formation of an interlayer.

The [0/90/0] laminate was also analyzed with a discrete band of high fiber
material surrounded by pure matrix in the 0° ply, instead of homogenous ply
properties. The crack then penetrated through the 90° ply, the epoxy interlayer,
and the epoxy region in the 0° ply. This geometry corresponds to many
composites composed of strands which are woven or stitched together. The shape
of the strand cross-section was also found to be important. In general, the axial
stresses in the high fiber region were increased relative to homogenous layers, but
the other stress componenis were not strongly affected. .

Similar results were obtained for a [0/ + 45] laminate with both homogenous
plies and a 0° ply with a strand structure. The laminates contained crossing matrix
cracks in the (+) and (-) 45° plies. Stress concentrations at the intersection were
higher than for the [0/90/0] case due to the off-axis ply orientation and the greater
proportion of off-axis plies. Stress concentrations appear high enough to cause o°
ply failure when the +45 plies crack, even at low applied stresses. The interlaminar
stresses are also very high, and should lead to interply delamination. Both of these
findings are consistent with experimental observations.
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CHAPTER 1

INTRODUCTION

Damage

One of the first mechanisms of failure to occur in many composite laminates
ﬁnder static or fatigue loading is the development of cracks in the cross plies and
angle plies [1]. These cracks are often the cause of the development of other
types of damage like delamination which finally lead to catastrophic failure of the
whole laminate. The word "damage" is often used loosely to describe some
undesirable change which is thought to have occurred to a materiél or structure
[2]. The dan‘iage and its effect on the structure are sepafate entities. A parﬁcu‘l‘ar
way to define damage is to identify it with the changes in the constitution
(microstructure or macrostructure, depending on the scale ) of the material. The
changes in the material (or structural) response (i.e. properties) can then be
related to the appropriate measures of the underlying changes of the material

constitution. Thus, damage and its consequences are separate entities.

Damage in Cross-ply Laminates

Cross-ply laminates are composed of unidirectional layers (with parallel
aligned fibers). The direction of the layers (plies) alternate in mutually perpendicular
directions, such as 0/90/0/90..., where the angle given is relative to the load

direction. This class of laminates has been studied extensively and the data
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concerning damage and its effect have been richly documented. In thé following,
a brief description of damage in cross-ply laminates of carbon/epoxy is given.
Further details are described in Jamison et al. [3].

When a cross-ply laminate of carbon/epoxy is loaded in tension along the
longitudinal direction, a number of cracks appear in the transverse plies at a
certain value of the applied stress. The cracks span the thickness of the transverse
plies and almost immediately grow in the transverse direction (Stage [). As the
stress is increased, more cracks appear in the transverse direction between
previously formed cracks. The planes of the cracks are roughly normal to the
direction of stress and the spacing is fairly uniform. Under fatigue loading, the
crack spacing is found to decrease further and a minimum spacing may eventually
result irrespective of the loading path. Beyond this saturation spacing, further
loading appears to chénge the natufe of the cracking process. Figure 1, taken
from [3] shows the crack pattern in Stage Il. The horizontal lines are 90° ply cracks
( cracks parallel to the fibers of the 90° plies) and the vertical lines are axial cracks
parallel to the fibers in the 0° plies, which are symmetrically placed on both sides
of the transverse plies. The dark zones in the radiograph seen at intersections of
transverse and longitudinal lines were shown by Jamison et al. [3] to be
delaminations ( cracks in the plane of the sheet between the 06 and 90° plies). The
final stage, Stage lll of the damage development in cross-ply laminates was shown
by Jamison et al. [3] to consist of coalescence of delaminations in regions

between two longitudinal cracks, and fiber failures in the axial (0°) plies.
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The high mechanical performance of fiber reinforced plastics is generally
governed by the fiber properties. However, the matrix properties can be important
under certain loading conditions and fiber configurations [4]. Matrix micro-damage
occurs in cross-ply fiber reinforced plastics even when the matrix has a higher
failure strain than the fibers [5-12]. Generally, the onset of matrix micro-failure in
glass-reinforced polyester specimens occurs between 0.2 and 0.5% strain and ié
associated with the characteristic "knee" found in the stress-strain curves of cross-

ply laminates [4].

Fatigue of Wind Turbine Blade Materials

The high cycle fatigue resistance ( lifetime in the 10° to 10° cycle range ) of
composite materials used in wind turbine rotor blades has been recognized as a
major uncertainty in predicting the reliability of wind turbines over their design
lifetime [13,14]. These blades typically experience 10° to 10° significant fatigue
cycles over their lifetime of 20 to 30 years. This4is well beyond the cycle range of
most aerospace structures.

As with -other laminates, the fatigue behavior of these materials is
distinguished by several important general features [14-17] :

1. Failure is usually progressive, resulting from the gradual accumulation

and interaction of dispersed damage, rather than by the nucleation and

growth of a dominant crack.
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As damage accumulates, the constitutive relations of the material may
change significantly.

A number of distinct damage modes can be identified, including fiber
dominated tension and compression, matrix dominated cracking parallel
to fibers and interlaminar cracking between plies. While some of these
may cause failures directly, certain modes iike matrix cracking may have
an indirect effect on failure by causing load transfer to fibers.

Under tensile loading, the strains to produce matrix cracking are
generally well below those to produce fib_er failure. As a consequence,
in multidirectional composites, cracking tends to initiate first in dofnains
where fibers are ét the greatest orientation relative to maximum tensile
stress (like 90° plies). Cracking accumulates in these domains and then
in domains of lesser orientation (like the 45° plies). Delamination
between plies may occur at cut edges, ply terminations or at the
intersection of matrix cracks in adjoining plies. Finally, gross failure
occurs by fiber breakage in any domaiﬁs which have plies with the least
orientation to maximum stress (like the 0° plies).

Large-scale delamination between plies has been a significant failure
‘mode for composite structures, particularly with out-of-plane loads.
Theoretical models for damage progression and failure are under

development, but no general approach to lifetime prediction for

A4 L
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composites is widely accepted. Only delamination failures have a well
developed theoretical context in classical fracture mechanics.

Cracks in composite Iaminétes affect the stiffness and strength of the
laminate on the macro scale. The stress distributions around the cracks can be
quite comple* even under relatively simple static loading. Analytical approaches are
often not adequate for completely describing the stress distributions around
cracks. A numerical approach is much more feasible under these circumstances.
The cracks are sites of high stress gradients and the problem is completely three

dimensional. The nature of the problem is amenable to finite element analysis.

Thesis Objective and Approach

Point 3 cited above is the particular focus of this thesis. The stress
redistribution due to matrix cracking is especially important as it may lead to
laminate failure. The thesis explores the load transfer to the plies which have fibers
oriented parallel to maximum applied stress. This knowledge is important as it
addresses stress distribution on a micro scale and the possible course of future
delamination as well as fiber failures.

The nature of the stress gradients near the crack are examined using three
dimensional finite element analysis. Particular attention is paid to interlaminar shear
stresses as these stresses are responsible for delamination at a later stage.The
type of laminates that have been studied are the [0/90/0] and [0/ +45],; in each

case, crack symmetries representative of experimental observation are considered.
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Three levels of representation of the material structure are included : uniform
orthotropic plies, uniform orthotropic plies with a pure matrix layer between each
ply and plies with discrete strands of high fiber content. The latter is the closest

representation of the actual materials used in wind turbine blades.

Thesis Organization

Chapter 2 gives the resulfcs of a test case for comparison' with literature
results. This establishes the validity of the finite element model and mesh
refinement chosen':for the actual case. Chapter 3 presents the results and
discussion of the effects of 90° ply matrix cracking on the stress field, including the
effects of ply elastic constants and a matrix interlayer between plies (both craéked
and uncracked layers). Chaptér 4 extends these results to discrete fiber strands
rather than uniform plies. Chapter 5 analyzesvth’e [0/ £45], laminates, considering
similar structural parameters. Chapter 6 explores the stress distributions in a
[0/ +45], laminate with a discrete fiber strand in the 0° ply. Chapter 7 discusses

conclusions and recommendations.
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CHAPTER 2

A TEST PROBLEM - INTERLAMINAR STRESSES IN COMPOSITE LAMINATES
introduction

The response of a finite-width composite laminate under uniform axial
extension is analyzed using finite element techniques. These techniques are
employed to obtain solutions for stresses throughout the region of interest with
special emphasis on the laminate free édges. Results for material propérties typical
of a high modulus graphite epoxy system are presented and are compared with
several literature solutions to the same problem. The purpose of this exercise.is to
establish the accuracy of the method empldyed in this study and to establish the
finite element mesh refinement needed to obtain accurate results for stress

gradients of this general type.

Problem Formulation

Symmetric laminates are laminates in which plies are stacked symmetrically
about the mid-thickness, such as [+45,-45,-45, + 45]. The analytical technique for
determining the in-plane, elastic response of a laminated composite called the
lamination theory (see Ref.[18] for a detailed discussion of this theory ), is based
upon the assumption that a state of plane stress exists for s;llmmetric laminates
under in plane tractions. When the laminate is éofnposed of layers of different

orientations, lamination theory implies certain impossible boundary tractions on a
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free edge [19-21,28]. This problem is modelled without such assumptions using
finite element techniques and the results are compared with published results.

Consider a laminate loaded by tractions applied only on its ends x=constant
(Figure 2), such that the stress components are independent of x. Now, assuming
Saint Venant’s principle holds for a laminate, this stress distribution will exist in
regions sufficiently removed from areas of load introduction.

The strain-displacement relations are as follows

€,=U,, €y =V,y €,=W,,
Yyz=Wsy +V,, Yz =W + U, Yy = Vix + U,y

where a comma denotes partial differentiation. The u,v and w are displacements
along x, y and z directions respectively and € and y denote normal and shear
strains respectively. By Saint Venant’s principle, the equilibrium conditions take the
reduced form,

T XY,y + 7

yz.y zz

Since we are concerned only with symmetric angle-ply laminates under
extensional loading, we can enforce symmetric boundary conditions for the
displacements with respect to the x-y and x-z planes.

(1) x-y.plane

u(x,y,z) =u(x.y,-z) .

V(X,y,Z) =V(X,y,-Z)
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W(X,y,2) =-W(X,y,-z)
(2) x-z plane

V(xy,2) =-v(x,-y,z)

w(x,y,z)=w(x,-y,z)
These symmetry conditions are for the whole laminate. When half a quadrant of
the model is built to exploit these symmetry conditions, appropriate boundary
conditions (B.C.’s) are imposed as will be explained later.

The problem was solved using the finite element method. By this method,
the continuous material region was replaced by discrete elements. Discrete \(alues
of the dependent variables (like stresses) are determined at discrete points (nodes)
on the elements. A large number of elements are required at the material free
edges to capture the high stress gradients in these areas. So, in building the
model, a fine mesh is used near the free edges to capture the high stress
gradients in these regions. The finite element method software ANSYS 4.4a was
used and STIF64 anisotropic brick elements ( refer Appendix B for details on this
element type ) were used to build the F.E. model. This element is a complete 3-D
anisotropic element which‘is required by the nature'of our problem. -

The boundary conditions imposed were

u(0,y,2)=0 v(x,0,z)=0 w(x,y,0)=0

and the extension condition

u(Xyy,2)=U

N J—_—




J<
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U is a displacement boundary condition value from which the uniform axial
strain can be calculatéd as,

U/Xo= ¢,

The F.E. mesh fs graded so that smaller elements are used near the
laminate free edges. The smallest element size used near the free edge was h/25.
Different element sizes were used near the laminate free edge and the results
compared. For an element size less than h/25, stress values near the free edge
were not significantly different from the values for h/25. Since lowering the element
size increases the number of degrees of freedom, the smallest element size was
kept at h/25 (0.04 h). The problem was modelled and solved on an IBM RS /6000

workstation.

Results and Discussion

The laminate under consideration is a +45° laminate under a uniform axial
strain, e,. Laminate theory predicts a uniform, planar state of stress in each layer
with the axial stress component o,, and a non-zero in-plane shear stress

component 7,,, which arises from the shear coupling term of the layer stiffness

xXy?
matrices. These results are accurate for laminates of theoretically infinite width.
However, they are inaccurate for a finite width laminate since the in-plane shear
stress is required to vanish along the free edge (see Figure 2).

A high modulus carbon/epoxy system was modelled with the geometric

relationship b==8h, and material properties,

Sk
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E,;=20.0x 10°psi; E,,=Ez=2.1x10°psi; G,,=G,3=G,;=0.85x 10° psi;

V15=V,3=V,3=0.21
where the subscript ’1’ refers to the fiber direction and ’2’ refers to the direction
perpendicular to the fiber direction in the plane of the laminate and '3’ refers to the
direction normal to the plane of the laminate. This geometry and properties were
chosen to follow the literature case for comparison in References [22] and [23] as
well as for comparison with a solution for [0,90], laminates by Wang and Dickson
[24].

Figure 3 shows the stress distribution at the interface of + 45° plies.
Actually, the results are plotted at z=.992 h instead of z=h to avoid stress
averaging that takes place at the interface which is a region of two dissimilar
layers. The interlaminar strésses decay rapidly away from the free edge.

The results are compared with the works of Pipes énd Pagano [22], Puppo
and Evensen [21], Wang and Crossman [23] and Wang and Dickson [24] . It is
seen quite clearly that the work of Puppo and Evensen, being an approximate
formulation, has failed to capture the high stress gradients near the free surfaces.
. In particular, the interlaminar shear stress r,, in the Puppo and Evensen work does
ﬁot appear singular, but rather takes on finite magnitude at the free edge.
Comparing the results with those of Pipes and Pagano, it is seen that the stresses
o,and 1,, peak.at a distance of .05 b away from the free edge, and the stress Tyz
rises rapidly near the free edge. The results of Pipes and Pagano show no such

sharp peak and there is only a very gradual and barely noticeable rise and dip in
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the o, and r,, stresses. Comparing the present results with the work of Wang ahd
Crossman who employed a finite element approach to the problem, it is seen that
the results compare very favorably with all the stress values, the only deviation is
that the o, and 7,, peak values differ by a small amount. Also, by looking at the
T, Stress, it is clearly apparent that the values obtained by Wang and Crossman
indicate a slightly more gradual rise than the present work.

The interlaminar stress o,, in the [0,90]s laminates is plotted in Figures 4
and 5. The result compares very favorably with that of Wang and Dickson [24].
Comparing it with the results of Wang and Crossman [23], it is seen that the
results compare approximately for values away from the free edge (Y/b < 0.9). For
values near the free edge, the results of Wahg and Crossman indicates a rather

gradual rise while the present results show a sharper rise (Figure 6).

Summary

A finite element approach was undertaken for the study of the stress
distributions in angle-ply and cross-ply laminates under uniaxial extension. The
results show that significant interlaminar shear stresses are required to allow shear
transfer between layers of laminates. This widely accepted observation will be
relevant in subsequent solutions of cracked cross-ply and angle-ply laminates. Also
these edge effects are restricted to regions approximately the extent of ply

thickness [22]. These local high stresses may cause delamination of the laminate.
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The work of Puppo and Evensen is approximate and is not capturing the
true nature of the high stress gradients near the free edge. The results obtained
by Pipes and Pagano [22] also do not reflect the true singular nature of the free
edge. A probable reason is that the early results used a coarse mesh (The
minimum element size they used was 0.29 h). The finite element approach used
by Wang and Dickson [24] and Wang and Crossman [23] has yielded much better
results. Their results show the peaking of stresses near the free edge which is
consistent with the singular nature of stresses near the region. Our results with a
fine mesh closely compare with those of Wang and Crossman [23] and Wang and
Dickson [24]. These results, which were tested to be mesh independent for the
smallest element dimension less than h/25, reflect the nature of stresses near the
free edge in a very reasonable manner. This general scale of mesh refinement has

been used in the solutions which follow.
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CHAPTER 3

ANALYSIS OF [0/90/0] COMPOSITE LAMINATES WITH A CRACKED 20° ply
Introduction

This chapter presents the results of [0/90/0] laminates with a cracked 90°
ply. The 0/90 laminates have been extensively studied. Much research has been
done in the area of matrix cracking in the 90° ply of these laminates. This chapter
explores the nature of stress fields around such matrix cracks. Three dimensional
finite element analysis is employed to determine the stress distribution around the
matrix crack in the 90° ply and to examine the stresses carried by the 0° ply as a
result of such a crack in the 90° ply. Particular attention is paid to the interlaminar
stresses in the laminate, especially near the crack, as these stresses are the key

contributors to delamination in the laminate.

Model Geometry

The actual model is a 48 h x 16 h [0/90/0] composite laminate with a ply
thickness of h (Figure 7). Taking advantage of the symmetry of the problem, only
one quadrént of the model is analyzed. Symmetry boundary conditions are
imposed on the XY, XZ and YZ planes. Only the 90° ply is cracked. The crack is
modelled as a gap 1/125 h deep measured perpendicular to the plane of the

crack.
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Models Analyzed

The first case analyzed is for uniform orthotropic plies which are assumed
to be bonded together. The effect of an epoxy layer (0.08 h thick) between plies
on the ‘stress distribution around the crack is then analyzed. Also, a comparison
is then made of the effect of such a layer being cracked on the plane of the 90°
ply crack. These three different cases,

1) no epoxy layer between plies,

2) epoxy layer between plies, not cracked, and

3) epoxy layer between plies, cracked,
are analyzed-for both the glass/epoxy laminates and carbon/epoxy laminates.
Thus, six different models in all were constructed and analyzed. The three hain
cases were run for the two different materials by changing just the material
properties. However, certain intere.sting differences were observed for different

material properties as will be discussed later.

Problem Formulation

A uniform extension is applied to the laminate so that the average stress on
the cross section is 50,000 psi (S,). All dimensions are normalized in terms of the
ply thickness h. Two cracks are present in the laminate 24 h apart. Of these two
cracks, only one appears in the finite element model due to symmetry. The _crack
extends 'éompletely across the 90° ply width, parallel to the fibers. The crack is

situated 12 h from the XZ plane as shown in Figure 7. The following symmetry
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boundary conditions are imposed on the model

U@,y,z) =0
V(x,0,z) =0
W(xy,0) = 0

In addition, a displacement boundary condition is imposed aty = 24'h, to
effect a uniaxial extension to the model. This displacement is calculated such that
the averaged stress (S,) on the cross section of the model is 50,000 ‘psi. The
results are normalized by S,.

The laminate is orthotropic with material property orientation depending on
the direction of the lamina. For this problem, the STIF 64 element in ANSYS was
chosen. This element is an anisotropic brick element with 8 nodes and three
translational degrees of freedom. Further details about this element are found in
Appendix B. Figures 7 and 8 depict a laminate without and with an epoxy interlayer
respectively.

Aiter the model was built, it was meshed. Figufe 10 depicts the finite
element mesh and Figure 11 shows a close up view of the mesh. Meshing was
accomplished so that smaller elements were used in the regions of high stress
gradients. Using the test problem as a guide, the smallest element dimension was
selected to be h/25. Elements are smoothly graded, with larger elements in
regions far removed from areas of high stress concentration. This is done to keep
the number of degrees of freedom and hence the wavefront (refer to Appendix C

for details on wavefront solver) to a minimum. At least two elements were used
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epoxy layer between the plies. The layer is cracked on the plane of the 90° ply

crack. Figures 37-41 refer to a carbon/epoxy model with a cracked epoxy layer
between the plies.

First we consider the case of models with no epoxy layer between the plies.
'fhe two models analyzed for this type were the glass fiber / epoxy matrix
(glass/epoxy) and carbon fiber / epoxy matrix (carbon/epoxy). As there is no
‘softening’ effect of an epoxy layer in these models, stresses at the ply interface
are expected to be high. The results show this to be the case. All the stress values
were normalized by the applied stress, S,. Future models analyzed in this thesis
also have the stresses normalized for comparison between solutions. The plbts of
stresses in the thickness direction ( z- direction ) near the crack show peaking of
certain stresses ne-ar the 0/90 interface. This is because, just above and below the
crack, the 90° ply is not carrying any S, at all. Load transfer to the 0° ply occurs
here. As can be seen from Figure 12, the stress Sy reaches a peak value near the
interface. The normalized stress values ( which are dimensionless ), show a rather
sharp rise near the interface. S, returns to the far-field value at points removed
from the interface. As can be seen, no load is carried by the 90° ply in this region.

Looking at the interlaminar stresses S, and S, in Figure 12, we see a
marked rise near the 0/90 interface. S, has a high negative value near the
interface, which changes to a small positive value some distance away from the
crack. S, is practically zero in both the 0 and 90 plies away from the interfacé.

Examining S,, it is seen that it rises quite sharply in the positive direction near the
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interface, indicating a significant tensile (péeling) stress in the z direction. S, also
flattens to zero away from the crack, though the 90° ply is under compressive
stress. in the z direction near the crack. This; may be due to the Poisson’s effect,
as Poisson’s ratioé differ strongly in the two plies. The expansibn and contraction
of material in the vicinity of the crack might be contributing to the compressive
stress on the 90° ply near the crack. The interlaminar stresses are of particular
importance because they may lead to catastrophic failure of the laminate by
delamination. These étresses ‘give an inéight into the nature of the stress
distribution around a crack and how it Ieéds to delamination. From these plots we '
can see clearly how significant these stresses are around the crack. The fact that
these stresses go to near zero values away from the crack shows the very
localized nature of the crack stress field near the ply interface.

Cdmparing the S, values near the crack and at the top (far-field), as shown
in Figure 13, we can see how the load from the 90° ply is shifted to the 0° ply. We
can examine the S, values along the length of the laminate (Y direction ) in the O
and 90 plies. Referring to Figures 14 and 16, we find that as the load drops in 90°
ply, it is carried by 0° ply. The load redistribution occurs within a distance of about
h from the crack. We will compare this later with the carbon/epoxy case.

Examining thé interlaminar shear S,, and normal S, stresses at the 0/90 -
interface along the length of the laminate in Figure 15, we find that the interlaminar

shear stress S, is negative and not as high.as the normal stress S,. The normal
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stress rises very sharply in a distance less than h/3 away from the crack. The
region of high stress gradient is very small.

Let us compare the results for the glass/epoxy laminate with those of
carbon/epoxy laminate, Figures 12 vs. 17. These models are identical but for the
difference in the material properties. Certain interesting differences emerge. First,
the far-field stress values, S,, for the carbon/epoxy are higher in the 0° ply as
expected from the greater modulus difference in the 0° and 90° plies for the
carbon/epoxy. The local stress S, in the 0° ply near the crack in the glass/epoxy
case reaches a far greater value than for the carbon/epoxy case and covers a
larger region. This is mainly due to the fact that the (uncracked) 90° ply in the
glass/epoxy laminate is carrying a load about four times higher than the load
carried by the 90° ply in the carbon/epoxy laminate. This is explained by the ratio
of the modulii E, to E, for the two laminates (Table 1). Load redistribution results
in higher load transferred to the 0° ply in the glass/epoxy laminate. Another fact
that is not so obvious is the difference in the S, gradient in the z-direction. In the
glass/epoxy laminate, the gradient is higher than in the carbon/epoxy laminate,
(Figure 12 vs. 17).

In these models there is no epoxy layer between plies. In an actual laminate,
there is usually a thin layer of epoxy (or some matrix material with low modulus)
present between plies, as well as discrete fibers and matrix within the plies. The
effect of such an interlayer is to soften (spread out) the region of high stress

gradient and to lower stress concentrations. We will examine the effect of such a
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layer betWeen plies in the following models. These models presént a more realistic
picture of what is happening near cracks and ply interfaces. The interlayer may
either crack along with the 90° ply, or else may remain uncracked.

The through-thickness stresses near the crack for a glass/epoxy laminate
with an epoxy interlayer that is not cracked are shown in Figure 22. The
borrespondiné stresses for a carbon/epoxy laminate is shown in Figure 27.
Looking at Sy stress values, some differences can be observed. First, in the
glass/epoxy case, due to the presence of a low modulus epoxy layer between the
plies, the stress takes a sharp downward spike and then rises again before going
down to zero in the 90° ply. It should be considered that stress averaging is done
for the nodes common to two different materials. However, the downward'spike
is inside the epoxy layer and there is no stress averaging at that node. The very
same model with different material properties, the carbon/epoxy laminate, does not
show this sharp downward spike of S, in the epoxy layer. Once again, in the
carbon/epoxy laminate, very little load is carried by the 90° ply (or the epoxy layer)
and hence less load is transferred onto to the 0° ply. This could explaiﬁ the
absence of such spikes in the soft epoxy layer. It is believed that the load transfer
is not sufficient to precipitate such a response in the epoxy layer.

One important observation is the éignificant lowering of the S, stress near
the 0/epoxy layer interface relative to the cases with no interlayer, Figures 23 vs.
12. This clearly shows the powerful effect that the thin layer of low modulus epoxy

has in lowering the stress concentration in. stress concentration regions. This
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epoxy layer is less than h/10 thick, but plays an irﬁportant role in lowering the
stresses around the crack near the ply interface.

The interlaminar shear and normal stresses, S, and S,, are not very
different from the case when there is no epoxy layer between plies. This is
interesting because the epoxy layer only seems to lower the S, stress
concentration near the plies and not other stress values. The interlaminar stresses
responsible for delamination seem unaltered by the presence of the epoxy layer.
The normal stresses in the plies along the length of the laminate follow a similar
trend as the models with no epoxy layer.

Now let u‘s consider models where the epoxy layer is cracked, as is
frequently observed in experiments. Certain interesting differences Were observed
for these models as compared to models without a cracked layer.

First, in the glass/epoxy Iami.nate with a cracked layer, S, increased from
a maximum normalized stress value of about 1.8 to 2.3 (refer Figures 23 and 32),
while the interlaminar stresses S,;and S, decreased (Figure 25 vs. 35). In fact, S,,
was practically absent in the model with a cracked layer. S, increased for the
glass/epoxy case because an epoxy layer that is not cracked will be carrying
some load and this load will be transferred to the 0° ply in a laminate with a
cracked layer. In the carbon/epoxy laminate with a cracked layer, a similar trend
was observed as regards to the interlaminar stresses (Figure 30 vs. 4b), but the
normal stress S, did not show any significant change. This again may be due to

the fact that the 90° ply was not carrying much load, so the effect of its cracking
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