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I. INTRODUCTION

The low impact resistance of resin matrix composites remains a primary con-
cern in their application as gas turbine engine fan blade materials in spite of
a substantial effort in recent years to improve the tolerance to foreign object
damage (FOD). The approach to improved impact resistance which has received the
most attention is hybridization, in which a high strain energy reinforcement such
as glass is combined with the primary reinforcing graphite or toron fibers in an
epoxy matrix (Refs. 1-6). All these studies have indicated that hybridization
results in an increase in resistance to catastrophic fracture over that of the
unhybridized primary fiber composite. However, Pike and Novak (Ref. 6) concluded
that under pendulum impact testing, the loads required to initiate damage in
hybrids were generally lower than those for their unhybridized counterparts. As
a result of this finding, modifications of lybrid materials were made as described
in Ref, 4 in an attempt to increase the damage threshold. These modifications
included the utilization of a thermoplastic (polysulfone) matrix rather than the
conventional epoxy in order to invoke plasticity damage rather than fracture,
through~thickness reinforcement to overcome delamination, and the inclusion of
a metallic sheath (screen) for the purpose of distributing local loads. Each
of these techniques showed promise in improving the FOD tolerance of the hybrids.

The incorporation of metallic sheaths was generalized by Chamis, Lark, and
Sullivan (Ref. T) to form a family of composites, termed superhybrids, which con-
sist of resin matrix composite, metallic foil, and preconsolidated boron/aluminum
layers. The presence of three structural elements within the composite permits
a high degree of flexibility in designing to meet specific requirements. In
particular, concentrating a metallic foil, such as titanium, in the leading edge
region of a fan blade would be a logical step to improve composite FOD resistance.

The general objective of this program was to develop resin matrix composites
having improved resistance to foreign object damage. The approach involved
further exploration and optimization of the concepts which have shown the most
promise to date including hybridization of the fibrous reinforcement, utilization
of ‘a thermoplastic matrix, and the superhybrid materials combining fibrous and
homogeneous metallic elements. In addition the effects of ply configuration and
leading edge protection schemes were to be evaluated.

The program was divided into three technical tasks which followed the
approaches ‘outlined above. During Task I hybrid combinations of graphite/glass,
boron/glass, and graphite/boron/glass were investigated having both epoxy and
thermoplastic matrices., In addition, superhybrid materials involving combina-
tions of isotropic metals, metal matrix composites, and graphite/resin were
studied., Static properties were measured on all materials, and ballistic
damage tolerance was determined by impacting blade~like specimens with gelatin
projectiles.




The effects of ply configuration on impact resistance were studied in Task
IT. Three hybrid materials were selected from Task I results and each was fab-
ricated into blade-like ballistic specimens having four different ply configu~
rations. These specimens and one superhybrid material were ballisticalily tested
at two angles of incidence. Three of the specimens were instrumented with
strain gages.

In Task III leading edge protection uchemes were evaluated on ballistic
specimens made from the most impact resistant material/ply configuration found
in Task II.




II. TASK I - MATERIALS STUDY

The objective of the initial task was to screen several materials, pri-
marily in terms of ballistic impact resistance, for the purpose of selecting
the test four systems for further evaluation under Task II. In addition to
ballistic impact testing, pendulum impact and static property tests were con-
ducted on each material. The details of this work are given below.

2.1 Experimental
2.1.1 Materials
The materials systems studied in the program included the following:

1. T-300 graphite/S-glass/epoxy

2. AS graphite/S-glass/epoxy

3, AU graphite/S-glass/epoxy

L, AS graphite/S-glass/boron/epoxy

5. boron/S-glass/epoxy

6. boron/S-glass/polysulfone

7. boron/S-glass/polysulfone: AS graphite/S-glass/epoxy
8. [Ti-6-4/B-A1/AS graphite-epoxy/Ti-6-U4]s (S.H. #1)

9. [Ti-6-4/AS graphite-epoxy/Ti-6-4]s (S.H. #2)

0. [Ti-6-4/B-A1/AS graphite-epoxylg (S.H. #3)

A1l the graphite/glass/resin and boron/glass/resin materials were intraply
hybrids, i.e., both reinforcing fiber types were present in each layer. The
ratios of the fibers were nominally 80/20 for graphite/glass and 50/50 for
boron/glass. Two variations of T-300 graphite/glass/epoxy were investigated.
The first was a prepreg purchased from 3M Co., and had a spacing between glass
bundles in each layer of approximately 1.9 cm. The second material was made
by United Technologies Research Center (UTRC), and had a glass bundle: spacing
of 0.5 ecm. The AU graphite/glass/epoxy was also purchased in prepreg rorm from
3M and had the same construction as the T-300/glass/epoxy from that source.

A1l other materials were prepared by UTRC with the exception of the AS graphite-
epoxy used in the superhybrids which was obtained from 3M. The boron/S~glass/
polysulfone: ABS graphite/S—glass/epoxy was a laminated material having an outer
shell of the boron/glass/polysulfone and an inner core of graphite/glass/epoxy.
As a result of.the widely different hot pressing conditions for the two matrix
materials (270°C, 6.9 MN/m?} 5 min for the polysulfone and 150°C, 2.1 MN/m?%,

o hrs for PR-288 epoxy), this material was prepared in a two step operation.
The polysulfone matrix shells were fabricated and one side was sandblasted.
These shells were stacked as the top and bottom layers in the laminate with a
film of FM-1000 adhesive immediately adjacent to each, and the graphite/glass/
epoxy prepreg in the center. The adhesive and the PR-288 matrix resin were
then co-cured at 175°C, 4.2 MN/m? for 2 hrs. '




The final three materials in the listing have been termed superhybrids.
The exact constructions utilized for flat laminates with a nominal thickness
of 0.3 cm are given in Tables I, II, and III. For laminates in which a smaller
thickness was desired, such as those utilized for longitudinal tension, the
same ratios of materials were maintained insofar as possible. For the sake of
brevity, these materials will be designated as S.H. #1, S.H. #2, and S.H. #3
hereafter. All three materials were fabricated by the same general procedure.
The titanium alloy foil was etched in a solution consisting of Log sodium
fluoride, 20g chromic oxide (CrOs), 200 cc concentrated sulfuric acid, and 1
1iter distilled water. The boron/aluminum was in the form of fully consolidated
monolayer tape. Surface preparation of the tape consisted of vapor degrease,
grit blast, and solvent rinse. The composite layers were stacked in molds in
the sequences indicated in Tables I, II, and IIT and hot pressed at 175°C, h.2
Mi/m? for 2 hrs.

2.1.2 Testing

Specimens of each material were prepared for two general types of testing:
static, including pendulum impact, for which flat panels were fabricated, and
ballistic impact which utilized blade-like specimens having a tapered cross
section.

The mechanical tests which were conducted on flat panels are briefly des-
c¢ribed below:

Flexure — 3 point loading at a span-to-depth ratio of 32:1.
Short beam shear - 3 point loading at a span-to-depth ratio of b1,

Pendulum impact - "Charpy" loading conditions; unnotched specimens having
nominal dimensions of .25 cm thick x 1 cm wide x 5.5 cm long (thin spec1mens)
striker was instrumented to provide 1oad—t1me trace.

Longitudinal tension - straight-sided specimens, 15.2 cm long, with fiber-
glass doublers, 6.3 cm long, adhesively bonded at each end; strain measured with
strain gages. ‘ '

Transvarse tension - straight-sided specimens, 10 cm long, with flberglass'
doublers, 3.8 cm long, adhesively bonded at each end; strain measured with
strain gages.

Longitudinal and transverse compression - "Celanese" method utilizing
stralght-51ded specimen, 11.3 cm long, with 5 cm fiberglass doublers bonded at
each end; end loadlng introduced by shear; strain measured with strain gages.




Table I Table IT
‘Superhybrid Laminate Composition Superhybrid Laminate Composition
- 8.H., #1 S.H. #2

S Pi-6-l, 3 mil Ti-6-4, 3 mil
M- 1000 adhesive = FM 1000
Titanium, 3 mil Titanium, 3 mil
M. 1000 : FM 1000

B/Al, 5.6 mil/6061 AS/Epoxy

FM 1000 AS/Epoxy

B/Al, 5.6 mil/6061 ~ AS/Epoxy

FM 1000 AS/Bpoxy
'AS/Epoxy A3 /FEpoxy
AS/Epoxy ‘ AS/Epoxy
AS/Epoxy AS/Epoxy
AS/Epoxy ‘ AS/Epoxy

AS /Epoxy ‘ \ AS /Epoxy
AS/Epoxy . AS /Epoxy
FM-1000 » FM 1000

. Titanium, 3 mil Titanium, 3 mil
FM 1000 M 1000
AS/Epoxy AS/Epoxy
As/Epoxy ' AS/Epoxy
AS/Epoxy As/Epoxy
AS/Epoxy ‘ ' AS/Epoxy
AS/Epoxy i AS/Epoxy
AS/YEpoxy ‘ AS/Epoxy
FM 1000 AS/Epoxy

B/AL AS/Epoxy
FM 1000 AS/Epoxy

B/AL AS/Epoxy

- FM-1000 M 1000
Titanium, 3 mil Titanium, 3 mil
FM 1000 : ¥M 1000

- Titanium, 3 mil Titanium, 3 mil

Table III

Superhybrid Laminate Composition

s.H. #3

Ti-6=4, 3 mil
FM 1000
Titanium, 3 mil
FM 1000

B/AL, 5.6 mil/6061
FM 1000

B/Al, 5.6 mil/6061
FM 1000
AS/Epoxy
AS/Epoxy
AS/Epoxy
AS/Epoxy
AS/Epoxy
AS/Epoxy

AS /Epoxy
AS/Epoxy

AS /Epoxy
AS/Epoxy
AS/Epoxy
AS/Epoxy
AS/Epoxy
AS/Epoxy

FM 1000

B/AL

FM 1000

B/AL

FM 1000
Titanium, 3 mil
FM 1000
Titanium, 3 mil



Shear modulus - straight-sided specimens, 15.2 cm long x 2.5 cm wide, sub-
jected to dead weight torsional loading.

Ballistic testing was conducted using the blade-like specimen and test
procedure first described by Friedrich (Ref. 3). Briefly, the test apparatus
consisted of a high pressure air cannon which was used for firing gelatin pro-
jectiles at cantilevered specimens. The gelatin projectiles were spheres, 2.5
em in diameter having a density of approximately 1 g/ce. Projectile velocity
just prior to impact was determined by using two photocell timers to measure
the time for the projectile to travel a fixed distance. Figure 1 is a schematic
diagram of the photocell system. This velocity was subsequently checked by ex-
amination of high speed movies (~8500 frames/sec) which were made of each test.
The approximate projectile velocities were selected by varying tank pressure to
the gun according to a predetermined calibration curve.

The specimen used in the ballistic testing had overall dimensions of 20.h4
em long x 7.6 cm wide. The cross-section was uniformly tapered in thickness
from the center (mid chord) to both edges (leading edge and trailing edge) re-
sulting in a "blade-like" geometry. However, unlike a blade, the cross-section
was constant over the entire length and the specimen had neither camber nor
twist. TIn addition the specimen was held between fiberglass doublers in a vise
rather than having any designed root attachment.

2.2 Results and Discussion
2.2.1 Static and Pendulum Impact

Static and pendulum impact data for all materials are summarized in Tables
IV and TVa. Several of the flexural moduli of the specimens were quite low,
but in most cases the tensile moduli of the same materials weve substantially
higher. It is known that the shear deformation present in the three point
flexural test can produce an error in the calculated bending modulus, however
at the large span to depth ratio used in the tests (32/1), such effects are
thought to be small. The fact that the flexural moduli of all the materials
were approximately 15% less than the tensile moduli implies that there was a
real difference in the two tests which was not accounted for. The low flexural
moduli of the superhybrids were not considered to be surprising because the
superhybrids were designed to have a balance of bending and torsional stiffness
in an all 0° ply configuration., This is believed to be a feature of primary
importance with superhybrids since utililization of angle plies inevitably in-
volves greater material waste in cutting. The ability of the superhybrids to
carry multi-directional ‘loads means that the more valid property comparison is
between superhybrids and angle ply composites of a conventional nature. This
comparison is made in Task II of the program. ‘
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Table IV

Task I - Mechanical Test Results
0° Ply Configuration

ALI'TVAD Y0Od J0
SOV~ TVNIDIFO

ﬂ 5.I. Units
Thin Pendulum Long. Trans. Long. Trans.
Flexural Shear Impact Tension Tension Compression Compression Density Shear Mod.

o B T Load ZEnergy o E [ E g E [+ B p G
m/a?) (oN/m?) (m/m?) (0)_ (joules) (M/m?) (GN/m?) (MW/m®) (GN/m?) (Mi/m?) (GN/m?) (M/m?) (GN/m2) (gfcc)  _(GN/m?)

é T300/Glass/Epoxy (3M) 1270 5.8 105 1550 - 3.5 1150 112 63  10.8 951 . 11k 148 15.2  1.63 .72
: 1370 90.3 109 1420 h,5 1370 123 45 10.6 876 130 158 - 5.19
1500 82.7 109 1380 3.8 1200 108 5T 10.6 1050 130 159 1k.1 5.1k
T300/Glass /Epoxy - (UTRC) 17ho 130 67 - >1290 L7 1kko 152 36 12.8 1130 143 - - 1.70 5.10
' : : 1830 131 68 1590 5.3 1360 148 48 14.6 1180 159 109 11.7 5.27
1720 127 67 1520 b1 1300 1h2 52 k.3 1130 128 124 12.8 4.96
AS/Glass/Epoxy 1300 95.8 11k 950 3.7 1090 106 73 13.5 1620 127 132 12.6 1.70 5.10
. 1530 91.7 111 950 3.8 1230 108 70 13.7 1450 120 132 1h.1 h.96
1450 95.1 113 950 4,2 965 106 46 12.3 1250 124 135 15.5 5.03
AS/Glass/B/Epoxy 1580 120 60 1120 4.2 848 139 59 18.8 1300 kb 129 16.4 1.80 9.31
) 1520 127 106 1290 b1 951 1ko 70 17.0 986 143 11k 17.3 10.0
1290 13k 98 1290 k.2 1000 141 70 16.2 1030 1b5 105  18.8 8.76
B/Glass/Epoxy >1870 105 10k >2170 - 13.7 1340 132 48 22.§ 1820 178 2 22.1 2,02 T.45
o » >1920 108 102 2720 - 12,0 1310 13k i 23.9 1540 176 235 24,1 6.89
>1960 111 107 25ho - 12,0 1250 143 61 18.8 1670 171 241 22.h T.31
B/Glass/P1700 polysulfone 13ko 128 63 1090 10.0 1070 127 - - 979 156 T9 26.1 2,10 10.3
: 1300 128 69 1090 9.9 1010 162 b 27.3 1080 155 112 23.9 10.0
; - 1200 129 66 1020  10.0 1060 13k 10 25,1 876 157 108 26.3 10.7
H B/Glass/Plzoo/As/Glass/Epoxy' 1300 100 79 1550 k.9 931 109 43 1k4.3 540 g1k 129  16.9 1.75 5.07
i : 1310 104 3 1660 5.8 8l48 111 b1 13.0 610 111 142 16.6 5.86
100 102 76 1600 6.6 1050 125- 43 13.% 696 112 133 i6.1 5.48
S.H. #1(Ti/BAL/AS/Ti)y - 1290 99.3 65 2540 2.6 786 117 146 k2.1 896 115 122\ - 1.98 13.1
, 1250 9k.5 Th 2030 2.2 855 118 162 40.8 ghs 120 170 4.1 ~ 12.1
1110 98.6 Th 2110 2.6 779 116 150 35.7 1020 126 176 Ly .8 11.9
S.H. #2(Ti/AS/Ti)4 k 1110 66,0 88 2160 - 2.2 938 98 132 19.5 883 108 219  18.1 1.8 6.89
) 1020 2.4 8l 2240 3.0 951 92 148 20.3 807 96 272 22.3 6.09
1120 T1.7 8% 1900 - 1.6 Toh 9k 131 20.6 g2y . 101 241 - 20.1 T.51
S.H. #3(Ti/BAL/AS), 1320 90.3 T4 25h0.  2.b 855 130 11k 39.3 92k 143 123 - 1.95 10.2
965 93.8 h 2590 . 2.3 855 130 150 bk, 1080 1ko 156 35.7 10.96
12ko 93.8 72 2670 2.4 855 124 131 43.8 1100 151 175 W17 9.10




T300/Glass/Epoxy (3M)

T300/Glass/Epoxy (UTRC)

As/Glass/Epoxy

AS/Glass/B/Epoxy

B/Glass/Epoxy

B/Glass/PL700 polysulfone

| B/Glass/PL700/4S/Glass/Epoxy

S.H. #1(Ti/BAL/AS/Ti)g

8.H. #2(Ti/as/Ti)g

S.H, #3(Ti/BAL/AS)

Table IVa

Task I - Mechanical Test Results

0° Ply Configuration

English Units

Thin Pendulum Long. Trans. Iong. Trans.
Flexural — Shear Impact Tension Tension . Compression Compression
o B T TLoad Energy o E [« E o3 B o E
(ksi) (msi)  (ksi) (1bs) (£t-Ibs) (ksi) (msi) (ksi) (msi) (ksi) (msi) (ksi) (msi)
184 11,0 15.3 3k9 2.6 167 16.3 9.2 1.57 138 16.5 .21.5 2,21
199 i3.1  15.8 320 3.3 19 17.8 6.6 1.54 127 18,9 22.9 -
217 12,0 15.8 310 2.8 7 15.7 8.3 1.54 152 18.9 23.1 2,05
253 18.8 9.8 >291 3.5 209 22,0 5.2 1.85  16h 20.7 - -
266 19.0 9.9 357 3.9 197 214 6.9 2,41 171 23.1  15.8 1.69
250 8.k 9.8 342 3.0 188 20.6 7.6 2.07 164 18,5  18.0 1.85
189 13.9 16.5 213 2.7 158  15.% 10,6 1.96 235 8.k 19.1 1.83
e22  13.3 161 213 2.8 179 -15.7 10.2 1,99 211 17.% 19.2 2.0k
211 13.8 0 16.k 213 3.1 o 154 6.7 1.79 181 18.0 19.6 2.25
229 174 8,7 & 252 3.1 123 20,2 8.5 2.73 189  20.5 18.7 2.38
220 18.4  15.3 201 3.0 138  20.3 10.2 2,46 143 20.8 16.5 2.51
187 19.5 1.2 291 3.1 145  20.5 10.1 2.35 149 - 21.0 15.2 2.72
>271 15.3 © 15.1  >u87 10.1 194 19.1 7.0 3,32 264 25.8 34,9 3.20
- >278 - 15.7 148 612 8.8 190 19.5 6.+ 3.7 22k 25.5 3kl 3.50
o8k - 16,1 148 571 8.6 182 20,7 8.8  2.72 2k . 2h.8 34,9 3.25
195 18.5 9.2 2hk 7.5 155 18.h - - - 1y 22,6 11.5 3.78
188 18.5 - 10.0 2l 7.3 6 23.5 0.6 3.96 157 20,5 16.3 3.47
i7h 18.7 9.5 230 7.6 154 19.4 1.5 3.64 127 20,7 15.6 3.81
188 1.5 11l 349 3.6 135 15.8 6.2 2,08 78 16,5 18.7 2.h5
190 15.1 "10.6 373 k.3 123  16.1 6.0 1.88 ° 89 156.1 20,6 241
203 4.8 11,0 359 L9 152  18.1 6.2 1.97 101 16.2  19.3 2.33
187 el 9. 572 1.9 14 17,0 2.1 6.10 130 16.7  i7.7 -
181 13.7 10.7 456 1.6 12 17.1 23.5 5.91 137 7.4 24,6 6,40
161 i3 10.7 b5 1.9 113 - 16.8 21.7 5.17 1k8 18.3 25.5 6.50
161 9.6 12.7 L85 1.6 136 -1k.2 19.2 2.83 128 15,6  31.7 2.63
8 10.5 12.2 504 2.2 138 13.4 21k 2,95 117  13.9 39.4 3.23
162 0.k 12.2 h26 1.2 105 © 13.6 19.0 2.99 13k ik,7 34,9 2.92
192 13,1  10.7 572 1.8 12 18.8 16.5 5.70 13h 20.7 17.8 -
140 13.6 10.7 582 1.7 128 18.9 21.7 6.40 156 21.6 22,6 5.18
180  13.6° 10.h . 601 1.8 128 18.0 19,0 6.35 159  21.9 25.4 G.0h

Density
p

(g/ce)
1.63

1.70

1.70

1.80

2.02

2,10

175

1.98

1.81

1.95

Shear Mod.

G

gmsiz

1.00
1.09
1.48

1.59
1.32




Other points of interest regarding the static data are as follows:

e good flexural strength in all materials with the expected exception of
the superhybrids which are more isotropic in natures; boron/glass/epoxy
specimens bottomed out in the test fixture and the strengths are there~
fore listed as minimum values

e good shear strength of superhybrids indicating good composite to metal
adhesion; relatively low shear strength of T-300/glass/epoxy (UTRC)

o poor tensile strength of AS/boron/glass/epoxy possibly indicating that
failure of the low volume fraction of high modulus boron initiated
total composite failure

e poor transverse tensile strengbth of boron/glass/polysulfone

e good transverse tensile strength of AS/glass/epoxy and AS/glass/boron/
epoxy

e excellent transverse tensile properties of the superhybrids and the
effect of boron/aluminum on transverse tensile modulus (s.H. #1 and
#3 vs S.H. #2)

. rather low transverse compressive strength of the superhybrids relative
to the other composites without metallic components

o oOverall superhybrid densities about the same as boron or glass/epoxy
composites

Regarding the low transverse compressive strenghh of the superhybrids, ex-
amination of the tested specimens indicated that the AS graphite/epoxy portion
fractured but the metallic components, Ti-6-4 and/or boron/aluminum, buckled
apparently after the graphite/epoxy fractured. Thus the low strength was due

to the two step failure mode in which the graphite/epoxy fractured, then the
' thin metallic strips failed due to instability. The superhybrid with the high-
est transverse compressive strength was actually the one with the lowest volume
fraction of metallic reinforcement (8.H. #2). :

The pendulum.impact'data were further analyzed in order to gain more in-
sight into the response of the materials under ballistic impact conditions.,
The thin‘specimen geometry was selected rather than the stagdard thickness of
1 cm as a result of the finding in Ref. 6 that the thin specimen produced better
correlation with gelatin impact tests on thin flat panels. This was primarily




due to the fact that the fracture of the thick pendulum specimens was controlled
by interlaminar shear failure whereas the thin pendulum specimens and the
ballistic specimens failed in a combined shear and bending mode.

« As mentioned previously the pendulum machine was instrumented in order to
produce curves of load vs time during the test. Typical curves for each material
are given in Figs. 2-7. The maximum load (Py,,) and the energy absorbed per unit
area are indicated in each instance.

The boron/glass/epoxy and boron/glass polysulfone materials exhibited be-
havior substantially different from that of the graphite/glass/epoxy hybrids.
The epoxy matrix boron hybrids sustained much higher loads and therefore higher'
energies than the other materials. The thermoplastic matrix composites also
absorbed large amounts of energy due to the ability of the specimens to continue
to carry high loads after an initial failure, apparently delamination, occurred.

The superhybrids exhibited behavior very similar to that of homogeneous AS
graphite/epoxy composites as reported in Ref, 6. The load-time curves were
linear to fracture, and the load dropped to zero very quickly after the initia-
tion of failure. This resulted in rather low energy absorption relative to the
other materials. ‘

Using the data obtained from the curves, the maximum bending and shear
stresses which were reached in the specimens during the impacts were calculated
from standard beam equations. These data and the other pertinent data obtained
from the tests are presented in Tables V and Va. In addition the average static
shear and flexural strengths are given for each material for comparison with
the stresses calculated from the impadét tests. Comparison of the observed
failure modes with the calculated stresses and static strengths indicates that,
in general, the specimens should have failed primarily in a bending mode since
the flexural stresses in the impact specimens were close to the statically
measured strengths. The observed failure modes bear this out. Superhybrids
#1 and #3 exhibited combined bending and delamination failure and the calcu-
lated flexural and shear stresses were both near the static strengths. Thus
these materials could be considered to be efficiently designed since large
fractions of both allowables were reached in the test.

The material which showed the least consistency between stresses in the
impact test and strengths measured statically was boron/glass/polysulfone.
Both the shear and flexural stresses determined from the pendulum test were
substantially lower than the static strengths. The specimens failed by delam-—
ination at shear stresses less than half of the measured strength. This dis-
crepancy could have been due to variation in quality between the static and

'impact specimens, but both types of samples were cut from the same laminate so
such an occurrence was unlikely. Somewhat related behavior was also observed

11
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FIG. 2

THIN PENDULUM IMPACT LOAD — TIME CURVES FOR CONVENTIONAL HYBRIDS

T 300/GLASS/EPOXY INTRAPLY (3M Co)

LOAD(N)
Pmax = 1420N (320 Ibs)
ENERGY = 163x103 j/m2
(78 ft—Ibs/in2)
431 {
-
I\-«-‘I TIME(u —secs)
1000
LOAD(N)
Pmax = 1590N (357 Ibs)
ENERGY = 220x103 j/m2
(105 ft —Ibs/in2)
334 {
I | W
- TIME( & —secs)

76-02-208-2

5
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FIG. 3

THIN PENDULUM IMPACT LOAD — TIME CURVES FOR CONVENTIONAL HYBRIDS

AS/GLASS/EPOXY/INTRAPLY

LOAD(N) 4

Pmax = 947N (213 lbs)
ENERGY = 193x103 j/m2

(92 ft—Ibs/in2)

e
| : TIME(M —secs)

AS/BORON/GLASS/EPOXY INTRAPLY

LOAD(N) +

Pmax = 1290N (291 Ibs)
ENERGY = 166x103 j/m2

(79 ft — Ibs/in2)

431 {

e
S0P, TIME( 4 — secs)

76-02-208-6
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FIG. 4

THIN PENDULUM IMPACT LOAD — TIME CURVES FOR ADVANCED HYBRIDS

BORON/GLASS/EPOXY INTRAPLY

i

LOAD(N)

Pmax = 2540N (571 Ibs)
ENERGY = 404x103 j/m2

(193 ft—Ibs/in2)

e ——
= TIME( 4 —secs)

BORON/GLASS/POLYSULFONE INTRAPLY

LOAD(N)%

Pmax » 1020N (230 |bS)
ENERGY = 381x103 j/m2
(182 ft—Ibs/in2)

162{

—d
: TIME( k- --secs)

760 —208-1

1k




FIG. 5

THIN PENDULUM IMPACT LOAD — TIME CURVE FOR ADVANCED HYBRID

BORON/GLASS/POLYSULFONE — AS/GLASS/EPOXY

LOAD(N) *
Pmax = 1552N (350 Ibs)

ENERGY = 178x103 j/m2

(85 ft — Ibs/in2)

431 {

-
! | TIME(u —secs)

76-02-208-4




FIG. 6

THIN PENDULUM IMPACT LOAD — TIME CURVES FOR SUPERHYBRIDS

IPT———————

H
i

SUPERHYBRID #1

LOAD(N) #

ENERGY = 75x103 j/m2

(36 ft — Ibs/in2)

431{

e
S TIME( i secs)

SUPERHYBRID # 2

LOADI(N) ?

Pmax = 2160N (485 Ibs)
ENERGY = 62x103 j/m2

(30 ft — Ibs/in2)

o

—g—
N TIME(u secs)

76—-02-208 -3




FIG. 7

THIN PENDULUM IMPACT LOAD — TIME CURVE FOR SUPERHYBRID

SUPERHYBRID #3

Pmax = 2670N (601 1bs)
ENERGY = 69x103 j/m2
(33 ft—Ibs/in2)

e

I
| = TIME(ptsec)

76—-02-208-5
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Table V

o0
coo B
: = Task I - Thin Pendulum Impact Results
R
: S S.I. Units
: ) E
5 = LZ , Static Results
o ; Max Shear Max Flexural Ave Shear Ave Flex
= g Width Thickness  Load Energy Stress Stress Energy/Area  Failure Mode Strength Strength
? g {cm) {cm) (1) (joules) (M /m?) (M/m®)  (10® Joules/m?) (M1 /m?) (M /m?)
5 = T300/G/Epoxy (314) 1.00 .279 1550 3.8 bi.6 1190 125 Bend 108 1380
EB 1.00 27k 1h20 L. 49 38.8 1130 163 Bend & backface shear
.998 272 1380 3.77 38.1 1120 139 Bend & splitting
T300/G/Epoxy (UTRC) ~~ .00 . .236 >1290 L.78 - - 202 Bend & splitting 68 1770
. 1.01 .239 1590 5.29 k9.6 1660 220 Bend & splitting
1.00 .239 1520 k.13 L7.6 1590 iT2 Bend & splitting
AS/G/Epoxy" 1.00 - ,218 950. 3.67 32.h 1190 168 Bend & splitting 112 1430
0.998 .216 ‘950 3.73 33.0 1220 173 Bend & splitting
1.00 216 950 4.17 32,8 1210 193 Bend. & splitting
AS/G/B/Epoxy 1.01 .25% 1120 b.17 32.9 1030 163 Bend 90 1h60
1.01 .25h 1290 4.08 38.4 1190 160 Bend
1.01 .249 1290 k.15 38.8 1240 166 Beng,
& B/G/Epoxy 0.988 .292 52170 - 13.65 - - 472 Bend 103 >1920
0.991" .292 2726 11.90 70.5 1920 k11 Bend & splitting
0.983 .292 2540 11..60 66.3 1810 Lok Bend & splitting & delem
B/C/Polysulfone 1.01 27k 1096  10.10 29.5 855 366 Delam & some bend 66 1280
1.01 .269 1090 9.9% 29.9 883 36h Delam
: 1.00 .269 -+ 1020 10.30 28.3 8lk1 381 Delam
E ‘ ;
£ B/G/P.5.-AS/G/Epoxy 1,00 277 1550 ¢ . 4.95 I1.9 1210 178 Delam & bend 76 1340
‘ 1.00 279 1660 5.87 4k, 3 1260 209 Delem & bend
1.00 279 1600 6.70 42.8 1220 239 Delem & bend
5.H. #1 1.02 ©.330 k 2540 2.62 56.5 1370 7 Bend & delam of BfAL & delam € center 7L 1210
) 1.00 .330 2030 2.22 L6.1 1110 AT Bend & delam of B/ALl & delam @ center
L 0.996 .348 2110 2.62 45,7 1010 5 Bend & delam of B/AL & delam @ center
E.H. A2 : 1.0 .3b5 2160 2.18 16,2 1070 62 Bend 86 1080
' o 1.01 .338 2240 3.01 49,1 1160 88 Bend & delam
1.01 .335 1900 1.68 b1.9 1000 Lo Bend
E.d. 42 1. J3L5 250G 2.5 55.0 1272 73 Bend & delam of B/AL % delem o AS 73 180
TR L3eé ZH0 2.36 58.2 1290 68 Rend & delem of B/Al & delem of AS
R L 3u8 2ETG 2.3% 53,2 133C £ Bend & delam of AZ

P
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RIGI ..
JEV AL, PA

* Poog, ,Pacw
B QUALH},? |

Material

Tsoolq/ﬂpow(3M)
T300/G/E’}‘poxy(UTRC)‘
£5/G/Epoxy
./;S/G/B/Epoxy
B/G/Epoxy ’
B/G/Polysulfone
B/G/P.S.~AS /Q/Eéo}cy
§.H. #1

S.H. #2 |

8.H. #3

Table Va

Task I - Thin Pendulum Impact Results
English Units

- . Max Shear - Max Flexural Energy/
Width Thickness Load Energy Stress Stress Area 5 Failure Mode
{in) - (in) (1bs) (£t=1bs) {ksi) (ksi)- (£t-1bs/in") S
394 110 3h4g 2.57 6.03 172 59.3 Bend
.395 .108 320 3.31 5.63 16k 77.6 Bend & backface shear
.393 .107 310 2.78 5.52 162 66.1 Bend & splitting
.395 .093 >291 3.53 - - 96.1 Bend & splitting
.39 .09k 357 3.90 7.19 2Lo 104.8 Bend & splitting
+395 .09k 342 3.05 6.91 231 82.1 Bend & splitting
.395 .086 213 2.71 k.70 172 79.8 Bend & splitting
2393 .085 213 2.75 L.78 177 82.3 Bend & splitting

4395 .085 213 3.08 L.76 176 91.7 Bend & splitting
.396 .100 252 3.07 L7 150 77.5 Bend
.396 .100 291 3.0L 5.57 173 76.0 Bend
.396 .098 291 3.06 5.62 180 . 78.8 Bend
.389 W15 >487 10.07 - - 225.0 Bend
.390 L115 612 8.78 10.23 279 195.8 Bend & splitting
.387 .115 571 8.57 9.62 263 192.6 Bend & splitting & delam
.396 .108 2l 7.1;6’ L.28 124 17k ke Delam & some bend
.399 106 i 7.33 4,33 128 173.3 Delam
.39k .106 229 7.58 b1 122 181.5 Delam
.395 .109 349 3.65 6.08 175 8.8 Delam & bend
.396 110 373 k.33 6.u2 183 99.k Delam & bend
2395 .110 359 h.ogh 6.20 177 113.7 Delam & bend
.’403 130 572 1.93 3.19 198 36.8 Bend & delam of B/AL & delam @ center
.39 136 hs56 1.6k 5,68 161 32.0 Bend & delam of BfAL & delam @ center
.392 .137 k75 1.93 €.63 146 35.9 Bend & delam of B/AL & delam @ center
-329 136 485 1.61 6.70 155 29.7 Bend
+399 .133 504 2.22 7.12 168 k1.8 Bend & delam
.399 a132 - ho7 - 1.2k 6.08 145 23,5 Bend

C 396 L1236 572 1.78 7.97 18k 33.1 Bend & delam of B/Al & delam of AS
.391 .137 582 1.7k 3.15 . 187 32.5 Bend & delam of B/AL & delam of AS
390 .137 601 1,74 .44 193 32.9 Bend & delam of AS

Static Results

Ave Shear Ave Flex
Strength Strength
(ksi) (ksi)
15.6 200
9.8 256
16.3 207
13.1 212
1k.9 >278
9.6 186
11.0 19%
10.3 176
1z.k 157
10.0 171




in the ballistic impact testing of this material as will be discussed in a sub-
sequent section. Both bits of evidence point to the possibility of a high strain
rate effect which causes the material to fail in some manner at lower loads than
anticipated. This is an area which warrants further study.

The thin pendulum testing of unidirectional specimens resulted in the con-
clusion that the best material in terms of both stress carrying ability and
‘energy absorbing capacity was the boron/glass/epoxy hybrid. However, care must
be taken in interpretation of the data and in extending any conelusions to the
performance of the materials in the simulated blade testing., With the excep-
tion of the superhybrids, all materials were ballistically impacted in a multi-
directional ply configuration giving rise to the possibility of different
aliowable stresses and failure modes than experienced in the pendulum testing
of unidirectional composites, The issue was also complicated with the super-
hybrids because the pendulum specimens had e constant cross-section and a fixed
ratic of the metallic and resin matrix materials. The ballistic impact blade~
like specimen had a varying thickness cross section which was accomplished by
varying the width of the graphite/epoxy plies. This resulted in a continuing
change in the ratios of materials across the chord. The leading edge region,
where the specimen was impacted, had a much higher ratio of metallic layers to
resin matrix layers than did the pendulum impact specimen.

2.2.2 Ballistic Impact

Blade-like specimens were fabricated to evaluate response of the materials
to impact by a "bird-like" projectile. At least two specimens having substan-
tially different thicknesses were tested for each material.  All specimens were
impacted with a 2,54 cm diameter gelatin sphere at an angle of incidence of 30°
and a nominal velocity of 274 m/sec (900 ft/sec). The ply configuration for
all but the superhybrids was +L5°/0° interspersed. All plies in the superhybrids
were at 0° to the span direction.

The pertinent thickness dimensions, the measured projectile velocity and a
brief description of the damage observed after test for each specimen are pre-
sented in Table VI. Photographs of the thinner specimen of each material are
given in Figs. 8-13. Each photograph was taken looking at the leading edge
from the impact side. Only the thin specimens were included in this series
because the thick specimens generally suffered little or no damage.

Figures 8 and 9 show the four specimens made from the graphite/glass/epoxy
intraply hybrid materials. As 1is evident in Fig. 8, there was not a substan-
tial difference in the T-300/glass composites with the different glass spacing
although the damage was somewhat more extensive with the narrow-spaced material.
The AU primary fiber hybrid shown in Fig. 9 suffered the largest amount of de-
lamination losing nearly all of the backface ply, while the AS reinforced
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Material

AU/glass/epoxy
AU/glass/eopxy
AU/glass/epoxy
T300/glass/epoxy (UTRC)
T300/glass/epoxy (UTRC)
B/glass/polysulfone
B/glass/polysulfone
B/glass/epoxy
B/glass/epoxy
AS/glass/epoxy
AS/glass/epoxy
T300/glass/epoxy (3M)
T300/glass/epoxy (3M)
S.H. #2 '

S.H. #2

S.H. #1

S.H. #1

S.H, #3

S.H. #3-

AS/G/B/epoxy

AS/G/B/epoxy
B/G/polysulfone-AS/glass/epoxy
B/G/polysulfone~AS/glass/epoxy

Table VI

Task I - Ballistic Impact Results

L.E. Mid Chord
Thickness  Thickness = Velocity
(em) (cm) (mps )
.084 .390 283
.185 185 279
.31k .628 279
.071 .37k 28l
.152 JLs55 270
.165 75 288
.086 .Lo6 273
.165 Jht2 254
.076 ik 257
e .389 271
160 .L460 274
.08k .391 264
.168 .450 268
.112 Jhor 275
.170 .493 253
J11h 419 283
.190 493 276
.066 . 396 281
.196 <515 279
.079 L1k 290
175 .510 28k
0Tk .40o9 285
.119 452 291

Visual Observaticns

L.E. breakout, much delamination
L.E, delamination

No damage

L.E. breakout, delamination
L.E. delamination

No damage

Minor L.E. delamiration

One ply delaminated @ L.E.
L.E. delamination

L.E. breakout

Some L.E. delamination

L.E. breakout, delamination
No damage

Very slight dent

No damage

Slight dent

No damage

Deep dent

No damage

L.E., breakout

Very minor L.E. damage

L.E. Breakout, some tip delamination
Very minor L.E. damage
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FIG. 8

NARROW BUNDLE SPACING (NAS—6)
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TYPE A GRAPHITE/GLASS/EPOXY IMPACTED SPECIMENS

AU FIBER (NAS-1)

AS FIBER (NAS-38B)

FIG. 9

76—-03-102-8




specimen underwent very little delamination but did incur a substantial bresk-
out at the point of impact. Specimens NAS-1 and NAS-6 were subjected to ultra-
sonic C-scan before and after impact to measure the extent of delamination.

The tests confirmed the visual observations in that NAS-1 was delaminated over
nearly 100% of its exposed area, while NAS-6 was about 75% delaminated. Based
on the tests of the four graphite/glass hybrids it appears that the failure
mode in these materials can be varied from primarily delamination to primarily
local breakout by increasing the fiber matrix bond strength, but it does not
seem possible to avoid a fairly large amount of damage under the glven impact
conditions.

Figure 10 shows the two boron/glass hybrids, NAS-58 having an epoxy matrix
and NAS-1LA having a polysulfone matrix. Both materials obviously suffered less
damage than the graphite/glass hybrids. The boron/glass/polysulfone specimen
underwent only a small amount of delamination at the leading édge directly under
the point of impact. The damage in the epoxy matrix specimen was of a similar
nature but more extensive, -

The specimens having three or more reinforcing fibers are pictured in Fig,

- 11. Both materials failed in a local breakout mode, although in neither case

was the extent of damage as great as was observed in the AS graphite/glass/epoxy
specimen shown in Fig. 9. The boron/glass/polysulfone shell on NAS-56A appar-
ently was quite effective in reducing damage since the specimen was very similar
to the AS graphite/glass/epoxy specimen in other respects.

The three superhybrid specimens are shown in Figs. 12 and 13.  None of +the
specimens showed any evidence of fracture as a result of impact. Specimen NAS-
51, which was the S.H. #3 configuration sustained a dent in the leading edge
at the point of impact. This result was similar to that réported in Ref. '3 for
a solid Ti-6A1-LV specimen tested under similar conditions. Specimens NAS-LT
and NAS-49 (S.H. #2 and #l, respectively) apparently performed even better, but
as shown in Table VI, both were thicker than NAS-51. :

As a result of the previous,testing of each material in specimens of two
thicknesses it was clear that the thickness of the specimen played an important
role in the amount of damage incurred in the test. In addition, there were
other variables such as prciectile velocity and weight, which were not perfectly
controlled from test to test, and it was felt that these too might have an in-
fluence on the results. In order to account for these variables, the procedurc
described in Ref. U4 was used to calculate a parameter relatéd to the severity
of each impact test. This involved first calculating the projectile energy
deposited normal to the specimen surface as follows:

2k




FIG. 10

BORON/GLASS/RESIN IMPACTED SPECIMENS

POLYSULFONE MATRIX (NAS—14A)

76--03-102--6




FIG. 11

MULTI-FIBER HYBRID IMPACTED SPECIMENS

AS GRAPHITE/BORON/GLASS/EPOXY (NAS—54) 5

BORON/GLASS/POLYSULFONE: AS GRAPHITE/GLASS/EPOXY (NAS—-56A)




FIG. 12

SUPERHYBRID IMPACTED SPECIMENS

NAS—-47
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FIG. 13

76-03.102-4

NAS-51

SUPERHYBRID IMPACTED SPECIMEN




normal projectile energy = 1/2 m (v sin )2

where m = projectile mass x slice fraction
v = projectile velocity
0 angle of incidence.

The normal energy was then divided by the specimen leading edge thickness, t,
to obtain the parameter K.E./t which was used to rank the severity of the impact.

The results of these calculations are presented in Table VII along with
the percent of the original torsional rigidity retained after the impact, and a
ranking of the visual appearance of the thin and thick specimens, exclusive of
the superhybrids, The information summarized in this table served as the basis
for the selection of materials for Task II.

Considering first the group of four graphite/glass/epoxy hybrids, the
T-300 reinforced material supplied by 3M Co. and having the wide glass bundle
" spacing was selected for Task II on the basis of the excellent performance of
the thicker specimen and the good modulus retention exhibited by the thin speci-
men coupled with the best visual appearance of this group. A review of specimen
39B in Fig. 8 indicates that a specimen can undergo a fairly large amount of
damagé yet retain a large fraction of its initial stiffness. Thus the use of
stiffness retention alone as a measure of damage can be somewhat misleading,
especially since such results are heavily depehdent on failure mode.

The boron/glass hybrids performed well in terms of modulus retention in
both the thin and thick configurations. However, the polysulfone matrix com-
posites were subjected to more severe impact in both cases and had the best
visual appearance ranking of all the materials. Consequently, boron/glass/poly-
sulfone was selected for further study in Task IT. k

The hybrids with the multiple reinforcement, AS/boron/glass/epoxy and
boron/glass/polysulfone: AS/glass/epoxy, both performed fairly well in terms
of visual ranking and modulus retention. The thin specimen of the AS/boron/
glass/epoxy, NAS-5L, received the most severe impact of any of the specimens
tested, while its counterpart in the other multifiber material, NAS—56A, re-~
ceived the least severe impact yet had a similar visual ranking and only an
87% retention of torsional rigidity. The behavior of the thick specimens of
the two materials was also quite similar although in that case the core-shell
material received the more severe impact (NAS-5T). The AS/boron/glass/epoxy

hybrid was selected for Task II because it appeared to be at least as good as
the other material in impact resistance, and was much more straightforward to
fabricate, - ‘ '

29




- Table VII

Task I - Ballistic Test Data

k Thin Specimens o Thick Specimens

’ Torsion Torsion

; Rigidity =~ Rigidity

R , C KE/t Visual Retention KE/t Visual Retention
Material , No. Joules/em (ft-lbs/in.) _Rank (%) lo. Joules/cm (ft-lbs/in.) _Rank X¢3)
T300//Epoxy (30)*  39B 8T oo 5 97 ho 230 430 142 100
T300/G/Epoxy (UTRC) 6 561 1048 8 70 T 299 559 8 55
AU/G/Epoxy (3M) 1 570 106k ([ 53 34 209 392 T 100
ST ‘ ‘ 2 126 - 235 - 100
A5/G/Epoxy ~ 388 460 81 6 83 %5 sk 475 6 100
AS/G/B/Epoxy* 5k . 639 197 b 100 55 192 360 3 100
B/G/Epoxy 58 371 69k 2 100 2ha a1 Lot 5 100
B/G/Polysulfone® 1ha 517 967 1 100 14 322 602 1+2 100
B/G/P.S.:AS/G/Epoxy = 56A- 428 801 3 87 5T 391 731 L 100
S.H. #1#* ) kg 39 653 100 50 207 387 100
S.H. #2 T 360 674 100 48 187 350 100
B.H. #3 © 54 Lo - 860 ) 100 52 164 307 : 100

¥Recommended for Task IT



All three superhybrid materials had excellent visual appearance after the
impact. However, the K.E./t parameters for all but NAS~-51 were rather low due
to the relatively thick leading edges. NAS~51 suffered the most damage but did
not show any evidence of fracture as mentioned previously. Since all the ma-
terials performed well the decision on the selection for Task II testing was
based on other factors. S.H. #2 had no boron/aluminum which reduced flexibility
in design compared with the other two. S.H. #1 and S.H. #3 were identical ex-
cept for the titanium foil in the center of S,H. #1 which resulted in slightly
higher transverse properties for that material. The transverse properties were
felt to be important in preventing or reducing the size of any local breakout
which might occur due to impact, and as a result, S.H. #1 was chosen for further

study.,

Comparison of the ballistic and pendulum impact data indicates that many
of the materials performed differently in the two tests, perhaps due to differ-
ences in ply angle or layer ratios as mentioned previously. All of the super-
hybrids appeared to perform much better in the ballistic test, although the
comparison was somewhat complicated by the fact that most of. the superhybrids
were tested under less severe conditions than the other materials. Other con-
tradictions between the two tests occurred with the boron/glass/epoxy and the
T-300/glass/epoxy made by UTRC, both of which performed much better in the
pendulum test. These findings support the conclusion of Ref. 8 that the pendu-
lum test specimen geometry and ply configuration must duplicate that of the
structure of interest as closely as possible if a meaningful assessment of
material performance is to be made from the pendulum test.
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TIT. TASK II - PLY CONFIGURATION STUDY

The primary objectives of the second task of the program were to study the
effect of ply configuration variation on the impact response of those materials
other than the superhybrid, and to examine the effect of variation of projectile
angle of incidence on the behavior of all the selected materials. Three of the
specimens which were impacted were to be instrumented with strain gages to pro-
vide data for correlation with a finite element analysis of specimen response.
In addition, static and pendulum impact properties were measured on angle~ply
composites. '

3.1 Experimental
3.1.1 Materials

Fach of the three conventional hybrids selected for Task IT was evaluated
under ballistic conditions in four ply configurations and two angles of inci-
dence. The ply configurations were interspersed layups of +45°/0°, +35°/O°
+40°/410°/0%, and +80°/+15°/0°. Typical ballistic specimen laminate designs
are given below for boron/glass/po;ysulfone.

Layer Angle Width -
1 +45 +35 +40 +80 3.00 in.
2 0 0 -10 -15 2.65
3 =45 -35 -40 -80 , 3.00
i 0 0 +10 +15 ; 2.30
5 +45 +35 +40 +80 i 1.95
6 0 0 -10 -15 1.60
T =45 -35 -4o -80 . 1.20
8 0 0 =10 -15 0.85
9 0 0 0 0 0.50

10 0 0 0 0 0.25
33 & 0 & 0 300G

In addition to the ballistic testing of the conventional hybrids, three tests
were performed on superhybrid #1. Since ply angle was not a variable of inter-
est in the superhybrid concept, only the effects of projectile angle of incidence
were studied. Static and pendulum impact tests were conducted on the conven-
tional hybrids in the interspersed iﬁ5°/0° configurabtion. All material fabri-
cation procedures were identical to those used in Task TI.
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3.1.2 Testing

Static and pendulum impact testing was conducted in the same manner as in
Task I, as was the ballistic testing with the exception of the three instrumented
specimens. Twelve strain gages were bonded to the backface of each specimen
according to the arrangement shown in Fig. 1k, The small arrows within each
gage indicate the direction of strain measurement, Figure 15 is a schematic
diagram of the system used to record the output of the gages during test. This
system used strain gage ballast circuits to measure transient strain. The
instantaneous voltage output of the gages was converted to strain by substi-
tuting known and measured valves of resistance and voltage into the equation

einRg

de, = ZF‘E

(Rp*Rg)

where e; = exciting translator voltage
e, = voltage output
Rp = translator ballast resistance
Ry = strain gage resistance
I = gage factor
e = strain

Twelve strain gage translators supplied voltage to the specimen gages.
Upon specimen impact, resistance change of the gases caused output voltage
oscillations. The voltage output signals were amplified and sent through a
network to a wide band Group II tape recorder and dual beam oscilloscope and
mMeEmMOry SCOpe.

The scopes provided test and post test monitoring of the resultant gage
voltage outputs. Textronics model 502A oscilloscope provided visual display
of the voltage output waveform while the Nicolet memory scope provided a
voltage/time history of the signal over the particular time base of interest.

A Sangamo recorder simultaneously recorded the high frequency voltage
response of all gages on individual channels.,

To distinguish initiation of the 1mpact event an external trigger was
supplied to the recorder and scopes. The air cannon timing system photodiode
start signal was utilized for triggering the dynamic strain measurement system,
As the sabot gelatin prOJectlle tripped the upstream photocell, a sweep signal
was transmitted to both scopes and recorder.
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STRAIN GAGE LOCATIONS ON BLADE—LIKE SPECIMENS

FIG. 14
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FIG. 15

IMPACT TESTING WIRING SCHEMATIC
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Calibration of the dynamic strain measurement system was conducted prior
to testing by inputting a known oscillating voltage signal at the amplifier
input for all channels. Voltage signals were input at various fregquencies up
to 120 KHZ using a Wavetex Analyzer. The calibration recordings were then
played back for comparison with the input voltage signals.

Specimen data retrieval was accomplished by playing back the taped gage
responses through the Nicolet memory scope and an X-Y plotter to obtain strain
vs time plots for the initial 250 microsecond period after impact.

Gain settings of 40db and 20db were used during impact testing. The Lodb
gain setting was used for the 120-150 m/sec impacts to better resolve the out-
put signal, at lower levels of strain. The 20db gain setting was used for the
270 m/sec impacts to prevent signal saturation in the event of high strains.

3.1.3 Analysis

The modal transient response capability of NASTRAN was used for the impact
snalysis of the blade-like specimens. The specimens were modeled with the QUADI
anisotropic quadrilateral bending and membrane element. - Anisotropic material
properties were generated for each element from the specimen layup using class-
iecal lamination theory.

The specimen bresk up consisted of a rectangular mesh with 13 chordwise
elements and 22 spanwise elements. The mesh was such that the break up was
finest near the impact zone.

The Guyan reduction scheme was employed. As lumped masses were used, all
rotations could be omitted from the problem set without any approximation. In
addition, all in-plane displacement freedoms were omitted. Normal displacement
freedoms were omitted in a logical manner until the model was reduced to 295
degrees of freedom. Retained freedom density was greater in the impact area
to maintain local deformation capabilities at the impact site.

The transient analysis of the blade-like specimens used the first 60 modes
of vibration of the reduced specimen model. A time step of 2.5 microseconds
which has been shown to be acceptable, was used. o

The transient load distribution was based on the gelatin projectile being
treated as an incompressible fluid turning against an initially undeformed
blade-like'spécimen. This loading model has also been shown to give satisfac-
_tory results. ‘ : ‘
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3.2 < Results and Discussion
3.2.1 Static and Pendulum Impact

The results which were obtained on angle-ply composites are presented in
Tables VIIT and VIITa. All the materials exhibited substantially higher longi-
tudinal tensile moduli than flexural moduli; more so than was observed with the
unidirectional materials in Task I. This was attributed to the fact that the
equation used to calculate the modulus in the three point bend test assumed no
variation in modulus through the thickness of the beam. This assumption was
violated in the +45°/0° angle-ply configuration of the specimens, and therefore
the calculated modulus could be expected to he in error. The relatively low
transverse tensile strength of the unidirectional boron/glass/epoxy was reflected
in the transverse flexural and tensile strengths of the angle-ply composites.
Similarly the low longitudinal tensile strength of the unidirectional AS
graphite/glass/boron epoxy resulted in low longitudinal strength properties for
angle ply composites of that material. The shear modulus data demonstrated the
importance of high modulus relatively isotropic boron as a reinforeing agent in
that both the hybrids containing boron had a substantially higher shear modulus
than the T-300/glass/epoxy material. The same was true to a somewhat lesser
degree with the other moduli. The pendulum impact data in the final two columns
indicated a significant advantage for boron/glass/polysulfone over the other two
materials in terms of both load carrying ability and energy absorption. The
other two materials appeared to be equivalent although the AS graphite/glass/
boron/epoxy specimens were slightly thicker, meaning the normalized data would
be lower for that materisl.

Tables IX and IXa compare the averages of the angle-ply composite properties
with those of the superhybrid material evaluated in Task II. Although the super-
hybrid consists of 0° plies in combination with titanium, it is intended to have
a combination of properties sultbtable for blade applications,., As the data in
Table IX indicate, the tensile and flexural properties of the superhybrid gener-
ally exceeded those of the angle-ply hybrids, while the short beam shear strength
of the superhybrid was somewhat lower than‘ that of most of the others. The shear
modulus was also lower than those of the two hybrids which contained boron rein-
forcement. Shear modulus is a very important;parameter'since it affects torsional
frequency and flutter in blades; however, as discussed subsequently, the calculated
torsional frequencies of the superhybrid blade-like specimen were as high as
those of the other materials, indicating the importance of actual ply configuration
and geometry in the structure of interest.

The pendulum impact results revealed that the superhybrids ‘had poor energy

absorbing characteristics relative to the other composites, although the maximum
stresses developed in the beams during impact were quite high. It is importapt
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: S Table VIIT -
f e
: ‘é% A SRR Task IT - Mechanical Test Results
$ & : : L +45°/0° Angle Ply Configuration
: & : ~ S S.I. Units
)
Long. Trans. Long. Trans. Thin
 Flexure - Flexure ' Tension Tension Shear Impact
I I Lo E , o E o E o E T G Load  Energy
1 , I (M /m?) - (Gli/m?) (vm/m2)  (GH/m?) (v /m?)  (oN/m?) (M /m?)  (CN/m?) (MN/m?)  (GN/m?) (N)  (Joules)
B/Glass/P1700 : ©.925 56 139 2k 9k 91 72 17 76 19 1330 - 8.15
952 61 16h 20 752 94 78 20 65 20 1230 7.84
! w : . ' :
poo @ L 910" 59 135 21 765 9 80 20 5 20 1310 7.94
; . R : _ ;
; T300/Glass/Epoxy ; 938 60 293 18 o T9k 76 178 19 92 12 875 3.87
738 k5 29 18 - 600 65 166 25 95 12 875 - 4,95
81k 5k 271 18 690 76 156 21 88 12 854 4,18
AS/Glass/Béron/Epoxy U5 52 236 - 28 566 10k 10k 27 87 20 9ko 4.03
E | sz 58 ok o7 566 109 ok 28 83 - 20 815  3.85

676 LB 217 27 649 98 91 21 8l 21 956 %.33
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Table VIIIa

Task IT - Mechanical Test Results
+45°/0° Angle Ply Configuration
English Units

Long. i Trans. ‘Long. Trans.

Flexure Ilexure Tension Tension Shear Thin Impact
o E o E o E o E T G Load Energy
(ksi) ’(msi) “(ksi)  (msi) (ksi) (msi) (ksi) (msi) (ksi) (msi) (1bs) (ft-1bs)

B/Glass/P1T700 o 13k 8.1 20,1 3.4 115 13.2 10.5 2.5 1.1 2.8 298 6.00
‘ 138 8.9 23.8 3.0 109 13.6 11.3 2.9 9.5 2.9 276 5.77
132 8.5 19.5 3.1 111 13.0 11.6 2.9 10.9 2.9 293 5.85

TBOO/Glass/Epoxy ,136 8.7 ,hE.h‘ 2.6 115 -11.1 25.8 2.8 13.4 1.7 197 2.85
: 107 6.5 42,6 2.6 87  9.b 2hk,1 3.6 13.8 1.8 197 3.65

118 7.8 39.3 - 2.6 100 11.1 22,6 3.1 12.8 1.7 192 3.08

As/Glass/Boron/Epoxy "108 7.6 '3h.2 Lo 82 15.1 16.5 3.9 12.6 .9 211 2.97
: 93 8.k 35.4 . 3.9 82 15.8 13.7 4.0 12.0 2.9 183 2.84

98 6.9 31.5 3.9 ok 1k.2 13.2 3.1 12.2 3.1 215 3.19
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N
g
~ 5’ ' ) Angle-Ply Hybrid and Superhybrid Mechanical Properties
i : , : ' 5.1, Units
Long. Long. Transverse Thin Impact
Flexure Tension Tension Shear Max Shear Max Flex
o B o E T G Energy/Area Stress Stress

) B
(i /m?) (GN/m?) (M¥/m?)  (GN/m?) (MN/m2)  (GN/m?) (M /m2) (aN/m2) (103 Joules/m?)  (MN/m?) (M /m?)

&=  B/Glass/PLT00 932 59 13 92 77 19 T2 20 311 38 1210
: 7300/GLass /Epoxy 88 53 696 72 167 22 92 12 160 23 718
A5/G1ass /Boron/Epoxy 690 52 690 10h 100 26 , 85 21 1h1 23 655
o S.H.#1(Ti/BA1/AS/Ti) 110 - 97 8o 117 152 39 T1 12 Th 50 1160
i
[
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Table IXa

Angle-Ply Hybrid and Superhybrid Mechanical Properties
English Units

Long. Long. Transverse Thin Impact
: Flexure Tension Tension Shear Max Shear Max Flex
g o E o E o E T G Energy/Area Stress Stress
(ksi) (msi) (ksi) (msi) (ksi) (msi) (ksi) (msi) (ft-lbs/in2) (ksi) (ksi)
B/Glass/P1700 135 8,5 112 13.3  11.1 2.8 10.5 2.9 148 5.5 176
T300/Glass /Epoxy 120 7.7 101  10.5 2,2 3.2 13.3 1.7 76 3.4 10k
= AS/Glass /Boron/Epoxy 100 7.6 100  15.0 14,5 3.7 12.3 3.0 67 3L 95

S.H.#l(Ti/BAl/AS/Ti)Sv 176 1k, 117 17.0 22,1 5.7 10.3 1.8 35 T.2 168

¢
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to recall, however, that the ply configuration of the blade-like ballistic speci-
men in the impact region near the leading edge consists primarily of titanium and
boron/aluminum. - The pendulum impact specimen configuration was more represen—
tative of the region near the blade specimen mid-chord in terms of the ratio of
graphite/epoxy to titanium and boron/aluminum.

The ply configurations of the conventional hybrid pendulum specimens were
representative of those utilized in the blade-like impact testing, and on the
basis of both energy absorption and strength the rarking of materials would be
boron/glass/polysulfone as best, followed by T-300/glass/epoxy, then AS/glass/
boron/epoxy.

Examination of the stresses which were calculated from the loads recorded
in the pendulum test and comparison of these with statically-measured failure
stresses, reveals that all the materials failed due to flexural rather than shear
stresses. The maximum shear stresses calculated from the pendulum test were
generally half or less of those measured statically, while the flexural stresses
were very close to the static values.

Typical load-time curves from the pendulum tests of the three angle-ply
composites are shown in Figs. 16 and 17. In each case it can be observed that
fgilure was not catastrophic, i.e. after initiation crack, propagation was
interrupted and the specimen continued to carry additional load before the
failure process reinitiated. This is believed to be the primary advantage of
composites with a hybrid reinforcement in terms of impact improvement.

3.2.2 ‘Ballistic Impact - Experimental

The test conditions and visual results of the Task IT studies are given in
Tablie ¥. Each tested specimen was photographed from the impact side as in Task
T and tnese photographs are shown in Figs. 18-31., As indicated in Table X the
three instrumented specimens were WAS-84A, 89B, and 91A, each of which wes im-
pacted at a 22° angle of incidence. In order to obtain reliable strain gage
information the instrumented samples were first impacted at a velocity of
" approximately 150 meters per second which resulted in no visible damage.

The boron/glass/polysulfone specimens in Fig. 18 demonstrate the effect of
‘angle of incidence. At 15° there was no visible damapge while at 22° there was &
slight delamination of the leading edge. ©his muterisl in the same ply con-
figuration when impacted at 30° (Fig. 10) sustained slightly more damage than
the specimen struck at 22°, This indicates that there is a range of impact -
conditions over which damage will be initiated but will not be cabtuetrophic.

The +35°/0° and the +40°/+10°/0° configurations in Figs. 19 and 20 were quite
. similar in behavior, both being somewhat more damaged than the +459/0° specimens.
The +80°/+15°/0° specimens in Fig. 21 had the best visual appearance of any of -




FIG. 16

THIN PENDULUM IMPACT LOAD-TIME CURVES FOR ANGLE-PLY HYBRIDS
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FIG. 17

THIN PENDULUM IMPACT LOAD-TIME CURVE FOR ANGLE—-PLY HYBRID
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OF POOR QUALITY]

‘Specimen

No.

8
84
79

798

80
80A
81

8Y

8ka
85

854

86
86A

90
90A

89
894

898

890’

91
91A
ok
oka
95
954
96

964

814

=

Material

Boron/Glass/Polysulfone
"

Table X

Task IT -Ballistic Impact Results .

L.E. Mid-Chord
Thickness Thickness

Ply Layup em. {in.) “em - (in.)
+45/0 .086 . .03k a6 16k
" .094 037 L4190 .165
+35/0 .096  ,038 Q11 .62
" .102  .0ko 19 o L165
+40/+10/0 .086 . .034 Jag o La65
; " .08%  ,033 Jho6 - ,160
+80/+15/0 .09k 037 g o .16k
" .089 - .035 419 .165
+45/0 .08 .033 391 154
" .089  .035 .39 - .155
+35/0 079 031 .381° .150
" .079  .03L .389 . .153
+k0/+10/0 L079 .031 .38k - 151
v .079 ~ .03L .381  .150
+80/+15/0 .00k .037 Jbo1 - .158
oo J107 - .0bk2 J19 L1165
0 .102 - -.0k0 Jbis o 163

" .10T .0k2 o 167
" ,091 036 LLo6 - .160

" .102  .0ko ot 168
+45/0 .08L . .032 .381 .150
" .07k .029 .hog  .161
+35/0 .076 © .030 o6 .160
b .067 .026 .399 .57
+40/+10/0 .06 .02k ko6 160
" L0667 .026 .396 - .156
+80/+15/0 .076  .030 k06 160
" .063  .025 Jbol o 159

1 Instrumented specimen; tested previously at approximately 150 mps

Impact
Angle

(deg.)

15
22
30
22
30
22
30
22

15
22
30
22

30
22

30
22

15
30

22
30

15
22
30
22
30
22

.30

22

Impact
Velocity
mps  (fps)
286 939
261 855
265 870
272 893
262 861
262 859
271 890
272 892
286 940
254 834
278 911
263 862
231 759
266 873
263 863
274 899
276 906
267 876
268 879
263 862
282 026
275 90k
245 Bos
264 867
260 85l
253 829
ah2 ok

S, e e g i

Visual Observations

No damage

Very minor L.E. delamination

Minor L.E. delanmination

Minor: L.E. delamination

Some L.E. delamination

Minor L.E. delamination

Very minor delamination @ impact

Minor resin flaking @ back face
impact and tip

No damage

Severe delamination

Severe delamination; some breakout

Delamination @ impact; trailing
edge tip crack

Severe delamination

Some breskout; delamination @
impact and tip

Minor delamination @ impact

Minor L.E. and tip delamination

No damege

Span-wise and chord-wise fracture;
delamination

Small dent at impact

Small dent € impact

Tip delamination; minor back face
delamination

Breakout; some delamination

Brezkout; delamination of back face

Breakout; some delamination of
glass bundles

Breakout ; some delamination of
glass bundles ’

Breakout; some back face
delamination

Breakout; delamination of back
face

Breakout; delamination of
glass bundles *
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FIG. 18

BORON/GLASS/POLYSULFONE IMPACTED SPECIMENS
+45°/10°

NAS—78 (15° IMPACT)

NAS—78A (22° IMPACT)
76-03-102-19




FIG. 19

BORON/GLASS/POLYSULFONE IMPACTED SPECIMENS
+ 35°/0°

NAS—79A (22° IMPACT)

76-03-102-18
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FIG. 20

BORON/GLASS/POLYSULFONE IMPACTED SPECIMENS
+40°/+10°/0°

§

NAS—80A (22° IMPACT)

76-03-102-17




FIG. 21

BORON/GLASS/POLYSULFONE IMPACTED SPECIMENS

+80°/+156°/0°

NAS—81A (22° IMPACT)

76-03-102-16

L9




the specimens. Review of the movies of the impact of WAS-81 and 81A showed that
both underwent a large torsional deflection upon impact yet did not undergo much
visible damage. Low torsional stiffness may be a method for improving impact
resistance by essentially allowing the specimen to move out of the way. However,
it is not a viable approach for blade applications where frequency and flutter
requirements must be met.

The +45°/0° specimen of T-300/glass/epoxy also survived the 15° impact with
no visible damage, however the 22° impact caused a considerable amount of de-
lamination which is evident in Fig. 22, The remaining specimens exhibited a
response pattern very similar to that of the boron/glass/polysulfone. The
+35°/0° and the +40°/+10°/0° ply configurations were nearly identical while the
+80°/+15°/0° specimens suffered very little damage, apparently for the same
reason as discussea previously.

Four' superhybrid specimens were tested as shown in Figs. 26 and 27. The
15° impact resulted in no damage as might be expected. The 22° impact resulted
in a small dent which can be observed in the lower portion of Fig. 26. The 30°
impact on specimen WAS-89A resulted in severe damage. The failure consisted
of spanwise and chordwise cracks accompanied by extensive delamination. Exam-
ination of the fracture surface showed that a large portion of the delamination
occurred within the preconsolidated boron/aluminum plies, indicating that the
tape was not fully densified during its preparation., A new boron/aluminum tape
was prepared under a procedure which permitted better compaction of the plasma-
sprayed aluminum powder, and another blade-like specimen was fabricated (no. 89C).
The impact test of this specimen at 30° and a velocity of 268 mps confirmed the
results of the testing in Task I; only a small dent was produced on the leading
edge.

Figures 28-31 show the AS graphite/boron/glass/epoxy specimens. The damage
was more extensive in general than was observed with the other materials. The
15° impact caused a small delamination in the area of the impact in the iﬁ50/0°
specimen. The dominant failure mode. in most of the specimens was breakout
rather than delamination, apparently reflecting the relatively low longitudinal
strength properties of the material. The +80°/+15°/0° specimens were signifi-
cantly damaged in both tests in marked contrast to the performance of the other
hybrids in that ply configuration.

As was done in Task I, the severity of each impact was determined by cal-
culating the KE/t parameter. These results are given in Table XI along with
the retention of torsiongl stiffness after the impact. The surprising fact
about the boron/glass/polysulfone data was that two specimens which appeared
to be undamaged or damaged very little, NAS-T8 and 814, exhibited relatively
large losses in torsional stiffness as a result of impacts which were not too
severe, especially NAS-78. This may be related to the pendulum impact response




FIG. 22

T—300 GRAPHITE/GLASS/EPOXY IMPACTED SPECIMENS

+45°/0°

NAS—84 (15° IMPACT)

NAS—84A (22° IMPACT)

76-03-102-1

N
—




FIG. 23

T—300/GRAPHITE/GLASS/EPOXY IMPACTED SPECIMENS

+35°/0°

NAS—85A (22° IMPACT)

76-03-102-15




FIG. 24

T—300 GRAPHITE/GLASS/EPOXY IMPACTED SPECIMENS

+40°/+10°/0°

NAS-—-86 (30° IMPACT)

NAS—86A (22° IMPACT)

76-03-102-14




FIG. 26

T—300 GRAPHITE/GLASS/EPOXY IMPACTED SPECIMENS |
+80°/+15°/0°

H
5
4

NAS—90 (30° IMPACT)

NAS—90A (22° IMPACT)

76-03--102-13
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FIG. 26

Ti—6—4/B—AIl/AS GRAPHITE/EPOXY IMPACTED SPECIMENS

NAS—89 (15° IMPACT)

NAS—89 B (22° IMPACT)

76-03-102-2
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FIG. 27

Ti—6—4 / B—Al / AS GRAPHITE / EPOXY IMPACTED SPECIMEN

NAS—89A (30° IMPACT)
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FIG. 28

AS GRAPHITE/BORON/GLASS/EPOXY IMPACTED SPECIMENS

NAS—-91 (15° IMPACT)

NAS—91A (22° IMPACT)

76--03-102-3




FIG. 28

AS GRAPHITE/BORON/GLASS/EPOXY IMPACTED SPECIMENS

+35°/0°

ST

NAS-—94 (30° IMPACT)

Seiina s il

NAS—94A (22° IMPACT)
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FIG. 30

AS GRAPHITE/BORON/GLASS/EPOXY IMPACTED SPECIMENS

+40°/+10°/0°

NAS—95 (30° IMPACT)

NAS—95A (22° IMPACT)

76-03-102-11




FIG. 31
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AS GRAPHITE/BORON/GLASS/EPOXY IMPACTED SPECIMENS
+80°/+15°/0°

NAS—-96 (30° IMPACT)

NAS—96A (22° IMPACT)
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Specimen
No.

78
784
79
T9A
80
80A
81
81A

8L
8hA
85
854
86
864
90
90A

89

89A
89B
89¢C

91
91A
ok
oLA
95
95A
96
96A

Table XI

Task II ~ Ballistic Test Data

Material

Boron/Glass/Polysulfone

"

Ti/B-Al/Graphite/Epoxy -
’ "

n

1

AS Graphite/Boron/Glass/Epoxy
"

61

Torsion
Rigidity
KE/t Retention

joules/cm (ft-1bs/in) (%)
106 198 89
267 500 95
415 776 90
222 415 o7
b5k 850 90
275 515 98
bl 835 75
255 L77 80
96 180 100
280 523 70
557 1042 90
267 500 -85
311 582 82
273 510 83
267 500 96
203 379 98
83 155 100

436 815 -
297 556 100
335 626 100
127 238 91
362 658 78
498 933 75
278 ..519 o1
577 1079 90
368 688 98
433 810 70
291 5kl 67



discussed previously in which the specimens failed at lower stresses than antici-
pated, based on static results. Ballistic testing of this material in the
+45°/0° ply configuration during Task I at an impact of K&/t = 517 joules/em
resulted in a 100% retention of the specimen's original stiffness; even though
there was some damage visible at the leading edge. However, both Task II speci-
mens of the +80°/415°/0° configuration suffered substantial drops in rigidity
without showing visual evidence of appreciable damage. Other than those specimens
the boron/glass/polysulfone demonstrated excellent impact resistance over a wide
range of conditions and ply configurations.:

The T-300 graphite/glass/epoxy specimens generally suffered greater reduc-
tion in stiffness than the boron/glass/polysulfone with the excepbtion of the
specimens of the +80°/+415°/0° configuration which reflected the nearly undamaged
appearance of the specimens in this instance (Fig. 25). Specimen NAS-85 was
subjected to a quite severe impact yet retained a high fraction of its original
stiffness. However, as indicated in Fig. 23 the damage consisted largely of
break out and this mode of failure has been found to cause little or no change
in torsional stiffness.

The superhybrid specimens which exhibited denting as a result of impact
were subjected to relatively mild tests; the maximum KE/t was 335 joules/cm.
A1l the specimens retained 100% of their original stiffness which was indicative
of the lack of damage. None of the other materials performed in such & manner.

Many of the specimens of the AS graphite/boron/glass/epoxy specimens were
subjected to severe impact tests which may explain, in part, their rather poor
performance., However, the slight delamination in NAS-91 and the severe break
out and delamination in NAS-91A, 94A, and 96A clearly indicated a greater sus-
ceptibility to damage in this material than was found with the other materials.

In summarizing the experimental resulis of the Task IT ballistic tests
the following conclusions were reached:

1. The boron/glass/polysulfone was much less damaged than the other two
conventional hybrid materials under almost all test conditions. This was not
necessarily reflected in the modulus retention measurements, however, :the visual
results were very striking. The T-300/glass/epoxy ranked second, while the
AS/boron/glass/epoxy ranked third, confirming the prediction of impact resistance
based on the thin pendulum impact tests of the angle-ply composites.

2. The boron/glass/polysulfone generally suffered very minor localized
delamination, if any damage occurred. The T7-300/glass/epoxy’ underwent more
extensive delamination, sometimes accompanied by local break out, while the
AS/boron/glass/epoxy failed primarily by local break out.
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3. The +80/415/0 configuration produced better visual results than any of
the other ply configurations for the boren/glass/polysulfone and the T-300/
glass/epoxy materials. Such a ply configuration may not be suitable for blade
applications due to a low torsional stiffness. The other ply configurations
for those two materials were essentially equivalent. All ply configurations
for the AS/glass/boron/epoxy material showed rather extensive damage as a
result of impact. )

L, The 15° angle of incidence impacts were below the visible damage
threshold for all materials except AS/boron/glass/epoxy. Increasing the angle
of incidence generally increased the amount of damage as would be expected.

5. Using the parameter KE/t to measure the severity of impact, the super-
hybrid was able to withstand the most severe impact without exhibiting any
fracture.

3.2.3 Ballistic Impact - Analytical

As part of the NASTRAN procedure the natural frequencies of the blade-like
specimens were calcuioted as shown in Table XII. The superhybrid specimen had
generally higher bending and torsion frequencies than the two hybrid specimens.
The torsion frequency results reflect the importance of the specific ply con-
figuration of the structure being analyzed. As discussed previously, the torsion
modulus of the superhybrid was lower than the AS/boron/glass/epoxy end not much
higher than the T-300/glass/epoxy when measured on coupon specimens.

The results of the experimental and predicted strain responses for the
three specimens, NAS-84A, 89B, and 91A, are given in Appendix A. Some gages
malfunctioned for each specinen and no results were available. In general the
agreement between experimental and analytical results was satisfactory. The
highest absolute peak strains for each specimen are listed in Table XIII. 1In
most instances the predicted maximum strains were higher than the measured
values at a given location. This was expected since the analysis assumed per-
fectly elastic material behavior and the system was treated as being undamaged.
‘Both these assumphions would tend to result in higher calculated peak strains
thar would be measured. One important exception to this trend was gage #2' on
the superhybrid specimen, NAS-89B. The peak measured strain was the second
highest of any location, and was higher than the predicted value by a factor
of three. :

Predicted and measured strains in the superhybrid were substantially‘lower'
than those of the other two materials, but this was at least partially due to
the fact that the superhybrid specimen was thicker. The lower strains in NAS~
91A compared with NAS-8LA were a reflection of the higher moduli of the former
material. ' ‘ ‘ '
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’n9‘

£ (1B)

fo (1T)

f3 (2B)

£y (2T)

fs (3B)

T-300/Glass/Epoxy
8LA

141.0 cps

510.7

826.9
1665.4

2191.6

Table XITI

NASTRAN Composite Specimen
Natural Frequencies

177.9
ol 1
1086.0
1998.3

2839.9

AS/Boron/Glass/Epoxy
91lA

1h7.3
645.9
886.8
1930.4

2316.8



Table XIII

Maximum Strains in Task II Ballistic Specimens

Expefimental ' Analysis
Specimen . Gage No. Strain - uin./in. Gage No. Strain ~ uin./in.
NAS-84A L -5700 3 -14,700
3 ~5600 L -12,000
5 4700 5 10,700
NAS-89B 5 2600 3 ~ 4,000
2 -2500 5 3,900
N ~-2050 L - 3,400
3 ~2000
 NAS=-91A 3 -L4o0 3 -11,100
6 -4250 L - 9,200
1 -3900 6 - 7,250
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The most important aspect of this phase of the program was the demonstrated
ability of the analysis to predict the locations of highest strain with reasonable
accuracy. In NAS-8LA and 91A there was excellent agreement, with the three
highest strain locations being correctly predicted. In each instance there was
a misordering of two locations which had strains very close in magnitude. The
predicted results in the superhybrid specimen were in somewhat poorer agreement
due to the previously-mentioned discrepancy with gage #2. Other than that the
correct locations were predicted although they were misordered. Having the
ability to correctly determine the location of high strain around the impact
location it should be possible to quickly examine a number of materials variables
to determine their effect on the strains in the critical regions. Furthermore,
it may be possible to modify the analysis, perhaps even on an empirical basis,
to obtain better agreement between predicted and measured results. Then with
the establishment of a suitable failure criterion it should be possible to
analytically predict the impact conditions at which failure will initiate.

65




IV. TASK III - LEADING EDGE PROTECTION

The objective of this task was to evaluate methods of enhancing composite
impact resistance by protecting the specimens in the area of the impact. Based
on the results of the first two tasks the superhybrid approach was followed as
a means of protection since it accomplishes that objective by surrounding a
resin composite with metallic layers of boron/aluminum and titanium. Testing
in this task consisted of four ballistic impacts, two of which were instrumented
for correlation with analytical prediction of response.

4,1 EBExperimental

A1l fabrication, test, and analytical procedures used in this task were
the same as those described previously. The ply configurations of the four
blade-like specimens are given in Tables XIV-XVII., The notation "wrap" indi-
cates a ply which was wrapped around the leading edge of the specimen. Speci-
mens NAS-109B and 110A had resin composite cores of boron/glass/polysulfone
which was found to be the most impact resistant hybrid in the earlier portion
of the program. The two specimens differed in the thickness of the Ti-6-4 foil.
Specimens NAS-111 and 112 were variations of the superhybrid configuration
evaluated during Task II. In NAS-111 the total thickness of Ti-6-4 was the
same as the S.H. #1 configuration, but there were three layers in the shell
rather than two. Specimen NAS-112 had a greater total thickness of Ti-6~4 and
was intended to be similar to NAS-110A. Both NAS-111 and NAS-112 had leading
edges which were substantially thicker than the specimens with the boron/glass/
polysulfone cores. This resulted from a lateral displacement of the graphite/
epoxy into the leading edge during the pressing operation. Specimens NAS-110A
and 112 were instrumented in the same manner as the three samples in Task II.

4.2 Results and Discussion

The conditions and results of the ballistic impact tests are summarized in
Table XVIII. One instrumented specimen, NAS-110A, was impacted only once at the
condition indicated in the table. The other instrumented specimen, NAS-112, was
struck first at a lower velocity of approximately 150 mps, then impacted twice
at higher velocity. After the first high velocity hit the specimen was observed
to have rotated approximately 4° in the clamp; indicating that the clamp had not
been properly tightened prior to the test. The specimen appeared undamaged
after this test and consequently was retested.

Photographs of each specimen after impact are shown in Figs. 32 and 33.
All the specimens failed in essentially the same manner; there was local break
out at the point of 1mpact generally accompanied by peellng of the backface
plies of Ti-6-L, The boron/glass/polysulfone core materials in Fig. 32 received
particularly severe impacts as a result of their thin leading edge and the high
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Table XIV

NAS-109B

L.E. = ,069 em (.027 in.)
mid-chord = .396 cm (.156 in.)

Width
Layer Maverial cm (in.) Notes
1 Ti-6-k (3 mil) 7.62 3,00 Wrap
2 FM~-1000 T.62 3,00 Wrap
3 Ti-6-l (3 mil) 7.62  3.00 Wrap
Iy FM-1000 T.3T 2.9
5 B/AL 6.98  2.75
6 FM-1000 6.98 2,75
7 B/AL 6.35 2.50
8 FM-1000 6.35 2.50
9 B/G/polysulfone 5,08 2,00
10 3.81  1.50
11 2.54  1.00
12 1.27  0.50
13 ‘ 0.63  0.25
14 FM-1000 T.24 2,85
15 T3 6—b—(3mil)— Tw2h—p85 &




Table XV
NAS-110A

L.E. = ,069 cm (.027 in.)
mid-chord = ,409 em (.161 in.)

Width
Layer Material cm (in.) Notes
1 Ti-6-4 (3 mil) 7.62  3.00 Wrap
2 FM-1000 T.62 3.00 Wrap
3 Ti-6-4 (5 mil) T.62 3,00
in FM-1000 T7.62  3.00
5 B/A1 6.98 2.75
6 FM-1000 6,98 2.75
7 B/AL 6.35 2.50
8 FM-1000 6.35 2.50
9 B/G/polysulfone 5,08 - 2.00
10 3.81  1.50
11 2,54 1,00
12 + 1.27  0.50
13 ‘ 0.63 0.25
1k FM-1000 7.24 - 2.85
15 Tib-l (3 mil)— el 85
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Table XVI

NAS-111

L.E. = 4109 cm (.043 in.)
mid-chord = 419 em (.165 in.)

Width :

Layer Material cm (in,) Notes
1 Ti-6-h4 (2 mi1) T.62 3.00 Wrap
2 FM-1000 T7.62 3,00 Wrap
3 Ti-6-4 (2 mi1) T.62  3.00 Wrap
b FM-1000 7.62  3.00 Wrap
5 Ti-6-L (2 mi1) 7.62  3.00 Wrap
6 FM-1000 7.62  3.00
7 B/A1 6.98 2.75
8 FM-1000 6.98 2.75
9 B/AL 6.35 2.50

10 FM-1000 6.35 2.50
11 AS/Epoxy 5.72 2.25
12 5.08  2.00
13 Lok 1.75
1k 3.81 1.50
15 3.18 1.25
16 2,54  1.00
17 1.91 0.75
18 ‘ 1.27  0.50
19 V 0.63 0.25
20 FM-1000 T7.24 - 2.85
o3 ‘ P56l (3 miz) 7ok 0,85 &




Table XVII

NAS-112

L.E. = .112 enm (.04L in.)

mid-chord = 407 em (.160 in.)

Width
Layer Material em (in,) Notes
1 Ti-6-4 (3 mi1) T.62 3,00 Wrap
2 FM-1000 T7.62 3,00 Wrap
3 Ti-6=k (5 mil) T.62 3,00
4 FM-1000 T.62 3,00
5 B/A1 6.98 2,75
6 FM-1000 6.98 2,75
T B/AL 6.35 2,50
8 FM-1000 6.35 - 2.50
9 AS/Epoxy °.T2 2.25
10 5.08 2,00
11 h.obk 1,75
12 3.81  1.50
13 3,18 1.25
1k 2.54 1.00
15 1.91  0.75
16 1.27  0.50
17 | 0.63  0.25
18 FM=1000 T7.24 2,85
19 TimBult (3 mmil) 7.24 o 8c /‘é_
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Table XVIII

Task ITI - Ballistic Test Results

. Torsion
Specimen - L.E. Mid-chord  Impact Rigidity
No. Thickness  Thickness Angle Velocity KR/t Retention  Visual Observations
(em) (cm) (deg) (mps ) (joules/cm) (ft-lbs/in) (%)
109B .069 o .396 30 278 585 1280 73 Large breakout; back-
' face delamination
1 |
1104 .069 109 30 302 850 1590 86 Local breakout; span-
wise crack
3
o 111 +109 Ji1go o 30 251, 508 950 - Fracture into two
' : pieces; trailing edge
split
! 1,2 - . Y
1127 .12 Jhot 30 279 476 890 Specimen loose in
: clamp; no damage
30 279 556 10ko 20 Very large breakout;

backface delamination

1. : .
instrumented specimen

2tested previously at approximately 150 mps




FIG. 32

BORON/GLASS/POLYSULFONE SUPERHYBRID IMPACTED SPECIMENS

NAS-1098

NAS—110A

76-03—-168-1




FIG. 33

AS GRAPHITE/EPOXY SUPERHYBRID IMPACTED SPECIMENS

NAS-111

NAS-112

76-03-168-2




projectile velocities. The KE/t for NAS-110A was the highest of the entire
program. Considering that, the damage to the specimen was not too severe, con-
sisting of a localized breakout and a span-wise crack. The breakout in NAS-109B
was somewhat larger and there was a large area of Ti-6-4 peeled from the back-
face. As a result of the more extensive damage in NAS-109B, particularly the
peeled outer ply, the torsional stiffness retention of that specimen was sub-
stantially less than NAS~110A. This evidence could be construed to mean that

the slightly thicker Ti-6-4 foil used in NAS-110A was very effective in improving
the damage resistance of the material, but additional testing would be required
to confirm this conclusion.

The AS graphite/epoxy core superhybrids shown in Fig. 33 were tested under
conditions somewhat less severe than the boron/glass/polysulfone superhybrids,
but still quite severe relative to the other tests conducted during the program.
Specimen NAS-111 was badly damaged but this may have been partially due to the
fact that the 2 mil Ti-6-L foil was not wide enough to wrap around the leading
edge and extend across the full chord of the specimen., As a result a bubtt joint
was made in each ply approximately 2.5 cm from the trailing edge. As can be
seen in Fig. 33, fracture occurred along that joint. However, review of the
movie of the test indicated that the breskout at the point of impact occurred
first and was essentially unrelated to the trailing edge failure. The subse-
quent break of the specimen at mid span probably was related to both earlier
failures. As a result of the trailing edge failure, it was difficult to relate
the intended variable, Ti-6-4 layer thickness, to the performance of the speci-
men. The KE/t was higher than that of any of the superhybrids of standard
configuration tested during Task II, but the damage was much more extensive
than in any of those or the boron/glass/polysulfone superhybrids which were
tested under more severe conditions.

The final specimen, NAS-112, was tested twice at high velocity as discussed
previously. After the first test it is possible that the specimen suffered
some internal damage which was not discerned from the visual inspection. This
may have accounted for the extensive damage which occurred after the second
impact at 279 mps.  If no internal damage had been initiated after the first
high velocity test, or in the previous test at low veloecity for strain measure-
ment, then this specimen was clearly inferior to NAS-110A which had the same
metallic portection but a boron/glass/polysulfone core and withstood a more
severeé impact with less extensive damage., In order to fully assess the merits
of the resin composite portion of the superhybrid, much more impact testing
would be required. Furthermore, other factors must be taken into account in-
cluding cost, ease of fabrication, density, and all the mechanical properties
which enter into the de=zign of a gas turbine. engine fan blade. Such an
assessement is beyond the scope of this program, however.
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Unfortunately no useful strain data were obtained from NAS-110A as a result
of its being tested and severely damaged at a high impact velocity. The results
for specimen NAS-112 were plotted for each strain gage location and are contained
in Appendix B. The data were similar to those obtained from the superhybrid
specimen in Task II. In this instance the incident angle was 30° rather than
299 g0 the strains would be expected to be somewhat higher which was found to
be the case with most of the experimental measurements. The highest measured
and predicted strains for NAS-112 are listed below:

Measured Predicted
Gage No. Strain - uin./in, Gage No. Strain - pin./in.
5 2900 5 4300
2 -2600 3 -3700
8 2400 L 3100
10 2300 8 2700
3 2300

As with the previous superhybrid, gage #2 produced a much higher measured
strain than the HASTRAN prediction, but the other high strain gage locations
were in reasonable agreement. Since NAS-112 was impacted at a different angle
than NAS-89B it was difficult to discern the effect of the additional thickness
of Ti=6-Y4 in NAS-112. The predicted peak strains were generally somewhat lower
in NAS-112 indicating a beneficial effect. However the experimental values
were slightly higher as mentioned above.
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V. CONCLUSIONS

1. The leading edge thickness of the blade-like specimen is extremely
important in determining specimen load carrying ability under impact conditions.

2., Superhybrid resin matrix composites incorporating metallic layers for
impact protection and property enhancement are capable of withstanding rela-
tively severe gelatin impact with no evidence of fracture.

3. Based on visual appearance, boron/glass/polysulfone intraply hybrid is
the most impact resistant unprotected composite of those tested.

L. Of the four ply configurations investigated, only the +80/+15/0 re-
sulted in enhanced impact resistance. That configuration may have unsuitable

torsional stiffness for blade applications,

5. Increasing the angle of incidence of the impacting projectile generally
increased the degree of damage to the hlade-like specimens.

6. NASTRAN predictions of surface strains during impact were in satis~
factory agreement with experimental measurements.
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FIG. A5
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FIG. A6
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FIG. A12
GAGE NO. 3 NAS-91A
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FIG. A13
GAGE NO. 5 NAS—-91A
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FIG. A1B
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GAGE NO. 7 NAS-112
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FIG. B6
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