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ABSTRACT

TESTING AND SIMULATION OF COMPOSITE LAMINATES UNDER IMPACT
LOADING

By

Xinglai Dang

Owing to their high stiffness-to-weight and high strength-to-weight ratios, fiber-
reinforced polymer-matrix composite laminates are excellent materials for high-
performance structures. However, their properties in the thickness direction are very
poor as they are weakly bonded by polymeric matrices through laminate interfaces.
Accordingly, when a composite laminate is subjected to impact loading, high
interlaminar stresses along with the low interlaminar strengths could easily result in
interlaminar damage such as delamination. This thesis investigated the response of
composite laminates under low-velocity impact and presented numerical techniques for
impact simulation. To begin with, instrumented drop-weight impacts ranging from
subperforation to perforation levels were introduced to composite laminates having
various dimensions and thicknesses. Damaged composite laminates were then subjected
to compression-after-impact tests for evaluations of residual properties. Experimental
results revealed that perforation was an important damage milestone since impact
parameters such as peak force, contact duration, maximum deflection and energy
absorption, and residual properties such as compressive stiffness, strength and energy
absorption all reached critical levels as perforation took place. It was also found that

thickness played a more important role than in-plane dimensions in perforation process.



In order to understand more about the relationship between laminate thickness and
perforation resistance and to present an economical method to improve perforation
resistance, thick laminated composite plates and their assembled counterparts were
investigated and compared. An energy profile correlating the impact energy and
absorbed energy at all energy levels for each type of composite plates investigated was
established and found to be able to address the relationship between energy and
damage. Experimental results concluded that increasing thickness was more efficient
than improving assembling stiffness in raising perforation resistance. As a first step to
simulate composite response to impact loading, LS-DYNA3D was used for numerical
analysis. However, due to its inability to describe interlaminar stresses, no delamination
simulation could be achieved. As delamination played a very important role in damage
process, a computational scheme capable of identifying interlaminar stresses and
considering both numerical accuracy and computational efficiency was required for
impact simulation. Accounting for interlaminar shear stress continuity and having
degrees of freedom independent of layer number, a laminate theory named Generalized
Zigzag Theory was formulated into a finite element subroutine and integrated into
ABAQUS code. Due to the uses of Truesdell rate of Cauchy stress and rate of
deformation tensors, the computational scheme was able to present reasonable
interlaminar shear stresses via an updated Lagragian algorithm. Combining the
calculated interlaminar stresses with a delamination failure criterion, the computer
program was able to predict the response of composite laminates up to the onset of
delamination. Further computational simulation involving all damage modes should be

considered in future studies.
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Chapter 1

INTRODUCTION

1.1 Literature review

Because of their well-known advantages compared to traditional materials,
laminated composite materials are extensively used in industry. Superior strength-to-
weight ratio, high specific modulus, tailored ability for a specific application, and
environmental stability of laminated composites is very attractive to the aerospace
industry and other industrial applications. However, under impact loading, which is
induced by impacts during manufacture, normal operations, or maintenance in the life of
the structure, laminated composites are very susceptible. Even at low velocity impact, the
impact-induced damage such as matrix cracking, fiber breakage and delamination, can be
very significant, and usually invisible to the naked eye. The impact-induced damage can
cause serious structural degradation. Therefore, impact is an important subject in
laminated composite analysis and very critical to industry application.

In order to develop improved composite materials and composite structural design
method for the industry, it is essential to obtain a basic understanding of the impact
phenomenon, damage mechanism, residual properties after impact, size effects, and
assembly effects. Further development of computational simulation methods for

laminated composite structures accounting for impact is a necessary step.



For this purpose, many experimental and analytical studies were performed and
can be found in the review articles by Abrate [1.1-1.2]. In impact dynamics, the main
concern is the characteristics of impact response, which include impact force history,
impact displacement history, impact duration and impact energy absorption, etc.
Determining the contact force history has been done experimentally (Delfosse [1.11],
Yjihashi [1.24], and Chang and Sun [1.14]). Various mathematical models such as
spring-mass models (Alderson [1.12], Teti [1.23], and Bucinell [1.13]), energy balance
model (Moon [1.18], Poe [1.19-1.21], Chuancho [1.16]), and beam, plate and shell
models (Christoforou and Swanson [1.15], and Gu and Legacy [1.17], and Prasad et al
[1.22]) have been developed. Since impact induced damage was not accounted for in
these models, generally, the practical effectiveness is limited. Tan and Sun [1.5] verified
that an indentation law based on a quasi-static test could be used to investigate low-
velocity impact. This indentation law established a mathematical relationship between the
contact force and the indentation for elastic contact. But, to determine the indentation
parameters for a set of composite material and impactor, an indentation test was required.
Although the indentation law could be integrated into computational scheme for various
studies (Wang [1.58], Lin [1.59], Chen [1.6], Sun [1.7], and Lee [1.60]), a new
characterization of indentation parameters was needed each time the material or geometry
of composite or impactor was altered. As a consequence, for investigating impact
response of laminated composites, a computational technique free of experiment-
dependent parameters might prove to be more efficient.

In some previous studies, Liu et al. [1.3-1.4] concluded that matrix cracking and

delamination were the major damage modes in laminated composites subjected to low-



velocity impact. A correlation between bending stiffness mismatch and delamination size
was established. This relation successfully used for phenomenological explanations of
delamination size, location, and orientation in impacted composite laminates. But, to
establish an accurate and efficient quantitative simulation, further understanding based on
experimental testing and analysis is needed.

In practical application, in order to reduce the expense associated with impact
testing of large prototype structures, small coupons are usually used in laboratories to
characterize impact response. Then, the results are used for practical structure design.
However, even made of identical materials, small coupons and practical large structures
do not always behave the same way. This difference due to size change is referred to as
size effects [1.30]. Some investigators [1.25-1.29] have concluded that size effects should
be carefully examined in material characterizations and structural design.

Scaling laws are generally used to relate small coupon impact tests to practical
large structural impacts. Based on dimensional analysis, Monrton [1.31] scaled both
composite laminates and impact loading and verified the feasibility of using analytical
scaling laws for predicting undamaged behavior for carbon-epoxy laminated beams. With
a different approach, Qian et al. [1.32] also verified that analytical scaling laws could
accurately describe the undamaged response to impact. Sankar [1.33] presented semi-
empirical formulae for predicting impact characteristics such as peak contact force,
contact duration, and peak strain on back surface. But no damage effects were considered
in his studies. Therefore, in order to understand the size effects completely for laminated
composites under impact loading, a whole-range investigation is needed ranging from

elastic impact, subperforation impact, to perforation impact.



The size effects for laminated composites consist of in-plane dimensional effects
and thickness effects. It is believed that, because of the population of the thin laminates,
the in-plane dimensional effect gained more attention than thickness effect. As
technologies of composite manufacturing advance, more and more thick-section
laminated composites are used in non-aerospace industries. For example, thick-section
laminated composites have been proved to be feasible designs for submarine hull and
armored vehicle bodies. This implies that thickness effects may play an important role to
size effects in laminated composites subjected to impact loading. Accordingly, a further
study of thickness effects is necessary.

Impact analysis of laminated composite structures includes impact resistance
analysis and impact tolerance analysis. Impact resistance is concerned with understanding
how impact damage is initiated, developed and is helpful to finding methods to prevent or
resist the impact damage, while damage tolerance is concerned with the effect of impact
damage on the mechanical properties of laminated composite structures. Demuts [1.61]
described Air Force draft requirements for damage tolerance under low-velocity impact.
The minimum design strength after impact is specified. Many experimental studies [1.36-
1.38] were performed to determine the residual strength of laminated composites under
tension, compression, and bending.

Since under in-plane compression, most serious strength reductions are shown,
the Compression After Impact (CAI) test [1.39] is mostly used to determine the residual
strength of impact damaged composite laminates. Therefore, to characterize the residual

properties of impacted composite laminates, CAI test always is the first choice.



As mentioned before, more and more thick-section composites are used for
heavy-duty structures. Studies on thick laminates have gained much attention. These
studies concluded that thick composite laminates behave quite differently from their thin
counterparts, and thickness - as opposed to in-plane dimensions - has much greater
influence on impact resistance of laminated composites under impact loading [1.45-1.47].

However as composite laminates become thicker, the manufacturing cost for
high-quality composite laminates may become unaffordable. Because, in order to achieve
uniform curing and thus uniform properties through the thickness of thick composite
laminates, expensive microwave curing process is required (Wei [1.50]). Therefore, to
meet the design requirement for high quality and redu.ce the manufacturing costs,
assembled composite plates, which are organized by assembling multiple thin composite
laminates together [1.51-1.52], may be considered as alternatives for thick laminated
composite plates. A further study regarding the impact resistance and impact tolerance of
assembled composite laminates is needed.

Experimental studies on composite laminates subjected to impact loading always
come first rather than analytical or numerical simulations, because successful simulation
must be based on the correct understanding and accumulated knowledge of experimental
studies. In order to aid industrial applications with laminated composite structures that
account for impact effects, computational simulation or prediction is a helpful tool for
engineering design.

As indicated by Abrate [1.1, 1.2], the development of models for predicting
damage and residual properties for composite laminates under impact loading is

becoming imperative. Since delamination represents a major component of damage at



low-velocity impact, the prediction and simulation of delamination during impact should
be the primary step. As many investigators concluded, the initiation of delamination
always follows the matrix crack close to ply interfaces (Liu [1.57], Wang and Chang
[1.66], and Choi Downs [1.67], etc), and the transverse stress distribution at ply interfaces
determines the onset and development of delamination.

But difficulties associated with prediction and simulation of delamination are due
to the complexity of transverse stress distribution in the contact area. Therefore, an
accurate stress distribution on the ply interface is essential for successful prediction of
delamination.

Finite Element method is proved to be a valuable CAD tool for engineering
application. A shell element for static analysis of laminated composites under large
deformation was developed by Lee [1.65]. This element based on the Generalized Zigzag
Theory [1.62] was demonstrated being an accurate and efficient element for static
analysis of laminated composites. The interlaminar stress predicted from this element is
verified to closely agree with exact solutions. Apparently, a further development on this
element for dynamics analysis and impact analysis is logical for prediction and
simulation of laminated composites under impact loading.

Linear Shear Slip Theory [1.63-1.64] was proved efficient for simulation of
delamination. With the combination of Generalized Zigzag Theory and Linear Shear Slip
Theory, a new shell element for prediction and simulation of delamination of laminated

composites subjected impact loading may be proved as a valuable tool.



1.2 Objectives

Accordingly, the objectives of this dissertation are listed below:

1. The first objective is to perform a whole-range investigation ranging from
elastic impact, subperforation impact, to perforation impact, to examine in-plane
dimension effects and thickness effects, and to determine residual strength after impact
with CAI test. This investigation will lead to further understanding of the response of
composite laminates under low-velocity impact and to development of an accurate and
efficient quantitative simulation.

2. The second objective is to investigate the impact resistance of assembled
composite plates, as alternatives to thick laminated composites, and to examine various
joining techniques. This investigation will benefit practical engineering applications with
thick-section composite laminates.

3. The third objective is to evaluate available computational tools for
analysis and simulation of composite laminates under low-velocity impact. By comparing
computational results with test results, the computational tool can be examined.

4. Based on the knowledge from the experimental studies and the evaluation
of computer simulation, to further improve the prediction and simulation of delamination
of composite laminates under impact loading, the last objective is to develop a shell
element for impact analysis of laminated composites.

1.3 Organization of this thesis

With the above objectives, this dissertation is divided into the following chapters.

Chapter 2 [1.49] starts with the first objective, experimental studies regarding the size

effects are presented. Delamination effects on material property-degradation of impact



laminates are well recognized. A detailed discussion, and a simple explanation based on
the bending rigidity is presented to experimental results. Thickness effects to impact
resistance and tolerance is greatly significant to in-plane dimension effects. As an effort
to meet design requirements and reduce manufacturing cost, Chapter 3 [1.69] describes
various joining techniques including mechanical riveting, adhesive bonding, stitching and
their combination for assembling multiple thin composite laminates. For evaluation of
computational tools, a series of impact testing regarding thickness effect, fiber angle
effect, and velocity effect is described in Chapter 4 [1.68], and comparison with computer
simulation is made. LS-DYNA3D, a commonly used computer code for impact analysis,
is evaluated. Based on Lee’s static shell element, Chapter S presents a continuous effort
for the development of a shell element for impact analysis, delamination prediction, and
impact simulation of laminated composites. Also, some numerical studies against
experimental results are given. Finally, in the last chapter, conclusions and

recommendations are presented.
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Chapter 2
SIZE EFFECTS ON IMPACT RESPONSE OF COMPOSITE LAMINATES

SUMMARY

Delamination was known to be one of the most important damage modes in composite
laminates subjected to impact loading. In an effort to further understand the impact
response of composite laminates, various degrees of impact ranging from subperforation
to perforation were introduced to glass/epoxy laminates through an instrumented drop-
weight impactor. In addition, composite laminates of various in-plane dimensions and
thicknesses were examined for in-plane dimensional and thickness effects, respectively.
Experimental results showed that in-plane dimensional effect was not as significant as
thickness effect. The impacted composite laminates were then subjected to compression
after impact (CAI) tests for characterizations of residual mechanical properties.
Experimental results showed that perforation was the most important damage stage in
composite laminates subjected to impact loading since impact characteristics (peak force,
contact duration, and absorbed energy) and mechanical properties degradation (residual
compressive maximum force and residual compressive absorbed energy) of composite
laminates became stable once perforation took place. However, it was also found that
delamination played a very important role in the characterizations of mechanical
properties degradation. Since the impact response of composite laminates is due to plate
bending to some extent, bending analysis was used to explain the greater influence of
thickness effect to in-plane dimensional effect. It was also found that bending analysis

was feasible for interpretation of delamination in mechanical properties degradation.
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2.1 Introduction

Small coupons are usually used in laboratories for material characterizations.
Results from small coupon tests are then used for large structural designs. However,
small coupons do not always behave the same way as the large structures made of
identical material. The difference of behaviors due to size change is usually called size
effects. Some investigations regarding the performance of composite materials and
structures at different sizes have been reported [2.1-2.5]. It has been concluded that size
effects should be carefully examined in material characterizations and structural designs.

The study of size effects on impact-loaded composite laminates were focused on
scaling laws and parameters. Morton [2.7] scaled both composite laminates and impact
loading and verified the feasibility of using analytical scaling laws for predicting
undamaged behavior. He also found that smaller specimens were always stronger than
larger ones. In an effort to understand the scaling laws governing impact-loaded
composite laminates, Qian, Swanson, Nuismer, and Bucinell [2.8] also verified that
analytical scaling laws could accurately describe the undamaged response to impact. In
addition, they concluded that the damage resulting from impact involved many
complicated factors and the delamination size was consistent with the size effect. Aiming
at simplifying the design procedures for scaling impact-loaded composite laminates,
Sankar [2.9] presented semi-empirical formulae for predicting impact characteristics such
as peak force, contact duration, and peak strain on back surface. No response beyond

initial damage was investigated in his study.
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In an effort to understand the size effects on the response of composite laminates
subjected to impact loading, a whole-range investigation ranging from elastic impact,
subperforation impact, to perforation impact, was performed. Both in-plane dimensional
effect and thickness effect were included. In order to assess the degree of damage and to
characterize the residual mechanical properties of impacted composite laminates,
compression after impact (CAI) tests were also applied to damaged composite laminates.
2.2 Experimental Methods
1. Impact Testing

In this study, impact tests were performed on a DYNATUP GRC 8250 impact
testing machine as shown in Figure 2.1. The impactor consists of three components: a
dropping crosshead, an impactor rod, and an impactor nose. The steel impactor rod has a
diameter of 12.5 mm (0.5 in) and is attached to the dropping crosshead. A force
transducer having a force capacity of 22.24 kN (5000 Ibs) was mounted at the tip of the
impactor rod and encapsulated by a hemispherical nose. The total mass of the impactor
was 11.9 kg (26.06 lbs). For an impact velocity up to 4 m/s (13 ft/ s), the impactor was
released from a chosen height up to 0.8 m (2.6 ft) and dropped freely along the loading
frame. However, for an impact velocity higher than 4 m/s and up to 8 m/s, the impactor
was raised to the highest point, i.e. 0.8 m, and a pneumatic unit located at the top of

loading frame was used to provide an additional force to increase the impact velocity.
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Cross-ply laminates made of 3M glass-epoxy composite were investigated in this
study. Two nominal thicknesses with averages of 2.24 mm and 6.69 mm were used for
studying thickness effect. The former had a stacking sequence of [0,/90,/0,/...];s while
the latter [03/903/04/...]s;. These two types of stacking sequences could be viewed as
thickness scaling of mixed mode since it combined a sublaminate mode which increased
the laminar number from 9 to 17 and a layer- level mode which changed the layer
thickness from 2-layer to 3-layer per each lamina. In this study, the 2.24 mm specimens
were called t4in laminates while the 6.69 mm specimens were considered thick laminates.

In impact tests, composite specimens with dimensions of 250 mm x 175 mm were
placed between two steel plates. Each steel plate had a square opening in the center.
There were three different sizes of square openings for studying in-plane dimensional
effect, 125 mm, 84 mm, and 42 mm, resulting in three effective impact zones with
dimensions of 125 mm x 125 mm, 84 mm x 84 mm, and 42 mm x 42 mm, respectively.
Although all specimens had the same dimensions, i.e. 250 mm x 175 mm, they were
named large, intermediate, and small laminates according to the three sizes of effective
impact zone. In the impact tests, each set of specimen and steel holders was bolted at four
corners to the specimen frame which was fixed to a concrete floor as shown in Figure 2.1.

As the impactor dropped and approached a composite specimen, it triggered two
time sensors right before impact took place. The initial impact velocity could be
calculated from the time interval required for the trigger to travel between the two sensors
and the distance between them. Once impact began, the contact forces at many
consecutive instants were detected by the force transducer. The force history was

recorded in a computer. The maximum contact force was termed peak force while the
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overall time duration of contact, contact duration. The corresponding velocity history of
the impactor could then be calculated from integrating the force history (after being
divided by the mass of impactor, i.e. 11.9 kg) and with the use of initial impact velocity.
Similarly, the corresponding displacement history of the impactor could be calculated
from integrating the velocity history.

Based on the force and displacement histories of the impactor, the energy history,
which represented the history of energy transferred from the impactor to composite,
could be calculated. In this study, the absorbed energy was termed as the amount of
energy transferred from the impactor to composite at the end of an impact event while the
impact energy was the kinetic energy of the impactor right before impact took place. The
peak force, contact duration, and absorbed energy, along with the histories of force,
displacement, and energy, were found to be the important characteristics of composite

laminates subjected to impact loading.

2. Damage Inspections

The macroscopic damage modes of impacted composite laminates includes
indentation, surface cracking, delamination, and perforation while the microscopic
damage includes fiber breakage, matrix cracking, fiber-matrix debonding, etc. Among the
macroscopic damage modes, perforation is the most apparent one when composite
laminates experience perforation. However, delamination is also an important damage
mode due to the fact that the residual mechanical properties of impacted composite
laminates are strongly dependent on delamination areas and their locations at laminate

interfaces. It is a time-consuming job, if not impossible, to identify delamination areas
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and locations. Accordingly, in quantifying impact-induced damage, it is more realistic to
use an “equivalent damage size” to account for total damage than to count all details of
macroscopic and microscopic damage. The “equivalent damage size” is usually obtained
from curve fitting and used as damage index for invisible damage. For example, Whitney
and Nuismer [2.10] presented so-called characteristic lengths in their failure criteria for
circular hole and line crack studies. Many other studies could be found in a review paper
by Awerbuch and Madhukar [2.11].

In an effort to quantify the damage size of impacted composite laminates and its
role in mechanical properties degradation, both ultrasonic C-scan and high-intensity light
were used in this study. Besides perforation, delamination was identified as another
apparent damage mode. However, because of difficulties involved in determining
delamination area and location at each laminate interface, the determination of overall
delamination area in this study was based on projecting delamination areas at all
interfaces onto a single plane, i.e. enveloping the delamination areas at all interfaces. The
projected delamination area and the size of perforation were then compared to determine
their roles in mechanical properties degradation in composite laminates subjected to

impact loading.

3. Compression After Impact (CAI) Testing

Since perforation and delamination were the dominant damage modes in impacted
composite laminates and they strongly affected the compression performance of
composite laminates, compression after impact (CAI) was commonly used in

characterizing the residual mechanical properties of impacted composite laminates, e.g.
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Ref. [2.12-2.14]. In this study, the NASA’s compression after impact test [2.15] fixture
shown in Fig. 2 was used for determining the residual compressive stiffness and residual
compressive maximum force of impacted composite laminates. In addition, the residual
compressive absorbed energy was also determined.

In performing CAI tests, impacted composite laminates were cut into 250 mm x
125 mm. The specimens were snug-fitted in the CAI fixture by knife edges along the two
longitudinal sides as depicted in Figure 2.2. The specimens were further clamped at the
top and bottom ends. Gaps of about 10 mm were left between the clamping ends and the
top and bottom ends of knife edges, allowing the specimens to shorten during
compression tests. A crosshead speed of 3.81 mm/min was chosen in compression tests.
The CALI tests worked well for most thick composite laminates (6.69 mm) except for a
couple of cases in which local damage due to crushing of laminate at clamping ends (top
or bottom) took place when the composite laminates had either very small or no impact-
induced damage. In order to avoid the local crushing damage, especially for those with
small or no impact damage, end tabs were bonded to composite specimens. For thin
specimens (2.24 mm), extra long end tabs which covered almost the entire length span of
the composite specimens except for the area with impact-induced damage were used.
However, the majority of thin specimens still experienced local crushing damage. It was
determined that thin composite specimens of 2.24 mm were not suitable for use with the

existing NASA’s CAI test fixture.
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2.3 Experimental Results
1. Force History

Figure 2.3 shows the force histories of thick composite laminates (125 mm x 125
mm x 6.69 mm) at three different impact velocity levels. At low velocity (1.06 m/s), the
impact damage in the composite laminate is insignificant and the composite laminate
responds elastically since the loading and unloading curves are almost symmetric with
respect to the peak force. As impact velocity increases (3.80 m/s), the unloading curve
extends to the right, indicating that the composite laminate becomes softer as damage,
such as delamination, becomes more significant. When the impact velocity is high (5.46
m/s), the primary section of contact duration is dramatically reduced, signifying the
occurrence of perforation in composite laminate. The secondary section of contact

duration is due to friction between the impactor and composite laminate after perforation.

2. Characteristics of Impact

By examining the force and energy histories, it was concluded that peak force,
contact duration, and absorbed energy were the most important characteristics of
composite laminates subjected to impact loading. Figures 2.4-2.6 show the impact
characteristics of both thick (6.69 mm) and thin (2.24 mm) laminates. The solid circles
and open circles represent the characteristics for thick and thin composite laminates with
effective impact zones of 125 mm x 125 mm, respectively. In addition, the dashed lines
represent smooth curves of the solid circles while the solid lines represent smooth curves
of the open circles in the diagrams. Figure 2.4 reveals that the peak forces increase as the

impact energy increases. However, the value becomes relatively stable for thick
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laminates and reaches a constant value for thin laminates. The turning points from
nonlinear transition curves to stable or constant values are called critical points while the
corresponding impact energy levels are called the critical energy levels. Similar results
can also be seen from Fig. 6 for absorbed energy. In Figure 2.5, the contact duration is
presented as a function of the impact energy.

For both thick and thin laminates, the contact duration increases rapidly as the
impact energy increases. They reach individual peak points and sharply drop afterwards.
The impact energy levels correspond to the peak points are also termed the critical energy

levels.

3. Perforation Thresholds

As mentioned above that perforation is the most apparent damage mode in
composite laminates subjected to impact loading. Hence, the perforation threshold is an
important parameter in characterizing the response of composite laminates subjected to
impact loading [2.17-2.20]. Since the peak force, contact duration, and absorbed energy
all reach critical points when perforation takes place and the impact energy levels to
cause perforation match with the corresponding critical energy levels, the perforation
threshold of composite laminates can be identified through the following four methods:

peak force, contact duration, absorbed energy and equal energy.
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3.1 Peak Force Method

In Figure 2.4, the peak forces of thick composite laminates reach a relatively
stable level, changing from a nonlinear transition curve to a straight line, around 16.2 kN
when the impact energy is about 106 J (78 ft-1b), i.e. the critical energy level. This critical
energy level was found to be slightly lower than the level to cause perforation by
examining the impacted specimens. For thin composite laminates, the critical energy
level is identified as 30 J (22 ft-1b) and is associated with a plateau of peak force of 4.2
kN. By examining the impacted specimens, it was found that this critical energy level
was slightly higher than the energy level that caused perforation in thin composite
laminates. The plateau seems to indicate that there was a maximum contact force that a
thin composite laminate can sustain when it was subjected to impact loading and the

maximum contact force was what required to perforate the thin composite laminate.

3.2 Contact Duration Method

The second method to identify the perforation threshold was based on the contact
duration. Figure 2.5 shows the contact durations for thick and thin laminates at various
impact energy levels. For thick composite laminates, the critical energy level is around
120 J (88.5 ft-1b) while it is around 21.5 J (16 ft-Ib) for thin composite laminates. The
former was very much the impact energy level to cause perforation since some thick
specimens were perforated and some were not when subjected to this impact energy
level. The latter was found to be slightly lower than that caused perforation since no thin

specimens were perforated under this impact energy level.
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3.3 Absorbed Energy Method

Shown in Figure 2.6, the absorbed energy approaches a relatively stable level
around 150 J for thick laminates when impact energy level reaches 190 J (140 fi-1b), i.e.
the critical energy level. This impact energy level was much higher than that obtained
from the peak force analysis as given in section 3.1 and was confirmed to greatly exceed
the impact energy level to cause perforation. It should be pointed out, however, that there
were relatively few data points located between 100 J and 200 J. It was believed that
insufficient data points within the range were responsible for errors in generating a
smooth curve, and hence the inaccurate estimate. The estimate of perforation threshold
for 2.24 mm laminates is around 35 J (25.8 ft-Ib) when the absorbed energy reaches a

constant level of 28.5 J. It was also higher than experimental observations.

3.4 Equal Energy Method

The fourth technique to identify the perforation threshold is based on comparison
between impact energy and absorbed energy. It was found that composite laminates
experienced perforation when these two energy levels became very close. In other words,
perforation seemed to take place when the kinetic energy of the impactor was almost
completely transferred to the composite laminate. Results based on this argument can be
seen in Figure 2.6. The 45° line which represents equality between impact energy and
absorbed energy goes through solid circles and an open circle, giving the perforation
threshold of 120 J (88.5 ft-1b) for thick laminates and 26 J (19.2 ft-1b) for thin laminates.
These two results were found to best match with experimental observations for

perforation threshold among the four methods.
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4. Residual Compressive Properties

In addition to nondestructive investigations, an effective way to characterize the
degree of impact-induced damage is to quantify the residual properties of composite
laminates which have been subjected to impact. It has been reported by many researchers
that compression after impact is an effective test for this purpose due to the fact that
delamination is an important damage mode in impacted composite laminates and
compressive properties of composite laminates are very sensitive to the size and location
of delamination.

Figures 2.7-2.9 show the residual compressive stiffness, residual compressive
maximum force, and residual compressive absorbed energy for thick composite laminates
based on CAI tests. The residual compressive stiffness represents the slope of a force-
displacement curve obtained from CAI test; the residual compressive maximum force
represents the force to cause buckling, i.e. the peak force of the force-displacement
relation; while the residual compressive absorbed energy can be calculated from the area
under the force-displacement curve. The residual compressive stiffness decreases
gradually as the impact energy increases. However, both the residual compressive
maximum force and residual compressive absorbed energy drop rapidly from their initial
values and become constants when the impact energy levels exceed individual critical
levels. The critical energy levels were also identified to be closely related to the
perforation threshold. This result indicates that a maximum mechanical properties
degradation of composite laminates takes place at perforation. Once perforation takes
place, some residual compressive properties of composite laminates cannot be further

degraded. In other words, as far as the residual compressive maximum force and residual
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compressive absorbed energy are concerned, perforation seems to be the most important
damage stage in composite laminates subjected to impact loading.

As impact energy increases, the reduction of residual compressive stiffness is not
as dramatic as those of residual compressive maximum force and residual compressive
absorbed energy. This is believed to be related to the fact that there is no delamination-
induced local buckling involved in the measurement of compressive stiffness. In other
words, local buckling plays a very important role in the reductions of residual
compressive maximum force and residual compressive absorbed energy. Consequently,
the residual compressive maximum force and the residual compressive absorbed energy
are better than the residual compressive stiffness in presenting mechanical properties
degradation of composite laminates subjected to impact loading. For convenience of
discussions, the mechanical properties degradation will be referred to degradations of
residual compressive maximum force and residual compressive absorbed energy
hereafter.

As mentioned above, perforation took place when the residual compressive
maximum force and residual compressive absorbed energy became constants as the
impact energy approached critical values, changing from nonlinear curves to constants.
The impact energy levels corresponding to the constant values of residual compressive
maximum force and residual compressive absorbed energy, i.e. critical energy levels, for
thick-large (125 mm x 125 mm x 6.69 mm) composite laminates are 115 J and 135 J,
respectively. These two values are close to the impact energy level for perforation
threshold, i.e. 120 J, as given in section 3.4. Accordingly, besides the aforementioned

four methods, the studies of residual compressive maximum force and residual
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compressive absorbed energy present two additional options for estimating the
perforation threshold.

The compression after impact testing was also performed for impacted thin
composite laminates. Local crushing damage close to the top and bottom clamping ends
occurred in many tests. Extra-long end tabs were used to reinforce the specimens’ ends to
prevent local crushing damage from happening. Unfortunately, among the very few
specimens which had no local crushing damage, only a couple of them showed strong
interaction between impact-induced damage and compression-induced damage. Hence, it
was concluded that thin (2.24 mm) specimens are not suitable for CAI testing using

NASA’s test fixture.

5. In-Plane Dimensional Effects

In addition to effective impact zone of 125 mm x 125 mm, other effective impact
zones of 84 mm x 84 mm and 42 mm x 42 mm, i.e. intermediate and small specimens,
were investigated for in-plane dimensional effects. Experimental results regarding the
peak force are also shown in Figure 2.4. The solid triangles are for thick-intermediate (84
mm X 84 mm x 6.69 mm) laminates while the solid squares are for thick-small (42 mm x
42 mm x 6.69 mm) laminates. Although it can be concluded that the smaller the size of
composite laminate the higher the peak force, the difference of peak force for the three
effective impact zones is not as significant as that for thickness difference. In fact, the
result that smaller specimens has higher peak forces coincides with the fact that the

smaller the laminate dimensions the stiffer the composite laminate. Similar results are
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also found for thin (2.24 mm) composite laminates, represented by open triangles and
open squares.

The effects of dimensions on the contact duration is also shown in Figure 2.5.
Although stiffer specimens are expected to have shorter contact durations than the softer
counterparts, the difference shown in Figure 2.5 is not conclusive. Figure 2.6 gives the
experimental results for the absorbed energy based on the three effective impact zones. It
can be seen that the smaller the laminate size the higher the absorbed energy for thick
composite lamina<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>