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PUBLISHER’S NOTE

All of the material in this publication has been reprinted from copyrighted
articles in The Journal of Composite Materials, 1982 and 1983, and The
Journal of Reinforced Plastics and Composites, 1982 and 1983. The copyright
owner is Technomic Publishing Company, Inc., Lancaster, Pennsylvania.
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Influence of Layer Thickness on the
Strength of Angle-Ply Laminates

CARL T. HERAKOVICH
Department of Engineering Science and Mechanics
Virginia Polytechnic Institute and State University
Blacksburg, Virginia 24061

{Received February S, 1982)

ABSTRACT

Experimental results are presented showing that the strength and toughness of finite-
width angle-ply laminates can be increased significantly by using an alternating layer
stacking sequence as opposed to a clustered configuration. The ultimate tensile stress
of an alternating plus/minus 6 laminate of the form [(%6),], can be as much as 1.5
times that a clustered configuration of the form [8,/-6,).. Further, the toughness of
the alternating layer configuration can be as much as 2.7 times that of the clustered
configuration. These differences are explained analytically through consideration of
the influence of layer thickness on the magnitude of the interlaminare shear stress and
by examination of failed specimens. It is shown that the two laminate configurations
exhibit distinctly different failure modes for some fiber angles. Both laminate con-
figurations exhibit catastrophic failure with the dumage limited essentially to a small
region defined by the length of a single crack Across the face of the specimen, parallel
to the fiber direction. Results are presented for T300/5208 graphite-epoxy for fiber
orientations of 10°, 30°, and 45°.

INTRODUCTION

HE TENSILE STRENGTH OF ANGLE-PLY LAMINATES HAS BEEN THE SUBJECT

of several previous papers primarily because it provides rather conclusive
evidence of the detrimental influence of edge effects on strength for some
fiber orientations. In addition, the angle-ply configuration is a basic com-
ponent of many composite laminates and thus understanding its complete
response, including failure, is of fundamental importance to the study of ad-
vanced fibrous composites.

As defined for this paper, angle-ply laminates are those made from an
equal number of layers oriented at +6 and —6 to the loading direction (Figure
1). Such laminates are balanced and we shall restrict our attention to sym-
metric lay-ups. Two configurations will be considered. Laminates of the form
[(£8).], will be referred to as alternating and [+6,/—6,], laminates will be
called clustered laminates. It should be noted that the thickness of a layer in
the clustered configuration is double that in the alternating configuration.
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Figure 1. Laminate configurations.

The in-plane elastic properties of such laminates are independent of stacking
sequence. However, as will be shown in this paper, the strength and in par-
ticular the toughness, can vary significantly depending upon stacking se-
quence.

Apparently, the first investigation of the strength of angle-ply laminates
was that of Lauraitis [1] in 1971. She recognized that inter laminar shear
stresses initiate failure for small fiber angles and concluded that the strength
of angle-ply laminates could be described in terms of Mode I and Mode II
fracture toughness. The influence of edge effects was rather clearly demon-
strated by Pipes, Kaminski and Pagano [2] in 1972. They reported that failure
of a [+30], laminate is initiated at the free edge as the result of high inter-
laminar shear strains, but that failure of a [+45], laminate is not sensitive to
edge effects. Thus, they proposed two failure modes: the laminate mode, and
the free-edge mode.

As part of a study on edge effects, Oplinger, Parker and Chiang [3]
presented strength results of boron-epoxy and graphite-epoxy angle-ply
laminates with fiber orientations of 10°, 30° and 45°. They considered stack-
ing sequences of [0./—0,/8,] and [+6],, referring to them as clustered and
alternating, respectively. They reported that the strength of the alternating
configuration was generally higher than the strength of the clustered con-
figuration with the largest difference being for a 10° boron-epoxy laminate.
Their graphite-epoxy results were less clear cut as to strength differences as a
function of stacking sequence.

In 1975, Rotem and Hashin [4) identified three distinct modes of failure in
E-glass/epoxy: one for reinforcement angles less than 45°, another for 45°,
and a third for angles greater than 45°. They also pointed out that +45°
laminate was very ductile while other laminates tended to be brittle. They
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considered fiber orientations ranging from 30° to 60° in 5° increments. The
exact stacking sequence of their laminates was not stated.

More recently Kim [5] attempted to correlate the tensor polynomial failure
criterion with experimental data from tensile and compressive tests on angle-
ply graphite-epoxy laminates. However, interlaminar stresses were totally ig-
nored in the analysis and poor correlation between theory and experiment
was obtained for small fiber angles. The exact stacking sequence of the
laminates was not stated.

The influence of interlaminar stresses on the prediction of initial failure us-
ing the tensor polynomial failure criterion was considered by this author and
his colleagues in two previous papers [6,7] where it was shown that the in-
terlaminar shear stress ., dominates the initiation of failure in graphite-epoxy
for fiber angles smaller than 37°.

Results for the influence of stacking sequence on the strength of +45° car-
bon fiber, epoxy resin laminates were recently presented by Harrison and
Bader [8]. They showed that there is a definite influence of stacking sequence
with an alternating configuration exhibiting much higher strength than a
clustered configuration. They also pointed out that failure of clustered
specimens was catastrophic with no indication of damage prior to fracture.
Their alternating laminates exhibited a progressive failure with considerable
damage evident prior to complete fracture.

The relationship between engineering properties and delamination of
finite-width graphite-epoxy laminates was recently studied by this author [9].
It was shown that there is a close correspondence between the mismatch in
coefficient of mutual influence of adjacent layers and delamination of angle-
ply laminates.

The purpose of this paper is to demonstrate the influence of layer thickness
on the strength and toughness of finite-width graphite-epoxy angle-ply
laminates under tensile loading, to provide an explanation of the observed in-
fluence, and to stress the importance of the need for an exact statement of the
laminate stacking sequence when reporting strength results for angle-ply
laminates.

EXPERIMENTAL PROGRAM

Test Specimens

The specimens used in this investigation were fabricated from eight plies of
T300/5208 graphite-epoxy. Tensile coupons nominally 12 mm wide and 25
cm long were cut from flat plates and tested in an axial loading machine
under quasi-static conditions. After gripping, a 15.0 cm gage length re-
mained. Strains were recorded with foil-type electrical resistance strain gages.
Fiber orientations of 10°, 30°, and 45° were considered. The stacking se-
quence was either [(+86,)], (alternating) or [6./—6,], (clustered). Three
duplicate tests were conducted for each specimen configuration,
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Table 1. Tests results for T300/5208 graphite-epoxy.

R 6 T
Taminate o} (ksi) ei %) eb (3) —Epsix10 (44

Test lheory
115.26 0.69  -0.39 16.39 17.80  0.39
[(£10),], 112.32 0.69  -0.38 15.67 17.80  0.39
S 122.39 0.72  -0.44 15.88 17.80  0.43
Averages 116.67 0.70  -0.41 15.98 17.80  0.40
85.18 0.47 --- 17.86 17.80  0.20
(10,/-10,1, 97.32 0.49  -0.30 19.52 17.80  0.24
S 89,82 0.51  -0.31 17.46 17.80  0.23
Averages  90.77 0.49  -0.31 18.28 17.80  0.23
62.78 123 -1.90 6.99 7.30  0.44
[(230,], 58.94 1.23  -1.80 6.71 7.30  0.40
5 60.24 1.06  -1.54 7.07 7.30  0.35
Averages  60.65 .17 -1.75 6.92 7.30  0.40
38.21 0.65 - 7.16 7.30  0.13
[30,/-30,], 42.70 0.68  -0.90 7.51 7.30  0.16
S 41,37 0.69  -0.90 7.3 7.30  0.15
Averages  40.76 0.67  -0.90 7.33 7.30  0.15
24.71 1.64  -1.38 2.96 2.85  0.26
[(245),]1 24.53 1.48  -1.18 3.14 2.85  0.23
S 23.89 1.61  -1.30 2.90 2.85  0.25
Averages  24.38 1.58 -1.29 3.00 2.85  0.25
19.32 1.03 --- 2.80 2.85  0.12
[45,/-45,3, 19.7} 0.95  -0.69 2.99 2.85 0.1
19.69 0.94  -0.69 3.62 2.85 0.1
Averages 19,57 0.97 -0.69 3.17 2.85 0.1

I' - toughness {area under stress-strain curve)

RESULTS AND DISCUSSION

Strength and Toughness

The test results are summarized in Table 1 and Figures 2-5. The elastic
properties are independent of layer thickness and in agreement with lamina-
tion theory (allowing for small variability in specimens). However, the
strength and toughness (area under the stress-strain curve) are dependent on
stacking sequence. Typical stress-strain diagrams (Figures 2-4) for the three
fiber angles indicate that in each case the response is independent of stacking
sequence prior to failure of the clustered lantinate. The 10° and 30° clustered
laminates exhibit essentially linear behavior with the 45° clustered laminate
showing a small degree of nonlinearity. For the alternating layer configura-
tion, the 10° specimens exhibit a small stiffening prior to failure which is
typical of unidirectional graphite-epoxy, the 30° specimens show essentially
linear behavior to failure, and the 45° specimens exhibit increased non-
linearity as a result of the high shear influence at 45°.
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[(£30), /s T300/5208 graphite epoxy.

The ultimate stress, ultimate strain and toughness results presented in
Table 1 and Figure 5 show significantly higher values for the alternating layer
configuration. The ultimate stresses range from 25 to 49 percent higher,
ultimate strains range from 43 to 75 percent higher and the toughness ranges
from 74 to 167 percent higher, depending uppn fiber orientation. For all three
properties, the largest increase was found at § = 30°. Since results were ob-
tained for only three fiber orientations, the most that can be said concerning
the orientation of largest increase is that it is between 10° and 30° (Figure 35).
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[(+45),)s T300/5208 graphite epoxy.
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45,/ —45,]; T300/5208 Gr/ EP tensile coupon. 30,/ —30,/s T300/ 5208 Gr/Ep tensile coupon.

Failure Mechanisms

In order to understand the failure mechanisms in these laminates, replicas
[10] were taken of the free edges prior to and after fracture. For the clustered
laminates, replicas were taken on a fourth specimen at numerous load levels
prior to failure. The alternating laminates were replicated only after failure.
No damage was observed in the clustered laminates prior to failure. Post
failure edge replicas of the clustered laminates are shown in Figures 6-8 and
schematic representations of the fracture surfaces and damage zones of both
laminate types are presented in Figures 9 and 10. Failed specimens are pic-
tured in Figure 11.

Examination of post failure edge replicas and failed specimens indicates
that the mode of failure is distinctly different for the two stacking sequences
for fiber angles of 10 and 30 degrees. The mode of failure was essentially in-
dependent of stacking sequence for 6 = 45°. Failure of all clustered laminates
was due entirely to matrix cracking and/or fiber matrix debonding with no
fiber failure. The fracture surface of these laminates consisted of delamina-
tions at the plus/minus interfaces and a distinct through-the-thickness crack
across the width of each layer parallel to the fiber direction of that layer
(Figures 9 and 11). It should be noted that in the absence of fiber breakage,
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110,/ — 10,)s T300/5208 Gr/Ep tensile coupon.  laminates.

both the transverse cracks and the delaminations are necessary for complete
fracture to occur.

Failure of the 10° and 30° alternating laminates differs significantly in that
the fracture surface is basically a single crack across the width of the specimen
parallel to the fiber direction of the outer layer. Thus failure in the outer
layers and all other layers of the same orientation is matrix failure. Failure of
the remaining layers is due to fiber breakage. Delamination of these two
laminates was generally restricted to a small region on the free edges. When
present, it occurred at each interface between plus and minus theta layers
(Figure 10). More delamination was present in the 10° specimen in which the
mismatch in coefficient of mutual influence is largest [9]. The alternating 45 °
specimens failed in a mode similar to the clustered laminate (Figure 11).

As shown in Figures 6-11, the region of the damage zone was defined by a
single crack extending across the face of the specimen parallel to the fiber
direction. Transverse edge cracks are present in the damage zone. These addi-
tional edge cracks, which are more numerous for the 45° orientation, do not
extend across the entire width of the specimen. As is evident in Figures 6-8,
the clustered specimens were essentially free of cracks outside this damage
zone. This was also basically true of the alternating laminates with the excep-
tion of the [(%45),]. laminate which exhibited a few isolated crack regions
away from the fracture surface.
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Figure 10. Damaée zones in alternating angle-ply laminates.

Thickness Effects

Increasing the thickness of individual layers has the effect of increasing the
interlaminar shear stress T,, {11]. This can be seen by consideration of the x
force equilibrium of a unit length of half the specimen width above any
plus/minus 8 interface. This equilibrium equation can be written

b
D tdu= fru(v) dy ()

k 0

where ¢ is the layer thickness, b is the half-width and 1,, is the stress obtained
from laminate theory which is independent of stacking sequence. The integral
can be expressed in terms of the maximum value of the interlaminar shear
stress T, which occurs at the free edge, as

b
f(b) = fTu(}’) dy @
0

The function f{b) is a geometric parameter of the r..(y) distribution curve.
The interlaminar shear stress at the free edge can now be written
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P 3)
- 7(6)

.
Tzx

where the summation is over all layers above the interface. Equation (3)
clearly shows the dependence of ¥ on layer thickness.

Figure 12 shows a comparison of the distributions of the interlaminar shear
forces per unit length (Eqn. 2) and the maximum interlaminar shear stresses
1., determined by finite elements for all six laminate configurations
considered in this paper. The shear forces were obtained from the laminate
theory and the finite element results were obtained with the program used in
reference [6,7 and 9]. The magnitude of the stresses at the free edge as deter-
mined by finite elements is a function of the finite element grid used [12,13];
however, relative comparisons can be made using a given grid as was done in
this study. The material properties used for the analysis are given in Table 2.
The two quantities exhibit the same general form of distribution for all six
laminates, but the shear force distribution does not predict the full extent of
stress reversal in the alternating configurations. The finite element results
show that an elasticity solution which includes local effects is necessary to
describe the complete character of stress distribution in the alternating
laminates. The finite element results predict that the larger interlaminar shear
stress always occurs in the clustered laminates with the maximum shear stress
in the cluster laminates being approximately 25 percent greater than those in
the alternating laminates.

CONCLUSIONS

It has been shown that the strength, toughness and mode of failure of finite
width angle-ply laminates are dependent on layer thickness (stacking se-

i

Figure 11. Failed clustered and alternating layer angle-ply laminates.
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quence) with an alternating plus/minus 8 layer configuration providing
significantly higher strength and toughness than a clustered layer configura-
tion. The higher values for the alternating layer stacking sequence have been
explained, with the aid of post-failure edge replicas and approximate stress
analysis, to be the result of lower interlaminar shear stresses in the alternating
layer configuration. The mode of failure in the clustered laminates studied in
this investigation was entirely matrix failure with no fiber breakage. Two of
the alternating laminates were considered failed due to a combination of
matrix failure and fiber breakage. The damage zone in both configurations

Table 2. Elastic properties for T300/5208 graphite-epoxy.

Moduli (x10° psi) Poisson's Ratios
E] = 19.8 Vip = 0.238
E2 = 15.6 Vig © 0.238
E3 = 15.6 Vog 7 0.490
G]Z = 0.820
G-|3 = 0.820

Gyg = 0.487
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was defined by a single crack extending across the face of the specimen,
parallel to the fiber direction. Very little edge damage is present outside this
region. No damage was observed prior to catastrophic failure. The results
presented here indicate that clustered angle-ply laminates of 10°, 30° and 45°
all failure due to edge effects.
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ABSTRACT

The influence of fiber orientation and ply thickness on hygroscopic boundary-layer
stresses in angle-ply composite laminates is studied. Based on the recently developed
hygroelasticity theory for anisotropic composites, complete solutions are obtained for
the hygroscopic stresses in [8/—6/—6/6] graphite-epoxy laminates with various fiber
orieniations and ply thicknesses. Both variables are shown to have significant effects
on the development of in-plane and interlaminar hygroscopic stresses. Important
parameters characterizing the boundary-layer behavior such as hygroscopic edge stress
singularities and stress intensity factors are presented. Hygroscopic boundary-layer
widths are determined also for various cases by considering strain energy density
distributions along the ply interface.

INTRODUCTION

N A RECENT PAPER {1}, THE AUTHORS HAVE OBTAINED A COMPLETE LAM-

inate elasticity solution for hygroscopic boundary-layer stresses in an angle-
ply [+45]. composite based on the anisotropic hygroelasticity theory. It has
been shown that the hygroscopic edge stress is singular in general and lo-
calized in the boundary-layer region. The order of the stress singularity
depends upon hygroelastic properties and fiber orientations of adjacent plies.
The magnitude and distribution of the hygroscopic boundary-layer stress are
related to geometric and lamination variables, ply hygroelastic constants,
loading and environmental conditions. The singular hygroscopic stress
coupled with a moisture-induced reduction in glass-transition temperature of
polymeric resin may introduce severe interlaminar and/or intralaminar

"Associate Professor of Theoretical and Applied Mechanics.
*Research Associate,
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