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EFFECT OF TEMPERATURE ON COMPOSITE SANDWICH STRUCTURES
SUBJECTED TO LOW VELOCITY IMPACT

ABSTRACT

An experimental investigation was conducted to study the effect of low
velocity projectile impact on sandwich-type structural components. The mate-
rials used in the fabrication of the impact surface were graphite-, Kevlar-,
and boron-fibers with appropriate epoxy matrices. The testing of the specimens
was performed at moderately low- and high-temperatures as well as at room tenp-
erature co assess the impact-initiated strength degradation of the laminates.
Eleven laminates with different stacking sequences, orientations, ana thick-
nesses were tested. The low energy projectile impact is considered to simulate
the damage caused by runway debris, the dropping of the hand tools during ser-
vicing, etc., on the secondary aircraft structures fabricated with the composite
materials. The results show the preload and the impact energy combinations
necessary to cause catastrophic failures in the laminates tested. A set of
faired curves indicating the failure thresholds is shown separate.y for the
tension- and compression-loaded laminates. The specific-strengths and -modulii

for the various laminates tested are also given.
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INTRODUCTION

The use of graphite/epoxy composites and composites fabricated out of

similar fibrous materials in the design of secondary structural components of
aircraft is gaining momentum in recent years. Some of these components are
designed with a honeycomb type core between the composite facings. 1Irn the
normal operational mode, these components may be exposed to foreign object
damage such as the dropping of hand tools, runway debris, etc., resulting in
the loss of the composite strength. Consequently, it is of interest to study
the impact-related damage caused by foreign objects and to develop design
criteria in the use of composite sandwich structures. Several studies on the
laminated composites were conducted by Slepetz (1)*, et al., Rhodes (2,3,4),
Averbuck and Hahn (5), and Sharma (6-9). The impact damage tolerance of com-
posites such as graphite/epoxy, graphite/S-glass, boron/aluminum, borsic/
titanium, Kevlar-graphite/epoxy and boron-graphite/epoxy was evaluated in the
above studies. Some of these studies were concerned with visible surface
damuge evaluation. Rhodes (3,4) studied the effect of the projectile impact
on the strength carrying capacity of the composite sandwich structures. Some
of the variables in the studies by Rhodes were laminate orientation, stacking s
sequence, and thickness. These studies were conducted at room temperature to
observe the visual damage- and failure-thresholds of composites under low J
velocity impact. The studies conducted by Sharma (6-9) were similar in scope

to that of Rhodes. The results reported by Sharma (7) were concerned with the

effect of moderately high- and low-temperutures on the load carrying ability of

some of the composites tested. These results were compared with the corresponding
results obtained at room temperature by Rhodes (4). Some of the results reported

by Sharma (6,8,9) were based on room temperature studies on the composite lami-

nates having various combinations of plies, fibers, matrices, and stacking sequences.



The objective of the present report is to analyze all the data reported in

the previous presentations (6-9) and to present a comprehensive comparative

study of all laminates tested by the author.

*Numbers in the parertheses designate reference at the end of the report.




SPECIMENS AND EXPERIMENTAL ARRANGEMENT

Eleven different specimen configurations were evaluated in this investigation
(Table I). Each lamina jn the panel had a nominal cured thickness of 140 x 10-6m
(0.0055 in.). The honeycomb sandwich specimens were fabricated using the compos-
ite laminate as the face sheet (test surface) and a s“eel plate as the back sur-
face. The nominal dimensions of the specimen were 56 cm (22 in.) long by 7.5 cm
(3 in.) wide with a honeycomb core thickness of 2.5 e¢m (1 in.). The area of the
core in the center test section, where a uniform stress field was imposed through
a four-point loading apparatus, was 7.5 (3 in.) by 7.5 em (3 in.). All specimens
except Series 7 haa 2 0.32 cm (1/8 in.) cell; 130 kg/m3 (8.1 1bm/£t3) aluminum
honeycomb core in the test section. The Series 7 had a 0.32 cm (1/8 in.) cell,

48 kg/m3 (3.0 1bm/ft3) Nomex honeycomb core. A dense aluminum core was used
in the end sections of the beam where high shear loads exist. Large face panels
wer * laid at predetermined ply-orientations and cured. These curea panels were
cut to size and bonded adhesively to the core material. The subscripts B, G,
and K in the laminate orientation code refer to boron, graphite, and Kevlar,
respectively.

A schematic diagram of the projectile firing mechanism is shown in Figure 1.
Air is bled from a supply line into a cylindrical reservoir until the one-mil-
thick mylar diagram ruptures. The air escapes through a tiny hole - the size of
which was predetermined based on a desired projectile velocity - located in the
center of the orifice plate and propels the projectile toward the specimen through
a gun barrel. The projectile is an aluminum sphere 1.27 cm (0.5 in.) in diameter.
A velocity measuring device is located in front of the test specimen. As the pro-

jectile travels through this device, light beams emitted by photodiodes are inter-

rupted and an electronic counter is triggered. The average velocity of the pro-

jectile is calculated from the distance between the photodiodes and the time

required by the projectile to traverse this distance.
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Two separate temperature chambers, one for low temperature tests and another
for high temperature tests, were constructed to house the loading apparatus with
the specimen in place. The high temperature was attained with electric heating
coils whereas the low temperature was attainel with liquid nitrogen. A tempera-
ture controller and several temperature sensing probes located at various points
in the chamber were used to achieve repeatable test temperatures. One of these
probes was attached to the specimen surface in the test zone. Tests at high
temperature were conducted at a specimen surface temperature of 366 K (199°F)
whereas the tests at low temperature were conducted at 223 K (-59°F). The tem-
perature variation in the vicinity of the specimen was within a degree Kelvin

of the desired surface temperature.

Static bending loads were applied to the specimens through a specially built
four-point loading apparatus. The tensile or the compressive loads were applied
through a whiffletree arrangement connected to a screw jack in the rear. Photo-
graphs of a typical specimen with the loading apparatus and the general test
arrangement are shown in Figures 2 and 3. A load cell was built into the loading
apparatus. The load and the resulting strains in the specimen were measured
using standard strain goge techniques. Twc strain gages, oriented to measure the
longitudinal strains, were bonded to the specimen equidistantly (2.5 cm from the
center) frcin the geometric center of the test section. The ultimate load and the
corresponding strains were determined using urdamaged specimens. With the results
of earlier tests in the background (4), the specimens were loaded and impacted by
releasing the projectile to assess the damuge tolerance of the specimens. Depend-
ing on the magnitude of the initial loa” (pre-load) and the projectile kinetic
energy, the specimen either survived or failed catastrophically. Those specimens
that survived the impac* were tested for residual strength. In the high- and low-
temperature tests, the thermally induced strains on the specimens and the thermal

loads on the loading frame were mecasured prior to the initiation of the test
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program and were found to be insignificant as compared to the applied loads and
the strains. In actual testing, the strain gages were balanced after the speci-

men has achieved a steady state surface temperature.

Following Rhodes (3), the term failure threshold, used in subsequent sections,
is defined as the lowest static load which precipitated catastrophic failure in
the face sheet of a sandwich beam specimen at a given impact energy. The stress
ratio, °/°u1t' used in this paper is defined as the ratio of the stress in the
specimen prior to impact or the residual strength of the specimen to the ultimate

strength of the virgin {(undamaged) specimen.

RESULTS AND ANALYSES

The results of tests conducted with the eleven different laminates are shown
in tabular forms. The theoretical modulii of the laminates in the spanwise
direction of the sandwich beam were calculated using the usual laminate analyses.
The experimental modulii were obtained from the stress-strain diagrams of the
laminates. The basis used in the calculation of the modulii from the test results
is shown in Figure 4. 1In general, a majority of the laminates tested have exhib-
ited linear and slightly nonlinear behavior (Table I) under tensile- and compres-
sive-loads, respectively. 1In the case of nonlinear behavior, these modulii as
shown were calculated using the initial tangent modulus concept. The theoretical

and the experimentally evaluated modulii for most of the laminates as shown in

~

tables are in good agreement. The ultimate strength values were obtained from
testing the undamaged specimens. Various laminate properties are shown in Tables
IT to V. The Tables II and IV have the properties of the tension- and the com-
pression-loaded laminates, respectively, in SI system (Metric) whereas the Tables
I11 and V have the corresponding properties in U.S. customary units. The residual

strength of the impact-damaged test coupons as shown in Table VI is expressed as

a percent of its ultimate strength. The failure threshold curves for the various
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laminates tested in tension and compression are shown in Figures 5 and 6, respec-
tively. It may be remarked that by properly selecting the zombinations of the
preload and the projectile kinetic energy, the failure threshold curves could be
extended in both the directions. The extension of the curves to the left (Figs.
5 and 6 ) would eventually lead the stress ratio values to a point defined as
g/ou = 1.0 (4). The threshold curve extension to the right would tend to be
asymptotic leading to the strength of the laminate with an induced flaw or hole
(10).

The specific strengths and the corresponding specific modulii (theoretical)
of all the laminates tested in tension and compression are shown in Figures 7
and 8, respectively. The undamaged specific strengths and the corresponding
values at the failure threshold for each of the test laminates are also shown.
The lines of constant strain are shown in the same figures for visualizing the
ranges of strain for various test laminates. The specific-strength and -modulus

of a typical aluminum (2024-T3) are also shown.

Tension-Loaded Laminates

Two of the laminates (Series 5 and 7) were tested at moderately low- and
high-temperatures to assess the effect of the temperature on the strength
carrying ability of these laminates as compared to the corresponding values at
room temperature (4). Consequently, it has been observed (7) that the strength
degradation in the presence of moderately low- and high-temperature was negli-
gible. The strain at the failure threshold as shown in Fig. 7 is about one-half
of the ultimate strain values for both these laminates.

Among the laminates tested, two of them (Series 7 and 11) were Kevlar-graph-
ite and boron-graphite hybrids with epoxy matrices. The boron hybrid was found
to have a higher specific modulus than the Kevlar hybrid (Fig. 7) whereas the

reverse was true with respect to the specific strengths. The test data indicates
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that the boron bybrid has better strength retention than the Kevlar hybrid
(Fig. 5).

Some of the laminates ( Series 1, 2 and 4) have 50% or more filament-
controlled laminae (i.e., laminae with zero-degree lamina). The laminate with
all zero-degree laminae (Series 1) has the highest specific-strength and -modulus
(Fig. 7) followed by the laminates of Series 4 and 2. It may be noted that the
laminates of Series 1, 4 and 2 have 8, 12 and 14 plies, respectively. However,
the specific-strength and -modulus were found to decrease as the number of plies
increases suggesting that increasing the thickness would not improve the undam-
aged strength and modulus of the laminates. The ultimate strains for all the
above three laminates were found to be very close. The failure thresholds for
the above laminates were also found to follow the same trend as the specific-
strengths and -modulii (Fig. 5). The two additional cross plies in Series 2
have not proved to improve the properties when compared to the corresponding
properties of Series 4.

The laminates in Series 5, 8 and 9 were identical with respect to the
number of plies, the stacking sequence, the ply orientation, and the type of
fibers. However, the matrices were different from one another. As shown in
Fig. 7, there is no significant difference in the properties such as the specific-
strength and -modulus among these laminates. The laminate (Series 9) with the
matrix, Fiberite 934, has shown ( Fig. 5) relatively poor impact resistance.

The orientation and the ply stacking sequence in Series 5 and 6 were
reversed partially. The effect of this is not significant with respect to the
strength- and stiffness-properties (Fig. 7). However, the presence of a 45-
degree ply on the impact surface appears to have improved the impact resistance
(Fig. 4). By observing the impact resistance of the laminates in Series 2, 3,

4 and 6, it may be seen (Fig. 5) that the laminate in Series 3 having the maxi-

mum number of 45-degree plies has relatively good impact resistance.
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In general all the laminates, except the laminates in Series 10 and 11

having some or all boron plies, were observed to fail at strains in the range
of 0.010 to 0.011. The corresponding strains at the failure threshold were from
0.005 to 0.007 (Fig. 7). The laminate with the Fiberite 934 matrix (Series 9)
has shown the least impact resistance. The boron-based laminates (Series 10 and
11) appear to have poor specific strength and good impact resistance. Among the
graphite/epoxy based laminate series, the unidirectional laminate (Series 1) and
the laminate with the maximum number of angle (45-degree) plies (Series 3) have
exhibited (Fig. 5) good impact resistance. The resistance to the projectile
impact in most of the laminates tested appear to be better than 50% of their
respective undamaged (or ultimate) strengths in the range of the impact energy

levels considered.

Compression-Loaded Laminates

The specimens in Series 5 and 7 were also tested under compressive loads
at moderately low- and high-temperatures. The failure thresholds for these
laminates -are shown. in Fig. 6 and their specific-strength and -modulus values
in Fig. 8. The compression test results were found to be similar to the tension
test results, viz., the effect of the (low/high) temperature on the ability of
the laminate to sustain loads was found to be insignificant when compared with
the room temperature values. However, the two series of specimens were found
to possess about 10% higher residual strength in compression (Fig. 6) than in
tension (Fig. 5).

The two hybrid laminates in Series 7 and 11 were tested also in compression.
The Kevlar hybrid has shown higher impact resistance than the boron hybrid. This
trend is opposite to their behavior in tension (Figs. 5 and 6). With respect to
the specific-strengths and -modulii of these laminates, the boron hybrid has

shown better properties in compression than in tension. The tensile and the




23

compressive properties of the Kevlar hybrid were found to be the same whereas the
boron hybrid has exhibited significant differences.

The laminates in Series 1, 2 and 4 having 50% or more filament-controlled
laminae have exhibited a behLavior in compression similar to those tested in ten-
sion, viz., the patterns of relative impact resistance, specific-strengths and
-modulii among these laminates were found to be the same in both the tension
and the compression tests. The magnitudes of these pronerties, however, were
found to be lower in compression than in tension. The laminates in Series 2
(Fig. 6) were found to have the lowest impact resistance among all the laminate-
series tested.

The specimens in Series 5, 8 and 9 have the same fibers but different
matrices. The impact resistance of the laminates in Series 9 (with Fiberite
934) and Series 5 (with Rigidite 5208 matrix) has shown improvement in compres-
sion (Fig. 6) as compared to their corresponding resistance in tension (Fig. 5).
On the other hand, the laminates in Series 8 (with Rigidite 5.09 matrix) have
exhibited relatively lower impact resistance in compression. The specific-
strength and -modulus values tor these three series were fourd to be slightly
lower in compression than in tension.

The laminates of Series 5 and 6 have partially reversed orientation and
stacking sequence. The Series 6 specimens having a 45-degree ply on the impact
surface have not shown any improved impact resistance in compression when com-
pared with the impact resistance of the laminates in Series 5 - this series has
a cross-ply on the laminate (impact) surface. As indicated earlier, the reverse
is true with the tension-loaded laminates. The specimens of Series 3 having a
large number of 45-degree plies have not shown any improved impact resistance
in compression whereas the reverse is true in tension tests (Fig. 5).

The results of all the compression tests conducted indicate that, in general,

the laminates exhibit ultimate strains in the range of 0.010 to 0.012 with the
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corresponding strains at the failure threshold in the range of 0.004 to 0.006.
With a few exceptions, notably the laminates of Series 9 and 11, most of the
laminates of the various series tested have exhibited higher specific-strengths
and -modulii in tension than in compression. The impact resistance of the various
series of the laminates tested shows that the tension-loaded laminates would sus-
tain projectile impact loads slightly better than the corresponding laminates

under compressive loads.




CONCLUSIONS

An experimental investigation was performed to evaluate the load carrying
ability of various composite laminates subjected to low velocity projectile
impact. Some of the laminates were tested at moderately low- and high-temper-
ature to assess the effect of temperature on the various laminate properties
including the impact resistance when compared to their corresponding room temp-
erature properties. Based on the results of this investigation, the following

conclusions can be drawn:

1. Trends in the impact failvre threshold (asymptotic, monotonic, etc.)
variations may be observed through the testing of a few laminates with a suitable
combination of the preload and the kinetic energy of the impacting projectile.

2. Degradation in strength due to impact would depend not only on the type
of laminate (fiber, matrix, stacking sequence and orientation) but also on the
type of load (tensile or compressive) applied.

3. Moderately low- or high-temperatures have not affected the impact resis-
tance of the laminates significantly.

4. Since the residual strengths of most of the laminates exceeded the
strength values at the impact failure threshold, the failure threshold may be
considered as a reasonable estimate of the strength of the impact-damaged lami-
nates.

5. Since all the filament-controlled laminates exhibited ultimate strain
values in a narrow range, these values may be considered as good indicators of
the respective laminate strengths.

6. Laminates having 50% or more unidirectional laminae have shown better
impact resistance under tensile loads than inder compressive loads.

7. Laminates with more 45-degree plies closer to the impact surface were

found to have higher resistance to impact in tension than in compression.




26

8. A majority of the laminate series have shown slightly higher specific-
strengths and -modulii in the tension mode¢ than in the compression.

9. Among all the lc.inates tested, the impact damage caused a strength
degradation of the laminates from as low as 30 percent to as high as 70 percent
of their respective ultimate strengths.

10. A majority of the laminates tested were found to have a slightly non-

linear stress-strain behavior under compressive loads.
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