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ABSTRACT
The orthotropic nature of composites provides excellent performance in the fiber direction, but it
is susceptible to failure in the orthogonal direction. Failure due to the delamination is limited to
composites, and has an adverse consequence on its mechanical properties. The interlaminar
tensile (ILT) strength of a composite part is compromised by delamination failure caused mainly
by the applied loads and environmental factors. This phenomenon creates a challenge in design
and manufacturing of composite parts for the aerospace industry. This study is focused on
improving the ILT strength of a curved composite laminate by suppressing failure modes
associated with free edge effects and to evaluate the ILT strength of a curved section with
various porosities. Composite panels were built on an angle bend tool using the fiber reinforced
carbon/epoxy tape pre-pregs. The manufactured panels were machined using a water jet to
produce test coupons as required by ASTM 6415. The curved sections of the test coupons were
reinforced with metal clamps manufactured from aluminum 7075-O alloy and another pre-preg
material (glass fiber reinforced pre-preg). The observed ILT strength of the reinforced coupons
was found to be much higher than the baseline because the reinforcement reduces the effects of
the stresses induced by the free edge of the composite specimen. There was a 25% increase in the
interlaminar tensile strength for the coupons reinforced by the metal clamps and a 21% increase
in strength for the coupons reinforced with the glass pre-preg material. We also observed that
with various percentages of porosity, the ILT strength varied significantly, which needs to be
addressed in the future studies. The failure of the coupons occurred due to the delaminations
caused by the interlaminar stresses under the applied loads. This study may open up new
possibilities to reinforce the various fiber reinforced composites used in many manufacturing
industries in the field.

vi

TABLE OF CONTENTS

Chapter
1.

2.

3.

Page

INTRODUCTION

1

1.1
1.2
1.3
1.4
1.5

1
3
9
12
13

Background and Motivation
Curved Beam Laminate
Literature Review on Curved Beam Laminate
Literature Review on Porosity of Composites
Objective

EXPERIMENTAL

15

2.1
2.2

15
19

Materials
Methods

RESULTS & DISCUSSIONS

31

3.1
3.2
3.3
3.4

31
35
37
40

Surface Roughness
Metal Clamps
Wrapping
Porosity

4.

CONCLUSIONS

46

5.

FUTURE WORK

48

REFERENCES

49

vii

LIST OF TABLES

Table
1.

2.

Page
Surface roughness results for waterjet and diamond blade machined
test coupons

30

Percentage void content and ILT strength

39

viii

LIST OF FIGURES

Figure

Page

1.

Curved beam laminates

3

2.

Four point bend test set-up

4

3.

Interlaminar stresses in the curved region

5

4.

Interlaminar normal stresses determined using detailed finite element analysis

6

5.

Curved test coupon in four-point bending test fixture

7

6.

Semi-circular and elliptical test specimen used to determine ILT strengths

9

7.

Preflight and departure used for coating the tool before lay-up

13

8.

Die for the production of metal clamps

16

9.

Hysol EA9394 adhesive used to fix the metal clamps onto the composite
test coupon

17

10.

Industrial oven used to cure the composite panels

17

11.

Mitutoyo SJ-201 surface roughness tester

18

12.

MicroXAM surface mapping microscope to obtain the profile of the machined edge

19

13.

The angle bend lay-up under vacuum

20

14.

Oven cured curved beam laminate

20

15.

Outer radius of the cured laminate

21

16.

Inner radius of the cured laminate

21

17.

Surface roughness measurement using Mitutoyo SJ-201

22

18.

Surface profile being obtained from MicroXAM surface mapping microscope

23

19.

Metal clamp manufactured using the die and a mechanical press brake

24

20.

Test coupon fixed with metal clamps on the curved section

25

ix

LIST OF FIGURES (continued)

Figure

Page

21.

Test set up picture for the baseline value of ILT strength

25

22.

Metal clamp reinforced specimen in a four point bending test fixture

26

23.

Glass pre-preg wrapped test coupon

27

24.

Wrapped test coupon in the test fixture

27

25.

SEM images of the machined edge of the test coupon using band saw

31

26.

SEM images of the machined edge of the test coupons using diamond blade

32

27.

SEM images of the machined test coupon using waterjet

32

28.

Surface profiles of the machined edges using diamond blade and waterjet

33

29.

Test specimen geometry as per ASTM D 6415

34

30.

Machined test coupon as per ASTM D6415

34

31.

The metal clamps at the curve section failing under load

35

32.

Load vs. displacement curves for the baseline and metal clamp reinforced coupons

36

33.

SEM image of the metal clamp reinforced test coupon

37

34.

Load vs. displacement curve for the baseline and reinforced test coupons

38

35.

SEM image of the wrapped test coupon

39

36.

Wrapped test coupon under four point loading

39

37.

C-scan image of composite panel which shows the presence of porosity

40

38.

Porosity formation at the curved section of the test coupon with a symmetrical
stacking sequence

41

39.

Porosity formation in a unidirectional test coupon

41

40.

Graphical representation of the produced data

43

x

LIST OF FIGURES (continued)

Figure
41.

42.

Page
Linear relationships between the tensile strengths as a function of void
contents for a laminate with symmetrical stacking sequence

44

Linear relationships between the tensile strengths as a function of void
contents of a laminate with unidirectional plies

45

xi

LIST OF SYMBOLS

M

moment

W

width

Pb

force applied by a single loading bar

l0

distance along the specimen’s leg

P

load corresponding to initial load drop

dx

horizontal distance between two adjacent top and bottom loading bars

ɸ

angle from horizontal of the specimen legs in degrees

D

diameter of the loading bars

t

average thickness of the test coupon

dy

vertical distance between the top and bottom loading bars

ri

inner radius of the curved section

ro

outer radius of the curved section

xii

CHAPTER 1
INTRODUCTION

1.1

Background and Motivation

A composite is a combination of two or more materials with different properties to form a
material system with properties better than the individual parent materials [1]. Composite
materials find their application in various industries due to their excellent mechanical and other
physical properties. Composite materials have been in existence since the 1940s, and have
developed significantly since then. Glass fiber is the most commonly used composite material.
Various fiber materials have been produced over the years, and carbon fibers initially developed
in 1960s have been extensively used for primary aircraft structures. As the fibers have high
stiffness and strength, most of the reinforcements used in manufacturing a composite laminate
are in fibrous form [1]. Because of their high aspect ratio, load applied to the fibers can be
transferred through a relatively weak matrix material without inducing matrix failure [1]. As
these fibers have small diameter, they are highly flexible which makes it possible to adopt
various techniques to manufacture composite laminates [1]. Carbon fibers embedded in epoxy
matrix are increasingly used for primary aircraft applications because of their long fatigue life,
corrosion resistance, and high strength to density ratio and high stiffness to density ratio [2].

After its invention, carbon fibers embedded in epoxy matrix materials have been extensively
used in the primary aircraft structures. These fibers are continuous and have high specific
strength and stiffness. Thus a composite laminate consists of multiple layers of continuous fibers
with the fiber orientation pre-determined depending upon the structural applications of the
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manufactured composite laminate [1]. One of the major drawbacks of composite laminates is that
there is little reinforcement in the thickness direction and they fail due to the occurrence of
delamination within the panel, thus resulting in the loss of strength and stiffness of the composite
[3]. Another drawback of composite laminates is that they exhibit brittle failure modes. The
failure can occur at lower than expected levels due to the various flaws present in the composite
laminates. Thus, it is important to predict and understand the sensitivity of a composite laminate
to these flaws in order to evaluate its structural integrity. This phenomenon also affects the
fatigue life of the composite structures. The separation of layers of the fibers within the
composite laminate is called “delamination”.

Delamination in a composite panel causes dramatic decreases in the strength of the laminate,
thus making it one of the major failure modes of a composite structure. The manufacturing
process of the composites is challenging and care needs to be taken to avoid flaws in the
composite [4-9]. Carbon fiber reinforced composites are a non-homogeneous type of material
and the machining process plays a significant role in determining the strength of the composite.
The surface roughness of the machined composite also has a significant effect on the service life
of the composite. If the surface roughness of a machined edge is high, the number and size of
microscopic flaws at the free edge are increased, and the probability of free-edge failures is
increased. Because of the heterogeneous nature of composites, free edges in a composite
laminate can induce additional stresses and accelerate the failure during the service [10-14]. At
these free edges, highly localized interlaminar stresses with steep gradients develop which will
cause a micro crack to propagate through the composite and grow into macro cracks, thus
resulting in the failure of the composite. This phenomenon can result in the failure of the
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composite in undesired failure modes. Numerous studies have been conducted on the effects of
free edges on a composite, but due to the complex nature of the mechanism, it still attracts a lot
of research interests.

1.2

Curved Beam Laminate

Many primary aircraft structural components contain regions of curved laminates which can
develop interlaminar stresses. These curved laminate regions can be found on stringers, spars,
intercostals, etc. [1]. Figure 1 shows some of these structural components which contain
composite curved laminate features.

a) Supporting stringers

b) Spar

Figure 1- Curved beam composites [1].
The complex nature of the mechanism of composite laminates has attracted a significant amount
of research to determine the state of stress in the orthotropic radius [15-25]. However, little
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attention has been given to the problem of free edge stresses in a curved laminate and how they
interact with interlaminar stresses that occur in the interior of the curved laminate region. A four
point bend test was used to determine the curved beam strength and the interlaminar tensile
(ILT) strength of a curved composite test coupon. Under loading, the radius of the composite test
coupon is subjected to tensile stresses. The lack of reinforcement at the radius in through-thethickness direction of the curved composite coupon causes it to be vulnerable to the out-of-plane
loading thus resulting in the failure of the curved composite coupon due to delaminations. Figure
2 shows the four point bend test set-up.

P

P
Figure 2- Four point bend test set-up.

The typical failure mode of curved composite specimen is delamination in the radius which
occurs due to the separation of the fiber layers with different orientations under loading [3].
Delaminations in a curved composite laminate are caused by the out-of-plane stresses or the
4

interlaminar shear stresses between the layers at the curved section. The composite laminate
loses stiffness and strength significantly due to delaminations potentially resulting in catastrophic
failures of the composite panels used for primary aircraft applications. Thus the design engineer
must consider the effects of interlaminar stresses on a curved composite laminate while
designing for primary aircraft structures. For these reasons the interlaminar stresses should be
considered during the design, validation and certification of the primary aircraft structures [1].
All the above factors make it challenging to design a composite laminate to meet the structural
requirement of an aircraft. Figure 3 shows the interlaminar stresses in the curved region.

trq

sr
sq

trq

sq
sr

Figure 3- Interlaminar stresses in the curved region [1].

In addition to the interlaminar stresses which arise in the center of the curved laminate due to the
effects of radius bending, additional interlaminar stresses can be induced due to the presence of
ply discontinuities such as those at the free edge of a test specimen.

Because of the

heterogeneous nature of composite laminates and the mismatch in elastic constants between
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adjacent layers in a laminate, interlaminar tension, compression, and shear stresses are induced in
a region very close to the edge of the laminate. As shown in Figure 4, the magnitude of these
stresses can be higher than those predicted to occur in the center of the laminate, although they
are limited to regions on the order of a single ply thickness from the edge of the part. The
magnitude and direction of the stresses are a strong function of the stacking sequence of the
laminate. During testing of a curved beam laminate, failures can be induced either from the high
interior stresses or from free edge stresses. Since the objective of testing is normally to assess
the strength of the laminate under the known stresses at the interior of the laminate, failure due to
free edge stresses is undesirable.

Figure 4- Interlaminar normal stresses determined using detailed finite element analysis.
To determine the ILT strength of a curved beam laminate, a four-point bend testing method per
ASTM D6415 is used. This testing method is used to determine the stress state at the curvature
of the coupon under loading and helps in evaluating the service life of a curved beam composite
laminate which are frequently encountered in primary aircraft applications. Utilizing this
6

method, the curved beam strength and interlaminar tensile strength of curved specimens that
have a 900 bend at the radius and have an inner radius of 0.25in. can be ascertained. The coupons
under load experiences through-the-thickness tensile stresses. Figure 5 shows the curved test
coupon in four-point bending test fixture.

Figure 5- Curved test coupon in four-point bending test fixture (ASTM D6415).

The value of ILT strength is obtained by first calculating the curved beam strength (CBS) of the
coupon. CBS is moment acting at the curved section of the coupon per unit width. The moment
acting on the coupon can be calculated by multiplying the distance between the loading bars on
one leg of the coupon by the force exerted by one loading bar.

The equations for the calculation of CBS as per ASTM D6415 is given by [26],

….. (1)
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In the above equation, ‘ɸ’ is the angle between the specimen leg and the loading bar. This angle
keeps changing constantly as the load is continuously being applied on the specimen. So in order
to calculate ‘ɸ’ during loading, first vertical distance between the two adjacent loading bars
needs to be calculated. The vertical distance ‘dy’ is calculated by using the equation,

……. (2)

Now the value of ‘ɸ’ can be calculated by using the formula,

……. (3)

The value of ‘ɸ’ can then be used to calculate the CBS. After calculating the value of CBS, the
interlaminar tensile (ILT) strength of the curved beam composite can be calculated by using the
formula:

………. (4)
1.3

Literature Review on Curved Beam Laminate

Clement et.al (1991) [10], performed experiments to determine the interlaminar tensile strength
of curved beam specimen. Two different configurations of curved beams were manufactured.
8

The semi-circular and elliptical curved beams were subjected to static and fatigue loads. It was
reported that the semi-circular coupons were sensitive to flaws in the composite panel under
static loading. Catastrophic failures were reported for all specimens under load when tested at
room temperatures. It was also reported that the mean ILT strength value of semi-circular
specimen was 99% of the value for the in-plane and transverse strengths of the material used.
This test method also provided a good basis to understanding the manufacturing procedures as it
is sensitive to flaws. The elliptical specimen ILT strength value was 199% more than what is
reported for in-plane and transverse strength of the material and this phenomenon needed further
investigation. Fatigue strength of the elliptical strength was reported to be 50% of the static
strength. All the coupons failed due to inter ply debonding or delamination. Figure 6 shows the
semi-circular and elliptical geometry of the test specimen used.

Figure 6- Semi-circular and elliptical test specimen used to determine ILT strengths [10].
Sun et.al (1988) [27], performed experiments and curved specimen and analyzed the results
using tsai-hill failure criteria. The coupons fail by transverse matrix cracking because of the
bending stress and due to delamination due to the interlaminar tensile stresses. It is observed that
the curvature results in the development of tensile stresses in the thickness direction of the
coupon. These stresses give rise to failure of the coupon due to delaminations. Initial bending

9

failure is also observed at the 00 plies which close to the outer surfaces of the specimen. It is also
reported that the tsai-hill failure criteria was in agreement with the experimental results.

Sun et.al (1988) [28], used fracture mechanics approach to determine the delamination failure
due to transverse matrix cracking in the curved beam specimen. An adhesive was also used
between the plies which are susceptible to early failure. It was reported that the use of an
adhesive material between the plies has increased the load carrying capability of the curved
coupon. The contribution of the adhesive material in load carrying was less because of its low
elastic modulus. The adhesive layer has transferred the failure of the coupon to the center of the
laminate thus delaying the failure and increasing the load carrying capability.

Martin (1990) [3], conducted experiments on unidirectional curved beam laminates and
investigated the delamination failures at the curved section of the test coupons. Under load, the
delaminations developed at the curved section of the test coupon throughout the thickness of the
coupon until total failure. Delaminations start at the point of maximum radial stresses in the
curved section. 2-D finite element analysis was performed and the strain energy release rate was
used to predict the onset of delaminations.
Karol Kaczmarek [29], used acoustic emission to determine the onset of delamination in glass
fiber/epoxy curved composite coupons. The lay-ups were made using 30 plies with a
symmetrical stacking sequence. With strain gauges and a transducer mounted on the test coupon,
the onset of delamination can be predicted. It was reported that this technique had high accuracy
and that the onset of delamination occurs at 96% of maximum load.
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Weicheng et.al (1996) [30], used woven glass/polyester laminates to manufacture four point
bend test specimen to determine the interlaminar tensile strength. The experimental tests proved
that the specimen geometry developed can be used for the determination of ILT strength. The
failure of the coupons occurred due to the delaminations. It was also reported that the specimen
configuration gave results which were comparable to other test methods.

Stephanie et.al (2010) [2], have performed four point bend test on angle bend specimen to
determine the strength of the angle brackets which had a 900 bend at the radius. Specimens with
different radius and thicknesses were analyzed. Carbon nanofibers have also been inducted into
the epoxy matrix and the failure strengths and damage evolution has been analyzed. It was
reported that the radial stress value remained the same even though there was an increase in
curved beam strength for different types of specimen. Thus the radial stress was found to be
independent of thickness of the curved beam coupon, radius of the coupon and the nano
additives. The failure was sudden and catastrophic. The specimen with nano additive appeared to
have higher energy for the evolution curve.

Wenfeng et.al (2012) [11], have performed four point bend tests on carbon/epoxy curved beam
specimen with different thicknesses. These experiments were conducted to determine the
structural integrity and to determine the lifetime of composite curved beams. It was reported that
the failure of the coupons started at (00,00) ply interface because of the low energy release rate.
The curved beam strength increased with increase in thickness but the radial stresses decreased
with the increase in thickness. Digital speckle correlation method was used to measure the strains
and it was reported that it can accurately predict the crack initiation location.
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1.4

Literature Review on Porosity of Composites

One of the major types of defects in a composite laminate is porosity. Porosity occurs due to the
shortcomings of the manufacturing process. The quality of the pre-preg material used for the
manufacturing of the composite laminate also influences the presence of porosity. Depending
upon the amount and the location of the porosity, the structural strength of the composite
laminate under load is affected. Among the common manufacturing problems associated with the
composite laminates, porosity is difficult to control and is of utmost importance. Porosity in the
composite panel has detrimental effect on it strength. Due to the nature of applied loads on a
curved beam specimen, the porosity present in the curved section greatly reduces the
interlaminar tensile (ILT) strength of the test coupon. Voids are generally formed because of the
entrapment of air pockets during the cure cycle of the composite. The polymer matrix byproducts
form bubbles during the cure reaction resulting in the formation of voids [31]. Voids are also
formed when the fibers are not adequately wetted by the resin. Poor vacuum source and leakage
of pressure through vacuum bagging also results in the formation of voids [31]. As a result, the
effects of void content on the mechanical properties of a composite laminate have been
extensively studied.

Effects of porosity on strength and durability have been investigated by Rotwani [32] and it was
reported that strength of the composite panel was reduced by 40% as the void content exceeded
2%. Costa [33] defined a critical void content and investigated on how the loading parameters
and type of reinforcements affected the void content. Jeong [34] investigated the effects of voids
on the mechanical strength of composite laminates and concluded that the shear strength of
unidirectional composite laminates reduced significantly as compared to fabric laminates as the
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unidirectional laminates are more sensitive to void content. Hamidi et.al [35] investigated the
effect of packing on void content and reported a 92% reduction in porosity when compared to
unpacked composite laminate. Zhu [36] investigated the effects of voids in a carbon/epoxy
laminated composite and reported a decrease of interlaminar shear strength with the increase in
void content. It is also found that voids influence the initiation and propagation of a crack
growth. Tang et.al [37] investigated the effect of cure pressure on void content and its effects on
the mechanical properties of a composite laminate. The objective of this paper is to evaluate the
effects of porosity on interlaminar tensile (ILT) strength of a curved beam specimen. The curved
panels were intentionally manufactured with porosity at the curved section of the laminate and
were tested for ILT strength.

1.5

Objective

To ensure safe operations and to prevent catastrophic failures, the composite laminate designed
for primary aircraft structures need to meet damage tolerance and durability requirements. All
composite structures are prone to damage during their service life. This damage can be initiated
due to the applied loads or due to the flaws within the panel during the fabrication. Many studies
have been done in predicting the failure mechanism and the load that a curved laminate with
different geometries and orientations can withstand [41-43]. This research work is aimed at
increasing the interlaminar tensile (ILT) strength of a curved laminate specimen. The primary
objective of this study is to evaluate means of suppressing unwanted/premature failure of a
curved composite beam test specimens caused by free edge stresses. This objective is
accomplished by reinforcing the edges of the curved section of the test coupon. This
modification is aimed to limit the radial and shear stresses acting on the free edge of the curved
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section of the test coupon, thus changing the failure mode to the center of the specimen and
increasing the ILT strength of the test coupon. This research is also aimed at increasing the
service life of the composite curved laminate by reducing or eliminating failures caused by
localized free edge stresses. The effects of porosity on the ILT strength of the curved beam
specimen have also been studied. The test coupons were manufactured from the same panel and
were tested for the ILT strength using baseline (no edge reinforcement) and reinforced test
coupons. ASTM D 6415 (four point bend test) was used to test the coupons for ILT strength.
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CHAPTER 2
EXPERIMENTAL

2.1

Materials

A carbon/epoxy tape pre-preg material was used to manufacture the curved laminates panels.
Then lay-ups were done on an angle bend lay-up tool with an inner radius of 0.25”. The tool was
coated with preflight and departure to obtain smooth surface finish of the composite laminate. A
metal caul sheet was used on top of the lay-up to apply pressure and to obtain a good surface
finish along the outer radius of the laminate. Figure 7 shows the preflight and departure used for
the coating.

Figure 7- Preflight and departure used for coating the tool before lay-up.
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A glass pre-preg material which had ±45° ply orientations was used for wrapping the curved
section of the test coupons and the metal clamps were manufactured using aluminum 7075-O
alloy. A separate die was used to manufacture the metal clamps. Figure 8 shows the die which
was used to manufacture the metal clamps.

Figure 8- Die for the production of metal clamps.

After curing the composite laminate in an industrial oven and machining the composite laminate,
the metal clamps were attached to the curved section of the test coupon using EA9394 adhesive.
The test coupons fixed with the metal clamps were again put back in the oven to cure the Hysol
EA9394 adhesive. Figure 9 shows the EA 9394 adhesive and Figure 10 shows the industrial
oven used for curing the composite panels.
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Figure 9- Hysol EA9394 adhesive used to fix the metal clamps onto the composite test coupon.

Figure 10- Industrial oven used to cure the composite panels.
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The occurrence of free edges at the machined edge of composites is known to cause stress
concentrations. This phenomenon reduces the structural integrity of the composite and results in
catastrophic failure before the theoretical strength value of the composite has been reached. To
avoid the effects of free edges and to shift the failure of the curved beam test coupons from the
edges to the interior of the test coupon, the surface of the machined edge is required to be as less
as possible. To minimize the effects of free edges, the surface roughness of the machined edges
of the test coupons has to be low. The surface roughness of the machined edges of the test
coupons was measured using a Mitutoyo SJ-201 surface roughness tester shown in Figure 11 and
MicroXAM surface mapping microscope with mapvue software as shown in Figure 12.

Figure 11- Mitutoyo SJ-201 surface roughness tester.
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Figure 12- MicroXAM surface mapping microscope to obtain the profile of the machined edge.

2.2

Methods

The pre-preg was cut to the required dimensions and the lay-up was done on an angle bend layup tool. The lay-up was done by using a selected symmetrical stacking sequence which
contained 0°, 45°, -45°, and 90° plies. Thirty (30) plies were used to manufacture the curved
laminate. The lay-up was then bagged and vacuumed for 24 hours to reduce the presence of
porosity. After 24 hours of debulking, the lay-up was cured in an oven with a specified cure
cycle. The lay-up was under vacuum pressure while being cured in the oven. Figure 13 and
Figure 14 show the composite lay-up under vacuum and the oven cured laminate. Figure 15 and
Figure 16 show the cured composite panel after being removed from the tool.
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Figure 13- The angle bend lay-up under vacuum.

Figure 14- Oven cured curved beam laminate.
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Figure 15- Outer radius of the cured laminate.

Figure 16- Inner radius of the cured laminate.
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The cured laminate was then machined to produce the four point bend test coupons as per ASTM
D6415 testing standard. After machining the test coupons, the curved section of the coupons
were fitted with the metal clamps and were wrapped with the glass pre-preg material. These
coupons were again heated in the oven to cure the Hysol EA9394 adhesive and the glass pre-preg
material. After the curing, the machined test coupons were dimensioned and tested for the ILT
strength. Initial study was conducted on the surface roughness of the machined edge of the test
coupons. The coupons were machined using a band saw, diamond blade and waterjet. A
mitutoyo SJ-201 surface roughness tester was used to obtain the surface roughness values of the
machined edge of the test coupon. MicroXAM surface mapping microscope has also been used
to get the edge contour images of the test coupons. The results obtained indicate that waterjet
machining and grinding the edges reduces the surface roughness of the coupons. Figure 17 and
Figure 18 show the surface roughness of the test coupon being measured.

Composite
Coupon

Figure 17- Surface roughness measurement using Mitutoyo SJ-201.

22

Composite
Coupon

Figure 18- Surface profile being obtained from MicroXAM surface mapping microscope.

In order to reinforce the curved section of the test coupon, metal clamps were manufactured.
Since the test coupons had a tight geometry, a separate die was manufactured for the production
of the metal clamps. The die was manufactured to match the geometry of the curved section of
the test coupons. As the test coupons have a tight radius and thickness, aluminum 7075-O alloy
without any heat treatment was selected for the ease of manufacture of the metal clamps. The
thickness of the sheet was 0.020 in. The aluminum sheet was cut into small sheets and was then
placed on the die. The die was then pressed using a mechanical press brake to obtain the metal
clamps with the required geometry as shown in Figure 19.
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Figure 19- Metal clamp manufactured using the die and a mechanical press brake.

Since the stiffness and strength of the clamps met all requirements in the “O” condition, no heat
treatment was performed. The clamps were then fixed to the curved section of the coupon to
increase the resistance against failures. These clamps were not heat treated, so a heat treatment of
the metal clamps can possibly improve the overall strength of the ILT coupons. The clamps were
tightly fixed to the edges of the curved section of the coupon using Hysol EA 9394 adhesive. To
cure the adhesive the reinforced coupons were placed in an oven for 2 hours at a temperature of
1800F. The test coupons were then dimensioned as required by the testing standard, and tested
for ILT strength. Several coupons were tested to establish a baseline value of the ILT strength
and the rest were reinforced with the metal clamps. All the test coupons were manufactured from
the same panel thus providing a good platform to compare the ILT strength values. Figure 20
shows the test coupon fixed with metal clamps on the machined edges.
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Figure 20- Test coupon fixed with metal clamps on the curved section.
The baseline test coupons and the metal clamps reinforced test coupons have been taken from the
panel. This ensures a good comparison of the ILT strength values of the test coupons. Four point
bend test was conducted on the test coupons as per ASTM D6415. Figure 21 and Figure 22 show
the baseline and the metal clamps reinforced test coupon in the test fixture of a four point bend
test.

Figure 21- Test set up picture for the baseline value of ILT strength.
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Figure 22- Metal clamp reinforced specimen in a four point bending test fixture.
Another approach to increase the ILT strength was to wrap the curved section of the test coupon
using a different pre-preg material. After the original lay-up was done and cured, the test
specimens were machined and were then wrapped. Out of the ten test coupons manufactured,
five test coupons were used to establish baseline values (no edge reinforcement). On the
remaining five test coupons, the radius section of each specimen was reinforced using composite
overwraps. A glass/epoxy fabric pre-preg was used to wrap the entire radius section of the test
coupons. The glass/epoxy pre-preg was cut into 13 in 0.5 in strips for ease of wrapping. The
wrapping was limited to the radius section of the test coupon. Each ply in the wrap was oriented
in the ±45° direction. After the coupons were wrapped, they were put on the tool and bagged.
This was done to ensure that the wraps had good cohesion to the parent test coupon and also to
obtain the geometry of the test coupon. It was then cured at the specified cure cycle for the glass
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pre-pregs. The glass pre-preg curing temperature was less than the glass transition temperature of
the test coupons. Figure 23 shows the four point bend test coupon with the wrapping on the
radius section.

Figure 23- Glass pre-preg wrapped test coupon.
The wrapped test coupons were then tested as per ASTM D 6415 to evaluate the
interlaminar tensile strength. The intent of the center section wrapping was to delay the onset of
delaminations occurring in the test coupon because of the shear and through-the-thickness
stresses induced by free edge effects. As the thickness of the coupon is increased at the radius
section due to wrapping, there is additional reinforcement in the thickness direction. This
additional thickness might artificially decrease the moment carried by the test laminate (which is
undesirable). However, the use of glass fibers oriented in the ±45° direction is significantly less
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stiff than the baseline graphite/epoxy, and it was hoped that the overall degree of increased
bending stiffness due to the wrap was minimal.
Another benefit due to the wrapping modification is that any small micro cracks open to
the edge of the laminate will be filled with resin. When the glass pre-preg was wrapped, it covers
the entire cross section of the radius region. Thus as the glass pre-preg is cured, the resin from
the pre-preg is impregnated into the micro cracks at the radius section. This effect should further
reinforce the radius of test coupon thus increasing the radius strength and the interlaminar tensile
strength. Figure 24 shows the wrapped test coupon in a four point bend test fixture.

Figure 24- Wrapped test coupon in the test fixture.
Because of load path and detail structural configuration requirements, curved beam laminates are
frequently encountered in primary aircraft applications. As the geometry of an aircraft has many
curved sections, the need to evaluate the strength of a curved composite laminate is essential.
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Because of their complex geometry the interlaminar stress state has significant effect on the
service life the composite panel. Thus the design engineer should be familiar with the
characteristics of the composite curved laminate beams for safe operations and to avoid
catastrophic failure of the aircraft structures. Thus, the porosity in the curved section affects the
load carrying capability from the matrix to the reinforcing fibers resulting in catastrophic failure
due to delamination.
As the specimen is subjected to a complex state of stress in the curved section, including
circumferential tensile stress at the inner region, circumferential compressive stresses at the outer
region of the radius, and interlaminar tension and shear, the measured strength of the specimen is
very sensitive to porosity in the curved region. The manufacturing of the curved beam laminates
is a difficult and an intensive process. It is tough to exert pressure at the radius of the laminate
and to manufacture laminates without any porosity. A study was conducted on the effects of
porosity on ILT strength at the curved section of the coupon. Porous panels were manufactured
by altering the pressure and the cure cycle of the curved beam panel. After curing the laminate,
the composite panel was inspected using ultrasonic c-scan to determine the presence of porosity.
The panel was then machined using an abrasive water jet. The water jet was preferred to
obtain smooth edges. The test coupons were then polished using an abrasive grinder to obtain a
smoother finish to minimize free edge effects. The test coupons were then dimensioned as per
ASTM 6415. Ten test coupons were produced from each panel. One coupon was used to
determine the porosity level, and the remaining coupons were tested to determine their ILT
strength. Porosity measurement was made at the curved section of the test coupon as the curved
section is the critical location for through-thickness tensile stresses under loading. The
percentage of porosity was determined by using an acid digestion test per ASTM D 3171. Acid
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digestion test 1 and procedure ‘B’ was used where the matrix was physically removed by acid
digestion, leaving the reinforcement unaffected, thus enabling calculation of the reinforcement or
matrix content and the percentage void content. The acid digestion test 1 and procedure ‘B’ uses
sulphuric acid and hydrogen peroxide to determine the void content.
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CHAPTER 3
RESULTS AND DISCUSSION

3.1

Surface Roughness

The SEM analysis of the machined edges of the test coupons revealed that band saw and
diamond blade machining resulted in the presence of free edges. Waterjet machining resulted in
smooth edges. Along with the SEM image analysis, the surface roughness of the machined edge
was obtained using Mitutoyo SJ-201 surface roughness tester and MicroXAM surface mapping
microscope provided with an image of the contour of the machined edge. Figures 25, 26 and 27
show the SEM images of band saw, diamond blade and waterjet machined test coupons
respectively.

Figure 25- SEM images of the machined edge of the test coupon using band saw.
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Figure 26- SEM images of the machined edge of the test coupons using diamond blade.

Figure 27- SEM images of the machined test coupon using waterjet.
The surface roughness measurements also confirmed that the surface of the waterjet machined
edge of the test coupon is much smoother than diamond blade machining. Table 1 shows the
surface roughness values for the waterjet and diamond blade machined test coupons. From the
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table we can observe that the surface roughness values for waterjet machined coupon is 14-19
microinch which can effective reduce the effects of free-edges. Figure 28 shows the surface
roughness contour of the composite test coupon measured using MicroXam surface mapping
microscope.

Table 1- Surface roughness results for waterjet and diamond blade machined test coupons.
Results (μ in)

Machining Procedure
Water jet

14 - 19

Diamond Blade

50 - 60

Figure 28- Surface profiles of the machined edges using diamond blade and waterjet.
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Thus the test coupons were machined using an abrasive waterjet to obtain a good finish on the
machined edges. The test coupons were also ground to produce smooth edges and to reduce the
size and number of potential microscopic flaws at the free edges. Figure 29 shows the test
specimen geometry as per ASTM D 6415 and Figure 30 shows the machined test coupon.

Width = 1.0 in
L > 3.5 in
0.08 < t < 0.50 in

ri
0.25 in

Figure 29- Test specimen geometry as per ASTM D 6415 (1 inch equals to ~25.4 mm).

Figure 30- Machined test coupon as per ASTM D6415.
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3.2

Metal Clamping for Curved Beam Composites

The metal clamps served their purpose in delaying the edge induced failure of the coupon and
increasing the load carrying capability of the curved test coupon, as shown in figure 29. In this
load-displacement curve, the measured strength of the reinforced specimens was increased by
approximately 25% as compared to the baseline coupons. The unreinforced specimens failed in
a mode that appeared to be influenced by free edge stresses, while the location of the failure in
the reinforced specimens was suggestive of interlaminar tension failures that initiated in the
center of the specimen. Figure 31 shows the metal clamps failing under load.

Figure 31- The metal clamps at the curve section failing under load.
A comparison of the load-stroke curves in Figure 32 also indicates that the reinforced specimens
have virtually the same stiffness as the baseline coupons, thus indicating that the clamps carry
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very little bending load. Detail finite element analysis of the test setup could be used to
determine the amount of bending load carried by the clamps and the measured test loads could be
adjusted to account for this effect.

Figure 32- Load vs. displacement curves for the baseline and metal clamp reinforced coupons
(approximately, 1 inch is 25.4 mm and 1 lb is 453 g).

It was also believed that the increase in strength was due to the seepage of the adhesive into the
microscopic flaws of the test coupon. To quantify that fact, SEM images of the edges were taken.
The metal clamps and the excess adhesive has been machined off of the tested coupon. The
coupon was then cut at the curve and SEM images were taken. Figure 33 shows the SEM images
of the metal clamps reinforced test coupons.
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Figure 33- SEM image of the metal clamp reinforced test coupon.
On close analysis of the SEM images, we observe that the adhesive has been induced into the
microscopic flaws resulting in an increase in the ILT strength.

3.3

Wrapping Curved Beam Composites

The baseline and the glass/epoxy pre-preg reinforced test coupons were tested for ILT strength as
per ASTM D 6415. We observed that the reinforced specimens a curved beam strength increase
of 21% relative to the unreinforced specimens. The load-displacement behaviors of the
reinforced and unreinforced specimens are shown in Figure 34. There does appear to be a 6%
increase in bending stiffness due to the presence of the wrapping. However, test results can be
adjusted to account for this effect.
Because of the overwrap prevents direct observation of the specimen edge following
initial failure, it is difficult to determine the exact location of the initial delamination. The
amount of the increase in observed interlaminar strength is consistent with our expectations on
shifting the failure mode from the free edge of the specimen to the interior of the curved
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laminate. The exact mechanism that causes this increase is due to the three effects previously
discussed: out-of-plane reinforcement at the edges, filling of microflaws, and bending stress
reduction due to increased thickness. The exact degree of contribution from each effect is
difficult to determine, but this approach shows promise in meeting our end goal of suppressing
unwanted failure modes at the edge of the specimen.

Load vs Displacement
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Figure 34- Load vs. displacement curve for the baseline and reinforced test coupons.

As the wrapped pre-preg material was cured, the resin from that material fills the microcracks
present at the machined edge of the test coupon. This phenomenon seals the cracks and ensures
that the test coupon does not fail due to delamination and undesired failure modes. To quantify
this claim, already tested coupon was machined through its cross section at the curvature. This
section was then looked at under SEM. Figure 35 shows the SEM images.
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Figure 35- SEM image of the wrapped test coupon.
On close inspection of the SEM images, we observed that the resin from the wrapped material is
absorbed into the microscopic flaws present in the edges. These flaws might have been created
during the manufacturing process or during the machining process. As a result of these cracks
being sealed, we observe the increase in the ILT strength. Under load, the wrapped pre-preg
begins to crack before the failure of the coupon. Figure 36 shows the wrapped test coupon under
load.

Figure 36- Wrapped test coupon under four point loading.
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3.4

Effects of Porosity

Porosity is the entrapment of air pockets between the plies. To determine the effects of porosity,
the panels were intentionally manufactured in a defective manner. The debulking time of the layup was reduced, and the pressure applied on the lay-up was also reduced. Another method to
intentionally induce porosity is to alter the cure cycle of the composite material. After the panel
was cured, c-scan was performed on the panel to determine the presence of porosity. Figure 37
shows the c-scan image of a defective panel. The curved composite panels were then machined
using waterjet machining and the curved section was carefully observed for the presence of
porosity. The study was conducted on both unidirectional and symmetrical stacking sequence
panels. Figure 38 and Figure 39 show the curved sections of the test coupons with porosity.

Figure 37- C-scan image of composite panel which shows the presence of porosity.

40

Figure 38- Porosity formation at the curved section of the test coupon with a symmetrical
stacking sequence.

Figure 39- Porosity formation in a unidirectional test coupon.
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As mentioned previously, porosity or void content is an adverse condition that affects the
mechanical performance of carbon fiber composites when under different kinds of loads.
Tabulated results of the tests are given in Table 2, which correlates the percentage of the voids
content and ILT strength (ksi). The series number corresponds to the curved section of the
respective carbon fiber ILT coupon. The void content percentages were found using acid
digestion on a carbon fiber coupon from the same panel as the other coupons tested for ILT
strength.
Table 2: Percentage void content and ILT strength.
Series No.

Void %

ILT (ksi)*

1

0.49

8.79

2

4.97

4.62

3

5.84

4.59

4

4.09

5.64

5

4.46

5.64

6

4.75

4.84

* 1 psi = 6.895 kPa
In Table 2, series 1 through 3 represent carbon fiber composite with a given stacking sequence
layup and series 4 through 6 represent a unidirectional layup. In this analysis we find a
correlation between the void percentage and ILT strength of the two-types of layups respectively.
A graphical representation of the analyzed data is shown Figure 40.
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Void % and ILT Strength Comparision
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4.752
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4.588

5.636

5.095

4.836

Figure 40- Graphical representation of the produced data.

The highest ILT strength achieved for the stacking sequence layup was found to be 8.79 ksi
whereas for unidirectional layup it was found to be 5.64 ksi. From the graph, we notice that with
an increase in porosity (void content percentage) there is dramatic decrease in ILT strength. With
respect to stacking sequence layup, there is a 47.8% decrement in ILT strength with increase in
porosity. Here, we can assume a linear inverse proportion between void content percentage and
ILT strength of the coupon. With respect to unidirectional layup, we notice a small scale
difference in ILT strength with small variation in void content percentage. Lowest achieved void
content percentage and highest achieved ILT strength was found to be 4.09% and 5.64 Ksi,
respectively. We notice a 9.6% decrement in ILT strength with 0.37% increment in void content
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and a 14% decrement in ILT strength with 0.66% increment in void content. Similarly, here, we
can assume a linear inverse proportion between void content percentage and ILT strength of the
coupon. Another graphical representation of the analyzed data is shown below. From this graph
we can observe linearity in the void content percentage and ILT strength relationship.

Stacking Sequence
10
9
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7
y = -0.8334x + 9.1364
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4
3
2
1
0
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6.00

8.00

Void Content %

Figure 41- Linear relationships between the tensile strengths as a function of void contents for a
laminate with symmetrical stacking sequence.
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Unidirectional
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Figure 42- Linear relationships between the tensile strengths as a function of void contents of a
laminate with unidirectional plies.

From figures 41 and 42 we can see that the relationship is almost linear. This fact can be used to
estimate the ILT strength of a coupon using a minimal number of tests to establish the initial
slope and intercept of the strength as a function of void content.
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CHAPTER 4
CONCLUSIONS

Angle bend composite laminates with a defined laminate stacking sequence were fabricated and
tested to determine their interlaminar tension strengths. Baseline and test coupons reinforced
using aluminum clamps (Al 7075-O) were manufactured from a single graphite/epoxy tape
laminates. The thickness of the aluminum clamps was 0.5 mm (0.020 in). The clamps were
bonded to the curved sections of the test coupons using a Hysol EA 9394 epoxy adhesive. After
curing the adhesive, the coupons were tested to determine the ILT strength in the four-point
bending. A significant amount of ILT strength was observed with clamps when compared to the
baseline value without any support. We observed an increase in strength by 25%. The clamping
reinforcements appear to suppress undesired failure modes induced by free edge stresses while
carrying very little bending load themselves. The radius section of half of the test coupons were
then wrapped with a glass/epoxy fabric pre-preg to reinforce the free edges of the specimens and
suppress the onset of the delaminations induced by the free edge effects. Reinforced test coupons
demonstrated a 21% of higher strength relative to the unreinforced baseline specimens, while the
bending stiffness of the coupons was increased by approximately 6%.

These results indicate that the ply wrapping technique shows a huge promise for use in
forestalling undesirable failure modes in the ILT curved beam test specimens. Porosity is a
common defect in composite parts which mainly occurs during the manufacturing process, and
has significant detrimental effects on the mechanical properties of the curved beam laminates.
Improper layup processing or cure times are the main causes of porosity. As observed from the
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data analyzed the ILT strength decreases roughly linearly as the void content percentage
increases. This circumstance occurs as the composite coupon, under load, with higher amount of
void contents is deemed to fail due to the delamination earlier than the coupon with lesser void
contents. The voids (or air pockets) create a gap in the load transfer between the fiber and the
matrix in the composite coupons. This gap creates stress concentration at a micro and nanoscale
which in stages breaks the bonding between the matrix and fibers, thus, disabling the coupon to
perform at its desired potential.
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CHAPTER 5
FUTURE WORK

In the future, we plan to analyze the failure mechanism of the metal clamps reinforced
composite test coupons and the wrapped test coupons and also to determine the first ply failure.
Curved beam specimen with different radii and thicknesses should be manufactured and tested
for ILT strength. The modifications at the curved section should be done and the effects of the
modifications should be quantified. Finite element analysis should also be used to predict the
failure modes and to match the strength values of the experimental setup for the ILT strength
curved beam composites.
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