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ABSTRACT

The impact behavior of several laminated material systems was
investigated experimentally. The effect of layup, material system and damage
state on the impact force-time signature and the resulting damage modes were
investigated for laminates of Hercules AS4/3501-6 and IM7G/X8553-50
("toughened" matrix) tape prepregs, Hercules A370-5H/3501-6S fabric prepreg,
and a wet layup of woven fiberglass plies and epoxy. Twelve-ply laminates were
constructed of AS4/3501-6 and IM7G/X8553-50 in a [£62/02]5 layup with 6 taking
on the values of 15°, 45°, 60° and 90°. Two quasi-isotropic 16-ply laminates, one
with double effective ply thickness and one with single effective ply thickness,
were constructed of AS4/3501-6 for comparison with a (459/02)s layup of
A370-5H/3501-6S. Contact force data were obtained from the impact tests. The
damage in the graphite/epoxy laminates was evaluated using X-ray and deply
methods, and the glass/epoxy specimens were inspected visually for damage.
The occurrence of incipient damage could not be detected in the force-time
signature of these impacts whereas penetration was clearly indicated. The force-
time signature, in terms of peak force and duration, was not significantly
affected by the layup angle 6, or material system in the [102/02]5 laminates.
Thus, the major extensional and bending stiffnesses of the laminate (Aj111 and
Di111) do not appear to be the factors controlling the shape of the signature. The
impact force history can be integrated to obtain the deflection history, and the
deflections in this study were typically 5 to 10 laminate thicknesses, indicating
that membrane stretching is significant. The incipient damage mode in the 12-
ply laminates was matrix cracking of the rearmost plies, regardless of layup or
material system. This matrix cracking was followed by delamination at the
rearmost interface at higher impact velocities. Ply grouping changed the
incipient damage mode and lowered the incipient damage force in the 16-ply
laminates. The incipient damage force was higher for the graphite/epoxy fabric
laminate than for the 16-ply tape simulations likely due to the ability of the
fabric plies to inhibit long matrix cracks. Fiber damage was preceded by
delamination in the tape laminates, while fiber damage occurred without the
presence of interlaminar damage in the graphite/epoxy fabric laminate. It
appears that the dissipation of energy through delamination mayv act to prevent
fiber damage. Higher contact forces were required to cause incipient damage to
the laminates of IM7G/X8553-50 because of the higher transverse tensile ply
failure strain of this material system as compared to AS4/3501-6. Thus, the use
of contact force as a parameter for comparing the impact damage resistance of
laminates is suggested.

Thesis Supervisor: Paul A. Lagace

Title: Associate Professor, Department of Aeronautics and
Astronautics, Massachusetts Institute of Technology
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Chapter 1
INTRODUCTION

The desire for high stiffness and strength at a reduced weight has
driven the aerospace industry toward composite materials for primary and
secondary structural applications. Laminated material systems of fibers,
such as graphite or glass, in resin matrices are replacing aluminum and
other metals in wing skins, control surfaces, and even entire airframes.
Upgrades to the McDonnell Douglas F/A 18 have incorporated graphite/epoxy
panels into the vertical stabilizers and speed brake, and graphite/epoxy is used
extensively in the Airbus A320. The Beechcraft Starship I has a nearly all-
composite airframe. Current plans for the Boeing 777 call for a composite
empennage on this large commercial airplane.

Of concern to those who design composite structures is the impact
response of these relatively new material systems. Unlike metal parts which
tend to exhibit impact damage on the surface, laminated composite materials
have the unique capability to hecome damaged internally while showing no
visible damage externally. The laminated nature of these materials gives rise
to the possibility of delamination and very complicated damage states which do
not occur in homogeneous metals. The current understanding of the impact
behavior of composite materials lags far behind that for metals.

The topic of impact behavior has been subdivided into two separate areas
in recent years: damage resistance and damage tolerance. The first area,
damage resistance, deals with the damage state brought about by an impact
event. The physical changes in the laminate, such as broken fibers,

delamination and matrix cracks resulting from an impact event are of interest
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here. The second area, damage tolerance, concerns the changes in the
laminate performance and material properties due to a damage state. The
focus is on residual strengths and the ability of a part to perform its intended
function with damage present. In order to perform a damage tolerance
assessment correctly, the damage state must first be accuratelyv defined.
Thus, the proper handling of damage tolerance relies upon a clear
understanding of damage resistance.

There is therefore a need to understand the way in which laminated
composite materials are damaged from impact. This knowledge is essential in
order to determine the subsequent performance of the structure (i.e. damage
tolerance). This combined knowledge will lead engineers in learning how to
design for impact resistance and subsequent performance. Material system,
ply stacking sequence, laminate thickness and ply angles can then be tailored
to create the optimum configuration for damage resistance. Also, such
knowledge can alleviate the need for conservative designs, allowing the full
potential of composite materials to be realized. In the design of composite
parts, compensations are often made to take into account unknowns such as
impact resistance. Taking some of the myatery out of impact resistance will
allow the use of more efficient structures.

Recently, new composite material systems with "toughened" resins
have omerged as a possible answer to some of the problems posed by impact.
Selected matrix properties have been improved in an effort to prevent damage
from occurring due to impact, but the overall impact resistance of these
materials needs to be compared to that of conventional composite systems. The
impact behavior of a laminated plate is not merely a material property, but a
complicated interaction of global structural response and local material

response. At the point of contact between the impactor and the laminate, a
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localized phenomenon occurs as the impacting object indents the plate.
Simultaneously, the plate experiences a global structural vibration caused by
the impacting mass. Factors such as laminate bending stiffnesses, plate
dimensions and boundary conditions govern the global response, while the
local response is dominated by material properties and the geometry of the
impactor. The interplay between these two responses can thoroughly mask the
contributions of individual material properties toward the damage resistance
of an impacted laminate. Thus, impact tests of identical coupons of different
material systems cannot be relied upon to characterize all of the aspects of
impact resistance of those materials. For a fair comparison between systems,
global (i.e. structural) and local (i.e. material) responses need to be separated.
This clearly presents some very difficult problems to the experimenter.

Ideally, an analytical technique would be able to predict the damage due
to an impact event and, ultimately, the residual strength. The first task of the
analysis would be to approximate the local force-displacement behavior
between the impactor and the laminate. This local rontact relation is
necessary in order to model correctly the global structural behavior. The
dynamics of the structural response combine with the specifics of the local
contact event to dictate the contact force history at the impact site. From the
forces, the damage state can be obtained. To do this, stresses and strains need
to be calculated in the laminate near the point of contact, and a failure
criterion must be employed. It is this area that needs particular attention. It
is felt that experimental data relating contact forces and damage states will be
of aid in understanding the damage process in an impact event.

The purpose of this investigation is to explore the ways in which several
laminated material systems become damaged due to impact and the

relationship between contact force and damage states. A direct comparison of
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impact behavior is made between various material systems. The types of
impact of interest are those that would occur due to nonballistic events such as
tool drop or runway kickup. A laminated part could be subjected to this type of
impact during manufacture, in service, or during aircraft maintenance. It is
known that reductions in strengths and stiffnesses often occur due to impacts
that do not create visible surface damage. Therefore, it is a practical concern
to investigate the ways in which damage occurs as a means toward
understanding the overall effects of damage on laminated structures.

The five chapters that follow are titled Previous Work, Experimental
Procedures, Experimental Results, Discussion, and Conclusions and
Recommendations. In Chapter 2, the work previously done on impact
resistance of composite structures is summarized and the need for
understanding dar.:ge mechanisms is established. In Chapter 3, the
techniques used for manufacturing, impacting and evaluating specimens are
shown. This includes the test matrices, specimen description, and method of
data acquisition. In Chapter 4, the results from experiments are presented. A
discussion of the experimental results is found in Chapter 5. Conclusions and
recommendations for further research appear in Chapter 6. The force-time
data from all of the impact experiments along with X-ray photographs of

damaged specimens can be found in Appendix A.
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Chapter 2
PREVIOUS WORK

2.1 Qvexview

The problem of foreign object impact of composite laminates has
received corsiderable attention over the past two decades. An extensive review
of the work done on impact of laminates has been conducted by Abrate [1].
Numerous investigations have addressed the issues of dynamic response, local
contact behavior and impact damage. Of these issues, the area of impact
damage is of direct interest here. Many experimental and analytical
investigations have been performed in an effort to understand this
phenomenon. Analytical methods have been proposed for predicting damage,
while experiments have been performed in an effort to understand damage
mechanisms, compare material systems, or suppress the formation of

damage.

22 Experimental Studies

A number of purely experimental investigations of impact damage have
been performed and they can be categorized as damage resistance
comparisons between different material systems, explorations of damage
mechanisms, or atten.pts at suppressing damage from impact.

New material systems have emerged as a possible means to address
problems due to impact. Matrix resins and fibers with higher failure strains
than their first-generation counterparts are available. In order to assess the
damage resistance capabilities of these systems, impact experiments have
been performed [2-7,10], usually including an earlier graphite/epoxy system

for comparison. But, a standardized impact test does not exist, and there is not
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a common parameter for measuring and comparing the "impact resistance"
of different materials.

Experimental impact studies on geometrically identical specimens of
different material systems have been used to compare the relative merits of
different systems. Gause and Buckley [3] compared the impact resistance of
nine graphite/epoxy systems, including one first-generation system. They
collected force data from impact tests and identified as important the
parameters of load at incipient damage, energy absorbed at incipient damage,
maximum load before penetration, energy absorbed at maximum load, and
total energy absorbed for through-penetration. They found that the ranking of
the material systems depended on the parameter used. They mention that the
design requirements for a part, in terms of which kind of damage is critical,
are necessary in order to rank the damage resistance of different material
systems. One material system may effectively prevent delamination, while
another may be more resistant to fiber damage, for example.

Researchers have also tried to correlate laminate "impact resistance” to
a variety of different material properties. Bowles [4] attempted to relate
material properties of the matrix to the "impact resistance" of a laminate.
Load at damage initiation and maximum load before penetration were both
proposed as measures of laminate "impact resistance’. A common graphite
fiber was used in conjunction with four different matrix resins to create
impact specimens. Several strengths and moduli of the neat resins were
obtained and it was hoped that a correlation could be drawn between one of
these properties of the matrix and laminate "impact resistance" as defined
above. A direct relationship between the matrix properties and either of the
chosen "impact resistance” parameters was not established. It was found that
different failure modes occurred in the laminates with different matrix resins,

making comparisons of the data very difficult.
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The importance of impact force data has been recognized by others, as
well. Sjoblom, Hartness and Cordell [5] asserted that an understanding of
damage mechanisms should be the ultimate goal of research, but for now, low-
velocity impact testing should be used as a comparative technique. They state
a case for the development of a standardized test of impact resistance, and for
the instrumentation of such a test to provide force data. They assert that the
force history of the impact event is more revealing than a single parameter
such as total impact energy, which indicates nothing about the dynamics of
the impact event.

A standardized impact test and common parameters for material
comparison have been suggested. Reed and Turner [6] proposed a
standardized impact test for composites. They recommended that an impact
test currently used to evaluate isotropic thermoplastics be used with
instrumentation to compare the impact resistance of fibrous composites.
Maximum force before penetration or energy absorbed before penetration were
suggested as parameters for comparing material systems. Thus, penetration
of the laminate was considered to be the critical failure from impact.

But, penetration is a culmination of damage modes, and it is the
understanding of damage mechanisms prior to penetration that is currently
absent. Several researchers have looked at damage mechanisms in
experimental studies [2,5,7,9,10] and damage modes have been shown to be
complicated. Also, the lack of standardized damage metrics is obvious.

For lack of a better damage metric, Lee and Zahuta [7] measured the
lengths and widths of delaminations from C-scan images of impacted and
statically tested specimens. They found that similar damage extents resulted
from impact and quasi-static indentation tests. The indentation force used
was that of the peak force encountered during impact. Their results are based

on a two-dimensional representation of the damage state, which may or may
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not be sufficient to describe the damage. They concluded that the damage
growth process during impact can be visualized by a sequence of static
indentation tests of various force levels. A similar conclusion was drawn by
Elber [8] based on X-ray images of damage states. It was pointed out that low
velocity impacts excite mostly first mode, or static mode, bending deflections so
that static testing can be used to simulate impact damage.

Experiments have shown that damage modes can be affected by the
geometry of an impact specimen. Cantwell and Morton [9] found different
modes of damage initiation in specimens with different dimensions. They
identified contact failure at the impacted surface for short thick targets and
flexural failure at the back surface for long thin targets.

Also, different material systems have been shown to exhibit different
damage modes. Boll et al [10] used microscopy to investigate the damage
mechanisms in toughened and conventional composite material systems.
They found a network of matrix cracks and delaminations under and around
the point of impact for the conventional system. Matrix cracking was also
observed in the "toughened matrix" system, but with much less delamination.
Damage was contained in a smaller area with the toughened system, but fiber
breakage was observed, which had not occurred in the first-generation system.
They concluded that as the fracture energy of the matrix is increased, fiber
strength will become more important because the damage mode will change.

From detailed three-dimensional investigations of damage states [25-28],
it is known that certain interfaces of specific laminates are prone to
delaminate from impact loading. Suggestions have been made for preventing
or limiting the extent of such occurrences. Kumar and Rai [11] investigated
kevlar/epoxy laminates and the effect of replacing unidirectional surface plies
with glass/epoxy fabric plies. They used cross-sectioning for damage

evaluation and found the glass fabric plies to effectively reduce the size of the
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delaminations within the laminate and curb the spalling of the plies at the
back surface. Sun and Rechak [12] used adhesivz layers as a means of
suppressing delamination in graphite/epoxy laminates. They observed
reductions in matrix cracking with the adhesive layers and were able to
effectively control delamination. They also noted, however, that fiber breakage
became more prominent with the addition of the adhesive. Works of this type
are interesting, but contribute little to the understanding of damage
mechanisms. They have a limited scope of application since they deal with
specific layup configurations with known damage modes.

In summary, the term "impact resistance" has yet to be quantitatively
defined. Several damage modes are possible due to impact, and depending on
the application, different modes are considered critical. Hence, a standardized
test of "impact resistance” for composite materials does not exist. Also lacking
are standardized metrics for quantifying damage states. Damage modes have
been shown to depend on specimen geometry and material properties. Some
observations of damage mechanisms have been made from experiments, and
possible remedies have been suggested. Such remedies were found to suppress
certain types of damage, but also could cause a change in the damage mode.
Experiments have also shown that static testing can be used to simulate

damage states from impact in certain situations.

2.3 Analyses

Because of the nearly infinite number of possible combinations of
material system, layup, specimen geometry, and impactor mass and velocity,
relying solely on experiments for impact characterization should be avoided if
at all possible. An accurate analysis methodology capable of predicting impact
damage would be very valuable. Several schemes for such analysis have been

proposed.
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Some of the early work in predicting stresses in an impacted laminate
was done by Greszczuk [13]. A two-dimensional finite element model was used
to calculate the local distribution of stresses near the point of contact. The
global bending deformation was neglected and the lJaminate was assumed to be
supported on a rigid foundation. Subsurface shear failure was predicted as
the initial damage mode using a stress-based failure criterion.

High shear stresses due to impact were also calculated by other
researchers [14-16]. Two-dimensional finite element models have been used to
predict global response as well as local stresses [14,15]. High shear stresses
were calculated in laminates near the impact site, and it was postulated that
these could initiate delamination, although no failure criteria were applied.

Predicted stresses have been shown to relate to experimental impact
damage states. Ross et al [16] used a three-dimensional finite element
formulation to model the stresses within an impacted glass/epoxy plate. The
global dynamic response was not modeled. Instead, a loading function was
approximated from experimental data. High shear stresses were calculated
within the plate in locations that agreed qualitatively with delamination areas
observed in experiments.

Predicting damage, on a quantitative basis, requires the additional step
of applying a failure criterion. Wu and Springer [17] used a three-dimensional
finite element model to predict the global response and local stresses and
strains for impacted plates. A total of five failure criteria, including those of
Humphreys and Goering [18] and Ramkumar and Chen [19], were invoked in
an effort to predict delamination. When none of these criteria successfully
predicted the delaminations observed from experiment, a new criterion based
on dimensional analysis was proposed and was shown to predict delamination

size and location with limited success.
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In a different approach to the same problem, Cairns and Lagace [20]
modeled the global response and local stresses without using finite elements.
A Rayleigh-Ritz energy formulation was used to predict the global response of
impacted kevlar/epoxy and graphite/epoxy plates [21], and the local stresses
were calculated using an axisymmetric Fourier-Bessel series expansion [22].
A maximum strain ply failure criterion was applied to predict matrix
cracking, delamination, and fiber damage. Comparisons with X-rays of
damage from erperiment showed that overall damage area (i.e. integrated
through the thickness) of an impacted laminate was predicted with reasonable
success.

However, the work of Chang, Choi and Wang [23] indicated that in order
to correctly predict delamination in all cases, stresses may have to be re-
calculated once matrix cracking occurs. A dynamic finite element analysis
was used along with a Hashin failure criterion to predict matrix cracking in
impacted thin beams. The analysis was shown to successfully predict matrix
cracking observed in experiments. The analysis was also used to recalculate
stresses in the vicinity of the matrix cracks, and it was found that the presence
of the cracks created a large out-of-plane stress, or peel stress, which could
initiate the delaminations which were often observed near the matrix cracks.

Another proposed method of predicting the locations of delaminations
and matrix cracks is the K-rule. Gosse and Mori [24] developed this simplistic
procedure to predict matrix cracks and associated delaminations from impact.
From the strain state due to an impact, tensile principal strains are calculated
in each ply on a plane perpendicular to the fibers. Matrix cracking is assumed
to occur if the tensile principal strain exceeds the transverse ultimate strain of
the ply. Transverse cracks in neighboring plies are connected by
delaminations, such that the delamination between the plies is bounded by the

matrix cracks in those plies. General agreement was found with
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experimental damage states assessed by ultrasound and cross-sectioning

techniques.

It is indicated from the literature that the progressive nature of impact
damage requires more attention. Analysis techniques which predict damage
may have to include the changes in the material state as damage occurs.
Also, since it has been shown that certain damage changes the stute of stress
within a laminate, analyses may need to recalculate laminate stresses as
damage occurs. Therefore, it would be beneficial to have experimental
examples of incipient failure modes in laminates and their development into
advanced damage states from impact. This data would be useful in verifying
analytical methods, and also would aid in the development of new material

systems to resist impact damage.
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Chapter 3

EXPERIMENTAL PROCEDURES

Four material systems were investigated here: Hercules AS4/3501-6
tape prepreg, Hercules A370-5:7/3501-6S fabric prepreg, Hercules
IM7G/X8553-50 tape prepreg, and a woven fabric fiberglass/epoxy wet layup.
The first material system, AS4/3501-6, is unidirectional and has a first
generation "brittle" (low strain-to-failure) 3501-6 matrix and is currently
widely used in the aerospace industry. It was chosen to provide a base for
comparison. The IM7G/X8553-50 unidirectional prepreg material system has
IM7 fibers in an experimental "toughened" (high strain-to-failure) matrix and
was chosen as a representative "toughened matrix" system. The third
material system, A370-56H/3501-6S is the same as the AS4/3501-6, except the
fibers are woven in a five-harness arrangement. This allows a comparison of
the relative merits of tape and fabric layups in resisting damage. The
glass/epoxy system is comprised of Interglas 92125 dry woven fiberglass
prepared in a wet layup with Rutapox L20/SL resin. This system is being used
in the aircraft industry, and is used here to provide a direct comparison with
the graphite/epoxy fabric system.

In addition to identifying the incipient damage type, the general damage
characteristics of these laminates are also of interest. In order to ohserve the
progressive stages of damage, impact tests were performed at various
velocities while holding constant the impactor mass (1.53 kg), tup diameter
(12.7 mm), specimen geometry, and boundary conditions (two sides clamped).

The impact velocities used ranged from those causing incipient damage to
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those causing penetration of the specimen, when possible. Due to limitations
of the impact device, all layups of all material systems used could not be
penetrated.

Impact velocities were determined for each layup based on the results of
preliminary impact tésts. Several trial impacts were performed on specimens
of each type of laminate to determine an approximate velocity range in which
damage occurred. Using this information, an initial impact velocity was
chosen for each laminate such that a level of damage would exist that could be
detected easily via X-ray, or visually in the case of the glass/epoxy system.
Subsequent impacts were performed at slower velocities, in 0.5 m/s intervals,
until no damage was detected, either visually or by X-ray. In addition, the
laminates were generally impacted at a common velocity of 5.0 m/s to provide a
damage resistance comparison between all layups and material systems. Any
remaining specimens were used to isolate further the incipient damage
velocity for each layup. This was done by impacting specimens at 0.1 m/s
increments in the velocity range where incipient damage was determined to
occur. The actual impact velocities used for the tape and fabric layups are
listed in Tables 3.1 and 3.2, respectively.

A direct comparison between the AS4/3501-6 and IM7G/X8553-50
material systems was provided by the specimens summarized in Table 3.1.
The first four layups consist of 12 plies in a [£6,/0,]5 configuration, with 6
taking on the values 15, 45, 60, and 90 degrees. These layups were chosen
because they are orthotropic and incorporate varying degrees of bending-
twisting coupling. A broad range of ply angles was desired to show the effect of
ply angle mismatch and change in structural parameters on impact damage.
Also, all plies were repeated twice to limit the number of ply interfaces where

delamination could occur and to make matrix cracks more apparent. This
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Impact Velocities2 for Graphite/Epoxy Tape Systems

Laminate

Material System

AS4/3501-6

IM7G/X8553-50

[+£152/02]s

[+452/02]s

[+602/02]s

[904/02]s

[£452/02/902]s

[(£45)2/(0/90)2]g

1.00, 1.11, 1.14, 1.28, 1.28,
1.52, 2.07, 2.59, 3.01, 5.06

1.01, 1.21, 1.26, 1.30, 1.38,
1.53, 2.01, 2.60, 3.00, 5.10

0.57, 0.72, 0.72, 0.88, 0,89,
1.01, 1.54, 2.00, 2.61, 2.96,
5.06

0.58, 0.73, 0.75, 0.87, 0.88,
1.00, 1.53, 2.08, 2.58, 2.98,
5.09

2.05, 2.07, 2.11, 2.12, 2.26,
2.28, 2.50. 2.59, 2.96, 5.00

2.60, 2.65, 2.75, 2.77, 2.78,
3.00, 3.04, 3.59, 5.09

0.96, 0.99, 1.30, 1.50, 1.52,
2.04, 2.51, 3.04, 3.43,
4.03,4.51,4.87,5.46

2.20, 2.21, 2.55, 2.98, 3.47,
3.97, 4.05, 4.42, 4.96, 5.50

2.06, 2.22, 2.22, 2.45, 2,97,
3.26, 3.83, 4.62, 5.02, 5.45

0.99, 1.54, 2.04, 2.46, 3.01,
3.47, 3.95, 4.50, 4.90, 5.46

aAll velocities in m/s.



Table32 Impact Velocities? for Fabric Systems
Material System
Laminate Glass/Epoxy A370-5H/3501-6S
(45,/0,), 1.01, 1.22, 1.22, 1.53, 4.03,4.10, 4.13, 4.21,
2.03, 2.72, 2.96, 4.72 4.25, 4.36, 4.39, 4.51,
5.10
(90,/0,) 1.02, 1.54, 2.00, 2.62, -
#0s 2.96, 5.14
(0,/45,)g 1.03, 1.48, 2.00, 2.64, --
2.98, 4.80
(45/0)94 1.02, 1.43, 2.02, 2.53, --
2.96
(0/45)94 1.05, 1.43, 2.00, 2.57, --

2.98, 5.08

aAll velocities in m/s.
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was done to simplify the detection and recording of damage states.
Delaminaton does not occur between two plies of the same angle [29], and in
this way, two neighboring plies of the same angle become one "effective” ply of
double thickness.

The last two layups in Table 3.1 exhibit two different stacking sequences
for the same 16 plies. These quasi-isotropic layups were intended to mimic, as
closely as possible, the fabric layup (45,/0,), of A370-5H/3501-6S. This was done
so that a comparison of damage resistance could be made between fabric and
tape layups with nearly the same laminate (i.e. structural) properties.
(Laminate bending stiffnesses are summarized in Chapter 5) Double
"effective” plies are used in the first tape layup, while the ply angle in the
second tape layup alternates more frequently. Of these two tape layups
intended to simulate the fabric layup, the second tape layup imitates more
closely the fiber arrangement of the fabric.

All the fabric layups used and the impact velocities are listed in Table
3.2. The glass/epoxy layups were chosen for comparison to graphite/epoxy
systems and to demonstrate any change in damage characteristics with
stacking sequence.

The geometry of the impact specimens used is the same as that used by
Ryan [30]. The specimens are 89 mm wide and 330 mm in length, as can be
seen in Figure 3.1. Specimens of this width were used so that damage from
impact could progress without the interference of edge effects of the coupon.
Three specimens were obtained from each standard TELAC laminate of
dimensions 304 mm by 356 mm. When clamped in the impact holding jig, the
span of the specimen is 252 mm. All impacts were targeted at the center of the

specimen.
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Figure 3.1 Impact specimen geometry.
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The manufacturing procedures used for the AS4/3501-6 and
A370-5H/3501-6S laminates are standard [31] and are summarized here.
Procedures for manufacturing the IM7G/X8553-50 and glass/epoxy laminates
were provided by each material's supplier and appear Lere as well.

Two different layup techniques were followed in this investigation: a
prepreg layup for the graphite/epoxy material systems and a wet layup for the
glass/epoxy system. Latex gloves were worn whenever the prepreg materials
were handled directly, and care was taken to avoid ﬁnnecessary contact with

the laminates at all times.

3.2.1 Graphite/Epoxy Prepreg Layup

The layup procedures were identical for the AS4/3501-6 and
IM7G/X8553-50 material systems. The graphite/epoxy prepreg tape came in
the form of rolls 305 mm wide. The rolls of prepreg were stored in sealed bags
in a freezer below -18°C. In preparation for layup, the prepreg was taken out of
the freezer and allowed to sit at room temperature in the sealed bag for
approximately 30 minutes, or until the material was no longer cold to the
touch. Had the bag been opened while the material was still cold, unwanted
moisture could have condensed on it. The prepreg was then unrolled and the
appropriate plies were cut using teflon-coated aluminum patterns and a sharp
utility knife. The plies were cut in such a way that any seams within a ply
were parallel to the fiber direction. The individual plies were stacked in the
proper sequence using an L-shaped aluminum jig to aid in alignment. The
corner of the laminate which was situated directly in the corner of the

aluminum jig was assumed to have the most accurate ply stacking and was
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marked for future reference. The laminate was trimmed with a sharp utility
knife and an aluminum pattern to its nominal 304 mm wide by 356 mm long
size, and peel-ply was placed on both the top and bottom surfaces. If the
laminates were to be cured within 24 hours, they were sealed in a vacuum bag
and left out at room temperature. Otherwise, they were sealed in a bag and
put into the freezer.

The graphite/epoxy fabric prepreg (A370-5H/3501-6S) was prepared in a
similar way. The roll of prepreg was taken from the freezer and allowed to
warm up to room temperature before opening it. The plies were cut from the
1245 mm wide roll with a 304 mm by 356 mm rectangular template and a
utility knife. The angle plies were cut by placing the template at the desired
angle and cutting out the ply, such that no seams existed in any of the fabric
plies. The plies were then stacked in the same fashion as the tape prepreg

plies, and peel-ply was placed on the top and bottom surfaces.

3.2.2 Glass/Epoxy Wet Layup

The glass/epoxy system requires a wet layup procedure. The raw
materials used in preparation of this system were a 1.0 meter wide roll of
Interglas 92125 woven fiberglass, a drum of Rutapox L20 epoxy resin and
another smaller container of liquid "SL" hardener for the resin. The resin and
hardener must be mixed in the correct proportion. This mixture is then added
to the dry fabric plies, producing a layup ready to be cured in the autoclave
under vacuum.

The wet layup is performed in the following manner. First, the
necessary plies of glass fabric are cut from the roll with scissors. The glass
plies are then carefully weighed. The appropriate mass of liquid matrix is

prepared by mixing the resin and hardener in a 100 to 34 mass ratio to give a
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total mass of matrix equal to the total mass of the fabric plies. The layup calls
for the combining of equal masses of matrix and fibers.

In preparation for the wet layup and cure, the cure plate is sprayed with
Mold Wiz® release agent and covered with a sheet of nonporous teflon. On top
of this, three layers of cork dam are used to make a 304 by 356 mm rectangular
vessel for the laminate. A sheet of nonporous teflon is placed in the bottom of
the vessel, followed by a sheet of peel-ply and then the layers of dry fabric.
After the last ply of fabric is placed in the vessel, the matrix is introduced on
top and allowed to soak into the plies. The matrix is applied with a one-half
inch acid brush starting at the center of the laminate and working outward
radially toward the edges. By working from the center outward, the amount of
trapped air in the laminate is minimized. Care is taken not to disturb the
alignment of the fibers while adding the matrix with the brush. When wetted,
the layup changes appearance from white in color to transparent. When no
areas of white are visible, any remaining matrix is spread evenly over the
laminate and a sheet of peel-ply is smoothed on top. The aluminum top plate,
wrapped in nonporous teflon, comes next. Sheets of bleeder paper are rolled
into dams and added between the cork vessel and the vacuum ports to prevent
liquid matrix from flowing into the vacuum system. The assembly is then
covered with a single sheet of porous teflon, a layer of glass breather, and
finally, the vacuum bag. The cure plate is then ready for the autoclave. Figure

3.2 is a schematic of the cure layup.

3.2.3 AS4/3501-6 and A370-5H/3501-6S Cure
The AS4/3501-6 and A370-5H/3501-6S materials were cured according to
the standard TELAC procedure. The packaging arrangement for the cure is

shown in Figure 3.3. The laminate is placed on top of the sheets of nonporous
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Figure 3.2 Schematic of glass/epoxy cure layup.
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Figure 3.3 Schematic of AS4/3501-6 and A370-5H/3501-6S cure layup.
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teflon and confined by the dam material. One sheet of porous teflon is placed
on top of the laminate, followed by sheets of bleeder paper, the aluminum top
plate, a sheet of porous teflon and a layer of fiberglass air breather. A vacuum
bag is placed over this assembly and vacuum tape is used to create a seal
between the bag and the aluminum caul plate.

The sheets of guaranteed nonporous teflon (GNPT) are used to keep the
resin from contacting the aluminum caul plates, which are sprayed with a
release agent to prevent resin from adhering to them. Peel-ply is a nylon-like
fabric which is used to give a fine surface texture to the specimen. The peel-ply
is removed from the laminates after the postcure. The purpose of the bleeder
paper is to soak up resin that is expelled from the laminate. For the tape
prepreg, cne ply of bleeder paper is used for every two plies of prepreg in the
laminate. For the fabric prepreg, one ply of bleeder paper is used for each ply
of fabric in the laminate. The fiberglass air breather is used so that the
vacuum can be applied evenly over the entire cure plate.

Six laminates are cured at one time in the autoclave. The position of the
laminates on the cure plate is illustrated in Figure 3.4. T-shaped aluminum
dams, as well as cork dams, are used to hold the laminates in place during the
cure. The reference corner of each laminate, which was marked previously
during layup, is always placed into the corner of an aluminum T-dam on the
cure plate. Thus, each laminate had two sides bordered by aluminum dams
and two sides bordered by cork dams.

A vacuum check is performed on the cure plate before it is rolled into the
autoclave. This is done by applying a vacuum of 760 mm Hg and then shutting
off the vacuum source. The vacuum seal is considered satisfactory if less than
130 mm Hg has been lost after five minutes elapsed time. Otherwise, attempts

are made at trying to find and repair leaks in the vacuum bag, or the entire
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bag is replaced. Once a successful vacuum check is performed, the cure plate
is rolled into the autoclave and the vacuum check repeated.

In the autoclave, a vacuum of 760 mm Hg is applied to the cure plate.
The autoclave pressure is raised to a gage pressure of 0.59 MPa and held.
Once this pressure is achieved, the autoclave temperature is raised at a rate of
1-3°C per minute until 116°C is reached. After one full hour at 116°C, the
temperature is again raised at the same rate to 177°C and held for two hours.
Finally the temperature is decreased at 3-5°C per minute to 80°C and the
pressure released. The temperature, pressure and vacuum cycles are shown
in Figure 3.5. The laminates were postcured in an oven at 177°C for 8 hours

with no applied pressure or vacuum.

324 IM7G/X8553-50 Cure

A similar cure was performed for the IM7G/X8553-50 material system.
The cure packaging used for these laminates can be seen in Figure 3.6. As
this was a net resin cure, no bleeder paper was used. Otherwise, the cure
packaging is very similar to that used for the AS4/3501-6 material. Again, six
laminates are cured at one time in the autoclave and the cure plate is
arranged in the same way as previously shown.

The temperature, pressure and vacuum cycles can be seen in
Figure 3.7. After successful vacuum checks, a vacuum of 760 mm Hg is
applied to the cure plate and the temperature ramped up to 116°C at a rate of
3-5°C per minute. After 30 minutes at 116°C, the autoclave pressurization
begins. A pressure of 0.63 MPa is reached after approximately 30 minutes,
and held for the duration of the cure. At this point, the temperature has been
at 116°C for one full hour. The temperature is then ramped up to 177°C at

3-5°C per minute. This temperature is held for two hours, after which time
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Figure 3.6 AS4/3501-6 and A370-5H/3501-6S cure cycle.
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the temperature is lowered at 3-5°C per minute and the pressure released.

These laminates were not postcured.

3.2.5 Glass/Epoxy Cure

The glass/epoxy required an 8-hour cure cycle with vacuum applied, but
no pressure, as shown in Figure 3.8. Only two glass/epoxy laminates were
cured in the autoclave at one time. After a successful vacuum check, a
vacuum of 760 mm Hg is applied to the cure plate in the autoclave and the
temperature raised to 60°C at a rate of 5-6°C per minute. This temperature is
held for 8 hours, after which time the vacuum is released and the laminates
removed from the antoclave. The laminates were then postcured in an oven

for 15 hours at 80°C with no applied vacuum or pressure.

3.2.6 Final Preparation

All laminates were milled into coupons with a water-cooled 220 grit
diamond cutting wheel. The diameter of the cutting wheel is 254 mm and a
spindle rate of 1100 rpm was used. The milling table feed rate was 279 mm per
minute. First, the edges of the laminate were cleaned up by trimming
approximately 5 mm from each side. Then, three 89 mm wide specimens were
cut from each laminate. For the graphite/epoxy material systems, the coupons
were cut from the laminate starting with the edge adjacent to the reference
corner previously marked.

The manufacturing consistency of each coupon was then checked. Nine
thicknesses, three widths, and the length of each coupon were measured at the
locations shown in Figure 3.9. A comparison of the nominal and average
measured ply thicknesses for all four material systems can be seen in

Table 3.3.



47-

AUTOCLAVE Plus 15 Hour
A TEMPERATURE (°C) Postcure
at 80 °C
60 \
21 4
01— -8
0 7 487
TIME (min)
VACUUM (mm Hg)
A
760
0 -
0 487
TIME (min)

Figure 3.8 Glass/epoxy cure cycle.



3
thickness
length measurements
measurement |
i 7, 4 1
— e el
25 mm
4 —
—ttr
|20mm
width
measurements
1AAQ ~_
specimen
y identification

Figure 3.9 Coupon measurement locations.



-49-

Table33  Measured and Nominal Ply Thicknesses

Material System Nominal Ply Average Measured Per

Thickness (mm) Ply Thickness (mm)
AS4/3501-6 0.134 0.132
IM7G/X8553-50 0.144 0.145
A370-5H/3501-6S 0.350 0.336

Glass/Epoxy 0.260 0.265
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3.3 Impact Test Procedures

All specimens were impacted using the Free Rolling Energy Device
(FRED) developed at TELAC. These impacts simulate nonballistic events such
as tool drops. The test apparatus consists of the specimen holding jig, the
striker unit, the impactor unit, and the data acquisition system,

The specimen holding jig shown in Figure 3.10 provides clamped
boundary conditions on two sides of the specimen. The specimen is held firmly
between the aluminum blecks by 8 bolts, each lubricated with SAE 20 weight oil
and torqued to 10 Newton-meters. Sandpaper of 80 érit roughness is glued to
the blocks to help prevent slippage of the laminate during impact. All impacts
were targeted at the center of the specimen. The specimen holding jig is
supported by a drill press stand adopted for this function. This assembly is
illustrated in Figure 3.11.

The striker and impactor units of the Free Rolling Energy Device (FRED)
are shown in Figure 3.12. The striker unit consists primarily of an
electromagnet, a winch and a large spring. The magnet is energized and the
winch is used to draw back the striker rod, compressing the spring. Upon
release of the magnet, the rod is free from the winch and is propelled toward
the impactor unit by the spring. The impactor unit holds the impactor rod via
two sets of linear motion bearings, and also houses the light gates and the anti-
rebound lever. The anti-rebound lever prevents multiple impacts by
restraining the impactor rod after impact. During the initial forward motion
of the impactor rod, the plastic doughnut flips the anti-rebound lever into a
position to catch the rod after impact. This forward motion triggers the

computer to begin taking data.
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The light gates are used for impact velocity determination. As the
impactor rod approaches the specimen, but before actual contact is made, a
plastic "doughnut" on the impactor rod passes through two light beams in
sequence. This is shown in Figure 3.13. An electronic timer, in this case a
Fluke 1953 A Counter Timer, records the difference in time between the
interruption of the first and second beam. The distance between the two beams
being known, the impactor rod velocity can be determined.

The force transducer, a PCB Model 208 A05, is mounted behind the tup
on the impactor rod. The voltage output of the force transducer is fed into a
PCB Signal Conditioner Model 484B. The amplified voltage then goes to a GW
Instruments MacADIOS II analog/digital converter connected to a Macintosh
IIx computer. Voltages are sampled at 50 kHz and are converted to force units
using the conversion factor of 4157 Newtons per volt.

The force experienced by the specimen is calculated using the derivation

shown by Ryan [30] and repeated here:

Fiot = My, ft
M Mfy
rod * 75 3.1)
where: Fiot is the total contact force experienced by the specimen,

I is the force exerted on the force transducer,
Miyp is the mass of the tup (47 g),

Mg is the mass of the force transducer (25 g),
M;qd is the mass of the impactor rod (1458 g),

This conversion is required because the force transducer is not at the point of
contact between the specimen and the tup, but is sandwiched between two

masses as can be seen in Figure 3.13. The force at the point of contact between
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-56-
the tup and the specimen is slightly higher than the force experienced by the
transducer. In this case, the force applied to the specimen was 1.040 times the

force exerted on the force transducer.

34 Damage Evsluation

Three methods were used for damage evaluation: visual inspection,
X-ray, and deply. After impact, all graphite/epoxy specimens were X-rayed to
determine the damage state. This was performed in the following way. First,
a small hole 0.74 mm in diameter was drilled with a Dremel® tool through the
specimen at the center of the impact. A piece of blue flash tape was placed over
the hole on the back surface (opposite the impact surface) of the laminate.
Then the specimen was placed flat on a table with the impacted surface facing
upward and 1,4-Diiodobutane (DiB) penetrating dye was injected into the hole
with a syringe until a small bubble of dye formed over the hole. The dye seeps
into cracks and delaminations and is opaque to X-rays, thus showing up as
dark areas in an X-ray photograph. The specimen was then left for 45 minutes
to allow the dye to penetrate into the damaged areas, and additional dye was
added intermittently to maintain the small bubble of excess dye on the surface.
After the 45 minutes, any remaining dye was absorbed with a paper towel and
the tape was removed from the back surface. The specimen was then
evaluated with a Scanray® Torrex 150D X-ray Inspection System. The
specimen was exposed to 240 mR using the "TIMERAD" control and 50
kilovolts potential. An X-ray image of the specimen was obtained on Pclaroid
Type 52 PolaPan film.

An example of a typical X-ray photograph can be seen in Figure 3.14.

The orientation of the specimen in the X-ray is such that the x, direction of the
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specimen (see Figure 3.1) is aligned with the vertical axis of the page. Positive
ply angles are measured counter-clockwise from vertical.

It was found that the dye did not penetrate well into the damage in the
glass/epoxy specimens. Thus, these specimens were not X-rayed but were
inspected visually for damage. This was possible due to their translucent
appearance. Photographs were taken of specimens that exhibited visible
damage. The specimens were illuminated from behind with a 100-watt
incandescent bulb, and 35 mm black and white film was used to produce the
photographs. A sample photograph is shown in Figure 3.135.

The deply evaluation is a destructive examination technique in which
the epoxy portion of the composite is "burned off"' in an oven, leaving behind
only the fibers and traces of an enhancing agent, in this case gold chloride.
This method was used successfully with all three graphite/epoxy material
systems, but was found to give unsatisfactory results with the glass/epoxy
system. The gold chloride did not penetrate into the damage in the glass/epoxy
specimens,

The specimens to be evaluated were trimmed into rectangles containing
the damaged region, as determined from X-ray, plus approximately 2 cm on
either side of the damage. The laminates were trimmed from their original
size to reduce the amount of epoxy which needed to be "burned off". Pieces of
tape were placed on both the front and back surfaces of the specimen to cover
the hole previously drilled for X-ray purposes. This was done to keep dirt and
water away from the damage area while milling with the water-cooled
diamond grit cutting wheel previously mentioned. The specimens were milled
into rectangles typically 80 mm long by their original 89 mm width. The gold
chloride, supplied by the Sigma Chemical Company, was suspended in a
carrier of isopropyl alcohol. A solution composed of 10 g of gold chloride in 100
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Figure 3.15 Example of typical photographs of glass/epoxy specimens
impacted at 3.0 and 5.0 m/s.
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ml of isopropyl alcohol was used. Since all specimens had previously been
X-rayed, a small hole already existed in the center of the impacted area. As
before, tape was placed over the hole on the back surface of the laminate, and a
syringe was used to fill the hole with the gold chloride solution and form a
bubble of excess on the surface. The solution was allowed 45 minutes to seep
into the damaged areas, and the bubble of excess was maintained by
periodically adding more gold chloride solution. After the 45 minutes, excess
gold chloride was wiped from the surface of the laminate with a paper towel
and the tape was removed from the back surface.

The coupon was placed on a stainless steel wire mesh inside a Lindberg
Furnace Type 51442. The furnace was preheated to 420°C and a positive
pressure of 0.02 MPa of nitrogen was fed into the furnace to avoid the
potentially harmful effects of a fire inside the oven. The 12-ply laminates were
left in the oven for 15 minutes, the 16-ply laminates required 20 minutes, and
the graphite/epoxy fabric specimens required 25 minutes before the plies could
be separated. It was discovered that durations longer than these produced a
large amount of thermal discoloration of the plies, making detection of the gold
chloride very difficuit.

Once removed from the oven, the laminates were allowed approximately
5 minutes to cool before the plies of the laminate were separated. It was found
that blowing ambient air over the laminate during this cooling period often
caused the plies to separate very easily. Starting at the impacted surface, the
plies were worked free from each other by gently pulling them apart. Sketches
were made by hand of any traces of gold chloride on the ply interfaces. The
outlines of the delaminations were very faint, and thus were not easily
photographed. It was not possible, nor desired, to separate neighboring plies

of the same angle. Adjacent plies of the same orientation become one "effective
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ply" of double thickness during the cure, and it was assumed that

delamination would not occur between them, as the results did show.

A typical deply transcription is shown in Figure 3.16. The interfaces for
each laminate are defined by the layup diagram. Only interfaces where the ply
angle changes are numbered, and interface 1 is closest to the impact surface.
The small circle seen at the center of each interface represents the hole drilled
through the laminate at the center of the impact site, as previously mentioned.
The deply technique provided information on delamination and fiber breakage.
Delaminations are depicted as shaded areas, and regions of fiber fracture are
shown as heavy lines. The regions of fiber fracture generally ran transversely
to the fiber direction of the ply. All interfaces are shown as viewed from the
impacted side of the laminate, with the x; direction of the specimen aligned
with the vertical axis of the page. Positive ply angles are measured counter-
clockwise from vertical. In several cases, fiber damage in the top ply became
visible once the top ply was separated from the rest of the laminate. For such

cases, an illustration of the top ply is included in the transcription.
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Chapter 4
EXPERIMENTAL RESULTS

4.1 Overview

The experimental results include contact force data taken during the
impact event, and X-ray photographs, deply transcriptions and photographs
made of the specimens after impact in order to determine the damage state.
The force-time data are first presented for all four material systems used in
this study. Within each material system, the data are presented by layup. The
force history, or signature, of each layup is presented for several different
impact velocities, including one velocity which did not cause damage to occur.
Next, the data on damage characteristics are presented. Again, the data are

presented by material system, and by layup within each material system.

4.2 Force-Time Data

Several representative force-time signatures are presented for each type
of laminate used in this investigation. Typically, three force-time histories are
shown for each laminate: one in which no damage occurred, one in which
moderate damage occurred (generally 3.0 m/s), and one in which heavier
damage occurred (generally 5.0 m/s). All of the force-time histories obtained

in this investigation can be found in Appendix A.

4.2.1 AS4/3501-6 Material System
Three force-time signatures are shown for each layup of AS4/3501-6 used
in this investigation. One signature is from an impact that did not cause

damage to the specimen. This is the highest impact velocity used in which
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damage did not occur. The other two signatures are those of 3.0 and 5.0 m/s
impacts. Generaily, moderate damage was caused in the specimens from the
3.0 m/s impact, and heavier damage occurred from the 5.0 m/s impacts.
Signatures for the 12-ply layups of the AS4/3501-6 material system can be
seen in Figures 4.1 through 4.4. All of these 12-ply specimens were penetrated
by 5.0 m/s impacts. Other than these penetrated specimens, no specimens
exhibited visible damage from any of the impacts. The force histories (or
signatures) for the [+15,/0,] of AS4/3501-6 layup are presented in Figure 4.1.
The 1.0 m/s impact did not damage the specimen, the 3.0 m/s impact caused
matrix cracking and delamination, and the 5.0 m/s impact penetrated the
specimen. The overall shape of each force history is approximately half of a
sine wave, with oscillations of higher frequency superimposed upon it. For the
1.0 m/s impact, the primary wave reaches a peak (approximately 400 N) at
about 8 ms, and the peaks of the secondary oscillations occur approximately 1.5
ms apart. The secondary peaks are again 1.5 ms apart in the 3.0 m/s impact,
but the primary wave reaches its peak (of approximately 1400 N) sooner at 5.5
ms. In the 5.0 m/s impact, the peaks of the secondary oscillations again occur
every 1.5 ms, but the time-to-peak of the primary wave is obscured by the
introduction of further higher frequency oscillations approximately 4 ms into
the impact. This higher frequency oscillation is visible in the signature as the
force reaches a peak of approximately 2400 N and then drops significantly at
about 5.5 ms, presumably as the impactor rod penetrates the specimen.
Signatures for the [+45,/0,] layup of AS4/3501-6 are presented in Figure
4.2. The 1.0 m/s impact did not damage the specimen, the 3.0 m/s impact
caused matrix cracking and delamination, and the 5.0 m/s impact penetrated
the specimen. 7The point of penetration is clearly indicated in the 5.0 m/s

impact as a large drop in the contact force after 5.5 ms. Higher frequency
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oscillations can be seen in the vicinity of penetration, and the specimen
sustained a peak force of approximately 2300 N before the impactor penetrated
it. The primary wave in the 1.0 m/s impact reaches a peak of approximately
400 N at about 8 ms, as with the previous layup. Although the 3.0 m/s impact
caused damage to the specimen, there is no distinguishable drop in the contact
force which can be attributed to the damage. The signature of the 3.0 m/s
impact reaches a peak of approximately 1500 N at about 5.5 ms. The peaks of
the secondary oscillation occur approximately 1.5 ms apart, as was also
observed with the [+15,/0,], layup.

Signatures for the [+60,/0,]_ layup of AS4/3501-6 are presented in Figure
4.3. The 0.72 m/s impact did not damage the specimen, the 3.0 m/s impact
caused matrix cracking and delamination, and the 5.0 m/s impact penetrated
the specimen. It can be seen that penetration in the 5.0 m/s impact was
accompanied by a high frequency oscillation and large drop in the contact force
after 5.5 ms. The specimen sustained a peak force of approximately 2250 N
before the impactor penetrated it. The peak force of the 3.0 m/s impact is
approximately 1400 N and the duration is about 11 ms. The secondary peaks
occur app;roximately 1.5 ms apart, as was observed for the previous two layups.
The peak and duration of the primary wave is nearly the same as that of the
previous layup.

Signatures for the [90,/0,], layup of AS4/3501-6 are presented in Figure
4.4. The 0.75 m/s impact did not cause damage to the specimen, the 3.0 m/s
impact caused matrix cracking and delamination, and the 5.0 m/s impaci
penetrated the specimen. In terms of peak force before penetration, this layup
was the most easily penetrated of the 12-ply layups of this material system. It
can be seen that after reaching a peak force (at about 4 ms) of approximately

1700 N, the contact force falls dramatically and a higher frequency oscillation
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occurs in the signature. The primary wave in the 3.0 m/s impact has nearly
the same peak (1500 N) and duration (11 ms) as the previous layup. However,
slight differences in the secondary oscillations can be observed.

Signatures of the two 16-ply gquasi-isotropic layups of AS4/3501-6 are
presented in Figures 4.5 and 4.6. Signatures can be seen for impact velocities
of 2.0, 3.0 and 5.0 m/s for the [+45,/0,/90,] layup in Figure 4.5. No damage
resulted from the 2.0 m/s impact, while the 3.0 and 5.0 m/s impacts both
created internal damage to the specimens. In the 5.0 m/s impact, this
laminate was able to sustain a contact force of approximately 2600 N without
any visible surface damage. Secondary oscillations are visible in the 5.0 m/s
signature before the peak force is reached (at approximately 5§ ms). After the
peak force, higher frequeucy oscillations are observed, and the amplitudes of
the secondary oscillations are smaller. Like the signatures of the 12-ply
laminates, the shape of the signatures of the 16-ply laminates is a half sine
wave with oscillations of higher frequency superimposed on it. From the 3.0
m/s impact, it can be seen that the peak force and duration are not
significantly different from those of the 12-ply laminates.

Signatures for impact velocities of 2.8, 3.0 and 5.0 m/s impacts for the
[{£45),/(0/90),]  layup of AS4/3501-6 are presented in Figure 4.6. These
signatures have more high frequency oscillations than was observed with the
[+45,/0,/90,], layup. No damage resulted from the 2.8 m/s impact, while the
3.0 and 5.0 m/s impacts created internal damage to the specimens. In the 5.0
m/s impact, this layup withstood a force of approximately 2700 N without
visible surface damage. After the peak force (at approximately 5 ms), the
secondary oscillation can no longer be seen, as was the case with the previous

layup. The amplitudes of the secondary oscillations were greater with this
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Figure 4.5 Force-time signatures of AS4/3501-6 [£46,/0,/90,] laminate
impacted at 2.0 m/s (undamaged), 3.0 m/s, and 5.0 m/s.
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layup than with the [+45,/0,/90,], layup, as can be seen clearly from the 3.0 m/s

signatures.

422 IM7G/X8553-50 Material System

The force-time data for layups of the IM7G/X8553-50 material system are
shown in Figures 4.7 through 4.10. It is noteworthy that none of the impacted
specimens of the IM7G/X8553-50 material system exhibited visible damage.

Signatures for impact velocities of 1.0, 3.0, and 5.0 m/s for the [+15,/0,]
layup of IM7G/X8553-50 are presented in Figure 4.7. The 1.0 m/s impact did
not cause damage to the specimen, while the 3.0 and 5.0 m/s impacts caused
internal damage. As was the case with the AS4/3501-6 laminates, the shape of
these signatures is half of a sine wave with oscillations of higher frequency
superimposed on it. As was the case with the AS4/3501-6 laminates, it is
observed here that a higher impact velocity causes an impact of shorter
duration. The duration of the 1.0 m/s impact is greater than 16 ms, while the
duration of the 3.0 m/s impact is about 12 ms and that of the 5.0 m/s impact is
less than 10 ms. The peak force of the 5.0 m/s impact is approximately 2550 N,
as compared to 2400 N with the same layup of AS4/3501-6, in which penetration
occurred. In the 5.0 m/s signature, secondary oscillations can be seen before
the peak force is reached (approximately 4.5 ms), but the force falls sharply
after 6 ms and the secondary oscillations do not appear on this "downward"
side of the signature. This specimen was not penetrated in this impact. A
similar behavior can be seen in the 3.0 m/s signature. The secondary peaks
are more pronounced on the "upward" side of the signature than on the
"downward" side. The signature of the 3.0 m/s impact of this laminate is

nearly identical to that of the same layup of AS4/3501-6.
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Figure 4.7 Force-time signatures of IM7G/X8553-50 [+15,/0,] laminate
impacted at 1.0 m/s (undamaged), 3.0 m/s, and 5.0 m/s.
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Figure 4.8 Force-time signatures of IM7G/X8553-50 [+454/0,], laminate
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Figure 4.9 Force-time signatures of IM7G/X8553-50 [+60,/0,], laminate
impacted at 2.0 m/s (undamaged), 3.0 m/s, and 5.0 m/s.
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Figure 4.10 Force-time signatures of IM7G/X8553-50 [90,/0,]; laminate
impacted at 1.0 m/s (undamaged), 3.0 m/s, and 5.0 m/s.
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Signatures for the [£45,/0,] S layup impacted at 2.2, 3.0 and 5.0 m/s are
presented in Figure 4.8. The 2.2 m/s impact caused no damage to the
specimen, while the 3.0 and 5.0 m/s impacts caused internal damage. As with
the previous layups, a shorter impact duration is observed here for a higher
impact velocity. The peak force of the 5.0 m/s impact is approximately 2800 N
and occurs after 6 ms. The 5.0 m/s impact on the same layup of AS4/3501-6
attained a peak force of only 2250 N, which caused penetration of the specimen.
As noted in the 5.0 m/s signature of the [+15,/0,]  layup of IM7G/X8553-50, the
force falls sharply on the "downward" side of the signature with little evidence
of a secondary oscillation, and this is not due to penetration. The 3.0 m/s
signature of this laminate is nearly identical to that of the same layup of
AS4/3501-6.

Signatures for the [+60,/0,] s layup of IM7G/X8553-50 impacted at 2.0, 3.0,
and 5.0 m/s are presented in Figure 4.9. The 2.0 m/s impact caused no
damage, while the 3.0 and 5.0 m/s impacts caused internal damage only. As
before, the secondary oscillations are more pronounced on the "upward" side
of the 5.0 m/s signature than on the "downward" side. The peak force in this
impact is approximately 2700 N, as compared to 2250 N at which the same
layup of AS4/3501-6 was penetrated. In the 3.0 m/s signature, the peak force
and the spacing of the secondary peaks are virtually identical to those of the
same layup of AS4/3501-6. However, there are differences between these two
signatures. There is a difference in the height of the last secondary peak on
the "downward" side of the signature. This small peak on the signature of the
AS4/3501-6 laminate is 200 N higher than its counterpart in the IM7G/X8553-50
signature, and the duration of the impact is about 1 ms longer for the
AS4/3501-6 laminate (11.5 ms) than it is for the IM7G/X8553-50 laminate (10.5

ms).
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Signatures for the [90,/C,]_ layup of IM7G/X8553-50 impacted at 1.0, 3.0
and 5.0 m/s are presented in Figure 4.10. The 1.0 m/s impact did not cause
damage to the specimen, while the 3.0 and 5.0 m/s impacts caused internal
damage. Secondary oscillations are again more apparent on the "upward"
side of the 5.0 m/s signature than on the "downward" side. A peak force of
2600 N is reached after approximately 5.0 ms, as compared to 1700 N at which
the same layup of AS4/3501-6 was penetrated. The 3.0 m/s signature has
nearly the same peak force and duration as the 3.0 m/s signature of the

AS4/3501-6 [90,/0,]_laminate.

4.2.3 A370-5H/3501-6S Material System

Signatures of the fabric graphite/epoxy system impacted at 4.0 and 5.0
m/s are presented in Figures 4.11 and 4.12, respectively. The 4.0 m/s impact
did not cause damage to the specimen, while the 5.0 m/s impact caused
internal damage. The presence of high frequency oscillations is obvious in
these signatures. Also, it can be seen that the amplitudes of the superimposed
waves are higher on fhe "upward" side of the signatures than on the
"downward" side. In the 5.0 m/s signature, the location of the secondary
peaks is nearly the same as with the 16-ply tape laminates. The duration of the
impact is the same (9 ms) but the peak force is higher with the fabric laminate
(approximately 3000 N) than with the tape simulations (approximately 2700 N).
It is clear that the secondary oscillations are much more pronounced on the
"upward" side than on the "downward" side of the signatures for these
laminates, but oscillations of higher frequency can be seen on the "downward"
side. On the "upward" side, the amplitudes of the secondary oscillations are

greater for the {abric laminate.
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Figure 4.11 Force-time signature of A370-5H/3501-6S (45,/0,), laminate
- impacted at 4.0 m/s {undamaged).
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Figure 4.12 Force-time signature of A370-5H/3501-6S (45,/0,), laminate
impacted at 5.0 m/s.
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424 Glass/Epoxy Material System

The signatures for the various layups of glass/epoxy are presented in
Figures 4.13 through 4.17. Signatures for the (454/0,) layup impacted at 1.2,
3.0, and 5.0 m/s are presented in Figure 4.13. No damage occurred from the
1.2 m/s impact, while visible damage was caused by the 3.0 and 5.0 m/s
impacts, but penetration did not occur. The shape of the signatures is a half
sine wave with oscillations of higher frequency superimposed on it, as was the
case with the signatures of the graphite/epoxy laminates. The peak force of the
3.0 m/s signature is nearly identical to those of the graphite/epoxy specimens
(1500 N). Although the locations of the peaks of the secondary oscillations
differ somewhat, the peak force of the impact is virtually identical. The
duration of the 3.0 m/s impact of the glass/epoxy laminate is approximately 12
ms, which is only 1 ms longer than the typical duration of the same impact on
the 12-ply graphite/epoxy laminates. The peak force from the 5.0 m/s impact is
approximately 2350 N, which is significantly lower than the peak force of 3000
N experienced by the graphite/epoxy (45,/0,), laminate. The duration of the
glass/epoxy impact (10 ms) is approximately 1 ms longer than that of the
impact on the graphite/epoxy, and the peak forces of both impacts occur at
nearly the same time (5 ms). The amplitude of the secondary oscillations of the
graphite/epoxy laminate are several times larger than those of the glass/epoxy
laminate. It can be seen, however, that the secondary oscillations are more
apparent on the "upward" side of both signatures than on the "downward"
side.

Signatures for the (90,/0,), layup impacted at 1.0, 8.0, and 5.0 m/s are
presented in Figure 4.14. No damage occurred from the 1.0 m/s impact, while
visible damage was caused by the 3.0 and 5.0 m/s impacts, again, without

penetration.
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Figure 4.13 Force-time signatures of glass/epoxy (45,/0,)  laminate impacted
at 1.2 m/s (undamaged), 3.0 m/s, and 5.0 m/s.
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Fi,ure 4.14 Force-time signatures of glass/epoxy (90,/0,), laminate impacted
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Figure 4.15 Force-time signatures of glass/epoxy (0,/45,), laminate impacted
at 1.0 m/s (undamaged), 3.0 m/s, and 5.0 m/s.
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Figure 4.16 Force-time signature of glass/epoxy (45/0),, laminate impacted at
1.0 m/s (undamaged), and 3.0 m/s.
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Figure 4.17 Force-time signatures of glass/epoxy (0/45)28 laminate impacted at
1.0 m/s (undamaged), 3.0 m/s, and 5.0 m/s.
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Signatures for the (0,/45,) layup impacted at 1.0, 3.0 and 5.0 m/s are
presented in Figure 4.15. No damage occurred from the 1.0 m/s impact, while
visible damage was caused by the 3.0 and 5.0 m/s impacts, again, without
penetration.

Signatures for the (45/0),, layup impacted at 1.0 and 3.0 m/s are
presented in Figure 4.16. A specimen of this layup was not impacted at 5.0
m/s. The svecimen was undamaged from the 1.0 m/s impact, but visible
damage occurred from the 3.0 m/s impact.

Signatures for the (0/45),  layup impacted at 1.0, 3.0 and 5.0 m/s are
presented in Figure 4.17. No damage occurred from the 1.0 m/s impact, while
visible damage was caused by the 3.0 and 5.0 m/s impacts, but penetration did
not occur.

In this material system, the layup does not seem to affect the shape of
the signatures. This can be observed most easily from the shapes of the 3.0 m/s
signatures, which are virtually identical among these five layups. The peak
force is approximately 1500 N, the impact duration is approximately 12 ms,
and the locations and amplitudes of the secondary peaks coincide in all of the
3.0 m/s signatures. The impact duration appears to decrease with increasing
impact velocity. Impacts of approximately 1.0 m/s have durations typically of

18 ms, while the 5.0 m/s impacts have durations of approximately 10 ms.

4.2.5 General Characteristics

The force-time signatures of all impacts generally had the same shape:
a half sine wave with oscillations of higher frequency superimposed on it.
Also, the durations of the impacts tended to decrease as the impact velocity
increased for all material systems. The signatures of each of the 12-ply layups

of AS4/3501-6 had distinguishing features, particularly in the locations and
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amplitudes of the peaks of the secondary oscillations, but the peak force and
duration for the 3.0 m/s impacts were similar, regardless of layup. This can
most easily be seen with the 3.0 m/s impacts, which commonly had peak forces
near 1500 N and durations of about 12 ms. The laminates of IM7G/X8553-50
had nearly identical signatures to laminates of AS4/3501-6 with the same layup
at non-penetrating velocities.

For all material systems, it was noted from the 5.0 m/s signatures that
the secondary oscillations are more pronounced on the "upward" side of the
signature (before the peak force is reached) than on the "downward" side (after
the peak force). The 5.0 m/s impacts caused penetration in all of the 12-ply
AS4/3501-6 laminates, but not in the IM7G/X8553-50 laminates with the same
layups. Penetration was observed in the signature as a large load drop and
high frequency oscillations could be noticed as penetration occurred. The
IM7CG/X8553-50 laminates were not penetrated, and thus, were able to attain a
higher peak force from the 5.0 m/s impacts than their AS4/3501-6
counterparts.

The signatures of the two 16-ply quasi-isotropic laminates of AS4/3501-6
have similar signatures, in that the peaks of the secondary oscillations of the
signatures occur at the same location. However, the amplitudes of th=
secondary oscillations are greater for the [(+45),/(0/90),] layup than for the
[+45,/0,/90,]  layup. In terms of the locations of the peaks in the secondary
oscillations, the signature of the fabric A370-5H/3501-6S laminate is similar to
those of the 16-ply tape laminates, but the amplitudes of the secondary
oscillations with the fabric laminate are much greater. In addition, the
signature of the fabric laminate contains superimposed waves of high
frequency which were also noted with the [(£45)4/(0/90),] ¢ laminate, but not
with the [+45,/0,/90,] layup.




-90-

The signatures of the glass/epoxy laminates were not appreciably
affected by layup. This can be seen most clearly between the 3.0 m/s signatures
of the different layups. The shapes of the 3.0 m/s signatures are nearly
identical, as are the peak forces and durations. The 3.0 m/s signatures of
these laminates have virtually the same peak force and impact duration as the
12-ply laminates of AS4/3501-6 and IM7G/X8553-50. Comparing the 5.0 m/s
signatures of the (45,/0,)  layup of glass/epoxy and A370-5H/3501-6S, it is
noticed that the peak force is substantially higher with the graphite/epoxy
system, as are the amplitudes of the secondary oscillations. The 5.0 m/s
signature of the glass/epoxy laminates did not contain the high frequency

oscillation that was observed with the A370-5H/3501-6S laminate.

4.3 Damage Characteristics

For the graphite/epoxy laminates, X-ray photographs ans a deply
transcription are shown for each laminate. The deply technique was
performed on several specimens of each layup: an incipient damage specimen
(specimen impacted at the lowest velocity which showed damage via the
X-ray), a specimen impacted at 3.0 m/s, and a specimen impacted at 5.0 m/s.
The incipient damage mode was typically matrix cracking and the deply of
such specimens did not give any reportable results since only delamination
and fiber damage are observable through the deply technique. The deply
technique was useful in determining the location (through thickness) of
delaminations which could be seen in the X-ray photographs. However, the
X-ray photographs provide a more accurate representation of the extent of the
delaminations than the hand sketches from the deply. Also, the deply method
did not lend any appreciable information with the penetrated specimens,

which were dominated by heavy fiber damage in all plies. This fiber damage
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was recorded more accurately by the X-ray photograph than by the sketches
from the deply. Each deply transcription shown here corresponds to one of the
specimens shown in the X-ray photographs, specifically, the one shown with
the highest impact velocity.

The deply and X-ray techniques were found to give unsatisfactory results
with the glass/epoxy system, since neither the X-ray dye nor the gold chloride
was found to penetrate into the damaged regions. Therefore, the deply and
X-ray techniques were not used with the glass/epoxy system. Instead,
photographs were taken of the damaged specimens in order to depict the
damage state. Photographs are presented of specimens impacted at 3.0 m/s

and also 5.0 m/s where the data was available.

4.3.1 AS4/3501-6 Material System

Three X-ray photographs are shown which depict the progression of
damage from incipience to a more advanced state in the [+15,/0,], layup in
Figure 4.18. The incipient damage mode is matrix cracking in the +15° plies
and this first occurred at an impact velocity of 1.1 m/s. Due to the reproduction
technique (X-ray photographs electronically scanned) used in this document,
the matrix crack is barely visible in the figure. However, the matrix crack is
apparent in the original X-ray photograph and extends approximately 8 mm
on either side of the hole at the impact center. At an impact velocity of 1.3 m/s,
the matrix crack is larger, extending 12 mm on either side. The 3.0 m/s
impact caused delaminations in addition to the matrix crack. The +15° matrix
crack extends 20 mm on either side, and delaminations border on this crack.
The delaminations are slender half ellipses, and are anti-symmetric about the
center of impact. The interface locations of the delaminations in the 3.0 m/s

impact specimen are shown in Figure 4.19. The largest delamination appears
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velocity = 1.1 m/s

velocity = 1.3 m/s

velocity = 5.0 m/s

1cm

Figure 4.18 X-ray photographs of AS4/3601-6 [+15,/0,], specimens for impact

velocities of (top) 1.1 m/s (incipient), (middle) 1.3 m/s, and (bottom)
3.0m/s.
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Figure 4.19 Deply transcription of AS4/3501-6 [£15,/0,], specimen impacted at
3.0 m/s.
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at the interface closest to the back surface of the laminate. It can be inferred
from the shape of the delamination that the +15° matrix cracks observed in the
X-rays occur in the rearmost plies of the laminate, since the delamination is
bounded by a +15° crack and the delamination occurs at the rearmost
interface. Other smaller delaminations occur as well, with the size of the
delaminations increasing with distance from the impacted surface. The
delamination at interface 3 (between the 0° and -15° plies) appears bounded by
the 0° and -15° directions.

A similar progression of damage can be seen for the [+45,/0,]  layup in
Figure 4.20. A matrix crack 20 mm in total length in the +45° direction can be
seen from an impact velocity of 1.2 m/s, and delamination is observed at higher
impact velocities. An impact velocity of 2.0 m/s causes a +45° matrix crack 20
mm in total length which bisects two nearly circular delaminations on either
side of center. The delaminations have a diameter of approximately 2 mm and
their centers are about 4 mm away from the impact center. Larger
delaminations of the same variety and also bisected by a +45° crack are visible
from the 3.0 m/s impact. The largest delamination occurs at the rearmost
interface, as shown in the deply transcription in Figure 4.21. The
delamination is symmetric about a line in the +45° direction. Other smaller
delaminations occur at interfaces 2 and 3. The major axis of each
delamination is aligned with the fiber direction of the ply directly below the
interface.

Matrix cracking of the +60° plies is the incipient damage mode for the
[£60,/0,], layup, as shown in Figure 4.22. A crack 35 mm in total length
occurred in the +60° direction from an impact of 0.9 m/s, and a 3.0 m/s impact
caused significant delamination aligned with a +60° crack 35 mm in total

length. In certain places, the edge of the delamination is defined by matrix
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velocity = 1.2 m/s

velocity = 2.0 m/s
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Figure 4.20 X-ray photographs of AS4/3501-6 [+45,/0,], specimens for impact

velocities of (fop) 1.2 m/s (incipient), (middle) 2.0 m/s, and (bottom)
3.0 m/s.
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Figure 4.21 Deply transcription of AS4/3501-6 [+45,/0,], specimen impacted at
3.0 m/s.
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velocity = 0.9 m/s

velocity = 1.5 m/s

velocity = 3.0 m/s
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Figure 4.22 X-ray photographs of AS4/3501-6 [+60,/0,], specimens for impe .

velocities of (top) 0.9 m/s (incipient), (middle) 1.5 m/s, and (botton:)
3.0 m/s.
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Figure 4.23 Deply transcription of AS4/3501-6 [+60,/0,], specimen impacted at
3.0 m/s.
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cracks in the +60° direction. The largest delamination occurred at the
rearmost interface and the major axis of this delamination followed the fiber
direction of the +60° plies below it, as shown in Figure 4.23. This delamination
was anti-symmetric about the impact center. Other smaller delaminations
occurred at interfaces 2 and 3 and the major axes of these delaminations also
followed the fiber directions of the lower ply of the interface.

The damage progression of the [90,/0,] layup is depicted in Figure 4.24.
The incipient damage mode was a matrix crack in the 90° direction. A 90°
crack across the entire width (89 mm) of the specimen occurred at an impact
velocity of 0.9 m/s. Higher impact velocities caused more 90° matrix cracks
and delaminations shaped like a "figure 8" with their longitudinal axes in the
90° direction. A large delamination of approximately 40 mm in overall length
is visible in the X-ray image of the specimen impacted at 3.0 m/s and this
delamination is bisected by a crack in the 90° direction. As visible from the
deply transcription of Figure 4.25, the 3.0 m/s impact caused delaminations at
both interfaces of this laminate, but the larger delamination occurred at the
interface closer to the back surface of the laminate. The smaller delamination
at the upper interface of the laminate is also shaped like a "figure 8" but its
longitudinal axis is oriented in the 0° direction. This smaller delamination is
approximately 12 mm in its longest dimension. Again, the major axes of the
delaminations follow the fiber direction of the lower ply at the interface.

The incipient damage mode in the [+45,/0,/90,] layup is matrix
cracking in the +45° plies. A matrix crack in the +45° direction and
approximately 20 mm in total length was caused from a 2.1 m/s impact, as
shown in Figure 4.26. It can be inferred from the shapes of delaminations at
higher impact velocities, that the incipient matrix cracks occur in the plies at

the back surface of the laminate. Matrix cracks in the 0° and 90° directions as
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velocity = 3.0 m/s

1cm

Figure 4.24 X-ray photographs of AS4/3501-6 [90,/0,], specimens for impact

velocities of (top) 0.9 m/s (incipient), (middle) 2.0 m/s, and (bottom)
3.0 m/s.
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Figure 4.25 Deply transcription of AS4/3501-6 [90,/0,]; specimen impacted at
3.0 m/s.
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velocity = 2.1 m/s

velocity = 2.6 m/s

velocity = 5.0 m/s

1cm

Figure 4.26 X-ray photographs of AS4/3501-6 [i452/02/902]s specimens for
impact velocities of (top) 2.3 m/s (incipient), (middle) 2.6 m/s, and
(bottom) 5.0 m/s.




r 4

4

interface 1

interface 3

@
B

interface 5

1 cm

-103-

interface 2

interface 4

interface 6

. | delaminated area

/2 fiber breakage

impacted surfacoe

+45°

+45°
-45°

45 7
=
00

80°

go° |

90°

90°
00
-
-45°

-45°
s

+45°

-a- Interface 1

<= interface 2

. Intertace 3

-4~ interface 4

- interface 5

-4 interface 6

Figure 4.27 Deply transcription of AS4/3501-6 [+45,/0,/90,], specimen impacted
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well as delaminations were caused from impacts of higher velocity. The 2.6
m/s impact caused intense matrix cracking in the 0° and 90° direction in
addition to several matrix cracks in the +45° direction, and multipie
delaminations are observed. The major axis of the largest delamination is
aligned with the +45° direction. This delamination appears to have an
elliptical shape and its longest dimension is approximately 20 mm. Very
extensive matrix cracking in the 0° and 90° directions are also observed from
the 5.0 m/s impact. Multiple delaminations are observed, and the largest
delamination is again aligned with the +45° direction and has an elliptical
shape. The major axis of this delamination is 42 mm and it is bounded by a
matrix crack at one end where the edge of the delamination is defined by a +45°
matrix crack for approximately 5 mm. The 5.0 m/s impact caused
delaminations at all interfaces of the specimen, as can be seen in Figure 4.27.
All delaminations have a "figure 8" shape with the longitudinal axis of each
delamination aligned with the fiber direction of the lower ply at the interface.
The largest delamination occurs at the rearmost interface, and is oriented in
the +45" direction.

X-ray photographs of impacted specimens of the [(£45),/(0/90),], layup
are shown in Figure 4.28. The incipient damage velocity was determined to be
3.0 m/s, but a single incipient damage mode is not easily described. What
appears to be a combination of matrix cracking and delamination resulted
from the 3.0 m/s impact. A circular area of intense matrix cracking in the 0°
and 90° directions can be seen near the impact center, and this damage area
has a diameter of approximately 9 mm. This area of intense matrix cracking
is surrounded by a circular "halo” of delamination of diameter 12 mm.
Virtually the same damage state is observed from the 3.6 m/s impact. The 5.0

m/s impact caused elliptical delaminations of approximately 20 mm in length
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velocity = 3.0 m/s

velocity = 3.6 m/s

velocity = 5.0 m/s

1cm

Figure 4.28 X-ray photographs of AS4/3501-6 [(+45),/(0/90),], specimens for

impact velocities of (fop) 3.0 m/s (incipient), (middle) 3.6 m/s, and
(bottom) 5.0 m/s.
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Figure 4.29 Deply transcription of AS4/3501-6 [(+45),/(0/90),], specimen
impacted at 5.0 m/s.
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aligned with the +45° direction. These delaminations are noticeably smaller
than those observed in the previous laminate impacted at the same velocity. A
dark line in the -45° direction can be seen in the X-ray, and this corresponds to
fiber breakage, as shown in Figure 4.29. Fiber breaks were observed in both
+45° plies near the impacted surface. This is in stark contrast to the other
16-ply layup in which fiber damage was not observed. The fiber damage took
the form of lines of fiber breakage oriented in the -45° direction and extending
radially outward from the center of impact. The lines of broken fibers ran
perpendicular to the fiber direction of the ply, and they did not run completely
through the center of impact. The fiber breaks started approximately 2 mm
away from the center and extended radially outward approximately 10 mm on
either side. Some delamination occurred at almost all of the interfaces, with
the largest delamination occurring at the rearmost interface and aligned with

the +45° fibers below it.

4.3.2 IM7G/X8553-50 Material System

X-ray photographs of the [+15,/0,]  layup of IM7G/X8553-50 impacted at
1.5, 4.0, and 5.0 m/s can be seen in Figure 4.30. As was the case with this
same layup of AS4/3501-6, the incipient damage mode was matrix cracking in
the +15° plies for this laminate. At an impact velocity of 1.5 m/s, a +15° crack
13 mm in overall length occurred. At an impact velocity of 4.0 m/s, this crack
had a total length of 33 mm and at a velocity of 5.0 m/s, a delamination can be
seen near the matrix crack (36 mm total length). The slender delamination is
bounded by this matrix crack in places. This progression of damage is very
similar to that of the [£15,/0,] layup of AS4/3501-6, but the impact velocities are
higher in this case. Fiber damage, as well as delamination, can be seen in the

deply transcription in Figure 4.31. A small line of broken fibers was found in
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velocity = 1.5 m/s

velocity = 4.0 m/s

velocity = 5.0 m/s

1cm

Figure 4.30 X-ray photographs of IM7G/X8553-50 [+15,/0,]  specimens for

impact velocities of (top) 1.5 m/s (incipient), (middle) 4.0 m/s, and
(bottom) 5.0 m/s.
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Figure 4.31 Deply transcription of IM7G/X8553-50 [+15,/0,]  specimen
impacted at 5.0 m/s.
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the top ply. This line is perpendicular to the fiber direction of the ply (+15°) and
its total length is approximately 3 mm. A slender delamination of
approximately 18 mm in length can be seen at the rearmost interface of the
laminate, where a similar delamination was observed in the same layup of
AS4/3501-6.

Matrix cracking of the +45° plies was the incipient damage mode for the
[+45,/0,] layup, as shown in Figure 4.32. An impact of 2.5 m/s caused a
matrix crack approximately 10 mm in length in the +45° direction. A similar
crack of length 14 mm was caused by the 4.0 m/s impact and a small circular
delamination (2 mm diameter) can be seen to one side of the impact center.
This delamination is bisected by the +45° crack. An impact of 5.0 m/s caused a
delamination which extends approximately 7 mm on either side of the impact
center and is aligned with and bisected by a +45° matrix crack (23 mm total
length). Small matrix cracks (less than 7 mm total length) in the -45° direction
can also be observed. The delamination has the shape of a "figure 8" and is
similar in appearance to that observed in the AS4/3501-6 laminate of the same
layup. This delamination is located at the rearmost interface of the laminate,
as shown by the deply transcription in Figure 4.33. The damage mode is very
similar to that of the same layup of AS4/3501-6 material, but the impact
velocities here are higher to cause the same damage state.

Matrix cracking in the +60° direction is the incipient damage mode in
the [£60,/0,] layup as well, as shown in Figure 4.34. Two matrix cracks, each
approximately 12 mm in total length, resulted from the 2.2 m/s impact. Two
+60° matrix cracks (each of 25 mm total length) can be observed from the 4.0
w/s impact, as well. The 4.0 m/s impact also caused matrix cracking in the

-60° and 0° directions. More intense matrix cracking in the +60°, -60° and 0°

directions are caused by the 5.0 m/s impact, and from the deply in Figure 3.35
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velocity = 2.5 m/s

velocity = 4.0 m/s

velocity = 5.0 m/s

Figure 4.32 X-ray photographs of IM7G/X8553-50 [+45,/0,], specimens for

impact velocities of (fop) 2.5 m/s (incipient), (middle) 4.0 m/s, and
(bottom) 5.0 m/s.
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Figure 4.33 Deply transcription of IM7G/X8553-50 [145,/0,] specimen
impacted at 5.0 m/s.
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velocity = 2.2 m/s

velocity = 4.0 m/s

velocity = 5.0 m/s
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Figure 4.34 X-ray photographs of IM7G/X8553-50 [+60,/0,]  specimens for

impact velocities of (top) 2.2 m/s (incipient), (middle) 4.0 m/s, and
(bottom) 5.0 m/s.
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Figure 4.35 Deply transcription of IM7G/X8553-50 [+60,/0,], specimen
impacted at 5.0 m/s.
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it is observed that delamination was caused only at the rearmost interface
from the 5.0 m/s impact. This delamination has a "figure 8" shape and is
oriented in the +60° direction. The delamination extends approximately 9 mm
on either side of the impact center. In contrast to the delamination observed in
the same layup of AS4/3501-6, this delamination appears to be symmetric about
a line in the +60° direction, and no delamination is observed at either interface
2 or 3, where delamination occurred in the AS4/3501-6 [£60,/0,], laminate.

As was shown for the [90,/0,]  layup of AS4/3501-6, matrix cracking in
the 90° direction is the incipient damage mode for the [90 4/02]S laminate of
IM7G/X8553-50, as shown in Figure 4.36. At an impact velocity of 1.5 m/s, a
matrix crack in the 90° direction can be observed extending approximately 21
mm on either side of the impact center. With the same layup of AS4/3501-6, the
90° crack extended across the entire width of the specimen, while here it did
not. At 4.0 m/s, a delamination shaped like a "figure 8" and bisected by a crack
(78 mm total length) in the 90° direction can be seen. This delamination is
symmetric about the impact center and its overall length is approximately 16
mm. A similar delamination (32 mm overall length) is caused by the 5.0 m/s
impact. In this case, the 90° matrix crack extends to the edges of the
specimen, as was observed with the AS4/3501-6 [90 4/02]S laminates. The
delamination is bounded by the 90° matrix crack near the tips of the
delamination. The delamination is not quite symmetric about the 90° crack,
and borders the matrix crack for approximately 2 mm at each end. This
delamination is shown in Figure 4.37 to occur at the lower interface of the
laminate, where a similar delamination was observed in the AS4/3501-6
specimen of this layup. The major axis of the delamination follows the fiber

direction of the 90° plies below it. In contrast to the impact damage in the
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velocity = 1.5 m/s

velocity = 4.0 m/s
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Figure 4.36 X-ray photographs of IM7G/X8553-50 [90,/0,]1 specimens for

impact velocities of (top) 1.5 m/s (incipient), (middle) 4.0 m/s, and
(bottom) 5.0 m/s.
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Figure 4.37 Deply transcription of IM7G/X8553-50 [90,/0,], specimen impacted
at 3.0 m/s.
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same layup of AS4/3501-6 where delamination occurred at both interfaces,

delamination is observed only at the lower interface of this laminate.

433 A370-5H/3501-6S Material System

X-ray photographs of damaged (45,/0,), specimens of A370-5H/3501-65
fabric are presented in Figure 4.38. The incipient damage velocity is 4.1 m/s,
but the incipient damage mode is not easily identified. What appear to be
many small cracks can be seen near the center of impact in the X-ray
photographs. The damage from the 4.1 and 4.5 m/s impacts is confined to a
circular region of approximately 10 mm diameter. No areas of delamination
like those observed with the 16-ply tape laminates are readily identified. The
damage from the 5.0 m/s impact is confined to a circular region of 13 mm
diameter, and a dark line can be seen within this region. This line is
approximately 5 mm in length and runs in the -45° direction. This is identified
as fiber damage from the deply transcription in Figure 4.39. An additional
broken tow, which could not be seen in the X-ray photograph, was found via
deply in the upper ply of the laminate. A total of three broken tows of fibers
were found in the upper two plies of the specimen. The broken tows ran in the
+45° direction in these plies. This fiber damage pattern is very similar to that
observed in the [(+45),/(0/90),], layup of AS4/3501-6 impacted at 5.0 m/s, but no
delamination was observed here. In both cases, broken +45° fibers were noted
near, but not directly under, the center of the impact. No other damage was
observed from the deply of the fabric specimen. Because of the woven nature of
the fabric plies, the surfaces of the plies were not as smcoth as the tape plies
when separated during deply. With the deply technique, the traces of gold
chloride often could only be observed by holding the ply at a certain angle to a

light source and observing the reflected light. The uneven surface of the fabric
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velocity = 4.1 m/s
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Figure 4.38 X-ray photographs of A370-5H/3501-6S (45,/0,), specimens for

impact velocities of (fop) 4.1 m/s (incipient), (middle) 4.5 m/s, and
(bottom) 5.0 m/s.
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Figure 4.39 Deply transcription of A370-5H/3501-6S (45,/0,), specimen
impacted at 5.0 m/s.
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plies scattered light in many directions, and made detecting any traces of gold
chloride very difficult. Hence, the deply technique would not be recommended

for identifying interlaminar-type damage with woven materials.

4.34 Glass/Epoxy Material System

The damage states of the glass/epoxy specimens are presented in
Figures 4.40 through 4.45. The specimens of this material system were
transparent and the damage was such that the appearance of the damaged
material became opaque. With this material system, visual inspections of the
impacted specimens indicated that damage first occurred at the rear surface
of the specimens. One specimen (impacted at 5.0 m/s) was cross-sectioned
through the impact center, and the damage was found to expand radially as
one travels through the thickness of the laminate, as shown in Figure 4.40.
The diameter of the damaged area is approximately 5 mm at the impacted
surface and flares out to a much larger diameter (approximately 35 mm) at the
back surface.

Photographs of the damage states from 3.0 and 5.0 m/s impacts are
shown for the (45,/0,) layup of glass/epoxy i Figure 4.41. The damage from a
3.0 m/s impact formed a ring of approximately 6 mm diameter around the
center of impact. At the very center of this ring is an apparently undamaged
circular region with a diameter of approximately 3 mm. The 5.0 m/s impact
caused an elliptical region of damage which is longer in the 0° direction than
in the 90° direction. The major and minor axes of the damaged area are
approximately 10 and 7.5 mm, respectively. This damage appears consistent
near the point of contact, such that no undamaged inner circle can be detected.

The damage states from 3.0 and 5.0 m/s impacts for the (90,/0,), layup

are presented in Figure 4.42. A ring of damage similar to that of the previous




-122-

5mm

IMPACTED SURFACE

NOTE: Drawing not to scaile.

Figure 4.40 Illustration of cross-section of glass/epoxy (45/0),, specimen
impacted at 5.0 m/s.
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velocity = 3.0 m/s

velocity = 5.0 m/s
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Figure 4.41 Photographs of glass/epoxy (45,/0,), specimens impacted at (fop)
: 3.0 m/s and (bottom) 5.0 m/s.
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velocity = 3.0 m/s

velocity = 5.0 m/s
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Figure 4.42 Photographs of glass/epoxy (90,/0,), specimens impacted at (top)
3.0 m/s and (bottom) 5.0 m/s.
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velocity = 3.0 m/s

velocity = 5.0 m/s

1cm

Figure 4.43 Photographs of glass/epoxy (0,/45,), specimens impacted at (top)
3.0 m/s and (bottom) 5.0 m/s.



velocity = 3.0 m/s

1cm

I ‘gure 4.44 Photograph of glass/epoxy (45/0),, specimen impacted at 3.0 m/s.
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Figure 4.45 Photographs of glass/epoxy (0/45),  specimens impacted at (top)
3.0 m/s and (bottom) 5.0 m/s.
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layup resulted from the 3.0 m/s impact. The outer diameter of the ring is 5
mm and the diameter of the undamaged region in the center is approximately
2 mm. The damage resulting from the 5.0 m/s impact has the shape of a
"figure 8" and is aligned with the 0° direction. Its longest dimension is
approximately 18 mm. Again, no undamaged inner circle is visible from this
impact velocity.

Similar damage states are observed for the (0,/45,), layup, as shown in
Figure 4.43. The 3.0 m/s impact caused a ring of damage with a diameter of
approximately 5 mm, and the diameter of the undamaged region in the center
is approximately 1.5 mm. The damaged region from the 5.0 m/s impact has a
"figure 8" shape and it is aligned with the 0° direction. Its longest dimension
is approximately 16 mm, and an undamaged inner region is not apparent.

The damage state from the 3.0 m/s impact is shown for the (45/0),  layup
in Figure 4.44. As with the three previous layups, a ring of damage is observed
with a diameter of approximately 5 mm. The undamaged region within this
ring has a diameter of approximately 2 mm. A 5.0 m/s impact was not
performed for this laminate.

The damage from the 3.0 and 5.0 m/s impacts for the (0/45),, layup are
presented in Figure 4.45. The 3.0 m/s impact caused a ring of damage similar
to those observed with the previous layups of this material system. The
diameter of the ring is approximately 5 mm, and there appear to be
undamaged areas within the ring. The 5.0 m/s impact created an elliptical
damage area with its major axis aligned with the 0° direction. The
dimensions of the major and minor axes of this area are approximately 15 mm

and 10 mm, respectively, and there exists no undamaged inner circle.
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4.3.6 General Characteristics

Matrix cracking was the incipient damage mode in the 12-ply laminates
of both the AS4/3501-6 and the IM7G/X8553-50 material systems. Matrix
cracks were generally accompanied by delaminations at the rearmost
interface of the laminates at higher impact velocities. The delaminations in
the [+45,/0,],, [£60,/0,], and [90,/0,], laminates generally had a "figure 8"
shape, and were aligned with the fiher direction of the ply at the interface
further away from the impacted surface. The delaminations in the [£15,/0,],
laminates had an "S" shape, and were anti-symmetric about the impact
center.

The incipient damage data are summarized in Table 4.1. In all cases,
the incipient damage velocities and forces were lower for the AS4/3501-6
laminates than for laminates of IM7G/X8553-50 of the same layup. All four of
the 12-ply AS4/3501-6 laminates were penetrated by the 5.0 m/s impact, and the
peak forces before penetration are shown in Table 4.1. The force needed to
penetrate the AS4/3501-6 [90,/0,] S laminate (1700 N) was significantly lower
than that for the other three AS4/3501-6 laminates (typically 2300 N).

The [+45,/0,/90,], laminate was more easily damaged than the
[(:t45)2/(0/90)2] s laminate, and both of these were more easily damaged than the
A370-5H/3501-6S fabric laminate, in terms of incipient damage force. The
incipient damage mode in the 16-ply tape laminates appeared to be matrix
cracking. Large delaminations were observed from the 5.0 m/s impact in the
[:t452/02/902] . laminate, while smaller, more numerous delaminations
occurred in the [(+45),/(0/90),], laminate, which has more ply interfaces. In
addition, fiber damage occurred in the [&45)2/(0/90)2]5 laminate which was not
observed in the [+45,/0,/90,] laminate impacted at the same velocity. Of the
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Table4.l Summary of Incipient Damage Forces and Velocities
Layup Material Incipient Incipient Penetration
System Damage Damage Force (N)
Velocity  Force (N)
(m/s)

[£15,/0,], AS4/3501-6 1.1 400 2400
IM7G/X8553-50 1.3 500 --

[£45,/0,], AS4/3501-6 1.2 450 2300
IM7G/X8553-50 2.2 1000 --

[£60,/0,], AS4/3501-6 0.9 275 2250
IM7G/X8553-50 2.2 950 --

[90,/0,), AS4/3501-6 0.9 300 1700
IM7G/X8553-560 1.5 650 --
[+455/04/90,);  AS4/3501-6 2.1 1000 -
[(45),/(0/90),],  AS4/3501-6 3.0 1550 .
(45,/0,), A370-5H/3501-6S 4.1 2400 --
Glass/Epoxy 15 600 --
(80,/0,), Glass/Epoxy 15 600 --
(0,/454), Glass/Epoxy 15 550 -
(45/0),, Glass/Epoxy 15 550 -
(0/45),, Glass/Epoxy 1.5 550 -
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two tape laminates, the damaged region (as viewed via X-ray) was larger with
the [£45,/0,/90,], layup. The 5.0 m/s impact caused fiber damage in the
A370-5H/3501-6S fabric laminate, but without any observable interlaminar
failure. The damage was confined to a smaller region in the fabric laminate
than in either of the 16-ply tape laminates.

The damage behavior of all of the glass/epoxy laminates was very
similar, regardless of layup. It is difficult to determine the incipient damage
mode in these laminates, although the damage was detected visually and
appeared to be matrix crazing. Neither the X-ray dye nor the gold chloride
penetrated into this damage, so it is likely that the matrix damage here was
different from the matrix cracking encountered in the graphite/epoxy
laminates. The incipient damage velocity of all of the glass/epoxy laminates
was the same, and the damage states observed were also similar. A
characteristic ring of damage around the center of impact resulted from the
3.0 m/s impacts in all five layups. The glass/epoxy (45,/0,), laminate was
damaged by a much lower force than the same layup of A370-5H/3501-6S.



-132-

Chapter 5
DISCUSSION

6.1 Force-Time Signatures

Several important observations can be made from the force data taken
during the impact experiments. Specifically, it is of interest to note how the
force history is affected by layup, material system, damage to the laminate,
and impact velocity. Selected force-time signatures were presented in the
previous chapter, and all of the force-time data obtained during this

investigation can be found in Appendix A.

5.1.1 Effect of Layup

The 12-ply laminates of AS4/3501-6 and IM7G/X8553-50 were constructed
in a [+0,/0,]; layup format with 6 taking on the values 15°, 45°, 60° and 90°.
Hence, the effect of the angle 6 can be observed on the impact signatures in
these laminates. It was found that this angle had very little effect on the
impact signatures when penetration did not occur. Although the laminate
bending stiffnesses were affected dramatically by this angle (see Table 5.1), the
peak force and duration of impact were virtually unaffected by the layup angle.
The peak impact force is plotted versus impact velocity for the AS4/3501-6 and
IM7G/X8553-50 laminates in Figures 5.1 and 5.2. It can be seen from these
figures that the peak force was not influenced by layup angle. For the 12-ply
layups of AS4/3501-6, the peak contact force for a given impact velocity is
independent of layup for impact velocities below 3.0 m/s. Laminates of all four
layups were penetrated by the 5.0 m/s impact, and some deviation of the peak

force can be seen. Most notably, the peak force before penetration of the
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Figure 5.1 Peak force versus impact velocity for the 12-ply AS4/3501-6 layups.
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[90 4/02]s layup was approximately 500 N lower than those of the other three
layups. Penetration did not occur with any of the IM7G/X8553-50 layups, and
peak force is shown to be virtually independent of layup for impact velocities
through 5.5 m/s.

Impact duration is also not significantly affected by the layup angle .
Impact duration is plotted versus impact velocity for the 12-ply layups of
AS4/3501-6 and IM7G/X8553-50 in Figures 5.3 and 5.4. It can be seen in these
graphs that the impact duration decreased with increasing impact velocity,
but the impact duration does not appear to be affected by the layup.

Comparison of specific force versus time signatures gives further
insight into the effect of layup. Although the bending stiffness in the Xy
direction (D,,,,) of the AS4/3501-6 [+15,/0,], laminate is 8 times greater than
that of the AS4/3501-6 [90 4/02]3 laminate (see Table 5.1), the peak force and
duration from a 3.0 m/s impact are nearly identical, as shown in Figure 5.5.
This indicates that the major bending stiffness (D41 is not the dominant
factor in shaping the force-time history of the impact. However, the secondary
oscillations, and thus the overall signatures for these two cases, are somewhat
diffevent. The parameters which control the various aspects of the signature,
such as the shape of the secondary oscillations, have not been identified. There
is a need to better understand the relationship between individual factors (such
as laminate properties or material properties) and the characteristics of the
signature.

The differences in layup of the two 16-ply AS4/3501-6 laminates did not
affect their force-time signatures, as can be seen in Figure 5.6. The signature
for the 5.0 m/s impact of the laminate with ply grouping [+45,/0,/90,] is
virtually identical to that of the [(£45),/(0/90),], laminate. The peak forces are

nearly the same (approximately 2700 N) and the secondary oscillations overlap.
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Table 5.1 Laminate Properties of the [+6,/0,], Layups of AS4/3501-6 and

IM7G/X8553-50

Layup Material System Dy Dooos - At Ajg09
[N-m] [N-m] [MN/m] [MN/m]

[£15,/0,] AS4/3501-6 44.0 3.83 212 17.2

IM7G/X8553-50 59.5 424 245 16.1

[+45,/0,] AS4/3501-6 171 154 126 54.2

IM7G/X8553-50 22.5 20.2 144 59.8

- [#60,/0,], AS4/3501-6 8.54 29.0 98.1 98.1

IM7G/X8553-50 10.8 38.9 111 111

[90,/0,], AS4/3501-6 5.13 478 87.2 158

IM7G/X8553-50 6.00 64.7 98.2 182
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Figure 5.6 Signatures of AS4/3501-6 [£45,/0,/90,), and [(+45),/(0/90),)
laminates impacted at 5.0 m/s.
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The laminate stiffnesses of these two layups were nearly the same, as shown
in Table 5.2. The extensional properties (A,,,, and A,,50) are independent of
stacking sequence by definition, and the bending stiffnesses are nearly the
same for the two layups. In addition, the signatures of the 16-ply layups were
nearly the same, in terms of peak force and duration, as the signatures of the
12-ply layups. A comparison between the 3.0 m/s signatures of the
[+45,/0,/90,], laminate and the [(+15,/0,], laminate, which is typical of the 3.0
m/s signatures of all of the 12-ply layups, is shown in Figure 5.7. It can be
seen here that the peak force and impact duration of the 16-ply laminates are
not significantly different than those of the 12-ply laminates.

The signatures of the glass/epoxy laminates were not affected
significantly by layup. The 3.0 m/s signatures are virtually identical for all five

layups used, and a typical comparison is shown in Figure 5.8.

5.1.2 Effect of Material System

The material system was found to have no effect on the signatures of the
12-ply laminates of AS4/3501-6 and IM7G/X8553-50 when penetration did not
occur. The 3.0 m/s impact signatures of thé four 12-ply laminates of
AS4/3501-6 and IM7G/X8553-50 material systems are compared in Figures 5.9
through 5.12. The signatures of the laminates of these two material systems
with the same layup are nearly identical despite the fact that the ply elastic
properties of these material systems are not the same, as shown in Table 5.3.
The longitudinal ply modulus (Ep) of AS4/3501-6 is 142 GPa, while that of the
IM7G/X8553-50 ply is 152 GPa, which is a 7% difference. The ply thicknesses of
these material systems are alsoe different. The nominal ply thickness is 0.134
mm for AS4/3501-6 compared to 0.144 mm for IM7G/X8553-50. This amounts to

a significant difference in the bending stiffnesses, as shown in Table 5.1. For
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Table 52  Laminate Properties of the 16-Ply AS4/3501-6 Laminates and 8-Ply
Fabric Laminates of A370-5H/3501-6S and Glass/Epoxy

Laminate Material System  D,;,; Doooo, Al Ayo00
[N-m] ([N-m] [MN/m] [MN/m]

[+45,/0,/90,] AS4/3501-6 45.8 355 131 131
[(£45),/(0/90),], AS4/3501-6 432 38.1 131 131
(45,/0,) A370-5H/3501-6S 854 85.5 162 162

(45,/0,), Glass/Epoxy 9.42 9.42 31.3 313
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Figure 5.7 Signatures of AS4/3501-6 [+45,/0,/90,], and [£15,/0,], laminates
impacted at 3.0 m/s.
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Figure 5.8 Force-time signatures of glass/epoxy (45,/0,), and (90,/0,),
laminates impacted at 3.0 m/s.
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Figure 5.10 Signatures of [:t452/02]s laminates of AS4/3501-6 and IM7G/X8553-50
impacted at 3.0 m/s.
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Figure 5.11 Signatures of [£60,/0,], laminates of AS4/3501-6 and IM7G/X8553-50
impacted at 3.0 m/s.
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Figure 5.12 Signatures of [90 4/05), laminates of AS4/3501-6 and IM7G/X8553-50
impacted at 3.0 m/s.
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Table53  Ply (Elastic) Properties of the Material Systems

Material System E. Eq VLT Gpr tply
[GPa] [GPa] [{GPa] [mm]
AS4/3501-6 142 9.81 0.30 6.0 0.134
IM7G/X8553-50 152 8.27 0.30 5.9 0.144
A370-5H/3501-6S 72.5 72.6 0.06 44 0.350

Glass/Epoxy 18.6 18.6 0.06 1.0 0.260
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example, the bending stiffness in the x; direction (D447 for the IM7G/X8553-50
[+£15,/0,], laminate is 34% higher than that for the same layup of AS4/3501-6.
Also, the extensional stiffness (Allll) of the same IM7G/X8553-50 laminate is
higher than that of the AS4/3501-6 laminate by 15%. However, these
differences do not seem to have a discernible effect on the signatures of the
laminates, indicating that neither the bending nor extensional stiffnesses are
the only controlling factors in shaping the signatures of these impacts.

However, the signatures are affected greatly when penetration occurs.
All of the 12-ply laminates of the AS4/3501-6 material system were penetrated
from the 5.0 m/s impact, while the laminates of IM7G;/X8553-50 sustained only
internal damage. A typical example of the differences in the signatures is
shown in Figure 5.13. Because penetration occurs, the contact forces on the
AS4/3501-6 laminates do not reach the levels that they do in the IM7G/X8553-50
laminates. This behavior is further discussed in the next section.

The material system has an effect on the signatures of the fabric
A370-5H/3501-6S laminate as compared to the 16-ply AS4/3501-6 laminates. A
comparison of the signatures of the tape and fabric laminates is shown in
Figure 5.14. The basic shapes of these signatures is the same, in terms of the
primary and secondary oscillation patterns, but the amplitudes of the
secondary oscillations are much greater with the fabric laminate. The
bending and extensional stiffnesses of the A370-5H/3501-6S (45,/0,), laminate
are shown in Table 5.2. The bending stiffnesses for this laminate are typically
twice those for either of the 16-ply AS4/3501-6 tape laminates and the
extensional stiffness of the fabric laminate is 26% higher, as well. These
differences in the bending and extensional stiffnesses may account for the
difference in amplitudes of the secondary oscillations, but the individual

contribution of each of the laminate properties remains unclear.
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Figure 5.13 Signatures of [+60,/0,], laminates of AS4/3501-6 and IM7G/X8553-50
impacted at 5.0 m/s.
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Differences can be noted in the signatures of the (45,/0,) layup of
glass/epoxy and A370-5H/3501-6S, as shown in Figure 5.15. The primary and
secondary oscillations of the 5.0 m/s signatures of these (45,/0,)  laminates are
clearly different. The graphite/epoxy signature has a higher peak (3000 N as
rompared to 2350 N) and a shorter duration (9 ms as compared to 10 ms). In
addition, the amplitude of the secondary oscillations in the graphite/epoxy
signature is much larger than in the glass/epoxy signature, and the frequency
of the secondary oscillations in the graphite/epoxy signature appears to be
higher. The differences in the appearance of these signatures should not be
surprising in light of the differences in the bending and extensional stiffnesses
of the two laminates (see Table 5.2). The bending stiffnesses (D,;,; and Dy,,,)
of the A370-5H/3501-6S laminate are typically 9 times those of the glass/epoxy
laminate. The extensional stiffness (A,,,;) of the graphite/epoxy laminate is 5
times that of the glass/epoxy laminate.

The peak forces in the signatures of the glass/epoxy specimens are
comparable to those of the graphite/epoxy tape specimens at the same impact
velocity. This can be seen for an impact velocity of 3.0 m/s in Figure 5.16.
Despite the higher bending stiffnesses (D,,,, and D,,,,) of the graphite/epoxy
laminate (see Tables 5.1 and 5.2), the peak impact force is virtually the same.
The secondary oscillations differ somewhat, and the impact durations are
typically slightly longer for the glass/epoxy specimens. The signatures shown
here are typical for both the graphite/epoxy tape laminates and the glass/epoxy

laminates.

5.1.3 Effect of Damage

One of the objectives of this investigation was to observe the force-time

responses of impacted laminates and the relationship between impact damage
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and the force-time signature. It was found that up until very heavy damage
occurred within the laminate (i.e. penetration), the presence or formation of
damage was found to have no apparent effect on the force-time history of the
impact. At impact velocities which caused penetration of the laminates, a
drop in the contact force occurs as the impactor penetrates the laminate, but
up until very near this load drop, the presence of damage cannot be observed te
have an effect on the signature.

The occurrence of incipient damage cannot be detected on the force-time
histories of the impacts. A typical example of this is presented in Figure 5.17,
where the signatures are shown for the IM7G/X8553-50 [£60,/0,], laminate
impacted at 2.0 and 3.0 m/s. No damage was caused by the 2.0 m/s impact, but
matrix cracking resulted from the 3.0 m/s impact. The signatures differ in
duration and amplitude, but there is no characteristic difference in the shapes
of the signatures which can be attributed to the formation of this incipient
crack. This is a general result and applies to all of the laminates tested.

A change in the shape of the force-time signature cannot be observed
from damage which is progressed well beyond the incipient stage, either. The
force-time signature is unaffected by the presence of delaminations in addition
to matrix cracks. This is a general result and is demonstrated for the
(+45,/0,], layup in Figure 5.18. The force-time signatures of these [£45,/0,]
laminates of AS4/3501-6 and IM7G/X8553-50 impacted at 3.0 m/s are nearly
identical, yet very different damage states result in these specimens from this
impact (see Figure 5.19). A single matrix crack exists in the IM7G/X8553-50
specimen, while matrix cracking and delamination are present in the
AS4/3501-6 specimen. If the damage were to influence the force-time

signature, differences would be expected in the signatures of these two
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Figure 5.17 Signatures of IM7G/X8553-50 [£60,/0,], laminates for impact
velocities of 2.0 m/s (undamaged) and 3.0 m/s (damaged).
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Figure 5.18 Signatures of [:1:452/02]8 laminates of AS4/3501-6 and IM7G/X8553-50
impacted at 3.0 m/s.
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Figure 5.19 X-ray photographs of [+45,/0,]  laminates of (upper) AS4/3501-6 and
(lower) IM7G/X8553-50 impacted at 3.0 m/s.
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laminates with dissimilar damage states. However, this is clearly not the case
here. |
Penetration of the laminate by the impactor rod, however, can be seen on
the force-time signature as a sharp drop in contact force. Up until the point of
penetration, the signature is not visibly altered, as shown for the [90 47051,
laminates of AS4/3501-6 and IM7G/X8553-50 in Figure 5.20. After
approximately 4 ms, the contact force falls sharply in the signature of the
AS4/3501-6 laminate as penetration occurs. Up until this point, the signatures
of the IM7G/X8553-50 and AS4/3501-6 laminates nearly coincide. As the
contact force of the penetrated AS4/3501-6 laminate trails off, the contact force
in the unpenetrated laminate continues to rise to reach a peak (2600 N) which
is much higher than the force (1700 N) which penetrated the AS4/3501-6
laminate. In this way, penetration of the impactor is observed to limit the peak

force in the impacts of the 12-ply AS4/3501-6 laminates.

5.14 Effect of Impact Velocity

Several observations can be made regarding the effect of impact velocity
on the force-time signatures of the laminates. First, it can be seen (see Figures
5.1 and 5.2) that the peak force scales approximately linearly with impact
velocity for the 12-ply graphite/epoxy laminates (excluding those impacts
which caused penetration). Second, it can be observed (see Figures 5.3 and 5.4)
that impact duration decreases with increasing impact velocity in a nonlinear
way. Finally, it can be seen that as the impact velocity increases, the
secondary oscillations become less pronounced in the signature after the peak
force. This can be seen in Figure 5.21. In the 2.0 and 3.0 m/s signatures, the

secondary oscillations occur both before and after the peak force of the impact.

In the 5.0 m/s signature, however, the secondary oscillations are much more
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Figure 5.20 Signatures of [90,/0,], laminates of AS4/3501-6 (penetrated) and
IM7G/X8553-50 (no penetration) impacted at 5.0 m/s.



-162-

3000
) IM7G/X8553-50

2500} iF [£60,/0,),
_ P 2.0 m/s
€ o000} ii . e 3.0 mis
[4H) ;
- :' L e 5.0 m/s
o .
L 1500} | |
3] G
= [
S 1000f |V
@) Dok

500 | &

b

Time (sec)

Figure 5.21 Force-time signatures of IM7G/X8553-50 [£60,/0,], laminate
impacted at 2.0 m/s (undamaged), 3.0 m/s, and 5.0 m/s.
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apparent in the signature before the peak force, than after. This behavior is
common to all of the laminates tested here.

Also, it should be pointed out that the center plate deflections during
these impacts were typically on the order of 5 to 10 laminate thicknesses. This
information may be useful in trying to account for the behavior mertioned
above. The laminate center deflections are obtained by integrating the force-
time data obtained during impact. The force-time data are integrated, using
the mass of the impactor rod and the impact velocity, to obtain the
displacement of the impactor during the impact. This displacement
corresponds to the center deflection of the plate plus the local indentation of the
specimen. From similar impacts in a previous study [30], it was found that the
local indentation is typically less than 1.0% of the center deflection. Thus,
ignoring the local indentation, the following method can be used to obtain an
approximation of the center deflection of the plate: The acceleration history,
a(t), of the impactor rod is obtained from the force history, F(t), by dividing by
the impactor mass, M, (1.53 kg):

_F®)
a(t) = M (5.1)

The velocity history, v(t), can be obtained by integrating the acceleration history
and adding the initial velocity, vq:
v(t) = f; a(t) dt + vg (5.2)
0
The displacement history, w(t), can be obtained by integrating the velocity
history, v(t):

t
w(t) = I v(t) dt (5.3
0
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where the initial displacement is zero. This method was verified by comparing
measured center deflection data with center deflection results derived from
measured force versus time histories as obtained by Ryan [30]. These impacts
arc similar to the ones performed in this study.

Displacement curves normalized by the plate thickness for 1.0 and 3.0
m/s impacts can be seen in Figure 5.22 for the AS4/3501-6 [+15,/0,] laminate.
The magnitudes of the deflections shown here are typical. The center
deflection caused by the 1.0 m/s impact was greater than 3 laminate
thicknesses, while the deflection from the 3.0 m/s impact was nearly 8
laminate thicknesses. Deflections this large may .be sufficient to cause a

significant amount of membrane stretching in the laminates [4].

In summary, it is not clear what factors control certain aspects of the
impact sighature. The peak force and duration of the impact were found to
depend upon impact velocity, but were not primarily controlled by the major
laminate bending stiffness (Dyq11) or the laminate extensional stiffness
(Aj;17)- The secondary oscillations of the signatures do vary somewhat from
laminate to laminate, but the parameters which control their amplitudes and
frequencies are not immediately obvious. So, there is a need to identify the
factors which ccntrol this aspect of the signature. The occurrence of incipient
damage does not affect the signature in any characteristic way, but
penetration can be seen as a sharp drop in the contact force in the impact

signature, and prevents the contact force from rising further.

One objective of this study is to identify the type of damage which first

occurs in each laminate from impact. It is desired te observe any effect of
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layup or materia! system on this incipient damage mode, or the force required
to cause such damage.

5.2.1 Effect of Layup

The incipient damage mode in all of the 12-ply [+0,/0,], laminates was
matrix cracking in the two +0° plies at the rear of the laminate. This can be
inferred from the X-ray photographs of more heavily damaged specimens in
which delaminations were bounded in certain places by matrix cracks. These
matrix cracks were enlarged versions of the incipient cracks and were
oriented in the +6° direction. The deply results indicate that the delamination
occurred at the ply interface furthest from the impaéted surface, and the +6°
plies at this interface are those at the rear of the laminate. This implies that
the incipient matrix cracks occur in the +0° plies at the rear of the laminate,
and not in the +6° plies at the impacted surface.

In these laminates it can be hypothesized that large tensile stresses
from bending and stretching were the cause of the incipient matrix cracks. It
has been pointed out previously that the deflections during these impacts were
typically on the order of several laminate thicknesses. Deflections of this sort
in conjunction with non-slipping clamped boundary conditions could cause a
great deal of in-plane stretching in the laminate during impact [4]. It is at the
back surface of the laminate where the tensile stresses of bending and tensile
stresses of stretching would add together. On the impacted surface, tensile
stresses of stretching would be mitigated by compressive bending stresses.
Hence, it makes sense that the matrix cracking first occurred at the back
surface.

The effect of the layup angle 0 on the incipient damage force for the
[£8,/0,], laminates can be seen in Figure 5.23. For the AS4/3501-6 material

system, the [160,/0,] laminate is the most easily damaged, in terms of
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Figure 5.23 Incipient damage force versus layup angle for 12-ply laminates of
AS4/3501-6 and IM7G/X8553-50.
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incipient damage force, and the [+45,/0,] ¢ laminate is the least easily
damaged. The incipient damage force for the [+15,/0,] laminate is nearly as
high as that for the [+45,/0,], laminate, and that for the [90,/0,], is nearly as
low as that for the [+60,/0,] laminate. Overall, a strong trend cannot be seen
in layup angle.

For the IM7G/X8553-50 material system, the incipient. damage force is
greatest for the [i452/02]S laminate, as was the case with the AS4/3501-6. For
this material system, the incipient damage force for the [+60,/0,]  laminate is
nearly as high as that for the [+45,/0,]  laminate. The [£15,/0,], and [90,/0,],
laminates are damaged at a much lower force.

The stacking sequence affected the incipient damage force (and velocity)
for the two 16-ply quasi-isotropic AS4/3501-6 laminates. The incipient damage
force of the [+45,/0,/90,] ¢ laminate (1000 N) was significantly lower than that of
the [(£45),/(0/90),], laminate (1550 N). The grouping of the plies in the
[+45,/0,/90,], laminate allowed matrix cracking to occur in the rear plies due
to impact forces which did not damage the [(£45),/(0/90),], laminate. A result
similar to this was reported by Flaggs and Kural [32] with regard to matrix
cracking in the 90° plies of a laminate resulting from tensile stresses. The
grouping of several plies of the same orientation into one "effective ply" of
several ply thicknesses lowers the transverse failure stress of the individual
plies. This "ply grouping effect" allows matrix cracking at a lower stress level
than would be the case were the plies interspersed with plies of other
orientations. In this way, a laminate with double "effective plies" can be
damaged from a lower contact force than a laminate without ply grouping.

The incipient damage mode of the [(£45),/(0/90),], lamirate was not
clearly identified. A circular region of intense matrix cracking in many

different directions and what appeared to be delamination occurred at the
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incipient damage velocity. However, the incipient damage mode of the
[+454/0,/90,] laminate was clearly different (a single matrix crack in the rear
plies). Thus, the stacking sequence of the plies affected not only the incipient
damage force, but also the incipient damage mode.

In the glass/epoxy material system, the incipient damage mode was the
same, regardless of layup. Crazing, or very fine cracking of the matrix in
many directions, on the rear surface of the laminates was the observed
incipient damage mode. Also, the incipient damage force in all of the
laminates was nearly the same (approximately 550 N). This indicates that the
incipient damage mode was matrix controlled, since the fiber direction did not

appear to have an effect on the damage mode.

5.2.2 Effect of Material System

All of the 12-ply laminates of AS4/3501-6 and IM7G/X8553-50 had the
same incipient damage mode: matrix cracking of the rear plies. The material
system did not have an effect on the damage mode, but did have an effect on the
force at which damage first occurred in these laminates.

For the [16,/0,]  laminates, the effect of material system on incipient
damage force is shown in Figure 5.23. It is observed that all of the AS4/3501-6
laminates are more easily damaged than any of the IM7G/X8553-50 laminates.
The most easily damaged laminate of IM7G/X8552-50, the [£15,/0,], laminate,
has a higher incipient damage force than the least easily damaged laminate of
AS4/3501-6, the [+45,/0,] ; laminate. This can be explained by the higher ply
transverse failure strain for the IM7G/X8553-50 material, as shown in Table
5.4. The tensile transverse failure strain of the IM7G/X8553-50 ply is twice that
of the AS4/3501-6 ply. This higher strain capability allows the IM7G/X8553-50
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Table 54  Ply Failure Strains for AS4/3501-6 and IM7G/X8553-50

Material System Tensile Failure Strain
511 €20 Y12
AS4/3501-6 1.5% 0.5% 1.75%

IM7G/X8553-50 1.6% 1.0% 2.0%
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laminates to withstand higher contact forces before the appearance of the
incipient matrix crack in the rear plies.

Both of the 16-ply laminates of AS4/3501-6 were damaged more easily, in
terms of incipient damage force, than the 8-ply fabric laminate of
A370-5H/3501-6S. A force of 2400 N was required to damage the (452/02)8
laminate, while the incipient damage forces of the [+45,/0,/90,]  laminate (1000
N) and the [(£45),/(0/90),]_ laminate (1550 N) were considerably lower.

It is noted, hcwever, that the incipient damage modes were different
among these three laminates. The incipient damage state of the
A370-5H/3501-6S (452/02)5 laminate was a circular region of what appeared to
be fine cracks in several directions, much like the incipient damage state of the
[(:L-45)2/(0/90)2]S tape laminate, although delamination occurred in the tape
laminate. The damage in the fabric may be the same as the matrix damage
described by Kraft [33] in which a complex state of micro-cracking was
observed in the matrix, but further investigation is needed to be certain. In the
fabric and [(i-45)2/(0/90)2]s laminates, significant damage occurred suddenly
over an entire area, in contrast to the single matrix crack in the AS4/3501-6
[+45,/0,/90,]; laminate. This difference in damage modes may be due to the
ability of the fabric plies (and, to a certain extent, tape plies of single thickness)
to inhibit the formation of long matrix cracks, which can propagate easily in a
tape ply of double effective thickness. This may give the A370-5H/3501-6S
(45,/0,), and AS4/3501-6 [(i45)2/(0/90)2]s laminates an advantage in preventing
the formation of a large incipient matrix crack.

For the (45,/0,), fabric laminates, the incipient damage force was
dramatically different for the A370-5H/3501-6S and glass/epoxy material
systems. The glass/epoxy (452/02)s laminate was damaged by a contact force of
600 N, while a contact force of 2400 N was necessary to cause damage to the
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A370-5H/3501-6S (45,/0,), laminate. The incipient damage mode in the
glass/epoxy laminates was crazing of the matrix on the rear surface of the
laminate. The incipient damage mode with the A370-5H/3501-6S system was
identified only as matrix damage in a circular area at the impact center. The
through-thickness location of these cracks was not identified, so a comparison

with the glass/epoxy incipient damage mode cannot be made.

In summary, the incipient damage mode of the 12-ply laminates is
matrix cracking in the rearmost plies, regardless of layup or material system.
The IM7G/X8553-50 laminates are more damage resistant, in terms of
incipient damage force and velocity, than the AS4/3501-6 laminates. Ply
grouping in the 16-ply tape laminates allowed incipient damage to occur at a
lower force. Both 16-ply tape laminates are damaged at a lower force than the
graphite/epoxy fabric laminate. In the 16-ply tape layups, the stacking
sequence affected the incipient damage mode, and the incipient damage state
of the graphite/epoxy fabric laminate more closely resembled that of the
[(x45),/(0/90),], laminate. In all of the glass/epoxy laminates, the incipient

damage mode is crazing of the matrix at the rear surface, and the incipient

damage force is not affected by layup.

It is of interest to investigate the progression of damage beyond the
incipient damage mode in the laminates used in this study. It is desired to
expose the roles of layup and material system in the development of higher

states of damage, and ultimately, penetration of the specimen.
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5.3.1 Effect of Layup

In the [+€,/0,]  laminates of both the AS4/3501-6 and IM7G/X8553-50
material systems, the incipient damage mode (matrix cracking of the
rearmost +0° plies) is accompanied by a delamination at the rearmost
interface at higher impact velocities. This delamination typically has a
"figure 8" shape and is oriented in the direction of the fibers of the bottom ply at
the interface (the +0° direction). The smallest delaminations occur in the
[+15,/0,], laminates. Long, slender "S"-shaped delaminations are observed
and they are typically bounded by the +15° and -15° directions. Delaminations
with a "figure 8" shape are observed in the [+45,/0,], [+60,/0,], and [90,/0,]
laminates. The largest delaminations occur in the [90,/0,]  laminates.
Presently, a good metric does not exist for comparing the delaminations in
these different laminates. Since the shapes of the delaminations vary
somewhat from layup to layup, it is not particularly useful to compare the
delaminations by using some measurement such as overall length, for
example.

In the IM7G/X8553-50 material system, the layup angle was found to
influence the onset of fiber damage. The 5.0 m/s impacts only caused fiber
damage to the [+15,/0,], laminate. Matrix cracking and delamination
occurred in all four layups at this impact velocity, but a limited amount of fiber
damage was observed in the [+15,/0,] laminate. It is interesting to note that
this laminate also had the least amount of delamination, in terms of total
delamination area, of the 12-ply layups. The formation of delamination
absorbs energy, and it is probable that laminates which delaminate less are
more likely to find other ways to dissipate energy, such as in the breaking of
fibers [12]. During an impact event, the initial kinetic energy of the impactor is

stored elastically within the laminate. During this process, the laminate may
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reach its limit in terms of how much energy it can store elastically, and energy
is dissipated in the creation of damage. Energy which is not dissipated
through delamination, will be dissipated in other ways. The layup influences
the sizes and shapes of the delaminations which will occur. If the layup is
such that relatively little delamination is permitted, then fiber damage may
occur at a lower force than if more delamination occurred.

Penetration data were obtained for the 12-ply AS4/3501-6 laminates and
are presented in Figure 5.24. It is noteworthy that the only fiber damage
observed in the 12-ply AS4/3501-6 laminates occurred in the penetrated
specimens. This is in contrast to the IM7G/X8553-50 specimens in which fiber
damage occurred without penetration. The [+15,/0,], laminate has the highest
penetration force (2400 N), followed by the [+45,/0,], and [£60,/0,] laminates
(both approximately 2300 N) and the [90,/0,], is the most easily penetrated (1700
N). Tt is obvious that this last laminate is much more easily penetrated than
the other three. One explanation of this might be the number of ply interfaces
within the laminate. There are only two interfaces in the [90,/0,] laminate at
which the ply angle changes, while the other laminates each have four
interfaces. The [90,/0,] laminate is essentially three unidirectional
"sublaminates" of four plies each. This configuration allows matrix cracks to
propagate through four plies at a time. In the other laminates, the outer four
plies on each side of the laminate do not all have the same fiber direction,
allowing matrix cracks in them to traverse only two plies before encountering
an interface where the ply direction changes. Matrix cracking may lead to
laminate penetration by allowing the impactor to penetrate each sublaminate
by "wedging" it apart. This lack of inhibition to matrix cracking could be the
reason that the penetration force was much lower in the [90,/0,] laminate

than in the other three laminates.
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Figure 5.24 Penetration force versus layup angle for the 12-ply laminates of
AS4/3501-6.
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The ply stacking arrangement in the 16-ply AS4/3501-6 laminates has a
definite effect on their damage characteristics. The ply grouping in the
[i452/02/902]s laminate allows matrix cracking to occur in the rear plies,
followed by a large "figure 8" delamination at the rearmost interface and other
smaller "figure 8" delaminations at the other interfaces, as well. The
delaminations in the [(+45),/(0/90),], laminate also have a "figure 8" shape, but
are typically much srmaller and there are many more ply interfaces at which
delamination can occur. The [+45,/0,/90,]  laminate has six interfaces at
which the ply angle changes, compared to fourteen interfaces in the
[(£45),/(0/90),], laminate. The individual delaminations are smaller in the
laminate with more ply interfaces, but the total delaminated area may be a key
parameter here. A comparison of the total delaminated areas in these two
laminates may reveal important information regarding energy dissipation
during impact. The smaller delaminations in the [(£45),/(0/90),], laminate
cause a smaller overall damage region (as viewed via X-ray) than in the
[1452/02/902] s laminate. In addition, fiber damage occurs in the [(i45)2/(0/90)2] s
laminate which is not observed in the laminate with grouped plies. Lines of
broken fibers were found in the two +45° plies near the impacted surface (the
first and third plies) of the [(245),/(0/90),], laminate. The fiber damage was
observed to occur on either side of the impact center, but did not occur directly
beneath the point of contact. This could indicate that the fibers were broken
from excessively high stresses due to "local bending". By "local bending" it is
meant the bending of the laminate near the point of contact to conform to the
shape of the impactor.

The layup did not significantly affect the damage characteristics in the
glass/epoxy material system. The same "ring" of damage was observed in all

five layups at the 3.0 m/s impact velocity. At 5.0 m/s, the damage area had a
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"figure 8" shape aligned with the 0° direction for the (90,/0,), and (0,/45,)
laminates, and an elliptical shape for the (452/02)S and (0/45)2S laminates. The
major axis of the ellipses in the last two laminaves were aligned with the 0°

direction.

5.3.2 Effect of Material System

The general damage characteristics were basically the same in the
12-ply laminates of AS4/3501-6 and IM7G/X8553-50. The incipient damage
mode was matrix cracking of the rearmost plies of the laminate, followed by
delamination at the rearmost interface. It has already been shown that the
force-time histories of the impacts were essentially the same with both
material systems (for the same layup and impact velocity). This fact allows an
evenhanded comparison, based on impact velocity, of the damage
characteristics of the two material systems. Since the force history was
independent of the material system, any differences in the damage states (in
laminates with the same layup) resulting from impacts of the same velocity
must be attributed to differences in material properties in the local region of
contact.

The laminateé of IM7G/X8553-50 consistently had less damage than
their AS4/3501-6 counterparts for the same impact velocity. The damage
modes were the same, but the incipient damage velocity was consistently
higher for the IM7G/X8553-50 laminates. Also, the IM7G/X8553-50 laminates
were more reluctant to delaminate with the presence of the matrix crack in the
rear plies. This can be seen in the case of the [90 4/02]s layup. The AS4/3501-6
laminate developed an incipient matrix crack at an impact velocity of 0.9 m/s
(peak force of 300 N) and suffered significant delamination from an impact of
2.1 m/s (850 N). The same layup of IM7G/X8553-50 developed an incipient
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crack at an impact velocity of 1.5 m/s (650 N), but an impact velocity of 4.0 m/s
(1900 N) was required to produce a similar delamination to that of the
AS4/3501-6 impacted at 2.0 m/s. Thus, an increase in velocity of 1.2 m/s (550 N)
was required to create a delamination in the AS4/3501-6 laminate, while an
increase of 2.5 m/s (1250 N) was required to create a similar delamination in
the IM7G/X8553-50 laminate. Hence, it can be said that IM7G/X8553-50 is
superior to the AS4/3501-6 material system in resisting initial damage, and
also in preventing the progression of damage into higher states.

In terms of penetration, the IM7G/X8553-50 laminates were more
damage resistant than the AS4/3501-6 laminates. The 5.0 m/s impact was
sufficient to penetrate every one of the 12-ply AS4/3501-6 laminates, while only
internal damage occurred in the IM7G/X8553-50 laminates at this impact
velocity. The penetration force for each of the AS4/3501-6 laminates is below
2500 N. In contrast, all four of the IM7G/X8553-50 layups were able to
withstand forces higher than 2500 N without penetration.

Different damage characteristics are observed in the fabric and tape
graphite/epoxy laminates. The damage characteristics of the (45,/0,),
A370-5H/3501-6S laminate are more similar to those of the [(+45),/(0/90),],
laminate than the [+45,/0,/90,] laminate. Damage occurred to +45° fibers
near the impacted surface in the fabric laminate, as was the case in the
AS4/3501-6 [(£45),/(0/90),], tape laminate. In this case, the difference between
the tape layup and the fabric layup is the presence of delamination.
Delamination was observed in both tape laminates, while no damage could be
identified between the plies of the fabric layup. In comparison with the tape
layups, the fabric layup confined the damage to a much smaller area (as
viewed via X-ray) than either of the tape layups. The woven nature of the fabric

plies does not allow the matrix cracking that was observed in the tape
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laminates, especially in the laminate with the grouped plies. The
[(+45),/(0/90),], laminate controlled the matrix cracking better than the
[i452/02/902]s laminate, and the fabric was better in this respect than either of
the tape laminates.

The damage characteristics of the graphite/epoxy and glass/epoxy
(45,/0,) laminates are not easily compared for two reasons. First, the damage
states in either of these two material systems were not clearly identified.
Secondly, the force-time signatures of these laminates were very different,
making a comparison based on impact velocity very difficult. It is suggested
that a comparison can be made between the damage characteristics of these
two material systems based on peak impact force. For such a comparison,
impacts causing the same peak force would have to be performed on these
laminates. There is insufficient data for these two laminates to perform such

a comparison here.

In summary, the incipient matrix cracks in the rear plies of the 12-ply
laminates are accompanied by delamination at the rearmost interface at
higher impact velocities. The shape and size of this delamination is strongly
dependent upon layup. The AS4/3501-6 laminates are more easily penetrated,
in terms of penetration force and velocity, than the IM7G/X8553-50 laminates.
In the IM7G/X8553-50 laminates, fiber damage is only observed in the
[+15,/0,], layup, which is also the layup in which the smallest delaminations
are observed. The stacking sequence of the 16-ply laminates affects their
damage states. The laminate with double effective ply thickness has fewer
interfaces at which delamination can occur, but the delaminations are much

larger than those in the laminate with single effective ply thickness. Fiber

damage near the impacted surface is observed in the latter tape laminate and
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also in the fabric laminate, but not in the tape laminate with double effective
ply thickness. It is postulated that since delamination dissipates energy,
laminates with significant delamination will have less energy to dissipate in

the breaking of fibers (and will therefore have less fiber breakage) than

laminates with less delamination.
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Chapter 6
CONCLUSIONS AND RECOMMENDATIONS

In this investigation, the impact behavior of several laminated material
systems was examined. Incipient damage modes were determined for
laminates of various layup, and the force data from the impacts were obtained.
The force-time histories were studied in order to develop an understanding of
the relationship between damage within the specimen and the force-time
signature. Also, the signatures of laminates of different layups and material
systems were compared. The conclusions drawn from this endeavor with

regard to the force-time data are:

1. The occurrence of incipient damage was not detected in the force-time
signature. In addition, the presence of internal damage was found to
have no discernible effect on the force-time signatures for non-

penetrating impacts.

2. Penetration can be seen in the force-time signature as a sudden drop in

the contact force.

3. The force-time signatures of identical layups of a traditional
graphite/epoxy material system (AS4/3501-6) and a newer "toughened
matrix" terial system (IM7G/X8553-50) were virtually identical up

until penetration of the AS4/3501-6 laminates.
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For impact velocities which penetrated the AS4/3501-6 laminates, the
same layups of IM7G/X8553-50 were subjected to higher contact forces

because penetration did not occur.

An increase in impactor velocity causes an increase in peak force and a

aecrease in impact duration.

The force-time signature, in terms of peak force and duration, was not
significantly affected by the layup angle 6 in the [+6,/0,] ¢ laminates. The
major extensional and bending stiffnesses of the laminate (A, 117 and
D,,;;) do not appear to be the factors controlling the shape of the

signature.

The parameters controlling the secondary oscillations in the impact

signature have not been identified.

The force-time signatures of a fabric layup and a tape layup, which
imitates the fiber arrangement in the fabric, were nearly the same,
except the amplitudes of the secondary oscillations were greater for the

fabric laminate.

The force-time history of an impact can be integrated (with the use of the
impactor mass and initial velocity) to obtain the center deflection history

of the laminate, neglecting a small error due to indentation.
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Derived center deflections for the impacts performed indicate deflections
on the order of 5 to 10 laminate thicknesses. Thus, membrane

stretching of the laminate may be significant.

The following conclusions can be made with regard to the observations

made of the damage states resulting from impact:

The incipient damage mode in the [+0,/0,] laminates was matrix
cracking of the +6° plies at the back surface of the laminate. At higher
impact velocities, this matrix crack was accompanied by a delamination

at the rearmost interface of the laminate.

The incipient damage mode was not affected by ply layup angle 6 or
material system for the [+6,/0,i  layups of AS4/3501-6 and
IM7G/X8553-50.

Higher contact forces were required to cause incipient damage to the
laminates of IM7G/X8553-50 because of the higher transverse tensile ply

failure strain of this material system as compared to AS4/3501-6.

The IM7G/X8553-50 laminates are more damage resistant, in terms of
incipient damage force (and velocity) and penetration force (and

velocity), than the AS4/3501-6 laminates.

Ply grouping reduces the number of ply interfaces in a laminate, and
causes larger but fewer delaminations from impact than was the case in

a laminate with interspersed plies. Thus, the integrated damage area
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(as viewed via X-ray) is larger in the laminate with double effective ply

thickness.

A laminate with double effective thickness plies develops transverse ply
cracks at a considerably lower contact force than a laminate with

interspersed plies due to the ply grouping effect.

Ply stacking sequence was observed to change the incipient damage

mode in two 16-ply quasi-isotropic laminates.

The incipient damage mode was not clearly identified for the
A370-5H/3501-6S laminate or the 16-ply AS4/3501-6 laminate with single
effective ply thickness. In contrast to the single incipient matrix crack
identified for each of the other graphite/epoxy laminates, a circular area
of matrix damage (of slightly smaller diameter than the tup diameter)
suddenly appeared at the incipient damage velocity for these two

laminates.

Fiber damage was observed in the plies near the impacted surface of a
graphite/epoxy fabric laminate, without the presence of interlaminar
damage, while delamination preceded fiber damage in all of the tape

laminates investigated here.

Delamination appears to be a method of energy dissipation which conld
delay (in terms of contact force) the onset of fiber breakage in laminates
which are prone to delaminate, as compared to laminates which are

not.
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11. The incipient damage force was higher for a laminate with fabric plies
than for a similar laminate with tape plies, possibly due to the ability of

the fabric plies to inhibit the development of long matrix cracks.

Based on the work performed, the following recommendations for

further research are presented:

1. Investigate the contributions of individual laminate and material
properties toward the shape of the impact signature. An analytical tool,
which can correctly predict the contact force history and displacement of

an impacted laminate, should be used to perform a sensitivity study.

2. Develop standardized damage metrics to allow quantitative comparisons

of damage states in different laminates.

3. Investigate the possible correlation of peak impact force to damage state.
This could be done by repeating the tests performed here with different

impactor masses and velocities (including quasi-static).

4, Provide an explanation for the observation that, as impact velocity
increases, the secondary oscillations become more pronounced before

the peak force in the impact signature than after the peak force.

5. Repeat some of the impact experiments performed here with clamped-
slipping boundary conditions to observe the influence of this aspect of the

boundary condition on the force-time history and the damage state.




Identify the specific nature of the matrix damage observed in the

glass/epoxy and graphite/epoxy fabric laminates.

Investigate the possibility of increasing the incipient damage force of a
tape laminate, such as [+45/0/+15/0]_ by replacing the surface plies with
fabric plies, such as [45/0/115/0]8, in which matrix cracking of the rear

plies would be repressed.

Explore the possibility of using selective delamination as a device for
energy dissipation to prevent fiber damage from impact. This could
possibly be done by making alterations to "encourage" delamination in
one laminate and comparing the force required to cause fiber damage

with that of an unaltered laminate.
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APPENDIX A

All of the force-time data from this investigation are contained in this
section. The force-time signature of each graphite/epoxy specimen is
accompanied by an X-ray photograph of the damage state, or the words "NO
DAMAGE", where damage could not be detected in the original X-ray
photograph. The X-ray photographs shown here have been electronically
scanned for reproduction purposes and some of the detail of the original
photograph may be lost, especially in cases where the damage was very slight.
The presence of an X-ray photograph (as opposed to the words "NO
DAMAGE") indicates that damage was visible in the original X-ray
photograph, even though it may not be apparent in the reproduction.

For the glass/epoxy specimens, each force-time signature is
accompanied by a photograph of the damage state in the cases where the
damage was extensive enough to be photographed. Where damage to the
specimen was very slight, the damage was detected visually on the specimens,
but was not easily photographed. Therefore, photographs of the damage states
of these specimens are not provided. Instead, the words "SLIGHT DAMAGE"
appear.

A quick reference to the contents of this appendix and the location of

each figure is provided in Table A.1 on the following page.
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Table A.1 Appendix Contents
Layup Material System Figure Numbers
[£15,/0,], AS4/3501-6 A1-A.10
IM7G/X8553-50 A62-A.74
[#45,/0,] AS4/3501-6 A.11-A.20
IM7G/X8553-50 A5 - A.84
[£60,/0,], AS4/3501-6 A21-A31
IM7G/X8553-50 A.85 - A.94
[90,/0,] AS4/3501-6 A.32 - A42
IM7G/X8553-50 A.95 - A.104
[+45,/0,/90,] AS4/3501-6 AA43-A52
[(245),/(0/90),] AS4/3501-6 A.53 - A.61
(454/0,), A370-5H/3501-6S A.105-A.113
Glass/Epoxy A114 - A121
(905/05), Glass/Epoxy A.122 - A127
(0o/45,) Glass/Epoxy A.128 - A.133
(45/0),, Glass/Epoxy A.134 - A.138
(0/45), Glass/Epoxy A.139 - A.144
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Figure A.1  (upper) Force versus time and (lower) X-ray photograph for
AS4/3501-6 [£15,/0,]  specimen impacted at 1.0 m/s.
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Figure A.2 (upper) Force versus time and (lower) X-ray photograph for
AS4/3501-6 [+15,/0,]  specimen impacted at 1.1 m/s.
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Figure A.3  (upper) Force versus time and (lower) X-ray photograph for
AS4/3501-6 [+15,/0,]  specimen impacted at 1.1 m/s.




-195-

3000
AS4/3501-6
2500 [£15,/0,],

2 1.3m/s
% 2000}
S
2 1500}
15
(4]
Tt 1000}
(@]
O

500 |

- .

0 0004 0.008 0.012 0.016 0.02
Time (sec)

1cm

Figure A.4  (upper) Force versus time and (lower) X-ray photograph for
AS4/3501-6 [£15,/0,] ¢ Specimen impacted at 1.3 m/s.
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Figure A.5 (upper) Force versus time and (lower) X-ray photograph for
AS4/3501-6 [+15,/0,] ¢ Specimen impacted at 1.3 m/s.
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Figure A.6 (upper) Force versus time and (lower) X-ray photograph for
AS4/3501-6 [£15,/0,] < Specimen impacted at 1.5 m/s.
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Figure A.8 (upper) Force versus time and (lower) X-ray photograph for
AS4/3501-6 [+15,/0,], specimen impacted at 2.6 m/s.
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Figure A.9 (upper) Force versus time and (lower) X-ray photograph for
AS4/3501-6 [+15,/0,], specimen impacted at 3.0 m/s.
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Figure A.10 (upper) Force versus time and (lower) X-ray photograph for
AS4/3501-6 [+15,/0,], specimen impacted at 5.1 m/s.
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Figure A.11 (upper) Force versus time and (lower) X-ray photograph for
AS4/3501-6 [+45,/0,], specimen impacted at 1.0 m/s.
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Figure A.12 (upper) Force versus time and (lower) X-ray photograph for
AS4/3501-6 [+45,/0,]_ specimen impacted at 1.2 m/s.
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Figure A.13 (upper) Force versus time and (lower) X-ray photograph for
AS4/3501-6 [£45,/0,], specimen impacted at 1.3 m/s.
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Figure A.14 (upper) Force versus time and (lower) X-ray phctograph for
AS4/3501-6 [+45,/0,]_ specimen impacted at 1.3 m/s.
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Figure A.15 (upper) Force versus time and (lower) X-ray photograph for
AS4/3501-6 [+45,/0,]_ specimen impacted at 1.4 m/s.
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Figure A.16 (upper) Force versus time and (lower) X-ray photograph for
AS4/3501-6 [+45,/0,], specimen impacted at 1.5 m/s.
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Figure A.17 (upper) Force versus time and (lower) X-ray photograph for
AS4/3501-6 [+45,/0,]  specimen impacted at 2.0 m/s.
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Figure A.18 (upper) Force versus time and (lower) X-ray photograph for
AS4/3501-6 [145,/0,], specimen impacted at 2.6 m/s.
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Figure A.19 (upper) Force versus time and (lower) X-ray photograph for
AS4/3501-6 [+45,/0,], specimen impacted at 3.0 m/s.
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Figure A.20 (upper) Force versus time and (lower) X-ray photograph for
AS4/3501-6 [+45,/0,], specimen impacted at 5.1 m/s.
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Figure A.21 (upper) Force versus time and (lower) X-ray photograph for
AS4/3501-6 [160,/0,], specimen impacted at 0.6 m/s.
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Figure A.22 (upper) Force versus time and (lower) X-ray photograph for
AS4/3501-6 [+60,/0,], specimen impacted at 0.7 m/s.
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Figure A.23 (upper) Force versus time and (lower) X-ray photograph for
AS4/3501-6 [+60,/0,], specimen impacted at 0.7 m/s.
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Figure A.24 (upper) Force versus time and (lower) X-ray photograph for
AS4/3501-6 [+50,/0,], specimen impacted at 0.9 m/s.
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Figure A.25 (upper) Force versus time and (lower) X-ray photograph for
AS4/3501-6 [+60,/0,], specimen impacted at 0.9 m/s.
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Figure A.26 (upper) Force versus time and (lower) X-ray photograph for
AS4/3501-6 [+60,/0,], specimen impacted at 1.0 m/s.
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Figure A.27 (upper) Force versus time and (lower) X-ray photograph for
A34/3501-6 [£60,/0,]  specimen impacted at 1.5 m/s.
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Figure A.28 (upper) Force versus time and (lower) X-ray photograph for
AS4/3501-6 [£60,/0,], specimen impacted at 2.0 m/s.
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