
.
.
~

‘
0
‘

-
£
3
1
.
1
0
:

.
v
p
i
fl
l
l

y
2
.

1
1
.
.
.
:

4
3
1
.
.

.
.

I
f
.

i
t
!
!
!

.

9
4
%
.
”
;
v
v
m
fl
u
l
t
v
r
.

.

.
I
.

.
.

a
x

1
:
I
t
s
-
5
?
.
.
.

r
J
.
-

r

J
?

‘
v
,

.
2
6
.
.
.

A
p
l
a
k
i
z

.
.
\

.

i
s
!

i
l
o
v
o

1
.
1
.
.
.

,
.
c
‘
g
fl
)

i
n
,

“
"
”
5
‘

.
.
-
n
A

.
g
v

“
fl
.
“
v
d
n
h
r
v
f
t
o
s
r
i
t

n
t
r
é

C
o
u
r
t
h
‘
p
i
.

,
v

5
1
.
.
.
.
o

A
H

-
‘
S
f
i
r

~
i
b
f
'

:
0

v

.

. it;

‘ha; i.

V
m
’
r
u
i
(
,
G
I
'
.

v
.

fi
l
e
!
-
I

c
A
:
3

.
1
.

.
t
o

n
I
t
.
5
!
:
{
E
l
i
e
“
fi
g
h
t
!

7
:
.
1
.
1
2
.
5
.
5
.
£
1
0
.
1
7

1
.
.
.
»
.

t
.
v
l
.
b
v
f
)
.
l
.
l
t
.
:
i

I
n

:
2
.
.
.

7
,
.
.
.
t

I
.
l
f
t
b
w
’
e
fl

v
'

l
r
’
r
-

-
9
.
.
.

V
I
E
.
)

0
.

I
t

(
i
n
a
n

0
.
0
.
:

:
,

,
z
f

I
t
»
I
?

8
.
.
"

‘
1
r

.......

:_§;"g§i§:§
e ‘ .

o

t
‘

3
.
5
.
5
.
.
.
.
1
5
»
.

1
1
.
.
.
7
:
1
1
?
!
»

v
i
l
r
z
’
x
r

.
z
l
r
l
v
¢
9

5
2
.
3
5
.

{
1

V
}
:

.
A
:

A
t
r
o
l
u
t

i
t
s
b
l
i

I
.
I
7
,
1

I
v
.
.
i
‘
v
.

.

u
i
.
3
4
.
.
-
!

n
.

..
[
5
3
9
.
1
1
1
1

l
.

.
I
I
‘
'
1
.

.

:
.
1
.

0
:
.
.
.
l
a
t
4
.
9
0
‘
“

v
!
t
!

‘
.
;

D
¢
o
v
:
)
v
!
.
|
v
o
f
5
.
t
.
V
.
J
/
-
t
.

I
.
p
!
7
s
.
‘
.
.
u
l
v
v
l
v

a
.
i
l
c
‘
l
.
.
1
l
o
’
r
1
1
.
1
5
)

1
'
:

I
:

a.
f
a
i
l
:

a
n
;

7
»
.
{
s
i
f
i
i

[
i
f
]
;

.
.

.
.
.
.
L
!
.
.
.
.
.
.

.
t
r
i
t
t
l

.
:
t

.

,
1
3
:
1
0
:
!

’
0
4
.
:

.
.

I
'
l
l
’
l
a
n
-
l
’
l
l
1
3

A
l

v
1
.
2
3
.

:
4
!
!
!

I
r
»

'
7
.
‘
~
|
‘
f
i
l
-
b
b
l
l
l
!
l
$
|
n
l
’
l
4
.

.
v
'
!
.
.
(
1
.
I
i
'
.
1

A
.
A
.

i
n
.

.

1
.
.
.
.
.
.

t
1
.
\

u
.
|
v
|

«
l

.
‘

 
.
.

,
‘
0
.
.
.

‘
l
.

,
3
3
m
)
“
;

1
.
.
.
.

.
.
.
.
v

3
.
.
.
:
G
I
N
!

.
1
.
.
.
.
.
.
"

....
v
i
:
[
.
3

5
:
5
3
.
.
.
1

2
2
.
3
5
%
!

.
I
v
l
.
f
l
i
n
t
!
)

I
t
.
»
v
i
t
.

.

.
.

.
..
(
[
1
1
9

‘
.

.
‘

‘
a
h
é
l
u
t
m
o
f
o
.
.
.
r
n
u
m
.
r
i
fi
a
_

.
.

.
2
5
.
.
-
1
:
3
.
.
.

w
.
.
:
.
¢
m
fi
¢

.

If}

I
t
a
l
-
”
s
h
.

0
)
.
”

.
f
l
l
i
l
'
l
o
l

.
u
J
I
J
I
«
I
’
l
l
a
l

v
)

.
.

I
’
l
l
?
I

1
.
4

A
"
.
.
.

‘
1
3
.
;

c
.
I
n

i
t
‘
l
x

‘Mg,

.,p,"."

:l‘u

f
1
»
!
!
!

y
.
v
-
I
‘
1
r
.

‘vm'.{r

‘
L
u
n
a
“
.
.
.

..
A
a
o
t
n
h
u
.
.
.

.
.

.
1
.
‘

f
:

.
0
,
»

:
3
,
1
5
3
.
1
;

I
z

3
-
.
.

I
I
I
.

..
-
1
:
1
!

.
3
1
.

K
u
h
u
b
r
n
fi
n
g
l
l
h
r
fi
f

.

.
H
I

.
1
,

.
.
.
.
.
.
.

.
i
n
}

.
1

.
.

l
l
o
I
.

.
(
L
B
I
L
-
r
t

r
.
E
L
I
-
.
1
:



m‘

                                                             
31293 00899 6948

This is to certify that the

dissertation entitled

CENTRAL DELAMINATION IN GLASS/EPOXY LAMINATES

presented by

Seongho Hong

has been accepted towards fulfillment

ofthe requirements for

Ph . D . degree in Engineering

Mechanics

QuA:;L4%£:;¥; ctéafizic-

Major professor

Date PM P, / m

MSU is an Affirmative Action/Equal Opportunity Institution
0-12771

    

 



 

 

LIBRARY

Mlchlgan State

Unlverslty

  

PLACE IN RETURN BOX to remove this checkout from your record.

TO AVOID FINES return on or before date due.

    DATE DUE DATE DUE DATE DUE

 
 

  

 

   

 

   

 

 

 
  

   

    

 

 

   

  
MSU Is An Affirmative Action/Equal Opportunity Institution

emana-

 



CENTRAL DELAMINATION IN GLASS/EPOXY LAMINATES

BY

Seongho Hong

A DISSERTATION

Submitted to

Michigan State University

in partial fulfillment of the requirements

for the degree of

DOCTOR OF PHILOSOPHY

Department of Metallurgy, Mechanics, and Materials Science

1990



c
,
”
"
5
'
3
5
"
/

ABSTRACT

CENTRAL DELAMINATION IN GLASS/EPOXY LAMINATES

BY

Seongho Hong

Central delamination has been found to be the major damage mode in

composite laminates subjected to low-velocity impact. Although itgis

invisible, it can cause severe structural degradation such as reduction

in compressive strength. Therefore, the investigation of central

delamination has become an important study in the characterization of

composite strength. This study examined the impacted-induced

delamination with the use of edge replication. It was concluded that

fiber orientation, laminate thickness, and stacking sequence had

significant effects on delamination resistance. Since the behavior of a

composite laminate under, low-velocity impact is very similar to that

under global bending, a technique for quasi-static central loading was

explored. A great deal of similarity between the delaminations from low-

velocity impact and quasi-static loading was obtained. It was concluded

that it was feasible to use quasi-static loading in the central

delamination analysis. A high-order shear deformation theory was then

used to calculate the interlaminar stresses of the composite laminates

subjected to static central loading. Analytical solutions were found to

be consistent with the experimental observations. The peanut-shaped

delamination was the fundamental unit of delamintion in the composite



laminates under central loading. The major axis of a delamination was

aligned with the fiber direction of the composite lamina beneath the

interface. The delamination area, however, was affected by the fiber

orientathmn laminate thickness, and stacking sequence. In order to

reduce the delamination area, a through-the-thickness stitching was

presented. Its effects on the interlaminar shear strength and the strain

energy release rate of mode II were also concluded to be effective.
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Chapter 1

Introduction

Because of their high stiffness-to-weight and high strength-to-

weight ratios, fiber-reinforced polymer matrix composite materials are

excellent for high-performance structures. However, being different from

the conventional structure metals, the composite materials can be

tailored and laminated together [1] . Consequently, by using the

composite materials, it is possible to achieve an optimum structure

design which requires different strengths at different locations and

different directions of the structure. Both the characteristics of the

design flexibility and light weight make the composite materials very

promising for the aerospace and military industries. However, because of

their lamination in nature, the composite laminates are very vulnerable

to through-the-thickness stresses [2]. For example, if a composite

laminate is subjected to out-of—plane loading such as bending, due to

the high interlaminar stresses, delamination can easily occur on the

composite interface [2]. The damage to the integrity of the composite

laminate can cause serious structural degradation [2-5]. Accordingly, in

studying the strength of a composite material, it is necessary to

investigate both in-plane strength and through-the-thickness strength.

1.1 Delamination

The damage modes of laminated composite materials can be classified

into fiber breakage, matrix cracking, fiber-matrix debonding, and

delamination [6] . Fiber breakage and matrix cracking are related to the

failures of the constituents while debonding and delamination are due to

the damage on the composite interfaces. Debonding is damage between

fiber and matrix while delamination is damage on the interface between



adjacent laminae [7]. In order to have a high-strength composite

laminate, both high-strength constituents and high bonding strength

between fiber and matrix are necessary. The fibers are the primary

reinforcement in composite material and therefore carry the majority of

the load. The stronger the fiber, the stronger the composite materials.

On the contrary, matrix is the load transfer in the composite materials.

Without good bonding between fiber and matrix, the stresses in some

fibers cannot be propagated to and shared by the fibers in other parts

of the composite material. In addition to the bonding strength, the

strength of the matrix itself is also of importance because the

composite laminates are simply bonded by the matrix in the thickness

direction. Both low matrix strength and poor bonding between fiber and

matrix can cause damage on the composite interface.

Delamination is damage on the composite interface. It is a unique

damage mode in the laminated composite materials. In opaque composite

materials such as graphite/epoxy and Kevlar/epoxy, delamination is

invisible. Often times, a damaged composite material only shows minor

surface damage even though severe delamination may exist. This type of

internal damage requires extra effort for inspection. Many

nondestructive techniques have been developed for delamination

investigation. Among them, ultrasonic C-scan [2-5] and X-ray radiography

[8-11] are the most popular ones. Ultrasonic C-scan can give the overall

outline of many delamination areas. However, it cannot resolve the

overlapped delaminations into individual ones. X-ray radiography, if

used with a penetrant, is able to distinguish the delaminations on the

different interfaces. However, it is limited to the composite laminates

with less than four interfaces [5] . If a composite laminate has many

delamination interfaces, X-ray radiography also fails to distinguish the



individual delamination. Recently, a so-called ultrasonic imaging system

was introduced by Ho [12] . It is based on ultrasonic scanning to detect

the delamination. An image processing technique is then used to

reconstruct the delamination. It has the capability to detect composite

laminates with a thickness of lamina more than 0.5 mm. However, it also

experiences difficulty when there are many delamination interfaces. In

addition to nondestructive techniques, destructive techniques, such as

the deply technique [4] and edge replication [13-14], have also been

used for delamination investigation. The former uses gold chloride to

cover the delamination area before the resin is pyrolyzed while the

latter simply slices the damaged composite laminates into strips and

examines the internal damage from the edges. Both techniques have been

verified to be useful for delamination investigation.

In addition to identifying the location and the size of

delamination, it is also important to characterize the structural

properties of composite laminates with delamination, e.g. , residual

stiffness and strength [15] . It has been found that delamination causes

little reduction in tensile properties [7] . However, the compressive

strength of composite laminates can be significantly decreased by

delamination [16-17] . Many investigations regarding the compressive

testing technique [18-20] have been presented. Some special testing

fixtures have been designed to avoid global buckling of the delaminated

composite materials during compressive testing. The technique has now

become a standard procedure for the characterization of delaminated

composite materials. In addition, a great deal of papers [21-22] have

been devoted to the analysis of post-delamination buckling. The behavior

of composite materials with delamination is further examined with use of

fracture mechanics [23-25]. Studies have concluded that delamination



plays a very important role in the structure degradation of composite

materials [2-5].

In terms of location, two types of delamination have been widely

investigated. One is edge delamination [26-31] and the other is central

delamination [32-36]. Many studies have contributed to the investigation

of edge delamination. Due to free-edge effect, the interlaminar stresses

on the composite interface can become very high and.can cause

delamination. Both experimental techniques and analytical methods have

been used to investigate the composite laminates subjected to uniaxial

tension. The effects due to the stacking sequence and laminate thickness

on the edge delamination have been examined. It is noted that due to the

mismatch of Poisson's ratio between adjacent laminae [31] , high

interlaminar shear stress can take place on the composite interface

along the free edge of cross-ply laminates. In addition, due to the

nature of three-dimensional effects around the laminate edges, namely

free-edge effects, the interlaminar normal stress on the composite

interface of angle-ply laminates can become very significant [37-38].

All studies have shown the importance of edge delamination in laminate

design.

Instead of having delamination along the free edge of composite

laminates, central delamination is referred to as the delaminathni

located far from the free edge. Usually, this type of delamination is

due to low-velocity impact or other kinds of central loading. Around the

area of central loading, the interlaminar stresses are highly

concentrated and can cause delamination initiation on the composite

interface. Most studies in central delamination can be found in the

papers of'low-velocity impact [39-49] because impact-induced damage has

been recognized as one of the major concerns in composite strength



characterization [41-49]. In fact, the compressive strength after impact

has been used as an indicator of the impact resistance of composite

materials. Because delamination is the major damage mode in impacted

composite laminates and because of its important effect on structure

degradation, further studies on the mechanisms of central delamination

is necessary.

1.2 Low-velocity Impact

Low-velocity impact has become one of the major technique for

composite material characterization, not only because it can cause

invisible delamination but also because it occurs frequently in

structures. There are many studies on low-velocity impact [2-6, 8-11,

13-17, 39-49]. Techniques, such as drop-weight impact [50] and

instrumented hammer [51-55], have been widely used for the

investigation. The majority of the studies have been on the examination

of impact dynamics, e.g. , the measurements of contact force history

between impactor and material, the strain wave propagation in the

composite materials, and the laminate deformations during impact. Force

transducers, displacement transducers, and strain gages are frequently

used in the measurements. In addition, high-speed movie cameras have

also been used to record the behavior of composite laminates under

impact [2, 44] . The post-impact inspection and the residual property

characterization are also as important as the measurements during

impact. Both impact momentum and impact energy have been used [to

correlate with the residual properties and impact damage. To establish a

relation between an input quantity, such as the impact momentum of

energy, and residual property is very useful for laminate design.

In addition to experimental investigation, some analytical methods

have also been used to examine the behavior of composite laminate under



low-velocity impact. An indentation law has been presented by Tan and

Sun [56]. It can fairly predict the dynamic behavior of a composite

laminate under low-velocity impact. Numerical studies such as finite

element methods [57-58] have also been used to calculate the stress

states of composite laminates under dynamic loading. However, only

overall stress distributions have been presented. There is a lack of

further discussion regarding the effect of interlaminar stresses on

impact damage. Based on experimental observation and fracture mechanics,

some efforts have been contributed toward the prediction of the

initiations of delamination and matrix cracking [45-47] . A few modelings

[36, 49] have been presented for the study of impact resistance.

However, the studies on delamination itself, such as the fundamentals of

delamination shape and area, are still deficient. Impact-induced

delamination is a very sophisticated problem. In order to better

understand the delamination mechanisms, it is necessary to consider as

many aspects of impact dynamics as possible.

The damage of a composite laminate subjected to impact loading is

strongly dependent on the impact velocity. Generally speaking, if the

impact velocity is very high, a thin composite laminate will be

perforated and the major damage area will be relatively localized in the

impacted area [59] . However, if the impact velocity is low, the damage

of the thin composite laminate will be spread over a relatively large

region [60]. This is because the behavior of a thin composite laminate

subjected to low-velocity impact is very similar to that under global

bending and the damage is mainly attributed to bending [33].

Similar arguments have also been used to interpret the thickness

effect on impact damage. In low-velocity impact, a thick composite

laminate has a relatively smaller damage area than a thin one. In fact,



the major damage in the thick composite laminates is of local

indentation and fiber breakage [60]. However, the damage in the thin

composite laminates covers a larger area; and delamination has been

found to be the major damage mode. The difference due to the thickness

effect again can be viewed from the concepts of global bending and local

indentation.

In addition to impact velocity and laminate thickness, the material

properties of a composite laminate can also affect the damage mode and

the degree of damage, For example, a composite material which is made of

fibers with high failure strain can have high perforation resistance. It

has also been accepted as a rule of thumb that a low bonding strength

between fiber and matrix usually results in a high fracture toughness in

the composite material [7] . In low-velocity impact, the impact energy

has to be either dissipated away in the form of heat, or absorbed by the

composite material in the form of permanent deformation and damage [60].

Therefore, with high fiber strain and low bonding strength, Kevlar/epoxy

can absorb a lot of energy without being perforated [61]. In fact, it

has been widely used as a bullet-proof material. On the contrary,

glass/epoxy has high bonding strength [62]. Although glass fibers have

high failure strain, they are very sensitive to defects. The third kind

of fiber-reinforced polymer matrix composite material, widely used as a

structural material [1], is graphite/epoxy. It has intermediate bonding

strength but low failure strain of fiber. Therefore, both glass/epoxy

and graphite/epoxy do not have perforation resistance as high as

Kevlar/epoxy [59] . In addition, it should be noted that although the

epoxies of the three types of composite material are different, they are

all brittle materials. In studying the impact resistance of composite



materials, it is necessary to take the properties of the constituents

and the bonding strength into consideration.

Beside the properties of the constituents and the bonding strength,

the configuration of a composite laminate can also affect the stress

distribution during impact. The study of the configuration should

include the geometry, dimensions, boundary conditions, fiber

orientation, laminate thickness, and stacking sequence of a composite

laminate. The study on geometry effect have been mentioned in some

papers [48-49]. The effect of laminate curvature has also been pointed

out to be an important parameter in low-velocity impact [60]. The effect

due to dimension can be found in the study of scale effect [63] .

Moreover, the boundary conditions also play an important role in low-

velocity impact. Since the major concern of this study is to investigate

the mechanisms of delamination of composite laminates, the non-material

related parameters such as geometry, dimensions, and boundary condition

will not be included.

1.3 Summary

Delamination is a very important damage mode in composite laminates.

In order to improve the strength of a composite laminate, it is

necessary to increase the delamination resistance. Since low-velocity

impact can cause serious central delamination and result in severe

structure degradation, it has been one of the major investigations in

the study of composite materials. Accordingly, low-velocity impact has

been used to study central delamination. In addition, compared to edge

delamination, there are relatively fewer studies on central

delamination. It then is the objective of this study is to look into the

mechanisms of central delamination from low-velocity impact and to

further understand the parameters to increase the delamination



resistance of composite laminates. Because of its low-price and

simplicity in fabrication, glass/epoxy laminates were selected for this

study.

This study can be divided into three parts. The first part is for

experimental observation. The second part is numerical analysis while

the third part presents a technique to increase delamination resistance.

Since central delamination was first observed in the composite laminates

subjected to lowuvelocity impact, Chapter 2 is about the testing

results from low-velocity impact. The effects of fiber orientation,

laminate thickness, and stacking sequence on the delamination resistance

are of interest. Chapter 3 presents a technique for quasi-static central

loading and examines the similarity and difference between the damage

due to low-velocity impact and quasi-static loading. The analytical

study presented in Chapter 4 is based on static analysis. A high-order

shear deformation theory is used to calculate the interlaminar stresses,

while examining the behavior of a composite laminate under quasi-static

central loading. Chapter 5 investigates the effect of through-the-

thickness stitching on the interlaminar strengths. Chapter 6

presents the conclusions of the study.



Chapter 2

Low-velocity Impact

2.1 Impact Testing

The objective of this study was to investigate the effects of fiber

orientation, laminate thickness, and stacking sequence on delamination

resistance of composite structures under low-velocity impact. In order

to simulate the behavior of a structure in the laboratory, square

specimens with dimensions of 152 mm by 152 mm were chosen. The size of

specimen was equivalent to one quarter of the largest composite panel

that could be fabricated from the autoclave housed on campus. The

thickness of the composite laminates varied from 9 plies to 21 plies. As

a result, they ranged from 2.3 mm to 5.3 mm, depending upon the stacking

sequence. Comparing the thickness with dimensions, a minimum aspect

ratio of 28 was achieved. The impact testing could then be treated as

two-dimensional plate problem.

In the impact testing, each specimen was clamped around four edges

by an aluminum holder. The specimen-and-holder was then fixed on a steel

frame in front of a gas gun. The specimen was subjected to central

impact by a free impactor. Figure 1 shows the experimental set-up for

the ballistic impact testing. The cylindrical impactor, which had a

spherical nose of 12.5 mm in diameter, 25 mm in length, was made of

steel. Depending upon the gas (nitrogen) pressure, the impact velocity

ranged from 20 m/s to 100 m/s. The measurement of velocity was made by

using two infrared sensors mounted on the gun barrel at 50 mm apart. The

distance between the testing specimen and the nearer sensor was set at

31.3 mm. The rebound velocity could also be measured by the same

sensors. The difference between the kinetic energy introduced to and
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rebounded from the specimen was called impact energy and could be as

high as 50 J (joules) in this study. With such an energy level, neither

visible fiber breakage was found on specimen surfaces nor delamination

was extended to the specimen boundaries.

2.2 Edge Replication

After impact, the composite laminates were subject to damage

investigation. It was found that delamination was the major damage

mode. Both the nondestructive technique of high-intensity light and the

destructive technique of edge replication were used for delamination

investigation. High-intensity light was useful for translucent

glass/epoxy laminates. It could distinguish individual delamination in

composite laminates with less than four interfaces. Accordingly, a

destructive technique such as edge replication was required for

composite laminates with many interfaces. Because it did not require any

special equipment, edge replication was selected in this study.

In edge replication, damaged composite laminates were sliced into

strips of 5 mm in width. One side of each strip was polished

consecutively with emery paper and aluminum oxides of grain sizes of

five, three, and one micron. Diamond paste was used as the final

polishing material. Once the polishing procedure was completed, a thin

layer of acetone was uniformly applied on the polished surface by a

syringe. A section of clean cellulose acetate tape was used as a

replicating material. It was placed on top of the acetone. Hand force

was then used to press the tape onto the strip. Since a uniformly

distributive force was necessary to print the damage pattern of the

specimen onto the tape, a piece of rubber was placed between tape and

hand. It took approximately one minute for the acetone to react with the

tape and dry. The details of the damage pattern were then recorded on
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the tape and were ready for investigation. By using a microfilm viewer,

the delamination lengths on every interface of the strips could be

determined. The delamination on the composite interfaces could then be

obtained by assembling the individual crack lengths. This procedure was

done by connecting the crack tips with straight lines. Figure 2 shows

the delamination areas on the 20 interfaces of a [0/90/0/. . . ]21

laminate. It was verified in a study by Liu et al [13-14] that the

delamination areas obtained from edge replication agreed quite well with

those from high-intensity light.

2.3 Experimental Results

Of‘ each stacking sequence shown in Table 1, four specimens were

fabricated and tested. Delamination was found to be the major damage

mode in the composite laminates subjected to low-velocity impact. The

peanut-shaped delaminations, as shown in Figure 3, were recognized to be

the fundamental unit of delamination on the composite interface.

Moreover, the major axis of a delamination was always aligned with the

fiber direction of the composite lamina beneath the interface. The

relationships between delamination area and impact energy are presented

in the following sections. The presentations aim at the investigations

of the effects of fiber orientation, laminate thickness, and stacking

sequence on delamination resistance.

A. Effect of Fiber Orientation - In order to determine the effect of

fiber orientation on delamination resistance, two types of laminates

were investigated. One was [05/05/05] and the other was [03/03/03]. In

both cases, 0 was equal to 0, 15, 30, 45, 60, and 90.
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Table l : Stacking Sequence of Composite Laminates and Initiation

Energy for Delamination in Low-Velocity Impact

1. Fiber Orientation

Group l‘los/lss/Osl [05/305/051 [05/455/051 [05/605/051 [05/905/051

' 12.44J 9.37J 7.73J' 5.36J 3.98J

Group 2-[153/03/1531 [303/03/3031 [453/03/4531 [603/03/6031 [903/03/9031

9.97J 5.68J 9.84J 9.87J 3.57J

2. Laminate Thickness

Group 1‘l03/903/03l [05/905/05l [07/907/07l

3.59J 3.98J *

Group 2-[03/903/03] [03/903/03/...l15 [03/903/03/o--l21

3.59J 13.05J 5.78J

Group 3-[0/90/0/...]9 [0/90/0/...]15 [0/90/0/...]21

15.94J 21.79J 12.41J

3. Stacking Sequence

Group 1-[0/90/0/...]9 [03/903/031

16.94J 3.59J

Group 2'l0/90/0/---l15 [03/903/03/-e-l15 [05/905/05]

21.79J 13.05J 3.98J

Group 3'l0/90/0/---l21 [03/903/03/--ol21 [01/907/07l

12.41J 5.78J *

* negative number from least-squares
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Experimental results showed that there was no delamination in the

interfaces of [05/05/05] laminates. As shown in Figure 4, under the same

impact energy, the delamination area in the laminates of [05/05/05]

increases as 0 increases. It is important to point out that a linear

relationship can be used to correlate the delamination area with impact

energy in every set of specimen tested. The straight lines in Figure 4

were obtained from least-squares calculations. The intercepts indicate

that the minimum energy for the delamination initiation is dependent on

0. The higher the angle 0, the smaller the minimum energy. In addition,

it is noted that the slopes of the least-squares, which represent the

incremental delamination area per unit impact energy, are about the

same. Similar results can also be found in the laminates of [03/03/03] ,

0

shown in Figure 5, except that the 30 lamina has a larger delamination

area than those of 450 and 600 ones. The results for 450 and 600 appear

to be indistinguishable from one another.

B. Effect of Laminate Thickness - As shown in Table 1, three

different groups of thickness effect were studied. Group 1 includes the

laminates of [On/90n/0n], in which n is equal to 3, 5, and 7. Every

specimen in group 1 has three laminae while the thickness of each lamina

changes from three to five, and to seven plies. In group 2 and group 3,

the thickness of each lamina remains constant, but the number of the

lamina in each laminate changes. Group 2 is of [03/903/03/”‘]n while

group 3 is of [0/90/0/"']n' In both cases, n can be 9, 15, or 21.

Figures 6, 7, and 8 show the relationships between delamination area

and impact energy for groups 1, 2, and 3, respectively. Again, linear

relationships can be established in every set of specimen. From these
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three figures, it is also concluded that under the same impact energy

the total delamination area increases as the thickness increases.

C. Effect of Stacking Sequence - This study investigated the

delamination areas in the composite laminates which had the same

thickness but different stacking sequences. The same specimens presented

in the previous section are regrouped on the basis of the total number

of ply, i.e. 9-ply, lS-ply, and 21-p1y groups. The 9-ply group has two

different stacking sequences, [03/903/03] and [0/90/0/...]9. The lS-ply

group has stacking sequences of [05/905/05], [03/903/03/. . and
'115'

[0/90/0/...]15 while the 21-ply group includes [07/907/07],

[03/903/03/...]21, and [0/90/0/...]21 laminates.

The relationships between the delamination area and impact energy of

these three groups are shown in Figures 9, 10, and 11. In the 21-ply

group, all the data points are located within a narrow band and the

slopes of the three types of specimen are very similar. This indicates

that if the thickness remains the same, the increase in delamination

area per unit impact energy remains constant even if there is a change

in the stacking sequence. However, this result does not exist in 9-p1y

and 15-ply plates since the bands are much wider in these two groups.

2.4 Discussions

One of the important experimental results is the linear relationship

between delamination area and impact energy. By further analyzing the

energy per unit delamination area, some conclusions regarding the

delamination mechanisms in low-velocity impact can be made.

A. The stresses that cause delamination in the impacted composite

laminates are mainly due to bending. It has been presented in a study by

Liu [36] that a hypothesis based on bending stiffness mismatch can be
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used to qualitatively interpret the delamination on the composite

interface. The hypothesis suggests that the delamination area on an

interface of a composite laminate subjected to low-velocity impact is

proportional to the mismatch of bending stiffness between the laminae on

each side of the interface. In other words, the delamination area in the

interface of an impacted [On/Ob] laminate increases as the mismatch of

the bending stiffness D between the laminae increases. For simplicity,

1)

if only the largest term D11 is considered, the mismatch of bending

stiffness is then defined as M- Dumb) - Dllwa)’ where 0a and 0b are

the fiber orientations of the lamina above and below the interface,

respectively. The definition of D11 can be found in Jones [1] .

Figure 12 shows the relationship between the normalized delamination

area and the difference of the fiber angle between adjacent laminae.

Both the calculations from the hypothesis and the least-squares of the

experimental results are presented in the figure. The line calculated

from the hypothesis is for [0/0] laminates and has been normalized by a

o

90 mismatch, i.e. a [90/0] laminate. Similarly, the least-squares of

the experimental results of [05/05/05] laminates have been normalized by

the delamination area of [05/905/05]. It is important to indicate that

the lower the impact energy the better the agreement between the

hypothesis and the experiments. This verifies that the behavior of a

thin composite laminate at low-velocity impact is close to that under

quasi-static bending. Accordingly, the delamination area in a thin

composite laminate subjected to low-velocity impact can be correlated to

the mismatch of bending stiffness. Similar results can also be found in

other groups of specimens. Figure 13 shows the comparison between the
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hypothesis and experimental results for [On/90n/0n] laminates, in which

n is equal to 3, 5, and 7. The overall agreement in Figure 13 doesn't

seem to be as good as Figure 12.

B. Table 1 also shows the minimum energy required for delamination

initiation. For the composite laminates with stacking sequence of

[05/05/05], the higher the difference of fiber angle between adjacent

laminae, the smaller the initiation energy for delamination. However,

this trend is not found in [03/03/03] laminates. Another trend can be

concluded from the study of the effect due to stacking sequence.

According to Table 1, if the thickness remains constant, the one with

the higher number of interfaces requires higher energy for delamination

initiation. For example, the initiation energy of [0/90/0/. . .] is
15

higher than that of [03/903/03/. . which is higher than that of
415'

[05/905/05] . However, there is no clear trend in the study of thickness

effect. The trends of the relationship between initiation energy and

stacking sequence provide important information for the design of

delamination resistance in composite laminates subjected to low-velocity

impact.

C. In an impact event, part of the impact energy is converted into

elastic deformation and vibration, which is then dissipated in the form

of heat. However, the remaining part of the impact energy is absorbed by

the specimen and results in permanent deformation and damage in the

specimen. In this study, no energy of dissipation was measured, as well

as, damage other than delamination. In ignoring these factors, the

relationship between the impact energy per unit delamination area and

the impact energy which causes delamination can be established. Figure
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14 shows a typical relationship. Apparently, the impact energy per unit

delamination area decreases as the impact energy increases in 9-ply and

lS-ply laminates. Also shown in Figure 14, the slope (negative) of the

9-ply one is higher than that of the lS-ply one. However, the energy per

unit delamination area is independent of the level of impact energy in

21-ply laminates. These results may imply that the energy of dissipation

in a 9-ply laminate is higher than that of a lS-ply laminate. And the

energy of dissipation in the 21-ply laminate is, either independent of

the level of impact energy, or very small.

D. In the study of composite failure, the strain energy release

rates such as G1‘: [25] and G Ic [23] have been used widely as indicators
I

of energy absorption for a composite material. Neglecting the damage

other than delamination and assuming the energy of dissipation to be

small, it requires about 0.75 J (from Figure 14) to create a

delamination area of one cm2 in 21-ply glass/epoxy laminates. It is

believed that this amount of dynamic fracture energy has a close

relation with the critical strain energy release rates of the

glass/epoxy laminate. If the energy of dissipation and energy of

absorption other than delamination can be known, the energy per unit

delamination area obtained from low-velocity impact can be used as an

indicator for delamination resistance of the composite material.

E. Typical distributions of the delamination through the thickness

for some impacted composite laminates are shown in Figure 15. For

[03/903/03/. . .]n laminates, the delamination areas in the bottom half,

which is the half close to the non-impacted surface, are larger than

those in the top half. However, as the number of interfaces increase,

the difference in area between the two halves decrease. For the
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laminates of [0/90/0/'°']n' the difference of delamination areas in

different interfaces is not as distinct as that of [03/903/03/...]n.

2.5 Summary

This study verified some important delamination mechanisms of

composite laminates subjected to low-velocity impact:

A. Peanut-shaped delamination is the fundamental unit of

delamination on the composite interface. Its major axis coincides with

the fiber direction of the composite lamina beneath the interface.

B. The energyrequired for delamination initiation increases when

the difference of the fiber orientation between adjacent laminae

decreases.

C. Experimental results show that a thicker laminate requires less

energy for the delamination to grow than a thinner one in low-velocity

impact. However, it also implies that a thinner laminate may dissipate

more energy than a thicker laminate.

D. The study from stacking sequence points out that it requires more

energy for delamination initiation in composite laminates with a higher

number of interfaces, even if they have the same thickness.

E. The behavior of a thin composite laminate under low-velocity

impact is very similar to that caused by global bending.



Chapter 3

Quasi-static Central Loading

3.1 Quasi-static Loading

From the study of low-velocity impact, it was concluded that when

the impact velocity was very low, the behavior of a composite laminate

could be very similar to that under static loading. It was the objective

of this study to investigate the difference and similarity between loww

velocity impact and quasi-static central loading.

In this study, a technique for quasi-static central loading was

presented. The specimen dimensions were identical to those used in low-

velocity impact while the fixed boundary conditions were changed to

simply supported. This change was verified to have no significant effect

on damage mode [47]. However, only some cross-ply laminates, as listed

in Table 2, were examined.

Figure 16 depicts the experimental set-up for the quasi-static

central loading. A steel rod, 12.5 mm in diameter with a spherical nose,

was made. An Instron testing machine was used to conduct the quasi-

static loading. The speed of the loading head was set to be 0.033 mm/s.

In addition, the maximum central force was kept under a level so that

delamination did not spread to the specimen boundaries.

3.2 Experimental Results

A. A typical curve for central force and central deflection is shown

in Figure 17. There exists a nonlinear relationship between these two

parameters. A few discontinuities can also be seen in the curve. They

were verified to result from matrix cracking. No other sudden change on

the force-deflection curve can be identified as the point of

35
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Table 2: Stacking Sequence of Composite Laminates and Loading Levels

for Delamination Initiation in Quasi-static Central Loading

Average:

[03/903/03]

0.94 kN

0.97 kN

0.97 E

F
w
d

E
d
e

r
h
o

E
E

1.06 kN

[05/905/051

.16

.16

.18

.19

I
d
r
d
r
-
h
-

l
d
r
‘
P
‘
h
‘

H

.40

.41

.42

.43

.29 E
E
E
E
E

E
E
E
E

[07/907/071

2.00 kN

2.06 kN

2.14 kN

N
N
N

l
~
b
d
b

U
I
N
H

s
a
t

2.24 kN

[03/903/03/903/031

0.88 kN

0.93 kN

0.92 kN

0.91 kN
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Fig 16 Experimental set-up for quasi-static central loading
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delamination initiation. In other words, delamination due to the quasi-

static central loading was of stable fracture. Accordingly, extra effort

was required for delamination observation. Figure 16 shows four high-

intensity lights beams from the four corners of the steel frame. They

proved to be very helpful in identifying the delamination initiation

during testing.

B. Delamination was again verified to be the major damage mode. It

had the same peanut shape as those from low-velocity impact, shown in

Figure 3. In a three-lamina composite laminate, the delamination took

place from each side of the central loading on the second interface. It

propagated in the x-direction along the centerline of the laminate. The

delamination on the first interface occurred later and propagated along

the centerline of the laminate in the y-direction. Consequently, the

delamination area on the second interface is larger than that on the

first interface. This result is similar to that from low-velocity

impact. However, the indentation, due to the quasi-static loading, was

more severe than those of low-velocity- impact. On the contrary, the

surface matrix cracking, due to quasi-static loading, was not as dense

as that from low-velocity impact. In fact, the matrix cracking spreads

entirely on both surfaces of an impacted laminate, while very few cracks

appear around the central area in the laminate subjected to quasi-static

loading. Figure 18 shows the comparison.

C. The loading levels to cause delamination initiation for different

thicknesses and stacking sequences are listed in Table 2. It can be

concluded that the thicker the specimen, the higher the force for

delamination initiation. In addition to the force to cause delamination

initiation, the energy introduced to the specimens is also of interest.

It is calculated from the enclosed area of the force-deflection curve.
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Fig 18 Comparisons of second interface delamination

and matrix cracking on top and bottom surfaces

of composite laminates subjected to low-velocity

impact and'quasi-static central loading
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Experimental results reveal that, of the same energy, the thicker

laminates have larger delamination area than the thinner ones, as shown

in Figures 19 and 20. This result is similar to that in low-velocity

impact, also shown in the figures.

D. From the study of stacking sequence, it is concluded that it

takes a smaller force for a composite laminate with more interfaces to

have delamination than one with less interfaces. However, the energy to

cause delamination initiation is quite low in both cases.

3.3 Discussions

A. As shown in Figures 19 and 20, the slopes of delamination area

versus energy from impact testing are not the same as those from quasi-

static loading. It should be noted that there is a difference in the

composition of energy between low-velocity impact and quasi-static

central loading. In low-velocity impact, vibration energy plays an

important role while in quasi-static loading indentation energy.

B. Figure 21 shows the comparison of the critical strain energy

release rate between low-velocity impact and quasi-static loading. The

result from 2l-ply composite laminates subjected to low-velocity impact

2

is around 0.75 J/cm . The majority of the results from quasi-static

2 2

loading is between 0.5 J/cm and 0.75 J/cm . The critical strain energy

release rate of mode II, GIIc’ from End Notch Flexure (ENF) , is also

presented for reference. It should be noted that the result from ENF is

for the second mode, while those from low-velocity impact and quasi-

static central loading are of mixed-mode delamination.

3.4 Summary

Although the damage in quasi-static loading is not exactly the same

as that in low-velocity impact, delamination is the major damage mode.
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In addition, several similar results between low-velocity impact and

quasi-static loading can be concluded in this study. Accordingly, it is

feasible to use quasi-static central loading to study the mechanisms for

central delamination. However, due to its nature of stable fracture,

extra effort is required to identify the loading level for delamination

initiation in the quasi-static loading. In addition, since peanut-shaped

delamination is also found in quasi-static central loading, this

indicates that the shape is not dependent on the type of loading. Since

boundary conditions, different combinations of fiber and matrix, and

different types of impacting head have been verified to have no effect

on the peanut-shape delamination, dependence on the composite lamination

needs to be checked. Consequently, the study regarding the stress state

on the composite interface is required.



Chapter 4

Interlaminar Stress Analysis

4.1 A High-order Shear Deformation Theory

Delamination is damage on the composite interface. It has been noted

that high interlaminar stresses are responsible for the cause of

delamination. Accordingly, in order to understand the delamination

initiation, it is important to calculate the stress distribution on the

composite interface. Both an elasticity and plate theory [64-65]

approach have been successfully used in the stress analysis for

composite laminates. Pagano [66] has used three-dimensional elasticity

to calculate the interlaminar stresses in a [0/90/0] laminate under

sinusoidal loading. Lo, Christensen, and Wu [67-68] and Reddy [69] have

also presented closed-form solutions for the same cross-ply laminate.

Their approaches are based on high-order plate theories which account

for large shear deformation. The high-order theories have been verified

to be effective for thick composite laminates or composite laminates

with low interlaminar shear moduli. It was found that the in-plane

stresses from their high-order theories agree quite well with Pagano's

elasticity solutions. However, since through-the-thickness continuity

equations are not included in the high-order theories, interlaminar

stresses are not continuous between laminae. Lo, Christensen, and Wu

have indicated that by using equilibrium equations, instead of

constitutive equations, excellent results of interlaminar stresses can

be obtained.

In order to examine the effects of interlaminar stresses on

delamination initiation, it is important to obtain accurate stresses on

the interfaces. A closed-form solution is then desired. However, the

46
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technique for a closed-form solution is only valid for cross-ply

laminates, i.e., laminates made of 0°, 900 , and isotropic layers. In

selecting the solution technique, the advantage and disadvantage of an

elasticity approach and plate theory should be compared. Although the

elasticity'approach can give more accurate results, the plate theory is

more flexible for laminates with different kinds of stacking sequence.

Therefore, high-order shear deformation theory was chosen for this

study. In addition, since the interlaminar normal stress also plays an

important role in delamination [14], it is necessary to include high-

order terms for displacement in the thickness direction. Among the

different theories [67-81] accounted for shear deformation, the

following displacement field was used because it satisfied free shear

traction on both top and.bottom surfaces, and also accounted for

through-the-thickness strain.

u1(X.y.2) - u°(X.y)+zwx(X.y)+z3¢x .

u2(x.y.2) - V°(X.y)+2¢y(X.y)+23¢y . (1)

u3(x,y,z) - w(x,y)+22§'z .

In this study, linear strain-displacement relations were assumed.

Each composite lamina was also assumed to follow the orthotropic

constitutive equations, i.e.,

' ‘ ' c c o o o ‘ ' ‘
”1 11 C12 13 ‘1

”2 C21 C22 C23 0 ° ° ‘2

03 031 C32 C33 0 o 0 e3

4 l - 1 > . (2)

04 o o 0 C44 0 0 ch

as 0 0 0 0 C55 0 £5

. 06 , t o o o o 0 C66 , L .6 J      
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Using the linear strain-displacement relations and setting the shear

tractions to be free for both top and bottom surfaces, i.e.,

a (x +h)-o and a (x +h)-o (3)a aYv-Z 5 :Yo—z , ‘

equation (1) could be further simplified. In fact, if the surface layers

0 o

of a composite laminate were made of either 0 or 90 ply, equations (3)

were equivalent to the requirement that the shear strains be zero on

both surfaces. Since

an, au, 85

.. —_ 3.! 2_z
64 62 + ay ¢y + 3228y + By + z

au1 au3 2 Q. a:

65 - 82 + 6x ¢x + 32 43x + 6x + 2 8x ’ (4)

by setting 55(x,y,fg ) and ea(x,y,f§ ) to zero, it was concluded that

.9— 231'
Q 11—:

¢x ' ' 3h2 (¢x + ax + 4 ax ) .

J1. 23?

¢-- 2w “12,114,. (5)
y 3h y ay 4 By

The displacement field could then be rewritten as follows:

2 2:§

u1 - u°+zw -§(§>I¢ + §;+“—37‘11 .

2 23C

..2 - v°+zl¢y -§<fi)wy + 3% + 2 a-y‘II . <6)

2
u3 - w + z {z ,

where h represents the thickness of the composite laminate. The strain-

displacement relations become

2 2
‘1 - 61+ z(ko+ z k1) ,

52 - e2+ z(k°+ zzkz) ,
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0
e3 - zk3 ,

o 2 2

64-k4‘l’2ka,
(7)

o 2 2

£5 - k5 + 2 k5 ,

o o 3 2
66 - ‘6 + zk6 + 2 k6 , where

o aw aw 2 232;

° fiEL- ° - __x. 2 _ __s. ..x 2.2 h.___z

‘1'3 '1‘ Ik ( + + ).
x 1 3x 1 3h2 ax ax2 4 ax2

o aw aw 2 2a2g

2 8y ’ 2 8y ’ 2 3h2 ay ay2 4 ayZ ’ 3 z ’

0_ Q1 2____9_ i!

k, wy + 3y . k, h2<¢y + 3y ) .

°.. fl 2___4 E

R5 ¢x + 6x ’ k5 h2(‘bx + 6x ) ’

2
2

6 axay 6y 6x 2 axay

4.2 Governing Equations

In order to formulate the governing equations and boundary

conditions, the principle of virtual displacement [82] was used, i.e.,

‘2‘
0 - I'h I5 (01661 + 02652 + 03653 + 0&664 + 05665 + 06566 )dAdz

2

- I, (W + EsrzmA (a)

_ 2

where q- qh /4. Substituting equations (2) and (7) into equation (8) and

using the definition of stress resultants, equation (8) becomes
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2
26.23 aw 4? aw 2 2a a;

a 1 1 ax 2 ax 2 4 2
3h ax 6x

2
a§v° 35¢ 422 36¢ 322 2a a;

+ N2 3y I M2 3 ' 2 ( a + 2w + E 2 )
y 3h y 8y 6y

+ 21436:, + szy + ‘13-) -..ZW, + ‘31-) + Q1(5¢x + 1L >

o 0
45.] 5.5.! M. afiv 66¢ 86¢

hz (611)x + 6x ) + N6( 8x + By ) + M6(—Kay + 46x)

 

2

- ::2(2%;%§ + 8::x + 32:! + %3 §;g;5 - q6w - asgzjda , (9)

where

h

(Ni, Pi) - [6h ai(1,z3)dz (1 - 1,2,6) ,

2

1’1

Mi- [2~h ai(z)dz (i-1,2,3,6) , (10)

h

(Q1. R1) - lzhaa.5<1 22)dz .

2

11

(Q2, R2) - I?!) 04(1,22)dz .

2

Integrating equation (9) by parts and collecting similar terms, the

equilibrium equations in the domain 0 are obtained as follows:

N . N

ha. ‘Li + f’_5_ _ o
' ax 8y ’

6N 6N

6v0: —6 + _Z. .. 0

6x 6y ’



2 2 2
a? a2 zap 3Q m a

5‘“ —2(__2+—2+a—T§)+a—l+a—z £235”:—)+q'
3h ax ay “3' x V II x

a? a? M
w- _L(_l _6_3R),?Ei,h-q_o

x' 3h2 ax 6y 1 6x 6y 1 ’

a? an an

as: —‘I-(—2+ —'é-3R)+—Z+—'§'-Q-0,
y ax 8y ax - 2

3112

2 2 2
a? a? zap

. l.___l ___2 ____§._ ~
5:2. 3(“2+ ay2+3xay 6M3)+q-0.

The boundary conditions to be specified are

u or N ,

n

u or N ,

ns as

w or Qn ,

or P ,

e or M ,

¢ or M ,

g or

u - u n -u n v - u n +u n
n x ns y’ n y ns x

L_n2_ 2.2. a. a.
an x 6x + ny 6y ’ ans - nx 6y ' n

L_n§_ La. L+ L
6x x an - ny ans’ 6y - ny an

2 2 2 2

Nn - Nlnx +N2ny+2N6nxny’ an- (N2-N1)nx6ny+N (nx-ny) .

0 .

(ll)

(12)
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2 2 2 2
PD - Pln.x +P2ny+2P6nxny, Pns- (P2-P1)nxny+P6(nx-ny) , (13)

A 2 A 2 A A A 2 2

n Mlnx+M2ny+2M6nxny , Mns- (Mz-M1)nxny+M6(nx-ny) .

A

3 I

Q
)

PA A a

-Qn+Qn'_ I
on 1x 2y3h2 6113

l3

)

- nL - A - c L -Mi M1 3h2 P1(i 1,2,6) , Q1 Q1 3h” R1(i 1,2)

The relations between the stress resultants, strains, and curvatures

could then be expressed in terms of laminate stiffnesses:

                

      

r - ”1-1 r ””11 A12 A16” "”11 ”12 ”13 316” "”11 ”12 E16” ‘ r ”‘1- ‘

N2 A12 A22 A26 ”12 ”22 ”23 ”26 ”12 ”22 ”26 ‘2

_ N6‘ [”16 A26 A66j _”16 ”26 ”36 366‘ _”16 ”26 E66j _‘6‘

P ”1” ””11 ”12 ”16” ””11 ”12 ”13 016” ””11 ”12 ”16” ””1”

M2 ”12 ”22 ”26 ”12 ”22 ”23 ”26 ”12 ”22 ”26 ”2

1 ”3 * ‘ ”13 ”23 ”36 ”13 ”23 ”33 ”36 ”13 ”23 ”36 ‘ k3 ‘

_ “6‘ _816 ”26 ”66] [”16 ”26 ”36 ”66‘ [”16 ”26 ”66‘ _k6d

P P11 ””11 ”12 ”161 r”11 ”12 ”13 F16. ””11 ”12 H16” ””1”

P2 ”12 ”22 ”26 ”12 ”22 ”23 ”26 ”12 ”22 ”26 k2

, _ ”6], k _”16 ”26 ”66, _”16 ”26 ”36 ”66, [”16 ”26 “66‘ , , _”6d ,

r Q2 ‘ r A44 A45 ”44 ”45 l r *2 ‘

Q1 A45 A55 ”45 ”55 ”5

4 R2 b - ”44 ”45 ”44 ”45 i ”Z l . (14)

L R1 , , ”45 ”55 ”45 ”55 J L ”5 ,

where A11, Bij’ Dij’ Eij’ F11, and Hij are defined as:

h

(Aij, 211, n11) - I”? 011(1,z3,z6)dz (i,j-1,2,6) , (15)



53

h

2 - 2

(3113 D113 F11) - J._t21 Cij(zvz ,z”)dz (1.1-1.2.3.6) .

h

2 - 2 4

and C is the transformed (from C1 ) stiffness matrix.

11

4.3 Closed-form Solution

J

In this study, the objective was to find the stress states in

symmetric cross-ply laminates with dimensions of a by a, shown in Figure

22. Accordingly,

Bij-Eij-o for i,j-1,2,3,4,5,6 and

A16'A26 16'”26 16-F26-F36-H16'H26-A45 45 45'

In addition, for the simply supported case, the boundary conditions are:

W(x.0)-W(X.a)-W(0.y)-W(a.y)-0 .

P2(X.0)-P2(X.a)-P1(0.y)-P1(a.y)-0 .

M2(x,O)-M2(x,a)-M1(O,y)-M1(a,y)-O 3 (l7)

¢X(X.0)-¢X(X.a)-¢y(0.y)-¢y(a.y)-0 .

Cz(x.0)-§Z(X.a)-§z(0.y)-§z(a.y)-0 .

The resultant forces of equation (14) were expressed, for symmetric

cross-ply laminates, in terms of displacements as follows:

_ 223 223

N1 A11 ax * A12 ay '

O 0

N2 ' A12 ax 22 ay '

223 223)

N6 - A66(ay + 8x
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Fig 22 Dimensions of a composite laminate under central loading

All dimensions are in mm
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R2 544<¢y + 3y ) + ”44[ h2(¢y + By )1 .

alas 3* if: a}! hzazcz
P1 ' ”11 ax + ”12 ay + 2”13‘ + ”11[ ‘ 2 (ax + + Z 2 )1

3h 6x 6x

4 w 22. 126.26;
+ ”12[ "'2 (5'! + 2 + 4 2 )1 '

3h Y ay ay
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2
art 316 31: 2 26;

_ _1s _ _x a_w h__z

”2 F12 ax + ”22 a + 2”23‘ + ”12[ 3112 (ax + ax2 + 4 ax2 )1

36 2 2a”:
__A_ __1 d_! h ...;

+ ”22[ 2 (a + 2 + 4 2 )1 '
3h Y ay ay

. 2
aw a¢ 2 66 66 2 a g

_ _x _1 ,_4_§_! _x 4 h._z

”6 ”66(ay + ax ) + ”66[ 2(28xay + ay + ax + 2 axay )1 ' (1”)

In order to simulate a central loading, the composite laminates were

loaded by a static force at a small area 2d by 2d around the center of

the plate. The force is expressed by a double Fourier series:

q .mgn-l ansinax sinfly (19)

16? 23

where an- —'§ sing";l sinad sin 2 sinfid , Po the intensity of the force

mnu

E5
in the loading area, a- a , and fl- BE . The technique of Navier's

solution was used in this study. For small deformation, there was no

interaction between in-plane deformations and out-of-plane loading;

therefore, the first two governing equations in equation (11) were

automatically satisfied. Accordingly, only four governing equations

needed to be considered. By using double Fourier series, the

displacement parameters w, ¢x, py, and ”z are be expressed as follows:

w -mgn-l Wmsimx sinfiy

”x .mgn-l ancosax sinfiy

¢y -m?n~l Yfinsinax cosfiy (20)

§ -m?n-l Zmnsinax sinfiy .
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By using equation (18), the remaining four equations of equation (10)

 

 

become

2 2 2 3
a 6 a 6 35 4F]: 3 6 3 2 a g

”11 2 + ”12 a a + 2”13 5‘” ' 2‘ 2 + 3 + ”Z 3)
8x x y x 3h 8x 6x 6x

2 2
a 6 a 6
___x ...! _ a! 3. a:

+ D66( ay2 + axay) A55””x + x) + ”SM(h2)(”x+ x)

326 3 2 a”: 42 26 326 3 2 a”:
__1.2(_1_a_w_++h._z) __§.€(a__x_x++2_u+h_ 2)

3112”“y axay2 4 axayz) 3h2 ay2 ”‘3’ axay2 axay2

2 2

‘”55‘l%)‘” + 3‘) ”2‘ ”11a ”2 + FIZZx: 2 13 3;”
h x 3h ax V

4a 326 3 2 a”: 4a 326 3 2 a”:
__.11( +§_w_+t1. )__J.2(_x+_§_w_+h__z)

3h2 6x2 8x3 4 6x3 3h2 axay axay2 4 axay2

2 2 2 3 2
4H 3 2

3.3x 3.3x , __26 3.32 _2_u_ h. _3_Ez 3.3x _
+”66‘ 2 + axa ) 2‘axa + 2 2 + 2 2 + 2)] 0

8y y 3h y axay axay 6y

(21a)

a26 326 a: 4F22 326 3 h3 a”:

”22 2 + ”12 axay + 2”23 5'” 2‘ 2 + w3 + 4 3)
8y y 3h ay 6y 6y

2 2
a 6 a6
...! a. Q. as

+ 056< ax, +axay)- A44(¢y + ;) + D41124( )(6y + y)

3 2 3
3 2 3331§(””+aw+h_3”)

4%(a:¢2+ a¢1§+2aw+fia§z)

3h2 axay+ ayax2 ” aya 2 3h2 6x2 +axay ayax2 ayax

326 a 6 a;

M‘l”)‘”y + 3;) ' _”2[” 2 ”lzaxa 2 23 3
3h ay y V

4a 326 '3 2 a”; 4 6 3 2 a”;
, __22( + 2.2. + h. ) _ __12(._.x + _fl_2. + h..___;;)

3h2 a 2 a 3 4 3y” 3h2 ””3? ayax” 4 ayax2



 

  

2 2 3 2
a 6 a 6 ”36326 3 h3 a g a 6 _

+F66‘ 2 3x3 ) 2‘axa2 2 + 2 2 + 2)] 0
6x y 3h y ayax ayax ax

(21b)

23*a 8.3 23: g. 2 6.4 u
A—2‘55‘ax 2) + AM‘a 2) 2‘ ”55‘ ax + 2)

8x2 ayz h2 3x

2
3. 3'5; 3:; 2 3.24 33:: 4. 333: Lw

sshwx 2>+ 044—33“ 2) F4152)”, + 2)]
6y h y ay

3 3 2
4 a 6 a 6 a g

* 2‘F11 3 + F12 2+ 2P13 2
3h ax ayax 6x

43 336 4 2 34; 4a 336 4 2 a4:
, ..ll(_..x + 3.2. + h. ...z) _ ..12(_..x_ + .fl.!._ + h.._._.z_)

3h2 3x3 3x4 4 3x4 3h2 ayax2 ayzax2 4 ay26x2

3 3 3 4 3

a 3 3.33 8H66 a ¢x .fifi!.. h3 .3.3z_ 3.31..

+2F66( 2 + 2) ' 2‘ 2 + 2 2 2 + 2 2 2 + 2)
ayax aXpy 3h axay ay ax ay ax ayax

3 3 2 3 4
4n 4 2

22 313. 3i;__223_‘."x m 11.2:
+F22 3 + F12 2+ 2F23 2 2‘ 3 4 4 + 4 4)

6y axay 6y 3h 6y 6y 6y

331233" .a4__ 113 34‘- 2(——3-§+ 2 2 + a—zz-H +q -0 (21¢)

3h axay 6y ax Hay6x

2
a 6 BF a 2 2 a

2(D .ZK+D 114,21) §)__u(_¢.x+u.+h__£§)

13 6x 23 ay 33 2 3x 2 4 2
3 6x 6x

8F 36 2 2 32; a36 336 32g

’ —2%‘a—1 + a'L2 + hZ —_§)' "43‘1’11—33S + 1’12—“L+ 2F13 _2a
3h Y ay ay 9h ax a ax a

4a 336 4 2 34: 4a 336 4 2 a4;
- ..11( x + d.!_ + h. ...z) _ ..12(._.x. + .fl.2._ + h. z )

3h2 3x3 3x4 4 3x4 3h2 ayax2 ayzax2 4 ayzax2

3 3 4 3
a 6 a 6 SH 336 4 2 a g a 6
...x. ...x ..éé4 .1.2.. h. ....z.. ...1._

+2F66‘ 2 + 2) 2‘422 2 2 + 2 2 2 + 2)
ayax axay 3h axay 8y ax 6y ax ayax



3 3 2 3 a
an 4 2 a

3.31 3.23. 3.5: , ..22 3..1 2.2. h. ..Ez

+F22 3 * F12 2+ 2P23 2 2( 3 + a + a 4)
8y 6xay 6y 3h 6y 6y By

an 33¢ a 2 a“:
- -—1§(-——3§ + -§§¥—§ + h; -—§-‘§)] + 0.25qh2 -0 (21d)

3h axay 3y 6): 8y 3::

Substituting equations (19) and (20) into equation (21) and

collecting similar terms, the following equations for finding the

coefficients Whn, an, Ymn’ and zmn are obtained as follows:

r 311 E12 E13 314 1 ' “an ‘ r 'an ‘

E21 322 323.324 xmn ‘0

E31 E32 E33 334 < Ymn , - ‘ 0 > (22)

t E41 E42 343 344 L zmn J L'anhz/“J      

The coefficients of matrix [3] are given by

_ _g_ 3 2 2 _ §_ ;§

c11 2‘“ F11 + 2“5 F66 + “5 F12) + °[ A55 + ( 2)D55 ' ( 4)F55]
3h h h

- ‘l%(a3H11 + Zafi2H66 + aflzfilz) ,

9h

~ _ _§_ 2 2 _ 2 2 _ _1g 2 2 -

c12 2‘“ F11 + 5 F66) (a D11 + 5 D66) 4‘“ H11 + fl H66) A55
3h 9h

.8— _2_

+ h2(955 ' ( h2)Fss] '

E13 ' “5(;:2)(F12 + F66) ' “5(012 + D66) ' “5"1%)(H12 + H66) '
9h

~_l3 2 2 1a
c14 3(a F11 + afi F12 + 2afi F66) + 20D13 - 3h2F13

_g_ 3 2 2
- 9h2(a H11 + afi H12 + Zafl H66) ,

~ 3 2 2 g__ ;g

c21 ' 3h2(fi F22 + 2“ 5F66 + a 5F12) + 5[ ‘A44 + (h2)Daa ‘ ha)F44] '



c32 '

O
!

42
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_1g 3 2 2

' 9h4(5 H22 + 2“ flfles + a flfllz) '

afl<j3)(F12 + 266) - emu + 966) - nag-1%) (H12 + H66) .

_§_ 2 2 _ 2 2 _ _1§ 2 2 _

3h2(“ F66 + 5 F22) (“ D66 + 5 D22) 9ha(° H66 + 3 “22) A44

.8. .2.
+ [D '( )Flv

h2 44 b2 44

13 2 '2 .2;
3(fi F11 + a fiFlz + 2a fl F66) + 2aD23 - 3h2F23

_g_ 3 2 2

' 9h2(5 H22 + ° 5H12 + 2“ fluss) '

_§_ 2 2 - 2 2 _ _;§ 2 2

h2(° D55 + fi ”44) (“ A55 + 5 A44) ha‘“ F55 + 5 F44)

a a 2 2 2 2
- 9h4(a H11+ p H22 + 2a p H12 + 4a fl H66) ,

_L , __1§ _.m3 2 2
“‘ 2055 A55 ans) 4‘“ H11+ “5 H12 + zap H66)

h h 9h

.42. 3 2 2
+ 2(a F11+ afi F12 + Zafi‘F66) ,

3h

..L _ _.J.§. __L§.3 2 2

5‘ hzbaa A44 haFaa) 9h4(5 H22+ ° ”“12 + 2° fines)

_§_ 3 2 2
+ 3h2(fi F22+ a fiFlz + 2a fiF66) ,

__8_2 2
2(a F13+ fl F

_g_ 4 4 2 2 2 2
3h 2(a H11+ fl H22 + 2a fl H12 + 4a 5 H ) .

9h 56
23) '

2 2 _g_ a 4 2 2 2 2
- 3h2(a F13 + 3 F23) +9h2(a H11+ 5 H22 + 2a 5 H12 + 4a 5 H66) .

2a('&-F - D
3h2 l3

_ _l_ 3 2 2

13) 3 (a F11+ a5 F12 + 2afi F66)

_§_ 3 2 2

+ 9h2(a H11+ afl H12 + 205 H66) ,
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” .2. .é. 3 2 2

CA3 ' 25‘ 2F23 ‘ ”23) ' 2‘5 H22+ a ”“12 + 2“ fines)
3b 9h

1 3 2 2
- 3(5 F22+ a 5F12 + 2a BFss) , (23)

32 2 14 4 22 22
c44 - 3(a F13+ p F23) + 9(a H11+ 5 H22 + 2a 5 H12 + 4a 5 H66) + 4033 .

Apparently, 313 are functions of material properties and laminate

dimensions. In this study, the following dimensions and parameters are

used: a- 150 mm, d- 1.25 mm, and h- 2.25 mm for 9-ply, 3.75 mm for 15-

ply, and 5.25 mm for 21-ply laminates. And m and n are equal to 10.

4.4 Numerical Results

A. Interlaminar Stresses from Constitutive Equations

In order to justify the technique used in this study, it was

necessary to compare the high-order plate theory with Pagano's

elasticity solution. A square graphite/epoxy laminate with stacking

sequence of [05/905/05] under sinusoidal loading was examined. Figures

23, 24, and 25 show the normalized 0x2, ayz’ and oz at some points of

interest. Both the elasticity solution and the results from the plate

theory are shown in the figures. They are significantly different.

Equilibrium equations as suggested by Lo, Christensen, and Wu, instead

of constitutive equations, should be used to calculate the interlaminar

stresses.

B. Interlaminar Stresses from Equilibrium Equations

The equilibrium approach was used in conjunction with the following

continuity equations along with the boundary conditions:

a§;’<x.y.h/2) - 0. a§:’<x.y.h/6) - a§§’(x.y.h/6) .a§:’<x.y.-h/2) - o,

(1) (1) (2) (3)
ayz (X.y.h/2) - 0. ayz (X.y.h/6) - ayz (X.y.h/6) .ayz (X.y.-h/2) - 0.
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2/h an(0,a/2,z/h)

 

   

— - Constitutive

—-— Equilibrium

———-Exact

Fig 23 Interlaminar shear stress at (O,a/2,z/h) in

[05/905/05] laminate under sinusoidal loading
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ayz(a/2,0,z/h)

 

.30 

   —- Constitutive

--- Equilibrium

— Exact 

Fig 24 Interlaminar shear stress at (a/2,0,z/h) in

[05/905/05] laminate under sinusoidal loading
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0503/11 02(a/2,a/2,z/h)

—— Exact

--- Equilibrium GAO-l

- - Constitutive ,

0530-

OJZO-

0.10- /

  -1.0

.40-

-.4o- —.50J

Fig 25 Interlaminar normal stress at (a/2,a/2,z/h) in

[05/905/05] laminate under sinusoidal loading
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a;1)(x,y,h/2) - q, a;1)(x,y,h/6) - a;2)(x,y,h/6) ,aé3)(x,y,-h/2) - 0.

Details of derivations can be found in Appendix A. The normalized

results are also shown in Figures 23, 24, and 25. Excellent agreements

between the elasticity approach and plate theory were then achieved.

Accordingly, all the interlaminar stresses in this study were calculated

by equilibrium approach thereafter.

C. Interlaminar Stresses due to Central Loading

The same graphite/epoxy laminate, as studied in the previous

section, was subjected to central loading. The normalized interlaminar

stresses of the whole laminate are depicted in Figures 26-29 for axz’

ayz’ oz of the first interface, and 02 of the second interface,

respectively. Due to the symmetry of the laminate with respect to mid-

plane and the small-deformation assumption, the interlaminar shear

stresses in the two interfaces are identical to each other. However, the

interlaminar normal stress changes with the interface. The interlaminar

normal stress oz on the first interface reflects higher compression than

that on the second interface. There is also a major difference between

the two components of interlaminar shear stress on each interface. In

comparison with ayz’ can is much higher. Besides, axz is symmetric with

respect to the y-axis while ayz the x-axis. Another way to express the

interlaminar shear stress is to use a polar coordinate system. Since 082

is relatively small, arz becomes the dominant component for the

interlaminar shear stress. Figure 30 shows the normalized arz with an

2

area of 625 mm in a quadrant of the [05/905/05] laminate shown in

Figure 22.
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Fig 26 Interlaminar shear stress in the interface of a

[05/905/05] laminate under central loading
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Uyz([05/905/05])

 

 

 

 

 

  
 

    
Fig 27 Interlaminar shear stress in the interface of a

[05/905/05] laminate under central loading
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oz(lst. Interface,[05/905/05] )

 

 

   
Fig 28 Interlaminar normal stress in the first interface

Of a [05/905/05] laminate under central loading
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oz(2nd. Interface,[05/905/05] )

 

 

enf/

 

  
Fig 29 Interlaminar normal stress in the second interface

of a [05/905/05] laminate under central loading
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4.5 Discussions

A. The Important Role of Interlaminar Stresses

Delamination is damage on the composite interface. Both interlaminar

normal stress and interlaminar shear stress are responsible for

delamination. However, in central loading, the former has a relatively

uniform distribution in any direction in the neighborhood of the loading

area, while the latter changes significantly with direction. Since there

is no satisfactory failure criterion for delamination analysis, for

simplicity, the analysis in this study is based on the maximum

interlaminar shear stress. It is then concluded that delamination in a

cross-ply laminate will be initiated at two points along the centerline

of the composite laminate. See Figure 22. In other words, the

delamination initiation is direction-dependent. Although the exact

initiation points were not identified in the quasi-static testing, the

results from both analytical and experimental approaches seem to be

consistent. In addition, due to the similarity between the delamination

shape and interlaminar shear stress distribution, it is believed that

the nonuniform interlaminar shear stress distribution will eventually

result in the peanut-shaped delamination. Consequently, it indicates the

important role of the interlaminar shear stresses in delamination

initiation. On the contrary, because of its compression in nature, the

interlaminar normal stress cannot cause delamination in central loading.

Due to the higher compressive stress on the first interface (which is

the one close to the loading surface) than on the second interface (the

one close to the unloaded surface), the delamination on the second

interface is likely to take place before the first interface. In

addition, the difference of the interlaminar normal stresses between the

interfaces is believed to result in different sizes of delamination on
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the different interfaces. Accordingly, the delamination initiation at

the second interface will be emphasized in the following study.

B. Effect of Fiber Orientation

As indicated in the previous section, there is a nonuniform shear

stress distribution in a [05/905/05] laminate. From stress analysis, it

can be concluded that this is due to the anisotropy of the composite

laminae above and below the interface. In order to further verify the

effect of material anisotropy on the shear stress distribution, an

isotropic laminate [Is/Is/Is]. where I indicates an isotropic layer, and

a unidirectional graphite/epoxy laminate [05/05/05] were studied. The

normalized interlaminar shear stresses, orz’ of the same area used in

Figure 30, on the second interfaces of isotropic and unidirectional

laminates are shown in Figures 31 and 32, respectively. Apparently, the

interlaminar shear stress in the neighborhood of the loading area for

the isotropic plate is less orientation-dependent than those in cross-

ply and unidirectional laminates.

In addition to fiber orientation, stacking sequence is also

important to shear stress distribution. Two hybrid laminates [Is/Os/Is]

and [05/15/05] were studied. The distributions of arz are depicted in

Figures 33 and 34, respectively. It is interesting to find that the

shear stress distribution is likely to be affected by the lamina below

the interface. That is, arz in [Is/Os/Is] is not as highly orientation-

dependent as that in [05/15/05], since the bottom lamina of the former

o

is an isotropic-ply and the latter 0 -ply. This result is consistent

with the experimental observation that the major axis of delamination is
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Fig 31 arz in the interface of an [IS/IS/IS] laminate

under central loading
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Fig 32 arz in the interface of a [05/05/05] laminate

under central loading
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Fig 33 arz in the interface of a [I5/05/15] laminate

under central loading
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Fig 34 or: in the interface of a [OS/IS/OS] laminate

under central loading
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strongly influenced by the fiber orientation of the composite lamina

beneath the interface.

C. Effects due to Material Properties, Laminate Thickness, and

Stacking Sequence

In addition to fiber orientation, the interlaminar shear stress is

also affected by material properties, laminate thickness, and stacking

sequence. Although types of material and thickness may be different,

the overall interlaminar stress distributions for any symmetric cross-

ply laminates are very similar to those shown in Figures 26-29. The

maximum shear stresses for some cases are listed in Table 3. Some

conclusions can be drawn as follows:

a. The anisotropy ratio, En/En, can affect the maximum value of

a Table 3 shows the results for graphite/epoxy, Kevlar/epoxy, and:a .
xz yz

glass/epoxy. The results indicate that the ratio between axz and ayz

becomes higher for composite laminates with a higher anisotropic ratio,

i.e. higher E1 l/E”. However, it should also be noted that the

delamination initiation is not only dependent on interlaminar shear

stress, but also on the strength of composite interface.

b. The thinner a composite laminate, the higher the interlaminar

shear stresses. Three different kinds of thickness were studied. Table 3

shows the maximum interlaminar shear stresses 0x2 and ayz for each case.

c. Stacking sequence plays an important role in the delamination

initiation. With the same material properties and thickness, the maximum

interlaminar shear stresses change with stacking sequence. The results

for both [03/903/03/903/03] and [05/905/05] are also listed in Table 3.

In the [03/903/03/903/03] laminate, it is interesting to recognize that

axz is larger than ayz on the fourth interface, where the fibers are
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Table 3: Normalized Maximum Interlaminar Stresses due to Central Loading

graphite/epoxy [Os/9°s/os] [Os/9°5/05] [01/907/07]

Thickness ax2 -8.3925 -4.7946 -3.2320

ayz -1.9793 -l.2557 -0.9453

oz (lat) -2.0931 -2.0857 -2.0733

oz (2nd) -0.6638 -0.6712 -0.6836

[05/905/05] graphite/epoxy Kevlar/epoxy glass/epoxy

Material 0x2 -4.7946 -4.7809 -4.0693

ayz -1.2557 -1.5035 -2.6365

oz (lst) -2.0857 -2.0678 -2.0173

02 (2nd) -0.6712 -0.6891 —0.7397

graphite/epoxy [05/905/051 [03/903/03/903/031
Stacking Sequence

axz(1st/4th) -4.7946 -3.5413

axz(2nd/3rd) -4.7946 -3.6549

ayz(lst/4th) ~l.2557 -0.4501

ayz(2nd/3rd) -l.2557 -4.1000

oz (lst) ~2.0857 -2.5238

oz (2nd) «0.6712 -l.8203

oz (3rd) -0.9211

02 (4th) -0.2494

graphite/CPO” Ell- 171.8 6P3, Egg-E33- 6.9 6P3, V12- V13-V23- 0.25

6,,— 1.4 or: , 6,2- 0,,— 3.4 GPa

Kevlar/epoxy E11- 81.5 GPa, Egg-Ess- 5.1 GPa, vlz-VIS-vzs- 0.3

023-012-031- 1.8 GPa

glass/epoxy 311' 36 GPa, 222-333- 10.4 GPa, v12- ”13' 0.26, v23= 0.3

Gas- 205 GP‘ , G12- G31- 3.2 6P8
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aligned in the x-direction beneath the interface. However, ayz is larger

than axz on the third interface, where the fiber alignment is in the y-

direction beneath the interface. Likewise, in the [05/905/05] laminate,

an is larger than ayz on the second interface, where the fibers are

aligned in the x-direction beneath the interface while ayz is larger

than an on the first interface, where the fiber alignment is in the y-

direction beneath the interface. These results are consistent with those

in previous discussions.

4.6 Results for Glass/epoxy Laminates

A similar study was performed for glass/epoxy laminates. The results

are listed in Table 4. Similar conclusions as those obtained from the

graphite/epoxy analysis can be drawn.

4.7 Summary

Based on the numerical results and comparisons with previous

experimental observations, the following conclusions can be drawn:

A. Interlaminar shear stresses are responsible for the initiation of

central delamination. However, since the interlaminar normal stress is

compressive in central loading, it can suppress the delamination.

B. The anisotropy of composite lamina on each side of an interface

can cause nonuniform distribution of delamination, namely peanut-shaped

delamination. The degree of anisotropy can affect the distribution of

interlaminar shear stress.

C. Delamination is likely to be affected by the lamina beneath the

composite interface.
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Table 4: Normalized Maximum Interlaminar Stresses for glass/epoxy due to

Central Loading

Thickness [03/903/03]

a —6.8463
xz

a -4.3618
yz

oz (lst) -2.0204

02 (2nd) -0.7366

Stacking Sequence [05/905/05]

axz(lst/4th) -4.0693

axz(2nd/3rd) -4.0693

ayz(lst/4th) -2.6365

c z(2nd/3rd) ~2.6365

az (lst) -2.0l73

oz (2nd) -0.7397

dz (3rd)

02 (4th)

glass/epoxy

[05/905/051

-4.0693

'-2.6365

-2.0173

-0.7397

[07/907/071

-2.8707

-1.8998

-2.0128

-0.7442

[03/903/03/903/031

-3.0634

-3.6400

-l.6380

-3.7600

-2.4737

-1.7673

-0.9152

-0.2894



Chapter 5

Stitching Effects

The interlaminar properties of a composite laminate can

significantly affect delamination resistance. It was found in Chapter 2

that the delamination area in a composite laminate subjected to low-

velocity impact is dependent on parameters such as fiber orientation,

laminate thickness, and stacking sequence. Furthermore, some material

properties also play important roles in delamination resistance. Since

delamination is the damage on the interface between laminae, the

properties which dominate the delamination resistance are the matrix

strength and the bonding strength between fiber and matrix. Accordingly,

it is possible to improve the delamination resistance of a composite

laminate by improving these strengths. However, it is difficult to

examine the effect due to each property independently, since by changing

the surface chemical between fiber and matrix to increase the bonding

strength, the matrix strength can also be changed. In this study,

instead of improving the chemical bonding, a technique of changing the

mechanical bonding - stitching - was investigated.

Stitching has been used by Mignery, Tan, and Sun [83] to improve

free-edge delamination resistance. Ogo [84] performed comprehensive

testing to study the effects of stitching on the in-plane strengths and

interlaminar fracture toughnesses. In a study by Liu [85], the

significant effects of stitching density on central delamination have

been determined. However, the stitching pattern was found to have little

influence on the delamination resistance. It was the objective of this

study to investigate the delamination morphology, to characterize the

interlaminar properties, and to further investigate the influences of
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stitching on the interlaminar properties such as the interlaminar shear

strength and the critical strain energy release rate.

5.1 Scanning Electron Microscopy

The parameters which strongly affect the interlaminar strength of a

composite laminate are the interfacial bonding between fiber and matrix

and the strength of the matrix. Scanning electron microscope was used to

investigate the delamination surface for an impacted glass/epoxy

laminate. For comparison, graphite/epoxy and Kevlar/epoxy laminates were

also examined. The results are shown in Figure 35. Apparently,

Kevlar/epoxy and graphite/epoxy have poor bonding between fiber and

matrix because of the clean fiber surfaces. However, there is some

residual matrix left on the glass fiber surfaces. This indicates that

delamination, in glass/epoxy laminates, actually occurs in the matrix.

5.2 Short Beam Shear Test

One of the important parameters which dominates delamination

resistance is the interlaminar shear strength. The standard test for

interlaminar shear strength is ASTM D2344 - short beam shear test [86-

87]. Details of the testing configuration can be found in Figure 36. A

series of stitching patterns, with density from 2 to 12 stitches per 156

2

mm , were performed manually. The stitching threads were cut directly

from the prepreg tape and had a width of 1.5 mm. The mechanical

properties of the stitching thread can be found in Table 5. A needle,

with a diameter of 0.8 mm, was used for stitching. Simple up-and-down

stitching was performed. The stitching patterns are shown in Figure 37

and the experimental results are shown in Figure 38. Also shown in

Figure 38 is a least-squares line for the data points. There is a

monotonic increase in interlaminar shear strength with an increase in

stitching dens ity .
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Glass/Epoxy

'e'\

Graphite/Epoxy

 Kevlar/Epoxy

Fig 35 Comparison of interfacial bonding among glass/epoxy,

graphite/epoxy, and kevlar/epoxy by scanning

electron microscope
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Table 5: Mechanical Properties of 3M's 1003 Glass/Epoxy

Unidirectional Matrix Stitching

Mechanical Property Composites Thread

811(GPa) 36.0 4.77 (E) . 79.95 (E)

E22(GPa) 10.4

E33(CPa) 10.4

G12(GPa) 3.20 1.77 (C) 31.73 (C)

613(GPa) 3.20

V12 0.26 0.35 (V) 0.20 (V)

V13 0.26

0.3
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Fig 37 Stitching patterns for short beam shear test
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5.3 End Notch Flexure Test

Another important indicator for delamination resistance is the

interlaminar fracture toughness. Because mode I fracture did not occur

in the central loading [49], only shear modes were necessary to be

examined. In addition, because mode II was more significant than mode

III, for simplicity, only mode II was considered. In this study, End

Notch Flexure (ENF) test [88] was used to characterize the critical

strain energy release rate of mode II, GIIc' The stitching patterns for

this test are shown in Figure 39 while the testing configuration is

shown in Figure 40. The experimental results of C , for the stitched
11c

and unstitched composite laminates, can be seen in Figure 41; as well as

the least-squares line. The experimental results indicates that GIIc

increases with the increase of stitching density. However, the GIIc of

1S stitching is smaller than the unstitched laminate. This is believed

to result from the local damage caused by the stitching point. As the

stitching density becomes sufficiently high, the increase in GIIc can

surpass this negative effect.

5.4 Summary

A. Stitching can be used as a mechanical technique to improve the

interlaminar properties of composite laminates.

B. The stitching can also cause local and global strength changes.

Owing to stitching, the integrity of a composite laminate can be damaged

locally. However, the stitching thread has much higher strength and

toughness than the matrix. If the stitching density is high enough, the

overall interlaminar properties can be improved.

C. In the cases of central impact and central loading, mode II

fracture is found to be the dominant fracture mode.
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Chapter 6

Conclusions

Both in-plane strength and interlaminar strength are key factors of

the strength of a composite material. The former is strongly dependent

on the fiber strength while the latter can be characterized by the

delanfiJuation resistance. Delamination is invisible in most of composite

materials. It takes place frequently in composite laminates.‘This study

used low-velocity impact and quasi-static central loading to study

central delamination. In addition, a static analysis based on a high-

order shear deformation theory was used to examine thezhnxmlaminar

stresses. The efficiency of a stitching technique to imporve the

delaminatdxni resistance was also investigated. Some important research

findings can be concluded as follows:

A. A linear relation seems to hold between delamination area and

input energy for both low-velocity impact and quasi-static central

loading. The experimental results based on delamination area and input

energy from both cases agree each other. The results indicate that it is

feasible to use energy and delamination area in the study of central

delamination.

B. Peanut-shaped delamination has been found to be the fundamental

unit of central delamination, which has been concluded to be the major

damage mode in thin composite laminates subjected to both low-velocity

inmact and quasi-static central loading. A great deal of similarity

between these two types of loading was also concluded. It then-is

feasible to use quasi-static central loading to study central

delamination.
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G. Since delamination is damage on the composite interface, the

interlaminar stresses play the major role in delamination resistance.

However, because the interlaminar normal stress is negative, only the

interlaminar shear stress is responsible for delamination initiation.

Analytical results show that it is feasible to use the maximum

interlaminar shear stress to interpret the delamination initiation.

D. From interlaminar stress analysis, it has been concluded that

peanut-shaped delamination is due to the mismatch of fiber orientation

of orthotropic materials. It has also been concluded that the anisotropy

of the lamina beneath a composite interface seems to have more

significant effect on the delamination than the one above.

E. Through-the-thickness stitching can improve the huxmlaminar

shear strength and the strain energy release rate of mode 11 moderately.

However, it can also cause local damage. In order to improve the

delamination resistance of a composite laminate, aarninimum stitching

density is required.
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APPENDIX A

INTERLAMINAR STRESSES FROM THE EQUILIBRIUM EQUATION
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