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; FOREWORD
This final report is for the program entitled "The Development of a Low ﬂ
Velocity Impact Methodology for Hybrid Material Systems". The experimental i
; , work was conducted by Vought Corporation Advanced Technology Center with the 3
E analytical model development subcontracted to the University of Tulsa. This é
;l is the final report that covers the period extending from 28 April 1980 to 28 i
é April 1981 and is sponsored by the Naval Air Systems Command under Centract
. No. NO0019-80-C-0265. :
g' Or. D. Mulville is the Navy Project Manager and Dr. W. J. Renton is the
g Vought Program Manager. Qther key personnel are Mr. S. V. Hayes, Principal ;
E Investigator and Dr. E. F. Rybicki, University of Tulsa, Technical Consultant. 3
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1.0 INTRODUCT ION

The wide use of advanced composite materials and the rapid increase in
their fields of application have necessitated a better understanding of the
performance of composites. Although significant progress has been made, the
behavior of hybrid laminates subjected to low velocity impact is still not
well understood. This study is, thereby, directed at obtaining a better in-
sight into the behavior of composites under low velocity impact loadings.

Some pertinent work on this subject is described in the literature. For
example, Jones] has dealt with the mechanics of composites, giving constitu-
tive relationships which are basic to this study. Ashton, Haipin and Petit2
give insight into the changes of the material properties of composites with
loading. Gottesman, Hashin and Bru]13 give composites mechanical properties
as a function of damage. The information provided by the above mentioned ref-
erences provided important guidelines. Vinson and Zukas? focused on fabrics
and high velocity impact and made use of photographs of displacement in deter-
mining strains. Information regai'ding the inplane strains in plates as
described by Danijel, Liber and Labedz® js also pertinent to this study.

Other papers and reports were also reviewed for applicability to this problem
and are listed in the references section.

This research program was divided into two parts, an experimental and an
analytical study. The experimental study was performed at Vought Corporation
Advanced Technology Center (ATC). The analytical investigation was conducted
at the Mechanical Engineering Department at the University of Tulsa.

In the experimental study, hybrid and nonhybrid composite laminates with
different stacking sequences and lay-ups angles were impacted by low velocity
projectiles. The resulting damage was determined utilizing various NDT meth-
ods, followed by destructive testing to obtain the residual strengths. These
results have been compared with the predicted analytical results from the
model. Coupon tests at several strain rates were conducted to quantify the
strain rate sensitivity of the materials. The objectives of each task are
described in the following:

Build a computational model to predict damage in hybrid laminates sub-

jected to low velocity impact.
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validate the computational model with test data for a variety of laminates.

Use the model to design laminates with improved impact resistance.

The experimental program and analytical effort were done simultaneously
with extensive interactions between the two investigations.

;
q
3
il
1
)
'
i
i
¢




I TR T S T e e v

L e

¢.0 OBJECTIVES AND SUMMARY

2,1 O0BJECTIVES

The overall objectives of the research effort described in this document
are to determine if hybrids do provide a synergistic improvement in damage
resistance in comparison to a baseline (i.e., graphite/epoxy) material, and to
determine if hybrids, when properly designed, may enhance the visual and NDI
damage detection threshold of the baseline material. The net result may en-
able one to design with hybrids for improved low velocity impact resistance
and for an improved damage detection capability. The specific objectives of
this research program were:

) To develop a design methodology (math model) for hybrid struc-

tures which accurately describes the structural response, extent
of damage and associated failure mode(s) due to low velocity im-
pact. Such a model should enable one to design an optimum hy-
brid panel to maximize the damage initiation threshold and/or
damage resistance of a baseline material and minimize the number
of tests required to optimize a hybrid design,

0 To verify that the math model can predict the extent of damage,
both visible and invisible, a panel experiences when subjected
to low velocity impact. Panels were impacted to provide the
necessary analytical-experimental correlation.

0 To residual strength test all impacted test panels to ascertain
their reduced static strength due to visible and invisible dam-
age,

0 To improve the visible and NDI damage detectability threshold of
a baseline material system subjected to low velocity impact by
proper piacement of a second and possibly a third material at
the proper location within the baseline material. Enhanced dam-
age detectability could be provided by a thin aluminum or titan-
jum foil outer surface lamina . This layer would provide a per-
manent record of small particle impact events on the surface of
the panel. The size of the dent in turn could possibly be cor-
related to the probability that the panel had been damaged
internally,
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2.2 SUMMARY OF RESULTS

The following contains a summary of the significant results from the com-

putational modeling study is as follows:

o0 A simple quasi-static computational model was developed to represent
the low velocity impact behavior for hybrid Kevlar/graphite laminates.

0 Good agreement was obtained for comparison of experimental data and
computed values for strains and displacements as a function of time for
an impacted laminate.

0 The model showed good agreement with the delamination trends observed
in the experimental study for most cases. However, correlation of
analytical with experimental delamination data varied for some hybrids.

While the results shown here are very encouraging, the simplicity of the

model indicates restrictions on its general applicability. Further verifica-
tion and development is required.

A summary of experimental work conducted within the scope of the impact

program yielded the following results:

o Impact tests of both hybrid and non-hybrid laminates were conducted to
determine their damage and response. Of the laminates tested, the
hybrids did not exhibit significant synergystic damage tolerance. High
speed photos and strain gage data were obtained on thin graphite/epoxy
and Kevlar/epoxy panels from which deformation mode shapes and strain
response were derived.

0 Metallic coatings were applied to the impact surface of selected com-

posite laminates in an effort to enhance the visual detection of impact

damage. Thin aluminum foil was secondarily bonded or cocured on one
surface of the panel. The panels were impact tested. The aluminum did
not contribute significantly to detecting impact damage.

o Longitudinal, transverse and shear graphite/epoxy and Kevlar/epoxy ten-
sile coupons were tested at three sirain rates to determine the materi-
al's strain rate sensitivity. Some material properties did exhibit
limited variation with strain rate. Further investigation is required.
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3.0 EXPERIMENTAL RESULTS

3.1 TRANSVERSE IMPACT OF THIN FLAT PANELS - TASK I

The materials used in all phases of this program were obtained from Narmco
Materials, Inc. Narmco 5208 epoxXy resin was used on both T300 graphite fiber
and Kevlar 49 fiber.

Four thin 3-ply composite panels were transversely impacted to determine
their response for use in developing a math model of the impact event. 0Do-
flected shapes of all panels were recorded using high speed photograpny. Two
panels were instrumented with strain gages to determine the impact induced
strain levels and strain rates. Al1 Task 1 panels were fabricated using woven
material with overall dimensions of five inches by ten inches. Two of the
four panels were fabricated using graphite/epoxy fabric. The remaining twe
were fabricated with Kevlar/epoxy. Thin laminates were used to allow deflec-
tions large enough to be photographed.

Twelve inch unidirectional prepreg tape was used in all Task II and III
panels. Standard layup and cure processes were used in fabrication as pre-
scribed by the vendor.

3.1.1 Dynamic Deflection Profile

The deflected shape of the thin laminates was determined using high speed
photographs of the impact event for use as a basis in the analytical model.
The first impact test for each of the graphite/epoxy and Kevlar/epoxy panels,
tests GR1 and KE1 as summarized in Table 3.1, utilized two cameras situated '
orthoganol to each other in a parallel plane to that of the test panel. Two
16mm cameras were used at speeds up to 4500 frames per second. Electronic
controls were utilized to synchronize the camera triggers with the impact
event. The two views were then used to verify symmetry in the deflected panel
about the impact zone and determine the approximate shape of the deflected
panel subjected to impacts by a one pound projectile from three and six foot
drop heights (15 and 20 ft/sec, respectively). Figure 3.1 is an example of
the deflected panel shape obtained from the photos. Subsequent to verifying
axial symmetry in deformation, one camera was used to further substantiate the
deflected panel shape. Figure 3.2 shows the test setup used.
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j 3.1.2 Impact Strain Relationships

Panels GR2 and KE2 were instrumented using axiai strain gages (see Figure
3.3) to determine the strain rates and levels encountered during the impact ;
' event. The strain gages were placed on radial axis, top and bottom at 0° ;
and 90° at one inch from the point of impact. In addition, the strain val-
ues were used to provide additional documentation supporting the symmetry of
the panel deflection. Figures 3.4 a-b and 3.5 a-b contain the strain vs. time
plots of the graphite/epoxy panel GRZ and the Kevlar/epoxy panel KE2 when sub-
Jjected to a 20 foot per second impact (6 foot pounds). Table 3.2 contains a ;

ATy T gy

e YR

E summary of Task I strain and displacement results. Strain rate data was
% recorded for use in selecting the coupon strain rates in Task II.
: Due to the high strain rates involved, several strain gages were ruined by

E individual fibers failing early in the test resulting in a loss of strain data.

E A 3.1.3 Task I Summary

The principal purpose for performing the task outlined in this section was
to provide the information necessary to develop a simple model of the ‘ow
velocity impact event. Axisymmetric deformation was shown to be an accurate
assumption from the tests conducted. Strain gage data indicates the princjp]e
strains in the deflected panels are du2 to in-plane stretching as both the top
and bottom strain gages exhibited nearly equal tensile strains. Strain due to
bending appears to assume a secondary role with the upper surface strains 5
showing a slightly lower tensile corponent than the lower surface. This dif- §

-r , ference in strain corresponds to the pure bending mode which exhibits negative
E upper surface strains and positive lower surface strains of equal magnitude. ]
Thicker laminates will obviously have greater strains due to bending which '

e e A L byt At 4 Lk i ke

were accounted for in the model.

3.2 EVALUATION OF STRAIN RATE EFFECTS ON MATERIAL PROPERTIES - TASK I1I 3

o', P b p

A series o/ coupon tests as summarized in Table 3.3 were conducted on the
baseline materials to determine the effects of varying the rate of strain to
failure on the basic material properties. Appendix A contains a review of the
specimen configuration. The properties investigated were ultimate stress and
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Young's modulus. Eight ply and twenty ply unidirectional coupons with fibers
oriented longitudinal and transverse, respectively to the 1oading axis were
‘r.oqtigat-d for their strain rate sensitivity (see Appendix A). In addition,
eight nly shzar coupons with fibers oriented at alternating plus and minus
forty-five degrees were studied. Thrae test machine stroke rates were util-
1zed in this test series, the highest being approximately five inches per sec-
ond, This rate corresponds to the highest stroke rate attainable using the
test equipment available. Static tests were conducted to provide a baseline
: : for the data. As seen in Table 3.2, the thin Tasi: 1 panels experience strain
: 5 rates of 2 to 6 in/in/se at one inch from the impact point.

A third set of tests were conducted at an approximate stroke rate of two
{ and one half inches per second. The actual strain rates realized in the
: materials varied according to the coupon ply orientation and stroke rate as
outlined in Table 3.3. Sample dynamic stress-strain and strain-time curves
obtained in testing are shown in Figures 3.6 and 3.7.

3.2.1 Longitudinal and Transverse Coupon Tests %

: Analysis of static Young's modulus and ultimate strain for the longitudi-
: nal (00 fiber) and transverse (90° fibers) coupon test results at static ]
‘ ' and higher strain rates exhibited some variation. A1l variation in the coupon i
? } material properties with respect to the strain rate was within the data scat-

3 : ter band. 1
The longitudinal graphite specimens did show a slight increase in ultimate §
? stress with Tittle variation in Young's modulus at increased strain rate. The
longitudinal Kevlar specimens exhibited a small decrease in the ultimate
stress with increased strain rate. The transverse Kevlar specimens revealed
the most dramatic increase in ultimate stress. This increase most likely
resulted from a variation in coupon size. The transverse Kevlar coupons used
for the static tests were found to be too fragile in the elevated strain rate
tests. Specimens with a cross sectional area of 0.1 inz versus 0.02 1n2 :
for the static tests were fabricated for the dynamic tests (see Appendix A). é
Therefore, edge effects may account for the higher modulus and ultimate stress 1
values encountered.
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; 5 3.2.2 Shear Coupon Tests i

The specimen configuration utilized in the shear tests was a one inch gage i
. length, 8-ply, 0.5 inch wide, *45 degree fiber orientated coupon as shown in f
E : Appendix A. The graphite varied from a static shear modulus of 2.1 MSI to 3.8 - ]
MSI at 5.0 inches per second. A shear modulus on the Kevlar of .32 was ob-
tained at the static load rate while .42 MSI and .56 MSI were obtained at
stroke rates of 2.5 inches pef second and 5.0 inches per second, respectively.

As shear modulus cannot be measured directly from the shear specimen, the
longitudinal stresses and strains were measured directly from the +45 degree
coupon. These longitudinal values were then used to calculate the shear
modulus.

An increase in both the modulus and ultimate stress for the +45 graphite
These increases were

and Kevlar coupons with increased strain rate was noted.
not considered significant at this point due to the considerable amount of

scatter in the data. Further investigation is required.

3.2.3 Conclusions and Discussion - Task 11

Test data indicate material properties were insensitive .o strain rates at

- i the levels used in these tests. The strain rates used in Task Il tests varied :

¢ ; from 0.3 (]06) to 1.5 (106) microstrain per second on the 0° and 90°
{ specimens, respectively. Strain rates approaching 3.0 (106) microstrain
were measured at the point of impact in Task I panel impact tests.

The test apparatus available proved to be the limiting factor in the
strain rates attainable. Further investigation into strain rate sensitivity

st sl oot Zim 5 e i

of composite materials is necessary.
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3.3 LAMINATE IMPACT DAMAGE AND RESPONSE - TASK III

Task 111 impact tests served to provide data to validate and develop the
math model. In addition, an investigation of the visual damage threshold for
the hybrid Taminates was conducted. Section 4.0 contains an overview of the
math model and the correlation between it and the experimental data presented
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Task IIl laminates as summarized in Table 3.4 consist of two basic lay-
ups. A specialiy orthotropic 14-ply laminate and a quasi-isotropic 18-ply
laminate were used. The 14 and 18-ply layups were (02/902/02/90)5 and
(0,/445/90,/445/0), respectively.

Two material systems were employed in this program, T300 graphite/5208
epoxy and Kevlar 49/5208 epoxy unidirectional tape. Table 3.4 outlines the
material's application in Task I1I laminates.

Task III tests were divided into three functional groups. The first
group, Series 1 consisted of four non-hybrid laminates. These laminates
included an all graphite/epoxy 14 and 18-ply laminates as well as correspond-
ing 14 and 18-ply Kevlar/epoxy panels. Series 1 panels comprise the control
or baseline tests with which the Series 2 hybrid laminate damage and response
were compared. Test Series 2 laminates consisted of six hybrid laminates,
three each of the 14 and 18-ply layups as outlined in Table 3.4. Selection of
the particular hybrid laminates was based on the model predictions. Those
selected were the three laminates which exhibited the lease amount of damage,
most damage and highest deflection during impact based on preliminary analyses
of the laminates. Series 3 laminates consisted of two hybrid laminates, one
with an aluminum foil cocured to the impact surface and a second panel with

aluminum foil bonded to one surface.
3.3.1 Non-Hybrid Laminate Impact Tests - Series 1

Impact tests of the four Series 1 panels were conducted to provide impact

data on the baseline materials. The baseline material data was used for com-

parison purposes to evaluate the Series 2 hybrid panels.

As noted in Table 3.4, impact and residual strength tests were conducted
on graphite/epoxy and Kevlar/epoxy 14-ply and 18-ply nanels. Each panel was
divided into five equal sections (Figure 3.8) and impacted at the geometric
center of four sections. The fifth section was left undamaged to provide a
residual strength baseline for purposes of comparison. The panel sections
were supported by a frame simulating pinned boundary conditions. The panel
section could be positioned in a centered or off-centered impact position.
The centered impact setup placed the impact point on the panel section in the
geometric center of the impact support frame. This corresponds the tests run
on positions 3 and 4 as seen in Figure 3.9. The impact point is positioned
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closer to one edge of the impact support frame for off-center impact (posi-
tions 2 and 5) as seen in Figure 3.10. A centered and off-center impact at 15
ft/sec and 20 ft/sec were conducted on each panel,

Strain gages were applied to the Series 1 panels to determine strain
levels and strain rates at specific points on the panels during impact. These
values were used in validating and fine tuning the math model. These data
will be discussed in conjunction with Section 4.0, Analytical Math Model.

A1l panels were impacted using a one pound projectile with an 0.5 inch
radius spherical head. To attain the 15 and 20 ft/sec drop rates, drop
heights of 3.5 and 6.5 feet, respectively, were used. These drop heights of
3.5 and 6.5 feet correspond to 3.5 and 6.5 foot pounds of impact energy,
respectively. Following impact, the panels were non-destructively tested us-
ing ultrasonic C-scan to determine the extent of damage.

Residual tensile strength tests of the damaged sections were conducted tn
determine the effects of impact on the composite sections. Three inch wide,
ten inch long sections were cut from the impacted paneis and tabbed. The im-
pact point was centered on the coupon. The undamaged section, Section 1 in
Figure 3.8 was also cut and tabbed for residual strength testing.

3.3.1.1 Test Results - Series 1

Table 3.5 contains a summary of Series 1 test results. The impact damage
in all cases was a matrix failure, Visual inspection revealed cracks running
parallel to the fibers on the side opposite the impact point. NDI inspection
showed a delamination region surrounding the impact point. The delaminat:on
region and the area of matrix ¢racking on the panel backside were generally
the same size. None of the panels investigated showed signs of broken fibers
at the impact levels investigated.

NDT inspection of the impact area disclosed a delaminated area at the
point of impact. The delamination area varied in size and shape according to
the panel layup, thickness and material., The impact position also had an ef-
fect on the delamination zone. Figure 3.11 is a graphical representation of
delamination size versus the test variables, As expected, the damage zone
size increased with increasing impact energy. The ply orientation appeared to
influence the damage zone shape. The 14-ply panels with zern and ninety de-
gree Yibers had an elongated diamond shaped delamination approximately .6 by
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1.0 inches as shown in Figure 3.12. The 18-ply layup containing zero, ninety
] , and forty-five degree lamina exhibited a round or eliptical damage area ;
5 approximately .7 inches in diameter as seen in Figure 3.13. The off-center ]
£ impact damage zones were not centered about the impact point. The damage zones
g were of f-set as exhibited in Figure 3.14 and grew in the direction of the side
E closest to the impact point.

E Residual strength tests of the damaged laminate revealed no loss in ten-

; sile strength for the damage incurred. Table 3.5 contains a listing of the
‘

3

3

; residucl strength test results. Comparing the tensile strength of the undam-

! aged coupon to those containing damage, a slight increase in tensile strength
with increased delamination size can be seen. A possible cause of this phe-
nomenon may be related to the relief of residual stresses via matrix micro-
cracking in the panel. These cracks and delaminations are the results of im-

E‘ pact damage.

3.3.1.2 Series 1 Conclusions

E : Based upon the data shown in Table 3.5, the non-hybrid panels exhibited 3
; reasonably good damage tolerance under tensile loads for low energy impact. f
%‘ No degradation in tensile strength could be detected in any of the panels. A g

: comparison of the cdelaminated damage zone size between the two materials

LT failed to show any major advantage in the Kevlar material. This result could
? be duc to the impact levels being lower than that required to fail the fi-
bers. The damage was restricted to the epoxy matrix material, a common factor
in both fiber systems. Delaminations are not extremely sensitive to tensile
loads. A more pronounced degradation in strength may have been observed had
an alternate residual strength test configuration been used. The shear com-
ponent in the coupons did not seem to affect the ultimate tensile strength.

If significant influence on material properties had been noted in the elevated .
strain rate tests, the properties used in the math model (Section 4.0) would

TR

have been adjusted to account for them.

3.3.2 Hybrid Laminate Impact - Series 2

EXONTIWINNIE SN

Impact tests on the six Series 2 hybrid panels were conducted to provide
hybrid impact data and to verify the predictive methodology capabilities.
26
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Table 3.4 contains a summary of the laminates tested. Series 2 hybrid test
data was compared with the Series 1 non-hybrid impact data.

Table 3.5 contains the results of Series 1 hybrid impact tests and residu-
al strength data. Two laminate ply orientations were used, a 14-ply layup
(02/902/02/90)s and an 18-ply (02/:95/902/jﬁ5/0)s. These same layups were
used in Series 2 testing., As outlined in Table 3.6, starting with a basic all
graphite/cpcxy panel, Kevlar plies were substituted into the laminate.

Impact and residual strength tests of the Series 2 hybrid panels were
identical to those used on Series 1 non-hybrid panels as outlined in Section
3.3.1. That is, the damage was restricted to the epoxy matraix material in

the form of matrix cracking and delamination.

3.3.2.1 Test Resulis - Series 2

Table 3.6 contains Series 2 hybrid specimen impact and residual strength
test results. Impact energies of 3 ft-lbs and 6 ft-1bs caused matrix damage
exclusively. No sign of broken fibers was found. The failure modes seen in
the impacted hybrid specimens was identical to that of the non-hybrid Series 1
panels discussed in Section 3.3.1.1.

Residual strength tests resulted in a minor increase in tensile strength
for most of the laminates tested when comparing the damaged to the undamaged

coupons. This same phenomenon was observed in the non-hybrid coupons.

3.3.2.2 Series 2 - Conclusions

Results listed in Table 3.6 and shown graphically in Figures 3.11 and 3.15
indicate tha* for hybrid laminates the least damage, based on delamination

size, occurre. in the laminates fabricated using a shell or outer layer of

Kevlar and a cor* or center of graphite. As in the case of the Series 1

non-hybrids, 1itt'e degradation was seen in the ultimate tensile strength of
the damaged coupons. A possible reason for this may be due to the relief of
residual stresses from the cure process or an uncoupling of the interlaminar
shear stresses.

A comparison of the hybrid and non-hybrid test data (Tables 3.5 and 3.6,
Figures 3.11 and 3.15) failed to show any significant advantage to the hybrids
A ranking of the laminates based on the

31

tested over the baseline materials.
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size of the delamination zone and ultimate tensile strength put the baseline
graphite first, Kevlar second followed by the hybrids. Clewrly, further work
is required to define the useful regions for hybrid use and to optimize the
hybrid laminate in those useful regions. Further discussion of the laminate
rankings are found in Section 4.0,

3.3.3 Test Results - Series 3
Series 3 tests consisted of two hybrid laminates with an aluminum foil

applied to the impact surface in an effort to enhance the visual detection of
low level damage. Table 3.7 contains a description of the laminates.

TABLE 3.7 SERIES 3 LAMINATES

VR BRI

b
i
]

LAMINATE
NO. LAMINATE DESCRIPTION METALLIC COATING DESCRIPTION
1 (0,/90,,/05/90% ) Cocured Aluminum Foil, Bonded

During the Panel Cure
12 (0/:95/902/:95k/ok)s Aluminum Foil Bonded in a

Secondary Process

3. R ORT T

Each panel was impacted at nine locations with impact energies ranging from O
to 9.0 foot pounds at 1.0 foot pound increments (see Figure 3.16). Following
impact, the panels were inspected both visually and with ultrasonic C-scan to
determine the extent of damage. The appearance of the metallic coating at the
impact point was of particular interest when conducting the visual inspec-
tion. It was hoped that the metallic coating might enhance the visual damage
detectability of the laminates by leaving a dent in the material. A change in
the projectile velocity upon rebound was recorded to provide a means of meas-
uring the energy absorbed during impact.

Table 3.8 contains a summary of the Series 3 impact tests. Initial damage
occurred at 2 and 1 foot pounds impact energy in the form of delamination for
panels 11 and 12, respectively. Fiber breakage did not become visible until 9
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foot pounds in panel 12 and no broken fibers were found in panel 11, As noted

in the comment section of Table 3.8, the aluminum coatings did not signifi-
cantly enhance the visual damage detection of the materials.

(® IMPACT POSITIONS

L | 20.0" —]

3.0"1 0 FT-LB 2 FT-LB 4 FT-LB 6 FT-LB 8 FT-LB

10.071‘ (:> <:> (:> <:> (:)

4.0"
1 FT-LB 3 FT-LB 5 FT-LB 7 FT-LB 9 FT-LB

o © 6 6 6

3.0"

|

FIGURE 3.16 1IMPACT POSITIONS AND ENERGY OF SERIES 3 METALLIC COATED PANELS
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4.0 COMPUTATIONAL MODEL FOR LOW VELOCITY IMPACT DAMAGE
OF HYBRID PANELS

4.1 MODEL BACKGROUND

A key part of this study was the development and verification of a mathe-
matical model to represent the response and damage of hybrid laminated panels
due to low velocity impact. In order for such a model to be useful, it must
be simple yet representative of the deformation and damage mechanisms occurr-
ing. To place this study in proper perspective, it is pointed out that the
full mathematical analysis of the transverse impact of a laminated plate is a
complex and challenging analysis problem. Much progress has been made in
understanding the low velocity impact problems as is evidenced by the work
described in References 6 ~ 8.

An important ingredient to developing a simple yet representative mathe-
matical model for low velocity impact is the combination of experimental
results and the basic laws of mechanics. Specifically, such an approach has
been successfully carried out by Vinson and Zukas® in a high velocity impact
study.

The authors of Reference 9 used photographs of the high velocity impact
event to develop the response shape for this model. While there are several
differences between the problem described in Reference 9 and the low velocity
impact damage problem considered here, the approach of utilizing experimental
observations to develop a computational model is equally applicable to both
problems.

4.1.1 Determination of the Deformation Mode

The first step in developing the model for the low velocity impact study
is to identify modes of deformation based on the experimental observations
discussed in Section 3.1. Specifically, motion pictures were taken of an im-
pacted laminated plate. Profiles for the deformations as a function of time
were determined from these profiles. These profiles were examined and a rep-
resentative shape was selected for use in the computational analysis. Only
centered impact was investigated in the analytical study.
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4.1.2 Math Model Approach and Objectives

The mathematical modeling study was divided into three tasks, Tasks
Iv-¥1. Each task is closely integrated with the experimental study. The ob-
jective of Task IV was to develop a computational model to predict the
response and damage of hybrid laminated panels subjected to transverse low
velocity impact. In Task V, the primary objective was to obtain a degree of
confidence in the computational model through comparisons with test data
(Series 2 tests of Section 3.3.2) for a variety of laminates and impact condi-
tions. The data that were compared with the results of the model include dis-
placements, strains on the top and bottom surfaces of the panels, and the
types and extent of damage for each panel. Following the development of the
model and the evaluation of its capabilities in Tasks IV and V, the objective
of Task VI is to utilize the computational model to rank laminates with
respect to their resistance to low velocity impact damage. In this task,
selected Taminates were examined in terms of the extent of damage experienced
for low velocity impact conditions. The procedure and results for these three

tasks are described in the following sections.
4.2 DEVELOP SIMPLIFIED COMPUTATIONAL MODEL - TASK IV

The computational model must represent certain characteristics of the low
velocity impact problem. The model should include the effects of different
lay-up angles, stacking sequences, the number of plies, the material proper-
ties of each ply and the dimensions of the panel. In addition, certain bound-
ary conditions and initial conditions prior to impact must be contained in the
model. This information includes the mass of the impactor, the initial velo-
city and the way in which the panel is secured at the edges. Figure 4.1
i1lustrates the geometry and coordinate system for the configuration consid-
ered here. The impactor is a one-pound cylinder with a rounded end and it is
assumed that the impact area is at the center of the panel.

The computationai model selected for this configuration represents the
stacking sequences, individual ply lay-up angles and the material properties
through use of a laminated plate theory formulation. This model also inciudes
the mass of the impactor, impact velocity and specimen dimensions. A summary
of the important features of the analysis method is given in the following.
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: 4.,2.1 Method of Analysis

g ' The method of analysis is based on the conservation of energy principle ]
: and an assumed deformation mode selected to represent the experimentally ob- ?
2 served response of impacted panels. The conservation of energy principle is a 1
: statement that the energy of the system before impact is equal to the total ;
E : energy at any time thereafter. The mathematical model includes the initial ?

kinetic energy of the impactor, the bending and stretching energy stored in
the laminate and the potential and kinetic energy of the system. In equation
form, the conservation of energy can be expressed as follows:

TP

Ly
”

Ug(t) + Ug(t) + Up(t) + Ug(t) = U(0) + Up(0) (1)

T

where the UB(t) represents the bending energy of the panel at any time, t. ]
L Similarly, Ug(t) represents the tensile elongation energy and Up(t) and
. Up(t) are respectively the potential and kinetic energies of the system at

3 . ;

; : any time, t. The terms UK(O) and Up(0) on the right hand side of Equation .

] : (V) are the kinetic and potential energy of the system just prior to impact at !
time t=0.

A brief description of each of the terms in Equation (1) is given here to
facilitate describing of the model. The term UK(O) can be evaluated from
1/2 mvg, where m is the mass of the impactor and V, is the velocity
Just prior to impact, UP(O) is the sum of potential energies of the panel
and impactor with respect to a datum plane which can be arbitrarily selected.
If the datum is taken to be the midplane of the panei, this term has the form
mgH, where H is the height of the center of gravity of the impactor about the 3

b Mkt LA b devithe o metbe Bt

ot e Aokt s e

f - ‘; midplane of the impactor at the time of impact. It was found that the poten- 3
4 tial and kinetic energy terms on the left hand side of the Equation (3) could !
A be simplified. Examination of the panel contribution to these terms show them ;
8 to be small and therefore negligible. Thus, the expression for Up(t) +

Ug(t) is dependent on the impactor position and motion and equal to .

Mg[H-W,(t)] + 1/2 mVZ(t) where W,(t) denotes the defleciion of the panel

_ under the impactor at time t and V(t) is the velocity of the impactor at time

g— t.

5 The quantities Ug(t) and Ug(t) are the bending and stretching energies

of the panel and are directly related to the deformation state of the panel at
40




] time t. Selection of the deformation modes of the panel were based on high

: . speed motion pictures taken of graphite and Kevliar panels impacted at various
velocities. The photographs gave one profile of the deformed plates along one
of the axes. A typical deformation mode obtained from the photographs is
shown in Figure 4.2 along with the mathematical representation for this pro-
file. The figure shows good agreement between the data points and the func-
tional representation.

A~ BT AT

4.2.2 Deformation Profile

T TP T T T

The analysis requires a deformation pattern throughout the entire plate.
This was obtained from the profile shown in Figure 4.2 by assuming the defor-
mation profile in the perpendicular direction to be similar to the measured
shape and interpolating for locations between the major and minor axes of the
panel. The procedure gave ar expression for the deformation shape at all x
and y points or the panel shown in Figure 4.1. It is i.portant to emphasize
that this procedure only provides the shape of the deformed panel and does not
§ ' provide the amplitude of deformation or velocity at any time. However, know-
; ing this mode of deformation, the response can be formulated so that there are
3 only two unknowns. One is the displacement at the center of the panel. The
‘ other is the velocity of the impactor. If these two quantities are known, the
deformation and the velocity at ail points on the plate can be found. The
amplitude Wy(t), and velocity V(t), are related according to Equation (1).

The procedure for using Equation (1) and the deformation shape requires
that UB(t) and Us(t) be expressed in terms of Wy(t). The transverse de- A 1
flection of the panel at any point (x,y) at time t is given by the following j
equation.

hoki st mta drde b s ¢aaih e
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Wix,y,t) = Wi(t) f(x,y) (2)
where f(x,y) is the displacement mode based on the photographs and the inter-

polation method and W,(t) is the displacement under the impactor at time t.
The bending energy is obtained from an integral over the volume of the panel
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involving second derivatives of the expression in Equation (2) with respect to
x and y. Upon completing this intergration, an expression of the form

Up(t) = AWS(t) (3)

is obtained where A is a positive constant dependent on the waterial proper-
ties, stacking sequence, lay-up angle and panel dimensions,

The stretching energy is based on the change in length of the deformed
panel. This term is assumed to be representable by the form

Ug(t) = B (st) (4)

where B is a positive constant dependent on the lay-up angles, material prop-
erties and panel dimensions. The expression in Equation (1) can now be
rewritten using the preceding terms and Equations (2) through (4). The result

is

AR(t) + BMd(t) + mglH-N;(t)] + 1/2mv3(t) =
1/20v2(0) + mgH (5)

Equation (5) gives the relation between the displacement under the impactor,
Wi(t) and the velocity of the impactor, V(t) at any time, t. The displace-
ment and velocity are related from continuity by the integral

Wy(t) = Sv(t)at (6)

Equations (5) and (6) can be solved to obtain W (t) and V](t) for all

times of interest. The procedure is to set a value of N](t) in Equation (5)
and then solve for V(t). Starting with small values of N](t), the computa-
tions are continued until V(t) approaches zero. At this point, one has a

table of W,(t) values and the corresponding values of V(t). The value of
time associated with each pair of displacement and velocity values is obtained

through a numerical integration of Equation (6). Using these results and
Equation (2) gives a deformation and velocity history for all points in the
panel from the time of impact until the ‘mpactor comes to rest,
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: \ :
] 4,2.3 Damage Modes }
: The next step is to introduce damage modes into the model. The model rep- 1
: resents three independent modes of damage. One is the fiber breaking., An- '

other is mat-ix cracking between fibers for transverse loading. The third
mode of failure which is very important in low velocity impact damage is
delamination. Delamination 2ones are predicted based on estimates of the
through-thickness stress o,, Estimates of the 9, distribution are ob-
tained from the distribution of the through thickness strain,o, . compatibil-
ity of the ply deformations between plies and the conditions of equilibrium. :
Other studies have shown that the o, stress can be associated with delamina-
tion. Example references include 10-12. While Reference 12 considers the 3
actual separation due to delamination and uses a fracture mechanics approach
to accurately represent the delamination process, a different approach was
found to be effective in the simple mode here.

Because of the goals and simplicity of the model used in this study, sep-
arations and changes in material properties due to damage were not included.
Rather, critical values of stresses or strains were used to designate damage
regions by searching for points where these critical values were exceeded,

T ———y

W A e ey

TP Ty e

4.2.4 Summary of Math Model Development ;

In summary, the model affords a means to represent the deflection and
strain history of the panel due to low velocity impact. Using the inplane
% stresses and strains and the estimate for the through thickness stresses pro- H
- vides a means of estimating three types of damage and the extent of damage. 1

The next step is to determine the utility of this model in terms of its capa-
bility to predict the deformation and strain response of impacted laminates, f
the damage modes and extent of damage. This part of the study is described in '

Task V.
3 4.3 VERIFICATION OF THE MODEL - TASK V
The goal of the modeling effort is to develop a useful and economical tool

% to predict the response of hybrid laminates subjected to low velocity impact.
To accomplish this requires that the model be capable of representing laminate
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characteristics such as lay-up angles, stacking sequences, dimensions and
material properties. Also the model must provide a qualitative description of
modes of damage and the extent of damage due to low velocity impact. The
model was formulated in Task IV to include the necessary descriptive features
of the laminated panels. The goal of Task V is to evaluate the capability of
the model to represent modes of damage and the extent of damage. In carrying
out the verification task, it is important to keep in mind that for the pur-
poses of this study, an exact prediction of the extent of damage is not neces-
sary. Rather, the capability to rank a series of laminates according to the
amount of impact damage each will incur is sufficient to provide guidance for
the selection of laminates in the experimental program.

Several experimentally measured responses of impacted laminates were
selectad to be used as test cases to obtain confidence in the mathematical
model. The measured responses include deformations or displacements at
selected points on the laminate, strains at both the upper and lower surfaces
of the panels and, finally and most relevant to this study, modes of damage
due to low velocity impact. The philosophy for evaluating the model is to
start with panels that are relatively simple and progress i) increasingly com~
plex configurations and material properties.

4.3.1 Thin Laminate Experimental Comparisons

The first set of comparisons with experimental data were for deflections
and strains due to the impact of a 3-ply Kevlar laminate. The panel size is §
inches by 10 inches. The panel is simply supported around the edges. A
one-pound mass was dropped from various heights to produce an impact ve]ocityA
of 15 and 20 feet per second. The laminate was modeled using the mathematical
model developed in Task IV. Panel deflection directly under the impactor was
measured along with the strains at a location one inch from the point of im-
pact. Both deflection and strains were predicted as a function of time using
Equations (5) and (6). Comparisons of displacement data from the experiment
and the corresponding computed values are shown in Figure 4.3 for various
times after impact. Figure 4.3 shows good agreement between results of the
model and laboratory data. Next, strain behavior was examined. Comparisons
of predicted and measured strain values on the laminate surface at a location
of one inch from the point of impact are shown in Figure 4.4, Again, there is
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good agreement between the bredicted strain nistory and strain data from the
laboratory test. The agreement between these comparisons provides confidence
that the computational model developed in Task IV will be a useful tool for
evaluating laminate response due to low velocity impact.

\ ¥
3 4,3,2 Complex Laminate Comparisons e
E : The next step in tne verification process is to prcgresé to more complex . ' ;

laminates. The comparisons in Figures 4.3 and 4.4 are for a laminate con-
_ structed of a unidirectional single woven material. It was noted that the
! ! A primary mode of deformation was sfretching rather than bending. This is be-
- : cause the laminate was too thin to develop kigh bending stresses. The next
3 ‘ group of laminates are more complex than those previously examined in the
sense that they are thicker and thus exhibit increased bending stiffness and ]
have lay-up angles. _
A series of 14-ply laminates with various stacking sequences were examined 3

TR R SR

next. For these cases, the one mode of damage observed was delamination be-
tween plies near the surface of the panel opposite the impact region. In
x order to evaluate the extent of delamination, the procedure described in Task
‘ IV involving an evaluation of the through thickness stress, o, was used.

4,3.2.1 Critical Stress Evaluation

TR STV TR T

The first laminate in this series was a (902/02/902/0)5 laminate
made of graphite epoxy. The approach here is to examine two laminates and
‘ evaluate the level of predicted o, stress over the zone of measured delami-
1 nation. This is done to calibrate the critical value of the 9, stress and
relate it to delamination. While this concept is very simple and does not
represent all the calient features of fracture mechanics, it was found to be
' useful for the qualitative comparisons needed in this study. Figure 4.5 shows 3
: _ a comparison of the measured zone of delamination and the computed zonz size
s ' for a (902/02/902/0)S laminate with an impact velocity of 15 ft/sec.
i The dashed boundary enscribes the zone obtained from the C-scan and the
blocked-shaped region represents the results from the computational model.
Results from the computational model were obtained using a critical value of 9,
equal to 963 psi. The model has been discretized to a grid in order to
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determine stresses and strains at selected points. When a critical value of
stress 1s exceeded at any grid point, the entire block region associated with
this grid point is then assigned to be in the damage zone. Thus the model
predicts a delamination zone containing square corners.

The second laminate examined was a (90'2(/0'2(/90'2‘/0")s lay-up made of Kev-
lar/epoxy plies. The superscript k is used to denote Kevliar plies. The ob-
Jective is to identify a level of critical stress , o,, such that the com-
puted zone of delamination and that obtained from the C-scan evaluation are
comparable. Figure 4.6 shows a comparison of the experimentally determined
zone of delamination and the region obtained using the computational model for
an impact velocity of 15 ft/second. The computed zone size was based on a
critical o, stress value cf 899 psi. The area of the experimentally ob-
served zone is .35 square inches. The area resulting from the computational
model is .32 square inches.

4,3.2.2 Hybrid Impact Prediction

The capability of the model to predict the relative delamination response
in terms of zone sizes was examined using three graphite/Kevlar hybrid lami-
nates. These laminates were each subjected to an impact velocity of 15 ft/sec
using a one-pound mass. Each laminate has 14 plies. The stacking sequences
are (0X/90%/90/02/90)5+(0,/90,/05/90%) ¢ and (0,/90,/0/05/90%) (. The first
hybrid laminate has Kevlar plies on the outside. The second and third hybrid
laminates have graphite plies on the outside. The impact event was modeled
for each laminate.

In order to compare the results of the computational model with the data;
two characteristics representing the delamination zone were selected. One was
the maximum length of the delaminated zone. The other was the total area.
Figure 4.7 gives a graphical illustration of the comparison of the data and
computed values for the maximum length of delamination for the laminates. It
can be seen from Figure 4.7 that the results of the model for ranking the lam-
inates with respect to the maximum length of delamination are close to the
experimental ranking. The other characteristic of the delamination damage is
the total area of delamination. The delaminated area obtained by the computa- -
tional model for each laminate shown in Figure 4.7 and the values obtained
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! FIGURE 4.7 EXPERIMENTAL VERSUS ANALYTICAL
_ DELAMINATION LENGTH (15 FT/SEC)
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These comparisons also show

from the experiments are compared in Table 4.1.
that the ranking of the laminates by the model is in agreement with the exper-

imental results.
The results shown in Figure 4.7 and Table 4.1 are encouraging in that they

illustrate a degree of confidence in the model to rank the hybrid Kev-
lar/graphite laminates with respect to extent of damage due to delamination.
Because of the simplicity of the model verification, studies were extended to
include a higher impact velocity using the same laminate lay-up angles as
described in Figure 4.7 and Table 4.1,

The procedure for verification of the computational model for the 14-ply
hybrid laminates subjected to an impact velocity of 20 ft/sec was the same
two-step process previously described for the impact velocity of 15 ft/sec.
In the first step, a critical value of the delamination stress is established
with respect to the experimental results using the non-hybrid l1aminates made
of graphite or Kevlar. The critical level of delamination stress,o 20 for
the graphite laminate was 1213 psi, and for the Kevlar laminate was 1142 psi.
As in the case of the 15 ft/sec impact velocity, the critical vaiue of delami-

nation stress for the Kevlar laminate was used to predict the delamination

damage of laminate in No. 5 in Table 4.1. Similarly, the critical value of

the delamination stress obtained for the graphite laminate was used to predict
the delamination damage for laminates No. 6 and No. 7 in Table 4.1,

Two characteristics of the delaminated area were compared with the experi-
mental data to check the capabilities of the computer model. One characteris-
tic was the maximum length of the delamination area. Figure 4.8 shows the

comparison of the computed values of the maximum length of the delaminated
It can be seen from Figure 4.8 that
That

The

zones and the actual measured lengths.
there is good agreement between the results of the model and the data.
is, the modei's rankin¢ of the laminates is in agreement with the data.

other feature of the delamination damage zone that was compared with the data
Comparisons of the computed values and the

was the total delaminated area.
The delaminated areas in Table 4.2

measured areas are given in Table 4.2,
indicate there is agreement in the rankings of the laminates as obtained by

the model and that observed from the experiments.
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TABLE 4.1 SUMMARY OF DEIAMINATION ZONES FOR 1k PLy
. IAMIMATES (15 FT/SEC)

" DETANINATION AREA MAXTMUM LENGTH
o LAMINATE (SQ. INCHES) (INCHES )
T NO. LAY-UP ANGLES EXPERTMERT MODEL EXPERIMENT MODEL E
3 l 1 (90,,0,590,,0)8 .21 16 .75 bo 4
: 2 (90,%,0,%,90,%,0)s .23 .32 .75 .80
E E
Ky ok :

5 (o2 390 ,90,02,90)a 17 .32 .75 .80 ;

?' k
6 (02,902,021‘,90 )a U5 3.52 1.19 2,8

. 7 (02’%2’0’0k,%k)8 .II-8 3.36 1019 2.8 Z

|

) i

;

! j

E‘ |

1.,

;E Y
1

i

54

e
-
- / - - - [ e e g [ -~
[ a0 S et - —a - AL s AT Y s




LIRS

T

IARACE L A SRR Ak

DESIGNATION LAYUP
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FIGURE 4.8 EXPERIMENTAL VERSUS ANALYTICAL DELAMINATION LENGTH
(20 FT/SEC)
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TABLE 4,2 SUMMARY OF DETAMINATION ZONES FOR 14 PLY
IANINATES (20 FT/SEC)
DEIANINATION AREA MAXIMUN LERGTH
LANINATE (sQ. INCHES) (INCHRS)
COMPUTER COMPUTER
xo, IAY-UP ANGLES EXPERIMENT NODEL EXPERIMENT MODEL
1 (%2302,%230). hhs .ha 1.20 08
2 (9ok2’02k’ 2k’°k)s .35 032 1.00 .8
K ok
5 (02 ,90 ,90,02,90)5 .50 .32 1.13 .8
k _k
6 (0,590,50, ,90")s 1,06 3.52 2.25 2.8
Kk .k
7 (02.902,0,0 +90 )s 1.15 4,00 2.30 2.8
'56
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4.3.3 Summary of Model Verification

Recall that the primary objective of the modeling study is to develop a
simple computational model capable of screening or ranking laminates with
respect to low velocity impact damage. The combination of an assumed mode
based on experimental observations and the basic laws of mechanics provided a
simple model containing the important characteristics of the impact problem.
Verification of the model capabilities consisted of comparisons of computed
values with experimental data for displacements as a function of time (Figure
4.3), strains as a function of time (Figure 4.4), and the size of delamination
damage zones (Figures 4.7 and 4.8, Tables 4.1 and 4.2). These comparisons
provide a degree of confidence in the model's capability to represent the dy-
namic response of an impacted laminate as well as screen or rank laminates
with respect to delamination damage. However, because of the model simplicity
and the inherent complexity of the low velocity impact damage problem, these
comparisons should not be interpreted as an all encompassing verification, but
rather as a limited verification within the realm of the laminates consid-
ered. With this in mind, the next step in the study is to apply the model to
a more complex set of laminates containing 0, 90, and +45 degree plies.

4.4 APPLICATIONS OF MODEL - TASK VI

The final portion of the computational modeling study is the application

of the model to examine delamination response of more complex laminates. Spe-

cifically, five laminates containing 0, 90 and +45 degree plies were consid-
ered. Each laminate contains a total of 18 plies. Three laminates are Kev-
lar/graphite hybrids, one is all Kevlar and the other is all graphite. The

impact velocities are 15 and 20 ft/sec.
The goal of the analysis is to rank the laminates with respect to extent

of delamination damage sustained during impact. The procedure was the same as
that followed for the 14-ply laminates. The delamination data for the two
non-hybrid laminates was used to establish critical values of delamination
stresses for this series of laminates. Critical stress values were then used
to predict the behavior of the remaining three hybrid laminates. A summary of
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laminate lay-up angles and results, in terms of the maximum dimension of the ]
delaminated zone, are given in Figure 4.9 for the impact velocity of 15 ft/sec :
end in Figure 4.10 for an impact velocity of 20 ft/sec.
Figure 4.9 shows a similarity between the trend of the data and the trend ]
' of the computed values. That is, laminate 8 has less delamination than lami- '
nates 9 and 10 based on the analysis and the data. Laminate 8 also has less
delamination than laminates 3 and 4 based on the model and the data. The

T T R T

é : primary difference between the computed values of the model and the data in .
: Figure 4.9 is that the model indicates laminute 9 has a larger maximum length
of delamination than laminate 10, while the data suggests the opposite. Be- ‘

ey e

cause only one data point was obtained for each panel and impact velocity, it
§ is difficult to determine how extensive the scatter in data will be and how
3 the range of scatter will effect the trends of delamination response.

Figure 4.10 shows the results for the impact velocity of 20 ft/sec. The
trends in the data are similar to those in Figure 4.9 with the exception that
the maximum length of the delaminated zone for laminate 10 is about four times
longer. This is very distinct from the experimental behavior shown in Figure
; 4.9 where the extent of delamination for laminates 9 and 10 are nearly identi-
3 cal. The data in Figure 4.10 also shows the extent of delamination of lami-

nate 8 to be greater than laminates 3 or 4 while the data in Figure 4.9 shows
- laminate 8 to have less delamination than laminates 3 and 4. The trend of the
results from the model in Figure 4.10 is very similar to that in Figure 4.9.
Tables 4.3 and 4.4 give the numerical values for the curves in figures 4.9 and
4.10 and also the computed and measured areas of delamination. The data in :
Table 4.3 shows the delaminated areas to exhibit the same trend as the maximum §
length of the zone of delamination shown in Figure 4.9. Table 4.3 indicates §
generally good agreement hetween the trends of the delaminated areas obtained
1 by the model and the experimental data for an impact velocity of 15 ft/sec.
The exception, as was the case in Figure 4.9, is that model results point to a
larger extent of delamination in laminate 9 than in laminate 10 while the data
] shows the opposite effect. However, the relative difference in the data for
] the areas of these two laminates is rather small at one tenth of a square inch.
Trends of the data for the area of delamination in Table 4.4 are similar
L to those for the maximum delaminated length shown in Table 4.4 and Figure
4.10. The explanation of this behavior in the data is not clear at this
time. Two possibilities were mentioned. One is that there is scatter in the
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TABIE 4.3  SUMMARY OF DELAMINATION ZONES FOR 18 PLY
TAMINATES (15 FT/SEC)
DELAMINATION AREA MAXIMUM LENGTH
TAMINATE (sQ. INCHES) (INCHES)
COMPUTER COMPUTER
NO, IAY~UP ANGIES EXPERIMENT MODEL EXPERIMENT MODEL
+ +
3 (9029'h5,02'h539°)8 017 016 950 .llO
h (wzk’tusk’oak’thskggok)s 029 032 075 .80
8 (n,F,%5",90,,%45,0)s .06 .00 .31 .00
9 (o,fh5,902,'5 hsk,ogk)a .30 2.88 .69 2.80
+ + k
10 (05=45,90,5=45,0, )s .o 2.ho .81 2.ko
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TABIE 4.4  SUMMARY OF DELAMINATION ZONES FOR 18 PLY
IAMINATES (20 FT/SEC)

IAMIRATE

LAY-UP ANGLES

(90, 745,0,745,90)s
(goak,fhsk’oak,th'jk,%k)s
(0,",=45",90,,745,0)s
(0,45,90,,45",0,)s

(0,245,90,,-15,0, )8

L W PURI. PO U LR 3

DELAMIRATION AREA
(SQ. INCHES)

+35

2.32
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COMPU{ER
MODEL

.56

3.20

2.80

MAXIMUM LENGTH

(INCHES)

EXPERIMENT

.90

1.13

1.13
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COMPUTER
MODEL

1.00
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experimental data that did not show up due to the low number of tests run.

3 Another possibility is that there is a dynamic effect in the delamination

1 response of the laminates with +45 degree plies. If this is true, it may be
possible that this dynamic response did not occur at the lower impact velocity

' of 15 ft/sec. In any event, it is recommended that both of these possibili-

ties be examined in a later study.

] : 4.5 DISCUSSION OF ANALYTICAL VERSUS EXPERIMENTAL DATA

Table 4.5 contains a summary of the analytical and experimantal delamina-
This includes both 14 and 18-ply lami-

tion data for panels one through ten.
A ranking

nates at impact energies of 3 and 6 ft-1bs (15 and 20 ft/sec).
based on the delamination zone size is also shown for both the analytical pre-
The assigned rank is based on the smallest
An additional column

T T T YT S %

dictions and experimental results,
delamination being first (1) and the largest last (10).
is included which contains the difference between the experimental and analy-

tical rank at 15 and 20 ft/sec. As discussed briefly earlier, the rankings

are quite close between the analytical predicted and experimental damage

At an impact velocity of 15 ft/sec, the average variation in rank for
This would indicate that the

e A T VTR | ey gy, -
T T

REP—

zones.,
é : the ten laminates is .6 and 1.7 at 20 ft/sec.
{ delamination damage tolerance of a laminate within a group of laminates could

f be accurately determined.
Referring again to Table 4.5 and comparing the analytically predicted dam-

age zones with those obtained experimentally, a significant variation can be
seen. The variation can be attributed to several factors. First, the experi-

mental data shown was based on a single test or data point so that a larger
Similar studies indicate extensive scatter
A

Ty -

o7

b cross section could be examined.
r can be expected in the delamination zone size for identical impact tests.

study conducted by Gauselz revealed a variation in delamination zone size of
0.01 in.Z to 3.48 in.2 (average of 1.83) in six identical impact tests on
composite laminates. Assuming a similar scatter band is present in the test

data shown in Table 4.5 and the preceding figures discussed earlier in the

report, further repititions of the impact tests are essential.
A trend can be seen in Table 4.5 delamination data comparisons between the

experimental and analytical predictions that the greatest variation occurs in

P tw . T ety
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3
i.
:
\ the Kevlar core, graphite shell laminates (panels 6,7,9 and 10). The criti-

3 cal o, stress used in predicting the delamination zones was derived from the :
: graphite/epoxy non-hybrid panels., This was based on the observed fact that é
é the delamination occurs between che graphite plies on the side opposite the :
1 impact. Energy absorbed in the Kevlar plies at the center of the laminate is

not accounted for in the critical 9, stress calibration obtained from the all

graphite panel. A more refined method of determining this critical stress and _
g further documentation would alleviate the analytical/experimental deviation. ;
- 4
t
1 ;
f i
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5.0 SUMMARY AND CONCLUSIONS

The research effort described in this document was designed to determine
if hybrids do provide a synergistic improvement in damage resistance in com-
parison to a baseline (i.e., graphite/epoxy) material and that hybrids, when
properly designed may enhance the visual and NDI damage detection threshold of
the baseline material. The overall objectives of this research program were:

o Develop a design methodology (math model) for hybrid structures which
accurately describes the structural response, extent of damage and
associated failure mode(s) due to low velocity impact.

o Verify that the math model can predict the extent of damage a panel
experiences when subjected to low velocity impact.

0 Ascertain the effects of visible and invisible damage by residual
strength testing all impacted test panels.

o To improve the visible and NDI damage detectability threshold of a
baseline material system subjected to low velocity impact by proper
placement of a second and possibly a third material systen within the
baseline material.

The main thrust of the program consisted of development, validation and
use of an analytical methodology capable of predicting the impact response and
damage of a composite panel. A simple quasi-static computational model was
developed to represent the low velocity impact behavior of hybrid Kev-
lar/graphite laminates. The model was based on a combination of experimental-
1y observed deflection modes and the laws of mechanics. Good agreement was
obtained for comparison of experimental data and computed values for strains
and displacements as a function of time for an impacted laminate.

The goal of the mode) was to develop a simple analysis capable of -ranking
hybrid Kevlar/graphite laminates with respect to the amount of delamination
due to low velocity impact. The procedure for predicting the extent of delam-
ination was to use the delamination data for the two non-hybrid laminates made
of graphite and Kevlar as calibration analyses. Then the critical values of
delamination stress were used to predict the extent of delamination in three
Kevlar/graphite hybrid laminates.

A verification study of the model's capabilities to rank laminates accord-
ing to the extent of delamination damage was conducted. The model showed good
agreement with the delamination trends observed in the experimental study for
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both 15 ft/sec and 20 ft/sec impact velocities. The model was shown to have
the capability of ranking a series of laminates in order, with respect to the
size of the delamination zone. The model did exhibit significant variation in
the predicted delamination zone size when compared to the experimental data
for some laminates. Several factors were discussed which contributed to this
variation. First, extensive data scatter on similar impact programs has been
noted in the experimental data. This program opted to utilize only one test
per data point so that a wider cross-section of laminates could be examined.
Second, the greatest deviation in the analytical versus experimental correla-
tion was observed in those hybrids containing a Kevlar core with exterior
plies of graphite. Energy absorbed in the high strain to failure Kevlar
effected the results. A totally graphite panel was utilized in obtaining the
critical stress, o,. A more refined method of determining the critical o,
stress to be used is required. Correction of these two factors would be a
simple process and will be implemented in all future work.

The simple quasi-static model showed good agreement for the displacement
and strain history response of a laminate as well as a capability to rank a
series of 0, 90 degree Kevlar/graphite laminates. More complex laminates con-
taining 0, 90 and +45 degree plies were also examined. The model showed good
qualitative agreement with the delamination trends for those more complex lam-
inates with an impact velocity of 15 ft/sec. The data for the 20 ft/sec im-
pact velocity part of the experimental study showed some distinct differences
when compared to the 15 ft/sec data. This suggested further studies to deter-
mine if there is a scatter in data or if there is a dynamic effect not seen in
the 15 ft/sec data.

While the results shown here are very encouraging, the simp]icify of the
model1 indicates restrictions on its general applicability. Further applica-
tions of the model should be preceded by verification and developmental stud-
jes for the particular series of laminates of interest.

Use of high speed photographs in Task I was supplemented with strain gage
data of the thin laminate impact response when deriving the basis for the
analytical model. As mentioned earlier, thin 3-ply panels were used so that
the deflections during impact would be large enough to be easily photo-
graphed. The strain rate sensitivity of a material's properties is a factor
generally neglected in low velocity impact studies. Task Il investigated the
effects of elevated strain rates on the ultimate stress and strain for both
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graphite/epoxy and Kevlar/epoxy. The modulus was also calculated. Longitudi-
f : nal, transverse and +45 degree shear soupons were tested at three strain 3
§ rates, one static and two dynamic rates. The properties at each rate were i
calculated and compared. Variation in the material properties was small, but ;
the trends will be briefly discussed. Longitudinal graphite coupons showed a
slight increase in tensile strength with an increase in strain rate while the
corresponding Kevlar coupons revealed a decrease. The *45 degree shear cou-
pons for both materizals exhibited an increasing trend for both the ultimate
stress and shear modulus with increasing strain rate. Further testing utiliz-
ing a greater number of specimens is essential as data scatter obtained cou-
pled with the relatively small sample size renders any solid conclusions

UL i it e o0d Pt

T

suspect.
Impact tests of the non-hybrid and hybrid panels were conducted under Task

3 IIl tests. Two basic laminate layups, a 14 and 18 ply, were used throughout
this section. The materials used within the laminate were varied, however,
Task III was divided into three functional groups. Series 1 consisted of four
non-hybrid laminates, a 14-ply Kevlar, 18-ply Kevlar, 14-ply graphite and an
18-ply graphite panel.
Series 1 panels comprised the control or baseline tests with which the six
Series 2 hybrid laminate damage and response panels were compared. Following
impact of the panels, the delaminated areas were identified using C-scan meth-
ods. The panels were then tested to determine their residual strengths.
Results of Series 1 and 2 tests indicated that for the hybrid laminates
tested, only one hybrid exhibited a synergistic improvement over the non-
hybrids based on total damage size. The maximum impact energy was a six-foot
.- pound impact. At this low level, no fiber failures could be detected in the
1 ' panel. A1l damage appeared to be matrix oriented. The residual tensile
strength tests yielded interesting and noteworthy results in that a majority
of the impact damaged coupons realized a net increase in ultimate stress.
Again, it should be noted that no broken fibers were present and that the dam-
age was matrix oriented. This damage would yield a definite hazard in com-
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pressive and fatigue loads. :
Series 3 tests included two laminates on which thin aluminum foils were :

: bonded. Impact tests on the metallic coating were conducted to determine the
1 effectiveness of aluminum in enhancing the detection of low level damage. The
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aluminum did not appear to aid in the detection of damage. A thicker, more
ductile material may perform better although the concensus is that the stiff
composite backing is not compatible with the idea of a dent in any surface

coating.
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6.0 SUGGESTIONS FOR FUTURE WORK

Several areas requiring further development or investigation have been
outlined in this report. Much progress has been made and the groundwork now
exists for even more substantial progress for low velocity impact work in the

future.
The math model developed in the course of this study serves as the basic

- building block for a full-blown impact model. Additional repititions of cen-

ter impact tests are necessary to minimize the effects of scatter and to fur-
ther validate the math model. With the addition of off-center and obligue im- :
pact modeling capabilities, a much more realistic model would be developed. ‘
Work is also necessary in adapting the model to account for the change in the
impacted panel's properties as the damage increases during the impact event.

This progressive failure would allow for a much more accurate prediction with-
The model was used on a very limi-
Extensive

T TR e

Lt B b dnsraii ol bl e i kil

out complicating the model substantially.
ted spectrum of hybrid laminates due to the program restrictions.
use of the model on other hybrid laminates would allow for the optimization of
Further testing is required to determine

“rem B T = ey
R g ey e e

a laminate for specialized tasks.
: the significance of the trends seen in the investigation of strain rate sensi-
: , tivity in properties of graphite and Kevlar materials. Investigation into the
cause of strain rate sensitive material properties would aid all segments of

: materials research. A possible correlation between the viscoelastic material

properties and strain rate sensitivity may exist.

et il b Al e 4 v 21 1 s L

Future tasks should include the following:

e o Conduct additional repititions of impact tests to minimize scatter
] o Refine the damage propagation methods in the model
L 0 Apply the model to a larger selection of laminates
o Incorporate off-center impact into the model
o Incorporate oblique impact into the mode) 3
0 Further investigate the effects of strain rate on the material proper- f
3 ties i
] i
!
| 3
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APPENDIX A

ULTRASONIC C-SCAN RESULTS OF IMPACTED TASK III PANELS
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APPENDIX B

E ULTRASONIC C-SCAN RESULTS OF IMPACTED TASK III RESULTS

Several of the figures in this section exhibit a rectangular area of

higher attenuation (1ighter shade) which overlap the impact delamination

i : area (white sections). The rectangular areas result from tape applied to

f the panel following impact to ensure no water penetrates the damage zone,

i The absorbed water would obscure the delamination during the ultrasonic

§ tests. The tape induced region should be discounted when viewing the

5 C-scans.
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